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EXISTENCE AND STABILITY OF A PERIODIC SOLUTION OF

A GENERAL DIFFERENCE EQUATION WITH APPLICATIONS

TO NEURAL NETWORKS WITH A DELAY IN THE LEAKAGE
TERMS

ANTONIO J. G. BENTO, JOSE J. OLIVEIRA, AND CESAR M. SILVA

ABSTRACT. In this paper, a new global exponential stability criterion is ob-
tained for a general multidimensional delay difference equation using induction
arguments. In the cases that the difference equation is periodic, we prove the
existence of a periodic solution by constructing a type of Poincaré map. The
results are used to obtain stability criteria for a general discrete-time neural
network model with a delay in the leakage terms. As particular cases, we ob-
tain new stability criteria for neural network models recently studied in the
literature, in particular for low-order and high-order Hopfield and Bidirectional
Associative Memory(BAM).

1. INTRODUCTION

Neural network models have an important role in several scientific areas, such
as geology [25], medicine [19], and physics [5], due to their power to be applied
in sign and image processing, pattern recognition, optimization problems, and so
on [IL 6, 25l [33]. Therefore, since the pioneer works of Cohen and Grossberg [§],
Hopfield [15], and Kosko [16], many researchers devoted themselves to study the
dynamic behavior of neural network models.

The artificial neural network models studied in [§] [I5] [16] are described by ordi-
nary differential equations. However, to take into account the transmission speed
of signals between different neurons, it is essential to introduce delays in the mod-
els. Marcus and Westervelt [20] included a discrete delay in the model studied by
Hopfield [I5] and observed that delays induce instability in its dynamical behavior
(see also [2]). Later, Gopalsamy [I3] introduced discrete delays in the negative
feedback terms of a continuous-time BAM model. These terms are also called “for-
getting” or leakage terms [16]. Since then, the stability of continuous-time neural
network models with delays in the leakage terms has been the subject of study by
an increasing number of researchers (see [4] 18] 23] 24], 32] and references therein).

By computational reasons, the discrete-time models are better digitally imple-
mented than continuous-time ones [21], thus it is important to study the stability of
discrete-time neural network models. There are several works concerning discrete-
time neural networks [3] [7] [10 9] [T, (14} 211 221 26], 27, (28], 29, 30], 3T}, 34, [35] but, as
far as we know, just a few works have been dedicated to the study of discrete-time
neural networks with delays in the leakage terms [7, 22] 28] 29, 31]. In [7 22] the
global stability was studied for Hopfield type models with delays in the leakage
terms and, in [2§], for a stochastic impulsive BAM model also with delays in the
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leakage terms. However, all models studied in [7] 22 28] have constants parameters
such as neuron charging time, interconnection weights, and external inputs. In [29]
an asymptotic stability criterion for an uncertain BAM model with delays in the
leakage terms was established, while in [3T] an exponential stability criterion for an
uncertain Hopfield model with delays in the leakage terms was obtained.

Models become more realistic if changes in parameters over time are considered,
thus it is important to study nonautonomous neural network models. As far as we
know, the global stability of discrete-time neural network models with delays in the
leakage terms and changes of parameters over the time has not yet been studied.
In particular, all periodic or almost periodic models studied have no delays in the
leakage terms [3, 10, 30} 34 [35].

In the present work, we establish a sufficient condition for the global exponential
stability of the following general N-dimensional delay difference equation

xi(m+1) =c;(m)x;(m —7) + h; (M, T,,), meNy, ie{l,...,N}, (1)

and, in the case of being a periodic equation, we prove the existence of a periodic
solution as a consequence of its global exponential stability.

In this paper, we only apply our abstract results to neural network type mod-
els. Despite, equation is general enough to include other type of discrete-time
models such as the hematopoiesis type models with monotone production rate [17].
The proof presented here to establish our main stability result involves induction
arguments, which is a new method to prove the stability of difference equations.
In fact, the proofs usually present in the literature involve the construction of a
suitable Lyapunov function [7, 13} [I8] 2T], 24 277, 28], 29, [32], 34], or some Halanay
inequalities [31], or other type of inequality analysis techniques [T0 9, 111 14 22 [35].

The main novelties in this work are:

1. The global exponential stability criterion, Theorem [I| established for the
nonautonomous difference equation . We emphasize the new method
used in the proof and the fact that we are dealing with a difference equation
with a delay in the linear part.

2. The global exponential stability criterion, Theorem established for a
discrete-time generalized neural network model with delay in the leakage
terms , which is general enough to include several neural network mod-
els as particular cases. We note that the low-order Hopfield type model
, the BAM model , and the high-order Hopfield type model are
particular cases of .

3. The criterion for the existence of periodic solutions of 7 Theorem [2| This
result, together with Theorem allowed us to assure the existence and
global exponential stability of a periodic solution of periodic Hopfield type
and BAM models with delay in the leakage terms, Corollaries [2 [B] and
[6] Previously, the existence and global exponential stability of a periodic
solution were established for discrete-time periodic neural network models
without delays in the leakage terms [3, 10, [34].

This paper is organized into five sections. After the introduction, in Section [2| the
main global stability criterion of is proved. In Section [3| we assume that
is a periodic difference equation and, considering a Poincaré map, we obtain the
existence of a periodic solution as a consequence of the global exponential stability.
In Section 4] we apply the results in Section [2] and [3]to obtain stability criteria and
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the existence of periodic solutions of nonautonomous discrete-time neural network
models with delay in the leakage terms. In this section, a comparison of our results
with the ones in the literature is done. Finally, in Section [5] a numerical example
is given to illustrate the effectiveness of some of our results.

2. STABILITY OF MODELS WITH DELAY IN THE LEAKAGE TERM

Consider the difference equation
xz(m—’_l):Cz(m)xz(m_7)+hz(m7fm)a mGNO»ZE{laaN}a (2)

with N € N, 7 € Ny, and, for each i € {1,...,N}, ¢; : Ny =] — 1,1] and h; :
Ng x XY — R are functions. The space X" and the notation Z,, are explained
below.

Given a set I C R, define I, = INZ. Consider r €] — 0o, —7]z and denote by X
the space of the functions

a:[r,0lz = R
equipped with the norm
lofl = max la(3)].

)

We denote by XV and RV the cartesian products equipped with the supremum
norm, i.e., for @ = (ay,...,ay) € XY and y = (y1,...,yn) € RV, we have

= el = (s o))
and
[l =, maxfyil.
We write ¥ = (y1,...,yn) > 0 in case of y; > 0 for all ¢ € {1,...,N}.
Given a function Z: [r, +oo[z— R™ we denote the ith component by z;, i.e.,
Z = (71,...2n). For each m € Ny, we define 7,,, € XV by
Tm(j) =Z(m+3j), j=r,r+1,...,0.
For each @ € X%, we denote by Z(-,@) the unique solution
7 [r,+oofz— RY

of with initial conditions Zg = @.
The main purpose in this section is to establish sufficient conditions for the global
stability of difference equation .

Definition 1. We say that difference equation 18:
1. uniformly stable if
Ve > 0,36 > 0,Va, B € XV, Vme Ny : |[a—B|| <6 = |Zm(-, @) —Tm (-, B)|| <e.
2. globally exponentially stable if there are C' > 0, and ¢ €]0, 1[ such that, for
alla, B e XV,
[ (-, @) = T (-, B)|| < CC™|[@ — BI|, ¥m € No.
3. globally attractive if
lim || T (- @) = Zm (-, B)] = 0, V&, B € X

4. globally asymptotically stable if it is uniformly stable and globally attractive.
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For each s € {0,...,7}, we denote by [s], the set
[s]r :=={n(Tt+1) —s:n €N} (3)

Consequently, the equality N = U [s] holds and [s], N [s*], = 0 if s # s* with
s=0
s,8%€{0,...,7}
For the functions ¢; and h;, we assume the following hypotheses

(H1): for each i € {1,..., N}, there is a function H; : Ny —]0, +oo][ such that
\hi(m, @) — hi(m, B)| < Hy(m)||a — B||, Va,B € X, m € Np;
(H2): there is ¢ €]0, 1] such that
lei(m)| < ¢, Vie{1,...,N}, Vm € Ny;

and
)\;:_maX max 5upz H lei(k(T+ 1)+ 7 —9)]
i=1,..., 0,005 neN 7 k=l+1
Hi(l(1+ 1) + 7 — s)dTTT nH} <L

In hypothesis (H2), we use the standard convention that a product is equal to
one if the number of factors is zero.
Before stating our main stability result, we need to prove the following lemma.

Lemma 1. Let @ = (ay,...,an), 8= (B1,...,08n) € XV,
If (H1) holds, then the solutions T(-,a) = z(-) = (1(:),...,zn (") and Z(-, B) =
Y() = (), yn () of @) verify

|lzi(n(T +1) = 8) = yi(n(r + 1) = 5)|

(H'Cl (t+1) +T—S)>||Oé—ﬁ||+i< H lei(k(T + 1) +T—S)|)

1=0 N k=l+1
Hi ([T +1) +7 = 8)[Tor41)4r—s = Vir1)+r—sls (4)

forallie{l,...,N}, s€{0,...,7}, and n € N.

Proof. Let s € {0,...,7} and i € {1,...,N}.
The proof is done using induction on n € N.
For n = 1, we have, from and (H1),

[zi(T+1—8) —yi(r +1—3)|

lei(m = 8)zi(T— s —7) + hi(T — 8, Tr—s)

—¢i(T = 8)yi(T — s —7) — hi(T — 5,7, _,)|

(T = s)[|zi(=s) — yi(—=s)[ + [hi(T — 8,T7—5) — hi(T — 5,7, _,)|
lci(T = s)|lla — 3] +H(T*S)Hfﬁf s = Trsll

1-1
<1_[|cz (t+1) +T—5)|> |a—5+z< H Ci(k(T+1)+T—S)>

=0 \k=l+1
H (l( + 1) T — S)”fl(‘r-l-l)-ﬁ'—s - yl(7—+1)+7——s”'

N IN I
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Now we assume that holds for some n € N. Consequently, from , (H1) and
induction hypothesis, we have

|zi((n+1)(7 +1) = 5) = yi((n + 1)(7 +1) = 5)|
= |zi(n(r+1)+ T—s—i—l)—yi(n(r—i—l)—l—r—s—i—l)‘
= |t +1)+7—=s)zi(n(r+1) —s) +hi(n(T+ 1) +7 — 8, Tpr41)4r—s)
—ci(n(T+ 1) + 7 = s)yi(n(1T + 1) = 8) = hi(n(T + 1) + 7 = 8, T (r41) 07— |
< la(n(r+1) +7 = s)|lzi(n(r + 1) — 5) —yi(n(r + 1) — 5)|
+Hl(n( + 1) +7 - S)Hxn(T-‘rl)-‘rT s T yn(r—i—l)—l—‘r—sH

< Jagn(r+1)+7-35) (H lei(k(T+1) +T—8)|> la — Bl
n—1 n—1
+M((+1+Ts|§:<llq +])+r@>
=0 \k=i+1
Hi(Um + 1) + 7 = 8)[Tur1)4r—s = Tigrr1)4r—sl
+H; ( (T + 1) +7 = S)HTTL(T-‘rl)-‘rT—S - ?n(TH)Jﬁ,SH
= <H lei(k(T + 1) +T—S)|> o — Bl +Z < H les (k(T + 1)—1—7——3))
1=0 \k=i+1
Hi (Z(T + 1) +7 - S)”El(TJFl)JrT*S - yl(7'+1)+7'—s||
and the proof of ({d)) is concluded. O

Now we are in position to prove the main stability result about the difference
equation .
Theorem 1. Assume the hypotheses (H1) and (H2).

Then, for any @, B € X, the solutions Z(-, @) and T(-, B) of (2)) verify
_ N — el _ =
[En (@) = T Bl < T (cm) & — Bl (5)

for all m € Ny.

Proof. Let @, 8 € XN and consider the solutions Z(-,@) = Z(-) = (z1(-),...,zn5("))
andj(aﬁ):?():(yl()77yl\f Of.
First we prove that
— 1 m=(r+1)
[#m, @) ~2m.B) < 1oy “F @Bl YmeNo. (9

The proof of inequality @ is done by induction on m € Np.
AsO<c<land 0<1—X<1, then condition @ holds trivially for m = 0.
Assume that, for some m € N, we have

Z(t) —y(t)] <
As N = U[S]T and [s]; N [s*]; = 0 for s # s*, by we conclude there are
s=0
unique s € {0,...,7} and n € N such that m = n(r+1) —s. For [ € [0,n —1],,
we have

I(r+1)+7—s+j < (n=1)(r+1)+7—s=n(r+1)—s—1<m, Vje{r...,0},
thus, by @,

1 t—(r+1)

— ¢ @Bl Vtelom-1l. (7)
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||El(-r+1)+‘rfs - ?l(r+1)+7—sH = max [T((7+1)+7—s+7) -y +1)+7—s5+j)]

j=r,...,0
1 (1) b st _
< 1 o _]%?XO{CM} i@ — 3|
1 It D)7 —str—7—1
oy I R
1 r—s— —
= 5T a7l (®)
Let i € {1,...,N}. From Lemmal[l] and (§), we have
lzi(m) —yi(m)| = |zi(n(r +1) = s) —yi(n(r + 1) — )
n—1
< (IICAMT+1%+T—$OHa—ﬁH
k=0
—i—Z( H lei(k(T+ 1) +T—S)|>
1=0 \k=I+1
Hi(U(r + 1) +7 = $)|Ti(ra1)4r—s — Uigr41)4r—sll
< (II& 4],+T$OHQBH
+Z< H lei(k(T +1) + Ts)|>
=0 \k=I+1
1 l+7‘75—1 _ —_
Hi(l(r +1) + 7= 5)y— T 7 [a B
_ H |ci<k<7+1>+7s>>c
n—1
Z( IT leik T+1)+T—s)|> Hi(l(r+1)+7—5)
=0 \k=Il+1
.Cl+r:f51—n+1 Cn—lna_BH_
Denoting
_ (H |cz-<k<7+1>+7—s>|> .
k=0 ¢
and
n—1 n—1 .
B=Y_ l( IT e (T+1)+Ts)|> Hi(l(m+1) + 71— s)d T n+1],
= k=141
we have

1

From (H2), we obtain B < A < 1 and A < 1, thus, recalling that n = Trf’ c €]0,1]
and s € {0,...,7}, we conclude

1 - 1
X . < - n—1|= _ <
[2(m) = yi(m)| < T—¢""H@ = Bll < §

lzi(m) — yi(m)]| < <A+ igs) =),

M(+)

- fla - Bl
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As i is arbitrary, then condition (7)) holds for ¢t = m and consequently (7)) holds for
all m € Ng. Finally, by @ we have

[T =Tl = max {[F(m +5) = F(m+ )]}
' 1 mtj—(r+1)
< JE—— ™ _
s ﬂi?.’io{l—f e [3”}
1 m4r— ('r ) m _
= " a-Bl= S (¢) a8l

(]

We remark that, Theoremassures that, under hypotheses (H1) and (H2), differ-
ence equation is uniformly stable and, if ¢ < 1, then is globally exponentially
stable.

3. PERIODIC MODEL

In this section we assume that difference equation is periodic, i.e., for some
w € N, we consider the difference equation

zi(m+1)=c;(m)x;(m —7)+ h; (m,Tp,), meNg, i€{l,...,N}, (9)
with ¢; : Ng =] — 1,1[ and h; : Ng x XV — R functions satisfying the hypotheses:
(P1): For alli € {1,...,N} and m € Ny, we have ¢;(m) = ¢;(m + w);
(P2): for alli € {1,...,N}, m € Ny, and @ € XV, we have h;(m + w, @) =
hi(m,a).
Theorem 2. Assume (P1), (P2), (H1), and (H2) with c €]0,1].
Then there is a w-periodic solution T of @ verifying
A

_ - . cT+1 1 m o .
[T (@) =75l € T (7)) a =l (10)

for all m € N.

Proof. From Theorem [l inequality , we have

Hfm("a)_jjnn SQ(m)H@—BH, VH,BEXN,VmENo,
-1
where Q(m) = Cl —
for all m € [p, +o0]z.
Define the map P : XV — X by P(@) = 7,(-,@). For @, 8 € X, we have
1P? (@) — PP(B)|| = [|IP(PP~! (@) — P(P*~'(B))l
= [T, PP7H@) = Tu (-, PPH(B))|

= HEUJ("EUJ(VPP_Q(&))) _fw('vfw('vpp_2(g)))”7

(c#) . As ¢ < 1, then there is p € N such that Q(m) < 1

and from (P1) and (P2) the difference equation (9] is w-periodic and consequently
1P? (@) = PP(B)|| = [|7aw (-, PP3(@)) = Taw (-, PP2(B)) |
= [|Tpe (-, @) = Tpuo (-, B) | < Qpw)[[@ — B
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As Q(wp) < 1, then PP is a contraction map on Banach space X7, thus there is a
unique @* € X ¥ such that PP(a*) = @*. Consequently
pP(P(@")) = P(P"(@")) = P(a”),
and we obtain P(@*) = @*, that is T, (-, @") = @*.
As T(m, @) is a solution of the w-periodic difference equation (9)), then Z(m +
w,a@") is also a solution of (9 verifying
Z(m,a") =z(m,T,(,@")) =T(m+w,a"), VmeN,

which means that Z*(m) = Z(m, @*) is a w-periodic solution of ({9).
Finally, the inequality follows from Theorem t

4. APPLICATIONS TO NEURAL NETWORK MODELS

In this section, we apply our main results to obtain criteria for the global expo-
nential stability of several discrete-time neural network type models with delay in
the leakage terms. Some criteria for the existence and global exponential stability
of a periodic solution of periodic models are also established.

First of all, we consider the following discrete-time generalized neural network
model with delay in the leakage terms

N
zi(m+1) = ¢i(m)zi(m =)+ > hij (M, Tp), meNg, i=1,...,N, (1)
j=1
where N € N, 7 € Ny, and ¢; : Ng =] — 1,1 and h;; : Ng x X~ — R are functions
such that the following hypothesis holds:
(A1): The functions h;; are Lipschitz, i.e. for each 4,57 € {1,..., N} there
exists a positive constant H;; such that

|hij(m, @) — hij(m, B)| < Hylla—B|l, Vm e No,Va,5e X"
Now, we apply Theorem [I| to obtain the following stability result.
Theorem 3. Assume (A1).
If

N
l—¢f >> Hy, Vie{l,..., N} (12)
j=1

. =

where ¢; = sup |¢;(m)|, then the model 1s globally exponentially stable.

Proof. The model is a particular case of with
N
j=1

forallw € XV, m € Ny, and i,j € {1,...,N}.

N
From (A1), the hypothesis (H1) holds with H;(m) = » _ H;; foralli € {1,..., N}.
j=1
Now we show that (H2) also holds.
For each i € {1,..., N} such that ¢;” # 0, by , we have ¢;” €]0, 1] and define
v; = —In(cf) €]0, +o00[. Thus, we have ¢ = e™":.
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For each i € {1,...,N} such that ¢; = 0, by it is possible to choose
€]0, +o00[ such that

N
l1—e™ > ZH”
Jj=1

From , we have

N
evi —1
> H;;, Yie{l,...,,N}
oVt Z J i€ }

j=1

Consequently, there is a positive number ;1 < min v; such that
K3

N

Vi—H 1 r

676”74»1 > E H”, VZ€{1,MN} (13)
j=1

evi

Defining ¢ = e #, we have |¢;(m)| < ¢ for all m € Ny. Consequently, for i €
{1,...,N} and s € {0,...,7}, we have

n—1 n—1
sup lz ( H |Ci(/€(7’+1)—|—7‘—5)|> Hi(l(7+1)+T— ) e R

neN

1=0 \k=l+1
[n—1 N
< sup Z e—l/i(n—l—l) e*/dz(l+ roel_pid) ZHU
neN _l:O j=1
[n—1 N
— sup orimm)(l=n) gri o= n(*H71+1) S Hy
e = j=1
[ /n—1 N
— sup ( e(wu)(ln)> e e (T ) > Hj
neN 1=0 j=1

n—1 N
o r—s—1
— Sup e(Vz )u')l e (”1 /"')n e”l e )U' 1 +1 § H
neN 1=0 j=1

1 — e(Vi*H)n

= sup

N
T s—1
T o e (rimmm gri o—n(*25TE +1) g H;;
— eli—
neN j=1

N
1 — e~ (Wi—m)n (rz2s2
= sup [ — ,u 71 +1 E H
neN evi—h —1 1
‘7:

(i)
= 1— *(Vﬁu)N) () 5 H...
:lég( e € ovi—n _1; ij
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As sup (1 — e_(l’i_“)") =1and s € {1,...,7}, we have

neN
r evi al
A< max |e HFHT ——— E H;;
i=1,....N evi—h —] 4
j=1
and, by (13)), we obtain
v; Vi—h
_ T et e’ ]. s
A< max [|e H7HI el ) =1,
i=1,..., eVi—H —] evi

thus hypotheses (H2) holds. From Theorem we obtain that model is globally
exponentially stable. O

If is a periodic model then, from Theorem [2} we establish sufficient condi-
tions for the existence and global exponential stability of a periodic solution.

Theorem 4. Assume (A1) and there is w € N such that
ci(m)=c(m+w) and hij(m+w, @) = h;;j(m, @)

for allm € Ng, @€ XV, andi,j € {1,...,N}.
If condition holds, then there is a w-periodic solution of which is globally
exponentially stable.

Proof. By the hypotheses, conditions (P1) and (P2) hold. From the proof of The-
orem [3] the conditions (H1) and (H2) also hold with ¢ €]0,1[. Thus, the result
follows from Theorem O

As a particular case of we consider the following discrete-time low-order
Hopfield neural network model with delay in leakage term

N K
zi(m 4+ 1) = co(m)zi(m —7) + Y Y bigr(m) fign (25 (m — 1i5(m))) + Li(m), (14)
j=1k=1
for m € Ny, ¢ € {1,...,N}, where NJK € N, 7 € Ny, and ¢; : Ny =] — 1,1],
Tijk : No = No, bijr, f; : No = R, and fij, : R — R are functions such that the
following hypotheses hold:

(B1): The functions b;;, and 7,5 are bounded;
(B2): the functions fj;i are Lipschitz, i.e. for each 4,5 € {1,...,N} and
ke {1,..., K}, there exists a constant Fjj; such that

|fijr(2) = fije(W)| < Figrlr —yl,  Vo,y €R.

The discrete-time autonomous Hopfield neural network model, studied in [14],
N
:Ul-(m—i-l):cixi(m)—i-Zbijfj (xj(m—1;)), meNg,i=1,...,N, (15)
j=1

and the discrete-time Hopfield neural network model with delay in leakage term
and constant coefficients, studied in [26],

N N
zi(m+1) = ciwi(m — 1) + Y aiif; (z;(m)) + Y bijf; (z;(m —o(m))) + I, (16)
j=1 Jj=1
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for m € Ng, i = 1,..., N, are particular case of model (14).
Fori,je{l,...,N}and k € {1,..., K}, in what follows we use the notation

r=— max {r;x(m), 7}, ¢ =sup|ci(m)|, and b;;.k = sup | by (m)].
ij:k,m m m

From Theorem [3] we obtain the global exponential stability of .

Theorem 5. Assume (B1) and (B2).
If

N K
1—Cf>zzbjijijk7 Vie{l,...,,N},
J=1k=1

then the model is globally exponentially stable.
Proof. The model is a particular case of model with

_ i I;(m)
hij(m, @) = (Y bije(m) fiji(oy(—mie(m))) | + N
k=1

for all @ = (ay,...,an) € XN, m €Ny, and 4,5 € {1,...,N}.
K

By (B1) and (B2), the hypothesis (Al) holds with H;; = Zb;kﬂ-jk, for all
k=1
i,j € {1,..., N}, thus the conclusion follows from Theorem O

The previous result is improved in the following result.
Consider the N x N-matrix M defined by

K
M =T —diag(cf,...,ck) — (Zb;kﬂ-jk> ,
k=1 ij
where 7 is the N x N identity matrix.

Corollary 1. Assume (B1) and (B2).
If M is a non-singular M-matriz, then the model is globally exponentially
stable.

Proof. If M is a non-singular M-matrix, then (see [12]) thereis d = (dy,...,dyn) >0
such that Md > 0, i.e.,

N K
di(1—cf)>> d; < b;;.kFijk> . Vie{l,...,N}. (17)
j=1 k=1
The change y;(m) = d; *z;(m), m € N and i € {1,..., N}, transforms into
N K )
yilm +1) = ci(m)y;(m — 1) + biji(m) fiji (y;(m — 7ije(m))) ,
j=1k=1

where

bije(m) = d; "biji(m) and fi(u) = fiju(dju),
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for m € Ng and w € R. As f;;, are Lipschitz functions with constant Fj;j, then
fijr verify (B2) with constant Fj;;, = d; Fji. From we have

N K
1—¢ > Z (di_lb;-;-k> (djFijk), Yie{l,...,N}.
J=1 k=1

which is equivalent to

N K
1= >3 3 b5 Fije, Vie{l,...,N}.
j=1k=1
and the result follows from the Theorem [Bl 0

Now we consider the model with periodic coefficients, i.e., we assume that
there is w € N such that ¢;(m), b;;x(m), 75 (m) and I;(m) are w-periodic functions.
Naturally we have

cf =max{|c;(1)],...,|ci(w)|} and b;"jk =max {|b;x(1)], ..., |bijrW)|},

fori,je{l,...,. N}, ke{l,...,K}.
From Theorem 4] and Corollary [1f we have the following result, which extends,
to models with delay in the leakage terms, the result [3, Theorem 4].

Corollary 2. Assume c;, biji, Tijk, and I; are w-periodic function, and (B2).
If the matriz M, defined by (17), is a non-singular M-matriz, then model
has a unique w-periodic solution which is globally exponentially stable.

Considering model with autonomous coefficients that is, for each ¢,j €
{1,...,N}and k € {1,..., K} we have

cl(m) = ¢y, Il(m) = Ii, and bwk(m) = bijlca Vm € No,

with ¢; €] —1,1[ and b;ji, I; € R, the previous Corollary [2[ allows us to obtain the
following result.

Corollary 3. Assume (B2).
If the matriz

K
N:I—diag(|cl|,...,|cN|) - (Z'b”Hka) (18)
k=1 ij

is a non-singular M-matriz, then the model

N K
zi(m+1) = ciwi(m —7) + > > bijefijr (z;(m — 7ij5(m))) + T (19)
j=1k=1
form e Ny, i €{1,...,N}, has a unique equilibrium which is globally exponentially
stable.

In [14, Theorem 3.1], the global attractivity of (L5)), a particular case of (19), is
obtained assuming that activation functions f; : R — R are differentiable such that

f](o) =0, mggloo f](z) =1 zErPoo f](l‘) = -1,

and
f;(0) =sup fi(z) =1, fi(u)>0,Vu €R,
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joint with the condition of
T —diag(|eal, - - -, en]) — [by]]

being an M-matrix. By hypotheses in [14], it is clear that f; are Lipschitz functions
with Lipschitz constant equal to 1. We remark that Corollary |3| states the global
exponential stability of 7 instead of the global attractivity as in [I4, Theorem
3.1], but we assume that N, defined by , is a non-singular M-matrix which is
more restrictive than A just be an M-matrix as is assumed in [I4, Theorem 3.1].

Model (16)), studied in [26], is also a particular case of , but the asymptotic
stability of ([16) is established in [26] under a different hypotheses set.

It is relevant to observe that model is general enough to include, as particular
cases, some BAM neural network models with delay in leakage term.
Considering, in the general model , N = Nj + No, for N1, Ny € N|

) _ él(m), iZl,...,Nl
C”(m)_{a_m(m), i=Ni+1,.. NN, 0 e

and
0, i=1,...,Ni,j=1,....,\y
ai(j—Ny) (M) fi-n, (25(0))
+bij—ny) (M) fj—ny (e (—Tig-np) (M) i=1,...,N1, j=Ni+1,...,N; + Ny
+ i)
hij(m, @) = agi—n,)j(m)g;(a;(0))
+11(i7N1)j(m)gj(aj(_F(ile)j(m>)) i=Ni1+1,...,Ni+ Ny, j=1,..., Ny
0 i=Ni+1,...,Ni + No,
: j=Ni+1,...,N  + N,

for all m € Ny and @ € X1 *N2 | we have the following BAM neural network model

N2
xi(m+ 1) = i(m)ag(m — 1) + D i (m) f(y;(m))
j=1
Ny A
+Zb”(m)fj(yj(m 7i5(m))) + Li(m), i=1,..., Ny,
=t (20)
Ny
i (m 1) = 5 (m)y;(m = 7) + 3 a5i(m)gi i(m))
+ D bjim)giai(m = Tys(m)) + Lim), G =1,..., N,

where éi,gj : NQ *)] — 1,1[, dl-j,'djl- : N() — R, ’TA'ij,’?ji : NQ — NO are bounded
functions, I;, fj : No — R are functions, and f;,g; : R — R are Lipschitz functions
with Lipschitz constants F; and G; respectively.

For the functions in the model , we use the notation

r=—max{f;;(m), Ti(m), 7}, & =sup|é(m)|, & =sup|¢;(m)],
? m m m

sJs
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dfg- = sup |a;;(m)], bj'j = sup |Z)ij(m)|, E;fi = sup |a;;(m)|, and bj'i = sup |bj;(m)].
m m m m

We also define the matrix P by

p_[Im-C U _
-5 In,—C |’
where, for k = 1,2, Zy, is the Ny x N, identity matrix, C = diag(c],...,¢é},),
C = diag(ct, .. L), U= [(a +b+) ], and S = [( +b+)G} Following the
same arguments presented in the proofs of Theorem [5] and Corollary [T} we obtain
the next exponential stability criterion.

Theorem 6. If P is a non-singular M-matriz, then the model s globally
exponentially stable.

From Theorem 4 and Theorem [6] we obtain the following stability results for
model with periodic and constant coefficients, respectively.

Corollary 4. Assume ¢;, ¢; G5, aji, l;ij, Eji, Tijs Tjis fi, and fj are w-periodic
functions.

If P is a non-singular M-matriz, then the model has a unique w-periodic
solution which is globally exponentially stable.

Corollary 5. Assume é;(m) = ¢&;, Ej(m) = ¢, a;j(m) = a5, a;;(m) = aj;,

bw(m)—b”,bﬂ(m)—bﬂ, l( )=1;, I;(m) = I; for all m € Ny.
If

ON ((‘dz]| + ‘BijDFj)ij
(il + 165D G:) 5, 0

is a non-singular M-matrix, then the model has a unique equilibrium which is
globally exponentially stable.

Ifdiag(|él|a ) |éN1|7 |51|7 ) |EN2|)7

The global exponential stability of , with constant coefficients but without
delay in the leakage terms, 7 = 0, also was established in [27] but with a different
hypotheses set. Also with a different hypotheses set, the global asymptotic stabil-
ity of with constant coefficients and different delays in the leakage terms, was
established in [29].

Now we consider the following discrete-time high-order Hopfield neural network
model with delay in leakage terms

N
zi(m +1) = ci(m)zi(m —7) + Z aij(m) fj(x;(m))
N N "
+ DD bit(m)g; (s (m = g (m))gu(xi(m = &a(m))), (1)

for m € Ng, i € {1,...,N}, where N € N, 7 € Ny, and ¢; : Ny =] — 1,1],
Tijt» €1 No = No, a;5,b:51 : No = R, and f;,g; : R — R are functions such that
the following hypotheses hold:
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(HO1): The functions a;j, b;j;, and 75, &5 are bounded, and consider

r = — max {ri;;(m), &;u(m), 7}, ¢ =suplei(m)],
m

.3,l,m

a; = suplai;(m)|, b5, = sup |biji(m)[;
m m

(HO2): for each j € {1,...,N}, the functions f; and g; are Lipschitz i.e.,
there exist constants F; and G; such that

Ifi(z) = fi(y)| < Fjlz —y| and |g;(z) — g;(y)| < G|z —y|, Vz,y € R;

(HO83): for each j € {1,..., N}, the function g; is bounded i.e., there exists
m; > 0 such that

lgj(w)| <mj;, VueR.
From Theorem [3] we obtain the following global exponential stability result.

Theorem 7. Assume (HO1), (HO2), and (HOS3).
If there is 4 = (qu,...,qn) > 0 such that

N N
l—ch) > (deja;; + ) bl (mdiGy+ mldej)> ,Vie{l,...,N}, (22)
j=1 =1
then model is globally exponentially stable.
Proof. The change y;(m) = d; 'z;(m), m € N and i € {1,..., N}, transforms
into
yi(m+1) = c;(m)y;(m — 7) +Zaw f] y;(m))
N N
+> Z biji(m)g;(y;(m — 7i50(m)))Gi(yi(m — &ju(m))),  (23)
j=11=1
where
aij(m) = d; taig(m), bij(m) = d;  bii(m), fi(u) = f;(dju), and g;(u) = g;(d;u),

for all m € Ny, 4,5,1 € {1,...,N}, and u € R. Model is a particular case of
model with

Z

hij(m, @) = a;;(m f] a;(0 Z i1 (m)g; (aj (=7ij1(m)))gi(cu(=E&iji(m))), (24)

for all @ = (ay,...,ay) € XV, m €Ny, and i,j € {1,...,N}.
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For each ¢, € {1,..., N}, from (HO2) and (HO3) the function h;;, defined by
, verifies

[hsj(m. ) — hij(m. B)| < d;” a;| fi(e(0)) = £5(8;(0)]

+Zd o518 (e (=i (m)) G (u(=&iji(m))) — 35 (B (—7i51(m))) G (Bi(=E&iju(m))|
d a;Fyd;la;(0) = 5;(0)]

+ Zdi_lb;‘;‘l|§j(0‘j(_Tijl(m)))gl(al(_fijl(m))) = 9j(aj(=7i(m)) g (Bi(=&iji(m)))|
=1
N

+ > d bk 13 (o (= 7i0(m)) G (Bi(=&ije(m)) = G5 (B3 (—7ij0(m)))Gi (Bu(—&ija (m))))|
=1

< d; tafiFyds|la - ﬁ||+zd Lok imy Grdilau(=E€iji(m)) = Bi(=Eiju(m)))|

N
+ 3 d bk muGid;|ag(—Tiji(m)) = Bi(=Tij(m))]

=1
(d%ﬁdF+§:d%mUme+mﬂG)>a—m,
=1

for all m € Ny, and @, B € XV. Consequently hypothesis (A1) holds with

H;; = <d 1a+d F; + Zd 1szl (mjlel +myd;G; )) , Vi,je{l,...,N}.

=1

By hypothesis 7 condition also holds and the result follows from Theorem
Bl O

Now we consider model with periodic delays and coefficients functions. From
Theorem [f] and the proof of Theorem [7] we obtain the next result.

Corollary 6. Assume c;, a;j, biji, Tiji, and &5 are w-periodic functions.
If there is ¢ = (q1,...,qn) > 0 such that condition holds, then has a
unique w-periodic solution which is globally exponentially stable.

The exponential stability of with constants coefficients, 7;;;(m) = &;;i(m)
for all 4,5,1 € {1,...,N} and m € Ny, and without delay in the leakage terms
(7 = 0) was recently studied in [9]. The authors also assume that

fi(0) =g;(0)=0, Vie{l,...,N},

which implies that z = 0 is an equilibrium point of

xi(m+ 1) = ¢z —|—Zamf] zj(m

N N
22 by = mam)ar(lm = i), (29

where ¢; €] — 1,1] and a;;,b;;; € R. Under all these restrictions, in [9] the global
exponential stability of the zero solution of is obtained with the hypothesis:
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there is ¢ = (q1,...,N) > 0 such that
N

N
d1(1 — |Cl|) > Z (dej|a¢j| + Z |bijl|mjlel> , Vi e {1, ... ,N},
j=1

1=1
which is a slight weaker condition than .

5. NUMERICAL SIMULATION

In this section, we give a numerical example to illustrate the effectiveness of some
the new results presented in this paper.
In model with N =2, let K =2 and

1 2 1 2 1 2
c1(m) = 708 VZW, co(m) = Th n%, bi11(m) = g cos T
1 2 1 2 1 2

b112(m) = g sin %, bioi(m) =0, boor(m) = ~5 sin %, b1aa(m) = 6 sin 28

2mm 1 . 2mnm 5 . 2mmw
ba11(m) = — COS o ba1a(m) = 75— baga(m) = — 1 Sl
7'111(m) (U) = 7’211(m) = 7'221(771) =0,
Ti12(m) = (u) = To12(Mm) = To22(m) = 2+ (—=1)™

1 2mm

fi1(w) = fio1(u) = fa11(u) = fao1(u) = arctanu, Ii(m) =0, Iy(m)= 5008 — =
fii2(u) = fio2(u) = for2(u) = fogo(u) = tanhu, w=10, 7=2, r=3,

thus all coefficients and delay functions are 10-periodic.
We have Fjj, =1 for all i, j,k € {1,2} and the M-matrix, defined by (17), has

the form
1 0 1 9 2 1 1 _1
aelot]-le -1 118 4 )
0 1 0 15 i 12 -3 3

As M is a non-singular M-matrix (the principal minors are positive [12]), by Corol-
lary [2] this example has a unique 10-periodic solution which is globally exponentially
stable. Figures[I]gives the plot of the periodic solution of the illustrative numerical
example. Figures[2] and [3] give the plot of first and second, respectively, component
of three solutions of the illustrative numerical example, together with the periodic
solution.

0.6
04

0.2

-0,04 -0,02 [}

"'—\_\:J:‘f _/ —

F1GURE 1. The 10-periodic solution of the numerical example.
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—a—x_1{m,[cos[m),sin{m}]} —8—x_1{m, [exp(m)-1])
—a—x_1{m,[-3/2Exp{m},3/2cos{m}]} Periodic
2 2 i
e & ® -
v 12 17

FIGURE 2. The first component, x;(m), of three solutions
of the numerical example with initial condition Zp(j) =
(cos(j),sin(j)), j € [-3,0]z, To(j) = (¢/,—1), j € [-3,0]z, an

To(j) = (=2 e/, 2 cos(j)), j € [-3,0] respectively.

—g—_2{m,[cos[m],sin[m}]} —a—x_2(m,[exp{m},-1]]

—a—x_2{m,[-3/2Exp{m},3/2cos{m)]) Periodic

FIGURE 3. The second component, x2(m), of three solu-
tions of the numerical example with initial condition Zo(j) =
(COS(j),SiH(j)),j € [*330]23 TO(J) = (eja 71) ,J € [*3aO]Za and

To(j) = (-2 7,2 cos(j)), j € [-3,0] respectively.
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