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Abstract: The hyperspace consists of all the subsets of a vector space. It is well-known that the
hyperspace is not a vector space because it lacks the concept of inverse element. This also says that we
cannot consider its normed structure, and some kinds of fixed point theorems cannot be established
in this space. In this paper, we shall propose the concept of null set that will be used to endow a norm
to the hyperspace. This normed hyperspace is clearly not a conventional normed space. Based on this
norm, the concept of Cauchy sequence can be similarly defined. In addition, a Banach hyperspace
can be defined according to the concept of Cauchy sequence. The main aim of this paper is to study
and establish the so-called near fixed point theorems in Banach hyperspace.
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1. Introduction

Given a universal set X, the collection of all nonempty subsets of X is called the hyperspace.
The topic of set-valued analysis is to study the mathematical properties on hyperspace by referring
to the monographs [1-7]. Especially, the set-valued optimization and differential inclusion have
been well-studied. The purpose of this paper is to study the near fixed point theorem in hyperspace.
The concept of near fixed point is the first attempt at studying the fixed point theory in hyperspace.
The conventional fixed point theorem in normed space can be used to study the existence of solutions
for some mathematical problems. Especially, the application of fixed point theorems in economics can
refer to the articles [8-10]. Therefore, the potential applications of near fixed point theorems established
in this paper can be used to study the existence of solutions for the mathematical problems that involve
the set-valued mappings. This could be future research.

Let X be a topological vector space, and let I(X) be the collection of all nonempty compact and
convex subsets of X. Given A, B € K(X), the set addition is defined by

A®B={a+b:ac Aandb € B}
and the scalar multiplication in K(X) is defined by
M ={Aa:ae A},

where A is a constant in R. It is clear to see that (X) cannot be a vector space under the above set
addition and scalar multiplication. The main reason is that there is no additive inverse element for
each element in /C(X).

The substraction between A and B is denoted and defined by

ASB=A&(—B)={a—b:ac Aandb € B}.
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Let 0x be the zero element of the vector space X. It is clear to see that the singleton set {0x},
denoted by 6 (x), can be regarded as the zero element of K(X) since

A®Ogx) = A {0x} = A. 1

On the other hand, since A © A # {0x}, it means that A © A is not the zero element of K(X).
In other words, the additive inverse element of A in K(X) does not exist. This says that /(X) cannot
form a vector space under the above set addition and scalar multiplication. The following set

QO={ASA:AcK(X)}

is called the null set of K(X), which can be regarded as a kind of “zero element” of IC(X). We also
recall that the true zero element of K(X) is Ok(x) = {6x}, since (1) is satisfied.

Recall that the (conventional) normed space is based on the vector space by referring to the
monographs [11-17]. Since KC(X) is not a vector space, we cannot consider the (conventional) normed
space (K(X),]| - ||). Therefore we cannot study the fixed point theorem in (K(X),|| - ||) using the
conventional way. In this paper, although K(X) is not a vector space, we still can endow a norm
to I(X) in which the axioms are almost the same as the axioms of conventional norm. The only
difference is that the concept of null set is involved in the axioms. Under these settings, we shall study
the so-called near fixed point theorem in the normed hyperspace (K(X), || - |)-

Let T : £(X) — K(X) be a function from K(X) into itself. We say that A € K(X) is a fixed point
if and only if T(A) = A. Since K(X) lacks the vector structure, we cannot expect to obtain the fixed
point of the mapping T using conventional methods. In this paper, we shall try to construct a subset
A of X satisfying T(A) ® w1 = A @ w; for some wy, wy € Q. Since the null set () can play the role of
zero element in /C(X), i.e., the elements w; and w; can be ignored in some sense, this kind of subset A
is said to be a near fixed point of the mapping ¥.

In Sections 2 and 3, the concept of normed hyperspace is proposed, where some interesting
properties are derived in order to study the near fixed point theorem. In Section 4, according to
the norm, the concept of Cauchy sequence can be similarly defined. In addition, the Banach hyperspace
is defined based on the Cauchy sequence. In Section 5, we present many near fixed point theorems
that are established using the almost identical concept in normed hyperspace.

2. Hyperspaces

Let X be a vector space with zero element 6y, and let (X) be the collection of all subsets of X.
Under the set addition and scalar multiplication in KC(X), it is clear to see that K(X) cannot form
a vector space. One of the reasons is that, given any A € K(X), the difference A & A is not a zero
element of K(X). It is clear to see that the singleton set {fx} is a zero element, since

A@{Gx}Z{Gx}@AZA

for any A € K(X). However, when A € K(X) is not a singleton set, we cannot have A © A = {6x}.
In this section, we shall present some properties involving the null set (3, which will be used for
establishing the so-called near fixed point theorems in IC(X).

Remark 1. For further discussion, we first recall some well-known properties given below:

e (A®B)®C=Ad (B®C);

e AMA®B)=AA®ABfor A €R;

o A(AMA) = (MAy)Afor A, A € R;

e if Aisa convex subset of X and A; and A, have the same sign, then (A1 + A2)A = MA@ A, A.
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We also recall that the following family
O={AcA:AcK(X)}
is called the null set of IC(X). For further discussion, we present some useful properties.

Proposition 1. The following statements hold true:

o Thesingleton set {0x} = Ok (x) is in the null set (;

o w e Qimplies —w = w;

o AMO=QforAcRwithA #0;

o ()is closed under the set addition; that is, w1 @ wy € Q) for any wi, wy € (L

Since the null set () is treated as a zero element, we can propose the almost identical concept for
elements in K(X).

Definition 1. Given any A, B € K(X), we say that A and B are almost identical if and only if there exist
w1y, wy € Q) such that A @ wy = B @ wy. In this case, we write A 23

When A, B and C are not singleton sets, if A © B = C, then we cannot have A = B @ C. However,
we can have A a B @ C. Indeed, since A © B = C, by adding B on both sides, we obtain A®w = B&C,
where w = BO B € Q). This says that A 2pacC.

Proposition 2. The binary relation Qs an equivalence relation.

Proof. For any A € K(X), A = A implies A 2 A, which shows the reflexivity. The symmetry is
obvious by the definition of the binary relation g Regarding the transitivity, for A 2pandB2C,

we want to claim A 2 C. By definition, we have
APwi =BPwrand B w3 = C P wy
forsome w; € Qfori=1,---,4. Then
ADwi w3 =BOwsPwr)=CPDwys® wy,
which shows A 2 C, since Q) is closed under the set addition. This completes the proof. O

According to the equivalence relation Q, for any A € K(X), we define the equivalence class
[A]:{Be/C(X):AQB}.

The family of all classes [A] for A € K(X) is denoted by [K(X)]. In this case, the family [K(X)] is
called the quotient set of K(X). We also have that B € [A] implies [A] = [B]. In other words, the family
of all equivalence classes form a partition of the whole set I(X). We also remark that the quotient set
[K(X)] is still not a vector space. The reason is

(a +B)[A] # a[A] + B[A]

for o < 0, since (« + B)A # a A+ BAfor A € K(X) withap < 0.
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3. Normed Hyperspaces

Notice that K(X) is not a vector space. Therefore we cannot consider the normed space
(K(X), |l - |I)- However, we can propose the so-called normed hyperspace involving the null set
Q) as follows.

Definition 2. Given the nonnegative real-valued function || - ||: £(X) — R., we consider the
following conditions:

(i) ||aAl=|a||| Al forany A € K(X)and«a € F;

(i) ||aA||=|a| || A forany A € K(X)and a € F with a # 0;
) [ A®B <] A+ B forany 4,B € K(X);

(iii) || A ||= 0implies A € Q.

We say that || - || satisfies the null condition when condition (iii) is replaced by || A ||= 0 if and
only if A € Q). Different kinds of normed hyperspaces are defined below.

e Wesay that (K(X), | - ||) is a pseudo-seminormed hyperspace if and only if conditions (i') and (ii)
are satisfied.

e  Wesay that (K(X),| - ||) is a seminormed hyperspace if and only if conditions (i) and (ii) are satisfied.

e Wesay that (K(X), || - ||) is a pseudo-normed hyperspace if and only if conditions (i), (ii) and (iii)
are satisfied.

e Wesay that (K(X), | - ||) is a normed hyperspace if and only if conditions (i), (ii) and (iii) are satisfied.

Now we consider the following definitions:

e  Wesay that || - || satisfies the null super-inequality if and only if || A® w [|>]| A || forany A € K(X)

and w € Q.

e  Wesay that || - || satisfies the null sub-inequality if and only if || A @ w ||<|| A || forany A € K(X)
and w € Q.

e  Wesay that || - || satisfies the null equality if and only if || A@® w ||=|| A || forany A € K£(X) and
w € 0.

Forany A, B € K(X), since —(B& A) = AS B, we have
lASBl=[BoA].
Example 1. We consider the (conventional) normed space (X, || - ||x). For any A € K(X), we define
| All=sup|lalx-
acA

Then we have the following properties.

e ||A|=0ifand onlyif A = {0x} € Q. Indeed, if A = {6x}, then it is obvious that || A ||= 0.
For the converse, if | A ||= 0, then we have || a ||[x=0foralla € A,ie., A= {6x}.
e  Wehave

| AA ||=sup [[a||x=sup || Ab |[x=[Alsup [| b [|x=[A[ | Al
acLA beA beA

e Wewanttoclaim| A® B ||[<|| A | + || B ||. We denote by

1= sup |alx andfp = sup 10 ]x -
{(a,b):acAbeB} {(a,b):acAbeB}

Then wesee that || a ||x + || b [|x< {1+ (pforalla € Aand b € B.
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Therefore we obtain

sup (lallx+1bllx) <t +0= sup | allx+ sup 6 llx -
{(a,b):acA,beB} {(a,b):acA,beB} {(a,b):ac A, beB}

Now we have

lA®B|

sup [lefx=~ sup la+blx
ccAGB {(a,b):acAbeB}

< sup (falx+Iblx)
{(a,b):acA,beB}

< sup  Jlalx+ sup  [bx
{(a,b):acA,beB} {(a,b):acAbeB}

=sup || a||x +sup || b[x=[ A+ B].
aceA beB

We conclude that (IC(X), || - ||) is a normed hyperspace. For w € (), it means that w = B & B for
some B € K(X). Then we have

lwl=lBSB[=  sup  [[b1—b2]x.
{(blrbZ):blleEB}

Since || w || is not equal to zero in general, it means that the null condition is not satisfied.

Proposition 3. Let (IC(X),|| - ||) be a pseudo-seminormed hyperspace such that || - || satisfies the null
super-inequality. For any A,C,By, -+, B € K(X), we have

[AeC|<[|AeBi||+[BieB ||+ + BBy ++|[BuoCl.
Proof. We have

[AeC|<|Ae(-C)®B1 & - &Bu®(=B1) @ & (=Bu) |
(using the null super-inequality for m times)
=l [A® (=B1)] @ [B1 & (=B2)] + -+ [Bj & (=Bjy1)] +--- + [Bu & (=C)] |
<|ASB | +[[Bi©Ba | +---+ [ BiSBina | +---+ [ BuSC]|
(using the triangle inequality).

This completes the proof. [

Proposition 4. The following statements hold true.

(i)  Let (KK(X), || - ||) be a pseudo-seminormed hyperspace such that || - || satisfies the null equality. For any
A,BeK(X),if A2 B, then || Al=| B |
(i)  Let (K(X),| - ||) be a pseudo-normed hyperspace. For any A, B € K(X), || A© B ||= 0 implies A 23
(i)  Let (K(X),| - ||) be a pseudo-seminormed hyperspace such that || - || satisfies the null super-inequality
and null condition. For any A, B € K(X), A 23 implies || AS B ||= 0.

Proof. To prove part (i), we see that A a B implies A ® w; = B @ w, for some wq, wy € Q). Therefore,
using the null equality, we have | A ||=| A® w1 ||=|| B® w> ||=|| B ||. To prove part (ii), suppose
that || A©B ||=0. Then A6 B € O, ie, AS B = w; for some w; € Q. Then, by adding B on

both sides, we have A © wy = B ® w; for some w; € (), which says that A 2B To prove part (iii),
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for A o B, we have A ® w; = B ® w, for some w1, w, € Q. Since ) is closed under the vector addition,
it follows that
ASBPw =AGw1©B=B& w5 B =w; )

for some w3 € (). Using the null super-inequality, null condition and (2), we have
[ASB<[[ASBGw: =] ws|=0.
This completes the proof. [

4. Cauchy Sequences

Let (K(X), || - ||) be a pseudo-seminormed hyperspace. Given a sequence {A; }>° ; in I(X) , it is
clear that || A, © A ||=|| A& A, ||. The concept of limit is defined below.

Definition 3. Let (K(X), || - ||) be a pseudo-seminormed hyperspace. A sequence {A;}5 ; in K(X) is
said to converge to A € K(X) if and only if

lim || Ay A||=1lm || AS A, ||=0.
n—o0 n—oo
We have the following interesting results.

Proposition 5. Let (K(X), || - ||) be a pseudo-normed hyperspace with the null set ().

(i)  Ifthe sequence {An}5 4 in (K(X), || - ||) converges to A and B simultaneously, then [A] = [B].
(ii)  Suppose that || - || satisfies the null equality. If the sequence {Ay}5> 4 in (KK(X), || - ||) converges to
A € K(X), then, give any B € [A], the sequence { A, }5;_, converges to B.

Proof. To prove the first case of part (i), we have
lim | AS Ay ||= lim | A,©B[=0.
By Proposition 3, we have
0<[|ASB|<||ACA; ||+ ]| Av©B|—=0+0=0, 3)

which says that || A © B ||= 0. By Definition 2, we see that A B € (),i.e. A 2 B, which also says that
B is in the equivalence class [A].

To prove part (ii), for any B € [A], i.e., A® wi; = B ® w, for some wy,w; € (), using the null
equality, we have

0<|AneB|=|BeA,|=|w @B A, ||=|w1®AS A, ||=|| A A, |—0.

This completes the proof. [

Inspired by part (ii) of Proposition 5, we propose the following concept of limit.

Definition 4. Let (K(X), | - ||) be a pseudo-seminormed hyperspace. If the sequence {A;}{; in
KC(X) converges to some A € K(X), then the equivalence class [A] is called the class limit of { A, }5 ;.
We also write
lim A, = [A]or A, — [A].
n—o0
We need to remark that if [A] is a class limit and B € [A] then it is not necessarily that the sequence

{An}: | converges to y unless || - || satisfies the null equality. In other words, for the class limit [A],
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if || - || satisfies the null equality, then part (ii) of Proposition 5 says that sequence {A;}?° ; converges
to B for any B € [A].

Proposition 6. Let (IC(X),|| - ||) be a pseudo-normed hyperspace such that || - || satisfies the null
super-inequality. Then the class limit is unique.

Proof. Suppose that the sequence {A,} ; is convergent with the class limits [A] and [B].
Then, by definition, we have

lim | A A, ||=lm || A,©A|=1lim | BSA,|=lm || A,©B|=0,
n—oo n—o0 n—oo n—00

which says that | A © B ||= 0 by referring to (3). By part (ii) of Proposition 4, we have A 2 B,
i.e., [A] = [B]. This shows the uniqueness in the sense of class limit. [

Definition 5. Let (K(X), || - ||) be a pseudo-seminormed hyperspace. A sequence { A} ; in K(X) is
called a Cauchy sequence if and only if, given any € > 0, there exists N € N such that

| An © Am ||=]| Am© An [|< e

for m,n > N with m # n. If every Cauchy sequence in K(X) is convergent, then we say that K(X)
is complete.

Proposition 7. Let (IC(X),|| - ||) be a pseudo-seminormed hyperspace such that || - || satisfies the null
super-inequality. Then every convergent sequence is a Cauchy sequence.

Proof. If {A,}% , is a convergent sequence, then, givenany e >0, || A, S A ||=|| A A, ||[< /2 for

n=1
sufficiently large n. Therefore, by Proposition 3, we have

€ €
| A Aw =1l An© Au <] Ane Al + | AS Ay [I< 5+ 5 =€
for sufficiently large n and m, which says that {A,}; ; is a Cauchy sequence. This completes
the proof. 0O

Definition 6. Different kinds of Banach hyperspaces are defined below.

e Let (K(X),] - ||) be a pseudo-seminormed hyperspace. If X (X) is complete, then it is called
a pseudo-semi-Banach hyperspace.

e Let (K(X), || - ||) be a seminormed hyperspace. If K(X) is complete, then it is called
a semi-Banach hyperspace.

e Let (K(X),|| - ||) be a pseudo-normed hyperspace. If K(X) is complete, then it is called
a pseudo-Banach hyperspace.

e Let(K(X),| - ||) beanormed hyperspace. If £(X) is complete, then it is called a Banach hyperspace.

Example 2. Continued from Example 1, we further assume that (X, || - ||x) is a (conventional) Banach
space. Then we want to show that the normed hyperspace (K(X),| - ||) is complete. Suppose that
{An}: is a Cauchy sequence in (K(X), || - ||). Let A be the collection of all sequences induced from

the sequence { A, }%_;. More precisely, each element in A is a sequence {a, }_; with a, € A, for all n.
Firstly, we need to claim that each sequence in A is convergent. Since {A,,}$_; is a Cauchy sequence,
ie., || An© Ay ||< € for m,n > N with m # n, we have

e>|An©Am ||= sup | x|x= sup | an —am [Ix, 4)
XEA— A {(an,am):an€An,ame€An}
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which says that || a, — a,; ||x< € for any sequence {a,} ; with a, € A, for all n, where € is
independent of a, and a,,. By the completeness of (X, || - ||x), it follows that each sequence {a; };> ;
is convergent to some a € X, i.e., || a, —a ||x— 0as n — oo in the uniform sense, which means
|| a, — a || x< € such that € is independent of a,, and a. Indeed, if € is dependent of a,, and 4, then

lan —am | x<[lan —a|x + [l & —am ||x

says that € is dependent of a, and a,,, which is a contradiction. We can define a subset A of X that
collects all of the limit points of each sequence in .A. Then, finally, we want to claim || A, S A ||— 0 as
n — oo. Forany x € A, — A, we have x = 4, — a for some a, € A, and a € A. Since 4 is a limit point
of some sequence {a;, }*° ;, for m > n > N, using (4), we have

lan —a|[x<[l an —ap |x + [l @y —a llx< e+ | an —alx,

where € is independent of a, and aj, by referring to (4) again. Since || a5, —a ||x— 0 as m — co in the
uniform sense, it follows that || @, — a ||x— 0 as n — o0 in the uniform sense. Therefore we obtain

| Av© A= sup | x|x= sup | an —a ||x— 0asn — oco.
x€EA,—A {(an,a):an€Ana€A}

This shows that the sequence {A, }$_; is convergent, i.e., (K(X), | - ||) is a Banach hyperspace.

5. Near Fixed Point Theorems

Let T : K(X) — K(X) be a function from K(X) into itself. We say that A € K(X) is a fixed
point if and only if ¥(A) = A. This concept is completely different from the concept of fixed point in
set-valued functions. Some conventional fixed point theorems are based on the normed space that is
also a vector space. Since (IC(X), || - ||) is not a vector space, we cannot study the corresponding fixed
point theorems based on (IC(X), || - ||). However, we can study the so-called near fixed point that is
defined below.

Definition 7. Let T : (X) — K(X) be a function defined on K(X) into itself. A point A € K(X) is
called a near fixed point of ¥ if and only if T(A) 24

By definition, we see that T(A) 2 Aifand only if there exist wy,wy € Q) such that T(A) = A,
T(A)Dw =A,0orT(A)=AdwiorT(A)Dw = AD wy.

Definition 8. Let (K(X), | - ||) be a pseudo-seminormed hyperspace. A function T : ((X), || - ||)
— (K(X), ]| - ||) is called a contraction on C(X) if and only if there is a real number 0 < a < 1 such that

[ T(A)o%(B) [<al ASB]

forany A, B € K(X).

(e )

Given any initial element Ay € IC(X), we define the iterative sequence { A, }7° ;

T as follows:

using the function

Ay =T(Ag), Ar=F(Ar) =T*Ag), -+, An =T"(Ao). (5)

Under some suitable conditions, we are going to show that the sequence { A, };>_; can converge
to near a fixed point.
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Theorem 1. Let (K(X), || - ||) be a Banach hyperspace with the null set Q) such that || - || satisfies the null
equality. Suppose that the function T : (IC(X),|| - ||) = (K(X), || - ||) is a contraction on K(X). Then T has

a near fixed point A € KC(X) satisfying T(A) 2 A. Moreover, the near fixed point A is obtained by the limit
|Ac A, ||=]| Ave A||=0asn — oo

in which the sequence { A, }$°_, is generated according to (5). We also have the following properties.

o The uniqueness is in the sense that there is a unique equivalence class [A] such that any A & [A] cannot be
near a fixed point.

e  Eachpoint A € [A] is also a near fixed point of T satisfying T(A) 9 A and [A] = [A].
o If Aisanear fixed point of T, then A € [A], i.e., [A] = [A]. Equivalently, if A and A are the near fixed
points of T, then A 24

Proof. Given any initial element Ay € K(X), we are going to show that {4, }? ; is a Cauchy sequence.
Since ¥ is a contraction on (X)), we have

| A1 © Am || =l T(Am) ©F(Ap—1) IS || A © Ay ||
=a || T(Ap-1) ©FT(Am—2) IS &* | Ay-10 Az |
< <a"|A© A -

For n < m, using Proposition 3, we obtain

|| An© Ay HSH Am@Amfl ||+H AmfleAm—Z ||++|| An+19An ||
< (@) A1S Ao |
" 1 — gm—n

= T Are A .

Since 0 < &« < 1, we have 1 — a™~" < 1 in the numerator, which says that
lxn
H Am © Ay HS m || A1 6 Ay ||—>0asn — 0.

This proves that { A, }$_; is a Cauchy sequence. Since /C(X) is complete, there exists A € IC(X)
such that
A A, ||=|| AnS A|— 0asn — oo.

We are going to show that any point A € [A] is a near fixed point. Now we have A ® w; = A ® w;
for some wq, w; € Q. Using the triangle inequality and the fact of contraction on K (X), we have

| AST(A) || =] (Adwy)©F(A) | (since || - || satisfies the null equality)
< (Adw)cAn| + || AneZ(A) || (using Proposition 3)
=l (A®w) & An || + | T(An-1) ©T(A) |
<[[(A®w) & Am || +a || An16 A
=l (A w)©An || +a || Ap1© A® (—w1) ||

(since —w; € O and || - || satisfies the null equality)
= (Adw)SAn | +a| An-19 (A®w;) || (using Remark 1)
| (AB W) & An | +a | An 16 (ABw) |
=l A An [ +a| An10 Al

(using —wy € €, the null equality and Remark 1),
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which implies || A& T(A) ||= 0as m — co. We conclude that T(A) 2

part (ii) of Proposition 4.

A for any point A € [A] by

Now assume that there is another near fixed point A of T with A ¢ [A], i.e., A Qg (A). Then
Adw =FT(A)Bwrand AB w; =T(A) B wy
for some w; € ), i =1,---,4. Since ¥ is a contraction on K(X) and || - || satisfies the null equality,

we obtain

lAs Al =l (Asw)e (A®ws) ||
(using —ws3 € (), the null equality and Remark 1)
=[ (T(A) & w2) © (T(A) & wy) [|=]| T(A) ©F(A) |
(using —wy € ), the null equality and Remark 1)
<al||ASAl.

Since 0 < a < 1, we conclude that || A© A ||= 0, ie, A 2 A, which contradicts A ¢ [A].
Therefore, any A ¢ [A] cannot be the near fixed point. Equivalently, if A is a near fixed point of T,
then A € [A]. This completes the proof. [

Definition 9. Let (K(X), || - ||) be a pseudo-normed hyperspace. A function ¥ : (K(X), | - ||) —
(K(X), || - I) is called a weakly strict contraction on K(X) if and only if the following conditions are
satisfied:

o AZ2B,ie,[A] = [B] implies || T(A) & F(B) ||= 0.
o A2Bie,[A] # [B]implies | T(A) & %(B) |<|| AS B .

By part (ii) of Proposition 4, we see that if A % B, then || A& B ||# 0, which says that the
weakly strict contraction is well-defined. In other words, (K(X), || - ||) should be assumed to be a
pseudo-normed hyperspace rather than pseudo-seminormed hyperspace. We further assume that
|| - || satisfies the null super-inequality and null condition. Part (iii) of Proposition 4 says that if T is a
contraction on K(X), then it is also a weakly strict contraction on (X).

Theorem 2. Let (C(X), || - ||) be a Banach hyperspace with the null set Q) Suppose that || - || satisfies the null
super-inequality and null condition, and that the function T : (K(X), || - ||) — (K(X), || - ||) is a weakly strict
contraction on KC(X). If {2"(Ag) }_; forms a Cauchy sequence for some Ag € KC(X), then T has a near fixed

point A € K(X) satisfying T(A) 2 A. Moreover, the near fixed point A is obtained by the limit
| " (Ag) 2 All=|| AT (Ag) || = 0asn — oo.

Assume further that || - || satisfies the null equality. Then we also have the following properties.

o The uniqueness is in the sense that there is a unique equivalence class [A] such that any A & [A] cannot be
a near fixed point.

e Eachpoint A € [A] is also a near fixed point of T satisfying T(A) 9 Aand [A] = [A].

o If Aiis anear fixed point of T, then A € [A], i.e., [A] = [A]. Equivalently, if A and A are the near fixed
points of T, then A 2A

Proof. Since {T"(Ag)}:’, is a Cauchy sequence, the completeness says that there exists A € K(X)
such that
1'T"(Ag) © A [|=]| A©T"(Ag) [|= 0.
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Therefore, given any € > 0, there exists an integer N such that || "(Ap) © A ||< € forn > N.
We consider the following two cases.

e  Suppose that T"(Ap) 2 A. Since Tisa weakly strict contraction on KC(X), it follows that
1T (A) ©T(A) [=0<e

by part (iii) of Proposition 4.

Q
e Suppose that "(Ap) # A. Since ¥ is a weakly strict contraction on K(X), we have

| T (Ag) ©F(A) ||<|| T"(Ag) © A || < e forn > N.

The above two cases say that || T"+1(A4g) © T(A) ||— 0. Using Proposition 3, we obtain
Il AST(A) <] A0 T (A) || + | T+ (Ag) ©T(A) [|= Oas 1 — o,

which says that || AS T(A) ||=0,ie., T(A) 24 by part (ii) of Proposition 4. This shows that A is
a near fixed point.
Assume that || - || satisfies the null equality. We are going to claim that each point A € [A] is also

a near fixed point of T. Since A a A, wehave A ® w) = A @ w, for some wy, w;, € Q. Then, using the
null equality for || - ||, we obtain

I T"(Ag) O A [l = A T"(Ao) =l (A D wr) ©T"(Ag) [I= (A® w2) ©T"(Ao) |
=|| A T"(Ap) ||— 0asn — oo.

Using the above argument, we can also obtain || T"*1(A4g) © T(A) |- 0 asn — oo.
Using Proposition 3, we have

I AeT(A) [|<| Ae T (A) || + || T+ (Ag) ©T(A) ||= Oas 1 — o,

which says that || A& T(A) ||= 0. Therefore we conclude that T(A) 2 A for any point A € [A] by
part (ii) of Proposition 4.

Suppose that A & [A] is another near fixed point of . Then T(A) 2 Aand [A] # [A],ie., A 2 A
Then T(A) Dw; = A® w;p and T(A) B w3 = A D wy, where w; € Q fori = 1,2,3,4. Therefore
we obtain

lASA|=[l (A®w)E (Asws) |
(using —wy € (), the null equality and Remark 1)
= (F(A) B w) & (T(A) & ws) =] T(A) o T(A) |
(using —w3 € (), the null equality and Remark 1)

<||ASA| (since A % A and T is a weakly strict contraction).

This contradiction says that A cannot be a near fixed point of . Equivalently, if A is a near fixed
point of T, then A € [A]. This completes the proof. [

Now we consider another fixed point theorem based on the concept of weakly uniformly strict
contraction which was proposed by Meir and Keeler [18].
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Definition 10. Let (K(X),| - ||) be a pseudo-normed hyperspace with the null set Q). A function
T (LX), |- 1) = (K(X), || - |l) is called a weakly uniformly strict contraction on }C(X) if and only if
the following conditions are satisfied:

o forAZ2B,ie,[A]=[B] | T(A)©I(B) ||=0;
e givenany € > 0, there exists § > 0 such thate <|| A6 B ||< e +  implies | T(A) ©F(B) ||[< €
for any A 7@ B,ie., [A] # [B].

By part (ii) of Proposition 4, we see that if A 7‘2 B, then || A & B ||# 0, which says that the weakly
uniformly strict contraction is well-defined. In other words, ((X), || - ||) should be assumed to be
a pseudo-normed hyperspace rather than pseudo-seminormed hyperspace.

Remark 2. We observe that if T is a weakly uniformly strict contraction on K(X), then ¥ is also
a weakly strict contraction on K(X).

Lemma 1. Let (KX(X), || - ||) be a pseudo-normed hyperspace with the null set Q), and let T : (K(X), || - ||)
— (K(X),|l - |I) be a weakly uniformly strict contraction on K(X).  Then the sequence
{|| T"(A) © T"FL(A) ||}, is decreasing to zero for any A € K(X).

Proof. For convenience, we write ¥"(A) = A, forall n. Letc, =|| An © Ay11 ||.

e Suppose that [A,_1] # [Ax]. By Remark 2, we have
cn =l A © A [|I=] T(A) © THA) |[<|| T (A) © THA) [|=] Apm1 © Au = cpmae
e  Suppose that [A,_1] = [Ay]. Then, by the first condition of Definition 10,
cn =|| T(A) © T(A) [|=]] T(An-1) ©F(An) =0 <y

The above two cases say that the sequence {c,; }?_; is decreasing. We consider the following cases.

e  Letm be the first index in the sequence { A, };>_; such that [A,,_1] = [A;;]. Then we want to claim

Cm—1 = Cm = Cpyt1 = - -~ = 0. Since A;;,_1 Q Ay, we have
Cm—1 :H Apm-19 An ”: 0.
Using the first condition of Definition 10, we also have

0 =[| T(An-1) ©T(An) lI=[l T(A) ©T"HA) =]l An © Apsa [|= cm,

which says that A, a Ayt ie., [Am] = [Amy1]. Using the similar arguments, we can obtain
cm+1 = 0and [Ay,11] = [Amq2]. Therefore the sequence {c, }$7_; is decreasing to zero.

e Suppose that [A,, ;1] # [An] for all m > 1. Since the sequence {c, }$_; is decreasing, we assume
thatc, | € > 0,ie., ¢, > € > 0 for all n. There exists & > 0 such thate < ¢, < € + ¢ for
some m, i.e.,

€ <Il Am© A [|< e +6.

By the second condition of Definition 10, we have
cmr1 = Auws1 © Aniz [|=] T"7H(A) £ T"F2(A) ||=] T(Aw) © T(Ans) I<e,

which contradicts ¢, 11 > €.

This completes the proof. [
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Theorem 3. Let (K(X), || - ||) be a Banach hyperspace with the null set Q). Suppose that || - || satisfies the
null super-inequality, and that the function T : (KC(X), || - ||) = (K(X), || - ||) is a weakly uniformly strict
contraction on K(X). Then X has a near fixed point satisfying T(A) 2 A. Moreover, the near fixed point A is

obtained by the limit
| " (Ag) 2 All=|| AeT"(Ag) || = 0asn — oo.

Assume further that || - || satisfies the null equality. Then we also have the following properties.

o The uniqueness is in the sense that there is a unique equivalence class [A] such that any A & [A] cannot be
a near fixed point.

e  Eachpoint A € [A] is also a near fixed point of T satisfying T(A) 2 Aand [A] = [A].
o If Aisanear fixed point of T, then A € [A], i.e., [A] = [A]. Equivalently, if A and A are the near fixed
points of T, then A 2 A

Proof. According to Theorem 2 and Remark 2, we just need to claim that if T is a weakly uniformly
strict contraction, then {T"(Ag)}5; = {An}5., forms a Cauchy sequence. Suppose that {A,}7 ;
is not a Cauchy sequence. Then there exists 2¢ > 0 such that, given any N, there exist n > m > N
satisfying || A, © Ay ||> 2e. Since T is a weakly uniformly strict contraction on K(X), there exists
6 > 0 such that

e <|| ASB ||< e+ 4 implies || T(A) ©F(B) ||< € forany A £ B.
Let &' = min{J, €}. We are going to claim
€ <|| A©B||< e+ ¢ implies || T(A) ©F(B) ||< € for any A 7‘2 B. (6)

Indeed, if & =€,i.e., e < J,thene+8 =e+e <e+9.
Letc, =|| Ay © Ayyq || Since the sequence {c, };> ; is decreasing to zero by Lemma 1, we can
find N such that cjy < 8’ /3. For n > m > N, we have

| Am© An ||>2e>€e+7, )

which implicitly says that Ay, 7(2 Ay. Since the sequence {c,}?°  is decreasing by Lemma 1 again,
we obtain
y e

For j with m < j < n, using Proposition 3, we have
| An© Aj IS An S Aj |+ | Aje Aja ] - ©)

We want to show that there exists j with m < j < n such that A, Q Ajand

25
e+ - < AncAjl<e+d. (10)

Lety; =|| An© Aj | forj=m+1,---,n. Then (7) and (8) says that 7,11 < eand 7, > € + 4.
Let jp be an index such that

. 26
jo = max ]E[m+1,n}:'yj§e+? .
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Then we see that jo < n, since v, > € + ¢'. By the definition of jy, we also see that jo +1 < n and

Yjot+1 > €+ 27‘5/, which also says that A, 7% Ajy+1. Therefore expression (10) will be obtained if we can
show that

!
€+ 5 <o+ <e+d.
Suppose that this is not true, i.e., Yjo+1 = €+ ¢'. From (9), we have
& 26’ _ &'

3 >N 2 ¢y =l Ay © A |2 o1 —vjg Z €+ —e— 7 ==

This contradiction says that (10) is sound. Since A, 7‘2 Aj, using (6), we see that (10) implies
| Aus1 © A =]l S(Aw) ©T(4)) [I<e. (1)
Therefore we obtain

| Am© Aj | <l A © Apsa | + || Ams1 © Ajia || + [ Aj11 © A; || (by Proposition 3)
<cmt+e+cj(by (11))
5 5 26/

<§+€+§:€+?/

which contradicts (10). This contradiction says that the sequence {T"(A)}>° | = {An};; is a Cauchy
sequence, and the proof is complete. [J
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