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This paper is concerned with the problem of the existence, uniqueness, and global exponential stability for neutral-type cellular
neural networks with distributed delays. Based on fixed point theory and Lyapunov functional, several sufficient conditions are
established for the existence, uniqueness, and global exponential stability of almost periodic solution for the above system. Finally,
a simple example is given to illustrate the feasibility and effectiveness of our main results.

1. Introduction

It is well known that the delayed cellular neural networks
(DCNNs) have been successfully applied to many practical
problems, such as signal and image processing, pattern recog-
nition, and optimization. Hence, they have been investigated
extensively by many researchers in recent years. In particular,
the stability and the existence of almost periodic solutions
are two important properties, which have close relation
to the applications of neural networks, so they have been
widely studied. Therefore, there have been extensive results
on the existence and stability of periodic solutions and almost
periodic solutions of delayed cellular neural networks in the
literature. We refer the reader to [1-12] and the references
cited therein for more details.

As pointed out in [13], in the biochemistry experiments,
neural information may transfer across chemical reactivity,
which results in a neutral-type process. Moreover, in many
cases the existing neural network models cannot characterize
the properties of a neural reaction process precisely. To solve
this problem, it is naturally introducing the neutral networks.
To the best of our knowledge, however, the problem of global
exponential stability of almost periodic solution for neutral-
type cellular neural networks has not been fully investigated
in the literature.

In this paper, we consider the following neutral-type
cellular neural networks with distributed delays:

% () = =a; (1) x; (6) + ) b; () f; (% (1))
j=1

+jzzlcij (t) gj<J w; (s) x; (t —s) ds) 1)

0

Y, (), (joo v ()%, (t-9) ds> YL,
j=1

0

where n denotes the number of units in a neural network,
x;(t) corresponds to the state of the ith unit at time ¢, g; > 0
represents the passive decay rates at time f, f;, g;, and h;
are the neuronal output signal functions, a;;(t), b;(¢), ¢;(t),
and d;;(t) denote the strength of the jth unit on the ith unit
at time t, I;(t) denotes the external inputs at time ¢, and a;,
aj> bj» ¢j» djj, and I; are all almost periodic functions, i, j =
1,2,...,n. The kernel functions w;,v; [0, +00) — [0, +00)
are continuous with IOOO wj(s)ds = _[;0 vj(s)ds = 1 and satisfy

.[o e'sswj (s)ds = p; (&), Jo eESVj (s)ds=4q;(%), 2
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where pj and q; are continuous functions in [0,6] (§ > 0)
andpj(O) = qj(O) =1,j=12,...,n

Let C(X,Y) and C'(X,Y) be the space of continuous
functions and continuously differential functions which map
Xinto Y, respectively. Especially, C(X) := C(X, X), Cc'(X):=
C'(X, X). For any bounded function f € C(R), f*
sup,eplf(s)l, f = infoepl f(s)I.

The initial conditions associated with system (1) are of the
form

x;(s) =x; (s), Vse€(-00,0],
3)

x' € C' ((-00,0],R), i=12,...,n

We list some assumptions which will be used in this paper.
(H;) min, ., {a;'} > 0.

(H,) There exist some positive constants A , L% and L"
2 p > j
such that

|f; @) = f; )] < L Ju =],
|9 @) = g; )] < LG ju =], (4)
| @) = ;)] < LY ju—vl,

forallu,veR, j=1,...,n
(H;) 0 = max{0,,0,} < 1, where

- ln 1 f 9, 4L
6 = maX{ 2 (BiL] + L+ diL 1)}
£
©)

G (41f 9 4L
% _{Eﬁi{[ _l]z biL; + LG+ djL 1)}

j=1

The organization of this paper is as follows. In Section 2,
we give some basic definitions and necessary lemmas which
will be used in later sections. In Sections 3 and 4, by using
a fixed point theorem and constructing suitable Lyapunov
functional, we obtain some sufficient conditions ensuring
existence, uniqueness, and global exponential stability of
almost periodic solution of system (1). Finally, an example is
given to illustrate that our results are feasible.

2. Preliminaries

Now, let us state the following definitions and lemmas, which
will be useful in proving our main result.

Definition I (see [14]). x € C(R) is called almost periodic, if
for any € > 0 it is possible to find a real number [ = I(e) > 0
and for any interval with length I(e) there exists a number
7 = 7(€) in this interval such that |x(t + 7) — x(t)| < €, Vt € R.
The collection of those functions is denoted by AP(R).
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Definition 2 (see [14]). Let y € C(R,R") and let P(¢) beanxn
continuous matrix defined on R. The linear system

y()=P()y () (6)

is said to be an exponential dichotomy on R if there exist
constants k, A > 0, projection S, and the fundamental matrix
Y () satisfying
[y @) sy™ ()| < ke ™, ez,
7)
[y @&y a-9y " ()| ke, wve<s.

Lemma 3 (see [14]). If the linear system y(t) = P(t)y(t) has
an exponential dichotomy, then almost periodic system

y(@)=P)y)+g(t) (8)

has a unique almost periodic solution y(t) which can be
expressed as follows:

t
yo= | YO ©g0d
” )
- J Y ()T -8)Y " (s) g (s)ds.
t

Lemma 4 (see [14]). Let a;(t) be an almost periodic function
and

1 t+T
M[a] = lim?L a;(s)ds>0, i=1,2,...,n. (10)

1

Then the linear system y(t) = —A(t) y(t) admits an exponential
dichotomy, where A(t) = diag{a,(t), a,(t), ..., a,(t)}.

Definition 5. The almost periodic solution z = (x,... ,xn)T
of system (1) with the initial value z2* = (x7,...,x,, )T is said to
be globally exponentially stable, if there exist constants w > 0
and M > 1, for any solution ¢ = (¢,,...,¢,)" of system (1)
with initial value ¢* = (¢, ..., ¢)" such that

¢ e vE>0, (1)

Z |x; () = ¢; (t)] <
izl

where
=" = ¢" [l
:= max sup {|xF (s) = @ ()] + |%] () — 9] ()]}
1<i<n s€(—00

(12)

Lemma 6 (see [15, 16]). Let (X, || - |I) be a Banach space.
Assume that 0 € Q is an open bounded subset of X; T : Q —
X is completely continuous satisfying

ITx] < llxll,  Vx €0 (13)

then T has a fixed point in Q.
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LetE = {x € AP(R) N CY(R) : x € AP(R)} and

Xz{zz(xl,...,xn)T:xie[E,i=1,...,n} (14)

with the norm

llzll = max {lizlly, 12llo}

= max {max ], | L )

mac{beilo}» max (ko]

1<i<n
where 2], = max, ., {|x;lo}, I12lly = max, e, {1%ilo}s [ flo =
sup,plf(s)l, Vf € AP(R). Then X is a Banach space with
the norm | - |.

Let p = max{p,, p,}, where

m—az{ [Z 3@+ 2559, 0)
£

(16)
+Zd1] ](0)+I ]}
a; i
st 50 S
il | =1
17)
+ Zd:jhj (0) +I,.+:| } )
=
Define an open bounded subset Q) in X by
Q:{ZGX:l|zll<r0=ﬁ}. (18)

By Lemmas 3 and 4, system (1) has a unique almost peri-

odic solution z% = (x(fl, . xﬁ") which can be expressed as

follows:

x?=f e b, (5,6 () ds (19)
where ¢ = (¢, ..., gon)T,
F(6¢®) = Yb; () f;(9;®)

=1

+§; (t)gJ<J. w;; (s) ; (t - s)ds>

e Yy on ([ v 00 0-9d) 110,
j=1 0

(20)
wherei=1,2,...,n,Vt € R.
Let the map T': X — X be defined by
T . AT
T(¢)=(01(9),....®,(¢)) = (') o

V6= (1) €X.

Lemma7. T: Q — X is completely continuous.

Proof. First, we show that T: Q — Xis continuous. Assume
that ¢' = (pl,..., 0N, ¢* = (¢2,...,¢})" € Q; then

|F:(t.¢') - F (t.¢°)

=1).b; () [f] (‘P]l (t)) - fi ((Pj (t))]
j=1

+§ i (£) [g, (J w;; () @} (£ = s) ds>
—g,(J w, ()¢ (¢ - s)ds)]
+§d,~j(t) [hj<Jooovij(s)(p;(t—s)ds)
- hjUOOO vij () @5 (t —s) ds>] ‘

n
< 2 (0515 +6515) [o; - ],

=1

(22)

+ Zdu 2lo; - il

+ f g +
| Siaf o5 S| -
which implies that

EACHEACY]

S th e_L‘a,.(u)du 'F ¢ (S))

a; - max {

1 i_max{ bIJLJ]c+CIJL? 4 ;J}"¢ ¢“

=he"-#],

s, (/) (s) | ds

I/\

i+ S } I -4

IN
M:

(23)

h ;
wherel, = Y7 (a;)” i diLih =

1,...,n. Since

"max{}" i lb;'Lj; +c:]'L‘Z >

|&; (¢') - &, (¢°)]
= [~ ) @, (¢") + E; (. ¢")]
- [a @ o, () + F (£.47)]|



<a'[o;(¢") -

F (t.¢7)
S (O I DT

)|+ [F (n¢')

1

=Lle" - ¢,

(24)
where l, = (1 + (a; /a;)) maX{Z] lb;rLf + c:]rL? Z] 1d:;L?
i=1,...,n,50

2
Ir(e")-T(@)]<2ule' - @
i=1
For arbitrary e > 0, taking 6 = (¢/ 21'2:1 1), when [|¢' —¢*|| < 8,
one has
|7 (¢") -7 (¢")] <& (26)

which implies that T: Q — X is continuous.

Next, we show that T maps bounded set onto itself.
Assume c is a positive constant and ¢ € Q. = {z € Q :
lzll < c}. By the almost periodicity of system (1), there exists
a constant C > 0 such that

max max_{F,(s,0
1<isn1<j<m seR peQ,

) 5 Fi (S, ¢)} <C. (27)
From the above analysis, we get that
t t
|0, (¢)] = J e LMW E (5,6 (5)) - F, (5,0)| ds
t t
+ J e 40 E (5,0) ds

< ||<l>||+£,, i=1,...,n (28)
a

i

|0, ()] = |-a: (®) @, (p®) + F, (£, ¢)|

<a’ [zl ||¢||+9] +C izl
a

i

which imply that TQ, is uniformly bounded. In addition,
notice that

|D; (¢ (t1)) - D; (¢ (£,))]
- J e L AE, (6,6 (5)) ds (29)
<Clty-t,, i=1...,n

Using Arzela-Ascoli theorem, we obtain that TQ)_ is relatively
compact. Hence, T' is completely continuous. The proof of this
lemma is complete. O
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3. Existence of Almost Periodic Solution

In this section, we study the existence of almost periodic
solutions of system (1).

Theorem 8. Assume that (H,)-(H;) hold; then system (1)
admits at least one almost periodic solution.

Proof. Consider the following nonlinear operator:

T(@) = (@ (@), @, (#)s V= (pr-n9,) €

(30)

FOr Vo = (@15 -s@oo Wi+ s W,,)" € OQ we have [[¢] = ;.
From Lemma?7, T : Q — X is completely continuous.
Similar to the arguments as that in Lemma 7, it follows from
the definition of F; and G; that

|Fly = sup |F; (s, ¢)|
seR

< sup |F; (s,¢) — F; (s,0)| + sup |F, (s, 0)]
seR seR

n
<Y (G151 oy, + Gy
j=1

+ b f;(0) + Z 19;(0) + Zd,] NOERAS
=1 =1

d;; J|(PJ'

which yields that
|©; ()], = sup |; (¢ ()]
teR

< sup
teR

—\—1 “
< (@)Y (BL] + L+ L) g
j=1

J-t . “(”)d”F (s, (s))ds

+ (“;)_1 |:Zb;f] (0) + ZC,}gj (0)
=1 =

+ Zdu ](0)+I :I

[: ()], = sup|: (¢ 1))

(32)

= sup |-, () ®; (¢) + F; (t. ¢)]

a'| &
< [1 + E] > (B5L] + 5L +dyL) ]
i dj=1

[ “—l][z fJ(0)+Z "9, (0)

+Zdu ; 0) + I ]
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,n. Hence,
||T(¢)||o = {212(, {|®i (‘/5)'0}

wherei=1,2,...

-1 i f
< {( INCTRL LR »} ol
T { [Z i 15 (0)+ FZIC,;gj (0)

+ Y dih;(0)+ 1;”
j=1

=015+ py>
[T, = max{|: (@)}
< max H —3] > (B5L) + G LS + L J)} ¢l
o i dj=1
+ max ‘H _lz] !Z 3150+ ) cig; (0)
== i s
+ Zdu J(O)+I ”»
=010+ .
(33)
So
IT (@) = max {|T @) (9)]],}
< max {6, 6,} | + max {py, p,}
=0ry+p
(34)
<_P
~1-6
= ¢l -

By Lemma 6, there exists at least a fixed point ¢, € Q
satisfying T(¢,) = ¢,, which implies system (1) has at least
one almost periodic solution. This completes the proof. [

4. Globally Exponential Stability of Almost
Periodic Solution

Theorem 9. Assume that (H,)-(Hs) hold; suppose further the
following.

(H,) There exists a positive constant A < 1 such that

sup {Zn: [ 'bﬁ (s)|L{ +(1+A) L‘?

seR j=1

X j:o w; (1) |eji (s + )| dy] ~(1-Va(s) }

<0,

sup<l[1+/\]i|dﬁ(s)|L?—)L]> <0, i=12,...,n
=1

seR
(35)

Then system (1) has a unique almost periodic solution, which is
globally exponentially stable.

Proof. It follows from Theorem 8 that system (1) has at least
one almost periodic solution ¢ = (¢,,...,,)" with initial
value ¢* = (¢f,...,95)". We next show that the almost
periodic solution ¢ is globally exponentially stable.

Make a transformation for system (1): x; = u; — @;, x; =
u —¢fi=12... ., u,)" is arbitrary
solution of system (1) with initial value z* = (u7,...,u, )L

By (2) and (H,), there exist small enough positive con-
stants w < § and € such that

,n, where z = (uy,..

Joovi(v)e“” dv < Joovi(v)(l+e)dv:(1+e),
0 0

J i (1) e

<(l+e) J:O w; () |cij (s+ //l)| du,

s+‘u| “Hdu

+i<'bji(S)lL{+[1+)L(1+e)](1+6)L? (36)
=1
* .[0 w, (1) fe (s + #)'dﬂ>
<S[1-A(1+e)]a(s),

[1+A(1+e)] i|dj,.(s)|ﬁ;—)t <0,
j=1

wherei,j=1,2,...,n,s € R.

Define

Vi(6) =Y e |x; ()] (37)
i=1



6

In view of system (1), we have

D'V, (1)

n
<wy e |x; ()]
i=1

n 00 t
v, (t) = Az J v; ) J ew(r+v)
j=1 0 t—v

n

i=1

Let

+ Zewt !_ai ®) |xi (t)| + i |b,] (t)| LJ; '-xj (t)l
j=1

+ 2 e O 15 JOO w; (1) |x; (¢ - )] dp
j=1 0

+Z‘d,,(t)' J v; (v)|x (t- v)|dy]
(38)

x; (r)| dr dv,

n n

V3(t)=ZZ[1+A(1+e)]L§

So

i=1 j=1

<[ [ 0] by 0]
(39)

D'V, (t)
< AZe“’t J () e dy 'x t)'
- Aiewt J-OOO v; () |3’cj (t- v)| dv
< Aie“” (1+e) [ai ®) |x; @)
i=1
+ 3 Iy 0] 0]
j=1

YA
=1

x[fwxmhxrwmd{
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_)\iewt [1 - Z (1+¢) |d,, (t)|L’]’.
j=1 i=1

X J:O v; () |5cj (t—v)|dv, o
40

n
D'V, (t) <

i=1

M:

[1+A(1+6€)] e“’fL?
1

.
I

(o]

x o Vi (w) 'Cij (t+ .”)| edy 'xj (t)'

Y+A+e)]e” |cij(t)|L§

i=1 j=1

<[y ) -

M:

w)| du

(=]

B

M=

< [1+A(1+6€)](1 +e)ethg

1j=1

.
11

(]

w; (1) 'Cij (t+ P‘)| du |xj (t)|

0

X

i [1+A(1+e)]e g (t)'Lg

<[

Y1 V- From (38)-(41), it follows that

ZM=

'xj (t- y)| dy.
(41)

Let V(t) =
n

D'V (t) <e”) {w —[1-A(1+e)]a®)

i=1
+ Z by ()] L]
j=1

+Zn:[1+A(1+e)](1+e)L‘i’
=1

[e9)
XJ
0

+ e“’fi {[1 +A(1+e)] Z |d; |1 - /\]»
j=1 i=1

w; () 'Cji (t+ .“)| d!‘} |x; (1)]

X J:o v; () |xj (t - v)' dv <0, .

which implies that V(¢) < V(0), V¢t > 0. Obviously,

e x ()] <V (1). (43)

i=1
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On the other hand, we have

V() =) |x0)
i=1

x; ()| dr dv

SE O )
+A J v-(v)J. e
j:zl 0 J -y

n n

+Zz [1+A(1+¢€)]L

i=1 j=1

0
W) J ’c,-j (r+ [4)' e |xj (r)’ drdu
-

} -

(44)
which implies from (43) that

n
Q@ <Mz = ¢, ve>0,  (45)
i=1
where
m n 6chLY
M 2§ ST (46)
j=li=1

Thus, the almost periodic solution of system (1) is glob-
ally exponentially stable. The globally exponential stability
implies that the almost periodic solution is unique. This
completes the proof. O

5. An Example

Example 1. Consider the following neutral-type cellular neu-
ral networks with distributed delays:

%, (£) = —x; () + sin (V2t)
2 o)
x;gj([o efsxj(t—s)ds>
2
+0.1 [2+cosz(\/§t)] Z%(J e’x; (t—s)ds)

j=1

+sin(V2t), i=1,2,

(47)

where g,(s) = g,(s) = 0.1s, h;(s) = 0.1sin(s), and h,(s) =
0.1cos(s), Vs € R. Then system (47) has a unique almost
periodic solution, which is globally exponentially stable.

; - _ g _ 1h _
Proof. Corresponding to system (1), a; = 1, L = L} =
0.1, ci;f =1, d;rj = 0.3, w;(s) = v;(s) = ¢, i, j = 1,2. Taking
A = 0.5, it is easy to verify that (H,)-(H,) hold and the results

follow from Theorems 8 and 9 (see Figures 1, 2, and 3). This
completes the proof. O

1.5

0.

(9}

(=)

x(t) and x,(t)

—0.5 }F

v

it

0 10 20 30 40 50 60 70 80
Time (t)

— x(t)
— x,(t)

FIGURE 1: Almost periodicity of state variables x, (¢) and x,(¢).

1.5

0.5

x,(t)

0 5 10 15 20 25 30
Time (t)

FIGURE 2: Global exponential stability of state variable x; (t).

1.2

0.8 |
0.6 Q

0.4 i
0.2

x,(t)

-0.2
=04
-0.6

0 5 10 15 20 25 30
Time (t)

FIGURE 3: Global exponential stability of state variable x, (t).

Remark 10. One can observe that all the results in [9-12] and
the references therein cannot be applicable to system (1) to
obtain the existence and exponential stability of the almost
periodic solutions. This implies that the results of this paper
are essentially new.

6. Conclusion

This paper is concerned with the neutral cellular neural
networks with distributed delays. By using fixed point theory



and constructing suitable Lyapunov functional, some new
sufficient conditions are obtained for the existence and
global exponential stability of almost periodic solution of
the system. Conditions (H;) and (H,) in Theorems 8 and
9 indicate that the neutral terms and the distributed delays
are harm for the existence and global exponential stability
of almost periodic solution of the neutral-type system. The
method used in this paper provides a possible method to
study the existence and global exponential stability of almost
periodic solution of other neutral neural networks.
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