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focus on the behavior of a single neuron node in one-cluster networks. However, actual
neural networks (NNs) are clustered organizations consisting of multiple interacting clus-
ters, where the nodes from the same cluster combine and work together. This study pro-
poses a cluster output synchronization model for MNNs, which considers the
combination output behavior of the nodes in NNs clusters. Accordingly, two specific con-
Memristive neural networks trol schemes are designed: one based on feedback control involves designing a sme.lll num-
Model relationship ber of controllers to reduce control costs, and the other based on adaptive control involves
Output synchronization designing multiple adjustable controllers to increase the anti-interference capacity of the
control system. Meanwhile, to facilitate synchronization in MNNs, a model relationship
between MNNs and traditional NNs is investigated. By utilizing the control schemes, model
relationship, and Lyapunov stability theory, sufficient conditions are obtained for validat-
ing the cluster output synchronization. Finally, several numerical examples are given to
illustrate the accuracy of the theoretical results.
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Cluster synchronization
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1. Introduction

Before the memristor was discovered in 1971, through the relationship between charge and magnetic flux, Chua theoret-
ically inferred the existence of a basic circuit component in addition to the resistor, capacitor, and inductor [1]. Thirty-seven
years later, Hewlett-Packard Company successfully validated Chua’s theory by making the first memristive nanometer
device [2]. Subsequently, it has been successfully applied in various fields owing to its excellent characteristics, such as
low power consumption, good scalability, and nonvolatile memory [3-5]. A breakthrough application would be to establish
a memristive neural network model because memristor can accurately mimic real synapsis. Compared to traditional NNs,
MNNs have more complex and richer dynamics behaviors and can better simulate real nervous systems. Thus, many studies
on the dynamics characteristics of MNNs have been published [6-8].

As a type of primary collective behavior, synchronization can be widely observed in many natural environments and com-
plex systems. In recent years, synchronization of complex networks has attracted a lot of research attention due to its appli-
cability to associative memory [9], brain science [10], information encryption [11], combinatorial optimization [12] and so
on. Notably, many studies into the synchronization of MNNs have also been conducted because synchronization behavior is
pivotal to some important NNs functions (e.g., information expression [13] and pattern recognition [14]). In [15], the authors
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explored quasi-synchronization for a class of chaotic MNNs, which were treated as the NNs with indeterminate coefficients,
and a feedback control strategy was employed to realize synchronization. In [16], Li et al. considered the MNNs with param-
eter mismatch and derived some sufficient conditions for lag synchronization by utilizing the Halanay inequality and -
Measure method. By applying weighted double-integral inequalities and Lyapunov stability theory, Feng et al. studied
asymptotic synchronization for MNNs with mixed delay under quantized intermittent control [17]. More studies could be
found in [18-22] and the references therein.

Synchronization can be divided into various models depending on the characteristics of collective dynamical behaviors:
cluster synchronization, finite-time synchronization, fixed-time synchronization, asymptotic synchronization and output
synchronization. Among them, cluster synchronization is red unique. It can be observed when the ensemble of a network
divides into several portions where the nodes within one portion are synchronous, whereas those from different portions
are not. Because cluster synchronization behavior is common across many natural and science systems [23], and has a wide
range of applications, cluster synchronization of complex networks, including traditional NNs, has been extensively studied
[24-29]. For instance, Zhou et al. applied an adaptive pinning control strategy to handle cluster synchronization problem of
complex networks with diverse dynamics nodes and stochastic disturbances [24]. In [25], the authors simultaneously dealt
with fixed-time and finite-time synchronization for complex networks with interacting clusters in the cases with and with-
out pinning control, and synchronization settling time was estimated by applying theories on finite-time stability. In [26], a
type of traditional NNs with hybrid coupled term and delay was studied and cluster synchronization was achieved by uti-
lizing a matrix-based method. In [27], the authors further researched the main results of [26] and extended early finding to a
type of stochastic delayed NNs. However, cluster synchronization for MNNs has not yet been reported, which remains as an
open challenge.

In accordance with the model structure, current synchronization models for MNNSs, such as the ones in [15-17,19-21,
18,22], can almost be sorted into a type of node-to-node synchronization pattern, as illustrated in Fig. 1. The node within
the response system attempts to synchronize with the according node within the drive system via a controller. Such a pat-
tern focuses on the behavior of a single node in a network containing one cluster, while it may be monotonous and insuf-
ficient for NNs study. On the one hand, although it is feasible to control neuron node states for synchronization by applying
neural electrode tools [30], many neuron nodes in NNs are usually present, and successfully controlling each node is unlikely
and difficult. On the other hand, NNs consist of multiple structured clusters, where the nodes belonging to the same cluster
share morphological and functional similarities, and always combine and work together for function implementations
[31,32]. Thus, combination behaviors of neuron nodes within clusters, such as the weighted sum of node states [33], have
a more direct and significant effect on function than single node behavior. For instance, in some NNs studies on information
expression and processing mechanism [34,35], it was demonstrated that accurate and complete information expression in
NNs is based on the weighted sum of node states in populations (i.e., clusters). In contrast, the single node state only presents
limited and rough information. Therefore, to elucidate the synchronization activities of NNs [13,14], it is necessary to con-
sider the combination behavior of neuron nodes in NNs clusters.

Accordingly, this article proposes a cluster output synchronization model for MNNs, as demonstrated in Fig. 2 where the
weighted sums of node states in clusters are expressed as the cluster outputs, and the synchronization is realized between
the outputs of the drive and response systems. The main contributions of this study are summarized below.

1) A cluster output synchronization model for MNNs (and NNs) is presented for the first time. It differs from the existing
node-to-node synchronization models and provides a more practical model structure for MNNs. Moreover, it is more general
since it can be reduced to the node-to-node model in the special case that there exists only one node in each cluster, which
can be observed in Fig. 2.

2) To study synchronization in MNNs, a model relationship between MNNs and traditional NNs is investigated by
employing differential inclusion and measurable function theories.

3) Two specific control schemes are designed for the proposed synchronization model, where one scheme aims to reduce
control costs by designing a small number of fixed feedback controllers, whereas the other is designed to increase the anti-
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Fig. 1. Node-to-node synchronization model for MNNs.
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Fig. 2. Cluster output synchronization model for MNNs where w;,i = 1,2, -, z, denote output weights.

interference capacity in control system using adjustable adaptive controllers. Utilizing the control schemes, model relation-
ship, and Lyapunov stability theory, some sufficient conditions are then obtained to ensure cluster output synchronization.

Notations: Throughout this article, diag(a;, a,, ..., a,) denotes a diagonal matrix of n-dimension. For a matrix A, A" and A~
stand for the transpose and the inverse of A, respectively. ||-|| represents the standard 2-norm of a matrix or vector. Let
&> 0,C([—¢,0],R) stands for the family of continuous functions from [—¢, 0] to R. I, represents the n-dimensional identity
matrix. 1, denotes the all-one column vector in R".

2. Preliminaries

In this article, we consider a directed network with a set of nodes v = {1,2,...,D} and assume that it can be split into q
nonempty clusters, represented by vi,Vv,,..., v, which satisfy U]_; v, = v. For convenience, let N, denote the number of ¢th
cluster v, and Z, = ZleN]. Then, it is expressible that v, = {Z, 1 +1,Z,.1 + 2,...,Z,}, where Z, = 0. Additionally, for j € v,,
let j denote the subscript of ¢th cluster, i.e., j = ¢ if j € v,.

Consider the following MNNs with multiple clusters and time-varying delay, whose dynamic equation can be described
by

Xi(t) = —sixi(t) +Z¢,}x, ) (x;(t) +Z¢Ux, gj<xj<t—s()>>+l,—, iev,t=1,...,q 1)

where s; > 0 represents the self-inhibition, f;(-) and g;(-) denote the activation functions in jth cluster, &(t) stands for the
transmission delay in jth cluster and meets 0 < &(t) < &, where & > 0 is a constant. I; is the outside input. ;(x;(t)) and
¢;(x:(t)) are the memristive connection weights, and based on the simplified mathematical model of memristor, we can
describe them as follows:

Yi, X< Ti

l//ij(xi(t)) =9 _ 2
Yij, X0 > T

by (xi(t)) = ‘f:u () < Ti N
by [Xi(t)] > T
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where switching jumps T; >0, %j, %j, Eij and E)ij are some constants. The initial values of (1) are denoted as
Xi(a) = Gi(a)va € [—8;,0], and Gi(a) € C([_8?7O]7 R)7l € V(7€ = ]7 - q.
Viewing (1) as drive system, response system that aims to synchronize with (1) is

Zq
Vilt) = —si(t +Zw,1yi 5 05(0) + Y o5 0i(0)g; (1t —,0) ) w1, ievit=1,...q 4)
j=1

where y;;(y;(t)) and ¢;(y;(t)) are defined similarly to (2) and (3), respectively. u; is the controller to be designed. In general,
the initial values of (4) are different from those of (1) and denoted by y;(a)=Fi(a),ac[-¢&,0] and
Fi(a) € C([-¢&,0,R),ie v, ¢=1,...,q.

In light of equalities (2) and (3), it is observed that MNNs are a type of discontinuous state-dependent switching system.
Thus, the solutions of the systems (1), (4) will be handled in Filippovs sense. In the following, we give the relevant definition.

Definition 1 [36]. The Filippov set-valued map of g(t,x) at x € R" is defined as

ﬂﬂco B(x,9) \ N)]

o>0u(N

where co[-] represents the closure of the convex hull, B(x,d) denotes the ball of center x and radius 9, and p(N) denotes the
Lebesgue measure of set N.

Let = min {iy. iy by = max {igo iy .y = min (. 07 = mac{ . oy =

G — gt
Ay =",
Then, based on Definition 1 and by utilizing differential inclusion and measurable function theories [37], the system (1)
can be rewritten as

|//x] + d)lj +(/)U

”Al//l] Vi — ud)u

Zy

xi(t) = —sii(t Z(¢U+A¢Ugu 0)f;(x%(0) +Z(¢,}+A¢m())gj—.(xj(tfsjf.(t)))u,, (=1,...q.

j=1

where ¢ (t) € co[-1,1] and ¢}(t) € co[-1, 1] are measurable functions.
For convenience, denote

Z4 Z4
() = > Ay (0 (4(0) + YAyl 0 (x(t - 5()) )
j=1

j=1

and one has
Z Z
X(0) = —sixi(0) + _wifi(4(0) + >_digi(xi(t - 50)) OO +1, ievi=1,....q. (5)
= =1
Analogously, it can be deduced from the system (4) that

Vilt) = —syi(t +Zl//,}f1y] +Z¢,}g]( (t-5@0)) + 2O +u+h, icvit=1,..4q (6)

where &) (t) = ijj]Az//ij;?j(t)f; (1) + ZJ.Zle(j),-j;;}(t)gj (y (t — .sj-(t)>> and ¢}(t) e co[-1,1] and ¢(t) € co[-1, 1] are some mea-
surable functions.

Remark 1. By applying the differential inclusion and measurable selection theories, memristive connection coefficients can
be divided into two portions. Then, we can separate the terms o (t) and &/ (t) (i € v,,£ = 1,...,q) in the systems (5) and (6). It
can be seen from the definitions of 8"( ) and &) (t) that they reflect the coefficient jumps caused by memristor. The rest

coupling portions  including zp,}f] (x;(t)), > ]qﬁ,]gj (xj( &(t ))),ij:"ll//,-}-fj (yj(t))and ij:"] biig (yj (t - sj(t)))
(i€ vey,f=1,...,q) have constant connectlon coefﬁc1ents and are similar to the coupling forms in traditional NNs [38-40].
Thus, some approaches developed in these researches can be utilized to efficiently tackle these portions in the later work.
Such a transformation helps to build a model relationship between traditional NNs and MNNs and is useful for the
synchronization study of MNNs.

The cluster output synchronization problem will be investigated in this article. Thus, the cluster output form of the sys-
tem (5) is given by
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) q N q - ~
Xe(t) = =S&(6) + Y Waf ) (R (0) +D_Pygy (% (t — (1)) + F(t) + 1, o
J=1 J=1

X)) =Wx,(t), £=1,...,q

where X7 (t) denotes the output of ¢th cluster in the drive system, W, = (WZHH Wz, 42, ,WZ,) is the output weight vector,

and other notations are X,(t) = (xz/fﬁl,xz[fﬁz,...,xz,)T,Sf = diag(sz, ,+1,52 ,42,---,52,), Yy= (W)MX”},(D/J =
(d)ij)N,xNj‘rf](;‘](t)) = (f} (XZH +1(t)), - .. 7f1<x21(f)))T7§1(59(f - g()) = (&("ZHH (t— Sf(f))) 8 (XZJ (t— &))", o) =

T .
(35 (0,35, 0) L) = Iz v 02)
Similarly, the cluster output form of the system (6) can be written as

) q . q - ~
Fi(t) = =S3u(0) + S Pufy 55(0) + 0y (55( — &5(0))) +3(E) + Uy + 1., 8
= J=

Yi(6) =Wyu(t), £=1,....q

where Y?(t) is the output of ¢th cluster in the response system, and other notations are defined similarly to those in (7).

Remark 2. Clustered behavior of neuron nodes is crucial for proper NNs functions [41]. In recent years, the cluster
synchronization of traditional NNs have been extensively investigated [26-29]. Compared with traditional NNs, MNNs can
better simulate actual NNs and have wider applicability [3]. Unfortunately, no research on cluster synchronization of MNNs
has been reported. The main difficulty is that MNNs are a type of discontinuous state-dependent switching system, which
can be treated as the model of traditional NNs with uncertain and mismatched coefficients. Therefore, cluster
synchronization with respect to MNNs is more difficult to handle. By building the aforementioned model relationship,
some handling techniques utilized in traditional NNs are referable for our study, and the problem is addressed with relative
ease.

Before obtaining the main results, we introduce some useful assumptions, lemmas, and definitions.

Assumption (H,): For any z;,z, € R, there exist some constants I, > 0,I; >0andd, >0 (¢=1,...,q), such that activation
functions f,(-) and g,(-) satisfy
lff()' < 1/7
g, <1,
If(z1) = fo(22)| < dilz1 — 2.
Assumption (H;): The time delay &,(t) satisfies 0 < &(t) < & and &(t) < p, <1 (¢=1,...,q), where i, > 0, ¢, > 0 are some
constants.

Lemma 1. The linear matrix inequality (LMI)
- ({Cn f(lz) <0
A Az
is equivalent to any one of the following two conditions:

L) <0, 220 = XXt X12 <0
(L2) )22 <0, %11 — Xi2X22 12 < O

T o_ N
where x1; = 1, and x5, = s

Lemma 2. Given any vectors q,p € R", the following inequality holds.

29'p<q'q+p'p.

Definition 2. Drive-response systems (1) and (4) are said to realize cluster output synchronization if for any initial values of
the systems, the following equation holds

lim|Y?(t) - X2(t)] = 0

fore=1,2,...,q.
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Remark 3. Output synchronization for complex networks has been previously studied [42-44]; system output can be
described as Z(t) = Hx(t), where H denotes the output matrix. The system output forms indicate similarities in combining
node states via a matrix or vector. However, our study is distinguishing from theirs. First, the dissipation coupling assump-
tion condition (i.e., the sum of each row of coupling configuration matrix is 0), which is crucial for the synchronization of
complex networks, had to be satisfied in these studies. However, this condition is strict for MNNs and does not need to
be satisfied. Thus, the derived results from these studies are inapplicable to this study. Moreover, unlike general dynamic
systems [42-44], MNNs, as a class of more complicated state-dependent switching dynamic systems, are taken into account
in this study, which results in more complexity.

3. Main result

In this section, two control schemes are designed for the proposed synchronization model. In the first one, a feedback
controller is designed for each cluster to reduce control costs. In the second one, multiple adjustable adaptive controllers
are designed for each cluster, which can increase the anti-interference capacity of control system. In practical applications,
two schemes can be flexibly chosen according to specific needs. Then, utilizing the control schemes and Lyapunov stability
theory, some sufficient conditions are derived to ensure cluster output synchronization.

The system error is defined as &,(t) = y,(t) — X,(t), and subtracting (7) from (8) yields the following error system:

Go(t) = =S,6,(t) + Z‘Pdfj ay(t)) + Zrl)qg, Gy (t—g(t)) + T,(t) + U,, o
J=1
a2 (t) = WG (t), é=1,...,q

where  f(3)(6)) = f;(%(0)) — f;(35(1)). & (& (t — &(0))) =& (X (t — &(0))) — & (¢ — (1)) and () =& — & =
(HZ/ 1+ ](t)v ceey nZ/(t))T.

3.1. The first control scheme

For convenience of the later study, the following notations are introduced. Let Xé,:zj"lgf ™ v =p

+>L 1o (ijam () rb'") +1 M/ = Z_][engjqzlcj[mTv Yo =251 |Wz,,1+i|ZjZL (l/Al//z, g T IZA¢2/,1+1'.J')' where 4, ¢, ¢y, pare
some positive constants, T > 2 is a integer, a,, and by, are nonnegative constants and satisfy > _;am = > 5_bm = 1.

In this scheme, one controller is designed for each cluster. Without loss of generality, assume that the weight wy, ., of
the first node Z, ; + 1 in the cluster v, (¢ = 1,2,...,q) is not zero. Then, the controller is added to the first node and designed
as follows

N
Uz, () = —

i=1

Uz, ,4(t) = 0, i=2,3,....N,

Wz, _q+i
Wz,_q+1

(kz, 14i02z, +i(D)+E7,_, 1 isign(W,6(1))), (10)

where kz, ,,; and &, | .; are control gains to be decided, sign(-) stands for standard sign function.
Note that by a simple calculation, it can be derived from (10) that

WU, = —W,K,G,(t) — W,I',Sgn(W,G,(t)) (11)

where W, = (WL 1+1, Wz, 1+2~---7Wz;)~,U£: (uZ/,1+17uZx,1+27"'7uZ/)T7Kf:diag(k21,1+]7kz;,1+27"'7k21)71—"":diag(ézl,1+‘1152},14»27"'162,)
and Sgn(W,a(t)) =sign(WG,(t)) - 1.

Theorem 1. Under Assumptions (H,) and (H,), drive system (1) and response system (4) can realize cluster output
synchronization via the control scheme (10), if for some positive constants vy,0,,My,My; and Y, (¢,] = 1,2,...,q), the control
parameters K, and I', meet the conditions C1) and C2).

C1): K; + S¢ = h/ly,, where h, meets h, > %(w +0/),T = 2 is a known integer.

C2): W1, > Yo+ 30, (Mq T M;f]).

Proof. Construct the following Lyapunov-Krasovskii function:

Zéfef’ﬂwfm )+ Zy[/ Ac(a)da

=1 t—g(t)

in which A,(a) = §,e°*|W,6,(a)|*,a > 0. Other notations used in this proof have been defined in the above.
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Taking the upper right derivative of V(t) along the error system obtains

q
D+V(t) Z pégep[\WfO'/ )|T + Tégeﬂt|W/6'[(t)‘17] Slgn(W/(}((t))W[DJr&[(t)}
=1

q
D TIAD) = (1= ()AL~ e(D))]
. =1 (12)
Z [p/\l( ) + TPt |W, (n(t)\T’ngéf(t)wgﬁfn(t)]
=1
+//epgz [%(ﬂrz — At - Ef(t))]
(=1
where Assumption (H,) has been utilized.
First, we handle the second term in (12): T, |W,6,(t)|" 2W,&,(t)W D" &,(t).
From (11), one can obtain
T3P W, Gy (8)|" 2 W6, (£)W D" G,(t)
(13)

— 'Eéfel)[‘Wfa'f,(t)‘.[72W[6—[(t)W/ |:—Sp0_/ + Z‘{jqf] 6] + Z(Dqgj O'j(t — b/( ))) + ﬁ/(t) - 1(16f<t) - risgn<W(6[(t))

Based on Assumption (H,), one has

WG OW W ofy (65(0)) < 25IW,6(0)]| W, Wyl

N N

DD Wil

m=1n=1

< 20|W,6,(t)

Note that ZIJ‘ZNL SN Wty | is a limited constant, and thus there exist some positive constants M, and &, such that

20| S SN W

Thus, we have

WG (WP yf (65 (1)) < My|W.Go(0)] + gl WiGo(8)] | W, 65 (t)]. (14)

< My + ¢4|W;6;(t)|, and note that ¢4|W,;d(t)| < cg|W,6;(t)| where ¢y = max(Cy, ).

Similarly, based on Assumption (H;), there exist positive constants M;; and ¢j; such that
WiG(OW @yg (6)(t = e:())) < 26 W, (0)] | WeDy 1|
< WG (0] (M + ¢ Wiyt - e(1))]) (15)
My WG (6)] + WG (6)] [ W6 (¢ — (1))
Substituting (14) and (15) into (13) yields

e WG (6)] TP WLG (WD G(t)
< e (WG (0) 2 {WiG (OW, (=S = K)G(t) + T1,(t) — T, Sgn(W,6(0))|

q q q
+> s WG 0)I[Wiay (0] + > ey Wb (0)] Wiy (¢ = & (0) |+ (My + My ) W,G(0)]}
J=1 J=1 J=1

Based on Assumption (H,), it is derived that

W/H/ ZWZ/ 1+ Z( 1+ )
Z'sz 1+ (

< 22|W2171+f|Z(IfAl//z,,1+ij + l;Ad)z; 1+i.j)
i1 =1

]+ ]850

and let
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Y/ 2 ZZ ’sz 1*’! Z (lﬁAl'bZ/ 1+ +l Ad)l/ 1+1J) (16)
j=1

Then, we have
W/&g(t)Wﬂ(—F/Sgn(W[ég(t)) + ﬁ/(t)) < (=W, 1y + X0) [W,6,(t))
Thus, it is followed that
75,67 |W,6,(t)|" *W,G,(t)W,D*G,(t)

< rége/’fwmﬂ(t)’2{W/6'/(t)W/( —S, —K,)a,(t +ZC[J\W[0'; ) |W6(t)]

q
+D WG (01 [ WG (€ — (1)) | - {wzrm Y-S0 (Mg M) IW@(t)I}
J=1 J=1
From the condition C1) and C2), one has
q q B T
SOWA =Y, =3 (Mg + M) [[Weai(0)| < 0
=1 J=1
and
WG(OW, (=S, — K;)G(t) = —h,W,G,(t)W,G,(t)
Therefore, we obtain
70,07 |W, G, (1) W, G, (t )W[D*(Iy( )
—th,0,eP |W,6,(t)|" + 5lel"chU\W1(n “Hw6(0)]
= (17)
+3,et Ztgﬂw/a/ L R0)]
According to the fact
TSy S¢S +S] 4458, 5520, i=1,2,---,7
it can be deduced that
O[EptZTC[ﬂW[O'[ |W]O'j |
J=1
q -1 ~ ~
= 5(,3/’[2‘[ {cham [Wea(t)]| c,™ |W6,(t)| (18)
q t-1
< o0t ZZ n |W,G,(£)[° + (he/’chf“T \W;6(t)|°
J=1m=1
and
556/"ZICU|WJ¢ )]
J=1
= et Zr [Hc WG (8)] | e |Wiay (t — g(t))] (19)

q
< @ePfZchfbm (WG (8)]" + 87 "™ W0 (t — g (1)) ||
J=1m=1 J=1

In light of (12), (17)-(19), we have
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-1

DV(t) < Z{p/\f ) — Thyder | WG (t)[* +5/ePfZZC an|W,G,(t)|°

J=1m=1

RS

q t-1
meﬂfch‘“ (W6, (0)]" + 667> > ey ™ W6 (8)]

=1m=1

q
+M’”ZC* P W)6y(t — g(0)['] +Xze"82[1 9= At = e(0)

=
q
<X <_Thé o ZZC ot ZZC* Tbm>Al ZCGWTA!

=1 J=1m= J=1m=
5 o [ ©
_A'_(Tje/’SZCZT r/\](t - 8](['))] + Xgeﬂﬁz [11—#[ — Ag(t — &(1))
J=1 =1

Then, according to the definitions of y,, v, and o, and utilizing the condition C1), it is derived that
q

. q
<y K—rh; +p+ ZZC}“'“ + Zchﬂ’"‘ e ) o(f) +§—;€’”’ZCZ"'AJ(U}
=

(=1 J=1m=1 J=1m=
q
(th, — v, —0,)A,(t) <0
=1
Thus, we have V(t) < V(0) for all t > 0. According to the definition of V(t), it is derived that S°7_, 5,e”*|W,6,(t)|" < V(¢).
Since V(0) is a limited constant, there exist some positive constants @, ¢ = 1,...,q, such that §,e?|W,é,(t)|" < @ < V(0).

Hence, |W,6.(t)| < 5,*me .t > 0.
According to Definition 2, drive system (1) and response system (4) realize cluster output synchronization under the con-
trol scheme (10). This completes the proof.

Remark 4. In this control scheme, one feedback controller is devised for each cluster, which helps to save control costs and
is easily implemented in practice. However, this control scheme may be fragile if the sole controller in cluster is subjected to
malicious attacks. Specifically, owing to many nodes existing in each cluster, multiple controllers can be designed and added
to these nodes for output synchronization in each cluster. Thus, a more flexible control scheme can be designed.

3.2. The second control scheme

The first scheme uses feedback control, and the obtained control gains k; and &(i € v,/ =1,---,q) may be much larger
than those practical applications need owing to algorithm conservativeness. Thus, adaptive control, as a method to reduce
control gain effectively, is utilized in this scheme. Compared with the first one, it aims to reduce the control gains and
increase the anti-interference capacity of the system by designing some adjustable controllers.

In the cluster v, (¢ =1,---,q), without loss of generality, the weights of the first o, nodes are assumed to be non-zero,
where o, < N, is a positive integer. Then, the adaptive controllers are added to those nodes and designed as

[
Pim“)WZFI +i

Uz, m(t) = — Vhm

0, m=o,+1,...,N,

[—kz, \4i(6)07,_+i(t) — &z, 4i(t)sign(W,6,(t)], m=1,...,0, 20)

where p’ .(t) denotes the switching control parameter and its value is 0 or 1, and the adaptive updating laws of kz, , .;(t) and
&z, ,+i(t) are designed as

{ ke ilt) =€z, 07, () (WeBi ()] 1)
&, 4it) = er'by WG (t)]
where az, i >0,bz, ., >0,p > 0 are some known constants.
It is noted that when p’, (t) satisfies 3% ,>"™ p’ (t) = N,, it can be calculated that
WU, = =W K(t)a,(t) — W L(()Sgn(W,G,(t)) (22)
where W, = (W;, 41, Wz, ,12,...,W;,), U = (uzmﬂ,uzlfﬁz,.H,uZK)T,Kl(t) =diag(kz, ,+1(t),kz, \+2(t),..., kg, (£),T(t) =

diag(&z, ,.+1(0), &z, ,22(0),..., &z, (1)) and Sgn(W,6,(t)) = sign(W,G,(t)) - 1.
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Remark 5. In the existing literatures, controllers are usually unadjustable during synchronization. With respect to the
characteristic of the proposed model, switching control parameters p!.(t) (m=1,...,0,i=1,... . N,¢=1,...,q) are
introduced in the scheme (20). It is seen from (20) that the position and the number of the controllers in the cluster v, are
adjustable by taking different values of p(t). For example, let s, < o, (¢ =1,...,q) be an arbitrary positive integer and take
Zl 1p4i(6) = Ny,m = s, and ZI 1phi(t) =0, m # s, in (20). Then, one controller is obtained in the cluster v;, and its position
is variable depending on the value of s,. Also, multiple controllers can be obtained by the proper values of p, ,(t). Importantly,
p’;(t) is time-varying and thus the controllers can be adjusted in real time, which can be designed as the switch trigger in
practical applications. Hence, if the systems are maliciously attacked, timely adjustment of the values of pf.(t) can help
remedy sudden control problems. In the final simulations, an example will be given to verify the effectiveness of this control
scheme.

Theorem 2. If Assumptions (H;) and (H,) are satisfied and the control parameter p..(t) meets z?,;,l f’:‘]p#i(t) =N,
(¢=1,...,q), drive system (1) and response system (4) can realize cluster output synchronization under the control scheme (20).

Proof. Construct the following Lyapunov-Krasovskii function:
V(t) = Vi(t) + Va(t) + Vs(t) (23)

Zae’" W,6,(t))W,6,(t)
Lo~ [Wa, 1 2 2 Wz, 2 2
Va(t) =0y {— (kz, () = kzé,ﬁ/) = <5zx,1+1(t) - €ZH+1) }

q t
Vi=>" / Pt Y, (W, 6, (s)) W, G, (s)ds.
t—ey(t)

where o, &, ki, 9; are some positive constants.
First, taking the derivative of V(t) can obtain

Xq:[Zaef’f W,64(6)) W, 6 (t )+ocpem(wé&é<t))TwI&[(r)}

=1

=1

. a
= Zael’tz (W,G(t)) Wr{ S06,(t) + Z‘Pdf] (65(0)) + Z‘D/!g]((}J(f —&(1))) (24)
= =

+ apeﬂfi(wf&f(r)fw/a—f(r)

=1

+IL,(t) — K, ()3(£) — To(£)Sgn(W,6(t))

Considering that

2ocem§q: (W,G(6) W, [T1,(6) = T(6)Sgn(W.(¢))]

=1
q N
<200 N w4 (T, ()] = &7, (0) WG (8)],
=1 J=1
and by employing (14) and (15), we obtain

. q 9 N
Vi(t) <2000 (WiGe(6) Wi(=S: = Ki(t)),0(t) + 20y > “wy, (Tl y(8) = &7,y (1) IW.Ge(0)]

=1 =1 J=1

(M + M) Wi )] + 20033 o Wi )| W)
=1 J=1

+20ePt

Mn
M=

L

+20e" ZZ@J(W@M)T\ Wy (€ — &0(0))] + per™> " (W,,(6) Wi (1)
=1 J=1 =1

1

a
—
a |l
_

According to the adaptive law (21), computing the derivative of V,(t) gets
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) q N .
Vat) =203 Wiy (ke (O ~ ke, 1) 0, (O (Wb (0)]

=1 J=1
q Ny R
1203 > Wa, (G (0 = &)X WG (0)]
=1 J=1 (25)
q - ~
= 200y (W6, (6) W, (IQ(t) - IQ)Gl(t)
=1
q N N
+2aemzzwzu+,(ng (- ész) (W, (8)|
=1 J=1

Computing the derivative of V;(t) along the error system obtains

V5(6) < 3P0, W, (0) Wi () — €S (1 ) (Wit — £(0) WG - £(0) (26)

=1 =1

where Assumption (H,) has been utilized.
By (24), (25) and (26), one has

. q - 9 N R B
V(e) <20y (WG (D) Wi(=S = Ko)Gu(t) + 2000 > W, g (T g (O] = &,y ) IWe(0)]

=1 =1 J=1
q q q
200 (M + My ) [ (WG (D) | + 207> ey (Wi (0)| Wi 0|
=1 =1 ]=1
q 4q q
+20emy "N ¢ (W@(t)ﬂ (W, (¢ — & (0)| + oper > " (W,d(t)) W, (t)
=1 J=1 =1
q q
+erty "ertd (WG (1) WGy (t) — e (1 = p1,)0:(W,G(t — To(1))) WG ( — ()
=1 (=1

Now, we tackle the second term: 2aef"zlez]”;1wz1 ,H<|Hz‘ (D] =&, 1+]> |W,6,(t)|. First, note that

o4

|H2471+](t)} < z[,1+j(t)‘ +

Zq
3 O] <230 (180, i+ (80,5
i=1

ing 2 z - Ne 2o «
Then, by taking &z, .y =&, + &5, Where & =237 (liAl/’z/,ﬁr].i +1,Ad,, N_,-)and > 2iCs g = My + My, we have

q N R q
2005w, (|nzé,71+j(t)| - @,,H) IW,6,(t)] < 72cxe"‘Z<MU n M;f]) \(W@(t))r‘

=1 j=1 =1

Thus, one has

. q R a4
Vi) < 2aeﬂf2(w,(;/(t))Twé(fs[ - K/)ew) T Zoce/"ZZcU‘(W/&[(t))T‘|W,6'](t)}
=1 (=1J]=1
qa q q
+20e "> | (Wi (0)T][W)6 (€ = e(0)] + €7D (o + €0, (Wi6(0)) Wi (8)
=1 =1 =1

q
=" (1= )0 (WG (t — &,(1))) Wido(t — (1)

=1

Let K, = d,In, — Sy, where d, > 0 is a constant to be decided, and one obtains

. 9 9. 4q
V(t) <ery (—2od,+op + erod, ) (W, 6, (t)) W, 6, (t) + Zae/"ZZc/J’(Wﬁ[(t))T‘ |W;a(t)]
=1 =1 J=1
q q q
12007 e[ (Wia(0)'|[W)ay(t - e(0)] — €D (1= )9 (Wit = &(6))) Widn(t — (1)
=1 J=1 =1
Introduce the following notations: ¢, = <‘W15'1(r)‘, ‘Wza'z(t)‘7 Wq&q(t)‘)T, @, = ((W161(t — &(1))], ‘Wz(}z

(E=&(O)],- -, Waa(t — (D)),
= (@, @,)",Q = diag(—20d; + op + P19y, .., —20dy + op + ePiardy), B = diag(ﬁl — 91y, Vg — ﬁq,uq).
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Then, we can obtain
V(t) <e[p]Qp, +209]Co, +200]C 9, — pIEO@,]
=efp o

Q+20C aC
act  —E
Let d, > "0 2%max(©) [y — 1 .. g, and it is inferred that

Q+20C <0 (27)

where X = (

Because C* is norm-bounded, there exists a positive constant y(C*TC*) such that ’C*TC*

< y(C*TC*). Thus, taking
0 < VO < Amin(—Q — 2aC)/3/y<C*TC*), where = min{#;(1 - ),i=1,...,q}, one has

Q+20C+o?CTET'C <. (28)

By Lemma 1, the inequalities (27) and (28) imply that X < 0.

Thus, it is obtained that V(t) < V(0) for all t > 0. According to (23), one has 37, ae”"(W,6,(t))"W,6,(t) < V(0). Thus,
there exist some constants J,,/ =1,...,q, such that aef’f(W[()'[(t))TW[@(t) < 53 < V(0). Hence, |[W,6,(t)| < Vase st = 0.

According to Definition 2, drive system (1) and response system (4) realize cluster output synchronization under the con-
trol scheme (20). This completes the proof.

Remark 6. Feedback and adaptive controls are used to realize the synchronization of MNNs in this article, and they are also
effective for the synchronization of traditional NNs. In many existing studies such as [45,28,29], some simple linear feedback
and adaptive controllers were considered: u(t) = ko(t) and u*(t) = k*(t)o(t). However, they cannot ensure the synchro-
nization of MNNs due to parameter mismatches, as indicated in [18,19]. It can be found from the proofs of Theorems 1 and 2
that the control terms ¢sign(-) and &(t)sign(-) in (10) and (20) play a crucial role in eliminating the synchronization errors of
MNNs. Some studies on traditional NNs [46,47] also considered the control terms &sign(-) and &(t)sign(-), and the differences
between their controllers and ours lie in two aspects. On the one hand, for the proposed cluster output synchronization
model, the controller design is specific and different, such as containing the information of output weights, which is vital for
cluster output synchronization. On the other hand, the switching control parameters p/ ,(t) are introduced in the proposed
synchronization model, as discussed in Remark 5. Therefore, compared with the existing controllers in traditional NNs, the
proposed one is more flexible and has a better anti-interference capacity.

Remark 7. Computational complexity is significant for analyzing operation efficiency of controllers. It is seen from (10) that
the computation burden of the first scheme mainly includes a set of scalar addition, multiplication, division and comparison.
Specifically, the scheme (10) involves 3N, — 2 additions, 4N, multiplications, 1 division and 1 comparison where N, denotes
the number of nodes in cluster v,(¢ =1,2,---,q). By transforming these basic operations into multiplications [48], compu-
tational complexity of the first scheme is approximately 7N, + 9 multiplications. Applying the Big O notation, computational
complexity can be expressed as O(N,). It is observed from (20) and (21) that the second scheme involves not only the basic
operations (i.e., addition, multiplication, division and comparison), but also differentiation. Thus, on the one hand, by trans-
forming the basic operations into multiplications, (20) and (21) totally involve o,N, + 100, + 12N, — 1 multiplications where
0, < N, denotes the number of the non-zero weights in cluster v,. The corresponding computational complexity using the Big

O notation is O(o,N,). On the other hand, to handle the differentiation in (21), computational complexity is O(sk3N4,> when
applying Runge-Kutta method [49], where k is the number of stages of generating implicit Runge-Kutta method and s is the
number of steps. Therefore, the overall complexity for the second control scheme is O(olNI +sk® N[). It is clear that compu-
tation complexities of two schemes grow linearly as the variables increase except k.

Remark 8. The purpose of synchronization in NNs is to control the networks toward the expected states for certain func-
tions (e.g., accurate information expression [13]). Thus, fruitful results have been presented with regard to MNNs synchro-
nization, which include various synchronization models such as quasi-synchronization [15], lag synchronization [16],
adaptive synchronization[50], asymptotic synchronization [21], and exponential synchronization [18]. However, their model
structures are monotonous and focus on the one-cluster networks. In fact, NNs include multiple clusters where the nodes
from the same cluster collaborate and work together via the combination behaviors such as the weighted sum of nodes
states [33-35]. Therefore, this article proposes cluster output synchronization model for MNNs. Figs. 1 and 2 indicate that
the proposed model can be reduced to the node-to-node model if one node exists in each cluster. Thus, our study can cor-
roborate previous results, such as those in [20,50], as special cases.
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4. Numerical simulation

In this section, we utilize several numerical simulations to verify the accuracy of the theoretical results.
Consider four-neuron MNNs (1) with the network topology shown in Fig. 3, where the nodes can be divided into two clus-
ters, and the matrices of memristive connection coefficients in (2) and (3) are

04 12 025 0
@:@ij) |11 -055 0 05
et 0 05 -15 3
033 0 1 2

05 13 026 0

12 -045 0 045

"f>4x4: 0 051 -12 24
032 0 08 -16

07 25 11 0

- 14 02 0 01
¢”>4X4 0 02 -03 21
015 0 02 -14

09 21 112 0

13 -03 0 012

Moo= | 0 o014 —033 24
01 0 022 -16

In cluster 1, consider weight output vector W; = (1 2), activation function f;(x) = g;(x) = sin(x), outside input I; =0,
time-varying delay ¢(t) =e€'/(e'+1), where i=1,2, self-inhibition s;=0.8,5,=09. In cluster 2, take
W, = (1 3),fi(x) = g;(x) = tanh(x),[; = 0, &(t) = e'/(2e' + 2),i=3,4,s; = 1.2,s, = 1.1. The initial value of the drive system
(1) is considered as x(t) = (-5,7,—1,2)". The response system (4) whose initial value being set as y(t) = (1,-1.3,2,-1)"
has the same structure as the system (1).

It can be calculated from the above parameters that &(t) <é&=1,&) <p;=05L=[=1 (i=
M= (My), , = [ 4.2 2‘41] M = (M-*-) = [ 74 2'66] Y; =3.54,Y, = 7.88. To guarantee the conditions in Theo-

2x2 296 2.7 | )22 1.09 3.87 ’
rem 1, one can take the control gains K; = [3(')9 3?8}’ K, = [4(')0 49]

scheme (10), and choose other parameters p =0.1,7=2,a; =b; =0.5,6; = 1,i =1,2. Then, it can be calculated that

1,...,4),

] and & =7(=1,...,4) in the feedback control

Cluster

Fig. 3. The network topology among four neuron nodes and the arrow represents the direction of information transfer..
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5 L L L L L L L L L

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

09,0, 0.,

Fig. 5. The node states of the drive and response systems in cluster 2 under the first control scheme.

hy = 4.7 > 0.5(v; +01) = 0.77,hy = 5.2 > 0.5(z 4 02) = 0.62, Wi & + W28, =21 > Y1 + 37, (MU T M;J) —-202 and

W33 +Wsé3 =28 > Y1) + 212:1 (sz + M§]> = 18.5, which guarantees the conditions in Theorem 1.

Under the aforementioned settings, the node state trajectories in clusters 1 and 2 are depicted in Figs. 4 and 5, respec-
tively. It is seen from the figures that the node x;(t) in the drive system is not synchronized with the node y;(t)
(i=1,---,4) in the response system, which is confirmed by Fig. 6 where the node error signals do not tend to zero over time.
In contrast, it can be observed from Fig. 7 that the combination outputs of error signals in each cluster quickly approach to
zero, which validates the theoretical results of Theorem 1.

In the following, we will demonstrate the effectiveness of the adaptive control scheme (20).

Define switching control matrices P' () = (p}j(t)>2X2 and P*(t) = (pizj(t))2X2 , and take P'(t) = P*(t) = (é (1)
(20), we obtain two adaptive controllers u; and us which are applied to clusters v; and v,, respectively. Suppose that the
adaptive control parameters in (21) are (a; a; as a4) = (0.15 0.2 0.25 0.3), (by b, bs bs) = (0.3 0.4 0.5 0.6), and p = 0.05.
If the initial values in (21) are taken as k;(t) = 0.15 and ¢;(t) = 0.5 (i=1,...,4), the time responses of the node errors are
presented in Fig. 8. It is seen from the figure that there is no synchronous behavior between the nodes. However, the sim-
ulation result of the combination outputs shown in Fig. 9 indicates that the systems realize cluster output synchronization.
Meanwhile, the trajectories of the control gains k; and &; (i=1,...,4) are given in Figs. 10 and 11, respectively, which are
obviously smaller than the obtained ones in the above scheme (10).

Next, to show the anti-interference capacity of the control scheme (20), we consider the case that the controllers u; and
us are attacked when t = 1.5 s, that is, u; = u3 = 0 for t > 1.5 s. The simulation result is depicted in Fig. 12, where the error

>. In light of

472



C. Zhou, C. Wang, Y. Sun et al. Information Sciences 589 (2022) 459-477

Fig. 6. The node errors o (t), 02(t), 03(t) and g4(t) under the first control scheme.

2 : :
—0, (t)+2(52(t)
ok
cg(t)+304(t)
= -2t 1
=
o
+
= -4 |
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o -6 ]
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=
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-10 4
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Fig. 7. The combination outputs of error signals in clusters 1 and 2 under the first control scheme.
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Fig. 8. The node errors 0 (t), 02 (t),03(t) and g4(t) under the second control scheme.
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S, (t)+2<52(t) o, (t)+3c 4(t)

Fig. 9. The combination outputs of error signals in clusters 1 and 2 under the second control scheme.

6 :
JR— kl(t)
R kz(t) b
—k,0
—k,0
iv
o 1
2 ]
=
_3 . . . . . . . . .
0 0.5 1 1.5 2 25 3 35 4 45 5
t
Fig. 10. The trajectories of the control gains k;, i =1, ..,4.
—0
—&,0 ]
—50
—&,0
_15p —
o
o
7
o
1L |
05 . . . . . . . . .
0 05 1 15 2 25 3 35 4 4.5 5

Fig. 11. The trajectories of the control gains &, i=1,...,4.
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_2 4
—4 4

-6 B

Fig. 12. The combination outputs of error signals subject to the attack.

1
t = 1.5 s and obtain two new controllers u, and u4 which avoid the attacks to the original nodes. Then, the simulation result
presented in Fig. 13 indicates that the combination outputs can still tend to zero. If we take t = 3s to make the adjustment,

signals are increased from the attack instant. In order to handle this problem, one can adjust P'(t) = P*(t) = <(]) O) at

Fig. 13. The combination outputs of error signals after the adjustment at the time t = 1.5s.

8 : :
R cl(t)+202(t)

o, (t)+3<54 ()

Fig. 14. The combination outputs of error signals after the adjustment at the time t = 3 s.
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Fig. 14 shows the simulation result, where the combination outputs are clearly reduced and tend to zero from the adjust-
ment instant. These results demonstrate the anti-interference capacity of the control scheme (20).

5. Conclusion

Herein, cluster output synchronization is studied for MNNs, which is distinct from current node-to-node models and pro-
vides a more practical model structure for exploring NN synchronization. Two specific control schemes were devised for the
proposed model. The first involves designing one feedback controller for each cluster, which saves control costs, and the
other involves utilizing multiple adjustable adaptive controllers to decrease control gains and increase the anti-
interference capacity of the control system. These two can be flexibly chosen according to specific needs. Simultaneously,
a model relationship between MNNs and traditional NNs was established. Via the control schemes, the model relationship
and Lyapunov stability theory, sufficient conditions were obtained to guarantee cluster output synchronization. Finally, sev-
eral simulation examples were employed to illustrate the effectiveness of the proposed model. Although the cluster output
synchronization model is first presented, it is still a simplified model for actual operation patterns in NNs. Thus, further
developing some more sophisticated models will be a challenging and meaningful topic in the future.
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