T yp e-Directed P artial Ev aluation in ML $9$_$$ 1998 G/ 7 7n 21 F| MW;] Dan vy $N T yp e-Directed P artial Ev aluation [2] $r ML >e$G <BAu $7$?!# 7? $D$1 $NLd Bj$J $I$r 2r7h $9$k $?$a $K!"$$$/$D$+$ND6@d5;9*$,I,MW$G$"$k!# 1 P artial Ev aluation %W%m%0%i%‘ f ( x; y ) $H$=$NF~NO$N0lIt x = x 0 $r<u$1<h$C$F!"$=$l$KBP$7$F sp ecialize $5$l$?%W%m%0%i%‘ f x 0 ( y ) $r@8@.$9$k!# PE ( f ; x 0 ) = f x 0 $J$i$P f ( x 0 ; y ) = f x 0 ( y ) $,@.$jN)$A!"1&JU$O$7$P$7$P:8JU$h$j$b e�cien t $K7W;; $G$-$k!#IaDL$O source-to-source $NJQ49$H$7$F<BAu$5$l$k!# Nc 1 f ( x; y ) = ( x � 1) 2 + ( y � 2) 2 $r x = 3 $KBP$7$F sp ecialize $7$F!" f 3 ( y ) = 4 + ( y � 2) 2 $rF@$k!# 2 Nc 2 sqr(x) = x * x $H$7$F!" power(m, n) = if n = 0 then 1 else if n mod 2 = 0 then sqr(power(m, n div 2)) else m * (power(m, n - 1)) $r n = 10 $KBP$7$F sp ecialize $7$F power_10(m) = sqr(m * (sqr(sqr(m)))) $rF@$k!# 2 2 Sc heme >e$N TDPE $9$G$KI>2A$5$l$F$7$^$C$? Sc heme $N closed $J v alue v $H!"$=$N7? � $r<u$1<h$C$F!"I>2A$9$k$H v $K$J$k$h$& $J expression $N normal form e $r9=@.$9$k!# 0J2<$K$*$$$F �x: v $O (lambda (x) v) $H$$$& v alue $r!" � x: e $O ‘(lambda (x) ,e) $H$$$& expression $r I=$9$b$N$H$9$k!#F1MM$K!" f @ x $O (f x) $H$$$& v alue $r!" f @ x $O ‘(,f ,x) $H$$$& expression $rI=$9!# Nc 1 b $r2?$i$+$N base t yp e $H$7$F!" � = b ! b ! b v = �x: �y : x $H $9 $k!# $b $A $m $s T yp e-Directed P artial Ev aluator $O $^ $@ � x: � y : x $H $$ $& expression $r CN $i $J $$!# $7 $+ $7!" v $O b ! b ! b $H $$$& 7? $r ;} $D $N $G!" base t yp e $N v alue $r <u $1 <h $k 4X ?t $G$" $k $3 $H $O $o $+ $k!# $= $3 $G!" 1 unique $J sym b ol 0 a $r@8@.$7 $F v $KEO$7!" La$jCM$r w $H$9$k!# w $O b ! b $H$$$&7?$r;} $D$N$G!"$d$O$j base t yp e $N v alue $r<u $1 <h $k 4X ?t $G $" $k!# $= $3 $G!" $U $? $? $S unique $J sym b ol 0 b $r @8 @. $7 $F w $K EO $9 $H!" :# EY $O 0 a $, JV$C $F $/ $k!# $7 $? $,$C $F!" w $O � b: 0 a $H I= $; $k!# v $O � a: w $H I= $; $k $+ $i!" 7k 6I � a: � b: 0 a $9 $J $o $A ’(lambda (a) (lambda (b) a)) $H$$$& expression $,F@$i$l$k!# 2 Nc 2 � = ( b ! b ) ! b ! b v = �f : �x: ( f x ) :#EY$O v $K b $G$O$J$/ b ! b 7?$NCM$rEO$5$J$1$l$P$J$i$J$$!#$=$3$G!"$d$O$j unique $J sym b ol 0 a $r@8@.$9$k $,!" 0 a <+BN$G$O$J$/ �x: 0 a @ x $H$$$& b ! b 7?$NCM$r:n$j!" v $KEO$9!#$5$i$K 0 b $r:n$C$FEO$9$H!" 0 a @ 0 b $, JV$C$F$/$k$N$G!"$a$G$?$/ v $O � a: � b: 0 a @ 0 b $D$^$j ’(lambda (a) (lambda (b) (a b))) $HI=$;$k!# 2 >e$N$h $&$K$7$F v alue $r expression $KJQ49$9$k$3 $H$r rei�cation $H $$$$!"5U$K expression $r v alue $KJQ49$9 $k$3$H$r re ection $H$$$&!#4X?t7?$N v alue $O reify $9$k:]$K apply $5$l$k$N$G!"$=$N:]$K>iD9$JItJ,$O4JLs$5$l $F$7$^$&$?$a!"7k2L$H$7$FF@$i$l$k expression $O long � - � -normal form $K$J$k!# <BAuNc!’ (define id 0) (define (gensym!) (set! id (1+ id)) (string->symbol (string-append "x" (number->string id)))) (define (reify t v) (cond [(eq? (car t) ’base) v] [(eq? (car t) ’func) (let ([x (gensym!)]) ‘(lambda (,x) ,(reify (cddr t) (v (reflect (cadr t) x)))))] [(eq? (car t) ’pair) ‘(cons ,(reify (cadr t) (car v)) ,(reify (cddr t) (cdr v)))])) (define (reflect t e) (cond [(eq? (car t) ’base) e] [(eq? (car t) ’func) (lambda (v) (reflect (cddr t) ‘(,e ,(reify (cadr t) v))))] [(eq? (car t) ’pair) (cons (reflect (cadr t) ‘(car ,e)) (reflect (cddr t) ‘(cdr ,e)))])) <B9TNc 1: 2

> (define S (lambda (f) (lambda (g) (lambda (x) ((f x) (g x)))))) > (define K (lambda (a) (lambda (b) a))) > (define I ((S K) K)) > (define t ’(func . ((base . T) . (base . T)))) > (reify t I) (lambda (x1) x1) <B9TNc 2: > (define app (lambda (x) ((car x) (cdr x)))) > (define t ’(func . ((pair . ((func . ((base . T) . (base . T))) . (base . T))) . (base . T)))) > (reify t app) (lambda (x2) ((car x2) (cdr x2))) in teger $J$I$N primitiv e $K4X$9$k1i;;$,$"$C$F$b!" o v erride $7$FNI$$$J$i reify $G$-$k!J � -abstract $7$F close $7$F$7$^$&<j$b$"$k!K!# <B9TNc 3: > (define (1+ x) (if (integer? x) (+ x 1) ‘(1+ ,x))) > (define v (lambda (x) (lambda (y) (lambda (f) (f (cons (1+ x) (1+ y))))))) > (define t0 ’(func . ((pair . ((base . T) . (base . T))) . (base . T)))) > (define t ‘(func . ((base . T) . (func . (,t0 . (base . T)))))) > (reify t (v 123)) (lambda (x3) (lambda (x4) (x4 (cons 124 (1+ x3))))) :F5"$O �x p oin t op erator $r primitiv e $JDj?t$H$_$J$9$3$H$K$h$j07$($k!# 3 ML >e$N TDPE ML $K$*$$$F Sc heme $HF1MM$K reify/re ect $r<BAu$9$k$H!" � reify $, t $K1~$8$FMM!9$J7?$NCM$r<u$1<h$k � re ect $, t $K1~$8$FMM!9$J7?$NCM$rJV$9 $?$a$K$I$A$i$b7?$D$1$G$-$J$$!#$3 $l$O sprin tf $NOC [3] $HF1MM$NLdBj$J$N$G!" F1MM$N%F%/%K%C%/$G2r7h$G $-$k!# 1 $9$J$o$A!"7? � $N represen tation $H$7$F 1 Thanks to @u0f$5$s 3 datatype typ = Base | Func of typ * typ | Pair of typ * typ $J$I$G$O$J$/!" � 7?$N v alue/expression $r reify/re ect $9$k4X?t$rMQ$$$l$PNI$$!#6qBNE*$K$O!" datatype (’a, ’b) which = Reify of ’a | Reflect of ’b $H$7$F!"0z?t$, Reify(v) $@$C$?$i Reify(reify(v)) $rJV$7!"0z?t$, Reflect(e) $@$C$?$i Reflect(reflect(e)) $rJV$94X?t$G!"7?$r represen t $9$k!# datatype exp = Var of string | Abs of string * exp | App of exp * exp | Pair of exp * exp | Fst of exp | Snd of exp | Int of int | Str of string | Bool of bool | Neg of exp | Dbl of exp | Sqr of exp | Add of exp * exp | Sub of exp * exp | Mul of exp * exp | Div of exp * exp | Mod of exp * exp | Eq of exp * exp | Less of exp * exp | More of exp * exp | If of exp * exp * exp | Fix of exp | Let of string * exp * exp | Case of exp * (string * exp) * (string * exp) | Inleft of exp | Inright of exp 4

(* representation of base types *) fun T (Reify(v)) = Reify(v) | T (Reflect(e)) = Reflect(e) (* representation of function types *) infixr 7 --> fun (dom --> codom) (Reify(v)) = Reify(let val x = genvar () in Abs(x, reify codom (v (reflect dom (Var(x))))) end) | (dom --> codom) (Reflect(e)) = Reflect(fn x => reflect codom (App(e, reify dom x))) (* representation of pair types *) infix 9 ** fun (car ** cdr) (Reify(v)) = Reify(Pair(reify car (fst v), reify cdr (snd v))) | (car ** cdr) (Reflect(e)) = Reflect(reflect car (Fst(e)), reflect cdr (Snd(e))) reify/re ect $N ‘user in terface’ $O<!$N$h$&$K$+$1$k!# fun reify t v = let val Reify(e) = t (Reify(v)) in e end fun reflect t e = let val Reflect(v) = t (Reflect(e)) in v end <B9TNc!’ 5

- val S = fn f => fn g => fn x => (f x) (g x); val S = fn : (’a -> ’b -> ’c) -> (’a -> ’b) -> ’a -> ’c - val K = fn a => fn b => a; val K = fn : ’a -> ’b -> ’a - reify (T --> T) (S K K); val it = Abs ("x1",Var "x1") : exp - ppn it; (fn x1 => x1) val it = () : unit - fn (f, x) => f x; val it = fn : (’a -> ’b) * ’a -> ’b - reify ((T --> T) ** T --> T) it; val it = Abs ("x2",App (Fst #,Snd #)) : exp - ppn it; (fn x2 => ((fst x2) (snd x2))) val it = () : unit - fn one => fn op + => fn x => fn y => fn f => f (x + one) (y + one); val it = fn : ’a -> (’b * ’a -> ’c) -> ’b -> ’b -> (’c -> ’c -> ’d) -> ’d - fun Add_ (Int(0), e) = e = | Add_ (e, Int(0)) = e = | Add_ (Int(i), Int(j)) = Int(i + j) = | Add_ (e, f) = Add(e, f); val Add_ = fn : exp * exp -> exp - reify = (T --> (T --> T --> T) --> T) = (it (Int(1)) Add_ (Int(123))); val it = Abs ("x3",Abs ("x4",App #)) : exp - ppn it; (fn x3 => (fn x4 => ((x4 124) (x3 + 1)))) val it = () : unit - 4 I{:nMQ$N$"$k4X?t!& disjoin t sum t yp e I{ :n MQ $N $" $k 4X ?t $O!" TDPE ;~ $K apply $7 $F $O $$ $1 $J $$ $7!" 8F $S =P $7 $N =g =x $d 2s ?t $b J] B8 $7 $J $1 $l $P $J $i $J $$!#$=$3$G let-insertion $H8F$P$l$k%F%/%K%C%/$rMQ$$$k!# <B9TNc 1: - val v = fn f => fn x => (fn a => (a, a)) (f x); val v = fn : (’a -> ’b) -> ’a -> ’b * ’b - val e1 = reify ((T --> T) --> T --> T ** T) v; val e1 = Abs ("x5",Abs ("x6",Pair #)) : exp - ppn e1; (fn x5 => (fn x6 => ((x5 x6), (x5 x6)))) val it = () : unit - val e2 = reify ((T -!> T) --> T --> T ** T) v; val e2 = Abs ("x7",Abs ("x8",Let #)) : exp - ppn e2; (fn x7 => (fn x8 => (let val x9 = (x7 x8) in (x9, x9) end))) val it = () : unit <B9TNc 2: 6

- val v = fn zero => fn op * => fn f => fn x => (f x) * zero; val v = fn : ’a -> (’b * ’a -> ’c) -> (’d -> ’b) -> ’d -> ’c - fun Mul_ (Int(0), e) = Int(0) = | Mul_ (e, Int(0)) = Int(0) = | Mul_ (Int(1), e) = e = | Mul_ (e, Int(1)) = e = | Mul_ (Int(i), Int(j)) = Int(i * j) = | Mul_ (e, f) = Mul(e, f); val Mul_ = fn : exp * exp -> exp - val e1 = reify ((T --> T) --> T --> T) (v (Int(0)) Mul_); val e1 = Abs ("x10",Abs ("x11",Int #)) : exp - ppn e1; (fn x10 => (fn x11 => 0)) val it = () : unit - val e2 = reify ((T -!> T) --> T --> T) (v (Int(0)) Mul_); val e2 = Abs ("x12",Abs ("x13",Let #)) : exp - ppn e2; (fn x12 => (fn x13 => (let val x14 = (x12 x13) in 0 end))) val it = () : unit disjoin t sum t yp e $N re ect $b!"F1MM$K ‘case-insertion’ $,I,MW$K$J$k!# <B9TNc 3: - val v = = fn f => fn g => fn x => = (case x of = Left(xl) => Left(f xl) = | Right(xr) => Right(g xr)); val v = fn : (’a -> ’b) -> (’c -> ’d) -> (’a,’c) Sum -> (’b,’d) Sum - val e = reify ((T --> T) --> (T --> T) --> T ++ T --> T ++ T) v; val e = Abs ("x15",Abs ("x16",Abs #)) : exp - ppn e; (fn x15 => (fn x16 => (fn x17 => (case x17 of Left x18 => (Left (x15 x18)) | Right x19 => (Right (x16 x19)))))) val it = () : unit -!> $d ++ $O$I$N$h$&$KDj5A$9$l$PNI$$$+!) let $O 1. I{:nMQ$N$"$k4X?t$,8F$S=P$5$l$h$&$H$7$?$H$-$K 2. $=$N con text $K$*$$$F$b$C$H$bFbB&$K$"$k!VJI!W!J � -abstraction $J$I!K$ND>8e$K insert $7$J$1$l$P$J$i$J$$!# $3$3$G Dan vy [1] $O!" �rst-class partial con tin uation $N$?$a$N!" shift/reset [4] $H$$$& primitiv e $rMQ$$$F$$ $k!#Ia DL$N ML $d Sc heme $K$= $s $J$b $N $O $J$$ $N $G!":G =i $O2? $H $+ $7$F B> $NJ} K! $G :Q$^ $= $&$H $7 $? $N$@ $,!" !JIT 2DG=$H $O $$$( $J $$$,!K Hs>o $K :$Fq $@$C $?$N $GCG G0 $7$F!" Ia DL$N callcc $r MQ$$ $? shift/reset $N<B Au [5] $rMx MQ $9$k $3$H$K$7$?!# 2 $?$@!" callcc $O=c?h$J SML $N;EMM$K$J$$!J$i$7$$!K$N$G!"$3$l$O SML/NJ $K0MB8$9$k!# 2 let-insertion $O callcc $d shift/reset $r ;H$o$:$K2? $H$+$G$-$?$N $@$,!" case-insertion $O$I$&$b$& $^$$$d$jJ} $,8+$D$+$i$:!" LsFs=54V$K EO$C$F$5$s$6$sG:$s$@5s$26g$N2L$F$K!"2?EY$b8+$?$O$:$N [2] $+$i [5] $, refer $5$l$F$$$k$N$rH/8+$7$F!"7c$7$/C&NO$7$?!# 7

(* representation of procedure types *) infixr 7 -!> fun (dom -!> codom) (Reify(v)) = let val x = genvar () in Reify(Abs(x, reset (fn () => reify codom (v (reflect dom (Var(x))))))) end | (dom -!> codom) (Reflect(e)) = Reflect(fn x => let val y = genvar () in shift (fn k => Let(y, App(e, reify dom x), reset (fn () => k (reflect codom (Var(y)))))) end) 5 4JC1$J1~MQ C1=c$J<jB3$-7?8@8l!J Comm $H$9$k!K$N in terpreter $r ML $G=q$-!"$$$o$f$k �rst F utam ura-pro jection $K$h $j!" Comm $N%W%m%0%i%‘$r ML $N%W%m%0%i%‘$KJQ49$7$F$_$?!# =‘Hw datatype (’’var, ’value) comm = Imm of ’value * ’’var | Add of ’’var * ’’var * ’’var | Seq of (’’var, ’value) comm * (’’var, ’value) comm | Cond of ’’var * (’’var, ’value) comm * (’’var, ’value) comm | While of ’’var * (’’var, ’value) comm fun lookup ((y, v) :: env, x) = if x = y then v else lookup (env, x) fun update (env, (x, v)) = (x, v) :: env val ini = [] in terpreter 8 fun exec0 prog = fn op + => fn iszero => fn IF => fn fix => fn lookup => fn update => let fun exec (Imm(v, x)) env = update (env, (x, v)) | exec (Add(x, y, z)) env = update (env, (z, (lookup (env, x)) + (lookup (env, y)))) | exec (Seq(c, d)) env = exec d (exec c env) | exec (Cond(x, ct, ce)) env = IF (iszero (lookup (env, x)), fn () => exec ce env, fn () => exec ct env) | exec (While(x, c)) env = let val loop = fix (fn iter => fn env => IF (iszero (lookup (env, x)), fn () => env, fn () => iter (exec c env))) in loop env end in exec prog end compiler fun toexp (Imm(i, x)) = Imm(Int(i), Str(x)) | toexp (Add(x, y, z)) = Add(Str(x), Str(y), Str(z)) | toexp (Seq(c, d)) = Seq(toexp c, toexp d) | toexp (Cond(x, c, d)) = Cond(Str(x), toexp c, toexp d) | toexp (While(x, c)) = While(Str(x), toexp c) fun dexec prog = exec0 (toexp prog) Add_ (fn e => Eq_ (e, Int(0))) (If_ T) (Fix__ (T -!> T) const) fun compile prog = reify ((T ** T -!> T) --> (T ** (T ** T) -!> T) --> T --> T) (dexec prog) <B9TNc 9

- val prog = = Seq(Seq(Imm(0, "s"), = Imm(~1, "d")), = While("i", = Seq(Add("s", "i", "s"), = Add("i", "d", "i")))); val prog = Seq (Seq (Imm #,Imm #),While ("i",Seq #)) : (string,int) comm - val e = compile prog; val e = Abs ("x1",Abs ("x2",Abs #)) : exp - ppn e; (fn x1 => (fn x2 => (fn x3 => (let val x4 = (x2 (x3, ("s", 0))) in (let val x5 = (x2 (x4, ("d", ~1))) in (let val x16 = ((fix (fn x6 => (fn x7 => (let val x8 = (x1 (x7, "i")) in (if (x8 = 0) then x7 else (let val x9 = (x1 (x7, "s")) in (let val x10 = (x1 (x7, "i")) in (let val x11 = (x2 (x7, ("s", (x9 + x10)))) in (let val x12 = (x1 (x11, "i")) in (let val x13 = (x1 (x11, "d")) in (let val x14 = (x2 (x11, ("i", (x12 + x13)))) in (let val x15 = (x6 x14) in x15 end) end) end) end) end) end) end)) end)))) x5) in x16 end) end) end)))) val it = () : unit >e $N e $r!J<j F0 $G!K JQ?t $r rename $7 $F$- $l $$ $K=q $- D> $9$H!" <! $N $h $&$K $J $k!# $3$N $h $& $J renaming $r $" $k DxEY<+F0$G9T$&J}K!$b Dan vy [1] $,Ds0F$7$F$$$k!# fn lookup => fn update => fn env0 => let val env1 = (update (env0, ("s", 0))) val env2 = (update (env1, ("d", ~1))) in fix (fn iter => fn e0 => let val i0 = lookup (e0, "i") in if i0 = 0 then e0 else let val s0 = lookup (e0, "s") val i1 = lookup (e0, "i") val e1 = update (e0, ("s", s0 + i1)) val i2 = lookup (e1, "i") val d0 = lookup (e1, "d") val e2 = update (e1, ("i", i2 + d0)) in iter e2 end end) env2 end 6 $*$o$j$K TIC’98 $GH/I=$5$l$F$$$? Dan vy $N<BAu$,8+$?$+$C$?$N$G!"Fs2s$[$I%a!<%k$rAw$C$?$i!"Fs2sL\$NJV;v$G 10

On a di�eren t matter, when y ou come to Europ e in Septem b er (assuming y ou do), w ould y ou lik e to stop b y BRICS and talk tdp e? W e could supp ort y our lo cal exp enses. $H$$$o$l$F$7$^$C$?$N$G$9$,!"$I$&$7$?$b$N$G$7$g$&$+!J>P!K!# App endix 1: sprin tf - fun i_ k s x = k (s ^ (Int.toString x)); val i_ = fn : (string -> ’a) -> string -> int -> ’a - fun s_ k s x = k (s ^ x); val s_ = fn : (string -> ’a) -> string -> string -> ’a - fun l_ x k s = k (s ^ x); val l_ = fn : string -> (string -> ’a) -> string -> ’a - fun n_ k s = k (s ^ "\n"); val n_ = fn : (string -> ’a) -> string -> ’a - fun sprintf c = c (fn s : string=> s) ""; val sprintf = fn : ((string -> string) -> string -> ’a) -> ’a - sprintf (i_ o l_ " plus " o i_ o l_ " equals " o i_ o n_); val it = fn : int -> int -> int -> string - it 3 7 10; val it = "3 plus 7 equals 10\n" : string App endix 2: shift/reset (*** escape/coerce ***) datatype void = VOID of void fun coerce (VOID v) = coerce v fun escape f = SMLofNJ.Cont.callcc (fn k => f (fn x => SMLofNJ.Cont.throw k x)) (*** shift/reset ***) type ans = int exception NoReset val mk : (ans -> void) ref = ref (fn _ => raise NoReset) fun abort x = coerce (! mk x) fun reset t = escape (fn k => let val m = ! mk in (mk := (fn r => (mk := m; k r)); abort (t ())) end) fun shift h = escape (fn k => abort (h (fn v => reset (fn () => coerce (k v))))) 11

;HMQNc - 3 * (reset (fn () => 5 + (shift (fn k => k 7)))); val it = 36 : ans - 3 * (reset (fn () => 5 + (shift (fn k => (k 7) * (k 10))))); val it = 540 : ans - 3 * (reset (fn () => 5 + (shift (fn k => 7)))); val it = 21 : ans - shift (fn k => 123); stdIn:166.1-166.20 Warning: type vars not generalized because of value restriction are instantiated to dummy types (X1,X2,...) uncaught exception NoReset raised at: stdIn:149.9-149.16 ;29MJ88% [1] Olivier Dan vy . Pragmatic asp ects of t yp e-directed partial ev aluation. T ec hnical Rep ort RS-96- 15, Basic Researc h in Computer Science, 1996. Av ailable from http://www.brics.dk/RS/96/15 /BRICS-RS-96-15.ps.gz . [2] Olivier Dan vy . T yp e-directed partial ev aluation. In Pr o c e e dings of the 23r d A nnual SIGPLAN-SIGA CT Symp osium on Principles of Pr o gr amming L anguages , 1996. [3] Olivier Dan vy . F ormatting strings in ML. T ec hnical Rep ort RS-98-5, Basic Researc h in Computer Science, 1998. Av ailable from http://www.brics.dk/RS/98/5/BRICS-RS-98-5.ps.gz . [4] Olivier Dan vy and Andrzej Filinski. A functional abstraction of t yp ed con texts. T ec hnical Rep ort 89/12, Institute of Datalogy , Univ ersit y of Cop enhagen, 1989. [5] Andrzej Filinski. Represen ting monads. In Pr o c e e dings of the 21st A nnual SIGPLAN-SIGA CT Symp o- sium on Principles of Pr o gr amming L anguages , 1994. 12