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1 Introduction

It is well known that neural networks with delays have a rich dynamical behavior that
have been recently investigated by Huand and Li [1] and the references therein. It is
naturally important that such systems should contain some information regarding the
past rate of change since they effectively describe and model the dynamic of the appli-
cation of neural networks [2-4]. As a consequence, scholars and researchers have paid
more attention to the stability of neural networks that are described by nonlinear delay
differential equations of the neutral type (see [4-8])

ii(t) = —ai(ui(t) + Y by(0)g (ui(1)) + > _ cijiti(t — 7)
j=1 j=1
(1.1)

+ Zdij(t)gj / h]’(t — s)u]-(s)ds + Ii(t),i e N = {1,2,---,m}
j:1 —00

Cheng et al. first investigated the globally asymptotic stability of a class of neutral-
type neural networks with delays [6]. Delay-dependent criterion has been attained in
[5] by using Lyapunov stability theory and linear matrix inequality. Recently a conser-
vative robust stability criteria for neutral-type networks with delays are proposed in [4]
by using a new Lyapunov-Krasovskii functional and a novel series compensation tech-
nique. For more relative results, we can refer to [4,7] and references cited therein.

Difference equations or discrete-time analogs of differential equations can preserve
the convergence dynamics of their continuous-time counterparts in some degree [9].
So, due to its usage in computer simulations and applications, these discrete-type or
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difference networks have been deeply discussed by the authors of [10-15] and extended
to periodic or almost periodic difference neural systems [16-21].

However, few papers deal with multiperiodicity of neutral-type difference neural net-
works with delays. Stimulated by the articles [22,23], in this article, we should consider
corresponding neutral-type difference version of (1.1) as follows:

ui(n +1) = ai(nui(n) + Y ciAuj(n— 1)+ »_ byj(n)g;(u(n))

j=1 j=1

(1.2)
m oo
+ Y dj(n)g; {Z hi(v)ui(n — v):| +Ii(n),
j=1 v=1
where i € N :={1,2,...,m}. Our main aim is to study biperiodicity of the above

neutral-type difference neural networks. Some new criteria for coexistence of a peri-
odic sequence solution and anti-sign periodic one of (1.2) have been derived by using
Krasnoselskii’s fixed point theorem. Our results are completely different from mono-
periodicity existing ones in [16-20].

The rest of this article is organized as follows. In Section 2, we shall make some pre-
parations by giving some lemmas and Krasnoselskii’s fixed point theorem. In Section 3,
we gives new criteria for biperiodicity of (1.2). Finally, two numerical examples are
given to illustrate our results.

2 Preliminaries
We begin this section by introducing some notations and some lemmas. Let Sy be the
set of all real T-periodic sequences defined on Z, where T is an integer with 7" > 1.
Then Sy is a Banach space when it is endowed with the norm
||u|| = max sup] |u,'(s)|}.
z

ieN se[0,T

0

Denote [a,b]: = {a, a + 1,..,b}, where a, b € Z and a < b. Let C((-co, 0], R™) be the
set of all continuous and bounded functions y(s) = (y1(s), ¥ 2(s), ..., ¥,u(s))” mapping
(-e0,0]z into R™. For any given w € C((-e, 0]z, RY), we denote by {u(n; y)} the
sequence solution of system (1.2). Next, we present the basic assumptions:

+ Assumption (H;): Each a,(-), by(-), d;(-), and I;(-) are T-periodic functions defined
on Z, 0 <a,(n) < 1. The activation g;(:) is strictly increasing and bounded with
—gjt = lim,_, _oogj(v) < gj(v) < limy, +00gj(V) =gf for all v e R. The kernel /4; : N

— R" is a bounded sequence with Y, hj(v) = 1, where i,j € .

For each { e N/ and any n € Z, we let

n+T—1 n+T—1 -1
Gi(n,p) = l_[ ai(s)[l — 1_[ a,-(s):| pe[nn+T—1] (2.1)

s=p+1 s=n

Since 0 <a;(n) < 1 for all m € [0,T - 1], each G;(n, p) is not zero and

m; := min{G;i(n,p) : n > 0,p < T} = Gi(n,n) = G;(0,0) > 0,
M; := max{Gj(n,p) :n>0,p<T}=Gi(n,n+T—-1)=G;(0, T —1) > 0.
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Lemma 2.1. For each i e N and Vp e 77,
p—1 p—1 p—1
P []’[ ail(s)} Au(p—1t)+ui(p—1) A []‘[ ail(s)} =A []’[ a7 (s)wi(p — r)}
s=0 s=0 s=0

holds for any sequence solution {u(n)} of (1.2), where, Fis a shift operator defined as
ieNforie Nandpe 7.
Proof.

p—1
5 |: a; (s):| Au(p—T1)+ui(p—1) A |:1_[a (s):|

s=0 s=0

p 1
Ha, () [wilp+ 1 — 7) — wi(p — v)] + wi(p — 7) [ﬂa (s)—ﬂaﬂ(s)}
s=0 0

p—1

a ' (ui(p+1—1) = [ a7 (uilp— 1)

s=0

ﬁo:l‘“

]_[a H(Suilp — f)}

The proof is complete.

{u(n)} e SP=SrxSrx---xSr,

Lemma 2.2. Assume that (Hy) hold. Any sequence is

m

a solution of (1.2) if and only if

m n+T—1 m
ui(n) =Y cui(n—1)+ Y Gi(np) {Z bij(p)g;(u;(p))

j=1 p=n j=1

(2.2)
£ dij(p)g; (Z hi(v)u(p — v)) +Li(p) = Y _cijui(p—7)(1 — ai(p))} :
j=1 v=1 j=1
where G,(n, p) is defined by (2.1) for i e N'and p € 7".
Proof. Rewrite (1.2) as
n—1 m m
A |:ui(n) [1 ai_l(s):| = {Z cj Aw(n—1)+ Y by(n)g(ui(n))
5=0 j=1 j=1
(2.3)

Z dij(n)g; <Z hi(v)u;(n — v)) +1; (n)j| [[a's).

j=1 5=0
where { e N and n € Z*. Summing (2.3) from #n to n + T - 1, we obtain

n+T—1 p—1 n+T—1 m m
dooa [ui(P) ]_[afl(S)} = {Z cj & wi(p — ) + Y bii(p)g (ui(p))

p=n s=0 p=n j=1 j=1

m 00 p
+ Y di(p)g (Z hj(w)u;(p — U)) + Ii(P):| [Ta' ).

j=1 v=1 s=0
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That is,
n+T—1 n—1
wi(n+T) [T a7 (s) —wi(n) [T a7 (s)
5=0 s=0

n+T—1 m
Z |:Z cj Auj(p—1)+ Zbl](p)g](u](p))

p=n j=1 j=1

Y dg (Zh W) (p - v)) +1; (p)} [Ta"6).

j=1 s=0
Since u;(n + T) = u,(n), we obtain

n+T—1 n—1
ui(n) |: H a;l(s) — Hail(s):|
s=0

s=0

n+T—1 m
-y {Zcq A u(p—7)+ sz,(p)g,(uj(p)) (2.4)

p=n j=1 j=1

m 00 P
+ Y dii(p)g; (Z hi(v)ui(p — v)) ¥ Ii(P)} [Ta" ).

j=1 v=1 s=0

It follows from Lemma 2.1 that

n+T—1 m n+T—1 m
Do 2ciaup- r)Ha )= 20 Y aulp-1) [Ha (s)}
p=n  j=1 p=n_ j=1
n+T—1 m p—1 p—1
=Y g {A [u;-(p—r)]‘[aﬂ(s)} —u(p—1) b []‘[aﬂ(s)”
p=n_ j=1 5=0 s=0
m n+T—1 p—1 n+T—1 m
= Zcq ' Z |:uj(p — t)l_[ail(s)iH Z ch]u](p —17)A |:Ha 1(s):|
j=1 p=n s=0 p=n  j=1
m n+T—1 n—1 n+T—1 m
Z cijuj(n — |: 1_[ ai_l(s) — nai_l(s):| Z Zc,,u](p ) A [H a_l(s)i|
j=1 =0 s=0 p=n  j=1

Therefore, one gets from (2.4) that

n+T—1 n—1 m n+T—1 n—1
ui(n) |: 1_[ a;'(s) — Hail(s):| = Zcijuj(n —1) |: H a;'(s) — H ail(S):|

s=0 s=0 s=0 s=0

n+T—1 m n+T—1 m
- Y > eyl - r)(l—a,(p))l‘[a*(sn > [Zbﬁ (0)8i(u;(p))

p=n_ j=1 p=n j=1

m 00 P
+ > di(p)g (Z hi(v)u;(p — v)) " n(p)} [Ta7'@s):

j=1 v=1 s=0

n+T—1 n—1
Dividing both sides of the above equation by [] a;'(s) — [1] a; '(s) completes the
s=0 s=0

proof.
In what follows, we state Krasnoselskii’s theorem.
Lemma 2.3. Let M be a closed convex nonempty subset of a Banach space (B, |-|).

Page 4 of 15
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Suppose that C and B map M into B such that

(i) x,y € M implies that Cx+ By € M,

(ii) C is continuous and CM is contained in a compact set and
(iii) B is a contraction mapping.

Then there exists a z ¢ M with z = Cz + Bz

3 Biperiodicity of neutral-type difference networks
m
Due to the introduction of the neutral term neutral ) Cij, we must construct two
j=1
closed convex subsets gL and %R in SJ', which necessitate the use of Krasnoselskii’s
fixed point theorem. As a consequence, we are able to derive the new biperiodicity cri-
teria for (1.2). That is there exists a positive T-periodic sequence solution in &R and
an anti-sign T-periodic sequence solution in L. Next, for the case c;; > 0, we present
the following assumption:

+ Assumption (H,): For each i,j € N, ¢;; > 0, b;(n) > 0 and 0 < ¢C; := Z;:l cj <1,

g(-) satisfies gi(-v) = -g;(v) for all v € R. Moreover, there exist constants ¢ > 0 and
B > 0 with o < such that for all j € A/

|:_ 1- eia + bii(n)g,'((x)] — (1 —ai(n))&B > P,
mliT_ Ci VnelZ
_ [_ M,-TIIB + bii(n)gi(ﬂ)] + (1= ai(n))éa > p;

where

Pi:=sup |b,~j(n)}gju £ }dij(n)}gju +|L(n)| §,ieN

i j=1
Construct two subsets of Sy as follows:

B ={weSr|—p<whn) <-a}, % :={weSrla <w(n)<p}

L = PR R = ..
B = w and %"= w are two closed con-

Obviously,

m m

vex subsets of Banach space ST'. Define the map B* : 8% — S by

(B¥u)i(n) = icijuj(n -1), ieN

j=1

and the map C* : #* — SI' by

n+T—1 m
(CTu)i(n) = > Gi(n.p) | Dby (p)gi(ui(p))
p=n j=1
— > citi(p — 7)(1 — aip)) (3.1)
j=1
+ Y di(p)g (Z hj(w)u;(p — V)) +Ii(p) | ieN
j=1 v=1
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where X = R or L. Due to the fact 0 < ¢; < 1, B> defines a contraction mapping.
Proposition 3.1. Under the basic assumptions (H;) and (H), for each X, the operator
C* is completely continuous on .

Proof. For any given X and u &2, we have two cases for the estimation of (C*u),(n).

o Case 1: As ¥ = Rand u € #R, u,(n) € [, B] holds for each i ¢ A/ and all n e 7.
It follows from (3.1) and (F,) that

n+T—1 m
(C'u)i(n) <= Y Gi(n,p) |:bii(P)gi(/3) > |bz‘j(P)|gf =Y cje(1 - ai(p))
j=1

p=n J#

£ |di(p)| & + |1i(p) |:|
j=1

n+T—1

< > Gilnp) [G(1 — ai(p))e + bii(p)gi(B) + P]
p=n

1-3G
<TM

< iMiTﬁ=(1—3i)/3

and

n+T—1 m
(C'u)i(n) = Y Gi(n,p) |:bii(P)8i(04) £y |bij(p)|8jn =Y cB(1 - ai(p))

p=n i j=1

= ldi(p)| g + lfi(p)l}

j=1
n+T—1

= Y Gi(np)[G(1 — ai(p))B + bii(p)gi(e) — Pi]
p=n

A

1—¢ R
> Tm; ‘o= (1 —G)a.
m,-T

o Case 2: As X = Land u e L, uin) € [-B, -o holds for each { ¢ A/ and all n e Z.
It follows from (3.1) and (H,) that

n+T—1 m
(Clu)i(n) = Y Gi(n.p) [bﬁ(p)gi(—ﬁ) = > b)) & =D ci(—e) (1 — ai(p))

p=n i# =1

O |Ii(P)|:|
j=1

n+T—-1

= Y Gi(np) [&(1 - ai(p))a — bi(p)si(B) — Pi]

p=n

=) =~ - )
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and

(Ctu)i(m) = ) Gi(np) [bﬁ(p)gf(a) + 2 (P& = D _ei(=A)(1 — ailp))
j=1

p=n Jj#

+> |di()| g - |Ii(p)[|
j=1

n+T—1

< D Ginp)[a(1 = ai(p))B — bi(p)si(e) + P;]

p=n

1-¢ .
< Tm; miTl(—O() = —(l — C,‘)Ol.

It follows from above two cases about the estimation of (C¥u);(n) that
||C2u|| < (1 —min{&})B < B. This shows that C* (gY) is uniformly bounded.
Together with the continuity of C*, for any bounded sequence {y,,} in %, we know
that there exists a subsequence {y,} in X such that {C¥(y,,)} is convergent in
C*(Y). Therefore, C* is compact on 5. This completes the proof.

Theorem 3.1. Under the basic assumptions (Hy) and (H,), for each %, (1.2) has a T-
periodic solution u™ satisfying u™ ¢ g>.

Proof. Let y, ii € #*. We should show that By, + ¢ ¢ #*. For simplicity we only
consider the case X = R. It follows from (2.2) and (H,) that

(B*u)i(n) + (C*@)i(n) = ) cjuj(n — 7)

j=1

n+T—1 m m
+ Y Gi(np) [Zbu (0)g(@(p)) = Y cii(p — 7)(1 — ai(p))

p=n j=1 j=1

+ Z dii(p)g <Z hi(v)i;(p — V)) + Ii(P)i|

j=1 v=1

m n+T—1
<> ap+ Y Gi(np) [bﬁ(p)gf(ﬁuz|bl-,-(p)|gﬁ
j=1

pn 71

=Y el —ai(p)) + Y |di(p)|g + {L‘(P)|:|

=1 j=1

<up TMl_eiﬂ B
Cip + TM; =B.
= P MT

On the other hand,

(B u)i(n) + (C*@)i(n) = Y cyuy(n — 7)

j=1

+ Y Gi(np) [Z by (D)@ (P)) — > _ citi(p — )(1 — ai(p))

p=n j=1 j=1

+2_di(p)g (Z hi(w)iy(p — v)) + zi(p)}

j=1 v=1

> e+ Y Gi(n,p) |:bii(p)gi(a) + Y |bi()| 8
j=1

p=n i1

=D B —ai(p)) = Y |di(p)|g + L’(P)}
j=1 j=1
N 1-¢
> cia + Tm; o=a.
miT
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Therefore, all the hypotheses stated in Lemma 2.3 are satisfied. Hence, (1.2) has a T-
periodic solution #” satisfying " € 2R. Almost the same argument can be done for
the case £ = L. The proof is complete.

For the case ¢; < 0, we present the following assumption:

+ Assumption (H,): For each i,j € N, ¢; < 0 and —1 <& := ) 11, ¢;j < 0. There
exist constants o > 0 and 8 > 0 with ¢ <f such that for all n € Z

~

(-amp+" 5>,
Ei;g R Qi

—(1 — ai(n))Eioz + miT

where
m
Qi =sup { ¥ (|bs(n)| + |dij(”)|)gjn + [Li(n)] ¢ -
neZ j=1

Similarly as Proposition 3.1, we can obtain
Proposition 3.2. Under the basic assumptions (H,) and (ﬁz) , for each %, the opera-

tor C* is completely continuous on 3.
Proof For any given X and u € Y, we have two cases for the estimation of (Cu);

(n).

o Case 1: As X = Rand u € £R, u,(n) € [0, B] holds for each i e A/ and all n e 7.
It follows from (3.1) and (ﬁ2) that

n+T—1 m A
B —¢i R
(Chu)i(n) < pZ Gi(n.p) | - jzzlci,ﬂ(l —ai(p)) + Qi | < TM™; MiT‘“ - B
and
n+T—1 M om ] o —&B
(CRu)i(n) > pX:n: Gi(n, p) — ;Cﬁa(l — al(p)) +Qi | = Tm; mﬂj =0 — 61,3

o Case 2: As X =L and u € AL, u(n) € [-f, -o] holds for each i ¢ N/ and all n €
7. It follows from (3.1) and (ﬁz) that

(Ctu)i(n) = )~ Gi(n,p) [— Y ci(=B)(1 —aip)) + Qz} =T™; ", =t =B
p=n j=1 !
and

n+T—1 m A
(Clu)i(n) < Y~ Gi(n,p) |:_Zcii(_0l)(1 —ai(P))+Qz} > TmiCl’fﬂiT =Gp o

p=n j=1

Page 8 of 15
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By a similar argument, we prove that C* is continuous and compact on gX. This
completes the proof.

Theorem 3.2. Under the basic assumptions (H,) and (ﬁz), for each %, (1.2) has a T-
periodic solution u* satisfying u* ¢ g¥.

Proof. Let u, i € ##*. We should show that ¥y + ¢¥§ ¢ #*. For simplicity, we
only consider the case X = L. It follows from (2.2) and (ﬁz) that

(B'u)i(n) + (C')i(n) = > cijuj(n — 7)

j=1
n+T—1 m m
+ Y Gilnp) | by (D&))=Y ciil(p — ©)(1 — ai(p))
p=n j=1 j=1
£ dii(p)g; (Z hi(v)i(p — V)) +1i(p)
j=1 v=1
m n+T—1 m
<Y (=) + Y Gi(np) | =D ci(—e)(1 —ai(p)) + Qi
j=1 p=n j=1
< —Gp + Tmieifn}a = —a.

On the other hand,

(B'u)i(n) + (C')i(n) = > cijuj(n — 7)

j=1
n+T—1 m m
+ Y Gilmp) | Dby (0g(@(p) — Y cit(p — T)(1 — ailp))
p=n j=1 j=1
+ Zdij(P)gj (Z hj()i(p — V)) +1i(p)
j=1 v=1
m n+T—1 m
=Y c(—a)+ Y Gi(mp) | =D ci(=B)(1 —ailp)) + Qi
j=1 p=n j=1
> —Cia + TMiéiz/I;ﬂ =—B.

Therefore, all the hypotheses stated in Lemma 2.3 are satisfied. Hence, (1.2) has a 7-
periodic solution #" satisfying u* € ggL. By a similar argument, one can prove the case
¥ = R. This completes the proof.

4 Numerical examples
Example 1. Consider the following neutral-type difference neural networks with delays

3 3
ui(n+1) = ai(m)ui(n) + )¢5 & wi(n— 1)+ Y by(n)g((n))

j=1 j=1

3 [ee]
+ Y di(n)g; {Z hi(v)uj(n — v):| +1Ii(n),
v=1

j=1

(4.1)
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where

a1(n) = ax(n) = as(n) = as(n) := exp(—0.1 — 0.01 cos 0.2 n),
I;(n) :=0.02cos 0.2 n, I(n) := 0.03sin 0.27n,
I3(n) :=0.2sin0.2nn,t =5, g(z) := g1(z) = 2(2) =tanh(z), m=3,

0.2 0.1 0.05
C= (Ci]') = 0.1 0.25 O ,h](lO) = hz(lO) = h3(10) = l,T =10,
0.05 0.1 0.2
0 0.05 cos(0.27n) 0
D(n) = (dij(n)) = | 0.1sin(0.27n) 0 0 ,
0 0 0.01sin(0.27rn)
7 +sin(0.2zn) 0.1sin(0.27n) 0.01sin(0.27n)
B(n) = (bjj(n)) = | 0.1cos(0.2wrn) 7 +sin(0.27n) 0
0.01sin(0.27rn) 0 7 +sin(0.27n)

Obviously, the sigmoidal function tanh(z) is strictly increasing on R with |tanh(z)| <
1. It is easy for us to check that (H;) holds. After some computations, we have

?31 = ?32 = ?33 = 0.35, my; =myp=ms3= 0.6496,
M) =My =M;3=1.2720, P, =0.18, P, =0.23, P3=0.22.

Take o = 3, = 160 and define

S0 = (1= = | = g bumig(8)|

)= | = T bumige) | - (1 - a)es
miT
From Figure 1, we can check that assumption (H,) hold. By Theorem 3.1, there
exists a positive ten-periodic sequence solution of (4.1) and a negative ten-periodic
sequence solution. For the coexistence of positive periodic sequence solution and its
anti-sgn ones, we can refer to Figures 2 and 3. Phase view for biperiodicity dynamics
of (4.1), we can refer to Figure 4.

Example 2. Consider the following neutral-type difference neural networks with
delays

2 2
ui(n + 1) = ai(n)ui(n) + Zcij Auj(n—1)+ Zbij(")gj(”j(")) +1i(n), (4.2)

j=1 j=1
where

ay(n) := exp(—0.1 — 0.01 cos 0.2z n), az(n) := exp(—0.2 — 0.1sin 0.27n),
I;(n) := 0.02sin0.2wn, Ir(n):=0.02c0s0.27n, © =5, g(z):=g1(z) = g(z) = tanh(z),

_(.y_(—01-02 _ _ 0.5 0.005sin(0.27n)
C=(a)= (—0.2—0.1>’T‘ 10, B(n) = (0‘1cos(0.27m) 0.5 )

Obviously, (H;) holds. From some computations, we have

¢1 =0 =-0.3, m; =0.6496, m, =0.1912,
M; =1.2720, M; =0.8222, Q; =0.525, Q, =0.62.
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Figure 1 The estimation of S;(n) and S,(n) for assumption (H,).
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Figure 2 The existence of a positive T-periodic sequence solution of (4.1).
A




Huang and Raffoul Advances in Difference Equations 2012, 2012:5 Page 12 of 15
http://www.advancesindifferenceequations.com/content/2012/1/5

_70 T
1 - e -u/n)
1
& “o-u
@ da ¢ — e -uyn
\ 1O
& % A
75 @0 % -
®
o °
2 Y]
¢ @®
I
_80} ? i
I
&
I
_85 Il Il Il Il Il Il Il
10 20 30 40 50 60 70 80 90
Figure 3 The existence of a negative T-periodic sequence solution of (4.1).
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Figure 4 Phase view for biperiodicity of neutral-type difference neural networks (4.1).
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Let o = 1, B = 20. We can check assumption (ﬁz) holds. From Theorem 3.2, there
exist a positive ten-periodic sequence solution and an anti-sgn ones of (4.2). For the
coexistence of a positive T-periodic sequence solution and its an anti-sgn ones of (4.2),
we can refer to Figure 5. Figure 6 shows phase view for biperiodicity dynamics of (4.2).

5 Remarks and open problems
To the best of authors’ knowledge, this is the first time when biperiodicity criteria for

neutral-type difference neural networks with delays

wi(n +1) — ai(n)ui(n) = Y ¢y Aw(n—1) + Y _ by(n)gj(u;(n))

1 1

m 00

+ Y dij(n)g; [Z hi(v)uj(n — v):| +1i(n), ieN

j=1 =1
have been studied.

We propose the following open problems for future research:

Our new assumptions (H>) and (ﬁz) indicate that neutral term plays an important
role on the dynamics of biperiodicity. Such study has not been mentioned in the litera-
ture. However, there is still more to do. For example:

(i) If we relax the conditions c;; < 0 or ¢;; > 0 for all i,j € N on the neutral term,
then is the existence of multiperiodic dynamics still exist?

(ii) Evidently, in our work Biperiodicity of neural networks depends on the bounded-
ness of activation functions. Can such requirement be relaxed and yet still obtain peri-

odic sequence solutions and whether they are always of anti-sign?

Figure 5 Coexistence of a positive T-periodic solution and its an anti-sgn ones of (4.2).
A
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Figure 6 Phase view of biperiodicity for neutral-type difference neural networks (4.2).

To discuss the sign of each c; and consider analytic properties of activation functions
is a possible way to investigate these problems.
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