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Global exponential stability of delayed Hopfield neural network on
time scale

Xuehui Mei and Haijun Jiang

Abstract—In This paper, by using the theory of calculus on
time scales and constructing some suitable Liapunov functions,
we obtained the existence, uniqueness and global exponential
stability of equilibrium point of delayed Hopfield neural net-
work with impulses on time scale.The conditions can be easily
checked in practice by simple algebraic methods.

I. INTRODUCTION AND SYSTEM DESCRIPTION

OPFIELD proposed Hopfield neural networks (HNNs)

model based on the assumption that the elements in
the network communicate with each other instantaneously
without time delays in 1980s [1-2]. During the past several
years, the convergence dynamics of HNNs have been exten-
sively studied because of the wider application in information
processing, optimization problems, etc. Stability results that
impose constraint conditions on the network parameters will
be dependent on the intended applications in investigating
the stability properties of neural networks.

The theory of time scale was initiated by S. Hilger
in 1988, which has recently received a lot of attention.
The books on the subject of time scale, by Agarwal [3],
Bohner and Peterson [4-5], summarize and organize much
of time scale calculus. Its novel and fascinating type of
mathematics is more general and versatile than the traditional
theories of differential and difference equations as it can,
under one framework, mathematically describe continuous
and discrete hybrid processes and hence is the optimal way
forward for accurate and malleable mathematical modelling.
As well known, both continuous and discrete systems are
very important in implementing and applications. So, it is
very meaningful to study the stability of neural networks. In
recent years, dynamic equations on time scale have received
much attention. Several authors have expounded on various
aspects of this new theory(see [3, 6-8] and the references
cited therein).

In this paper, we study a new Hopfield neural network
on time scale, which is defined by the following system of
dynamic equation on time scale.

Ij(t) = —Cil'i(t)—‘rz aijfj(.%'j(t—Tij))-i-Ji 1=1,2,---.n

j=1
(1.1)
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for t € TS, Td is the T-interval {t € T,0 < ¢}, where T
denotes a time scale, which is an arbitrary nonempty closed
subset of the real number R with the topology and ordering
inherited from R and with bounded graininess p. For the
simplicity, we assume that 0 € T and T is unbounded above,
i.e., sup T = oo. 7;; is positive constants such that the delay
function 7;;(t) :=t — 7;; < t and satisfies 7;;(t) ;=T — T
and for all ¢t € T.

In (1.1), 3 expresses the delta derivative of the function
x;(t) (see Definition 3). ¢; represents the rate with which
the ith neuron will reset their potential to the resting state in
isolation when they are disconnected from the network and
the external inputs. n corresponds to the number of neurons in
layers, x;(t) is the activations of the ith neuron on time scale
T, respectively. a;; is the connection weight, .J; denotes the
external input. f; is the input-output function (the activation
function). Time delay 7;; on time scale T correspond to finite
speed of axonal signal transmission, 7 = mazi<; j<n(Ti;)

The initial condition associated with (1.1) is given

wi(s) = di(s), s € [-7,0T,

where ¢; € Cyq([—7,0](T,R) is rd-continuous which are
defined in Section 2 (see Definition 5).

We denote, by C?, Cra([-7,0]NT x ... x
[-7,0](T — R™), the space of rd-continuous function
¢ = (¢1,...,0n)T, which is equipped with the norm ||
¢ |loo= Xi_ysupie;_ronr | @i(t) |, then (Crasll - oo
) forms a Banach space (see Ref. [6, Example 9]). For
any ¢ € CY,, we say that x(t) is a solution of (1.1) on
[0,00] T through ¢ and denote by z(t, ¢), if z(¢) is a rd-
continuous function defined on [0, oo] () T such that x(t) = ¢
on [0,00] (T respectively, and x(t) satisfies (1.1) for ¢t €
[0,00] T, where x(t) = x(t, ¢) = (21(t,d), ..., zn (t, ¢))T.

Throughout the whole paper, we assume that the activation
function f; possesses the following property:

(H): The function f;(j = 1,2, ...,n) is bounded function and
Lipschitz continuous on R with the Lipschitz constant L;,
respectively, i.e.,

| fi(z) = fi(y) IS Lj |z —y|

System (1.1) is quite general and it includes several well
known neural networks model as its special cases such as
delay differential equations [9-12]:

(1.2)

(1) = —ciwi(t) + Z aijfi(zj(t — 7)) +Ji  (1.3)



i = 1,2,--- n, for t € [tg,00], and delay difference
equation :

n

N wi(t) = —ciws(®) + D as filw;(t —75)) + Ji - (1.4)
j=1

i=1,2---,n, fort € {nog,no + 1,..., }, where Ax;(t) =
x;(t+1) —x;(t) is the forward difference operator. Egs.(1.3)
and (1.4) are extensively investigated by many authors and a
variety of computing result have accumulated in the literature
concerning the global exponential stability in the past decade
. To the best of our knowledge, no paper in the literature has
investigated neural network on time scale. In this paper, we
use the calculus theory on time scale to unify and improve
discrete-time and continuous-time Hopfield neural networks
(1.3) and (1.4) establish some sufficient conditions to ensure
existence and global exponential stability of equilibrium of
Eq. (1.1). This work offers the method to study (1.3) and

(1.4) under one framework.

The paper is organized as follows: In Section 2, we
present some basic definitions concerning the calculus on
time scale. In Section 3, we develop Liapunov functions
technique on time scale to give some sufficient conditions
of global exponential stability for Eq. (1.1). In Section 4, an
example is given to illustrate the effectiveness of our results.
In Section 5, we give some conclusions.

II. SOME PRELIMINARIES

In this section, we will introduce some standard defini-
tions(see [1-3,7,8]).
Definition 1: A time scale T is arbitrary nonempty closed
subset of the real set R with the topology and ordering
inherited from R.
Definition 2: On any time scale T, we define the forward
and backward jump operators by

o(t) :=inf{s € T:s > t},

we put inf @ :=sup T and sup @ := inf T , where ) denotes
the empty set. A point t is said to be left-dense if ¢ > inf T
and p(t) = t, right-dense if ¢ < supT and o(t) = ¢,
left-scattered if p(t) < t and right-scattered if o(¢) > t.
The graininess function m for a time scale T is defined by
w(t) :==o(t) —t. If T has a left-scattered maximum m, then
we defined T* to be T — m. Otherwise T = T.

Definition 3: For a function f : T — R (the range R
of f may be actually replaced by Banach space) the (delta)
derivative is defined by

flo(t) = f(t))

a_
== o(t) —t
if f is continuous at t and t is right-scattered. If t is not
right-scattered then the derivative is defined by
t)) — t) —

o i FEO) =) O = ()
o(t)—s t—s
provided this limit exists.

Definition 4: A function F' : TF — R is called a delta-
antiderivative of f : T — R provided F'< = f holds for

s—t s—t
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p(t) :==sup{s € T:s < t},

all t € T*. In this case we define the integral of f by

| 1985 =F®) - Fa

for t € T and we have the following formula

for t € T*

Definition 5: A function f : T — R is called right-dense
continuous provided it is continuous at right-dense points of
T and the left sided limit exists (finite) at left-dense point
of T. The set of all right-dense continuous functions on T is
defined by C.q = Cr-q(T) = Crq(T,R).

Definition 6: We say that a function p : T — R is regressive
provided 1 + p(t)p(t) # 0 for all ¢ € T. The set of all
regressive functions on a time scale T forms an Abelian
group under the addition & defined by

pPDqg:=p+q+pupq

The additive inverse in this group is denoted by <p :
p

ltpg
gressive functions by

PO q:=p®(9q).

. We then define subtraction © on the set of re-

It can be shown that p @ q(©q) = — pP=a

The set of all regressive and right-dense continuous functions
will be denoted by i = R(T) = R(T,R).

Definition 7: We define the set 2T of all positively regressive
elements of R by

Rt = RE(T,R) = {f € R: 1+u(t)f(t) > 0 for all t € T}

Next we give the definition of the exponential function and
list some of its properties.
Definition 8: For h > 0, we define the function &, (x)

1 _
—log(1 + xh)for any real number x except —— where Log
1s the principle Logarithm function. If h = 0, we define

So(x) = .
Definition 9: If p(t) € R, we define the generalized expo-
nential function as

ep(t, s)

t
capl [ € (o) A7)
log(1 + u(r)p(r))
exrp T
(/s () A7)
for 7 € T. Alternately, we can define the exponential
function e (-, %) to be the unique solution of the IVP

I(to) =1
Lemma 1: 1f p,q € R then

(i) eo(t,s) =1 and ey(t,t) = 1;
(i) ep(a(t),s) = (1 + p(t)p(t))ep(t, s);
(iii) ep(t, s)ep(s, ) = ep(t,7);

2 = p(t)a, for p(t) € ®



(iv) ep(t,s) = 1/ep(s,t) = eqp(s, t);
(V) ep(t,s) >0, forp e RT;

(Vi) ep(t, s)eq(t, s) = epmq(t, s);
(Vi) ep(t,8)/eq(t, 8) = epaq(t, s).
Lemma 2: ([13]) Assume that f, g
differential at + € T*. then

: T — R are delta

(f9)°(t) = F(t)g(t) + ( (t)g"(t)
= f®g () + [ ()g(a(t))
Lemma 3: ([14-15]) If H(z) € C'(R™, R™) satisfies following

conditions

(1) H(x) is injective on R™

(i) || H | = +o0 as || z || +o0

then H(z) is a homeomorphism of R™ onto itself.

III. MAIN RESULTS

Firstly, by means of homeomorphism theory, we will
study the existence and uniqueness of the equilibrium point
of system (1.1). An equilibrium point of system (1.1) is
a constant vector (z7,---,x%) € R™ which satisfies the
equation

—cixf + Zaijfj(df]) + JZ =0

j=1
the existence of equilibrium point of system (1.1) is easily

obtained by Brouwer’s fixed point theorem.

Theorem 1: Assume that (H) hold, suppose further that for

each i=I...n, following inequality is satisfied

n
c; > Z |aji|Li,
j=1

then there exists a unique equilibrium point of system (1.1)
Proof: Consider a mapping ® : R™ — R"” defined by

i=1,--,n, (3.1)

®i(z) = —cjmi+ Y aijf(x;) + J

j=1
where = = (z1,---,2,)7 € R7, &) =
(®1(x),---,®,(x))T € R™. First, we want to show that ®
is an injective mapping on R™. By contradiction, suppose

(3.2)

that there exists distinct z, 7 € R™ such that ®(z) = ®(z),
Where z = (21, ,2,)7 and z = (1, -+ ,Z,)T. then it
follows from (3.2) that
ciws — it =y ay(fi(a;) — f3(2;))  (3.3)
j=1
It follows from (H) and (3.3) that
ciles — | = 1Y ailfi(zy) — £(2)]]
j=1
<> aygll () = £(2))]
j=1
<

n
> Lilayjllz; — 2]
j=1
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Then we have

> (e =Y Lilaji|)|wi — 2] <0
=1 j=1

It follows from (3.1) and (3.4) that |x; — Z;| =0, i = 1...n.
That is x = z, which leads to a contradiction. Therefore,® is
an injective on R™. So we shall prove ® is a homeomorphism

(3.4)

on R”. For convenience, we let ®(z) = ®(x) — ®(0),Where
b;(z) = —ciwi + zn:aij(fj(:cj) = f3(0)), i=1,---,n
j=1
We assert that ||®| — oo as ||z]| — oo
Clearly,
@] = z”: | @(2) |= Zn: | —cizi + zn:aij(fj(fcj) = f3(0)) |
i=1 i=1 j=1

> Z lei| @i | — | Z|aij|(fj(1'j) = £3(0)) |l

Z |xl|—Z|aU|L |21 |
Z|aﬂ|L )il |

So,it follows that ® satisfies | ®| — oo as ||z|| — co. By
Lemma 3, ® is a homeomorphism on R” and there exists a

unique point z* = (zf . x7;)" such that ®(z*) = 0.From
*)* is the

EDMIC

=1

3

n
the definition of ®, we know that z* = (x’{:z: )T

unique equilibrium point of Eq.(1.1).

Secondly, we study the global exponential stability of the
unique equilibrium for Eq. (1.1) on time scale by using
Liapunov method.

Theorem 2: Suppose that system (1.1)-(1.2) satisfies (H), if
there exist constants \; and p > 0 such that

Aifp + [efp(t) — 26 + Z | aij | Lj(1+ cip(t))]

}+Z)‘ | aji | L[l + ¢jp(t + 75i)
Jj=1
+n | aji | Lil (1 + pp(t + 75i))ep(t + 750, t) <0

x (1 + ppu(t)

(3.5)
forall 3,7 = 1,2,...,n,t € ’11‘8“, then the equilibrium z* =

(z .. ap)T of system (1.1)-(1.2) is globally exponentially

stable for every J, i.e., every solution z = (x1,--- ,2,)" of
system (1.1)-1.2) satisfy
n M n
(1) — )2 (3.6
Do) -r1 S G D s (ai) i) (30

for all t € TS , where M > 1 is a constant.
Proof: Condition (3.5) implies that

—2¢; M\ + Z(/\Z | Qij | Lj + /\j | Qj; | Ll) < 0,
j=1

(3.7)



it = 1,2,--- ,n. By using the theorem 1, we can prove 2 - 272 2 }
14T ) S +(ui(t)”) +n Y ai;) Li(u;(t — 7y
system (1.1)-1.2) possesses a unique equilibrium z* = (u:(®))%) Z 2 J( i i)7)

(x5 . ap)". Let ui(t) = 2i(t) — i = 1,2,...,n. Then n
we can rewrite Eq. (1.1) into = Z Ai [p + (G u(t) — 2¢;
i=1
(1) = —ciu;(t oy aig (fi(a(t —7i)) = fi(@F)), -
u;(t) coui(t) + 200 aij (fi(xi(t — 7)) — f (?3')5);) +Z lai; | L1+ cip(t)(1 +pu(t))]

i = 1,2,---,n, for all t € T§. To prove Eq. (3.6) is

equivalent to prove .
" ZZA iy | L1+ ca(t)
=1 J

- 2 M (g2
;m(t) : ep(t,0) ;ses[ljg,o] uils) (39) + |2 L2)(1 + pu(t))

nla,
X(“J(t TZJ)) ep(t,0).

n n t
DD Ailay |Lj/ (L+ cip(s + 745)
t—Tij

V() = Vl()"'v2() i—1 j—1
+n CLl'j Lj 1—|— S+Tij
Vi(t) = ZMZ 2¢,(t,0), X(UL(S))L%();MZS)AS )

for all t € TS, where M > 1 is a constant. Va(t)®
Now, we construct the Liapunov functional V' (t) as follows

I
/N

Wa(t) = ZZ)‘L |“w|/ (1 + cip(s + 7ij) = D> Ailai [ L1+ eiplt +7)

1=1 j=1 L="Tij i=1 j=1

+n | ai; | L)1+ pu(s + 7ij)) +n|ay | Lj)

xu;j(s)%ep(s +7;5,0) [\ s. X (14 pu(t +7i5)) (u; () *ep(t + 735, 0)
Calculating V (t)9-derivative of V/(t) along the solution of - Z Z Ailaij [ Lij(1+cip(t) +n | agj |
Eq.(3.8), we have =1j=1 )

X J)( + () (u (t = 735)) "ep(t, 0).
Vi (t)e V(t)©

|
=

()T + Va(t)®

= Nl (6)?)ep(o (1), 0) + us(6)? (ep(t,0))°]
=1 ep(t,0){Ni[p + (cZu(t) - 2c;

= Z)\ [ 2u;(t) (—ciuqi(t)

NE

-
Il

(="

+zj o3t = 7)) — ) T2 b LRt e+ pu(t)|
+u(t)(—ciug(t) + Za” fiz(t = 7i5)) —|—Z)\j | aji | Li(1 + cju(t + 155) +n | aji |
x¥)))?)ep(o () 0)+uz( )*pep(t, 0) xL;)(l +pu(t+Tji))ep(t+Tﬁ,t)}(ui(t))2

i(
[)xlep (—2¢;(wi(t))?

IA
Mu&

By using (3.5), we can conclude that V (#)? < 0, for t € T,

1
which implies that V'(t) < V(0) ,for t € Ty .

2> " [ay | Lj | 2(t — i) — 2 || ua(t) |

-
Il

_|_
hy 2 V(0)
(€0 ua0))? + 2 | (1) S
XZ|@ij|Lj|$j(t—Tij)—I§| ; )+ Vel Z i(0)°€(0,0)
" + ANiLj | aij | (14 cip(s +75)
+n ) (ai) L3 (;(t — 7)) — 23)%)) ;; /Tu !
Jj=1 +n | aij | Lj)
+ i (i (1)) pey(t, 0)} X (14 pu(s + Tij))uj(s)er(s + 75,0) A s
< Z[)‘Z (u;i(t))*pey(t, 0) < max. [/\ —i—Z)\ iLi|aj; | (L4+cjp+n]|aj]
Jj=1
+)\z€p(0’( ), 0)((€F pu(t) = 2¢3) (ui(#))? "
n a , X L;)(1 4+ pp)Tey(T, O)} Z sup  wu;i(s)?.
+Z | aij | Lj(1+ ei)(u;(t — 7i5) i=1 ~T=8=0 (3.10)
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where p(t) < p. Observe that

V(t) > min \;

(t,0
1<i<n ep )

(3.11)

Zm

Then it follows from (3.10) and (3.11) that

Zuz M Z sup ui(8)2

B eP t O) i—1 SE[=T7.0]
for t € ’H‘ar , where M > 1 is constant. This completes the
proof.
Remark 1: If the time scale T = R, u(t) = 0 .Then , from
Theorem 2, we can immediately derive the following result
which is similar to the proof of Ref. [16].
Corollary 1: Suppose that system (1.3) satisfies condition
(H) and if there exist constants \; > 0,7 = 1,2, ...,n such
that

Ai(—20i+2|aij|Lj)—|—z}\j|aji|Li<0

Jj=1 j=1

then the equilibrium z* (%, ., a)T
globally exponentially stable for every J.
Remark 2: 1f the time scale T = Z, then pu(t) = 1 and Eq.
(1.1) becomes Eq. (1.4). From Theorem 2, we can obtain the
following result.

Corollary 2: Suppose that Eq.(1.4) satisfies condition (H)

of Eq. (1.3) is

and if there exist constants A\; > 0,7 = 1,2, ...,n such that
N6} = 2ei+ Y L aij | Li(1+¢;)]
j=1
A N Lagi | Li(l+ X +n | aji | L) <0

J=1

then the equilibrium z* = (z7,...,2%)7
globally exponentially stable for every J.
Remark 3: The result of Theorem 2 unifies the previous
literatures on Hopfield neural networks of discrete-time and
continuous-time, and reveals the discrepancies of results of
continuous-time (u(f) = 0) and discrete-time (u(t) = 1)
Hopfield neural network.

of Eq. (1.4) is

IV. AN EXAMPLE

In this section, an example is shown to verify the effective-
ness of the result obtained in the previous section. Consider
the following simple Hopfield neural network with delays on
time scale T:

2(t) = —ciwi(t)+ Y aifi(zi(t—7i5))+J; i=1,2,---,n
j=1

fort € T(J)r, (01702) =

where
a1
a1

(0.1,0.1) 73 = 5 Ji = 2(i, j

a12 o 001 002
a9 o 0.03 0.04
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Taking fj(z) = 3(|z+1|— |2 —1]),we have L; = L; =
1(¢,7 =1,2). Again choosing \; = \; = 1(i = 1, 2),

we can easily verify that the conditions of Corollary 1 and
2 are all satisfied, respectively:

2 2
/\1(—261 + Z | aij | Lj) + Z/\J | aj1 | L; < —-0.13

j=1 j=1

Ao (— 202+Z|a27|L +ZA,|a,2|L2< —0.07
=1 Jj=1

2
/\1[6% —2c1 + Z | ayj | Lj(l + Cl)]
j=1
9 J
+> Nlaj | L1+ X +2 ] aj | ;) < —0.858
J=1

2
Aa[e3 = 2c2+ Y [ ag; | Lj(1 4 c2)]
=1
) J
+> N laje | La(1 4+ X+ 2] aja | L;) < —0.736
j=1
Thus, it follows from Corollary 1 and 2 that system (4.1) has
a unique equilibrium point which is globally exponentially
stable.

V. CONCLUSIONS

In this letter, Global exponential stability of delayed
Hopfield neural network on time scale have been studied.
Some sufficient conditions for global exponential stability of
the equilibrium point have been established.The conditions
possess highly important significance and are easily checked
in practice by simple algebraic methods. These obtained re-
sults are new and they complement previously known results.
Moreover,an example is given to illustrate the effectiveness
of our results.
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