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Abstract. In this paper, without the assumptions for boundedness, monotonicity,
and differentiability on activation functions and symmetry of interconnections, a class
of Cohen-Grossberg neural networks with time-varying delays is studied. A new useful
criteria on the uniqueness of equilibrium is obtained by utilizing the nonlinear measure.
Combining with Dini derivatives and Young inequality, new sufficient condition for the
global exponential stability is established by directly estimating the upper bound of
solutions of the system. All results are presented in M-matrix form, which extended
and generalized the corresponding results in previous literature.
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1. Introduction

The classic Cohen-Grossberg neural network was initially proposed and studied
by Cohen and Grossberg in 1983([1]), which can be described by the following
ordinary differential equations:

*. Corresponding author
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Here n > 2 is the number of neurons in the network, z;(t) is the state of neuron
i at time t, a;(-) represents an amplification function, b;(-) is an appropriately
behaved function to keep the solutions of system (1) bounded, the activation
function f;(-) shows how neuron i reacts to the input, W = (wj;)nxn is a real
constant matrix and denotes the normal weights of the neuron interconnections.
System(1) is a very general neural network model. Models such as the Hopfield
neural networks, cellular neural networks, and bidirectional associative memory
neural networks are its special cases(see for instance [4],[7],[8]). All these neural
neural networks have attracted much attention for they successful or promis-
ing potential applications in the pattern recognition, associative memory,signal
processing,and optimization([5],[9],[10]).

In reality, however, time delays universally exist in biological and artificial
neural networks due to the finite switching speed of neurons and amplifiers. It
is well known that, with symmetric connection matrix and the so called sigmoid
activation functions, system (1) has the property of absolute stability([1]), i.e.
given any initial conditions, the solution of system (1) converges to some equilib-
rium of the system. On the other hand, the existence of time delays is frequently
a source of oscillation and instability([6]). Marcus and Westervelt ([2]) first in-
troduced a single delay into the model and observed sustained oscillations even
with symmetric connections. Moreover, the delays in artificial neural networks
are usually time-varying([3]). Therefore, it is natural and important to incor-
porate time-varying delays into the model. A general Cohen-Grossberg neural
network with time-varying delays can be described by the following retarded
differential difference equations:

4(8) = ai(as(O)} = biwi(0) + > wisf (1)
(2) !

+ Zw%fj(:ﬂj(t - d”(t))) + Ii},i =1,2,...,n
j=1

where n, z;(t), a;(-), bi(-) and W = (w;j)nxn are the same as these in system
(1), we = (w%)nxn is a real constant matrix and denotes the delayed weights
of the neuron interconnections, d;;(t) is the time delay required in processing
and transmitting signals from neuron j to neuron ¢ at time t.

The stability of neural networks is a prerequisite for almost all applications.
In applications of neural networks to parallel computation, signal processing
and other problems involving the solutions of optimization problems, it is fre-
quently required that the network have a unique global attractive equilibrium.
Meanwhile, in designing and implementing a network, it is preferable and de-
sirable that the neural network not only converges to an equilibrium, but also
converges as fast as possible. It is well known that the exponential stability gives
a fast convergence rate to the equilibrium. Thus, the global exponential stabil-
ity of system(1), system (2) and their special cases are of great importance,
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and has been widely investigated. Many useful results have been obtained
by some authors in the previous literature([14][16], [17],[18],[19],[20],[21],[22],
23),[24],[25], 26]).

In applications, the activation functions maybe just continuous. On the
other hand, the assumption of symmetry connections also lays a restriction on
the connection topology of the networks. In this paper, without any assumption
on the boundedness, monotonicity, and differentiability of activation functions
and symmetry of interconnections, we will study the existence and global ex-
ponential stability of an equilibrium for System (2). A new useful criteria on
the uniqueness of equilibrium is obtained by utilizing the nonlinear measure,
which was initially introduced in [11]. Combining with Dini derivatives and
Young inequality, new sufficient conditions for the global exponential stability
are established by inroducing many real paremeters and directly estimating the
upper bound of solutions of the system. This mathod has been utilized by
some authors (see for instance,[14],[22],[17]), but we do introduce a different
type parameters. Our results extend and generalize the corresponding results in
previous literature. By the way, for the common use of M-matrix in the study
of qualitative properties of various neural networks, we represent our results in
M-matrix form.

The remainder of this paper is organized as follows. In section 2, the basic
notations, definitions, and some useful lemmas are introduced. Some assump-
tions used in the main results are listed there, too. In section 3, the main results
of this paper are proposed and proved. Some remarks and corollaries are given.
In section 4, some examples are given to demonstrate the main results.

2. Preliminaries

In this section, we state some notations, definitions and lemmas.

Let N ={1,2,...,n}, R denote the set of real numbers, R" denote the n-
dimensional real vector space, (-, ) and ||-||, (r > 1) denote the usual inner prod-
uct and [” norm of vectors in R" respectively. For x € R", x; denotes the ith co-
ordinate of z, 7 denotes the transpose of z, sign(z) = (sign(x1),. .., sign(z,))"
denotes the sign vector of z, where sign(-) is the sign function of real num-
bers. R} = {zlx € R", x; > 0, fori € N}. R"™" denotes the set of all
n x n real matrices, diag{ai,...,a,} denotes the usual diagonal matrix. For
A = (a;j) € RV, |A| = (|aij|), AT denotes the transpose of A, A1 denotes
the inverse of A (if it has). For two matrices A = (a;j), B = (b;;) € R™*", we
say A< B ifaij < bij, fori,j €N.

Throughout this paper, we always assume that for i,j € N, a;,b;, fi,d;i; :
R — R are continuous functions, and there exist a real number d such that
0 < d;j(t) < d,t € R Let x(t) = (21(t),...,2,(t))T denote the solution of
system (2). System (2) is supplemented with initial values of the type

z(t) = ¢(t), p(t) € C([=d, 0], B"), t € [=d, 0],
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where C([—d, 0], R™) denotes the space of continuous functions ¢ : [—d, 0] — R".

Definition 1. Suppose that x* € R™ is an equilibrium of system (2), x* is said
to be globally exponentially stable, if there exist A > 0 and C' > 0 such that for
any solution x(t) of system (2), we have

n
|zi(t) — x| < CZ sup |@i(t) — x}|e™™, fort > 0,4 € N.
i—1 t€[—d,0]

In order to obtain the uniqueness of equilibrium of system (2), we introduce
some results about nonlinear measure from J.Peng,H.Qiao and Z.Xu([11]).

Definition 2 ([11]). Suppose that Q is an open subset of R", F is an operator
from Q to R™, the constant

ma(F)= sup L@ ZF)sign@=y))
T,y aty |z —ylh

is called the nonlinear measure of F' on €.

Lemma 2.1 ([11]). If mq(F) < 0, then F is injective on Q. If in addition
Q= R", then F is a homeomorphism of R".

For the study of the global exponential stability of an equilibrium by our
methods, we introduce the Dini derivatives and the Young inequality now.

Definition 3. Suppose that V (t) is a real function, the left upper Dini derivative
and the left lower Dini derivative of V (t), denoted by D~V (t) and D_V (t)
respectively , are defined by

D™V (t) = limsup Vie+h) - V(t), D_V(t) = liminf Vit+h) - V(t).
h—0— h h—0— h

Lemma 2.2 ([12],Young inequality). Assume that a > 0,0 > 0,p > 1,q > 1
with % + % = 1. Then we have inequality

1 1
ab < —aP + =b1.
p q
For the common use of M-matrix in the study of qualitative properties of
various neural networks, we represent all of our results in the M-matrix form.
The definition of M-matrix and some useful results about it are given as follows.

Definition 4 ([14]). Let A = (a;;) € R™", and a;; <0 for i # j,i,j € N. A
is called M-matriz if there exist P € R, such that AP >0 or PTA > 0.

Remark 2.3. From the definition, it is obvious that A is a M-matrix if and
only if for every diagonal matrix D with positive diagonal elements, DA and
AD are M-matrices.
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Lemma 2.4 ([13]). Let A = (a;;) € R™", and a;; < 0 for i # j,i,5 € N.
Then the following conditions are equivalent:

(1) A is a M-matriz;

(2) All the leading principal minors of A are positive;

(3) A7t >0.

Remark 2.5. From lemma 2.4 (2), we can obtain that A is a M-matrix if and
only if AT is. Thus in the definition, The statement ” there exist P € RY,
such that AP > 0 or PTA > 07 is equivalent to the statement ” there exist
Py, P, € R, such that AP, >0 and PJA >0".
Lemma 2.6 ([25]). Let B = (b;j;) € R™™", and bj; < 0 fori # j,i,j € N. If
B> A and A is a M-matriz, then B is a M-matrix.

At the end of this section, we list some assumptions which will be used in
the main results of system (2).

(H;) For each i € N, a;(s) > 0, for s € R.

(H,) For each i € N, there exist positive real numbers a; and @; such that

a; < ai(s) <@, for s € R.
(H2) For each i € N, b; is global left Lipschitz continuous, i.e. there exists
a positive constant 3; > 0 such that
bi(s) — bi(t)
s—1
(H3) For each i € N, f; is global Lipschitz continuous, i.e. there exists a
positive constant L; such that

|fi(s) — fi(t)| < Li|s —t|, for s, t € R.

> Bi, for s, t € R and s # t.

3. Main results

In this section, a new criteria on uniqueness of equilibrium of system (2) is
firstly proposed and proved. The remainder is mainly concerned with the global
exponential stability.

On the existence of equilibrium of system (2), we refer to the powerful result
initially proposed recently in K. Lu, D. Xu and Z. Yang ([14]).

Theorem 3.1 ([14]). Assume that (H) holds, and there are nonnegative con-
stants such that

bi(s) > B71s| — &, | fi(s)| < L|s| + i, fors € R, i € N.
If
(3) My 2 By — |W + W9 L

is a M-matriz, where By = diag{$3),...,B%} and Ly = diag{LY,..., L%}, then
System (2) has at least a equilibrium 2*. Furthermore, |z*| < My (|W + W€+
p+ 1)), where & = (&1,...,60)7, and p = (1, ..., )T
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Now, we propose and prove our result on uniqueness of equilibrium of system

(2).
Theorem 3.2. Assume that (Hy), (H2), (Hs3) hold. If

(4) M2B—|W+WIL

is a M-matriz, where B = diag{B1,...,Bn} and L = diag{L1,..., Ly}, then
System (2) has a unique equilibrium x*. Furthermore, for any v € R", let
y =1z —x*, we have |y| < M~1J(x), where J : R — R™ is defined by

n

Ti(x) =Y wij + wiil[ fi(x;)| + |1 = bi(wi)|, for i € N.
j=1

In particular, |z*| < M~1J(0).
Proof. By (Hjp), «* is an equilibrium of System (2) if and only if z = z* is a

solution of equations

n

(5) Fi(l')é_bi(l'i)_‘_Z(wm ‘|’w )f](x])+l =0, fori€ N.
j=1

Using (4), there exists P € R such that PTM >0, ie.

(6) Pp; — ZPj’w]‘i + wde\LZ >0, fori€ N.
j=1

Define F' : R* — R" by F(z) = (PiFi(%),...,P,Fu(2))T,V2 € R". Then
x* is an equilibrium of System (2) if and only if F/(z*) = 0.
We now prove that mpgn(F) < 0. For all z,y € R", Using (H2) and (H3),

<F(~’v) — F(y), sign(z — y))

= ZP{ i(zi) — biy) + Z |wij + wzg‘(fj(xj) fi(y;))ysign(zi — yi)

7j=1

n
< Z Pi(=Bilas — yil + > [wij + wi| Lyl — y;])
i=1

J=1

== (BB = > Pjlwji + whi| L) |zi — yil
=1

j—l

< — mm{Pzﬂz ZP lwj; + wﬂ]L }Z |zi — vl

7=1
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Therefore, by means of (6),

n
. d
]:

According to lemma 2.1, F' is a homeomorphism of R", which indicates that
F(z) = 0 has a unique solution z*, and thus system (2) has a unique equilibrium
x*. To estimate the existence region of z*, for Vx € R"™ and ¢ € N, using (H3) ,
(H3) and (5), we can obtain

Bilas — il < (bila?) — b)) sign(af — )

= () (wij +wi) fi(x5) + L = bi(w:))sign(af — ;)
7j=1

<| Z(wij +wih) f5(5) + I — b))
j=1

<UD wig + w|Lylay — @il + Y |wig + wl| £ ()] + 1T = bil)],
j=1 j=1

namely, M|y| < J(z). Utilizing lemma 2.4, M~! > 0, then we have |y| <
M~1J(z). In particular, Let z = 0, |z*| < M~1J(0). The proof is completed.[]

Remark 3.3. As far as existence of equlibrium concerned, theorem 3.2 is just a
direct corollary of theorem 3.1. But theorem 3.1 can not ensure the uniqueness
of equilibrium. To the best of our knowledge, there are few results about the
uniqueness of equilibrium ([21]), most of the existing results in the previous
literature just deal with the existence ([18], [16]). Moreover, our estimate of the
existence region of equilibrium can be used many times by setting different = to
obtain more exact estimation.

For the global exponential stability of equilibrium of system (2), we have the
following main result.

Theorem 3.4. Assume that all the conditions in theorem 3.1 hold. Moreover,
(H,),(Hy) and (Hs) hold. If there exist r > 1, P = (Py,...,P,)" € R", and

real numbers h;j, l;;, h;‘j, l;“j, fori,7 € N, such that
(7) My pppe s = (mij)
1s a M-matrixz, where fori,j € N,
n r—1; o p* r—1¥
Q, r—h;p r—lk rfhik T*lk
Mi; = {Taflﬂipi —(r—1) Z(|wzk| ULl T L) By
¢ k=1

. .. * %
— (Jwa| " LY+ wi| " L) P},
Iy hx U . .
mij = _(|wij‘h”Lj] + |ng’ S L") Py # J,

then System (2) has a unique equilibrium, which is globally exponentially stable.
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Proof. From theorem 3.1, system (2) has at least one equilibrium, say x*.
Uniqueness of equilibrium can be induced directly from the global exponential
stability of z*. So we just need to prove the global exponential stability of x*.
Let y(t) = «(t) — «*, substitute x(t) = y(t) + «* into system (2), for each i € N,

(8) wi(t) = Ailyi(t){—Bi(yi(t Zwugj yi () + > wiei(y;(t — dig()))}.
j=1

Here, for each i, j € N, A;(y:(t)) = ai(yi(t) + x7), Bi(yi(t)) = bi(vi(t)) —
bi(x7), 9;(y;(t)) = fi(y; () + 25) — f5(=]).

We will show that y(¢) = 0 is globally exponentially stable. Firstly, using
(Hy), (H2) and (H3),

B; .
9) a; < Ai(s) <@, is) > Bi, 19i(s)| < Lils|, fors€ R, i€ N.

Using (7), let A=diag{ai,..., @y}, there exists QER" such that M, pp 1 p 1+ AQ
> 0, i.e.

n T_lz h* r— l*
ro; BiPiQi — (r — 1)@2(&%! = L ;T Iwm\ =L )PQ
7j=1
(10) Z yww|th”* PiQj — Z wd|" % JaJP Q; >0, foric N.
7=1

So, we can choose a real number 0 < A < 1 such that

r—1F,

n r— lz] h Ty
ra;BiP; (r—1) ZZIwUIHL”Jrlw TlLTl)PQl
j=1
n
(1) = fw LY PQ; - erm GLIE; PQ M — PQA > 0,
j=1
for i € N.

Let y;(t) = Pizi(t), Us(t) =

OZz(t) ISI( )ds‘ It follows From (9) that

HOF _ ) < )
rog roy;

(12)

For any e > 0, let V(t) = m} 7 (Supseao l2i(s )|r +e)e ™, Vi(t) =
Q;V (t), where m > 1 is a constant such that mQ;e _>‘t > o for t e [—d,0]ie
N. Then U;(t) < Vi(t), fort € [—d,0],i € N. We claim that

(13) Ui(t) < Vi(t), for i € N,t € [—d, o).
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Contrarily, there must exist ig € IV and tg > 0 such that
(14) Uiy (to) = Vi, (to), and U;(t) < Vj(t), forj € N, t e [—d,ty),
and we have
(15) D_Usy(to) > Vi (t) = —AViy (to).
Now, By (8), (9), and (12), for each i € N, we estimate D~U,(t). Noting
that % > 0, for each 7 € N, we have

B o zi(t) |S’r71
D=Uy(t) = D~ {sign(z(t)) /O )

< SO =B Pa(t) + Y wiggs (P2 (1)

j=1
+ Y wihgi (Pizi(t — dij(t))) bsign(z;(t))
j=1
< f{ BiP;| it V+Z\wwrPL |2 (t)] |23 (8)|" !
7j=1
+ 3w | PiLy|z(t — dij(1)]]2:(8) '}
Jj=1

According to the Young inequality (lemma 2.2), for ¢, € N and r > 1,
|wij| Lz (t)]]zi(¢ )\’“71

e h r— l L
= {\wml = L a3 |z} {|’UJU‘h”L”|Z "}
r—= _hl Tr ll T hij llj T
< |w’LJ| 1L, |2i(t)] +;’wij| 1L 12 (O]",
similarly,
d —1
’wij|Lj’Zj(t —dij(t)|[z: ()]
h* r—1*
r—= r— 1J r d |h¥; l;‘j r
< |w ! = L |z + = |wi ™9 L7 |2 — dij (1)

We regulate it that 0 - co = 0,then the preceding two inequality hold trivially
for r = 1. Thus, for each i € N,
_ 1
D™ U;(t) SF{—&H‘M@)\T
(2

n r—l _R*. r—1*

— B R
Z(|wu\ = L T +|w1j‘ UL )Pyl
j=1

+ = erz "9 L Pyl ()] + = Z\wwer”P\zx dij (£)["}.

Jl jl

(16) Gt
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In light of (14) and (16), we estimate D_Uy, (o) — Vi(to) as follows.
D_Us(to) = Vi(to) < D™ Uy, (to) — Vi(to)

1 R rhigy lios
< 51 BinPiolzie ()" + — > (wigsl 71 L,
0 J=1
h* l* 1 n .
T— h’L j i0J
ot T LB OF + 13 gl L Byl 0
j=1
l — B
d (h* . ing
D i Mos L Pzt = digs ()17} + AV (t0)
j=1
1 n r—hioj Trllo]
SPTO{—/BzoP o7, Ui (to) + (T—l)Z(’wioj\ rt Lj
j=1
e h* r— l*
+Jwd | L = )P @i, Ui, (to) +Z|ww\hzoaLWPaJU-(to)
7j=1

n LI
+ 3 fwd ;|Mod L% Pa;U; (to — digj(to)) + Pig AVig (t0) }
7j=1

r— lloj

3

1
P7{ /Bzop rO[ V

h* ll07

e CLT ) Py, Vi (to) Z [wigg |03 L797 Py Vi ()

n
o
+ 3w ;1M03 L9 Pya; Vi (to — digj (o)) + Pig AVig (o) }
j=1

1
< F{_Bioﬂorgiowo(to) + (7" - 1)
0

r— hlo] T l’LOj

(|w10J| =1 L -

NE

1

.
Il

*
e h* p r— llo]

‘szoﬂ i L )P, Vig (to) Z wigj " ””L "’ Pja; Vj(to)
j:

Bl
+ Z w107 L Py Vi (to — d) + PigAVi (fo)}

r— ZO] — l'LOJ

_F{rgioﬁzo on - alo Z ’wl0]| o
10 j=1
r_ h* r— l T bigg n L
+ |wz()]| " 1 L T )P QZO - Z ‘wi0j|hi0ijZOJajF)ij
J=1

- Z w03 107, P,Q;eM — Py Qi APV ().
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Using (11), we obtain that D_Uj,(to) < Vi(to), which contradicts (15).
Hence, (13) holds. With the help of (12),

lyi(t)| = Plzi(t)| < (rauVi(t)*

= (mraiQi)%(Z( sup |y;(s)|" + E))%e_%t, for i € N.
J=1 s€[—d,0]

For the arbitrariness of ¢, it follows that

n

" ()] < Pilmr@@Q0)7 (Y- sup[y;(s)]")7e .

j= s€[—d,0]

Noting that all norms in R™ are equivalent, then there exist C, > 0 such that,

n . 1 n N
(18) |zl = O lai")r < Collaly = G ) |zl for z € R
j=1 j=1

By virtue of (17) and (18), we can obtain that

()| < C " sup y;(s))e” 7, for i€ N,
s€[—d,0]

j=1
where C' = maXiGN{Pi(maiQi)%Cr}. Namely, system(8) and thus system(2) is
globally exponentially stable.

Remark 3.5. From the proof of theorem 3.4, (Hz) and (Hs) are only use to
ensure that ”BiT(‘g) > Bi, |gi(s)| < Lils|, fors € R, i € N” in (9). If we have
known the equlibrium x* of system (2), the global left Lipschitz continuity of
bi(t) and the global Lipschitz continuity of f;(¢) can be relaxed to the so called
global left quasi-Lipschtiz continuity and global quasi-Lipschtiz continuity at x},
respectively. Namely,

bile)zbi(]) Bi, |fi(s) = fi(z¥)| < Li|ls — xf|for s#xf € R, i € N

s—x7 = Miy [ i\Lg )| = L i i s .

Remark 3.6. When theorem 3.4 ensures global exponential stability of system
(2), it really ensures the robust global exponential stability in the following
meaning: changing the involved system parameters ( namely, all the parameters
in theorem 3.4 except r, P, and h;j, l;;, hfj, l;"j, for i,j € N ) small enough has
no harm on the global exponential stability. This can be infered by lemma 2.4
(2) and the well-known fact that the determinant of every matrix in R"*" is a
continuous function of its elements.

By letting P = (1,...,1)T in theorem 3.4, we can obtain the following result.
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Corollary 3.7. Assume that all the conditions in theorem 3.1 hold. Moreover,
(H,),(Hz) and (Hsz) hold. If there exist r > 1, real numbers hij, lij, hi;, Uy, for
1,7 € N, such that

(19) M, = (mij)
is a M-matriz, where fori,j € N,
n r—1; Lk r—1%
o r—h;L flk 77hik rflk
mi; = {7";51'— (r =1 (w7 Ly A+ w7 L)
! k=1

hii 1 lis dihx Tl
= (lwi[ ™" L + [wi|* L") },
Y hr AUy .
mij = —(lwig " L7 + lw|" L7, i # j,
then System (2) has a unique equilibrium, which is globally exponentially stable.

Remark 3.8. Because coditions in theorem 3.1 are always satisfied by letting
Lo = diag{0,...,0} and pu = (Supyep f1(s) .. .,8upser fu(s))T for bounded ac-
tivation functions. Corollary 3.7 contains the corresponding results in [22]. In
[22] the activation functions are assumed to be bounded, and (H») is replaced
by the assumption (Hé) "For each i € N, b; € CY(R, R), bi(-) > 0, bi(+) and
b;l(-) is global Lipschtiz continuous.” Obviously, we have relaxed this condi-
tion. Moreover, Corollary 3.7 can be used when the activation functions are
unbounded.

Corollary 3.9. Assume that all the conditions in theorem 3.1 hold. Moreover,
(H,),(Hz) and (Hs3) hold. If there exist r > 1 and P = (Py,...,P,)" € R
such that

(20) M,.p = (mg;)
18 a M-matriz, where fori,j € N,
«, B -
Mg = ?"{gi;, — (Jwal + [wiDYP = (r = 1) Y (lwir] + [wi) P,
v k=1,k+#i

d . .
mij = —(|wij| + W) Py i # J,
then System (2) has a unique equilibrium, which is globally exponentially stable.

Proof. Let P = LP' with L = diag{L1, ..., Ly}, then we can see that M, ./ is
the same as M, pr ) .« In theorem 3.4 with hi; = li; = hy; = Ij; =1, for i,j €
N. Using (20), M, pr ;e + 18 also a M-matrix. Thus, according to theorem

3.4, corollary 3.9 is proved. O
Corollary 3.10. Assume that (H,), (Hz) and (Hs) hold. If
(21) My £ A— (W] + W)

is a M-matriz, where A = diag{%llgll e, %Zﬁ:}, then System (2) has a unique

equilibrium, which is globally exponentially stable.
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Proof. From (21), ML is a M-matrix. Noting that M > ML with L =
diag{L,...,Ly,}, by lemma 2.6, M is a M-matrix, too. Then theorem 3.2
ensures a unique equilibrium. In the corollary 3.9, let r = 1 and P = (1,...,1)7,
we immediately get the result. O

Remark 3.11. Corollary 3.10 contains the corresponding results in [17]. But
in [17], (Hy) is replaced by (Hy).
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