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Abstract

Information processing of the brain can be defined as the firing dynamics on neural
network. It is a processing style acquired by the evolution of animals to efficiently execute
a computation for survival. In this thesis, several features of information processing
by neural network are made clear with the help of biochemical and the anatomical
restrictions.

First, a neuronal cell model with the synaptic local variables based on the synaptic
buffering due to Ca?t density and a bi-directional synaptic learning rule are constructed
to explain the mechanism of information transmission on neural network.

In our neuronal cell model, the intra-cellular dynamics are given according to the
synaptic local bufferings and their interaction. Explicit description of the intra-cellular
dynamics provides a framework to consider the role of various dendritic structures for
information processing. The synaptic learning rule is given based on the biochemical hy-
pothesis for the synaptic potentiation and depression with Ca?* /calumodulin-dependent
protein kinase Il as central substance. Synaptic localization of the proposed learning
rule clearly separates the neural firing, that is the primary representation for neuronal
information, and the plastic process of the synapses. Several phenomena at the neuronal
cell can be simply explained by our models, for instance the cooperative synapse plastic-
ities and the back-propagating action potentials. In this thesis, we indicate the synaptic
potentiation and depression at cerebellar Purkinje cells as an example for the temporally
dependent synaptic plasticity which are explained on our neuronal cell model.

Functional localization with the module structure such as functional column or sensory
area exists at the nerves system. On the other hand, these modules behave as a single
information processing system as the brain.

In the second part of this thesis, the chaotic neural network model (Nozawa model)
is expanded into module structure. Moreover, the relation between strength of the
intermodule connections and the pattern recalling property at a neural network module
is investigated. Consequently, it was shown that the chaotic neural network models could
be functionally integrated without an external controller or algorithm. Furthermore,
the connection between neural network models creates novelty internal representations
besides the embedded states as a memory. This result suggests that the chaotic dynamics
as an internal mechanism of the neural network works effectively in regard to how the
brain integrates a lot of sensory information.
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k=1

+ 7 mjp x(t —1)

N

pt) =7 Y my Zi(t—1) St 1) (2.8)
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B Rpr+ Rss rQ gsynRBr  Rpr (211)
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0000000000000 000000000000000000000000000
0000000000000000000000000000000000000 [00
1996]0

000000000000000000000000000000000000000
0000O0000000000000000000000150000000000000
0000000000000000000000000000000000000000

000221000000(21)000000000 S 000000000000 Ca2t
O0000O0O0OO0O0O0OEPSPO0OOOOOOOOOOOOOOOOONOOOOODO0O
00 Ca2t000000000000000 Ca2t00000000000000000
000D0000000000000 Ca2*000000000000000000000
0000000000000000000000000 Ca2+0000000000000
0000000000000000000000C.KochO A.Zador00D000O0ODO
00000000000000 Ca2t00000000000000000000000
00000 Ca2t000000000000000000 Ca2t00000000000
00000000 [Koch1993]000OO0OODODO0O0O0OOOO0OOOOOOOODOO0OOOO
0000000000000000000000000000000

0000000000000000000000000000000000000O0
0000000000000 000000000000000000000000000
0000000000000 000000000000000000000000000
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ggoobboobooboobooboboobbbobobbobbobboboon
0 05~14 pm000000000000000O0O0OOO0DO0O0ODOO0O 40~60% 0000
gboobooobogobooooboboooooogoboooooobobooooboobobo
ubboobooboboooboooobooboboobboobooboboobobod
gooooggd

223 00OO0OOOOOOOO

ubooobooobobooboboboooboobobobobooboobbobooobaoon
ggboooobooboobooboboboobobobbobboobooboobooooon
0000000000000 0OOO000OooOoOOOooDOooODOoOoOoOooOER.H-(290
gboboobooobobboobooboobooo
gooobobooboobobobooooboboboboboobooooobobobooon
gboboboooboooboooboboobboboobobobooobobbobboboon
gooboboobobooobobooboooobooboobobbobbobooon
gbbobbooboobooboooobooboboobooboboobooboboon
gooboboobooboobobobobooobooboobobooobbobOoon
goboobooobooooogoooooobbobooobooboooooooooooo
gobooobooooboobooonbon
goooboboobogoboboboooboobooooobooboooooooogoo
00000000000000000000000000000000000 NatO0O0O
00000 KrOOOODDOO0O0O0'000 20000000 0Hodgkin-Huxley 00O
gbbooobbooboobboooboobbooobooboobd
ooboobooooob 2000000000000000O0O0O0ODODDOO0ODOO0ODO
Na"00ODOD0O0000010°Cc000000000000 0.6msec00000 KTOO
000 40msec 000 [Kuffler1984|0000000000000000000O00OO Na™
00000000000000000000000 KtOOoOOoooooooooooo
gbobobobobooooboboboobooboobooboooobobooboooboon
gbboooboooobidlo~O0 msecOO0OO00O0O0O0OO0O0ODOOOODOODO
gooobooboooobobooobogooboboooobooboobobooobon
gboboboobooobboooboboboobooboboboboobobobobooboon
o0booobobobobOoboubd 30msec0D00OD0OO05msecOODODOO
guobooboogoboboobbodibD 1.0msecODO00O00OO0OOOO0OOOOO

0000000000000 00000000000000000Ca*t0 Cl-0000o0oooon
gooooobooooooo
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00000000000000000000000000 500Hz0000000000
0000000000000000000000000000000000000000
00000000 msee 000000000000

000000000 msee 00000000000000000000000O0000
0D00000000000000 msee 0000000000000 00OO0O0OO0
0000000000000000000000000000000000 200000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000

00000000000000000000000000 (2.7)-(29) 00000000
00000000000000000000000000000000000 msec 00
000000000000000000000000000000000000000
lmsec 0000000000 22000000000000000000000000
0000000 S(+)0000000000000000000000000000
02400000000000000000000000000(2.7)-(29) 00000
00000000000000000 S 00000000000000000000
000 Z(t) 0OOODDO00D0000000 pt) 0000 Z(#)-S(¢) 0000000
000000 2(¢) 0000 f:p—200000 ¢0000000000000000
000000000000000000000000000000 4000000000
00000000000000000000000000000000000 22000
00000000 Imsee D00 5=099000000 50msec 00000000

224 0O0O0OOOOOOO

000000000000000000000000000000000000000
000000000000000000000000000 (23)0000000000
00000000000000000000000000000000000(2.3)000
00000000000000000000000000000000000000

0000000000000 00000000000000000000000000
000 [00 1996]0

vi(t) = Z/O fij(7) i(t — 7)dr (2.12)

(1) = gi(t) {vren,i(t) —wi(t)}  (1=1,2,---,N) (2.13)

000 Ow(t), 44(t), ¢:(t) 00000000 ¢t0000:00000000000000
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1.6

LI .|

Synaptic Local Buffer: t)
Membrane Potential at Soma: p(t)

o
[e¢]

[ —

L

L

-

——

Y L IAYAY NRANYININYININ
QL Ll

0 500 1000 1500 2000 2500 3000
Discrete Time: t

1 R

x(t)

024: 0000000 (29)-(29)00000000000000000000
00000;6=099, 8=7=7=1.0, my =my = 0.2, w; = 0.4, 6 =
0.2

0000000000000 000000000f;5(r)0 ;000000000 200
0000000000000 0000Ov,e,:(t)0 000000000000 (reversal
potential)?0 000000 00000000000 DODODOODDOOOO ¢ 0000
000000000000 o000 (1) 0000000000000 0 w(t) ODODODOOoDo

(2.12)0(2.13) 00 OT. Poggio O V. Torre 000 Neumann 0000000000
000000 [Poggiol981,00 1986]0Neumann 0 0 00000000000 O0O0ODO
gogogoooboooubobtbooooooobobboooboobbobouoouoobooboa
000 (23)00000000000000D0OCDOO0O000DODODODODODDOO0O0OO
00o0dbdbooOOobOooo0oobo000bOobobOobOOo0oDOoDbDO00On B. W. Mel
0000 Sigma-Pi(Clusteron) 00 O [Mel1990,Mel1992| 0000000000000

00000(212)0(213)000000000000000(2.7) (290000000
boooooooobobooooboon

‘J0000000000000ODOOOOO
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0000000000 600000(2.12)0000 Avw(t)y00OODOO
Av,-(t):vi(t)—vi(t—é)

t t—6
:ZA fij(T) ij(t—T)dT - Z/O fi]'(’i') ij(t—6—7-)d7-

0000000 f;(r) 0000 000000000000 é(t—7) 00000
000000000000000000000000000000000000000
0000000 600000000000 60000000000000000000
fij(r) =0, (r>6,i#4) 000214 0000000000000

Av;(t) = Z {/06 fii (1) 4;(t —7) dr — /06 fis(7) i;(t— 68 — T)df} (2.15)

00 r<é600000Ff;(r) 000 f; 00O0D0OO0O0O0OOO

Av(t) =3 fi {foéif(f —7)dr- /06

00000000000 200000 7=7+460000000000Av(t) 0000
gbooboooboboboboo

Avi(t) :Z fij {/Dﬁij(t—T) dr—/5

00 (217)000000000000000000000000000000 60000
00000f;00000000004(¢)020000000000000000 (2.3)0
0000000 ¢t0000000000000 m;;000000000000000 8(t)
00000000000000000 200000000000 (21)0000000 ¢
000000000 S 000 Z¢)0000000 bS(t—7) 00000000000
00000021700 é000000000000000000000 AtO0O0OO
000000000000000000000000 (23)0000000000000
00000

000223000000000000000000000000000000000
00000 At00 msece 00000000000000000000000O00O00
000000000 é000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000 2
0000000000000000000000000000000 (f;=00000
00000000000000000000000000000 223000000 msec
0000000000000000000(27)-(29)0000000000000000
0000000000000000

(2.14)

i(t—06— T)dT} (2.16)

26

ij(t-qJ)dT’} (2.17)
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2,25 UO0OO0OOOOOOOO

0000000000000000 S()000000000000000000000
000000000000 mVOOOOO0O0000000000000000000000
0000000000 —70mVO0 +20mVOO00000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000000000000000000000
00000000000000000000 [Mageel997, Markram1997, Sejnowski1997]0]

0000000000(26)00((27)0000040000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000 400000000
000 y00000y<4000000000000000

000000000000000000000000000000000000000
00000000000000000 p(t) 00000000000000000000C
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000 (2.9)
0D00000 p() 000000000000000000 S(¢) 000 (2(¢) =f£{S1®)})
000000000000

23 0OUOUoon

(2.7)-(29)0000000000000O00OO0DOO00OCOOOO0OODOOCOOOOOOD
0000000000000 0oooO0o0oO0ooOD (240000 (25)000000
O OMcCulloch-Pitts DO OOO00O0O0OO0OO0O0O0O0OODOOOOOOOOOOO0OO
ocoooooooooOoOOoooO0OobOO0OO00ooOooOoooOoooooooooOoooono
oooooOooo0O000000o00ooooooooo00oob00o0o0o00oo0ooo0oooo
000000000 (001995 000000000000000000000O00DO0O0OO
ocooooooooooO00o0o0oooooboobooboooooooooooooooooo
cooooooooooooOoooboOboboOoOoOooboOobobbOOOOoOooooooooooo
000000000000 000000ooOoOo0o0oooOoO0/000o000oDOo0ooo
000 OMcCulloch-Pitts 00 000000000000 (Single-point model) O 000
oooooooon

oooooooooOoOoOoOOO0oDOo0oooooooooDObObObObOO0000oo
odooobooooooooooooooooooooooOoOoObOOoOoOobOODOOODOn
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000000000000 0D000 [Sejnowskil997,Koch1997]0 0 000000O0O0ODO
0000000b0000D000000O00000onoooDO0oo00oo0oDOO0oooODooOn
ogoooooooboobooboobooboboooooDoUooDoboboooUobo
0o0o00o0oooooodoobooobobooob0obOooooooobOoobDooDooDo
ooooooooo

Ca2t 0000000000000 000000D00000OT. ChayODOOOOODO
0000000 [Chayl1996,Chay1991,Cartling1991, Katayamal997]0 0 000 0000
gbooooboooobooboooobobooooboobobooboboooobo
0000000000000 bO0O0bO00000O0o0Do0ooDOD0ooOOoDOO0oo0oODonOO
000000000000 oO0o0oooooooooooooDooDnooooooon
0000000000000 000000D000 [Aiharal997, Tatsunol997]00 000
O00000O [Shigematsul992,Shigematsul994,0 0 1995|000 0000030000
0000 Ca>r000000000000000000000000000000000
00000000000 0bO0dbODOO0bO0bO0OD0DOO0oD0D0DODD0oDOOoDO0o0O0ooODOo0DO
00000D0DoOo00O0000o0ooooOOooOoOodgd McCulloch-Pitts 0 OO0 OO OOO
0000000D0000O0ooo30o

000D00d00d0bO0d0DOoOO0bOO00bOoOOo0Oo0oOOoooooDooooooOoooOoag
ooobobobobooooo

2.3.1 0OOOOOOO4do

(2.7)-(29)0000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000

000000000000000000000000000000000000000
0000000000000000000000000000 NOOOOOOOO0O0O0
000000000O0ON O000000000000000000000000000
NOOOOOOOOODDOOO0000000000 NA+(N-1)=N200000
0000040000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000 NOOOOOOOO0O0O0O00000000000000

‘00000000000 00000DD00D00D0O00NDO00NDO0O0N00NDO0ODO00NDoONoonon
oooobooboooooobooooooooooobooboOoboOobOOoobobOoObOOobooOOoObOobObooOboOoosn
ooboooooooo

‘00000000000 00000000000000000000000000000O0O000000
oo
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00000000000 0000000000 [Shigematsul994,00 1995|0 00000
ooobobooobobobobobob 2NvODODObOODODODOO
gooooooooobobobobooooobobobooooboooboooboon
gobooobobobooooobobooboobooobL N—=10000000D00Db00
000000000000000000000000000 N200000000000
goooooboo0 N—-1000000b0b00obobobobobooboooooobobo
goobooogbooooobboobboboobooboobobboooobon
gboooooboobooobooob2240@M00000ODO0ODOOO0O0OOOODOODOD OO
gbobooooboobooooboobobooooooobobooo
gbogboooboobobbooboobobobbobbooobooboobooN
oboboboooboboboboboboboooboboooboboDoDbD NOO
gboboboboooooooooooooooboboooobobobooboboboOog
gboboooboboooboobooooobobooobooooooog

2.3.2 UJ0O0OO0oO0oobooboboobooodod

00000000000 000DO00000O0000000ooOoOOoDOoDOoOooOooOoo
gooooooooooobbooooobooboboooooooDoDboODbOoOOoDOon
oobooOobOo0o0oOooOobboooooogoo

(2.7)-(29)000000000OCO0OOOOO00O0OODOOOOOOOOOOOODO
ooobooboooOooooboboooooOoOooOobooooboobooOoooooDoobooOoo
0000D000000o00ooDooO000obOoO0o0oOO0o0ooO0ooOobOOooOOoooooOd
oooooooooooooooOoOooOooOoOoDOOoOoOoDbOoboOoobDobOoOoDOoooO
oo0ooOoo0oO0ooOoOO0ODOOO0O00OOOO00ODOOOOO0ODOOO0ODOOOOODOn
0000000000 0000O0oU0oOoOOoOoOO0O00DO0DO0obOOO0O0O/oo0b00oobDo
00000000000 00000000o00000o0O0OdO (rectifying properties) O
0000000 0oo0ooO00oo0o0ooooooooooooooooogooooon
oooboooooooooooooO0obOoooOOoOobDoOobDbobooboooDoboOobo
oobOoO0bOOo0o0oDoO0obOooOoDbbobooood

oooobooboooooooboooobbooooobobooobobooobbooooDoOoooo
0000000000000 000000000 (gap junction) 00000000000
00000DO0000o0o00oO0O00O0oo0oooOo0ooOo0oDOoOOoobOoOoood
oooooobooooboOooobooboboOoOooDoOoooboooOooboOooooOooon
oo0oboOoofo0ooOoO0oOo0oO0bOOo0oOoOoOoOoOoDOoOobOOoOoOoOoDOODOOODoO
oooooooobooooooooobooobobo0oooboobboooboooooDon
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gboobooboobbobobobboobuoobuoobooooobooooboboo
gboboboooboboobobobboobbobobooboooboobobboobogoon
gbooogoooooobgoboboobooooooooboooooboboooooobo
0000000000000 000000000000000000 (causality) 00 DODO
goooooogno
booboooboboobooooooboobobooboobobboooan
gbobobooobooooobobobooboobooboopoobobobbooboon
gboooooboobooooboobooobooboboooobobobboboboobooobo
gboboboooboooobobobbbbbobooboobooobooooboooooon
gooboboobooboboobuoooboboboobooboboooboobonoo
gbobooobooboooboobuoobaobooboooooboobobbaooooon
gogobobooobbooobbooobob2sb0b0o0obbbooobobbOoono
gboobobobobobooooobooobooboboobooooobooboboooobo
gboboboobooooobobbobooboboobooooboobbobboboon
gbooooooboboobooobooboobobooobooo
booobooboooobooobouoboobobbobooboobooobogon
goboobooobbbooobbobboobboboobooboooobobboobooon
goobogogoogoooobobooboooooooobobooobooobooobobooo
gogooboboobboooobbooooboobobooboboobooboobboboon
gboogbooboobooooobooooooooogoboboboooboobobboon
gbbooboboobooboobobbobbboboooboonoobobobooobboboooon
goboboobooboobobobobbobobobooboobbooooooooo
gbobobobobobooboboboboboboboboboboobobooDoo
gboooboooboobogboboobooboobobooboobobobooboon
gbobobooooboooobobooboboooboooboobobooooooo
gbboooboobgoubouooboboobooboooboobobobobooonn
W. McCulloch O W. Pitts 0 OO DO OO0 0O00O0O0O0O0O0OOO0O0ODOOODOOODOO
0000000000000 000000000000000 [McCulloch1943|0000O
gboobooobobobobobooboobobooobooboooboooooboooon
Uo0o0b0o0oooboooobbo0oogooDbDOT. Poggioll V. Torre D O OOODODO0O
0000000000000 000000000000000000000 [Poggiol1981]0
goooobooooboboooobobboN bOoboboobobooooboooo
gbbobboobboooobooboboooboboboobobobbobooboon
goboobooobobooobobboobbooooboobooooboobbobooboon
gooooboooboooooooboooboooboooooooobooboooboobo
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gbobobobobboboboboboobboboobooboboobobobbonoo
goboboooboooooooboooboooobooooobobobboobboono
W. McCulloch 0 W. Pitts 0000000000000 OODOOOODODOODOODO
gbobobooboobooboobooboboooobooboobbobboboon
gooogoon

025:00000000000: A:000000000 (Cerebellar Purkinje
cell of the guinea pig; by M. Rapp)0B: CA1 00 00O (CAl pyramidal
neuron from the rat; by B. Claiborne) 0C: 0 00000 OO (Neostriatal
spiny neuron from the rat; by Wilson 1992)0D: 00000 O0000O
(Axonless interneurons of the locust; by G. Laurent). [Segev1995al
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30 tUootuootdbod

Joodbboooooobooobobooobooobobobooobobobobboooon
gobooboboboooobotboobomobobobodboboo bbb oobDoUo o
O0oo0o00oDbobooonDgDie4900 D.O.Hebb DD OOOODOODOODOODOO
O0000000OD0D0O0O0O0O0O [Hebbl949)DO OO OOODOODOODODODOODODODD
0000000000 [Brownl995,Frégnac1995]0

Hebb OO OO0OO0OODODO0ODOODOOODODODODODOOOOODODOODOOOODOO
00 [Willshaw1976,Sejnowskil977, Amari1980]0 0 0 OHebb 00000000 OO0
gogoboogoobobbouooouobobotbdoooobboobooobbooooubbooo
O [Linsker1988, Miller1989, Tanakal990,0 O 1993]0

gooobb2b0bb0bdbddoooooboobbobo0ooooobubooboooboooo
Joboboooooobbdoogobbbooooobbooobobboboooon
000000000000 0000bO0o00bDO”Hebb ODOODOODOODOODOODODO
0000000000000000000000000000D0000000 Ca?2t00
gbooobooobogooboboboobooboobooooobobobooooooooboobo
Ca’t 0000000000000 0000D00000000D00O000000 20
oo0ooDoDo0oD (2.7)-(29)00000000000000DODODOO0OOODOOOOOO
gogobobbdoggouboooouooboobobooooboboobbboooouobooa
Jobboooooboboooobooooooobbo0oooobooooobDooo
ggoooogoogoo

3.1 J0ooboooooonbbd

3.1.1 OOogoobooodd

02000000C2r00000000000000000000000000000
000000000000 000000000/0000000000000000Ca%t0
000000000000000000000D0000000000DO0O0D (2.7)-(2.9) 0

'D0000000000000000000000000000000000000000000000
0000000000000 000000000000 [Adrian1946]0
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00000000000000000000 Ca2t000000oo
O0D0000000C* 00000000000000000000000000
00000000000 [Alberts1994a]0 00000 Ca?2t 000 O0O0O0O0O0ODODODO
010°MO00000D00000000D00000000O000000 Ca2t000
0000000000000000000000 Ca?t-ATP 000 (Ca?2t-ATPase) O
Ca?t/Nat 0000000000000 0D0 Ca2f0000000000000000
0000000000 C2f00 10"MO0O0D0O00D0O0O000000000000D0
000000000000000000000000 Ca2t0000000000000
0000000000000000000000000000000000000000
0 Ca2t0005x107°MO0000000O0D0O0O0OO0O0OO Ca2t0000000
0000000000000000000 Ca2t00000000oooonoon
0000000000000000000000 Ca2f000000000000000
T.Bliss0 T.Lgmo 00 D0 0000000000000 DDODOO O[Bliss1973] 0
00000Ca0000 (calcium chelator) 000000 ODODOO0O0O00000000O0
000 Ca>t000000000000000000D0D00 [Lynch1983]0000000
CA3 00 ON-methyl-D-aspartate(NMDA) D0 O 00000000 NMDA OOOOOOO
Ca’2*000000000000000000000000 [Collingridge1983]0 NMDA
0000000000000 0D0000000000000000 Mg2t0000oooo
000000000000000000000000 non-NMDAODODOOOOODOOO
Onon-NMDA ODOO0OD00O0000O0O000O0O0OOO0O0O00O0O0O0O0OOOOOOOOO
00000OMg2r 0000000 Ca2f0000000000000000000000
000000000000000ONMDAOOOOOOOODODOOOOD Ca2t000000
0000000000000 00000000000ONMDA O OODOOOOOOOOO
000000000 Cx>t00000000000000000000 [Kimural990,0
01996]0Ca2T 0 0000000000000 000000D0O0DDO00000000
0000000000000 000000000 Ca2f0000n/o00ooooon
000000000000 0199000 A. Artola 0000000000 [Artolal990]0
0000000000000000000 C2F00000000000000000
00000 Ca2t 000000000000000000000000000000D0
0000C2*00000000000000000000000D0000000000
0000000000000000 Ca2t00000000000000/000000
00000000000000000000000000 [Sejnowskil977] 0 BCM O
0 [Beinenstock1982] 0 D 00 000000000000 O000O0O0OOON Ca?t O
00000000000000000000000000
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3.1.2 0Ogugbooooobo

0000 Ca2t00000000000000000000000000000000
000000o0ooOo0o0O0000oooooOO0oooooooOoBCMOOOODODOO
0000000000000 000000/0000000000D0 A Artola000ODO
O00C2 00000000000000000000000000000000000
00000000000000000000000 Ca?T00000000000000
O0000000000000000 J. Lisman 000 [Lismanl989)0 0000000
goooooooooooooooooad

goooooooooooon J.LismanDDDDDDDDDDDDCa2+/DDDDD
0000000000000000000 C2t/00000000000000000
O II (Ca?t/calumodulin-dependent protein kinase II)J 0 0 O0CaM-0 0 00 II00 00
0000000000 000000000000 (calmodulin) 00000000000
goooooooooono 10000 oooonooo400onooa
0 Ca?t00000000C200000000000000000000000 3.1
0000000000 Ca>2 0000000000 Ca2t/0000000000000
oo oooooo
O0000oooO0oooooOo0o0bO0o0ooooooocCcaM-0000 ITO00 CaM-
DDDDDDDDDDDDDDC&M—DDDDDDDDDDDDDC&2+/DDDDDDD
0o0o0o0obooooooooooboboooooooboooobooooooooooooo
000 Ca2t0000000000000000000000000000000 LO
0000 (myosin Light chain kinase) 00 00 000000000000 OOOOOO
0000 (glycogen phosphorylase kinase) 000000000 CaM-000000000
O [Alberts1994a|0

CaM-OOOO NOoOOoOooODOOoOoOooooDno CaM-OOODOOOODOOOOOODO
00000000000000000000 2% 0000000000000020CaM-
0000 nmMoooooooooooodooooooooooocaM-O00O0O IT0Qd
00000 (autophosphorylation) 0 00 0000000000000 0OODOOOOOO
320CaM-000DO HDDCa2+/DDDDDDDDDDDDDDDDDDDDDDDD
ooodoboooooooooobooooobooooonooooooooooooon
0000000MO0000C2T 000000000 Ca2t/000000000000
dodocCaM-O0O00O NMOOoOoooooooooooooooooon CaM-000
O0II00000000000000 (phosphatase) 1000000000000 OOODO
0000 [Hansonl992]0

J.Lisman O OO0 CaM-OOOO NMOOOOO0OOO0OODOOOOODOOOODOOOO

00000000 CaM-00DDO00O000D0O0D0OCaM-0000 I0IVOOODODODODO0ODD0O0O
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=<5

0 3.1: Ca2t/0000000000. [Alberts1994b] 0 00 O

Phosphatase

Calcium/Calmodulin-independent ACTIVE INACTIVE

CalciunmyCalmodulin

ACTIVE

Completely ACTIVE

0 3.2: CaM-0000 I OODOOODO. [Alberts1994b] 0 00 O
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synaptic weight storage by CaM-Kinase

Ca/Calmudulin > Ca-dependent Ca-independent
autophosphorylation autophosphorylation

CaM-K «—— CaM-K

3 PO 30 PO,

CaM-K

dephosphorylation 4 dephosphorylation

f f

ACTIVE PHOSPHATASE 1

A

High Ca
¥
CYCLASE PDE

ATP —> cAMP — AMP increase synaptic efficacy
AN

CAMP KINASE

INHIBITOR1 —— |INHIBITOR 1 ==
phosphorylated
phosphatase \

L »
Voderate Ca CALCINEURIN

\ 4

INACTIVE PHOSPHATASE 1
bound to phosphorylated INHIBITOR 1

033 CaM-UDUODO Nopooobobooooboooooooboobuooog
0000000, CaM-K: Ca2t/000000000000000000
O I ATP: 00000 3000, cAMP: D0 D00OOO0OOOO0O, AMP:
ooooo1000,CYCLASE: 0000 oooDoo,pPDE:O0DODODO
O000000. [Lisman1989] 0 00 O

0/00000330000000000000000O0

000000000 NMDAOOOOOOOOOO Ca2t0000000000Ca%+/0
0o0o0obooooogono caM-ODOOO N DODDOODODOOOODOODODOODOOODODOD
0 CaM-O0O0OD IIO0D000D000D0OC2T0000000000000000000
gogobogooooobdoodb 1ogooboobooooobbooubboooouoa
000000000000000000000000D0DOC2t 000000000000
oooboooboooobbooobobOooboooobbooocaM-ODOO0D IUOoDO
000000 oobo0ooooboboooO0ooooooboooooooog CaM-ODOO
0100000 /00oo0000ooo00oooooo0oooooooooooooo
O0000000/00000 (expression) 1000000000000 OOOOOOODO
0000000 I0 (induction)-IT O (maintenance) 000000000000 OO 3.3
000000000 Cx2r00000000000000000000000000n0a
godobtbdoogoubtooobobobtbdoooobbooooobboooouobooo
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0000000000C200000000000000000000000 1000
00o0o00000000ooOoooooooOOOO0OO0O0O0O0O0/0000OoOoooboooo
gbooboboboboboboboo

3.2 UO0O0ooooooobbod

3.2.1 0000000

0330000000000000ODOO0ODOODODOODO/ODODOODODODODOODDDOO
gooboooboooooobooboboobbobobbobboobboobbooboon
goboooobooboobobobobobooobobobbobbobboboboo
gbobotoodbogoguboooobobooboboboboooobooobbg 3.3
0000000000000000000000000000003 000000000
U0 J. Lisman 00000000000 O0O0O00O00OODOOOO0OOO

CaM-00U0O0 IO00OO0O0O0/000000000/00000000 N0O00oooo
000000O0o0O0OO000OD0O000O0O0D00O0OoOCOOOODOODOOOOO/0000
000 CaM-0000 NODODOOO00000D0O000D00000000D0000DOCa%t/
000000000000000000000 Ca2t0000000000000000g
000000000Ca?T0Ca2T/0000000000000000000CaM-000
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1+ exp (—@)
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O00CM-U000O0 IIOD0000000000000000000Aw(t)>0000
000CaM-0D000 NIO00000D0000D Ca2t/0000000000000000
0000000000000 Ca>t000000000000000D00000 Ca?t0O
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Aw(t) = (3.1)

*0000000000000000000000Ca?t000400000000000000000
0 [Ogreid1982, Pifi1984] 0



3.2 DOO00O0ODODOOO0OOO0O 31

00000000 Ca?2r00000000 6, 00000000000 Awt(t) 0000
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14 exp (—m)

Awt(t) = (3.2)

Qp

0000e, 000000000000000DO00DOOOS(t) 00000000000
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O00CaM-0000 NODODDO0D000D0DOC?T0C2/000000000
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O00CaM-0000 II0000000000000C2*000000000CaM-000
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000000000000 00000000000000 wi) ODOOO0<w(t) <10
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1 —w(t)
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0000000000000 000000000000000000 (Protein Phosphatase
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gob InogoooboooooobobobooboooboooooboooooDoboooDo
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1+ exp (— S(t)—6a

agw(t)

Aw™ () = —

) exp(—cx) (3.4)
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0000 ¢0 cAMPODOOOOO0O00000000OOO0O0O0000

000000000000000000000000006000000000000
Awt(t) 0 Aw (1) 000000000000000000000

1—w(t) B w(t)
S(t)*ep S(t)—6
1+eXP(‘EEF%Eﬁ> 1+eXP<‘5ﬁH#)

‘00000000 ((27)~29000000000000000 S(+)000000
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-0.5

-1.0

1.0

0.5
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S(1)
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0.0

Aw(t)

-1.0

1.0 |
w=0.2

S()

05 \10—/ 15 20 25

S(t)\ 0.0

Aw(t)

0.5 1.0 15 2.0 25

-1.0 |-

1.0
w=0.4

)

w=1.0

S(t)‘ 0.0

Aw(t)

0.5 1.0 15 2.0 25

-05

-1.0

S()

0.5 0 15 " 25

03.4: Ca?2t-0000000D000000O(.5)00: w=0.0~ 1.0 0p =

1.3, 0,=1.0, ap = ag = 0.1, ¢ = 1.0.
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140 132%
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Positive (g = 0.8)

T e CRREERE
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Negative (q = -0.8) 74%
(]
Uncorrelate (g = 0.0)

50 T 1
-1.0 0.0 1.0
Coefficient of Correlation : q
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3.3.3 0OOoooobboo
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00000000000000000/00000000000000000000 Ca?t
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Synaptic Local Buffer : S(t)
Membrane Potential at Soma: p(t)
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03.7.0000000000000000000000O: w(0) = 0.5, b =
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ag=0.1, ¢=1.0, 6§ = 0.0005.
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Middlebrooks1980|00 0 000000000000 OOOOOOOOOOOOODOOOO
0oo00ooooooOobOoob0OoooboooooObobOobOOOoDbOOoDbDbOOobOoDbO
0000000000000 00o0oOO0o0DO0000DOOoooOoooODDOOoo00ooODOoDO
0oo00oooo0obOdbo0ob0ooobobo0oooboooobOobDooDobOoooDOoDbOoDbO
000000000000 0bO0oO0o00oO0o0DO00O00D0ooODOoDO0ooDOoOoDOOoDO
0ooDoO0oooooaoto

000000000000 /00000000000000O00D0D0ooUoooooo
0000D00o0oO00o0oooo0oooDoOo00oDoD0DOO0o00oo0oooOoOooDOoon
000000000 [Sanol995,0 0 1996,0 O 1997]0

O0000DOO000000oODO0O0DOO00OD0bOO00DO00ODO00DOOooDoOOoon
0000000000000 00000D000 [Koskol989, Kobayashil993,0 O 1994,
Happell994]0 0000000000000 0OODOOOOOOODOOOODOOODODODOO
00000d0do0db0odDOO0bOO00oOdbOoodbOoooooOooDOooooooood
doo0odbobooooOoooo0o0Ooo0bO0oooOoboDOobobooobobooOOooOoobOo
0oo0ooooood

ooooootbdooogbooboboooooobobuobbooboboooobooo
0000000oO00ooooOoO00o0DooO0ooooOo0D0ooO0DODDOOo0oooDooooo
gobD200b000000b000bb00obDoobbOooDooObODoobDOogoOo
dodo0doobooooOobOobOoooDo0ob0oooOoboDoobOoOooDOOobOobOOoOobOoDbo
00000000 oooodoooodoooooooooooDo0o0oDooO0ooooDoOoon
0000000000000 00O000000D0ODO0ODODDDOODOODOOD00OO (binding
problem)00 00 0000000000000 O0OO (common sense) 10000000
gbobooboboooboboboobooooouooboooo

000000000000 M.S. Gazzaniga 0 0000 (Social Brain)0O D 000000000
0 [Gazzanigal985]0
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041 0000000000000

4.1 0OO0O0OOOOoOoOOoon

goboooobooobooooooboooooooogbooooboooobooon

gboobobobobobobboobooobboobobooooo 410b0o0b0Oo0on
gopbooooogon

4.1.1 20 Nozawa O0O0O

uboboogobooboooboboobobbooozuoooboboooooobobog 2d
Nozawa D0 00000020 0000000000000000000O0000OO00OO
godgoobooobbobioodoooboobobo200oooooooboboooa
oooooboobbbbbobtboduouooouoo

gooobogobbbooooobobooobooogbobobboboobooooon
000000000000 Nozawa 000 [Nozawal992]00O OO0 DO

piln+1) = Fyum{pi(n)} (4.1)
N

G) = 24 S Tt + 1 (t2)
i

with Fy(p) = rp + (1 —7) [1 - % {1 + tanh (1?2_5(1) }] (4.3)

O000Op(n) 000 nO00000000:00000000¢(n)000000O00OO
ooo7; 00000 4, j0000000Lb00000000CO0-,00000000
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Module | Modulell

042 2000000000000000

odoooooogo
«@

S (14)

O0000000000000000 Nozawa U0 00O OHopfield 00 O [Hopfield1982]
000000000000 000000000D0000000000 ONozawa OO OO O
00000000000 000000 [Aiharal990,Adachil992]0 0000000000
0d0ooooooooobOO0ooooobOo0obOoobOoobOobOoooobOoooOooon
00000000 Nozawa DOOODOOODOO

O000(4.1)-(4.3)0 O Nozawa 0000000000000 O0O0OO0ODODOO
0000 Nozawa OO0 O OO0OOO0OO0O0O Nozawa OO OO ONozawa OO OO OO0
JdoddbOdooDodoDbOOdobddooooboobooo2000oo0onooooo
20 Nozawa 0O OO OO0

pin+1) =  Fyuinm)} (4.5)
1 N M

aln) = A=) Ty + ¢ Y Thrkn) + Ly (4.6)
j#i k=1

with ﬂ@)=Tp+(LﬂﬂP—;{1+MM(z;g}] (4.7)

20000 ONozawa 100000000 Nozawa 0000 (4.2)0 0000000000
000000 @4.6)0002000000000(4.6)000000p,(n) 0000000
000000000007, 00000000000000000000e,M 00000
0000000000000000000000004202000000000000

googo
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4.1.2 0OD0OO0O0O0OO0OO0OOOO

00000 5)0-4.H00000 200 Nozawa D0 00000000000 0O0O
gboooogoobobooboboooobobooooboooobooboobobo
OO000oob0oobobUob 20 Nezawa UOUOOOOOUODOODOODOOD 4200
gboo20000000 1000000000 I'sI00000O0OO0ODOODOODOO
OI=1I000000

gobooboobbogboob200bbooooooboobboboobbooon
gbboboobooobobboboboobooobobbobooboboooboan
gboboboboooooboooboooooboobuobobobbobobooooobboon
gbobooogoooooobgboboooobooogooboobooboooooobo
00000000000000000000%0000000000000000000
goboopooooboooooobooboo

000200000 Nezawa OO OOOOODDOODOOODDOOODOOODOOODODOO
U0 MOOODODODOOODOOOOODOooOOoDOobOobOoooobouobooooooo
O0O0O0042000000000M toallO0OD0 200000 Nozawa U OODODODO
U000l to MOM to M DOUOUOODOODOODOODOODOODOOODODODO
gooboboobb MOooboOobObOoobbobbooboobbooobooo
gboboboobooobobbooobooooboboobooouooboooboaoo
gooboobobooboooboboo0ooboobobobobobD0oDOon0 Mtoall OO
gboooobobooobooooooobobooobobobooo o, 1b0b0O00ooon
ogoooooobooooboooobobuobobobo MOODOooOOooDobooobooo
DO00OOMtoal DODODOUODOOO0O0O0ODOAl to MOOO MtoM OODOODOODO
0000000000000O0000000D (0D 19950

4.1.3 0OD0OO0OO0OOOOOOOO0OOO

goooboboboobooboobobogboooooobogbooooobobobooon
ggobooboboooboboobooboboobbooboobboboooobobuoobboobo
gobooooboobooboboobbboobobboobobbobbobooon
gbobobobooboboobobbobboboobooboobobo 20000000
goon

goooboobboboboooooobobobooooboooboboboboooboooo
gogooboobooboobboobobboobobooboobuoobooboon

‘D00000 v400O0 V10OOOOODOOOO0OO0O0DO00000O00000000000000000
000000000 [Felleman1991]0
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gboboodbooboobuooboobooboobooooboooboooboodg
goboboobooboobooboooooboboboboooobooobooboon
goboboboboooobgoooboooobooobobbobbobobbooobobo
goboboobooboo
gbobooboboboobooboobooboobuoobbobooboboobooon
gboboboboboboobobbobobbobobbobbobboobOooooon
gboboboboobobooboooobobooboobooboboooboobooboon
goboobobooogoboooooboobboboobooooboooooobobo
gboboooboooboooboobooboobooboboobobooboobooboon
gobooboooobobobooboboobooo
ubooboboubooobobbobooooobobbobbobooboboooboan
gbooboobobobobobobuobooboobobooobobobbobooog
gbooooobogobobobobooboooboboboooobooooooboboon
Ooo0ooboobo 20 Nezawa UOOODOOOOOODOODODODODOOOODDOOOO
gobooobooooboobooobooboobboobuoobbuooboboo

4.2 0OJ0O0OOOOO

4.2.1 Hebb UOUOOOOODOODOO

000000000000 20 Nozawa OO0 O0OO0O00O0O00O0O00O 16000
0000000000 (M=1600000000000000000000000000
001600000 20000000000000000000160000000000
000000000000000000000000000300000000000 2
0000000 100000000 C,F,40 [Hopfield1984]000000 1100000
oog ¢, F,4 000000

ooooo I
c=1{0, 1, 1, 00 F=4{0, 1, 1, 1, 4= {1, 0, 0, O,
1, 0, 0, 1, , 0, 0, 0, 1, 0, 0, 1,
1, 0, 0, 0, 1, 1, 1, 0, ,1,01, 1,
0, 1, 1, 1} 1, 0, 0, 0} 0, 0, 0, 1}
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ooooO IT:
c'= {0, 1, 0, 1, F'= {1, 0, 0, 0, 4= {0, 1, 1, 1,
1, 0, 0, 1, 1, 0, 1, O, , 0, 1, 0O,
1, 0, 0, 1, , 0, 1, O, , 0, 1, 0,
0, 1, 1, 0} 0, 1, 1, 1} , 1, 1, 0}

Oooooboo2000000000 HebbOODODOOoOoooooOooooooooo
OO0O0O0O0OHebb DOOOOOOOOOOO0OOOCOO T 0000000000000O
ooo

3
Ty =Y (2Vu—1)(2V,; — 1) (4.8)

0000Ve(={Ve, --,Vie},s=1,2,3)0000000000000000000
00020000000000 7, 000000 HebbO0OOOO DO

3
Th=Y 2V —1) (2V — 1) (4.9)
s=1
O00O00O00o0o0 100 nNoooooooooooooon VS(:{I/;l,---,V;le},s:
1,2,3)0Vi(={V}, -+ ,Vl},s=1,2,3) 000 000000000000000 74, 00
00000 I00 0000000 30000000000000O0Hebb D OODOO
DDDDDDDDDDDDDDDDDT{,CDDDDDDDD 000ooooooooon
Ce(C; FeF,44000Hebb 0000000

4.2.2 0OO0O0O0OO0OO0OODO

0000000000000000000D0 200000 Nozawa 000D (4.5)0-
(4.7)D0O0O0OD0DU00OU00ODODOOOOOO0O0O0DODODODOOOOOOOODOOOO

ybobbbooooooooooboboo, 102 nboobboboOobooo
0000000000 ¢(n) D000 O, 10000000ODOODODO ¢s(n)DODOODO
0000 [Nozawal992]O

biln) = 1 for ¢(n) 2 ¢ (4.10)
0 for ¢i(n) < g
n—1 M

with g= 33" gi(r)

7=0 =1
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Pattern Rate Pattern Rate

1.0 1.0

0.5

0.0
1.0

0.8

0.4 weight:€

Number: M

15

043:200000 Nozawa UOODOO0O0O0OO0 DODOODOOODODOO
O0D000: 00000000000 CO0DDOoOoooooon (n=
5000 ~ 20000)

OO00000O0O000 Nozawa DD OOO0OOCOOOHebh ODOOCODOOOODOODO
000000000000 00000000000 [Nozawal992,Adachil992]0 0000
U0000020 Noezawa UODOODO0OOD0OODO0ODODOOOOODOOODOODODOOOO
gooooooo

ooobobobo0 moooooooooobboobbooobooboooDboboOoD coobooo
oooobobobo4300000Db000O0ODODO0 M=eDUOOOODODO 0LML
16, 01 < <10 0000000 n=5000~ 20000 0000000000000 0O00O0
gbobooooogon

0430000000 (M=e=0)0000 Nozawa U0 0000000020000
U Nozawa U0 000000 0O0ODOOO0OOO ebO0OO0O0OODOODODODOOO
ogooooobooooooboooboooo Iooooob MODODOOUOO
0000 1000p0o0ooo (C,F,49000000000000000000D0O0O0
gogbobooboobbo430ooooooobbobooobboooobooaon
gboboooboboobobbobuobuoobobbbo4s3s0o™bobobOobOon
gboboobooo MOoooooooob nNoooobobooooobooobooooon
olobooboobobooobooobbooboo0 Nooooboboooooobooo
goo

uboobooboobooooboobooobbobbooboobobbobogn
gogobbooboooo 10 noooboooobb MOoObOoOoOoOobObOoOooooo
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T

Module 1 —

Moduleill _——
!

, Pattern

L L L L L L L
19850 19880 19920 19960 20000
Time

044: 200000 Nozawa UOUODODOOO0OOODO: M =7, =0.5. 0
gbbooooobbooboboobobooooboaoon.

gloogbnooboboobobooboboboobobooboo 440 M
000000 200000000000 (4900000000000 00O0OOOOODO
ooo

4.3 0OO0O0UOOOO

Uo0o00oooooob200000 Nezawa OO ODOOODOOOOODODOOOODO
gooobboboboooooobobobooooooooboobobboobooon
00200000 Nezawa DO DO ODOODOODODODO

4.3.1 0OO0O0OO

20 Nozawa 00 000000000000 O000O00O0O0O0OOOOOOODO200
000 Nozawa 00 000000000000 O00000C0O HebbOOOOOODOODO
010 C F,40000000 00 C,F,40000000

200000000000000000000000000000O000000000
0000000000000 000000000000000000000000000
00000000000 000000O0

a. lowfree to fix: OJO0O00 NOOOODODOO (free)0
00000 10000000000 (ix)0
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b. flow—fix to free: 00000 IIO0O00O00O0000O (fix)O
0000010000000 (free)d

c. flow—fix to diff.fix: O0000 T OO0OO0O0O0O0OOOOO (fix)O
goooo I1obogbb nooooboboooboboooo
0000 (different fix)O

d. flow—free to free: 00000 IIOOOO0O0OO (free)d
0000010000000 (free)d

e. flow—fix to fix: 00000 N0000000000 (6x)0
000001000000 N00000000000000
000 (fx)0

d. flow-freetofree 0000000 DOO0OO0OOOOODOOOODOOOOOOOO
O000Db0b00bbO0d43de. flow-fixtofix DO DOOODOODOOOOODOODO
0200000000000000000000000000O0F O F'OOO0ODOOOO
gbooooboooobooboboboooooboobooobobooboboobobooonoo
goboobobogobooooboboooooboboooobooboooobbooboobo
U000 a—c. 020 Nozawa 00000 0OD0OO0OODODODO

200000 Nozawa JOUODODO0ODOODOOO0ODODOODOO Nozawa OO O ODOO
(46) 0000 ,O0OODODDOOOOOOO [Nozawal992]0

0.08 T for k;i=0
I;=40.09T for k; = ‘nothing’ (4.11)

0.10T for k=1
(4.11)00000O 0.08,0.09,0.10 0 0(4.6)0 0 ﬂj:ﬂ!k:ODDDDDDDDDDDD
000000 ¢(n)=L/T000000(411)0000g(») D0D0O00000D00

oboooooodo o O00bobbooooboboooboboo0o b0 ooboooooo
K={ki,ks,--- kg OO0 07T 0000000000000 T'=1500000

4.3.2 0O0O0O0O0 Nozawa OO OOOOOO

043000000000d. flow-freetofree 00000000 0OOO0OOO0O a.—c.
0000000000000 O0O0O0O0O0 450 e. flowfixtodifffix OO0 OO OOOOO
0000000000000 D00D00000 10 COoDOoOoDbOO IOoO FMOOOO
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attern Rate

1.0

0.5

0.0

1.0

0.8

0.4 Weight: €
10

Number: M = - Number: M 702

O 45: 200000 Nozawa DO ODUOOOO0D DODODOOOODODODO
00 c. flow-fix todiff.fix : OOOODOOOO0OOO cobOoog FO
000 (n= 5000~ 20000)

ooooobo noo 1o0cboboooooobobbb45000D00D00I0OO
000000 CO FOOOOOO NIOO0OO0O FFOOOOODOOOOOOOO0OO

O4500 000000000 T00DOOOD cOOOODOOoODLDOOO0 MOOD
000 (M>0)00000000000000D0O000O0ODDO0O0O0O0O0O0OO e0OODO
ooooboOMOOOOobOOobOboOccOoOoooDOOoOoDbObObOUOUD e0OOODDOO
gboboobooboobobbobboboobooboobobobobooooon
gbobooboobooboobboooboo4sbboobooboonooooboon
FOO0D000000 FOOODODOODOODODOOOODODOOD MOOODOODODOODOOOOO
gboooooooon

4.3.3 00O

gbogbooboobobobobboboobobbobobobobobboboon
ogoboobobooboobobobooboboobbooooboobbooooboon
goboobooboobooboobobooooboooboobbooobooobon
goobobooooooooboobboobooooboobbooooooobobooboobboo
/00000000 D0O0O0o0oobo0ooooo{cr,4; 000000000060 000
ooo0o0o0o0ooOol1/6e0000OOOOOODO

uobobb a—c. DOO00DO0OO0OO0OD0OOO0ODODOO0ODOO0OOOODOOO 4.6-0 4.8
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<
—i

1.0

0.6
0.6

0.2
0.2

5 M 10 15 5 MlO 15
O 4.6: a. flow—free to fix 00 O 4.7: b. flow—fix to free 0 O
ood: oooo ¢, O go0o. ooog Fy, O
ooono L mmooood o000 L,mmooood
goooo ¢,cooo’. Oo0ooo ‘ooo, F.

gooobooboogoooboobbbob MeODODOODDOODDOOODDOODO
gboboboobooboobooooboobooboobobbobboooooboooon
gbooboobobooboboooobooboobobbobobobbobboboon
goo

a. flow—free to fixO0 0 46000 000000000000 cOoOOOOOOOOOTlI
gooogcoobobooboobooboooboooobooD 1ooooobboooooo
oobo0 nooboooooobbobboobboobobobbo46000000D0ODO
00o000o0oo0ooO0ooooO0I0O0O00O0UO0OD ()0 IOoDOoOoOUOooOooDOoOo
O00D0o00DDoO00 Ma. flowfreeto ix U0 00O OOO0DOOOOOOOOOOO
gbobooobooboooboobbooobboobooooboobooboboooon

b. flow—fix to freed] 0 4.700 000000 FOOODOD0O0O0O0 DO0D0OO0O0OOOO
o000 FOOOOODOOOCOCODOOOOODDOOOOOOOOOD ™Mb, flow-fix to
free0 00000 I00D0OO0OO0ODOOOOOODODOODOOOODODODDOOO
ooboooboooboobobooobo 1oboooobboobooO0 Hoooooooooodh.
flow-fixtofree DO OOO0DOOOODOODODOOOOODOODOOOOODOOOD IDOOD
gooooooo

c. flow-fix to difffix0 0 4800 000 a.Ob. OO0OO0ODOOODOOOOOODOO
O00c. flowfix todiff.fix 00000000 I0 CO0ONMOO FOIO FOOOOO
oooooooooooboooobb4800b0bO0O000OOUoOoo IDODODDOD CO
000000 FOIDO FOOOOODOOOODOODOOOODOOOOoO

c. JO0ODOOOODOOO CcOhOoOoUobDbOoOoODbObOOOoODODOOoOoDbOODO F
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15

0 4.8: c. lowfixto diffix 00 O00: 0000000000 ¢, F; 0000
0LII0O000000000 C,F

goboooobooobooboooobbobo Iobbooboobobooobooooboooooobo
oIlgbooobooooobooboobob 200b00obo0obooobooobooboon
4800 000Db0b00ooboobbUbo0bUobobob0ooUoLD cogooogooboo
o0o0o0ooobooOobOobOo 4800b00b0O00b I00O0ODOOOO CchOoOOO
U nooooooboobgoobD FOOOODODODODOODOODODDODDOODO
ed0ooooooooboooboOoo0L0 yMODOOODODDOODOOOOODOD ©
gbbooobooobooobon

gbooboooooboobobooooboo 4900000 4900020000000
gbboobboobobooobobbobboboobooboobobooboaoon
gbobobobooboooobobboobbobooboboopoooboboboboboon
gboooogoobboooobobooogooboooooboobobobobobooboobobo
goooo

4.3.4 0O0OOO0OOO0OOOOOOO0

0000000 /00/0000000000000000O000O0000000O0OO
gbobobobooooooboobobbobbbbooooboooboooobobooboon
goboboboobooooobobobbobboobobobooobbobbobbooon
0000000 000b0o00200000 Nozawa DO OOOOOOOOOODOODDO
M--0O00O0O0ODOODOOO0ODOOOODOODOODOODODOObODbOObeOODOn
gbogooboobogoboboooboboboobobobooobooobooboboooooo
OodbodbOe. flow-fix to diff fix 00000 490000000000 000O00O0O
gboooooobooooooobooooobobooooboboboooboboooooobo
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: Modulé 1 —
' Module 11— —
a b R T I s
FFrA-- -m - - - - ‘7 == - — L ~ F
- Al - ‘ - ‘ - |- C
=t . ) .
S ! ! \
= L - --4d- LU o
= ) }
o
Cr-HAF-------"==-=--+H4---*+----~---- - - -4 C
Fr-ro-r--"-----"=-=-~=lralr---+---=-=-=-=-==---- -1-F
g4 p- UL e —4-4
N N N
19850 19880 19920 19960 20000

049:200000 Nozawa DO OOO0OO0OODODONO: flow—fix to diff.fix,
M=7=02.00000000000000000O00O00DOOOOO
oo.

gbooooon

gbooobobooobooooo 2b0o0boobobbooooobooooboon
gbbooboboobbtooobbooooboboooboobobbooobooonoong
goboboobooooboobobbobooboobooboboooobooboon
gboboboboboboboboboboboboboboboboboboo

046-048000000000 a-—c. OOD0DDOODOO0OOO0ODOODOODODOODOO
goobobooobooboooboboobobooboobooboobobobooon
gboooobooobooooobooo

Uo0o00booooboobodbd200000 Nezawa UDDOODOODOODOO
gboobooobooogoooobooooobobbobb20bbb0bO0bO0bOobOoDO
gboboobooboobobooobooboobobobobbobooooboooboboz20o0n
000 Nezawa DD DUO0DODOO0ODODOODOOODODODODODO

U0O0000boO0o0obD0O 200000 Nezawa DUOUODOODOODOOODOODOOODO
gooobdoboobooooooooboobooby a—e. DOgboobOOoDOOnDO
000000000 000oooooOoOOO/O00000000OO0O0O0O0OOOOO
oooonooobooboooobooboobooog 200000 NozawaUOOOOOOO
gboobobobobobooobobuoboboboboboobog

ubobdoodooboo4e-04800000000000O000O0O0O0O0OOOODO2
0000 Nezawa UUODOO0ODOO0ODOOOODOODODOOOODO 41000000
ooo00oO0obOoOoobDOoDOO000DObDbO0o0oDCOO00OMteallDOOOO
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1.0

0.6

0.2

&A

5 10 15
M

0 4.10: 00/000000000O0ODOOCOOODOOOOO

T<M<13,01<e<0200000000000200000 Nozawa 0ODO all to
M, MtoMUODODODOODODODOOODOOODODOOODODODODODODOODD

4.3.5 UO0OOOOO0OO0OOODOOOO0OOOOOOd

000200000 Nozawa U0 OOOOOOODODOODODODOOOOOOOOOOOY/
ggooobtboooduoboboooobouoobbouboooooobooobobodoooda
goooooo

Nozawa UU DO 0O0O0O000DOODOOODOODOODOOOOOOODOOOOOODOO
gogbbbtbdoouboooouoboboooobbtoooooobobbooooobooo
000000000000000D0%00000000000000000000000
0000000 Lyapunov 0000000 OO O[Oseledec1968| 0 00 O

NOOODOOODODOOO0OO0 +00 n0OD0D000 w,(t)D0D0O0ODOOOO0OO

1 ¢
K, = lim *log| "V (4.12)
t—oo t vn(O)
000000000000000 Oseledec 100000 00 [0
Ko=00000
No= Ki — Ki1, i=1,2,---,N (4.13)

000000000 {A3A1 > A2 > - > Ay} 0 Lyapunov DO O0000 00000
Lyapunov U0 00000000 O0DOOOD0OODOOODOODOOODOOOOOOOOOODO
gooogo

*00000000000000 CML(Coupled Map Lattice) 000D O00O000000 [Kaneko1990,
Kaneko1993]0
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0.4 weight: €

0.2

0 4.11: 200000 Nozawa U0 00000 Lyapunov OO (O) O Lyapunov
00 (O): M to all, a. flow—free to fix

doooooboooooonoooobooooooooooooooooooooaa
000000000000 000 (413)00 Lyapunov 0000000 OO0DODOOO
0 Lyapunov 00O [Frederickson1983,Farmer1983]0 0000 O
Ty

Dy = j+ ==l

(4.14)
[ Aj+1]

Jj+1

j
where Z)\i >0, Z)\i <0
=1

i=1
2000000000 oobobobooboobbooooooboboboobooobooon
O00bD0bO0bO0OMe O Dy 0000000O00OOOODO

000000 (fx): Amazr =03, D, ~17.5
i) 000000 (free): Amae ~ 0.5, Df ~15.0

0 4.110 Oa. flow—freetofix 000000000 10000 Lyapunov 00 Apaz( = A1)
O Lyapunov 00O Dy 00000

0411 000000000000000M OO00 0000000000 ApeeO
00 pp 00000 (M=e=000000000000000000000000O
Jo0dood 10000000000 oDooooooDob00o00ooooOo0gd 4.110 a.
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