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Global Asymptotic Stability of
High-Order Delay Hopfield Neural Networks
with Time-Varying Coefficients

Peiguang Wang, Hairong Lian and Yonghong Wu

Abstract. In this paper, the problem of global asymptotic stability of the high-
order delay neural networks with time-varying coefficients is investigated. Sufficient
conditions are obtained for the existence and global asymptotic stability of the equi-
librium of such neural networks by using Brouwer’s fixed point theorem and Liapunov
method.
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1. Introduction

Hopfield neural networks have been intensively discussed in recent years, see the
references and therein. When the networks are applied to reality, the hardware
makes signals delay which are transmitted between neurons. From this point,
the investigation of delay Hopfield network is very meaningful [1, 3 — 4, 9 —
10]. High-order delay networks are prior to lower ones such as better approach
ability, faster convergence, more storage capability and stronger fault tolerance,
etc. So, more and more attentions have been paid to the study of high-order
neural networks [2, 7, 10].
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Xu and Liao [10] consider a second order delay Hopfield neural networks as
follows:

C; & "R, +Ii(t)+;mjgj(uj(t—7))
- " (1)
+szjkg]<u](t_T))gk(uk(t_T))a L= 17"'7na

=1 k=1

with initial conditions
u;i(s) = wi(s), se[-1,0],i=1,...,n, (2)

where C; > 0, R; > 0 and [; represent the input capacitance, input resistance
of the ith neural cell and external input signals to the network, respectively.
Wij, Wijr stimulate the first and second order connections between the set of
the n neurons (or synaptic strengths), respectively. Transmission delay 7 is a
positive constant; ¢; € C([-7,0],R), ¢ = 1,2,...,n. By using the Liapunov
second method, Xu and Liao [10] present some sufficient conditions of the global
asymptotic stability (GAS) for the above systems.

Moreover, along with the changing of the time, environment and the aging of
the network and so on, the input capacitance, input resistance, interconnections
and external input may change, too. Under this circumstance, we consider the
second order delay neural networks with time-varying coefficients

du;(t) u;(t)

GG =~ 4+ L)+ D Wi (st~ 7))

J=1

) Wi(®)gi(wi(t = T)gr(un(t — 7)), i=1,....n

=1 k=1

with initial conditions
u;i(s) = wi(s), se[-7,0],i=1,...,n, (4)

where Ci(t) > 0, R;(t) > 0, L;(t), Wi;(t), and Wyj,(t) represent the same
meanings at time ¢, respectively. The functions g; are bounded and satisfy
a Lipschitz condition, that is, there exist positive real numbers L; such that
lgi(z) — gi(y)| < Li|x —yl|, and ; € C([-7,0],R), i =1,...,n.

In this paper, some sufficient conditions are given for the GAS of system (3)-
(4) by constructing another Liapunov functional together with a Razumikhin-
type theorem which generalizes some results in [2, 9 — 10].
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Firstly, we give the vector form of system (3)-(4). Let

u(t) = (ur(t), uz(t), ..., un(t))
glu(t — 7)) = (g1 (u (t—T)) gz(Uz(t )y Gulun(t — 7)),
D(t) = diag(Cy(t)Ry(t), Ca(t)Ra(t), . .., Cplt) Ry(t))
- (C
—(W )
(t) = (WL ()]s, WD, .., [Wa(B)]s)"
G(u(t — 7)) = diag(g(u(t — 7)), g(u(t — 7)), ..., g(u(t —7)))
(L) L) L)\ "
_< )’Cgt "C’n(t))
= (), ... pn(t),

), P2
where [W;(t)]s = 3 (Wi(t) + Wi(t)T), i = 1,...,n. Then, system (3)-(4) takes

2
the following form:

u'(t) = =D~ (t)u(t) + W (t)g(u(t — 7))
+ Gult — )W) g(ult — 7)) + I(t)
u(s) = p(s), s € [—T,0]. (6)

Suppose that the following condition holds:
(Hy) D(t), W(t), W(t),g(t), I(t) are all continuous, bounded functions.

(5)

2. Preliminaries

For convenience, we give some basic notation and theories which play an impor-

tant role in the proof of the main results. The norms |- | and | - || are defined
by
ol = oo {] 5} ven
T
o) = maxsup o) [}, () = (@020, (1)

AWl = max swp{ Ay 1}, A® = (A5(0),

We substitute || - ||, with || - | when there are no confusions.
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From the context of functional differential equations (FDEs) [5], we intro-
duce the function space C. Here, C' = C([—7,0], R") is the Banach space of
continuous functions mapping the interval [—7, 0] into R™ with the topology of
uniform convergence, for example, designating the norm of an element ¢ in C'
by [[¢|l = sup_,<p<o|¢(0)]. For any map = : R — R", the notation z; was
defined by z4(0) = z(t +60), —7 < 0 < 0. Clearly x; € C.

Consider the retarded functional differential equations (RFDE(f))
#(t) = f(tz),  x(s) = @(s), s € [-7,0], (D
where z(t) = (z1(t), 22(t), ..., 2, (1)), f: RxC — R™, f(t,0) =0, ¢ € C. As-

sume that f satisfies enough conditions to ensure the existence and uniqueness
of the solution as well as the continuous dependence on initial values for any
solution. Denote by z(t) = z(0, ¢)(t) the solution through (o, ¢).

IfV:RxG — R(G C C) is continuous on R x G, then define

V/(t6) = Vip(t,6) = limsup 3 [Vt -+ b (t,6)) — V(t,0)].

h—0t

and if V: R x R™ — R is a continuous function, then define

V/(t,6(0)) = V{i(t,¢(0)) = lim sup %[V(t +h,x(t, o)t + h)) = V(E,¢(0))],

h—07t
where z(o, ¢) is the solution of system (I) through (o, ¢).

Definition 2.1. A function a : R™ — R* is said to be belong to class K, if a
is a continuous nondecreasing function, a(s) > 0 on (0,00) and a(0) = 0.

Theorem 2.2. ([5, Theorem 3.2]) Suppose f : RxG — R" (G C C' is bounded)
and a, b € K. If there exists a continuous function V : R x C — R such that

a(lp(0)]) <V(e), V'(t,¢) < =b(|6(0)]),

then the solution x = 0 of (1) is asymptotically stable. If further a(s) — oo as
s — 00, every solution of (1) is bounded.

If V: Rx R" — Ris a continuous function, then V'(¢, $(0)), the derivative
of V along the solution of system (I), is defined to be

V/(t,6(0)) = V{i(t,¢(0)) = lim sup %[V(t +h,x(t, @)t + h)) = V(E,¢(0))],

h—0t

where x (o, ¢) is the solution of system (I) through (o, ¢).
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Theorem 2.3 (Razumikhin-type theorem). ([5, Theorem 4.2]) Suppose
f: RxG — R" (G C C is bounded) takes R x G into bounded sets of R",
and consider system (I). Suppose u,v,w belong to K. If there is a continuous
nondecreasing function p satisfying p(s) > s for s > 0 and a continuous function

V:Rx R"— R such that
u(lz|) < V(t,z) < v(lz|), te R, © € R"
V'(t,0(0)) < —w([o(0)) if VI(t,¢(0) <p(V(t ¢(0))) V8 € [-7,0],

then the solution x = 0 of (1) is uniformly asymptotically stable. And further,
if u(s) — oo as s — oo, the solution x =0 is also a global attractor.

3. Existence of Equilibrium

Before the main results, we first investigate the existence of the equilibrium
for the system (5)-(6) by using the Brouwer’s fixed-point theorem. After a
coordinate translation, we can see that the GAS property of the equilibrium
of (5)-(6) is equivalent that of the zero solution for the corresponding system.
And in the next section, we will discuss the GAS of the zero solution for the
corresponding system.

Theorem 3.1. Suppose that (Hy) holds, then the system (5)-(6) has at least
one equilibrium.

Proof. Consider the operator F': R — R™ according to
F(u) = D)W (t)g(u) + D(H)G(u)" W (t)g(u) + D()I(t).
It is obvious that F'is a continuous operator. Let
Q={uveR"||u-DOIH) <D (HW(t)H +L- HW(t)H> L},

where L = ||g(u)]|, then € is a closed bounded subset of R". For any u € R"™,

|F () = DI = DOV ($)g(w) + DEG() W (£)g(w)]
<ID@ -1 (W) + G W) |- gl
< IO (IW O]+ g1 - [W @) - lgw)]
= [D@) (I @)+ L- W) £

then operator F' maps the set (2 into itself. From Brouwer’s fixed-point theorem
6], there is at least one fixed-point «* such that F'(u*) = u*, i.e.,

u* = D)W (H)g(u*) + D(t)G(u*) W (t)g(u*) + D(t)I(2).
Thus, system (5)-(6) has at least an equilibrium. |
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Suppose u* = (u},u3,...,u:)’ is an equilibrium of the system (3) (or 5).
Considering the coordinate translation z = u — u* = (21,29, ..., 2,)", we get
the following system which is another form of system (3) by using the mean

value of Lagrange theorem:

T . RO L)

+ ' (Wi (@) fi(zi(t = 7)) - fr(xn(t — 7))
+ et — 7)) g;(u}) + fi(2(t — 7)) gr(up)) (7)
0 () fi(zi(t — 1))

+ZZwkﬂ%W@%WFW

7j=1 k=1

where f;(z;) = gi(z;+uf) —gi(u}), i =1,...,n. If fact, by using the mean value
of Lagrange theorem, we have

95 (ui (t = 7)) gn(ur(t — 7)) — g (u5) g (uz)

= 95 (u;(t = 7)) g (un(t = 7)) + g (ui)] — [g;(u; (¢ = 7)) + g5 (uf)] 9w (ui)

— gt — 7)) (gi(uk(t—T)) gi(%)) ( g; (ui(t = 7)) — g7 (uj ))gk(uZ)

(
gr(ue(t — 7)) — gr(up) i(u;(t = 7)) = g;(u])
= 28,95 (u;(t — 7)) — 2&; 91 (uy,)
= 264 f(w;(t — 7)) + 2649, (u}) —

28 gx (uy),
and similarly by using the mean value of Lagrange theorem, we also have
95 (ug (t=7)) g (un (t=7)) =g (u5) gr (uy.) = 285 fu(wr (¢ =7))+28; 91 (uy) = 28kg; (u5),
and so
gi(uj(t — 7)) gr(un(t — 7)) — g;(u;)gr(uy) = & fi(z;(t — 7)) + & frlan(t — 7)),

and & belongs to the interval of g(ux(t — 7)) and gx(u}),k = 1,...,n. The
initial condition is of the type

zi(8) = ¢i(s), s € [—T,0], (8)
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where ¢;(s) = p;i(s) —u*,i=1,...,n. Let

E= %dlag ((51,527 s ’gn)Tv (§17§2a s 7§n)T7 EIRII) (517527 s 7§n)T)
f(ZE) = (fl(x1)7f2(x2)7 .- 'afn(xn))Ta

then we have the vector form of Hopfield neural networks model (7) along with
the initial conditions (8)

#'(t) = =D (t)a(t) + (W) + ZTW (@) f (2t = 7)) (9)
x(s) =¢(s),  se[-7,0] (10)
Therefore, the GAS of the equilibrium u = u* for system (3) (or 5) is equivalent

to the GAS of the equilibrium x = 0 for system (7) (or 9). Next we will present
global convergence criteria for system (9)-(10).

4. Global asymptotic stability

Suppose that
(Hz) f; are continuous, and for any z; € R\ {0} let z; f;(x;) > 0 and

/ fi(s)ds — 400 as |x;| — 400 (i=1,...,n).
0

Theorem 4.1. Suppose that (Hy) and (Hy) hold, and there exits a positive
diagonal matriz P such that

P(W(t) + ETW (@) - [PW () + ETW ()T + E

is negative definite, then the equilibrium solution x = 0 of (9)-(10) is asymp-
totically stable and every solution of (9)-(10) is bounded.

Proof. First, it is obvious that the assumption of (H;) and (Hs) ensures the
solutions’ existence of the FDEs (9)-(10). It is a standard theory that solutions
of (9) exist on [0,0) for some ¢ > 0. Furthermore, if the solution remains
bounded, then § = oco.

The Liapunov functional V' : C' — R is defined by
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where the constants p;, ¢ = 1,...,n, are the entries of the diagonal matrix
P. We can get the derivative of V' along with the trajectory of system (9) as
following noticing the condition (Hs) and the initial condition (10):

V'(¢) = 2f(¢(0))" P¢'(0) + f(6(0)) f(4(0)) = f(d(=7))" f((—7))
= —2f(4(0))" PD(t)"¢(0) + 2f(¢(0))" P(W(t)

+ETW ) f(d(—7)) + F(@0)T F(6(0) — F(d(=7)T f(B(~T)).

Furthermore, we have
V() < 2f(0(0)" P(W (1) + E"W (1)) f(6(—7))
+ f(0(0)T f(0(0)) — f(p(=7))" f((—T))-

Let

X =PW) +ETW@®) - [PWE) + W) + E

Y = f(p(—=7)) = [PW(t) + ZTW ()" £(6(0)),

then we get V'(¢) < f(¢(0))T X f(4(0)) — YTY. Since X is negative definite,
V'(¢) <0 for ¢ # 0 and V'(0) = 0. Set

ai(x):min{/Oxfi(e)de,/o_xfiw)de}, (i=1,...n).

It is obviously that a;(0) = 0 and a;(z) = a;(|z]). From (Hy), a;(x) > 0 for any
x>0, and a;(z) — +00 as © — 00. Let py = mini <, {pi}, @ = minig<n{a:},
then we have

o
0

n (0) 0
V(o) =23 / £(60)d0 + / F(6(0))7 F(6(60))d0
> 2 Zpoai(@(()))

Z QZPOCLG@(O)D

2> 2poal(|¢(0)]),

that is, V(¢) achieves the lower bound by a positive, radially unbounded func-
tion of |¢(0)]. Thus, all solutions of the system (9)-(10) are asymptotically
stable and bounded. This completes the proof. |

When the bounds of D and f; are strengthened, we can get another result.
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Theorem 4.2. Suppose that (Hy) and (Hs) hold, and there exist positive con-
stants v; and y; such that, for any x; # 0,

DY) = v, |filw)] < vilal
where D (t) are the entries of the diagonal matriz D™(t),i = 1,2,...,n. Set
[ = maxiic, 2+ If there exists a positive diagonal matriz P = diag (pl, ey Pn)

such that
BFPPW () +ETW () - [PW(t) + ETW @) — 268vPT ' + E

is negative definite, where v = diag (v1,...,v,), and T' = diag (v, ..., 7,), then
the equilibrium solution x = 0 of (9)-(10) is asymptotically stable and every
solution of (9)-(10) is bounded.

Proof. We establish the Liapunov functional V' : C' — R" defined by

— 25 sz / 6)d6 + 3 / F(6(0))T F(6(6))db,

then

V'(¢) = —26f(¢(0))TPD() '6(0) +28£(6(0))" P(W(t)
W) - f(@(=7)) + BF(6(0))" F(6(0)
—ﬁf( (=) f(é(=T)).

Using the assumption and noticing that p; > 0 and 3 > 0, we have
26p11:(91(0)) Di{t) ™ 61(0) > 2puvifi(9n(0))6:(0) > 20p: i on(O0)) P
for i = 1,...,n. Then 23f(¢(0))"PD~}(t)$(0) > 2Bf(4(0))"vPT " f(4(0)),

and furthermore, we have

V'(¢) < QBf( (0)"wPT 1 f(9(0)) + 28 (6(0))" P(W ()

W (1)) - f(¢(~7))
+ﬁf( (0)"£(6(0)) = BF(&(=7))" f(o(=7))

= f((0)" X f(¢(0)) =YY,
where
X = BPW(t)+EZTW () - [PW () + ETW ()T — 28T + E
Y = f(6(=7)) = BIPOV () + E"W(0))]" £(£(0))-

Provided that X is negative definite, we are able to complete the proof by using
the same arguments presented in Theorem 4.1. [
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If Wir(t) = 04,5,k = 1,...,n, the following corollaries are obtained di-
rectly from Theorem 4.1 and 4.2.

Corollary 4.3. Suppose that W(t) =0, (Hy) and (Hs) hold, and there ezists
a positive diagonal matriz P such that PW (t)[PW (t)]T + E is negative defi-
nite, then for every delay T > 0, the equilibrium solution x = 0 of (9)-(10) is
asymptotically stable and every solution of (9)-(10)is bounded.

Corollary 4.4. Suppose that W(t) = 0, (Hy) and (Hs) hold, and there exist
positive constants v; and 7y; such that, for any x; # 0,

D;(t) > vy, | fi(i)| < vilzil,
where D;(t)~" are the entries of the diagonal matriz D(¢t)™',i = 1,...,n. Set
B = maxigi<n . If there exists a positive diagonal matriz P = diag (py, ..., pn)
such that

FPW)[PW@)]" +26vPT ™ + E

is negative definite, where v = diag (v1,...,v), and I' = diag(y,...,Vn), then
for every delay T > 0, the equilibrium solution x = 0 of (9)-(10) is asymptoti-
cally stable and every solution of (9)-(10) is bounded.

By using the Razumikhin-type theorem, we can get the globally asymptoti-
cal stability of system (9)-(10). For this, suppose d = min, <<, inf,cg+ |D; ' (t)]
> 0, and set k = n?|(W(t) + ZTW (t)|.

Theorem 4.5. Suppose the condition (Hy) is satisfied and ]%] < L. If there
erist ¢ > 1 and p > 0 such that —d + kLq < —p < 0, then system (9)-(10) is
GAS.

Proof. If z(t) is a solution of system (9)-(10), then we have

8
~
—~
~+~
~—
I

—D ' (B)a(t) + (W(t) + ETW () f(x(t — 7))
o(s) =o(s),  s€[-70]

Set V(t,9(0)) = 2¢7(0) - ¢(0), then we have

V'(t,xz) = x7(t) - 2/ (t)

=2 (t)- [ = D ()x(t) + (W (t) + ZTW (@) f (x(t — 7))]
of

<~ (OD (B (t) + 2OV () + ZTTH (1) |

z(t —7)

< ~dle(t) + kL|e(t)]la(t — 7).
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Set u(s) = v(s) = 35° and p(s) = ¢*s, so if V(t,¢(0)) < p(V(t,¢(0))) for
0 € [—7,0], that is, ¢ (t —0)p(t —0) < ¢*¢T(t)¢(t) for 6 € [—7,0], we then have

V'(t,¢(0)) < —d|@(0)[* + kL|$(0)" ||¢(—7))|

(—d + kLq)[#(0)]*

—u|$(0)[*.

Notice that x = 0 is the equilibrium of system (9)-(10), and so z(t) — 0 as

t — oco. While z = 0 is a global attractor and so system (9)-(10) is globally
asymptotically stable. [

IA AN ]
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