%7%9%F%‘M}O@1i=, I I (5) Con v en tional In terface !&5-9f=hM} A}861QI’ (masuhar a@gr ac o.c.u-tokyo.ac.jp) 1997 G/ 5 7n 16 F| 1 Conv en tional Interface 4X?t$NCj >]2=$O !VDj5A $N6&DL ItJ,$r $H$j =P$9!W$3 $H$r9T$C $F$$ $?!#0l8+ 6&DL@- $N$J $$4X?t $G$b!"%G!< %?$r Cj>]2= $9 $k |conv en tional interface $rMQ0U$9$k | $3$H$K$h$C$F0l8+6&DL@-$N$J$$4X?tDj5A$b!"Cj>]2=$G$-$k>l9g$,B?$$!# ;;; $"$kLZ9=B$$NMU$NCM$N$&$A!"4q?t$N$b$N$@$1$r 2 >h$7$?$b$N$NOB (define (sum-odd-squares tree) (cond ((null? tree) 0) ((not (pair? tree)) (if (odd? tree) (square tree) 0)) (else (+ (sum-odd-squares (car tree)) (sum-odd-squares (cdr tree)))))) ;;; %U%#%\%J%C%A?t Fib( k ) ; k < n $N$&$A!"6v?t$N$b$N$N%j%9%H (define (even-fibs n) (define (next k) (if (> k n) ’() (let ((f (fib k))) (if (even? f) (cons f (next (+ k 1))) (next (+ k 1)))))) (next 0)) ?^ 1: 0l8+6&DL@-$N$J$$4X?tDj5A ?^ 1 $N 2 $D$N4X?t$K$O!"0l 8+6&DL@-$O$J$$$N$@$,!"$h$j Cj>]E*$J7W;;$r9M$($k$H!"!V?t $NNs!W$rH/@8$5$;$F!"$=$l $r2C9)$7$F$f$/$b$N$@$H8+$k$3$H$,$G$-$k!#$D$^$j!" � sum-odd-squares { LZ9=B$$NMU$NMWAG$rJB$Y$k { $U$k$$$K$+$1$F4q?t$N$b$N$@$1$,;D$9 { 3FMWAG$r 2 >h$9$k { 4X?t + $G7k2L$r=87W$9$k ( =i4|CM 0 ) � even-fibs { 0 $+$i n $^$G$N<+A3?t$rJB$Y$k { 3FCM$KBP$9$k%U%#%\%J%C%A?t$r5a$a$k { $U$k$$$K$+$1$F6v?t$N$b$N$@$1$r;D$9 1

{ 4X?t cons $G7k2L$r=87W$9$k ( =i4|CM$O6u%j%9%H ) $3$N8+J}$O!"$A$g$&$I?.9f=hM}$G$d$C$F$$$k$3$H$K;w$F$$$k : � enumer ator | =hM}$9$Y$-!V?.9f!W$rH/@8$5$;$k � �lter | >r7o$K9g$&!V?.9f!W$@$1$rDL2a$5$;$k � map | !V?.9f!W$r2C9)JQ7A$9$k � ac cumulator | N.$l$FMh$?!V?.9f!W$r=87W$9$k $=$3 $G!" !V?. 9f!W B( $A !V?t $N Ns!W $r %j %9 %H $G I= $o $9 $3 $H $K $7 $F!" $= $l $K BP $9 $k conv en tional interface $r Dj 5A $9 $k!# � >e$N map CJ3,$O!"$9$G$KDj5A$7$? map $,;H$($k!# � �lter $NDj5A!# (define (filter pedicate sequence) (cond ((null? sequence) ’()) ((predicate (car sequence)) (cons (car sequence) (filter predicate (cdr sequence)))) (else (filter predicate (cdr sequence))))) > (filter odd? (list 1 2 3 4 5)) (1 3 5) � ac cumulator $NDj5A!# (define (accumulate op initial sequence) (if (null? sequence) initial (op (car sequence) (accumulate op inital (cdr sequnce))))) � enumer ate $NItJ,$O!"8DJL$KDj5A$9$kI,MW$,$"$k!# $^$:$O!V@0?t$NNs!W$rH/@8$5$;$k>l9g : (define (enumerate-interval low high) (if (> low heigh) ’() (cons low (enumerate-interval (+ low 1) high)))) $^$?!"LZ9=B$$NMU$NCM$rJB$Y$k>l9g : (define (enumerate-tree tree) (cond ((null? tree) ’()) ((not (pair? tree)) (list tree)) (else (append (enumerate-tree (car tree)) (enumerate-tree (cdr tree)))))) $3$N conv en tional interface $r;H$C$F?^ 1 $N4X?t$r=q$-D>$9$H!"?^ 2 $N$h$&$K$J$k!#!V?t$NNs!W$KBP$9$k2C9)<j=g $rItIJ$H$7$FAH$_9g$o$;$?$b$N$K$J$C$F$$$k$N$,8+$F$H$l$k$G$"$m$&!# ?t$NNs$r07$&$h$&$J7W;;$O$b$A$m$s!"0lHLE*$K!VNs!W$r2C9)$7$F$f$/$h$&$J7W;;$O!"?^ 2 $KN‘;w$7$?Dj5A$K$J$k!# $3$N$h$&$K!"%j%9%H$H$7$FI=8=$5$l$?Ns$O!" conv en tional interface $H$7$FF/$/!#$3$l$K$h$C$F7W;;$9$k \ ItIJ " $r 9g@.$9$k$3$H$,$G$-!"%G!<%?4V$N0MB84X78$r4J7i$K5-=R$G$-$k!# 2

;;; $"$kLZ9=B$$NMU$NCM$N$&$A!"4q?t$N$b$N$@$1$r 2 >h$7$?$b$N$NOB (define (sum-odd-squares tree) (accumulate + 0 (map square (filter odd? (enumarate-tree tree))))) ;;; %U%#%\%J%C%A?t Fib( k ) ; k < n $N$&$A!"6v?t$N$b$N$N%j%9%H (define (even-fibs n) (accumulate cons ’() (filter even? (map fib (enumerate-interval 0 n))))) ?^ 2: Conv en tional Interface $r;H$C$F=q$-D>$7$?4X?tDj5A 2]Bj 5-1: (Conv en tional interface $N;HMQ ) 0J2<$N4X?t$rDj5A$;$h!# � 0 : : : n $^$G$N%U%#%\%J%C%A?t$N 2 >h$N%j%9%H$r5a$a$k4X?t (fib-squares n) � $"$kNs ( seq ) $N4q?tMWAG$K$D$$$F!"3F?t$r 2 >h$7$?$b$N$N@Q$r5a$a$k4X?t (product-squares seq) 2]Bj 5-2: (accumulate $N;HMQ ) %j%9%H$rA‘:n$9$k4X?t$NB?$/$O accumulate $K$h$C$FDj5A$G$-$k!#0J2<$N7j$rKd$a$h!# (define (map p sequence) (accumulate (lambda (x y) h ?? i ) ’() sequence)) (define (append seq1 seq2) (accumulate cons h ?? i h ?? i )) (define (length sequence) (accumulate h ?? i 0 sequence)) (define (count-leaves tree) (accumulate h ?? i h ?? i (map h ?? i h ?? i ))) 2]Bj 5-3: (fold) 4X?t accumulate $O!"Ns$N1&B&$+$iCM$r=87W$7$F$f$/$?$a!"JLL> fold-right $H$b8F$P$l$F$$$k!# 0lJ}!"Ns$N:8B&$+$iCM$r=87W$7$F$f$/4X?t$O fold-left $H8F$P$l$k : (define (fold-left op initial sequence) (define (iter result rest) (if (null? rest) result (iter (op result (car rest)) (cdr rest)))) (iter inital sequence)) 0J2<$NCM$rHf$Y$h : (fold-right / 1 (list 1 2 3)) (fold-left / 1 (list 1 2 3)) (fold-right list ’() (list 1 2 3)) (fold-left list ’() (list 1 2 3)) 3

$5$F!" fold-right $H fold-left $KF1$8 0z?t$rM?$($?$H $-!"7k2L$,F1$8$K $J$k>l9g$H0[$J $k>l9g$,$"$k!#7k 2L$, F1$8$K$J$k$N$O!" op $,$I$N$h$&$J@-<A$rK~$?$9;~$+ ? 2]Bj 5-4: (fold $=$N 2) %j%9%H$r5U=g$K$9$k4X?t$r fold-left , fold-right $r;H$C$FDj5A$9$k$H$I$&$J$k$+ ? 0J2<$N7j$rKd$a$h : (define (reverse sequence) (fold-left (lambda (x y) h ?? i ) ’() sequence)) (define (reverse sequence) (fold-right (lambda (x y) h ?? i ) ’() sequence)) 2 5-9f%G!<%? $$$^$^$G$O!" 86;O%G!<%? $H$7$F$O ?t$@$1 $r07$C$F$- $?!#$3$3$G $O?7$? $K 5-9f (sym b ols) $r$r F3F~$9 $k!#$9$G$K %W%m %0%i%‘$r=q$/$H$-$K$O!"JQ?tL>$J$I$H$7$F5-9f$r;H$C$F$$$?$N$@$,!"$3$3$G$O$=$l$r %G!<%?$H$7$F 07$&!# %W%m%0%i %‘Cf$K IaDL $K=q$+ $l$?5- 9f$O!" %-!<%o!<%I $dJQ?t $H2r <a$5$l $k!#5-9f $r%G!< %?$H$7 $F07$& $?$a $K$O!" 0z MQ $9$k (quote) !# ’ h <0 i $N$h$&$K=q$/$H!" h <0 i $O%W%m%0%i%‘$G$O$J$/%G!<%?$@$H$7$F07$o$l$k : > (define a 1) > (define b 2) > (list a b) (1 2) > (list ’a ’b) (a b) > (list ’a b) (a 2) 0zMQ$O!"5-9f$@$1$G$J$/J#9g%G!<%?$G$b$G$-$k : > (car ’(a b c)) a > (cdr ’(a b c)) (b c) 6u%j%9%H$r:n$k$?$a$N5-K! ’() $O!"<B$O6u%j%9%H$r0zMQ$7$?$b$N$@$C$?!# 5-9f$N $?$a $KMQ0U $5$l $F$$ $k86 ;O4X ?t$H $7$F!" 2 $D $N0z ?t$,F1 $8$+ $I$& $+$r D4$Y $k eq? $,$" $k!# ( $3 $3$G 8@$&!VF1 $8!W$H$$$& $N$O 8@8l$K $h$C$F$= $l$> $l0c$& $N$G HyL/$J $H$3$m $G$" $k!# Scheme $K $*$$ $F!V 2 $D $N5- 9f$,F1 $8$G $"$k!W $H$$$&$N$O!"F1$8J8;z$,F1$8=g=x$GJB$s$G$$$k$3$H$r8@$&!# ) ?t<0$NHyJ, Nc$H$7$F!"?t<0$rHy J,$9$kLdBj$r 9M$($k!#Nc$($P!" ax 2 + bx + c $H$$$&<0 $r x $GHyJ,$7$F 2 ax + b $r5a$a$k$h$& $J$3$H$G$"$k!# $=$N$?$a$K$O!"$^$:!V?t<0!W$H$$$&Cj>]%G!<%?$r:n$j!"$=$l$r ;H$&@$3& $GHyJ,$rDj5A$9$k$H$h$$!# 4

?t3X$K$*$1$kHyJ, $^$:$O?t3X$N@$3&$G$NHyJ,$NDj5A$r<($7$F$*$/!# d c d x = 0 c $,Dj?t$+!" x $G$J$$JQ?t$N>l9g (1) d x d x = 1 (2) d( u + v ) d x = d u d x + d v d x (3) d( uv ) d x = u � d v d x � + v � d u d x � (4) u $d v $H$$$&$N$O!"J#;($J<0$G$b$"$k$N$G!"$3$NDj5A$O:F5"E*$J$b$N$G$"$k$3$H$KCm0U!# ?t<0Cj>]%G!<%?$r;H$C$?HyJ, $3$l$r Scheme >e$G5-=R$9$k!#$^$:!"0J2<$N$h$&$J4X?t$,!V?t<0!WCj>]%G!<%?$N$?$a$KMQ0U$5$l$F$$$k$H$9$k!# (variable? e) e $OJQ?t$+ ? (same-variable? v1 v2) v1 $H v2 $OF1$8JQ?t$+ ? (sum? e) e $OB-$7;;<0$+ ? (added e) B-$7;;<0 e $NBh 1 9‘ (augend e) B-$7;;<0 e $NBh 2 9‘ (make-sum a1 a2) <0 a1, a2 $rB-$7$?<0 (product? e) e $O3]$1;;<0$+ ? (multiplier e) 3]$1;;<0 e $NBh 1 9‘ (multiplicand e) 3]$1;;<0 e $NBh 2 9‘ (make-product m1 m2) <0 m1, m2 $r3]$1$?<0 I= 1: ?t<0Cj>]%G!<%?$N9=C[;R!&A*Br;R $3$l$r;H$C$FHyJ,$NDj5A$O 3 $N$h$&$K$J$k!# (define (deriv exp var) ;; exp $r var $GHyJ,$9$k (cond ((number? exp) 0) ;; number? $O0z?t$,?t$+$I$&$+$rD4$Y$k86;O4X?t ((variable? exp) (if (same-variable? exp var) 1 0)) ((sum? exp) (make-sum (deriv (addend exp) var) (deriv (augend exp) var))) ((product? exp) (let ((m1 (multiplier exp)) (m2 (multiplicand exp))) (make-sum (make-product m1 (deriv m2 var)) (make-product (deriv m1 var) m2)))))) ?^ 3: HyJ,4X?t$NDj5A ?t<0$NFbItI=8= <!$K!"?t<0$NFbItI=8=$r9M$($k!#$3$3$G$O ax + b $H$$$&<0$rI=$o$9$N$K!" Scheme $N<0$HF1MM$K (+ (* a x) b) $N$h$&$JFbItI=8=$rMQ$$$k$3$H$K$9$k!# � JQ?t$O5-9f$GI=$o$5$l$k$N$G!"86;O4X?t symbol? $rMQ$$$F 5

(define (variable? x) (symbol? x)) � 2 0z?t$,F1$8JQ?t$G$"$k$?$a$K$O!" eq? $G$"$l$P$h$$ (define (same-variable? v1 v2) (and (variable? v1) (variable v2) (eq? v1 v2))) � B-$7;;!&3]$1;;$O!"%j%9%H$H$7$FI=$o$9 (define (make-sum a1 a2) (list ’+ a1 a2)) (define (make-product m1 m2) (list ’* m1 m2)) � <0$,B-$7;;!&3]$1;;$G$"$k$+$O!"@hF,$N5-9f$r eq? $GD4$Y$l$P$h$$ (define (sum? x) (and (pair? x) (eq? (car x) ’+))) (define (product? x) (and (pair? x) (eq? (car x) ’*))) � B-$7;;!&3]$1;;$NBh 1,2 9‘$O!"$=$l$>$l%j%9%H$NBh 2,3 MWAG$K$J$k (define (addend s) (cadr s)) ;; (cadr s) = (car (cdr s)) (define (augend s) (caddr s)) ;; (caddr s) = (cadr (cdr s)) (define (multiplier p) (cadr p)) (define (multiplicand p) (caddr p)) 2]Bj 5-5: (deriv) <!$N<0$r<B9T$7$?7k2L$O$I$&$J$k$+ ? (deriv ’(+ x 3) ’x) (deriv ’(* x y) ’x) (deriv ’(* (* x y) (+ x 3)) ’x) 2]Bj 5-6: ( 4JLs2= ) $3$N$^$^$@$H!" > (deriv ’(* x y) ’x) (+ (* x 0) (* 1 y)) $N$h$&$K $J$C$F$7 $^$$!"<0 $r4J Ls2=$7 $F$$$J $$!#$=$3 $G!"B-$7 ;;!"3] $1;;$K $D$$$F @.$jN) $D<! $N5,B’ e � 0 = 0 ; e � 1 = e; e + 0 = e $d!"?t$I $&$7$N B-$7;; $d3]$1;; $O<B:] $K7W;; $G$-$k$3 $H$rMx MQ$9$k $H!"4JLs2= $5$l$? 7A$G<0 $NFb ItI=8=$r;}$D$h$&$K make-sum $rJQ99$9$k!# (define (make-sum a1 a2) (cond ((=number? a1 0) a2) ((=number? a2 0) a1) ((and (number? a1) (number? a2)) (+ a1 a2)) (else (list ’+ a1 a2)))) ;;; $?$@$7 =number? $O!"<0$,$"$k?t$HEy$7$$$3$H$rD4$Y$k4X?t (define (=number? exp num) (and (number? exp) (= exp num))) 6

F1MM$K$7$F!"4JLs2=$9$k make-product $rJQ99$;$h!#$5$i$K!" (deriv ’(+ x 3) ’x) (deriv ’(* x y) ’x) (deriv ’(* (* x y) (+ x 3)) ’x) $N7k2L$O$I$&JQ$o$k$+ ? 2]Bj 5-7: ( QQ>h ) ?t<0$N<oN‘$NCf$KQQ>h$r2C$($k!#HyJ,$K4X$9$k5,B’$O d( u n ) d x = nu n � 1 � d u d x � $G $" $k!# $^ $:!" QQ >h $K 4X $9 $k ?t <0 $N $? $a $N 9= C[ ;R!& A* Br ;R $H $7 $F!" exponentiation? , base , exponent , make- exponentiation $,$"$k$H$7$F!"4X?t deriv $NDj5A$r3HD%$;$h!#QQ>h$NFbItI=8=$H$7$F$O!" e n $H$$$&<0$r (** e n) $N$h$&$KI=$o$9 $3$H$K$9$k!#>e 5-$N9=C[;R!& A*Br;R$rDj5A $;$h!#$5$i$K!" e 0 = 1 ; e 1 = e $H $$$C$?4JLs2= $N5,B’$r MQ$$$k$H$J$*$h$m$7$$!# 2]Bj 5-8: ( B?9‘1i;;;R ) B-$7;;$H3]$1;;$K4X$9$k?t<0$,!"G$0U8D$N9‘$,$H$l$k$h$&$K3HD%$;$h!#Nc$($P!" (deriv ’(* x y (+ x 3)) ’x) $N$h$&$J$3$H$,$G$-$k$h$&$K$9$k$H$$$&$3$H$G$" $k!#$3$3$G$O!"FbItI=8=$@$1$rJQ99$7$F!" deriv $NDj5A $rJQ99$;$: $K:Q$‘$h$&$K$;$h!# ( %R%s%H : 3 9‘0J>e$NB-$7 ;;<0$KBP$7 $F$O!" addend $OBh 1 9‘$r!" augend $OBh 2 9‘0J 9_$NB-$7;; <0$rEz$($k$h$&$K$9$k$H$h$$!# ) 2]Bj 5-9: ( CfCV5-K! ) $3$NHyJ, %W%m %0%i %‘$O!" Sc heme $N <0$H$O L54X 78$G $"$k$3 $H$r <($9$? $a$K!" ?t<0 $NFbIt I=8= $r!VCf CV5-K!!W (in�x notation) $D$^$j!"1i;;;R$r9‘$H9‘$N4V$K=q$/$b$N$KJQ99$;$h!# 1. 4JC1 $N$? $a!" B-$7 ;;!"3] $1 ;;$N <0$O 9‘ $r 2 $D$7 $+$H $i $:!"<0 $K$O A4 It3g 8L$, $D $$$F $$$? >l 9g$N $b$N $r :n$l!# Nc $($P!" (x + (3 * (x + (y + 2)))) $N$h$&$K$J$C$F$$$k!# 2. IaDL$N?t<0$N$h$&$K!"3g8L$r>JN,$7$?>l9g$O$I$&$+!#$D$^$j!" (x + 3 * (x + y +2)) $N$h$&$K=q$$$?>l9g!" 3]$1;;$,B-$7;;$KM%@h$5$l$k$h$&$K$;$h!# 7