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次回は図形言語の説明をします．

1必修課題のために必ず出席すること．

2 Building Abstractions with Datag
• 2.2. Hierarchical Data and the Closure 

Property（階層データ構造と閉包性）Property（階層デ タ構造と閉包性）

• リスト処理の復習

• 2.2.1 Representing Sequences（並び）

• 2 2 2 Hierarchical Structures• 2.2.2 Hierarchical Structures
• 2.2.3 Sequences as Conventional Interfaces
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リスト処理手続きを一挙に学ぶ．
1 l?1. equal?
2. length
3. copy, deep-copy
4. append, reverse, deep-reverse4. append, reverse, deep reverse
5. flatten, fringe
6 butlast6. butlast
7. member?, assoc
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( l? it 1 it 2)(equal? items1 items2)
if items1 is eq? to items2, return the value of eq?
th i  if it 1 i  iotherwise if items1 is non-pair,

return the value of items1 is eq? to items2
otherwise otherwise 

if the 1st of items1 is equal? to the 1st of items2,
return the value of the rest of items1 is equal? to 

T
T

A
A

O 3
return the value of the rest of items1 is equal? to 
that of items2

T A O
(define (equal? items1 items2)

(cond ((eq? items1 items2))

8

(cond ((eq? items1 items2))
((not (pair? items1)) (eq? items1 items2))
((not (pair? items2)) (eq? items1 items2))

16
((equal? (car items1) (car items2))
(equal? (cdr items1) (cdr items2)) ))

(l th it )(length items)
if items is null?, length is 0
th i  1 + l th f th  totherwise, 1 + length of the rest

1 42 3
(define (length items)

(if (null? items)( ( )
0
(+ 1 (length (cdr items)) ))( ( g ( )) ))

(define (length items)
(define (iter count)( ( )

(if (null? items)
count
(iter (cdr items) (+ 1 count)) ))

18
(iter (cdr items) (+ 1 count)) ))

(iter items 0) )

( it )(copy items)
if items is null? or non-pair, return it
th i  otherwise 

cons the 1st of items and copy of the rest of items
T A O 3

(define (copy items)
(cond ((null? items) items)

((not (pair? items)) items)
(else (cons (car items)(else (cons (car items) 

(copy (cdr items)) ))))
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(d it )(deep-copy items)
if items is null? or non-pair, return it
th i   f th  1st f itotherwise cons copy of the 1st of items 

and copy of the rest of items

1
43

2
(define (deep-copy items)

(cond ((null? items) items)(cond ((null? items) items)
((not (pair? items)) items)
( l ( (d ( i ))(else (cons (deep-copy (car items))

(deep-copy (cdr items)) 
22

))))

(append list1 list2)
if list1 is null?, append is list2
otherwise, cons the 1st item of list1 and
append of the rest of list1 and list2

+
pp

(define (append list1 list2)
(if (n ll? list1)(if (null? list1)

list2
(cons (car list1)

(append (cdr list1) list2)
24

)))

(reverse items)
if items is null?, reverse is nil,
otherwise, append reverse of the rest of 
items and list of the 1st item of itemsitems and list of the 1 item of items

(define (reverse items)(define (reverse items)
(if (null? items)

nil
(append (reverse (cdr items))pp

(list (car items)) )))
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(reverse '(1 (2 3) 4 ((5 6) 7)))
(((5 6) 7) 4 (2 3) 1)

(deep-reverse '(1 (2 3) 4 ((5 6) 7)))
((7 (6 5)) 4 (3 2) 1) 43

(define (deep-reverse tree)
1 2

(cond ((null? tree) tree)
((not (pair? tree)) tree)
(else (append 

(deep-reverse (cdr tree))
(list (deep-reverse 

(car tree) )))
28

)))

(fringe '(1 (2 3) 4 ((5 6) 7)))
(1 2 3 4 5 6 7) 43(1 2 3 4 5 6 7)

1 2

(define (fringe tree)
( d (( ll? t ) il)

1 2 3 4

(cond ((null? tree) nil)
((not (pair? tree)) (list tree))
( l ( d(else (append 

(fringe (car tree))
(f i ( d t )) ))(fringe (cdr tree)) ))

)) 
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(last '(1 (2 3) 4 ((5 6) 7)))
(((5 6) 7))

(but-last '(1 (2 3) 4 ((5 6) 7)))
(1 (2 3) 4) 43

(define (last tree)
(if (null? tree)

1 2
(if (null? tree)

nil
(list (car (reverse tree))) ))(list (car (reverse tree))) ))

(define (but-last tree)(define (but last tree)
(if (or (null? tree) (null? (cdr tree)))

nil
33

nil
(reverse (cdr (reverse tree)) ))



( b it )(member x items)
if items is null?, member is false
th i  if  i  th  1st f it b i itotherwise if x is the 1st of items, member is items  

otherwise x is member of x in the rest of items

1
43

2
(define (member x items)

(cond ((null? items) nil)(cond ((null? items) nil)
((equal? x (car items)) items)
( l ( b ( d i ))) ))(else (member x (cdr items))) ))
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( li t)(assoc x alist)
if alist is null?, assoc is false

th i  if th  1st f it i i ? d i  itotherwise if the 1st of items is pair? and x is its car,
assoc is 1st of alist

h i  i  f  i  h   f otherwise x is member of x in the rest of items

one1 2 two 3 three 4 four 5 five

(define (assoc x alist)( ( )
(cond ((null? alist) nil)

((and (pair? (car alist))(( (p ( ))
(equal? x (caar alist)) )

(car alist) )
37

(car alist) )
(else (assoc x (cdr items))) ))

(define (absoluteabsolute--listlist items)(define (absoluteabsolute listlist items)
(if (null? items)

nil
( ( b ( it ))(cons (abs (car items))

(absoluteabsolute--listlist (cdr items)) )))
(define (scalescale--listlist items factor)

(if (null? items)
nilnil
(cons (* (car items) factor)

(scalescale--listlist (cdr items) factor) )))
(absolute-list (list -10 2.5 -11.6 17))

(10 2 5 11 6 17)(10 2.5 11.6 17)
(scale-list (list -10 2.5 -11.6 17) 10)

( 100 25 116 170)
38

(-100 25 -116 170)

(define (scale-list items factor)(define (scale list items factor)
(if (null? items)

nil
(cons (* (car items) factor)(cons (* (car items) factor)

(scale-list (cdr items) factor) )))

(define (mapmap proc items)
(if (null? items)

nil
(cons (proc (car items))

(map proc (cdr items)) )))
(mapmap abs (list -10 2.5 -11.6 17))

(10 2.5 11.6 17)
(define (scale-list items factor)

(mapmap (lambda (x) (* x factor)) items) )  

39
( pp ( ( ) ( )) ) )

(define (scale-absolute-list items factor)
(mapmap (compose (lambda (x) (* x factor)) abs) items) )   

(define (f x y . z)
<body> )

(define (sum . itemssum . items)
(define (iter items result)
(if (null? items)(if (null? items)

result
(iter (cdr items)

(+ lt ( it ))(+ result (car items))
)))

(iter items 0) )( ) )
(define (sum . itemssum . items)

(define (recur items)
(if (null? items)

0
(+ (car items) (recur (cdr items))) ))

40
(+ (car items) (recur (cdr items))) ))

(recur items) )

2 Building Abstractions with Data
• 2.2. Hierarchical Data and the Closure 2.2. Hierarchical Data and the Closure 

Property（階層データ構造と閉包性）

リスト処理の復習• リスト処理の復習

•• 2.2.1 Representing Sequences2.2.1 Representing Sequences（並び）（並び）p g qp g q
• 2.2.2 Hierarchical Structures

2 2 3 S   C i l I f• 2.2.3 Sequences as Conventional Interfaces
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• Suspension bridgesの設計の例

• John Roebling designed the Brooklyn Bridge
which was built from 1869 to 1883. 

• He designed the stiffness of the truss on the 
Brooklyn Bridge roadway to be six timessix times what a y g y
normal calculation based on known static and 
dynamic load would have called for.

• Galloping Gertie of the Tacoma Narrows Bridge 
which tore itself apart in a windstorm in 1940,which tore itself apart in a windstorm in 940,
due to the nonlinearities in aerodynamic lift on 
suspension bridges modeled by the eddy 

  
51

spectrum.  

• Galloping Gertie of the Tacoma Narrows Bridge which tore 
itself apart in a windstorm in 1940 due to the itself apart in a windstorm in 1940, due to the 
nonlinearities in aerodynamic lift on suspension bridges 
modeled by the eddy spectrum.  modeled by the eddy spectrum.  
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2 Building Abstractions with Data
• 2.2. Hierarchical Data and the Closure 2.2. Hierarchical Data and the Closure 

Property（階層データ構造と閉包性）

2 2 1 Representing Sequences（並び）• 2.2.1 Representing Sequences（並び）

•• 2.2.2 Hierarchical Structures2.2.2 Hierarchical Structures. .  H rarch ca  tructur. .  H rarch ca  tructur
• 2.2.3 Sequences as Conventional Interfaces
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T  （木） と捉えるとTree （木） と捉えると

(cons (list 1 2) (list 3 4))
((1 2) 3 4)   根（root）

(1 2)                (3 4) 節（node）

1 3
42葉（leaf）

56

((1 2) 3 4) 根（ oot）((1 2) 3 4)   

(1 2) (3 4)

根（root）

節(1 2)                (3 4) 節（node）高
さ

1 3
42葉（leaf）

高さ（height）: rootからnodeまでのリンク数

57木の高さ: leafの高さの最大値

((1 2) 3 4) 根（ ）((1 2) 3 4)   根（root）

(1 2)                  (3 4) 節（node）高
ささ

1 3
42葉（leaf）

(count-leaves <tree>)
58

(count-leaves <tree>)
(max-height <tree>)



countcount--leavesleaves
(count-leaves x)
If x is null?, count-leaves is 0
l  f   l f ( )   else if x is a leaf (not pair?), count-leaves is 1

otherwise add count-leaves of the car of x
d f h  f and count-leaves of the cdr of x

(define (count-leaves x)
(cond ((null? x) 0)

((not (pair? x)) 1)
(else (+ (count-leaves (car x))

(count-leaves (cdr x))
))))

59

maxmax--heightheight
( h i ht )(max-height x)
If x is null?, max-height is 0
else if x is a leaf (not pair?), max-height is 1
otherwise add 1 to max of

max-height of the car of x and
max-height of the cdr of x

(define (max-height x)
(cond ((null? x) 0)( (( ) )

((not (pair? x)) 1)
(else (
(+ 1 (max (max-height (car x))

(max-height (cdr x))
60

( g ( ))
)))))

(define (scale-tree tree factor)
(cond ((null? tree) nil)

((not (pair? tree)) (* tree factor))((not (pair? tree)) (* tree factor))
(else 

(cons (scale-tree (car tree) factor)( ( ( ) )
(scale-tree (cdr tree) factor)

))))
木をたどって手続きを適用する mapmap を使用すると：

(define (scale-tree tree factor)(define (scale-tree tree factor)
(map
(lambda (sub-tree)( ( )

(if (pair? sub-tree)
(scale-tree sub-tree factor)

61
(* sub-tree factor) ))

tree )) 

powersetpowerset
A (1 2 3)A = (1 2 3)
2A = (() (3) (2) (2 3) (1) (1 3) (1 2)

(1 2 3)) 
(define (powerset a)(define (powerset a)
(if (null? a) 

(list nil)(list nil)
(let ((rest (powerset (cdr a)))
(append(append 

rest 
(map(map
(lambda (x) 

(append (list (car a)) x))
62

(append (list (car a)) x))
rest )))))

2 Building Abstractions with Data
• 2.2. Hierarchical Data and the Closure 2.2. Hierarchical Data and the Closure 

Property（階層データ構造と閉包性）

2 2 1 Representing Sequences（並び）• 2.2.1 Representing Sequences（並び）

• 2.2.2 Hierarchical Structures

• 2.2.3 Sequences as Conventional Sequences as Conventional 
I t fI t fInterfacesInterfaces
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• 処理間のインタフェース

API （A li ti  P  • API （Application Program 
Interface）

2 3 4 5 6 7 8 9 10 11

• Parameterでの受け渡し

デ タ構造を タ 使う• データ構造をインタフェースに使う。

• sequence を活用
3 5 7 9 11

• sequence を活用

• 例： 素数を求めるための
The Sieve of Eratosthenes
（エラトステネスの篩） 5 7 11

64
5 7 11



(define (count-leaves tree)
(cond ((null? tree) 0)

(( t ( i ? t )) 1)((not (pair? tree)) 1)
(else (+ (count-leaves (car tree))

(count-leaves (cdr tree)) ))(count leaves (cdr tree)) ))

を基に，奇数の葉だけ2乗して和を取る

(define (sum-odd-squares tree)
( d (( ll? t ) 0)(cond ((null? tree) 0)

((not (pair? tree))
(if (odd? tree) (square tree) 0) )(if (odd? tree) (square tree) 0) )
(else (+ (sum-odd-squares (car tree))

(sum-odd-squares (cdr tree)) ))

65
))           

eveneven--fibsfibs fibfib
偶数偶数ののfibfibの和の和(define (even-fibs n)

(define (next k)
(if (> k n) ２つの手続きの２つの手続きの

偶数偶数ののfibfibの和の和

(if (> k n)
nil
(let ((f (fib k)))

２つの手続きの２つの手続きの
共通点は？共通点は？

(if (even? f) 
(cons f (next (+ k 1)))
(next (+ k 1)) ))))( e t ( )) ))))

(next 0) )
奇数の葉の奇数の葉の(define (sum-odd-squares tree)

(cond ((null? tree) 0)
((not (pair? tree))

奇数の葉の奇数の葉の
二乗和二乗和

((not (pair? tree))
(if (odd? tree) (square tree) 0) )
(else (+ (sum-odd-squares (car tree))

(sum-odd-squares (cdr tree)) ))))
66

(define (accumulateaccumulate combiner null-value term 
a next b )

(if (> a b)(if (> a b)
null-value
(combiner (term a)( ( )

(accumulate combiner null-value
term (next a) next b ))))

(define (sum term a next b)
(accumulate + 0 term a next b) ) 

b

if )((define (product term a next b)
(accumulate * 1 term a next b) )

b


 inextai

if
)(,

)(

(define (sum term a next b)
(if (> a b)

0 
b

if )(

67
0
(+ (term a)

(sum term (next a) next b)) )
 inextai )(,

2
3
4
5

3

5 5
6
7
8
9

10

7

9

7

11
10
11 112 3 5

(                                           )4 9 25

共通点を見る４つの基本手続き共通点を見る４つの基本手続き

•• 数え上げ（数え上げ（enumerateenumerate））

タ（タ（f lf l ））•• フィルタ（フィルタ（filterfilter））
•• 写像（写像（mapmap））

68

pp
•• 集約（集約（accumulateaccumulate））

(define (sum-odd-squares tree)
(cond ((null? tree) 0)

(( t ( i ? t ))((not (pair? tree))
(if (odd? tree) (square tree) 0) )
(else (+ (sum odd squares (car tree))(else (+ (sum-odd-squares (car tree))

(sum-odd-squares (cdr tree)) )))) 

enume filter: map: accumu
lrate:

Tree, 
odd? square late:

+  0ree, 
leaves +, 0

69

(define (even-fibs n)
(define (next k)

(if (> k n)(if (> k n)
nil
(let ((f (fib k)))( (( ( )))

(if (even? f) 
(cons f (next (+ k 1)))
(next (+ k 1)) ))))

(next 0) )

enume filter:map: accumu
lrate:

integers
even?fib late:

cons  ()
70

integers cons, ()



(map square (list 1 2 3 4 5))

(define (filterfilter predicate sequence)
(cond ((null? sequence) nil)(cond ((null? sequence) nil)

((predicate (car sequence))
(cons (car sequence)(co s (ca seque ce)

(filter predicate 
(cdr sequence) )))

(else (filter predicate
(cdr sequence) ))))

(filter odd? (list 1 2 3 4 5))
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(define (accumulateaccumulate op initial sequence)
(if (null? sequence)

initial
(op (car sequence)

(accumulate op initial
(cdr sequence) ))))

(accumulate + 0 (list 1 2 3 4 5))

(accumulate * 1 (list 1 2 3 4 5))

(accumulate cons nil (list 1 2 3 4 5))
73

( ( ))

整数の並びの数え上げ（ t ）整数の並びの数え上げ（enumerate）： e.g. even-fibs
(define (enumerateenumerate--intervalinterval low high)

(if (> low high)
nil
(cons low 

(enumerate-interval 
(+ low 1)
high ))))

(enumerate-interval 2 7)
(accumulate * 1 (enumerate-interval 1 5))

75
(accumulate + 0 (enumerate-interval 1 5))

木の数え上げ（enumerate）： e g even fibs木の数え上げ（enumerate）： e.g. even-fibs
(define (enumerateenumerate--treetree tree)

(cond ((null? tree) nil)
((not (pair? tree)) (list tree))
(else (append 

(enumerate-tree (car tree))
(enumerate-tree (cdr tree))
))))

(enumerate-tree 
(list 1 (list 2 (list 3 4)) 5) )
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enume
rate:

filter:

odd?

map:

square

accumu
late:

tree
odd? square

+, 0
(define (sum-odd-squares tree)

(accumulate(accumulate
+
00
(map 

squaresquare
(filter 

odd?
79

odd?
(enumerate-tree tree) ))))

filtmap:enume
rate:

filter:

even?

map:

fib
accumu

late:

(d fi ( fib )
integers

even?fib
cons, ()

(define (even-fibs n)
(accumulate

conscons
nil
(filter ( te

even?
(map 

fib
(enumerate-interval 0 n) ))))

80



listlist--fibfib--squaressquares
map: map:enume

rate:
map:

fib
accumu

late:
map:

square

(d fi (li t fib )
integers

fib
cons, ()

square

(define (list-fib-squares n)
(accumulate

cons
nil
(map 

squareq
(map 

fib
81

fib
(enumerate-interval 0 n) ))))

productproduct--ofof--squaressquares--ofof--oddodd--elementselements
map:filter:enume

rate:
map:

square
accumu

late:
filter:

odd?

(d fi ( d f f dd l )
integers

square
cons, ()

odd?

(define (product-of-squares-of-odd-elements seq)
(accumulate 

**
1
(map(map 

square
(filter odd? seq) )))(filter odd? seq) )))

(product-of-squares-of-odd-elements
82

(p q
(list 1 2 3 4 5) ) 225

salarysalary--ofof--highesthighest--paidpaid--programmerprogrammer

enumer map: accumfilter:
ate:

records
salary ulate:

max 0
progra
mmer?

(define (salary-of-highest-paid-programmer

records max, 0mmer?
(define (salary of highest paid programmer

records )
(accumulate 

max
0
((map 

salary
(filter programmer? records) )))

83
(filter programmer? records) )))

データベース問い合わせ（query）言語の原型

accumulateaccumulate
(define (my-map p sequence)

(accumulateaccumulate
(lambda (x y) (cons (p x) y))
nil
sequence ))

(define (my-append seq1 seq2)( ( y pp q q )
(accumulateaccumulate cons seq2 seq1) )

(define (my length sequence)(define (my-length sequence)
(accumulateaccumulate

(lambda (x y)(lambda (x y) 
(if (null? x) y (+ 1 y)) )

0
84

0
sequence )) 

1.1. Ex.2.33, 2.34, 2.37Ex.2.33, 2.34, 2.37
2 Program  プログラムの解説 実行例をまとめたレポー2. Program, プログラムの解説，実行例をまとめたレポ

ト（pdf） を

SICP 8@ k i k t j に送付SICP-8@zeus.kuis.kyoto-u.ac.jp に送付

（otherwise 回答は減点）
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( l t(accumulate 
append
nilnil
(map 
(lambda (i)( ( )
(map 
(lambda (j) (list i j))
(enumerate-interval

1 (- i 1) )))
( t i t l 1 ) ))(enumerate-interval 1 n) ))
この呼び出しパタ ンを手続きとして定義この呼び出しパターンを手続きとして定義

(define (flatmapflatmap proc seq)
87

(accumulate append nil (map proc seq)) )


