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This paper investigates the problem of projective synchronization in drive-response dynamical networks (DRDNs) with time-
varying delay and parameter mismatch via impulsive control. Owing to projective factor and parameter mismatch, complete
projective synchronization cannot be achieved. Therefore, a weak projective synchronization scheme is proposed to ensure that the
DRDNSs are in a state of synchronization with an error level. Based on the stability analysis of the impulsive functional differential
equations, a general method of the weak projective synchronization with the error level is derived in DRDNs. Numerical simulations
are provided to verify the correctness and effectiveness of the proposed method and results.

1. Introduction

A complex dynamical network is a set of coupled nodes
interconnected by edges, in which each node represents a
dynamical system. The structure of many real systems in
nature can be described by the complex dynamical networks,
such as social relationship networks, metabolic networks,
food chain, Internet, the World Wide Web, power grids, and
so on [1, 2]. This has led to much interest in the studies of
the complex dynamical networks. In particular, the synchro-
nization of complex networks has received much attention,
and many interesting results on synchronization were derived
for various complex networks such as time invariant, time-
varying, discrete, and impulsive network models [3-11].
More recently, projective synchronization on dynamical
networks has been reported by Hu et al. in [12], in which the
projective synchronization with the desired scaling factor can
be realized in drive-response dynamical networks. Projective
synchronization has become a hot topic and attracted much
attention from authors in many fields, including chaotic
systems [13-16] and complex dynamical networks [17-20].
In these papers, the authors just consider the projective
synchronization in DRDNs with coupled partially linear
chaotic systems. However, there are always some mismatches

between drive system and response network systems in the
real world. Indeed, almost all complex dynamical networks
have different nodes, such as the nodes in network commu-
nity and the Internet, are in general different. In this case, the
DRDN' s cannot synchronize completely. Nevertheless, when
parameter mismatch is small enough, the synchronization
error can converge to a small region containing the origin.
In [21], the authors investigated the effect of parameter
mismatch on lag synchronization of chaotic systems. In
[22], the synchronization of a class of coupled chaotic
delayed systems with parameters mismatch and stochastic
perturbation was studied. In [23], the weak synchronization
criterion of coupled delayed chaotic systems with parameters
mismatches was obtained. In [24], the authors studied the
synchronization of two coupled identical chaotic systems
with parameter mismatch via using periodically intermittent
control. In [25], the weak projective synchronization of neural
networks with mixed time-varying delays and parameter mis-
match was discussed. Unfortunately, there exist few results of
a weak projective synchronization method for DRDNs with
time-varying delay and parameter mismatch. Therefore, it is
worth proposing a weak projective synchronization method
in which the problems mentioned above are considered.
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Motivated by the above discussions, in this paper, we
introduce a drive-response dynamical network with time-
varying delay and parameter mismatch. It is known that com-
plete synchronization is destroyed by parameter mismatch
and projective factor. We propose the weak projective syn-
chronization properties of this model via impulsive control.
Based on the obtained results, one can control the projective
synchronization error in a predetermined level. Results of
numerical example show the effectiveness of the proposed
approach. The rest of this paper is organized as follows. In
Section 2, the DRDNs model with parameter mismatch and
some preliminaries are given. In Section 3, some criteria for
the weak projective synchronization are derived. Numerical
simulations are shown in Section 4. The conclusion is finally
given in Section 5.

The notation throughout the paper is quite standard.
R and R" denote the real number set and n-dimensional
Euclidean space, respectively. | - || stands for either the
Euclidean vector norm or its induced matrix 2-norm.
A max(A) (A0 (A)) represents the maximum (minimum)
eigenvalue of the symmetric matrix A. u(A) = A, (AT + A).
sup denotes the upper bound. I, is the identity matrix with
order n. Matrices, if not explicitly stated, are assumed to
have compatible dimensions. ® is the Kronecker product of
two matrices. PC([-7, 0], R") denotes the set of all functions
of bounded variation and right-continuous on any compact
subinterval of [-7, 0].

2. Model Description and Preliminaries

2.1. Model Description. In this paper, we consider DRDNs
with time-varying coupling delays and parameter mismatch
as follows:

)= AT+ Bf(x0)+Clg (2 (-7 (1)), O

£ () = Ax (0 + BLf (] (1)

2)

+Clg(x] (t—T(t)))+ch T (6 =7, (1)),

where the superscripts d and r stand for the drive sys-
tem and response networks, respectively. In (1), xd(t) =
(x'f(t), xf(t), e xﬁ(t))T € R" denotes the state vector of the
drive system; A%, B?, and C%are constant n x n matrices. f :
R" — R"and g : R" — R" are continuously differentiable
vector functions. In (2), x;(t) = (x},(£), x,(£),..., x:n(t))T €
R"i=1,2,...,N,denotes the state vector of the ith node; A,
A’, and A’ are constant nxn matrices. 7(t), 7, () are the time-
varying delays. The constant y > 0 represents the coupling
strength of the network, and T € R™" is the inner-coupling
matrix; C = (G;)nxy € RV is the coupling matrix, standing
for the coupling configuration of the network. If there is
connection between node i and node (i # j), G #0; otherwise,

. . N
¢;j = 0. The row sum of C is zero; thatis, ¢; = = Y7 ;4 6.

2.2. Preliminaries. In order to demonstrate this paper
clearly, we give some necessary definitions, assumptions, and
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lemmas, which are useful in deriving projective synchroniza-
tion criteria.

Definition 1. The drive system (1) and response dynamical
networks (2) are said to be weak projective synchronized
with an error level ¢ > 0, if there exists a T > 0 such that
llx; (£) = Axy(t)|l < ¢ for allt > T, where A is a desired scaling
factor.

Assumption 2. For any z,, z, € R", there exist constants [ ; >
0,l,>0,i=12,...,N,suchthat || f(z)) = f(2)ll <Iflz, -
2l lg;(z1) — g:(2)ll < lg||z1 -2

Assumption 3. 7(t) and 7,(t) are the time-varying delay
satisfying 0 < 7(t), 7;(t) < 7, where T is a positive constant.
Clearly, this assumption is certainly ensured if the time-
varying delay is a constant.

Remark 4. It should be pointed out that in Assumption 3
we do not require that the time-varying delay is differential
function with a bound of its derivative, which means that the
time-varying delay satisfying Assumption 3 includes a wide
range of functions.

Assumption 5. It is assumed that the trajectory of the drive
system (1) is bounded with

a={x"@ 1@ <8}, vtz-. (3)

Remark 6. Assumption 5 is reasonable due to its chaotic
feature.

Lemma 7 (see [26]). Let P € R™" be a symmetric positive

definite matrix and P = Q"Q. For any x, y € R" and A € R™"
such that

(1) x"ATPAx < [QAQ '’ x"Px
(2) x"(ATP + PA)x < 2u(QAQ ")x” Px

(3) Ix"Py| < VxTPx+/yTPy.

Lemma 8 (see [26]). Let 0 < (), 7,(t), 7,(t), ..., T, () <
7, T = max(1,7),Ty...,Ty,), Flt,u,uy,....4,) : R'x
m+1

Rx.--xR— R be nondecreasing in u; for each fixed (t,
UyUysens Uiy, Uy Uy ), i = 1,2,...,m, and let [ (u) : R —
R be nondecreasing in u. Suppose that u(t) and v(t) satisfy

D'ut)<F(t,u®),u; (t—-1,®),....u, (t -7, ()),
t>0,
u(ty) <Lu(t), keN,
D'v(t) > F(t,o®),v,(t-1,(t),...,0, (t -1, 1)),
t>0,
v() 2 Lw(ty), keN;
(4)
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then u(t) < v(t) for =t < t < 0 implies that u(t) < v(t) for
> 0, where the right and upper Dini’ derivative DFu(t) is
defined as D u(t) = limy, _, o+ (u(t + h) — u(t))/h).

The aim of this paper is to discuss the weak projective
synchronization in the DRDNs with time-varying delay and
parameters mismatches. We choose the impulsive controller
B, which is a nx n constant matrix. Thus, the drive system (1)
and response networks (2) can be rewritten as the following
impulsive differential equations:

A =A% O+ B (1) +Clg (X -1 1)),

% (t) = ATx? (t) + B f (x] (1)) + Clg (x} (t - 7 (1))

+ )/Zc Fx -1,(1), t#t, (5)

Ax] = x] (t]) - x; (t;) = By [xlr _ /\xd] ,

t:tk, k:1,2,...,

where the impulsive time instants ¢, satisfy 0 = ¢, < t; <t, <
o <ty < oo and limy_, oty = +00, XL () = lim, _, .2 x7 (8),
xXi(ty) = limHt;x;(t). Moreover, any solution of (5) is left
continuous at each t;; that is, x; (t,) = x; (f;).
Letting e;(t) = x!(t) — Ax%(¢), then the synchronization
error system between the drive system and the response
network can be written as

¢ (t) = Ale; (t) + B} f (e; (1)) + C G (e; (t — T (1))

+ch Fe (t—1, (1)
(6)
+h; (27 (1), 7 (1), 1),

Aei = Bikei,

titk,

tztk,

where fle,(t) = f(x[(t)) — fAx?(t), Fle(t - 7(¢))) =
g (t=7(1)) - g(Ax (t-7(t))) and I (x* (1), 7(¢), A) = A(A}-
A)x(t) + B fAx? (1)) — AB? f(x (1)) + CTgAx“ (¢ — (1)) —
ACTg(x(t - 7(1))).

Let e(t) = (e (t),es(t),...
compact form

,e{,(t))T, rewriting (6) in its

et)=(Iy®A)et)+(Iy®B))F(e(t) +(Iy®C;)
xGet-T@)+y(CeDe(t-1 1))

+H(x(6),7(6),4), t#t,

e(t])=(Ina+ (Iy®By))e(ty), t=t, k=12,...,
(7)
where F(e(t)) = (fT(e;(t), fT(ex(®),.... fT(en(®),

Gle(t = (1)) = (F'(e,(t = (1), ' (es(t = T®))s...,

G ent — )" and HEA (), 7(t), ) =
T(6),A), ..., B (x(t), 7(t), )"

The initial condition of the error system (7) is defined as
e(s) = ¢(s), -7 < s < 0, where ¢(-) € C([-7,0],R"). l$]l =
SUpP_,s<oll¢(s)|l is used to denote the norm of a function
¢ € C([-71,0], R"). It is assumed that (7) has a unique solution
with respect to initial condition.

(h{ ("),

3. Main Results

In this section, by combining the stability analysis of impul-
sive functional differential equations, some sufficient condi-
tions for weak projective synchronization in drive-response
dynamical networks with time-varying delay and parameter
mismatch under impulsive control are given below.

Theorem 9. Under Assumptions 2, 3, and 5, let a nonsingular
matrix Q € RN"N" 0 < p = sup{t, — t,_,} < oo, and
sup,.o Il H(t, xd(t),)L)II < w < 00. If the following inequalities
hold

“INn +Q(Iy ® By) Q_IH <p
2InB
p

0<B<l, (8)

+a+ B b+ <0, 9)

wherea = —a—(21In §/p), a = maxlgsN[(y[Q(IN®A§)Q_l])+
QLA (P)Iy ® Bill + 1gA o (P)Iy ® CilIO)/A i (P) +
IPIP/EA i (P) + Y1, b = LyA o (P)Tyy ® Ci1I/GA i (P), ¢ =
yIQ(C® I‘)Q"lllz, { and & are positive constants. v > 0 is a
unique solution of v — & + f2be’™ + B *ce’™ = 0. Then, the
error system (7) can converge globally exponentially to the small
region M containing the origin, where M = {e(t) € RN |

le@® < (w/P) \/f,/(oc — B7%b - B72c)}, which implies the weak

projective synchronization in DRDNS is achieved.

Proof. Consider the following Lyapunov functional:
V(t)=e' (t) Pe(t), (10)

where P is a symmetric matrix and P = Qra.
For t # t;, the time derivative of V() along the trajectories
of (7) is
V() =2¢" (1) Pe(t)
=2¢' (OP[(Iy® A e(t) +(Iy® B)) F(e(t))
+(In®C)Gle(t-1(1)
+y(CeDe(t—1,(t)

+H (x*(t),7(t),1)]



=e" (1) [(Iy® A7) P+ P(Iy® A))]e(t)
+2pe” ()P (CeT)e(t -1, (1))
+2¢" (1) P(Iy® B) F (e ()
+2e" (1) P(Iy®C)) G (e (t —7(t)))
+2e" (1) PH (x* (1), 7(1), 1)
(11)

From Lemmas 7-8 and Assumption 2, it is clear that

V(1)

2
<u(Qy® A)Q )" (1) Pe(t) + @neu)nz

ceH (< 0,70, 0)[
+ 2L Ay (P) | Iy ® B || lle ()11

+ 2 Amax (P) Iy ® C/ [ lle )l lle (¢ = 7 ()]

+2y\/eT (t) Pe(t)

x e (t -7, () (COTP(C@T)e(t -7 (1))

< max [(M [Q (Iy® A}) Q_l])

I<isN

n 2lf/‘max (P) "IN ® B:” + lgAmax (P) ”IN ® CIT”C
/\min (P)

2
@ A”l_) I B + y] el (t) Pe(t)

+ lg)tmax (P) ||IN ®
CA‘min (P)

rfecen Qe (- 1)

o
| el (t—1 (@) Pe(t—1(1)

x Pe(t -1, (t)) + &’

=aV () +bV (t—1(t) +cV (t -1, (1)) + &’

(12)
When ¢t = t;, one gets
V() = e (1) (I + (In © By))"
x P (Iny, + (Iy ® By)) e (ti)
(13)

< + Q(Iy ® Bi) Q[ () Pe (1)

=BV (), k=12,....
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Foranye > 0, let v(t) be a unique solution of the following
impulsive delayed system:

o(t) =av(t) +bv(t —1(t) +cv(t—1, () + &’ + e,
t+t,

o() = Fo(t), ke,

V() = dpae P) [P S|}, -T<s<0.
(14)

From Lemma 8 and V() < ||ql>(t)||2 for-t <t < 0, we
conclude that V(t) < v(t), for t > 0.
The trivial solution of the comparison system is

v(t) =w(t,0)v(0)

+ J w(t,s) (bv (s—1(s)+cv(s—1(s))  (15)

0
+E&0” + s) ds,

where w(t,s), 0 < s < t is Cauchy matrix of the linear
impulsive system.
Since 0 < 3 < 1,t; —t;_; < p, one has

w(t,s) = 9 H /32

s<tp<t

< (e 2InplpE=9) g2(t-9/p)-1) (16)

<pe ) o<s<t.

Leto = ﬁfzhmax(P)sup_TSSso||¢(s)||2, from (15) and (16),
one has

v(t) < e v (0)

t
+ J e—tx(t—s)ﬁ—Z

0
X [bv (s=7() +cv(s—1,(5)) +&” + s] ds

<oe ™

+ Jot e—a(t—s)ﬂ—Z
x [bv (s—7(s) +cv(s—1,(s)) + &’ + s] ds.
(17)

Denote p(v) = v — a + f72be’™ + B %ce’™; from (9), one
hasa > 0,b > 0,¢ > 0,0 — B2b— % > 0, 9(0) < 0,
@(+00) > 0, 9'(») = 1+ B2bre”™ + B %cre’™ > 0; then
@(v) = 0 has a unique solution » > 0. Since $({w” + &) > 0,
v>0,a—B2b—f2c>0,and B > 1; we derive that

2
5 ot fo” +¢

v(t) < sup v(s) < oe = + —F—--—,
P —TSSI;O PPra-b-c

-T<t<0.

(18)
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In the following, we will prove that the following inequal-
ity holds:

ot w’ + e

U(t) <oe  + m, t>0. (19)

If it is not true, there exists a t* > 0 such that

. o’ +e

U(t*) > oe + ‘m, (20)
2
v(t) <oe "+ [%, t<t (21)

From Assumption 3, (17), and (21), we obtain
v(th)
* t* *
< O_e—oct + J e—oc(t —s)ﬁ—z
0
X [bv (s=7(s) +cv(s—1,(5)) +&” + s] ds

< o+ SN te
Pra—-b-c

t 2
—at* _ —y(s— w + &
te ot J eas 2b oe Y(s—1(s)) + ZE ds
0 Pra-b-c
—at” a s -2 —v(s—1,(s)) sz +&
+e J e c| oe Tt —————|ds
0 Pra-b-c

*

at* 2 (¢ 2
+e ™ J e™ (Ew +s) ds
0

—at” sz"'s -2 VT VT, VT
<e ™ Jo+ 2" 4B %0 (be" +ce’)e
{ BPa-b-c ol )

o
X J e ds
0

B (b+c)(fw2+s) Ew’ +e
+( Pa-b-c ﬁZ)

o
X J easds]>
0

2

e L™ +¢
“% Y e

(22)
which contradicts with (20). Consequently, (19) holds.
Lete — 0; then one obtains
2
V(f) = ||e (lf)"2 < U(f) < O'E_M + /ﬁ (23)

Thus, one has

le®I < \/Eei(V/Z)t + %\jw (24)

Whent — 00, the synchronization error system (7) con-
verges exponentially to a small region M containing the ori-

gin: M = fe(t) € RY" | fle(t)]| < (w/ﬁ)\/f/((x -p?b- B0,
which implies that the DRDNs achieve the weak projective
synchronization. The proof is completed.

By further estimating the value of H (x*(t), 7(t), ) and
selecting & appropriately, we have Corollary 10.

Corollary 10. Under Assumptions 2, 3, and 5, suppose a
nonsingular matrix Q € RN"N" 0 < p = sup{t, — t,_,} < 0o,
and SIAI[IAT = All + (B[ + 1B7I)I; + (IC]1l + ICI,] <
w;. For given synchronization scaling factor A, if the following
inequalities hold

“INn +Q(Iy ® By) Q" ” <p

21
0B B g <, (26)
p

0<pB<1l, (25

wherea = —a—(2Inf3/p), b = lg/\max(P)IIIN @ CII/EA i (P),
a = max, v [(UQUy ® ADQ']) +y + (IPI?/EA yn (P)) +
(2 APy ® Bl + LA Py ® IO Ay (P,
c = yllQ(C@F)Q_IH2 and v > 0 is an unique solution
of v — a + B2be” + f2ce”™ = 0, then, the error system
(7) can converge globally exponentially to the small region M
containing the origin, where M = {e(t) € RN | e <
(w/ﬁ)\/(f/((x - B72b - 72¢c))}, which implies that the weak

projective synchronization in DRDNE is achieved.

Remark 11. For simplicity, we consider the equidistant impul-
sive interval t, — t,_; = A, and the impulsive control gain
matrix B, = b1, k = 1,2,..., in Theorem 9. If the following
condition holds A < —2(1 +b,)*In [1+b,|/((1 + b)) a+b +c),
-2 < by < 0, then the DRDNs achieve weak projective
synchronization.

4. Numerical Simulation

In this section, an example is presented to show the effective-
ness of the proposed scheme. To show the advantage of the
criteria based on matrix measure, a scalar Ikeda oscillator is
investigated in the context of weak projective synchronization
in the following example.

The dynamics of Tkeda oscillator is described by
x =-dx+esin(x(t—1(t))). (27)

System (26) exhibits chaotic behavior whend = 1, e = 4 and
7(t) = 2, as shown in Figure 1. It is known that the chaotic
attractor of system (27) is contained in the set O = {x € R |
|x| < 4}.



x(t)

x(t—2)

FIGURE 1: Chaotic attractor of system (27).

The corresponding response network systems with
parameter mismatch are given by

X () = = (d - 0.001i) x] (t) + (e — 0.001i) sin (x (t — 7 (1))

+ yic,-jl"x; (t-1,(0).
" (28)
Then, the controlled DRDNS are described as follows:
£ = —x? + 4sin (xd (t-71 (t))) ,

X () = = (1 - 0.0014) x; (¢) + (4 — 0.001) sin (x (t — 7 (1))

4
+yY Gl (E -1 (1) t#, i=1,2,34,
j=1

Ae; =bye; (t;), t=t, k=1,2,...,
(29)
choosing the coupling configuration matrix

-21 1 0

1 -1 0 O
C=1 5 1 30 | (30)

0 0 1 -1
In the numerical simulations, we assume that £ = 1,
{ =9 =014 = 09 (1+Hk) =001 > 0T =
P = 1,Q = Iy, The two coupling delays are 7(t) = 2

and 7,(t) = 2 + 0.02sint, respectively. After calculations,
getting a = 38.092, b = 0.3999, ¢ = 1.814, one has A <
0.0177. Taking the impulsive interval A = ¢, ., — t, = 0.01,
then, it is easy to verify that all conditions in Corollary 10 are
satisfied. The projective synchronization error is defined by

le(®)| = \/(in —dx)? + (3 = Ay,)%i = 1,2,3,4. When A =
—0.5, as shown in Figures 2-4. Figure 2 shows attractors of
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x(t)

- - Drive system
—— Response systems

FIGURE 2: Chaotic attractors of systems (27) and (28) with A = -0.5.

X1, Yi1,1=1,2,3,4

t

FIGURE 3: The trajectories of state variables with A = —0.5.

the DRDNs network model. Figure 3 displays time evolutions
of state trajectories of the controlled DRDNs (29). The
evolution process of the error does not converge to zero as
shown in Figure 4; from Figure 4, it is easy to see that the
projective synchronization is not achieved. The numerical
results show that the impulsive controlling scheme for the
drive-response coupled dynamical network model with time-
varying delays is effective.

5. Conclusion

In this paper, the problem of weak projective synchronization
in DRDNs with time-varying coupling delay and parameter
mismatch has been investigated by employing impulsive con-
trol scheme. Some criteria for realizing the weak projective
synchronization are established based on the stability analysis
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0.5
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03

le®)l

0.2

0.1 b

0 20 40 60 80 100

FIGURE 4: Time evolution of [e(¢)|| of coupled networks (29).

of impulsive functional differential equations. Moreover, the
DRDNs can be synchronized exponentially within a small
error; the error upper bound of weak projective synchroniza-
tion is estimated easily by the theoretical criteria. Finally, the
numerical examples show the effectiveness of the proposed
results. However, the results of theoretical analysis in this
paper are still conservative. Meanwhile, since the surround-
ing environment is complex variable, it is desirable to inves-
tigate weak projective synchronization problem for complex
dynamical networks with noise, stochastic disturbances, and
so on, so we will further investigate these problems in the
future.
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