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Abstract

Some sufficient conditions are given such that the following system of difference
equations:

X0+ 1) = max {f;(n,xV),... x"n))},

1<j=h

Xn+1)= max {6i(nxV(n),...xP )},
1<sj=h

xPn+1)= max {fkj(n,x“)(n),.‘.,X(k)(n))},
1<l

neNg wherekeN, [ eN,i=1k x?0) eR,i=1,k has a unique periodic solution
attracting all the solutions to the system. Our main result considerably generalizes
some recent results in the literature and simplifies their proofs.

MSC: Primary 39A23
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1 Introduction

Max-type difference equations and systems have attracted some recent interest (see, for
example, [1-17], and the references therein). Besides the usual interest in mathematics,
one of the reasons for the interest is their potential application in control theory, neuro-
science, and some other branches of science, which is under present investigation of some
experts in the research fields. The problem of calculating the maximal output among sev-
eral possible ones suggests a great applicable potential whenever there is such a situation
in applications and/or theory. The boundedness character of, usually positive, solutions of
the equations and systems is frequently studied as one of the basic problems in this area
(see, for example, [1, 6,7, 9,11, 15]). The study of concrete symmetric and close to symmet-
ric systems of difference equations essentially stems [18] and [19] by Papaschinopoulos and
Schinas. The investigation of max-type systems in this direction was conducted, for exam-
ple, in [6-8,13-16]. Many papers on max-type difference equations and systems deal with
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the problem of periodicity of their solutions (see, for example, [1, 3, 4, 7,12,13, 16, 17], and
the references therein), while global attractivity results can be found, for example, in [2, 5,
10, 14]. For the solvability of some max-type systems see [20] (there has been a renewed
interest in the topic, see, also [21] and numerous references therein). The majority of the
above mentioned papers are on concrete max-type systems of difference equations, but
there are a few dealing with some general systems, such as [13, 16], which are motivated
by important note [12].

As usual, throughout the paper, N will denote the set of all natural numbers, i.e., the set
{1,2,3,...}, Ny = NU {0}, and R will denote the set of all real numbers. If k, [ € Ny are such
that k </, then the notation i = k, [ will denote the set of all i € Ny such that k <i <.

In this paper we consider the following, quite general, max-type system of difference

equations extending the one in [2] and related to the ones in [13, 16]:

2V (1 +1) = max {flj (n,x(l)(n), . ,x(k)(n)) },

1sj<h

29(n + 1) = max i,(n,x(l)(n), . ..,x(k)(n))}, (1)
15j<;

AP0 +1) = [max {ﬁ(j(n,x(l)(n), . ..,x(k)(n))},
Sj=<lk

neNy, wherekeN, [, eN,i=1k £9(0) e R, i = 1,k, and where the functions fj; : Ny x

R¥ — R, i =1,k, j = 1,1;, are w-periodic in the first variable, that is, satisfy the equalities

Jiln+o,u, .. up) = fii(mu, .. ), (2)

for every n € Ny and u, € R, s = 1, k, and some w € N, and satisfy the following Lipschitz-

type conditions:

k
[f,»,»(n, Uiy ui) —fiy(mvi,. ., Vk)| < ZLijsWs — v (3)
s=1

for every n € Ny and u,,v; € R, s = 1, &, and for some Lijs >0, i,s =1,k, j = 1,1;, such that

k
6¢: max ZLijs <L (4)
s=1

By R% , we will denote the k-dimensional real vector space with the following norm:

1l g, = max|ai,

=1,

where @ = (ay,...,a;) € Rk,
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A solution (%(1)),en, = xD(n),...,x%0xn)) neN, to system (1) is called eventually periodic
with period w € N if there is 1y € N such that

(1 + w) = x9(n),

for every n > ng and i = 1k (see, e.g., [12,13,16]). If ny = 0, then such a solution to system
(1) is called w-periodic.

Let lgo(N’é) be the space of all w-periodic vector sequences x = (X(1)),eny, = (*V(n), ...,
x(k)(n)),,eNO, with the following norm:

I¢llir =  max {70 - (5)

It is well known that lg"(N’g ) with norm (5) is a Banach space.

Recently, in [2], which was the motivation for this paper of ours, it was shown that,
under some more restrictive conditions than the ones proposed here, for the case k = 2,
max-type system (1) has a unique periodic solution with period @ and that every solution
to the system converges to the periodic solution. A natural question is whether a related
result holds for the case of k-dimensional system (1). In this paper we give a positive answer
to the question. Moreover, we also present an elegant and considerably shorter proof of a
more general result which includes the ones in [2].

One of the standard methods for showing the existence of a specific type of solutions of
systems of difference equations is application of fixed point theorems. Various results of
this type can be found, for example, in [22] and [23], and in the related references therein.

Assume that (X, d) is a (non-empty) complete metric space and that operator A : X — X
is a contraction, that is, the following inequality holds:

d(Ax, Ay) < qd(x,y), (6)

for every x,y € X and some ¢q € [0,1). The Banach fixed point theorem says that under
these conditions operator A has a unique fixed point, that is, a point x* € X such that
A(x*) = x*.

The idea in the paper is to define a natural operator on the metric (in fact, normed) space
(IZO(NS), | - llw ), which will be a contraction, so that by using the Banach fixed point the-
orem can be shown the existence of a fixed point, which will be a unique periodic solution
to system (1). For proving the global attractivity of all solutions to system (1) to the periodic
one is essentially used a related stronger condition to (6), for which there is not needed
any fixed point theorem, but just some estimates.

2 Main result and some remarks
In this section we prove the main result of this paper, and we also give some remarks
related to the proof of the main result and conditions posed in it.

Theorem 1 Counsider system (1), where k e N, [; e N, i = 1Lk, x90) e R, i=1k, the func-
tions f; : No x R > R,i= I,_k,] =11, satisfy conditions (2) and (3) with some nonnegative

constants Ly, i,s = 1k, j =1L,1;, satisfying condition (4). Then system (1) has a unique w-
periodic solution attracting all the solutions to the system.
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Proof For brevity, from now on we will write system (1) in the following form:
xD(n+1) = max {f;(n,&(m)}, 1€ No,i= Lk. 7)
SJ=t

Let ¢ be a real number such that

1-9
0 <—, 8
<es— 8)
and write system (1) in the following form:
A +1) =cx?(n) + lrna)§ {fij (n,fc(n)) - cx(i)(n)}, 9)
/=l
forne Ny andi=1,k.
On the family of all vector sequences, we define the operators Tj, i = 1,k, as follows:
T2 = max (1, 20) - 2 ()}, (10)
Sj=<li
forne Ng and i =1, k.
Let
2 STz m+s—1) C ST (m+s—-1)
T = _— . _, 11
(2)(n) (Zl p— Zl T (11)
for n € Ny.

Since the functions f;;, i = 1,k, j = 1,1;, are w-periodic in the first variable it immediately
follows that T;(z)(n + w) = Ti(z)(n), for every n € Ny and i = 1,k, and consequently one
obtains

T(z)(n+w)=T(z)(n), neNy,

for every z € lff(N]é).
This means that the operator 7' maps the Banach space /°°(N5) into itself.
Now we estimate the following expressions:

| Ty () - Ti(y)(m)| = )1‘?,«‘1’?. U (. 50m)) — cx® ()} — max (1, 5m)) - Cy(i)(n)}’,

1<j<i;

forne Ngandi=1k.
For each i€ {1,...,k}, there are jo,j1 € {1,...,4} (jo = jo(i), /1 = j1(i)), such that

max {f;;(n,%(n)) } = fi, (m, %(n))

1<j<i;

and

max (1 3(m) } = £ (m,5(n),
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which implies

| Ti(x)(n) — T:) ()| = |fi (1, %(n)) — cxD(m) — £, (m,5(1)) + ey (m)].

If, for some i € {1,...,k},
Sijo (n,fc(n)) - Cx(i)(”) ~Jin (”J’(”)) + cy(i)(n) >0,
then from (12), the choice of j;, and (3), we have

|T:(x)(n) - T:(3) ()| = fjo (1, %(m)) — cx(m) — £, (m, 5(m)) + ey ()
< fio (m,2() = ex®(n) - fiiy (n,5(m)) + ey ()
k

<3 Lijs |6 () =y ()| + ¢ () — 5O ()|

s=1
k
= (C + ZLl'jos> ”;C(}'l) _&(”)HRI&
s=1
On the other hand, if for some i € {1,...,k},
Jio (n,?c(n)) —cx'(n) —fin (n,jl(n)) +cy(n) <0,
then from (12), the choice of jy, and (3), we have
|T:(x)(n) - T:(3) ()| = fy, (1, 5(m)) = ey () — iy (11, % (1)) + cx? ()
< i (m3(m)) = y?0) ~ £ (m, 50)) + 2 ()

k
<> L6 () =y )| + ¢ () - 5 ()|

s=1
k
< (c + ZL,715> ||?c(n) —Ef(n)”R;éo.
s=1
From (4), (13), and (14) it follows that
| Ti(x)(n) - Ti(y) ()| < (c +9)||%(n) —?(H)HR&,

for everyn e Ng and i = 1, k.
Using (11) and (15), we have

C S (Tix)(m+s—1) - Ti(y)(n +s-1))

[7G)0) = TO))| gy, = max le —o 1
< 4D Y —— (709 - 50) |,
s=1

c+q - .
= 7, %00 =50 g »

for every n € Ny and x,y € I°(NF).

Page 5 of 10

(13)

(14)

(16)
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By taking the supremum in (16) over the set {#:0 <#n < w -1}, we get

1T = Tl < qul% =l a7

for every x,y € I°(NF), where

Cc+

due to condition (8).
This means that the operator 7 is a contraction on [>°(NX). Hence, by the Banach fixed
point theorem it follows that there is a unique fixed point z € I°°(NX) of T, that is,

“ T -1 —
z:___Eﬁﬁii_l, neNyi=1k, (18)

holds. By using (18), some calculation and w-periodicity of z, it is not difficult to see that
z is also a solution to system (1), which proves the first statement in the theorem.

Let x be a solution to system (1) and z be the w-periodic solution to the system, then by
using the change of variables y = x — z the system becomes

YO +1) = max {f; (n,y(n) +z(n))} - max (mz(n)}, (19)

for every n € Ny and i = 1, k.
For eachi € {1,...,k}, there are j»,j3 € {1,...,k} (2 = j2(9), /3 = j3(9)), such that

lrga<)§ 5i(m,y(n) + 2(n)) } = £, (n,y(n) + Z(n))
and

max {f;(n,2(n))} = fi, (n,2(n)),

1<j<l;
which implies
9 (n+1) = fi, (1, 5(n) + Z2(n)) — fi, (n,Z(n)). (20)
If for some i € {1,...,k},
S (m,3(n) + 2(n)) = fi, (n,2(n)) > 0,
then from (20), the choice of j3 and (3), we have

|y(i)(” + 1)| —sz( y(n) + Z(”)) ~Jiis (”” Z'(”’))
< fii, (m,5(n) + 2(n)) — fi, (1, 2(n))

k k
<3 L0 < (Z%s) 500l o
s=1 s=1
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On the other hand, if, for some i € {1,...,k},

Jin (n,}l(n) + E(n)) —fiis (n, E(n)) <0,

then from (20), the choice of j,, and (3), we have

D (n +1)| = fi, (. 2(m)) — f, (1, 5(n) + Z(n))
< fips (mZ(m)) = fizs (m,5() + Z(m))

k
=< ZLij3s|y(S)(n)|
s=1

k
; (Z%) o o)
s=1

From (21) and (22) it easily follows that

||5}(l’l + 1)||]Rléo f’q\”y(’”) ”RI&;, ne NO)

from which one obtains

Hjl(n)HJR’éo S?”;’(O)”R&» n € No. (23)

From (23) and the fact 7 € [0, 1), it follows that

tim 500 =0,
from which the second statement of the theorem follows, finishing the proof of the theo-

rem. O

Remark 1 If for some fixed i,j € {1,...,k} the corresponding function f;; does not contain
all variables u;, us, ..., ux, but only some of them, say u,...,u,,, where m < k, then the
function f;; which maps the set Ny x R to R can be regarded, in a natural way, as a function
from the set Ny x R* into R, by using the following extension:

fimuy, .. u) = fi(mun, . th),

foreveryne Ng, u; € R, i=1,k.

Such a situation appears in [2] where all the involved functions are defined on the set

No x R, but they can be naturally prolonged on the set Ny x R? as suggested above.

Remark 2 It is interesting to note that we cannot choose ¢ = 0 in the proof of the first
statement in Theorem 1. Namely, if we do this, then the operators T;, i = 1, k, become

Ti(z)(n) = max i(m2(m)}, neNo,i=1k,
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and a natural choice for the operator T is
T=(Ty,..., Tx).

From the proof of Theorem 1 with ¢ = 0, for T such chosen, it is easily seen that (see

(15))
| T@) - T, <@ =Yl

for every x,y € I°(N§).
Hence, the operator T : I%°(NK) — I°°(NX) is a contraction. By the Banach fixed point
theorem it follows that there is a unique z € IZ° (N’é) such that T'(z) = z, that is,

22 +1) =29 (n),

for every n € Ny and i = 1, k, which is, in fact, the existence of a constant vector solution
to (1).

Let (€)yen, = ((c1,-- -, ¢k))nen, be a constant solution to (1). Then for each i € {1,...,k}
thereisaj; € {1,...,/;} such that

C; :ﬁji(n’ Z),
for every n € Ny, from which it follows that the values of functions f;;, are independent of 7.
Note that due to the periodicity of fj;, the variable # can essentially take only the values
from the set {0,1,...,® — 1}. This suggests that the following closely related result, which

could be known, holds.

Proposition 1 Cousider the system of equations

= 1ma); @}, i=1k (24)
<]<

where k €N, [; € N, i = 1,k, the functions g :RE > R, i =1k, j =11, satisfy the following
Lipschitz-type conditions:

k
|gij(ul; ;uk) gz/ Vis.. ’Vk Z L]S|MS Vs (25)

s=1

for every us,v; €R, s = 1k, and for some nonnegative numbers flys, i,s=L1k,j=1,1; such
that

1:= max ZL’15<1 (26)

Then system (24) has a unique solution in R¥.
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Proof Let

M:= max |g0)],

1<i<kl1<j<l;

and the operator T = (T}, ..., Tx) be defined on R¥ as follows:

T(n) = (max {glj(ﬁ)},,.., max {gk,(ﬁ)}>.

1<j<h 1<j<ly

Then by using (25) and (26), we have
|7 s, = max| ma @)} < _max_ {les(©)] + ay(@) -2}
k

< max M+ ZZ,,S|MS|
s=1

T 1<i<kl<j<l;

<M+ qullilzs, - (27)

Then from (27) it follows that T'maps the closed ball B, = {zz € R¥: IIQIIR& < r} into itself.
On the other hand, similar to the proof of Theorem 1, one obtains

| T@) = TO) | e, < qulle =Vl (28)

for every ,v € R, that is, T : B, — B, is a contraction.

Hence, by the Banach fixed point theorem it follows that there is a unique fixed point of
the operator, that is, a unique solution to system (24) in B,. Due to (28) it is also a unique
solution in RX, O
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