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Abstract

This paper studies the fixed-time synchronization problem of fuzzy stochastic cellular neural networks (FSCNNs) with
discrete and distributed delay. Compared with the finite-time synchronization in the existing literature, the fixed-time
synchronization of FSCNNs is studied for the first time, and the convergence time obtained does not depend on the
upper bound of the initial value of the system. In addition, two kinds of control are designed, one is feedback control
and the other is adaptive control. Besides, it is the first time to achieve fixed-time synchronization of FSCNNs via
adaptive control. Finally, two numerical examples are also proposed to illustrate the practicability and validity of the
results we proposed.
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1 Introduction

Chua and Yang [@] first proposed cellular neural networks (CNNs) in 1988. CNNs are a parallel computing networks
similar to biological neural networks, the difference from other neural networks are that they only allow communication
between adjacent units. CNNs have been widely used in various fields such as pattern recognition [3] and associative
memory [[d]. In 1996, fuzzy cell neural networks (FCNNs) are proposed by Yang et al.[2d], in which fuzzy logic is
added to traditional CNNs, which takes into account the uncertainty and ambiguity in real-world applications. Unlike
traditional CNNs, FCNNs also have fuzzy logic between its template input and/or output besides the “sum of product”
operation. FCNNs widely used in pattern recognition [[2], image encryption [I4] and other fields. However, no matter
in nature or human society, neural networks are inevitably interfered by stochastic perturbations. Therefore, it is more
practical to study fuzzy stochastic cellular neural networks (FSCNNs).

As an important dynamic behavior of FSCNNs, many scholars have studied synchronization [I3], such as exponential
synchronization [6] and asymptotic synchronization[?]. However, the above synchronization can only be achieved when
the time tends to infinity. In real life, people often hope to achieve synchronization goals as soon as possible. In
recent years, in order to further satisfy scientific researches and actual needs, people proposed the concept of finite-time
synchronization [0, 09, 26]. Finite-time synchronization has the best convergence speed, and synchronization can be
achieved in a finite time. In addition, the finite time synchronization also shows good robustness and anti-interference
characteristics. However, the convergence time of finite time synchronization largely depends on the initial value of the
system, and different initial values have different convergence time.

In practical applications, not all initial values in the system are known. Therefore, in order to overcome the
shortcoming that the synchronization time varies with the initial value, a special case of finite time synchronization is
proposed, that is, fixed-time synchronization. The fixed-time synchronization can achieve synchronization in a finite
time, and the convergence time does not depend on the upper bound of the initial value, which satisfies some production
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and life realities, and broadens the application range of synchronization. In recent years, some scholars have studied
fixed-time synchronization [, 20, 21, 7).

Adaptive control can continuously modify its own characteristics in accordance with adaptive rules, so that the
entire network reaches the desired synchronization target. The adaptive control method is robust against uncertain
factors such as interference and unknowns. In addition, adaptive control can identify unknown parameters in the model
based on input and output data, and can be automatically adjusted according to different update rules. In [I0], the
author studied the finite-time and fixed-time robust synchronization of fuzzy Cohen-Grossberg neural networks with
discontinuous activation by designing a simple switch adaptive controller.

The author of [I5] designed a nonlinear delay state feedback control scheme and a novel adaptive control to study
the fixed-time synchronization of stochastic memristor-based neural networks. The author mainly studies the global
fixed-time synchronization of chaotic systems with different dimensions through adaptive control in [G]. However, the
results of using adaptive control to study the fixed-time synchronization of FSCNNs have not yet been obtained.

In [23], the author has proposed a model of multi-coupling fuzzy cellular neural networks with stochastic perturba-
tions and mixed delays. Nowadays, fuzzy cellular neural networks have been studied in depth, such as the author of [§]
investigate the general decay synchronization analysis of discontinuous fuzzy neutral-type neural networks. In [d], the
author aims to provide a new framework to study the general decay synchronization analysis of a class of fuzzy neural
networks with discontinuous activations, discrete and distributed time-delays. In addition, the author of [T1] aims to
investigate the fixed-time synchronization analysis for discontinuous fuzzy inertial neural networks in the presence of
parameter uncertainties.

However, in literature [23], the author studied the finite-time synchronization of FSCNNs by constructing feedback
control, but this paper studies the fixed-time synchronization of FSCNNs, which can make FSCNNs synchronized in
a finite time, and the convergence time does not depend on the system Initial value upper bound. In addition, this
paper designed the feedback control to make FSCNNs synchronized in a fixed time, but because the feedback gain of
feedback control is difficult to determine, an adaptive control is further designed, which can also achieve fixed-time
synchronization of FSCNNs.

Motivated by the above discussions, we investigate the fixed-time synchronization problem of FSCNNs with discrete
and distributed delay. By utilizing Lyapunov method, some sufficient conditions guaranteeing fixed-time synchronization
of FSCNNs are obtained. Then, two numerical examples illustrate the practicality and effectiveness of our theoretical
results. In comparison with the relevant results, the main contributions of this paper are listed as follows.

e The first attempt at investigating fixed-time synchronization of FSCNNs with discrete and distributed delays
rather than exponential synchronization, asymptotic synchronization and finite-time synchronization. In addition,
the convergence time does not depend on the system initial value upper bound.

e This article designs two kinds of controls to realize the fixed-time synchronization of FSCNNs, one is feedback
control, the other is adaptive control. In addition, the first attempt to design adaptive control to achieve fixed-time
synchronization of FSCNNs.

The remaining of this paper is organized in following parts. In Section 2, some preliminaries and model descriptions
are introduced. Moreover, main results are presented in Section 3, and we show two numerical examples in Section 4.
Finally, Section 5 ends this study and concisely summarizes main conclusions of this paper.

2 Preliminaries and model descriptions

Throughout this paper, let N = {1,2,--- ,n}, ZT = {1,2,---} RT = [0, +00), R" denotes the n dimensional Euclidean
space respectively. The superscript “T” stands for the transpose of a vector or a matrix. Write ||z| for the Euclidean
norm of vectors. Set sign(-) is a sign function and Tr[A] denotes trace of matrix A. (2, F,F,P) is a complete probability
of the sample space with a filtration F = {¥;},., satisfying the usual conditions (i.e., it is right continuous and Fq
contains all P-null sets ). And B(t) is a one-dimensional Brownian motion defined on the probability space.

The mathematical expectation with respect to the given probability measure P is denoted by E(-). And C*1(R™ x
R*,RT) represents the family of all nonnegative functions V (z,¢) on R™” x RT which are continuously twice differentiable
in  and once in t.

In this paper, based on previous works, we consider a class of fuzzy stochastic cellular neural networks with discrete



Adaptive control design for fized-time synchronization of fuzzy stochastic cellular neural networks with . . . 15

and distributed delay:

da;(t) =

GRS NMCTIED SOHCTEIED SNy R CIE/
& A maslastt =)+ \ vglasfo - ) + A | ataysas )

Jj=1 J=1

—|—\/v”/ ds—l—/\GijJ—F\/prj—&—A
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dt + Uz( z( )7t)dB(t)a

where z;(t) denotes the ith neurons state at time ¢; «; denotes the passive decay rate to the state of ¢th unit; the
parameters k;;, h;; and w;; denote the elements of feedback templates; f(-) : R = R and g(-) : R — R are the activation
function of the jth neuron;o; : R x Rt — R is the noise intensity function; p; and A; represent input and bias of the
ith neuron. m;;, s;; are elements of fuzzy feedback MIN templates, and ¢;;, v;; are fuzzy feedback MAX templates,
respectively; G;; and J;; are fuzzy feed-forward MIN template and fuzzy feed-forward MAX template, respectively.
Throughout the paper, we consider system (@) as drive system and response system can be described as follows:

t

*Oéiyl +Zkljf y] JrZh”f yj t*'r +wa fy] ))

+ Aoyt - )+ \ tglust A / yi(s))ds @

Jj=1 j=1
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dt + g3 (yl (t)7 t)dB(t)v

+\/v”/ d8+/\GlJp]+\/J1JpJ+A + wi(t)

Jj=1 Jj=1

where y;(t) denotes the ith neurons state at time ¢ that is the solutions of response system and u;(t) is an appropriate
control designed to ensure that drive-response systems ([) and (B) can achieve synchronization in fixed time.

We define the fixed-time synchronization error as e;(t) = y;(t) — x;(t). Then the error system can be expressed as
follows:

de(t) = | —auei(t) + Y ki Fles(t) + Y higFlej(t — 7)) + D wi / F(e;(s))ds
j=1 j=1 j=1 b=
+ /\ mi;Ge;(t — 7)) + \/ LijGlej(t — 7)) + /\ si | - G(ej(s))ds (3)

+ \/ Vi G(e;(s))ds + ui(t) | dt + o (es(t), t)dB(t),

—r

where

Fei(4)) = fy; () = fla;(),

n n
/\ mz]G(ej()) = z]g e] /\ mz]g e]
j=1 j=1 1

]:
n n

3

\/ ti;G(e; (1)) = tijg(e;(- \/ tijgle;(-

ai(ei(t);t) ( i(t),t) — oi(xi(t), 7).
1(s

The initial conditions of system (0) and system (2) are ¢(s) = (¢1(s), ¢2(s), -+, dn(s)) € L%, ([-7,0;R"), ¢(s) =
(p1(s), 02(5), -+, on(s)) € L% ([-7,0; R™). In this paper, we always assume that the functions f, g(i,j € N) satisfy
all necessary conditions to ensure that systems (0) and (2) exist solutions with corresponding initial conditions. Then,
the initial condition of error system (B) is denoted by v(t) € L%, ([-d,0];R™).

Consider the following stochastic nonlinear system:

da(t) = f(t,x(8))d(t) + g(¢, =(1))dB(t), (4)

=
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where x(tg) = w0, x(t) € R™ denotes the state of system, B(t) is an 1-dimensional Brownian motion defined on the
complete probability space. The first hitting time is denoted as T'(zg, B) = inf{T > 0|zo = 0,¢ > T}, which is a settling
time function. For the convenience of the presentation of the main results, some definitions, assumptions and lemmas
follow.

Definition 2.1. [[5] For any initial state xo(t) € R™, the given positive constants T., M exist such that the following
statements hold:

(1) The origin is globally stochastic finite-time stable in probability.

(2) The mathematical expectation of settling time function T(xg, B) is bounded by a positive constant M, which do
not depend on the initial condition, i.e.,

T. =E(T(xo,B)) < M,Vzy € R",
then the trivial solution of system (8) is said to be stochastic fixed-time stable in probability.

Remark 2.2. Nowadays, finite-time synchronization has been intensively studied by many scholars. Although finite-
time synchronization enables the system to achieve synchronization in finite time, the convergence time depends heavily
on the upper bound of the initial value of the system. However, the initial value of the system is difficult to obtain in
many practical applications. Therefore, this paper investigates fized-time synchronization, where the convergence time
obtained is only related to the control parameters and not to the initial value of the system. This kind of synchronization
does not need to calculate the initial value of the system in the process of application, which reduces the difficulty of
practical application and widens the scope of application.

Assumption 2.3. For the nonnegative constants w;(i = 1,2,...,n), the noise intensity function o;(t,e;(t)) satisfies
the Lipschitz condition, and

ol (t.ei(t)oi(t,ei(t)) < wiel (t)ei(t).

Assumption 2.4. The functions f(-) and g(-) satisfy bounded and Lipschitz conditions, for all s1,s9 € R, if there exist
positive constants L1 and Lo, such that

|f(s1) — f(s2)] < L1ls1 — sal,
lg(s1) — g(s2)| < La[s1 — s2|.

Lemma 2.5. [2d] Suppose x1 and x2 are two states of system (W), then we have

N\ mijg(zn) = N\ mig(a2)| < Imijllg(z) — gla2)],
j=1 j=1 j=1

\ tijglen) =\ visg(@2)| < luijllglan) — g(x2)].
j=1 j=1 j=1

Lemma 2.6. [27] If a1, as2,...,a, >0 and 0 < ¢ <1, p > 1, the following inequality group is satisfied:
n n q
> (3e)
i=1 i=1
n n p
Sz (S
i=1 i=1

Lemma 2.7. [15] For system (H), if there exist Lyapunov function V (t,z(t)) € C*1(R™ x RT,RT), which is a positive
definite and radially unbounded function and the real numbers & >0, &2 > 0, a > 1 and 0 < 8 < 1 such that for the
function V (t,x(t)), there have

LV(z) < —6V(2) — &V (x),

then the origin of system (B) is stochastic fized-time stable in probability, and the settling time

1 1 1 1
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3 Main results

In this Section, based on the Lyapunov method, general criterion for fixed-time synchronization of FSCNNs will be
obtained.

3.1 Feedback control

First, a feedback control (B) is designed to make the FSCNNs reach synchronization in fixed time. The feedback control
u(t) = (uy(t),ua(t), - ,u,(t))7 is given as

— Kiei(t) — Zpij\ej (t — 7)[sign(ei(t)) — prlei(t)|?sign(e;(t))

u;(t) = - 1 ‘ 2, €i(t) . (5)
—mle;(t)[Psign(e;(t)) — §;Xij /t_T lei(s)] ds|ei(t)|2’ if e;(t) # 0,
O, if 6i(t) =0.

where ¢ € N, the positive constants s, pij, p1, 71, Xi; are the gain coefficients to be determined, and the real number
q satisfies 0 < ¢ < 1, p satisfies p > 1.

Theorem 3.1. Suppose that Assumptions2.3 and 2.4 hold, then the FSCNNs (0) and (B) are stochastic fixed-time
synchronization in probability under the control (8), if the following three inequalities hold

n
— 20 — 2K +w; + Z {leij + leji + wi; + 85 + ’Uij} <0,
=1

(Lihij + |mij| L2 + [1ij|L2) — QZM]‘ <0,
1 j=1

(rwji (12)? 4 7551 (La)” + 7uji (L2)”) - wa <o0.
1

J
Moreover, the settling time is given by

11 11
pl—q mp—-1

e =

where iy = mn'P,0<qg<1, p>1.

n

Proof. First, we construct the Lyapunov function V(¢,e;(t)) = Y., el (t)e;(t), by the It6 formula, the infinitesimal
operator of V'(t,e;(t)) is given by

LV (t,e;(t 226 — et +ZkUF e;(t —I—Zth ej(t—1)) —|—wa/ (ej(s))ds
+ /\ mijG(ej(t — T)) + \/ LijG(ej(t - T)) + /\ Sij /t, G(ej(s))ds

N \!1 vy /t | Gles(s)ds + it

According to Assumption 2.4, we have

Z ZkuF e;(t <QZ|€ O kigLale; (1)
j=1

<2 Y kigLales(t)lle; (1)]

i=1 j=1

+ Z Te(oy (¢, ei(t))oi(t, ei(1)))- (6)
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<S5 (ks Laled®F + ki Lales ()

=1 j=1

<D0 kiLiles®P + )Y kjiLilei(t)?

i=1j=1 i=1 j=1

=3 (ki Ly + ki L) lea(B) ],

i=1 j=1

and

Z thF e;(t—1)) <222hsz1|€1 et — 7).

i=1 j=1
By the Lemma 2.5 and Assumptlon 2.4, we can get

QZeZT(t) /\ m;;Glej(t — 7)) < QZ leq(t 4 4
<23 e Imisl|Gle;(t — 7))
i=1 =1
<20 |miglLales(t)]|(e;(t — 7)),

i=1 j=1
and
2> el (1) \/ 1i;Glej(t — 7)) < 22 lei(t) = \/ vijg(z;(t — 7))
i=1 j=1 i=1 j=1
<2) e Z|L1J||G ej(t—1))|
i=1

S ZZ ng|L2|el || e]<t_T))|

Similarly, according to Cauchy-Schwarz inequality, we can get

Qiz:;e Zw]/ s<2ZZwU|e, |/

o i=1 j=1

<;EW«MI+UEWNM$>

n n n

<ZZ%@\+ZZ%/‘ (e5(s)))%ds

i=1 j=1 =1 j=1 T

sZzwﬁ\ei(t)mzzwijr(m)?/ les(s)? ds,

i=1 j=1 i=1 j=1 t—T

and

Z (/\ Sij ¢ G eJ ds + \/ Vij G ej ))dS)
i—1 -7 -7

t

§2ie (Z S G(ej(s))ds + Zv” Gl(ej(s ))ds)
i=1 -7

—T

W N\ mijgly;(t = 7)) = )\ majg(a;(t — 7))

(10)

(11)
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n n

<QZZSU|€ |/ G(e;(s ds—i—ZZZvZ”e, |/ G(e;(s
1=15=1 =1 j=1
n n n n t (12)
<ZZ sij + vij) lei(t ))? —l—Zst (L) / |6j(8)|2d3+ZZIUijT(L2)2/ |ej(s)|2ds.
i=1 j=1 i=1 j=1 t—7 i=1 j=1 t—7
Moreover, according to Lemma 2.6, we can get
1+gq
n n n 2
2> ei(tui(t) < =2 miles(t)| —QZZpMel Mle;(t —7) — 2 (Zef )
im1 i=1 i=1 j=1 =1
(13)
—2mnt~P (Z 62-T(t)6¢(t)> ZZX”/ les(s)|*ds.
i=1 i=1 j=1 T
Substituting (@)-(3) into (B) and Assumption 2.3 holds, we can obtain
Vit et Z —2a; — 2kK; —1—22 (ki L1 + kL) + Z (wij + 855 + vij) +w; | |ei(t )|
i=1 7j=1 Jj=1
3 (2D T hiLi+2) T miglLe 2> el La =2 pi | lei(t)lle; (t — 7]
i=1 =1 i=1 i— Pt
J J Jj=1 J (14)
ST s (L) 3 78 (L) +Zmﬂ L)’ Z i / e4(5)[2ds
i=1 \j=1 j=1 j=1 J=1 !
+ 1+p

— 2 <Z e} ) — 2mn' P <z”: eiT(t)ei(t)>

Assuming that all the inequalities in Theorem 3.1 are true, we can get

1+gq 1+p
2

LV (tei(t) < —2u (Z e?(t)ei(t)> —2mn' P (Z ef(t)ei(t)>

. Ljs n =S (15)
< =2 (Z 6?@)@@)) — 2 (Z e?(t)ei(t)>
i=1 i=1

l4g . 11p
<=2 (VI e(t) > =20 (VG ei(t) =
where 7; = nin'~P. Then, according to Lemma 2.7, we can calculate the settling time

1 1 1 1
T.=—— 4+ - 16
prl—q mp-—1 (16)

This completes the proof. O

3.2 Adaptive control

Since the control gain k; of feedback control is difficult to determine, the next step is to design an adaptive control to
make FSCNNs synchronized in a fixed time. Then, an adaptive control is designed as follows

n

— hi(t)es( Z pijle;(t — 7)lsign(e;(t)) — palei(t)|sign(ei(t))

w(t) = (17)

e;(t .
— mplex(t) Psign(es(t) wa / les(s)ds eé))g, if €:(t) 0,
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where £;(t) is the adaptive regulated feedback gain, and we design adaptation rate

Ri(t) = ef (t)ei(t) — pasign(ri(t) — r1) (ki) — k1) — mosign(ri(t) — r1) (ri(t) — K1)”, (18)

where k1 is a constant to be determined. Then, we can get the criterion of fixed-time synchronization of FSCNNs under
adaptive control (IC7).

Theorem 3.2. Suppose that Assumptions2.3 and 2.4 hold, then the FsCNNs (l) and (B) are stochastic fixed-time
synchronization in probability under the adaptive control (IC4), if the following three inequalities hold

— 20[1‘ — 2/"»’1 eri + Z {leij -+ leﬁ + wij + Sij + Uij} S 0,

j=1
2 " (ILa| iy + |mij| Lo + |eij| L2) =2 pij <0,

j=1 j=1

Z (T’LU]'Z' (L1)2+T8ji (LQ) +T”UJZ L2 ) ZX” <0.

j=1
Moreover, the settling time is given by

1 1 1 1
Te=—"7—""-4+——",
pol—q mfep—1

where iy = mon' P, 0<qg<1, p>1.

Proof. When proving this theorem, we construct the Lyapunov function V (¢, e;(t)) = Yoiy el (t)e;(t) + >oi (ki(t) —
k1)?. Then the infinitesimal operator of V (,e;(t)) is given by

LV (t,e;(t 226 [aiel Zk”F e;(t Zh”F ej(t—1)) Zw”/ ej(s))ds

T

+ u;(t /\ml] (ej(t—1)) \/L” (ej(t—1)) —1—/\5” Gej s))ds (19)

_r
n

+ \/ vij/ dS
j=1 t—7

According to ([8), we can get

Qi:eiT +QZ Ki(t) — K1) - Ri(t)

=2 Z e ( — ri(t)e;(t) — Z pijlej(t — 7)[sign(e;(t)) — palei(t)|?sign(e:(t))

) —|—2Z (ki(t) — K1) <eiT(t)e,»(t)

n

+ZTr (t,ei(®)ai(t, i) + 2 (rilt) — k1) - iei(t).

i=1

—WMW%MZ—me/IQId

T

—uﬁ%Mm&%—me@%—mﬂ—nﬁ%Mm@%—me@%—mV>

n

=2 el (1) ( — (ki(t) — k1) ei(t) = Y pijlej(t — 7)|sign(e;(t)) — pale:(t)|Isign(e:(t))
=1

j=1
) +QZ (ka(t <e;fr(t)ei(t)

- 772\61( )‘pSlgn el -5 ZXZ]/ |61 | ds
— pgsign(rki(t) — k1)(Ki(t) — k1)? — nasign(kq(t) — k1) (ki(t) — K1)P — 2 Z Kie] )

T
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itq 1ip
<233 pule®les ¢~ 7l 22 (Z el (1) 1-<t>> — 2" (Z e?<t>ei<t>)
=1 j=1 i=1 i=1 (20)
_ZZX”/ lei(s |2ds—2u22(m(t) — k)t —27727L1_p2(l€ t) —ry) P —2Zmle;fp(t)e t
i=1 j=1 T i=1 i=1 i=1

On the basis of (@)-(I) and (EO), we can obtain

LV (t,e;i(t)) <

+ : s
& M

N
Il
—

205 — 2K1 + 2 Z(kz‘jlq + kL) + Z (wij + 855 + vij) + Zwij lei(t)]?
=1

j=1 =1

7

2Zh”L1 +22|m”|L2 +22 |tij| Lo — 22,0” lei(t)||e;(t —7)]

+
'Ms

Zijz Ll Z 785i (L2) +Z”’ﬂ L2 ZX’LJ / (s)*ds (21)
j=1 Jj=1

t—T
n = n e
(Z el'(t) > — 2mpn! TP (Z e,iT(t)ei(t)> — 2us Z ki(t) — kp)tHe
i=1 i=1

1
—21727111’5 ki(t) — k1) P

|

N
= Il
[\v]

If the conditions in Theorem 3.2 hold, we can get

14g 14p
LV (t,ei(t)) < —2u2 <Z e; ) —2mon' 7P (Z eiT(t)ei(t)> — 29 Z ki(t) — kp)' T
=1 =1
_ 2772n1 D Z (Hi(t) _ l‘il)ler
i=1
< —2pp (Z ez-T(t)ez'(t)> — 20! P (Z 6?@)6@(0) —2pp (Z (ki(t) — 51)2>
=1 =1 =1

i (22)

<=2y (V(t &) T — 2mon P (V(t, ex(t)) 2
< 25 (V(t, e (D)5 = 26 (V{1 ex()))

where 73 = non'~P. Then, according to Lemma 2.7, we can calculate the settling time

L1 1 (29)
T al—gq  fap—1

This completes the proof. O
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4 Numerical example

In this section, two numerical examples are given to illustrate the effectiveness of our results. Let N = {1,2,...,12},
drive system is given as follows:

12
da(t) = | = auzi(t) + ) kg f(2;(t) +th]f (a;(t =) +wa  Jay()ds
=1
12 ’ 12
+ /\ mi;g(z;(t — 7)) + \/ tijg(x;(t )+ /\ Sij / g(x;(s (24)
=1 =1
J J .
+ \/ vm/ ))ds + N\ Gijp; + \/ Jijpj + Ai | dt + oy (zi(t), t)dB(t),
Jj=1 Jj=1
where o, = 1.7, 7 = 1, A; i €N, Ly =Ly =1, f(-) = g(-) = tan(-), p; = 0.1, G35 = J;5j = 1, i,j € N,
0'1(31‘1<t), ) = 33’51( ), Ug(.’lﬁg(t) ) 3.5x (), Ug(wg(t),t) = 3$3(t), U4(.Z'4(t),t) = 4.5$4<t), O'5<.’135(t>,t) = —3.T5(t),
o6(z6(t),t) = —3.5x6(t), or(z7(t),t) = —4wr(t), os(ws(t),t) = —4.5z5(t), o9(w9(t),t) = 3.6z9(t), o10(710(t),t) =
—3.2x10(t), Ull(zll( ) ) = 2. 85611( ), O'lg(ililg(t),t) = —2.4I12(t) and Wi,2 = W43 = W76 = 036, W23 = W32 = We,8 =

0.3, w37 = ws3 = ws g9 = we2 = wrs = 0.42, wg o = wg g = W98 = Wig,8 = Wig,11 = W1i1,7 = Wwiz,g = 0.35, way = 0.45,
wye = 0.49, and others not mentioned are all zero.

Figure 1: The trajectories of error system without controller.

Some values of k;j, hij, mij, tij, Sij, vi; are listed in Table 1-Table 4, s;; and v;; takes the same value and others not
mentioned are all zero.

Table 1: The value of k;; and h;;.

value The elements in the matrix

0.6 k1,3 k1,10 k1,12 ko ka9 k3.2 k3.5 ks 11 ka2 ka9
ks.7 ks 11 ke,7 k7.8 k3.6 ks.11 ko4 ko9 k10,5 k10,8
k116 k112 kia,7 his hi10 ha1 haes ha.11 hss LERD
hs.7 hs.12 he,7 hr.s h7 10 hs.6 hs.10 hos ho.9 hio,6
hio,9 hi1,7 hi1,3 hi1,12 hi2g

0.7 k4o k4o sz ks.11 k6,4 k7.3 ha hag he.a h73

0.5 ]412,1 h3,2
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Table 2: The value of m,;.

value The elements in the matrix
0.024 mi3 mi 12 ma 1 ma2, 12 ms.9 My, 12 ms.7 ms,12 me.4 me,12
mr7s mri1 ms 6 myg 7 m10,4 mM10,10 mi1,4 m11,10 mi24 mM12,10
0.02 mis mi 19 mo6 ma 10 mas ma3 12 My 2 M4 10 ms.9 me,7
™me,11 mrz3 mz9 ms, 11 mo,1 my s my7 mg 12 mio,1 mio,7
m10,12 miina mii,7 mi1,12 mi2,1 mia 7 mi212
0.012 mMyg mg 9 m10,9 mi1,9 mi29
Table 3: The value of ¢;;.
value The elements in the matrix
0.012 11,3 11,12 12,1 12,12 13,9 4,12 L5,7 5,12 16,4 16,12
L7.8 L7.11 8,6 L9.,10 L10,4 L10,10 L11,4 L11,10 L12.4 112,10
0.01 ts L1,19 12,6 12,10 13,5 13,12 4,2 4,10 15,5 L6,7
6,11 L7,3 17,9 18,11 9,1 5,11 9,12 19,12 10,1 010,12
L11,1 L11,7 L11,12 L1211 L12,7 L1212
0.008 a9 9.9 10,9 L11,9 12,9
0.014 13,2

Then, response system is given as

dyl(t): —aiyz +Zk”f y] +Zh2]f yj +Zwlj f yj( ))

+ /\ miig(y;(t — 7)) + \/ Lijg(y;(t — 7)) + /\ Sij /ti g(y;(s))ds (25)

+ \/ Uz]/ d5+ /\ szp] + \/ ‘]Upj +A +ul( ) dt+o’i(yi(t)at)dB(t)v

Jj=1 Jj=1

where o1(y1(t),t) = 3y1(t), o2(y2(t),t) = 3.5y2(t), 03(ys(t),t) = 3ys(t), oa(ya(t),t) = 4.5y4(t), o5(ys(t),t) = —3ys(t),
o6(ys(t),t) = —3.5y6(t), o ( 7(t),t) = —4yr(t), os(ys(t),t) = —4.5ys(t), oo(yo(t),t) = 3.6ys(t), o10(y10(t),t) =
—3.2y10(1), o11(y11(t), ) = 2.8y11(2), o12(y12(t), 1) = —2.4y12(2).

Table 4: The value of s;;.

value The elements in the matrix

0.22 51,3 S1,5 51,9 S$2.1 523 52,10 $2.12 53,5 S4.2 S4.9
54,10 55,8 55,10 56,4 56,12 57,9 S7.11 58,6 S9.7 510,4
510,9 510,12 S11,1 511,4 511,10 512,9

0.11 81,12 82,6 83,2 83,12 S6,7 86,11 $7,3 87,8 88,11 89,1
S9.7 59,10 510,7 11,7 511,9 511,12 5124 5127 512,12 51,2

0.33 53,9

Moreover, we can get the error system

—ouei(t) + ZkijF(ej(t)) + th‘jF(ej(t -7)+ Zwm /ti F(e;(s))ds
+ /\ mi; G(e;(t )+ \/ n;;G(e;(t )+ /\ s”/ (26)

dei (t) =

+ \/ Vi Glej(s))ds +ui(t) | dt + oy(es(t), t)dB(2),
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Example 4.1. This numerical example is provided to verify the effectiveness of Theorem 3.1. That is, drive system
(22) and response system (E3) can achieve fized-time synchronization under the effect of feedback control.

The feedback control is designed as

—riei(t) — Zpij\ej (t — 7)lsign(e;(t)) — palei(t)|sign(e:(t))

.. 27
les(s)[2ds |€i’(<tt))|2, it ei(t) £ 0, &)

t
t—T1

—mnles()Psien(en(t) — 5 Y [

07 if ei(t) =0.

where a; = 50, H1 = 05, m = 0.7, 1€ N, X11 = X22 = X33 = X44 = X55 = X66 = X77 =— X88 = 47 q = 0.27 P = 1.2, Sij
and v;; takes the same value and others not mentioned are all zero. By calculation, we can verify that the condition

Figure 2: The trajectories of drive system (24). Figure 3: The trajectories of response system (EH) under
controller (27).

Figure 4: The trajectories of error system (P8) under feedback controller (27).

in Theorem 3.1 is true, that is,

12
— 20[1‘ — 2/41‘ + Z {leij —+ leji -+ wij + Sij + Uij + wij} S O,
j=1
12 12
2> " (Luhij + [maj|La + |13 La) =2 piy <0,

j=1 j=1
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12

Z (’Twij (L1)2 _|_Tsij (LQ) +T’I}” L2 ) ZX” <0.

Jj=1

Figure 1 shows the trajectories of the uncontrolled error system. The error system does not reach synchronization
in a fixed time, which indicates that it is impossible for the system to reach synchronization without applying control.
Therefore, we applied feedback control on the response system, and with the feedback control (E4), the trajectories of
the driven system and the controlled response system are shown in Figure 2 and Figure 3, and the trajectories of the
error system is shown in Figure 4. In Figure 4, it is easy to see that the trajectories of the error system tend to zero
in a fixed time, and according to the definition of the error system, it is known that the drive system and the response
system reach synchronization. It can be seen that Theorem 3.1 is valid.

Example 4.2. This numerical example is provided to verify the effectiveness of Theorem 3.2. That is, drive system
(EA) and response system (P3) can achieve fized-time synchronization under the effect of adaptive control.

The adaptive control is given as

~ mited me lsign(e:(t)) — eales(0) sign(es (1)

u;(t) = ) . ei(t) o (28)
~ mlea(6)Psign(e me | eras el i () £ 0,
0, if ei(t) =0.

where £;(t) is the adaptive regulated feedback gain, and we design adaptation rate
Ri(t) = ef (t)ei(t) — posign(ri(t) — m1)(ki(t) — m1)7 — masign(ri(t) — m1) (ki (t) — £1)7, (29)

where k1 = 90, p2 = 0.5, 2 = 0.7, ¢ € N,x11 = X22 = X33 = X44 = X55 = X66 = X77 = Xs8 = 4, ¢ = 0.2, p = 1.2, 545
and v;; takes the same value and others not mentioned are all zero. We can verify that the condition of Theorem 3.2

400\
A
30 K\
\

20 P\

yi2()

-40

-50

Figure 6: The trajectories of response system (B3) under

Figure 5: The trajectories of drive system (E4). controller (Z5)

is true, that is,

12
— 20 — 2K1 + Z {leij + leji + wij + Si5 + vij + wij} <0,
J=1
12 12
22 (Llhij + |mij\L2 + |Lij|L2) - QZpZ] S 0,
j=1 Jj=1

12
Z (Twij (Ll)2 + 7535 (L2) + 7035 (L2) ) ZX” <
j=1
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Figure 7: The trajectories of error system (PB) under adaptive controller (ER).

The trajectories of the response system (E3) under adaptive control (28) is shown in Figure 6. In addition, Figure 7
shows the trajectories of the error system (P8) under adaptive control (E8). It can be seen from the figure that the error
system (28) eventually converges to zero as time t changes, which shows that the drive system (24) and the response
system (EH) achieve fixed-time synchronization under the effect of adaptive control (ER). Therefore, the validity of
Theorem 3.2 is explained.

By observing Figure 4 and Figure 7, we can know that both the designed feedback control and adaptive control
can make the FSCNNSs reach to achieve fixed time synchronization. However, in comparison, the convergence speed of
Figure 7 is faster and its error system converges to zero earlier than that of Figure 4. Therefore, the adaptive control
designed in this paper is more effective in the same situation.

Remark 4.3. The numerical simulation shows that both the feedback control and the adaptive control proposed in
this paper can make the FCSNNs synchronize in fized time and the simulation is good, which shows that our proposed
controller is feasible. In addition, adaptive control has not been used for the study of fixed-time synchronization of fuzzy
cellular neural networks so far, and the designed adaptive controller is more general and robust in handling fized-time
synchronization of fuzzy cellular neural networks compared with the existing results. The results in this study extend the
results of previous studies and have better applicability.

5 Conclusions

In this paper, the fixed-time synchronization of fuzzy stochastic cellular neural networks with discrete and distributed
delay was studied. By utilizing Lyapunov method, some sufficient conditions guaranteeing fixed-time synchronization
of FSCNNs were obtained. And two numerical examples were carried out to verify the validity of the theoretical results.
In the future, the following interesting topics will be considered:1. The synchronization of neural networks with Markov
switching has been widely studied recently [I8, IR], so we will consider the fixed-time synchronization of FSCNNs with
Markov switching in the future; 2. Because sliding mode control can overcome the uncertainty of the system, it has
strong robustness to disturbances and unmodeled dynamics [Z1, P5], in the future work, the fixed-time synchronization

of FSCNNs via sliding mode control is also one of the topic we are interested in.
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