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1. INTRODUCTION

Since the cellular neural networks with delay were first introduced
and investigated by Roska and Chua [1], they have been exten-
sively applied in various different fields such as classification of pat-
tern and processing of moving images. In recent years, extensive
results on the existence and stability of equilibrium points, peri-
odic solutions, almost periodic solutions and anti-periodic solu-
tions for cellular neural networks have been reported. For example,
Fan and Shao [2] investigated the positive almost periodic solutions
for shunting inhibitory cellular neural networks with time-varying
and continuously distributed delays, Li and Wang [3] analyzed the
existence and exponential stability of the almost periodic solu-
tions of shunting inhibitory cellular neural networks on time scales,
Xia et al. [4] established the sufficient conditions for the existence
and exponential stability of almost periodic solution for shunt-
ing inhibitory cellular neural networks with impulses, Peng and
Wang [5] addressed the existence and exponential stability of anti-
periodic solutions to shunting inhibitory cellular neural networks
with time-varying delays in leakage terms. For more related work on
shunting inhibitory cellular neural networks, one can see [4,6-17].

Many scholars [18-21] argue that neural networks usually contain
some information about the derivative of the past state to further
describe and model the dynamics for the complex neural reactions.
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In this paper, cellular neural networks (CNNs) with neutral type delays and time-varying leakage delays are investigated. By
applying the existence of the exponential dichotomy of linear dynamic equations on time scales, a fixed point theorem and the
theory of calculus on time scales, a set of sufficient conditions which ensure the existence and exponential stability of almost
automorphic solutions of the model are obtained. An example with its numerical simulations is given to support the theoretical
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Then some authors focused on the dynamical behaviors of neutral
type neural networks. For example, Rakkiyappan et al. [22] con-
sidered the global exponential stability for neutral-type impulsive
neural networks, Li ef al. [23] discussed the existence of periodic
solutions for neutral type cellular neural networks with delays, Bai
[24] investigated the global stability of almost periodic solutions
of Hopfield neural networks with neutral time-varying delays. In
details, we refer the reader to [25-30].

Very recently, a typical time delay called Leakage (or “forgetting”)
delay may exist in the negative feedback terms of the neural network
system, and these terms are variously known as forgetting or leakage
terms [31,32]. Since time delays in the leakage term are difficult to
handle but have great impact on the dynamical behavior of neural
networks. Therefore, it is meaningful to consider neural networks
with time delays in leakage terms [34].

It is well known that both continuous time and discrete time neu-
ral networks play an equal roles in various applications [34]. But
it is troublesome to study the dynamical properties for continuous
and discrete time systems, respectively. In 1990, Hilger [35] pro-
posed the theory of time scales which can deal with both difference
and differential calculus in a consistent way. Thus it is significant
to investigate the dynamical behaviors of neural networks on time
scales. For instance, some authors [3,36-40] investigated periodic
solutions, almost periodic solutions and anti-periodic solutions of
some neural networks on time scales.
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In addition, we shall point out that in real word, almost periodicity
is universal than periodicity. Moreover, almost automorphic func-
tions, which were introduced by Bochner, are much more general
than almost periodic functions. In addition, the almost automor-
phic solutions of neural networks can be applied in many areas such
as automatic control, image processing, psychophysics, robotics and
so on [41-45]. Almost automorphic solutions in the context of dif-
ferential equations were studied by several authors. We refer the
reader to [46-53]. However, to the best of our knowledge, there is
no paper published on the almost automorphic solutions of cellular
neural networks with neutral type delays and time-varying leakage
delays on time scales.

Inspired by the discussion above, in this paper, we consider the fol-
lowing cellular neural networks with neutral type delays and time-
varying leakage delays on time scales

XA = -b; () x; (t-1;(0) + Y a;(Of; (x,(1)) 1)
i=1

J

+ 2 b0 f (% (t-70))
=1

+ 2 e (0 f (xf (t-050)) + L),
j=1

where T is an almost periodic time scale, i = 1,2,---,n, n corre-
sponds to the number of units in a neural network, x; corresponds
to the state vector of the ith unit at time ¢, f; (xj (t)) denotes the out-
put of the jth unit on ith unit at time ¢, b; denotes the strength of
the jth unit on the ith unit at time ¢ - 7;;, I; denotes the external bias
on the ith unit at time ¢, 7;; corresponds to the transmission delay
along the axon of the jth unit, b; represents the rate with which the
ith unit will reset its potential to the resting state in isolation when
disconnected from the network and external inputs, 7; > 0 with
t-n;(t) € Tforallt € T denote s time delay in leakage term,
T () 20,05 (1) 2 0 correspond the transmission delays and satisfy
that for t € T,t—r,-j S T,t—crij eT.

The main aim of this article is to establish some sufficient condi-
tions for the existence and global exponential stability of almost
automorphic periodic solutions of (1). By applying the existence
of the exponential dichotomy of linear dynamic equations on time
scales, a fixed point theorem and the theory of calculus on time
scales, we obtain a set of sufficient conditions for the existence and
exponential stability of almost automorphic solutions for model (1).

For convenience, we denote by [a,b]; = {t|t € [a,b] N T}. For a
almost automorphic function f: T — R, f* = sup,_ |f® |, f~ =
inf,cr |f(£) |. We denote by R the set of real numbers, by R* the
set of positive real numbers, by X a real Banach space with the

norm ||.||. The initial conditions associated with system (1) are of
the form:
_ A — A
X () =9;(5),x7(s) =/ (5),5s € (-7,0];, (2)
where 7 = max {maxlSiSnnfr, max {T,f 0';}} ,o; €

CY([-7,0]¢,R)and i,j = 1,2, -+, 1.

The remainder of the paper is organized as follows. In Section 2,
we introduce some lemmas and definitions, which can be used to
check the existence of almost automorphic solutions of system (1).
In Section 3, we present some sufficient conditions for the existence

of almost automorphic solutions of (1). Some sufficient conditions
on the global exponential stability of almost automorphic solutions
of (1) are established in Section 4. An example is given to illustrate
the effectiveness of the obtained results in Section 5. A brief conclu-
sion is drawn in Section 6.

2. PRELIMINARY RESULTS

In this section, we would like to recall some basic definitions and
lemmas which are used in what follows.

Definition 2.1. [54] Let T be a nonempty closed subset (time scale)
of R. The forward and backward jump operators o,0: T — T and
the graininess u: T — R are defined, respectively, by

o)=inf{se T:s>t},p ()
=supf{s€T:s<tlandu(t)=o(t)-t.

Lemma 2.1. [54] Assume that p,q: T — R are two regressive func-
tions, then

i ey(t,s)=lande,(t,t) =1;

.. 1
ii. ep(t, )= ——
ep(s t

;= egp(s: 1);

-

iii. ep(t, s)ep(s, r) = ey(t, r);
iv.  (e,(t, )™ = p(Dey(t,s).

Lemma 2.2. [54] Let f, g be A-differentiable functions on T, then

L f+mg? =y 2 +v,g5 for any constants vy, vy;
i (R = A0 + fa)gh () = fHg™ (1) + fA(1g(a(D)).
Lemma 2.3. [54] Assume that p(t) > 0 fort > s, then e, (£,s) = 1.

Definition 2.2. [54] A function p: T — R is called regressive pro-
vided 1+ u ) p(t) #0forallt € Tk; p: T — Ris called positively
regressive provided 1 + u(t)p (t) > 0 for all t € TX. The set of all
regressive and rd-continuous functions p: T — R will be denoted by
R = R(T, R) and the set of all positively regressive functions and rd-
continuous functions will be denoted by Rt = R* (T, R).

Lemma 2.4. [54] Suppose that p € R*, then

ioe(ts)> 0, forallt,s €T,
ii. ifp(H)<q()forallt>s, thene,(t,s) <e,(t,s)forallt>s.

Lemma 2.5. [54] Ifp € Randa,b,c €T, then

[ep (c, .)] Ao -p [ep (c, .)]G

and
b
J pte,(c,o () At =e,(c,a)-¢,(c, b).

Lemma?2.6. [54] Leta € T¥, b € T and assume thatf:'l]'xT]'k - R
is continuous at (t, t) where t € T* with t > a. Also assume thath (®)
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is rd-continuous on [a, o (t)] . Suppose that for each € > 0, there exists
a neighborhood U of € € [a, o (t)] such that

[f(o®,6) - f(s,€) - f~ (t,€) (G (D) - 5) |
<elo@)-s|, forall seU,

where f2 denotes the derivative of f with respect to the first variable.
Then

t t

iogh: = Jf(t,e)Ae implies g% () : = JfA(t,e)Ae +
few.n; ’
b b

ii. h(t): = J f(t,€) Ac implies h2 () : = J A (te) Ae -
fl@®,0. ’

Next, we recall some definitions of almost automorphic functions
on time scales.

Definition 2.3. [55] A time scale T is called an almost periodic time
scale if

II: ={c€R:t+eceT,Vte T +#{0}.

Definition 2.4. [54] Let T be an almost periodic time scale.

i. A function f(t) : T — X is said to be almost automorphic, if
for any sequence {s,,}:’:l C 11, there is a subsequence {e,,}:’:l C
{sn}:c=1 such that g(t) = lim,_ f(t+¢,) is well defined for
eacht € T andlim,_ o, g(t-€,) = f(t) for each t € T. Denote
by AA (T, X) the set of all such functions;

il. A continuous function f: T X X — X is said to be almost auto-
morphic, if f(t,x) is almost automorphic in t € T uniformly
in x € B, where B is any bounded subset of X. Denote by
AA (T x X, X) the set of all such functions.

Lemma 2.7. [53] Letf,g € AA (T, X). Then we have the following

i f+geAA(T,X);
ii. ae€AA(T,X) forany constant a € R;

iii. if ¢:X — Y isa continuous function, then the composite func-
tion p o f: T — Y is almost automorphic.

Lemma 2.8. [34] Letf € AA (T X X, X) and f satisfies the Lipschitz
condition in x € X uniformly int € T.If o € AA(T,X), then
f(t, @ (1)) is almost automorphic.

Definition 2.5. [55] Letx € R" and A (t) be a n X n matrix-valued
function on T, the linear system

BH=A0x@,teT (3)

is said to admit an exponential dichotomy on T if there exist positive
constants k;, o;,i = 1,2, projection P and the fundamental solution
matrix X (t) of (3) satisfying

X () PXL(s)| < kiega, (t,5),s,t €Tt > s
and

IX()T-P) X (5)| < krepq, (,5),s,t €T, t <,

where |.| is a matrix norm on T, that is, if A = (a,-j) , then we can
n

1 nx
2
take 4] = (2, 20 layl?) .

Lemma 2.9. [53] Suppose that A(t) € AA(T,R™") such that
fat (t)}te'ﬂ' and {((I +/,t(t))A(t))’1}t6T are bounded. Moreover,

suppose that ¢ € AA(T,R") and (3) admits an exponential
dichotomy, then the following system

xB (1) =AM x(0) +g(t) (4)

has a solution x (t) € AA (T, R") and x (1) is expressed as follows

t
x(t) = J X (O PX(0(5)g(s)As

+o0
- J X UI-P) X (0()g()As,

t

where X (1) is the fundamental solution matrix of (3), I denotes the
n X n-identity matrix.

Lemma 2.10. [55] Letc¢; > 0and —;(t) € RY,vt € T. If
ming ;< {infiet ¢; (O} = m > 0, then the linear system
xB () = diag (-1 (8),-¢3 (B), -+, =€, () x (D) (5)

admits an exponential dichotomy on T.

Definition 2.6. [34] Let x*(t) = (xi 63) ,xz @), ,x; (t))T be
an almost automorphic solution of (1) with initial value ¢* (t) =
(qof ®,950), -, (t)T. If there exist positive constants A with
©1 € R and M > 1 such that for an arbitrary solution
x(t) = (1 (O, x(), -, x, (t))T of (1) with initial value ¢ (t) =
(@10, 92 (O, @, (£)] satisfies

|l - x*[| < Mllp - ¢*[lega (1, t0)  to € [T, 00), 1 2 fo.

Then the solution x* (t) is said to be globally exponentially stable.

3. EXISTENCE OF ALMOST
AUTOMORPHIC SOLUTIONS

In this section, we will establish sufficient conditions on the
existence of pseudo almost periodic solutions of (1). Let

X = {fed ('[I',IRf,fA € AA(T,R"} with the norm

Iflle = max{|fly,|f*h} where [f]; = maxiqc, £ 121 =

maxj <<y (fiA)Jr. Then X* is a Banach space. Let
T

% = (0,930, -, %) . where @?(1) =

t

J ey, (Lo () (9)As),i=1,2,-+,n and L be a constant satisfy-

ingL > max{||g00|| x> MaX] icy { fi (O)}}. Throughout this article,
we assume that

(H1) b; € C(T,R*) with -b; € R* and infiey {1 - u(t) b; ()} =
b>0, a;j, by, ¢, I; € C(T,R), 75,05 € C (T,R*) are almost auto-
morphic, where i,j = 1,2, ,n.

(H2)]§» € C(R,R) and there exist constants L;>0 and M; >0
such that for any u, v € R,

|f )~ f,0) | < Llu- .1 @)| < M,
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wherej=1,2,--,n.

(H3)
+ +
91 1 1 gl 1
2L - < = - — <
fi“ixgb ’(H h1>91}_ 2’{22513171’(14- bl>§’} !
where
ot - F oot

e; = bi'y; +j§1[<aij +sz +Cij> (Lj+1)]’

o= binr+ 3 [(af 407+ ).

i i i P ij ij ij 7

Theorem 3.1. If (HI)-(H3) are satisfied. Then there exists a
unique almost automorphic solution of system (1) in Xy =
{# € Xllp - ¢°llx- < L}.

Proof For any given ¢ € X*, we consider the following system

xiA (t) = _bz’ (t)xi (t) + ®i (ts ¢) + Ii (t) ,i=1,2,-0,m, (6)

where

t

G')i (t’ (0) = bi (t) J
t-1;(t)

+ 21 by (0f; (95 (t -7 (1))
]:

PR () As+ Y a; (Of (9;() 7)
j=1

+ X0 f (9t (t-0;(0)),i=1,2,,n.
j=1
It follows from Lemma 2.10 that the linear system
xiA (t) = _bi (t)xi (t)’l= 1521""’1! (8)
admits an exponential dichotomy on T. Thus, in view of

Lemma 2.9, we derive that system (6) has exactly one almost auto-
morphic solution as follows

x?o (= J e, (L0 () [O;(5,9) + I; (9] As,i=1,2,---,n, (9)

For ¢ € X*, then
[lPllx- < [le = ®ollx- + ll@ollx- < 2L. (10)

Define an operator as follows

o = (200

(I):X*—)X*,(¢1,¢2,"‘ 1°%5>

First we show that for any ¢ € X*, we have ®p € X*. Note that,
fori=1,2,-,n, we have

10 (s.0) = |b; (5) [ - 2 () A6 + 21 a; (9 f (9 (9)
J:
+ 21 by 9)f; (95 (s -7 (9)))
=

+2 Cij (5)]? (¢’1A (5 - Gjj (S)))
j=1

< llellxe + z ar (I (9, ®0) -f O +|fO])  (12)
i

+ 207 (16 (6 5-50) -£ O 10))

+

R

(£ (92 (s-05))) -0 |+ £O1)

x+ + 21 “; (Lllol
]:

J
<binfllel

x= +101)

+ 21 b; (Lillellse + ;0 ])
j=

n

+ IC; (Lillellx +1£,)])
J:

j=1

bint+ % (af + b7+ ) Lj] el
+j§l[a;+b;+c;)|];(0)|
T + + 4
SZL{bi i +j§1 (aij +b +cij> (Lj+1)]}.

Thus we get

[(@(p-¢°)),®)] (13)

t
J ey, (6,0 (9) 0, (5, p) As

t
< J e, (1,5(5))0; (5,9) |As

t n
< ZLJ ey (1,0 (9) jbjn,* + Zl [(a;r +b} + cj)
o0 j=

(Li+1) ] {As
2Lg; .
S?,Z—1,2, , n.

1

On the other hand, fori = 1,2, ---, n, we have

(@ (p-9°)); O] (14)
A

t
(J e, (£:0(5) ;s ¢)As>

t

= '91- (t,p) - b, (f)J ey, (1,0(5)) O; (s, 9) As

<10t @) |+ b (D] J ey, (5,0(5))]0; (s, 9) |As

bt '
§2Lgi<1+b—’>,i=1,2,...,n.
i

It follows from (H3) that

+
Qi bi
X+ Sgg{b—;,<1+f>9i}$L (15)

1

l|Pg - 9|

which implies that ®p € X*. Next, we show that @ is a contraction.

For any ¢ = (§01a¢2,"'7§0n)T,¢ = (¢1,¢z,-~-,¢n)T e X, for
i=1,2,---,n, wedenote
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Yi(s9.9) (16)

=b; (1) J (2 () -9 () As
s-1;(s)

+

a;; (t) [f (95 ()) ~f; (% (t))]

-

75 0))]
a; ()]

by [ (¢ (-7 ®)) £ (% (¢ -

-

+

+
- 1= B

e O [f (@ (1-050)) - f; (9 (1~

-

Then

| (@ - 2Y), (1) | (17)

t
_ J e, (1,0 ()Y, (5@, %) As

rt

I\

e.p, (6,0 ()Y (5,0, 9) s

J-o0

N e;,(ta(s))gb+ +Z[(a +b++c )L]]E

ASH@ Pllx

< pllo-dlheni=1.2.

IA

and
|(@p - o) ()| (18)

t
J ey, (60 () (X (5, 0,90, As

t
= ‘Yi (5,9, 9%) - b, (t)J ey, (50 () Y; (5,9, 9) As

<Y [+b6:; ()] J ey, (6,0 () [X; (s, 0, %) |As

-0

{ 3 [l e) j]}llco—nbllw

t
+bf J ey, (£,0(s))

x%bjfn? +% [(a + 07 + C;>Lf]§m“¢ “¥lbe

b+
<1 + —> e = Pllx- i = 1,2,

In view of (H3), we get that ||®p - ®p|| < ||¢ — 9||. Then P is a
contraction. Thus @ has a fixed point in X, that is, (1) has a unique
almost automorphic solution in Xy. The proof of Theorem 3.1 is
completed.

4. EXPONENTIAL STABILITY OF ALMOST
AUTOMORPHIC SOLUTIONS

In this section, we will obtain the exponential stability of the almost
automorphic solutions of system (1).

Theorem 4.1. Suppose that (H1)-(H3) are fulfilled. Then the almost
automorphic solution of system (1) is globally exponentially stable.

Proof By Theorem 3.1, we know that (1) has an almost automor-
phic solution x(f) = (x1(t),x (£),-+-, %, (t))T with initial con-
dition @ (1) = (p1 (), o2, -, ¢, 0. Suppose that y(f) =
(yl ®),y2) s Y (t))T is an arbitrary solution of (1) with ini-

tial condition ¥ () = (1 (1,9, (®), -+, 1, ())". Denote u ()
(uy (O, uy (B, u, (D), where u;() = yi (1) - x,(1),i
1,2,---,n. Then it follows from (1) that

uB (1) = ~b, () u; (t - n,(t))+2az,<t>[ £ (3 0) - £ (x,0)]

+ 21 by O[f; (0 (£- 7)) - f; (% (£ -5, ®)) ]
]=
+ a0l (E-0y®)) - (< (-0 )],
i=
i=1,2,n
(19)
The initial condition of (19) is
$i(5) =9, (5) - P; (), 62 (9) (20)

=92 () -9 (s),s € [-7,0];,i=1,2,-,n.

Rewrite (19) as the form

t
ud () = -b; (O u; (t) + b, (t)J ub (s) As
t-1;(t)
+ Z a; O [f (7, 0) - £ (%) ]
5 0)) = (x5 (t-7;,0))]
a;1))]

+ E by O [f; ( (t-7

+ 21 & O O (6= 050)) = (6 (£
=

i=1,2,..,n
21

It follows from (21) thatfori = 1,2, ---,nand t > tg, ty € [—‘r,O]1T ,

t s
u; (1) = u; (to) ey, (¢, 10) + J ey, (£,0(s)) gbi (S)J ”iA (8) A8
t s-1;(s)

0

+ Z O () £ (5)]

+2bij(s)[ﬁ( =5 )) —f (5 (-5 )]
a0l (s-%@)))—fj(x?(s—%@)))]}m

(22)

wherei =1,2,---,n.For u € R, define II; (w) and T'; (w) as follows

n
I1; (@) = b; - — e?PsetH) [b;'njfewnf + Z u;'Lj (23)
=1

+ Z b+L “Th + Z c+L ¢“%h
]_
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Fi (CU) = bz_ —w - (b?’ewsupsevu(s) + b,_ _ CO)

n n n
+.,+ nt + +7 wTh +7 wof
[bi FeN 4 3 agrLi+ 3 biLie™t + 3 ciLe?r |,
j=1 j=1 j=1

(24)

wherei =1,2,---,n. By (H3), we get

IL (0) = b; - [bjn;‘ + Z (aj + b; + c‘;) Lj] >0, (25)

=1

T, (0) = b; - (b} +157)

n

o+ +o gt

bin; +Z<aij +b] +Cij>Lj]>0-
j:l

(26)

Since II;(w) and T;(w) are continuous on [0,+oc0) and
limg,_, o IT; (w) = -o0,limgy_,, I';(w) = —oo, then there exist
w;, @} > 0 such that IT; (w;) = 0,T; (w}) = 0 and IT; (w) > 0 for
w € (0,w)), T;(w) > 0forw € (0,w}),i=1,2,-+,n By choos-
ing a positive constant wy, = min {w;, w,, -, @, @}, w5, -+, w5}
we get IT; (wg) > 0 and I';(wg) > 0,i = 1,2,---,n. Thus we
can choose a positive constant 0 < ¢ < min {cuo, ming ;< {b;}}
such that

I, (£) > 0,1, (£) >0,i=1,2,+,n,

which implies that
efsupseT,u(s) (27)
b; -§
+ n n + n +
bintes + Y atLi+ ) b;’Ljegfff + cl','TLjegG‘f <1
j=1 v j=1 v j=1 v
and
bjl-egsupsewﬂ(s) ]
14+ 40—
b; -§
+ n n + n +
binfesnt + % arfli+ ) b?TLjegr"f + c?ijega"i <1,
j=1 4 j=1 4 j=1 J
(28)
wherei=1,2,---,n. Let
b;
M= max (29)
<Sisn | P+ + n + ot
by + ijl <aij +b; + Cij)Lj
By (H3), we know that M > 1. Then we get
Esupyepls)
L e (30)

M~ b -&

n n n
+.+ Ent + + T + af
bintesn + 'Zlaiij + Zl bl.ijeg i+ Zl ciijeg J].
= = j=

Moreover, we have that eg¢ (,9) > 1, where t € [-7, o] . Then

s < Mg (1 10) llp - Bllce, forall 1€ [r.te];.  (31)

We claim that

[[ullx- < Mege (t:t0) |lp - P

x> forall t € [~tp, +oo]y. (32)

To prove this (32), we show that for any p > 1, the following
inequality holds

lu|

x+ < pMegg (t,1g) || - Pl|x+, forall t € [~tg, +oo];. (33)

which implies that

lu; )| < pMege (t,t0) |l9 - Pllx+, forall t € [y, +oo];. (34)

and

|uiA (0| < pMegg (1, ) || - P||x+, forall t € [~ty, +o0] .

(35)

By way of contradiction, assume that (33) does not hold. Now we
consider the two cases.

Case 1. (34) is not true and (35) is true. Then there exists t* &
(tg, +00) and i* € {1, 2, ---, n} such that

Iui* (t*) | ZPMeeg (t*’ tO) ||¢ - ¢| X
lus ()| < pMege (t,t0) |l@ - Pl|x+, forall  t € [ty, £*];,

[ue ()| < pMeg (1, to) || - Y|
k=1,2,---,n.

x> for k# it € [~ty, ]y,

Therefore, there exists a constant 4 > 1 such that

|uy () | = npMege (£, to) || =PI+
lus (0] < npMege (tto) [|¢ = Pl|x=,  forall ¢ € [~to, t*];.

lue O | < npMege (¢, ) |l - 9|
k=1,2,---,n.

xe for  k#i*,t € [~to, t'],

By (22),fori =1,2,---,n, we get

5

¢
up (to) ey, (", o) + J € b t*,0(s)

)

|us ()] =

{bﬁ (s) J Ul (8) A9
51 (s)
+§%®MW®%MWW]
P=
+ 21 biry ) [f; (7 (s = 755 9)) ) = f; (% (s - 7, 9)) |
J=

+ 3 O [f (02 (s-059))
j=1

~f (a2 (s - o (S)))] } As
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< ey, (17, 00) |9 - Pllx + 1pMege (17, 1) [|@ - ¥l[x-

N

.
X J ey, (t5,0(s))eg (t*,U(S)){b;J

5= ()

Lieg (0(s),5 - 74;(5))

eg (0 (s),9)Ad

to

+ al.t].Lzeg @(s),9)+ X b;';j
j=1 j=1

+ j§1 c;';ijeg (0 (5),5 - 0p; (s))} As

IA

ey (5 10) [|o = Pllx + npMege (£, 10) | - Pl

t
J eppt (1 0’(5)){th Feg ((s),s -1 (9)
t,

0

X

+Za*Le§(a(s) s)+Zb Lieg (09),5-7(9))

+ Z cith»eg (0(s),s- Opj (s))} As
j=1

IA

e, (%, 10) |l9 - Plls + npMege (7, 1) ||@ - P[5+

s

f
X

—

e h*EBE(t* g(s))ibt,ﬁr E(n[t+suptﬂ,,,(s))

fo

=

n +
+ 7 &sup,_ uls) .- 5(‘[,.* ,+SupteT,L((s)>
+ Z al,*ije eTHS Zl bi*ije j
j j=

[

i ot +su (s))
+ c:;jL»e§< FePet 9 (A
1

<.
1l

e h.ot (o) + e§supt61,u(s)

. 1
= YLDMEGE (, X {YPM

[b+7);';e€"*+2a*L+Zb Leé* 'J+Zc g"tf]

#
X J LY (t*, 0 (s)) As}
fo

(36)
1
< npMegg (£, 10) || - Pl |- %Me(bﬁ{) (1", 1) + e5HpieTh)

b++§"z*+z L+Zb+L ;j+z”: + 165
7)1*6 a* e . lci*j je
=

|

l ~ egsupte'ﬂ'u(S) b+ +e§n;§;
M~ \
1

1 e *
Xm Jto (— (b,‘* - f)) €_(b-t) (t*,0 () As

= npMegg (t*, o) ||p - Pl|x {

+Za*L+Zb Lt ”+Zc Le™ "tj)]ew,-*s)(t*,to)

e gs"PreT#(S)

+ﬁ bt??;'— gn*+2akL+Zb+Le i
n +

+ c::ijegoi*j>}
j=1

X s

< npMege (£, t0) |9 - Y|
(37)
which is a contradiction.

Case 2. (35) is not true and (34) is true. Then there exists t** €
(tg, +00) and i** € {1,2, -+, n} such that

Ul ()| 2 pMegg (1, o) || = Pl
|ul. (1)] < pMeg (t,10) || - PlIx, for all £ € [~tg, ],

[u2 (t)| < pMege (t,10) ||@ = P[5, for k # i**,t € [~to, ],
k=1,2,---,n

Therefore, there exists a constant y, > 1 such that

|ulA () | = yapMegg (£, t0) || — Pl [« (8) |
< papMege (1, 1) |9 - |5+, for all ¢ € [~to, ]

|ug (0| < yapMegg (t,10) |lo - Pllxs,  for &k # i,
te [_tO’t**]'[[’k = 1;25 e, N
By (22),fori=1,2,---,n, we have
B, (F)| = |-y (F) e (tg) €y (P, 10) + by ()

sk

t
J uiAﬁ (s)As
£ e
n

+ Ty [ 05¢) = (5]

+ Z bz**] (%) [f ( (t** Tos; (t**)))
—]3 ( ; ( - T, (t**)))]

+ Zl Ciwxj () [j} (ylAk* (t** - G (t**)))
J:
o (1 oy )

t

G TG
t,

% {bﬁ* (s) JSO s, (8) AS

-
+ jznjl a5 O [f; () = (.9)]
+ é bjs=; (s) [J? (0 (s =7 (9))
-5 (x5 (s- 70 9))]
+ é‘,l e [ O (s =0 9)))

- i (a2
Cp (7, t0) € (77, o) [l = p]|x-

+1pMege (£, to) || - D] |x

(s—ol**](s) ]%As

I\

X (bi’:* J ez (0 (s),9) A9
S—ni**
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Z} *Leg (o (™), t™)
; **Leg (0 (), 1% = T (1))
e

FiLeg (0 (E9), 0% = g (£))

+b¢ YapMegg (£,

{J ey, (17,0(s) eg (£7,0(5)
t,

0

X [b;:* J et (0(5), 9 A8+ Y af. Lieg (0(5).5)
S=1) j=1

i

—+
M=

b,-t*jL‘eg (0(9),5- T (5))

<.
1l
—

Tt
M=

]
—

c;';*ijeg (G (s),s— O+ (s))] As

< e (875 10) |9 = Pllx-

X (b;m;*‘fg <t**, £ -y
n

+ 20 Leg (0 ), 1~y ()
]:

n
e (B + 3 af Lieg (0/(£7),67)
=1

+ 2 el Ljeg (0 (8), £ - g (t**)))
j=1

sk

t

+bLapMegg (1%, 10) |9 - |Ix- “ e p. @ (,0(s)

to

X [b;tm,i*eg (0 (8),5 =1 (5)) + Zn) a;jL-eg (0(s),9)
j:l
+ Z bl . Lieg (cr (s),s- T,*J(S))
=1

+ Z ci*;*jL-eg (0(s),5 - Opesj (s))]
j=1
< ey (75 10) |l - Pk + VZPMee§ (", to) [l — Pllx-
egf**]

x| byt + Z af, L+ Z bl L

+ E C** e {a*g

ok

t
X (1 + b eSuperh) J € peof (I, 0(9) AS)

fo

b+
E e bx*@g(t to)
<b+*771+ gn " + E a, i ]

n +
Tv . O e,
+ 3 b LS+ » ¢t Lt )
j=1 j=1

ok

¢
X (1 + b;*jegsupteT“(S) J Y (t**, 0 (s)) As
t

1 ebsupierh®
M b —§

1

n
+ .+ &t + ;
<bi**77i**e 4 Zl al**JL] + Z bl L]e "
]:

+ Zc** je EU**)] (38)

bt esupierh

b;*.-g

X be (y-g) (£, 1) + |1+

**]

+ i +,
<b?;*77;'£*e§ni** + > a** i+ Z bt L. R
=1 =

z”: é’a** )%
< 72PMee§ (t**’ to) |l = Pllx
which is also a contradiction. Based on the two cases above, we can

conclude that (33) holds. Let p — 1, then (32) holds. We can take
O = 6¢,then 1 > 0and ©4 € R*. Then we derive

[lullse: < Ml - 9]

xrear (Ltg),t € [-T,00), t > by,  (39)

which means that the almost automorphic solution of (1) is globally
exponentially stable. The proof of Theorem 4.1 is completed.

Remark 4.1

In [2-4,7], the scholars considered the almost periodic solution for
different type neural networks. In [5,8,10,11,39], the authors investi-
gated anti-periodic solutions to various neural networks. The research
topic of [2-5,7,8,10,11,39] did not involve almost automorphic solu-
tion. In this article, we have analyzed the almost automorphic
solutions to cellular neural networks with neutral type delays and
time-varying leakage delays on time scales. The obtained theoreti-
cal results in [2-5,7,8,10,11,39] cannot be applied to system (1) to
derive the existence and the exponential stability of almost automor-
phic solutions for system (1). From this viewpoint, we can say that the
main results on the existence and the exponential stability of almost
automorphic solutions for system (1) are completely new and comple-
ment previous publications.

5. AN EXAMPLE

Considering the following cellular neural networks with neutral
type delays and time-varying leakage delays on time scales

2
X (D) = =by () %1 (t- 11 (1) + Zl ay (O f; (% (0)
]:
+ Z by (1) f; (x; (£-71; (D))
+ Z (0 f; (5 (t-0; (D)) + L (1),
: = ) (40)

x5 (1) = =by (1) x5 (t -7, (D) + 21 az (O f; (x (1)
J:

+ E by (0f; (% (t =75 ()))

+ Zl e (0 (5 (t- 03 (0)) + L (®),
]:
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where f; (uy) = sin0.3uy, f, (1) = sin0.2u, and

[ay, (D) app ()] [ 0.01 + 0.04 cos\/2¢ 0.02 + 0.01 cos \/Et]

| @21 () a2 (O] | 0.01 + 0.03 cos/5¢ 0.01 + 0.02 cos/3t]
[ b11 () bya (t)] B [ 0.01 + 0.02 cos/5¢ 0.02 + 0.03 cos \/Et]
[ 621 () b2 (O] | 0.02 + 0.03 cos /3¢ 0.02 + 0.03 cosy/3t]
[ c11 (D) 12 (t)] _ [ 0.02 4+ 0.02 cos \/gt 0.02 4+ 0.03 cos \/Et}

| 21 (®) e (O] | 0.03 +0.01 cos /3¢ 0.03 + 0.02 cos/2¢]”
[ by (t) b, (t)] 0.02 + 0.01 cos /2t 0.03 + 0.01 cos 3t]

[ 71 (1) 12 (D) 0.02 4 0.01 cos\/5¢ 0.01 + 0.02 cos /2|
[1, (] _ [ 0.03 +0.01sin+/5¢

| L]~ [ 0.04 + 0.01 sin \/Et] '

Then we get L = 0.3,L, =0.2,M; = 0.3, M, = 0.2 and

+ _+ + 1+
[au au] _ [0.05 0.03] [bn bu] B [0.03 0.05]

+ _+ o+ o+ | T ’
al, af, 0.04 0.03 || b3, b1, 0.05 0.05

+ - 1

G G2 ] _[004005] [ by ] _[0102
s 0.04 0.05 || nf n3 0303

It is not difficult to verify that all assumptions in Theorems 4.1 are
fulfilled. Thus we can conclude that (1) has an almost automorphic
solution, which is globally exponentially stable. The results are ver-
ified by the numerical simulations in Figures 1 and 2.

6. CONCLUSIONS

In this paper, we investigate a class of cellular neural networks with
neutral type delays and time-varying leakage delays. Applying the
existence of the exponential dichotomy of linear dynamic equations
on time scales, a fixed point theorem and the theory of calculus
on time scales, we establish a series of sufficient conditions for the
existence and exponential stability of almost automorphic solutions

for the cellular neural networks with neutral type delays and time-
varying leakage delays on time scales. We show that the existence
and global exponential stability of almost automorphic solutions
for system (1) only depends on time delays n; (i = 1,2, ---, n) (the
delays in the leakage term) and does not depend on time delays
7 (i,j=1,2,---,n) and o (i,j = 1,2,---,n), which implies that
the delays in the leakage term do harm to the existence and global
exponential stability of almost automorphic solutions. To the best of
our knowledge, it is the first time to deal with the almost automor-
phic solution for cellular neural networks with neutral type delays
and time-varying leakage delays on time scales. The idea of this
manuscript can be applied directly to investigate a lot of numer-
ous network systems. The theoretical predictions of this manuscript
show that under a suitable parameter condition, the cellular neu-
ral networks with neutral type delays and leakage delays will dis-
play almost automorphic oscillatory phenomenon. In real life, the
almost automorphic oscillatory behavior plays an important role in
helping us process visual information successfully. It can be effec-
tively applied in predicting the law of brain cell activity, which is
useful to serve the diagnosis of diseases. In addition, we know that
the quaternion-valued cellular neural networks can be regarded as
a generalization of real-valued and complex-valued cellular neu-
ral networks. So far, there are very few publications that consider
almost automorphic solutions of quaternion-valued cellular neural
networks. In the near future, we will focus on this topic.

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHORS’ CONTRIBUTIONS

The study was conceived and designed by Changjin Xu and Maoxin
Liao and experiments performed by Peiluan Li and Zixin Liu. All
authors read and approved the manuscript.

0.25 T T T

0.2

0.15

0.1

0.05f

-0.1 L L L
0 10 20 30

Figure 1 The relation of t and x;.

40 50 60 70 80



10 C. Xu et al. / International Journal of Computational Intelligence Systems 13(1) 1-11

0.15 T T T

0.1F

0.05

-0.05F

-0.1 : : -
0 10 20 30

Figure 2 The relation of t and x;,.

ACKNOWLEDGMENTS

The work is supported by National Natural Science Foundation of
China (No. 61673008), Project of High-level Innovative Talents of
Guizhou Province ([2016]5651), Major Research Project of The Innovation
Group of The Education Department of Guizhou Province ([2017]039),
Innovative Exploration Project of Guizhou University of Finance and
Economics ([2017]5736-015), Project of Key Laboratory of Guizhou
Province with Financial and Physical Features ([2017]004), Hunan Provin-
cial Key Laboratory of Mathematical Modeling and Analysis in Engineering
(Changsha University of Science & Technology)(2018MMAEZD21),
University Science and Technology Top Talents Project of Guizhou
Province (KY[2018]047), Guizhou University of Finance and Economics
(2018XZD01) and Foundation of Science and Technology of Guizhou
Province ([2019]1051). The authors would like to thank the referees and the
editor for helpful suggestions incorporated into this paper.

REFERENCES

[1] T. Roska, L.O. Chua, Cellular neural networks with nonlinear
and delay-type templates, Int. J. Circuit Theory Appl. 20 (1992),
469-481.

[2] Q.Y.Fan,].Y. Shao, Positive almost periodic solutions for shunting
inhibitory cellular neural networks with time-varying and con-
tinuously distributed delays, Commun. Nonlinear Sci. Numer.
Simul. 15 (2010), 1655-1663.

[3] Y.K.Li, C. Wang, Almost periodic solutions of shunting inhibitory
cellular neural networks on time scales, Commun. Nonlinear Sci.
Numer. Simul. 17 (2012), 3258-3266.

[4] Y.H. Xia, ].D. Cao, Z.K. Huang, Existence and exponential sta-
bility of almost periodic solution for shunting inhibitory cellular
neural networks with impulses, Chaos Soliton. Fract. 34 (2007),
1599-1607.

[5] L.Q. Peng, W.T. Wang, Anti-periodic solutions for shunting
inhibitory cellular neural networks with time-varying delays in
leakage terms, Neurocomputing. 111 (2013), 27-33.

[6] A.Bouzerdoum, R.B. Pinter, Shunting inhibitory cellular neural
networks: derivation and stability analysis, IEEE Trans. Circuits
Syst. I Fundam. Theory Appl. 40 (1993), 215-221.

40 50 60 70 80

[7] L. Chen, H.Y. Zhao, Global stability of almost periodic solution of
shunting inhibitory cellular neural networks with variable coefti-
cients, Chaos Soliton. Fract. 35 (2008), 351-357.

[8] J.Y. Shao, Anti-periodic solutions for shunting inhibitory cellu-
lar neural networks with time-varying delays, Phys. Lett. A. 372
(2008), 5011-5016.

[9] Y.Q. Yang, ].D. Cao, Stability and periodicity in delayed cellu-
lar neural networks with impulsive effects, Nonlinear Anal. Real
World Appl. 8 (2007), 362-374.

[10] A.P. Zhang, Existence and exponential stability of anti-periodic
solutions for HCNNs with time-varying leakage delays, Adv. Dif-
fer. Equ. 2013 (2013), 162.

[11] Z.D. Huang, L.Q. Peng, M. Xu, Anti-periodic solutions for high-
order cellular neural networks with time-varying delays, Electr. J.
Differ. Equ. 2010 (2010), 1-9.

[12] Z.L. Li, M.H. Dong, S.P. Wen, X. Hu, P. Zhou, Z.G. Zeng, CLU-
CNNis: object detection for medical images, Neurocomputing. 350
(2019), 53-59.

[13] M.H. Dong, S.P. Wen, Z.G. Zeng, Z. Yan, T.W. Huang, Sparse
fully convolutional network for face labeling, Neurocomputing.
331 (2019), 465-472.

[14] Z. Yan, WW. Liu, S.P. Wen, Y. Yang, Multi-label image clas-
sification by feature attention network, IEEE Access. 7 (2019),
98005-98013.

[15] YJ. Fan, X. Huang, Z. Wang, Y.X. Li, Nonlinear dynamics and
chaos in a simplified memristor-based fractional-order neural
network with discontinuous memductance function, Nonlinear
Dyn. 93 (2018), 611-627.

[16] Y.J. Fan, X. Huang, H. Shen, J.D. Cao, Switching event-triggered
control for global stabilization of delayed memristive neural net-
works: an exponential attenuation scheme, Neural Netw. 117
(2019), 216-224.

[17] Z. Wang, X.H. Wang, Y.X. Li, X. Huang, Stability and Hopf
bifurcation of fractional-order complex-valued single neu-
ron model with time delay, Int. J. Bifurc. Chaos. 27(2017),
1750209.

[18] J.H. Park, C.H. Park, O.M. Kwon, S.M. Lee, A new stability cri-
terion for bidirectional associative memory neural networks of
neutral-type, Appl. Math. Comput. 199 (2008), 716-722.


https://doi.org/10.1002/cta.4490200504
https://doi.org/10.1002/cta.4490200504
https://doi.org/10.1002/cta.4490200504
https://doi.org/10.1016/j.cnsns.2009.06.026
https://doi.org/10.1016/j.cnsns.2009.06.026
https://doi.org/10.1016/j.cnsns.2009.06.026
https://doi.org/10.1016/j.cnsns.2009.06.026
https://doi.org/10.1016/j.cnsns.2011.11.034
https://doi.org/10.1016/j.cnsns.2011.11.034
https://doi.org/10.1016/j.cnsns.2011.11.034
https://doi.org/10.1016/j.chaos.2006.05.003
https://doi.org/10.1016/j.chaos.2006.05.003
https://doi.org/10.1016/j.chaos.2006.05.003
https://doi.org/10.1016/j.chaos.2006.05.003
https://doi.org/10.1016/j.neucom.2012.11.031
https://doi.org/10.1016/j.neucom.2012.11.031
https://doi.org/10.1016/j.neucom.2012.11.031
https://doi.org/10.1109/81.222804
https://doi.org/10.1109/81.222804
https://doi.org/10.1109/81.222804
https://doi.org/10.1016/j.chaos.2006.05.057
https://doi.org/10.1016/j.chaos.2006.05.057
https://doi.org/10.1016/j.chaos.2006.05.057
https://doi.org/10.1016/j.physleta.2008.05.064
https://doi.org/10.1016/j.physleta.2008.05.064
https://doi.org/10.1016/j.physleta.2008.05.064
https://doi.org/10.1016/j.nonrwa.2005.11.004
https://doi.org/10.1016/j.nonrwa.2005.11.004
https://doi.org/10.1016/j.nonrwa.2005.11.004
https://doi.org/10.1186/1687-1847-2013-162
https://doi.org/10.1186/1687-1847-2013-162
https://doi.org/10.1186/1687-1847-2013-162
https://doi.org/10.1142/9789814307420_0001
https://doi.org/10.1142/9789814307420_0001
https://doi.org/10.1142/9789814307420_0001
https://doi.org/10.1016/j.neucom.2019.04.028
https://doi.org/10.1016/j.neucom.2019.04.028
https://doi.org/10.1016/j.neucom.2019.04.028
https://doi.org/10.1016/j.neucom.2018.11.079
https://doi.org/10.1016/j.neucom.2018.11.079
https://doi.org/10.1016/j.neucom.2018.11.079
https://doi.org/10.1109/ACCESS.2019.2929512
https://doi.org/10.1109/ACCESS.2019.2929512
https://doi.org/10.1109/ACCESS.2019.2929512
https://doi.org/10.1007/s11071-018-4213-2
https://doi.org/10.1007/s11071-018-4213-2
https://doi.org/10.1007/s11071-018-4213-2
https://doi.org/10.1007/s11071-018-4213-2
https://doi.org/10.1016/j.neunet.2019.05.014
https://doi.org/10.1016/j.neunet.2019.05.014
https://doi.org/10.1016/j.neunet.2019.05.014
https://doi.org/10.1016/j.neunet.2019.05.014
https://doi.org/10.1142/S0218127417502091
https://doi.org/10.1142/S0218127417502091
https://doi.org/10.1142/S0218127417502091
https://doi.org/10.1142/S0218127417502091
https://doi.org/10.1016/j.amc.2007.10.032
https://doi.org/10.1016/j.amc.2007.10.032
https://doi.org/10.1016/j.amc.2007.10.032

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

C. Xu et al. / International Journal of Computational Intelligence Systems 13(1) 1-11 11

R. Rakkiyappan, P. Balasubramaniam, New global exponential
stability results for neutral type neural networks with distributed
time delays, Neurocomputing. 71 (2008), 1039-1045.

J. Liu, G. Zong, New delay-dependent asymptotic stability condi-
tions concerning BAM neural networks of neutral type, Neuro-
computing. 72 (2009), 2549-2555.

R. Samidurai, S.M. Anthoni, K. Balachandran, Global exponential
stability of neutral-type impulsive neural networks with discrete
and distributed delays, Nonlinear Anal. Hybrid Syst. 4 (2010),
103-112.

R. Rakkiyappan, P. Balasubramaniam, J. Cao, Global exponential
stability results for neutral-type impulsive neural networks, Non-
linear Anal. Real World Appl. 11 (2010), 122-130.

Y.K. Li, L. Zhao, X. Chen, Existence of periodic solutions for neu-
tral type cellular neural networks with delays, Appl. Math. Model.
36 (2012), 1173-1183.

C. Bai, Global stability of almost periodic solutions of Hopfield
neural networks with neutral time-varying delays, Appl. Math.
Comput. 203 (2008), 72-79.

B. Xiao, Existence and uniqueness of almost periodic solutions
for a class of Hopfield neural networks with neutral delays, Appl.
Math. Lett. 22 (2009), 528-533.

K. Wang, Y. Zhu, Stability of almost periodic solution for a gen-
eralized neutral-type neural networks with delays, Neurocomput-
ing. 73 (2010), 3300-3307.

P. Balasubramaniam, V.M. Revathi, J.H. Park, L, — L., Filtering
for neutral Markovian switching system with mode-dependent
time-varying delays and partially unknown transition probabili-
ties, Appl. Math. Comput. 219 (2013), 9524-9542.
S.Lakshmanan, J.H. Park, H.Y. Jung, O.M. Kwon, R. Rakkiyappan,
A delay partitioning approach to delay-dependent stability analy-
sis for neutral type neural networks with discrete and distributed
delays, Neurocomputing. 111 (2013), 81-89.

J.H. Park, Synchronization of cellular neural networks of neutral
type via dynamic feedback controller, Chaos Soliton. Fract. 42
(2009), 1299-1304.

S.M. Lee, O.M. Kwon, J.H. Park, A novel delay-dependent crite-
rion for delayed neural networks of neutral type, Phys. Lett. A. 374
(2010), 1843-1848.

P. Balasubramaniam, V. Vembarasan, R. Rakkiyappan, leakage
delays in T-S fuzzy cellular neural networks, Neural Process. Lett.
33 (2011), 111-136.

H. Zhang, M. Yang, Global exponential stability of almost peri-
odic solutions for SICNNs with continuously distributed leakage
delays, Abstr. Appl. Anal. 2013 (2013), 1-14.

B.W. Liu, Pseudo almost periodic solution for CNNs with contin-
uously distributed leakage delays, Neural Process Lett. 42 (2015),
233-256.

Y.K. Li, L. Yang, Almost automorphic solution for neutral type
high-order Hopfield neural networks with delays in leakage terms
on time scales, Appl. Math. Comput. 242 (2014), 679-693.

S. Hilger, Analysis on measure chains—a unified approach to con-
tinuous and discrete calculus, Results Math. 18 (1990), 18-56.
Y.K. Li, X. Chen, L. Zhao, Stability and existence of periodic solu-
tions to delayed Cohen-Grossberg BAM neural networks with
impulses on time scales, Neurocomputing. 72 (2009), 1621-1630.
Z.Q. Zhang, K.Y. Liu, Existence and global exponential stability
of a periodic solution to interval general bidirectional associative
memory (BAM) neural networks with multiple delays on time
scales, Neural Netw. 24 (2011), 427-439.

(38]

(39]

[40]

(41]

(42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

Y.K. Li, L. Yang, Almost periodic solutions for neutral-type BAM
neural networks with delays on time scales, J. Appl. Math. 2013
(2013), 1-13.

Y.K. Li, L. Yang, W.Q. Wu, Anti-periodic solutions for a class of
Cohen-Grossberg neural networks with time-varying delays on
time scales, Int. J. Syst. Sci. 42 (2011), 1127-1132.

Y.K. Li, J.Y. Shu, Anti-periodic solutions to impulsive shunting
inhibitory cellular neural networks with distributed delays on
time scales, Commun. Nonlinear Sci. Numer. Simul. 16 (2011),
3326-3336.

L. Li, Z. Wang, Y.X. Li, H. Shen, J.W. Lu, Hopf bifurcation analy-
sis of a complex-valued neural network model with discrete and
distributed delays, Appl. Math. Comput. 330 (2018), 152-169.

Z. Wang, L. Li, Y.Y. Li, Z.S. Cheng, Stability and Hopf bifurcation
of a three-neuron network with multiple discrete and distributed
delays, Neural Process. Lett. 48 (2018), 1481-1502.

YJ. Fan, X. Huang, Z. Wang, Y.X. Li, Improved quasi-
criteria  for  delayed  fractional-order
memristor-based neural networks via linear feedback control,
Neurocomputing. 306 (2018), 68-79.

J. Jia, X. Huang, Y.X. Li, ].D. Cao, Alsaedi Ahmed, Global stabiliza-
tion of fractional-order mMemristor-based neural networks with
time delay, IEEE Trans. Neural Netw. Learn. Syst. (2019), 1-13.
Y. Fan, X. Huang, Y. Li, J. Xia, G. Chen, Aperiodically inter-
mittent control for quasi-synchronization of delayed memristive
neural networks: an interval matrix and matrix measure com-
bined method, IEEE Trans. Syst. Man Cybern. Syst. 49 (2018),
2254-2265.

G.M. N'Guérékata, Existence and uniqueness of almost auto-
morphic mild solutions to some semilinear abstract differen-
tial equations, a unified approach Semigroup Forum. 69 (2004),
80-86.

J.A. Goldstein, G.M. N’Guérékata, Almost automorphic solutions
of semilinear evolution equations, Proc. Am. Math. Soc. 133
(2005), 2401-2408.

K. Ezzinbi, S. Fatajou, G.M. N'Guérékata, Almost automorphic
solutions for some partial functional differential equations, J.
Math. Anal. Appl. 328 (2007), 344-358.

F. Chérif, Z.B. Nahia, Global attractivity and existence of weighted
pseudo almost automorphic solution for GHNNSs with delays and
variable coefficients, Gulf J. Math. 1 (2013), 5-24.

E. Chérif, Sufficient conditions for global stability and existence of
almost automorphic solution of a class of RNNs, Differ. Equ. Dyn.
Syst. 22 (2014), 191-207.

G.M. N'Guérékata, Topics in Almost Automorphy, Springer, New
York, 2005.

C. Wang, Y.K. Li, Weighted pseudo almost automorphic functions
with applications to abstract dynamic equations on time scales,
Ann. Pol. Math. 108 (2013), 225-240.

C. Lizama, J.G. Mesquita, Almost automorphic solutions of
dynamic equations on time scales, J. Funct. Anal. 265 (2013),
2267-2311.

M. Bohner, A. Peterson, Dynamic Equations on Time Scales: An
Introduction with Applications, Birkhiser, Boston, 2001.

Y.K. Li, C. Wang, Uniformly almost periodic functions and almost
periodic solutions to dynamic equations on time scales, Abstr.
Appl. Anal. 2011 (2011), 1-22.

synchronization


https://doi.org/10.1016/j.neucom.2007.11.002
https://doi.org/10.1016/j.neucom.2007.11.002
https://doi.org/10.1016/j.neucom.2007.11.002
https://doi.org/10.1016/j.neucom.2008.11.006
https://doi.org/10.1016/j.neucom.2008.11.006
https://doi.org/10.1016/j.neucom.2008.11.006
https://doi.org/10.1016/j.nahs.2009.08.004
https://doi.org/10.1016/j.nahs.2009.08.004
https://doi.org/10.1016/j.nahs.2009.08.004
https://doi.org/10.1016/j.nahs.2009.08.004
https://doi.org/10.1016/j.nonrwa.2008.10.050
https://doi.org/10.1016/j.nonrwa.2008.10.050
https://doi.org/10.1016/j.nonrwa.2008.10.050
https://doi.org/10.1016/j.apm.2011.07.090
https://doi.org/10.1016/j.apm.2011.07.090
https://doi.org/10.1016/j.apm.2011.07.090
https://doi.org/10.1016/j.amc.2008.04.002
https://doi.org/10.1016/j.amc.2008.04.002
https://doi.org/10.1016/j.amc.2008.04.002
https://doi.org/10.1016/j.aml.2008.06.025
https://doi.org/10.1016/j.aml.2008.06.025
https://doi.org/10.1016/j.aml.2008.06.025
https://doi.org/10.1016/j.neucom.2010.05.017
https://doi.org/10.1016/j.neucom.2010.05.017
https://doi.org/10.1016/j.neucom.2010.05.017
https://doi.org/10.1016/j.amc.2013.03.037
https://doi.org/10.1016/j.amc.2013.03.037
https://doi.org/10.1016/j.amc.2013.03.037
https://doi.org/10.1016/j.amc.2013.03.037
https://doi.org/10.1016/j.neucom.2012.12.016
https://doi.org/10.1016/j.neucom.2012.12.016
https://doi.org/10.1016/j.neucom.2012.12.016
https://doi.org/10.1016/j.neucom.2012.12.016
https://doi.org/10.1016/j.chaos.2009.03.024
https://doi.org/10.1016/j.chaos.2009.03.024
https://doi.org/10.1016/j.chaos.2009.03.024
https://doi.org/10.1016/j.physleta.2010.02.043
https://doi.org/10.1016/j.physleta.2010.02.043
https://doi.org/10.1016/j.physleta.2010.02.043
https://doi.org/10.1007/s11063-010-9168-3
https://doi.org/10.1007/s11063-010-9168-3
https://doi.org/10.1007/s11063-010-9168-3
https://doi.org/10.1155/2013/307981
https://doi.org/10.1155/2013/307981
https://doi.org/10.1155/2013/307981
https://doi.org/10.1007/s11063-014-9354-9
https://doi.org/10.1007/s11063-014-9354-9
https://doi.org/10.1007/s11063-014-9354-9
https://doi.org/10.1016/j.amc.2014.06.052
https://doi.org/10.1016/j.amc.2014.06.052
https://doi.org/10.1016/j.amc.2014.06.052
https://doi.org/10.1007/BF03323153
https://doi.org/10.1007/BF03323153
https://doi.org/10.1016/j.neucom.2008.08.010
https://doi.org/10.1016/j.neucom.2008.08.010
https://doi.org/10.1016/j.neucom.2008.08.010
https://doi.org/10.1016/j.neunet.2011.02.001
https://doi.org/10.1016/j.neunet.2011.02.001
https://doi.org/10.1016/j.neunet.2011.02.001
https://doi.org/10.1016/j.neunet.2011.02.001
https://doi.org/10.1155/2013/942309
https://doi.org/10.1155/2013/942309
https://doi.org/10.1155/2013/942309
https://doi.org/10.1080/00207720903308371
https://doi.org/10.1080/00207720903308371
https://doi.org/10.1080/00207720903308371
https://doi.org/10.1016/j.cnsns.2010.11.004
https://doi.org/10.1016/j.cnsns.2010.11.004
https://doi.org/10.1016/j.cnsns.2010.11.004
https://doi.org/10.1016/j.cnsns.2010.11.004
https://doi.org/10.1016/j.amc.2018.02.029
https://doi.org/10.1016/j.amc.2018.02.029
https://doi.org/10.1016/j.amc.2018.02.029
https://doi.org/10.1007/s11063-017-9754-8
https://doi.org/10.1007/s11063-017-9754-8
https://doi.org/10.1007/s11063-017-9754-8
https://doi.org/10.1016/j.neucom.2018.03.060
https://doi.org/10.1016/j.neucom.2018.03.060
https://doi.org/10.1016/j.neucom.2018.03.060
https://doi.org/10.1016/j.neucom.2018.03.060
https://doi.org/10.1109/TNNLS.2019.2915353
https://doi.org/10.1109/TNNLS.2019.2915353
https://doi.org/10.1109/TNNLS.2019.2915353
https://doi.org/10.1109/TSMC.2018.2850157
https://doi.org/10.1109/TSMC.2018.2850157
https://doi.org/10.1109/TSMC.2018.2850157
https://doi.org/10.1109/TSMC.2018.2850157
https://doi.org/10.1109/TSMC.2018.2850157
https://doi.org/10.1007/s00233-003-0021-0
https://doi.org/10.1007/s00233-003-0021-0
https://doi.org/10.1007/s00233-003-0021-0
https://doi.org/10.1007/s00233-003-0021-0
https://doi.org/10.1090/S0002-9939-05-07790-7
https://doi.org/10.1090/S0002-9939-05-07790-7
https://doi.org/10.1090/S0002-9939-05-07790-7
https://doi.org/10.1016/j.jmaa.2006.05.036
https://doi.org/10.1016/j.jmaa.2006.05.036
https://doi.org/10.1016/j.jmaa.2006.05.036
https://doi.org/10.1007/s12591-013-0168-4
https://doi.org/10.1007/s12591-013-0168-4
https://doi.org/10.1007/s12591-013-0168-4
https://doi.org/10.4064/ap108-3-3
https://doi.org/10.4064/ap108-3-3
https://doi.org/10.4064/ap108-3-3
https://doi.org/10.1016/j.jfa.2013.06.013
https://doi.org/10.1016/j.jfa.2013.06.013
https://doi.org/10.1016/j.jfa.2013.06.013
https://doi.org/10.1007/978-1-4612-0201-1
https://doi.org/10.1007/978-1-4612-0201-1
https://doi.org/10.1155/2011/341520
https://doi.org/10.1155/2011/341520
https://doi.org/10.1155/2011/341520

	Almost Automorphic Solutions to Cellular Neural Networks With Neutral Type Delays and Leakage Delays on Time Scales
	1 INTRODUCTION
	2 PRELIMINARY RESULTS
	3 EXISTENCE OF ALMOST AUTOMORPHIC SOLUTIONS
	4 EXPONENTIAL STABILITY OF ALMOST AUTOMORPHIC SOLUTIONS
	5 AN EXAMPLE
	6 CONCLUSIONS


