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Figure 2.1: Three major types of recurrent neural networks: (a) Hopfield network,
(b)Jordan network, (c)Elman network. I, H, and O respectively mean input, hidden

and output layers.
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Figure 2.2: A schematic diagram of Cross-Coupled Hopfield Nets (CCHN).
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Figure 2.3: A schematic diagram of a multi-module CCHN
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Figure 2.4: The equivalent electrical circuit which simulates the continuous time version

of Hopfield network. This network is introduced as a module network.
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Figure 2.5: An example of a 3-module CCHN in which four interaction influences are

introduced.
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Table 2.1: Structural parameters of the proposed multi-module neural network.

number of modules M
number of units in each module N
interaction class Iy
number of hidden layers in internetworks L
number of hidden units in internetworks H®
contribution of module information processing alm)
contribution of interactions Blknm)
connections among modules
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Figure 2.9: A conceptual diagram of signal flows in two-directional Z, interactions be-
tween the nth and the mth modules. The correspondence between the signal flows and

the terms of the activation dynamics in Eq.(2.24) is also shown.
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Table 3.2: Parameter values

number of modules (M) 1
dimension of memory pattern vectors (N) 100
number of memory patterns (P) 30, 50, 70
number of clusters (C) 6, 10, 14
number of memory patterns in each cluster (.5) 5
average correlation between patterns () 0.4
average correlation between cluster centroids (&) 0.0
number of hidden layers in internetworks (L) 0
contribution of module («) 0.0625, 0.125, 0.25, 0.5,
1.0, 1.5, 1.75, 1.875
contribution of interaction (/) 1.0
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Table 3.3: Parameter values

number of modules (M) 1
dimension of memory pattern vectors (N) 100
number of memory patterns (P) 10, 20, 30, 40
50, 60, 70, 80
number of clusters (C') 20 16
number of memory patterns in each cluster (.5) 5
average correlation between patterns () 0.4, 0.7
average correlation between cluster centroids (&) 0.0
number of hidden layers in internetworks (L) 0
contribution of module («) 0.125
contribution of interaction (/) 1.0
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Table 4.1: The mapping relations between two point attractors
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Figure 4.1: Basin boundary between two attractors in HN1.
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Figure 4.2: A calculated vector field of energy gradient by adding the adequate con-
straints, v%l) = vél) and v%z) =1- v§2). These constraints give the calculation on the

dashed line in Fig.4.1.
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Figure 4.3: State trajectories of two modules from some initial states. This results are

obtained from the calculated vector field in Fig.4.2.
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(a) without cross-coupling (b) (vfz)vém) =(0.9,0.1)

() (vPv) = (0.5,0.5) (d) (0P 0?) = (0.1,0.9)

Figure 4.4: Energy planes in the state space, (vgl) X vél)).

(a)Energy plane of HN1
without cross-coupling. (b)-(d) Energy planes of HN1 with cross-coupling for 3 different

initial states, (v!?(0), v5”(0)) = (0.9,0.1), (0.5,0.5), (0.1,0.9).
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Table 4.2: Parameter values

number of modules (M) 2
dimension of memory pattern vectors (N) 500
number of memory patterns (P) 150

number of hidden layers in internetworks (L) 0
class of interactions Ay
contribution of module (a(™) 1.0
contribution of interaction (B*:1m) 0.4

1 2. 250
d(t) = 5 D2 D& () (4.7)

m=1i=1

0000w 0 HN-CORODDOODODOOOODOOOODOO

HN-CORDO OO CCHN-GI/L(2)0 0 D0000D0D000000O Figs.4.5(a)(b) O
000000000 t0000 ¢"™(=1.0)00000000000. Fig4.5(a) O
O0D00DO00DO0O0OO0HN-CORODOODDOODODODOODOODOOOODOODONO
0000000000 D000000DO000CCHN-GI/L(2) 00 d(0) =04~ 0.50
0000000000000 04d0)0000000000 ¢'0000000000
320000 100000000000000000000000000O000000
00 CCHN-GI/L(2)0 HN-COROOODDOODODDODODOODOODOODODO0N
000000000000 0000000000000000000000000
0000000000000 000000000000

000000 CCHN-GI/L(2)0 0000000000000 000000000
000000000000000000000000000. 0000000000
D0000D00000000000000000000000O0CCHN-GI/L(2)0
0000000000000 000000.

Figs.4.6(a)-(d) 0 OCCHN-GI/L(2)0 000000 W, E@ pii2) pOLLY 00
O00000Fig4s0 000000000000 EMW, EPOO0D0D0O0O0DODODOO
0000000000000000000000 EMLY) pMi) oopoooooon
0000000000000 0000000000000000

Figs.4.6(a)-(d) 0000000000000 O00O0

1. 000000000000 E® E® Q000000000 OOOOOOOOO



80 U040 0000o00bo0dogboobodoofooon —200000000

1.0

Direction Cosine d

;ﬁ
f—

Time t
(@) HN-COR

1.0

0.5

Direction Cosine d

Time t
(b) CCHN-GI/L(2)

Figure 4.5: Recall processes in (a)HN-COR, (b)CCHN-GI/L(2).
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Figure 4.6: Temporal change of energy terms E, (a)EM | (b)E®) | (c)EM:12) (d) EM-1.1)
in CCHN-GI/L(2).
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Figure 4.6: Temporal change of energy terms E, (a)EY, (b)E®@) | (c) B2 (d) BALLY
in CCHN-GI/L(2).
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Table 4.3: Parameter values

number of modules (M) 2
dimension of memory pattern vectors (V) 128
number of memory patterns (P) 4
number of hidden layers in internetworks (L) 1
number of hidden units in internetworks (H®) 5
class of interactions ey
contribution of module (™) 1.0
contribution of interaction (3:1m)) 0.5
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0000000000000000000002000000000000000
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Figure 4.7: Recall processes of CCHN-GI/NL(2) from noisy character patterns.
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Table 4.4: Parameter values

number of modules (M) 2

dimension of memory pattern vectors (V) 500
number of memory patterns (P) 100 500

number of hidden layers in internetworks (L) 0,1

number of hidden units in internetworks (H®) | 250

class of interactions Ty

contribution of module (™) 1.0

contribution of interaction (BM:1m) 0.4
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Table 4.5: Parameter values

number of modules (M) 2
dimension of memory pattern vectors (V) 100
number of memory patterns (P) 20, 32, 40
number of clusters (C') 4
number of memory patterns in each cluster (5) 5,8, 10
average correlation between patterns () 0.1,0.2,0.3,04, 0.5
0.6, 0.7, 0.8, 0.9
average correlation between cluster centroids (&) 0.0
number of hidden layers in internetworks (L) 0,1
number of hidden units in internetworks (H?)) 50
class of interactions Ay
contribution of module (™) 1.0
contribution of interaction (B41m) 0.25




43. ODO00o00goooogooog 89

o 1.0
© | —e— r=0.2

© —A— =032
.g —8— =04

O L

© I H—I/'\Hﬂ//

[
2 o5t

§ i
'5 L
o]
i)

O 00 05 10

©
(8) HN-OPT

o 1.0

© | —e— =02

@ | —— r=032

‘B —&— r=04

(@]

O

5

= 05_

o

£

o)

i)

© o0 0.5 1.0

(b) CCHS-GI/L(Z)

10

o) | —e— =02

fH) —4A— r=0.32

.UCS —8— =04

(@]

O

[

2 05f

o

=

<

O

O 00 05 1.0
o

() CCHN-GI/NL(2)

Figure 4.9: Critical direction cosine d. for memory ratio r and correlation .



90 D40 0000DO0O000DO0OO0O0O0O0O0O0O0O0O0OO0OO0 —200000000

Figs.49(a)-(c) 00000 r (=P/N) 0000000000 & 0000 HN-OPT,
CCHN-GI/L(2), CCHN-GI/NL(2) 0000000 ¢, 0 0000000000000
000000 p49000 340000 p=050000000000

000000000000000 »0 60000 CCHN-GI/L(2) O CCHN-
GI/NL(2)0ODOOOOOO HN-OPTOOOOOOOOOOOOOOOO0O000
CCHN-GI/L(2) 0 CCHN-GI/NL(2) 00 0000000000000000000
000000000 O0O0HN-OPTOOOOO0O00O00 (HN-COR)0D000000
000000000000000000000000000000000000
0D000000000000000000000000000000000000
0 CCHN-GI/L(2) O CCHN-GI/NL(2) 00000000000000000000
0D000000000000000000000000000000000000
000000000

4.4 OO

gubogdobobobooboboubobooobboobo200b0000o
gbgbgobobobobobobobobobobobboboboboooon
gobbdgobooobogobubobdguobobouobobooboooboboobn
gbobdobobdobodguooooboobobobooboobbuoboboobon
gboboobdooboboobboboouobobban

1. 0g0b200000000 qoooooooo200o00)dbb0O2000
gbobogbogoboobobobooooobooonod

() 00000000 O0OO0OOO0OCO0OD0OOO0DODO0DOOODOOUODOOOOO
goooooobogobd

(b O0ODDODDODOODODDOO0DODOODODOODOODODODODDODO0DODDOODOOOOOO
gogobboboobobbooooobooo200b0boboboogon
000000000000 0000D000D0000D (0000000
gobooboobdgb

(¢ 00DODOO0ODODOODODODOO200000000000000000
gbobobobob2gbbobogoobgobobobobonoon
gbobobuoboobdobobobuobuobooobooogobobo
googuobooboobobgdabo



44. 000 91

2. 0000200000000 QoooOooOooos000OO)dOO 1500
gbbooboobooobooobooooobooobonn

(a)

gobobodoobbooboooboobdboooboubooobd
gbogbobobobdoobuobooouooodgboboboobonood
gbogdboboboboogbobobooouobooobogobobod
gubogbgobobooobogooboboobgoboon

gbbogbgbogbodgboboobobbobuoobogoboood
gboboobuoobobuodgbobooobobboooboboad
gbogbobobobooooboouooogbobobgbonood
gubogogobood

gbobooboboobobooobodgbobooogobobod
gbogbobobbdoboboobobuobobuoboobobobodd
gobbobbodubooubboobbouboooboboboodobd
gubooboodobobbobdgoobobdd

gob20b0000b0bobobobobboobobooboobobobob2d
ggboobdoobobdooubobgouboboobobooaobonb

(i) J0DO00O0o0O0oO0oo0ooOo00oU00ooO0OooUOooUoooDUoooOoooOoo
gbogbgogobooboouobobbobboobogoboobogooogoan
gooood

gbobooboboboodobooobobobod (20000000 oU0OUDOO
gooooOooooooooooo)oobooobooboobooboboobog
gogobobobodgbdogbooboobboobuoobbobooanon
gbogbobogobbobobooboboboobobobbobboboobn
gbobgogbobobooobdoubogoobobogb 20bb00bo0oobobn

gbogobooboooognb

gboobooobogogboobooooobooboobobooboobobobod
gbgbodgbobdbodobobobguobobobobooboobobobobd
gboboboogbboboob20bbouboboooooboboboboood
gbdboboobooooobobooubooboboobobooobboobood
gboobo3buoooooobooobooooo2bo0ooooonooooood



92 040 000000000D0O0O00O000O00O0O0O0O0O0O —200000000

gobgboobbguobooobobooboobobouobobooboobn
gdooouobobb@ooooo)bbob0o0ooobooobbbboboooboa
gogoobbbooouobbbood (bobooooooooo)ygooboboobooogg
gboguooubgbobooooubobobbbobooboboboobobd
gboogbobbo20bodbobobobouobobouobobgoobobod
gbobobogooboobooboboboouoboboboobobobooobo
gogboodobdobobobodobuobobobobobo20b00obobobd
gbobguogbobdgouoboboobbbuoboboboboob 200b0bo0obd
gobbguobogooobouoogouoboboobooobobbooboobobn
gbobgbguobbgoboooboboobooboboouobobooboobn
gbgbobobda2bgoboogboobobobobobuonoooboboon
gooogon
gobgz20bboboobouobgbgoboboobobooboboo

L200000000000000000O0DOOOODOO0OOOODODOOO
gobgoboodobgoooo

[ gooooobooboodooogouooobobobobboooooobogoooon
gobobouobobdooboboobaoab

[r. boogooboooboooooooooooboboboobooboooooooobobbobooboboo
gobobooboboobooboobd



sl bUbtdotbobbtbtdbootdn
Jobobotutdgoobotbtdgobbod
HRERE

5.1 0O0OOO

g2200000300000000000000o0o0ob0bb0bbboubbod
gbobogoboobooboobbooboboobooboboboounoooboboogz
gbooobouobgbobobobobogoouobbboboooboobooobd
gbouobgboobogoobooboobobobbobooooboobobooan
gbobooobooboouoboobdoboboooooboobboboboood
gubboboooboboooouobboouoobbooooobbboboooboboobd
gbgboobogoobodgoboobuobuogoooooboooooobbooboobd
gobbobooooboboboooobbooobbb0ouboodbibp.24d Table 2.1
gbobobobobobobobobobo200b0b0ob0oboboboobd
gbgobobooobooobobgobobouobobooboobn
gboguoboboooboboobobboobobobobobobboboood
gbdgboobooboobobdoobgoobobooboboboboobood
gbobogbogobogoobgboobbobobobboobobobuooooobd
gbdgobgbouboboouobobgooboboobobooobbobobd
gbogbbooogoogbobbobogbobobooboobobobuobobobbd
gogbodobooodobogboooobobooboboooboboobbobd
gbooboboobobooboogboobobgd
gubbobogoougobboouoooboouobbboobobbobooobbo
gbogoboboobooboobooobood

e JDOOODO
e JOUODODOODO
e OO ODLOOODOODLOODOD

93



94 U0U500000000000000000000000000000000080

gooooooobbbooodd L, ouIiyo200ooobbbobbooooog
0000d0dboogn (230000000000000 CCHN-LAGIDOO)ODOOOOO
gbobogboguobgogbboboboobobbobobooobooobobooobonb

e HUDOODLOODLDODLOODODLOODODO

guobdobbgobbobboobooboobboobboobooboabn

gobobs320bgb1boboboobooboboobobboobobbobd
gooobobbooouooobobooogobobooouoobbboooobb (HN)
guobobooobdgobobouobouobobbuoboobobboboobobn
googooboboboooooboobbb MOOOOOoooODOODOODOOOO
goobobooobHNDOObODOOoOOooobobboobbooobboooobbog
gbobogbdobobodobobobdoobooboobobbooboooooboon
gbbouodgbgboobobuoboobdobooobobooboboobobod
gooogbooobgogboobobooobognb

5.2 UDOUOObObOboguooooon

5.2.1 00000000 CCHN-LAGIODOOOOOoDOoOooDO

gpoopoob230b00obonbon0 Z,07Zy0200000000000000

0000 CCHN-LAGIOOOOoOooboobooobboboobooooooboooobooo
gbgbobodobgobbuooooog20bdgbuobbboboooooogn
goboooooooooobbbobooooooooooob MmoObbooDOoOoOog
000000000 CCHN-LAGIO CCHN-LAGI/L(M)ODOOOO (0D A2000)0
O0000000 CCHN-LAGIOOOOOog 200b0b0b00D000000000
googoodgod

oot Z,: booooooo2000bo0o0b0obobobbbbbbbbbonod
000000000000 (000 Z,)0 M(M—-1)/200000

000 Zy: M/A000000000000O00DO0O0O (00D Zy)000000

gbobogboboodobobobbouobobooboooobooboboooon
googo



0.2. J0OO00O0O0ODOO0oDOoogn 95

051800000000000000D000000O0O0O0O0O (8xT7)/2=28000
00000000 §/4=200000000000000000000 10000
gbgd20000000000000

000000000000M<40000000000000000000000
000000 (000M=200000000000000000000000000G0
000)d

000000000000 00000000000 (00000000000)0
0000000000000000000000000000000000000
0(000000000000)000000000000000000000000
000000000000 0000000000000000000000000
0000000000000 000000000000000000000000
000000000000 0000000000000000000000000
0000000000000 000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
000000000000000000

CCHN-LAGI/L(M)0 000000000000 000000000000000
000000000000000000000000000000000D0000
0000000000000000000000000000000000000
00200000000000000000000000000000000O000OA0
00000000000 00000000000000000000000000
000000000000 0000000000000000000000000
D0000000000000000000000000000 CCHN-LI/L(M) O
ooooOooooo

5.2.2 JOOOOOO

gbobbuogbuobuoobobuoobobobouboooobobobod +1
gogsli20boboooouobboooooooobouoobboboooboooo M
0000512/ M 00000000000 O0O0OO0OOO0DOODOOOOOOOOOO
00000000000000000 (230000 (242)00000000000

ggooobobboboooooo 3230 oooboboooooogg p49
Uobooobdbp=098000000 (Dooow’%oooOoooooooooOO



96 U5S000000000000000000000O00000000000000

oooooooooooo)yQoooliboooooooobboboooouoooboboD 1o
gogoooobobboobb POODOOO0 MOOOOOOODOOODDOO
O Table 5100000000

Table 5.1: Parameter values

number of modules (M) 2.4,8,16
dimension of memory pattern vectors (N) 512
number of memory patterns (P) 52, 103, 154, 205, 256,
308, 359, 410, 461, 512
number of hidden layers in internetworks (L) 0
class of interactions To+ Ty
contribution of module (™) 1.0
contribution of local interaction (32™™) 0.1
contribution of global interaction (3:1m) 1.0
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Table 5.3: Parameter values

number of modules (M) 2
dimension of memory pattern vectors (N) 100
number of memory patterns (P) 12, 24, 36, 48
number of clusters (C') 3,6,9, 12
number of memory patterns in each cluster (.5) 4
average correlation between patterns (o) 0.42
average correlation between cluster centroids (&) 0.1
number of hidden layers in internetworks (L) 0
class of interactions Ay
contribution of module (™) 1.0
contribution of global interaction (3M:1m)) 0.05, 0.1, 0.2, 0.4, 0.8
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Table 5.4: Parameter values

number of modules (M) 2,4, 5
dimension of memory pattern vectors (V) 100
number of memory patterns (P) 12, 24, 36, 48
number of clusters (C) 3,6,9,12
number of memory patterns in each cluster (5) 4
average correlation between patterns (o) 0.42
average correlation between cluster centroids (&) 0.1
number of hidden layers in internetworks (L) 0
class of interactions T
contribution of module (a(™) 1.0
contribution of local interaction (32m™) 0.8
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Table 5.5: Parameter values

number of modules (M) 4

dimension of memory pattern vectors (V) 100
number of memory patterns (P) 12, 24, 36, 48
number of clusters (C) 3,6,9,12

number of memory patterns in each cluster (5) 4
average correlation between patterns (o) 0.42
average correlation between cluster centroids (&) 0.1

number of hidden layers in internetworks (L) 0

class of interactions Lo, Ty, Lo+ 1Ty

contribution of module (a(™) 1.0
contribution of local interaction (32m™) 0.8
contribution of local interaction (3M:1m) 0.4
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