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1. Introduction

Let R denote the set of real numbers, Z and Z™ the set of integers and nonnegative integers, respectively, N(1g) =
{Tlo, ng+1,.. .}, Np € VAR

Let k be a positive integer. The set of all k-dimensional column vectors with real components is denoted by R¥ and the set
of k x k matrices with real entries by R¥**, Let |.|| denote any norm of a vector or the associated induced norm of a square
matrix. The set R¥* can be endowed with many norms, but they are all equivalent. The zero matrix in R**¥ is denoted by 0
and the identity matrix by I.

In this paper, we consider the k-dimensional systems of difference equations

X(n+ 1) = Amx(n) + ) B(mx(n — h(m), 1= no (1.1)
s=1
and
x(n+ 1) = A(n)x(n) + f(n, x(n — h(n))), n > ng (1.2)
limy,_, e (n — hs(n)) = 00,5 = 1,2, ..., m; limy_, s (n — h(n)) = 00, and f : ZT x R¥ — R¥, The coefficients A(n), Bs(1n)

are k x k real matrices. It is always assumed that A(n) is a nonsingular matrix for all n > ny.

By a solution of Eq. (1.1) (Eq. (1.2)) we mean a sequence X := (X(n)), X(n) € R* satisfying Eq. (1.1) (Eq. (1.2)) for any
n € N(np).

Further, we will extensively apply the solution representation formula and properties of the fundamental matrix of the
unperturbed system

x(n+ 1) = A(n)x(n), n > nyg. (1.3)
Let X denote the solution of the matrix equation

X(n+1) =AmMX (), X(ny) =1. (1.4)

* Corresponding author.
E-mail addresses: jaroslaw.morchalo@put.poznan.pl (J. Morchato), malgorzata.migda@put.poznan.pl, mmigda@math.put.poznan.pl (M. Migda).

0898-1221/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.camwa.2012.01.075


http://dx.doi.org/10.1016/j.camwa.2012.01.075
http://www.elsevier.com/locate/camwa
http://www.elsevier.com/locate/camwa
mailto:jaroslaw.morchalo@put.poznan.pl
mailto:malgorzata.migda@put.poznan.pl
mailto:mmigda@math.put.poznan.pl
http://dx.doi.org/10.1016/j.camwa.2012.01.075

2234 J. Morchato, M. Migda / Computers and Mathematics with Applications 64 (2012) 2233-2240

Throughout the paper, we shall assume the following hypothesis.
(Ho) There exist real constants @ > 1and 0 < n < 1 such that

”X(n)X’](s) H <an"s, foralln>s> ng,

i.e. that system (1.3) is uniformly asymptotically stable (for the definition, we refer to [1]).

It is well known that the difference equations appear in the discussion of many problems in numerical analysis, discrete
dynamic systems, mathematical biology and economy, as well as many other branches of science. For example, many
discrete models in biology can be described by Clark’s difference equation

x(n+1) = ayx(n) + gx(n — k)), n=>0, (1.5)

wherew; € [0,1), k€ 1,2,...,andg : Ry — R, whichisa particular case of Eq. (1.2) (see, e.g., [2-5], Sections 2.5, 4.5-4.7
in monograph [6]). In this model, x(n) represents the number of adult members of the population in the year n, & € [0, 1)
is the survival rate, and g is the recruitment function, which in general is a nonlinear function of the size of the population
of adults k years before. Clearly, for this model (Hg) holds.

Equations of type (1.1) and their special cases (especially if B;(n), s = 1,...,m are identically zero matrices) were
considered by many authors. For example, Abu-Saris et al. in [7] gave extension of Poincare theorem to the system of
difference equations

x(n+ 1) = (A+ B(n)) x(n).
In [8], Pituk described, in terms of the initial condition, the asymptotic behavior of the solutions of equation

x(n+1) = (A+ B(n) x(n) + g(n),
in the case when A has a simple dominant eigenvalue X, Ziio IB(n)|| < oo and Z;’ia [ol™" llg(m)]] < oo. Several
asymptotic results for solutions of the perturbed linear diagonal system

x(n+ 1) = (A(n) + R(n)) x(n),

where A(n) = (A1(n), ..., Ax(n)) are obtained by Ren et al. in [9]. Cerm4k [ 10] established an asymptotic bound of solutions
of system

p
X(n+ 1) = AmxX(m) + Y Bu(mx(a(m) + k)., n = no,
k=0
where a(n) + k < n, n € N(ng). This bound is expressed via a solution of some scalar difference inequality assuming that
this solution admits certain properties. Stability of system (1.1) has been investigated, for example in [11-13].

For nonlinear systems of type (1.2) there are, to the best of our knowledge, relatively few papers (e.g. [14,15]).

The results obtained in this paper are motivated by the results of two papers by Cermak [10], and Crisci et al. [16].
The main goal of this paper is to present sufficient conditions for the boundedness of all solutions of the system of linear
equations with several delays (1.1) and for the system of nonlinear equation (1.2). The results are obtained via a solution of
certain auxiliary scalar difference equations by a suitable choice of coefficients appearing in them, which will allow us, in a
simple manner, to approximate the solutions of the considered systems in an explicit form.

2. System of linear equations with several delays

In this section, we consider the linear system of difference equations

x(n+ 1) = A(mx(n) + ZBS(n)x(n —hs(n)), nz=ng (2.1)

s=1
with the initial conditions

x(n) = ¢(n) forn € Ey,
where Ey = U:":] EU{ng), E=1{neZ: n=1—h() <ng, | >ny}, ¢ : Ep — R* Here A(n), Bs(n),s =1,2,...,m;
n € N(ng), are k x k real matrices, h; : Z* — Z* and lim,_,oc(n — hs(n)) = o0 (s = 1,2, ..., m).
Theorem 2.1. Suppose condition (Hg) holds. Assume the following.
(Hy) B[l < b, 1<i<m, n>ng, Y ;" bi=bh.

(Hy) There exists a constant q > 0 such that n < Tin) <1,

n—1
1
qm™ (i — n) 1_[ ——>ab foralln — t(n) > no,

r(n) s=n—t(n) 'L'(S)

where T(n) = max {1, max;<i<m hi(n)}, for n > n,.
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Then the solution x of system (2.1) with the initial conditions x(n) = ¢(n) for n € Ey, has the property

Xl < cog" ]_[ n > no, (2.2)

Sr’lo

for every ¢, > max {a llo(no) Il , maxner, ”“’q(,’])” }

Proof. By the variation of constants formula (see [1], Theorem 3.17), the solution of system (2.1) satisfies, for n > ng, the
following equation

x(n) = X<n)<p<no)+2><(n>x (J+1)ZB<J)x(J—h(J)> (2.3)

Jj=ng

Thus, by virtue of the assumptions (Hp) and (H;), we have

X)) < op™ ||<p(no>||+wZn“f ‘Zb IX( — heGDI- (24)

Jj=ng

Let us consider the scalar equation
yn+1) =ny(m) + p(n)y(n — t(n)), (2.5)
where p(n) = q*™ (% - n) ]_[s n—z(n) T(s), q is a positive constant. Then the solution of Eq. (2.5) is of the form

n—1

y(n) = coq" H (15) co = const. > 0. (2.6)

S=ngp

Moreover, by virtue of (H,), p(n) > 0foralln € N(np) and the sequence y is positive and nonincreasing. We can also write
Eq. (2.5) in the summation form

n—1

y(n) = con" " + Z N 'p()y(i — T(j)), co = const. > 0. (2.7)

Jj=ng

Let us denote ||x(n)|| — y(n) = z(n). Then, by (2.4) and (2.7), we get

z(n) < (allo(no) || — o)™ +aZn'” 1[217 Ix(j = hs (Dl — p(’)yu—m))}

Jj=ng

From this, using the fact that p(n) > ba, we obtain

z(n) < (@ llp(no)ll — co)n™ "™ +aZn En 1[211 V(i — hs(j) —y(1—r<1)>)+2bsz(1 h (m} (28)

Jj=ng s=1
Since the function y is nonincreasing, we have
y(n — hs(n)) —y(n—t(n)) <0 foralln € N(ngp).
Let cg be such that both the following inequalities are simultaneously satisfied:

alleo)ll <co and [l < y(m) =coq" forn e Eo, (2.9)

i.e.co > max {a llo (o) |l , maxpek, ”‘/’(")” ] Then, by (2.8) we have

2(n) <« Z " stzu — hs(j). (2.10)

Jj=ng

From (2.9), for n € Ey we have y(n) > ||¢(n)]|, hence z(n) < 0 for n € E;. We will show that z(n) < 0 foralln > ng. Let us
choose ny > ng such that z(n;) > 0 and z(n) < 0 forng < n < n;. Then, by (2.10) we get

ni—1

zm) <a Y " 1szu hs(J))-

J=ng
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Therefore, by the assumption z(n) < 0 forng < n < ny, we get a contradiction with z(n;) > 0. Hence z(n) < O for all
n € N(np). Thus [|x(n)]| < y(n) for all n € N(ng) and therefore, by (2.6) we get condition (2.2). This completes the proof of
the theorem. O

Note, that by (H,) from (2.2) we have

. n—1 q .
Il < cog™ [ [ == < cog™- (2.11)

s=ngp % -

Hence, if the assumptions of Theorem 2.1 are satisfied then all solutions of system (1.1) are bounded.
Example 1. Consider the two-dimensional linear system
(4 1) = S+ sin (17 ) () + S0 —2)
x1(n = —x1(n) + =sin({n=) x(n) + =x;(n —
! 2! 2 2/ 27!

” - . (2.12)
xn+1) = 5 cos (ni) xa(n) + EXZ(n —2), n>3,

with the initial conditions

1 2 1
(1) = (o>’ ®(2) = <2) 0(3) = <%) (2.13)

It is easy to check that [X(m)X~'(s)|, < M= AG |, < (%)“75. Hence, the nonperturbed system corresponding to

1
system (2.12) is uniformly asymptotically stable. For the matrix B; = (2 ) we have ||B||; = % = b. Moreover,
0

Nl = O

t(n) = max{1,2} = 2.Lletustakea = land n = % Then, for ¢ = 2 condition (H,) is satisfied. Moreover, we have
lomll4 313 3
max j a [l¢(no)ll; , max =max{=, -, 1, —}="_.
neky qt 2 2 16 2
Hence, the solution x of system (2.12)-(2.13) has the property

n—1 1

3
x(n —.2" — =12, foralln> 2.
Ix(mll < 51:!2 >

As a consequence of Theorem 2.1 we get the following global asymptotic stability conditions for system (1.1).

Corollary 1. Suppose that conditions (Hog)-(H) hold. If q < 1 then any solution X of system (1.1) tends to zero as n — oo.
Proof. For q < 1, by (2.2) we have

lim |x(n)|| < lim cyq" = 0.
n—oo n—oo
This completes the proof. O

Example 2. Consider the scalar difference equation

1 3n—2
x(n+1) = —x(n) + x(n—1), n=>2. (2.14)
3n 12n

Here, a(n) = -, b(n) = #-2, 7(n) = 1. We have

n—1 n—s
[Xmx~'s)| = H% < (%) forn>s> 2,

i=s

and [b(n)|| = -2 < 2 forn>s > 2.leta = 1, n = { and ¢ = 2. Then all assumptions of Corollary 1 are satisfied. So,

all solutions of Eq. (2.14) tend to zero. One such solution is x(n) = zin
The local stability analysis for biological models which are described by some scalar delay difference equation of the form
xn+1)+px(n) +gx(n—k) =0, n=0,1,...

where p,q € R,k € 0,1, ... were presented by Clark [2]. For this special case of Eq. (1.5), conditions (H;) and (H;) are
satisfied.
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3. System of nonlinear equations

In this section, we consider the nonlinear system
x(n+ 1) = A(n)x(n) + f(n, x(n — h(n))), n>ng (3.1)
with the initial conditions
x(n) = ¢(n) forn € Ey,
where A(n) (n = ng, ng, +1, .. .) are k x k real matrices, h : N(ng) — N(np) and lim,__, oo (n—h(1)) = 00, f : Ny xRK — R,
Eo={ne€Z:n=s—h(s) <ng, s>ng}U{ng}, ¢:E — R

Theorem 3.1. Suppose condition (Hy) holds. Assume the following.

Hs) If (0l <BIxII”, xR, y>1, >0, n>n.

(Hy4) There exists a nonincreasing sequence t : Ng — Ny such that h(n) < t(n) and % < 77_1for alln > ny.
(Hs) There exists a positive constant my such that max;cg, [l ()|l < % and af(my)?’ ! < 1.

Then there exists an integer n* > ng such that the solution X of system (3.1) with the initial conditions x(n) = ¢(n) for n € Ey,
has the property

Ix(m)|| < my2="""), - for n > n*,
where X is a constant such that 1 < A < %
Proof. Let us consider the auxiliary scalar equation
y(n+1) =ny(m +pmy”(n—t(m), n=no, (3.2)

where p(n) = (A™! — A~ DO0 ) —vT) 1 < ) < % Then p(n) > 0. It is easy to check that the solution of Eq. (3.2) is
of the form

y(n) = =",

Now, let us write Egs. (3.1) and (3.2) in the equivalent summation forms

n—1
x(n) = X(me(no) + Y XMX~'(j+ f (. xj — h(j)) (33)
Jj=ng
and
n—1
ym)y =n""0+ 3 "I p(y” (i —T())), (34)
Jj=no

where X is the solution of the matrix equation (1.4).
Let x be a solution of Eq. (3.1). We put, in Eq. (3.3), a new unknown function x(n) = mx;(n), m; > 0. Then

1 1 & . , . .
x1(n) = Ex(n)w(no) Ll ZX(H)X G+ Df U, max1 (G — h(j))) .

Jj=ng
and by assumptions (Hp) and (H4) we have

n—1

o o i . .
Ix1 (Ml < mfn"_"" leo)ll + mfﬁmﬁ/ Z "%y (G — RO (3.5)
1 1 J=no
Therefore, by (Hs) we get
n—1
Xl < 7™ + Y 0" ke (G = hGDI
Jj=ng
Hence, by virtue of (3.4) and (3.5), we have
n—1 )
X1 — y(n) < Z (1% (= hGDII” = pG)y” G —T(GN] "7 (3.6)

J=no
The solution y is decreasing, hence
yU—h(m <yG—r7())
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and
p(Y” (j—h()) <p(y” (G—7().
Then, from (3.6) we have

n—1

x| = y(m) < > [llxs G = hG)I” = p(y” (G = h(GN] "7

Jj=no
By (H,) the sequence (p(n)) is increasing for all n > nq. Hence, there exists n* > ng such that p(n) > 1forn > n*. Then

n—1

Ixi ()l = y(m) < > [lIxa G = hGOI” = y” (G = hGD] 0" (3.7)

j=n*

We will show that ||x;(n)|| — y(n) < O for all n > n*. Let us choose n; > n* such that ||x;(ny)| — y(n;) > 0 and
Ix;(n)|| — y(n) < 0forn* < n < ny.Then, ||x;(n)||¥ < y¥(n) for n* < n < n; and by (3.7) we get

ny—1

% ()l = y(n) < Y [ G = hGDIY —y” (= h(G)] 0" <0

Jj=n*
which contradicts ||x1(nq)|| — y(n1) > 0. Since x(n) = m;X;(n) we have
XMl < myy(n) = ma~ """, n > n*,

This completes the proof. O

Example 3. Consider the nonlinear difference equation

" et —hm), n>2 (38)

1
x(n+1) = gxm) + -

where h(n) = w, with the initial conditions x(1) = 0, x(2) = 3. The condition (Ho) holds withe = 1and n = .
Since,

n

If (n, x(m)| <

—1 2 1 2
SR < g koP . nz2

B = % and y = 2.Lett(n) = 1,m; = 1, A = 5,n* = 7. Then all assumptions of Theorem 3.1 are satisfied. Hence, the

solution x of Eq. (3.8) with the given initial conditions has the property |x(n)| < 5,%_2 forn > 7.

Remark 1. Note, that since A > 1, if the assumptions of Theorem 3.1 are satisfied, then solutions of system (3.1) tend to
zero as n tends to infinity.
The following two models are well-known examples of Eq. (1.5).

e The discrete Nicholson’s blowflies difference equation [4], where g(u) = pu(w)®, @ = %, a,p € (0, c0).
e The Beddington-May model [5], where g(u) = u[1+q (1 — (%)Z)L, q,K,z > 0, [u], = max{u, 0}.

For these models conditions (Hs)-(Hs) are satisfied.

4. Remarks

If the matrix A(n) can be represented in one of the following forms:

1. A(n) = A1 + Ay(n), where Ay, Ay(n),n =ng,ng + 1, ... are k x k matrices,
2. A(n) = By(n) + By(n), where By(n) = diag(A1(n), ..., Ax(n)),
Ai(n) #Oforalln > ng > 0,1 <i < kand B,(n) is the off diagonal part of A(n)

and there appear difficulties to estimate the matrix X (n)X ~!(s), then one can verify the condition (Hy) by using the following
propositions.
Proposition 1. Let A(n) = A1 + Ay(n), where Ay, A,(n),n = ng, ng + 1, ... are k x k matrices. Assume that the system

Y(n+1) =AY(n)
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is uniformly asymptotically stable and

> A < oo. (4.1)

i=0
Then condition (Hg) holds.
Proof. Let @ (-, -) and ¥ (-, -) denote the state transition matrices of the equations
X(n+ 1) = Ax(n),
and
x(n+1) = (A + A2 (n) x(n).
Thus @ (-, -) and ¥ (-, -) satisfy

n—1
¥ (n,ng) = P(n,ng) + Z D(n,i+ 1)A()W (3, ny) (4.2)

i:no

where @ (n, ng) = AT"O. Since the system Y(n + 1) = A;Y(n) is uniformly asymptotically stable, there exist real scalars
K > 0and 0 < n < 1such that

@, no)ll <Kn"™™ forn=>ng=>0.

Hence, taking norms of both sides of (4.2), by the discrete Gronwall Inequality (see [1, p.198]), we obtain

[o¢]
1@ (n, ng) || < 7"~ exp (KW > ||A2<i)||> :

i=0
Therefore, by assumption (4.1), we get the condition (Hg).
The idea of the proof of the next proposition is similar to proof of Theorem 4.1 [16] where the authors give conditions
on the boundedness of solutions of a linear discrete Volterra system with disturbances using the resolvent of unperturbed
system. 0O
Proposition 2. Let us consider system (1.3) in the form
x(n+ 1) = B1(mx(n) + B, (mx(n)

where
Bi(n) = diag(A1(n), ..., A(n)), Ai(n) #0

foralln > ng > 0,1 <i < kand B,(n) is the off diagonal part of A(n). Let @ (-, -) be the state transition matrix of the equation
x(n+ 1) = By (mx(n).

Assume that

1° |@~"(n, no)®(n,s)| <Ky = const., foralln>s > ny,
2° there exist positive constants K, and K3 such that
o0
> B2 (. no) |l < K (43)
i=0
[®(n,no)ll < Ksn"™  forn>s > no. (44)

Then condition (Hg) holds.

Proof. Let @ (-, -) and ¥ (-, -) denote the state transition matrices of the equations
x(n+ 1) = Bi(mx(n),

and
x(n + 1) = By(n)x(n) + B (n)x(n).

Thus @ (-, -) and ¥ (-, -) satisfy

n—1
v (n,ng) = ®(n,ng) + Z @ (n,i+ 1)By())¥ (i, ng) (4.5)

i=n0
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where @ (n, ng) = ]_[2;30 B1(s) = diag (]_['s:nlo r108), ..., ]_['s:nlo Ak(s)). Hence, analogously as in the proof of Proposition 1,
we get

o0
1@ (n, no) || < [l (n, no)l| Ky exp Y _ 1Bl | (i mo) | -
i=0

Then, if B, (n) and @ (n, ng) satisfy assumptions (4.3) and (4.4), we obtain the condition (Hg). O
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