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Global synchronization analysis for complex networks with coupling delay is investigated. Firstly the constant time delay is analyzed
and then the case for time-varying delay is considered. Sufficient conditions for network synchronization are given based on
Lyapunov functional, linear matrix inequality, and Kronecker product technique. The unknown variables in the sufficient conditions
are fewer than those in the recent reference. Moreover, for the time-varying delay case, we find that the conditions are dependent
on the bounds of both time delay and its derivative, and the derivative of the time-varying delay can be any value in the bounds.
Finally, numerical examples are given to validate the effectiveness of the obtained results.

1. Introduction

Dynamical recurrent neural networks are used extensively in
classification of patterns, associative memories, optimization
[1-3], and so on. The networks are composed of a large
number of highly interconnected dynamical units and exhibit
very complicated dynamics. Therefore, theory analysis of
complex networks has become a focal research field and
attracted a great deal of attention.

Recently, it is found that synchronization is one of the
most important dynamical properties of complex networks
and has been extensively investigated in different ways [4-
19]. In [5], Lii and Chen considered a dynamical network
and gave the sufficient conditions for local synchronization.
Because of the network traffic congestions as well as the finite
speed of signal transmission over the links, time delays occur
commonly in complex networks. Therefore, Zhou and Chen
[7] and Gao et al. [8] improved the models with no delays,
the case with constant coupling delays is considered, and they
also analyzed the synchronization problem [9, 10]. However,
in many real-world networks time delay is varying; therefore
time varying coupling delays are considered in [11-13]. By

using free-weighting matrices, some synchronization criteria
for general complex dynamical networks with time-varying
delays are proposed. However, the computation is huge,
and there are a large amount of variables in the condition.
Moreover, in order to derive the synchronization condition,
in some papers [7-13], the time-varying delay 7(t) is usually
confined to 0 < 7(t) < 7 (lower bound of the delay is zero),
and the derivative is restricted to less than 1. Therefore, how to
improve the system performance by removing the redundant
variables and reducing computation still remains unsolved.

Motivated by the mentioned work, we study the synchro-
nization problems for general complex networks with time
constant coupling delays and interval time-varying delays.
Using different Lyapunov functions, the synchronization
conditions derived turn out to be less conservative, and the
addressed systems contain some models as their special cases;
the more effective mathematical techniques are employed to
reduce the conservatism.

The remainder of this paper is organized as follows. In
Section 2, the investigated systems are formulated and some
lemmas and notations are given. In Section 3, the conditions
for synchronization are derived. In Section 4, two numerical
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examples are presented to demonstrate the effectiveness and
the advantage of the proposed method. Finally, conclusions
are drawn in Section 5.

2. Problem Formulations

In this paper, R™" denotes the set of m x n real matrixes,
and X > 0 denotes that matrix X is positive semidefinite,
while X > 0 denotes that matrix X is positive definite. We
use diag{: - - } to denote a block-diagonal matrix; [ X ¥ | stands
for [ ;(T ;] The notation A ® B denotes the Kronecker prod-
uct of matrices A and B; I, represents the n-dimensional
identity matrix. Matrix dimensions, if not explicitly stated, are
assumed to be compatible for algebraic operations.

We use x;(t) to denote the state of coupling nodes, i €
{1,..., N}, and then the dynamic neural networks (DNNs) of
general form can be described by

% (t) = —Cx; (t) + Df (x; (1)) + Bf (x; (t — 1)) + L (¢)

N
+c Z GijA[xj(t—T)—xi(t—T)]
j=Lj#i

N
+c Y GyA,[x;(t-1)-x )],
j=lj+i

x;(t)= —Cx; (t) + Df (x; 1)) + Bf (x; (t =7 (1)) + I ()

N
+c Y GyAlx;(t—7(t)-x (t—7(t))]
j=L,j#i

N
+o Y GyA,[x;(t-T®) - x (1),
j=Lj#i

@)

in which x;(t) = [x;,(t), x;,(¢), ..., x;,(t)]" € R"is the state
vector of the ith network at time ¢. The functions
Fe(6) = LG 0), folxig®)s s fulx, ()] are suffi-
ciently smooth nonlinear vector fields, and I(t) = [I,(t),
L(t),... ,In(t)]T € R"isthe external input vector. C = [cij]nxn,
D = [d;jlun> and B = [b],,, are coeflicient matrixes, A =
(@] and A, = [ai'j]w are inner-coupling matrixes, and
G = [Gij] Nxn Tepresents the outer-coupling connections.
The constant ¢ > 0 represents the coupling strength; 7 and
7(t) represent the time constant delay and time-varying
delay, respectively.

For the networks (1), we have the following assumptions.

nxn

Assumption (HI). 7(t) is the interval time-varying delay sat-
isfying
0<h <t(t)<h,,
T(t) < p < +00, (2)
hy, = h, —hy.
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Assumption (H2). The outer-coupling configuration matrices
of the network satisfy

GijZO’ 1#],
S 3)
G =- Z Gij> i,j=12,...,N.
i=Lj#i

Assumption (H3). There exist constants o; , a;r, and the func-
tions satisty

o < i (1) = fi (%) +

<o/, i=12,...,n (4)
X)X
We denote
A, =diag(0,0,,0,0,,...,0,0,),
_ _ + _ 5
A, = diag 01++01,02++02,...,0”+0” . )
2 2 2

Based on Assumption (H2), system (1) can be rewritten
as the following form:

% (t) = = Cx; (t) + Df (x; (1)) + Bf (x; (t — 1)) + L (¢)

N
+ cZGiijj (t-1)
=1

N
+ cZGijAij (t—1)—cGA, [x; (t— 1) —x; (t)],
j=1

(6)

x;(t)= = Cx; (t) + Df (x; 1)) + Bf (x; (t =7 (1)) + I ()

N
+cY GyAx; (t—T(t))
j=1

N
+0) GiAx; (t—7(1)
j=1

—cGuA, [x;(t—T()) —x; (t)].
(7)

The initial conditions of (6) are given by x;(s) =
¢i(s). s € [ty — T.tg), i = 1,2,...,N, where ¢;(:) =
[¢i1(-),¢i2(-),...,</>,-n(-)]T € C([t, - 1,t,], R"). The initial
conditions of (7) are given by x;(s) = ¢;(s). s € [t, — h,, t,],
i = 1,2,...,N, where §,() = [$,() ()., $,()]" €
C([ty — hy, t,), R"), and in order to simplify we set G;; = —I.

Remark 1. The constants o;, o; in Assumption (H3) are
allowed to be any value. Then, most of the previous results
in similar networks are just special cases of this assumption,
which means that the activation functions are more general
than those of other works.
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Considering the sign of Kronecker product, models (6)
and (7) can be rewritten as
%)= - (Iy®C)x(t) + (Iy® D) F (x (1)) + (Iy ® B)
xFx(t-1)+I' (1) +c(Go®(A+A,))x(t-1)
+o(Iy®A,) [x(t-1)-x ()],
(8)
xt)= —(Iy®C)x(t)+ (Iy® D) F (x(t))
+(Iy®B)F(x(t—1(t)))
+I' M) +c(Ge(A+A))x(t-T() ®

tcd(Iy®A,) [x(t—T1(t)—-x ()],

with x(t) = [xI@),x1@),....x5®]1", Fx(1)
@), fR @), fTae @)Y, and  I'(1) =

T, 17w, ..., 101 .
N

Definition 2 (see [14]). Dynamical networks (6) are said
to be global asymptotic synchronization, if for any ¢, any
@i(s), p;(s) € C([ty - 7,t5, R") (i,j = 1,2,...,N). There
exists T} > t, such that ||x,~(t)—xj(t)|| <egwheret >T),4,j=
1,2,...,N,and || - || denotes the Euclidean norm.

Definition 3 (see [15]). Dynamical networks (7) are said to be
global exponential synchronization, if for any initial condi-
tions (Pi(s)) (P](S) € C([t() - hz) t()]) Rn) (l>] = 1’ 2) e N))

there exist T; > t,and € > 0 such that ||x;(¢) —xj(t)ll < Me™®,
in whicht > T} and | - || denotes the Euclidean norm.

Lemma 4. Let ® denote the notation of Kronecker product;
then one has the following conclusions:

(1) (kA) ® B= A® (aB)
2)(A+B)C=A®C+BsC
(3) (A®B)(C® D) = (AC) ® BD

Lemma 5 (see [16]). Lete = (1,1,...,1)T, Ey = ee’, U =
NIy - By K € R™, x = ekl y =

[xlT,xz,...,xN
vl y R withxg, v, € R (k=1,2,...,N), and then

XU ®K)y = ¥iiejen( = %) K(i = 7).

Lemma 6 (see [17]). For any constant matrix X € R™",
X=X'>0,a scalar functional h := h(t) > 0, and a vector
function x : [-h,0] — R", the following inequality holds
-h ;h x(s)T xx(s)ds < =[x(t) — x(t — )] x[x(t) - x(t=h)].

3. Main Results

3.1 Synchronization Condition for Constant Time Delay. In
this section, we state and investigate the global asymptotic
synchronization for system (6).

Theorem 7. Suppose Assumptions (HI1)-(H3) hold, if there
exist three symmetric positive definite matrices P, Q, W and
three positive diagonal matrices H, K, V, such that the LMIs
hold for each i, j (i < j)in(1,2,...,N). Consider

~cNG;P(A+A,)+clPA,+W -C'K" - cALK" PD+HA, PB

o
* -Q-W-VA,
Hij: * *
* %
%

*

where o = ~PC~CTP+Q~clPA, —clATP-W -HA,, B =
~cNG(A+ A) K" +cATK"
Then system (8) is global asymptotic synchronization.

Proof. Choose a Lyapunov-Krasovskii functional as

V(x()=x' () ({UeP)x(t)+ jt xT () (U®Q)x(s)ds
t—-7

N JO r 25(s)T (U & W) % (s) ds db.
t+0

(11)

Now by directly computing V(x(t)) along the trajectory
of system (8), we have

Vx@)=2x"®)(UP)x(t) +x' (t) (U®Q)x(t)
—xT(t-1)(UeQ)x(t-1)

0 VA,
?W-K-K" KD KB | <0, (10)
* -H 0
* * -V
+ 2% () (U e W)
t
x % (t) — J 7x(s)T (U ® W) % (s) ds.
-7

(12)
In view of Lemma 6, we have

Vx(@)<2x' ) (U P) % (1) +x () (U®Q) x (t)
X (t-1)(UeQ)x(t-1)
+ 72T () (U W) x ()

~lx®-xt-D]" UeW)[x(#)-x(t-1).
(13)
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Noting the facts that (U®P)I(t) = 0and UG = NG, using For convenience, let x; (t) = x;(t) — x; (t) X; (t) x;(t) -
Lemmas 4 and 5, we have x;(0), f(x (1) = flx; (t) f(x 1)), and f(x,](t T)) =
f(x,-(t - T)) - f(x (t-1)).

V (x(1) For any n x n diagonal matrices H > 0,V > 0,and A |,
Nl N A, from Assumption (H3), we have
<23 Y (50 -x0) [(-Pc-dpa, + Q)
o {— [xg (t) HA x5 (f) - sz; (OHA, f (xij (t))
» (xi - x, (t)) 1<i<j<N
+PD(F (5 1) - £ (x; 1)) +f7 (35 () HF (35 0) |
+PB (f (x; (t=1)) [x (t=1)VA x;; (t - 1)
—f (x;(t- D)) ~2x (=T VAL f (x5 (¢ - 7))
~cNG,P(A+A,
NGP(A+4) 7 (gt =)V (3 6= 0)] | 20
x(x,(t=1)=x;(t - 1)) (16)
+clPA, ) )
Adding up (14)-(16) from both sides, we have
x(xi(t—‘r)—xj(t—‘r))] Vo)
N-1 N t t . Nl N 1
Z ,Zl(xi (t=7) = x;(t-7) < ‘ZI {Zx,-j(t)T (-Pc+ Q- clPA, ) x, ()
i=1 j=i+
xQ(x(t =1 =x;(t-7) + 2x;(t) PDf (x;; (1))
N-1 N
Y Y (50 -%,0)W + 2x,,(0) PBf (x; (£ = 7))
i=1 j=itl
x (% (t) - %; (1)) +2x,(0)" (~eNGP (A +A,))
N-1 N X x;; (t = T) + 2x;5(t) (clPAT)x,»j(t—T)}
Z [(x (t) - x; ) W(x,- (t) - x; (t))
i=1 j=i+1 N-1 N
. =) Y gt -1 Qxy (- 1)
- Z(xi (t) - x; (t)) w i=1 j=it+l
N-1 N
x (x; (¢ = 1) = x; (t = 7)) ) i, ()W, ()
+ (x,- (t-1)- x; (t- T))TW e
N-1 N . .
x(xi(t-0-x,-1)]. - Zl __Zl ey (0" Wiy (0 = 200 Wi (¢ = 7)
(14) i=1 j=i+
T
On the other hand, it is easy to see from the formulation oy (8= ) Woey (£ T)}
of (8) that the following equation also holds for any matrices N-1 N
K € R™: Y {25 () Koty (6) + 24 (1) (KC + clKA,)
257 (1) (U@ K) (- %(t) — (Iy ® C) x (¢) s
+(Iy® D) F (x (1) 510 =24 (O KD (1 0)
N
H(Iy®B)F(x(t-m)+T' () (15 - 2% (O KB (x; (¢ - )
+c(Ge(A+A))x(t-1)) +2x i (D NGK (A+AL) x;;(t - 1)

+cd(Iy®A,) (x(t—1)—x(t) = 0. ~24;; (1) (KA, ) x;; (t - 1)}
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N-1 N
B Z Z {xZ (t) HA x; (1)
io1 jeitl
- 2"5’ &) HAL f (xij (t))
+f (xij (t)) Hf (xij (t))
+X§(t— T)VAlxij (t —T)
— 2, (E= D) VAL f (% (- )
+f (xzj; (t - T)) Vf (xij (t - T))}
N-1 N
= Z Z ’75 () Iim;5 (£) 5
i=1 j=it1

17)

~Q-W-VA,
*
*

=
I
* % ¥ ¥ 9

*

wherea = ~PC~C"P+Q~clPA, ~cATP-W -HA,, B =
~cNG;(A+A)'K" +cdATKT.

Then system (8) is global asymptotic synchronization.
The proof is obvious from Theorem 7 and we omit the
details.

3.2. Time-Varying Delay Synchronization Condition. In this
section, by utilizing the improved techniques used in [18],
we obtain the following global exponential synchronization
criterion for system (7).

Theorem 9. Suppose Assumptions (H1)-(H3) hold, if there
exist five symmetric positive definite matrices P, Q;, R;, Z,,

—
'S
—

PP
o oReRe]
o o N

'S
S
[N}

I
* K X ¥ X X ¥
* ¥ X X X ¥
* ¥ ¥ ¥ X
* % ¥ %

(o]

where IT;; is from (10), and

0 =[xh ) L -0) 550 £ ®) f(xhE-D)].
(18)

Following Theorem 7, we have V() < V(0), and then we
have x;(t) — xj(t) — Oforalll <i < j < N. Therefore,
system (8) is global asymptotic synchronization. Then end the
proof. O

Corollary 8. Suppose Assumptions (H1)-(H3) hold and B = 0
in the system (8), if there exist three symmetric positive definite
matrices P, Q, W and three positive diagonal matrices H, K, V,
such that the LMIs holds for each i, j (i < j)in (1,2,...,N).
Consider

~cNG;P(A+A,)+cPA, +W —C'K" - clA"K" PD+HA, 0

0 VA,
W -K-K" KD 0 |<o, (19)
% -H 0
* * -V

Z, for each i in (1,2,3) and four positive diagonal matrices
H, K, W, V, such that the LMIs holds for each i, j (i < j)
in (1,2,...,N). Consider

1 T
(Dij = CDij - [On,Sn - In In On,3n]
(20)
X ZZ [On,Sn - In In On,3n] <0,
2 T
q)ij = (Dij - [On,Bn In On - In On,Zn]
(21)
X ZZ [On,Sn In On - In On,Zn] <0,
where
0 0 0 ]
0 0 0
0 0 0
z, 0 0
0 WA, 0 >
-Q,-Z,~VA, 0 VA,
* -R, -W 0
* * -R, -V |

3
Q= —PC-C'P+)Q-clPA, —clATP - Z,

i=1

+C" (MZy +h},Z,) (C+ cA,) + CPAL (W Z, + 1, 2,) A,

+cC" (2, + 1, Z,) A, — HA,,
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Qy, =-C" (KZ, +h},Z,) D+ PD - clA” (h{Z, + h3,Z,) D + HA,,
Q3 =-C" (K2, +h},2,) B~ AL (K Z, + h},Z,) B + PB,
Q= C" (WZ, +h3,Z,) (cNG;; (A+ A,) - clA,)
—cNG;P(A+A,) +cPA, - PING; AL (W Z, + 13, Z,)

x (A, +A)-PAL (W Z, +1,2,) A

3
Q,, =D" (hZ, + h},Z,) D+ Y R, - H,

i=1
Qyy = D" (K2, + h},Z,) B,
Q= D" (K Z, +15,2,) (~cNG,; (A+ A,) +clA,)
+cD' (WZ, + h},Z,) A
Qy =B" (W Z, +h,Z,) B—(1-p) Ry - K,
Qyy = - NGB (K Z, +h,2,) (A+ A,) + KA,
+cIB" (W Z, + h},Z,) A
Qu = ENG(A+A,) (HZy +1,2,) (A+ A) - (1- 1) Q, —2Z, - KA,
~CING(A+A,) (B2, +h,2,) A, + CPAL (K2, + 1,2,) A

Qg5 =-Z,—Z,-Q, —WA,.
(22)

Then system (9) is global exponential synchronization. Calculating the time derivative of V(x(t)) along the
trajectories of system (9), from Lemmas 4 and 5, we have
Proof. We construct the Lyapunov-Krasovskii functional as
follows:

3

V(x®) = x" (6) (UeP)x(®) V@) =2 UeP) i)+ x ()(UeQ)x ()
i=1

+I x" (5) (U®Q,) x (s) ds

t—(t) - ZxT (t-h)(UeQ)x(t-h)

+ZJ x(gU@Q)MQ% ~(1-w "t -T() (UeQ,)

t 3
+ L_m) 1 (x(s)) (U Ry) f(x(s)ds (23) x x(t—1(t)+ ;fT () (U R) f (x (1)
2 t )
2| T EO VR fixds (e (U R) )
i= i Z
+ Joh Jtehlp'cT(s) (UeZ,)x(s)dsdb (- Tt -T (@) (UoR,)

e X f(x(t-7(1)
i J I, .Le hia" () (U © 2Z3) % (5) ds db. +x7(t) [} (U® 2)) + b}, (U 2,)] % (1)
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t
- J i (s) (U Z,) % () ds
t=h,

—h,
_ r i (s) (U ® Z,) % (s) ds.
t—h,

Using Lemma 4, we have

- jt i (s) (U o Z,) % (s)ds
h

1

<-(x(O-x(t-h) (UZ)(x#t)-x(t-h)).
(25)

On the other hand, based on the approach in [18], and
using hy, = [h, — 7(t)] + [7(t) — h; ], then we have

t—h,
- I hyyi' () (U ® Z,) % (s) ds
t—h,
t—1(t)
. j hyysT (5) (U @ Z,) % () ds
t—h,
t—h,
- j hyy &7 (5) (U ® Z,) % () ds
t—7(t)
t—1(t)
=- j (hy—1(t))x" (5)(U® Z,)%(s)ds (26)
t-h,
t—1(t)
- J (t(t) - h) %" (s) (U® Z,) % (s)ds
t—h,

t-h,
[ ew-m)E @ Uez) e ds

—1(t)
t-h,

- j (hy -7 (1) %" (s) (U ®Z,) % (s) ds.
t—1(t)

And in order to combine some of the terms in (26), letting
w = (t(t) — h;)/h,, we have

—(t)
[T 0 -m) @ wez) £

,hz

t—7(t)
=-w J hy,x" (s) (UeZ,)x(s)ds
t—h,

t—1(t)
<-w J (h, -7 (t)) %" (s) (U® Z,) % (s)ds

2

t—h,
- J hiysT () (U ® Z,) % (s) ds
t—1(t)

t—h,
=—(1-w) L hy,x" (s) (U ® Z,) % (s)ds

—1(t)

t—h,
(t(t) - hy) %" (s) (U® Z,) % (s) ds.

(27)

S—(l—w)J

t—1(t)

For any » x n, diagonal matrices H > 0, K > 0, W > 0,
andV > 0,and A}, A, from Assumption (H3), the following
inequality holds:

Y =[x O HA x;; () - 25 () HAL f (x, (1))

15N
+f (2 0) HY (3 0))]

- [x (=T @) KA x; (t =7 (8)
—2x (= T () KA, f (3 (¢ = T(1))
+f " (x5 (¢ =T @) KF (x5 (£ = 7 (2)]

- [xfj (t=h) WA, x; (t—hy)
= 2x (t = hy) WAL f (x5 (£ = 1y))
+f7 (x5 (8 = 1y) ) WS (5 (£ = 1y))]

- [xf; (t=hy) VA x;; (t = hy)
= 2x (t = hy) VAL f (x5 (t = hy))

+f7 (% (t = 1)) VS (3 (£ = hy))]} 2 0.

28
Adding up (24)-(28) from both sides, we have -
V (x (1))
< ) MO0

1<i<j<N

— w[x(t - () - x(t — hy)]”

x(U®Z,))[x(t-1(t)-x(t—h,)]

~ (1= ) [x(t = hy) - x(t - 7e)]" (9)

x(U®Z,) [x(t—hy) - x(t -7 ()]

= ) EO[0;-wl 2]
1<i<j<N
-(1-w) IzTZzIz] & (1)

N-1 N

=3 Y EOT[(1-w) @) + 0] & (),

i=1 j=it1

where ¢;; (/)llj (/512] are given in (20), (21), and (9), respectively,

and I, = (0,5, -1, 0, —I, 0,,,]and L, = [0,,, —1I, I,
0,,3,]. Consider
&; (t)

=[xh @) f (@) f7 (e e =T @) i (t -7 ()

x?}(t - hy) x5(f - hy) fT(xij(t - hl)) fT(xij(t - hz))]-
(30)



Following Theorem 9, we have (1 — w)(Dilj + w@fj < 0,
and there exists a positive constant M > 0 that satisfied (1 -
w)CD1 + wq)lz] < —MI < 0, such that
_ N-1 N . X ,
Vix@) < Y Y &M [(1-w)d) + 0] & @)

i=1 j=itl

(31
N-1 N

<MY 3 [l + g - r@nl]

i=1 j=i+1

Furthermore, based on the proof in [12], there exist two
positive scalars > 0 and k > 0, such that

oy ol<sY 3 swp_Joi )= g; 0] e 32)

i=1 j=i+1 —2h<s

for t > T,. By Definition 3, therefore, system (9) is global
exponential synchronization. Then end the proof. O

Remark 10. In [10-13], the authors studied the synchroniza-
tion of an array of linearly coupled networks with constant
coupling delay or time-varying coupling delay, and the
derivative of the time-varying delay is confined to be less than
1. We remove this restrictiveness and the derivative of the
time-varying delay can be any value.

t=hy 5
o, hy, X7 (s)(U ® Z,)
x(s)ds is separated into two parts as follows:

[ oA O © Z)ids = o i U @

Z )x(s)ds _ft 0 2J'CT(S)(U ® Z,)x(s)ds, and we estimate
each part, respectively, ignoring the direct estimate for
- Itt—_:: h
accurate estimate than those from the reference [12, 13].

When h; = 0 in Assumption (H1), we have the following
corollary from Theorem 9.

Remark 11. During the estimation,

12a'cT(s)(U ® Z,)x(s)ds, and then we have more

Corollary 12. Suppose Assumptions (H1)-(H3) hold, if there
exist four symmetric positive definite matrices P, Q;, R;, Z, for
each i in (1,2) and four positive diagonal matrices H, K, V,
such that the LMIs holds for each i, j (i < j)in (1,2,...,N).
Consider

61’]’ = 6ij - [On,3n I On Zn]
X ZZ [On,3n n2n] <0
2 —
(Dij = (Dij [On,Sn In -1 On]
XZ,[0,5, I, =1, 0,]<0
511 §1z §13 §14 0 0
0 QO Oy Oy 0 0
o. - * * Q5 Q3 0 0
Y * * * 544 Z, 0
* * * * st VA2
* % % * * —R,-V
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3
Q= —~PC-C"P+)Q —clPA, —clATP - Z,

i=1
+1,CTZ, (C+dA,) + PPH,ATZ,A,
+clh,CTZ,A, — HA,
= -1,C"Z,D + PD - cli},A"Z,D + HA,
= -12,C"Z,B - clh},A"Z,B + PB
Q= h,C'Z, (NG, (A+ A,) - clA,)
~cNG;P(A+A,)+clPA,
~ CIN},G,ALZ, (A, + A)

- PH,ATZ,A

3
Q,, =h;,D'Z,D+ YR, -H

i=1
Q,, =h,D"Z,B
Q4 = h,D'Z, (~cNG;; (A + A,) + dA,)
+clh,D" Z,A,
533 = h?zBTzzB -(1- .“) Ry -

Qs = —cNh},G;B'Z, (A+ A,) + KA, + clhj,B' Z,A.,

Qi = ENILGHA+A,) 2y (A+ A) - (1- 1) Q

T
=27, - KA, - CINI,L,G (A + A,) Z,A,

+Ph,ATZ,A,

555 =-Z-2,-Q; -
(33)

Then system (9) is global exponential synchronization.
The proof is obvious from Theorem 9 and we omit the details.
When 7(t) in Assumption (H1) is not differentiable or y is
unknown, we have the following corollary from Theorem 9.

Corollary 13. Suppose Assumptions (HI1)-(H3) hold, if there
exist four symmetric positive definite matrices P, Q;, R;, Z; for
each i in (1,2) and four positive diagonal matrices H, K, W, V,
such that the LMIs holds for each i, j (i < j)in (1,2,...,N).

Consider
=1
q)ij = ij [On,Sn - I I On Sn]
X ZZ [On,3n - I I On 3n] <0, 34
o ) (34)
q)ij = (Dij - [On,Bn In On - In On,Zn]
X ZZ [On,Sn In On - In On 2n] 0,
where
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)

Q)
kelxel
jeliee)
Jelielke
2R R
o o N

*
* *

(ADij _ * * * Oy 52
* * * * Qgs
* * * * *
* * * * *
* * * * *

With

. 2
Q= -PC-C'P+) Q- clPA, - cAP-Z,

i=1
+C' (W2, + 1,2,) (C+ clA,)
+ CPAT(RZ, + W,2,) A,
+cC" (R Z, + 1, Z,) A, — HA,
612 =-cf (hle + hfzzz) D +PD
~ AL (KZ, + 1,2,) D+ HA,
Q3= ~C" (K2, +1,Z,) B
— AL (WZ, +1h,Z,) B+ PB
Qi = C" (B2, +1,2,) (NG, (A+ A,) — clA,)
~cNG;P(A+A,)+clPA,
- PINGAT (K2, + 1, 2,) (A, + A)

- EPPAT (K Z) + 1, Z,) A,

2
Oy =D" (K2, +1,Z,)D+ YR ~-H

i=1
Qy; =D (K2, +12,Z,) B
Oy = D' (K2, + 1, 2,) (NG, (A + A,) +clA,)
+cD" (K Z) + h},Z,) A,
Q33 =B" (W2, +1},2,) B~ K
Q3= —cNGB" (RZ, + 1,2,) (A+ A,) + KA,
+cB" (W Z, +h},Z,) A,
Oy = NG(A+ A (RZ, +1,2,) (A+ A,)

-2Z,-KA,

9
0 0 0
0 0 0
0 0 0
Z, 0 0
0 WA, 0 (35)
-Q,-Z,-VA, 0 VA,
* -R, -W 0
* * -R, -V |
~INGy(A+A,) (2, +h,2,) A,
+PAT (R 2y + 1, 2,) A,
Q55 = -2y - Z, -Q - WA,
(36)

then system (9) is global exponential synchronization.

Remark 14. Theorem 9 can be applied to both slow and
fast time-varying delays only if p is known. But when 7(¢)
is not differentiable or y is unknown, Theorem 9 fails to
work; however, Corollary 13 can check the synchronization
of system (9) instead.

4. Numerical Examples

In this section, two examples are provided to illustrate the
effectiveness of the conclusion.

Example 1. Consider a lower-dimensional network model
with 5 nodes, where each node is a simple three-dimensional
stable linear system. To simplify, we assume that C =
diag(1,2,3), D = B = A, = 0, I(t) = 0, and the inner-
coupling matrix is A = diag(1, 1, 1), and the outer-coupling
matrix is defined as

21 0 0 1
1 31 1 0
G=|01-21 0 (37)
0 1 1 -3 1
1 0 0 1 -2

We compare the admissible delay upper bounds for 7 and
the number of variables with those from other references; it
is clear from Table 1 that the delay is a little larger and the
number of variables is less than those from [10, 12].

Example 2. We consider the following DNNs:

x%;(t) = -Cx; (t) + Df (x; @) + Bf (x; ¢ =7 (£)) + I (t).
(38)

Let us see the synchronized states of a chaotic system:
Chua’s circuit [19].
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TABLE 1: Admissible delay upper bound 7 for different c.
Methods Theorem 1 in [12] Theorem 1 in [10] Our result
c=0.3 1.345 1.632 1.666
c=04 0.950 0.998 1.000
c=05 0.731 0.732 0.898
The. number of More than 11 7 6
variables
The dynamics of Chua’s circuit is
dx,
10 (=x; + x, = f (%))
dx
d_::xl_x2+x3 (39)
dx,
— =-18x,,
dt :
where
f(x)) =bx;+05(d-b)(|x, + 1] - |x; - 1]),
40)
4 30
d=--, b=--.
3 4

Here we choose Chua’s circuit (39) as the uncoupled
system. Figure 1 illustrates the chaotic trajectories of system
(39). The coupling time-varying delay 7(t) = 0.03(2 +
sin(40t) + cos*(80t)) and the coupling strength ¢ = 1, then
we consider dynamic networks consisting of three linearly
coupled identical DNNs with couplings as

x;(t)= —Cx; (t) + Df (x; (1)) + Bf (x; (t =7 (£))) + I ()

N
+c Y GyAlx;(t-7(®)-x (t—7(t)]
j=lj+i

N
+c Z G;jA, [xj(t—r)—xi(t)]

j=Lj#i
(41)
fori=1,2,3. Let
10 =10 0 -10 0 O
C=1|-1 1 -1/{, D= 0 00]{,
0 18 0 0 00
-4 1 3 100
G=|2 -4 2|, A=|010], (42)
3 1 -4 001
05 01 O
A, =10 05 0 |,
03 0 0.5

I(t)=B=0,N=3,and ] = 4.
By calculating we have h; = 0.06, h, = 0.12, and y = 3.6,
and the activation functions f(x;) satisfy Assumption (H3).

Journal of Applied Mathematics

—0.25 ! 1 1 1 !
0 0.5 1 1.5 2 2.5 3

FIGURE 2: The synchronized state of system (39).

If the system reaches synchronization, we have the following
synchronized state equation:

$(t)= —Cs(t)+ Df (s(t)) + Bf (s(t — 7 (1))
+IA (s(t—T (1) —s(t)).

(43)

By calculating other variables in Theorem 9 using Matlab
toolbox, we realize the system synchronization, and the total

error is given as error(t) = Z?zl \/[in — x5 1% + [0y — x5,]%
Figures 2 and 3 show the synchronized state of system (39)
and the synchronous error, and Figures 4, 5, and 6 show
the curves of state variables x;, (t), x;,(¢), and x;;(¢) with the
initial value randomly chosen from [0, 1].

5. Conclusion

In this paper, global synchronization problem is investigated
for general complex networks with coupling delays. Two
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— x(t)
— x12(t)
— x13(t)

FIGURE 4: The synchronized trajectory of x;, (¢),i = 1,2, 3.

novel theorems are obtained about synchronization of the
coupled systems by employing Lyapunov-Krasovskii func-
tional and convex combination techniques. We find that the
derivative of the time-varying delay can be any given value,
although most of the former results are based on assumption
that the derivative of the time-varying delay should be less
than one. The condition obtained in this paper is expressed
in the form of linear matrix inequalities, which have less
variables and are easy to be computed and checked by resort-
ing to Matlab LMI toolbox. The proposed network model
may shed some new lights on the synchronization with one
delay coupling. Furthermore, there are abundant dynamical
behaviors in arrays of coupled systems with different coupling
schemes and they deserve to be further studied in the future.

1

— x31(0)
— x3(0)
— x33(0)

FI1GURE 6: The synchronized trajectory of x;5(t),i = 1,2, 3.

Finally, two examples are given to illustrate the usefulness of
the derived methods by the simulation results.
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