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Abstract: In this paper, the global robust dissipativity of a class of neural networks
with variable and unbounded delays is investigated. Several criteria are obtained
by constructing radically unbounded and positive definite Lyapunov functionals and
using analytic techniques. Some numerical examples are given to compare our results
with previous robust dissipativity results derived in the literature. It is shown that
our results extend and improve earlier ones.
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1 Introduction

In recent years, the stability of dynamical neural networks has received much attention
and has been used in signal processing, pattern recognition, associative memory and
optimization problems [1-10]. However, it is possible that there are no equilibrium points
of dynamical systems in some situations. As pointed in [11-15], the global dissipativity is
a more general concept and is of great importance to study in dynamical neural networks.
It has found applications in the areas such as stability theory, chaos and synchronization
theory and robust control [12]. The authors of [12] analyzed the global dissipation of
neural networks with both variable and unbounded delays. In [11], some conditions for
globally robust dissipativity of neural networks with time-varying delays are derived.

In this paper, motivated by the above discussions, we obtain several new sufficient
conditions for the global robust dissipativity of integro-differential models of neural net-
works with variable and unbounded delays. The results compared with those presented
in [11] can be checked easily. Some numerical examples illustrate the proposed conditions
may provide useful and less conservative results for the problem.
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2 System Description

In this paper, we consider the model of neural network with variable and unbounded
delays as follows [11]:

d:vzl-t(t) = —diz;(t) + Z aij fi(x;(t)) + Zblﬂfﬂ z;(t — 135(1)))

+Z%/ Kij(t = ) fj(w;(s))ds + ui. (1)

for i = 1,2, ...,n, where n denotes the number of the neurons in the neural network, x;(t)
is the state of the ith neuron at time ¢, f(z(t)) = [fi(z1(t)), fo(z2(t)), -, fu(zn(t))]T is
the activation function of the jth neuron at time ¢, D = diag(dy, da, ..., d,) is a positive
definite diagonal matrix, A = (aij)nxn, B = (bij)nxn and C = (¢;j)nxn are the feedback
matrix and the delayed feedback matrix, respectively, u = (u1,uz, ..., u, )T is a constant
external input vector. The assumption on the transmission delay 7(¢) is proposed as
0 < 75 (t) < o, 7(t) is a differential function such that %'t(t) <7*<1,fori,j=1,2,..n.

The delay kernel function k() = (K (*))nxn, %, J = 1,2,...,n is assumed to satisfy the
following conditions simultaneously:

(1) Kij : [0,00) - [Oa OO);

(2) K;; are bounded and continuous on [0, 00);

(3) fo ij(s)ds = 1;

(4) there exists a positive number € such that fooo K;;(s)e**ds < o0,

(5) fo PsKij(s)ds = pi;(B), for i, = 1,2, ...,n, where p;;(3) is continuous function
in [0,6),0 >0, andpu( )=1.

The initial conditions associated with the system (1) are given by z;(s) = ¢;(s), —
$<0,i=1,2,...,n, where ¢;(-) is bounded and continuous on [—a, 0].

Throughout this paper, we will employ the following classes of activation functions :

(1) The set of bounded activation functions is defined as

T ={f@)|lfi(z;)| < ki,i=1,2,....,n}.
(2) The set of Lipschitz-continuous activation functions is defined as

fi(zi) = fily:)
Yi

T; —

U= {f($)|0 < <l >0,Voi,y, € Rywi # yi,i = 1,2, ,TL}

(3) The general set of monotone non-decreasing activation functions is defined as
O = {f(2)|D* fi(x;) > 0,i =1,2,...,n}.

(4) There exist constants ¥; > 0 such that |f;| < 9;]z|,i = 1,2,...,n,Vz € R. This
class of functions will be denoted by f(z) € Y.
The quantities d;, a;j, b;; and ¢;; may be considered as intervals as follows [15]:

D;: = {D=diag(d;): D<D<D,ie.,d, <d; <d;,i=1,...n,VD € Dy},

Ar: = {Az(aij)an:ASAgZ,i.e.,QijSaij <aj,t,j=1,..,n,VA € Ar},
Br: = {B=(by)uxn:B<B<B,ie,b; <by<Dbyij=1,.,nYBeB},
Cr: = {C:(cij)nxn:ggcga,ie,cu<CU<cU,z]—1 ,n,VC € Cr}. (2)

Similar to [11], we give the following definitions.
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Definition 2.1 The neural network definied by (1) is said to be a dissipative system,
if there exists a compact set S C R", such that Vzg € R™,3T > 0, when ¢t > ty +
T, x(t,to,x0) C S, where x(t, to, xo) denotes the solution of Eq. (1) from initial state zg
and initial time #g. In this case, S is called a globally attractive set. A set S is called
positive invariant if Vg € S implies x(¢, to, o) C S for t > tq.

Definition 2.2 If R — R is a continuous function, then the upper right derivative
Dd—ftt) of f(t) is defined as

NGRSO}

9—>0+ 0

DT f(t) = 3)

Lemma 2.1 [16] Let D,S and P be real matrices of appropriate dimensions with
P > 0. Then for any vectors z,y with appropriate dimensions,

20T DSy < aTDPDTx + ¢y ST P15y,
3 Main Results

Theorem 3.1 Let f(z) € T', then neural network system (1) is a robust dissipative
system and the set S1 is a positive invariant and globally attractive set, where

Sy = {z||lzi| < d;? Z (aj; + b +cip)kj + |wil)], i = 1,2,...,n}, (4)
j=1
a;; = max(|gij|,6ij), b = max(|bz‘j|al—7ij) and c;; = maX(|Qij|aEij)'

Proof Let us use a radically unbounded and positive definite Lyapunov functional

n

Vi) =3 il

=1

Computmg along the positive half trajectory of (1), we have

dv CL dz;
pri ;Iwil sgn(zi)—

M:

[—d;|i|” +Za + b3 4 cipkyla " |2
i=1

= —ZWT 1d|$z|—2[(a +0i; + ¢k + |uil] <0, ()

=1
where © € R™\S, i.e., x€Sy. Eq. (5) implies that the neural network system (1) is a
robust dissipative system and S is a positive invariant and globally attractive set. O

Theorem 3.2 Let f(x) € ¥, f(0) =0 and |fi(z;)| — o0 as |x;| — oco. If
— =T 1 —=r " N
where C* = (¢};)nxn, then the neural network system (1) is a robust dissipative system
and the set Sa = {z||fi(x;(t))| < %,i =1,2,...,n is a positive invariant and globally
attractive set. -
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Proof We use the following positive definite and unbounded Lyapunov functional:

= zj;/z ds—l—Z/ ds
ZZ R [ @i

Computing 4 4Y along the positive half trajectory of (1), we can conclude that

n

% = _2de1x7, i ( gz:: aij fi(i(t)) f;(2; (¢ +Zf2xl

b2 S b A )= ) - 30 - ) e - ne)

=1 j=1 =1
+ 2220”]‘} (a;(t / Kij(t =) fj(x;(s))ds + QZfi(xi(t))u
=1 j=1 =1
S [ R 0) ~ ot s
=1 j=1

IN

—2 Z & f (i(t)) + [T (@(O) (A + AT) f(2(t) + 2f" (x(£) Bf (x(t — 7(1)))

T +2ZZW/ K fia () f3 (a5 (£ — 5))ds

=1 j=1

+ 2 Z will fi (i ()] + Z Z Gif 7 (xi(t))
=1

i=1 j=1
TR ONNCEEONEDY ZC}‘Z-/O Kij ()1} (z;(t = 5))ds.
i=1 j=1
(6)
Using Lemma 1 and inequality technique, we have
av " d, Lilu; - 1 —
W< 23 Lm0 - 'd 4 @)A+A + BB
i=1 " =t

Lilui

(14Ol + IC I (0) < 22 LNl aate)] - 2y <o)

—1

when & € R™\Sy. Eq. (7) implies that the set S is a positive invariant and globally
attractive set. O

Theorem 3.3 Let f(x) € ¥, f(0) =0 and |fi(x;)| — o0 as |z;| — oo. If there exists
a positive diagonal matriz P = diag(p1, pa, ..., pn) such that the matriz

-PBB' P+ (1+||PC*|lo + | PC*|1)I

Q=P@A-DL Y+ @A —-DL HP+ I !
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is negative definite, then the neural network system (1) is a robust dissipative system and
the set

S - - (s Piuq —, Dl = n
53_{ Do) + 5" S X =2 }

is a positive invariant and globally attractive set, where L = diag(Li, Lo, ...,L,), P =
diag(p1,p2, .., pn) and Ay (Q) is the maximum eigenvalue of the matriz Q.

Proof We employ the following positive definite and radially unbounded Lyapunov
functional:

_221%/ ds—i—Z/ fE(s(€))dg

73 (t)

#3 [ K[ panaas

=1 j=1

Calculating 2 T V. along the positive half trajectory of (1), we obtain that
dV n n
ol 2Zp1f1 z;(t))[—dizi(t +Zaijfj(arj(t)) +Zbijfj($j(t—7j(t))) +u;

+ ch / Kot = ) (9)ds] = 31 d“”m( 6= (0)

=1

£ pe / Ki(s)If? aa())—ff<xz-<t—s>>1ds+§ff<xi<t>>

=1 j=1

IN

—22“ P2(ai() + fT () (PA+ A" P)f(x(t) + [T (@(0) f(x(t))

+ QZZpl U/ Kij(s)fi(zi(®) fi(z;(t —s) ds—i-QZplquZ x;(t

=1 j=1

TG )l — ) + 303 pre

=1 j=1

- Y / Kji()f2 (@it - 8))ds + 27 (@(0) PBf (a(t — 7(1)).  (8)

=1 j=1

From Lemma 1 and inequality technique, we can write the following inequalities:

T < —22”” 0) + 1 @0)(PA+ A P)f(a(t)

+ (z(t))PBB Pf(x +ZZWU

=1 j=1



204 JINGYAO ZHANG AND BAOTONG CUI

+ IO f@®) + YD pic () +2 ) piuifi(wi(t)

i=1 j=1 i=1

- 2zpzuzf1 7)) + £ (@) Qf (x()

S 2Zp1ulfz I’L +AM Zfl xz
_ - (s biti o , Pilli o
= Q) L) + 32 = (G <0 ©)

when & € R™\S3. Eq. (9) implies that the set S3 is a positive invariant and globally
attractive set. O

Theorem 3.4 Let f(z) € ®, f(0) =0 and | fi(x;)| — o0 as |x;| — 0. If the following
condition holds:

— — 1 —
A+A 4B+ =B +(|C"|= +lIC" I <0,

where C* = (¢

Ji
and the set Sy = {xz||z;(t) < %,i = 1,2,...,n} is a positive invariant and globally
attractive set. B

Vnxn, then the neural network system (1) is a robust dissipative system

Proof Let us use the following positive definite and radially unbounded Lyapunov
functional:

_22/ "y ds+ZZ/ zi(s))ds

=1 j=1 Tﬂ(t

+ZZ ﬂ/ Kji(s - fi2($i(§))d§)ds

=1 j=1

Calculatmg along the positive half trajectory of (1), we have
dV n n
ol QZfz z;(t))[~dizi(t +Zaijfj($j(t))+sz‘jfj($j(t—7j(t)))+ui

+ ch / Koy = )y s = 30320 = T 20t = 1)

i=1 j=1

bSR3 [ R ) - St - s

lel =1 j=1

IN

—2Zd L@@l (O] + £ @) A+ A f@(t) +2 3 usfilai(t)
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#2303 [ R R 015w s + 2 ) BS - 7(0)

=1 j=1
— (=7t —7()Bf (x(t — (1) + f7 (@) Bf (x(t))
T S) SN CICIED ) DA AN SO LA (10)
i=1 j=1 i=1 j=1 0

From Lemma 1, it follows that

2 (a(t))Bf(a(t — (1)) < (x(8)) BT f(x(t))

+ (=7 (@t = 7(0)B" BT Bf (a(t - (1))
(x(8)) BT f(x(t))
+ (=T (@t = T(0)Bf (x(t — 7(t))) (11)

By using the inequality 2ab < a? + b? for any a,b € R, we have

/K” Vil (t)) fi(zi(t — s))ds < /KU V2 (xi(t))ds —|—/KU fj (x;(t—s))ds. (12)
0 0
From (10) to (12), we get

dV
L < _2Zd|f1 «Tz ||xz |+2Z|f1 ‘Tz ||ul|

+ fT)@A+A +B+1— : B+ (|C oo + |CH 1D £ (1))

< _QZd | fi(zi (8))|]ai (t |+22|f1 i (t))|[us| <0, (13)

when z € R™\Ss. Eq. (13) implies that the set Sy is a positive invariant and globally
attractive set. O

Theorem 3.5 Let f(z) € T, f(0) =0 and | fi(z;)] — o0 as |x;| — oo. If the following
condition holds:

Zaw *bfj—i—c ) <0,
Jj=1 B

where af; = max(la,.|,a;;),b;; = max b by = max(|c;:|,Ci;), then the neural
(%) ZJ J 1] J ZJ J

) 7,_]
network system (1) is a robust dissipative system and the set S5 = {x||z;(t) < %,i =

1,2,...,n} is a positive invariant and globally attractive set.

Proof Let us use the following positive definite and radially unbounded Lyapunov
functional:

n t
V(:c(t))::vi(t)—i—ﬁbej / et |ds+chz9 /KU /|x] £)|de ds.

I=L ) t—s
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Calculating 2 dt along the positive half trajectory of (1), we have

av

o = —diwmt)+ Z aij fi(2;(t)) + Z bijfi(x;(t —7(1)) + ui

(¢ —l—ZcU/ Kij(s)fi(x;(t — s))ds

- 1_1 Zb il (t = 7(2)

+ Zcfﬁ/o Kij(8)|$j(f)|d8—chj19j/o Kij(s)|z;(t — s)|ds
i=1 =

—dilzi ()] + > @0 |wg] + Y bigjla(t — T+ wl + 77— Zb U (t)

j=1 j=1

— > bt —7(t) + > el
=1 Jj=1

= —dilws ()] + il + Y 0@ + bl + )l <0, (14)

* )
j=1

IN

when z € R™\S5. Eq. (14) implies that the set S5 is a positive invariant and globally
attractive set. O

Remark 3.1 Our activation functions are more general than those in [11]. Hence,
our results improve and generalizes the earlier results.

Remark 3.2 Our methods used in this paper, such as Lyapunov functional and
matrix inequalities used in Theorem 4, are different to those in [11].

Remark 3.3 The neural network system in [14] can be seen as a special case for
model (1). Therefore, the global robust dissipativity of that system can be studied
similarly.

4 Comparison and Examples

To compare with [11], we restated Theorem 1 of [11].

Theorem 4.1 Let f(z) € T, f(0) = 0 and |fi(x;)] — o0 as |z;| — oo, the neu-
ral network defined by (1) is a robust dissipative system and the set Sg = {z||z;(t) <
‘ull ,i=1,2,...,n} is a positive invariant and globally attractive set, if there exist positive
constants pi > 0,i=1,2,...,n such that

_ 1 Lo
pi(_a’ii - m i Z pJ — *bjl + C ) = 07 (15)

= maX(|Qz'j|al_7ij); ¢y = maX(|9ij|aEij)-

where i = 1,2, ...,n, aj; = max(|a,;|,@;;), b} 5

ij
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Example 4.1 Consider the system (1) with delays: 7;;(t) =1 for 4,5 = 1,2,
04 0 1 0 -2 07
2_{0 1.2}’ _{O 1.5}’A_[—0.9 —3}’
— -1.5 04 025 —-05 | = 0.5 0.25
A‘{ 0.3 —1.5]’B_[—0.2 —0.7]’3_[ 0 —0.5}’

C=C=0,u;=15uy=-2,0=1,7"=0,p; = 1.
The initial values of system (1) is assumed as ¢(s) = 0.5,¢ € [—1,0). Since

Sl

Q11+ 12 + = bf; + =biy + ¢y iy = 0.1 <0,
Uo1 + To2 + 75 b3y + ==b3y + ¢y + 5y = —0.3 <0,

1—7*

the condition of Theorem 5 in this paper is satisfied; the neural network system (1) is a
globally robust dissipative system, and the set S5 = {(x1(t), z2(t))||z1 ()] < 12, |z2(t)| <
%} is positive invariant and globally attractive. Since

—an — 7owbiy — oy — (a5 + s+ chy) = —0.1 <0,
—T2 — 705 — 3y — (afy + o= bl + ¢fy) = —0.4 <0,
the condition of Theorem 6 is not satisfied, one can not determine the dissipativity of the

neural network (1). Therefore, our obtained criteria for the global robust dissipativity of
neural networks with variable and unbounded delays are new.

Example 4.2 Consider the system (1) with delays: 7;;(t) =1 for ¢,j = 1,2,

04 O — 1 0 -33 —-0.25 | — -3 0.25
Q‘{o 1.2}’D_{0 1.5]’4_[ 3 -3 }’A_[0.5 —4]’
1 -1 = 1 1 0.25 —-0.25 | = 0.25 0.25
E_[—l —1]’3_{1 1]’Q_[—0.25 —0.25]’0_{0.25 0.25]’
and u; = 1.5,us = —2,0 = 1,7* = 0. The initial values of system (1) are assumed as

#(s) = 0.5,t € [-1,0). Since that

A+A" + 7

1_7_* 1

——T N N -2 %
BB +(1+|C*w+|C I =| 7 3, |<0,

then the conditions of Theorem 2 are satisfied, and the neural networks system (1) is a
globally robust dissipative system, and the set

82 = (e (), folea () fa(er ()] < 20 | falea(6))] < 1o}

is positive invariant and globally attractive.

5 Conclusion

This paper studies the global robust dissipativity of a class of neural networks with
variable and unbounded delays. Several sufficient conditions are presented to characterize
the global dissipation together with their sets of attraction. Our results would make good
effects in studying the uniqueness of equilibria, global asymptotic stability, instability and
the exsitence of periodic solutions. In addition, several examples are given to demonstrate
the improvements and correctness of our results.
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