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1. Introduction

A large class of neural networks, which can function as stable content addressable memo-
ries or CAMs [1, 2], had been proposed by Cohen and Grossberg. These Cohen-Grossberg
networks were designed to include additive neural networks, later studied by Hopfield
[3, 4], and shunting neural networks. In the original analysis, Cohen and Grossberg as-
sumed that the weight matrix was symmetric. Meanwhile, the activation functions are
assumed to be continuous, differentiable, monotonically increasing, and bounded, such
as the sigmoid-type function. Usually, such systems have been investigated under the
assumption of asymmetric connection weight and nonmonotonic activation function.
However, monotonicity and differentiability of activation functions come form the exper-
imental results of brain sciences, moreover, they have very strong biological background.
On the other hand, realistic modeling of many large neural networks with nonlocal inter-
action inevitably requires connection delays to be taken into account, since they naturally
arise as a consequence of finite information transmission and processing speeds among
the neurons.
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It is also important to incorporate time delay into the model equations of the net-
work such as delayed cellular neural network, which can be used to solve problems like
the processing of moving images [5, 6]. Ye et al. [7] introduced discrete delays into the
Cohen-Grossberg model. Furthermore, their global stability needed to satisty the require-
ments that the connection should possess certain amount of symmetry and the discrete
delays were sufficiently small.

For the delayed Hopfield networks [7-14], cellular neural networks [5, 6], as well as
BAM networks [15-18], some delay-independent criteria for the global asymptotic sta-
bility are established without assuming the monotonicity and the differentiability of the
activation functions and also the symmetry of the connection. Wang and Zou [19] also
studied the Cohen-Grossberg model with time delays. The global stability criteria of this
type of neural networks were also obtained by constructing appropriate Lyapunov func-
tionals, or Lyapunov functions combined with the Rezumikhin technique. All of these
criteria are independent of the magnitudes of the delays, and therefore the delays are
harmless in a network satisfying one of the criteria. Actually, the global exponential sta-
bility implies global asymptotic stability, and so the results leading to global exponential
stability can provide relevant estimates on how fast such networks perform during real-
time computations. Furthermore, Liao et al. [20, 21] studied this problem.

Generally, the stability criteria for time-delay systems can be classified into two cat-
egories, namely delay-independent criteria and delay-dependent criteria, depending on
whether they contain the delay argument as a parameter. There have been a number of
significant developments in searching the stability criteria for systems with constant de-
lays [4, 6, 7,9, 11, 12, 14-17]. Only a few of them are for neural networks with distributed
delays; see, for instance, [1-5, 8, 10, 18]. To the best of the authors’ knowledge, the delay-
dependent criteria in the case of the delayed Cohen-Grossberg model are little studied yet.
In this paper, we will present some new local and global asymptotic stabilities of the equi-
librium of Cohen-Grossberg models with mulitiple delays. Our results essentially show
that the equilibrium of the network remains globally asymptotically stable when the time
delays are small enough. In order to prove our results, we construct the suitable Lyapunov
functionals.

In this paper, the amplification functions need to be continuous, positive, and
bounded. However, the self-signal functions are not assumed to be differentiable, but
only need to satisfy condition (H;), as stated in the next section. At the same time, we do
not confine ourselves to the symmetric connections. The rest of this paper is organized
as follows. In Section 2, the Cohen-Grossberg neural network with time-varying delays
and some preliminary analyses are given. By constructing Lyapunov functionals, some
global exponential stability criteria for the network are presented in Section 3. Finally,
numerical example is given to illustrate our results and some conclusions are drawn in
Section 4.

2. Some preliminaries and network models

We consider Cohen-Grossberg neural networks with multiple time-varying delays, de-
scribed by equations of theform
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K n
w;(t) = —a;(u; (1)) [ z z f] uj (t — 7 ( t)))+I,~], i=1,2,...,n, (2.1)

where u; denotes the state variable associated with the ith neuron, the function a; repre-
sents an amplification function, and b; is an arbitrary function; however we will require
that b; be sufficiently well behaved to keep the solutions of (2.1) bounded. The tgf)’s de-
note the interconnections which are associated with delay 7 (¢), 74 (¢) denotes the kth time
delay for k = 0,1,2,...,K suchthat0 = o < 77 < - - - < 7¢.

System (2.1) is said to be globally stable if for any solution u(¢), lim;_.. u(¢) exists. For
the definitions of stability and asymptotic stability of an equilibrium of (2.1), refer to any
of several standard texts (see, e.g., [22]).

In this paper, we assume that the Cohen-Grossberg neural networks (2.1) satisfy the
following assumptions.

(H;) The function a; is bounded, positive, and continuous.

(H,) The function b; is continuous, and there exist positive constants B; and B;, i =
0,1,2,...,n, such that

0<B,»5MSE, for xi # yi, i=1,2,...,n,
— Xi— Yi (2.2)
Jm bi(u;) = +oo, Jim bi(u;) = —co.

(Hs) fj € C'(R,R) is a sigmoidal function (so that s(x;) 2 ds;(xj)/dx; > 0,
limy, v fj(xj) = 1, limy, o fj(x;) = =1, and limjy |~ 57 (x;) = 0).

(Hy) 7% : [0,+00) — [0,400) is continuous and 0 < 74 (f) < 7.

The initial condition for system (2.1) is given as follows:

(v

uj(s) = ¢j(s), se[-7,0]. (2.3)

LemMa 2.1. Ifassumption (H,)—(Hy) are satisfied for system (2.1)—(2.3), then any solution
of (2.1) and (2.3) is bounded.

Proof. We only need to consider system (2.1). We know by (H;)—(H,4) that the terms
fituj(t)) and f;(u;(t — 7(t))) are bounded for all j = 1,2,...,n. Furthermore, since

limy,— 40 bi(1;) = 400 and limy,— — b;(14;) = — o0, there must exist M >0 such that
K n
= D fi(ui (= () +1;> 0 (2.4)
k=0 j=1

whenever u;(t) > M and

bi(u;(1))

HMK

Z ij f] Xj t_Tk(t)))+Ii<O (25)

whenever u;(t) < —M for all i = 1,2,...,n. Since a;(u;(t)) is positive by (H;), it can be
concluded that for any solution u(t) of system (2.1), #;(t) < 0 whenever u;(t) > M and
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u;(t) > 0 whenever u;(t) < —M for all i = 1,2,...,n. We may assume that for the initial
condition ¢;(s), |¢;(s)| < M, otherwise we ]ust pick a larger M. Thus we can conclude
that |lu;(t)|| < M forallt > 0andalli=1,2,...,n. O

It is not difficult to show that under (H;)—(Hy), the solution of (2.1) satisfying the
initial condition (2.3) exists on R, = [0,+) (see, e.g., [22, 23]). Actually, note that from
Lemma 2.2, it is clear that the solution of (2.1) is also unique.

It is also easy to show that (2.1) has always an equilibrium 7, i = 1,2,...,n. That is,
there exist u] ,i=1,2,...,n, such that

K n
k .
=2 th(j)fj(u;k)+1i, i=1,2,...,n (2.6)

k=0 j=1

By using the strict monotonicity property of b;, there exist positive numbers b; > 0,
i=1,2,...,n, such that

b;(u*)zb;u?", i=1,2,...,f’l. (27)

Thus,

{Z > fi( +I,}, i=1,2,..,n (2.8)

k=0 j=1

In fact, let us consider the map P = (Py,P5,...,P,) on the compact convex set (), where

Pi(uy,uzy... u,) = {Z ztl] f] -I-L}, i=12,...,n,

k=0 j=1
Q = {(ur,u2,...,u,) | |ui| <Ni}, (2.9)
Sheo S 16 | Fj+ |1 ,
Njp = J |bij| , |fj(u;-k)|sF', j=12,...,n.
1

It follows from (H;) that P is a continuous map Q into itself. Thus, it follows from
Brouwer’s fixed point theorem (see, e.g., [22]) that P has at least one fixed point (uf,
uy,...,u}) in Q, that is,

(uf,uf,...,u) =P(uf,uf,...,u}). (2.10)

This shows that (uf,u5,...,u}) satisfies (2.6).
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Lemma 2.2 is immediate.

LemMa 2.2. If (Hy)—(Ha) are satisfied, then for any solution of (2.1),
l!imsup|u,'(t)| <Ni(<Nyp), i=12,...,n, (2.11)
where the positive constants N, i = 1,2,...,n, satisfy

_ Sico Sioy [P [ F(N) + 11|
| b | ’ (2.12)
Fi(N) =max [ fi(Ni),— fi( =Ni)}, i=1,2,...,m.

N;

Proof. Itis clear from (H;)—(H4) and (2.1) that
Llirpwsup |ui(t)| <N, i=1,2,...,n (2.13)
Thus, for sufficiently small # > 0 and sufficiently large T, > 0, such that for t > Ty,
|lui(t—7)| <Nw+7n, i=12,..,n, (2.14)

which together with (H3) and (2.1) yield that for ¢t > T,

K n
u;(t) < ai(u,-(t)) |:—|di(u,'(f)) | + Z Z |tz§]}'() |7j(Ni0+l’]) + |Ii|:|, i=1,2,...,m

k=0 j=1
(2.15)
Note that one can take # — 0 as t — +o00, we have
}imsup |ui(t)| <Ny, i=1,2,...,m, (2.16)
where
Yo X5 145 | Fi(No) + | 1]
Nip = <N, i=12,...,n (2.17)

| bi|
By repeating the above procedure, we can obtain positive sequences {Nj} such that

K <n |,k F
oS O F (N + |
Zkfo Zjfl| z]_|fl( l,k) | 1| SNi,k, i=1.2...m,
| b | (2.18)
}imsup lui(t)| <Nig, i=1,2,...,n k=1,2,....

Ni,k+1 =
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Let N; denote the limits of {Njx} as k — +oo, respectively. Then, we have

N = {sz—o Sl |f§fﬁﬁ(Ni,k) +| L] }’
& (2.19)

lim sup |u;(t)| < N

This shows that Lemma 2.2 holds. O

By Lemma 2.2, we see that for any sufficiently small positive constant ¢, there exists a
sufficiently large time, T = T'(¢) >0, such that for t > T,

|ui(t)| <Ni+e, i=12,...,n (2.20)

Define positive constants p;. and gqi¢, i = 1,2,...,, as follows:

i = min (w) < max ‘W) =qgie, i=12,...,n. 2.21
Pie —(Nj+&)<w<Nj+¢ l( ) —(N;+s)swsNi+sgl( ) i ( )

Let p; and g;, i = 1,2,...,n, denote the limits of p;. and g, respectively, as ¢ — 0.

Remark 2.3. Tt is easy to show that the equilibrium (u}, 45 ,...,u}) of (2.1) is also unique
if (H;)—(Ha) and the following (Hs) are satisfied.
The following well-known Barbalat lemma (see, e.g., [23]) will also be used.

LEmMA 2.4. Let f be a nonnegative function defined on R such that f is integrable and
uniformly continuous on Ry. Then lim;— .. f(t) = 0.

3. Stability analysis

In this section, we will consider the stability of the equilibrium (uf,u5,...,u}) of system
(2.1).

Let us first consider the case tg() #0, for some i,j = 1,2,...,n, k = 1,2,...,K. We fur-
ther assume the following hypothesis.

(Hs) There exist positive constants A;, i = 1,2,...,#, such that the matrix:

M Tt 13z ot Tp

1 M2 13 ot T
R=| . . . . ) (3.1)

Tn1 2 Tn3 e Mn
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is negative definite, that is,

nm ra2 ns -t I
121 M2 T3 ot T )
=D . . . ) L1 >0, i=1,2,...,n (3.2)
Tl Th2 Tw3 =" Nn

Bi K lK n ql
i=hi| = t,ﬁ-“)) t[ ’q” . AyaicBi ]
n ( qis+(kZO 52 2 ) || + o |57

k=0 j=1

K n K n K n
33 S| bl (3 31601 o (S SM 1) | e
k=0

=0 j=1 k=01=1 k=01=1

K
1
f’ijziz )Ltk)+)tjt]l ), i#j,0j=12,..,n

Hence, the equilibrium (uf,u5,...,u}) of system (2.1) is unique.

THEOREM 3.1. Iftg() #0, forsomei,j=1,2,...,n, k=1,2,...,K, and (H,)—(Hs) are satis-
fied, then the equilibrium (uf,u3,...,u¥) of system (2.1) is globally asymptotically stable.

Proof. Let
si(xj (1)) =fj(xj(t)+u;-") —f](u;"), ji=12,...,n, (3.4)

Then, the stability properties of the equilibrium (uf,u5,...,u}¥) of system (2.1) are equiv-
alent to that of the trivial solution of the following system:

K n
%i(t) = —a; (xi(t) + u)) [ (xi(1)) ZZt x]t—‘rk(t)))} (3.5)

k=0 j=1
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We construct the following Lyapunov function
n xi(f) si(8)
o[ 3.6
izzl o ai(§+u) : (36)
Then its upper right Dini derivative is
n K n
D*Vil 3.5 = > Aisi(xi(t)) [ (1) + Z Z s (x; t—Tk(t)))]
i=1 k=0 j=
K
= Z)t si(a(t [ hi(xi(t) kZ i s] (2 (¢ ] (3.7)
K n n
+Z)tisi(x,~(t))oc + 33 S At si(xi(0)) s (x; (1),
i=1 k=0i=1 j=
0 ]]%
where
w (O, ,
D TGN (.38)
k=0 j=1
Note that
Pie = _emense ") = oy B S W) = e 59
We also note that for sufficiently large ¢
|xi(t)| < M (3_10)
pie
Then
K n
)] = st | X 316017 15000 100
k=0 j=1 (1)
= |5i -xl | Z Z |t J
k=0 j=1
K n
I WTIMEN —Tkm)))df

X(|hj(xj(£))
k=0

=1
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K n t
< [situ) | > 2. |t‘§1]'<) | Jt (t)qj‘g
N ~Tk

X<B_.|SJ (x;(&)) |+ZZ|tﬂ s1(xi(§ — Tk(f)))) dé

Pje k=01=1

1 K n (k) t
<= t:' | g;
33 e,

+§i|t§é‘>|[ (xi(1)) + (xz(f—mf)))]}df

|ty Iq,srk(t)[+ZZ|t(" } (x(1))

Pje k=01=1

K n * t
L i
Z Z | ij | L—n(t) dje

1
2
y [ZJ AL |s%(xz<s—rk<f>)>]df

€ k=01=1

K n t
=V At )+ | ey,

(3.11)

where

1
SRR LS|

Pje k=01=1
(3.12)

1 B_ K n
ﬂje(f) 2q]£|: +Z Z |t]l |Sl xl _Tk(g)))]

Pje k=01=1
Furthermore, by (H; ), we have for t > T + A that

K
Si(xi(t))|: i(xi(t)) + Zt(k si (i (1) }
k=0 (3.13)

—Bixi(t) fi (xi(t)) + (Zt) (xi(1)) |:q:g (Zt ﬂ (xi(1)).
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K n . ¢ t qs o
eSS S]] fcar G S S 4[| seene)

k=0i=1j=1 k=01=1
(3.14)

Its derivative is

. K n n Aiqje B_ K n ®
D'Val5= > 3 X = F ] [n@| S Lsio)+ 3 X 167 157 (a()
k=0i=1j=1 PJE k=01-1

Hence,

D'V = D+V1 +D+V2

/\,[—:1+<Zt ﬂ (xi(1)) +§

€ k=01

> A | Ajees? (i(D)

1j=1

Mx

<

2N

)

i/\tt si(xi(£)) s (x(1))

i=1 j=

+
M=
M:

»
i

(=]
i
L

M=
M=

s . -
L1 o) ) + X 3 1615 0ato) )

1j=1

+
M=
M=

k=01=1

Il
o

i

:i,x,.[_—’+<2t )+§i !Ajkg} (xi(1))

i=1 i \ 2o

=~
Il
f=}

K n n
+> > ZA,t si(xi(£)) s (x(1))
k=0 j=1

i=1

K n n A . B
222 4 s ITk(t)prS?(x,'(t))
k=0 ie

i=1 j=1

M=

+

n n A .
S 3 (5 S M g ol 95000

k=0i=1j=1 \k=0I=1
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SRR ]

k=0j=1

k=01=1
qisBz Kz (k)
+§ i 9je i i* CIRPCIA N
B lTk(t)|t1j ||tji | i (x,(t))
k=0 j=1 k=01=1
K n n
+> > zlil‘g{)Si(xi(f))Sj (xj(1))
k=0i=1 j=1
. K K n
(B (S]] 1 BT i
i=1 Gie k=0 2 k=0 j=1 Pje
1 K n K n
A3 3 gl 1 (33 141)
k=0 j=1 k=01=1
+q]'sTk(l‘)(Z P | '] |t )]}Sz‘z(xi(t))
k=01=1
+Z Z Z/U si(xi(£)) s (x(1))
k=0i=1 j=1
%(51 (x1(1)),52 (x2(8)) 5. .. $n (x4 (£)) )R(E) (51 (xl(t)),sz(xz(t)),...,sn(x,,(t)))T,
(3.16)
where
771(8) 12 113 Tn
21 712(8) 3 v "2n
R(e)=| . ) ) ,
T'n1 Tn2 T3 e ’//n(s)
B 1 &2 Xiqje ieBi
a2 (S )+ 35 S Mg e g
q k=0 k=0 j=1 Pje
2 k(1) 1‘116“ 2 D087+ a5 > D ul ||t
k=0 j=1 k=01=1 k=01=1
1 S (k) (k) PR
r,]—ZZ(/\t +Ajt0), i#Fjhj=12,...,n
k=0

(3.17)



12 Discrete Dynamics in Nature and Society

Moreover, the upper right derivative D™V of V along solution (3.5) satisfies
D*Vl3.5, < =8(e) 257 (xi(t) (3.18)
i=1

for t > T+ 7. Here §(¢) > 0 is some constant. x; = x(t +s) for -7 < s < 0.
Integrating (3.18) over [T +7,¢] yields

t n
Vi) +0) |5 al€)dE < V(arn), (3.19)
izl

which implies that
Z J £))dE < +co. (3.20)

Moreover, from Lemma 2.2 and (H,)—(H3), we see that siz(x,-(t)), i=1,2,...,n, are also
uniformly continuous on R;. Hence, Lemma 2.4 implies that

tljl}i [si(x:(1))]| =0, i=1,2,...,n. (3.21)

Again from Lemma 2.2 and (H;), we have

tligrn xi(t)=0, i=12,...,n, (3.22)
that is,
tligfn w(t)=u, i=12,..,n, (3.23)

which show that the equilibrium (uf,u3,...,u}) of system (2.1) is globally attractive.
Furthermore, note (H,), (Hs3), and the following inequalities:

pi<fi(u)=<q, i=12,.,n (3.24)

We see that (Hs) implies (Hg) of Theorem 3.4. Thus, the equilibrium (uf,u5,...,u¥) of
system (2.1) is also locally asymptotically stable. This proves Theorem 3.1. O

(H%) There exist positive constants A;, i = 1,2,...,n, such that

B (s SENEL iB;
Yf=%(-q—+(2f%“))+ézsz [
e \k=0 i

k=0 j=1

N \

i Mx H MN

n K n
35 n0 [Aiq, 19 (Z s |r§’;>|) w(z S |t§-?>|)} (3.25)

k=01=1 k=01=1

[ e 14516711 <0

By the process of the proof of Theorem 3.1, we can easily obtain the following.
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COROLLARY 3.2. Iftf]k) #0, for somei, j = 1,2,...,n, and (Hy)—(Ha) and (H;) are satisfied,
then the equilibrium (uf,u,...,u}) of system (2.1) is also globally asymptotically stable.

Remark 3.3. In [11, 14, 18, 24], the authors require that the time-varying delays satisfy
7,(t) < R< 1. However, in our theorem, these delays are not necessarily continuous and
differentiable. They only need to satisfy the condition 0 < 7(¢) < 7. Hence, our results
are less restrictive and conservative than the known result [7, 19].

(Hg) There exist positive constants A;, i = 1,2,...,#, such that the matrix

*
N "z 13 ottt Tn
*
N 1 Ky 13 o T
R*=1| | . ) : . (3.26)
*
i Thw2 T3 =+ N,

is negative definite, where

B; K lK —
i =h(= g+ (240)) 41 3 SnDB 41,8401

Ui k=0 k=0 j=1
1&g & ) , S S (0] (B
w32 S0 14 (S S 1)« 5w (3 Su 141 |
k=0 j= k=01=1 k=01=1

1’1‘]‘

zMw

% (/\t +/1]t1, ), i#Fj,ij=12,...,n

(3.27)

Hence, we can easily have the following.

THEOREM 3.4. Iftf]]-() #0, forsomei,j=1,2,...,n,k=1,2,...,K, and (H,)—(H,) and (Hg)
are satisfied, then the equilibrium (uf,u3,...,u’) of system (2.1) is also locally asymprtoti-
cally stable.

4. Numerical example and conclusions

Generally, the delay-independent criteria are particularly restrictive and conservative for
networks parameters. Moreover, it is reasonable to consider and apply these criteria first.
If they are found inappropriate, the delay-dependent criteria will then be applied. To il-
lustrate the results presented in Theorem 3.1 and Corollary 3.2, a simple example is given
and a comparison of the results is given based on the results of literature [7] in the fol-
lowing.

We consider the following model system:

%1(t) = —(4+sin (x(¢)) ) [2x1(¢) — tanh (x1(¢)) — 0.5tanh (2x,(t — 7)) +0.5], (a1)
( .

%(t) = —(2+cos (x2(1))) [2x2(¢) — tanh (x;(¢)) — 0.5tanh (2x,(t — 7)) — 0.5]
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0.2 T T T T T T T T T

0.1

—0.1

—-0.2

x1(8), x2 (1)

-0.3

—0.4}

—0.5 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1

t
Figure 4.1. Wave form plot for system (4.1) when 7 = 0.282.

0.1 T T T T T T

0.08
0.06
0.04
0.02
ot
—0.02
—0.04
—0.06
—0.08 1

—0.1 1 1 1 1 1 1
-05 -04 -03 -02 -0. 0 0.1 0.2

x1(t)
Figure 4.2. Phase plane plot for system (4.1) when 7 = 0.282.

x(t)

We can easily find that the delay-independent conditions given in [7] are not applied
and satisfied. This demonstrates that the delay-independent criteria are more conserva-
tive and restrictive than the delay-dependent criteria.

For system (4.1), we can obtain 7 < 0.2828 from [7, Theorem 3.1]. However, we can
also obtain 7 < 0.8246 based on our results of Theorem 3.1. Numerical simulations have
also been performed (see Figures 4.1, 4.2, 4.3 and 4.4). However, the problem of whether
the delay superbound is optimal will be studied in a forthcoming paper.

In this paper, we have analyzed Cohen-Grossberg model with time delays in detail.
The global asymptotic stability criteria for the equilibrium are derived based on the ap-
proach of Lyapunov functional. The obtained results are delay-dependent. Then, the
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0.2

0.1p 4

of
—0.1

—-0.2

x1 (1), x2(1)

-0.3

—0.4F}

-05 : : : : :
0 05 1 1.5 2 25 3

t
Figure 4.3. Wave form plot for system (4.1) when 7 = 0.8246.

0.1 : : : : : :
0.08
0.06
0.04
0.02

—-0.02 |
—-0.04 |
—0.06
—0.08 |

—0.1 . . .
-05 -04 -03 -02 -0.1 0 0.1 0.2

x1(t)
Figure 4.4. Phase plane plot for system (4.1) when 7 = 0.8246.

delay-dependent criteria for local asymptotic stability criteria have also been obtained.
Hence, our work has complemented and generalized that reported in [7].
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