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2.2.4 AR E & (Picture Language)

By g HEBXREE
The Eighth Commandment FIEDFHEE

Use help function to abstract from representations.

The Ninth Commandment
Abstract common patterns with a new function.

The Tenth Commandment
Build functions to collect more than one value at a
time.

(Friedman, et al. * The Little Schemer’, MIT Press)

A 128128 - ABDA= 21—

SHELEREDHRATY.

1. 2.2.4 Picture Language (B2 E58)
2. Space Padding Functions
3. Fractal (Self-Similarity)

1. Hilbert curve

2. Koch snowflake

3. Sierpinski’s Gasket

4. Peano curve
4. Square limit variation

S B E—TEAKER 1, WeblZHY.
5. Circle limit

R EETHOEEEHE

» EREEOHRIEE

» ERICEABEET, 759%)L, ERFTiEdhE
MER TEHEHT




K EEZEDEL VS (README.tustk)

% tustk2

> (load '/usr/local/lib/tustk/demos/picl)

> (load '/usr/local/lib/tustk/demos/picl-test)

> (make-canvas frm1)  BEIL—LRAFYUNRDER
> ((square-limit wave 2) frm1)

> (tk:update) ; EPRETTHEINGMIHER
; BREN DELRESITEST

> (clear) s O EEY

> ((square-limit wave 4) frm1)

> (clear)

> ((squash-inwards wave) frm1)

> (forget-canvas) s REOF v R\ RZHIR

> (make-canvas frm2) ; fiLV\=IL—LRBEF Y /INADERL
> ((square-limit wave 4) frm2)
> (output-canvas 'wave.ps) ; #&ZPostScriptZ7/ /L~ A

DELVA (README.tustk)

® *bg-color*  EREOESR
m *line-color* ; HEHROER
m (set! *bg-color*<£&>) ; BOREEER
m<fZ> ; B4 (blue, “red”, ...), RGB¥E%E (“#RRGGBB")
m @#(X painter TEH
- | (make-vect <x-coordinate> <y-coordinate>)
#& (/7 A1) (make-segment <from-point> <to-point>)
o #RE (segments->painter <list-of-seguments>)
2HK HRYTY) (vects->painter <list-of-points>)
. (vects->painter <list-of-points> <smooth-or-not>
<degree-of-smoothing> <filling-color> )
e (pgm-file->painter <file-name>) ; GIF/PPM/PGM
(define sicp (pgm-file->painter
“/usr/local/lib/tustk/demos/sicp.ppm™))
((square-limit sicp 4) frml)

wave NDEFH

N7
BERLENTLL

(define wave
(segments->painter
(list (make-segment (make-vect 0.25 0.00) (make-vect 0.35 O
(make-segment (make-vect 0.35 0.50) (make-vect 0.30 O

make-segment (make-vect 0. B make-vec
(make-segment (make-vect (make-vect
(make-segment (make-vect (make-vect
(make-segment (make-vect (make-vect
(make-segment (make-vect (make-vect
(make-segment (make-vect (make-vect
(make-segment (make-vect (make-vect
(make-segment (make-vect (make-vect
(make-segment (make-vect
(make-segment (make-vect
(make-segment (make-vect
(make-segment (make-vect
(make-segment (make-vect

(make-vect
(make-vect
(make-vect
(make-vect
20) (make-vect

OOOrOOO0O0O000O
OCO000O0O0ORrR OO0
OO0OORrOOO0O000O
O00O00O0O0Or OO0

)




m wave DZER

(define red-wave
(vects->painter

(list (make-vect 0.25 0.00) (make-vect 0.35 0.50)
(make-vect 0.30 0.55) (make-vect 0.20 0.45)
(make-vect 0.00 0.60) (make-vect 0.00 0.80)
(make-vect 0.20 0.55) (make-vect 0.30 0.60)
(make-vect 0.40 0.60) (make-vect 0.35 0.80)
(make-vect 0.40 1.00) (make-vect 0.60 1.00)
(make-vect 0.65 0.80) (make-vect 0.60 0.60)
(make-vect 0.70 0.60) (make-vect 1.00 0.40)
(make-vect 1.00 0.20) (make-vect 0.65 0.50)
(make-vect 0.75 0.00) (make-vect 0.60 0.00)
(make-vect 0.50 0.20) (make-vect 0.40 0.00) )

#F 0 "red ))

REDIET, RYTVZERML, BZ%5.

E lambda DESE

(define red-letterlambda
(vects->painter
(list

(make-vect .45 .60) (make-vect .25 .20)
(make-vect .25 .20) (make-vect .20 .20)
(make-vect .20 .20) (make-vect .20 .10)
(make-vect .20 .10) (make-vect .30 .10)
(make-vect .30 .10) (make-vect .50 .50)
(make-vect .50 .50) (make-vect .70 .10)
(make-vect .70 .10) (make-vect .80 .10)
(make-vect .80 .10) (make-vect .80 .20)
(make-vect .80 .20) (make-vect .75 .20)
(make-vect .75 .20) (make-vect .40 .90)
(make-vect .40 .90) (make-vect .30 .90)
(make-vect .30 .90) (make-vect .30 .80)
(make-vect .30 .80) (make-vect .35 .80)
(make-vect .35 .80) (make-vect .45 .60) )
#F 0 "red ))

E square-limit n

i
square-limit
5.
ElxL~)L2

T, PR




m flipped-pair (JE5EIR)

(define wave2
(beside wave (flip-vert wave)
(define wave4 (below wave2 wave2))

(define (flipped-pairs painter)
(let ((painter2
(beside painter
(fFlip-vert painter) )))

(below painter2 painter2));
o KT
(define wave4

(flipped-pairs wave))

E square-limit n

[ g\
square-limit
1%,
ElxL~)L2

RI%, A

E right-split n

(define (right-split painter n)
(if (=n0)
painter
(let ((smaller
(right-split painter (- n 1))) )
(beside painter
(below smaller smaller) ))))

right-
SPiit | e
identit n-1 (below bottom top)
y right- (beside left right)
split
n-1




E square-limit n

” “nm
square-limit
1ED.
ElZLR)L2

SEIL A

E corner-split n **

(define (corner-split painter n)
(if (=n0)
painter
(let ((up (up-split painter (- n 1)))
(right (right-split painter (- n 1))) )
(let ((top-left (beside up up))
(bottom-right (below right right))
(corner (corner-split painter (- n 1))) )
(beside (below painter top-left)
(below bottom-right corner) )))))

up- | up- | corner-
split | split|  split

b KERDFHE
right-split (Eel(?\g b(:t;om FOE)
identity n-1 (beside left right)

right-split
n-1

E square-limit n

" N
square-limit
=1E5.
ElFLAR)L2

m=#&E, L




Ex.2.44 up-split %\F

(H@Tlne (up-split painter n)
(f (=n 0)
palnter
(let ((smaller
(up-split painter (- n 1))) D
(below painter
(beside smaller smaller) ))))

up-split | up-split
n-1 n-1 REBDOFHE

(below bottom top)

(beside left right)

identity

E square-limit n

(define (square-limit painter n)
(let ((quarter
(corner-split painter n)) )
(let ((half (beside
(Flip-horiz quarter)
quarter )))
(below (flip-vert half)

7/ x Whalf))))

gEaneRey

N

E square-limit n

square-limit

MR
EIFLAILT

P




ZosplitBEmAL

Yoot

fﬁgfine right-split (split beside below))
(define up-split (split below beside))

(define (split opl op2)
(opl half (op2 quarter quarter)) ))

right-
split
n-1

up-split | up-split
n-1 n-1

identity
right-
split identity

n-1

FE:BEMER. [ERLE].
Vol.46, No.10 (2005) 1163-1171

http://www.ecs.soton.ac.uk/ ph/
papers/funcgeo2.pdf

E Higher-order operations

(define (square-of-four tl tr bl br)
(lambda (painter)
(let ((top (beside (tl painter)
(tr painter)) )
(bottom (beside (bl painter)
(br painter) )))
(below bottom top) )))

tli tr

REZDOFHE
(below bottom top)

(beside left right)

bl br




m flipped-pairsDilNDESH

(define (flipped-pairs painter)
(let ((combine4
(square-of-four
identity flip-vert
identity flip-vert )))
(combine4 painter) ))

ident | flip-

ity | vert REBOFHE
(below bottom top)

ident | flip- (beside left right)

ity | vert

E square-limit DHDEZE

(define (square-limit painter n)
(let ((combine4
(square-of-four
flip-horiz identity
rotatel80 flip-vert )))
(combine4
(corner-split painter n)) ))

7 \ flip-| ident
/\ horiz| ity
QV rotat | Flip-

& A el80 | vert

12A12H-ABDA=a1—

S BTN IEREDHATY.
1. 2.2.4 Picture Language (R4 E8)

BEANGREFHRETER
2.
3.

1.

2.

3.

4.
4.




Frame coordinate map

©.1)
. —o =)
- R B imageffE A
(o
frame edge, ? (0,0 (1,0
vector frame edge,
vector
frame origin
vector (0, 0) point

on display screen

m coordinate: unit squarelZ{Ef{
m framelE{g

Origin(Frame) + x - Edge, (Frame) + y - Edge, (Frame)

Frames

(define (frame-coord-map frame)
(lambda (v)
(add-vect
(origin-frame frame)

(add-vect (scale-vect (xcor-vect V)

(edgel-frame frame) )

(scale-vect (ycor-vect V)

(edge2-frame frame) )

D))

((frame-coord-map a-frame)
(make-vect 0 0) )

DRFE: (origin-frame a-frame)

Frames

(define (make-frame origin edgel edge2)
(list origin edgel edge2) )

(define (make-frame origin edgel edge2)
(cons origin (cons edgel edge2)) )

FhENITHTHRRFERT.




Painters

(define (segments->painter segment-list)
(lambda (frame)
(for-each
(lambda (segment)
(draw-line
((frame-coord-map frame)
(start-segment segment) )
((frame-coord-map frame)
(end-segment segment) )))
segment-list )))

(foreach <procedure> <list-of-items>)

Transforming and combining painters

(define (transform-painter painter
origin cornerl corner2)
(lambda (frame)
(let ((m (frame-coord-map frame)))
(let ((new-origin (m origin)))
(painter
(make-frame new-origin

(sub-vect (m cornerl)

new-origin)

(sub-vect (m corner?2)

new-origin)))))))

[ Transforming and combining painters

(define (flip-vert painter)
(transform-painter
painter
(make-vect 0.0 1.0) ; new origin
(make-vect 1.0 1.0) ; new end of edge,
, (make-vect 0.0 0.0))) ; new end of edge,
(1 1) .

© 1

10



Transforming and combining painters

(define (shrink-to-upper-right painter)
(transform-painter

painter

(make-vect 0.5 0.5)

(make-vect 1.0 0.5)

(make-vect 0.5 1.0)

(0.5 1.0)

)

(CIY)]

(0.5 0.5)

© 9

J———
(1.0 0.5)

Transforming and combining painters
] (1 1)

(define (rotate90 painter)
(transform-painter
painter
(make-vect 1.0 0.0)
(make-vect 1.0 1.0)
(make-vect 0.0 0.0) % o
)) I

(0 O) >

Transforming and combining painters

(define (squash-inwards painter)
(transform-painter

painter

(make-vect 0.0 0.0)

(make-vect 0.65 0.35)

(make-vect 0.35 0.65)))

© 1

(.65 .35)

0 1) L

11



FEIRY = VN

(define frm2
(make-frame
(make-vect 0 0)
(make-vect 1.0 0)
(make-vect 0.5 0.5) )

beside

(define (beside painterl painter2)
(let ((split-point (make-vect 0.5 0.0)))
(let ((paint-left
(transform-painter
painterl
(make-vect 0.0 0.0)
split-point
(make-vect 0.0 1.0)))
(paint-right
(transform-painter
painter2
split-point
(make-vect 1.0 0.0)
(make-vect 0.5 1.0))))
(lambda (frame)
(paint-left frame)
(paint-right frame)))))

above m:n THE|

(define (above painterl painter2 . 1)
(let* ((m Gif (ull? 1) 1 (car 1)))
(n (if (or (null? 1) (null? (cdr 1)))
1 (cadr 1)))
(r ¢/ n ¢ nn)y
(split-point (make-vect 0.0 r)) )
(let ((paint-lower
(transform-painter painter2
(make-vect 0.0 0.0)
(make-vect 1.0 0.0)
split-point))
(paint-upper
(transform-painter painterl
split-point
(make-vect 1.0 r)
(make-vect 0.0 1.0))))
(lambda (frame)
(paint-lower frame)
(paint-upper frame)))))

12



Hilbert curve O{ERR A %

4D DEXR

1. EEXFA: D=>A=A=B
2. £XFB: C=B=>B=>A
3. £FXfC: B=2C=C=D
4. EXWD: A=>D=>D=C

HExpa HEABB HEmc EEXWD

il
| |

A B £ D

SEWA  SEMB  SEMC  SHERD

. Hilbert curve MEHE=

1. BEARBISHLT, LRVOGESIRZEL
HDTERDVAMERD B,

2. SPLTIE, HEREBIRBICEUTHL,
HRZRDHB,

3. RFLFTERIVRLID segment R
painter % vectors->segment &
segments->painterZ{#E->THERT S,

(vectors->segment <list of vectors>)
(segments->painter <list of segments>)

13



Hilbert curve D FHE=E

(define (hilbert-a x0 y0 x1 y1 i)

(let ((xs (/ (+ (* 3.0 x0) x1) 4.0)) ! 1 1
(s (/ (+ (* 3.0 y0) y1) 4.0)) [A, 1Dy
m (/ (+ x0 x1) 2.0)) ’_T
Qm (/ (+ y0 y1) 2.0)) g9 o>
&I (/ (+ xO (* 3.0 x1)) 4.0)) ‘;\ A B ¥
1 (/ (+y0 (* 3.0 y1)) 4.0)) ) I_H_A !
(if (=i 0)

(list (make-vect xl yl) (make-vect xs yl)
(make-vect xs ys) (make-vect xI ys) )
(append (hilbert-d xm ym x1 y1 (- i 1))
(hilbert-a x0 ym xm y1 (- i 1))
(hilbert-a x0 yO xm ym (- i 1))
(hilbert-b xm y0 x1 ym (- i 1)) ))))

(define (hilbert n)
(segments->painter
(vectors->segments (hilbert-a 0.0 0.0 1.0 1.0 n))) )

(koch 5)

o~

Koch snowflake D {ERK A%

e 03

™

Pl and Lrd "

14



Koch snowflake M) F§EE

1. ERAPITHLT LANLOLGS, =AKDTE
RUYRNERD B,

2. SBLTIE HMEREBIRBICEUTHL,
HRZERDHB.

3. RESIERUAMS segment K&
painter % vectors->segment &
segments->painterZ#>TERT 5.

(vectors->segment <list of vectors>)
(segments->painter <list of segments>)

Koch snowflake @) F#i= (%)

(define (koch-line x0 y0O x1 yl1 r i)
(f (=1 0)
(list (make-vect x0 y0) (make-vect x1 yl))
(let* ((r1 (/ r 3.0))
(x3 (/ (- x1 x0) 3.0))
(y3 (/ (- y1 y0) 3.0))
xs (/ (+ (* 2.0 x0) x1) 3.0))
(ys (/ (+ (* 2.0 y0) y1) 3.0))
&l (/ (+ x0O (* 2.0 x1)) 3.0))
I (/7 (+ y0o (* 2.0 y1)) 3.0))
m (+ (* 0.5 x3) (* 0.866 y3) xs))
(ym (+ (* 0.5 y3) (* -0.866 x3) ys)) )
(append (koch-line x0 y0 xs ys r1 (- i 1))
(koch-line xs ys xm ym r1 (- i 1))
(koch-line xm ym x1 yl r1 (- i 1))
(koch-line xI yl x1 y1 r1 (- i 1))

For

D)

Koch snowflake @) F#i= (%)

(define (koch n)
(let* ((h (4 0.75 0.86))
0 (/ (- 1.0 h) 2))
x1 (- 1.0 x0)) )
(segments->painter
(vectors->segments
(append
(koch-line x0 0.25 x1 0.25 1 n)
(koch-line x1 0.25 0.5 1.0 1 n)
(koch-line 0.5 1.0 x0 0.25 1 n)

let* (& let &EL, EHEXZIEEICEEM




8 DZKoch curve OFE§HE

(define (koch-fill n . args)
(let* ((h (/ 0.75 0.86))
X0 (/ (- 1.0 h) 2))
(x1 (- 1.0 x0))
(color (if (null? args) “red (car args))) )
(vects->painter
(append (koch-line x0 0.25 x1 0.25 1 n)
(koch-line x1 0.25 0.5 1.0 1 n)
(koch-line 0.5 1.0 x0 0.25 1 n))
#f 0 color )))

_E

(define (fun-koch x)
((koch-Ffill 5 "pink) x)
((koch-Fill 4 “while) x)
((koch-Fill 3 “yellow) x)
((koch-fill 2 "green) x)
((koch-Ffill 1 "pink) x)
((koch-Fill 0 "red) x)

)

ITsi ar']
ar'] ar']
2] ar']

Sierpinski’s Gasket D F =

(define (gasket x0 y0 x1 y1 i) [ ——
(let* ((xm (/ (+ x0 x1) 2.0))
ym (+ (* (- x1 x0) 0.866) y0))
(xs (/ (+ (* 3.0 x0) x1) 4.0))
&l (/ (+ (* 3.0 x1) x0) 4.0))
(ys (+ (* (- x1 x0) 0.433) y0)) )
(f =10
(list (make-vect x0 y0) (make-vect x1 yl)
(make-vect (/ (+ x0 x1) 2.0) ym) ETTrE—
(make-vect x0 y0) ) |
(append (gasket x0 yO xm y0O (- i 1))
(gasket xm y0O x1 yO (- i 1))
(list (make-vect x0 y0))
(gasket xs ys xl ys (- 1 1))
(list (make-vect x0 y0) )))))

(define (sierpenski n)
(segments->painter
(vectors->segments (gasket 0.0 0.0 1.0 0.0 n)) ))

16



5 D& Sierpinski’s Gasket Ffi=

(define (gasket-fill x0 yO x1 y1 i color)
(let* ((xm (/ (+ x0 x1) 2.0))
(ym (+ (* (- x1 x0) 0.866) y0))
(xs (/ (+ (* 3.0 x0) x1) 4.0))
&l (/ (+ (* 3.0 x1) x0) 4.0))
(s (+ (* (- x1 x0) 0.433) y0)) )
(f =10
(list (vects->painter
(list (make-vect x0 y0)
(make-vect x1 yl1)
(make-vect xm ym) )
#f 0 color))
(append (gasket- I X0 yO xm yO (- i 1) color)
(gasket- xm y0 x1 yO (- i 1) color)
(gasket-fi xs ys xlI ys (- i 1) color) ))))

(define (sierpenski-fill n . args)
(let ((color (if (null? args) "red (car args))))
(do ((i (gasket-fill 0.0 0.0 1.0 0.0 n color) (cdr i)))
((null? 1))
(i frml) )))

Peano Curve 0f

e

e
25
S

=

(peano 6)

Peano Curve DF =

(define (peano-a x0 y0 x1 yl i)
(append (peano-a-1 x0 y0 x1 yl i)
(peano-a-2 x0 yO x1 yl1 i) ))

(define (peano-a-1 x0 y0 x1 yl i)
(let ((xs (/ (+ (* 3.0 x0) x1) 4.0)) (ys (/ (+ (* 3.0 y0) y1) 4.0))
O (/ (+ x0 x1) 2.0)) (ym (/ (+ yO y1) 2.0))
1 (/ (+ x0 (* 3.0 x1)) 4.0)) (¥l (/ (+ yO (* 3.0 y1)) 4.0)) )
(if (=i 0)
(list (make-vect xm yl) (make-vect xs ym))
(append (peano-a-1 xm ym x1 yl (- i 1))
(peano-d-1 x0 ym xm y1 (- i 1))
(peano-d-2 x0 ym xm yl (- i 1))
(peano-a-1 x0 y0 xm ym (- i 1)) ))))

(define (peano-a-2 x0 y0 x1 yl i)
(let ((xs (/ (+ (* 3.0 x0) x1) 4.0)) (ys (/ (+ (* 3.0 y0) y1) 4.0))
G (4 (+ X0 x1) 2.0)) (ym (/ (+ yO y1) 2.0))
1 (/ (+ x0 (* 3.0 x1)) 4.0)) (yl (/ (+ yO (* 3.0 y1)) 4.0)) )
(if (=i 0)
(list (make-vect xm ys) (make-vect xI ym))
(append (peano-a-2 x0 yO xm ym (- i 1))
(peano-b-1 xm y0 x1 ym (- i 1))
(peano-b-2 xm y0 x1 ym (- i 1))
(peano-a-2 xm ym x1 y1 (- i 1)) ))))

17



) EIRRE2: 2A 15 FH5HRY O
1. KOFIL M =painterz1iEEEN.
2. FhZ%square-limit&(Z&E .
3. ZRFERRE 1TEREN.
(Hilbert curve, Peano curve, ...)
4. IS VE—BEEEN
(Koch Snowflake, Sierpinsky’s Gasket, ...)

LR—b IR, =771 T
70455 LIE A ILT okuno@i.kyoto-u.ac.jp
f51Z: http://winnie.kuis.kyoto-u.ac.jp/
BATHEO--1BEIZIE, BT B
AERLTOY 5L e (EEFRE) (TEIRE.

TATSLIFAIILT
okuno@i.kyoto-u.ac.jp

) T 12818 A FHREERY O
BRI, ROET4M:
= Ex. 2.37, 2.38, 2.39, 2.42
n EX.2.44~52/3WMERRE2-2/CHE

» TAOLR—FEFFEZRTHEEIHL.
» BATHE5-1-LEZCIXBARET HL.
s ADLR—,OIE—ITEE GhA)
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