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1.1 ODogooobboooooobobbooood

ogooo (1983, pp.417—418)|:||:||:||:||:||:||:||:| (determinism)DDDDDDDDDDDDD
gdooooudbodouooooodouooboooouob oo ououooo
Moo oo @m@mobodoooomooooooooooo
doboodooboobooooobbooo0 oo boooOooobooOooo
000000000 (soft determinism) OW. DO0O0O00O00O0O0O

gooooood (1983,p.1142)|:||:||:||:||:||:||:||:||:| (indeterminism)l]l]D]DD[l[lD
dodobdddodododdoUdododUUUUoULUUdUULDOUUoUoLOUobOoOoooo
dobddoooobooooooboooobobOoooooooooooOooo

1.2 ODUO0Oooooboooooobobbooooogd

1.2.1 0O000OO0O0Oodo

O000000000000000000000 (law of causality) DO0OO0O0OOOOOO
goboobobooboooooboooboooooboooobobooooOoobooobooooonoo
gbooobooogobboobooboooboooooooooboooobooDoobooooDo
gobooooobooooooobooooboooboobo0oobooobboooooboooDo
obooooOooooobobooboobooobooboooooboobooonoag

1.3 ObDooooobobooobuobuobuobboooboo

1.3.1 0O00Oo0ogod

00000000000 0000000000000000 0000 (probabilistic, or
stochastic) 000000000000 OOOOOO (1987,p.19) 000000000 OOO
goooooooo
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1.4 0O0O00O00OOO0OOO0OOOOODLOOOOOOOoLOoo
oo

141 0O0OO0ODOOO

DDDDDDDDDDDDDDDDDDDDDDDDD(theconservativeﬁeld)DDDDIZID
gooogoooooooooooo0oooooooooooooooo
oV (xz) oV(z) oV (x)\"

81‘1 ’ 81‘2 ’ 8$3 ’

Oo00oo0o0ooooooooFOoOO mDDDDDD(force)DDVD O0ooogooo

0000000000 (the potential energy) 000000
gooobobbooooooboo

F(z)=—gradV(x) = —( (1.1)

d’x
F =ma = mﬁ, (12)
gooooooo
gdodbootbouooooobooooooboouoon
P oV (x) oV (x) oV (x)\"
e = — 1.
ml T — gradV(a) ( ) o) o ) (13)

00000000000000000E=T+VOOOOOTO 0000000 (the kinetic
energy) 00 0000000000000 0000000000000000O0OOO000
000000000000000000 000000 (the Hamiltonian system) 00000
00000000000 0000000000000000000000000000000
0000000000 Lorenz, E. N., 1993, 0000, 1998, pp.59-65)0

142 0OJO00O0OOO0O0OOODOOOOOon

goboooboooboobobooboooboobbooooooobooooooooooooon
gooooobooooobboo tgboooooooboboooooo

dxl/dt _ gl(xl,xg) . (14)
d.]?g/dt gg(.rl,.l“g)
goooobobooboouooooboooogoooooooooono obobooboogo

goboobooooooboooboobooboobboobooooobooooooooonoo
0000 (The Poincaé-Bendixson)D0 O OO OO0 0197500000

143 000OOOOOO0OOOOOOObOO

gobooobooobooboboobooooobbooooooboooooOoooboobooon
gboboobOooooooobooobo +tboooobobooooooo

dxy /dt _ g1(z1, 22, 1) (15)

dxo/dt g2(x1, T2, 1)
O000000000000000000000000000000000000000O
0 O 2005, p.6; Ueda, 1992[11
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144 0O0O0OODOOOO0OODODOOOOOODOOOODOOO

000000000000000000000 Peitgen and Richter (1986) 0000000
000000 (Verhulst dynamics) 00 000000000000000000000000
000000000000000000 #(0)000n0000000 2(n) 00000000
00 R=(z(n+1)—2z(n))/z(n) 000000000000 000000O00000 rO000
D000R=r0000000000000000x(n+1)=(14r)z(p) 000000000
00000000000000000000000000 ROODOOOOOOR=r(1—2(n))
00000000000000000000000

z(n+1) = (1+7r)z(n) —re?(n) (1.6)

agoood

O0000000000000D000000 (the discrete logistic equation) (Elaydi, 1999,
p.15)000000000000000000 (the analogue of the logistic differential equation
(May, 1975, p.513)0 0000 OO0OOOOOOO (the logistic map) (O OO O 1992; Hao,
1989, p.6) DO0O0OOOOO0OOO0OO0OO0OOOOODOOUOUDOODOOOOOOOOOOO
goooooooooboo

yn+1) =4 y(n)(1 —y(n)), ye€(0,1), Ae(0,1), (1.7)

goooo
z(n+1)=1-p2?*(n), ze€(-1,1), pe(0,2). (1.8)

00000000000000000000000000(.7) 00 AO000O (1.8) 00
w00000000000000000000O(1.8) 00000k O 0500901300000
000011000 1300000000 (afixed point)00-000 (a two-cycle)d O -00
O (afour-cycle)DO000O00OO00 OOOOO (the period-doubling bifurcation) 00 OO
00000000000 000000 (the boundary of chaos) 00D OOOO0OOOOOODO
O0w=1.4011551890--- 00000 14000000000000O00O0D0OO0DOODOOOO

<Q
<Q
<Q
<0
<0

gbooobdbeDODOO0ODOOOODO p=20000 1500000000000000 <d

01.600000000000000000000 00O (a bifurcation diagram) O Maple
000000000 0000000 17000 1.60000000000000 (periodic
window) 000000 3-0000 p 00 (p=1.7548776---) 00 00O0D0O0O0O0OOOO
000000000000 000000000 000000 (the self-similar structure) O
o00oooooooooo

1.45 0O0OOOOOOOOO

0000000000000 0000000000000O00DoO0O0OooOO (2005, p.9)
gbooobooboobgoobobooboo

1.000000 (orbital instability)
gbooooboooobobooboobooboobooooboooobooooonn
gooobbobbtooooobobbbooooooboboobo

<Q

1.1
1.2
1.3
1.4
1.5

1.6
1.7
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2.0000000 (long-term unpredictability)

() ooooO0ooO0oO0O0O0O00O0O0DO0DO0O0DOo00DOo0oDUDOOoOODOODOOO
gooooobodoboboboboboooobobooobobobobOobnoboooo
gobobooboobooboobobooobobobbobobDobOobooooooooo
goooboooobobobbooobbbooooobboooobbboooobbo

3.000 (boundedness)

() 0D0000000C00OU00O0O0U0O0ODOUO0D0ODO0ODOOUOOUDOOODOO
oooobuoobooooboooboobooooboobobbooboobOooboo
gooobbbbboooooobon

4.000000000000000000 (self-similarity)
ggboboooboobooboobuoobooboboboobooboobobnooo
gobobobobobooobbobboobboobbbooobboobooboboboo
godobbbbooooobbobbboooooboo
5.0000 (nonperiodicity)

0000000000000 0000000O00O0O0DO00O0UOO 1.2() 000
gobobdoooooboboooobooobboooobooooboobboob
0o0ooboooooooooboo 1.3

000000000 (attractor) 0000000000000 O0OOOOOOOOOOOO
goboobbdoooooobobboooboobboobboooboobbooobo
goooooooooobobobbooboooob oo ooUubnUuga
0000000000 000000000000O00 (point attractor) 000000000
0000000000000 0000000000000o00 (DUoooooooUooOoO
gooogobooobobooobooobobobooobooobooobobbooba
gobobdooboboobboooboooob bbb obbobbo
O (torus) 00D OOODOOOOOOOOOOOOODO (strange attractor) 000000000
00 (chaos attractor) 000 0000000000000 O000OO0OOOOOOO M Loreng,
1993) 000 O

1.5 UDUdgobbbooooobbboooooobobod

e DYNASCALOODOODOOOODOO
Chino & Nakagawa (1983, 1990) 0 O 0 DYNASCAL (DYNamical system SCAL-
ing00)00O(l5) 0000000000000 0O0UO0O0O0UDOOOUOOOOOOO
oboobobooboooboboobobooboobuobooobobooobobooobon
goooooooooboooooooobbboooooooobbuoooooo
oo boooooobuooooo

00000 (2006, 000) O0DYNASCALOOOUOODOOOOODODODOOOOOO
goboobooooboooooboooboooon

T zo—bt )2
(dml/dt>_< [(z)2+ ) —1-0}/C>, (1.9)

daa /dt [cos(TZr) — 22] /¢

OO0000a0b000 cODOO00O0O0D0O00O0D 18000 114000000 t¢t000 <O 1.8
<0 1.9
<0 1.10
<0 1.11
<0 1.12

<0 1.13
<M 114
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00000 000D00000oooo0o0oooooooDoooooooooooooo
O0000000000oDo0000D00ooD0o0oooDooooDooooooooog
ooooboOOo0o0ooobOoOoooooobObbOoOboOoOoOoobo8sgooooooooo
0000000000000 0000000000000 (singular points, or equilibrium
pointsetc.) DO O00DO00O00 0000000000 (local and global bifurcations)
O0o0000oD0OD0O0OD0ODODODODO000000OODDODOODODDODDOODODODOOOODOOOO
000114 0000000000000000000O00000oooOoggoooo
ooo0oooDoDoOoOOoOO0ODoOO0O00000o0oooooooooooooooooon
0000000000000 0000o0000000000o0oDo0000o0000nm
0000oooooooooooooooooooooogd

OO00OO0DYNASCALODOOOODOOOODOOODOOOOODODOooooooogd
O000oo0Doo0o0oooo0o0oDoooooooooDOoooooooooon
oooooooooooo

e Gregerson & Sailer 0000000000 OODODOOOOO
Gregerson & Sailer (1993) 0 00000000000 OOOOOOOOOOOOO
oo oobboooooooboooboooooooo
oo00o0o00ooOo
gobodoooboboooobbuooobboooooon

zn+1) = riMa?(n) + Dy (n) +rl)e(n)y(n) - e,
yin+1) = rP2?n) +rPy’(n) +r)z(n)y(n) - ¢y, (1.10)

Ud00c, 00 g 00000 ooooooooogooooggooooogon
gbobobooboooobobooboboobobooboboboboooan
googno

e J00O0DDODODODODOOODODOOOODOODOODO
Chino (2002, 2003a,b, 2006a, b) 00 0000000000000 DOOODOOOO
00oo0ooO0oO0o0oO00o0 ooooO0oo00ooo0o0oo0oooOo0oo0boo0
0000000000 0oO000ooOo0oo0oOoOo0oDOooooooo
0 00O Chino (2002, 20032) 0000000000000z 0 pO00O0oO0oooO
000000000000 O0000 (the complex Hilbert space) 000000000

goo
Zjn+l = Zjn
r N
+ 33 DG £ (zn — 250),
m=1 k#j
j=1,2,---,N, (1.11)
go0oogpoogooo
1 1)\™
(5 — 20
(22 — 22"
F (zpm — 2jn) = e . (1.12)
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0000 DY), = diag {wi, - whi,
0oo

) ot ) gl it

1=1,2,---,p, m=1,2--- r. (1.13)

goobooooobbooooobbuoooobboooobbbooobbbooa
gogobbooobobboooobboooobboooobbbooubbbooa
000 DO0000D00O0 (the Chino-Shiraiwa’s theorem) (Chino & Shiraiwa, 1993) O
oooobooooboooon

0000(1.11)000000000000000000 (Chino, 2006a) 000000
000 p=10m=20000000(1.11) 000000000000

Zjn4l = azf-n + bzjn + ¢, (1.14)
0ooo
N N N
2 1 2
=Y wily, b=1= w23 wid) z, (1.15)
ki = =
0oo
N
=3 {ultnzn + w2} (1.16)

k#j

00000(1.14) 000000 D0O0O0O0O000 (the Mandelbrot’s system) 00O
goog

(1.14) 0000000 e=10b=0000 ¢c=00000000000 (the Julia
set) 00000000000 =00 »=0000000000000000000
(superattracting) 000000 OO0 (repelling) 00000000 O0OOOOOOO
goddodo 1.0 boobobobbobbbbbobdooouoooo o
gooobbb z=000000

0000 116 000000000000000000 2 = cos(n/21) +i sin(r/21)
gobooboooboobooobooooobooobooboooocoboooobooon
gogoobboobooooooobboooobobobbooobbboooobbbooon
gooobobbooooobobboon

(1.14) 0000000 ¢=-0.124074: 000000 1170000000000
00 00O O Peitgen and Richter (1986) O Figure 4 0000000000000 O000O
0000000000000 (thefilled Juliaset) 000 0000000000000
0000000000000000000000 (the Fatouset) 000000000
goboobobooooobo 2200000000000

000000000 0000 (the repelling point) —1.2737+40.4782¢ 0 —1.2737 —
04782 000D 0O0O-000000OD0DO0OOOOODO0O 1.9 000bOoOoooO
gobooboooboooobboooobooboooobboobooboboobooooon
bobobooboooboobooooboobobobooooogooooogoogooogn
gobobbuooooboboooboboooooobboooobbboooubbooo
gobobooobbooouoooooobboboooogono gobboobooboouooo
oobooboooooboboooooooboo

<0 1.15
<0 1.16

<0 1.17
<0 1.18
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1.6 O0O0OooOooboooon

1.6.1 0O0OODOOO

gboboobooobooboboobobobooooboobobooobobooboban
gobooboooobooooooobooobooboooboobooooOooobono
bobobooooooocooboooobobobooooboooooobooboobobobo
gbooobooobooboobobboobboobooboon

0000000000000000000000000000000000 Tsuda (1991)
0000000000000 (nonlinear oscillator) 000000000000 0OOOOOOO
gooooooobooboooobmoooobooobooboooooboooobooooooDo
gbobooboooooboobon

bobobobooboobooooobooobooboobobobooboooboooooooon
goboobooboobooooboooobooobboooooooooboooobooooonoo
gboboboboboboooooooobboboboboboboboboboobg
gbobgobooboboboooobobobbbobooobobobobobobobg
gboooooooooonbo

.gboooboobooboobooboobooboobooon
.0o0ooooboboooobooboo@moboooobobooobooboooo
.Jb0oooooobobooobobooboobooboboooobooboooooboOoobooon
gooooo

.0oboooboobooboboo

.0gbooboobooboboobo

I N

goboobooooooooooooooooobbooboooboooboobooboooo
gboboboboobobobooboboboboooobobobobobobobobg
gboobopoboboobooooboobobobobbobooboobobooboan
gboooOoboooooboboooobobooobobooonoo

1.6.2 00OO0OO0OOOO

ooooooooooOooooOoOoOooOoOoOOOOOOO0OOoOoOoOoOOObOOOOOn
oooooooooooooooooooooooboooooooOoobOoOoooooBbOo
00000000000 00000000 0000 (a sentiment structure) 0000000
Chino & Nakagawa (1983, 1990) D0 000000000000 O000O000O0O0OOOOOO
0000000000000 O0000O000 (multidimensional scaling methods) O OO
ooo0o0oooooOoOo0o0o0ooooOooOooO0OO0000O000o00O0O0000000000
ooooooooo

ooooooooooOooboooOoOoOoOoOoOooOOOOOOOoOoOoOooOOOOOOOOn
O (scalelevel of data) 000000000000 DO0O0OOOODOOOOOOOOOOOO
ooo0o0oooooOooO0o0ooooOooO0o0oooooOoO00obooOO0bOoOO0O000000
oco0o0o0ooooO0o0o0ooooooOoOOOOOOO0OOO0O0OO0OOO0OO0O0OOOOOoOboO0n
ocoooooOoOO0o0ooooooOoOOoOoO0OoooOOOOOO0OOOOOOOOOOOOOOOn
ooo00000po00oooooOo0O0o0o0ooooOooOo0o0ooooO00oo0oooooO000o0
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oobooooboooboobooboooobooobbobbooooooooooboboooooooDo
oobobobooobooooooooboooboobobobobooooooboooboobooDbo
goboooooobooobooboooobooobboooooooooobooobooooonoo
gboooobooooooboooobooboooo

0000000000000 0D0O0O0O00000199700 00000 Winsberg & Carroll
(1989) O O OO (Chino, 1992, Saburi & Chino, 2004, 2005, 2006) 00000000000
gobooboooboobooboooboooobooobooooooooooobooOooonoo
gbooooOooooooboboooboobooooboooooboobooogooon

1.6.3 0U0OOOOO

gboboboboboboboboboboboboboboboboobobobon
OO0 (2003) 00000000 0OOOOOOOOOOO0OOOOO0OOOOOOOOOOOO
oo ogboboooobdooooooboooboooooboboooboboono
gboooboooobooboboobooboboobooboboobooboboaon
gbooobooobgoobgoobobboobboboobooboobooboobooon

goobooooboobooooooboooboooo0obooooobooobobooooaon
gbobobooooooboooobooooboobobooooboooooooboobooboOonbo
gbobobooboboboboboobobobbobobobobobooboooobg
gbobobobobobobobobobobobobobooooboboboooog
goboobooooooboooobooobobO0ooboobooooobooobooooonoo
gobooooboobobobobooobobboboobooooboobobobobobg
gon

gobooobobooboooobooboooooooooOoooooobooboooooaon
goboobooooooboooboobooobooobooooooobooboobonoo
gbooooooooooooboboboboobobobobobobobobooobg
gbobobobobooooooooboobobbobooobobobobobobobg
oood




20 OO0 vs. 0OO

21 OJO0O0ooogd

e IOOOODOOODO

d

d—f:ax, (2.1)
00000000000 0Ox0O0000 (thestate variable) 00 O00t00000OO0O
O00a0000000000D00000 (thestatespace) JO0O0OD0OO0OOOO0OO

0000000000 (asolution) 00k O0OOOOOOOOO
r=f(t)=e"k, (2.2)

00o0000o0o(l.l) 00000k 0O00O0000OD0DO0DOODOOOOOUODOOO
O00000000(1.1) 0000000 (an initial value problem) 0000000

¥ =azx, z(0)=k, (2.3)

00000(21) 0000000000000 OO0 (a unique solution) D O0OO00O
00000 2100e¢=010000(22)00 k000 -2,-1,1,2000000
OO0 Maple 0O0DDOOOO0OOO0O0DOOODOOOOOOOOOtODODD xO0O0OO
gbobobobobooboobooboobooboooobooboooooon
goobbobboboboboboboboboboobobobbobobobob

<0 21
ggboooobooobooobooboobooobg
l.a>0000k>000002—-00c0k<000002z — —ool
2.a=00002x = k(constant)O
3.a< 00002 — 00

(21)D00000OOO0OOOOOOOO

1. 0000000000 xO0000000000 t+000000 xObOOoOOooOooo
gboooogo

2.000000000D0000000DL x0000DO0OxO00DO00O0 DOOM

3.0000000000000(0 21)0000O00 tO0O0OO0DOOODOO(R) OO
Ubobo0o0 xbOobooobooba0bOOooooboon

e OO ODOOODOO
gobooooooboboooboboooboooboOoobooooboooboboOooo
000000000((21) 000000 xO a00000000000000000O0O
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gooogo

de  (dxy dxs dxy, t_ _ n
E(dt’ TR dt> =Az, z(0)=keR" (2.4)

(24)000000000O0OO0OOOOOUODOOO

x=f(t)= et A = etAwo. (2.5)

goodooooooooooooooogg gooboboobobboooooooooo
000oo0o0o0ooOo0o0o00bOo0ooooOo0oo0o0obooOo0ooooobooooon
000000000 (thevector field) 00000 D0OOD0ODO0ODO0OOOODOO0OOOO
goooboobboogd

0000000000 000000000000000000O0000O0000(2.4)
0000 AO OO0 (eigenvalues) 0 O0OO0O0OO0O (eigen vector) 0000000
000000000000 0000AD 0000 (real canonical form) DO0O0O00O0O
0000000024 000000000000000 200000 (non-singular
transformation) x = Py 00000000000 0OO

W By, B=PAP, y(0) =P '2(0) (2.6)

O0000000000000000000 AOO0OOO (similarity transformation)
goboobooooboobooooobooooboboooOobooooobooooo
ooo0oooooooooooooooobOobooOooooboobo0ooono BOoOoOooO
oodbobobobobooboob0ooobobobUbUoboobOooODomooo
boooboboobobobOobobbobOooooboobooooooooooon
oboobobooooobooooom@mooobooboooobooobooonog
00@obo0ooo00oOooo0o0dobooD00ooDooooDOoooDooOoooDoMD <0 2.2-29
A 000000000 (saddle) (O 220230000000 (inward node)d O 2.40
2500000000000 (outward node)dJ O 2602700000000 000
goboooobooobon 280290000000000000000000000OAO
000000000000 (focus) DOODOODO
0o0o0@obooDooboboooooobooD 21000 21100 21200000 213 <O 2.10-13
0000000000000 0000 D00000 (improper node) 000000
gobobobOooooooboooobo0ooboboOonb 2140000 2150000 <O 2.14-19
0000 (spiral sink) 000 216 0000 217000000 (source) 0000000
00000000000000 2180000 2190000000 (center) D000

e JOUIDODODOOODODO
00000d00o0oU00o0U0oo0oOo0UDoOoUU0OooUDoOUOOoOUUOooOO
gbdbodoooobooboouoboooooooboooboooooooboon
ogoooooo
1. 0000000000
Jd00000dU00o0o0oUooooUooooUooOoooOooooo
dx

= fl), weR, w(0)=Fk (2.7)

0007 0000000000000000000000000000 «*
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O0f(z*)=0000000000000000000000O0O0O0OODOOOO
O0f(x) 0000 2* 0000 OD00D0OO0 0000000000 (the Jacobian
matrix) Jp- 0000000000

dx
— =Jg- 2.8
dt =+, ( )
gooooboobooooood
ofi i of1
oz Oxa 0Ty
af; op  0h ... 2
Jp- = { } —_ Ox1 Oxo Oxy, . (2.9)
3%‘ T=xx | e
Ofn Ofn ... Ofn
Oz Oxa Oxn Tr=T*

000027 00000000000000 000000000 (28)0
ooo0ooooooOoOo0oO0oooO0o00o0oooOoO0o00oooooOo0oOooooo
oo0o00oo0ooo0oooO0o0oo0o0ocoO0000oOo0ooOoO0O0ooO00n
00000000000 oo0ooO0ooo0o0oo0o0oo0oooooooo0n
oo0o00oo0o0o0o0oooOo0o0O0o0ooooO00oO0O0ooO00ooO0b0o0O00n
0000000000 “000007 (non-zeroreal part) 00000000000
0000oo0o0ooo00ooO0oOO0O0ooO0ooOO00oOo0oooooooo0n
0000oo00oo0o00ooO0o0o0o0oOoO00oOoO00oOo0oOoo0ooDo0n
0000o0o0ooo0oo0o0oo0ooo0O00oOo00o0o0o00oo000o0o00
31800 3190000000000 00O0O0O0O0OO0OOOOO0O0O0O00000
ooooooooooo
.0000000000000000

000000oOo0OO0000b0oOOo0O0000oooO00O0000ooO000
oo0o00oo0ooO0oooOo0ooOoO0o0ooO00b00O000o00ooO000000n
0000oo0o00oo00oo0o0oo00oDoO0o0ooOO0ooOoO0oooO0n
00000 (limit cycles) 0000000000000 DO0O0OO0OOOODOOOO
0000 000 (cosed orbit) 00 0000000000000 OO0O0OO0OODO
000000000000 (e—limit cycle)y 000000 O0O0O0OOOOOOOOO
(w=limit cycle) 000000

0000000000000 00000000O0O0000000O00O0000
o000o0o00oO0O0ooO00booO00ocoOo00oO00ooO00ooO00ooo00n
00o00oo00ooO0o0ooO0o0oooooO0o0oO00o0o0ooo0oooon
0000000000000 ooo0ooo0ooO00ooO0o0oOoOooooo0On
oo0o00oo0oooo0oo0oooOo0oo0o0oOo0oO0ooOo0o0ooO0ooo0o0n
ooooooooooooOoOOOOoOoOoOooOoooooOon0 22000000000
0 00O OHirsch & Smale (1974, pp.227-228) 00 000000000000 O0OO
ooooooooO0O0000o0ooooO000o0obob0 p=0500000
Maple 0O0O0O0O0O0O00O0O

dx 3
v pr —a® +y

( i ): ( ) (2.10)
at -T

goboboboboboboboooboboboboboboboboboOobo

<0 220



g20 00 vs. 000 12

goboboobboobobobboboobobooboooboboooan
gooboobooboobobooobooobbooobooobbooobbooon
gbobooooobooboooooooobobooooooobob O p00O0 <0 221
gboooobobooobooooboooboon 221000 2200000000
gogbobooboboboobooboboooboooobooooboooan
goboobooooboobooboobooboooobooboobo

e J0DD0OOODDOODOODOOODDOODOODDO
goboooboooboobobooobooboooboooboooboooon
gbobooobobobooobobobooobobboooobboo toboboooooboon
00000000000 00000000000000000000000O0000
0000000000000 000000000000000000O00000000
(bifurcation parameters) 0 D 000000000000

1.000000

00000000 (2100000000000 0D0000O0OOOOOO wOOO
0000000000 0oo0o0o0o0oUoO0ooUooooOoooOoUoo(2.10)
oooo0oO0o00 p 000000000 OO0O0O000O0O0O0O0000O000O0
0000oo0oo0o0ooO00oOo0oo0o0o0oO0ooOo0O0ooO00oo0o0n
00 (the Hopf bifurcation) 00 0000000000000 DO0O0OOOOOOOO
0000000000000 00000000 (bifurcation parameters) 0 ¢ 00
o000ooo0oooooO0oooooooono

dx

= ). (2.11)

gbboooobooobooooboooboooboobbooboooboobooon
dddeg=p000O0
gobobbtoodbuooobuooobooooobobooboouboooo
000000000000 O0O0oO0OOoO (local bifurcation) 0O O0O0OO0OOO0O
gobobooooooboooooooboboooooooooooooooooboobooo
000000000000 000000D000000O00Guckenheimer & Holmes,
1983)0
goooboooooooooooooooooooooooooooooooooon
00 D00O0O00000 (saddle-node bifurcation) 0000000000 (pitchfork
bifurcation)J D 000000000 0ODO (transcritical bifurcation)0 00 00O
(Hopf bifurcation)D 000000000000
gbbooooboooboooboooooboobobooooOoooooobobooo
gbooboooooboobooboobobOoooobooobooboOooooboo
gooooobboooobboooobbuooouoboooobboobboo
gbooooobooobooboobooooboboooobooboooooonn
gbooboobooooboboobob boooobooooboobooon
O (saddle loop) O OOOO0O (saddle connection) 000000000000
gogoobooooobobooboooobbooooboboobobbbooobbooo
ggbobooooboobobooboboooooboooboboooobooboo
gboobooooooooboobooooboobooobooooooboooboog
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gbooooboooooogobooooboooboobooobooobobooooboog
gbobooooooooogoooogon
bobobooobobobooooboooooooooooooooooon
gbooooooboooooboboooboobOoboooboooobooboo
oboboooooboooboooboooboooobobobooooboboooobooo
gbooooooboobooobooooooooboooooooooboooDbooo
gboooooooboobboobooboooooboooboobobooboooonog
ubooooooboooooogoboo
goboooooboooooooooobobboooboobobooboobobooo
00000000000 O000O0o0Ooo0oooO Chino, 1987; 00O, 1991; Chino &
Nakagawa, 199000 0000000000000 O0OCO00OO0DOOOOODOOOO
goboooobo 221000 22000000000000000000D000DO
gboooobooobooboooooboobooboboooobooobobooooo
gbooooooobooboooobooobooooobooobobboobooonoo
gboobOmuoooooboobobobobooboobobobobobobong
gobooooogoo
gobooooboboooooboooooooobooooooobobooooo
gbooooooobobooooboobooboooboobooobooboooboooonog
gboooobobooobooboooobooooobooooooooooooaon
gobbooboooboobooboobobobooooboooooboobooooo
gbooooboooboooooooooboooboooooooboooooboog
gbbooooobooboooboooobooobooboooboobboobooonog
gboboooboooooooboooboooboobbO boboobooobooboo
ob ooboooboboooog

2.0000000
000000000 bOO0DO0oDbOO0DoOooD0oOooDoooooooooooog
0oo00oOo0ooO00o0bo0obo0ooDooooooOOobOoOoboooooog
000000000000 O2006, personal communication]

22 JUOoO0ooood

e JO00O0ODODODOO
O00000000000000000 D00000D000000 (alinear nonho-
mogeneous first-order difference equation) 0000000000000 OOO

z(n+1)=aln)z(n)+gn), xz(ng)=1x0, 0<ng<n, (2.12)
O0Oa(n)=a00 g(n)=b00000
z(n+1)=ax(n)+b, x(ng)==x0, 0<mng<mn, (2.13)

goboooobgn

n b (=1 100
q;(n) = a”o + ( a-1 ) ’ “ 7& (214)
xo + bn, a=100
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000001500 n—oo 00000000000 OD0O0OOODODOOOOO
l.a>100 = 2 — o0.

22.0=100 =b>0=2z—00, b=0=>2x=29, b<0=2z2—> —00.
3.-1<a<100 = 22— 2.

4.a=-100 —mxz0 20 b—2o 00000
S5.a<—-100 = z — +oo.

O0000(213)00 ¢g(n) 0 (214) 00 pO0O0OD0O0ODO0OUDOODOOUODOODOO
(a linear nonhomogeneous first-order difference equation) 0000000000000
0000ooo0o00ooooooo

1440000000000000000000000000000000000O0O

z(n+1)=(14+r)z(n)

goooo (214)00 00000000 000000000000000O0O0000
goooboobooogogoooogno

e J0DDOOODDODO
0000000000000 00D000000000000O0KkO0D00000 OO
0000000000000 000000000000 (a system of linear first-order
difference equations) 000 0000000000000

x(n+1)=Axz(n), x(ng) = xo. (2.15)
gooao
ail a2 a1k
A— az1 Qa22 A2k (2.16)
g1 Qg2 - Ok

0000000 (real nonsingular matrix) 00 00O
(216) D0 00DO0OO0O0OODOOOOOO

x(n,no, xo) = A" " x. (2.17)

00000000000 0000000000000000o0ooOoooOog (the
equilibrium point) 00 000000000000 O0O0O0O0OO0OOOOOOOOOOOO
OO0000DO0O000000000000D Az =2*0000000DO0O0ODOO0OO

(A—Dz* =0

00000216 000000000000000000 |A-T|#00000000
Oz*=00000
000000 |A-T|=0000000000 ¢c00000x*=c0000000
00000000000000y==(n)—«*00000(2.20)000y(n+1) = Ay(n)
0000000z #000000000000000000«z*=000000000
0000(218) 0000000 AODOz(n)=Py(n) 00000PO00O0O000
0000000(220) 00000000000

y(n+1)=By(n), B=P 'AP, y(0)=P 'z(0). (2.18)
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0000y(0)=k=(ki,k) DOODO

gooooOooOoOoOoOoOoOoOoOOOO0D AQOQOOOO BOOOOOOOOOO
gogoobbooooboobboooboboobboooodoobbooooobobobooo
000000000000 00o0o0ono0ooooonononoonoonOogn Elaydi
(1999) 00000000 DOOUOOUODOOUOOUOCOOUOOUOOOUOOOOOOO
goood

00@Moo0ooo00Doo0o0ooooo0oo00ooOo0oooooooooo D
A 000000000 (saddle) 000000000 (inward node)D 0000000
00 (outwardnode) 000000 IOOUOOOOOOOOOOOO (focus) OO
gooboboooobooooobOobooobooboooo

gododdogdooouoobuoobobobboooboo 21000 21100
21200000 213000000000000000000O0000ODOODOOOOO
ooooboooooogao

gobo0obooooooboobO00oboooobOoU 2140000 215000 <O 2.22-23
00000 (spiral sink) D00 2160000 217000000 (source) 00OOO
000000000000 00000O (center) OO0

e JOOOOODOODOO
gbobooooooboo

w(n+1) = f(x(n), x(0)= o, (2.19)

000000000000 z=2*0000000 fO000O0O00OO0OO f(z*) =a*
000000020 00000000000
oooooooooOoo0o0ooOooOooOooO0oooDOboDO kOODODODOEDDO
000000000 0000D0 000 (aperiodicpoint) 0000000000 OOO
O000D00OO000D00O0OO0Elaydi, 1999

00 21 0bO00f0000000000000000
() 0 pO000000000 kODDOOO0fA0p) =6b0000f00(220)000
00000000000000000000

z(n+1) = g(x(n), g=r", (2.20)

000000000000000 fA00000000000k-000 (k-periodic) O
0000 s00000000(0) ={b, f(b),..., ()} 000000 k-00 (k-cycle)
000000

b)D b00D0D000D000 mOOODOOf(G) 0 k000000000 k00
O (eventually k-periodic) 00 0O 00O

e NOODODODOODODO
goboooobooobooobooboobooooboobo

x(n+1) = f(z(n)), x(0)=xo, (2.21)
0000x(n) = (z1(n),z2(n), -, z,(n)) 0000

f@(n) = (filz(n), fa2(x(n), -, fp(@(n)))’
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0000000 fi(e(n) O0x1(n),z2(n),---,zp,(n) 00000000

e JOO0OO0OODOODOODOODOOOOODOO
gboooobobooooobooooboobooooboboooooboooo

w(n+1) = f(z(n), ), 2(0) = z0. (2.22)
14400000000000000000 (1.8) O
z(n+1)=1-pa?(n), ze(-1,1), ne(0,2)

gbobooobooooboobobobobil4400000000000O0O00O0O0OC
0o0oooooooooooooobooooooooooobooooobooOog pO
goooboboooodoboooooogooooogoooobooogooan

e JO0O0OO0OODOODOOOODODOOODODO
(222) 00 0000000000000 O0OOOOOOOOOOOOOOOOOO0
gooobOobooooboooooobooogon

2(n+1) = f(@(n),m), 2(0) = o, (2.23)
000015000000 Gregerson & Sailer (1993) DO O OO0
z(n+1) = rg(cl)xQ(n) + r(l)yQ(n) + rily)x(n)y(n) — Cg,

Y
yin+1) = P22 (n) +rPy’(n) +r)z(n)y(n) - ¢y,

gobooboooboobbobobooboobboooboooboo ri:l[lré:—ll]
rgy:2IZIIZIEIEIEIDEIEIEI rd0go0o0obooboboobobooono oobao
oboobO ooobOoobooooboooboobobobobooooooboobooboan
gboobgoobooboobbooboobooboobon
goo00boo0boooboboooboooboooboobooonooooooanon
oboobooooboooooboobooon

e O DODDODDODLOODLOODLOODO
gboooboboobobooboboobobboobooooboboooboboo
goboobooobooboooooboobooooobooooboooboooooon
gobooboooboboooboobooboobooboooobooboooboon
000000000000 000 (the Juliaset)DOOOOOOOO (the filled Julia
set)UOO O0O0O0OOO (the Fatouset) 0000000000000 19950
000 f(,)00000O0OOOOODO p>20000000

f(2) = anz? +ap_12P 7 4 tarz+ag,  an #£0, (2.24)
gooo
00 2.2

1.00000000 KOOOfOOOOO 00000000000 zeCcOOO
ggodg
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2000000 JOUOOODOOODOOUOO KOOO (the boundary) 0K 0000
ooo

3. 000000 FOOOM:S—-5S0.000000000MmO000000O
(the domain of normality) 00 0000000000000 OOOOO0OOOOO
oooo

(2.25) 000p=20000000
z(n+1) = 2%(n) + co, (2.25)

gooooooooobooboobooooooD coOboooboobbO bo0Db <0 224

0000000000 00000000 (the Mandelbrot set) 00O O0OOOOOOO

2240000000000000 150000000 1170OO000O0O0O0DODOOO

000 ¢=-012407400000000000000000000000O000DOO

goooboooooooooon
goooobobooooooboooobooooooooooooboooooboo

ooooobobooogoboooooodboooogooooogong

23 JUbboboooooobbuooooobobbuoooo

gobooboooobogvs. 000000000 DOO0O0OO0ODOO0OOO0OOO0OOOO0nn
gbobooboobooboobooo

e DYNASCALOOOOOOOOOOOO
OOODYNASCALOOOOOOOOOOOOOOOOOODYNASCALODODOO
OO0O0O0O0000000O0DODOOOODYNASCALOOOOOODODOODODOOOoOoo
gboobobooboboobooboboobobooboboboboboooan
goboobooooooboobooooooobooooboooboooboooooboon
goboobooobooobooobooooobooboooboobooboooooobooon
gboogooboboobooooboboboobobooboboboboooon
gobobobbobbobooboobooboobooboboon
OO0OODYNASCAL OOOOOOOOOOOOOooOOoooooooooooooo
goboobooooboboooboobooboobobooboboboboooan
gboobobobobbobobboooobooobooooboobobooobobon
gobooboboooooboobooobooboobobooooobooobooboooobooon
gobobOoobooooooooooooooobooobooooobobooooooooon
gboobooooboobooobobobbobboobooboooboob 1.5
000000 (1.9 0000000000000 00000D0O0O00UO0oUOOo
goboobobooooboooooobooooooboooDn

e Gregerson & Sailer 00 O0O00ODOOCOOODOOOOOO
00000oooo(l10)00oooo00o0Uooo0o0oooooooooUooo
gdls000000000000O00DO0O0DOO0DOOOOOOODOOOOOOO0OODn
gobooboboobooooooboobooboooooobobo

e JODODODODODODODLOODLOODLOODLOODUT
gbobobobobooooboboboboboboboboboobobooog
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gboooobooobooboooboobboobboobboobooobbooon
gboobobooboboboooboboobobooboooobobooooon
goboobobooooboooooobooooooboooDn
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30 tUoutb vs. oo
guoggod

3.1 ODOO0oooood

00000000000000000000000000000000000000000
00000000000 0000000O000000000 0000000000 0O000
0000000000000 00000000000C00O0000000000O000O00O0
O00 0000000 (the fractal dimension) 000 0000000000000 O0O0OO
000000000000000000000O00C00000000C00000000000
0000o000oooooooo

0000000000000 0o0o0o0oO00O0oOoO0oO0o0o0ooOooooooon
000000000000 000000000000000 (the topological dimension) O
00000000000000000 10000 NOOOOOOooOoOoOoooooooooo
0000000000000 0000O0000000000000O00O0000000000
000000000000 d00000ON=1¢00000000000000000000
000000000000000000000d0 N, 100000

d=1InN/Inl,

do00dodobO doodoodoodoooooooooooood
oboboooooooobobobobooooooooboboobobobooobobon
oboboooooooooobobobooboobobobobobooooooobooboobog
gooooooooobood

Dy =InN/inl,

0000000000000 (theKochcurve) D0OD0O0O00OODO0O0OOODOOOOOO
gbobooocboooboobooboboboooooooboOobobobooooooboboOono
gooobbooooobobbooooobbobboououb bbb boooobboD
gooobobbboooooobbbobodoouog 126bbood
gboboooooobooboooooobooboobobooboobobobooooooooboo
0000000000000 00000O000000O00OoOo0oOouog (the information
dimension) 0 000 O (hte correlation dimension) 0000000000000

3.2 JUuooooobobbooooobn

gobooobbooobbooobboooboobboobbooobooobooon
goboobooooboooobooobooooooboooooboo 16000 1l7yobOoOoboOoOODO
goboooboooobooboobooboooooooooooooboooooooboooonn
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0000000000000000000000000 vs. 00000000000000
00000000
0000 1.6000000000000000000 (1.8)00000000000000
00000

z(n+1)=1-p’(n), ze(-L1), pne(0,2)

bpbOOoO0OOO0bOO0obOO0ObOO0ODOObOObOObOOobOobOOOObOobOobOobOobOobOobg
00000000000 O0O0o0O00o00o0o0Udd «2(p) 0000000 2z(n+1)00000
booooooboooooooooogoan

gbooobopboboboboboooobog 111000 1s50000000000000000
goooboooobg p0boobooboobobbobbobooboobooooog
gbooobooob 1500000000000 o00obo0oooooooboboooobooobooag
oooooooooo ~nO000000000C0 n+1000000000000000DOA0
gboooboooboobooboobooobooboobo

ooog 1.7vo00b0000oooooogoogoooooooooooboo0 p0ooooo
gbooobOooboooobocobooboooobobooobooooogoooooaooogn
googoobooboooobobooboboobooboooobooobboooboooobn
gbooobooooboobob n 000000000000 p0000000000004
goboobopbOOO0ODbOOO0ODbOO0OO0ObOOOO00O000O00DOO000b00O000 16000
goobOooboooobooooboobbodoboobooooooooooooooboaooonoo
gbooobooooboon
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40 OO0 vs. OO

goboobOooboooobooobooooboobooboboobooboobooboonn
0000000 oboooobobomoog vs. JODOooobOoobobOooog
gobobdoooooobooobboobobuooobbobobooobboobnbobboba
0000000000000 0000000000000000DUOoOOn (the conservative
force field) D00 000000000000 0O0OO0O0OOO (the Hamiltonian system)O 0 O
000 (the dissipative system) 0000000000000 0O0O0O00OO0OOOOOOO
goodobobbbooooobbbbbooouooboboobo

4.1 0OO0OO0OOOOOO

4.1.1 0OD0OO0OO0OO0OO0OOO0OO0

O00000000000000 (aconservative force field) 0000000000000
0000000000000 Hirsch & Smale, 1974)0

00000000 F:R*—-ROODDDO0 2000000000000 F(z)0OO =0
00000000000 (aforce) 000000000000 DO00OO (aforce field) D000
0000000000000 0000000000oO00oooO0O0DOoO0O0

00 4.1 0O0O0O0OO0oO0Od
F(z) = —gradV(z) = — 3V (x)/0z1,V () Oz, OV (x) /dz3) , (4.1)

00 Fz)OODOODOOODO C'O000V:R—-RODOO0ODOOODOODOODOO OO
O (comservative) 00 0000000000000 0 VOODOODOOOODODOOOOOOO
000000000000 (the potential energy function) D000 0O

000000000 m OO0 t+0000 «() 000000000000 (the kinetic
energy) 00O

T = &0
0000000000 &(¢) =de(t)/dt 00000000000 0004() 000 t0000
D00D000 (the velocity vector) 00000000000 |2 0000 t+00000
OO0 (the speed) DO OO
0000000000000 (the total energy) O
E=T+V. (4.2)

0ooooo .
E@%ZQWOWQ+V@UD~ (4.3)

boobobooooobooooooboboooboboooooban
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00 4.1 0000O000O0DOO (conservation of energy)
x(t) 0000000 F=—-gredV 0000000000000 ODOOOOOODOOOO
oooooooogo

00000000000000 F=ma=mé=mdz/d* 0000000000000
000000 mé+gradV(z)=0000000

md*x/dt* = —grad V(zx), (4.4)

gooooooooooooo
d(T+V)/dt =0, (4.5)

gooooboo
000((4.4)0000000000000000000000000000000O0O0O0O0
gooobooooooobooog
00000000000 0000000000 (the gradient field) 0000000 OO0
gbooobobooobOoboooobobooob n00O0bO0O00b00000000D00
goooooo

ud 4.2 OO0OOO
O00 WCRrUDOODOO (agradient system) 00000000000 000O0O

& =dx/dt = —gradV (z). (4.6)
O0o00V:U—RO C?00000
gradV = (0V/0zq,---,0V/0xy,),

O00VOOO0OO0O00O00 (the gradient vector field) 000000

4.1.2 ODO00O0OOO0OOOOOO

gooobboooooooboobobooooooboooooooobobooooooooooono
gobooooooooboobooooboooobooobo0ooDooobooboboDboooDbDo
gobooobobooooooooboobboboooboobooooooooboboobooOoooDo
goboobooooooboooobooobobO0oobooboooOoobooobooooonoo
O000O0000OOPerko (1991) DO0OOU0OOOOUOOOOOOOOOODOOOOO

o0 43 ODO0OO0OODOOO
ED R O0D0O0O0O (an open subset) D00 H € C?*(F) 00=z,y € R* 0000
H=H(z,y) 00DO0O0O0OODO0OO0OOODOOOODO

T

0H /0y,
—0H/0x, (4.7)

]
0O FO0OU0O0n0000000 (aHamiltonian system) 000000000000 0O0O

HOOOUOOOOOO (the Hamiltonian function) 0000000000 (the Hamiltonian)
good
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good

OH/dx = (8H/dxy,---,0H/dx,)"

good
0000000000000 000o000Ud000n Hex,y) DOOOOODOOOOOO
gboooboobooooobobooooboooboobooog:

ol 4.2 OO0O0OO0OOOODOOO
000000 4nHoo0ooo0o0 Hx,y) O 470000000 0O0ODOOOO

000047 000000dH/dte=0000000000000000

00000000000000000000000000000 H(z,y) 0OOODOODO
0000000000000000000000000000
000000000000000000000000000000000000 O Perko,
1991, pp.159)0

4.1.3 0O0OO0O0O0O0

gobooboooooooboobooooooobooboooooobooobbooooaon
goooobooboooboooooboooooboobooobooboooooboo vooooooo
oooob0o HoobOoooboboooooboboooobooooboooooboooooDo
gobooboooboooooboboobooboooooooooooboobooooonoo
gbOoobOoocbooboobooooobooobooboooboooooooboooan
0o0o000o0ooooonoooooognooooonoooooooooooogoong ood
oooooooooonooboonooooooonooooooooooogoon oogo

gbooobooooobooooooobooobooboobooboooobooboooogonogoo
gboboboobooooocooboooobobooboboboooooooooboooboOonDo
goboogoboooooboboboooboboobboooobooooboooobboobooboobobDo
gooooooobooooooobooobooobooooooooobooobonooooDoo
obobooboooobobooooogooooogobdbooooooooboobooooo
gboooobooooobobooboobooboooboboooobooon

O0O00OLorenz (1993) 0014400000 (1.7 00000000000 0OOO

a(n+1) = AX(n)(1 — z(n)),
000000 e=A4/2-A%/400 v=A(1-2X)/20000
v(in+1) =v%*(n) +¢, (4.9)
00000000000000000
vin+1) = wv(n)+v*(n) —w?(n),
win+1) = w(n), (4.10)

0000000000 D000 (410000000 v—-w? 000 0000000000000
(49)0000000000000000000O0O0OOOO0OOOUOOOOOOOOODO
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4.2 0OOO0OOOOO

4.2.1 0O0OO0OO0OO0OOOO

0000000000000 0000000000000000 (1982, p. 148) 00000
Kelvin (1851) D00 OO00OO0OOOQO (principle of dissipation of energy) 00000000
000000000000 (the second law of thermodynamics) 000000000000
godoobobooobobooboobobooobboooobuoobbooboubbooub oo
gobobdoooobooobdooboouooonbooobboobboobobooobobbo
obobooooooobooooooboobobooobobobobobDooooboobog
goooobbboooooobbobodooobbbbooooobbo

0 O O Rayleigh (1873) D000 OO (the dissipative function) 000000000000
O (1982, p.506) 000 O0U0OOUOOOOUOOOO0OOOUOOOUOOODUOOOUODOOOO
obobooboboooooooooooooboboboboboboboboboooboog
0000100000 (a,¥:,2,) 00000000 DO0OOOODOOODO

—kixTi, —Kiyli, —kizZ;
ooooo .
F = % D (kiad? + kiyi? + kiz D), (4.11)
=1
0000000000000 000000000000000000000000000

000000 EQU0OOODO dE/dt = —2F 0000000000000 OOOOO0O
dooo0ooo0nooobooobooboooboooooobooog obgobood

4.2.2 0O00O0O0O0OO0OOO

0000000000 (the dissipative system) O O Levinson (1944) 000000000
gbobooboooooooboobooobobooooDbo

00 44 00000
F(z,y,t)00 G(z,y,t) 000 LO t000000000000000000000000

dufdt = F(z,y,1),
dy/dt = G(x,y,t), (4.12)

0000 +00000000000000 (2(t),y(t) 0000 (z,y) 00000000
limg— oo sup(2?(t) + y2(t)) < R?, (4.13)

00 ROODOUDOOOOOM.11) 000000000000 D(classD)O000OO0OOOO
00000000 (adissipative system for large displacements) 00 0000

cooo0ooboooboooooooooooooooooooooooogooooDo ooo
0o odooooooooogoooooogoo

Levinson (1944) D0 000000000 DOO0D0O0ODOOOODOOOOOODOODODOOOO
O000000000000000 (conservative systems) 00000000000 0O0OO
0000000000000 (non-conservative systems) 0000000000000 000
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gooooboooooboooobooobboooooobooboboOoooobboboboobooOoobo

O000O000OShiraiwa (1977) 0000000000000 00 n000O0O00OO0OOO0OOO
obobooooboobooogobdboobooooooooooooobooboobaon

gbooooboooobooboooooboooooogobooboooooban

423 0O0O0OO0O0OO0OOOOOOODOO

000000000000 Clausius (1865) 0000000000000 DOOO0OOO (an
isolated system) 000000000000 0OO0OOOOOOOOOOUOOOOOOOOOO
0000000000000 000000000000000000000D00O0A0 Nicolis &
Prigogine (1977) D000 O (an open system) 0000000000000 O00O0O0OOOO
0000000000000 00000000000000000000O0OD0O00O0 (the
dissipative structure) 000000000

00000000000 Belousov-Zhabotinsky 00000000 0OODOOOOOODOO
goboboobooooboobboobobooobuooobboobooboobbooa
gL UUYUUg g
obobooooobooooobobobobobouoboobooobbobobobobooba
00000000000 000000000D0000000D00OO0Thompson & Stewart,
1986, O OO O, 198811

O000000000000000000000000000 (2006, personal communica-
tion) 0000000000000 000O00O0OO0O0O0O0OOO0O00O0O0OO00O0OOOOOOOOoOQ

gbooobood

4.3 U0OOOO0OO0OoOooOobbbooooooon

gobooboooboobooobooobooooOoooooobooooboooobooon
goboooboooboobooooooooboooboooooooooooobooOooDboo
gobooooooboooooobooobooobooobooboOoooboooboOooonoo
gobooobooooobooboo
goboooooboobooooboboobooboooobooobooboooooboooobooo
goboooboooobooobooboboooobboooooooooboboooboooooboo
goboobooooooooboobbooooooboooboobbooboobooooonoo
gobooooooboobooobooboooboooOoobOooboOoooboooboooonoo
gobobobooboooobooobooboooboobobobobooooooboooboobooDbo
goooooboooooboobooooboboooobooboboo
obooobobOoooobooooboobboooooobooOoooooobooooboooao
bobOobOoboooboobobooboooboooobobooobooobobooooooooboOoono
goooobooooooooooooboooobooboooboooobooooboboooooDo
goboooboboooooobooboooobooooboooooooooboobooboboDo
gbobobOoooooocoobooooboboboooobooooooooooboooboOono
gboboobooobobooboobooooboooobooooooobooboooboooooonn
ooooooboooobobobooog
gobooOoooooboboooooobobooooooobooooobooOoooboooboaon



040 OO0 vs. OOO 26

gboboboboboboboboooooooobobobooobooobobonobg
gboboooooooboboboboboboooboboboboboooobobobg
gbooobobooobooooobobooobobobooboobooobOobooobOobboonbogn
gobooboooooobooobooboooooobooooooooobooobooooonoo
gboooboobooboobobboobbobooboobgoo
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50 Uob vs, 0t

gobooboobooobooooboooobooooooobooobooooooboooonoo
gobooobbooobbobobooobboobooobbooboboobbooobdg
gbooobooobooood

5.1 UJUuobooooon
5.1.1 0JO04ddooon

000000oooooooooo0o0oooooooDoooooOoOoOo0O0DODOOOO0OOoO
O ((Liapunov) stability of an equilibrium point) 0 00 0O 000 O 0O O Hirsch & Smale,
1974, Chapter 90 00000000000 DOOOOCOO0OOODODODOOOOOOOODODOO
oooooooooo

oo 5.1
e W O (27) 0
dx
E:f(oc), xeR", z(0)=k,
ogooOo0ooooooooOoOoOooooooooogf:W—-EOOOOOOO EOOOO
W OO EDOD C' 00 (continuously differentiable map) 0000000000 W 00O
0Oz 000000U0U000000000O0¢+>000000000 «z(0)O00DOOO =(t)
0odo0ooob  voboobooobbu o0 «*000 U 000000000000 x*
O OO0 (stable)y OO0

oo 5.2
000 «*0000000000000000 U7 0 limyez(t)y=2* 00000000
00000 (asymptotically stable) 00 OO

oo 5.3

000 «*000000000000 (unstable) 00 0000000OU OO 00000
O000000«x(0) e, 000000V OO0OD0O0OOO0OOOOOODOODOOOO0O =(t)
gooooo

goooboooon
e JO0O0O0OODODOODOODODLDOODO
e JOO0OOODOODOODOODOOOOODOO

e OO ODOOODOO
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oooooboobboooboobooobbbo0 «*x000b0o00booo0ooobooobDo
000000000000000000000 (hyperbolic) 00000000000 OOO
gbooooobooooooboooobobooooono

5.1.2 0000000000

gobooobbooboooboooboboobboobbooobooobooon
Oo00ODOO000000O0DODOODOCOCOCOO0O000000000O00bOOOOOdElayd,,
19991

o 5.4

() 0000000000000 2*00e>000000000]az0—a*|<48(6>0)00
O000n>00000| f"(z)—2*|<e00000000 S0O0D0ODOODOOODO
(stable) DO OO

(b) 000 2* 00| @ —a* |<n(n>0)00lim, ez, =2 00000000 p000
0000000 (attracting) 0000000000 2*00np=00000000000
OO0 (a global attractor) 00000000000 (globally attracting) 000000

(¢) D00 2000000000000 DO0O00OO0OODOOO (asymptotically stable equi-
librium) 0000000000 n=0000000000000O (globally asymptotically
stable) 00O OO0

gooOoOoOoo s 00000OD0ODOOOODODODODOODOO zoOOOO 200 6>00
Oo00o00o000d0 n>00000002, 0 200 e>0000000000000000
bbbt ez, 0200000000000

0bob0ob0 «:*00b0b0ob0bd zxp 0000200 np>00000002, 0
n—oo 000000 0000000000000 00DO0O0ODOO0O0ODO0O0O 20O
OO0 0000000000000 00O02, 0 n—0oo000000 20000000
oooo

oob0obo0 «.x00000000000 o0 2z*00p>0000000000 n>0
0000002, 0 200 e>000000000 n—ooO0OO0ODOD 2x0000DO
goood

gooooo
OO000DO0O0O00DOO00000OO000D0O0000ODOElaydi, 1999000000000

oo 5.1
00000000004

z(n+1) = f(z(n)), (5.1)
000000000000000f02*0000000000000000000C

(i) | f(+*)|<1 00002000000

(i) | f/(z*)|>100002* 0000
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00000000000000 ¢ 0 |f/(2*)]|#£1000000 (hyperbolic) 000000
00 5.2
(51) 00000 z* 00000 f(z*)=100000000

(i) f"(z*) 2000002 0000
(i) f"(z*)=0000 f”(2*)>00000z* 0000
(i) f"(z*)=0000 f"(2*)<000002* 000000

00 5.3
(5.1) 00000 ¢* 00000 f(2*)=-100000000
(i) Sf(z*)<000002* 000000

(i) Sf(z*)>00000z* 0000

00000000Sf(x)0 DOOOO0OO0OOO (the Schwarzian derivative of a function f)

goooo
B () _§ 1 () 2
s =t =3 (7) o2

gbooooboooog

ooooOobo0oooOoOooo0DOoOO0oO0O0OO0 kDODOO0ODOO0OkODOOODOOODOODOOOO

0000 OO0 (aperiodic point) 00000000000 O0O0OO0OO0OOOOOOOOO
O Elaydi, 1999

oo 5.5
OsO00fO000O0DODOOODOOOOODOO

() 0 »000D000000 k00000 () =b0000f00(.1)0000000
0000000000000000

z(n+1) = g(x(n), g=r", (5-3)

000000000000000 f00000000000k-000 (k-periodic) O

0000 b00000000() = {b, f(b),...,f*1(»)} 000000 k-00 (k-cycle)
0oooooo

(i) 0 bO000000000 mOOOOO0f"(}) 0 kO00D0000000 kOOO (even-
tually k-periodic) 000000

0000000 (199) 000000k 00000b ODDODOOO0ODOOOOOOO
0000000 (1988, p.54) 0O 0OODOOOOO k-00000O0O0OUODOODOOOOODOOOO
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5.2 U0OOOOOOOODLDOODOO

0000000000000 0000000000000000000000 (morphogenesis)
00000000000 00O0OResen, 1970)0000000000000O00O00OO0OOO
0oo0o0oobooboo0oobooob0ooboooboooDboobOo4000bD00 500
0000000000000 000000000ooO0O0g (the Rashevsky-Turing theory)
(Rashevsky, 1940, Turing, 1952, Waddington, 1957) 00000000000 O0OOOOOO
00000 (unstable equilibrium) D00 00000000000 0000O0OO0O0O0O0O0O
00000000000 00000 (asymptotically stable) 0000000000

0000000000000 000000000O000000O00U0O00OO (equifinality)
000000 (Rosen, 1970)0 0000000000000 00 (asymptotical stability) O O
goooobobbbooooooboobooboo

oo boobooobooboboooDoooDoobooooo
oo0o00oO0ooooOoO0OO000ooo0ooooooo0oooooooooooooooo
ooooooooooooooOoOoooooooooooOooooooooooooOooo
gogoogobooboobobbooobboobobbooobbboobboooboobbo
goooobbbdoooooobbbobooooobobo

5.2.1 0OU00OO0OODLOOOOOOODOOOOO0

00000000 DYNASCALOOOOOOODOOOOooOOOoooooooooooooo
goooobooobobboobooboooooboos14b0boboobooooboooono
goboooboooooboooobooobboooooooboobooboooobooboboOooDbo
gobooboooobOoooboobboooooboobooboooobooboobonoo
obooobooooooobooog

5.2.2 UU00OO0OOOOOODOOOOOO

gogooboooooobobobooooobobbboooobooooobbbuoooobboD
oboobobooobooobooooobobboboboboboooooboboboboboboobg
obobobobooboboboboboobobobOoboobooboobDOobooboDooobog
000000000000 000000000000000000Amari (1977) 000000
00000000000 (McCulloch-Pittsformal neuron) D00 0000000000000
000000000000 00000 (concept-formation) 000000000 OOOOOO
oooobooobooooboobooboobooboobboboobDboOobboOobboOo oo
00 (short-term memory) 00 0000000000000 (long-term memory) OO0 O
000000000000 (synaptic weights) 0000000000 DO0O0O Tsuda (1991)
0000000000000 000000000000000 (nonlinear oscillator) 0 00O
000000000000 (perception) DO0O0OOOOOOOOOOO (concept) 000D
goodobbbbdooooobbbobooooobooooboboog
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5.3 UQOODOO

5.3.1 UO0O0OOOOOO

000000000000 Andronov and Pontrjagin (1937) 0000000000000
0000000000000 00000000000000 LefschetzO0OOOOOOOOO
000001985)00000000000000000000 (Hartman & Grobman’s theorem)
gbobgoooooboooboboboooboobobooboooooobobobobobg
goboooboooboobobooobooobooobboobboobbooobobdg
goboooboooooboboo

goooboooobooboobgooboobgobbobbobbobooboooobod
gboobooboboboboobobooboobobboboobob 0obo0obobdg
gboooooocobooboooobobobooboboo0oooooobooboboboono
gobooboooooooooobooobbooobooooboobooooboooobonoo
gbobobobobooboooobonooooooooobobobobobobobobg
goobooboooboooboooboobodboono gooobobbooooboobobg
goboobooooooboooboboooboobooooobooooobooobooooonoo
goboobooooooooooooobooobooobooboooobooboobonoo
gboboboboobooobobobobobobobobobobobobonoobg
gon

5.3.2 UU0O0OOOOOOOOOOO

1.5 000000DYNASCALOOODOODOOOODOOOD (1.9 ooooooooooo
18000 114000000000 0000D00O00D0ODODOOOOOODODODO
gobooobboobbooboooboboobbooboboooboobboooboobg
goooooobooboooooobooooboobobooboooboooboboOooonoo
gobooboooooobooobooboooooooboooooooobooobooooonoo
gobobogobooobooooboboboboboboboobobobobobbobobg
gboooboooboobgoobobooboobooboobooobobo
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