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Abstract This paper considers asymptotic synchro-
nization in an array of complex-variable chaotic sys-
tems, where node systems exhibit nonidentical nonlin-
ear dynamics and subject to different stochastic pertur-
bations. The effects of the differences among the node
systems are overcome by designing a special adaptive
discontinuous controller. By using Lyapunov stability
theorem and stochastic properties, sufficient conditions
are obtained to guarantee the synchronization. Finally,
numerical simulations are given to show the effective-
ness of the theoretical results.
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1 Introduction

In the literature, synchronization of coupled chaotic
systems (CCSs) with real variables has attracted con-
siderable attention in different areas including biolog-
ical, information processing and secure communica-
tions [1-5]. At the same time, many effective control
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methods have been proposed to investigate synchro-
nization of CCSs with real variables, such as impul-
sive control [6], state feedback control [7-9] and adap-
tive control [10-12], among which adaptive control
receives widespread attention since its control gains can
be automatically adjusted according to some designed
update law.

Recently, increasing attention has been attracted
to synchronization and control of CVCSs due to the
fact that the CVCSs can evolve in different direc-
tions with a constant intersection angle and have wide
applications in many fields such as optoelectronics,
filtering, imaging, speech synthesis, computer vision
and remote sensing [13—15]. For example, Wu et al.
[16] investigated complex projective synchronization
in coupled dynamical systems with complex vari-
ables based on a proper feedback controller. Liu et al.
[17] investigated robust adaptive full-state hybrid syn-
chronization of chaotic complex-valued systems with
unknown parameters and nonidentical external distur-
bances. Combination synchronization of three chaotic
systems with complex variables was investigated in
[18]. Drive-response synchronization for a class of
complex-variable chaotic systems with uncertain para-
meters was studied in [19] via adaptive and impulsive
controls.

It should be noted that the node systems in the
above-mentioned papers concerning CVCSs are iden-
tical. From practical point of view, it is not always rea-
sonable to assume that all the nodes in a network are
identical since some real-world complex networks may
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consist of different type nodes and the nodes usually
have different physical parameters [20]. Although there
are some results on synchronization of coupled real-
valued chaotic systems with nonidentical node systems
in the literature [9,21], to the best of our knowledge,
few papers consider the issue of synchronization in
an array of CVCSs with nonidentical nodes. On the
other hand, stochastic perturbations to node systems
are always unavoidable and may also be nonidentical
since the effects of environments on each node sys-
tem are different. Theoretically, it is difficult to syn-
chronize a network with both nonidentical node sys-
tems and nonidentical stochastic perturbations, which
can further improve the security of the transmitted sig-
nals in a network. However, seldom author considers
synchronization of networks coupled with nonidentical
complex-valued chaotic systems suffered to nonidenti-
cal stochastic perturbations.

Motivated by the above discussions, this paper aims
to investigate synchronization in an array of coupled
nonidentical CSCVs and nonidentical stochastic per-
turbations. A simple adaptive discontinuous controller
is designed to overcome the effects of the differences
among the coupled nodes and synchronize the net-
work onto a nonidentical chaotic system with com-
plex variables. Based on Lyapunov stability theorem
and stochastic theory, sufficient conditions are obtained
to ensure the synchronization. Numerical simulations
are given to show the effectiveness of the theoretical
results.

The rest of this paper is organized as follows. In
Sect. 2, a network coupled with nonidentical CSCVs
with different stochastic perturbations is proposed.
Some necessary assumptions and lemmas are also
given in this section. In Sect. 3, synchronization of
the network is studied. Then, numerical simulations
are given in Sect. 4 to demonstrate the effectiveness of
theoretical results. Finally, Sect. 5 gives conclusions.

2 Notations

The notations in this paper are quite standard. C"
denotes a set of n-dimensional complex vectors. For
x € C", x® and x! denote the real and imaginary parts
of x, respectively, x denotes the complex conjugate of
x, |||l is the Euclidean norm, i.e., |x|| = vxTx, and
R”" denotes the n-dimensional Euclidean space. The
superscript 7 denotes transposition of a matrix or vec-
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tor. I, is the n x n identity matrix. A = (a;;)NxN

denotes matrix of N-dimension, |A|| = v/ Amax (AT A),
Amax (A) means the largest eigenvalue of A, A® =
%(A + AT). Moreover, let (2, F, {Fi}i=0, P) be a
complete probability space with filtration {F;};>0 that
satisfy the usual conditions (i.e., the filtration con-
tains all P-null sets and is right continuous). Denote
by L_I;_-O([—K, 0]; C™) the family of all Fp-measurable
C([—«, 0]; C™")-valued random variables ¢ = {¢(s) :
—k < s < 0} such that sup_, ., oEl[Z(s)]|? < oo,
where [E{.} stands for the mathematical expectation
with respect to the given probability measure P.

3 Preliminaries

Consider a network coupled with CVCSs which is
described as follows:

N
dx; () = |:fi(xi(t)) + Qzaiijj(t) + Ui(l)]df
=1
+8; ()dw; (t),i =1,2,..., N, (1)

where x;(t) = (xi1(t), xi2(t), ..., xin ()T € C"
is an n-dimensional complex vector with x;;(t) =
xR@) + jx} 0,1 =1,2,....n, xR and x/, (1) are
real and imaginary parts of x;;, respectively, j = v/—1;
fi + € — C" is nonlinear complex-valued vec-
tor function, where f; can be different from f; if
i # j.&;(t) is the noise intensity matrix function;
wi(®) = (w1, w2, ...,wip) € R"™is a vector-form
Wiener process defined on a complete probability space
(2, F, Fi=0, P); Ui () is the controller to be designed;
the constant matrix A = (A;j)nxn describes the inner-
coupling matrix of the network; o represents the cou-
pling strength; matrix A = (a;j)nxn stands for the
coupling of the whole network. If there is a connection
fromnode i tonode j (i # j),thena;; > 0; otherwise,
a;jj =0 (i # j) and the diagonal elements of matrix A
are defined as a;; = — Z?’:Lj#i aij.

Our goal is to synchronize the states of the network
(1) onto the complex-variable manifold:

dy() = g(y(1)dz, @)

where y(t) = (i), (), ..., ya@)T € C",
gy(@®) = (g1(y(®), &2y (), ..., gn(y(1))) € C".

Definition 1 [22]. The coupled network (1) is said to
be globally asymptotically synchronized onto (2) if

lim Efjlx;(0) —y®l}=0,i=1.2,....N,
t—+00
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hold for any given initial condition.

Let ej(t) = xi(t) — y(t),i = 1,2,..., N. It can
obtain the following error system by subtracting (2)
from (1).

de; (1) = dx; (1) —dy(r)

N
= [Fi(eio)) +0 > aijhej(n)

j=1
+U;(t) + Z,‘(l‘)]dt
+6;()dw;(¢),i =1,2,..., N, 3)

where f;(ei(t)) = fi(xi(t) — fily(®), Ti(t) =
Jily(@) = f(y@)).

For convenience of study, the error system (3) is
separated into real and imaginary parts. Let ¢;(¢) =

Rty + jel (), Ti(ei(t) = Fi (ei(®) + T (ei(t)),
and U;(t) = UR@) + jUl (), i) = Zf@0) +
i=l®0), 8i(t) = 8%(t) + js!(t). Then the following
two real-valued systems can be obtained from (3):

N
def () = [?,-R (i (1) +0 Y _aijAef(t) + UF (1)
j=1

+2f(r>}d’+éf(t)dwi(t)s i=12....N,

N
de/ (1) = [?{(ei(f)) +o Y aijhef () + Ul 1)

j:l
+2{(r)}dt+8,~1(t)dwi(f), i=12....N.
&)

Denote z(t) = (z1(t), ..., zn (), zn+1(t), ..., 22N
)T = (BT, (! )T)T. It follows from (4) and
(5) that

2N
dzx (1) = |:fk(Zk(f)) +o ZaijZj(t)

j=1
+ Ui (1) +fk(t)]dt
+ 8 ()dop(t), k=1,2,...,2N, (6)

where (fi(z1(1), ., AGENO), fu1 G 0,
Sn@nON" = (Fief®),.... fyley®), f
@) ... Tn(eh@). A = @)ansay = diag
(A, A), (U1(0), ..., UN (@), Un11(0), ..., Uan (1)), =

(_UlR(t),;..,Ull\f(t),Ui(t),...,UI{,(t), i), ...,
EN@), ZN1(0), .. Zon ) =(ZR @), ... 2R @),
@), ..., =hm).

As far as the authors’ knowledge, most of the exist-
ing results on synchronization of coupled CVCSs only
focus on identical node systems. Obviously, synchro-
nization control of coupled nonidentical CVCSs is
more difficult than that of coupled CVCSs with identi-
cal nodes. In order to obtain synchronization criterion
for the network (1), the complex-variable error system
(3) has been transformed into real-variable error system
(6). To proceed our study, the following assumptions
are needed.

(H1) There exist nonnegative constants % such that
I fe@)ll < hillull, where u € R, k =1,2,...,2N.

(H) There exist nonnegative constants fg; such
that, fork =1,2,...,2N,

2N
trace(5} (NTk (1)) < D iz} (1)z(1).
j=1

(H3) Systems (1) and (2) are chaotic, and there exist
positive constants My;, Mj such that | fx; (y(#)| <
My, 1fip@)] < Mj, k = 1,2,...,2N, j =
1,2,...,n.

As for Wiener process, the following properties are

useful [2,23].
(1) Efor()day} =
trace (6% (1) T & (¢))dr;
(2) Suppose that V. = V(x(¢)) is a scalar function,
which x = (x1, x2, ..., x,)T. The differential form of
V is obtained as

0, (ax(day) " (G (ddy) =

n

v oV 1
dV = —dt —dx; + -
a1 +;8xi xz+2ijZ=1

9’V
3)(,'3)6]'

dxidxj.

In expansion of the above equation, the following
algebraic operation is used: dtdt = 0, dtday; = 0,
dayjday; = dt, dogjdoy =0 (j #1).

4 Main results

In this section, based on the Lyapunov stability theo-
rem, general criterion for synchronization of coupled
nonidentical CVCSs will be obtained. Rigorous math-
ematical proofs are also given.

Theorem 1 Suppose that conditions (Hy) — (H3) are
satisfied. Then, with the controller
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Ur(t) = =l (0)zk (1) — afy(t)sign(zi (1)),
k=1,2,...,2N, (7

and adaptive law

(1) = a1z (Oz(0), k=1,2,...,2N,
Br(t) = nk Z;Zl lze; (DI, k=1,2,...,2N,
the network (1) can be globally asymptotically synchro-

nized onto (2), where a > 1, g > 0, g > 0 are small
constants, and sign(-) is the sign function.

®)

Proof Consider the following Lyapunov function:

1 2N 2N 1
T 2
Vi =3 ;zk )z (1) + ; 55 ) = o)
2N

1 2
+]; o (qx — Br())*.

Differentiating V (¢) along the solution of (6) and taking
the expectations on both sides, one obtains that

2N
avo) .
IE[ 0 }_E’k2=1Zk(t)de(t)

2N

+ D (U(0) = pz{ (D2 (0)

k=1

2N n
_ ZZ(gk - ﬂk(t))Iij(f)|]

k=1 j=1
2N

= E[ Z FA0) [fk(Zk(f))
k=1

2N
+0 D ayAz(t) — lk()zk (1)
j=1

— afy(t)sign(zx (1) + i
+ %traceglz ()3 (t)i|

2N

+ > ) = pozf Oz @)

k=1

2N n
= > Dk - ﬂk(r>)|zkj(r)|]. ©)

k=1 j=I

It can be obtained from (H;) and (H>) that

2N
E[ v } < E{ ACIIENG
k=1

dt
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2N 2N

+0 D arzi DAz ()

k=1 j=1

2N 2N
+ D 2 Ok + D Oh()z()

k=1 k=1
2N
+a D7 (OB (Dsign(zr (1))
k=1
1 2N 2N
5 20 2 iz (0250
k=1 j=I
2N
+ D ) = pozf Oz )
k=1

2N n
+ D D - ﬂk(r>>|ij|}

k=1 j=1
2N
< E[ D @I
k=1
2N
+o D, @jlAllz®llzioll
k,j=1,k#j
2N
+0 D Pmin@i g (D2k ()
k
2N 1 2N 2N
T NS . . 2
+ ;zk DTkt ;Z;uk,nz,(r)u
= = j:

2N
- > prllz P
k=1

2N
+a Z 2} (1) Br()sign(zx (1))

k=1

2N n
+ > > @ — ﬂk(t))lzqu}, (10)

k=1 j=1

where ppip is the minimum eigenvalue of A*.
By (10) and (H3), one has

2N 2N

DA Ok +a D 7l ()B)sign(zx (1))

k=1 k=1

2N n
_ ZZ(qk — Br()|zxj (1)]

k=1 j=I
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2N n
< DD Iz O1(Myj + M ()
k=1 j=1
2N

—a ) B0z ()]

k=1

2N n
=D (k= Bz ()]

k=1 j=1
2N n
<D D 2 OIMyj + M (1) — ) — (@ — 1)
k=1 j=1
2N
x> Br®)lzx ()] <0, (11)
k=1
where g, > max(My; +Mj), k=1,2,...,2N,j =
1,2,...,n.
The inequalities (10) and (11) imply that

2N
dv
E[ (”}sE{thuzk(r)nz

dt P
2N
+o D aylAllz®llz @]
k,j=1,k#j
2N
+0 D pmindrkz] ()2 (1)
k
1 2N 2N
T
+5 ;Zlm,»z, 1)z, (1)
= J=

2N
—mewﬂ
k=1

< E[ET(r)(H +IAIA+ @ — P)Z(t)],

(12)

where (1) = ([lz1 ()], llz2]l. . ... lz2n DI A=
(Gkj)2Nx2Ns Gkj = Gkj, k # J, e = ﬁ',"\—‘ﬂc_lkk, H =

diag(h1, ha, ..., hay), P = diag(p1, p2, ..., pan),

D = (uij)2nx2n- _
Let pr = hp + Amax(IAJA + @) + 1, k =
1,2,...,2N. One has

dv(t
E[ di )} < —E{z' (1)z(n)} < 0. (13)
Hence,
lim E{zx()[} =0,k =1,2,...,2N. (14)
1—0o0

This completes the proof. O

When the node systems in the network (1) and the
isolated system (2) are identical, the following corol-
lary 1 can be directly obtained from Theorem 1.

Corollary 1 Assume that the conditions (Hy) — (H3)
are satisfied and fl (z1()) = fz(ZZ(t)) = ... =
fZN (zon (). Then the coupled system (1) can be glob-
ally asymptotically synchronized onto (2) with the con-
troller (7) and adaptive law (8)

Remark 1 From the proof of Theorem 1, one can see
that the discontinuous term oS8 (zx (¢)) in controller (7)
plays an important role in realizing the synchroniza-
tion. The inequality (11) shows that the discontinuous
term can overcome the effect of nonidentical dynamics.
Since node systems in real-world networks are always
nonidentical, Theorem 1 is more general than those in
[16-19].

5 Numerical examples

In this section, we provide one example to show that
our theoretical results obtained above are effective.

Consider Chen system complex variables which are
described as [24]:

y(1) =g, y(1)) = Cy(1) + g(y(0), s)

where y(1) = (y1(1), y2(1), y3(1))", y1(2) and ya(2)

are complex variables, y3(¢) is real, g(y(t)) = [O,
YOO+ OY ()T

—y1 () y3 (1), HEREESIER T

—2727 0
C=| -3230
0 0 -1
Figure 1 shows the chaotic trajectory of (15) with
initial value y(0) = (12 + j, 10 +4 % j, 15)7.
Complex-valued Lorenz system is presented as [25]:
i) = [ x(0) = Cx(0) + fx(@), (16)

where x(1) = (x1(1), x2(1), x3())7. x1(¢) and x(1)

are complex variables, x3(¢) is real, f(x(t)) =
X1(O)xa () +x1 (X2 (1)

[Os _xl(t)x3(t)v bl 2XI Lol ]T’

~/-1010 0
C=[28 -1 0
0 0 —8/3

Figure 2 presents the chaotic trajectory of (16) with
initial value x(0) = (4 + j, 3+ 5% j, 8)7.
Complex-valued Lii system is described by [26]
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i -20-20 ; i -20 20 .

Fig. 2 Trajectory of (16) with initial conditions: x;(0) = 4 + j, x2(0) = 3 4+ 5% j, x3(0) = 8

i) = f(t,x(0) = Cx() + [(x(1)), (17)  where x;(1) = (ai(), x2(), xi3 ()T, A =
where X(t) — (xl(t),xz(t),X3(t))T, x1(t) and xz(t) dlag(l, 1, 1), o = 1, the noise intensity function
are complex variables, x3(r) is real, f(x(r)) = matrix is &; (1) = diag(xi1(t) — Xi1,1(2), xi2(t) —
[0, —x; (1)x3(1), X (t)xz(z)erm(t)fz(t)]T’ Xi+1,2(t), xi3(t) — x;4+1,3(¢)), and the outer coupling
matrix A is
—3535 0
c=| 020 ],
003 20 10010000
Figure 3 describes the chaotic trajectory of (17) with 1 =61 01 01 0 0 2
initial value x(0) = (8 + j, 5+ 4/, 7. 00 -4003 001 0
Consider a controlled network consisting of the 0O 0 0-=21 0010 0
above two types of nonidentical chaotic nodes (16) and 21 0 0 =41 0 0 0 O
(17) as follows: A=l o0 200-41010]
10 0 000 0 O0-11020
dxi(t)=|:fi(xi(t))+QZaiijj(t)+Ui(t):|dt 000 O0O0O0T1-210
Jj=1 02 00O0O0O0T1-=-30
+6; (H)dw;(t), i=1,2,...,10, (18) 00 01 1 1 0 0 0 -3
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50

Fig. 3 Trajectory of (17) with initial conditions: x;(0) = 8 + j, x2(0) =5+ 4 % j, x3(0) =7

30
20

(=)

[a\] 10 L

VI

~

Vi

— 0

=

2 -10}
_20 L
-0, 15 2 25 3

and

fixi(1) = Cx(@t) + f(x(®),i =1,2,....,5,
fixi() = Cx(@) + f(x(1)),i =6,7,...,10.

It follows that

20

dzi (1) = [szk(f) +eo Zﬁkj/\aj(t) + Ur(t) + ii|dt
j=1

+ 8 (dag (1), k=1,2,...,20. (19)

It is easy to see that ﬁ(zi(t)) satisfies the condi-
tion (Hjp). Figures 1, 2 and 3 show that the states of
the considered systems are finite, which implies that
the assumption (H3) is satisfied. Now we verify the
assumption (H>). From the noise intensity function
matrix in (18), one has that

50

a0t |
30 f
20t

10

<k<20

Zm(t), 1

1 1.5 2 25 3
t

I
=N
o

-20 +

1<k <20

-30

213(t),

1 1.5 2 25 3
t

Fig. 5 The time responses of the synchronization errors zx3(t),
k=1,2,..., 20 in (19)
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6 60
55 F
55
50
51 45
o (e}
X N 40
V| 45} VI
2 < 35 )
VI L VI
Yo Z st
- —~ 25
> 35¢ Nad
= & 20
3 [ 15 L
25} oy
5 L
2 .
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3

Fig. 6 The trajectories of control gains /i (¢) (left) and By () (right), k = 1,2, ...,20. of (7)

trace(8] (1)8; (1)) = (xi1(t) — xi+1,1(1)) + (x;2(t)
—Xip12(0) 4 (i3(0) — xi413(0))?
< 207 (1) + x7y (1)).

Hence (H») is satisfied.

According to Theorem 1, (18) can be synchronized
onto (15) under the controller (7) with update law (8).

Taken parameters in the numerical simulations are:
Step length is 0.0001, A = diag(l,1,1), Iy = 2,
B = 1L,k =1,2,...,20, & = 0.005, ny = 2.5,
k = 1,2,...,10, & = 0.001, np = 2.2, k =
11,12,...,20 o = 6. Choosing the initial values of
chaotic system randomly in the interval [—3, 3], we
obtain the simulation results shown in Figs. 4 and 5,
which demonstrate that the synchronization is real-
ized. Figure 6 presents the time evolution of the con-
trol gains lx(¢), Br(t), k = 1,2, ..., 20, from which
one can see that all the control gains approach to
some constants when the synchronization has been
realized.

6 Conclusions

Synchronization of coupled nonidentical complex-
valued chaotic systems suffered to different stochastic
perturbations has been investigated in this paper. The
designed adaptive controller can restrict the effects of
the nonidentical dynamics and nonidentical stochas-
tic perturbations. Based on Lyapunov stability theorem
and the properties of stochastic differential equations,
several synchronization criteria have been derived.
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Some existing results on synchronization of coupled
identical chaotic systems with complex variables are
extended. Numerical simulations verify the effective-
ness of the theoretical results.
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