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A Study on Line-Based Duplication and Its Applications

Student : Yihsien Tsai Advisors : Dr. Mingjang Chen
Dr. Chiuyuan Chen

Institute of Applied Mathematics
National Chiao Tung University

ABSTRACT

Line-Based Duplication is.a-core function of Structural Self-clone Method.
It uses line-segments and a base-line-to represent multiple similar
transformations visually. 4t .is a new methodology for drawing complex
structures manually. Line-Based Duplication is (1) a new method for generating
fractals and self-similarity figures, (2)-ainew method for generating attractors as
Julia sets, (3) a new method “for. visual design by using multi-generator, (4) a
new method for tilings and tessellations, (5) a new method for drawing
symmetrical patterns, and (6) a new method for designing complex structures.

The purpose of this thesis is to study the mathematical characteristics of
Line-Based Duplication, the drawing methods for different topics and their
applications. The applications of Line-Based Duplication include recurrent
substitutions, contracting mappings, self-similarity, fractals, attractors,
symmetrical patterns, artificial nature, tiling and tessellation. The research is
accomplished by using the PowerPoint version of Mathematical Presentation
System ( MathPS ).
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1-1 #4822 p e

SR TR AR 1R R R AP R AT BRI TH U s
&84 0 T HAF 14 (Line-Based Duplication, LBD ) [26]3% & — B #7¢0% BB 5 - RAL A 18
FWA G PR [ E i TR P 2 XA BT LR TR R M
BEE1 v, Z3 THPBEF Bme i | hp e vF RAF S 1 0T e

1. BH%- Rl%

- EUS G E iRl GG e s B ) P R 5 AL R S

v

ABF > ZOELEIFTAL L UREEHIFAAL PR REE

generator initiator Obtain uniform arcs
11 FEA- Wi

2. %R R

B ‘ﬁ” PP LS L 20T o 2 B e R R A IR fieen L §E
ERE RS Bf BREA 0 B P (0 dREE A R E )RR T @ R TR 4F ",%
#t > MathPS ¥ if 24 2 ( Connection )erz sy » { 4vdg 7 fr 22 4 i enzggl ~ ¢ w8

F2 B B o

VW W
O ann—

Bl 12 %

3. sHl %
A B AR I chde 2 20 b % AT (& BB AL 98 4 ( base-line )27 @0 % 4 ( recurrent
line )&t &) > 43| (pattern )3 = & &5 ] g & £ 4 0@ AR o @ E PR Ag]

v g o
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generator

AR AR

% 47 31 Fractal ¥ &halp (% 3 fc % $i( Iterated Function System )2¢ g 2% 4p i
(self-similar )pF » AP Z & BB E TRz Fagis » Fp A g 4
fv r 7 g RS (recurrent line ) 0 i H oy R TR 2 4 R R GFES B

OD

QO v

generator 1t iteration 20 iteration 6 iteration

Bl 14 fpis

o

% ( generator ) ®
IR

&

Ap 2 OEPBE P DA P AR E A2 o SR VA - R R R
g 1 I mg B3k 3+ 0 vt dodfp it 2K 2+ ( Reeurrent Substitution ) ~ #35( Fractals ) ~ &
=+ (Attractors ) ~ & i ¥+4L% Bl( Symmetrical Patterns ) ~  p X ( Artificial Nature ) ~ 4f 7%
(Tiling ) ~ % ,ipL—T— ® ( Tessellation ) 1 % AR5 3% 3+ ( Visual Design ) » r FF3F 3¢ 24045 92
e gt

1-2 % 4% ( Transformations )

1-2-1 #p 2 % 3% ( Similar Transformations )

B 2 T B Fren 8 s EE B AR N2k Bl # % % 4% (transformation ) ;
Yot BT B AT ITH AL 2 L TR 4 AT 0 G M k& R 4 2 4p i2( similar )
Pl A5 [ Ap 0 %4 (similar transformation )

AP 02 g H d 2w H57x(isotropic scaling ) ~ *&f& (rotation ) ~ < 4 ( translation ) ~ 45
(reflection )*7 = > ERe ko ek HT 5 - P =(X,,y,) TF é“.%fﬁ%ét ~ S
T F o~ AR stipat 0T > A7F enid % 1 B 4 ( matrix transformation )eA5 5% & 1 4o T

1. ¥ ﬂﬁ”ﬂ:( I)

FHP, EW B G s(s>0) hE wiERis 0 A2 ATEEP = (x,,y,) 0 RIS B



o meamans s [0S O %o (1.1)
Y 0 sy, SYo

HH(R)
FHP CEPE R L OGP R R BRI A2 SOBP, = (x,,Y,)
FIEE YL L E A

X, | |cos@ -sinf|x,| |cosf-x, -sinb-y, (12)
Yy, “|sin@  cosd |y, | sin@-x, +cosf -y, '
TH(T)

FHP, ET 43 (T, T,) 98 (515 > & 4 378D, = (Xy,y,) » P13 BEE2 2

T
wﬁwug:{xﬂz{xﬂ+'n}:{xf*x} (1.3)
VB Y, Ty Yo TY

. BH(M)
FH#-P ¥ E SMax +by+c=0[iF4us b (718 0 A4 FTEP, =(x,,y,) 0 BIA 2

5 a(axy, + by, +c¢)

BAE2 Bl A L = £ a*+b’ (1.4)
Bims AR e N B b(ax, + by, +c¢) .
Ys-2 a’>+b’

e i % R X B Y st St )

1 0 -1 0 x4 ,
{Ki={ lxﬂ @%xwoﬁv{xﬂ={ 1X} (5 y bb) (1.5)
A 0 -1| vy, Ya 0 1]y,

ax+by+c=0

“,
kY
h
Y
a

W15 gt

FENL T AR 5 P, = M(P,) = M(T(P,)) = M(TR(P,))) = M(TR((P, ))))
W(P,) = M(TRA(,)))) -



Isotropic Rotation

scaling 270° Translation Reflection

Bl 1-6  4p iz % 3

p 2\ Ap 12 ( self-similar )
- BHMAREL T Az (self-similar )b R R 0B ES SR

> (exactly )4p i &« 2 " (approximately )4p i1 > » fjﬁ.{éjg M niT® T DRI R o
i A Ap 2 £ ( fractals ) e 2 - o AR E R P ?ﬁf‘%ﬂ% B 4oR] 17
Koch curve f= Sierpinski gasket » i &, B~ 2 & 3R H(BIE A )y L FRM G = 24p i
R ﬁ_; F Bt enp 2M4p v (strictly self-similar ) 5 B 1-8 mtwo-branch tree * o H A

AR ) EMESHER 240 0 R 28 A (Rl )R 7 4p i > FI9rEBeen 307 ¢ 3
X A3 A fe ((Fractals Geometry:) * % 831 3 T Beteenp #dp iy 2B HE
P AT RIS A ABT) B e T A s RS A
Bemp N 4p i it e

* ¥

o 822X

pPyA
e

R
o S

A'A A'A

Fay 'VL A".n
4 AYA A'A AN A'A A'A AYA A'AA

Y
A‘A‘
a
AN
A Fal
AN, A'A
a!n A'AA'A

A'x‘A A"A'A

A'A AVA

2\
A'AV’A A'A YA A AVA
A'A AN A'A CAVAY AVA AVA AV’A'A AVAA'A AYA AYA A'A A'A AVAAVA

(@) (b)

Bl 1-7 (a) Koch curve (b) Sierpinski gasket



B 1-8 two-branch tree

1-2-2 1 %% 3% ( Affine Transformations )

PGB R R EARY o A BRIt B R g R R R P AR 0T
TEE Yl TIR R RHH S T i 5+ % 3 | (affine transformation ) -

7 b d 2L2 v M5 (anisotropic scaling ) ~ g ~ T - BLEt 2 G s LS
( glide-reflection )~ % 7)( shearing ) #7H= > & 43 k3 4ok $-T 5 F - BEP) = (X,,Y,)
F2LE Hgoxos gk o~ TR~ BLAE B AL KA B 0T AT S S IR
£ r'/}\‘ E I S

I 223w dE3e(A)

EHP, (5 phizret GRS s 8 (5,5, > 0) 2t B b sl o A 4 ATk

0
P o= (x,,y,) P& B4R 2 B s o [X‘}[S* MXO}{S"X“} (1.6)
Yi 0 Sy [LYo 5,¥0

2. = (R)
FHP AT L RS 0,0 (P R RBGPFE S T oe)drgis > A2
FTEEP) = (X,,y,) A B ARz B R Tt 5
X, cosf, -sinf, | x, cosd, -x, -sind, -y,
=l . =l . (1.7)
Y, sinf, cosd, |y, sinf, -x, +cosf, -y,
3. TH(T)

EHP, TT 45 (T, T,) ehbe (515 > A2 AFHBEP, = (xy,y,) » A B fE2 7 e

T T
BE A5 5 :{Xﬂ:{xzy o (1.8)
Y; Y, Ty Y2+Ty



4. B (M)/ F#8H(G)
(1) B5f(M)
F AP E Max+by+c=0FgLfchds (T4 > 2 34 FTHEP, =(x,,y,) > P

a(ax3 +by, +c¢)

X
T e L I (19)
Y, b(ax +by3+c)
a’+b’

ey @ R x e y phistst o R

Rl T e 0 T ) el Py 1.10
Y4_0-1Y3 o E3’4_013’3()/) (10

(2) FEHEH(G)
FHPHE Max+by+c=0FFdEo(s 6542 T (G,,G,)) a8 iF
0 AATEBP, =(x,,y,) 0 RIS BB R B B

a(ax3 +by, +¢)

X4 = T a +b2 Gx
L/j_ y b(aX3+by3+c) { : (1.11)
3 s

e gk ¥ R X P y B B 4te 0 B

[X4_={1 0}{&_{(}"} (%t x ) (1.12)

Y4 | 0 -1 Vs | Gy

X _xﬂ:{-l 0‘@}[@} - .
v 7lo 1]y tle, | PR (1.13)

5. "%”3(3)

(X4,Y4)ﬁ*«f7’l*F—l‘!1‘!:. ’j{f#l»m.‘;\@fl Hde (F18 0 A4 3Teh e,
P _(XS’YS) R ‘—'%Lfi ez FFenbd a8 5 [4]
(1) ™ xgh™ » iFs

Myt M . »

(2) "y dh> o (T8

{ } { }{ } {ﬂ x4+yj (1.15)



(3) @ $hie P 7

X s,cos6  -ssinf | x, s,cos6, -x,-s sinb -y, 116
Ys | s,sind, s,cos6, |y, B s,sind, -x, +s cosb, -y, (1.16)
(x, Bx+y)
x y) ‘ Dbﬁ.ay' ¥) ‘ x ¥ ‘
(a) (b)
(s,cos0,x - s,8inb, y, s,Sind, x-s,c088,Y)
. ¥) ‘ﬂ
(©)

W10 (a) x5 (53 (b) o1y dh @ (A (Q) 5 bl R

e T AT

P; =S(P,) = S(M(P;)) = S(M(T(P,))) =SM(T(R(P, )))) = SMM(T(R(A(P, )))))
P =8(P,) =S(G(P;)) = S(GIT(Py))==StG(T(R(P,)))) = S(G(T(R(A(P,))))) >
W(P,) = S(M(T(R(A(P))))) 2 W(P;) = S(G(E(R(A(P,))))) °

o

Anisotropic

scaling Rotation Translation
Reflection Glide-reflection Shearing

B 1-10 i s+ 54



p % 7 & ( self-affine )

- BB EE T A et (self- afﬁne)mﬁb‘i}m GRS AR g RS e
FETRI TR T IRGET R o

1-2-3 $F4L( Symmetry )

Wi e 7 TEE & T22%F | A 47 7)( Charles Wallschlaeger & Cynthia
Busic-Snyder > 1996 ) - % & 4% » Hdpr - FUMAEZR Y 9riky chizl > - B S 5B
¥ §E % #% (isometry transformation ) [44]2_ {5 % 4% 2 % > Rt 5 8 0 f AR
FERBAFE RE B WU RN R R E R 7T R B
Rt A AE AN o n R TR L AR EH AT AT 2 G B
o TGN NBE TR ERBEEAF AT DL G Ap e R o 2L R gk
FAUN LA RFERA A o At 2R e A S )8 R e [48]

1. ¥4 % 3 ( Symmetry Transformation )

(1) <% %
THEHFLEATBIHREAR N DR > AR Al 91 %ﬁﬁ -] % T
HBagpre TEVRELSEHRF LEE - B3 e o 305 - BETH
He d @i T ufeads B 1 il K (basis) > » ﬁ‘w‘?\;fu v 2o ik
BIAEvEd Rt ufovRaEaif44]-

A_A_A_A_A
C*OCUXX
KA AKX
K KA XX
Bl L1154 A
TR KR RS o H

(2) =g
R A A R R R R BARSEY - B E - B
PFoiargdgd BT G IR ¢ B (8 FE P e o R gh)
Ao AR R MR EAF B B NI E 180° (2 F Ed AL ~ 120°(=
AL ~ 90° (2 £ D) 2 60° (5 £ D) -

(3) SLHHA
SST LA RL AP ET B ST Eha A 2 BAR P AT 1 o GRS pheiE F
FAPF 2ol d wamo



o S AR AR B A 2 AR e PRTR 2 0 L et TR

s i o

S .
= L

Reflection Glide-reflection

B 1-12 SLots f 6 bL ot

- - amE

- AR BEE D (DF 5 i_ﬁ_“‘s TEHERT S TR (2R T £
B AR T S p A (3) R D 2 b B A KT S 5 i (4)
F o 180° %k (7o £ )R & %@g oM b fEHBE LS BT AL S
AT - AR B F 4 RS TV A 14] Bdod £7 2 %
o~ RT 2 R RS g A 2 e b FlLEE D e B RT S e
ABs gLit %0 A 4 0 180° %k o T iR & - ARBRT A F G o AR
AT w4 e s > LRIL-13 i AR o

- B A T Bt B 5 affce £ (last edition of the International
Tables for Crystallography > 19959[17,18] »'d S1-S2-S3 = B F F5rre s » &
FA BT f*%»f?""%%:ﬁr" :
(1) S1={p} » % 7+ 7 & # & (perodic )t 7| -
(2)SZ={1,2,m,g} "yRa T 2747 €% > "Tm, 74860

Fo 1 B AR S o

(3)S3={m, g} » % 7 ¥ — > & gL st & B sLE o

180° Rotation?
Yes Mo

l ]
p2 Mirror-reflection?
) Mo
|
Glide- reflectlon‘? Glide-reflection?
Yes

Yes | No
pmg Vertlcal” Pg [ pt
No :
om
Yes
pmm pfm

B 1-13 = f6- ARz~ 5 A2 m

F L %k : Mathematical Tools for Computer-Generated Ornamental Patterns



3.

o s - (R ROBIER LR NI AT S Mo Bl 1-14 F FREiTE S
# - San Ildefonso e #.# ¥+ &3 & A+ Zx(pueblo ) > H I B+ 5 - ARk
AR LB tF Rd @ IR Anasazi g B > @ 2t 1"\—"]?\(Ghana)m’§_?
(smokmgplpes)F Y RSSO R [14]

- Y
BwAY s
AADN sz
-5

Bl 1-14 % p San Ildefonso pueblo -~ f& - MRk 2 & |

L kR ¢ http:/www.mi.sanu.ac.yu/vismath/crowel/

¢;;f - AR
AR OA S d T H ‘@\ﬁ%ﬁ;ﬁﬁ%ﬁ%*&w— ARG F

= réb_%i? LR ALEIUEg AFRehE £ 0 e A3 EE M T R R
*I41] , (crystallographic-estriction ) p? 0 5 7 g 3 - < fA - M BIHR o d L]
e A R N e 32180% 5 120° > 90° ~60° w fE 0 - £ ORdE ~ = F R -
e E R A 2 R R e AR U R R B B end b o @
Fhfe W = A7 w0 eBE (L= ) 4o B 1-15 7424 #757 [1,39] o

HA72 5808 e 2[17,18] > 4 S1-S2-S3-S4 = R 4 5 r e X >
Lxapify NA R RA4oT L
()Sl={c,p}» HizF+ 2 ¥ waEApEEE L Tc ) 2 5 Tp o
(2)S2={1,2,3,4,5,6} > z']‘ﬁxrﬁf‘”}ﬁéﬁﬁ—’rh F mOEIE A -
(3)S3={m, g, 1} »"m  # &5+ Tg, 2 Fddiss "1, £ matas mifd e -
(4)S4={m, g, 1} > F S3> & 77 ¥ - = m Db ot & 7 B0 b o

10



I
Is there a glide » M
reflection iman
—; ¥4 | axis whichis not |
one | Isthere | a reflection axis? i
| reflection? b
l VES
Is theneml—o o
reflection? E na p
— — yEE
[& ] | ¥%5 | Areallrotation [t
—_— s ' E.-L]::“ . | venters on o
] e Ons in i
180¢ s e I | reflection axes? | cmim
| releon? | ™ | rodirecions? s prmg | T
—_— oy
# Ls there a glide m—’ EE
reflection? gl
—————————————— ¥&s ok
7 m
What is the o yes Are 111_&:\9 —
smallest L | Iz there a I'.l.'ﬂtt‘hnr.ls n
rotation? | reflection? i : lines which o
— —_‘ intersect at 47— Pif
e
 ves
Are all rotation = ol
centers on |
_  ¥E ¥ | o
0 | swherea [ reflection axes? — pilm
| o _—
| l"l“ﬂL‘CtIiUﬂ.’ na i
|
L et pam
60° | s there a
reflection? gl b
B 1-15 L= f8- aBikz 4 i m
7B &R ¢ http:/www.mi.sanu.ac.yu/vismath/crowel/
L_L -

o WBPEE T % R R G AT PRI L > 4o 1-16(a)
3B M G b S R R R SRR 4 e AT B 1-16(D)RT ALK f P R -

Bl 1-16 (a) Roman mosaic in Perge, Turkey (b) Pavement pattern from China

4L &R ¢ http://www.mi.sanu.ac.yu/vismath/crowel/
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L - -1 2 o+
’37-—#- 1/2:\14\'7

AR BN L= A4 4 2% (1) Lindenmayer systems ( L-systems ) ; (2) Multiple
Reduction Copy Machine ( MRCM ) ; (3) Iterated Function System ( IFS ) o L-systems s3F
BE AT RARE 2 B ey (B AR GEE o0 Y Rk AiE 0 MRCM £ € z‘rﬂi%] ~ B1A5 10 5 ALER
B IR A A iAo @ IFS B ECiE— 47| % 7 Ere A 4 R 0% i
BRALEd ez vt AR AEAParER T s R > LSRR SR
e B HRERA AL PRA LA AL R

2-1 Lindenmayer systems ( L-systems )

1968 # 4 = & R Aristid Lindenmayer = 7 H 8 % WwP2 2 Hrend £ 2 5 f fmbe 2. FF e
HITH G gl d - BERES A K GRS erdenmayer Systems | > fj #iL 5 L-systems
[23] -

2-1-1 L-systems Machine

L-systems & — #& it %L ; ( formal language )[19,20] » 2 & x4 5 T4 B |
(rewriting )¢ " 4§ ® | ( reproduction ) - R Fx st T &4 WP ( (re)production rules ) %Hi;?l
»> F B (inputstring ) iT4% $endis (B0 5 2 SRR B > & F D F70F 8 iy )
(output string ) » 4[] 2-1 1 L-systems machine /4% > 4ot & % i $2( feedback )™ 2 » &

FURRS B4 > F P hE BLE FAERR S L E A 4 AR R AR fe e 4R [31,33]

Axiom:
Initial string

Production rules:
51 — String1 Qutput
S2 — String?2 string

Bl 2-1 L-systems machine
F 4L % & : Chaos and Fractals

L-systems 3 # 1 - B & & G={V,S,0,P} %7+ » 2¢¥ V={a,,a,,.,a } 5 - Bd F
# % % ( alphabet VETHE S e &S & I R(fixed ) £ @ 5 A 4R (start, axiom,
or initiator ) *d V ¥ L% f#r& 13 B P % production rule b’L’rf#rN er1fk & > production rule

12



F_L-systems ® B~ X HLP] > @ & B production rule ¥ @ predecessor fv successor & i F
B = § F B ¥ predecessor 4p ¢ FF > R )2 successor B~ %}t 3 B o [§] 2-2 Anabaena
BlF P o R g AR SR l[?;—i' wmie o AN & o) dh 3 g (left daughter cell ) (7
e

Y ﬁ,.m) H«z\ﬁh rf?é«—?ﬁm’?f?(ér_@?."lﬁéﬁré?ﬁﬁbi«%l»r’r

N—’
-

ER
E’B} S = {¢}’a) {4} > P{A—)AB A— B E 25,3%52}0354:&;
(B 2-2(a) ) > = PBAF W RP % - PAER L BAB A 193] B

LA BA (B 2-2(b)) » % =
B0l AB B~ B » BAB~15 A 193] ABBA () 2-2(c) ) » 4ri* #F 42 ¥ {7 4 Anabaena tim % A
AR -
L-system : Anabaena
— (a)
Axiom : A E
Production Rules : 4 — AR () f———
A B4
B if O | —
B — B4

B 2-2 Anabaena m?e &~ % &2 L-systems % - %

F 4% &R : Chaos and Fractals

2-1-2 Turtle Graphic

L-systems $1>" 3 # ¢4 = (string generation) = it 4B § 7 4 Sid & 7 > T G
Pz R R G F BT EE NP @]ﬂ/mjbﬁ-]ﬁl v IR A iR R 2l
AR CRBEERETFIZHERBIORE TSNP TR (P DR 2 ket
kit T g b oenB A 0 4 u] B4 2 825 ( classical fractals) °

12 Seymour Papert’s concept of turtle graphics & &g > & 7 8 i - e,

G EFR RS g PRI SR JfL:}p*rTvﬁ%fh 23 E"»—‘“Ez ERC L ”Lré{’
TR WL G bR e S TR g £ ¢ En B AR e S ahd B 4 2-1
%\’7‘1‘55"'4 FZmiE- HOFATERY D FXEFOHRCERT L0 MR EF DD

et s — W23 FERFKEL s o N AB R R L2 I e
s 7l w&«’ PSR L S 0 BT % FAFEF-FRF+ L BER kA 0 4
P o=90°

»g

I e

# 2-1 turtle graphic ¥ § & “7i ey £
Aw A F TR R AR Y T T PR R m RS )
Aw A _F 2 AR [ R 7 F ph
b L W(ERES ) ARER S
v (RS v )F T ERD
F L %k : Chaos and Fractals

+ |~ |™

13



Start End
Position Position
B] 2-3 turtle interpretation : F+Ff-F-Ff+F+
F 41 kR : Chaos and Fractals

WA FEEE R W R R I MBI 0 ) el i RIFE AL R
W B RS 0 4o 2-4 ¢ 0 dple chF 8 FHF+F+-F-F $57 = #8508 & & (60°,90°,120°)
A4 LR B GRS o

ES
&

ot N

60" 90" 120°

W24 tHFFeH-_FEREAL 2T F TR
F 41 &k /& : Chaos and Fractals

2-1-3 Growing Classical Fractals with L-systems

3 7 turtle graphic ZFEZEE B foigdg & B 3 & 5 cud 55 > AP i&? ¢ * L-systems
iészﬁ—é#ﬁ—qj P XM F R R 4+ — BB R R o 4ol 2-5 99 Koch curve o

Axiom >
L-system : Koch curve
Axiom : F
Production Rules : F —F+F- -F+F
F > + Stage 1
Parameter : § =60 degrees
Stage 2

Bl 2-5 12 L-systems # # Koch curve
74 &k R : Chaos and Fractals

14



B+ e Axiom frav & i stage ¥ U F B A4 2P N Ao
Axiom : F
Stage 1 : F+F- -F+F
Stage 2 : F+F- -F+F+ F+F- -F+F - - F+F- -F+F+ F+F- -F+F
4 12 F+F- -F+F B~ % Stage2 ¢ 7 F o i P @ #T kend &% m s H e o 5
FOLBRK A R £ g £ 0 TR A d 1T doB] 2-6 1 6 e fEid 6
i®» AP R+F-F-F+3z 5 L » -F+F+F-3¢ 3 R » FF+F+FF-F-FF 3z 5 S » FF-F-FF+F+FF &
L7 T h A 20 TR pa et iR Pkt 0 B A RS RE o 4oF] 26 ¢
IRF, 0 E0=90" > B AR+ 7 5 F+F+-F-FF+F+F-F-FF+F+FF-F-FF > ‘5§ i* & p] % =
FLRF-S -

%22 fiwmiEy

Symbol | interpretation
L +F-F-F+
R -F+F+F-
S FF+F+FF-F-FF
Z FF-F-FF+F+FF
7 4 & /R i Chaos'and Fractals

e 17 . [

R

B 2-6 fi®eik LR S,Z
F 4L % & : Chaos and Fractals

% #4104 #-turtle graphic fr L-systems & * & ", B % L+ p RARAjpF > ¢
FR T @3 TR OFEL R[] 7A B iR kA E B TR
BFE[31,36] s > AP R G- &4 At im0 F BRI A B > J 2 e
B PFen B B oo hfr REAZ 80 SR F DA BB E T RRR A D

i o WE B E o 4B 27 o o

15



L-system :

VWeedlike Plant
Axiom : F

Production Rules : F —=F[+F]F[ -F]F

+ — +
- — - T
Parameter : §=25.7 degrees Initiator stage stage?
B] 2-7 Weedlike plant
7 4L % & : Chaos and Fractals
Axiom : F

Stage 1 : F[+F]F[-F]F

Stage 2 : F[+F]F[-F]F[+F[+F]F[-F]F]F[+F]F[-F]F[-F[+F]F[-F]F]F[+F]F[-F]F
2-2 Multiple Reduction Copy Machine (MRCM )

T ARER RS EAF R B END SN R R ) A 4 B4R 0 L5 T Multiple
Reduction Copy Machine | » # # MRCM[31,32] = 4=§] 2-8 #
e i BB o B 12

12 i g i e R B s e R

v #— BRI Z BB
Mt aEd > % k2 (8 | T A 4 #3235 Blss TSierpinski gasket | o
F g

XL ERN Y ES T

MRCM Feedback System

Bl 2-8 Multiple Reduction Copy Machine % Sierpinski gasket
F 4L %k : Chaos and Fractals, http:/juang.bst.ntu.edu.tw/Lab520/images/520L67copier.JPG
TR AREERE

Wwﬁﬁiﬁ%%»ﬁﬁiéﬁﬁ‘i%\?ﬁi”*wﬂ
B Tergen Cip i o

7] AT
¥ K%'J R IR S 31L ﬁ_‘i mﬂﬁ:ﬂ ’ 1ﬁ%{mbl‘ i) ‘fr’;ﬂ?;
ATH i g o GlAcB] 290 Zifhz B

,i“ ;ﬁ,_‘i _ﬁ !ﬁr‘rﬁﬁ PR
%«*{%’ ’ ’g;—\‘.ﬂﬂ#g_stageo r‘f")";v II;‘%/{)\B/':F"BE ’ B/':T"f

IR R

Btk Z AR
e E AR M

7 3| stage 1 cPE75 > L Bt B F
| stage 2 3| stage 4 R A >

5 11 MRCM = 5491 &
16



4 2. "'modified Sierpinski gasket | °

stage 0 stage 1

| || :!_‘IIII:hI\III

stage 2 stage 3 stage 4

Bl 2-9 modified Sierpinski gasket
F 4% kiR : Chaos and Fractals

% [t L-systems 12 F B B~ g gt MRCM .07 T2 2 ~ 2 k4 4 A
H & 4 Koch curve :1:/E #2 4 8] 2-10 ©

NENN

stage 0

stage 1

stage 2

stage 3

B 2-10 7 MRCM # # Koch curve
F 44 &k R : Chaos and Fractals

17



2-3 @ % 30k $u( Tterated Function Systems, IFS )

B % ek s Tterated Function Systems ) 7 ¥ — #&4& 2 #2)e03 20 i 5 IFSCIFS
A3 A aiEied i H év’ﬂf#?]%“izp v =i - @ B oehvfae (dteration )2 18 R S o

KA FAAR 0 Fow, Wy, wy B N B BRFEE* A4 L B4
wi(4y), Wy (Ag)ses Wy (Ag) > RIS 24 N B A5 4, > &7 &

A, =W(A4y)) =w (4,) Uw,(4))U...0wy(4) (2.1

BT BT EY o A A E R B R, Wy w, N BB R R T4
7

A, =W(A4)=w(4,)ow,(4,)U...0w,(4,) (2.2)

A ETR - B g OB R T OB & e B S~ BT RN B
Fl R v bl g R 2 OB BT AT S

A =W(A4),k=012,.. (2.3)

CApR YRR N FY @ 5 xS foacd By o W

RIFE A, 5 IFS &3 3 (attractof)[31] -
o JFS #Fien™ 2 5 (5 48 > &9 2 5T 7| = 44 © generator iteration » IFS
iteration - f formula iteration °
1. Generator Iteration
2 8] 35 ( generator / motif )P~ % A2 4> 8] 7/ ( initiator ) ¥ -# — IR i> {5 £ =X LB
( generator / motif )B~ X 7@ P & — i o ot EAFB N EV S X0 B
Aok o AeB] 2-11 0 d - B = &5 5 A4 B]R) 0 e l'+i-&ﬁﬂ-ﬁ;~({}i PR S
W& fhz A 2 - )fE < e generator P~ M AZ L[] A) ¢ chE - 3§ » T - B ;
J 12 generator B~ X & ARl E ¢ 012 B EATA AL AL TR E
# % "Koch Snowflake | -

/\yi/\7 AV gi\g&

Generator / Motif Initlator 1st tteration 2nd Iteration 3rd fteratlon 4th tteration

Bl 2-11  Generator Iteration Z # Koch Snowflake
74 kR © http://library.thinkquest.org/26242/full/tutorial/ch9.html

2. IFS Iteration
BER RS S ARG 0 S B R A A BB RSB KRB e
18



FPEERBERE VS XL BALI R IR 2-1200 - BRERL I D = LR

oo BRAGL Z AR D A2 - BETIHBIEFOEE > BE LSRR T

“3) i [ Sierpinski gasket ;o &8 & &+ » 5> 2 2 MRCM £ 7 I el & o

F]#* & Chaos and Fractals[31]ig & & # > #-3 H 45 4p I o> MRCM=IFS > & &

4;@%&“ » 2 MRCM =575 BLep FLEr {8 2 Eﬁﬁi o g HATNE Y &
s B PE 3t * IFS chpL 4 o

AALA

Bl 2-12  Sierpinski gasket

F 4L % & : Chaos and Fractals

AR GR A D B R G REE x o 2R S B T HEG(1,0) 0

Yo 2-13 #5om 0 P PEN P F 028 2 A Sierpinski gasket ¢ e 3k 2 B S
E’szli;?\‘ %\» 7‘]‘ 4T

£y = { e, x 2.5)
0. 0.5]
fz(x){'5 : x{o‘s} (2.6)
0 05 |0
AT [0.5 0 'x{o.zso} @7
0. 05] 0433
GID

0.0 (%.m .0

Bl 2-13 IFS Iteration # # Sierpinski gasket
74 KR ¢ http://ecademy.agnesscott.edu/~Iriddle/ifs/siertri/siertri.htm

3. Formula Iteration

4 :1&&;:"5 Rr—- B F BT Sl AL liciE L £4F X~ kP
*UTEAF &S {8 > T A 4 25 - Formula Iteration £ & f§§ PP ey (R854 o 2 4V
A 24 B4 fecrpa) o e @ Mandelbrot set fr Julia sets o

BAf BT o
2-14 2 B -

s

bl z=040i 5ASE 0 A ETEA A~ (2.8)15 B S#KT A 4

=Az-1
{WIEZ; /12 [ B A=A A A AT <) (2.8)
w,(z) = Az +

19



(@) (b)
W 2-14  The IFS Attractor of transformations @,(z) = Az+1;®,(z) = Az -1

F L k& : Fractals Everywhere

2-4 %45 9l ( Line-Based Duplication, LBD )

KELRGEAP A T LAUFRELBD) | 2612 # i M dem A2 B
FAp i f A OS2 SR 5 B AR Bl A b P oeh e LA A S HE
A4 & 4 F( generator ) frae 4p 25 Hi( 1n1t1ator)“r e o A4 E e 35| (pattern )frk B s
( base-line ) ¥R i» > 4] 2-15 ‘

. 2l(pattern) : @ TiF b By Je BT | Te S o FHE B F AE
2 B =+ 0] o~ 3] (pattern elements ) » AR AF T 1S B3 6 L oec o e
BT MU RIT S B T St en A L5 T A (recurrent
line) > ipit fp AR I Ar) e > H B PR FE A RApR -

2. Eg_gfsﬁl(base line )t d - FAEAES 0 HAL G ARFREA 2 B apiieE
U e S
3. AzdeFHE(initiator ) ¢ d - BEE S IEMUECRES 0 F IR - BiR kR S
AP E AL E o NI A FRE A P [ G E AR o HE
A 445 At dedn %é—f#r'v’vﬂ EMLEL o
4. GF & P B Aledp BA 0 BE Fens 2 F A B RS A ] p 2 g
iy 5 A%

20



Recurrent

lines
N\

Pattern
elements

Pattern

NN

Base-line Generator

B 2-15 =aUF Wi 2 Bk
AFRG N FAOARFM o po - BAPE AR AL B E AR LY o 5 R
DESEES RSN EC LSRR E UL e S S U P S S EE R
AR ) gk 0 AF TS AAR e A PlASIR R o v P AR R g B R R R

R = e Y BB DA A
W] 216 ¢ 0 dzdp i SAE RESGRC A2 0 F A A af  AlE ) 2 A

2. - AR 0G0 8 2 AR BRI S BT A 2 A Ak R ey
A AR R JEHa- Lo

right triangle -

is pattern i

dotted line initiator
is base-Line

B 2-16  250F 2 ¢ b BB 4

TAAF Bl ¥ L-systems ~ MRCM 2zt gide & 2-3 5 L-systems &_17 352 7 N fy i
BHOARHRELE RS EHE LR Mt FRLIGLETAREEFHEF 2 I MRCM 1
Mz | A~ VAT o > R =B i 5 £ > &7 L-systems F k< 7F &
PAGHAEFARAIG A7 >a MU TARE ) S22 - 8T 51 5iE
FE T o L g Bl 7 A d 1 L-systems 2 MRCM fi¢ * } chi & 7)
B o

21



% 2-3

F_AAF 72 ¥ L-systems ~ MRCM z_ v i £

Lindenmayer Multiple Reduction Line-Based
systems Copy Machine Duplication
( L-systems) (MRCM) (LBD)
FiEh it e kL [ e e
Figﬁ%gﬁ A (4=2) AT (RE)
i e 7 o % 4 1p i1 % 4
N f%é.ﬁé
* g o4 g 4]~ 2 F2A CRLAE )
oy ﬁi%é% % 1’5]‘%’»?#{5_7» % iifﬁ#ﬁ%fif
TR TR e Sl
Heinz-Otto Peitgen,
Aristid Lindenmayer Hartmut Jirgens, Mingjang Chen
(1968) Dietmar Saupe (2003)
(1992)
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5

I

3 OBE- RPEWE2

B2 AT WALAAR e 2 AR D e 12 T E R B R AT R R o e 1 "a; ’
MEIFIEFRABESE AL —aﬁg A 0 g E R AU L ke E
PR AL BT A A AL SRR

HZE

3-1 #p 72 % 3% ( Similar Transformations )

BH - R W GRT AR B i T BT o P58
R E‘Mﬁi%m Bl AR R B AR S ARTBIATOEE @ A2 2R 24P
i eAE A o AP P Ao @ Y TR R E R AR

“*ﬁwﬂmm'iﬁwaﬁﬁéﬁﬁ*Ja@ﬁwﬁwﬁ’ﬁﬂﬁywmﬁﬁ
AflAsde gt o 7NAE R A2 B(AFRE AP E ) AREER > A2 BT
F10 HAT A DRI o B R T - AP BREPE A FE §RFAL
2w garTk L RAREE- B AR §RAF AR gk BAES R - &
FRAE € RAFAA A TR I HREREHN R E A2 T EEN L EG A
fel‘%ﬁ%%‘%%ﬁ FHBPRY > VELE A REE §ERA RS B
CRBHE TR, B TATBEEN | A x 2R doR] 3-1 280 0 A d G AR
A5 1 Bl () B(b)ind s 2% - BRI EL A AR o

v v
o /p \_'
£ L

(a) (b)
Bl 3-1 (a) &ML TH (b) LTHL &5

3-2 - 3B % ( Uniform Pictures )

d Fatarig o Az 4gn ‘J;Jfﬁc‘ AR ALITCEI S AR TR REFE RS
£ BRI R T - S AL RBRE R 2R DE T 4T Fl(2) AT R B
BrEEs e r B Ap e edh BE 0 T Bl(b) ek o
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@ ()
F3-2 () Repiip (b) Bdsarcs

R ARG A4 M X R RE BRSNS 4oF 3-3(b) K T
ﬂ%’u%%%ﬁﬁ&umﬂww@ﬁa’@?%$@aumo

T

(a)
B3-3 (a) A2 34 (b)) 22 %

3-3 J&* (Applications )

3-3-1 B35 % ®B( Graphs:)

g R o ¥ U ARG T E T S ] Gl W) R 4
(tiling ) 3L % » £ 5 R B endr il i B3| F ¢ 00y #7534+ 23 Bl( Eulerian trails ) % /% 5
f: % B]( Hamilton cycles ) & K* RLpF » V041 B2 45 4 BLE7 Bh2 P ool UG5 ki et 2
ot Ldeie s g B g @RI R R LARFRY F o AF

g AR W g Wi s R e

¥ 3-4  The flower Snark J,, for n=1,2,3,4
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3-3-2 A4 & 2*( Visual Design )

hrd P AR B K 0 R T B SRR A X R IR > blde: § i
AG IR RR LI A NGRS R FFARAL BORR Y B
BREE  fa REes P i e (e B 3-10)& & frenE B (4- B 3-8,3-9) 0 4

AL A ORA -

R RER TRARIRER B BT

/’ \/ \/\/\/\
IVAVAVAVA

B 3-5  Asdo s e

1. 5§25
(1) B13-6: AEHER A $nd 2 Bafer 500 T 7ot — #3) el i
CER SR Y RNy ER

*
=010

generator initiator result

Bl 3-6 % i Ajdzda 2 45 60(1)



(2) BI3-7: i BHERA £ chg 2 B o (T% 302 & A o A auedn B

/\

generator initiator result
B 3-7 % #5440 42§ 5)(2)
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The jth line segment is a transformation scaling, rotate and translate. The transformation can be
represented as Az + ¢ on complex plane.
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5-2 The Attractors of IFS by Llne Based Duphcatlon on Complex Plane
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lteration 2 ~C SN lteration 7
lteration 3 \ \ \ \ Iteration &
Iteration 4 Lo lteration 9
’ / A
[teration 5 YR, ""‘%“w%m teration 10
sy sﬁﬁ‘*«“wé%ﬁh eration
s s sé’:a ﬁ;‘é?s

B 5-13 @(z)=Az ; 0,(z)=Az+ 1% 10 = dp ki 42

2. a)l(z)=/1*zéi’a)(z)=/12+1

B SR ;ﬁ'—); ifﬁ}lamﬁﬁv:zé&gtw;gﬁi;i T 55 ﬁgﬁgkofrl »fe S
i F e Tl A A R AL R BT S 0 R R R Y - A g
e TV ho@] 5-14 0 TRLER] 5-12 90 ¢ - BEARELTE L TR

/\

514 o(z)=1%z; 0,(z2)=Az+12 22 &

) -—
fren
[
=
it
3
fe=p
s

MES-14 A2 BB UZDEAF LA AR
IR S-15 33 > 2RI S-114p7 ¥R FMAPFAL T HR(b) =T &850
Bl e

N

\

B 515 o(z)=A4%z : o,(z)=Az+12=3
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B Z R 5-10 v 5-11 cn@ A58 o2 > LBl 5-16 -
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e

!»f,, hy ﬂ,,:"’

/ / ,;” Yo Py “ ’#P Py
————— —>

Yo Yo

®,(z)=4z : w,(z)=Az+1

o> @%@ s (uﬁ

o(z2)=1%z ; w,(z)=Az+1
Bl 5-16 sc%a MNEABHABANL 4442 B5%

3. o,(2)=A4z+c, ¥ w,(2) =4,z +c,
A2 Bd A EERT o~ B ABROL LT #ppamﬁﬁxhﬂ;:,\ v L3 RS
e oo ATV R T ars S B A o Bl 5-17 e

[l
1
1
1
1
1
'
'
i

v

Dashed lines are base-lines

B 5-17 masig iz rd 4 o(2)=Az+c s 0,(z)=A,z4+c, 253

48



5-3 2 & ( Dimension )Z_ 3% 3

BAgE G (1) poAAp i Q)RR A (3)?bﬁ'f§9: @ & ( fractional
dimension) e AR S 2L S P E P > AP aaEh s M s p MR Y S EEk o &
B0 FRAG AT LR R R o MR T SREE » B R A T B R AR R~ B
WA A F AL FRYNE R o S WA 40 S L e e

Mgk 3 A7 ook £ 22 (1) Hausdorff Dimension; (2)Self-Similarity

Dimension ; (3) Box-Counting Dimension° { & f& & i * >t & £ SR A= 2 224 R a o
FAAFEE IR Y A BN E RS S T il e 2t T g
REDE ﬁ;*mz AR o B ERAT mE ISR jé—g ERBREBAR AT A A PR

% Hausdorff Dimension z_ a0 » 3% %%

qe & l',—’g

C= R '—Hausdorff Dimension | & € 3 % o &

JF £ 7 f% Hausdorff measure s 4

5-3-1 Hausdorff measure

A & A - 5 - 1 ¢ Hausdorff Dimension 48 B 2. 2 & 22 125 > 7 % &_" Hausdorff

measure |FHEL U A n AHSIHZTFR'P 223 F 8 & |Ul=Esupf|x—y|:x,yeU}
5 UmE jS(diameter) ; #-B F FA® BB da omE endl kiU

FlclunU, (5.10)

Be > ERILEREOUY, <O 2 Z8EAS U, & 7 Beegd > RIFAU, AF h-
B SR E(a §-coverof F) - {34t " Ts-dimensional Hausdorff measure ; % % 5 @ %
H;(F) =inf{Z| U,|":{U,}isa & -cover of F} (5.11)
i=1
Pl H(F)= girlgH s(F) % F ¢hs-dimensional Hausdorff measure » ¥ £ 3 T 7454 !
. #Fa3286 RH(H=0-
2 FERFns bt B (E)SH(F) -
FF}im a2 Fa Lk Borel 62 T ¥ #cE > R
H® (uF) ZH (F) (5.12)

i=1

#£¢ > Borel f ¢ &g EAFH HREE L F F 6 087 e e 2 F S rE g

7~

BER2I]- ¥ fikg— B AEE F & % chld T Scaling Property ;0 % FcR"® 1>0 >

Rl
HY(AF)= A H"' (F) (5.13)

He AF={Ax:xeF} -
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5-3-2 Hausdorff Dimension

PG > dek (> 52 UL EFih- BS(S<1)R% > 70 A7 FHIM N 4o
DIU < YU (5.14)

B~ infima & %

HL(F)< 3" H.(F) (5.15)

BEROISO0 T H (F) <o RIH'(F)=0(t>s) & H (F)Eoo i3] 0 chfft & s
( critical value ))’jﬁa{F 71 Hausdorff Dimension > 32 % dim, F °
FRG TAAGFUZTEA 2B G y F,F, .Fy,* NifER* 240k 2. E > &2

AABY A BRE RSN E A, A, Ay 0 1¥95(5.12) 0 F < Hausdorff Dimension 3

HY(F)y=H"(F)+H* (F))+ ..+ H'(F,) (5.18)
HY(F)=H O F)+ H* (L,F)+ ..+ H (1, F) (5.19)
#3245 Scaling Property °
H(B) = A HAF)+ 25 H' (F)+...+ 4, H* (F) (5.20)
g H*(F) fo¥ 8
By oA, (5.21)

ﬂ,
ek B NEREPER S <L <. <1, 2 AL EY B ERER S b PI(52D)E §
L. 1 [, .
=) +(2) +...+ () 5.22
(b) (b) (b) (5.22)

<1 4 FiE3)caok s ® 2 Hausdorff Dimension 4

Fhw EREATEA T P ARRE B A 5 ()L, 1, 110
0)1,2,5,0 1 (@41, 0,1 o 5d v B g oW L 0 RIE(5.22) 0 B FA

Hausdorff Dimension 4 %]4c 7]i& & ;¢ :

@ "+ +@" + @ =1 (>-23)
b) " +@" + (" +@)" =1 (5-29)
© @ +@"+@ +E@)" =1 (525)
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@rls, ~1.2619 > 5, ~12513 » 5, ~1.1263 » H ¥ @R b | cho) e Zfphise &
IR BRI R o BT AR AR AR o AR T TRk o

Generator Result

(@) A ,\hﬁ%

(b) mAm M ém

B 5-18 Variations of von Koch Curve
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Yo 620 AT U Bl A pbm ¢ € ARSI, 0 F A PORE g
WAl A BE B2 NS A RT AR § RO £ I R
g pbm cE s btz B i o

pém (a)
B 6-2 (a)s pbm i 4542 & | it
2. F it gl

EJRIN f],%{:tzhg;;f[; BE B ARG
%%ﬁ%@wﬁﬁﬁ’ﬁgg%&gﬁp%%f%,#ﬁg
B8 T o

3. Bt E AR M

B @ s b ] & R 2 o BBl A Ao P E B RS g R
dp o 20 gkt TR ) O R RS S L E R L ATH AU
pipld AR s AR pde M R T A 4 R AL o

4. f§ i (reduce ). 1

B inT fE gk (U ) 0 (P b (T 7 f24E( decomposition ) X
P BB 4oB 6-6 0 AP TEEE (§) T KBk p6 ¢ chiEE > R A hp6m
SHAMY 5 p6 e

T

Bl 6-3 #-p6 fj i % pb

5. &t

dob BBz B AP DI ST 0 AP R AR A 2 Bl R
FI* Structure # 4+ ( reflection )# it #-F & A AL NS 2 IVEILE S >
Re gt R A4 BT ARAE S -

6-2 $HEW PR AEA 7

b - &gk 3l T 24 ) (decomposition ) » AR IR AT S A58 A ek s
W AN o BT S enfRdp & oror
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L= A4k & s—pd, pdm, pdg
R o R AABHER SEF R AR(LE RF)FEET LT
I nfRE R 0 = K 2 Wl ek 61 ¢ nB A T 0 pdg BHEEE A E a2 B

v
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pdg &2 E a B
|
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B 6 lw AR S et 3 A B 2 SR ) 0 Ak 62 Pl a e
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e L. -3

¥ F

A B AR R AU Wit RN G
Mp et > BAK

A2 E A ALEY DAL G

x*’fiﬁg’fgﬁr‘f’lﬁ— AL B, LT J‘jﬁv]‘fé 12F 5 4 I%%:% ik B

LEFL o RSP UZAE £ RV LFFRBALEIT Y S A h g
1 & 4% %~ A 4 B(multi-generator )iy (i A2 E H o

7-1 %

.

BRt (B FPEL EG,G,,.,G, 0 5 BAEL B § n (=12, ) ERE R P 20
A BHP T A7 %

G, =w uwd u.uw

G, =w® U U

GG UL

SRS

¢ (7.1)
v B IE GG, G, " TiE - BAL BRIFTAAFE A
Acdp B [ 27 hk - ERE AT LT LTS mﬁ;] AR

r =W (Y (D)) (7.2)
HP1<i, <n > 1<s, <t:

4AELERER > k=12,
Fo| kw0 FRT G~ GG

2 3:’-%—?&3{%’/”\%‘3}
(4-BB) 7-1) >

G, = w® Ul Ul

G, =w?® Uw® Uw® Uw?

G, =w® Uw® UW® U U (1.3)
APERG L - ZHAPEL B G LF AR FEL R G LY A hE
2RSS AR ARk L

Ly = w, W) (w2 (D)

(7.4)
”ﬂlsqs4’lsgﬁ5’lsg£3’¢ép60ﬁ 2

» ,T*n—\y 60 iEME A 4 o
e Ly, = wy (W WP (1) » & T

T ‘J“f#I’l:L
He i, %

He
XA EEG O w RS [0 ¥ =

¥ HAEEG, w, %
FZ X HREEG Tw, BB EFD
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B 71 R 2R L L, A 4 BT

452

I 1st iteration 2nd iteration 3rd iteration
W71 5~24d B2 5@
@ (1) 7 p #R(artificial nature ); (2)BE#2( tiling )

BT hoNPRS A g4 B
2 %4 T o (tessellation) 5 (3)4R AKX 3" (visual design ) -

7-2 7 p R
SEE - AL FATORG RRRADT RER SR R R 5000
¢ m%m‘ﬂ 4o 7-2 2.7 PRk o AdiF o BHE M E Tk m%tﬂ”‘ m o0y R IEF AR
R P AARE Y ERAT G R AR W ESHE S R %f°
N,
§
W72 H- 42 B0 p K20
MH- A4 BREY xR EEEFHE N EEF I E ﬁkuwﬁmg4@1%
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FU AR ErA Ap B et d o 4
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Frwsafpi o B 73()EA A Sdk* 22 Bar (53 g * 44 Bberfp N iEAE

B 7-3Q)RI 85 d ke A4 Bbo (50 4% 22 Bahfp R 4ok Ba BLEE

HE o §F MRS A2 Bl )i & wIN S E ) LA o R LE g ko 5
% e ;:.H;(Jf;i;%w)ﬁ;};wimvmm}_z R S bmﬂ* A
4RI R A B R S R chA 2 BRI S g ]
Sy %1 gﬁvww};q\g VBRSSP ET R - -

Generator a Generator b

a a
(h — —
initiator  1st iteration 2nd iteration 3rd iteration 4th iteration
b b
(2) — —
initiator 1st iteration 2nd iteration 3rd iteration 4th iteration

B73 ~AAd Bph ¢ P PEs

A2 B2 40 WAL BalFer -t L UAL EbEFA S
ok &%é."lé_;ﬁci@f'— TR e KA s N AL BRPER R A N L5
'}’ﬁé___;_ ERIECS JECIEIE 3}2‘7"9&’rﬂ‘“*“l’“?’%*"“*?lﬁ‘g‘k%‘i“ﬁﬁf&
r Enﬁ%(labehng) e (70 @ EF AL Behid ¥ W RS- BB ARl T4 i b
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Aok NIMEF LR RGBS Tabxx p A7 A AL B 24 Bafeb 7RA
TP AL 4ﬁ_g1ﬁwm;a%%¢;§@$¢%m;rm%y*%waﬂgaa
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a b
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abbc
initiator 1st iteration 2nd iteration 3rd iteration 4th iteration

Fl7-4 Zfhas B2 87 2 i

E et RiEARY 0 2 VLR % T3 2 A TG Ead o
o @R FHE o REEMBERT Y B A AP R A RIEY 2 & A
¥4 g30& THER ( (randomness ) | R 0 B3 0 { B AESF DB FRE o At AP
TR RR2? PR e A K BIRNER T o B 7-6 EU M R TA A 2 fr e
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rﬁ@(tilingh g}jﬁ %fiﬁﬂjﬂ%il«é@éﬁ‘*?i BB A 2R e
2o Bhef LR RS TR R g -

B 7-7 tiling 2_ §* |

% REUF LR A 2 A B R ST e T A R g
Faen DTGy H3k s THRE o @ HF 5 S MathPS ) #rik B eh jE & 35 (DA K
( polygonal line to segment ) ; (2)% 7+ if ( show edges ) ; (3)3 3 *»(cutline )% # it » ¥ §I
B4R A 4SBT S AR o B o] 7-8 0 M) B R MU R B ARES
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* He——% H— (b) generator
LT LT LTI Line-Based
T1T1T1T17 Duplication
(a) initiator (c) result

B 7-8 v AAE Wi g WA AR R

"% 4 T & (tessellation) ; B E_r2 i+ % 3§35 % ntﬁﬁ'}\l B oo R E S A2 MV A
% = #8 (1) regular tessellation ; (2) semi-regular tessellation ; (3) demi-regular tessellation °

1. regular tessellation 82 ¥ — 1 5 1§72 % {45 42

INONINONIN
\VAVAVAVAVAV/

Bl 7-9 regular tessellation © § = &' ~ = g = 5

QX

333333 4444 666

Bl 7-10 types of vertices

>

nyn,,.. fi & BRenfE#E(type of vertex )[16] » % 77 et 5 825V ZiF - FE o ip
BEEED - BrEnFA - BEn, B TREF > FH? s B on B
ARF @ in’ 0 Byl 7-10 ¢ 333333 % ffe s 30 gt o

2. semi- regular tessellation &1/ & ffrs F ehik § ifA) kT4 4

s

2}

demi-regular tessellation ( polymorph tessellation ) ¥ & 3 & faghenfasg » * fL 5

2-uniform tessellation °

46.12

Bl 7-11 @-© semi-regular tessellation @ demi-regular tessellation
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FRpFE 2 B agpid i B4~ 5 3 48 (1) edge-to-edge ; (2) non-edge-to-edge °
1. edge-to-edge {:}ﬁ#ﬁiﬁ?ﬁﬂﬁﬁ B R-dEr>E s o
2. non-edge-to-edge g dpsiind & 5§y k- FEMAE L o

(b)
B 7-12  (a) edge-to-edge (b) non- edge-to-edge

BFAPF Aol w0 Wik g 1 % )4 edge-to-edge £7 non-edge-to-edge ]

1. %87 edge-to-edge H i 4f T 5

Bt BUEAEREFE v (0 A ERETELALER A PAPETER
GEVER e FENE AR UL TR R L Ry £
WA b2 5 2500 A 0TI G A R IR S HE RE PN 2 A 2 i
AL RE S G 2§75 edge-to-edge Hidd o 4o T-13 0 #-T A HTA B AL
I EREFEL SRS e s e e 25 ¥ - R 1A RRET B
Fh A3 F o $A AT EE P RSF HlEA 2 edge-to-edge Apid 7T ) a s
FoxR v 3RARRETFYESALBL S 2P R 4R PS4
Bz v oA 2 ddp T A5 % L edge-to-edge Apid -

_—

5/Q

1
A pattern with multiple base-lines

0 A o O e g.eﬂ

initiator

3

SN

B 7-13 % #3540 edge-to-edge

4o% Z_ § B3 edge-to-edge > Fl i Mot A2 L anE ipf it g 4 B
HAp i T AR R g - AR R 714 2 Fh=fdA 2 Y o APY UK
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