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ABSTRACT Stability is an important indicator for evaluating complex dynamic systems’ performance.
Many problems in practice are abstracted into the stability of networks. This study examines stochastic
fuzzy Cohen-Grossberg neural networks(CGNNs) with delayed pth moment exponential stability and almost
sure exponential stability. It is an improvement and supplement to existing work. Our method is based on
integral inequality, differential inequality, stochastic analysis theory and It6’s formula, which discusses the
system’s stability, we have obtained sufficient conditions for system stability, which avoided the construction
of complex Lyapunov functions. Moreover, our method does not require that the activation function be
bounded, differentiable and monotone, and provides sufficient con- editions decreased conservative. At the
same time, it is verified that fuzzy and stochastic terms have positive effects on system stability. Finally, the

effectiveness of the results is verified by a simulation example.

INDEX TERMS Cohen—Grossberg neural network, exponential stability, fuzzy neural network, inequality.

I. INTRODUCTION

The neural network provides a new idea for solving control
problems and modeling complex systems. Especially when
there are uncertainties in the system, neural networks have a
strong association and fault tolerance properties with adapt-
ability the advantages of the neural network method can be
better reflected. Research on neural networks is crucial to
the field of artificial intelligence, and it has attracted signif-
icant attention in the fields of brain science, neuroscience,
computer science, mathematics, physical science and others.
Nonlinear differential equations were applied for the first
time to simulate brain dynamics and characterize neural net-
works, Cohen and Grossberg originally suggested a model for
CGNNs s [1], and since then the subject has been extensively
studied. CGNNs models are more realistic and universal than
cellular neural networks, with more prominent advantages,
greater potential, and strong self-learning ability. Therefore,
alot of research achievements have been made in many fields,
such as smart home, pattern recognition, medical care and
old-age care, among which the stability of neural networks

The associate editor coordinating the review of this manuscript and

approving it for publication was Yu-Da Lin

is of great significance and has been widely researched by
scholars [2], [3], [4], [5].

Much research shows that Fuzzy cellular neural networks
(FCNN) maintain local connectivity between cells, effec-
tively solving the contradiction between system complexity
and the required accuracy. The establishment of a fuzzy
cellular neural network model is a process of simplifying,
abstracting and simulating the basic functions of the human
brain, so as to create a machine with complete human intel-
ligence and apply it to various fields of production and
life, assisting or replacing human beings to complete some
difficult and dangerous tasks. The dynamic behavior of an
FCNN plays a key role in these applications, especially
when stability is a concern. A lot of thoughts have given
robust FCNN in recent years [6], [7], [8], [9], [10], [11],
[12], [13], [14]. In references [8], the stability of networks
with distributed and mixed delays is discussed. FCNN with
proportional delay exhibit periodicity, which is highlighted in
reference [11]. In 1996, Yang and Yang [12] introduced fuzzy
operators into the CGNNs model. There is a growing number
of work related to results on fuzzy neural networks (FNNs)
in the literature [13], [14]. Fuzzy CGNNs have recently
gained popularity in recent years due to their benefits in
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processing images and recognizing patterns [15], [16]. So far,
researchers have published results on the dynamic behavior
of FCGNNS, including the presence of periodic solutions,
and their stability, etc. For example, Sevgen [17] created a
new, readily tractable adequate condition to ensure asymp-
totic stability in the CGNNs model, which is represented
by combining nonsingular M-matrix matrices with nonlinear
Lipschitz activation functions. The type of stochastic nonlin-
ear FCGNNSs unidentified exogenous disturbance was studied
by Xie and Zhu [18], and the Lyapunov function and Dynkin’s
formula were all used to demonstrate that the constructed
event-triggered mechanism makes the system under consid-
eration input-to-state stable. According to new findings by
Zhu and Li [14], stochastic fuzzy delayed CGNNs exhibit
exponential and almost exponential stability. Meng et al. [19]
investigated the periodicity of FCGNNs with time delays and
impulses to find a solution for the system under consideration.
To do this, he used the Lyapunov method, fuzzy theory,
and several standards to guarantee period and exponential
stability.

Furthermore, stability analysis is an essential and critical
part of the field of network synchronization control [20],
[21], [22], [23]. In the actual synchronization control prob-
lem of a Complex network, due to the inconsistency of the
clocks of each node, the change of the network topology and
other problems, the network oscillates in the synchronization
process, which is very unfavorable to the system. Therefore,
determining sufficient conditions for the stability of neural
networks is also extremely important in the field of network
synchronization control. For example, Kong et al. [20] inves-
tigated the synchronization of delayed FCGNNs with param-
eter uncertainties. To complete the synchronization, they
additionally established algebraic criteria, Kong et al. [21]
investigated fixed-time synchronization and deduced sta-
ble time using Lyapunov-Krasovskii functional approach.
Currently, the Lyapunov functional method is widely used
and emphasized in network stability research. However,
which makes it necessary to detect higher dimensional linear
matrix inequalities and increase the computational burden.
Construction of Lyapunov- Krasovskii functional approaches
require more mature experience and logic. At the same time,
if a differential equation under consideration has unbounded
terms or unbounded attenuation properties, it is difficult to
use the Lyapunov functional method. Therefore, some schol-
ars in the study of stability moved away from Lyapunov’s
method and used fixed point theory and inequality for sta-
bility and reduce conservatism. In 2001, Burton et al. [24]
originally tested the stability of neural networks using the
fixed-point theory approach. This method was highly praised
and developed rapidly. Luo [25] employed fixed-point the-
ory and presented the requirements for the stability in the
pth mean as well as in the simple route of mild solutions.
Later, this approach was utilized to explore exponential
stability [26]. Luo [27] applied linear matrix inequality to
show the existence of some oscillatory solutions of CGNNS.
Abdelaziz and Chérif [28] proposed impulsive FCGNNs with
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delays adequate criteria for the global exponential stability
of the under-consideration model were derived utilizing an
appropriate fixed point theorem. Lu et al. [29] application
of generalized Halanay inequality led to the establishment
of several innovative delay-dependent adequate conditions.
The author used fixed point theory and did not rely on any
Lyapunov function or Lyapunov functional approach. The
activation function’s boundedness and differentiability were
not necessary for the outcomes. Based on previous work,
by creating inequality structures and employing stochastic
analysis methods. Ruan et al. [30] investigated the stability
of Hopfield neural networks. The results did not require
the construction of complex Lyapunov functions. Recently,
Chen et al. [31] dealt with the stability of delayed Hopfield
neural networks (SHNNs) employing the fixed-point method
with discontinuous and distributed delay, and they produced
some innovative findings. However, the fixed-point method
had shortcomings due to the use of Holder inequality at an
inappropriate time. Additionally, Sun and Cao [32] investi-
gated the exponential stability of the pth moment of SHNN
by using variational parameters and integral inequalities. Wan
and Sun [33] introduced this method. They do not require to
build of Lyapunov functions. However, they needed to delay
functions to be differentiable. Later, Liu et al. [34] adopted
two 6 methods and discussed the square stability of SHNN
stochastic numerical calculations with constant delay. Liu
and Zhu [35] and Rathinasamya and Narayanasamy [36]
discussed the semimartingale convergence theorem-based
discontinuous delay SHNNs with deterministic exponential
stability.

In the view of neurophysiology, the response of neural
networks to repeat receipt of the same stimulus is not the
same, and its essence is random. This paper describes this
Stochastic process through Brownian motion. At the same
time, in the actual electronic circuit, the delay is an inevitable
response. Inspired by the existing research results. This arti-
cle explores the pth exponential stability and almost sure
exponential stability of a class of stochastic fuzzy delayed
CGNN:Ss. The following are this paper’s main contributions:

(1) The discussion results of integral inequality and delay
differential inequality in reference [33] are applied to
the stochastic fuzzy delayed CGNN5s, which can also be
seen as a further generalization of the Halanay inequal-
ity, and sufficient conditions for the p-order exponen-
tial stability and almost sure exponential stability of
the system is obtained. Compared to reference [14],
our conclusions are less conservative, and we can see
that the method for stochastic fuzzy delayed CGNNs
inequality is easier to operate than the design of the
Lyapunov function and has more advantages for higher-
order stability.

(2) Sufficient conditions of the pth exponential stabil-
ity and almost sure exponential stability are verified
through simulation experiments, and the influence of
time delay changes on system stability is observed,
which provides a degree of insight for subsequent
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research on more complex systems. At the same time,
the simulation finds that the system becomes unstable
after we remove the fuzzy and stochastic items, proving
the advantages of fuzzy systems. Therefore, subsequent
research should design improved fuzzy operators to
provide increased stability in the system.

The remainder of this essay is structured as follows: we
introduce the stochastic FCGNNs model in Section II and
provide some essential premises and lemmas. Section III,
we provide sufficient criteria for the system’s stability using
integral inequality and differential inequality. We simulated
Section IV to demonstrate the value of our findings, and
Section V presents our conclusion. Data Center Infrastructure
and Power Consumption.

Il. DESCRIPTION OF THE MODEL
In this study, we take into account the class of stochastic
FCGNN:Ss that includes:

d; (1) = —ai (3 () [ bi (5 (0) = ALy (1, 1)
— Vi_diffj (. % ()
— ALy @ijgj (t.xj (t — T (1))
— VI B (1 (1 — T (t)))] dt
+ Z;;l oy (£, x; (1) ) (6, 1 — T (1)) dw (1)
xi () =¢i(s), se[-7,0]

ey

The structural diagram is shown in Figure 1:
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FIGURE 1. Fuzzy cohen grossberg neural network structure diagram.

Foralli,j = 1,2,---,n,t > 0, where x; (¢) represents
the ith neuron’s state at time 7, a; (-) is a representation
of the ith unit’s amplification function at time z. and b; (-)
is the behaved function. The connection weight strengths of
the jth unit on the ith unit at time ¢ are represented by the
constants c;j, djj, c;j and Bj;. fj (-) and g; (-) represent the jth
unit’s neuron activation processes at time . 0j; : R x R — R
Borel-measurable function describes the noise perturbation.
A and V denote the fuzzy AND and fuzzy OR operations,
respectively. w; (¢) is a complete probability space (2, .7, P)
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as the scalar standard Brownian motions with a natural fil-
tration {%#;},5¢. The filtration is right continuous and %
contains all P-null sets. The time delay © > 0. Let € £
% ([—71,0]; R") be the family of all continuous R"—valued
functions and ¢ is a Banach space with P-norm defined

P

( sup 3 191 (s)I”) . and

se[—1,0]i=1
let ‘Kg) ([—7,0]; R") be the family of all {.%}-measurable
C-value stochastic process £ = {£ (0) : 0 € [—7, 0]}.
Definition 1 ([37]): The trivial solution of FCGNNs (1) is
pth moment exponentially stable, if there exist y > 0 and
§ > Osuch that ELx; (1, $)I" < & max {E l#i|"}e 7", =0,
j€ln

holds for any ¢; € ‘ﬁ}% ([-71:,0]; R), i € Jy,.

Definition 2 ([37]): The trivial solution of FCGNNs (1)
is almost surely exponentially stable, If there exist y > 0
such that lim sup % In|x; (r, )| < —y, holds for any ¢; €

t—+00
5, (=7, 01: R), i € Jy.

Assumption 1: There exist a;, a; and 6; such that 0 <
ai < a;(v;y) < & and v;ib; (v;) > 9,'\11-2, for any v; € R,
i=12,---,n

Assumption 2: f and g are bounded functions, there exist
constants M; > 0 and N; > O satisfying the Lipschitz
condition W < M;, W < N;, hold for any
u,velk,i=1,2,---,n.

Assumption 3: There are constants p; > 0 and v; > 0
such that

on [—7,0]. Define:||¢| =

o7 (8% (1) . xj (t — T (1)) < pigx? (1) + v (£ — T (1))
(2)
for each x; (1) ,x;(t —t(¢)) € R, 0;(£,0,0) = 0, oy
0,0,0)=0,i,jeJ,,t=0.
Assumption4: a; (0) = 0, or b; (0) = f;(0,0) = g
0,0)=0.

Assumption 5:

P P
2 " 2 "
_1|~2-p ~2—p
st a T DM |+ U D ayN;
j=1 j=1

P

P
n n
~2-p ~2—p
+a; > dyM;j | +a; > BilN;
Jj=1 Jj=1

N 2
+(a) T Y () | <1 G
j=1
Lemma 1: Assuming that u and vare two state variables in
the system (1), the following inequality holds:

’

X ciifi (u) — X ciifi )
j=1 j=1

< D leql fi @) = )
j=1

<> oyl g ) — g )

J=1

)

n n
A S (u) — A &) )
j= j=
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\/dmu)— v, digfy (v) <Z|d,,|m(u) —f;

Jj=1 j=1

\/ Bigi @) = \/ Bigi )| < D |Bil |8 ) — g; v
=1 j=1 j=1
Lemma 2: [30]. For system

n t
xi (1) < Ki (0)e " + > py / e =D
=t 70
X sup  x;(v)drt
s—gj(r)svst @)

n t

+ E q,-j/ xj (r) e PU=Ddr
, 0
J=1

xi (1) =i (t) € € ([—¢i, 0]; R)

For every i,j € Ju, xi (t) = 0, ¢;; (v) € [0, ¢;j] and T > 0,
Sij < ¢,andp; > 0,q; = 0, p; > 0. We complementanly

p:+ZPu+Z qij <0,
=1

then there exist a constant A* > 0 such that max {|x, o} <
eJ,

define ¢ £ max; jey, {¢;j}. Suppose,

n

¥t _
max {[[y; [} e, 1 € [=2. +00).

Lemma 3: [30]. For system

DVxi (1) < Zpux/ (1) + 2 qij  sup

o =gty <s<t
—pixi (1), t > O
xi () =9 (t) €€ (¢4, 01;R), = <t <0

x; (5)

&)

where D™ is the Dini derivative. We complimentary define
xi(6) = yi(=g) for =¢ < 1 < =g, where ¢ £
l’l
max; jes, {£;}- Suppose —p; + Zp,j—}— Z q;j < 0, then there
=1
exist A* > 0 such that max {|x; (t)|} < max { || Yy || } e Mt e
i€y J€ln

[—¢, +00).

Remark 1: In [14] and [38], complex Lyapunov func-
tions were constructed and complex matrix norms were
defined, respectively, and the results were not easy to verify.
We quoted the inequality conclusion given in reference [37]
and tried to apply this conclusion to the stability analysis of
fuzzy delayed CGNNSs, avoiding the construction of complex
Lyapunov functions and the definition of complex matrix
norms. Sufficient conditions for stability with lower conser-
vatism are obtained.

Ill. INEQUALITIES AND STABILITY

Be sure that the symbols in your equation have been defined
before the equation appears or immediately following. Ital-
icize symbols (7" might refer to temperature, but T is the
unit tesla). Refer to ““(1),” not “Eq. (1)” or “equation (1),”
except at the beginning of a sentence: ‘“Equation (1)

EH)

is....
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Theorem 1: Then FCGNNSs (1) is exponentially stable at
the pth (p > 2) moment, assuming assumptions 1-4 hold.
Proof: From Assumption 1, we have

dx; (t) < —a; [9x, (1) = A cify (1, (1)) = VI digf
x (1,2 (1) = Nijeg (1, x; (1 = 1))
— Vi Biigj (. % (¢ — T))]
oij (1, x5 (1,1 — T (1))) dwj (1) (6)

2

Multiply both system (6) sides by e
between 0 and ¢, which gives

i and integrate

X (t) < e_ait(;ﬁi 0) + a; /Ot e ailt=s) Ny ciify (s, x; () ds
+ 51-/0[ —ai(t=s) /\] | Q&) (s xj (s — 1’))
+ a; /Ot e = Vil difi (s, % (5)) ds
+ ai/ot = it=9) Vil Bijgj (s.xj (s — 1)) ds

/ —a(t— V)Z ol] s, % (8,8 — T))dWJ (s)

£ 851 (1) + S (1)+Si3 () + Sia (1) + Sis (1)+Sie (1)
@)
There exists 0 < £ < 1 such that

2 " g 2 !

~2—p ~2—p

a; Z ciMj | +a, z a;iNj
=1 j=1

P
5p-1

(1—kyp!
2 ! ! 2 "
~2-p ~2-p
+a; | D M| +a [ DN
j=1 =1

N (zal_)—(g—l)

n
n! Z(Mij‘l‘\/[j)% <1

®)
Apply Holder inequality
E|x (O
_ESa OF S (1) +Si3 (1) +Si4 (1) +Sis (1) +Sis (O
T k! (1 —kp!
ESiOF BB OF | EISs0F
kp=1 kp=1 kp=1
L ESnOP ElSu P |, EISs 0
kp=1 kp=1 kp=1
E|Sis (D17
p—1 !
-y = ©)

Assumption 2 and lemma 1
E Sy ()P = e PUE |¢ ()P < e “"El; (O) 1 >0

(10)
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E|Sn )

t —
=K a,-/ e—af“—%;?:lci,fj (. x; (5)) ds
0

t P
<E ai/o —a A1 e 1f (20 () — ﬁ(t,0)|ds}
r ale

t —~
5@ [ TS ey w0
0

L j=1 J
- qp

E a,Z|cU|M/ —ai(t=s) |x (s)|ds

j=1

~a ( (e )

p

p—1

r p—1
(|ey| M) ( / e“"(”)ds)
0

n t _
x( |c,j|Mj/ E|xj (s)|p e 4it=9) g
N 0
j
p

— n ! —~
= (X (alm)) [ Bl @l e

—1

" ' Gy G !
(St me| [ [ (9] s
J

(11)
Similarly, we get
b t
E S5 ()P <a |le|N / o= alt=s)
j=1 0
x sup  Ely (s)} ds (12)
S_T,'E'l)fos
9 n p o
ElSaOF <a " (> (|ag| M) / -9
' 0
J=1
X E’xj (s)‘p ds (13)
2 [ = P
E|Sis 0P <a ' Z(|13U|Nj) /Oe—a(t—s)
J=1
X sup E]xj (s)}pds (14)

s—rig-l) <V=<s
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For p > 2, assumption 3 and Holder inequality lead to the

following conclusion:

Ellis )17

p
n t _
=E Z/O e ey (xj (¢, t — T (1)) dwj (5)
j=1

p

n t
= | [ (g ) iy
~ 0

n M pt
=7 S| [y ot = 0) s 0 }
=1 L
! 5

n -
< P! E E
j=1

f —~
/ e 2ailt=s) ‘Uij (xj (t,t—1 (t)))| ds]
0

(ST

n ¢ . n

Sn”_IZ]E / e‘za"(’_x)Z(szxf (s)—i—v,»jsz(s—r))ds
. 0
J=1

J=1

n t PN s n
_ ! ZE / o 5 ait=s) ~paii—s) Z
=1 0 j=1

P

2

X (uijsz (s) + Uijsz (s — r))ds

<wt (2a) 0"

4
X / —2a,(t C)ZIE(,LLU)C (S)+Ul]x (s_r))z
0 j=1
—en & b [t
=" (2a) Z(sz+vif')2/
: 0
j=1

X sup E|xj(s)|pe_a"(’_x)ds (15)

S—T<v<s

Thus, from Assumption 4, we have

E|x ()P
_ ElSa 0F
S —
Sp YE |Sp (1) + Si3 (1) + Sia (1) + Sis (t) + Sig (1) [P
(1 —ky!
eizl\if]E |¢l (O) |P Spf] 2y
a.
= kp—1 R —k)pﬂ ;
n p , .
x| 2 (el ) / E |x; ()" e~ 41"V ds
j=1 0
p

n

+ | 22 (I 3)
j=1

t
/ sup E |xj (s) \p
0

§—T; <v<s
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p—1

t
| Emor
0

n

x e ds 4 3 (|ay| M)
=1

n

< (3 (14l 9)

Jj=1
t
X / sup
0

(1)
§—T; <v<s

5r—1 D) »
+mﬂp 1<20i) ’ Z(Mtj+vij)2
j=1

E |xj (s) \p e_a"(’_s)ds]

l —~

X / e~ sup E|x; (s)]" ds (16)
0 S—T<V<s

We are aware that Lemma2’s prerequisites have all been met.

Next, there are £ > 0 and y > 0 such that

max {E i ()} < §¢77" max {E leil”}y 1= - amn

Remark 2: By constructing Lyapunov Krasovskii func-
tions, references [14] and [38] proved that fuzzy delayed
CGNNs are exponentially stable in different cases, that is,
they are only applicable to the case of p = 2. Higher-
order exponential stability requires higher requirements for
the design of Lyapunov Krasovskii functions. We also apply
the inequality method to p > 2, so we can see the ease of use
of the method in this paper.

Remark 3: Zhu and Li [14] considering the special case of
equation (1), degenerate fj (7, x; () to f; (x; (1)), degenerate
gj (t.xj (t — 7 (1)) to gj (x; (t — T (1))), sufficient conditions
for the stability of the mean square index are given:

n n
2m,-al~0i - )\.mi —n; — miéi E ‘Cij|]wj — E mj&j |Cji|M,'
j=1 j=1

n n n
—mid;i > |dy|N; — mia; Y |dig|M; = > myy |dii| M;
j=1 j=1 J=1
n n
- mifliz |Bij| Nj — ijﬂjl’ >0
j=1 J=1

and
n n n
e PTn; — Zmi |dji} N; — ij ’ﬂji| N; — Zmivji > 0,
Jj=1 Jj=1 Jj=1

It can be seen that our results are easier to achieve. Mao [37]
considered the special case where a; (x; (t)) = 1, Our results
are equivalent to generalizing literature [30].

Theorem 2: Under assumptions 1-3 and

n
- p—1
—ait (Cijf"fjJrOliﬂVjeriijJrﬂiﬂ\GJr—z (Mij+Vij))
=1
<0,iely,,
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then max (E|x; ()P} < Bréa}ic {E |#;["} e, where A* is the

following equations’ minimal solution
n
h—pai+ ((P — 1) (i + Bij) Nj +p (cij + dy) M;
j=1

Mij Vij
Sp-D+ZLp-Dp-2
+5p -1 +3 -1 -2)
n
+ 2 (@l + B+ (= D) ¥ =0, €
j=1
(8)

Proof: Using 1t6’s formula, we obtain
t
E i ()7 = /0 EL P ds+EIgOF  (19)
For sufficiently small Az and any ¢ > 0, we get
DYE |x )P = EL |x; () (20)

It6’s formula, Young’s inequality and Assumptions 1-3
yield

DTE |x; ()P
< E[—pailx F
+ A ciify (17 (1) sgn dx (0} p (g ()P
+ A eigy (x5 (0 — 1) p (5 ()7 sgn {x; (1)
+ VIL digfy (1% (1) sgn fx; (0} p (i (1)~
+ VI Bigi (1, % (6 — ) p (i (1)P~ sgn (xi (1))

+ ,Z‘ PO oy s, 5= o) b 0]

= —pGE L OF + X" eME|[x; )] p b 07|

j=1
+ > N [ =) plx (0P~
j=1
+ > dpMiE [ | )| p L ()]
j=1

+ 3 BNE [ ¢ = )|l 0P~
j=1

2

2
X |xj (t — T)| v,-j):|
n
< {-pai+ > (=) [eiMj+ ayN; + dyM; + BN
j=1

+(P_2) (Mlj"‘vij):“Elxi(t)'p

+2E [(|x/- O wy+ 227D
j=1

2
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n
+ > (cyMj +dyM; +E |x; )|
j=1

+i((p

(p—1)

N;) sup E |xj () |p

t—T<s<t

+ (o + B)

—l)Uij

2D

As a result, Lemma 2’s presumptions are all met. Thus,
we have

Elx: (0P} < E pY =A%t _
rl_rée]l:c{ lx; (1)] }—I}é?f{ lgs1IP}e™ ", t € [—T, +00)
(22)

This suggests that FCGNNss (1) is pth instant exponentially
stable. The evidence is finished.

Remark 4: The condition of Theorem 2 is weaker than that
of Theorem 1, and the result is sharper than that of Theorem 1.

Remark 5: Theorems 1 and 2 reveal that stochastic fuzzy
delayed CGNNS are exponentially stable at the p-order level.
The criteria given in [39], [40], and [41] are invalid in our
results because the part of fuzzy logic is not considered,
and [28], [42], and [43] ignores the Brownian mot ion existing
in the system. The criteria obtained in [18] are not valid
in Theorem 1 and Theorem 2 because exponential stability
has not been studied.

In the proof of Theorem 2, we used Lemma 1, however,
we replace the inequalities with if

Anfi) — A nf | < min [l @) —fm|  @3)
=1 J=1 l<j=n

v onfy ()
j=1

— U nf 0| < max nl [ @) —£0)]  (24)
j=1 1<j<n

is used in place of the aforementioned disparities.
Corollary 1: Suppose Assumptions 1-3 and
—ai+ max (c;M; + a;N;) + min (dyM; + B;Nj)
I<j<n Isj=n
n

p—1 .
T ;(MU+Ué/)<0,leJ,,,

then me}x {E |x; (DI} < m%x {E ”¢j”p} e M1, where A* is
1E€Jp JE€JIn
the following equations’ minimal solution.

A—pa;+ m_in (peiiM; + (p —

+ max /S,J ,z

+ max ((p — 1) BiiN; + pd;iM))
1<j<n

D) a;N )+ min a,ij
I<j<

—l)v,/ A

-1 < -D(p-2) =
%ZMU‘F%ZUU =0
j=1 J=1

(25)
Remark 6: Replacing Lemma 1 with Equations (23) —

(24), the result is obvious, and the proof process is the same
as Theorem 2.
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Theorem 3: Assume that assumptions 1-3 and

—~ " 1
—ai+ D | ciM; + ayN; + byM;j + BiN; + 3 (i + vyj)
j=1
<0,iel,

are true., then it is almost surely exponentially stable for
system(2. 1).

Proof: Where t € [N,N + 1], assuming N is a big
enough number, then

—~ t —~
x (@) <e %'x;(N)+ a,»/ e @ill=9) Ny ciif (s, (5)) ds
N

t
+ai/
N

t —~
+ ai/ e 4i=9) \/j'-’zl diif; (s,xj (s)) ds

N

t
+ai/
N
/ Y i (5. (s = ) )

i1 (1) +Kip (1) + Ki3 (1) + Kig (1) + Kj5 (2)
+Kic ()i, (26)

ai=s) N ijg; (s, % (s — 7)) ds
e ailt=9) Vil Biig (s,x (s — 7)) ds

Therefore, for a fixed ey > 0, we get

P{sup |x; (t)| > ey}

- €
<P sup ‘e‘“"’xi (N)’ >N
N<i<N+1 6

t —~
—i—P[SUp 5,/ e ait=s) /\}“:1 ciif; (s,x]' (S)) ds| > %V}
N
t
+P[Sup E,-/N e —ai(t=s) A —1 Ojgj (s Xj (S—‘L'))
eN
> —
6
t
=+ P ysup E,-/Nefa,(t s)v L digfi (s, xj (9)) ds| > %]
t
+ P {sup ai/N e ait=9) \/ " Biig (s xj (s — r))
EN
> —
6
+ P {sup / e—az(t Y)Z Ul] 5, Xj (5,5 — ))de (s)
N
> %N] @)

From Theorem 2, there exist constants p > O and A > 0
such that

rjréa}r)l( {IE ‘xj (t)|2} < pe_M, t € [0, +00) (28)
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So we have
6 \? -~
Kin < (—) E [sup e x; V)

2 (6 2w
) E |x (N))| (—) pe (29)
EN
o 2
) |:sup al/ e~ it Ny cify (s, x(s)) ds :|
N

EN

6 N+1 _ N+l
—) _“itds/ e 'R
EN N

2

Z ijfj(s,xj(s)) ds

—1

IA

| A

IA

&
= (i
(

2

Y [ el
<{—) a; e YK ciM; |x; (s)|| ds
GE o
2 n N+1 )
c c--M</ E |x; (s)|"ds
() a zz )
2
6\’ —AN
(5) a; z ciMj | pe (30)

Similarly, we have

6\ /- \2[w
Ki3§(§) (ai) j_z1aiij
2 6\ -
x sup E|x)| ds) < (a) aizaiij
=1

n N+1
> |
j=1 N

2

S—T<V<s

x ' pe N 31)
6\ /- \2 (<
Kis = (—) (ai) Zdiij
EN =

n N+1 5
> dyM; /N E |x; (5)| ds (32)
j=1
2

6\’ -
(—) a; Z diiM; ,Oe_)LN
=1

IA

EN

(%)2 (55)2 gﬁt]Nj
Z PiiN; /

K;s

IA

sup E|x; (v)[2ds

s—T<V<s

2

6\ (- < _
5(—) ai Y BiN; | ¢pe N (33)
j=1

EN
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From the independence of {w; (1)},_, and Ito’s formula,
we get
Kis
6\2
il
_(5) E[sup / ~a; Z ojj x] (s, s — ))dwj (s)]
6 2 N+1 ”z n
<{— ) E / e ~ait oii (x; (s, 5 — 7)) |ds
() 2| [ St
6\ N+1 s ,
5(_) ZE[/ wiE x5 )"+ v |xj (s — )| dsi|
EN o N
6\ | — N+1 ,
(_) Z Wij + Vij / sup El|x; v)| ds
N ]:1 S—T<V=s§
6 —AN
“\av Z (1 + viy)e™" pe (34)
=1

Thus, from Equations (29)—(34), we have
P{sup |x; ()| > en}

2 2
(&) v (&
— \eny EN
a,ZaU )

)
() azzw)
)

—AN
a; E ciiM; | pe

al Zﬁlj
R S
. ij ij

max {D }
D; A
<5< ]Ej—z@ w 35)
e e
N N

1 AN
Set D := maxjes, {D;} and ey = D2e™ 7, then

1 AN
P sup |x;(t)| > D2e” 4 } <e”
N=<t<N+l

Consequently, it follows that FCGNNs (1) is probably
certainly exponentially stable.

Remark 7: Theorem 3 gives a sufficient condition for the
almost sure exponential stability of random FCGNNs (1).
As Remark 4 states, the theorem is not supported by the
analysis and techniques employed in [39], [40], and [41].
In addition, the criteria give in [40], [44], [45], and [46] do not
apply to our results because they do not consider the problem
of almost sure exponential stability. It should be emphasized
that although [40] does not design the Lyapunov Krasovskii

AN
2

,ield, (36)
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function or auxiliary function. It is necessary to test the
nonsingularity of the matrix.

Remark 8: 1t’s important to remember that references [45]
and [46] also looked at the nearly certain exponential stability
of random variables, but their studies were based on fuzzy
cellular neural networks, which is a special case of this study,
namely a; (x; (t)) = 1 and b; (x; (t)) = bx; (¢). Other scholars
in recent literature [47], [48] have also researched almost sure
exponential stability. The authors of [44] studied the almost
inevitable exponential stability of Markov jump systems,
and the study found in [46] examined stochastic Hopfield
neural networks. Our research intends to complete the Cohen-
Grossberg neural network’s stochastic fuzzy delayed expo-
nential stability findings.

Corollary 2: Assume that assumptions 1-3 and

= i+ min (c;M; + o) + max (dyM; + fiNj)
= 1
+le§(y,ij+u,»j) <0,iel,

holds, then system (1) is almost surely exponentially stable.
The same proof idea as corollary 1.

IV. EXAMPLE
Consider the second order CGNNs (1) with

fi (. )
0.2t cos (x; (1) :
- #,g (5 (D) = 0.2 () sint,
a; (x; (1))

= 1.340.8sin (x; (1)) , b; (x; (1)) = 0.3 cos (x; (1))

(o3t, (5 (1.1 = 1))
_ ( sint 4 0.4x; (¢)

0.2tx (t — 7 (1)) 0.2sint + xp (1)

cost+03x;(t—7 (t)))
Obviously, a1 =ar =b=by=1,81=d,=b) =h, = 2,
M; = N; = 0.3. The following are additional network (1)
parameters:

—3.1 04 -31 05
(“ff)zxz:[(m —0.3] (b’j)2><2=|:—1.9 —1.1]’

0.6 0.5 0.2 0.1
(€i)s= [0.4 0.4} o (y)y0= [0.2 0.1}

Take 7 = 0.8sin#, k = 0.5, Using the inequality

m+n+p+ q)2 < 4m? + 4n® + 4p* + 44%, we have
mir = pi2 = vy = vp = L7and pp; = pn = v =
2y = 0.61. The validity of assumptions 1 through 5 can thus
be easily verified. Four sets of initial conditions are given for
each node.

Therefore, the conditions of Theorems 2 and 3 are satisfied.
From the simulation results, we can see that the network is
exponentially stable (see Figure. 1). Furthermore, we remove
the fuzzy term, demonstrating the instability of the network
without the fuzzy component (see Figure 2.).
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amplitude

n L n L L L
0.4 0.5 0.6 0.7 0.8 0.9 1
time t

FIGURE 2. Transient responses of the state variables in the example’s
responses x; (t) and x, (t) to the six groups.

100

80

amplitude
=

-40
-60 \

-100

0 0.1 02 03 04 05 06 0.7 08 09 1
time t

FIGURE 3. After removing fuzzy and stochastic terms, transient responses
of the state variables in the example’s responses x; (t) and x, (t) of
example with six groups.

Furthermore, we change (aij)y, -+ (Bij)5,n+ (Cij) 5 ns

(dy),, , under the condition that the theorem is satisfied,
proved the validity of our conclusion.

T

FIGURE 4. Transient responses of the state variables.

Remark 9: The above simulation shows the theorem
results in this paper. Through Fig. 2, we prove that
FCGNNSs (1) is almost surely exponential stable and expo-
nential stable. In contrast to the findings in the literature [24],
it goes a step further and is generalized from p = 2 to the
sufficient conditions for almost necessarily exponential stable
when p > 2. The comparison in Fig. 2 shows that the fuzzy
network is stable, so the fuzzy system has more advantages
in practical applications.

V. CONCLUSION
The stability problem is a prerequisite in the actual system,
and is also one of the im-portant performance indicators in

VOLUME 11, 2023



H. Zhang: Inequalities and Stability of Stochastic Fuzzy Delayed CGNNs

IEEE Access

the control system. It is an essential part of the dynamic
analysis, and has an important position. In this paper, CGNNs
with random fuzzy delay are examined in this research.
To ensure the system’s exponential stability and virtually
certainly exponential stability, we gather enough criteria by
taking into account the fixed point theory, using integral
and differential inequalities, and using stochastic analysis
theory. Compared with the widely used method of designing
Lyapunov Krasovskii func-tionals, Our method is easier to
implement, especially in practical engineering applications,
reducing the conservatism of stability sufficient conditions.
In addition, during the simulation process, we removed the
fuzzy terms from the model and found that fuzzy systems
provided more benefits than non fuzzy systems. Finally, our
results can be further studied and extended to more complex
systems. For example, in the current challenging field of
dynamic control for soft robots, due to the need for more
sensing devices, they form a more complex network and have
high-dimensional nonlinear dynamic characteristics. Using
the method proposed in this paper to seek sufficient con-
ditions for their stability not only reduces the conservatism
of the conditions, but also makes it easier to implement in
engineering.
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