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Abstract. In this paper, we consider the uniform asymptotic stability
and global asymptotic stability of the equilibrium point for time-delays
Hopfield neural networks. Some new criteria of the system are derived by
using the Lyapunov functional method and the linear matrix inequality
approach for estimating the upper bound of the derivative of Lyapunov
functional. Finally, we illustrate a numerical example showing the effec-
tiveness of our theoretical results.

1 Introduction

Hopfield ([1-2]) has proposed Hopfield neural networks (HNN) which have found
applications in a broad range of discipline where the targeted problems can re-
duce to optimization problems. It has been extensively studied and developed in
recent years, and it has attracted much attention in the literature on Hopfield
neural networks with time delays, . They are now recognized as candidates for
information processing systems and have been successfully applied to associative
memory, pattern recognition, automatic control, model identification, optimiza-
tion problems, etc. (we refer to reader [3-10]). Therefore, the study of stability
of HNN has caught many researchers’ attention. HNN with time delays has been
extensively investigated over the years, and various sufficient conditions for the
stability of the equilibrium point of such neural networks have been presented
via different approaches. In [5], [13], some sufficient conditions of stability by uti-
lizing the Lyapunov functional method, and linear matrix inequality approach
for delayed continuous HNN are derived. In [14], G.Zong and J.Liu established a
novel delay-dependent condition to guarantee the existence of HNN and its global
asymptotic stability by resorting to the integral inequality and constructing a
Lyapunov-Krasovskii functional. In [16], S.Long and D.Xu got the sufficient con-
ditions for global exponential stability and global asymptotic stability by using
Lyapunov-Krasovskii-type functionally of negative definite matrix and Cauchy
criterion.

This paper is organized as follows: In section 2, a model of time-delay Hopfield
neural network is described. In addition, we present some basic definitions and
lemmas. New stability criteria for Hopfield neural network are derived in section
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3. An example is given in section 4, to illustrate the advantage of the results
obtained. Finally, some conclusions are drawn in section 5.

2 Preliminaries

Let R denote the set of real numbers, Z, denote the positive integers and R"
denote the n-dimensional real space equipped with the Euclidean norm ||.||. The
identity matrix, with appropriate dimensions, is denoted by Id and diag(...) de-
notes the block diagonal matrix.

Consider the following delayed HNN model with impulses

@®:*%Mﬂ+é%m&N»

+ 30 bijg (st = 7(0) + L if t# e

j=1
Az \imy, = dD (i(ty) — @) i=1,..,n, n,k €Ly,

where n > 2 corresponds to the number of units in a neural network; the impul-

sive times ¢ satisfy:

0<tg<t; <..<tp<.. lim ¢t =+4o00; x; corresponds to the state of the
k—+o00

unit ¢ at time ¢; ¢; is positive constant; f;, g;, denote respectively, the measures
of response or activation to their incoming potentials of the unit j at time ¢ and
t — 7(t); constant a;; denotes the synaptic connection weight of the unit j on
the unit ¢ at time ¢; constant b;; denotes the synaptic connection weight of the
unit j on the unit ¢ at time ¢ — 7(¢); I; is the input of the unit 4; 7(¢) is the
transmission delay such as 0 < 7(¢) < 7 and 7(t) < p < 1; t > to; 7, p, dg) are
constants; T is the equilibrium point of the first equation in the system (1).

The evolution of the neuron state ¢ at time ¢, is described by the equation:

Axi\t:tk = xl(tk) - xl(t];) = d?(%(@:) - fi)7 1= 17 27 w1y k= 17 27
The initial conditions associated with system (1) are of the form:

z(s) = ¢(s), s € [to — 7, 0] (2)

where

w(s) = (21(5), 22(5), vy Tn(5)) T, B(5) = (¢1(5), P2(5), ..., du(s))" € PC([~7,0, R")

PC([-1,0,R™) = {¢ : [-7,0] — R", is continuous everywhere except at finite
number of points tj, at which ¢ () and (t;) exist and ¥(t) = 9 (t)}. For
¢ € PC(]—,0],R™), the norm of ¢ is defined by

[l = sup [[¥(0)].
6<0

—7r<

For any to > 0, let: PCs(to) = {¢p € PC([—7,0],R™) : ||¢||- < d}.
In this paper, we assume that some conditions are satisfied so that the equilib-
rium point of system (1) does exist, see ([5], [11]). Impulsive operator is viewed
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as perturbation of the equilibrium point T of such system without impulsive ef-
fects.

Since Z is an equilibrium point of system (1), one can derive from system (1)
that the transformation y; = z; — Z;, ¢ = 1,2, ..n transforms such system into
the following system:

wwz—mmw+iwﬂmmm+§ym%@@—ﬂmmn¢m
J]= J=
yl(tk) = (1 + d](cZ))yz(t];) i = 17 ey 10 ’I’L,k € Z-‘ra

where F;(y;(t)) = f;(Z; +y;(t)) — f;(Z;) and

Gj(y;(t —7(t))) = g;(z; +y; (t — 7(1))) — 9;(Z;)-

To prove the stability of Z of system (1), it is sufficient to prove the stability of
the zero solution of system (3).

In this paper, we assume that there exist constants L;, M; > 0 such as

3)

| Fi(y) IS Lilyl, | Gi(y) IS M|y |,i€ A={1,2,..n},

and we set
Liae = max L;, My, q. = max M;, ¢par = maxc;,
icA icA icA

Conin = mi/rll ¢i, Dy, = diag(1 + d,(cl)7 1+ d,(f), w1+ dgl)).
(S

So, the system (3) can be written as follows:

§(t) = —Cy(t) + AF(y(1) + BG(y(t — (1)) si t # by
y(te) = Dpy(ty) i=1,..,n, nke€Zy, (4)
y(to +0) = ¢(0),

where

y(t) = Wi (t), oy yn () 5yt = 7)) = (. (t = 7(E)), ooy yn(t — ()T
C = diagcy, ..., cnl; A = (aij)nxn; B = (bij)nxn; F(y) = (F1(y1), F2(y2)s oo, Fu(yn)) T
G(y) = (G1(y1), G2(y2), -, Gn(yn)) "

Some definitions and lemma of stability for system (1) at its equilibrium point
are introduced as follows:

Definitions 21 Assume y(t) = y(to, v)(t) be the solution of (3) through (to, @),
then the zero solution of (3) is said to be [12]

P1 stable, if for any € > 0 and to > 0, there exists some 6(e,tg) > 0 such as
p € PCjs(to) implies ||y(to, )()]| <€, t > to.
P2 uniformly stable, if the 0 in (P1) is independent of tg.
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P3 uniformly attractive, if there exists some & > 0 such as for any ¢ > 0,
there exists some T = T(e,8) > 0 such as tg > 0 and ¢ € PCjs(ty) implies
lyltor 2 (Bl < €, ¢ to+T.

P4 uniformly asymptotically stable, if (P2) and (P3) are held.

P5 globally asymptotically stable, if (P1) holds and for any given initial value
10 = ¢, ly(to, #) ()] —> 0 as t —> +oc.

Now, we need the following basic lemmas used in our work.
Lemma 21 [15] For any a,b € R™, the inequality
+2a"b < o’ Xa+ 0T X'

holds, where X is any n X n matriz with X > 0.

3 Robust stability criteria

In this section, we shall establish some theorems which provide sufficient condi-
tions for uniform asymptotic stability and global asymptotic stability of system

(1).

Theorem 31 The system (1) is uniformly stable if there is ¢* € [0,1], 0 > 0
and positive n X n definite matrix @ such as:

max c;-qij

2
: Y < T +4—7v/1244
(i) o min o] S Tdrr /e

n n n
y 1 2 @ij 2 [bij e*

1 - 12 S %l M2 S by et
(i) e 45 20 e+ max {17 9, 00) + max {M7 2, S8+ 50
+ X nae (CTIBQIBTC™1) < 2

[1 max{¢mazrls,1}

(iii) to@k’?;*(t%oy < 00, where &, is the largest eigenvalue of D,C 1Dy,
and k € Z .

In addition, if we have:

H max{cnzamgkvl}

(Z"U)to<ffk;lé*(t_t0)2 — 0, if t — +o0, then the system (1) is uniformly

asymptotically stable and globally asymptotically stable.

Proof. First, we prove the equilibrium point of system (1) is uniformly stable.
We consider this Lyapunov function:

n n n

Vi) = [+e (10 o2 0+D >

.
i=1 ¢ i=1j=1 ¢ Jt=7()

(1+(s—t0)*)G3 (y;(s))ds.

()

For condition (iii), there is a constant M* > 0, such as:

II max{cmazér,1}

to<tp <t

1+ e (t —to)2 <Mtz to.
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For any to > 0, let y(to, ¢)(t) be a solution of system (1). So, Ve > 0, we choose
& of the following manner:

0= 1 .€
Emaslzl + ma { g M7 By (7 4 )
By simple calculation:
WO 1 1 v - m{_ziyfm ' zzz (0, (1)
" 222 (G (5t = ()} +2€" (0~ t0) Z iR
ZZ —to) )Gf(yj(t))—i _ ] 1o 010G ).

Therefore,

% =—2(1+ € (t 1)) ny(t) + (14 €t — tO)Q){Z Z %ﬂ'ylz(t)

+ zn: zn: %Ff( 5(1)) + i/\mw(C’lBQ’lBTC’l) zn:yf(t)}
et t) Z LU0 + o1+ (o)) Z ilqijGJ?(yj(t )
—<1+<t—7<t>—to>2>ii %] G2y —r () (14t >>Z§_j RETI0)
It follows that,
P < (14 =2 20+ 33 2
+izn: %ij F2 +ZZ | b” |G2 (t)+ iAmax(ClBQlBTcl)iyf(ﬂ
;_:§2i;y3 }+22 [(1+ (t - t0)?)o - qi;
-+ =) - ) 22 - r0), ©)
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We have:

222 —bijyi(t)G;(y;(t — (1)) = 25" ()CT ' BG(y(t — 7(t)))

’Lljll

=2G" (y(t — (1)) B C ™ y(t) = 2[G(y(t — (1)) Vol (BT C ™ y()

< oGl (y(t —7(t)QG(y(t — (1)) + %yT(t)C‘lBQ‘lBTC‘ly(ﬂ

SO WHAIEL M+ AT BQTBTOY Y420, (7)

=1 =1

So, from (6) and (7):

VW < (14 (¢ 1)) -2+ max (- Zaw}

ot 1<i<n ¢

n

g bl — — - )
+max {1337 %) max {MQZMH*AWH(C BQTBTC )+ y(1)|?
=1

1<j<n 1<j<n ¢ o Cmin

FSS T (10 — (14 0 70) — 1)) 2620 ).

i=1 j=1 i

Then we obtain,

AV (y)(t)
S <o, (8)
if

| bij |

Ci

(L4 (t—t0)*)o - gij < (L+ (t = 7(t) — t0)*)

0:qijCq (1+(t T(t) 2 ) )
Therefore, it is sufficient that: D JI < = to)(; .

Let u(t) = M, next we show for ¢t > 0

142
2 4 — 2 4
w(ty> 2TV 2 9)
T2 44+ T1VT2+ 4
. ) 1+(t=7)? _
First, for t € [, +oo, we have: u(t) > =377 = v(t),
it is easy to compute that for ¢ > 0
(T+\/72+4) 244 —1Vr2+4
Umin = U = y
2 T24+4+7V12+4
also we obtain v(7) > Upmin, that is
2 _ 2
1 T Ha-7Vr+4 (10)

1472 7 22444 7/72 44
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Second, for t € [0, 7[, we have:

_ L+ (t—7(t))? o1

. 11
1+4+¢2 1472 (1)

u(t)

In view of (10) and (11), we obtain that (9) also holds for ¢ € [0,7]. Then we
obtain that we have proved (9) holds for all ¢ € [0, +o0].
We have Vk > 1:

[ bij | [*

Ci te—7(tk)

V)0 = 1+t 30 00+ Y

i=1 *

(1+(s—t0)*)G5 (y;(s))ds

= [+ (e to) 2l () DR D)+ 30 S L [ (1 sm10)) G2 4 (5)) s

< [kt Pl 0 Dt )+ 3 50 L [ (G )
< [1+(tkto)Q})Wmi]CC,_l)yT(t;)Cly(t;)+ZZ |bc—”| t—k, (t_)(1+(5*t0)2)G?(yj(5))d5
&k _
< max{m, 1}V (t,).
Therefore,
V(y)(tk) < max{fkcmaxv 1}V(t]:) (12)

Then, we have:

(L+ et —to))yOI> < V(E) < Vito) x [ max{&ueman, 13 (13)

@
max to<tp <t

From (5), we have:

(=) yOI V() < — 1+t —t))lly(t)]?

- .. . 3 B . s
* g?gxn{; Mf%}ww U <t3 to — (1))

My®)1>.

Therefore,

V(t) <[

. - bij
(L+€e*(t —t0)*) + max { M7 | C? |}(T(t)
>t j:]- 1

Cmin

) = (f— to— (1))
$ Eol 2l 27O e, 1)
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For t = ty, we have:

2| ml 7 2
Vito) < [cmmﬂrgggn{ZM b+ Dlllel (15)
Then,
* 2 2 - bij | 2
—— (L€ (1=t0)) Jy(t)|* < [mﬂ@f}n{z Nt Dl < 1 foenn 1)
: 0 k

This implies that:

H {gkcmazv 1}

b; | to<tp<t
M2| ij 2, to<tr <
Cmm+1rgia<><n{z Hr )]cmazl\wII Lt el p <

ly®1* < [

Hence, the zero solution of system (1) is uniformly stable.

In view of condition (iv), it is obvious that :

limsup ||y()||> = 0, so the equilibrium point of system (1) is also uniformly
t—r 400

asymptotically stable and globally asymptotically stable.

Which completes the proof.

If JI max{cmas &, 1} < oo, then we can get the following criterion for
to<trp<t

stability with €* = 0.

Corollary 32 Assume that there is a constant o > 0 and n X n positive definite
matriz Q such as:

maxci-qij

- 2

. iJ T44—1V1244
- = <

(i) o min(bij| = r24d+ry/T34H4

n
(i) e 3, 3 au} + max {13 3 z T+ max {M] Zz Lualy
+ 1N (CT1BQIBTCY) < 2
Then, the equilibrium point of system (1) is uniformly asymptotically stable and
globally asymptotically stable.

Ifo= % and @ = OI d in Corollary 32, then we can get the following

criterion for stability.

Corollary 33 Assume that the following conditions are satisfied:

(Z)6Om1n\b il = <1
2\ @ij 2 N\~ lbijl
() e (2 35 0} + ma (133" %)+ max (017 3 )
?)\mam(C’ 1BBTC )
Then, the equilibrium point of system (1) is uniformly asymptotically stable and
globally asymptotically stable.
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4 Application

In this section, we present a numerical example to illustrate that our conditions
are more feasible than those given in some earlier references [5].

Example 41 Consider the two-neuron delayed neural network with impulses as
follows:

Il(t) = 725171@) — 05f1(£€1(t)) + 0. 1f2(l’2( ))
—0191($1(t—7))+0292( Q(t ))

Za(t) = —2w5(t) + 0.2f1(21(¢)) — 0. 1f2(332( )

+0.2g1 (21 (t — 7)) + 0.1ga(wa(t — 7)) + (16)

Azi|imr, = 2i(ty) — zi(ty) = d,(;)(xi(t,;) —z)
keZ,,

where T = 0.87, the activation functions are the following:

fi(z) = fa(2) = g1(x) = g2(2) = 0.5(|z + 1| — |2 — 1)

andd) =1+ —1,d7 =\ 1+ 55 1, ty =k, ke Z,.

So, the matrix A, B and C are:

—-0.50.1 —-0.10.2 250
A= ( 0.2 0.1)’ B= < 0.2 O.l)’ ¢= ( 0 2>'
By Matlab, we note

c-ppret = (V0% 0225> 50, Amas(C~1BBTC—1) = 0.0125.

Considering the activation functions f1, f2, g1 and g2, we can choose L; = 1,
M;=1,i=1,2.
On the other hand, by Mathematica software, we note

(4)\2 _ )2
li[lln:l?)é(l +dy) 1 ?—j?)é(l + 552) <14
We show the equilibrium point of (16) is uniformly stable and globally asymp-
totically stable.

From Corollary 33: 0 = % VTt~ (0.4297, L ~ 2.3272. Thus,

2 @35 2 - |bij| @ -1 T —1
e e e (2 }ﬂf?f?n{Ma‘Z; g dnanl O BBTOT <
1=

Hence, by Corollary 33, the equilibrium point (—0.2258,1.9548)T of system (16)
is uniformly asymptotically stable and globally asymptotically stable.

Remark 41 In [5], the authors proved that system (16) is globally asymptoti-
cally stable with upperbound of delays T = 0.17. For this example, we additionally
get that the equilibrium point of system (16) is uniformly asymptotically stable
and globally asymptotically stable with upperbound of delays 7 = 0.87 > 0.17
. However, the criteria given in [5] are invalid for (t > 0.87). Therefore, our
results are less conservative and more efficient those that given in [5].
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5 Conclusion

In this paper, a class of HNN with delays is considered. We obtain some new
criteria ensuring the global and uniform asymptotic stability of the equilibrium
point for such system by using the Lyapunov method and linear matrix inequal-
ity. Our results show the effects of delay on the stability of HNN. The results
here are compared to earlier results. Our criteria are more simpler to verify. An
example is given to illustrate the efficiency of the results.
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