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Abstract

This paper mainly studies the exponential synchronization issue for the inertial complex-valued fuzzy cellular neural networks
(ICVFCNNs) with time-varying delays via periodically intermittent control. To achieve exponential synchronization, we
use a non-reduced order and non-separation approach, which is a supplement and innovation to the previous method. Based
on directly constructing Lyapunov functional and a novel periodically intermittent control scheme, sufficient conditions for
achieving the exponential synchronization of the ICVFCNNS are established. Finally, an example is given to illustrate the

validity of the obtained results.
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Abbreviations
ICVFCNNs Inertial complex-valued fuzzy cellular neu-
ral networks

FCNNs Fuzzy cellular neural networks
CVNNSs Complex-valued neural networks
RVNNs Real-valued neural networks

1 Introduction

Since the fuzzy differential equations have played an active
role in modeling various uncertain phenomena arising in
applied sciences, they have attracted more attention [1-5].
As the cellular neural network implementation, fuzzy cel-
lular neural networks (FCNNs) were initially proposed by
Yang et al. in 1996. Since fuzzy neural networks are a com-
bination of fuzzy logic and neural networks, they have the
following advantages: more efficient storage of knowledge
and processing of uncertain information, faster operation,
better convergence, and stability. Therefore, they are widely
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used in mathematics, pattern recognition, computer science,
artificial intelligence, optimal control, and so on [6-9].
Meanwhile, with the study of neural network theory and
dynamical behavior, scholars have proposed a new neural
network, namely an inertial neural network, which is gener-
ally described by second-order differential equations. The
inertial neural network is represented its inertial properties
by introducing inductance in the neural current [10, 11].
It is shown that the introduction of inertial terms in neural
networks can not only substantially improve the disorderly
search performance of neural networks but also is one of
the essential methods to let the designed neural networks
generate chaos and bifurcation. Therefore, it has important
practical significance and theoretical value for the study of
the dynamic behavior of inertial fuzzy cellular neural net-
works [12-14].

In recent years, the synchronization problem of neural
networks has been widely studied since synchronization
plays a vital role in many practical applications. There are
many methods to study the synchronization problem, among
which exponential synchronization has the advantages of
fast synchronization rate and simple implementation, thus
gaining the favor of researchers. Currently, many control
techniques are introduced to synchronize neural networks,
such as impulsive control, adaptive control, pinning control,
and intermittent control. In particular, intermittent control is
a discontinuous control strategy that can effectively reduce
control costs because it is active only during the control
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interval. Therefore, the synchronization problem of neural
networks with intermittent control is of great importance in
practical applications and has been widely studied with fruit-
ful results [15-19]. For example, the finite-time synchroni-
zation in [15] for delayed quaternion-valued neural networks
was introduced via periodically intermittent control. The
problem of quasi-synchronization in [16] for fractional-order
heterogeneous dynamical networks was proposed via aperi-
odic intermittent pinning control.

At present, when studying inertial neural networks, the
reduced-order approach was widely used, i.e., the second-
order model was transformed into a first-order model by
appropriate variable substitution [19-26]. For example,
the finite-time and fixed-time synchronization in [22] for
a class of inertial neural networks with multi-proportional
delays. New criteria on periodicity and stabilization [24]
for discontinuous uncertain inertial Cohen-Grossberg neural
networks with proportional delays. The synchronization in
[25] for coupled memristive inertial delayed neural networks
with impulse and intermittent control. The problem of expo-
nential synchronization in [26] for inertial neural networks
with mixed time-varying delays via periodically intermittent
control. The disadvantage of this method is that as the order
decreases, the inertia term disappears, and its importance is
not reflected in the reduced-order model. At the same time,
it increases the system’s dimensionality, which causes the
complexity of the theoretical analysis. However, in existing
literature, very few papers concentrate on the synchroniza-
tion of inertial neural networks applying the non-reduced
order method [27-29], which inspired us to study the inertial
neural networks based on the new idea.

Meanwhile, complex-valued neural networks (CVNNs)
are widely used because they have more advantages than
real-valued neural networks (RVNNs) in computational
power and processing speed. Generally, a frequently used
approach is to split the CVNNs into two RVNNs and then
discuss them separately, see [30-37]. Obviously, this
approach increases the dimensionality of the model and
the computational difficulty. To overcome the above short-
comings, the non-separation method was proposed in [38,
39] based on the theory of complex functions and the con-
struction of suitable Lyapunov functions. To the best of
our knowledge, exponential synchronization of the delayed
ICVFCNNSs under periodically intermittent control is not yet
completely studied, which motivated our research.

Inspired by the previous works, the main objective of this
paper is to eatablish some novel exponential synchronization
criteria for the delayed ICVFCNNs. The main innovative
contents are listed as follows:

(1) The ICVFCNNSs introduced in this paper takes into

account factors such as the inertia term, time-varying
delays, fuzzy logic, and periodically intermittent con-
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trol, this makes the model considered more versatile
and practical applications.

(2) Based on the theory of complex functions and analysis
techniques, this paper investigates exponential synchro-
nization of the ICVFCNNs under periodically inter-
mittent control using a non-reduced order and non-
separation approach, which is more direct and more
uncomplicated.

(3) The results of this paper are entirely new and supple-
ment to the known results, and our method can be used
to investigate the case of exponential synchronization
in other types of neural networks with time delays.

The framework of this paper is organized as follows. In Sect. 2,
our problems are formulated. The exponential synchronization
is established in Sect. 3. Some illustrative numerical simula-
tions are presented in Sect. 4. Section 5 draws a conclusion.
Notations :Let® = {1,2, ---,n}, R and C" denote the set
of real numbers and the set of n-dimensional complex-value
vectors, respectively. Letu € C, define| u |= \/ﬁ, where u

is the conjugate of u. For each u = (u;, u,, -+ ,u,)T € C",
lull =/ 2oy 1w 12

2 Problem description

In this paper, the model of the ICVFCNNs with time-vary-
ing delays is presented as follows:

%) = — aix)(t) — byx (1) + Z} cfi(x;(0)
j=

+ ildl;f}(xj(t - (1))
j=

+ z; eyu (1) + Ahygj(xj(t — 6(1)))ds (1)
= i=

+ \'Zkygj(x,(t —6(1))
=

+ N\ i@+ \/ qu0) + 1,0, 1€ 6,
J=1 j=1

where x,(¢) € C is the neural state variables of the /th neu-
ron at time ¢, the second-order derivative is intituled as an
inertial term of (1); u;(z) € C is the input of the jth neuron
at time f; @; and b, are positive constants; Cjjs d,j € R are ele-
ments for feedback templates; e; € R denotes elements for
feed-forward template; h,j, k,j, 8> 4 € R are the elements
of fuzzy feedback MIN template, fuzzy feedback MAX
template, fuzzy feed forward MIN template, and fuzzy feed
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forward MAX template, respectively; /\ and \/ denote the
fuzzy AND and fuzzy OR operations, respectively; f;(-) and
g;() * C — Care the activation functions of the jth neuron;
7(t), 6(t) € R are the time delay, which satisfies 0 < () < 7,
() <7, <1,0<601) < 5, 5@ < 6, <1; I(r) € C is the
bias of the /th neuron at time ¢, /,j € ©.

The initial condition of (1) is defined as

x,(m) = @,(m), %,(m) = ¢,(m), n € [~w,0], )

where @ = max{%, 4}, @,(-) and @,(-) are bounded continu-
ous functions, [ € ©.

Remark 1 Compared to the models proposed in [22, 26, 27,
30, 32, 34, 36], the model of system (1) is more general. For
example, when fuzzy logic and inertial term are ignored,
system (1) is degenerated into the first-order model in [22,
26, 27], and system (1) is reduced to the inertial complex-
valued neural model in [36] if fuzzy logic are not considered.

The corresponding response system is proposed by the
following equation:

Fi() == a(t) = by + Y i 3,(0)
Jj=1
+ Y dyf oyt — (1))
j=1

+ D eyut)+ [\ hyg oyt — 5())ds 3)
=1

j=1

+\/ kgt = 6()
j=1

+ \ sy + \/ qyuy0) + 1) + M(o),
J=1 J=1

where y,(¢) € Cis the neural state variables of the I/th neuron,
M(t) denotes a controller that will be designed, the other
notations are the same as system (1), [ € ©.

The initial condition of 3 is defined as

yim) = w(m), y,(n) = ¥,(m), n € [-w,0], 4)

where y,(n7) and () are bounded continuous functions,
le®.

To implement the exponentially synchronization of the
ICVFCNNSs (1) and (3), we designed the controllers as
follows:

_ ) 2@ +z®), nT <t <(n+v)T,
M0 = { 0, m+vT<t<(n+ T, &)

where p; > 0 denote control gains, 7’ > 0 is called the control
periodic, v is called the control rate and 0 < v < 1,/ € ©.

Denote z,(f) = y,(t) — x,(¢), then the error system can be
written as

4 = —aiz(t) = bz + X, ¢fi(z(1)
+ X0 dyfi(at — (1))
+ Ny (i = 8Os + /', kygi(z;(t = 8(1)
3 =g +z(0), nT <1< (n+W)T,
(1) = —aiz(0) = bz + X_, ¢ (1)
+ 30 45— (1)
+ Ny gzt = 8(eN)ds + /1, kgi(z(t — 6(1)),
m+WVT <t<@®m+ DT,

where [z ) = f;;(0) = fi(x;(0) and
f=ron = [l = ) - [ - 7)) ,
g3t = 3(0) = 8,0, = 518, = (1)), Lj € ©.

In the following, the definition of exponentially synchro-
nization and a useful lemma are given.

Definition 1 ICVFCNNs (1) and (3) are said to achieve
exponentially synchronization under periodically intermit-
tent control, if there exist a constant w > 0 and a real number
M > 0 such that

lzOll < Me™', t >0,

Lemma 1 [40] Let V(¢) is differentiable and positive on
[0, +00) and its derivative satisfies

Vi) <0, nT <t<m+vT,
Vi) <EV®), m+WT <t<@m+ DT,

wheren e N =(0,1,2,---),T > 0,0< v < landé > 0, then

V(1) < V(0)ef " > 0.

3 Exponential synchronization

In this subsection, the sufficient conditions of exponentially
synchronization of the drive-response ICVFCNNs will
be obtain by developing some new Lyapunov functionals
instead of the common reduced order and separation tech-
nique. In order to obtain these synchronization criteria,
assume that the following conditions hold:
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(H,) There exist positive constants F;, G, such that for all
u,vecC,

Lfi) = i) ISF fu—v,
| g,(w) — gV ISG |u—v]|, [ €O.

(H,) forany! € O, there exist positive constants f;, A such
thatI'; <0, Y,; <0, l'[l2 < 4I')Y,, where

Fl =/10.'1 +ﬂl(i - bl - pl)
+2 [ﬂjlcjllFl
=1
1
+§m<I%IE+I%IE+GMA+I%DQ>]

- I dj | Fy s (I hy | + 1k DG, 218
+Zﬁ]<1_1‘le +—1_61 e ),

J=1

Y, =ﬁz</1_az—91+ 1)

1 n
+§j;ﬁl<Iczlej+|d,j|Fj+(|hlj|+|klj |)Gj>,

Theorem 1 Let (H,)-(H,) hold, then the systems (1) and
(3) can achieve exponentially synchronization under
the feedback controller (5) if A—p(1 —v) >0, where

p = maxee{p}.

Proof Consider the following Lyapunov function:

V() = % 3wz 0z 0
=1

n

1 o -
ts IZZI e By, (1) + 2/ ()& (1) + 2,(1))
ShY F] 21T
+ 2 2 ALyl = ¢
=1 j=1 |

[ —
/ zj(s)zj(s)ez’“ds
t—7(t)

S S Ay 1+ 1k D
=1 j=1 n ! 1-4

/ 2(8)z,(s)e* ¥ ds.

—o(t)

For nT <t < (n+ v)T, the derivative of V(¢) is estimated
as follows:

@ Springer

Vi =y [Aa,z,(z)% + B + )& +2,0)
=1
+ %zx, <z,(t)% + zl(z)%> + % B ()
+ Z[(t))(ZI(t) + Z[([))
+ %ﬂz(Z/(Z) +z(D)E @ + Zz(’))]
O X d 5 2t
+ Z 2 Bl dy =g

=1 j=1

x (zj(t)%e”’ -zt —1()

5t — 7)1 - r’(z)))

non

G .
+ 2 Y Bk |+ 1k |)ﬁe””

=1 j=1

< Zj(t)% eur
— z(t = 8(1)z;(t — 60”01 - 5’(:)))

<ot Z (10’1 +B(A—b,— ﬂz))lz(l)%
=

+ﬂ1</1—a1—p,+l>

X 2,(02(1) + <a, + B2+ 1-b,—2p - a,))

Re@(t)%)] 6)

n n F
+ X byl e

=1 j=1

(w%e“ = 5t — ()3t — (1))

X A=) _ T’(z))) + Z Z Bi(l by |

=1 j=1

G; .
+] klj |)1__/51€2/15
x (z,-(r)%e“f -5t =8(0)

5t = 6()e =001 - 6’(:)))

+eH YN [ | ¢ | ReG(OF (1))
=1 j=1

+ 1 dyy | ReG(0f(z(t = (1))

+( by | + | ky DR (07t — 5(:»»]

n n
+ ezu 2 Z ﬂ[}/,

=1 j=1
x [ | ¢ | Re(z (0 (2,(1)))
+ 1 dy | ReG;(0f (5t — 7))

+ (1 hy | + | ky DRe(z(0Z(z,(t — 5|

By means of the theory of complex functions and (H,), then
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DD Bl ey | Re(0)fi(z,(0)

=1 j=1

< ; Z:, Bl ey | Fz 0z (e) o
=1 j=
1 Z Z <ﬁz [ ¢y FZz(t)Zz(l) +B ¢yl FIZI(I)Z[(I)>

=1 j=1

[\)»—

n n

DBy | dy | Re(z(0)f (2t = w(1))))
=1 j=1
s% > Z Byl dy | @(z,(z)% +2i(t — (D)7t - T(t))),
=1 j=1
®)
DB hy |+ | ey DReG(03(z,(t = (1))
=1 j=1
<3 D DAy 1+ 1k D ©)
=1 j=1
G;( 2(0z(0) + z1(t = 50z, = 5<r>>>,
Bl Re(Zz(f)f(Z )
=1 j=1
5% <ﬁz [ ¢y szz(t)%'i' Bilcyl Fﬂﬂt)%),
=1 j=1
j (10)
By | dyy | Re(z(0f 2t — T(1))))
=1 j=1
S WAL <z,(t)% T T(r»),
=1 j=1
j (1)
Bi(I by | + | Kk DRe(z(D,(z,(t = 8(1))))
=1 g=1
<2 3 Ay 1+ Ty D (12)
=1 j=1

G| 20z (D) + 2t - 6(t))zj(t—5(t))>-

Substituting (7-12) into (6), one has

n

V() <M Z {Aa, + B (A =b,—p)

=1
< 1
+Z [ﬂj|0jz|F/+§ﬁl<|C1j|Fj
=1

+ 1 dy | Fj+ (1 hy | + | Ky |)Gj>]

+i <1—|Tl o

I (hy I+ 1k DG, —
jl — 61.1 le“é) }zl(t)z,(t)
+62’“Z [ﬁl</l—al—p,+ 1>
I=1

1 n
+§j=21ﬂl<|Cl./'|F/'+|dl.i|F.i+(|hli|

+ | ky |)Gj>]z,(t)%

+ e Z <a1 +BQ2A+1—b—2p,— a,)>

=1
Re(z(0)2/(1))

n

=y [Fzzz(l)%

=1
. | -
+ Y 2,050 + 7’ (Zl(t)z,(t) + Z,(t)z,(t))] .
Let A\ = {{ € © : T, = 0} and from (H,), we have I1, = 0 for

I € /\. Meanwhile, note that ', < 0, Y; < Oand IT} < 4I',Y,,
then

(OETEDY Fl<z,(t)+ z,(t)> <z,(t)+ z,(t)>

IEA\A

n

HZ
4 2 Z <Y1 T >z,(t)z,(t)

[EA\A
<0.

For (n + v)T <t < (n+ 1)T, similar to the preceding proof,
we have
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n

V() <ty {/la, +B(A—b)

=1
+Z[ﬂ ey | Fi+ 5 ﬂ[(lcl/lF

Jj=1

+ldy | Fj+ Ry |+ 1k I)Gj>]

(|h- |+ 1k DGy —
+ 7) Jr®
— 9

n
+eh Y [ﬂ,(i—a,+l>
=1
1 n
+52ﬁ,<|c,,|ﬂ+|d,jm
£

gy |+ 1 Ky |>G,-)]z,<t>%

+e Yy <a, +hQ2A+1 b — ap)Re(z,(t)%)
=1

n

<y {ia, +B(A=b,—py)

=1

+Z[ﬂ leil Fit 5 Ly

=
<|C[j|F/+|d1,'|F_,'+(|h1/|+|k[j|)Gj>]

n
ldy | Fy .
+Zﬁj<—1 - e

J=1

hyl+1k; DG, .« -
+ MeQA‘i) }Zl(t)zl(t)
-9

+e z”: Bz (D7D
=1
+ e i [ﬂ,(i —a—p+ 1>
=1
s im( ey 1
ps
Ly LF o+ (g |+ 1 kg |>Gj)]z,m%

n
+EM Y Bpz(0z(0)
=1

n

+e Yy (al + QA+ 1—b—2p — a,))

=1

Re(z/(D7/(D)

Y Z 2B,p,Re(z,(1)2,(1))

=1

<Y Bipi (02, (1) + 2(0%(0) + 2Re(z(1)7/(1)

=1

=Y By (1) + ) ED + 2,(0)
=1
<25V (1).
For all t > 0, we have

V() < V(0)eP1—r,

@ Springer

Hence,

KOI? = ¥, 2050 < 2e v s X 2ims-on,
=1

where @ = min;, {a;}. Therefore,

latol < ) 22 g i-pi-wn
a

which means that the exponential synchronization is real-
ized. The proof is achieved. O

Remark 2 Without the traditional variable transformation
method in the reports of [19, 25, 26] based on intermittent
control scheme, some new Lyapunov functionals are con-
structed to directly analyze the synchronization problem of
inertial neural networks. The new technique is more direct and
concise compared to the previous reduced order technique.

Remark 3 Actually, various complex-valued neural networks
have been studied to achieve synchronization by separating
the complex-valued neural networks into two real-valued
systems [30-37]. Different from these work, exponential
synchronization is reached in this paper for the inertial
complex-valued neural networks by the theory of complex-
variable functions.

Remark 4 In [39], the authors used a non-reduced order
approach to study global dissipativity of real-valued neutral-
type inertial neural networks. Compared to the work, a class
of more general systems, complex-valued inertial neural net-
works are considered in this paper.

4 Numerical illustration

Considering the ICVFCNNSs with time-varying delays is
given as follows:

%) = — ag,(t) — bx,(t) + Zn; cifi(xi(0)
p
+ idl,ﬁ(xj(r — (1)
e
+ ; eyut;(1) + /;\hggj(xj(t — 6(1))ds (13)
+ \/ k(i — 6(1)))

Jj=1

+ /\ syuy(1) + \/ gy, + 1), [ €6,
j=1 =1
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X, 0.y,

Fig. 1 Synchronization curves of x; and y,

%,

X, (0,0

Fig.2 Synchronization curves of x, and y,

and the corresponding response system is proposed by the
following equation:

¥ = —ay,t) — by, + il e D)
=

+ id,. (0t = (1))
=

+ ielj”j(t) + /n\lhljgj(yj(t — 8(0)))ds
j= j=

+ \n/lkljgj@j(’ - 5(1))
j=

+

n

s + \/ ) + 10 + M), 1 €6,
J=1 J=1

(14)

where © = {1,2}, (1) = 6(r) = 0.5(1 +sin2t), a, = 0.3,
a, =05, b; =04, b, =02, p; =6, p, =8, fi(-)=g(")
= tanh(Re(-)) + i tanh(Im(-))» and

0.3 -0.1 d _ 0.1 =04
-0.2 0.1 (= -0.5 -03 )’
1.0 amp;0.5 0.1 -0.1
(€ = <0_4 0.2 >’(hlj)2><2 = <—0.3 0.2 >’
-0.6 0.1 0.5 amp; 0.5
Koo = < 0.2 0.3)’“’1)2><2 - <0.2 0.2 >
@) _ (0.4 amp;0.3 L)\ _ ([ 2sint+isin2t
)22 = \ 02 0.1 \L@ )~ cost+isint )’

u,(¥) = sin2¢+icos2t,

(Cl/')2><2 =

uy(t) = cost+isint.

The initial value are give as ¢ ,(n) = 2 + 3i, ¢,(n) = =3 + 0.5i,
G1(n) = @y(n) = =2+ 2i, yy(n) = =1 +1i, yp(n) =2 - 2i,
¥, (n) = y,(n) = =1 +2i, n € [-1,0]. Under periodically
intermittent control, Figs. 1 and 2 show that synchroniza-
tion curves of x;and y,, [ = 1, 2.

Notethat? =7, =6 =6, =0.5F, =F, =G, =G, = |,
p=8.Choose T=3,1=06,v=095a, =1, a, =2,
p, = 0.5, p, = 0.4 and by calculation, we can get

I, =-511<0,T,=-214<0, Y, =-25<0,
Y, =-286<0, IT, = —4.25, TI, = -3.8.
A= p(1 = v)0.6 —0.8(1 —0.95) = 0.2 > 0.

It is easy to verify that the conditions of Theorem 1 hold.
Consequently, the ICVFCNNs 13 and 14 are exponentially
synchronized under periodically intermittent control, which
is demonstrated by Fig. 3.

In addition, let the time-varying delays 7(¢) = 0.5 cos?(2)
and 6(r) = 0.5 sin2(2t), all the other parameters and the error
initial conditions are the same as the above for systems (13)
and (14), then it is easy to verify that the conditions of Theo-
rem 1 hold. Under the intermittent control, Figure 4 shows
time responses of the error variables z, (), z,(¢). From Figs. 3
and 4, the synchronization time in Fig. 3 is shorter than that
in Fig. 4, which indicates that the synchronization of (13)
and (14) is delay-dependent. So, Figs. 1, 2, 3, 4, testify the
validity of the results for Theorem 1.

5 Conclusion

This paper has discussed the global exponential synchro-
nization for ICVFCNNs with mixed time-varying delays
via periodically intermittent control. Based on the theory
of complex functions and the construction of suitable
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1,2

2())

0 5 10 15 20 25 30 35 40 45 50

Fig. 3 The evolutions of z;(¢) and z,(¢) with z(r) = §(r) =0.5(1 + sin 2¢)

8 T
N z0
\ —_— =z,
6 F/ 20 ] |
/ \
/ \
\
4+ \ q
o~ \
- \
I \
= 2r \ 4
= \
N \\/,_/ -~ - ~_.‘\
N
ok -~
2 F -
-4 L
0 5 10 15 20 25 30 35 40 45 50

Fig.4 The evolutions of z;(#) and z,(f) with 7(£) = 0.5 cos?(2¢),
8(1) = 0.5sin’(2r)

Lyapunov functions, the non-reduced order and non-separa-
tion approach was introduced to investigate the synchroniza-
tion problems of delayed ICVFCNNs. Compared to previous
results, the method used in this article is more concise and
practical, which is an entirely new attempt. Further, it can
be utilized to study other dynamic models, e.g., fractional-
order models [41, 42], impulsive model [43], stochastic
model [44], etc.

In addition, because fixed-time synchronization does
not depend on the system’s initial conditions and is only
related to the parameters of the system, thus reducing the
requirements in practical applications. Currently, fixed-time
synchronization for inertial complex-valued fuzzy cellular
neural networks has been extensively discussed by using
reduced-order transform. However, there seems few related
results about the topic based on the direct method of Lyapu-
nov functional instead of the reduced order technique. The
interesting and challenging issues will be examined in our
latest work.

@ Springer

Author Contributions WP: conceptualization, methodology, writing-
original draft, writing-review and editing. LXC: funding acquisition,
writing-original draft, writing-review and editing. ZTW: writing-
review and editing.

Funding This work was supported by the National Natural Sciences
Foundation of People’s Republic of China (No. 12002297).

Availability of Data and Material The data that support the findings of
this study are available on request from the first author (WP).

Declarations

Conflict of Interest The authors declare that they have no competing
interests.

Ethical Approval and Consent to Participate Not applicable.

Consent for Publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Abu Arqub, O., Singh, J., Maayah, B., Alhodaly, M.: Reproduc-
ing kernel approach for numerical solutions of fuzzy fractional
initial value problems under the Mittag-Leffler kernel differential
operator. Math. Methods Appl. Sci. (2021). https://doi.org/10.
1002/mma.7305

2. Abu Arqub, O., Singh, J., Alhodaly, M.: Adaptation of kernel
functions-based approach with atangana-baleanu-caputo distrib-
uted order derivative for solutions of fuzzy fractional volterra and
fredholm integrodifferential equations. Math. Methods Appl. Sci.
(2021). https://doi.org/10.1002/mma.7228

3. Abu Arqub, O.: Adaptation of reproducing kernel algorithm for
solving fuzzy Fredholm-Volterra integrodifferential equations.
Neural Comput. Appl. 28(7), 1591-1610 (2017)

4. Alshammari, M., Al-Smadi, M., Abu Arqub, O., Hashim, I., Alias,
M.A.: Residual series representation algorithm for solving fuzzy
duffing oscillator equations. Symmetry 12(4), 572 (2020)

5. Xing, Y.M., Cao, M.S., Liu, Y.J., Zhou, M., Wu, J.: A Choquet
integral based interval type-2 trapezoidal fuzzy multiple attribute
group decision making for sustainable supplier selection. Comput.
Ind. Eng. 165, 107935 (2022)

6. Yang, T., Yang, L.B., Wu, C.W,, Chua, L.O.: Fuzzy cellular neural
networks: Theory. Proc. IEEE Int. Worksh. Cell. Neural Netw.
Appl. 1, 181-186 (1996)

7. Yang, T., Yang, L.B.: The global stability of fuzzy cellular neural
network. IEEE Trans. Circuits Syst. I 43(10), 880-883 (1996)

8. Abudusaimaiti, M., Abdurahman, A., Jiang, H.J., Hu, C.: Fixed/
predefined-time synchronization of fuzzy neural networks with


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mma.7305
https://doi.org/10.1002/mma.7305
https://doi.org/10.1002/mma.7228

International Journal of Computational Intelligence Systems

(2022) 15:52

Page90of9 52

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

stochastic perturbations. Chaos Solitons Fractals 154, 111596
(2022)

Wang, P, Li, X.C., Wang, N., Li, Y.Y., Shi, K.B., Lu, Jq.: Almost
periodic synchronization of quaternion-valued fuzzy cellular neu-
ral networks with leakage delays. Fuzzy Sets Syst. 426, 46—65
(2022)

Babcock, K.L., Westervelt, R.M.: Stability and dynamics of
simple electronic neural networks with added inertia. Phys. D
23(1-3), 464469 (1986)

Babcock, K.L., Westervelt: Dynamics of simple electronic neural
networks. Phys. D 28(3), 305-316 (1987)

Kong, F.C., Zhu, Q.X., Sakthivel, R., Mohammadzadeh, A.:
Fixed-time synchronization analysis for discontinuous fuzzy iner-
tial neural networks with parameter uncertainties. Neurocomput-
ing 422, 295-313 (2021)

Jian, J.G., Duan, L.Y.: Finite-time synchronization for fuzzy neu-
tral-type inertial neural networks with time-varying coefficients
and proportional delays. Fuzzy Sets Syst. 381, 51-67 (2020)
Zhang, Z.Q., Cao, J.D.: Finite-time synchronization for fuzzy iner-
tial neural networks by maximum-value approach. IEEE Trans.
Fuzzy Syst. (2021). https://doi.org/10.1109/TFUZZ.2021.3059953
Aouiti, C., Bessifi, M.: Periodically intermittent control for finite-
time synchronization of delayed quaternion-valued neural net-
works. Neural Comput. Appl. 33(12), 527-6547 (2021)

Cai, S.M., Hou, M.Y.: Quasi-synchronization of fractional-order
heterogeneous dynamical networks via aperiodic intermittent pin-
ning control. Chaos Solitons Fractals 146, 110901 (2021)
Zhang, L.Z., Zhong, J., Lu, J.Q.: Intermittent control for finite-
time synchronization of fractional-order complex networks. Neu-
ral Netw. 144, 11-20 (2021)

Sheng, Y., Huang, T.W., Zeng, Z.G.: Exponential stabilization
of fuzzy memristive neural networks with multiple time delays
via intermittent control. IEEE Trans. Syst. Man Cybern. (2021).
https://doi.org/10.1109/TSMC.2021.3062381

Wan, P., Sun, D.H., Chen, D., Zhao, M., Zheng, L.J.: Exponen-
tial synchronization of inertial reaction-diffusion coupled neural
networks with proportional delay via periodically intermittent
control. Neurocomputing 356, 195-205 (2019)

Wang, J.Y., Wang, Z.S., Chen, X.Y., Qiu, J.L.: Synchronization
criteria of delayed inertial neural networks with generally Marko-
vian jumping. Neural Netw. 139, 64-76 (2021)

Yao, W., Wang, C.H., Sun, Y.C., Zhou, C., Lin, H.R.: Synchroni-
zation of inertial memristive neural networks with time-varying
delays via static or dynamic event-triggered control. Neurocom-
puting 404, 367-380 (2020)

Alimi, A.M., Aouiti, C., Assali, E.A.: Finite-time and fixed-time
synchronization of a class of inertial neural networks with multi-
proportional delays and its application to secure communication.
Neurocomputing 332, 29-43 (2019)

Zhang, Z.Q., Chen, M., Li, A.L.: Further study on finite-time syn-
chronization for delayed inertial neural networks via inequality
skills. Neurocomputing 373, 15-23 (2020)

Kong, F.C., Ren, Y., Sakthivel, R.: New criteria on periodicity and
stabilization of discontinuous uncertain inertial Cohen-Grossberg
neural networks with proportional delays. Chaos Solitons Fractals
150, 111148 (2021)

Zhang, W., Qi, J.T.: Synchronization of coupled memristive iner-
tial delayed neural networks with impulse and intermittent control.
Neural Comput. Appl. 33(13), 7953-7964 (2021)

Tang, Q., Jian, J.G.: Exponential synchronization of inertial neural
networks with mixed time-varying delays via periodically inter-
mittent control. Neurocomputing 338, 181-190 (2019)

Huang, C.X., Liu, B.W.: New studies on dynamic analysis of iner-
tial neural networks involving non-reduced order method. Neuro-
computing 325, 283-287 (2019)

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wu, K., Jian, J.G.: Non-reduced order strategies for global dis-
sipativity of memristive neutral-type inertial neural networks with
mixed time-varying delays. Neurocomputing 436, 174—183 (2021)
Shanmugasundaram, S., Kashkynbayev, A., Udhayakumar, K.,
Rakkiyappan, R.: Centralized and decentralized controller design
for synchronization of coupled delayed inertial neural networks
via reduced and non-reduced orders. Neurocomputing 469,
91-104 (2022)

Pan, J.S., Zhang, Z.Q.: Finite-time synchronization for delayed
complex-valued neural networks via the exponential-type control-
lers of time variable. Chaos Solitons Fractals 146, 110897 (2021)
Aouiti, C., Bessifi, M.: Sliding mode control for finite-time and
fixed-time synchronization of delayed complex-valued recurrent
neural networks with discontinuous activation functions and noni-
dentical parameters. Eur. J. Control. 59, 109-122 (2021)

Long, C.Q., Zhang, G.D., Hu, J.H.: Fixed-time synchronization
for delayed inertial complex-valued neural networks. Appl. Math.
Comput. 405, 126272 (2021)

Wei, X.F.,, Zhang, Z.Y., Liu, M.J., Wang, Z., Chen, J.: Anti-syn-
chronization for complex-valued neural networks with leakage
delay and time-varying delays. Neurocomputing 412, 312-319
(2020)

Li, X.F., Huang, T.W.: Adaptive synchronization for fuzzy inertial
complex-valued neural networks with state-dependent coefficients
and mixed delays. Fuzzy Sets Syst. 411, 174-189 (2021)

Duan, L., Shi, M., Huang, C.X., Fang, X.W.: Synchronization
in finite-/fixed-time of delayed diffusive complex-valued neural
networks with discontinuous activations. Chaos Solitons Fractals
142, 110386 (2021)

Liu, Y.J., Huang, J.J., Qin, Y., Yang, X.B.: Finite-time synchro-
nization of complex-valued neural networks with finite-time dis-
tributed delays. Neurocomputing 416, 152—157 (2020)

Xu, W., Zhu, S., Fang, X.Y., Wang, W.: Adaptive anti-synchroni-
zation of memristor-based complex-valued neural networks with
time delays. Physica A 535, 122427 (2019)

Yu, J., Hu, C.,, Jiang, H.J., Wang, L.M.: Exponential and adaptive
synchronization of inertial complex-valued neural networks: A
non-reduced order and non-separation approach. Neural Netw.
124, 50-59 (2020)

Wu, K., Jian, J.G.: Non-reduced order strategies for global dis-
sipativity of memristive neutral-type inertial neural networks with
mixed time-varying delays. Neurocomputing 436, 174—183 (2021)
Hu, C., Yu, Y.G,, Jiang, H.J., Teng, Z.D.: Exponential stabiliza-
tion and synchronization of neural networks with time varying
delays via periodically intermittent control. Nonlinearity 23(10),
2369-2391 (2010)

Zhang, T.W.,, Li, Y.K.: Exponential Euler scheme of multi-delay
Caputo-Fabrizio fractional-order differential equations. Appl.
Math. Lett. 124, 107709 (2022)

Zhang, T.W., Li, Y.K.: S-asymptotically periodic fractional func-
tional differential equations with off-diagonal matrix Mittag-Lef-
fler function kernels. Math. Comput. Simul. 193, 331-347 (2022)
Zhang, T.W., Zhou, J.W., Liao, Y.Z.: Exponentially stable periodic
oscillation and Mittag-Leffler stabilization for fractional-order
impulsive control neural networks with piecewise Caputo deriva-
tives. IEEE Trans. Cybern. (2021). https://doi.org/10.1109/TCYB.
2021.3054946

Zhang, T.W., Han, S.F., Zhou, J.W.: Dynamic behaviours for semi-
discrete stochastic Cohen-Grossberg neural networks with time
delays. J. Franklin Inst. 357, 13006-13040 (2020)

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1109/TFUZZ.2021.3059953
https://doi.org/10.1109/TSMC.2021.3062381
https://doi.org/10.1109/TCYB.2021.3054946
https://doi.org/10.1109/TCYB.2021.3054946

	Exponential Synchronization of Inertial Complex-Valued Fuzzy Cellular Neural Networks with Time-Varying Delays via Periodically Intermittent Control
	Abstract
	1 Introduction
	2 Problem description
	3 Exponential synchronization
	4 Numerical illustration
	5 Conclusion
	References




