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Abstract: In cluster synchronization (CS), the constituents (i.e., multiple agents) are grouped into
a number of clusters in accordance with a function of nodes pertaining to a network structure. By
designing an appropriate algorithm, the cluster can be manipulated to attain synchronization with
respect to a certain value or an isolated node. Moreover, the synchronization values among various
clusters vary. The main aim of this study is to investigate the asymptotic and CS problem of
coupled delayed complex-valued neural network (CCVNN) models along with leakage delay in finite-
time (FT). In this paper, we describe several sufficient conditions for asymptotic synchronization by
utilizing the Lyapunov theory for differential systems and the Filippov regularization framework for the
realization of finite-time synchronization of CCVNNs with leakage delay. We also propose sufficient
conditions for CS of the system under scrutiny. A synchronization algorithm is developed to indicate
the usefulness of the theoretical results in case studies.
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1. Introduction

In contrast to conventional neural networks (NNs) [1], coupled NNs (CNNs) are often susceptible
to exhibit complex dynamical properties due to sub-network contact and cooperation [2-5]. CNNs


http://www.aimspress.com/journal/Math
http://dx.doi.org/ 10.3934/math.2023104

2

are becoming important because of their potential in various application domains, e.g., electrical grid,
medical science, image processing, and compression coding [6,7]. Although complex-valued signals
are common in real-world applications, CNNs are unable to process them since real-valued signals are
involved, e.g., in coupled real-valued neural networks (CRVNNSs) [3-6].

In order to deal with complex-valued data [8—11], coupled complex-valued neural network
(CCVNNs) are introduced. They can provide efficient and complex characteristics by incorporating
complex variables as network elements [12—18]. The activation function selection poses the biggest
challenge for a complex-valued neural network. There are two different activation functions in
complex-valued neural networks (CVNNs): amplitude/phase activation and real/imaginary activation.
The node activation function in a real case is often a smooth, bounded, nonconstant function. These
constraints on the activation function are quite simple, so choosing a real function that satisfies them
is not hard. In a complex valued neural network, any regular analytic function cannot be bounded
unless it reduces to a constant. This is known as Liouville’s theorem [19]. That is to say, activation
functions in complex-valued neural networks cannot be both bounded and analytic. As a result, the
primary difficulty for complex-valued neural networks is the activation functions. compared with
CRVNNs, CCVNNs can solve various practical issues, e.g, a neuron with complex signal and
orthogonal decision boundary can efficiently handle the XOR and symmetry detection
problems [20,21]. In [22], CCVNNSs can accurately represent optical wave fields of phase-conjugate
resonators, since their phase and amplitude characteristics can be interpreted by complex-valued
signals. Furthermore, CCVNNSs have a number of advantages, including faster learning and reliability
as well as powerful computing capabilities. Therefore, CCVNNs have attracted attention pertaining to
their dynamic studies for real-world applications.

Many stability and synchronization studies have been reported, e.g., finite-time Mittag-Leffler
stability [23], global stability [24, 26], input-to-state stability [27] and lag synchronization, complete
synchronization, anti-synchronization [28—44]. Among these, CNN synchronization has been popular
due to its effectiveness in various applications, e.g, image encryption, image protection, and secure
communication [45]. In cluster synchronization (CS), the elements in a network are grouped into
various clusters. In this respect, the elements from the same cluster are completely synchronized,
while those in different clusters are desynchronized. For example, two subgroups will be naturally
formed in social networks when a crowd of people chooses to accept or reject an opinion according to
their preference. Subtasks will divide the robot network into communities when a collection of robots
is to complete a complex task, and consensus should be reached within each community. Many
research studies on CS have been conducted since this phenomenon exists in many different systems,
and it is applicable to different complex networks including cellular and metabolic networks, social
networks, electrical power grid networks, biological NNs, and telephone cell graphs [2, 3,46-49]. Liu
et al. [50] considered the fractional-ordered linearly coupled system consisting of N NNs. Zhang
et al. [S1] explored CS of delayed CNNs with fixed and switching coupling topologies by employing
Lyapunov theory and differential inequalities method. Yang et al. [52] discussed the CS issue of
fractional-order networks subject to nonlinear coupling in finite time with complex variables based on
the decomposition method. While CS of complex networks has received substantial attention,
research on CS of complex-valued networks is new, despite its potential use. In [52], CS of a complex
variable dynamical complex network was studied, but without considering time delays. Therefore, the
problem of CS for complex variable networks in finite time requires further investigation.
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The majority of studies focused mostly on asymptotic or exponential synchronization of networks
through traditional control techniques. However, in reality, the networks might always be expected to
achieve synchronization as quickly as possible, particularly in engineering fields. To achieve a faster
convergence rate in time-delay complex networks, an effective method is to use finite-time (FT)
synchronization control techniques. FT synchronization means the optimality in convergence time.
Investigation of finite-time CS (FTCS) of CCVNNs is useful from a practical perspective. FTCS
denotes the ability of the controlled systems to achieve synchronization in a predetermined amount of
time with the assistance of some suitable controllers. Comparing with asymptotic synchronization,
which occurs as the time approaches omit infinity, in certain instances synchronization in FT not only
improves synchronization speed but also has the advantage of low disruption and perseverance in the
presence of uncertainty. Therefore, it is worthwhile to investigate the CS of CCVNNs in FT. Yu et
al. [53] analyzed FTCS pertaining to coupled dynamical systems without time delays. Concerning the
prescribed-time stability for nonlinear PWS systems, two novel lemmas are established in [42], where
the stable time can be arbitrarily specified and is independent of any control settings and initial values.
The global fixed-time convergence principle of nonlinear systems with semi-Markovian switching is
developed in [49], to ensure the cluster synchronization in finite/fixed time for a semi-Markovian
switching complex dynamical network with discontinuous dynamic nodes. He et al. [54] studied
adaptive CS in FT based on a neutral type of CNN models with mixed delays. FTCS for a coupled
fuzzy cellular NNs was investigated in [55]. These studies are generally based on the premise that the
parameters of complex networks are in the real domain. There are very few results on the CS of
CCVNN:Ss in FT. Furthermore, it is well understood that time delays are unavoidable in NN models,
which can result in oscillations or asynchronization [56]. As a result, it is essential to examine time
delays affect on CNNs. Furthermore, several studies have reported that constant time delays and
time-varying delays in NNs can result in chaotic behaviors. In many real-world problems, leakage
delays appear as negative feedback terms in a system, which can have a substantial impact on the
dynamics of NNs [57-61]. Because of the impact on many real-world systems such as automatic
control systems, it is important to investigate synchronization of NNs with time-varying delays and
leakage delays [62-64]. We investigate asymptotic and CS of CCVNNs in FT with leakage and
time-varying delays, and provide several useful criteria in this paper. Our research contributions
include:

(i) Examining CCVNN models with leakage and time-varying delays, which constitute a class of
coupling systems. Finding a suitable activation function subject to complex functions is the
primary goal of many studies on CVNNs. We employ the real and imaginary types of activation
functions in this paper. In addition, it is useful to divide them into their corresponding real and
imaginary parts of models for the analysis of FT synchronization of the drive-response CCVNN
model with leakage time delays.

(i1) Deriving the sufficient conditions with respect to asymptotical synchronization of the
drive-response CCVNN model with time delays. This is achieved by constructing some
non-negative functions, along with inequality techniques. Moreover, the CS criteria are
presented.

(i11)) Formulating the conditions in terms of nonsingular M-matrices for determining asymptotic and
FTCS of the CCVNN model. Comparing with other conditions such as the Linear Matrix
Inequalities (LMlIs), the main benefit of the adequate condition includes non-singularity of the
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M-matrix [65—67]. Unlike recent studies on CS in FT with nonlinear coupling and no time delay
of CVNN models [52], our method is applicable to CVNN models with both leakage and time
variable delays. As such, our results are more general, as compared with those in the existing
literature.

2. Model description and preliminaries

Graph theory. Consider a graph G = (V, &, G) with a set of nodes V = {1,...,V}(V > 2), E C

VY x V, and coupling matrix J = [],-j vy € RY* with j; = _Z};l,jii gijfori = 1,...,V, where
Jij > 0 if there is an interaction between nodes i and j, or else j;; = 0. Denote {Cy,C»,...,Cy} with
Cv =l + Ly +2,..., 1k} as a set of partitions of nodes V with non-empty subset M such that

2<M<V).
Consider a linear CCVNN model consisting of V CVNNs with both leakage and time-varying
delays. Referring to the ith node, its dynamics can be represented by:

v
zi(t) = — Aizi(t = 6) + Cif (1) + Dif(zi(t — 7(1))) + [; + Z Jijz () + u(1), (2.1)
=i
where i € Cy withk € {1,..., M}, z(t) = (1 (1), ..., zin(®))" € C" denotes the ith CCVNN’s state vector
(2.1) at time #; 7(¢) is the time-varying delay; ¢ is the leakage term; f (z;(£)) = (fi (zi(?)), . .., fo (D)
denotes the vector of neuron activations; A; = diag (a"],ag, ... ,aﬁ,) > 0;C; = [cﬁr]nxn € C™" and
D, = [dfr]an € C™" are the interconnection weight matrices, [,» = 1,2,...,n; I, = (I',...,. [') e C"
denotes an external input source. We will design the control law u;(¢) later. The initial states that
correspond to (2.1) are:

zi(8) =@i(s), sel-7il,i=1,....V, (2.2)
where ¢;(s) = (¢;1(5), ..., (pin(s))T € C" is continuous.

Remark 2.1. The terms f(z;(t — 7(¢))) and f(z;(t)) are referred to as activation functions with and
without time delay, respectively. There are significant time delays in every biological process. Time
delay occurs in the propagation of action potentials along the axon and transmitting signals across
the synapse for connected neurons. Discrete delays reflect the system’s centralized effects of delays,
whereas distributed delays have effects on neural networks at some duration or period relative to the
discrete point of delays. Further research using discrete and distributed delays on this model will be
carried out in the near future.

Assumption 2.1. Let any given k = 1,2,..., M, A},_+1 =Aj_ 2 =" =4, = Ag, Co,s1=Cy_ 12 =
++=C,=CiDy y1 =Dy a=-=D, =Dy, and I s =1 o=+ =1, = L.

The activation function in (2.1) is Lipschitz continuous throughout this study.
Assumption 2.2. For z(t) = a®(t) + ib'(t) € C,a®(t),b'(t) € R, fi(z(1)) is divided into its real and
imaginary parts: fi(z(t)) = fRaf @) +if (b)), k = 1,2,...,n. With the existence of some constants
K,k &Kk = 1,...,n such that for any u,v € R and u # v, fkR(-),f,f(-),gf(-),g,i(-) satisfies the
following:

R( N\ _ R
¢ S-S

1o _ £l
- < S = f,(v) <%
u-—v u—v
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Remark 2.2. The proposed generalized activation function class in this paper can describe the
activation functions more flexibly and more specifically. The constants K, , k. and K, k| in Assumption
2.2 may be positive, negative, or zero, as illustrated in [68]. Especially, when &k, = k;, = 0 and
ki > 0,k > 0 Assumption 2.2 describes the class of globally Lipschitz continuous and monotone
nondecreasing activation functions. And when & > &, > 0 and ki > k. > 0 Assumption 2.2 describes
the class of globally Lipschitz continuous and monotone increasing activation functions. Obviously,
sigmoid and piecewise linear neuron activation functions are special cases of the functions meeting
Assumption 2.2.

Assumption 2.3. Assume that the coupling matrix 1 satisfies the following:

In I Jim

i T -0 Dy
J= ,

Ivi Iz - Tum

where Iy, € RUI0XU=l-0) s g zero row-sum matrix consisting of non negative off-diagonal values.
T € RUb-OXU=l-)(fe £ ) ko r = 1, ..., M is a zero row-sum matrix.

Definition 2.1. The CCVNN model in (2.1) is said to achieve CS in FT with partition {C,C, ...,Cy},
if t* > ty such that forany i € Cir,k=1,2,.... M

lim [|z;(7) - Ry(D)ll = 0,
lzi(t) = ROl =0,  Vi>r,

and the following equation is satisfied by Ri(t) = &f(r) + ilA),’((t).
Ri(t) = = AR (t = 6) + Ci f(Ri(1)) + Dy f (Ri(t — 7(1))) + L. (2.3)
Assumption 2.3 and (2.3) are combined. As such, for anyi € Ci,k=1,2,...,. M

D Jijre) = 0. (2.4)

JjeCrx

Lemma 2.1. [69] Consider the following differential inequality with time delay:

(2.5)

B0 < —ax(t) + bx(t — 1(1)),
x(r) = s(r),r € [-7,0]

where T > 0,x(t) € R is continuously differential and non-negative function. If a > b > 0, then
lim x(z) = 0.

t—+00

Remark 2.3. In [70], different dynamical behaviors for RVNN models with time-varying delays were
examined using Lyapunov stability theory. Here, we study CVNN models, i.e the states, connection
weights and external inputs belong to the complex domain. Therefore, the derived theoretical results
are complementary to those in [70].
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3. Main results

3.1. Asymptotic CS of CVNN models

The new criteria for asymptotic and CS in FT for CCVNN models are established. Let e;(f) =
zi(t) — Ri(¢) for i € Cy. As such, the control laws UR(¢) and U (¢) can be devised as:

URE) = —2,eR(0) + Arel(t — 8), U (t) = —Aiel (1) + Agel(t - ). (3.1)
It follows that the error dynamical models are characterized by (2.1), (2.4) and Assumption 2.1
ef(1) = — Are®(ts) + CL R (R, e') = CLf! (R, €') + Df fR(ef, ) — Dy f' (e, eh)

* Z Jielf () = el (0) + Axef (1),
j=1

2
él(t) = — AieR(ts) + CRfl (R, e) + CLfR(eR, ') + DEfI(eR, el) + D) fR(eR, el) (3:2)

v
+ Z ]ijej'(t) — e (0) + Agel (1),

=
where i € Cy, fR(eR,eh), fl(eR, e'), fR(eR, eh), f1(eR, el), eR(15), €l (t5) are real and imaginary parts of
flei®) = f(zi(t) — f(R(2))), f(ei(D) = f(zi(t — 7(2)) — f(Ri(t — 7(0)))), ei(t — 6(2) = z;(t — 6) — Ry (¢ = 0),
respectively.

Denote A = diag (/_11,...,/_1M) = d1ag( ak. ..., amm) with a*. = min {al [I=1,...,ni¢€ Ck}

1<j<n
fork=1,2,..., M,
chin=min{cj|[=1,...,ni€Cy fork=1,....M,
1<j<n
L =diag(Li,...,L,),A = diag (”A L||1 o ||AML||1),
CRR —d1ag{||CR BRI+ 1R - IR RR||+||Cf#RI||1},

C! =diag {IC1" Il + IC" I, ... N + ICop" I}
C* =diag {ICTu" Iy + ICT" . ... ICHL" I + ICEL" I}

C'* =diag {ICTu™ Iy + IC I, .. NCo™® 1+ ICL 1

D** =diag {[ID{0"*|l; + D6 |Is, ..., 1DFO || + D56 1.}
D" =diag {ID}¢"|l, + ID{6" I, ..., DLl + ID}6" 1.}
DM =diag {IDf6"8||, + 1Df6" I, ..., \DS6™|| + 1Dk 1.},

D' =diag {ID1¢" Il +11D16" I, ..., DL + 1D} 11 } .

D = diag (dux. - - - dnax) € R, withdey = max {1DeL]),}-

andJ = [jkp]MxM e RMYM with

maX{ D Jﬁ}, if p=k,

jkp = i€Cy jeCx
|91, - if p # k.
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Theorem 3.1. If Assumptions 2.1-2.3 hold, the CCVNN model in (2.1) with ty = 0 can achieve CS
asymptotically under controller (3.1) if A + A — C — D — T is a non-singular M-matrix.

Proof: Since A + A — C — D — T is a non-singular M-matrix, there exists a positive vector J =

(J1s...Iu) € CMsuchthat (A +A - C - D -1)J > 0, where,
- A O A 0\ - CRR _CHl
A=(o 2 Ja=(5 5)e=(an @)
. DER - _pDM\ . J 0
o2 2 (00) o

As most of the majority of neural network stability criteria are derived from the Lyapunov theory,
they are all conservative. Reducing the conservatism has been the topic of much research. The
reduction can be achieved with the Lyapunov stability theory primarily through two phases: a)
choosing the suitable Lyapunov functional and b) estimating its derivative. Therefore, we constructed
the following non-negative function as follows:

V() = Z D~ Yl @l + Z D Yl @l (3.4)

k=1 i€Ax k=1 i€Ax

The derivative of V() along the solution of model (3.2) gives

M M
V)<Y > Yisgn(ef @) ef () + Y > Yisgn(el ) ef @),

k=1 ieCy k=1 ieCy

M
:Zzyksgn(ef(t))T[—AkeR(t(;) + CrfR(eR, ey — Cif'(ef, €' + Df fR (el eh)

k=1 ieCy

N
— Difl(eR, el) + Z Jijes (1) — e () + Arel (1 - 6(r))]

J=1

M
+ >0 Yisgn(el (z))Tl — Al (1) + CRfI(eR, &) + CLR(eR, e!) + DEFI(eR, el

k=1 ieCy,
+ DLfFek el + Z () = el () + Arelte - 5@))]

As such, from Assumption 2.2

M
DD Yesgn(ef o) CifF(eR, ey
k=1 iECA
< Z D, Z Z Yilek b ief (o] + Z >, Z Z Yidel el )
k=1 ieCy s=1 r=1 kltECkslrl
M
RR KRy RI 1
< 2.2 pﬁl‘gsx{z IRV Y R ()] + ; Zc: max Z] IR Y el (1))
=1 &4 r=1 i€Ck r=
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M
= > ICERIl Y YilleR ol + Z ICEL D ilel 0.
k=1 i€Cy i€Cy
Similarly
M
DD Yisgn(ef 1) Cf'(e", ') = Z G D Yilef @i
k=1 ieCy i€Cy,
¢ Z IC" 1 D Yillef o,
= ieCy
M
DD Yisgn(el @) CEf(e" ) = Z ICEL™ 1 > SidieF @i
k=1 ieCy, i€Cy
* Z ICEL 1 )~ Yillel ol
i€Cy,
M
DD Yisgn(el () Cri(e", e = Z IC™ 1 D Yiief ol
k=1 ieCy i€Ck
+ Z ICl D Yillef o,
k=1 ieCy
and
M
DD Yisgn(ef 1) DEfR(eE, ey = Z [P I IATA AT A
k=1 ieC i€Cy
* Z IO > Yillel (ello el o),
i€Cy.
M
DD Yisgn(ef ) D f!(ek, el) = Z 10"l > Yillef o™ e (o)
k=1 ieCy i€Cy
* Z 16" D Yidlel )6 el @),
i€Cy
Z D Yisgn(el ) DEf(eF, el = Z IDEO™I1 > YilleFeolls*ef )
=1 ieCy ieCx
* Z DOy Y Yillelr)lis" el x),
i€Cy,
M
DD Yesgn(el0) DL (e, el) = Z IDL6™ N D Yilleftollo®ef ()
k=1 ieCy i€Cy,
* Z 1Dl > Yillel (t)ll6" el o).
i€Ck
AIMS Mathematics
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On the other hand, since

Zzyksgn fo) Zme (1)

k=1 ieCy
M
:ZZJH |e (t)||1 ZZ Z Y sgn e; (t)) Jijes (1)
k=1 ieCy k=1 ieCy jeCy,j#i

M

M
+ Z Z Z Y sgn (ef(t))T ]ijef(l),

k=1 p=1,p#k ieCy jeC)p

M M
ZZJ lefoll, + D77 > Hlnllief oy

=1 ieCy k=1 ieCy jeCy,j#i

M
* 2 >, 3 S bl

=1 p=1,p#k ieCy. jeC)p

we obtain the following results based on the characteristics of matrix J,

Z > gillefwl, +Z DT Yl et

k=1 ieCy k=1 i€Cy jeCu,j#i
M M
R R
Z Doaillefl, + 32> > Yl
k=1 ieCy k=1 jeCy ieCy.i#j

M M
- kz_: ZC: Jii ||ef(l)||1 + Z Z Z Yi |]ji| ||€f(f)||1

k=1 i€Cy jeCy,j#i

M
PIIRATIGET
k=1

Cr. jeCx
M
S ax{z |} ALCE
k=1 JjeCx i€Cy

and

INANLON

k=1.k#p jeC, ieCy

Z(;Zy plillef @l
JEC)

Ms

DR

k=1 p=1,p#k ieCy jeC,

Mi EME EME "EME
Ms

p=1,p#k i€Cy
M
<D —k max {Z 17 }] D Yillef ol
p=1,p#k i€Cy
M
SADIEIA! ] NALCE
k=1 \p= l,p:#k i€Ck

(3.7

(3.8)

(3.9)
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As aresult of (3.7), it follows that

M N M
3 3 Wesen(F0) Y et < [mgx {Z Jﬁ} Z % ! ]Z Yelefwl, . 3.10)
=1 icCy =1 =1 = p=1 p#k i€Cy

Similarly, we can have

M M
ZZyksgn el(0) Zjlje(r) Z[%X{ZM}Jr > P||Jkp||)2yk||e(r)||l (3.11)

k=1 ieCy k=1 JjeCx p=1,p#k i€Ck
From (3.7)—(3.11) we have,

M

V(?) SZ;

k=1

YICEE Rl + NG+ NI+ I1C 1y + max ZJ’J —dy)

ieCy

+ Z |Jkp”1]2yk”€ (t)||+Z [(‘yk(lclljluRI”l +||C1 11”1 +||CR ][”1

p=1,p#k i€Ck
HICT )+ max( Y g =do + ) —||Jk,,||1 PIRALG!

JECk p=1,p#k i€Cy
M
1 R HRR . nIR R IR I nhRR R
+;Z[yk<n1)k9’* Il + DLl + |1DR6™||, + |IDLORE|l,) ;ykue,. &)l
M
1 _ _ _ _
+ ; yk[ykuwfe“n] + DLl + |DReM||, + ||Dze’”||l)] ZC Yl
= 1eCy
<min{A, B}V(t) + max{A. B}, V(- 1(t))
< = Auin V() + b V(i — 7(2)). (3.12)
where
M
_ 1 ~ RR ~I IR ~R IR ~I RR
A —;Z[ykmc 1l + ICE -+ 7™ Il + max ZC]J —dy)
= 1eCy
+ ) ||Jk,,||1]zyk,
p:l,p;tk i€Cy
M
1 _ _ _ _
ZEDY y[(ykucfu”nl G+ UCE I+ NC ) + max( ) i) = do)
=1 <k jeCy
+ ) ||Jk,,||1]zyk,
p= lp:#k i€Cy
M
A = ZZ | Y UDE I + 1D ™ + D™l + 1D 1) D Y
k=1 i€Cx
AIMS Mathematics
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1 _ _ _ _
3~ (YLDl + 116" + I1DF 1y + D)) i
1

Amin = MIn{A, B}, by = max{A;, B;}.

s

=~

B,

>~
Il

i€Cy

Asaresult of (A+A—-C - D —1)J >0, amin > bmax > 0. Then according to Lemma 2.1, one can
obtain that lim,_, ., V(#) = 0, which implies that the coupled complex-valued neural networks (2.1) can
achieve cluster synchronization asymptotically. This completes the proof of Theorem 8.

Remark 3.1. CS is a more feasible collective behavior than complete synchronization, is thought
to be important in biological research and communication engineering [71]. Generally, if all of the
neurons in neural networks are separated into many clusters, nodes within the same cluster can achieve
complete synchronization, but there is no uniform behavior between various clusters. In this paper,
we investigate cluster synchronization of the model (2.1) using the synchronization manifold method
described in [72]. It should be noted that we do not assume the coupling matrix is symmetric or
diagonal. However, the majority of previous works on network synchronization are predicated on
this assumption [73, 74]. Moreover, only the simple Lyapunov function is used in this paper. As a
result, the conditions of Theorems are strict. To further reduce the conservativeness and improve
the conditions for this cluster synchronization problem, a delay partitioning approach or the free-
weight matrix method [75, 76] could be used. However, these methods will significantly increase the
complexity of the proof procedure. Therefore, it is omitted here. In the near future, this model will
be subjected to additional research using the delay partitioning approach or the free-weight matrix
method.

3.2. CS of CVNN models in FT

In the following, the solution of model (2.1) is designed in the sense of Filippov. As such, the control
inputs U~R(r), U'(¢) to be constructed is discontinuous and the differential inclusion can be written as:

zi(t) € = Aizi(t = 0) + Cif (zi(1)) + D f (z;(t — (1)) + I; + Z gijzi(H) + KU;(1), (3.13)

=

where K[U;(?)] represents the closure of the convex hull of U;(f). There exists a measurable function
Si(1) € K[U;(1)] when the measurable selection theorem is applied such that

zi(t) = = Aizi(t = 0) + Cif (zi(1)) + D f(z;(t — (1)) + I; + Z 8ijzj(t) + Si(1). (3.14)

j=i

From [77,78], it is straightforward to establish that if Assumption 2.2 holds, then there exists a solution
z(t) for the IVP combined with (2.1) on [#y, o0 ) with controller inputs (L{f (t),%[l.’ (t) for given initial
condition (2.2). Consider the controller inputs in the following form:

UR(D) = — el () + AgeR(t = 6) — (@ + BRleR(t = Dl )sgn(eR (D)),
U (1) = — el (1) + Arel(t = 8) — (ax + BLllel(t = DIl sgn(el 0)). (3.15)

AIMS Mathematics Volume 8, Issue 1, 2018-2043.
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From Assumption 2.1 as well as (2.1) and (2.4), the synchronization errors become
(1) = = Ae®(t;) + CLfR (e, ') = CLf! (R, ) + DEfR(ef, ) — Dy f'(ef, el)

+ Z Jij€} (1) = e (1) + Ae (1 = 6) = (ax + Bllef’ (= Dl sgniey (1),
j=1

_ _ _ _ _ 3.16
e'(t) = — Arel(ts) + CR (R, &) + Crf (e, ') + DY fI(eR, el) + Dy fR(eR, eh) (.10
+ Z Jij€s () — el (1) + Age](t — 6) — (a + Bille] (t — Dll1)sgn(el (1)),
=1
and the set valued map U;(¢) is denoted by
K[UFD)] = — el (1) + Arel (1 = 6) — (i + Bllef (¢ — DIl K sgn(ef (1)),
KU D) = — e} () + Are](t — 6) — (an + Byl (t — DIl K sgn(e] (1)). (3.17)
Then there exists O;(t) € K[sgn(e;(t))] such that 1 > ¢,
(1) = — AeR(t5) + CRfR(eR, ) = CLfI(eR, ) + DY fR(eF, el) — DLf!(eR, el
+ 7 1€ 0) = el (1) + Arel (e = 6) = (g + 1 llef (1l
=1
+ i llel (t)l1NOR (D),
1, lle; (2)I1)O; (1) (3.18)

e'() = — A" (1) + C{ (e, e) + Crff(e", ) + D f1(ef, €0) + Diff(ef, er)

£ €)= el (r) + Avel(t = 8) = (ax + 7l @)l
j=1

+nPllel (t) DO ().

Definition 3.1. [79] The response model of (2.3) is said to be synchronized with the drive model of
(2.1) in FT under a suitable designed controller (3.15), if a constant T* > 0 exists such that |le (T*)||, =
0 and |le®)|l; = 0 for t > T*, where |le(d)|l; = Y, lei?)l, e(t) = (e®(¢), €' (1))". Note that T is denoted as
the settling time of synchronization if T = inf{T* >0 for t > T"}.

Based on the above account, a theorem is put forward, as follows.

Theorem 3.2. Based on Assumptions 2.1 and 2.2, if nf' > IIJfHRRlll - ||d_]€91R||1,7]£l > ||a_l,§9RI||1 -
20"y, 2 > ROy + || dLORR |, 2 > (ldRo™ ||y +11dLe% N, Y > 0, fork =1,...,Mand A+ A-C -]
is a non singular M—matrix, i.e, there exists a positive vector ¥ = (M1, ..., You)" € R*M such that
(A+A-C-DY > 0 € R*™, then the coupled CVNN model of (3.13) can realize FTCS under controller

(3.15).

Proof: Leveraging on the non-singularity of J matrix

AIMS Mathematics Volume 8, Issue 1, 2018-2043.
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M M
V() <)Y Yisgn(ef ) ef (1) + D ) Yisgn(el )" ef ) (3.19)
k=1 ieCy. k=1 ieCy
M
= Z Z yksgn(ef(t))T[ - A_keR(t,;) + C_‘,ffR(eR, e’) — C_'lif[(eR, el) + foR(ef, ei)
k=1 ieCy

N
= Dif'(eF ey + ) gijefn) — Auel () + Agef(t = 60) = (ax + ) lef el
j=1

+ ' lle! <rf>||1)0,'.*(t)]

M
+ 7 Yisgnie! (z))T[ — Al (t;) + CL f1(€R, €') + CLf (R, e') + D f (e, eh)

k=1 ieCy

N
+ DLFR R e+ ) Jiel() = el (n) + Agel(t = 50) = (e + nPlleR el
j=1

+ n2llef (e))O; (t)]- (3.20)

We can obtain

M
= ) D Yusgn(ef @) (@ + mlef @l + ¢ lel el NOF @)

k=1 ieCy

M
== > > Vel + i ef )l + el allne® ef ), (3.21)

k=1 ieCy
M
= > D Yusgn(el @) (i + nllef el + mllef t)1)0H®)
k=1 ieCy
M
== >0 Vel + 2 lef )l + nfllel @l (el ). (3.22)
k=1 ieCy

According to nt' > [|dRe"R|l, — |0y, > NldROR N — AL N1y, > > 11RO + ldLRR |, n >
26" |l + ™I, for k = 1,..., M, (3.6), (3.21) and (3.22), one can obtain

M

DTN Yisgn(ek ) [DEFF(eR. el - DLf (e, e
k=1 ieCy
M
= D D Ve ef )l + el llns*ef ) < o, (3.23)
k=1 ieCy
M
DU Yisgn(el @) [DEf! (R, el + DifR(ek. eh)]
k=1 ieCy

AIMS Mathematics Volume 8, Issue 1, 2018-2043.
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M
= 20> Yl el +nfllelellne (el (0) < 0, (3.24)

k=1 ieCy

The above equations yield

M
V() < Zy[ykmCR BRI+ ICT Ry + ICEL ™, + 1ICT R
k=1

> Yief ol

- Y,
+rgg§{2 sh=do+ Y el

i€Cy p=1,p#k i€Cy
M
+ y CR RI _I_CI 11 +CR 11 + CI RI
; v, [( x(l Il + |l Il + I [lr + Il )
+max( ) gl =do+ ) ||Jkp||1] PIRAHG!
Je€Cx p= 1,p¢k i€Cr
- Z D Vi (ef (1)) + aud' (€l (1)),
k=1 ieCy
_ M
<YV(t) - Z Z 2Y ay,
k=1 ieCy
<—-YV() - min 2Y,a, (3.25)
1<ksM
where @y; = o if eX(¢) # 0, e/(t) # 0 otherwise & = 0.
V(l) <- IH%HI}/I 2ykozk,t € (0, +o0]. (3.26)

Integrating both sides of the above inequality from O to 7 gives
V() - V() < - 1mkir1}4 2Y apt, t = 0. (3.27)
Note that as |le(?)||; = O, it indicates that

min 2Y,a; > 0.
1<ksM

It then follows from (3.25) that lim,_,,., V() = —oo, which contradicts V(¢) > 0, for ¢ € (0, +00).
Hence there exists 7 € (0, +c0) such that V (T) = 0, which implies that
lle (T, = 0. (3.28)

Next, we show that |le(?)||; = O for V¢ > T*. Otherwise, suppose that there exists 7} > T* such that
lle (THIl; > 0. Let
Ty =supf{te[T",T\]: lle(ll = 0}.

It then follows from the fact |le (77)||; = O that T; is nonempty. Notice that T < T4, |le (Ty)|l; = 0
and |le()||; > Oforall r € (T, T ]. As such, there exists T, € [T, T;] such that V(t)|t:T2 > (, otherwise,

AIMS Mathematics Volume 8, Issue 1, 2018-2043.
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Vt € [Ty, T1], V(¢) < 0. Then V() is monotone increasing, we obtain 0 = V (T,) > V (T,) > 0, which
is a contradiction. Therefore, there exists T, € (T, T;] such that V(t)|z:T2 > (. On the other hand, note
that ||le (T)|; > O implies that

min 2Y,qa; > 0,
1<k<M

It follows from inequality (3.25) that V (T») < 0, which is also a contradiction. As such, |le(?)||; =
0,VYt > T*. Consequently, based on Definition 3.1, response model (2.1) is synchronized with drive
model (2.3) in FT under controller (3.15). The proof of is completed.

Remark 3.2. Different from [70] in this study, 1-norm of vectors is used to construct the real and
imaginary types of Lyapunov functions. The necessary sufficient criterion is derived in the form of a
non-singular M-matrix using the constructed Lyapunov function (3.4), which can be easily verified. In
addition, other Lyapunov functions that prove CS of different NN models are available, e.g., Euclidean
norm or positive-definite quadratic form. Nonetheless, the resulting adequate conditions are in the
Jorm of LMIs or eigenvalues, which are more difficult to be verified.

Remark 3.3. Referring to Theorems 8 and 10, when a®(1) = b'(1), ak(1) = bL(»),

n n

PIPRAACEDIPIALON

k=1 €A k=1 €Ay

we can establish new adequate conditions for asymptotic CS and FTCS for NN models described by
differential equations. Therefore, the results can be used for analyzing FTCS of NN models with a
differential equation as well as with two differential equations.

Remark 3.4. In [52], the dynamical properties of ordinary difference equations in the real domain
were studied. However, very few results on coupled network models in the complex domain are
available. Different from the existing literature, we investigate CCVNN models and analyze their
dynamical behaviours in this study.

4. Numerical example

A simulation example to demonstrate the usefulness of the theoretical results is presented.

Example 4.1. Consider a two-neuron coupled CVNN model of (2.1) with leakage and time varying
delays, where f(-) = (fi(-), fo())" = (tanh(-), tanh(-))", 7(¢) = 2, M = 3 and

oo 195+i2 01403 ~ _( 2+i2 03+i03
1= 2T —5-i45 28+i3 |’

-5—-i45 3+i25
- 2+i2 03+1i0.3 2+i2 03+1i0.3 )

G\ sois 28483 ’D”{
_ 242 03+i03
~5-i45 28+i3

-5-i45 28+i3

2+i2 03+i0.3
-5-i45 28+i3 )’

(o)
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The initial values for k = 1,2,3 are Ri(t) = (0.8, -8)" for t € [-1,0]. The phase portraits are shown
in Figure 1, demonstrating their chaotic behaviors.

2004 2005
£ £
F F
-208- 2(1)8
0 0 1 : 0 0 :

P

R 1123 <123

R n ]
Ryt 23 Rplt2d i

Figure 1. Choatic behaviour of leader node R(t).

The coupling matrix G for CCVNN model (2.1) is

-6 3 3 05 -05 -04 04
3 -3 0 02 -02 02 -02
2 2 -4 03 -03 05 -05
G=105 05 -1 -1 I =01 0.1
08 -08 0 1 -1 -02 02
02 02 -04 01 -01 -1 1
0.1 01 -02 -02 02 2 -2

Then, model (2.1) can be separated into three clusters C; = {1,2,3},C, = {4,5}, and C; = {6,7}. With
the above-mentioned settings, we can obtain A = diag(1, 1, 1), u®® = p®l = R = (/1 = gRR = Rl =
'R = 9" = diag(1,1,1),CR® = C® = CIR = C" = diag(14,14.2,14), DR = DR = DR = DI =
diag(5.2,5.1,5), and

2 1 1.1
IT=(13 0 03].
06 03 3
Case 1: Let A = diag(20, 19, 20), one can achieve
-0.2 -1 -19 -19.2 0 0
-1.3 0.7 =03 0 -19.3 0
. e A A a -0.6 -073 -1 0 0 -19
ATA=C=D=I=| 155, 0 -02 -1 =111}
0 -193 O -1.3 07 -0.3
0 0 -19 -0.6 -0.3 -1

AIMS Mathematics

Volume 8, Issue 1, 2018-2043.
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which is a non-singular M-matrix. Based on Theorem 8, CCVNN model (2.1) can realize CS
asymptotically under (3.1) with respect to Cy,C,,Cs. To analyze the CS process, the error in each
cluster is

)= D la®) = Rl k=1,2,3.

i,j€Cx

For k = 1,2,3 in Figures 2—4, we have ¢, (t) — 0 when t — +oo, which implies that all states achieve
CS asymptotically.

0.8

=1,2

0.6

1,23, n.

04

ol (v, i

0.2

Figure 2. The state trajectories of error e(¢) in C;.

1.2 1.2
1 1
0.8 0.8
c 08 L
i i
z 04 s 04
cE o
0.2) 02
0 =
02! L L L L L L L L L 02! L L L L L L L L L
1 2 3 4 6 7 8 9 10 0 1 2 3 4 6 7 8 9 10
Time Time

Figure 3. The state trajectories of the error e(¢) in C;.
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0.01 T T T T T T T T T 0.02

0005 001
10 70
N

a1
£ -0.005 ~e-00t

el i=6,7, n=

-0.01 -0.02

-0.01 ) 5 -0.03

Time Time

Figure 4. The state trajectories of the error e(¢) in Cs.

Case2: Let A = diag(19, 18, 18),8, = 3,8, = 2.73,8; = 2.5, af = cy’; = 0/§ = 1,0/{ = aé = ozg =1.
As such, the control law (3.15) follows that

4 -1 -11 -14 0 0
-13 48 -03 0 -142 O
-0.6 -0.3 2 0 0 -14
-14 0 0 4 -1 -1

0 -142 0 -13 48 -03

0 0 -14 -06 -0.3 2

>
+
>
|
9T
|
e
Il
Il

implying that A + A — C — 1 = is a strictly diagonally dominant matrix.
Case 3 : In this case, we take three neurons instead of two neurons in above two cases, the three
dimensional interconnection weight matrices are taken as follows:

C,=| 02+4i0.1 19+i0.01 0.2+i0.1 0.2+i0.1 19+i0.01 0.2+i0.1
0.2+1i0 0+1i0.01 0.1+i0.1 0.2 +1i0 0+1i0.01 0.1+i0.1

-14-i0.12 021+ 0.1 +0.21i -14-i0.12 021+ 0.1 +0.21i ]

1.9+i0.01 21+i0.04 0.1+i0.3 ) [ 1.9+i0.01 21+i0.04 0.1+i0.3 ]
C ’CZ = b

D; =| 0.11 +i0.01 -14-0; 0.1+i0.03 0.11 +0.01 -1.4-0: 0.1+:0.03
0.22 +i0.007 -0.1 -i0.09 0.1 +i0.01

,Dy

0.22 +i0.007 -0.1 -i0.09 0.1 +i0.01

Then activation functions f(zi(t)) and f(z(t — 7v(t))) in (2.1) can be selected as
f(zi(t)) = tanh(z;(?)), f(zi(t — 7(¢))) = tanh(z;(t — 7(¢))) and the transmission time-varying delay is
() = .

For the existence of the constants k; = 0.5,k = 0.5,k = 1,k = 1 Assumption 3.2 is satisfies for
the activation functions f(z;(t)) = tanh(z;(¢)), f(z:(t — 7(¢))) = tanh(z;(t — 7(2))).

The leakage term is selected as 6 = 1.2. The initial conditions associated with model (2.1) is

chosen as z;(0) = (0.51 —i0.32,-0.29 —i0.31,0.01 + 0.01)", z,(0) = (-0.32 - 0.3, -0.3 — i0.31,0.01 +

AIMS Mathematics Volume 8, Issue 1, 2018-2043.
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i0.01)7, z3(0) = (=0.311 0.3, -0.31 —i0.32,0.01 +i0.01)7, z4(0) = (0.2 — 0.3, -0.32 —i0.31,0.01 +
i0.01)7. The coupling matrix G for CCVNN model (2.1) is

1 -1 -1 0
0O 1 0 O
G= 0 -1 1 O
0 0 0 1

Then, model (2.1) can be separated into two clusters C; = {1,2} and C, = {3,4}. From the above
findings we can easily show that the matrix A + A — C — D — T is a non-singular matrix for suitable
A. Based on Theorem 8, CCVNNs (2.1) can realize CS asymptotically under the controller (3.1) with
respect to Cy,C,. To analyze the CS process, the error in each cluster is

et) = D la®) = Ry, k= 1,2.

i,j€Ck

For k = 1,2 in Figures 5-6, we have e;(t) — 0 when t — +oo, which implies that all states achieve CS
asymptotically.

n=1,2,3.

1,2,

Real and Imaginary parts of e, (1), i
.

Time(t)

Figure 5. The state trajectories of the error e(¢) in C;.

n=1,2,3.

i=3,4,

0.5F

0.9

Real and Imaginary parts of e, (1),

Time(t)

Figure 6. The state trajectories of the error e(¢) in C;.
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5. Conclusions

This study has examined the FT asymptotic and CS problem of delayed CVNN models with
leakage delay. By utilizing the Lyapunov theory for differential systems and the Filippov
regularization framework, new sufficient conditions to ensure the FT asymptotic and the CS for the
considered drive-response coupled complex-valued models have been obtained. The conditions are
formulated in terms of non-singular M-matrices for determining FT asymptotic and CS of CCVNN
models. A simulation example with two cases has been given to validate the theoretical results.
Although there exist many studies on CS [2,3,47,50] of CNNs and network control methods such as
adaptive control [50], investigations on adaptive control schemes to realize adaptive and CS CCVNN
models are limited. In this study, asymptotic CS of CCVNN models has been realized under adaptive
control. The obtained results can extend further to those in the existing literature [2, 3,47, 50]. For
further research, the dynamics of coupled delayed CVNN models with stochastic disturbances and
impulsive effects will be investigated.
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