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ALMOST PERIODIC SYNCHRONIZATION
FOR COMPLEX-VALUED NEURAL
NETWORKS WITH TIME-VARYING DELAYS
AND IMPULSIVE EFFECTS ON TIME
SCALES*

Lihua Dai'? and Zhouhong Li**f

Abstract We propose a class of complex-valued neural networks with time-
varying delays and impulsive effects on time scales. By employing the Banach
fixed point theorem and differential inequality technique on time scales, we
obtain the existence of almost periodic solutions for this networks. Then, by
constructing a suitable Lyapunov function, we obtain that the drive-response
structure of complex-valued neural networks with almost periodic coefficients
can realize the global exponential synchronization. Our results are completely
new. Finally, we give an example to illustrate the feasibility of our results.
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1. Introduction

In the past few years, complex-valued neural networks (CVNNs) have been exten-
sively studied and analyzed in their dynamical behaviors, their application has been
extended to optoelectronics, image, remote sensing, quantum neuron devices and
systems, spatiotemporal analysis of physiological nervous system, and artificial neu-
ral information processing [1,14]. As an extension of real-valued neural networks,
CVNNs had more complicated dynamical properties. Hence, it is very important
to study about the dynamical properties of CVNNs, such as the existence and sta-
bility of the equilibrium, periodic solutions, and almost periodic solutions, which
have been studied by many scholars [6,11,12,15,32,34,47,49].
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On the one hand, impulsive effects are used to describe some dynamical models
in many fields, such as medicine and biology, economics and telecommunications.
The theory of impulsive differential equations goes back to the works of Milman
and Myshkis [31]. Later, the impulsive delay differential equations have been widely
researched (see [23,35,36]). The stability problem of impulsive CVNNs with time
delay is studied by many scholars [20,33,37,38,41,44]. Therefore, impulsive effects
play an important role in the dynamical behavior of CVNNs. Besides, the synchro-
nization problem has played a significant role in nonlinear science since its potential
applications in image processing, ecological systems, secure communication and har-
monic oscillation generation, formation control and we can reference [9,16,17,24,45].
The main idea of the impulsive synchronization method is to adjust the state of the
response system using synchronization pulses at discrete times so that the state of
the response system is close to that of the drive system. These pulses are gener-
ated at discrete moments from a sample of state variables that drive the response
system. Therefore, the impulsive synchronization scheme can be realized by digital
technology. Moreover, due to the reduced amount of synchronization information
transmitted from the drive system to the response system, impulsive synchroniza-
tion lowers the communication cost and enhances the security of the chaotic crypto
system. So far, few authors have considered the synchronization of complex-valued
neural networks [22,25, 26].

On the other hand, it is well known that the time scale theory was initiated by
Hilger [18] in his Ph.D. thesis in 1988, which can unify the continuous and discrete
cases. Many authors have studied the dynamic equations on time scales [3,4, 21].
To study the almost periodic dynamic equation on time scales, the concept of al-
most periodic time scales was proposed by Li and Wang in [27]. Based on this
concept, almost periodic functions on almost periodic time scales are defined [28],
subsequently, many authors have studied the almost periodic solutions of neural
networks on time scales [10,13,42,46]. Subsequently, many scholars have consid-
ered CVNNs on time scales and established some sufficient conditions are obtained
for the existence and global exponential stability of equilibrium point [5, 7,39, 50].
Recently, some authors studied the dynamical behaviors, including synchronization
and consensus on time scales in [2,8,19,29,30,40]. But, few articles consider almost
synchronization, let alone discuss the almost periodic synchronization of complex-
valued neural networks with impulsive on time scales.

However, to the best of our knowledge, there is no published paper considering
the almost periodic synchronization for impulsive complex-valued neural networks
with leakage delays on time scales. Therefore, it is very important in theories and
applications and also is a very challenging problem.

Inspired by the above analysis, in this paper, we consider the following impulsive
complex-valued neural networks on time scales:

e () = —di(®an(t — m(t) + D a (6 £;(2; (1)) + D i (£)g; (2 (t — 015(1)))
Jj=1 Jj=1

+chj(t)/ hj(zj(s))As +u(t), t#tg, (L)
j=1 ¢

—615(t)

A.’El(tk) = xl(tZ) — .%‘l(t];) = Ilk(ml(tk)), t=1ty, k€,

where t € T, € {1,2,...,n}:= 7, x;(t) € C is the state of the {th neuron at time
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t; di(t) > 0 is the self-feedback connection weight; a;;(t), by;(t) and ¢;;(t) € C are,
respectively, the connection weight and the delay connection weight from neuron j
to neuron [; u;(t) is an external input on the Ith unit at time ¢; n;(¢) is the leakage
delays, U;;(t) and d;;(¢) are the transmission delays, which satisfy that ¢t —;(¢) € T,
t—1;;(t) € Tand t—8,;(t) € T for all t € T; a(¢;,) and ;(t]) are, respectively, the
left and right limit at ¢ = tg; Aml(tk) is impulses at moments ty, z;(t, ) = x;(t)
and {tk} € B, B = {{tk} ik € T,tk < tk+17k € Z, kgr:ilootk = :EOO}; Ilk(') e C.

Let ¢ be the imaginary unit, i.e., 1 = v/—1.
For every z € C, the norm of z is defined as |z||c = max {|z7|,|2!|}, and for
= (21,22,...,2,)T € C", we define |z]|o = rln:;};c{HleC}
€

For convenience, we will adopt the following notations:

di =infdi(t), af; =supay(®c, b =supb ). ¢ = sup ey (D)]e,
teT teT teT teT

= max | su t)}, ¢ = max {supdy(t);y,
" leg { te%nl( )} lijJ{ te?l‘p lj( )}

0= lnjlg§ { ilelﬂlr)élj(t)}’ £ = max {77,19,(5}.

The initial condition associated with (1.1) is of the form
.Tl(S) = ¢l(5)7 s € [7670]'1['7 le Jv

where ¢;(s) € C([-¢,0]T,C).

The main purpose of this paper is to study the existence and global exponential
synchronization of almost periodic solutions for system (1.1). The main contribu-
tions of this paper are listed as follows. Firstly, Our results include real-valued
neural networks as its special cases. Secondly, Comparing the previous results, we
studied the complex-valued neural networks via a direct method, and improved the
norm. Thirdly, compared with other results, the results in this paper are the ones
about complex-valued and with impulsive effects. Therefore, the results are less con-
servative and more general. Finally, our method of this paper can be used to study
the the pseudo almost periodic synchronization for other types of impulsive-valued
neural networks on time scales.

This paper is organized as follows. In Section 2, we introduce some definitions,
make some preparations for later sections and extend the piecewise almost periodic
functions on time scales with the A-derivative. In Section 3, by utilizing the Banach
fixed point theorem, a sufficient condition is derived for the existence of almost
periodic solutions for (1.1). In section 4, based on the Lyapunov functional method
and differential inequality technique on time scales, we obtain the global exponential
synchronization of almost periodic solutions for the system (1.1). In Section 5, we
give an illustrative example to demonstrate the feasibility of our results. Finally,
we conclude Section 6.

2. Preliminaries

In this section, we shall recall some fundamental definitions and lemmas which are
used in what follows.
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Definition 2.1 ( [18]). A time scale T is an arbitrary nonempty closed subset of
the real set R with the topology and ordering inherited from R. The forward jump
operator o : T — T is defined by

o(t) = inf{s eT, s> t}, vt eT,
while the backward jump operator p : T — T is defined by
p(t) = sup{s eT,s< t}, vt eT,
finally, the graininess function p : T — [0, 00) is defined by

pu(t) = o(t) — t.

The point ¢t € T is called left-dense, left-scattered, right-dense or right-scattered if
p(t) =1, p(t) < t,o(t) =t or o(t) > t, respectively. Points that are right-dense and
left-dense at the same time are called dense. If T has a left-scattered maximum m,
define T" = T — {m}; otherwise, set T = T. If T has a right-scattered maximum
m, define T,, = T — {m}; otherwise, set T, = T.

Definition 2.2 ( [18]). Assume that f: T — R is a function and let ¢ € T*. Then
we define f2(t) to be the number(provided its exists) with the property that given
any € > 0, there is a neighborhood U of t (i.e, U = (¢t —,t+ ) NT for some § > 0)
such that
[f(@(t) = f(s) = FA (@) (o(t) = 5)| <elo(t) - s|

for all s € U. We call f2(t) the delta (or Hilger) derivative of f at t. Moreover,
we say that f is delta (or Hilger) differentiable (or in short:differentiable) on T*
provided f2(t) exists for all t € T*. The function f2 : T® — R is then called the
(delta) derivative of f on T*.

Definition 2.3 ( [18]). A function p: T — R is said to be regressive provided
1+ p(t)p(t) #£0, VteT".
The set of all regressive and rd-continuous functions p : T — R are denoted by

R = R(T) = R(T,R).
RY(T,R)={peR:1+put)pt) >0, VtecT}

Definition 2.4 ( [18]). If p € R, then we define the exponential function by
t
ep(t,s) =exp (/ ) (p(T))AT), Vt,seT,

with the cylinder transformation

M,ifh#ov

En(z) = {
z, ifh=0.

Definition 2.5. ( [1]) Let p,¢q: T — R be two regressive functions, define

p®q=p+q+pupg, Sp=— PO q=po(99).

P
L+ pp’
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Lemma 2.1 ( [18]). Assume that p: T — R is regressive function, then

(1) eo(t,s) =1 and ey(t,t) = 1;

(1) eplts) = =Ly = cep(s,);

(130) ep(t,s)ep(s, 1) =ep(t,r);

() (eep(t,s))® = (Ep)(H)esp(t, s).

Lemma 2.2 ( [18]). Let f,g be A-differentiable functions on T, then

(1) (v1f +v29)® = v f2 +v2g”, for any constants vy, vy;

(1) (fg)*(t) = fA()g(t) + f(a(t)g®(t) = f()g2 (1) + fA(t)g(o(t)).
Lemma 2.3 ( [18]). Assume that p(t) > 0 fort > s, then e,(t,s) > 1.
Lemma 2.4 ( [18]). Suppose that p € R, then

(1) ep(t,s) >0, forallt,s € T;

(1) if p(t) < q(t) for allt > s, t,s € T, then ey(t,s) < eq(t,s) for allt > s.
Lemma 2.5 ( [18]). If p€ R* and a,b,c € T, then
]A

- b
[ep(c, )T =—-p [ep(c7 )} and / p(t)ep (c, U(t))At =ep(c,a) —ep(c, b).

Definition 2.6 ( [27,28]). A time scale T is called an almost periodic time scale if
M:={reR:t+7eTVteT}#{0}

PC4(T,X) denotes the set of all rd-piecewise continuous and left continuous
functions with points of discontinuity of first kind. For any integers k and j, consider
the sequence {t }, where t] = ty4; — tg, k,j € Z. From now on, (X, -|) is a (real
or complex) Banach space.

Definition 2.7 ( [43]). The set of sequences {t,}, t1 = tyx+j — ti, k,j € Z is said

to be uniformly almost periodic, if for an arbitrary ¢ > 0 there exists a relatively
dense set of e-almost periodic, common for all sequences {¢] }.

Definition 2.8 ( [43]). Let T be an almost periodic time scale. The function
@ € PCry(T,X) is said to be almost periodic, if the following holds:

(i) {t.}, t] = trs; — i, k,j € Z is uniformly almost periodic;

(ii) for any £ > 0, there is a positive number § = d(¢) > 0 such that if the points
t" and t” belong to the same interval of continuity and |¢' — ¢t”| < §, then
) — o) <&

(iii) for any € > 0, there is relative dense set I': C II such that if 7 € T, then
et +7) — p(t)|| < e for all t € T, which satisfy the condition |t — t| > €,
ke Z.

We denote by APr(T,X) the set of all piecewise almost periodic functions.
Throughout the rest of the paper, we assume that the following conditions hold:

(Hy) di(t),m(t),8,;(t) : T — R are all almost periodic functions, J;;(t) € C*(T,II)
with sup,cp 19@@) = w < 1 is almost periodic function, a;(t),by;(t),c;(t) €
AP(T,C), u;€ AP(T,C), and there exists a constant A such that d;(t) > A>0.
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(H2) I, € AP(R,C) and there exist positive constants L; and such that for u,veC,
[ 1ie(w) = L (v)l[c < Lillu =vlc, €T, ke,
and Ilk(o) =0.

(Hs) There exist positive constants a, 85, ¢; such that for any z;, y; € C,

I1£i(z5) = fi(yi)lle < ajllz; — yjllc,
lgj(z;) — gi(yi)lic < Bjllz; — vjllc,
Ihj(25) = hj(yi)lle < Gllzg —yslle,

and f;(0) = g;(0) = h;(0) = 0, where j € J.
(H4) The set of sequences {ti}, ti = tyg+j —ti, k,j € Z is uniformly almost periodic

and infy, t,l€ =6>0.
3. Existence of piecewise almost periodic solution

Let X = {f | £, f5 € APT(T,(C”)} with the norm

1113 = max { sup || f(t) o, sup [|F2(B)]lo},
teT teT

then X is a Banach space.

Theorem 3.1. Assume that conditions (H1)-(Hy) hold and the following conditions
are satisfied:

(Hs) There exists positive constants r and 6 such that

S} * L d dL
max{ l’f'+ul + lred—v(1+dl—)(®lr+ul+)+1llr} <r,

leg d; 1 — e 94 ; e—0d,
L dF d"L
max{_l-i- l ,<1+Z_>@+ L l}:p<1,
leg dl 1 — e 9% dl — e b4,
where

n n n
O =dint +> afoy + Y bis+ Y i, 1ed.
j=1 j=1 j=1
Then, the system (1.1) has a unique piecewise almost periodic solution in the region

X ={plpeXlolx <r}

Proof. Firstly, it is easy to see that if x = (z1,22,...,2,)7 € APp(T,C") is a
solution of the following system

z(t) = /t e—a,(t,0(s))(Ki(s,z) + w(s))As + Z e—q, (t,tr) Iy (x1 (L)),

o0 tp<t

where

Ki(s,z) = dl(s)/ . ) u)Au + Zal] s)fi(z;(s))
s—mls
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3 by ()95 (5 (5 — 0055 +z% / o e
j=1 5—015(8

then z(t) is a solution of (1.1). Define the nonlinear operator ® as follows, for each
¢,0” € APp(T,C") and | € J,

(@) (t) = /_ e ay(t,0(5) (K(s,0) + () As + 3 ey i) T (u(t))-

tr<t

Now, we show that the mapping ® is a self-mapping from X* to X*. Note that

ol < [ el @l

s—m(s

+ 3 sl ~ 2o

+zncl] e [, Inatestmn o
s—0 15

| er (s )||C+Zaf§0¢j”soj(8)l|c

Z BJHSDJ —Jy(s ||C+ZC£5 CJH% )H(c

< [ +Zal]a] +Zb i +Zéljcl,cj} llx

S G)lra
and
H Z e—q, (t,tr) L (i1 (tr) H Z le—a, (t, te)| Li |1 (te H(c
te<t o<t
Lﬂ“

< —
- 1— efed;

Hence,

t
[@enllc < [ eoatolo)]Kits,0) + o) As

+ He—dz (t,tk)fm(%pl(tk))“c

tp<t

< G)lrJiuf n Lir _
dl 1 — e 9

On the other hand, we have

t

Kilt, ) + () — di(t) / e_ar(t () (Ki(s, ) + ua(s)) As

— 00

J(@or).0], = |
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—di(t) Y ea,(t, tr) Ik (te))

tp<t

C

d+ d+Ll’I"
<(1+ L )(Omr+u)+ — , leJ.
B ( dl_)( S ) 1—e 04 J

Hence, by (Hj), we obtain H@go”x < r, which implies that & € X*.

Next, we show that ® is a contraction operator. In fact, for any p,¢ € X*, we
denote

Wils. i) = o) [ e - AU+Z% [£5(04(5)) — £(5(5)]
+szJ (95 (05 (s — D15(s))) — g5 (¥5(s — V15(s)))]

+Z% / o [os0) =y )]

Then we have

IWils, 0,9) || < (dl nr Y afhai +> b 57+Z cljcg)llso ¥lix
j=1 j=1
=0l -9z, leJ,

and

| 32 eant ) eoutte)) = @], < D ean (bt | Lille = vl

tp<t tk<t

<
=] -0d

I — llx-

Thus, we obtain
@) - @0 = | [ catto)mis s

+ 2 ema(tte) [Le(eu(tr) — L (u(tr)]

tp<t C
O, L )
S — + — - ) lej
(B 2 o= vl

On the other hand, we have
|((@0)%),0) = (@¥)*),0)]

A
H( e_q,(t,a(s))Wi(s, e, 1) As+2€ a, (b t) [T (e (te)) — Ilk(wl(tk))]>

tr<t

C

< HWl(ta QO,’L/})HC + ler sup
teT

’ /_; e—a,(t,0(8))Wi(s, o, ) As

C
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Y el a (b t) || Tk (pr(t)) — Tk (W ()]

te<t

dJr d+Ll
1+— 16 —r — , leJ.
{( +dl) z+1_69dl}|<ﬂ bl 1T

From (Hjs), we have || ®(p) — ®(¥)|lx < pllp — ¥|lx. Hence, ® is a contraction
mapping. By Banach fixed point theorem, ® has a unique fixed point in X*, that is,
(1.1) has a unique piecewise almost periodic solution in X*. The proof is complete.

O

4. Almost periodic synchronization

In this section, by designing a controller, utilizing some analytic techniques and
constructing a suitable Lyapunov function, we consider the exponential synchro-
nization problem of CVNNs with time-varying delays and impulsive effects on time
scales and almost periodic coefficients. Thus, we consider the system (1.1) as a
drive system, and a response system is designed as

U2 () = — (B () + di(t) / y2(5)As
t—ni(t)

+ Z aij(t) f3(y;(t) + Z bij (t)g; (y; (t — 915(2))) W

+ Z ) [ hlp (A i) 1), £

Ay (ty) = Ilk(yl(tk))v t=1tg, k €Z,

where [ € J, Uj(t) is a controlled input.
Let signals z(t) = yi(t) —zi(t), z1(t) = (2f4(2), le(t))T Then, we can obtain the
following error system:

B(t) = —di(t)2(t) + di(t) / AS+Z% )5 (w5 (8) — ()]

—7ll(t)

+ Z bij () [ (i (t = 915(£))) — g;(;(t = V15(1)))] (4.2)

+Z% / o ) b )]s 5200, ¢ b

Azl(tk) = Ilk(zl(tk)), t=tg, ke

In order to realize the synchronization between (1.1) and (4.1), we design the fol-
lowing state-feedback controller:

Ul (t) = —/{lzl(t), (43)

where x; € RT is the control input.



902 L. Dai & Z. Li

Definition 4.1. The response system (4.1) and the drive system (1.1) can be glob-
ally exponentially synchronized, if there exist positive constant M > 1, A > 0 such
that

||Z(t)||0 < Hw - <p||1Me@>\(t70)? te [O?+OO)']T

where
le®llo = max {lz:(®)lc, 12 1) }-
o=l =] sup als) —erlo)lles sup [9F(s) ~ o (o)}

se[—¢ s€[—¢€,0]r

Theorem 4.1. Assume that conditions (Hy)-(Hy) hold and the following conditions
are satisfied:

(Hg) Iip(xi(tr)) = =y (ty) with 0 <y <2, 1€ J, k € Z.

(H7) There exists a positive constant A such that

_ _ 2 _
rZ%E?({((mdl )+ A+ 200+ dF)7) + (2 +d7) +1)

X(zﬁ["’Za o+ ﬁozb 5J+Z(5 CZJCJ)}1+/L)\)<O.

Then the drive system (1.1) and the response system (4.1) are globally exponentially
synchronized based on the controller (4.3).

Proof. From (4.2), forl € J, k € Z, we have

a(t)) = uth) — o) = vilte) — yewi(te) — (zi(te) — yewi(te))
= (1 =) (i (t) — z1(tx))
< uite) — 2i(te) = 21(t),

so, we have 2z(t]) < z/(ty). For t € [0,400)r, by (Hy), one can easily to see that
n
IOl < (s +dDla®)l +dnll=5 Ol + Zala‘aj|\2j(t>|\<c

n
+Zb;;6j‘|zj(t_79lj Hc"'z ClgCJHZJ )H(C'
j=1
We consider the Lyapunov function as follows:

V(t) = max (@) cer(t.0) + )

where

(2a(k + d) + 1) (1 + X)) & ( /
P =
=1

1—w

Billzi (s)||cea(s + 7, O)As).

J t=y
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It follows from the definition of delta derivatives and properties of exponential

function, we denote fi = sup |u(t)|, then we have
teT

A
20l cex(t,0)]
< sign(z(o(t))) (ZZ)A(t)e/\(U(t)v 0) + Al|zi(t)|| cea(t, 0)

= sign(z(c(1))) [( — k= di ()2 (t) + di(t) /t (z1)2(s)As

m(t)

+ZG‘IJ fj y; (1) — fi(z;(t +Zle 9] y;(t —05(1)))

—g;(@;(t — D1 (¢) + Z e (t / hj (y;(s))
t 513 (t)

—hj(x;(s))] As + Al|z(t) H(Ce,\ t,O)} (14 p(t)A)ex(t,0)

A

< sign(z/(o(t))) [( — w1 —dy(t)) [a(o(t) — p(t) (2) "~ (1)]

t n

Ld / ()2 (5)|As+ 3 ahas]|z )]
t—mi(t) j=1

+2b 5|25 (¢ = 91;0) | + Al ()] cen(t, 0)

+Zazc;<j||zj<t>||c] (1+ 1OV ex 0.0

j=1

< [(= w1 = d) ) = wO ) > Ol + G+ )l () O

t n
+A[|z1(8)]| cex(t, 0) + df /t . 28 ()| As + D afayllz (0]l
-m j=1

+Zbl+jﬁj||zj(t_ﬂlj ||C+Z5lJClJCJHZJ }(14'#(75)/\)8/\(@0)

j=1

< |(= = a) e+ 260+ )l ) )

Az ()| cex(t, 0) + ler/t » 102 ()| s + Za;;‘ajuzj(t)uc

m
+ D bBill(t = 9(t) ||@+Z5U%CJHZJ } 1+ u(t)A)ex(t, 0)
j=1
< {( — Ky —df)”zl(t H(C +2(I€z +dl+)/]<(/€1 +dl ||Zl(t)Htc

t n
wa [ lleds + a5 0
-m

j=1
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Xl O+ oI 0l)

t
A () et o>+d+/ JA@llds + > atias 250
t—mi (t) j=1
Z 8t — (1) HC+Z 560 1+ A ent0)
< {((—m—d;) + A+ 20 (ki +df) )Hzl(t)HC-i- (20 (ki +d;f) +1)
t n
(L Il Sae 0l
t—m (t) -
*Zb Bjl|25(t = 91;(2) HcJFZ(le%CJ |2;(t) )](1+ﬁ)‘)6/\(@0)7

and

n — K +
'PlA(t) g e)\(t70)z { (2#( l+dl ) ]. +,u)\ Zb BJHZJ H(Ce)\(ﬁ’o)

1—w
=1

—(2a(k +df) +1) (1 + ) Zb B |zj ﬁlj(t))HC},

j=1

according to the above two inequality, we have

VA(t) < rlréz?({ [(( — ki —d ) + A+ 20k + df)Q) + (2n(m + df) +1)

190
S S )

x(1+uA>}eA<t,o>||z(t>||o.

Then, we can obtain
VA(t) <0, tel0,400)r,
and
V() = Vity) < max 20t lcea(ty, 0) — max l|2:(tx) llcex(tr, 0)

< max (1 = ix)z(tr) — zi(te) | cea(ty,0) <0, ke
Thus, for ¢ € [0, 4+00)T, we can obtain V(¢) < V(0). On the other hand,

(20(k + df) + 1) (1 + i) z”: -
lj

1—w

V(0) = Ilrée};({”zl H(Ce,\(t,()) +

0
></ Bszj(s)HCe)\(erT,O)As

—95
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1l—w

- (2(k +d;") + 1) (1L + zA)
< Z{ ! JHIN §= e (0, ) fes .01 — ol
=1 Jj=1
Thus, for ¢ # ti, we have
[2()]lo < ll¢ = ¥[[1Mesn(t,0),

where

21 d) +1) (14 p)) &
Mmax{1+ @ala+d) + 1) + 7 )Zbgﬂjﬁl*;ex(ﬁ,())} >1
j=1

leg 1—w

Furthermore, for ¢t = #x,

[2(tk)llo < [l — ¥[[1Meex(t, 0).

Therefore, the drive system (1.1) and the response system (4.1) are globally expo-
nential synchronized based on the controller (4.3). The proof is complete. O

5. Numerical simulations

In this section, we give an example to illustrate the feasibility and effectiveness of
our results obtained in Sections 3 and 4.

Example 5.1. Consider a two-neuron impulsive complex-valued neural networks
on time scales

2
o (t) = —di(t)zi(t — m(t)) + Z% () £5(x(£) + Y by (£)g5 (5 (¢ — V05 (£)))
j=1

(5.1)
+Zcz] /t61J(t)hj(:rj(s))As+ul(t), t £ b,

Aml(tk) = .’L‘l(t;:) — .’L‘l(tk) = Ilk(xl(tk)), t=1ty, k€,

where [ = 1,2, t;, = 2k, t € T and the coeflicients are follows:
1 1 1 1
filz;) = &mf + ij| + z% sin? le gj(z;) = 0 tanhm + z—|m l,
1 .
j(xj) = %ﬂxfi + 1]+ |:rj1| -1+ z—|m + :JcI|, dq(t) = 0.2 — 0.02|sint|,
ds(t) = 0.2+ 0.05| cost|, wui(t) =0.04+0.05isint, wua(t) =0.08 + 0.06: cost,
a1 (t) = aia(t) = 0.1 + 0.2 sin(V/3t)|, a1 (t) = agz(t) = 0.3 + 0.1i| cos V2t|,
bll(t) = b12( ) =0.15+ 005Z| sint|, bzl(t) = bzz(t) =0.05 + 0021‘ sin(\/it)\,
c11(t) = c1a(t) = 0.015 + 0.015i cos? t,  ¢21(t) = caa(t) = 0.01 + 0.0154| cos(v/2t)],

4
11 (t) =0.01] cos(nt)|, n2(t) =0.03| cos(27t)|, ¥y (t) == \ cos(2mt)|, d;5(t) =2| cos(2nt)|,

Az (2k) = —%xf‘@k) + % sin(21'(2k)) +i( — 115x1(2k) 115 sin(21 (2k))),
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Aa(2k) = — =B (2k) + = cos(al(2k)) +i( — im2(2k)+ic05(x2(2k)))

15 15 15 15

By a simple calculation, we have a; = 5—10, Bj = %, G = L; = = and

45’

dy =0.18, dy =0.2, df =02, dj =025, af, = a;; =0.2,

ag, = aj, =03, b, =b, =015 bj, =bj, = 0.05,

cf, = ¢, =0.015, ¢, =cj, =0.015, uf =0.05, wug =0.08,
4

n =001, 7 =003, 9= =

0, =din + Zalja] + Zb B+ Z(sucljgj ~ 0.0188,

ol

j:2» l,j =12,

Oy = dfns + Za%a] + Zbgjﬁj + Z%cljgj ~ 0.0233.
And we take r = 0.8, § = 4, then we obtain

Orr + u; L d N ar L,
s o (1 g O e+

— e_ 1
~ max{0.5692,0.1789,0.6869,0.2704} = 0.6869 < r = 0.8,

L d d'L
{2 B (1 e )
1<I<2 dl 1— e 9 dl 1 — e 9%

~ max{0.3642, 0.3586,0.0916,0.1130} = 0.3642 = p < 1.

2

Moreover, take A = 0.1, 5, = 0.1, w = 2, if T = R, p(t) =0, ex(9,0) = *? = e3.
We obtain

max {(( — ki —d ) + A+ 20k + d;’)2> + (2n(k +df) +1)

1<1<2
(lnl +Zalj J+ Zb 5J+Z‘$2]% )} 1+/_‘)‘)

~ —0.1281 < 0,

T =2 put)=1% ex(¥,0)=(1+ )" = 1.15. We obtain
max {(( = d) A+ 2 +dl+)2) 2k ) 1)

1<I<2
(l’h Z ap; o + +Z52Jclj )} 14 )

~ —0.0877 < 0.

Take the time scale T = R as a special case, represents a continuous case. We can
verify that all assumptions in Theorems 3.1 and 4.1 are satisfied. Therefore,the the
system (5.1) has a unique piecewise almost periodic solution in the region X* = {¢ |
v € X, |lollx < r} and the drive system (5.1) and its response system are globally
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exponential synchronized. By using the Simulink toolbox in MATLAB, Figures 1
depict the time revolution of real parts z; and imaginary parts xzo of system (5.1)
without control. Figures 2 depict the time revolution of real parts y; and imaginary
parts yo of system (5.1) with control (4.3). Figure 3 shows state response curve of
the real and imaginary parts of synchronization error. From simulation results in
Figures 1-3, it is clearly seen that the drive system (5.1) and its response system
achieve synchronization based on the controller (4.3). Similarly, take the time scale
T = £ as a special case, represents a discrete case, we can get similar results. (see

5
Figures 3-6).

-0.04 ! . .
0 5 10 15 20 25 30

Figure 1. T = R, the states of two parts of z1(¢) and z2(t).

0.06

T
yi(t) — — = y3()

yl(t)

-0.04 . L L

0.04 1 1 1
0 5 10 15 20 25 30

Figure 2. T = R, the states of two parts of y;(¢) and y2(t).
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() — — —#40)]

() — — =)

Figure 3. T = R. Synchronization errors z(t) = y(t) — z(t).

0.06¢ T T
—o—afl(5) ——afi(})

0 2 4 6 8 10 12 14 16 18 20

Figure 4. T = £, the states of two parts of z1(2) and z2(Z).

6. Conclusion

In this paper, we have investigated the impulsive complex-valued neural networks
with leakage delays on time scales. Base on the Banach fixed point theorem, Lya-
punov functional method and differential inequality technique on time scales, we
obtain the existence and global exponential synchronization of almost periodic so-
lutions for impulsive complex-valued neural networks. An example has been given
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Figure 5. T = %, the states of two parts of y1 (%) and y2(%)-

o T T T

T
—o— () ——HE) ——=(E) ——=H(E)

Figure 6. T = Z. Synchronization errors z(2) = y(2) — z(2).

to demonstrate the effectiveness of our results. We know the almost periodic syn-
chronization for impulsive system on times scales is new. Furthermore, using the
similar method, the global exponential synchronization of almost periodic solutions
for the abstract impulsive V-dynamic equations can be applied. In the future work,
some interesting results concerning impulses can be considered, such as potential
impacts of delay on stability of impulsive control Systems, Exponential Stability
of Delayed Systems with Average-Delay Impulses. In addition, Almost periodic
synchronization in the quaternion field can be considered.
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