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Abstract In this paper, the problem of exponen-
tial cluster synchronization of general hybrid-coupled
impulsive dynamical networks with internal delay
and delayed coupling is investigated. A more gen-
eral delayed coupling term including different trans-
mission delay and self-feedback delay is taken into
account. By using average impulsive interval approach
and the analysis technique, some novel globally expo-
nential cluster synchronization criteria are derived ana-
lytically. It is noted that the internal delay, transmission
delay and self-feedback delay are all time-varying and
can be different from each other, the inner connect-
ing matrices are not demanded to be diagonal and the
coupling matrices are not restricted to be symmetric
or irreducible, more consistent with the realistic net-
works. Particularly, it is shown that the derived cluster
synchronization criteria are simultaneously applicable
for studying general delayed dynamical networks with
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synchronizing impulses or desynchronizing impulses.
Numerical examples are finally given to illustrate the
effectiveness of the obtained theoretical results.
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effects - Average impulsive interval approach

1 Introduction

In the past few decades, much effort has been devoted to
the study of complex dynamical networks for their wide
and potential applications in various fields [1,2]. Espe-
cially, synchronization phenomena known as typical
collective behaviors of complex dynamical networks
have attracted increasing attention because network
synchronization not only can explain many natural
phenomena but also has many applications in image
processing, secure communication, mechanical engi-
neering, etc. [2,3]. Up to now, many different synchro-
nization patterns have been well studied, such as com-
plete synchronization [3], phase synchronization [4],
projective synchronization [5], cluster synchronization
[6]. Among them, complete synchronization is the most
special one and characterized by that all nodes in a
dynamical network approach to a uniform dynamical
behavior [3].

Cluster synchronization is a particular synchroniza-
tion phenomenon requiring that the set of nodes in a
dynamical network split into several subgroups called
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clusters or communities, such that the nodes in the
same cluster reach complete synchronization but those
in different clusters do not [6]. Due to its significance
in biological science [7] and communication engineer-
ing [8], cluster synchronization of complex dynamical
networks has recently received notable attention, and
some interesting results have been reported [6,9—12].
For example, Ma et al. [6] designed a coupling scheme
with cooperative and competitive weight couplings to
realize cluster synchronization for connected chaotic
networks. Cao et al. [9] considered cluster synchroniza-
tion in an array of hybrid-coupled neural networks with
delay. Zhang et al. [10] considered cluster synchroniza-
tion problem for coupled impulsive genetic oscillators
with external disturbances and communication delay.
Zhang et al. [11] investigated cluster synchronization
in networks with asymmetric negative couplings. Cai et
al. [12] discussed cluster synchronization of overlap-
ping uncertain complex networks with time-varying
impulse disturbances. Meanwhile, many effective con-
trol strategies have been proposed to drive complex
dynamical networks to achieve cluster synchronization
[13-18]. In [13], a simple pinning control scheme was
proposed to realize cluster synchronization in commu-
nity networks with or without delay. In [14], the prob-
lem of driving a general network to a selected cluster
synchronization pattern by means of a pinning con-
trol strategy was discussed. In [15], by using a decen-
tralized adaptive strategy, pinning control for cluster
synchronization of undirected complex dynamical net-
works was investigated. In [16], by adding some simple
intermittent pinning controllers, cluster synchroniza-
tion in linear coupled networks was considered. Based
on a decentralized adaptive intermittent pinning con-
trol scheme, cluster synchronization of directed het-
erogeneous dynamical networks was explored in [17].
In addition, Hu et al. [18] studied cluster synchroniza-
tion of complex networks via event-triggered strategy
under stochastic sampling.

In reality, due to the finite speeds of transmission
and spreading as well as traffic congestion, time delay
often occurs in the process of information storage
and transmission in dynamical networks, and it can
cause instability, oscillation or bad system performance
[9,19-31]. Therefore, it is necessary to study the effect
of time delay on synchronization of dynamical net-
works. Generally, there are two types of time delays
in dynamical networks. One is internal delay occur-
ring inside the dynamical node [9,19-23]. The other
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is coupling delay caused by the exchange of informa-
tion between dynamical nodes [21-31]. The first type
of time delay comes from intrinsic factor associated
with the dynamical node or oscillator, and it is usually
called response or processing time delay, for instance,
the time delay associated with autapse connected to
neuron [20]. The second type of time delay is regarded
as transmission (or propagation) delay between dynam-
ical nodes of network; for example, time delay with
diversity is involved in the neuronal network and the
effect of time delay is considered in biological systems
[23-25]. Hence, when modeling real-world complex
dynamical networks, both the internal delay and cou-
pling delay should be taken into consideration. Indeed,
this kind of dynamical network is ubiquitous in the
real world, especially in many biological networks and
neural networks. For example, in cell-cell communica-
tion network, due to the transcription, translation and
translocation processes of regulatory molecules, and
diffusion or transport process of the signal molecules
among cells, time delays are unavoidably encountered
in both cell genetic systems and the interacting among
the cell genetic systems [22,23]. In the implementation
of neural networks, due to the finite switching speeds
of neurons and amplifiers, and finite information trans-
mission and processing speeds among the neurons, time
delays inevitably exist in both neurons and the signal
transmission among the neurons [29].

Recently, considerable attention has been paid to
synchronization in delayed dynamical networks. It is
noted that most of the existing studies have been
focused on the delayed coupling term given by
Fl(xj(t —0o) —x(t — U)) or Fl(xj(t —0) — x,-(t))
[22,26-31]. The first one means that the node’s own
state and neighbors’s states are affected by the same
delay, i.e., each dynamical node has a feedback term
with the same delay as the transmission delay [22,26,
27], while the second one implies that only the trans-
mission delay for signal sent from node j to node
i exists in the network, i.e., no self-delay exists in
the feedback term [28,29]. However, as mentioned in
[21,30,31], in the signal transmission process, delay
may affect both the node’s own state and neighbors’s
states and self-delay may be different from neighboring
delay; that is, the delayed coupling term is described
by I (xj (t —o1) — x;i(t — 02)), which is feedback
with different self-delay. As a matter of fact, when
the ability of an isolated dynamical node to acquire
its own information is ineffective, there should exist
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a delayed feedback term [29], and so it is reasonable
to assume that the delayed coupling term has the form
of I (xj (t —oy) — xi(t — 02)). Obviously, this type
of delayed coupling term takes the aforementioned two
types of delayed coupling terms as a special case. So far,
there are few to discuss the case in which the delayed
coupling term is given by I (x;(t — o1) — x;(t —
02)) [21,30,31]. Therefore, cluster synchronization of
dynamical networks with the delayed coupling term as
I (xj (t —o1()) — xi(t — o (t))) will be considered
in this paper.

On the other hand, because of switching phenom-
enon, frequency change, or other sudden noise, the
states of nodes in many real-world dynamical net-
works are often subject to instantaneous perturbations
and experience abrupt changes at certain instants, i.e.,
they exhibit impulsive effects [31-38,41-44]. Impul-
sive effects can also be found in many evolutionary
processes and biological systems [31,32,41]. In the
last decade, impulsive dynamical networks have drawn
more and more attention for their various applications
in information science, economic systems, automated
control systems, etc. [41-44]. Recently, much progress
has been made in the investigation of synchroniza-
tion of impulsive dynamical networks [31-44]. For
instance, stochastic synchronization was addressed for
delayed dynamical networks with desynchronizing and
synchronizing impulses in [31]. In [34], synchroniza-
tion of nonlinear dynamical networks with heteroge-
neous impulses was investigated, where the impul-
sive effect in each node is not only nonidentical from
each other, but also time-varying at different impulsive
instants. In [39], the problem of designing decentral-
ized impulsive controllers for global synchronization of
complex dynamical network with nonidentical nodes
and coupling delays was studied. In [40], the H, syn-
chronization problem for complex dynamical networks
with coupling delays and external disturbance via dis-
tributed impulsive control was addressed. In [41], Lu
et al. proposed a concept of average impulsive interval
to describe the impulses sequences and then derived a
unified synchronization criterion for directed dynam-
ical networks with desynchronizing or synchronizing
impulses. In addition, Lu et al. [42] also discussed expo-
nential synchronization of linearly coupled neural net-
works with impulsive disturbances by using the aver-
age impulsive interval approach. However, cluster syn-
chronization of general impulsive delayed dynamical
networks has seldom been investigated. As indicated in

[41-44], by average impulsive interval, the derived syn-
chronization criterion of complex dynamical networks
is less conservative no matter desynchronizing or syn-
chronizing impulses. Hence, in this paper we are con-
cerned with cluster synchronization of general hybrid-
coupled delayed dynamical networks with impulsive
effects using the average impulsive interval approach.
To the best of our knowledge, there is still no theoretical
result concerning this issue.

Motivated by the above statements, this paper
aims to investigate cluster synchronization of a class
of hybrid-coupled impulsive delayed dynamical net-
works. Based on the average impulsive interval app-
roach and the analysis technique, some novel glob-
ally exponential cluster synchronization criteria are
derived analytically. Two numerical examples are also
given to show the effectiveness of the obtained theoret-
ical results. The main contributions of this paper can
be listed as follows: (1) a more general delayed cou-
pling term involving the transmission delay and self-
feedback delay is introduced in the network model.
Meanwhile, the internal delay, transmission delay and
self-feedback delay are all time-varying and can be dif-
ferent from each other. Moreover, the inner connect-
ing matrices are not required to be diagonal, and the
coupling matrices are not restricted to be symmet-
ric or irreducible; (2) two types of impulses occurred
in the nodes’ states are considered: synchronizing
impulses and desynchronizing impulses; (3) the con-
cept of average impulsive interval is utilized to describe
the impulses sequences, which makes the derived clus-
ter synchronization criteria less conservative; (4) the
established cluster synchronization criteria are simul-
taneously valid for synchronizing and desynchronizing
impulses.

2 Model and preliminaries

In this paper, we consider a general hybrid-coupled
delayed dynamical network consisting of N nodes
with m clusters, where each node is an n-dimensional
dynamical system with time-varying delay. Without
loss of generality, the sets of subscripts of these clusters
are denoted by C; = {1,2, ..., 1}, Co={l1 + 1,1} +
2,...0h+bh}, ....Ch =L+l + -+ 1y +
L,h+b+---4+1ly-1+2,...,N} ie., U;”zlci =
{1,2,..., N}. It is well known that, in many realistic
networks such as neural, gene regulation, metabolic or

@ Springer



2408

S. Cai et al.

software networks, the individual nodes in each cluster
can be viewed as the identical functional units, while
any pair of nodes in different clusters are essentially
different according to their functions [13]. Hence, we
assume that the local dynamics of individual nodes in
each cluster are identical, while those of any pair of
nodes in different clusters are different. According to
these settings, the dynamical behavior of the complex
delayed dynamical network can be described as

X (0) = fr (1, % (1), xi (1 = 7,(1)))
N
+co Z bf;)) To(x; (1) — xi (1))
J=Lj#

N
ter > b Ni(x—o1()
J=1.j#i
_-xi(t - Gz(t)))a i € Crs (1)

where r € R = {1,2,....m}, xi() = (xi1(0),
Xi2(0), ..., xin ()T € R" is the state variable of each
isolated node, f, : [0, 400) x R” x R* — R" is a
continuous vector-valued function governing the evo-
lution of each individual node in the cluster C,. The
time delays 7,(¢), o1 (¢) and 07 () may be unknown but
are bounded by known constants, i.e., 0 < 7,.(¢) < 1,,
0 < o01(t) < o01,and 0 < 03(t) < o9, in which
7,(t) denotes the internal delay occurring inside the
individual node in the cluster C,, o1(¢) represents the
transmission delay for signal sent from node j to
node i and o, () is the self-feedback delay. The pos-
itive constants ¢y and c; are the coupling strengths.
Iy = ZDuxn > 0 and T = (7})axn represent
the inner connecting matrices. B© = (bi(;))) Nxn and
B = (bf} )) N xnN are the coupling matrices represent-
ing the topological structure of the network, in which
b,( j) and bl.(}) are defined as follows: if node i receives
direct information from node j at time ¢ and ¢ — 72(¢),
respectively, then bg.)) # 0 and bf}) # 0; otherwise,
bg.)) =0 and bl(Jl )= 0. Additionally, the diagonal ele-
ments of matrices B(?) and B() are defined by bi(f) =
=3 bl i=1,2,...,N, 1=0,1,and thus,
one has 3"} b = 0,i =1,2,....N. 1 =0,1.In
general, B and B are asymmetric matrices and
may not be identical. Throughout the paper, we always

assume that there exist some constants L% and L7 such
that
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(v =y ®) (0. x0). x = 7))
S ARIORIERAO)))

< L2 (x(t) — y() ' (x(1) — y(1))
+ LT (x(t — (1)

—y(t =5 @) " (x(t = 7.() — y(t — 1.(1),
)
for any x(¢), y(t) € R" and r € R.

Remark 1 The condition (2) gives some constraints on
the dynamics of isolated node in the cluster C,. If the
function describing each node in the cluster C, satisfies
uniform Lipschitz condition with respect to the time
t,ie, || fr(@tx(@®), x(t — (1) — fr(t, y@), y(t —
N < KPllx@) — yOl + KT llx(t — (1) —
y(t — 7,(t))]|, one can select L? = Kﬁ) + €K} /2 and
LT = K} /(2e¢) to satisfy the condition (2), where €
is a positive constant. Additionally, it is easy to check
that almost all the well-known chaotic systems with
or without delay, such as the Lorenz system, Chen sys-
tem, Chua’s circuit, as well as the delayed Hopfield
neural networks and delayed cellular neural networks
(see [21,36] and the references therein) satisfy the form
of Eq. (2).

Remark 2 In network model (1), a more general
delayed coupling term is considered, where the node’s
own state and neighbors’ states are affected by differ-
ent delays. Meanwhile, the internal delay 7, (¢), trans-
mission delay o7 () and self-feedback delay o> (¢) are
all time-varying and can be different from each other.
Moreover, the inner connecting matrices I and I are
not required to be diagonal, and the coupling matri-
ces B© and B are not needed to be symmetric or
irreducible (i.e., the corresponding graphs generated
by the matrices B and BV can be directed, weakly
connected and even do not contain any rooted span-
ning directed tree). Hence, our network model is more
consistent with a real-world dynamical network.

In practice, the states of nodes in many dynamical net-
works are often subject to instantaneous perturbations
and experience abrupt changes at certain instants due to
switching phenomenon, frequency change or other sud-
den noise, i.e., they exhibit impulsive effects [10,31—
33,44]. Hence, it is reasonable to assume that at time
instants ¢, there exist “sudden changes” (or “jumps”)
in the state of node i such that
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A _ _
Axi|t:zk = X,’(l‘]j_) _xi(tk ) = dkxi(tk ),
i=1,2,..., N, 3)

where {1, 1, 13, ...} is an impulsive sequence satis-
fying tx < 41 and limg_ ooty = +00, X; (t,j) =
limtﬁt;r xi(t), xi(t, ) = lim,_ - x;(¢), and d € R
represents the strength of impulse. Then, we can obtain
the following impulsive delayed dynamical network:

%) = fr(t,xi(0), xi (t — (1))
—c1tb P I (xi(t = 01(1) = xi (1 — 02(1)))

N N
+co 3 b Tox; (0 + 1 D bl Tixjt=o1(0), 1 #1,
j=1 j=1
Axi = xi(t]) = xi (1) = dexi (1), t =1, keZt,
xi(to +5) = @i(s), s €[-0*,0], i €Cp, r € R, t = 10,

“

where ZT = {1,2,...} denotes the set of posi-
tive integer numbers and o* = max{oq, oy, T*} with
" = max,ci 7. Without loss of generality, it is
assumed that x;(¢) is left continuous at r = 1y,
ie., xi(tr) = x;(#; ). The initial conditions ¢;(s) €
PC([—U*, 0], R"), in which PC([—U*, 0], R") deno-
tes the set of all functions of bounded variation and left
continuous on any compact subinterval of [—o*, 0]. To
show the information communication among different

clusters, we further rewrite network (4) as follows:

5 = [ (6 xi(0), xi(t — 5 () — e1b V) T (xi (8 — 01(1))
m
—xi(t = 0a() +co Y 3 b Tox; (1)
p:ljeCp X
m
tei ), D by ixjt =01, 1 # 1
p=1j€Cp
Axp = xi () — xi (1)) = dixi(t), t=1t, ke ZT,
xi(to + ) = ¢i(s), s € [—0*,0], i €C, r €R, t > 19,

®)

In this paper, we are mainly interested in studying
the cluster synchronization problem for the impulsive
delayed dynamical network (5) or (4). To this end, we
first give the definition of cluster synchronous mani-
fold.

Definition 1 [14] The set M — {(xlT(t),sz(t),

T
xy(®) €eR™W i xi (1) =x2(t) =+ = x,(t), x1,41(2)
=xp420) = - = X145, @), oo Xty +1 (D)
— Xttt p2() = = xN(t)} is called the
cluster synchronous manifold of the impulsive delayed
dynamical network (5).

Definition 2 [14] The impulsive delayed dynamical
network (5) with N nodes is said to realize cluster syn-
chronization, if N nodes can be divided into m clusters
as defined above such that

lim [|x; () —x;®| =0, Vi,jeC,reR, (6
t——+00
and

lim ||x; (1) —x;()| #0, i €Cpy, j €Cpy,
—+00

ry #ry, r,rp €A, (N

Evidently, when the impulsive delayed dynami-
cal network (5) reaches cluster synchronization, i.e.,
limy—s 400 [|Xi (2) —2,(®)|] = 0,i € Cy, r € R, the clus-
ter synchronized state equations can be characterized
by:

(1) = fr(ta zr (), 2 (F — fr(t)))
—c1bl T (2, (t = 01()) = 2,(t — 32(1)))
m
+co Z Z bi(;'))FOZp(t)
p=1jeC,

m
1
+e1 Y X bzt — o). 1 #
p=1jeC,

() =0 +dz (i), 1=, keZT,

®)

where i € C, and r € R. To discuss cluster synchro-
nization, a prerequisite requirement is that the cluster
synchronous manifold M should be invariant through
the impulsive delayed dynamical network (5) [14], i.e.,
the synchronous state z,(¢) in the same cluster should
be uniform for each i € C,. In view of this, similar to
[6,11,12,14-18], the following assumptions are given.

Assumption 1 Suppose that the coupling matrix
BO (1 =0,1) of dynamical network (5) has the fol-
lowing block form:

0 O] O]
s gh g
o _ B21 322 B2m
BB B

where each block ng = (bx.)) e Ruxlv(y, v e N)isa

ZEero-row-sum matrix, i.e., Zj cC, bx.) =0,i € Cy,and

each diagonal block B,ﬁlu) = (bfj.)) e Rl lu satisfies
I . . 1 I .

blgj) > 0(i # j) and b;i) = —zj Cu.jti bfj),l € C,.

In addition, rank(B,Eg)) =1, —1,ueR.
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Assumption 2 Suppose that there exist constants o
for r € R such that the diagonal elements of the cou-
pling matrix B of dynamical network (5) satisfy

(n) _
byy =---=b ) =—ai,

(1) (1)
b11+1 h+1 = b11+12 Ll = 025 oees

(1 —ph _
Ll 1+ i+l +1 = -

Remark 3 Assumptions 1 and 2 ensure the cluster syn-
chronous manifold M is an invariant manifold of the
impulsive delayed dynamical network (5) [14]. In gen-
eral, bfi.) >0 (or<0),i # j,l =0, 11is viewed as the
cooperative (or competitive) relationship between node
i andnode j [14-18]. Hence, Assumption 1 implies that
nodes belonging to the same cluster only have cooper-
ative relationships, while the nodes in different clusters
can have both competitive and cooperative relation-
ships. In addition, the matrix Bl(,ou) can be regarded as the
Laplacian matrix of a weighted graph with a spanning

tree, and B,E(,? has an eigenvalue 0 with multiplicity 1
[28,36].

Remark 4 Actually, Assumption 2 on the coupling
matrix B is not conservative. The reason is that if
each diagonal block B\, of the coupling matrix B()
satisfies b,(j) > 0@ # ])andbl.(il) = =2 icCujti b,(jl),
i € C,, then it is easy to verify that all diag-
onal entries of the matrix éw = (b( Muxl, =

1 1
(b( )/(Zj Cu.jti fj))) b, —1, and so we can

de51gn the diagonal block matrices of B(") as B, D
oy B uu ) foru e R, which satisfy the above assumpt10n

In order to study cluster synchronization of the
impulsive delayed dynamical network (5), we intro-

duce s, (1) = (1 /1,)(2%6,_ xw(t)),r € R, and define
error vectors as e;r(t) = x;(t) — s,(t),i € C, and r €
. By Assumption 1, one has > ¢ bl.(j.)) Tosp(t) =
> ec, biy Tisp(t —o1(6) =0, fori = 1,2,..., N
and p = 1,2,...,m, where 0, denotes the n-
dimensional vector of zeros. Hence, we get

. . . . 1 .

ir(e) = (1) =8, () = %i(0) = - ZC K (1)
= fr(t, X, S, xirr, s

oy er T (et = o1(0) = €0, = 021)))

m
reo > 3 o) Toeip®

p=1jeCp
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m
+c1 Z Z bi(})Flej[,(t—O’l(l‘))-FJr, t # 1y,

p=1jeC,

Aeir(tx) = eir (tk ) — elr(tk ) = Xi (tk ) —
- (Sr(tk ) — ¢ (tk ))

xi(f;j) —x;(t)

- Z xw(tk ) _xw(tk ))

xi ()

" weC,
= dixi (1) — Z xXu (1)
" weC,

= deir(ty ), t =1,
>en) = (1) = 5 0) =D 50 = s, ()
ieC, ieC, ieC,

= > xi) = D xu() =0,

ieC, weC,

where fr(t Xi s X8t ) = ot xi(0), xie —
fr(t))) fr(t s (1), sr(t fr(t))) and J, = fr(t, sy (1),
sr(t=1, ()= /1) 2 pee, fr(ts xuw (@), X0 (1=1,(1)))
0 1
—(/1) Zec, (02000 6) Toxj 0+ X, b0
Ixj(t — o1 (t))). Recall that x;(¢) is left continuous
atr =1y, i.e., x; () = x; (1, ); thus, we can derive the
following error dynamical system:
elr(t)—fr(t Xiy Sry X o Tr)
+aye i (et — o0 L0) — et - 02(1))
m m
+C()Z z bl.(](.))FOej,,(t)+clz Z ©)
p=1jeC, p=1jeC,
b(l)ﬂem(r —01() + Jry 1 # 11,

elr(tk )= +dpeirte), t =1, k € Z+
t>tg,i €Cr, r €R.

Obviously, if the zero solution of the error dynamical
system (9) is globally exponentially stable, then glob-
ally exponential cluster synchronization of the impul-
sive delayed dynamical network (5) is achieved accord-
ing to Definition 2.

Remark 5 Ttiseasy to see that when |(14+dy)| < 1(.e.,
the impulsive strengths —2 < d; < 0), the impulses
benefit to the cluster synchronization since the absolute
values of the error variables are reduced. Thus, such
kind of impulses are called synchronizing impulses
[41]. Conversely, when [(1 4 dy)| > 1 (i.e., the impul-
sive strengths dy > 0 or dy < —2), the impulses can
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potentially destroy the cluster synchronization since
the absolute values of the error variables are enlarged.
Hence, the impulses with |(1 + di)| > 1 are called
desynchronizing impulses [41]. Additionally, when
(1 4+dy)| =1 (i.e., the impulsive strengths dy = 0 or
dr = —2),the impulses are neither beneficial nor harm-
ful for the cluster synchronization since the absolute
values of the error variables remain unchanged. This
kind of impulses are called inactive impulses [41]. We
will not discuss inactive impulses in this paper because
they have no effect on the cluster synchronization.

Definition 3 [41,43] An impulsive sequence { =
{t1, 12, 13, .. .} is said to have average impulsive interval
T, if there exist positive integer ¢p and positive number
T, such that

T —1¢ N
T, ==

t
+ 60, YT >t>0,
(10)

where N, (T, t) denotes the number of impulsive times
of the impulsive sequence ¢ on the time interval (¢, T),
the constant ¢y is called the “elasticity number” of the
impulsive sequence, which implies that, on the time
interval (¢, T), the practical number of impulsive times
N¢ (T, t) may be more or less than (T — 1)/ T, by ¢o.

Lemmal [31] If Y and Z are real matrices with
appropriate dimensions, then there exists a positive
constant € > 0 such that

Y'Z+Z'Yy<eY'Y+e'ZT2Z.

3 Main results

For convenience, let L = (max1<r<m LT),
(maxlsrsmar)’ Bo = maXISr,qsm,r;éq( max
BO)). Br = maxi<r, gem (max (BY BY ). lo =
0,Ly, = N,and L,_| = (Z;:loﬁ), r € R, and

o =
(81

define the matrix B( ) as B(O) 2 ( BY + B(O) )
Z,, where &, = diag(§/, &) ,...,Slr) with &/ =

Zuecr b,(l(’))Lr71+j, r € R. Under Assumption 1, one

can easily verify that the matrix I§,(O) is a symmetric
irreducible matrix with zero-row-sum and nonnegative
off-diagonal elements. This means that, for r € ‘R,
zero is an eigenvalue of EV(O) with multiplicity 1, and
all the other eigenvalues of f?r(o) are strictly negative

[28,36]. Hence, eigenvalues of ér(o) can be arranged as
follows: 0 = 5\{ > ig > 0> Xfr . In the following,
by using the average impulsive interval approach, we
will rigorously derive some globally exponential clus-
ter synchronization criteria for the impulsive delayed
dynamical network (5). The main results are stated as
follows:

Theorem 1 Suppose that Assumptions 1 and 2 hold,
and the impulsive sequence { = {t1, t2, t3, . . .} satisfies
(10) with average impulsive interval T, and elasticity
number ¢o. Then the impulsive delayed dynamical net-
work (5) is globally exponential cluster synchronized if
there exist positive constants g1, 2, 3, Ga and d such
that

1. M +dy*<d, keZt,

2 w2y jiyg <,

where ¢ = (2L + a@cig; ! + acigy ' + mg; '),
y = max{d~%,1,d%°}, p = (maXi<,<m pr), Pr =
o+ O,10,), 0 = (2LY + aye161hman (N +
are1 S mac (M) + (m = 1)6380 Amax (N0 1)) +
(m = De;" + msaBiima (), and ©, =
Co (5»5 + (maxlfjﬁl,_ &'jr)) with

Amax(10), if Oy

\Y
L

AO,) =10, if 0, =0,
Amin(10), if ©, < 0.
.
Proof Let E1(1) = (e}, (1), . e{l (D), Ex(t) =

(ezlﬂ’z(t),...,622’2(1‘)) SEn) = (e[ iim
O, ...,ef, ), E@) = (E[(0),E]@),...,

T . .
E,I (t)) , and construct a Lyapunov function candi-
date:

V)

1 T
§E O Uy R I)E(1)

1 m
3 Z ET (), ® 1,)E, (1)

r=1

%Z > e (e (), (11)

r=1ieC,

where ® denotes the Kronecker product of two matri-
ces.
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Calculating the upper Dini derivative of V (¢) along
the solution of Eq. (9), by using (2) and noting that
Ziec, eir(t) =0,,r € R, we gett £ty

DtV =>>" e?,(z)[f,(t, Xiysp, X[ ST)
r=1ieC,
oy e1 T (et = 01(1)) = eir (1 = 02(0)

m
+co Z Z bf?)ﬂ)ejp(l)

p=1j GC/;

m
+ci Z z bf})rlejp(t _Ul(t)) + Jr:|

r=1ljeC,

i D Lie (Deir ()

r=1ieC,

IA

+ 20D Lien(t — n®)eir(t = (1))

r=1ieC,
+a,c Z z eiT,.(t)
r=1ieC,
x(Fieir(t = o1(0) = et = 02(0)))

DI I IO I HROIINO)

r=1ieC, p=1jeC,

e > > DS bPel (0 et — 01 (0)).

r=lieC, p=1jeC,

< > Ef (L, ® 1) E (1)

r=1

+ D Bt — o)L, ® L) E (t — 7,(1)

r=1
m
T
+a,cl Z Z e;, (1)
r=1ieC,

x (et = 01() = Neir(t = 021)

m
+co D EN(0(BY ® ) E-(1)

r=I1

+eo Y. D ETOBY @ R)E

r=1 p=1,p #r

+e1 D D E 0(Bf) @ I)

r=1 p=1

Ep(t —o1(0)).
(12)

According to Lemma 1 and the property of the
Kronecker product of the matrices [21], the following
inequalities can be derived

@ Springer

cl Z Z are;l;(l)rleir(t —o1(t))

r=1ieC,

m
‘1
=5 [g .2 e, (N e (o)

r=1ieC,

51—1 z Z ozre; (t —o1(t))eir (t — oy (t))]

r=1ieC,
C] m
< E[gl)\max(rl FIT) Z Z O{re;(l‘)eir(t)
r=1ieC,
o —1 Z Z are(t — ar(t)ei(t — o (t))]’
r=1ieC,
m
—clzzare?r(f)ﬂeir(l—(72(f)) (13)
r=1ieC,
c1 -
< E[Q 2 2 el N eir(t)
r=1ieC,

+07 ' > S el — oa)en - 02(’))]

r=1ieC,

m
‘1 T T
=< 5 |:§2)Vmax(Fl I )Z Z are;, (t)eir (1)

r=1ieC,

+¢5 IZZ(x,e (t—Oz(l))eir(f_UZ(t))] (14

r=1ieC,

Z Z El(1)(BY ® IY) Ep (1)

r=1 p=1,p #r

5 z Z [gsE,T(t)(B,(?)B,(,(?T ® FOFOT)E,(t)

r=1 p=1,p#r

+ g;lE;(l)(I[p & In)Ep([)]
z |:§3)\max (Br(g) Br(g)—r) Amax (FOFOT)

lm
12
r=1p=L.p#r

>ener®+st D] e,p<z)e,,,(r>]
ieC,

\S}

m

ieCp
m—1
=— (5‘2/30 Amax (D01 ) + 63 )Zze”(t)e”(t)
r=1ieC,
(15)
m m
ZZET(’) B{) ® N)E,(t — o1(1))
r=1 p=1
1 m m -
= 2 Z Z |:§4ErT(l) (B,(},)Bﬁllj) ® I F1T)Er(l)
r=1 p=1

o 'EJ(t —o10) (I, ® L) Ep(t — o <r)>]
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% 5481 Amax F1F1 Zzezr([)elr([)

r=1ieC,

+ 35 DD et — o —am).  (16)

r=1ieC,

On the other hand, since I§,(O) is a symmetric matrix
with zero row sum, there exists a unitary matrix
U = (), u,.. uf) with U,U,T = [;, such that
B(O) U, dlag()»’, )\g, e, )ZZ)U,T. Introduce a trans-
formation Z,(t) = (UrT ® I,)E (), where Z,(t) =

@ @257, 2 T@®) .2 € R, r € R, then

one has

ZI0Zr (1) = D e (0eir (o). (17)
ieC,

Note that i{
O

= 0 is an eigenvalue of the matrix
and its corresponding eigenvector is u| =

AL I

then we obtain

() = (u’T ® I)E, (1)
Zel,(t) =0, recR (18)
r ieC,

It follows that

co > E(1)(BY ® IV)E, (1)

23 E (B +5) @ 1) Ew

Il
E
;
M= L
=
_'
<
N

U, ® In)((diag(ir, Ry
T = T
+ Ur drUr) ® FO)(Ur ® L) E (1)
¢ m
< 30 D Z,T(t)((diag(i’, Ry A
r=1
+ hmax (U, U, ) @ Fo) Z,(t)
¢ m
< 30 D zj(z)((diag(x’, ()
r=1

+(max§)

1<j<l,

) ® ro)z (1)

~
3

2T (1) oz (1)

[l
(S
Ms
'M

\
I

—_
I

—

(Ar max &/
1<j<lI,

~
3

NEGIRTAG

)
)

[l
(S
Ms

A+ ( max
( ! 1</<l f

r=1i=2
c m 1
<2 (Az—i— max, £/ )ZrT(t)FOZ ()
2 r=1i=2 ==l
CO m l
_ A r
=32 (% + (max & )Z Tz @
- im1
m
< Zo MO, )ZZ’T(t)Z (1)

= % Z Z O, 1(O))e] (1)eir (1)

r=1ieC,
1 m
=32 E w(0nO0n, 8 L)E®. (19
r=1
Substituting (13)—(16) and (19) into (12) produces

1 m
DYV < 5 ; E} (r)(((wr + O, 1O ) ® In)Era)

+%( sup ZE (5)E, (5))

t— a*<s<z

= %ZE:([)((prll,) ® In)Er(t)

r=1

q
+5(, sup ZE ()Ex (s))

U*<s<l —1

IA

PN T a
5 ZE OE-(1) + 5

x( sup ZE (5)E, (s))

t— o*<s<t

ﬁV(t)—l—q( sup V(s)), t4n, kezt.
t—o*<s<t
(20)

Fort = t, k € Z™, from the second equation of (9)
and condition (i), one can obtain that

ZZe (t)eir ()

r=1ieC,

V)

5 Z D (A +di) e, (eir (i) < dV (1)
r=1ieC,
1)
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In the following, based on the average impulsive
interval approach, we will prove that (20), (21) and
condition (ii) imply that

Vin<y( sup  V()e T > (22)

ty—o*<s<ty

where y = max{d %, 1,d°} and A > 0 is the unique
positive solution of the equation A + (Ind)/T, + p +
yqete” = 0.

Let W(r) = e 7~V (z), from (20) and (21), we
know thatfort € (ty_1, %], k€ Z™T,

DTW (1) =e P00 Dry () — pe P10y ()

5e‘ﬁ<’—’0>[ﬁV(z)+q( sup V(s))]

t—o*<s<t
-p e~ P (=) V(1)
—qe P (Ho)( sup

vi+e), @3
—0*<0 <0
and
W(h) = e P 0y (1)
< de POV () =dW(n), ke ZT.(24)
For ¢ € [tg, t1], integrating inequality (23) from f#
tor, we get

t _
W(t)SW(to)-l—/ qe—l’(‘—’(’)( sup V(s+9))ds,

fo —0*<6 =<0
(25)
and so
n _
W(tl)fw(to)+/ qe_p(s_"))( sup V(s—l—@))ds.
1o —0*<6<0
(26)

Similarly, for ¢ € (t1, 2], it is derived from (23), (24)
and (26) that

t -
W) < W) + / qe_”(s_"’)( sup

1 —0*<6<0

V(s +0))ds

1 _
SdW(zo)-i-d/ qe_p(s_’(’)( sup V(s+9))ds

to —0*<6<0

t -
+/qef”(57’°)( sup V(s+9))ds.
t —0*<6<0

1

and so

n .
W(t) < dW(to) +d/ qe_"“_’“)( sup V(s +0))ds

to —0*<60<0

n _
+ / qge™? (57’0)( sup V(s + 9))ds.
t —0*<0 <0

1

@ Springer

By mathematical induction, we have that for ¢ €
(tr—1, k), k € Z7 [45],

wo = waeo( ] d)

<t <t

+/tot< I d)qe—ﬁ(s—to)

s<t <t

x( sup V(s + 9))ds.

—0*<6<0

It follows that

v = Vo)

H d) eP t=10)

=t <t
¢ _
—|—/ H d) ep(’_“')q( sup V(s+6))ds, t>1.
0 “s<g <t —0¥<6<0

27

Let N¢(t,s) be the number of impulsive times of
the impulsive sequence ¢ in the interval [s, ), then we
have

( I d)ef’("” =qNetSeP =5 1 > 5 > g,

S<tr <t

(28)

Since the impulsive sequence { = {1, 12, 13, . . .} satis-
fies (10) with average impulsive interval T, and elas-
ticity number ¢, we get

t—s < Nt )<l—S
- ,8) =
T, S0 = V¢ T,

+ 60, Vi>s>1p.
(29)
If 0 < d < 1, then it follows from (28) and (29) that
I1 d)eﬁ (1=5) — gNe(t.9) P (1=5)

SEhk=t < d=50g1=9)/Tagh (1=5)
_ J-S0end (1=)/Ta g (=)

_ g~ S0(p+nd)/Ty) (1—9)

=d e s 5>,

where n = —(13 + (In d)/Ta). Similarly, when d > 1,
one has from (28) and (29) that

H d)eﬁ 1=9) < g50gt=)/Tagh (1=5)

s<tp <t

= dgoe_n(t_s), t>s>1.
Hence, we conclude that

H d)eﬁ =9 < e ™=t~ g>1, (30)

s<tr <t
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Substituting (30) into (27) gives
V() < y V(e "

t
—i—/ye*"(’*s)q( sup V(s+9))ds.
10 —0*<0 <0
(31)

Denote H(v) = v — 4+ yge" . By condition (ii),
one has n — yqg > 0, yg > 0, and so H(0) < 0,
H(+o00) > 0 and % > 0. Using the continuity
and the monotonicity of H (v), the equation H(v) =0
has an unique positive solution A > 0, i.e., A — n +
yger® = 0.Since y > 1and A > 0, it is obvious that

Vis)) <y (  sup  V(s)

fh—0*<s=<n

fh—o* <t <n. (32)

Vi) <( sup

fh—o* <s =<t

e—)n(t—to)7

Let My =y (suptof(,* <s<t V(s)). Now, we show
that (22) holds, i.e, V(1) < Moe ="t > 1,. If this
is not true, there must exist a * > #( such that

V(t*) > Mge 10 (33)
V(1) < Moe 0710 g —o* <1 < t*. (34)

Notice that L — n + yqe)“"* = 0, we get from (31) and
(34) that

*

V(t*) < Moe—n(;*—[o)_l_/ ye—r,(t*_s)
]

q( sup V(s + 9))ds

—0*<0<0

< Moein(l*fm) + vy My qeka*
t*
/ o (7 =5) g1 (5—10) g
)

= Mge "—10), (35)

which contradicts (33); thus, (22) holds. This means
the zero solution of the error dynamical system (9) is
globally exponentially stable. The proof is completed.

O

Remark 6 Based on the average impulsive interval
approach, Theorem 1 presents a novel globally expo-
nential cluster synchronization criterion for general
impulsive dynamical networks with the internal delay
and delayed coupling. To the best of our knowledge,
there are few reports on cluster synchronization of
impulsive delayed dynamical networks. In our network
model, the delayed coupling term involves different

transmission delay and self-feedback delay; in addi-
tion, the internal delay, transmission delay and self-
feedback delay are all time-varying and can be differ-
ent from each other, and the coupling matrices B and
B™ are not assumed to be symmetric or irreducible.
Hence, our theoretical results are general.

Remark 7 It can be seen that the constant d is only
required to be greater than zero, no matter whether
d < 1ord > 1. This means that the cluster synchro-
nization criterion obtained in Theorem 1 can be applied
not only to the case with |1 4+ di| < 1 (synchronizing
impulses) but also to the case with |1 4dj| > 1 (desyn-
chronizing impulses). That is to say, the derived clus-
ter synchronization criterion is simultaneously applica-
ble for synchronizing impulses and desynchronizing
impulses.

The uncertain constants ¢y, ¢2, 63, ¢4 and d in
Theorem 1 make the results flexible in practical appli-
cations. However, inappropriate choosing of ¢1, ¢2, 3
and ¢4 may enlarge the value of the polynomial on the
left-hand side of inequality (ii) in Theorem 1 and thus
make the results conservative. Inspired by [31,38,43]
and the extreme value theory of multivariate function,
it is easy to check that a good choice of these con-

stants is 61 = ¢ = 1/\/Amax(I11}), 62 = Y =
1/ )\max(rlrlT)a §3 = S'é) =1/ ﬂO)&max(FOFOT)
and ¢4 = ¢f = 1/,/B1 Amax (I T"). Substituting 7,

gg, gg) and gf‘) into Theorem 1 yields the following
Corollary.

Corollary 1 Suppose that Assumptions 1 and 2 hold,
and the impulsive sequence { = {t1, tp, 13, . . .} satisfies
(10) with average impulsive interval T, and elasticity
number ¢o. Then the impulsive delayed dynamical net-
work (5) is globally exponential cluster synchronized
if there exists a positive constant d > 0 such that

(i) A+ dp)* <d, keZ",

(i) w 28 4 jyyq <0,

where ¢ = (2Zf + 2ac) Amax(NT]) +
m\/ﬂl )\max(FlrlT) ), p = (maxlgrfm Pr), Pr =
o + O:1(0,), 0 = (2L + 2epe1 aman (1) +

2(m — 1)\/ﬂ0 )‘«max(FOFOT) + m\/ﬁl )\max(rlrl—r) ),
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O, = ¢ ():5 + (maxi<;<y, éjr)), and the other para-
meters are defined as those in Theorem 1.

For simplicity, we consider the impulsive strengths
dy = do, k € Z*t. Selecting d = (1 + dp)?, then
conditions (i) in Corollary 1 holds. Hence, the above
corollary can be reduced to the following.

Corollary 2 Suppose that Assumptions 1 and 2 hold,
and the impulsive sequence { = {t1, t, 13, . . .} satisfies
(10) with average impulsive interval T, and elasticity
number ¢o. Then the impulsive delayed dynamical net-
work (5) is globally exponential cluster synchronized
if the following condition holds

A 2101 + dy
v =—

T +p+yqg<0, do#—1, (36)
a

where q = (21:r + 2&01,/AmaX(F1F1T) +
m,/ ,Bl Amax (1] F]T) ), [3 = (maxlfrgm Pr); Pr =
o + O,1(0,), 0 = (2L + 2epe1 i (1) +

20m = 1o i (T Ty ) + m /1 ks (1)),
e, = CQ(XS + (maxlfjflr g/.r)), y = max{(l +

do)7250, 1, (1 + dg)3s0 }, and A(®,) is defined as that
in Theorem 1.

If only transmission delay for signal sent from node
j to node i exists in the network, i.e., 02(¢) = 0, then
dynamical network (5) is simplified as the following
impulsive delayed dynamical network:

X)) = fr (6, xi (1), x (1 — 7(1)))
tore1 I (xi (t — 01(1) — xi (1))

teoy, > bl.(;.))l"oxj(t)
p;ljec,, (37)
ta Y X b Nxie—o), t#u,
p=1ljeC,
Axp = xi () — xi (1)) = dixi(t), t=1t, ke ZT,
xi(to +5) = @i(s), s € [—0*,0], i €Cr, r €R, t > 19,

For the impulsive delayed dynamical network (37),
the following result can be derived based on Theorem 1
and Corollary 2.

Corollary 3 Suppose that Assumptions 1 and 2 hold,
and the impulsive sequence { = {t1, t, 13, . . .} satisfies
(10) with average impulsive interval T, and elasticity
number ¢o. Then the impulsive delayed dynamical net-
work (37) is globally exponential cluster synchronized
if the following condition holds

o & ijﬁ—i-yq <0, do#—1, (38

a
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where q = (ZET + aciy/ Amax(11 FIT)
my B (T ), B = (maXizrm pr). pr =
o +0,1(0,), 0 = (2L + o1 (| Aman (1 1) =
Amin(11 + 1))+ 20m = D/ Bo dma (N0 T) +
m./ Bt Amax (I'117) ) O, =co()~\g+(max1§j51r gj.’)),

y =max { (1+do) >, 1, (1 +dp)*"}, and A(©;) is
defined as that in Theorem 1.

When the node’s own state and neighbor’s states are
affected by the same delay, i.e., 01(t) = 02(¢), then
network (5) turns to the following impulsive delayed
dynamical network:

Xi () = fr(t, xi (1), x; (t — 7,(1)))
+eco 2 2 bf?)Fox_j(l)

p=1j€cp
m (1)

+er 2 2 by Nixj(t — o), 1 # K,
p=1jeC,

Axi = xi(60) = xi(4) = dkxi (1), 1 =15, k€ Z7,
xi(to +5) = ¢i(s), s € [—0*,0], i €C,, r € R, t > 10,
(39

For the impulsive delayed dynamical network (39),
the following Corollary can be easily derived from The-
orem 1 and Corollary 2.

Corollary 4 Suppose that Assumptions 1 and 2 hold,
and the impulsive sequence { = {t1, 2, 13, . . .} satisfies
(10) with average impulsive interval T, and elasticity
number ¢o. Then the impulsive delayed dynamical net-
work (39) is globally exponential cluster synchronized
if the following condition holds

A 21n |1+ dp|
=21 170

T,

where q = (2if + Bt Amax (11T ) 5 =
(maxlfrfm pr), Pr = op + O, A(0), wr = (2L9 +
20m = 1o i (T ) + m /1 hman (1)),

6, = 00(5»5 + (max<j<, §,~r)), y = max {(1 +
do)™2%0, 1, (1 + do)zgo}, and )M(0,) is defined as that
in Theorem 1.

+p+vqg<0, do#—-1, (40)

Remark 8 When the original impulse-free dynamical
network is synchronized and the impulsive effects are
harmful, in order to guarantee synchronization, the
impulses should not occur too frequently. Hence, there
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always exists a requirement that inf; c 7+ {fx+1 — tx} >
&1 [32,33], where the positive constant &; can be
viewed as a measure to ensure the harmful impulses do
not occur too frequently. Conversely, when the origi-
nal impulse-free dynamical network is unsynchronized
and the impulsive effects are beneficial, in order to
ensure the synchronization of the dynamical network,
the frequency of impulses naturally should not be too
low. Therefore, there always exists an assumption that
supgez+{tk+1 — t} < &2 [35-38], where the positive
constant &, is given to ensure there will be no overly
long impulsive intervals. However, in this paper nei-
ther infyrcz+{tkiq1 — #} = &1 nor sup;cz+{tit1 —
tt} < & are required by using the average impul-
sive interval 7. Since T, < supycz+{tie1 — 1} (Ta >
infrez+{tkir1 — tk}), our cluster synchronization cri-
teria increase (decreases) the impulses distances of
synchronizing impulses (desynchronizing impulses).
Thus, results of this paper are less conservative and
can be available for a wider range of impulsive signals.

Remark 9 In [41,42], complete synchronization of
impulsive dynamical networks was investigated by
using the average impulsive interval approach. How-
ever, the network model presented in [41] did not
include time delay; only coupled delayed neural net-
works with desynchronizing impulses was considered
in [42]. Moreover, both the results in [41,42] only dis-
cussed the case of dynamical networks with impulses
occurred in the processes of coupling. They cannot be
directly extended to the case of hybrid-coupled delayed
dynamical networks with impulsive effects on the
nodes’ states; another common phenomenon occurred
in many realistic networks [10,31-33,44]. In this paper,
by using the average impulsive interval approach and
the analysis technique, some generic sufficient con-
ditions for globally exponential cluster synchroniza-
tion of the hybrid-coupled impulsive delayed dynami-
cal networks with internal delay and delayed coupling
(5) are established analytically, which is simultane-
ously effective for synchronizing and desynchronizing
impulses. Thus, our theoretical results generalizes the
previous works.

Remark 10 In [39,40], global synchronization of com-
plex dynamical networks with nonidentical nodes and
coupling delays, and Hy, synchronization of complex
dynamical networks with coupling delays and external
disturbance were studied via impulsive control, respec-
tively. To solve the synthesis problem of impulsive con-

trollers, the notation of S(81, §2) (i.e., 81 < tyy1 —tx <
82,k € ZT,where §; and &> represent, respectively, the
lower bound and upper bound of impulsive intervals)
was used to describe the impulsive sequence with non-
equidistant impulsive intervals in [39,40] and an impul-
sive time-dependent Lyapunov function-/functional-
based method was also introduced. In this paper, similar
to [41-44], the concept of average impulsive interval is
adopted to describe the impulses sequences, and then
some globally exponential cluster synchronization cri-
teria are derived based on the analysis technique. Thus,
the methods used in the present paper are different from
the techniques employed in [39,40].

Remark 11 In order to derive the exponential cluster
synchronization criteria, in this paper, we firstly estab-
lish an impulsive differential inequality [i.e., Egs. (20)
and (21)] and then utilize the average impulsive interval
approach and the analysis technique to derive the theo-
retical results. For establishing the impulsive differen-
tial inequality, the inequalities (13), (13) and (16) have
been used to deal with the delayed coupling terms. This
leads to the inner coupling matrix I} has no effect on the
cluster synchronization, which may make the derived
cluster synchronization criteria be conservative. Hence,
how to obtain less conservative cluster synchronization
criteria by incorporating the effect of the inner coupling
matrix /7 would be an interesting problem, which will
be our future research topic.

4 Numerical examples

In this section, we provide two numerical examples
to illustrate our theoretical results which are simulta-
neously valid for synchronizing and desynchronizing
impulses. The delayed neural networks with different
system parameters [29,42] and the delayed Chua oscil-
lators with different system parameters [21] are chosen
as the isolated nodes in different clusters of dynamical
network (1) in Examples 1 and 2, respectively.

The delayed neural network is described by [29,42]

(1) = fr(t, x(@), x(t — 7. (1)) = 2,x(t)
+ 20go(x (1)) + 2g1 (x(t — (1)), r € R,
(41)
where x(1) = (x1(1), »2()) € R2, g(x(t) =
g1(x(1) = (tanh(x), tanh(x2)) " € R,

(-1 0 r_ o1 0 r_fv1 v
52,_(0 —1)’ QO_(og o4 )’ 2 = Vi ug )’
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and o1 = 2.0, 03 = —5.0, 04 = 3.2, vy = —1.6,
vy = —0.1,vy =24, and 7, (t) = €' /(1 +¢€"). Itis
easy to verify that
(x@) — y0) " (f(t. x (@), x(t — (1))
— fr(t. y(), y(t — 1, (1))))
< (x() — y) " 2 (x(1) — y())
+112011 [1x(0) — y(OI?
HIL71x@) — YOl lx( — (1))
—y(t — )]
< (@) (x(1) = y(0) T (x(0) — (1))
12011/ Qpf) (x(t — (1))
— ¥ — @) (2t — 7.(0)) — y(t — 7(1)))
= L0(x(1) — y(0) " (x() — y(0))
+LE(x(t — (1) — y(t — 7 () (x(t — 7:(1))
—y(t — 7:(1))).
where 2, = (82, + 1251112 + (of/2I12]1112). and
LY = Amax(82,), LT = ||£2]11/(2p}) can be deter-
mined by choosing an appropriate parameter p; > 0.

Therefore, the condition (2) holds.
The dynamics of delayed Chua oscillator is [21]

x(1) = fr (6, x(0), x(t — 7, (1))
= Apx(t) + gl (x () + gf (x(t — (1)), r € R,
42)
where x(1) = (x1(1), x2(1), x3()) " € B3, g0(x(1)) =

(= 3oy —m2) (111 () +1] = x1 (1) —=1]). 0, 0) " &
R3, gf (x(t — 7.(1))) = (0, 0, —B oo sin (voxi(t —

—no(+mz) ng 0
r,(t))))T € R3, A, = ! 1 —Olr 1r), and
0 =By —wp

my = —1.4325, my = —0.7831, vg = 0.5, g9 = 0.2,
and 7, () = 0.02. It is easy to check that
(x(t) = y@) " (f(t, x(0), x(t — 7,(1)))

- fr(t’ y(t)s y(l - T}’(t))))

1
< S () = y®) (A +A]) (x() = y1)

+ I omy = m) | (x1() — y1())’
+ By covolx3(t) — y3 ()] |x1(t — 7,-(2))
1t = 5 ()]
< hnax (A (x(0) = (@) T (x(1) = y(1))
+ (B 0v0) /2K) (x (1 — T,(1))
— ¥ =5 ) (x( = 7)) = ¥t — (1))

@ Springer

= L0(x(t) — () " (x(0) — y(1))
+Li(x(t = (1)

—y(t =7 @)) (x(t = 1)) — ¥t — (1))
where A, = ((A, + A;r)/Z + diag(|n6(m1 —my)|, 0,

Kb(Bg 0010)/2)), and LY = dmax(A), LT = (B]
00v0)/(2k(y) can be determined by choosing an appro-
priate parameter «; > 0. Thus, the condition (2) is
satisfied.

For most real-world impulsive signals, the occur-
rence of impulses is not uniformly distributed. For con-
venience, the following special nonuniformly distrib-
uted impulsive signal is considered [41]:

¢ = {eo.260,.... (N = Deo, NoTo, NoTu + €0, NoT,
420, ... NoTy + (No — 1)é0, 2No Ty, - .. }

which can also be rewritten as follows:

/ = €0, if mod(k, No) # 0,
KT = No(T, — €0) 4 €0, if mod(k, No) = 0,
(43)

where k € ZT, €y and T, are positive numbers satisfy-
ing €9 < T,, and Ny is a positive integer. As shown in
[43], the elasticity number and average impulsive inter-
val of the impulsive sequence, respectively, are ¢y =
[No— %] and T,, where [-] represents the integer
function. In addition, from the structure of the impul-
sive signal ¢, one can get that infc 7+ {tx 11 — tk} = €0
and supy ¢ 7+ {ti+1 — tk} = No(Tz — €0) + €0 [41].

Example 1 Consider a directed network consisting of
10 nonidentical delayed neural networks (41) with syn-
chronizing impulses, which is supposed to be divided
into two clusters: C; = {1,2,3,4,5} and C, =
{6,7, 8,9, 10}. The state equations of the whole net-
work are given by

[ 4 (1) = 2,x; (1) + 2{go(x; (1))
+ 271 (x;i(t — 7, (1)) + arer1 T (xi (t — 01(2))

2
—xi(t —oa®)) +co X X b Tox; (1)
p=1j EC[;

2
1
ta > X b Nixi—oi(1),
lejGCp .
Axp = x; (1) — xi (1) = dxi (1),
t=t,keZt, ieC, t>0,

t# b,

(44)
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wherer e R={1,2}, Io=11=0L,co=2,c1 =1,
o1(t) = 0.5¢' /(1+€"),and 05 (t) = 0.25] sin(z)|. Here,
we select 021 = —0.1, v31 = —0.18 for the cluster Cj,
and 022 = —0.11, v% = —0.2 for the cluster C,. In this
example, we assume that the coupling matrices BY) =

o g0 O .
(b;;)10x10 = (3&’} Bg) ,1 =0, 1, are characterized
as follows:

-3 1 1 0 1
1 -4 1 1 1
BY=1 0o =3 1 1|,
1 1 0 =3 1
0 1 0 1 =2
001 0 —1
000 0 O
BY=[oo0o0 0o o[,
100 -1 0
000 0 0
0 —-10 0 1
00 0 0 0
BV)=11 0 0 -1 0],
00 0 0 0
0 -10 1 0
-2 1 0 0 1
. 1 =3 1 0 1
)
B =1 1 -4 1 1|,
0 1 1 -3 1
1 1 0 1 =3
-1/2 16 0 1/6 1/6
1/8 —1/2 1/8 1/8 18

1

BY=| 16 o0 -12 1/6 1/6 |,
0 1/6 1/6 —1/2 1/6
1/4 0 0 1/4 —1,2
-1/3 0 0 1/6 1/6

1 19 —1/3 1/9 1/9 0
BY=|16 0o -13 0 1/6 |,

0 1/9 1/9 —1/3 1/9

13 0 0 0 -—1/3

0 002 0 —02
00 0 0

(H (1)
BD=BD=10 00 0 0
020 0 —02 0

0o 0 0o o0 0

Obviously, BO gatisfies Assumption 1, and BW gat-
isfies Assumptions 1 and 2 with o1 = 1/2, ap = 1/3.
Selecting p(% = pg = 2, then one has L(l) = 7.6163,
LT = 0.6060, Lg = 7.6214 and L = 0.6070.

-0.05

-0.15

-0.25

-0.35

0 0.2 0.4 0.6 0.8 1
t

Fig. 1 Synchronizing impulsive sequence with 7, = 0.015,
eo = 0.005, No = 2 and dyp = —0.25 in time interval [0 1]

0 0.2 0.4 0.6 0.8 1
t

Fig.2 Time evolutions of Eilj ) =|xij()—s1;OG €Cy,j=
1, 2) for the first cluster of dynamical network (44) with synchro-
nizing impulses dp = —0.25

By operating on computer with MATLAB, we get
that w; = 24.3885, wy = 24.0653, ¢ = 3.5414,
®1 = —7.0376, ®; = —7.4372, and so p = 17.3509.

Let the synchronizing impulsive strengths dy =
dy = —0.25, k € ZT, and the impulsive signal E sat-
isfy (43) with average impulsive interval 7, = 0.015,
€p = 0.005, and Ny = 2. Then, we can obtain that the
elasticity number of the impulsive sequence is gp=1.
It follows that @ = —14.7109 < 0. By virtue of
Corollary 2, it can be concluded that the impulsive
delayed dynamical network (44) with the synchroniz-
ing impulses is globally exponential cluster synchro-
nized. The initial values of the system (44) are chosen
randomly for the interval [—6, 6]. Figure 1 shows the
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2(t) (6<i < 10)

(t) (6<i < 10)

0.2 0.4 0.6 0.8 1
t

Fig.3 Timeevolutions ofEl.zj (@) = |xij()—s2; ()| (@ € Ca, j =
1, 2) for the second cluster ot dynamical network (44) with syn-
chronizing impulses dy = —0.25

synchronizing impulses sequence, and Figs. 2 and 3
depict the time evolutions of the cluster synchroniza-
tion errors of network (44). It can be observed that the
dynamical network quickly achieves cluster synchro-
nization under the synchronizing impulses.

For the impulsive signal shown in Fig. 1, the
upper bound of the impulsive intervals is 0.025, i.e.,
SUPgez+ 1tk+1 — 2} = 0.025. If the upper bound of the
impulsive intervals is used to derive the cluster syn-
chronization criterion, then the cluster synchronization
of the impulsive delayed dynamical network (44) can
be realized when the following condition

21n |1 + do|
Supyez+{ter1 — t}

1>

Dsup +p+rvqg<0, (45
holds. By simple computation, we get @iy, = 0.6322,
and so inequality (45) is not satisfied. Hence, for this
example, cluster synchronization criterion (45) derived
by using supy 7+ {tk+1 — t} fails to judge whether the
impulsive delayed dynamical network (44) can be clus-
ter synchronized.

Example 2 In this example, we consider cluster syn-
chronization in a directed scale-free network consisting
of 300 nonidentical delayed Chua oscillators (42) with
desynchronizing impulses, and suppose its nodes can
be divided into three clusters: C; = {1, 2, ..., 100},
Cy = {101, 102, ..., 200}, C3 = {201, 202, ..., 300}.
The state equations of the whole network are described
by

@ Springer

Xi(1) = Apxi () + g2 (xi (1) + gf (xi (¢ — (1))
+ a1 N (xi(t — 01(D) — xi (t — 02(1)))

2
0
I NIE
p=1jeC,

2
tea Y X b Nixi— o), t#n,
]7=1,I.€Cp

Axi = xi () — xi(t)) = dixi (1),

t=t,keZ, ielC, t>0,
(46)

wherer e R={1,2,3}, o =11 =13,c0=9,¢c1 =
1, o1(t) = 0.25|sin(¢)|, and o2(¢) = 0.5¢' /(1 + €').
Here, we select n} = 10, 8] = 19.53, 0] = 0.1636
for the cluster Cq, 77(2) = 10.25, ,302 = 18.53, a)02 =
0.2636 for the cluster C; and nj = 10.50, B; =
20.53, a)Oz = 0.0636 for the cluster C3. For simplic-

ity, here the coupling matrices B®) = (bfj.))30()x300 =

O g0

Bll BIZ Bl3

B BY BY |,1=0,1, are taken as follows:
O g0

BSI 332 333

0 0 0
Bl( ) — G, Bz(z) = G, B3(3) = G3,
0 0 0

0 _ g0 _ p©
BIZ _823 _B31

—1/2 12 0 0
0 —-1/2 12 - 0
0 0o —-1/2 1/2
172 0 0 —1/2 100x 100

1 1
B}l) = FlvBéz) = I,
(D (1) (D (D (1) ()
B3y = F3, B3 = By = B3y = By, = By3
1
= 33(1) = 0100x 100,

where 0100 100 denotes the 100 x 100 matrix with all
its elements being zero, G| = (gilj)looxloo, Gy =
(gizj)IOOXIOO and G3 = (g?j)loouoo are the intra-
coupling matrices of the three clusters with scale-
free characteristics [46], F, = 0.1G, with G, =

(8ij)100x100 = (gi(,r-)/(zj=1,,-¢,- gi(;)))IOOXIOO’ r

R. Evidently, Assumptions 1 and 2 are satisfied, and
o] = ap = a3 = 0.1. Letting Ké = I(é = Kg = 3, then
one has LY = 12.0948, LT = 0.3255, LY = 11.7076,
L5 = 0.3088, Lg = 12.7796, and Ly = 0.3422.
By operating on computer with MATLAB, we obtain

that w; = 28.4854, wy = 27.711, w3 = 29.855,
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0.3

0.2 1

0.1 1

0 L L L
0 0.75 1.5 2.25 3 3.75 4.5
t

Fig. 4 Desynchronizing impulsive sequence with 7, = 0.20,
€0 = 0.050, No = 3 and dp = 0.20 in time interval [0 4.5]

200

1501

100 Second Cluster

First Cluster
50

X, (t) (1< < 300)

Third Cluster

0.75 1.5 2.25 3 3.75 4.5
t

Fig. 5 State trajectories of x;1(f) (1 < i < 300) of dynamical
network (46) with desynchronizing impulses dy = 0.20

g = 09802, ®1 = —=52.6121, ®, = -—35.777,
©3 = —34.0486, and so p = —4.1936.

Let the desynchronizing impulsive strengths dy =
dy = 0.20, k € Z*, and the impulsive signal ¢ sat-
isfy (43) with average impulsive interval 7, = 0.20,
€o = 0.050, and Ny = 3. Then, one has ¢p=2, and
so w = —0.3378. According to Corollary 2, globally
exponential cluster synchronization of the impulsive
delayed dynamical network (46) with the desynchro-
nizing impulses can be realized. The initial values of
the system (46) are chosen randomly for the interval
[—25, 25]. Figure 4 depicts the desynchronizing impul-
sive sequence, and corresponding trajectories of the
impulsive delayed dynamical network are displayed in
Figs. 5, 6 and 7. From the figures, it can be seen clearly
that the cluster synchronization is achieved.

100

g First Cluster  Second Cluster

™

Vi

Vi

=

=

] Third Cluster
> 50 K
\
100 : : : - :
0 0.75 1.5 2.25 3 3.75 4.5

t

Fig. 6 State trajectories of x;5(f) (1 < i < 300) of dynamical
network (46) with desynchronizing impulses dy = 0.20

300

Third Cluster
First Cluster

= 1001
o
™
VI
‘\ﬁ -100F /
= Second Cluster
®
= =300+
-500 - - - - -
0 0.75 15 2.25 3 3.75 4.5

t

Fig. 7 State trajectories of x;3(¢) (1 < i < 300) of dynamical
network (46) with desynchronizing impulses dy = 0.20

For the impulsive signal shown in Fig. 4, the
lower bound of the impulsive interval is 0.050, i.e.,
infrez+{tx+1 — tx} = 0.050. If the lower bound of the
impulsive intervals is utilized to obtain the cluster syn-
chronization criterion, then the cluster synchronization
of the impulsive delayed dynamical network (46) can
be realized when the following condition

A 2In|l+dpl
Winf =

infpezelio —) L VES 0 @7
is satisfied. By simple calculation, we have @iy =
5.1318, and so inequality (47) does not hold. Thus,
for this example, cluster synchronization criterion (47)
cannot be used to judge whether the impulsive delayed
dynamical network (46) can be cluster synchronized if
infrez+{tk+1 — t} is utilized.
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5 Conclusions

In this paper, a general hybrid-coupled impulsive
dynamical network model with the internal delay and
delay coupling is proposed, and then, the cluster syn-
chronization of such impulsive delayed dynamical net-
work is intensively studied. In our network model, the
delayed coupling term involves different transmission
delay and self-feedback delay, closer to the realistic
situation. In addition, the internal delay, transmission
delay and self-feedback delay are all time-varying and
can be different from each other, and the coupling
matrices are not needed to be symmetric or irreducible.
Based on the average impulsive interval approach and
the analysis technique, some novel globally exponen-
tial cluster synchronization criteria are derived. It is
shown that the derived cluster synchronization crite-
ria are simultaneously effective for synchronizing and
desynchronizing impulses. Numerical examples are
also given to illustrate the effectiveness of the theo-
retical results.
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