Chapter 3 M)
Fixed Point Theory in Stability and T
Boundedness

In the past hundred and fifty years, Lyapunov functions/functionals have been exclu-
sively and successfully used in the study of stability and existence of periodic and
bounded solutions. The author has extensively used Lyapunov functions/functionals
for the purpose of analyzing solutions of functional equations, and each time the
suitable Lyapunov functional presented us with unique difficulties, that could only
overcome by the imposition of severe conditions on the given coefficients. In prac-
tice, Lyapunov direct method requires pointwise conditions, while as so many real-
life problems call for averages. Moreover, it is rare that we encounter a problem
for which a suitable Lyapunov functional can be easily constructed. It is a common
knowledge among researchers that results on stability and boundedness go hand in
hand with the constructed Lyapunov functional.

In this chapter, we begin a systematic study of stability theory for ordinary and func-
tional difference equations by means of fixed point theory. The study of fixed point
theory is motivated by a number of difficulties encountered in the study of stability
by means of Lyapunov’s direct method. We notice that these difficulties frequently
vanish when we apply fixed point theory. We provide a brief introduction on topics
in Cauchy sequences, metric spaces, compactness, contraction mapping principle,
and Banach spaces. In some cases, contraction mapping principle fails to produce
any results. This forces us to look for other alternatives, namely the concept of Large
Contraction. We will restate the contraction mapping principle and Krasnoselskii’s
fixed point theorems in which the regular contraction is replaced with Large Con-
traction. Most of the work in this chapter can be found in [4, 140, 142, 150, 166],
and [167].
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94 3 Fixed Point Theory in Stability and Boundedness

3.1 Motivation

We begin by offering an example that exposes the difficulties encountered by the use
of Lyapunov functionals. Fixed point theory was first used in difference equations
by Raffoul in [136] to study the stability and the existence of periodic solutions of
the linear delay difference equation

Ax(t) = —a(t)x(t — 7).

It was followed by a series of papers in which different authors considered the same
idea and analyzed various types of difference and Volterra difference equations. For
example, in [134] the author initiated the use of fixed point theory to alleviate some
of the difficulties that arise from the deployment of Lyapunov functionals to study
boundedness and stability of the neutral nonlinear delay differential equation

X (1) = —a(t)x(t) +c(0)x'(t — g(t)) + q(t, x(1),x(t — g (1)),

where a(t),b(t),g(t), and ¢ are continuous in their respective arguments. Later on,
Islam and Yankson [87] extended the work of [134] to the neutral nonlinear delay
difference equation

x(t+1) = a(t)x(t) +c(t) Ax(t — g(1)) + q(x(2), x(1 — (1)),

where a,c:Z —-R,g: RxR —R,andg:Z — Z.
To illustrate some of the difficulties that arise from the deployment of Lyapunov
functionals, we consider the delay difference equation

x(t+1)=a(t)x(t) +b(t)x(t — 1)+ p(t), t € ZT, (3.1.1)
where a,b,p : Z+ — R, T is a positive integer. Assume
la(t)| < 1, forall t € Z* (3.1.2)
and there is a 0 > 0 such that
|b(t)|+6<1,teZ" (3.1.3)

and
la(t)] < 6, and |p(r)| < K, for some positive constant K. (3.1.4)

Then all solutions of (3.1.1) are bounded. If p(¢) = O for all ¢, then the zero solution
of (3.1.1) is (UAS). To see this we consider the Lyapunov functional

t—1
V(tx() = ()] +6 Y, |x(s)]-

s=t—1T
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Then along solutions of (3.1.1) we have

= |x(t+1)|—|x()|+ 6 21' (s)|—6 Z |x(s)
s=t+1-—-7 S=1—7T
-1
< la(®)|lx(®)] = () |+[b()[|x(t — 7)[+6 21 (s)|—6 2 [x(s)[+]p(t)

(la()[+8 = 1)[x(t)| + (b(1)] = 8) Ix(e — T) + |p(1)]
(la@)]+6 = 1) x(@) +[p(1)|

—7]x(¢)|, for some positive constant .

IN

IN

The results follow from Chapter 2. It is severe to ask that a,b be bounded and that
|b(¢)| is bounded by a all of the time. For another illustration, we consider the non-
linear delay difference equation

x(t+1)=a(t)gx())+b(t)h(x(t —r)), (3.1.5)
where the functions g and /4 are continuous. Define the Lyapunov functional V by
@)+ Z [b(s +r)[ |1 (x(s))]-
S=t—r

We assume that there are positive constants y; and 9, such that |g(x)| < 71 |x| and
|h(x)| < 12 lx], so that

nla@®)|+plbt+r)|—-1< -8, B >0.

Then along solutions of (3.1.5) we have

V= x(t+ D) = [x(0)[ 4 [b(r + r)[ [ (x(2))| = [b(0) || a(x(z = )]
< la(@®)llgCe(0)+[b(O)[[A(x(r —r))| = [x(1)]
+ [b(t+ )l [P(x())| = [b(0) || (x(z = 1))
< (nla(®)[+rlb(t+r)[ = Dix()]|
< —Blx(1)].

Now one may refer to Chapter 2 and argue that the zero solution of (3.1.5) is asymp-
totically stable.
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3.2 Metrics and Banach Spaces

This section is devoted to introductory materials related to Cauchy sequences, met-
ric spaces, contraction, compactness, contraction mapping principle, and Banach
spaces. Materials in this section are taken from class notes that the author have used
in graduate course on real analysis. For an excellent reference, we refer the reader
to [23].

Definition 3.2.1. A pair (E,p) is a metric space if E isasetand p : E X E — [0,00)
such that when y, z, and u are in E, then

(@) p(y,2) 20, p(y,y) =0, and p(y,z) = 0 implies y = z.
(®) p(»2) =p(z,y), and
© p(z) < p(yu)+p(u,z).

Definition 3.2.2 (Cauchy Sequence). A sequence {x,} C E is a Cauchy sequence
if for each € > 0 there exists an N € N such that n,m >N = p(x,,xm) < €.

Definition 3.2.3 (Completeness of Metric Space). A metric space (E, p) is said to
be complete if every Cauchy sequence in E converges to a point in E.

Definition 3.2.4. A set L in a metric space (E,p) is compact if each sequence in L
has a subsequence with a limit in L.

Definition 3.2.5. Let { f,, } be a sequence of real functions with f;, : [a,b] — R.

1. {f»} is uniformly bounded on [a,b] if there exists M > 0 such that |f,(¢)| <M
for all n € N and for all 7 € [a, b].

2. {fu} is equicontinuous at #y if for each € > 0 § > 0 such that for all n € N, if
t € [a,b] and |tg —t] < 6, then | f,(t0) — fu(?)| < €. Also, {fn} is equicontinuous
if {f,} is equicontinuous at each ty € [a, b].

3. {fu} is uniformly equicontinuous if for each € > 0 there exists d > 0 such that
foralln € N, ift,1, € [a,b] and |t] — 12| < 8, then |f,(t1) — fu(t2)] < €.

Easy to see that { f,} = {x"} is not an equicontinuous sequence of functions on [0, 1]
but each f, is uniformly continuous.

Proposition 3.1 (Cauchy Criterion for Uniform Convergence). If {F,} is a se-
quence of bounded functions that is Cauchy in the uniform norm, then {F,} con-
verges uniformly.

Definition 3.2.6. A real-valued function f defined on E C R is said to be Lipschitz
continuous with Lipschitz constant M if |f(x) — f(y)| < M|x—y| forall x,y € E.

Remark 3.1. Tt is an easy exercise that a Lipschitz continuous function is uniformly
continuous. Also, if each f;, in a sequence of functions {f,} has the same Lipschitz
constant, then the sequence is uniformly equicontinuous.

Lemma 3.1. If {f,, } is an equicontinuous sequence of functions on a closed bounded
interval, then { f,} is uniformly equicontinuous.
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Proof. Suppose {f,} is equicontinuous defined on [a,b] (which is contraction). Let
€>0.Foreachx € K, let §, > 0besuchthat [y—x| < 8 = |fu(x)— fu(y)| <€/2
for all n € N. The collection {B(x,d,/2) : x € [a,b]} is an open cover of [a,b] so
has a finite subcover {B(x;,0y,/2) :i=1,...,k}. Let 6 = min{é,,/2:i=1,...,k}.
Then, if x,y € [a,b] with |x —y| < 8, there is some i with x € B(x;, dy;/2). Since
|x—y| < 6 < 0, /2, we have |x; —y| < |x; —x|+ |x—y| < 6, /2+ 8, /2 = §,,. Hence
|x; —y| < O, and |x; — x| < &y,. So, for any n € N we have |f,,(x) — fu(y)| < [ fu(x) —
Fa)|+ 1 fuxi) = fu(y)| < €/24+€/2=€. So, {f,} is uniformly equicontinuous.

The next theorem gives us the main method of proving compactness in the spaces
in which we are interested.

Theorem 3.2.1 (Ascoli-Arzela). If {f,(¢)} is a uniformly bounded and equicontin-
uous sequence of real valued functions on an interval |a,b), then there is a subse-
quence which converges uniformly on [a,b] to a continuous function.

Proof. Since {f,(¢)} is equicontinuous on [a,b], by Lemma 3.1, {f,(¢)} is uni-
formly equicontinuous. Let 71,#,... be a listing of the rational numbers in [a,b]
(note, the set rational numbers is countable, so this enumeration is possible). The
sequence {f,(#1)}_, is a bounded sequence of real numbers (since {f,} is uni-
formly bounded) so, it has a subsequence {f;, (1)} converging to a number which
we call ¢(#1). It will be more convenient to represent this subsequence without sub-
subscripts, so we write fkl for f,, and switch the index from k to n. So, the subse-
quence is written as { £} (t1)}>_,. Now, the sequence {f! ()} is bounded, so it has
a convergent subsequence, say {f>2(t2)}, with limit ¢(z,). We continue in this way
obtaining a sequence of sequences {f;'(t)}_, (one sequence for each m) each of
which is a subsequence of the previous. Furthermore, we have f)"(t,,) — ¢(t,) as
n — oo for each m € N. Now, consider the “diagonal” functions defined Fy(t) = f¥(t).
Since f(tm) — ¢(tm), it follows that F.(ty,) — ¢(ty) as r — o for each m € N
(in other words, the sequence {F,(¢)} converges pointwise at each #,,). We now
show that {Fj(r)} converges uniformly on [a,b], by showing it is Cauchy in the
uniform norm. Let € > 0. Let & > 0 be as in the definition of uniformly equicon-
tinuous for {f,(¢)} applied with /3. Divide [a,b] into p intervals where p > %.
Let &; be a rational number in the j™* interval, for j = 1,..., p. Remember, {F,(¢)}
converges at each of the points &;, since they are rational numbers. So, for each
j, there is M; € N such that |F.(§;) — F;(§;)| < €/3 whenever r,s > M. Let
M =max{M;:j=1,...,p}. If t € [a,]], then it is in one of the p intervals, say
the j™. So, |t — &;| < & and so |f(t) — fI(&;)| = |F.(t) — F,(&;)| < &/3 for every r.
Also, if r,s > M, then |F,.(§;) — Fs(&;)| < €/3 (since M is the max of the M;’s). So,
we have for r,s > M,

|[Fr (1) = Fs(0)| = | () = Fr(8)) + Fr(§)) — F(G)) + F5(G)) — F (1)

<|F(0) = B (&) + [Fe(S)) — Fs(&))] + |F(85) — Fi(1)]

€ € €
<—+4-+-=¢.
S3+t3t3=¢
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By the Cauchy Criterion for convergence, the sequence {F; () }converges uniformly
on [a,b]. Since each F,(¢) is continuous, the limit function ¢ (¢) is also continuous.

Remark 3.2. The Ascoli-Arzela Theorem can be generalized to a sequence of func-
tions from [a, ] to R". You apply the Ascoli-Arzela to the first coordinate function
to get a uniformly convergent subsequence. Then, apply the theorem again, this time
to the corresponding subsequence of functions restricted to the second coordinate,
getting a sub-subsequence, and so on.

Banach spaces form an important class of metric spaces. We now define Banach
spaces in several steps.

Definition 3.2.7. A triple (V,+,) is said to be a linear (or vector) space over a field
F if V is a set and the following are true.

1. Properties of +

. 4+ is a function from V x V to V. Outputs are denoted x + y.

. forall x,y € V, x4+y = y+x. (+ is commutative)

. forall x,y,w €V, x+ (y+w) = (x+y) +w. (+ is associative)

. there is a unique element of V which we denote 0 such that for all x € V,
0+ x = x+ 0 = x. (additive identity)

e. for each x € V there is a unique element of V which we denote —x such that

x+ (—x) = —x+x = 0. (additive inverse)

o o

2. Scalar multiplication

a. -1is a function from F x V to V. Outputs are denoted « - x, or oux.
b. forall ,f € Fandx €V, a(Bx) = (off)x.

c. forallxeV,1-x=x.

d. foralla,fp € Fandx €V, (o+ f)x = ax+ Bx.

e. forallo € Fandx,y €V, a(x+y) = ox+ ay.

Commonly, the real numbers or complex numbers are the field in the above defini-
tion. For our purposes, we only consider the field of real numbers F = R.

Definition 3.2.8 (Normed Spaces). A vector space (V,+,-) is a normed space if
for each x € V there is a nonnegative real number ||x||, called the norm of x, such
that for eachx,y € Vand ¢ € R

L. ||x|]| = 0if and only if x =0

2. [|ocx]| =[x ||

3. beyll < flxlf {11

Remark 3.3. A norm on a vector space always defines a metric p(x,y) = ||x—y|| on

the vector space. Given a metric p defined on a vector space, it is tempting to define
[Ilv]l = p(v,0). But this is not always a norm.

Definition 3.2.9. A Banach space is a complete normed vector space. That is, a vec-
tor space (X,+, ) with norm || - || for which the metric p (x,y) = ||x —y|| is complete.
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Example 3.1. The space (R",+,-) over the field R is a vector space (with the usual
vector addition, + and scalar multiplication, -) and there are many suitable norms
for it. For example, if x = (x1,x2,...,%,), then

L [lx[} = max |xi],
<i<n

n
2. x| = x?, or
i=1
n
3. Jlxll =X Il
i=1

are all suitable norms. Norm 2. is the Euclidean norm: the norm of a vector is its
Euclidean distance to the zero vector and the metric defined from this norm is the
usual Euclidean metric. Norm 3. generates the “taxi-cab” metric on R?.

Remark 3.4. Consider the vector space (R",+,-) as a metric space with its metric
defined p(x,y) = ||x —y|| where || - || is any of the norms as in Example 3.1. The
completeness of this metric space comes directly from the completeness of R, hence
(R™||-1|) is a Banach space.

Remark 3.5. In the Euclidean space R", compactness is equivalent to closed and
bounded (Heine-Borel Theorem). In fact, the metrics generated from any of the
norms in Example 3.1 are equivalent in the sense that they generate the same topolo-
gies. Moreover, compactness is equivalent to closed and bounded in each of those
metrics.

Example 3.2. Let C([a,b],R") denote the space of all continuous functions f :
[a,b] — R".

1. C([a,b],R") is a vector space over R.
2.1 || fll = r£a<xb|f(t)| where |- | is a norm on R”, then (C([a,b],R"),]|-||) is a
a<t<

Banach space.
3. Let M and K be two positive constants and define

L={feC(la,b],R") - | fI <M;|f(u) = F(v)| < Klu—vl[}
then L is compact.

Proof. (of Part 3.) Let {f,} be any sequence in L. The functions are uniformly
bounded by M and have the same Lipschitz constant, K. So, the sequence is uni-
formly equicontinuous. By the Ascoli-Arzela Theorem, there is a subsequence,
{fn,} that converges uniformly to a continuous function f : [a,b] — R". We now
show that f € L. Well, | f,,(t)| < M for eacht € [a,b], so | f(¢)| < M for each t € [a, D]
and hence || f|| < M. Now, fix u,v € [a,b] and fix € > 0. Since {f;, } converges uni-
formly to f, there is N € N such that |f,, (1) — f(¢)| < €/2 for all ¢ € [a,b] and all
k> N. So, fix any k > N and we have

[f () = )| = 1 () = S () + f () = S (V) + fi (V) = F (V)]
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< () = fo )| o ) = fe )+ S (V) = F (V)]
<e/24+Klu—v|+e/2=Klu—v|+e.

Since € > 0 was arbitrary, | f(u) — f(v)| < K|u—v|. Hence f € L. We have demon-
strated that {f,,} has a subsequence converging to an element of L. Hence, L is
compact.

Example 3.3. Consider R as a vector space over R and define the metric d(x,y) =
x—yl
I+ [x—y|
norm on R.

. For each x € R, we can define ||x|| = d(x,0). Explain why | - || is not a

Example 3.4. Let ¢ : [a,b] — R" be continuous and let S be the set of continuous

functions f : [a,c] — R" with ¢ > b and with f(¢) = ¢(¢) for a <t < b. Define

p(f,g)=If—gll= sup |f(t)—g(t)|for f,g €S.Then (S,p)isacomplete metric
a<t<c<

space but not a Banach space since f + g is not in S.

Example 3.5. Let (S, p) be the space of continuous bounded functions f : (—eo,0] —
Rwith p(f.8) = [lf —gl = _sup_[£(r)— ()]

—oo<t<

1. Show that (S, p) is a Banach space.
2. ThesetL={feS:|fll <1,|f(u)—f(v)| < |u—v|}is not compact in (S,p).

Proof. (of 2.) Consider the sequence of functions defined

0 if £ < —n
ﬁ“”‘{;+1 if—n<r<0

Then, the sequence converges pointwise to f = 1, but p(f,, f) = 1 for all n € N.
So, there is no subsequence of {f,} converging in the norm || - || (i.e., converging
uniformly) to f.

Example 3.6. Let (S, p) be the space of continuous functions f : (—ee,0] — R" with

p(f.8)= 3 2 "pu(f.0)/ (1 +pulf.2)}
n=1

where

pa(f,g) = max |[f(s)—g(s)]

—n<s<0

and | -| is the Euclidean norm on R”

1. Then (S,p) is a complete metric space. The distance between all function is
bounded by 1.

2. (S,+,) is a vector space over R.

3. (S, p) is not a Banach space because p does not define a norm, since p (x,0) = ||x||
does not satisfy || ox|| = |a|||x]|.
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4. Let M and K be given positive constants. Then the set

L={feS:|fll <Mon (=e,0][f(u) = f(v)| < K|u—v[}
is compact in (S, p).

Proof. (of 4.) Let {f,} be a sequence in L. It is clear that if f, — f uniformly on
compact subsets of (—oo,0], then we have p(fy, f) — 0 as n — oo. Let’s begin by
considering {f,} on [—1,0]. Then the sequence is uniformly bounded and equicon-
tinuous and so there is a subsequence, say {f!} converging uniformly to some con-
tinuous f on [—1,0]. Moreover the argument of Example 3.2 shows that | f(7)| < M,
and |f(u) — f(v)| < K|u—v|. Next we consider {f}} on [~2,0]. Then the sequence
is uniformly bounded and equicontinuous and so there is a subsequence, say {f>}
converging uniformly, say, to some continuous f on [—2,0]. Continuing this way
we arrive at F, = f which has a subsequence of {f,} and it converges uniformly
on compact subsets of (—eo, 0] to a function f € L. This proves L is compact.

The next result is stated in the form of a theorem that we leave its proof to the reader.

Theorem 3.2.2. Let g: (—o0,0] — [1,00) be a continuous strictly decreasing function
with g(0) =1 and g(r) — oo as r — —eo. Let (S,| - |g) be the space of continuous
functions f : (—eo,0] — R" for which

/()]

|flg:= sup
# —o00<1<0 \g(l‘)|

exists. Then
1. (S,|-|q) is a Banach space.
2. Let M and K be given positive constants. Then the set

L={feS:[Ifll <Mon(—e,0],|f(u) = f(v)| < K|u—vl[}
is compact in (S, p).

Definition 3.2.10. Let (E,p) be a metric space and D : E — E. The operator or
mapping D is a contraction if there exists an o € (0, 1) such that

p(D(x).D() < ap(x.y).

Theorem 3.2.3 (Contraction Mapping Principle). Let (E, p) be a complete metric
space and D : E — E a contraction operator. Then there exists a unique ¢ € E with
D(¢) = ¢. Moreover, if y € E and if {y,} is defined inductively by y; = D(y) and
Wt 1D(yy), then W, — ¢, the unique fixed point.

Proof. Let yp € E and define a sequence {y,} in E by y; = Dy, y» = Dy; =
D(Dyg) = D?yo,...,yn = Dy,_1 = D"yo. Next we show that {y,} is a Cauchy se-
quence. To see this, if m > n, then
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p(ynaym) = p(Dny()vayO)
< ap(D"'yo, D" o)

0" p (o, Ym—1)

<

< a"{p(ymyI)_|_p(y17y2)+,..—|—p(ym7n717)’m7n)}
< a"{p(yo,y1) +ap(o,yi) +...+a" " p(yo, 1)}
<ao"p(oy){l+o+...+a" "}

< o"p(yo,y1)

l—o’
Thus, since & € (0,1), we have that
P (Ynsym) — 0, as, n — co.

This shows the sequence {y,} is Cauchy. Since (E,p) is a complete metric space,
{yn} has a limit, say y in E. Since the mapping D is continuous we have that

D(x) = D(lim yy) = lim D(yy) = lim yy1 =

n—yoo

and y is a fixed point. Left to show y is unique. Let x,y € E such that D(x) = x and
D(y) =y. Then

0<p(x,y) =p(D(x),D(y)) < ap(x,y),

which implies that
0 < (1 - OC)p(.Ly) < 0.

Since 1 — o # 0, we must have p(x,y) = 0 and hence x = y. This completes the
proof.

Another form of the contraction mapping principle.

Theorem 3.2.4 (Contraction Mapping Principle, Banach Fixed Point Theo-
rem). Let (E,p) be a complete metric space and P : E — E such that P" is a
contraction for some fixed positive integer m. Then there is a unique x € E with
P(x) =x.

3.3 Highly Nonlinear Delay Equations

We limit our study to the highly nonlinear delay difference equation, typified by

x(t+1)=a(t)gx(t—r)) (3.3.1)
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where a : Z* — R and r is a positive integer. More conditions on g are forthcoming.
Results of this section can be found in [140]. In the paper of Raffoul [136], the
author considered the linear difference equation

Ax(t) = —a(t)x(t—r)

and used fixed point theory and obtained asymptotic and periodicity results using
fixed point theory. It is worth mentioning here that (3.3.1) has fundamental differ-
ence from the above-mentioned equation due to the nonlinearity that the function g
presents. Moreover, when inverting (3.3.1) in order to construct a mapping that is
suitable for fixed point theory, one will have to introduce a linear term which results
in the addition term of x — g(x). Also, the results of this section offer the use of
nonconventional metric in order to avoid that the contraction constant not to depend
on the Lipschitz constant K that g will be required to satisfy.

First we rewrite (3.3.1) and have it ready for inversion so that fixed point theory can
be used. Rewrite (3.3.1) as

t—1
x(t+1) =alt+r)g(x(1)) = A _2_ a(s+r)g(x(s)),

where /\; represents the difference with respect to 7. We must create a linear tern in
x in order to be able to invert. Thus, we add and subtract a(r + r)x(¢) and get,

t—1
X(t+1) = alt+1x(e) = alt+r)x(0) ~g(0)] =& Y, als+rg(x(s). G:32)

For each #y > 0, equation (3.3.2) requires initial function v : [tp — r,79] — R in order
to specify a solution x(¢,y, ). The computation is the same for any 7y > 0 and so
we take 79 = 0. Thus, we say x(¢) := x(,0, y) is a solution of (3.3.2) if x(¢) = y(¢)
on [—r,0] and x(¢) satisfies (3.3.2) for ¢+ > 0. We begin with the following lemma
which we omit its proof.

Lemma 3.2. Suppose that a(t +r) # 0 for all t € Z*. Then x(t) is a solution of
equation (3.3.2) if and only if

t—1

t—1 t—1 —1
(O)H)a(s—kr)— Z a(s—|—r)g(x(s))—|—1_[0a(u—|—r) Z a(s+r)g(y(s)

- . S=t—r ) S=—r
+ Z(a(s+r) IT atk+r) Z )))
s=0 k=s+1 U=s—
—1
- 2 [T atu+r))a(s+r)x(s) — g(x(s))], £ > 0. (33.3)

s=0 u=s+1

The proof of lemma 3.2 is easily obtained from the variation of parameters formula
followed with summation by parts. It is assumed that the function g is continuous,
locally Lipschitz with Lipschitz constant K and odd. On the other hand, we assume
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that x — g(x) is nondecreasing and g(x) is increasing on an interval [0, L] for some
L > 0. Due to these assumptions, it is obvious that the functions g(x) and x — g(x)
are locally Lipschitz with the same Lipschitz constant K > 0.

Note that if 0 < L; < L, then the conditions on g hold on [—L;,L;]. Also note that
if ¢ : [—r,0) = R with ¢9 = v, and if |¢(¢)| < L, then for r > 0 we have

0(1) —8(9(1))| <L—g(L),

since x — g(x) is odd and nondecreasing on [0,L]. Here ¢9 = y(s) for —r < s < 0.
Let

s={6:[-ne) >R =w,|6()| <L}.
For ¢ € S, we define P: § — S by

(Po)(t) = w(t)if —r<t<0

and
1—1 t—1 —1
(Po)(t Ha s+r) — ; a(s+r)g(¢(s))+ ljoa(wrr) ; a(s+r)g(y(s)
B t—1 s—1 - A
+Z< s+r) ] atk+r) Y, a(u+r)g u)))
k=s+1 u=s—r
—Z H (u+r))a(s+7r)[9(s)—g(9(s))], > 0. (3.3.4)
s=0 u=s+1

Let g be odd, increasing on [0,L], satisfy a Lipschitz condition, and let x — g(x) be
nondecreasing on [0, L]. Suppose that if L; € (0,L], then

t—1 t—1

L1 —g(L ImleZI [T alu+r)als+r)l+gLi) Y, la(s+r)]

s=0 u=s+1 s=t—r
t—1 s—1
+ g(Ly maXZ| (s+r) I atk+r)] D la(u+r)| <Ly (3.3.5)
k=s+1 u=s—r

We note that since g(x) is Lipschitz with Lipschitz constant K and g(0) = 0, then
|g(x)[ < Kx|.

Theorem 3.3.1 ([140]). Let g be odd, increasing on [0,L], satisfy a Lipschitz con-
dition, and let x — g(x) be nondecreasing on [0,L]. Suppose that a(t + r) # 0 for
allt € Z*. If (3.3.5) hold, then every solution x(t,0,y) of (3.3.2) with small initial
Sunction y(t), is bounded provided P is a contraction.

Proof. Let ¢ € S. Then, by (3.3.5), there exists an o € (0, 1) such that for ¢ > 0 then

(P )()\<|\W|\|Has+r|+|Ha ur)|llg(w(s)ll Z la(s+r)|

S=—r
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— —1 t—1

+|L—g(L |max2| [T a(u+r))a(s+r)|+g(L) z la(s+7)|

= u=s+1 s=t—r
_ —1 s—1
+g(L)r;1>a(§<2|(a(s+r) [T atk+r)] Z la(u+r)]
=" s=0 k=s+1 u=s—r
<|W/I\Hla S+r|+|Ha u+r)|[lg(y(s)|| Z la(s+r)[+aL
< Hla Il +Klyll] 2 la(s+7)| +oL. (3.3.6)

If we choose the initial function y small enough so that we have

Hlas+r [l + K] wl] Z la(s+r)| < (1-a)L,

s=0 S=—r

then this yields
[(Po)(1)| < (1—a)L+aL =L,

Thus, P : S — S. This shows that any solution x(¢,0, y) of (3.3.2) that is in S, is
bounded. Next we show that P defines a contraction map. Using the regular max-
imum norm will require that the contraction constant to depend on the Lipschitz
constant K. Instead, we use the weighted norm |- |¢ where for ¢ € S, we have

|¢|K—Sup| H|a s+r)¢|, for d > 0.

Proposition 3.2 ([140]). Ler g be odd, increasing on [0,L], satisfy a Lipschitz con-
dition, and let x — g(x) be nondecreasing on [0,L]. Suppose that a(t +r) # 0 for all
t € Z" with |a(t+r)| < 1. Then P is a contraction with contraction constant d > 3.

Proof. Let ¢, ¢ € S. Then fort > 0, we have

t—1

t—1
(P$) — (Po)lk < 3, la(s+1)llg(9(s)) —g(fp(S)lli l})la(uﬂ)l

s=t—r
-1 t—1

s—1 t—1
+ X la(s+r) TT atk+r)| X a(u+r)||g(¢(8))g((P(S))IIdIKIIJa(Hr)I

s=0 k=s+1 u=s—r
t—1 t—1

+ ZO( HlIa(u+r))|\a(s+r)||¢(S)—g(¢(S))
s=0 u=s+

t—1
- (<P(S)*g(¢(8))lldil( Ijola(u+r)|~ (3.3.7)

Our aim is to simplify (3.3.7). First we remind the reader that due to the conditions
on g(x) and x — g(x), both functions share the same Lipschitz constant K. Moreover,
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since |a(t +r)| < %, we have |a(t +r)| < 1 —|a(t+7)| and |a(t +r)]> < 1—|a(t +
r)|?. Next, we consider the first term of (3.3.7)

1—1 =1
D las+1)llg(9(s)) —g(<P(S)||% H la(u+r)

S=t—r
gsup Z la(s+r)]|d(s) |H|a u+tr |H|a u+r)|
l>0dK\ —=t—r
< *|¢ <p|1<sup Z la(s+r |H|a u+r)|
T t—r
< 410 olksup S lats | TT Jaut )
0 s=t—r u=s+1
< f|¢ O|k sup z (I—la(s+r)] H |a(u+r)
>0 s=t—r u=s+1
11
= 210~ glesup NGO
120 s=t—r u=s
t—1
= *|¢ <P|Ksup (1= TIT la(u+n)])
u=t—r
< —|¢ — olk.
fd|¢ 0|k

Next we turn our attention to the second term of (3.3.7).

t—1 s—1

t—1
Z\a(Hr) [T atk+n)[ 3 la(u+n)lls((s) — )II*H\alH)I

k=s+1 u=s—r
—1
< *I(P @IKSUPZ\!J s+7) H (k+r)] 2 la(u+r)[1g(9(s))—g )II* H la(l+r)|
k=s+1 u=s—r I=u+1
< 3|¢—€0|Ksup2\a(5+r)| H a(k Z (1=la(u+r)[) H la(l+r)]
k=s+1 u=s—r I=u+1
- f|¢ ¢|Ksupz\as+r)| I atkin S o (H|al+r
k=s+1 u=s—r I=u
< f|(1) (p|KsupZ\a (s+r)] H k+r)|H|a [+71)]
k=s+1 I=s

t—1

= E|¢_(P|KSUPZ“1(S+’)|2( H la(k+7)])?
120 5=0

k=s+1

IN

t—1 t—1
$I¢ - <P|z<sup2 (1 =la(s+r) )T latk+r)))?

k=s+1

I/\

|¢ <P|1< sup Z |As( ]_[Ia(kJrr)\)2

k=s

IN

3|¢*(P|K-
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Now we deal with the last term of (3.3.7).

S a<u+r>>||a<s+r>||¢<s>—g<¢<s>>—<<p<s>—g<<p<s>>|0,1Kt11)|a<u+r>|

s=0 u=s+1

< f|(1) (p|1<supz H la(u+r)||a(s+r |H|a u+r)|
120 s=Qu=s+1
t—1 t—1
< §10=olwsun 3 ats-+)P( T Jatuecr)?
u=s+1
—1 t—1 )
< *|¢ (P|KSUP2 L=la(s+n)P)( T la(u+r))

120 g— u=s+1

—1 —

= 7|¢ (p|Ksup2A H\a u+r)|

t—1
= 210~ ol ~ ([T la(u+))?)
u=0

1
< =l¢—olk.

Substituting the above three expressions into (3.3.7) yields

1 1

(P9) ~ (Po)lx < (3 + 5+ )10 — ol

which makes P a contraction for d > 3. Let (27, ] |) be the Banach space of bounded
sequences ¢ : [0,00) — R. Since S is a subset of the Banach space 2" and S is
closed and bounded so S is complete. Thus, P : S — S has a unique fixed point. This
completes the proof.

We have the following corollary.

Corollary 3.1 ([140]). Let g be odd, increasing on [0,L], satisfy a Lipschitz con-
dition, and let x — g(x) be nondecreasing on [0,L]. Suppose that a(t 4+ r) # 0 for
all t € Z*. If (3.3.5) hold with |a(t +r)| < % then the unique solution x(t,0,y)
of (3.3.2) with small initial function y(t) is bounded and its zero solution is stable.

Proof. Let P be defined by (3.3.4). Then by Theorem 3.3.1, P maps S into S. More-
over, by Proposition 3.2 P is a contraction on S and hence the unique solution
of (3.3.2) is bounded by Theorem 3.3.1. Left to show the zero solution is stable. Let

. g(l-a)
L be given by (3.3.6) and set 0 < € < L. Choose 6 = O o) = e
Then for |y| < 8, we have by (3.3.6) that
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|<Hla M [[1wll+Kllwl[] 2 la(s+r)|+aL

S=—r

< 6(1+K) H|a s+7r)] 2 la(s+7)|+ oL

§= S=—r
t—

< 6(14+K) H|a s+7)] z la(s+7)|+ ae

S=—r

e(l-—a)+as=¢.
Hence the zero solution is stable. This completes the proof.

We mention here that the requirement |a(r +s)| < 1/2 was necessitated by the use
of the norm | - [x. However, in proving that P is a contraction we did not have to
involve K in the contraction constant. We have the following application.

Example 3.7 ([140]). Let a(t +r) # 0 such that |a(t +r)| < §. Consider

x(t+1) = —a(t)x>(t —r). (3.3.8)
In view of (3.3.2) we have

=1
x(t+1) =a(t+r)x(t) —a(t +r)x(t) =3t —r)] + 2, Y a(s+ r)x(s).

S=I—r

Let f(x) = x—x°. Then f(x) is increasing on (0, \[) and has a maximum of \2/5 at

x= % For any bounded initial sequence y on [—r,0] with |y(7)| < \/15 we set

1
s={o:l-r=) R =wlo0)| < .
For ¢ € S, we define P: § — S by
(PO)(1) = w(t)if —r <1 <0,

and

t—1

t—1 — 1
(P¢)(t):l//(0)11a(s+r)+ z a(s+r)¢ Ha u+tr) z a(s+r)l//3(s)

s=t—r S=—r

t—1 t—1 s—1

=3 (ats+r) T atk+n) Y, alutno’w)

5=0 k=s+1 u=s—r

t—1
—2 IT atu+r))als+7)(o(s)—¢*(s)], £ > 0.

s=0 u=s+1
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Let y be small enough so that

HWHHIa \+* 2 Ias+r|+||ll/||]_[|au+r|Zlas+r\
u=0

s=t—r S=—r

3=l
5 Zz)<|as+r| H la(k+r)] 2 la(u+ )\)

k=s+1 u=s—r

z H la(u+r)||a(s+7r)| <

sOu s+1

&‘”

Then

[(PO)(1)] <

Moreover, it is obvious that the Lipschitz constant k = 1. Let d be a positive constant
such that d > 3. Using

-

1 t—1
911 = sup |- [ lals+ )0
120 % 5—0
we have P is a contraction on S and hence all solutions of (3.3.8) are bounded and
its zero solution is stable.
3.4 Multiple and Functional Delays

In this section, we consider the multiple and functional delays difference equation
N
— Y aj(n)(x(n—1;(n)), (3.4.1)
j=1

where aj: Z*T — R and 7j : ZT — Z" with n — 7(n) — e as n — . For each ny,
define m(ng) = inf{s — 7;(s) : s >no},m(ng) =min{m;(ng) : 1 <j<N}.In[87],
Islam and Yankson showed that the zero solution of the equation

x(n+1) = b(n)x(n) +a(n)x(n - t(n))

is asymptotically stable with one of the assumptions being that

n]:[ b(s) — 0 as n — oo. (3.4.2)
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However, as pointed out in [136], condition (3.4.2) cannot hold for (3.4.1) since
b(n) =1, for all n € Z. The results we obtain in this section overcome the require-
ment of (3.4.2). Let D(ng) denote the set of bounded sequences y : [m(ng),no] — R
with the maximum norm || ||. Also, let (B,||-||) be the Banach space of bounded se-
quences @ : [m(ng), ) — R with the maximum norm. Define the inverse of n— 7;(n)
by gi(n) if it exists and the set

where

™=

N
b(gj(n)) =1~ Zla(gj(n))-
=

1

J

For each (ng, y) € Z" x D(ny), a solution of (3.4.1) through (no, y) is a function x :
[m(no),no+ a] — R for some positive constant ¢ > 0 such that x(n) satisfies (3.4.1)
on [ng,no + o] and x(n) = y(n) for n € [m(ng),np]. We denote such a solution by
x(n) = x(n,np, ¥). For a fixed ng, we define

[yl = max{[y(n)| : m(no) <n<no}.
We begin by rewriting (3.4.1) as
N N n—1
~ 2+ oY, X algis)als),  (343)
Jj=1 J=ls=n—1;(n)

where 2\, represents that the difference is with respect to n. But (3.4.3) implies that

N N n—1
) —x() = = R e+ 0 % B alesl )
j=1 J=ls=n— ‘L']n
N N n—1
x(n+1) = (1—zlaj<g.,-<n DECEEY S a0
j= J=ls=n—1;

J
which is equivalent to
N n—1
x(n+1) z bi(gj(n))x(n)+ Ay z Z aj(gj(s))x(s). (3.4.4)
Jj=1s=n—1;(n)

Suppose that Q(n) # 0 for all n € Z" and the inverse function g;(n) of n— 7;(n)
exists. Then x(n) is a solution of (3.4.1) if and only if
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111
N no—1 n—1
x(n) = (x(no) -y > aj(gj(s))x(s)) I1 26s)
J=ls=ny—1;(ng) s=n
N n—1
+ 2 2 aigi(s)x(s)
Jj=ls=n— T (n)
n—1
SS(eenflevy 3 @) 1z
s=ng k s+1 j=lu=s— ‘L',
To see this we have by the variation of parameters formula
n—1
= x(no) H 0(s)
s=ng
n—1 ,n—1
+ 3 (Mewas, s, ~(g,-(s))x(s)). (3.45)
k=0 " s=k J=Ls=k—1j(k

Using the summation by parts formula we obtain

n—1 ,n—1
g}ngmz S e )e)

jlskT]

n

N
=2 aj(gj(s))x(s)
Jj=ls=n—1;(n)

=

nol

n—1
-1 oG Z Y aj(gj(s)x(s)

s=ng J=1ls=ng—1;(ng)

-5 (1-0w) Tl owy Y, -(g;(u))x(u)). (3:46)

s=ng k=s+1 j=lu=s— ‘L'J

Substituting (3.4.6) into (3.4.5) gives the desired result. We have the following the-
orem, which is due to Yankosn [166].

Theorem 3.4.1 ([166]). Suppose that the inverse function g j(n) of n — t;(n) exists,
and assume there exists a constant o, € (0, 1) such that

N
21 2 laj(gj(s))]
J

s=n—1;(n)

+i (n-o

s=ng k=s+1

W[ §:|%®(M)§w (347

J=lu=s—1;(s)
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Moreover, assume that there exists a positive constant M such that

"ﬁQ(s) <M

s=ng

Then the zero solution of (3.4.1) is stable.
Proof. Let € > 0 be given. Choose & > 0 such that

(M+Ma)d+ae <e.

Let w € D(ng) such that | y(n) |< &. Define S={p € B : ¢(n) = y(n)ifn e
[m(no),no),|| @ ||< €}. Then (S,]| - ||) is a complete metric space, where || - || is the
maximum norm.

Define the mapping P : S — S by

(P@)(n) = y(n) for n € [m(no),no],

and
N Vlo—l
Po)m) = (i)=Y, ¥ a )T e
j=1 Y:n()f‘fj(n()) §=ng
N n—1

) ([1 1T ewy ¥ e )0w)
s=nq k=s+1 J=lu=s—1;(s
(3.4.8)
We first show that P maps from S to S.
N n—1
[(Po)n) | < MS+Mas+{Y, X ajlgs)
j:1s=n—1j( n)
n—1
S (e TTewy S aten}iol
s=n( k=s+1 J=lu=s—1;(s)
(M+Mo)d+ae

<
<e

Thus P maps from S into itself. We next show that P¢ is continuous.
Let @, ¢ € S. Given any & > 0, choose § = £ such that || — ¢|| < §. Then,
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N n—1
(Pe)— (POl < X 3. laj(gi(s)llle— o]l

j=ls=n=1;(n)
> (-2 \2 2 lasle )l)
s=ng k=s+1 J=lu=s—1;(

x[lo—¢ll

< allp—9||
< €.

Thus showing that P¢ is continuous. Finally we show that P is a contraction.

Let ¢,n € S. Then

n—1
SY (e TT o0y S alssmyowm)
s=ng k=s+1 J=lu=s—7;(s)
N ng—1 n—1
- (w<no>—z1 L o) Tew
Jj=ls=ng—1;(ng) s=n(
N n—1
Y X alsomls)
J=ls=n—1;(n)
n—1 n—1 N s—1
+ 3 (1ol [T 20y X aeiwin)
s=ng k=s+1 J=lu=s—7;(s)

N
<2 X ailgi®)le—nl

N> Jastw)l) o =n

s=n k=s+1 J=lu=s—1;(s
N n—1
<{Y ¥ alg
J=ls=n—1;(n)
n—1

Wy ¥ laies)) Hlo =

s=ng k=s+1 J=lu=s—1;(s

<ale—n].
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This shows that P is a contraction. Thus, by the contraction mapping principle, P
has a unique fixed point in S which solves (3.4.3) and for any ¢ € S, ||P¢|| < €. This
proves that the zero solution of (3.4.3) is stable.

In the next theorem we address the asymptotic stability of the zero solution.

Theorem 3.4.2 ([166]). Assume that the hypotheses of Theorem 3.4.1 hold. Also
assume that

n—1
H Q(k) =0 as n— oo. (3.4.9)
k=ng

Then the zero solution of (3.4.3) is asymptotically stable.

Proof. We have already proved that the zero solution of (3.4.3) is stable. Let v €
D(np) such that |y (n)| < 8 and define

= {0 Bl o) = yn)itn & m(no).nol. llo < & and

o(n) —0, asn—>oo}.

Define P : §* — S* by (3.4.8). From the proof of Theorem 3.4.1, the map P is a
contraction and for every ¢ € S, ||Po|| < €.

Next we show that (P@)(n) — 0 as n — co. The first term on the right-hand side
of (3.4.8) goes to zero because of condition (3.4.9). It is clear from (3.4.7) and the
fact that ¢(n) — 0 as n — oo that

N
)
jilsz

n—1

2( )‘aj(gj(s))‘(P(Sﬂ — 0asn— oo

Now we show that the last term on the right-hand side of (3.4.8) goes to zero as
n — oo, Since @(n) — 0 and n — 7j(n) — oo as n — oo, for each & > 0, there exists
an Ni > ng such that s > Ny implies |@(s — 7;(s))| < & for j =1,2,3,...,N. Thus
for n > Nj, the last term /3 in (3.4.8) satisfies

n—1

5= 3 (1-e erQ 21 z( aj(g;(0)o(w) )
N —1 :
< 2 (In-own IT 00| 3, |aj<gj<u>>||<p<u>|)
s=n( =s j=lu=s— T
+ 3 (In- > o)
s=Nj k=s+1 J=lu=s—1;(s
N —1
< max |p(o |2( \\ 1T o6 ]z hy lei(s )
(no) S=n( k=s+1 Jj=lu=s— ‘L'/

ray (-0 D> lesta >>|)

s=N k=s+1 J=lu=s— TJ
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By (3.4.9), there exists N, > Nj such that n > N, implies

n—1

max \Z( HQ

o=m(ng) s=nq k=s+1 J=lu=s—1;(s

|aj(gj(u))\ <er.

Applying (3.4.7) gives || < & + & a < 2g;. Thus, s — 0 as n — oo. Hence
(Pp)(n) — 0asn— oo, and so Py € S*.

By the contraction mapping principle, P has a unique fixed point that solves (3.4.3)
and goes to zero as n goes to infinity. Therefore the zero solution of (3.4.3) is asymp-
totically stable.

3.5 Neutral Volterra Equations

The results of this section pertain to asymptotic stability of the zero solution of the
neutral type Volterra difference equation

x(n+1) =a(n)x(n)+c(n) Ax(n—g(n))+ z k(n,s)h(x(s)) (3.5.1)

s=n—g(n)

where a,c: Z - R, k:ZxZ — R, h:Z — R, and g : Z — Z™. Throughout this
section we assume that a(n) and c(n) are bounded whereas 0 < g(n) < go for some
integer go. We also assume that 2(0) = 0 and

[h(x) =h(z)| < Llx—2.

For any integer ng > 0, we define Z to be the set of integers in [—go,7n9]. Let w(n) :
Zo — R be an initial discrete bounded function.

Definition 3.5.1. The zero solution of (3.5.1) is Lyapunov stable if for any € > 0
and any integer ng > 0 there exists a § > 0 such that |y(n)| < § on Zy imply
|x(n,no, w)| < € for n > ny.

Definition 3.5.2. The zero solution of (3.5.1) is asymptotically stable if it is Lya-
punov stable and if for any integer ng > 0 there exists r(ng) > 0 such that |y(n)| <
r(no) on Zg imply |x(n,ng, y)| — 0 as n — oo.

Suppose that a(n) # 0 for all n € Z. Then x(n) is a solution of the equation (3.5.1)
if and only if

n—1

x(n) = [x(ng) —c(nop—1)x(nop— g Ha )+ c(n—1)x(n—g(n))

S=ngn

n—1 n—1

+S s mem+ 3, krwh)] TT as)hnzn

r=ng u=r—g(r) s=r+1
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where @(r) = c(r) —c(r— 1)a(r).
To see this, we first note that (3.5.1) is equivalent to

n—1
[Ax(n) [T ()] = |e(n) Ax(n—g(n)+ Z k(n,u)h(x H a (s
s=n u=n— g ) S=n

Summing the above equation from ny to n — 1 gives

n—1 r—1 r—1 r
Z[Ax(r)na_l(s)]:z:[ (r)Ax(r—g(r)+ Z k(r,u)h )]Ha_l(s).

r=ng s=n r=ng wmr—g(r) —
Or,
r_1 n—1 r=1 .
1) TTa™' ) [y= X 13 krhlalu) +c(r) Aatr—g(r) [T a5
Thus

n—1 n—1 r—1 n—1
=x(no) [] a(s) Z[Ekru +e(r) Ax(r—g(r ]Ha lz_la(s)

s=ng r=ngy r=ny

Performing a summation by parts yields,

Y (e(r) xtr—g(r) TT a(s)] = le(r— 1)x Ha a

r=ng s=r+1
n—1 n—1
= 2 x(r=g(r) Ale(r—1) [T a(s)]

r=ngm

n—1
— Zx r—g [ (r—l)Ua(s)]

n—1 n—1
D le(r) Ax(r—g(r) TT als)] = c(n—1)x(n—g(n)) —c(no —1)x(no — g(no) Ha

s=ng
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A substitution into the above expression gives,

n—1 r—1 n—1

n—1
= x(nop) H a(s)+ 2 z k(r,u)h(x(u))] H a(s)+c(n—1x(n—g(n))

s=ng rnourg) s=r+1
n—1
—c(no — 1)x(no — g(no) Ha z x(r—g(r (r— IHa
n—1
= [xng — c(no — 1)x(no — g(no)] ]_[1 a(s)+c(n—1)x(n—g(n))
s=r+
n—1 n—1 n—1
+ 2 (—x(r—g(r))A[c(r—l)Ha s) Z )k ryu)h(x(u))] Hla(s).
r=nyg s=r u=r— g s=r+

Combining all expressions, we arrive at

n—1

x(n) = [ng —c(no — 1)x(no — g(no)] Hla(S) +c(n—1)x(n—g(n))
s=r+
n—1 n—1
+ Y [=x(r—g(r)@(r) + Z k(r,u)h(x(w))] TT a(s)
r=nqo u=r—g(r) s=r+1
n—1
= [xng — c(no — 1)x(no — g(no)] HIG(S) +c(n—1)x(n—g(n))
s=r+

n—1

+ri(—x(r r)+ 2 k(r,u)h(x(u))] H a(s), n = no.

r=ng u=r—g(r) s=r+1

This completes the process.
Define
S={¢p:Z—=R]|| o] = 0asn— o},

where
||l = max{[¢@(n)|, n > no}.

Then (S, -||) is a Banach space. Let W : (—oo,n9] — R be a given initial bounded
sequence. Define mapping H : § — S by

(Ho)(n) = y(n) forn < no,

and

(Ho)(n) = [y(no) —c(no — 1)y (no — g(no)) Ha +e(n—1)p(n—gn)

S§=ngp

n—1

+ Z 2(r)®(r)+ 2 k(ruh(p(w))] T a(s),n > no.

r=no u=r—g(r) s=r+1

(3.5.2)
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It should cause no confusion to write

Iyl = max{|y(n)], n <no}.

We state Krasnoselskii’s fixed point theorem which will be used to prove the zero
solution of (3.5.1) is asymptotically stable. We emphasize that it is the only appro-
priate theorem to use for such equation since the inversion of a neutral equation
results in two mappings.

Theorem 3.5.1 (Krasnoselskii [97]). Let M be a closed convex nonempty subset of
a Banach space (B, || - ||). Suppose that C and B map M into B such that

iii
(i) g is)iontinuous and CM is contained in a compact set,
(ii) B is a contraction mapping.
(iii) x,y € M implies Cx+ By € M.
Then there exists z € M with z = Cz+ Bz.

We are now ready to prove our main results. According to Theorem 3.5.1 we need
to construct two mappings, one is a contraction and the other is compact. Hence we
write the mapping H that is given by (3.5.2) as

(Ho)(n) = (Q9)(n) + (Ap)(n),

where A,Q : § — § are given by

(Q9)(n) = [y(no) —c(no—1)y(no —¢g H a(s) +e(n—1)p(n—g(n))
' (3.5.3)
and
n—1 n—1
(Ap)(n) = 3 [—o(r—g(r)¥(r)+ Z )k ru)h(e(u))] Hla(S)- (3.54)
r=no u=r—g(r s=r+

Theorem 3.5.2. Assume the Lipschitz condition on h. Suppose that
Ha ) = 0asn— e, (3.5.5)

S=n

n—g(n) —eoasn— oo, (3.5.6)

and there exist o € (0,1) such that,

n—1 r—1 n—1
le(n—1)|+ Y, [[@(r)|+L Y, k(r,u)] I1 a(s)|<an>=no. (35.7)
r=ng u=r—g(r) s=r+1

Then the zero solution of (3.5.1) is asymptotically stable.
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Proof. First we show the mapping H defined by (3.5.2) — 0 as n — oo. The first
term on the right of (3.5.2) goes to zero because of condition (3.5.5). The second
term on the right goes to zero because of condition (3.5.6) and the fact that ¢ € S.
Left to show that the last term

n—1 n—1
3 |comwesons 8 snanow| T o
r=ng u=r—g(r) s=r+1

on the right of (3.5.2) goes to zero as n — . Let m > 0 such that for ¢ € S, |@(n—
g(n))| < o for o > 0. Also, since @(n—g(n)) — 0 as n— g(n) — oo, there exists an
ny > m such that for n > ny, |@(n—g(n))| < & for &, > 0. Due to condition (3.5.5)
there exists an n3 > ny such that for n > n3 implies that

Mo < 2
Thus for n > n3, we have
n—1 n—1
2 (—o(r—g(r)@(r) + Z k(ruw)h(o(u))] T a(s)
r=nq u=r—g(r) s=r+1
n—1 n—1
< 2 |l(—o(r—g(n)@(r) + 2 )k ru)h(@(u))] Hld(s)
r=nyg u=r—g(r s=r+
np—1 r—1 n—1
< [(p(r—gr@()+L Y, krwew)] [T als)
r=ng u=r—g(r) s=r+1
ny—1 r—1 n—1
+ 2 |[(p(r—g(m)@(r) +L Z()k(r,u)h(fp(u))] Hla(S)
r=ng u=r—g(r s=r+
np—1 r—1 n—1
<ol| Y |@o(r|+L Y k(r,u)] [T als)|+ e
r=nqo u=r—g(r) s=r+1
np—1 r—1 np—1
<o|> |@F)|+L Y, k(r,u)] IT « H a(s)| +ea
r=nqo u=r—g(r) s=r+1 s=ny
<oa Ha +ou<g+go.

Hence, (Q@)(n) 4+ (A@)(n) : S — S. Next we show that Q is a contraction. Let Q be
given by (3.5.3). Then ¢, { € S, we have from (3.5.7) that

Q@) = (Ol <le(n—=Dlll¢ - <]
< 77||(P*§||7 for some 17 € (Oal)
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Now we are ready to prove the map A is compact. We note that the proof that is
given in [167] for the compactness of A is not correct since our map is defined on
an unbounded interval which rules out the use of Ascoli-Arzela’s theorem. First we
show A is continuous. Let {¢'} be a sequence in S such that

lim ||o" — [ =0.

—oo
Since S is closed, we have ¢ € S. Then by the definition of A

14(¢") —A(p)l| = max A(¢") —A(g)].

Thus, for ¢ € S, we have by (3.5.4) that

n—1 n—1
(46— (49| < 3, 1001 [0'(r—50r)) ~ 0(r—5(r)]| T ()

r=ng s=r+
n—1 r—1 r—1 n—1

+ 2| X krwh(e'w)— ¥, kruh(ew)|| IT als)
r=no |u=r—g(r) u=r—g(r) s=r+1
n—1 n—1

= 2 |20 |¢'(r—g(r) — o(r—g(r)) Hla(S)
r=ngp s=r+

n—1 r—1 n—1
+ 3 X kewll(he' ) —hew)ll TT als)l-

r=no u=r—g(r) s=r+1

The continuity of ¢ and & along with Lebesgue dominated convergence theorem
imply that

llim max |A(¢")(n) —A(@)(n)| =0, n € Z.

—yoo

This shows A is continuous. Finally, we have to show that AS is precompact. Let ¢/
be a sequence in S. Then for each n € Z, ¢' is a bounded sequence of real numbers.
This shows that { ¢! } has a convergent subsequence. By the diagonal process, we can
construct a convergent subsequence { @'} of {¢'} in S. Since A is continuous, we
know that {A¢'} has a convergent subsequence in AS. This means AS is precompact.

This completes the proof for compactness. Left to show the zero solution is stable.
n—1

Due to condition (3.5.5) there exists a positive constant p such that | H a(s)| <p.
s=ng

Let € > 0 be given. Choose & > 0 such that
[1—c(ng—1)|6p+ e <e.

Let y(n) be any given initial function such that |y(n)| < 8.
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Define M= {p €S: ||¢| <e}. Let 9,{ € M, then

1100)~ (401 < [w(r0)—<ton =10 —s000)] TT o)+ 0= 1500t

" z Do) +f_2:0k<r,u>h<<p<u>>5"rrila<s>

< 1—c(n0—1)5p+|c(n—1)|+r”2;0 tD(r)—l—Luiz;( )k(r,u) :r]‘ila(s) e

<1—c(n0—1)5p+{ n—1\+2 r)+L 2 k(r,u) nl_[la(s)}s
2R LA

<|l—=c(np—1)|0p+ae
<e.

It follows from the above work that all the conditions of the Krasnoselskii’s fixed
point theorem are satisfied on M. Thus there exists a fixed point z in M such that
7 = Az+ Qz. This completes the proof.

We end this section with the following example.

Example 3.8 ([167]). Consider the difference equation

1 2n+1 on
1)=—— —_ 2) _— >0.
Xt D) = T O e A +S§'2 B —n)isr2) )=
(3.5.8)
In this example we take ng = 0. We observe that
n—1
1 1
H - Oasn— oo,

il +s
and hence condition (3.5.5) is satisfied. Condition (3.5.6) also satisfied since
n—2-—ocoasn—» oo,

Next we verify condition (3.5.7).

on n—1 or+l or n—1 1
‘ 1 [ BT ! I1
lon!| S [16(r+1)! " 16r!(r+1)1] 25 1+s
—1 r—1 n—1
2" 1
+
rz(‘)u;2 1=r)! ”‘*‘2);111 I+s
on 1 n—1 1 n—1 n—1 or
‘1611! +8n!Zg) ' 16n!r§6 r+r§)8n!
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2" 1 1
< - n__ - n__
- ‘1611! 8}1!(2 1)+8n!(2 1
2" 1 1
< = 72}1 72"
- ‘ 16n!|  8n! N 8n!
PERREN!
-8 4 4
5
=—-<1.
8

Hence condition (3.5.7) is satisfied. All the conditions of Theorem 3.5.2 are satisfied
and the zero solution of (3.5.1) is asymptotically stable.

3.6 Almost-Linear Volterra Equations

We consider the scalar Volterra difference equation
n—1
Ax(n) = a(n)h(x(n))+ Y, c(n,k)g(x(k)), x(0) =xo, n > 0. (3.6.1)
k=0

We assume that the functions % and g are continuous and that there exist positive
constants H, H*, G, and G* such that

| h(x) —Hx |[< H, (3.6.2)
and
| g(x) —Gx |[<G". (3.6.3)

Equation (3.6.1) will be called Almost-Linear if (3.6.2) and (3.6.3) hold. In [53]
Burton introduced this concept of Almost-Linear equations for the continuous case
and studied certain important properties of the resolvent of a linear Volterra equa-
tion. The work of this section is found in [150]. Our objective here is to apply the
concept of Almost-Linear equations to Volterra difference equations and prove that
the solutions of these Volterra difference equations are also bounded if they sat-
isfy (3.6.2) and (3.6.3). Due to (3.6.2) and (3.6.3) contraction mapping principle
cannot be used since our mapping cannot be made into a contraction. Therefore, we
resort to the use of Krasnoselskii’s fixed point theorem. At the end of the section we
will construct a suitable Lyapunov functional and refer to Chapter 2 to deduce that
all solutions of (3.6.1) are bounded. It turns out that either method has advantages
and disadvantages.
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We begin with the following lemma which is essential to the construction of our
mappings. Consider the general difference equation

Ax(n) —Ha(n)x(n) = f(n), x(0) =xp, n > 0. (3.6.4)

Lemma 3.3. Suppose 1+ Ha(n) # 0 for all n € [0,00) NZ. Then x(n) is a solution
of equation (3.6.4) if and only if

n—1 —1
x(n) = x(0) [J(1+Ha(s)) + 2 flu H (1+Haf(s)). (3.6.5)
s=0

s=u+1

Proof. First we note that (3.6.4) is equivalent to

n—1 n
A[TT0-+ Hatw)'xtn] = 7o T+ Ha(o) (3.66)

Summing equation (3.6.6) from 0 to n — 1 and dividing both sides by

n—

1
H)(l—&-Ha(s))*]

\)
gives (3.6.5).

Lemma 3.4. Suppose 1+ Ha(n) # 0 for all n € [0,0) NZ. Then x(n) is a solution
of equation (3.6.1) if and only if

n—1

x(n):x(())rij) (1+Hals +Z[ ) (= Hx(w) + h(x(w)) | TT (1+Hats))

s=u+1

n—lu—1 n—1

+ 3 Y elwk)[g(x(k) ~ Gx(k)| T] (1+Has)

u=0k=0 s=u+1

n—1lu—1 n—1

+ > c(w,k)Gx(k) T] (1+Ha(s)). (3.6.7)

u=0k=0 s=u+1

Proof. Rewrite equation (3.6.1) as

Ax(n) —Ha(n)x(n) = —Ha(n)x(n) +a(n)h(x(n))

n—1

+chk{ k)) — Gx(k }—Fchka()

k=0
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If we let

F(n) = —Ha(n)x(n) +a(n) +2cnk[ k) - Gx(k)|

n—1

+ Z c(n,k)Gx(k),
k=0

then the results follow from Lemma 3.3.

We rely on the following theorem for the relative compactness criterion since the
Ascolli-Arzela’s theorem cannot be utilized here due to the unbounded domain.

Theorem 3.6.1 ([7]). Let M be the space of all bounded continuous (vector-valued)
Sfunctions on [0,) and S C M. Then S is relatively compact in M if the following
conditions hold:

(i) S is bounded in M;
(ii) the functions in S are equicontinuous on any compact interval of [0,00);
(iii) the functions in S are equiconvergent, that is, given € > 0, there exists a T =
T (&) > 0 such that || ¢(tr) — () ||ge< €, forallt > T and all ¢ € S.

We assume that

lim a(n) =0, (3.6.8)
n—soo
and for some positive constant L,
u—1
0< Y |e(u,k)| < Lla(u)| for all u € [0,00) NZ, (3.6.9)
k=0
and
Hla(n)| < 1— |1+ Ha(n)| forall n € [0,50) NZ. (3.6.10)
Moreover, we assume
n—1, n—1
S| T (1+Ha(s) cuk)| <a <1, (3.6.11)
u=0"s=u+1

and

n—1, n—1

Y | TT (1+Ha(w)|[latwa + ZG*|c (W)l <B<w (612

u=0"s=u+1

Finally, choose a constant p > 0 such that

n—1

[1(1+Ha(s))| +ap+ B <p (3.6.13)
s=0

|xo]
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for all n > 0. Let S be the Banach space of bounded sequences with the maximum
norm. Let

M={yeS, y0)=xo :[ly|[<p}. (3.6.14)

Then M is a closed convex subset of S.
Define mappings < : M — S and B : M — M as follows.

n—1 n—1

(9)(n) = 3, [atw) (~ Ho(w) +h(9w))| T (1+Ha(s)) (3:615)

u=0 s=u+1
n—lu—1 n—1
+ 3 Y clwk)[g(0(k) - Go)| TT (1+Ha(s)),
u=0k=0 s=u+1
and
n—1
(#¢)(n) = x(0) l})(l +Haf(s))
n—lu—1 n—1
+ 3 Y c(u,k)Go(k) T] (1+Ha(s)). (3.6.16)
u=0k=0 s=u+1

We have the following lemma.

Lemma 3.5. Suppose (3.6.11) and (3.6.13) hold. The map £ is a contraction from
M into M.

Proof. Let ¢ € M. It follows from (3.6.11) and (3.6.13) that

n—1
H(l—i—Ha(s))‘JrapSp. (3.6.17)
s=0

(#¢)(n)] < |xol

Also, for ¢,y € M, we obtain

n—1, n—1

(#9)(n) — (#w) ()] < 3 | T[] (1+Hals))

u=0"s=u+1

< afl¢—wll.

u—1
2. Gle(u k)|l — |
k=0

Therefore proving that 4 is a contraction from M into M.
Lemma 3.6. The mapping <7 is a continuous mapping on M.

Proof. Let {¢,} be any sequence of functions in M with || ¢, — ¢ ||— 0 as n — oo.
Then one can easily verify that

| Z¢p— ¢ || 0asn— oo.

Lemma 3.7. Suppose (3.6.2), (3.6.3), (3.6.8), (3.6.9), and (3.6.10) hold. Then <7 (M)
is relatively compact.
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Proof. We use Theorem 3.6.1 to prove the relative compactness of ./ (M) by show-
ing that all three conditions of Theorem 3.6.1 hold. Thus to see that <7 (M) is uni-
formly bounded, we use conditions (3.6.2), (3.6.3), (3.6.9), and (3.6.10) to obtain

H* +LG*n —1

(/) ()] < 2, Hla(u H1< +Ha())
s=u+
w n— n—1
. %2 (1= 1 +Ha))| TT (+Ha(s))
—0 s=u+1

H* +LG Zl ["1—“ I+ Hals }

H* LG* n—1
= +T[1*H|(1+Ha(s))|} :=ocforalln € [0,00)NZ.
s=0

This shows that <7 (M) is uniformly bounded.
To show equicontinuity of <7 (M), without loss of generality, we let n; > ny for
ny,ny € [0,00) NZ and use the notations

F(9(u)) = a(u)[H¢(u) —h(9(u))];

and
u—1
= 3 cluh)[st0(00) - Gol)

Then, we may write
n—1 n—1
=3 [1 (1+Has) [Fow)+706w)].  (3:618)

u=0s=u+1

Hence we have

nlfl nl—l

(0)m) = (/9)(m2)| = | 3, TT (1+Halo) |[F(9(a) +J(0))
u=0 s=u+
ny— 1n2 1
= 3 I (1 Ha(s)) [F(o) + (0 |
u s=u-+
nzfl nl,]
Y | T 1+ Ha(s))
u=0 "~s=u+l
np—1
= 1 (1+Ha@)] [F(o() +I(6 )] |
s=u+1
nyj—1 n;j—1

#|'3 T (+Hals) [F(o(w) +I(0(w)]|

u=ny s=u-+1
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np—1, ny—1

= 3 | [T (1+Ha(s)
u=0 " s=u+1
np—1
— T (1 Hals))||[F(6 ) +J(0 w))
s=u+1
ni—1 n;—1
+ 2 Hl\(lJrHa(S))lF(¢(u))+1(¢(u))
u=ny s=u+
np—1 np—1
<o Y Hla(u) s)|— [T 1(1+Ha(s ‘
u=0 s=u+1 s=u+1

nl—l 11171

+ 0o Z Hla(u)] H [(14Haf(s))]

u=ny s=u+1

I’Lzl nzl n11

<o Y [1-[1+Haw))| [T I(1+Ha(s))|— ] |(1+Ha(s))]
u=0 s=u+1 s=u+1
ny— 1

+GZ (1= 1+ Ha(w)l)| T 10+ Ha(s))]|

u=ny s=u+1

n21 l‘l21

<o) u{H\l—i—Ha |—H|1+Ha )|H

u=0 s=u

}1171

+o Y Au[ﬁ 1+ Ha(s) |

u=nyp

}’lll n21

[2 2 TT (1 + Ha(s) |—H\1+Ha )|

s=ny

n1—1
+ 11 \(H—Ha(s))@ S 0asny - ni.
s=0

This shows that 7 is equicontinuous.
To see that .o/ is equiconvergent, we let

n—1n—1

tim 3 [T(1+Ha(s)) [F(9 () +J(0(w)] =

Vlﬁw —05—u

S TT1 + Hao) [F(6 )+ 16 (w)].

u=0s=u
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Then we have

(7 ¢)(e0) - \—\20 111 (1+ Has)) [F (6 () + (9 ()]
- 2; fn;u +Ha(9))[F(0()) +I(0(w)]|
= f[ IT (1+Has))
4=0 "s=ut1
- 1 -+ ato)] [P0t + 0000
|3 T (+Ha)[Fo@)+s60w)]|
u=ns=u+1
ri i (1+Ha(s

oo

| T+ Hals }

S=u

I1 ¢
ﬁ 1+ Ha(s HF ) +J(6(u ))’
LS

n—1

DAL

u=0

+o 1—H| 1+ Haf(s))|]

s=n

[1;[1 |+ Ha(s H|(1+Ha(s))|”

S=u

[2 2TT1(1 + Hals) |—H| + Hals
S=n

=3

+ 1})|(1+Ha(S))I} —0asn— oo,

where we used (3.6.8) which yields lim, . [T, (1 + Ha(s)) = 1.

Theorem 3.6.2. Assume (3.6.2), (3.6.3), and (3.6.8)—(3.6.13) hold. Then (3.6.1) has
a bounded solution.

Proof. For ¢,y € M, we obtain

n—1

]})(1 +Ha(s))‘ +ap+B<p.

(7 9)(n) +(By)(n)] < |xo
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Thus, o7 ¢ + By € M. Moreover, Lemmas 3.5-3.7 satisfy the requirements of Kras-
noselskii’s fixed point theorem and hence there exists a function x(n) € M such that

x(n) = x(n) + Bx(n).
This proves that (3.6.1) has a bounded solution x(n).
3.6.1 Application to Nonlinear Volterra Difference Equations

Consider the Volterra difference equation

n—1 k
Ax(n) f%h(x(n)) +;§)4<24n)”!g(X(k))7 x(0) =x9, n >0, (3.6.19)

where the functions 4 and g satisfy conditions (3.6.2) and (3.6.3), respectively. Let
H,G,H*, and G* be positive constants with G < 1 and H = 1. We choose p > 0
such that for any initial point xg, the inequality

n—1

fTo-27)

s=0

ol +Gp+(H'+G") <p

holds. Then (3.6.19) has a bounded solution x(n) satisfying ||x|| < p.
We let a(n) = — 5 and c(n,k) = 4L.

(2")n!
Thus,
n—1 n—1
4u
lc(n,u)| =
Igb = 4(2")n!
1
<)
42!
1
< —.
= on

This shows that condition (3.6.9) is satisfied with L = 1. Condition (3.6.8) can be
easily verified. Moreover,

Hla(n)| =27 =1~ (1-27") < 1 - [ + Ha(n),

thus showing that condition (3.6.10) is satisfied. Next, we verify (3.6.11) as follows.

n—1 nl:[] ’S 4k
1 (0=279)IG 2, =
u=0 s=u+1 k=0 4(2’”)”'
n—1
1 1
<G 7027:G(1—?)
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Finally, we verify (3.6.12).

ni‘l n—1 ui‘l 4k
(-2 + ¥ 6"
u=0" s=u+1 S 4@)n!
n—1 1
S |:27uH*+G*7:|
- 24
u=0
n—1 1
u=0 2

< (H +G")(1— 217) < (H* +G").

Thus, by Theorem 3.6.2, Equation (3.6.19) has a bounded solution.

3.7 Lyapunov Functionals or Fixed Points

In this section, we construct a Lyapunov functional and then refer to Theorem 2.1.1
to deduce boundedness on all solutions of (3.6.1). Then we will compare the results
via an example with Theorem 3.6.2. First we rewrite (3.6.1) as

n—1
x(n+1) =b(n)h(x(n)) + ;)C(n,s)g(x(s)), x(0)=x0,n>0, (3.7.1)

where b(n) = 1 — a(n). Before we state the next theorem we note that as a conse-
quence of (3.6.2) and (3.6.3) we have, respectively, that

| h(x) |<H | x| +H, (3.7.2)
and

g <G lx[+G". (3.7.3)

Theorem 3.7.1. Suppose (3.7.2) and (3.7.3) hold and for some o € (0, 1), we have
that

Hlb(n)|+G Y |C(j,n)|—1<—a. (3.7.4)
j=n+1
Also, assume that
n oo
D, D ICUss)] < oo (3.7.5)
s=0j=n
and
AIC(j,5)] >0 (3.7.6)

then solutions of (3.7.1) are bounded.
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Proof. Define
n—1 oo
V(nx(1) = x(n)|+ 3, 3 1C(j,5)llg(x(s))]. 3.7.7)

s=0 j=n

Then along solutions of (3.7.1), we have

AV (n,x(-)) = |x(n+1)[ = |x(n) |+Z Z 1C(>9)llg(x(s))]

5s=0 j=n+1
n—1 o
- Z(,)Z, 1C(5)llg(x(s))]

n—1
= [b()h(x(n)+ Y, C(n,s)g(x(s))]

s=0

WI+Y S 1CGlel(s)]

s=0 j=n+1

< [Hlb)|+G Y (C(m)| — 1] k()| + M
Jj=n+1

< —olx(n)|+M,

=

where M = H*|b(n)|+G* Y, |C(j,n)].
Jj=n+1

Let ¢(n,s) 2 |C(j,s)|. Then, all the conditions of Theorem 2.1.1 are satisfied
] n

which implies that all solutions of (3.7.1) are bounded.

We note that Theorem 2.1.1 gives conditions under which all solutions of (3.7.1) are

bounded, unlike Theorem 3.6.2 from which one can only conclude the existence of

a bounded solution.

Next, we use the results of Section 3.6.1 to compare the conditions of Theorem 2.1.1
to those of Theorem 3.6.2. Let a(n), G, and H be given as in Theorem 3.7.1 and
consider condition (3.7.4) for n > 0. Then,
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= 1 0 4}’[
Hpm)|+G S 1CG.n) —1=]1——|—1+ _
j:%l 2 j:nzﬂ 4(2)))!
1 B L
- 4}’171 _ —
2n [Zg) 29! & (21)]!]
:—i+4"—1[\/2—i ! ] (3.7.8)
2 = 21 .
j_

Next we perform the following calculations by using n! > 2" for n > 4.

noog 301 1 ¢
_Z;)(Zf)j! :_§_§_@_§(2f)j!
>

18 21 1 1—(1/4)"
__48+43_4( 1—1/4 ) (379
Thus, substitution of (3.7.9) into (3.7.8) yields,
i . 1 _ 78 21 1 /1—(1/4)
H|b Y I VA 7”(7)
bl +G 3, 10U =12~z 4 Ve g =3 ()]

> 0, forn=3.

This shows that condition (3.7.4) does not hold for all n» > 0. Hence, Theorem 2.1.1
gives no information regarding the solutions and yet Theorem 3.6.2 implies the ex-
istence of at least one bounded solution.

3.8 Delay Functional Difference Equations

We consider a functional infinite delay difference equation and use fixed point the-
ory to obtain necessary and sufficient conditions for the asymptotic stability of its
zero solution. We will apply the results to nonlinear Volterra difference equations.
Let R = (—o0,00), ZT = [0,00) and Z~ = (—oo,0], respectively. We concentrate on
the delay functional difference equation

x(t+1)=a(t)x(t)+ g(t,x), (3.8.1)
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where a: ZT — R, and g : Z* x €, is continuous with &€ being the Banach space
of bounded functions ¢ : Z~ — R with the maximum norm || - ||. If x; € €, then
x(s)=x(t+s)forseZ".

We will use fixed point theory to obtain necessary and sufficient conditions for the
asymptotic stability of the zero solution of (3.8.1). Throughout this section we as-
sume g(#,0) = 0 so that x = 0 is a solution of (3.8.1). For every positive 8 > 0, we

define the set
¢ (B)={0€C ¢l <B}

Given a function v : Z — Z, we define ||y||*" = max{|y ()| : s < u < 1}. More-
over, for D > 0 a sequence x : (—oo, D] — R is called a solution of (3.8.1) through
(to,9) € Z+ x € if x;, = ¢ and x satisfies (3.8.1) on [fg, D]. Due to the importance
of the next result, we summarize it in the following lemma.

Lemma 3.8. Suppose that a(t) # 0 for all t € Zt. Then x(t) is a solution of equa-
tion (3.8.1) if and only if
t—1 -1 -1
=o(0) [Tals)+ Y, T alu)g(s,xs) fort > 1. (3.8.2)

s=lo s=ty u=s+1

The proof of lemma 3.8 follows easily from the variation of parameters formula
given in Chapter 1, and hence we omit.

In the preparation for our next theorem we let L > 0 be a constant, &) > 0 and 7y > 0.
Let ¢ € € () be fixed and set

S= {x:Z%R:xto =¢,x €¥€(L)fort >1ty,x(t) — 0, ast%oo}.
Then, S is a complete metric space with metric
p(x,y) = max|x(r) —y(r)]
Define the mapping P : S — S by
(Px)(t) =0 (t)ift <19

and

t—1 1—1

(Px) o (1) Ha —I—Z H g(s,x;) fort > to.

s=ty s=ty u=s+1

It is clear that for ¢ € S, Po is continuous.
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Theorem 3.8.1 ([146]). Assume the existence of positive constants o.,L, and a se-
quence b : Y — [0,00) such that the following conditions hold:

(i) a(t) # O forallt € Z".

t—1, t—1

i S| T1 a(u)‘b(s)§a<1forallt€Z+.

s=0" u=s+1

(iii) |g(1,0) — g (1, ¥)| < b(1)||® — y|| for all ¢,y € € (L).

(iv) For each € > 0 and t; > 0, there exists a t) > 1| such that fort > ty,x; € € (L)
imply

lg(t,3)| < b(0) (& + [l ).

Then the zero solution of (3.8.1) is asymptotically stable if and only if

(v)|Ha ) =0 ast— oo,

t—1
Proof. Suppose (v) hold and let K = max| H a(s)|. Then K > 0 due to (i). Choose

6o > 0 such that 8K + oL < L. Then for x( ) € S and for fixed ¢ € € (&) we have

(P )()|<|<Pto||Ha \+Z| H b(s)[|xl|

s=tg s=ty u=s+1

< &K+ oL <L, fort> 1.

Hence, (Px) € €(L). Next we show that (Px)(f) = 0ast — . Letx€S. As a
consequence of x(t) — 0 as t — oo, there exists #; > fp such that |x(¢)| < € for all
t > t;. Moreover, since |x(¢)| < L, for all € Z, by (iv) there is a t; > #; such that for
t > tp we have

lg(e,3)] < (o) (£+ [Jxl] 1),
Thus, for ¢t > t,, we have

t—1 t—1 Hn—1 -1

1Y I e glsx)| < X1 TT a()]lg(s,x)]

s=ty u=s+1 s=ty u=s+1
t—1 -1
+ 2 1 T a)] lg(s,x)|
s=ty u=s+1
th—1 t—1
< 21 IT el bl
s=1) u=s+1

t—1 -1

+ 2| H Cl(u)|b(S)(g_i_HxH[Il,sflo

s=tr u=s+1
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-1 n-1

< S TT atw)l T atw] ]|+ 20¢
s=ty u=s+1 u=ty

< ol Ha )| +20€.

u=ty
By (v), there exists 3 > f» such that
O H u)|+Lj Ha )| < e.
u=s+1 U=ty
Thus, for ¢ > t3, we have
|(Px) ()] < S| H |—|—aL|Ha )| +2ae < 3e.
u=s+1 u=tp

Hence, (Px) () — 0 as t — oo. Left to show that (P@)(¢) is a contraction under the
maximum norm. Let {,n € S. Then

t—1 =1

PO - Pn©| < 3| TT a] lg(:6)—gsn.)
S=1y u=s+
— —1
Z| IT atwb(s) 1&—nl
s=ty u=s+1
<ap(g,n).

Or,
p(PE,Pn)<ap(f,m).

Thus, by the contraction mapping principle P has a unique fixed point in S which
solves (3.8.1) with ¢ € € (&) and x(r) = x(t,0,¢) — 0 as t — eo. We are left with
showing that the zero solution of (3.8.1) is stable. Let € > 0,& < L be given and
chose 0 < § < € so that K + ae < €. By the choice of § we have |x(fp)| < €.
Let t* > fo+ 1 be such that |x(¢*)| > € and |x(s)| < € forto <s <¢*— 1. If x(t) =
x(t,10,9) is a solution for (3.8.1) with ||¢|| < &, then

-1 =1 -1

<8 TTa)|+ X | T alw)lb(s)lkl]

s=1g s=ty u=s+1
< 0K+ ae<e,

which contradict the definition of #*. Thus |x(¢)| < € for all # > £y and hence the zero
solution of (3.8.1) is asymptotically stable.
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Conversely, suppose (v) does not hold. Then by (i) there exists a sequence {,} such
that for positive constant g,

th—1

(|Ha ) =g, forn=1,2,3,---.

Now by (ii) we have that

th—1 t,—1

Z\ IT a()lb(s) < e
s=0 u=s+1

from which we get that

fa—1 L=l ty—1 fa—1

(T atw)) " 51 TT atwivs < (1 [Taw)

s=0 u=s+1

This simplifies to

t,—1 K

Z(\Ha ) s) < ag.

s=0

—1
Thus the sequence { 2 (| H alu ) b(s)} is bounded and hence there is a conver-
s=0
gent subsequence. Thus, for the sake of keeping a simple notation we may assume

th—1 K

lim Z (|Ha )

n—oo

| |
e

for some positive constant @. Next we may choose a positive integer 7 large enough

so that |
(I -1 1-o
3 (Tat1) o)< 3z

S=Iy

for all n > 7.
Consider the solution x(¢,%;,¢) with ¢(s) = & for s < 7. Then, |x(z)| < L for all
n>nand

|<50|Ha |+Z|H b(s)]xs|]

s=t;; s=t; u=s+1
< &K+ af|x]].
This implies
K
|x(2)] < 160705’ forallt > t;.
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On the other hand, for n > n, we also have

th—1 — th—1

x(t) = & | [T als) |—Z|H Ol

S=t; s=t; u=s+1

th—1

Z%\Haw_ﬁ%fﬁ |2|(ﬂ“ )b

S=ty = S=ly  u=

ty—1 tn_l t—1

= &[T a)- IHa ) T als |Z|(H“ ) o

S=ty u=ty S=t; u="

zfﬁa<s><ao—i'; (i) o)

S=ty S=ty u=\

th—1 &)K _a th—1
S50 COIC L TR T} s P

S=t S=t;

tnl

ti—1 _1
a(s a(s — Oasn — oo.
|H (T ats)) - D g/g#0usn -

Hence, condition (v) is necessary. This completes the proof.

Now we apply the results of Theorem 3.8.1 to the nonlinear Volterra infinite delay
equation

x(t+1) =a(t)x(t) + 2 (t,5,x(s (3.8.3)

§=—o0

wherea:Z" - Rand G: Q xR — R, Q = {(t,5) € Z* :t > s} and G is continuous
in x. The next theorem gives necessary and sufficient conditions for the stability of
the zero solution of (3.8.3).

Theorem 3.8.2. Assume the existence of positive constants o, L, and a sequence
p: Q — R* such that the following conditions hold:

(1) a(t) #0 forallt € Z,

— t—1

s—1
(1) max2| I1 a)]| > p(s,7) <a <1 forallt € Z*,
s=0 wu=s+1 7=0
(1) If |x|, [y| < L, then
|G([,S,)C) *G([,S,y)‘ < p(l,S)|)C7y‘
and G(1,5,0) = 0 for all (t,s) € Q,

(IV) For each € > 0 and t; > 0, there exists a t, > t| such that for t > t,, implies
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-1 —

Zpts Z ts

§=—00 §=—o0

Then the zero solution of (3.8.3) is asymptotically stable if and only if
(V) |Ha ) =0 ast—oo.

Proof. We only need to verify that (iii) and (iv) of Theorem 3.8.1 hold. First we
remark that due to condition (11I) we have that |G(z,s,x)| < p(¢,s)L. Equation (3.8.3)
can be put in the form of Equation (3.8.1) by letting

Z G(t,t+s5,0(s)).

§=—o0

t—1

To verify (iii) we let b(t 2 p(t,s) and then for any functions ¢, ¢ € (L), w

§=—o0

have

> G(t,t+5,9(s) 2Gtt+s<p())

S=—00 §=—o0

\g(t,d))—g(t,(p)\ <

I A

Z pt,t+s) (|9 —ol|

§=—00

b(®)ll¢ - oll-

Next we verify (iv). Let € > 0 and #; > 0 be given. By (1V) there exists a r, > t; such

that
t—1 t—1

L z p(t,s) <& Z p(t,s) forallt > 1.

S=—o00 S=—o00

Let x; € (L) and for t > t, we have

n—1 t—1

gt x)| < X 1G(,5,x(s)) + D 1G(t,5,x(5)))|

§=—00 s=1

t—1 t—1

< Y Lp(t,s)+ Y, plt,s)|x(s)|

§=—00 s=t

<e 'S pe)+ S pless)lee

§=—00 S=I
< b(o)(e+ [l 1)

This implies that (iv) is satisfied, and hence by Theorem 3.8.1, the zero solution
of (3.8.3) is asymptotically stable if and only if (V) holds.
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We end the paper with the following example.

Example 3.9. Consider the difference equation

x(t+1)= —x(t) + 2 257 'x(s),n > 0. (3.8.4)

§=—o0

In this example we take 79 = 0. We make sure all conditions of Theorem 3.8.2 are
satisfied. We observe that a(t) = 5, and G(r,s,x) = 2°~'x(s). Thus,

t—1

2S —0ast — oo,

and hence condition(V) is satisfied. It is clear that p(z,s) = 2°~'. Next we make sure
condition (II) is satisfied.

— t—1 s—1
max2| H a(u)| Zp(s,‘r)

1€Zt s=0 wu=s+1

S RI RS

1€Zt s=0 wu=s+1

-1 1-1
§max2| H 27

tez+s—0 u=s+1
< max 2 2177 (1-279)
teZ+

1—t

4
< 2171[_2171_"_24_

—4/3]
<2/3, forallt € Z".

Hence (II) is satisfied. Left to show (IV) is satisfied. Let ; > 0 be given. Then

-1 -1

z p(t,s) _ 2 271+s

§=—o0 S=—o00
=272 —27]
S 2[7!2

t—1

_ 27[2 2 2*l+s

§=—o0
t—1
<e Y pts),t>n>n.

§=—00

Thus all the conditions of Theorem 3.8.2 are satisfied and the zero solution of (3.8.4)
is asymptotically stable.
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3.9 Volterra Summation Equations

We shift our focus to different types of Volterra difference equations, which we
call Volterra summation equations. Volterra integral equations were first studied by
Miller [123], in which he proposed the extension of the use of Lyapunov functionals
in Volterra integro-differential equations to integral equations. Years later, Burton
took upon himself such a tedious task and successfully used Lyapunov functionals
in the qualitative analysis of Integral equations. For such a reference we mention
the papers [28, 29, 30]. Since then, the study of integral equations has been fully
developed, unlike its counterpart, Volterra summation equations. All the results of
this section are new and not published anywhere else. Volterra summation equations
play major role in the qualitative analysis of neutral difference equations. To see this
we consider the neutral difference equation

A(D(n,xy)) = f(n,xy), n€Z*. (3.9.1)

If
D(n,0) = f(n,0) =0,

then one would have to ask that the zero solution of D(n,0) = 0 be stable in order
for the zero solution of (3.9.1) to be stable. On the other hand, if we are interested
in studying boundedness of solutions of (3.9.1), one would have to require that the
solutions of

D(n,x,) = h(n),

be bounded for a suitable function 4(n) with suitable conditions. Equation (3.9.1) is
typified by neutral equations of the form

n—1
A(x(n)Jr 3 b(s+h)x(s)) = f(n,x). (3.9.2)

s=n—h

Equation (3.9.2) will be studied in detail in Chapter 6. For more on neutral difference
equations, we refer to [183]. Most of this section’s materials can be found in [142].
We consider the vector Volterra summation equation

x(t) =a(r)— E C(t,8)x(s), t € Z* (3.9.3)
s=0

where x and a are k-vectors, k > 1, while C is an k x k matrix. To clear any confusion,
we note that the summation term in (3.9.3) could have been started at any initial time
to > 0. We will use the resolvent equation that was established on time scales in [2],
combined with Lyapunov functionals and fixed point theory to obtain boundedness
of solutions and their asymptotic behaviors. One of the major difficulties when using
a suitable Lyapunov functional on Volterra summation equation is relating the solu-
tion back to that Lyapunov functional. For x € R, |x| denotes the Euclidean norm of
x. For any k x k matrix A, define the norm of A by |A| = sup{|Ax]| : |x| < 1}. Let X
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denote the set of functions ¢ : [0,n] — R and ||¢|| = max{|¢(s)|: 0 < s <n}. We
have the following theorem regarding the existence of solutions of (3.9.3).

Theorem 3.9.1. Assume the existence of two positive constants K and o € (0,1)

such that
t—1

la(t)| < K, and max Y c@,s)| < a, (3.9.4)
20 520

then there is a unique bounded solution of (3.9.3).

Proof. Define a mapping D : X — X, by

t—1
(D9)(r) = a(t) = 3, C(t,5)0(s).

s=ty

It is clear that (X, || - ||) is a Banach space. Now for ¢ € X, with ||¢|| < ¢ for positive
constant g we have that
(DY) < K+ag.

Thus D : X — X. Left to show that D defines a contraction mapping on X. Let
¢,¢0 € X. Then

t—1

1(D9) — (Do) || < max 3 [C(t,5)[[|¢ — o]
=" 5s=0
<oal¢—ol.

Hence, D is a contraction, and by the contraction mapping principle it has a unique
solution in X that solves (3.9.3). This completes the proof.

We have the following theorem in which we use a Lyapunov functional to drive
solutions to zero.

Theorem 3.9.2. Assume the existence of two positive constants K| and o € (0,1)
such that

la(t)| < Ky, and Y |Cu+1,1)| < a, (3.9.5)
0 u=1

M s

t

then every solution x(t) of (3.9.3) satisfies x € 11]0,0) and x(t) — 0, as t — oo,

Proof. Using (3.9.3) we obtain

t—1

()] = la(r)] < zz)lC(ES)HX(S)L (3.9.6)

\)
Define the Lyapunov functional V by
I

Vi)=Y, Y, [Clu+s,s)||x(s)|.

s=0u=t—s
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Moreover,

oo t—1

AV(t) = |x(0)] X 1C(u+s,5)| — Z(,)IC(LS)IIX(S)I-

u=1

A substitution of (3.9.6) in the above expression yields

AV(t) < |x(r))| il |Cuts,5)] = [x(t) |+ |a(t)|
= (= Dx(0)[+a(r)].

Summing the above inequality from O to r — 1 gives

t—1 t—1
0<V()<V(O0)+(a—1) ;)|x(s)| + Zo|a(s)

Since V(0) =0 and o € (0,1) we arrive at

t—1 1 t—1
§)|X(S)| *1—a go|a(s)

Letting t — o we have

Z|x |_ Z|a <7K1,

which is automatically implied that x(¢) — 0, as ¢ — co. This completes the proof.

We note that the use of Lyapunov functional has an advantage here due to the ab-
sence of a linear term in our original equation (3.9.3) which is necessary for the use
of variation of parameters. The next result is about the existence of a unique periodic
solution for the Volterra summation equation

Z C(t,s)x(s), t € Z 3.9.7)

§=—o00
where x and a are k-vectors, k > 1, while C is a k X k matrix.

Theorem 3.9.3. Assume the existence of a constant o € (0,1) such that
1
max Citys)|<a
nx 3, [C0.9)] <

and there is a positive integer T such that
a(t+T)=a(t)and Ct+T,s+T)=C(t,s),

then there is a unique periodic solution of (3.9.7).
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Proof. Let X be the space of periodic sequences of period 7. Then, it is clear that
(X,||-1]) is a Banach space. Now for ¢ € X, we define D : X — X by

(Do) (t ZCts

It is clear that D is periodic of period T. Thatis (D¢)(t+T) = (D¢)(¢). Left to show
that D defines a contraction mapping on X. Let ¢, ¢ € X. Then

t—1

I(D9) = (Do)l < max 3 |C(t,5)lll¢ - @

§=—o0

< «fl¢ — ol

Hence, D is a contraction and by the contraction mapping principle it has a unique
solution in X that solves (3.9.7). This completes the proof.

In the next theorem we return to (3.9.3) and rewrite it so we can show it has an
asymptotically periodic solution. Thus we rewrite (3.9.3) in the form

—1 —1
= Y, Clt,s)x(s)+ Y, C(t,5)x(s). (3.9.3)

S=—00 §=—o0

Note that the term a(r) — Y'Z! . C(t,s)x(s) produced a unique periodic solution as
we have seen in Theorem 3.9.3 and this indicates that for any bounded x, the term
L C(t,5)x(s) = 0, t — oo. Hence it is intuitive to expect a solution x of (3.9.8)

§—=—00
to be written as x = y 4 z where y is periodic and z — 0, as t — . We need to
properly define our spaces. Let

Pr={¢:Z—R|o(t+T)=0(t)}

and
0={q:2" - R"|q(t) =0, as 1 — oo}.

We have the following theorem.
Theorem 3.9.4. Suppose for ¢ € Pr,
Z C(t,s)p(s) =0, ast — oo
§=—o0
and for each z € Q,

ZCts ) =0, ast — eo.
s=0
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Assume the existence of a constant o, € (0,1) such that

—1
C(t <o
rp;g;)\ (t,s) <,

and there is a positive constant integer T such that a(t+T) = a(t) and C(t +T,s+
T)=C(t,s). Then (3.9.3) has a solution x(t) = y(t) +z(t) where ¢ € Pr and 7 € Q.

Proof. Let X be the space of sequences ¢ : Z*+ — R¥ such that ¢ € X implies there is
ay € Prandze€ Q with ¢ =y+z. We claim that (X, || -||) is a Banach space, where
I || is the maximum norm. To see this, we let {y, +z,} be a Cauchy sequence in
(X,||-1). Given an € > O there is an N such that for n,m > N we have

Vn(t) +20(t) —ym(t) —zm(2)] < %

Since z € Q we have for each € > 0 and each z € Q there is an L > O such thatt > L,
implies that |z(r)| < £/4. Fix n,m > N and for the £/4 find L > 0 such thatr > L
implies that

(1) = 2n(0)] = |2 (8) = ym ()] < [ya(t) +2a(t) = ym (1) — 2 (2)| < %

so that# > L implies that
€
Ya(t) =ym(0)] < 5 +lzn(0)] + [zm(1)] <€,
for all ¢ since y,,y,, € Pr. Since this holds for every pair withn > N and m > N, it
follows that {y,} is a Cauchy sequence. The same argument can be repeated for the

sequence {y, }. This completes the proof of the claim.
Let ¢ =y+zwherey € Pr and z € Q. Define the mapping H : X — X by

t—1
(HY)(t) = alt) - Z()C(I,S)x(S)~

Then H is a contraction mapping by Theorem 3.9.3. Now we observe that

t—1
(Ho)(1) = al(r) — Z(,)C(ESM)(S)

-1
a(r) - Z(,)C(W) (v(s) +2(5))

a)= 3, Ct.950)

§=—o0

- -1
+ [ 3 cton) -3 c:)]

s=—o0 s=0

= B¢ +A¢.
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This defines mappings A and Bon X. Notethat B: X - Pr CX andA: X — Q C
X. Since H defines a contraction mapping, it has a unique fixed point in X that
solves (3.9.3). The proof is complete.

Next we discuss the equation for Volterra summation equation (3.9.3) and use vari-
ation of parameters to obtain variety of different results concerning the solutions.
Adivar and Raffoul [2] were the first to establish the existence of the resolvent of
an equation that is similar to (3.9.3) on time scales. Due to the importance of such
results, we will state them as they were presented in [2] on time scales. We then set
the time scale equal to Z to suit our equation (3.9.3). For a good reference on time
scales we refer the reader to the famous book by Martin Bohner and Al Peterson
[18]. A time scale, denoted T, is a nonempty closed subset of real numbers. The set
T* is derived from the time scale T as follows: if T has a left-scattered maximum
M, then T¥ = T— {M}, otherwise T* = T. The delta derivative f* of a function
f:T — R, defined at a pointz € T* by

£A(t) = lim 100 = F ()

s=t o(t)—s wheres —1, s € T\{o(1)}, (3.9.9)

In 399), 0 : T — T is the forward jump operator defined by o(z) :=
inf{s€T :s>t}. Hereafter, we denote by () the step size function p : T — R
defined by p(¢) := o(¢) —t. A point ¢ € T is said to be right dense (right scattered)
if u(r) =0 (u(r) > 0). A point is said to be left dense if sup{s€T:s <t} =1.
We note that when the time scale is the set on integers, T = Z, then o(t) =1+ 1
and p(¢) = 1. where 7y € T* is fixed and the functions a : It = R, C: It x It — R.
Based on the results of [2], we have the following. Given a linear system of integral
equations of the form

x(t)=a(t)— /Z‘IC(t,s)x(s)As, fh €T* (3.9.10)

s

the corresponding resolvent equation associated with C(z,s) is given by
t
R(t,s) = C(t,s) — / R(t,u)C(u,5)Au. (3.9.11)
o(s)

If C is scalar valued, then so is R. If C is n x n matrix, then so is R. Moreover, the
solution of (3.9.10) in terms of R is given by the variation of parameters formula

x(t)=a(t)— tR(t,u)a(u)Au. (3.9.12)

fo

It should cause no difficulties to take the initial time #y = 0. With this in mind, if we
set T = Z, then equations (3.9.10) and (3.9.11) become

x(t) =a(t) — li C(t,s)x(s), (3.9.13)
5s=0
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and

R(t,s) 2 R(t,u)C (3.9.14)
u=s+1

respectively. If C is scalar valued, then so is R. If C is n x n matrix, then so is R.
Moreover, the solution of (3.9.13) in terms of R is given by

- E“R(I,s)a(s). (3.9.15)

For the remainder of this section we denote the vector space of bounded sequences
¢ : Z+ — R by %% . The next theorem is an extension of Perron’s Theorem for
integral equation over the reals to an arbitrary time scale. Its proof can be found in
[2]. Only for the next theorem we define % to be the space of bounded continuous
functions on It = [fy, ) ‘|| 2, given by

|11l == sup | ()]

telp

One can easily see that ( ) is a Banach space.

Theorem 3.9.5 ([2]). Let C : I X IT — R be continuous real valued function on
<tp <5<t <o Ifftf)R(t,s)f(s)As € BE for each f € BE, then there exists a

positive constant K such that f,i) |R(z,s)| As < K, forall t € IT.
Just for the record, we restate Theorem 3.9.5 for T = Z

Theorem 3.9.6. Let C : Z" x Z7" — R be real valued sequence on 0 <ty < s <t < oo,
IFSIZ0R(t,5)f(s) € BYE for each f € BE, then there exists a positive constant K
such that Y~ |R(t,s)| < K, forall t € Z*.

Theorem 3.9.7. Suppose R(t,s) satisfies (3.9.14) and that a € BE. Then every so-
lution x(t) of (3.9.13) is bounded if and only if

t—1

maxz IR(t,s)| <o (3.9.16)

teZt =

holds.

Proof. Suppose (3.9.16) holds. Then, using (3.9.15), it is trivial to show that x(¢) is
bounded. If x(¢) and a(t) are bounded, then from (3.9.15), we have

2|Rts|\a <y

for some positive constant y and the proof follows from Theorem 3.9.6.

The intuitive idea here is that for C(z,s) well behaved then the solution of (3.9.13)
follows a(z).



3.9 Volterra Summation Equations 147

Theorem 3.9.8. Let C be a k x k matrix. Assume the existence of a constant o €

(0, 1) such that
t—1

max2|Czs |<a, (3.9.17)

teZt ;=
(i) If a € BE so is the solution x of (3.9.13), hence, (3.9.17) holds.
T

(ii) Suppose, in addition, that for each T > 0 we have . |C(t,s5)| — 0 ast — oo. If
=0
-1 ’
a(t) = 0 ast — oo, then so does x(t) and Y R(t,s)a(s).
=0
t—1 ’
(i) Y, |R(t,5) |<7

s=0 o

Proof. The proof of (i) is the same as the proof of Theorem 3.9.1. For the proof of
(i) we define the set

M={¢:Z" = R"||g(t)] = 0, ast — oo}.
For ¢ € M, define the mapping Q by

(09)(1) ZCts

s=0

Then .
1(Q9) (1)| < la(r)| + ZBIC(I’S)(P(S)

We already know that a(z) — 0 as t — . Given an € > 0 and ¢ € M, find T such

that |¢(z)| < € if 1 > T and find d with |¢(¢)| < d for all r > T. For this fixed T, find
T-1
N > T such that r > 1 implies that Z |C(2,s)] < < —. Then t > 1 implies that

§=

t—1 T-1 t—1
Z(,)IC(M)I < ZE)\C(M)I ;IC(M)\
< (de)/d+océ <2e.

Thus, Q : M — M and the fixed point satisfies x(t) — 0, as r — o, for every vector
sequence a € M. Using (3.9.15) we have

2R(t,s)a(s) =a(t)—x(t) =0, ast — oo.

This completes the proof of (ii). Using (3.9.14) and (3.9.17) we have by changing
of order of summations
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2|Rls|<2|Cts\+z z |R(t,u)||C(u,s)]|

s=0u=s+1

= e+ 3 IRE0) S [Cs)
s=0 u=0 =0

t—1

<a+a ) |R(tu).

u=0
Therefore,
-1
—a) Y [R(t,s)] < c.
s=0
That is,
-1 a
max R t,5)| < T—a
teZ+ 2 ‘ | -

Example 3.10. Suppose there is a sequence r: ZT — (0, 1], with r(¢) | 0 with

t—

mzzlxz |C(t,8)|(r(s)/r(2)) < @, a € (0,1) (3.9.18)
€2t (5

and
la(t)| < kr(t) (3.9.19)

for some positive constant k. Then the unique solution x(¢) of (3.9.13) is bounded
-1

and goes to zero as ¢ approaches infinity. Moreover, Z R(t,s)a(s) — 0, ast — oo,
s=0

Proof. Let

A= (63 [0.) > B Jol, < max 20 <o)

Then (.#,|-|+) is a Banach space. For ¢ € .#, define the mapping Q by

(09)(1) ZC (t,s)

Then,

[(Q0) ()| /r(e) < la()]/r(t +Z C(t,8)|(r(s)/r(1))[@(5)|/r(s)

t—1

< k+ |¢Ir§)IC(I,5)I(r(S)/r(I))

S k+(x‘¢|ra
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which shows that Q¢ € .#. Let ¢,n € .# , then we readily have that

[(06)(1)) - (en) )] /r(1) < alg ~m,

and so we have Q is a contraction on .# and therefore it has a unique fixed point
x(t) in . that solves (3.9.13). Moreover, max,cz+ % < oo, implies that |x(z)| <
k*r(t) — 0, as t — . Also by (3.9.19) we have |a(f)| — 0, as r — oo and hence
using (3.9.15) we have

Z|Rts $)| < la(t)]|+|x(t)] — 0, as t — oo.

This completes the proof.

The next theorem relates the kernel to a kernel of convolution type. Also, unlike
Theorem 3.9.2 we only ask for boundedness on a(t).

Theorem 3.9.9. Assume the existence of a constant o € (0,1) such that
2 (u+t,1) < a, (3.9.20)

and let a(t) be a bounded sequence. Suppose there is a decreasing sequence @ :
[0,00) — (0,00) with @ € 1;[0,e0), and

=

D(t—s5)> Y, [Clu+ts,s)|. (3.9.21)

u=t—s

If in addition there exists a positive constant K with

=

Y, [C(u+s,s)| = KIC(t,s)], (3.9.22)

u=t—s
then the unique solution x(t) of (3.9.13) is bounded and
=1

max Rts <
teZ*z‘ | =

Proof. Define the Lyapunov functional V by

t—1 oo

V(t):z 2 |C(u+s,s)||x(s)]-

s=0u=t—s
Then along the solutions of (3.9.13) we have
oo t—1

AV () = x(0)] X 1C(u+s,5)| - ;)IC(M)IIX(S)L

u=1
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Using (3.9.13) we arrive at
()] = la(r)] < :Z;IC(I,S)IX(S)L
Hence,
AV(r) < |x(t)|,; |Cluts,5) = x(1)] +a(t)]

= (a=Dx(0)[ +]a(0)] := =8[x(t)| +|a()],

for 6 > 0. Replace ¢ with s in the above expression and then multiply both sides by
D(t—s)for0 <5<t <oo.

AV ()Pt —s) < =8x(s)|D(t —5) + |a(s)|D(t — ). (3.9.23)
Suppose there is a ¢ > 0 satisfying

V(t) = Vis+1).
(t) o x| (s+1)

Then summing from O to # — 1 followed with summation by parts and by noting that

V(0) = 0 we arrive at

t—1 t—1
ZZ)ASV(S)(D(t—s) =V(s)®(t—s)|._,— Zavm DAD(r —5)

> V() ®(0) — V(0)(7) —V(t)t_i AD(1 —s)
s=0
= V(0)®@(0) =V (1)[@(0) — ®(7)]
=V ®(1). (3.9.24)

Hence (3.9.24) combined with (3.9.23) and making use of (3.9.22) yield

V() o() < tz;)ASV(s)cD(t—s)

-1 1—1
<-8 ;)db(t —5)lx(s)| + ZO‘DU = s)la(s)]

t—1

t—1 oo
=85 Y IC(uts,5)[lx(s)|+ Y, Bt - s)la(s)

s=0u=t—s s=0

—8V(t) +lallg,

IN

IN
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where ||a|| is the maximum norm of a and ¢ is a positive constant that we get from
|®@| € 11]0,0). The above inequality implies that

|lallq
V() < m,

and V (¢) is bounded. Using (3.9.22) in V(z) gives

t—1

V(1) 2 K Y |C(t.9)|lx(s)| = K[lx(t)] = a(0)]],

=0

from which we conclude x(¢) is bounded since both V(¢) and a(¢) are bounded.
=1

Now from (3.9.15) we have that Y |R(t,s)a(s)| < [x(t)| + |a(t)| and hence ¥'_
s=0

-1
R(t,s)a(s)| is bounded and by Theorem 3.9.6, we have that max N IR(t,5)] < oo.
1EZT {7

This completes the proof.

For Theorem 3.9.10 we assume (3.9.13) is scalar.

Theorem 3.9.10. Assume the existence of constants o, B € (0,1) such that

=

S lcu+tn| < e, (3.9.25)
u=1
and
t—1
C(t,s)| < B. 3.9.26
max 2 |C(1,5)| < B (3.9.26)

If a € ]0,0) s0 is the solution x of (3.9.13).
Proof. Define the Lyapunov functional V by

=1 oo
V= Y |C(u+s5,5)|x*(s).

s=0u=t—s

Then along the solutions of (3.9.13) we have that

AV () = 2(1) il Clu+s,5)| —tzo|c(t,s) 2(s).

Squaring both sides of (3.9.13) gives

t—1 t—1

2(0) = a0) ~2a(0) O3+ (zocm)x(s))z

t—1

< 2(a2(t)+ ( C(l,S)X(S))Z)

s=0
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t—1 t—1
< 2% (1) +2 Y, [C(t,5)| 3 [C(t,9) [ (s)
s=0 s=0

—1
<2a°(t) +2B Z{J C(t,5)|x*(s).

This implies that

t—1
- %IC(M)IXZ(S) <d*(1)/B —x*(1)/(2B).

Substituting into AV gives

t—1

AV (1) = (1) i} |C(u+s,s)| — ;)|C(t,s)|x2(s)

S

< a*(1)/B—(1/(2B) — a)x*(1).

Summing the above inequality for 0 to n — 1 yields

n—1 n—1
0<V()-VI0) < 1/B 3 6) - (1/(28) - @) 3P ()

and hence the results. This completes the proof.

3.10 The Need for Large Contraction

So far, we have been successful in using fixed point theorems including the contrac-
tion mapping principles in obtaining different results concerning functional differ-
ence equations. It is naive to believe that every map can be defined so that it is a
contraction, even with the strictest conditions. For example, consider

flx)=x—x°

then for x,y € R we have that

x2 +y2
2

@) = FO)] = =2 =y 97| < [x—y] (1—

and the contraction constant tends to one as x> + y2 — 0. As a consequence, the
regular contraction mapping principle failed to produce any results. This forces us
to look for other alternative, namely the concept of Large Contraction. We will re-
state the contraction mapping principle and Krasnoselskii’s fixed point theorems in
which the regular contraction is replaced with Large Contraction. Then based on the
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notion of Large Contraction, we introduce two theorems to obtain boundedness and
periodicity results in which Large Contraction is substituted for regular contraction.

Definition 3.10.1. Let (.# ,d) be a metric space and B: M — 4. The map B is
said to be large contraction if ¢,Q € M, with ¢ # ¢ then d(Bo,Bo) < d(¢,0)
and if for all € > 0, there exists a 0 € (0, 1) such that

(0,0 € #,d($,p) > €] = d(Bo,Bp) < 3d(9,0).

The next theorems are alternative to the regular Contraction Mapping Principle and
Krasnoselskii’s fixed point theorem in which we substitute Large Contraction for
regular contraction. The proofs of the two theorems and the statement of Defini-
tion 3.10.1 can be found in [24].

Theorem 3.10.1. Let (.# ,p) be a complete metric space and B be a large contrac-
tion. Suppose there are an x € A and an L > 0 such that p(x,B"x) < L for alln > .
Then B has a unique fixed point in A .

Theorem 3.10.2. Let .# be a bounded convex nonempty subset of a Banach space
(B, - |I)- Suppose that A and B map .# into B such that

i. x,y € M implies Ax+By €
ii. A is compact and continuous;
iii. B is a large contraction mapping.

Then there exists z € .# with z=Az+ Bz.
Next, we consider the completely nonlinear difference equation
x(t+1) = a(t)x(t)’ + p(t), (3.10.1)
where a, p : Z — R. To invert our equation, we create a linear term by letting
H(x) = —x+x°. (3.10.2)

It would become clearer later on that H(x) is not a contraction and, as a conse-
quence, the Contraction Mapping Principle cannot be used. Instead, we will show
that H is a Large Contraction and hence our mapping, to be constructed, will define a
Large Contraction. Then we use Theorem 3.10.2 and show that solutions of (3.10.1)
are bounded. This allows us to put (3.10.1) in the form

x(t+1)—a(f)x(t) = a(@t)H(x(t)) + p(t). (3.10.3)

Let x(0) = xo, then by the variation of parameters formula, one can easily show that
fort > 0, x(¢) is a solution of (3.10.3) if and only if

t—1 t—1

t—1 t—1 1—1
x6)=xo[Ja(s)+ Y (a(s)H(x(s)) 1 a(u))Jrz (p(s) 1 a(u)). (3.10.4)
s=0 s=0 s=0

u=s+1 u=s+1
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We begin with the following lemma.

Lemma 3.9. Let || - || denote the maximum norm. If
M={9:ZR[6(0) =g, and 9] <57/},
then the mapping H defined by (3.10.2) is a large contraction on the set M.
Proof. For any reals a and b we have the following inequalities
0< (a+b)* = a*+b*+ab(4a® + 6ab+ 4b*),

and 44 232 4 14
b b b
—ab(a*+ab+b*) < a I +a2 < a er

If x,y € M with x # y, then x(¢)* +y(t)* < 1. Hence, we arrive at

. w—v
u—v
= |u—v|{1—u4—v4—uv(u2+uv+v2)}

4, 4
< |u—v| {1—(“+V)} < Ju—vl, (3.10.5)

[H (1) —Hv)| < u—v]

2

where we use the notations u = x(¢) and v = y(¢) for brevity. Now, we are ready to
show that H is a large contraction on M. For a given € € (0, 1), suppose x,y € M
with ||x —y|| > €. There are two cases:

a.

% < |x(¢) — y(¢)| for some t € Z,
or
b. e
lx(t) —y(0)| < 3 for some 1 € Z.
If /2 < |x(t) — y(¢)| for some r € Z, then
(€/2)* < lx(r) —y()[* < 8(x(1)* +¥(1)"),
or

() +y()* > .

For all such ¢, we get by (3.10.5) that

4
|H(x(t)) —H(y(t))| < [x(2) — y(1)] (1 - ;) '
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On the other hand, if |x(¢) — y(¢)| < &/2 for some t € Z, then along with (3.10.5) we
find

(1)) = H(3(0))| < Ix(6) =5(0)] < 2lx =]

Hence, in both cases we have
4
Hs(0) - HOW)] < min{1- 5.3 b

Thus, H is a large contraction on the set M with § = min{1—¢&*/27,1/2}. The
proof is complete.

Remark 3.6. It is clear from inequality (3.10.5) that (u* +v*) /2 — 0, the contraction
constant approaches one. Hence, H (x) does not define a contraction mapping as we
have claimed before.

For v € M, we define the map B : M — M by

—1 —1 —1 —1 —1
=yo[Lals)+ X, (als)H(w(s) T] aw)+ X (pls) TT atw)).
s=0 s=0 u=s+1 s=0 u=s+1
(3.10.6)
Lemma 3.10. Assume for allt € 7,

o] 4 % (o 11

If H is a large contraction on M, then so is the mapping B.

)<5 1/4(3.10.7)
u= s+1

Proof. 1t is easy to see that
\H(x(1))] = |x(t) —x(¢)°| < 4(57>/*) for all x € M.

By Lemma 3.9 H is a large contraction on M. Hence, for x,y € M with x # y, we
have ||[Hx — Hy|| < ||x—y||. Hence,

t—1
|Bx(t) = By(1)| < Z(,)IH(X(S)) —H(y(s))|

t

<457 Y

—1
s=0

-1
[TaG){lx—yl
u=s

=[x =yl

Taking maximum norm over the set [0, ), we get that ||Bx — By|| < ||x — y]||. Now,
from the proof of Lemma 3.9, for a given € € (0, 1), suppose x,y € M with ||x—y]|| >
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€. Then § =min{1—¢&*/27,1/2} , which implies that 0 < § < 1. Hence, for all such
€ > 0 we know that

[e,y € M, |lx—yl| = €] = [|[Hx — Hy|| < 6[lx—y].
Therefore, using (3.10.7), one easily verify that
[[Bx = By|| < &]jx—yl|.
The proof is complete.

We arrive at the following theorem in which we prove boundedness.

Theorem 3.10.3. Assume (3.10.7). Then (3.10.3) has a unique solution in M which
is bounded.

Proof. (M, ||-||) is a complete metric space of bounded sequences. For v € M we
must show that (By)(¢) € M. From (3.10.6) and the fact that

[H(x(1))| = [x(r) —x(£)°| < 4(575/4) for all x € M,

we have

t—1 t—1

()0 < ol TTato)] +4657*)S | TTatw]+'3 ([o(o) T o]

u=s+1
< 571/4.

This shows that (By)(r) € M. Lemma 3.9 implies the map B is a large contraction
and hence by Theorem 3.10.1, the map B has a unique fixed point in M which is a
solution of (3.10.3). This completes the proof.

Next we use Theorem 3.10.2 and prove the existence of a periodic solution of the
nonlinear delay difference equation

x(t+1)=a(t)x(t)’ +Gt,x(t —r)) + p(t), t € Z, (3.10.8)
where r is a positive integer and
a(t+T)=a(t), p(t+T)=p(t), andG(t+T,-) = G(t,") (3.10.9)

and T is the least positive integer for which these hold. As before, for the sake of
inversion, we rewrite (3.10.8) as

x(t+1)—a(t)x(t) = a(t)H (x(t)) + G(t,x(t — r)) + p(2), (3.10.10)

where
H(x) = —x+x°. (3.10.11)

We begin with the following lemma which we omit its proof.
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Lemma 3.11. Suppose that 1 —TT'Z}_; a(s) # 0 for all t € Z. Then x(t) is a solution
of (3.10.10) if and only if

t—1

x(t):(l— T1

s=t—T

t—1 t—1

a) Y (a@H () + Gle.xu—r))+p(w) T als)

u=t—T s=u+1

Let Pr be the set of all sequences x(z), periodic in ¢ of period 7. Then (Pr,|| - ||) is a
Banach space when it is endowed with the maximum norm

= 1) = 1)].
Ioll = max|x(r)] = max |x(7)]
Set
M={pePr:|o|<5 "} (3.10.12)

Obviously, M is bounded and convex subset of the Banach space Pr. Let the map
A : M — Pr be defined by

r—1 _1 t=1 t—1
o) =(1- T] a9)) X (Gl.ow—r)+pw) ] als), 1€z,
Ss=-T u=r—T s=u+1
(3.10.13)
In a similar way, we set the map B : Ml — Pr by

t—1 t—1

a(s))” S (a@H(yw)) [] als).1€Z. (3.10.14)

u=t—T s=u+1

t—1
By = (1- 1

s=t—T

It is clear from (3.10.13) and (3.10.14) that A¢ and By are T-periodic in ¢. For
simplicity we let

Let
Gu, w(u—r)) =bu)y(u—r). (3.10.15)

For x € Ml, we have
(e <574,

and therefore,

G(u,x(u—r))+ p(u) = b(u)x(u—r)>+ p(u)
< 5754 b(u)| + | p(u)| (3.10.16)

nd
: |H(x(2))| = |x(¢) —x(t)5| < 4(5*5/4) for all x € M.

We have the following theorem.

Theorem 3.10.4. Suppose G(u, y(u—r)) is given by (3.10.15). Assume for allt € Z
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t—1 t—1

ny, (5*5/4|b(u)|+|p(u)|+4(5*5/4)|a(u)|) I1 a(u)‘§5’1/4. (3.10.17)

u=t—T u=s+1

Then (3.10.8) has a periodic solution.

Proof. Using condition (3.10.17) and by a similar argument as in Lemma 3.9, one
can easily show that B is a large contraction since H is a large contraction. Also,
the map A is continuous and maps bounded sets into compact sets and hence it is
compact. Moreover, for ¢,y € M, we have by (3.10.17) that

Ap+By :M — M.

Hence an application of Theorem 3.10.2 implies the existence of a periodic solution
in M. This completes the proof.

It is evident from Lemma 3.9 that proving large contraction is tedious, long, and not
very practical to consider case by case function. Consider the mapping H be defined
by

H(x(u)) =x(u) — h(x(u)). (3.10.18)

We have observed from Lemma 3.9 that the properties of the function 4 in (3.10.18)
plays a substantial role in obtaining a large contraction on a convenient set. Next
we state and prove a remarkable theorem that generalizes the concept of Large Con-
traction. The theorem provides easily checked sufficient conditions under which a
mapping is a Large Contraction. The next theorem is due to Adivar, Raffoul, and
Islam. Several authors have published it in their work without the proper citations.
Let o € (0,1] be a fixed real number. Define the set M, by

Mg = {0 : ¢ € C(R,R) and ||| < o} (3.10.19)

H.1. h:R — R is continuous on [—a, a] and differentiable on (—o, ),
H.2. The function # is strictly increasing on [—a., ],
H3. sup HW(r)<1.

te(—o,a)

Theorem 3.10.5. [Adivar-Raffoul-Islam [4] (Classifications of Large Contraction
Theorem)] Let h : R — R be a function satisfying (H.1-H.3). Then the mapping H
in (3.10.18) is a large contraction on the set M.

Proof. Let ¢, ¢ € M, with ¢ # @. Then ¢(¢) # ¢(¢) for some ¢ € R. Let us denote
this set by D(¢, 9), i.e.,

D(9,9) ={reR: () # ¢(1)}.
For allz € D(¢, ), we have
[Ho(t) —Ho(1)| = [9(1) —h(9(2)) — (&) +h((t))

—10() — o(0) \1 - ( (3.10.20)
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Since h is a strictly increasing function we have

h((1)) —h(e(1))
¢(t) — o)
¢

( >0forallt € D(¢, ). (3.10.21)
) define the interval U, C [—a, a] by

For each fixed t € D(¢,

o { (9(1).6(1)) if (1) > (1)
= L00).00)) i 0() < p(r)

Mean Value Theorem implies that for each fixed r € D(¢, @) there exists a real
number ¢; € U; such that

By (H.2-H.3) we have

0< inf A'(u) < inf W' (u) <H(c,) <suph'(u)< sup K(u)<1. (3.1022)

ue(—a,o) uel; uel; ue(—o,a)

Hence, by (3.10.20)—(3.10.22) we obtain

|H¢(t)—H(p(t)|§‘1— inf )h’(u) )= o). (3.10.23)

uc(—o,o

for all r € D(¢, ¢). This implies a large contraction in the supremum norm. To see
this, choose a fixed € € (0,1) and assume that ¢ and ¢ are two functions in M
satisfying
e< sup |0(t) =) =90l
t€D(9,9)
If |¢(r) — @(r)| < § for some r € D(¢, ), then we get by (3.10.22) and (3.10.23)
that

(1))~ Hp(1)] < [6() — ()] < » [0 — o] (3.10.24)

Since h is continuous and strictly increasing, the function A (u + %) — h(u) attains
its minimum on the closed and bounded interval [—o, o]. Thus, if § < [¢(r) — ¢(1)]
for some ¢ € D(¢, @), then by (H.2) and (H.3) we conclude that

where

|
A= ﬁmm{h(u—i—e/Z) —h(u):u€l—oa,o]} >0.
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Hence, (3.10.20) implies
[Ho(1) —Ho(t)| < (1-2)[0(r) — o(0)]|. (3.10.25)

Consequently, combining (3.10.24) and (3.10.25) we obtain

[Ho(t) —Ho(1)| <8¢ —oll,

where

1
B:max{z,l—l} < 1.

The proof is complete.

Example 3.11. Let o € (0,1) and k € N be fixed elements and u € (—1,1).
1. The condition (H.2) is not satisfied for the function 4 (1) = leuzk.

2. The function h, (u) = Tgl,ﬂk“ satisfies (H.1-H.3).

Proof. Since h)(u) = u*~! < 0 for —1 < u < 0, the condition (H.2) is not satisfied
for hy. Evidently, (H.1-H.2) hold for /. (H.3) follows from the fact that ) (u) < or%*
and o € (0,1).

3.11 Open Problems

Open Problem 1.
Consider the neutral delay functional difference equation

x(n+1) = ox(n+1—h)+ax(n) —q(n,x(n),x(n—h)), n € Z* (3.11.1)

where the function g : Z* x R x R — R is continuous and ¢ and a are constants.
Fora > 1, (3.11.1) is equivalent to

A[(x(n) — ox(n— h)alf’l)] = [aox(n—h) —q(n,x(n),x(n—h))]a™". (3.11.2)
We search for a solution of (3.11.1) having the property
(x(n) —ax(n—h))a™" — 0, as n — eo.

Hence, by summing (3.11.2) from O to -« we get the following advanced type
Volterra difference equation,

oo

x(n+1)=ox(n—h) =Y [aax(s—h) —q(s,x(s),x(s—h))]a"* (3.11.3)

s=n
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which is an indication to study the general advanced type Volterra difference equa-
tion

x(n) = f(n,x(n),x(n—h)) = > O(s,x(s),x(s —h))C(n—s). (3.11.4)

s=n

Under suitable conditions, one might explore the boundedness of solutions and the
existence of periodic solutions. Finding suitable Lyapunov functionals to imply the
results is almost impossible. It is my suggestion that the use of fixed point the-
ory would be fruitful. For instance, if the right spaces are set up, one have the
choice to use the contraction mapping principle; Theorem 3.5.1 or the following
Krasnoselskii-Schaefer Theorem.

Theorem 3.11.1 (Krasnosselskii-Schaefer Theorem [25]). Let (S, ]| - ||) be a Ba-
nach space. Suppose B : S — S is a contraction map, and A : S — S is continuous
and maps bounded sets into compact sets. Then either

(i) x = AB(%) + AAx has a solution in S for A = 1, or
(ii) the set of all such solutions, 0 < A < 1, is unbounded.

It is noted that Krasnoselskii-Schaefer’s theorem requires a priori bounds on solu-
tions of a corresponding auxiliary equation. To obtain such bounds, one would have
to construct a Lyapunov functional that is suitable for Krasnoselskii-Schaefer’s the-
orem. For problem (3.11.4), the auxiliary equation is given by

oo

x(n) =Af(n,x(n)/A,x(n—h)/A) — A 2 O(s,x(n),x(n—h))C(n—s).

s=n

Open Problem 2.
Extend the results of Section 3.9 to Volterra summation equations of the form

n—1
x(t) =a(t) — Z{)C(n,s)g(s,x(s)).

This is an unexplored area of research.

Open Problem 3.

We have seen in Chapter 3 that fixed point theory was successfully used to obtain
asymptotic stability, while as in Chapter 2 we obtained uniform asymptotic stability
using Lyapunov functionals. To my knowledge, no one has been able to use fixed
point theory to obtain uniform asymptotic stability. Such results would mainly rest
on how the set S is defined. Being able to do so would revolutionize the concept
of fixed point theory and open the door for new research in differential/difference
equations and even in dynamical systems on time scales.

Open Problem 4.
Consider the following system of two neurons:
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{xl(n—l— 1) =hxi(n)+pif(xi(n—1)) +arf(x(n—1)) (3.11.5)
x2(n+1) = hyxo(n) + Bof (x2(n — 7)) + ar f(x1 (n— 12)) o

where x| (n) and x; (n) denote the activations of the two neurons, 7;, (i = 1,2) and ©
denote the synaptic transmission delays, a; and a; are the synaptic coupling weights,
f: R — Ris the activation function with f(0) = 0.

Use either Lyapunov functionals (Chapter 2) or fixed point theory (Chapter 3) to
analyze the system and compare both methods.
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