Contents

List of Figures

Preface

1 Introduction

1.1
1.2

1.3

14

1.5

1.6

Background . . . ... ..
Artificial Neural Network . . . . . . . . . ... .. .. ... ... ..
1.2.1 Training of a Neural Network . . . . . ... ... ... ....
1.2.1.1  Supervised Learning . . . . .. ... ... ... ..
1.2.1.2  Unsupervised Learning . . . . . . . .. ... ... ..
1.2.1.3  Reinforced Learning . . . . .. ... ... ... ...
1.2.2  Activation functions . . . . . ... ...
1.2.2.1 Sigmoidal function . . . . . ... ..o
1.2.2.2  Tanh function . . . . . . .. ... ... ...
1.2.2.3 RELU function . . . . .. ... ... ... ... ...
1.2.3 Mathematical Model . . . . ... .. ... ... ... .....
Types of Neural Network . . . . . . ... .. ... ... ... .....
1.3.1 Feedforward Neural Network . . . . . ... ... .. ... ...
1.3.2  Recurrent Neural Network . . . . . ... ... ... ... ...
1.3.2.1  Cohen-Grossberg Neural Network . . . . . .. .. ..
1.3.2.2  Inertial Neural Network . . . .. ... .. ... ...
Delay Differential Equations . . . . . . .. . ... ...
1.4.1 Typesofdelay. . . . . . .. .. . ... .. ... .. ......
Impulsive system . . . . . . . ..
1.5.0.1 Typesofimpulses . . . ... ... ... ... ....
Stability . . . . . ..
1.6.1 Equilibrium point . . . . . . . ...
1.6.2  Asymptotic stability . . . .. ... ... 0 L
1.6.3 Exponential stability . . . .. ... ... ...

1X

xiii

XV



Contents X

1.6.4 Finite and Fixed time stability . . . ... ... ... .. ... 15
1.6.4.1  Finite time stablity . . . . . .. ... ... ... ... 17

1.6.4.2  Fixed time stability . . .. ... ... 17

1.6.5 Predefined-time stability . . . . .. ... ... ... ... ... 17

1.7 Some useful methods . . . . . . ... ... 18
1.7.1  Matrix measure method . . . . . . ... ... ... ... 18
1.7.2  Lyapunov functional method . . . . . . . ... ... ... ... 19

1.8 Synchronization . . . . . .. ... 20
1.8.1 Complete synchronization . . . . . ... ... .. ... .... 21
1.8.2  Phase synchronization . . . . . ... ... .. ... ... 21
1.8.3 Lag synchronization . . . . .. ... ... ... ... ... 22

1.9 Anti-synchronization . . . . . . .. ... ... L 23
1.10 Outline of the Thesis . . . . . . . . . .. ... ... ... ..... 23

2 Fixed time synchronization of quaternion-valued neural networks

with time varying delay 25
2.1 Introduction . . . . . . . ..o 25
2.2 Model Description and Preliminaries . . . . .. ... ... ... ... 26
2.3 Fixed time synchronization criteria for QVNNs. . . . . .. . ... .. 32
24 Example . . . ..o 38
2.5 Conclusion . . . . . . ... 40

3 Effects of heterogeneous impulses on synchronization of complex-

valued neural networks with mixed time-varying delays 41
3.1 Imntroduction . . . . . . . . ... 41
3.2 Model Description and Preliminaries . . . . . . .. ... .. ..... 43
3.3 Exponential synchronization criteria of CVNN system . . . . . . . .. 51
3.4 Examples . . ... 62
3.5 Conclusions . . . . . . . ... 69

4 Global exponential stability of neural networks with time-varying

delays via matrix measure method 71
4.1 Introduction . . . . . . . . ... 71
4.2 Model Description and Preliminaries . . . . . .. ... ... ... .. 72
4.3 Main Results . . . . . . ... 77
4.4 Numerical Examples . . . . . . .. ... .. 0oL 83
4.5 Conclusion . . . . . . . . L 84

5 Exponential and adaptive chaotic lag synchronization of inertial
Cohen-Grossberg neural networks with discrete and unbounded
distributed delays 87
5.1 Introduction . . . . . . . . ... 87
5.2 Preliminaries . . . . . . . ... 89



Contents x1

5.3 Mainresults . . . . . ... 91
5.4 Examples . . . .. .. 104
55 Conclusion . . . . . . .. . 109
6 Summary of the thesis and future work 111
6.1 Summary . . . ... e e 111
6.2 Futurework . . . . . . . ... 113
Bibliography 115

List of Publications 129






List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

2.1

2.2

3.1

3.2

3.3

3.4

3.5

3.6

4.1
4.2

5.1
5.2
5.3

Basic structure of a neuron. . . . .. ... L 4
(a) Sigmoidal function, (b) tanh function (¢) RELU function . . . . . 7
McCulloch-Pitts model of neural network. . . . . . . ... ... ... 8
Feedforward Neural Network. . . . . . ... ... ... ... ..... 9
Recurrent Neural Network. . . . . . .. ... ... ... ... .. ... 10
Phase portrait for stable and unstable equilibrium point . . . . . . . 16
Plots of the trajectories (a): wf(t) and sf(t), (b): wi(t) and si(¢t),

(c): wi(t) and s{(¢), (d): wi(t) and s¥(t) vs. time t of the master
and slave systems (2.4) and (2.5) without controllers. . . . . . .. .. 37
Plots of the trajectories (a): wfi(t) and sft(t), (b): wi(t) and si(t),
(c): wi(t) and s{(¢), (d): wi(t) and sX(t) vs. time t of the master
and slave systems (2.4) and (2.5) in presence of controllers. . . . . . . 39

The time evolution of real and imaginary parts of the error system
(3.8) without impulsive control (a) Real part (b) Imaginary part. . . 64
The time evolutions of (a) Real and (b) Imaginary parts of the error
system (3.8) with the impulsive control for 7, = 0.011 and w = 0.85. 65
The time evolutions of real and imaginary parts of the error system
(3.8) with the impulsive control for 7, = 0.013 and @ = 1.003. . . . . 66
The time evolutions of real and imaginary parts of the error system
(3.8) with activation functions (3.47) and impulsive control for 7, =

0.098 and ww =1.0035. . . . . .. ... 67
The time evolution of real and imaginary parts of the error system
(3.8) with activation functions (3.47) without impulsive control. . . . 68

The time evolution of real and imaginary parts of the error system
(3.8) with activation functions (3.47) and impulsive control for T, =

00588 and o =0.85. . . . . . .. .. 69
Trajectories of w(t),w!(t),w?(t),w3(t),w(t),w?(t)wb(t)w"(t) for n = 2. 85
Trajectories of all the components of w(t) forn=2. . ... ... ... 85
Phase diagram of the system (5.21) . . . . ... ... ... ... ... 105
Lag synchronization curve of vy (t) and wy(t) for Ty =4 . . . . .. .. 105
Lag synchronization curve of vy(t) and wy(t) for 7y =4. . . . .. .. 106

xiil



List of Figures xiv

0.4
5.5
5.6
5.7
5.8

Time response of e;(t), es(t) via feedback controller (5.3). . . . . . .. 106
Lag synchronization curve of vy(t) and wy(t) for 7y =4. . . . . . .. 107
Lag synchronization curve of vy (t) and wy(t) for 7y =4. . . . . . . .. 107
Time response of ey(t), ea(t) via adaptive controller (5.11). . . . . . . 108

Time response for the control parameters 7, (t),n2(t), 1 (t), and ¥ (t). 108



