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Abstract: The concept of informal vector space is introduced in this paper. In informal vector space,
the additive inverse element does not necessarily exist. The reason is that an element in informal
vector space which subtracts itself cannot be a zero element. An informal vector space can also be
endowed with a metric to define a so-called informal metric space. The completeness of informal
metric space can be defined according to the similar concept of a Cauchy sequence. A new concept of
fixed point and the related results are studied in informal complete metric space.
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1. Introduction

The basic operations in (conventional) vector space are vector addition and scalar multiplication.
Based on these two operations, the vector space should satisfy some required conditions (eight axioms
in total) by referring to [1-5]. However, some spaces cannot comply with all of the axioms given in
vector space. For example, the space consisting of all subsets of R cannot satisfy all of the axioms in
vector space (Wu [6]). Also, the space consisting of all fuzzy numbers in R cannot satisfy all of the
axioms in vector space, where the addition and scalar multiplication of fuzzy sets are considered (Wu
[7]). The main reason is that the additive inverse element does not exist.

Let S and T be two subsets of R. The addition and scalar multiplication for the subsets of R are
defined by

S+T={s+t:secSandt e T} and kS = {ks:s € S} forany k € R.

Let X denote the family of all subsets of R. Given any S € &, the subtraction S — S by itself is
given by
S—S={s1—sy:51,5 €S},

which cannot be the zero element in X'. Therefore, in this paper, we propose the concept of null set
for the purpose of playing the role of a zero element in the so-called informal vector space. Since the
informal metric space is a completely new concept, there are no available, relevant references for this
topic. The readers may instead refer to the monographs [1-5] on topological vector spaces and the
monographs [8-10] on functional analysis.

In this paper, we propose the concept of informal vector space that can include the space consisting
of all bounded and closed intervals in R and the space consisting of all fuzzy numbers in R. We also
introduce the concept of null set that can be regarded as a kind of "zero element" of informal vector
space. When the null set is degenerated as a singleton set {6}, an informal vector space will turn
into a conventional vector space with the zero element 0. In other words, the results obtained in
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this paper can be reduced to the results in conventional vector space when the null set is taken to be
a singleton set.

Based on the concept of null set, we can define the concept of almost identical elements in informal
vector space. We can also endow a metric to the informal vector space defining the so-called informal
metric space. This kind of metric is completely different from the conventional metric defined in
vector space, since it involves the null set and almost identical concept. The most important triangle
inequality is still included in an informal metric space. Based on this metric, the concepts of limit
and class limit of a sequence in informal metric space are defined herein. Under this setting, we can
similarly define the concept of a Cauchy sequence, which can be used to define the completeness of
informal metric space. The main aim of this paper was to establish the so-called near-fixed point in
informal, complete metric space, where the near fixed point is based on the almost identical concept.
We shall also claim that if the null set is degenerated as a singleton set, then the concept of near a fixed
point is identical to the concept of a (conventional) fixed point.

In Sections 2 and 3, the concept of informal vector space and informal metric space are proposed.
The interesting properties are derived in order to study the new type of fixed point theorems.
In Section 4, according to the informal metric, the concept of a Cauchy sequence is similarly defined.
The completeness of informal metric space is also defined according to the concept of Cauchy sequences.
In Section 5, we present many new types of fixed point theorems that are established using the almost
identical concept in informal metric space.

2. Informal Vector Spaces

Let X be a universal set, and let IF be a scalar field. We assume that X is endowed with the
vector addition x @ y and scalar multiplication ax for any x,y € X and & € F. In this case, we call
X a universal set over F. In the conventional vector space over F, the additive inverse element of x
is denoted by —x, and it can also be shown that —x = —1x. In this paper, we shall not consider the
concept of inverse elements. However, for convenience, we still adopt —x = —1x.

For x,y € X, the substraction x S y is defined by x & y = x & (—y), where —y means the scalar
multiplication (—1)y. For any x € X and « € F, we have to mention that (—a)x # —ax and
a(—x) # —ax in general, unless a(Bx) = (ap)x for any a, € F. In this paper, this law will not always
be assumed to be true.

Example 1. Let C be a subset of complex plane C defined by
C={a+0bi:abe Rsatisfyinga < b}.
The usual addition and scalar multiplication in C are defined by
(a+bi)+ (c+di) = (a+c)+ (b+d)iand k(a + bi) = ka + kbi for k € R.
Given any z = a + bi € C, its additive inverse in C denoted by —z is
—z=(=1)z=—a—Di.

We see that —z ¢ C. Therefore, the subset C is not closed under the above scalar multiplication. In other
words, the subset C cannot form a vector space. However, if the scalar multiplication in the subset C is defined by

~f katkbi ifk>0
k(”bl)_{ Kb+ kai ifk < 0.

then the subset C is closed under the above addition and this new scalar multiplication. In this case, we shall
consider the subset C as an informal vector space that will be defined below.
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Example 2. Let Z be the set of all closed intervals in R. The addition is given by
[a,b] ® [c,d] = [a+c,b+d]

and the scalar multiplication is given by

| kakb] k>0
Kla,b] = { [kb,ka] ifk < 0.

We see that T cannot be a (conventional) vector space, since the inverse element cannot exist for any
non-degenerated closed interval. On the other hand, the distributive law for scalar addition does not hold true in
Z; that is, the equality (a« + B)x = ax @ Bx cannot hold true for any x € T and w, p € R. This shows another
reason why I cannot be a (conventional) vector space.

Definition 1. Let X be a universal set over the scalar field IF. We define the null set of X as follows
Q={xox:xeX}.

We say that the null set ) satisfies the neutral condition if and only if w € Q) implies —w € Q.

Example 3. Continued from Example 1, for any z = a + bi € C, we have
z6z=z+(-1)z=(a+bi)+(-b—ai)=(a—b)+ (b—a)ieC.
Therefore, the null set ) is given by
Q={-k+ki:keRandk >0} ={—k+ki:keR,}.
Now we are in a position to define the concept of informal vector space.

Definition 2. Let X be a universal set over F. We say that X is an informal vector space over I if and only if
the following conditions are satisfied:

o Ix=xforanyx € X;

o x=yimpliesxDz=yDzandax =ayforanyx,y,z € Xand a € IF;

o The commutative and associative laws for vector addition hold true in X; that is, x @y = y @ x and
(x®y)Gz=xd(y®z) forany x,y,z € X.

Definition 3. Let X be an informal vector space over IF with the null set Q). Given any x,y € X, we say that x
and y are almost identical if and only if any one of the following conditions is satisfied:

o x=y;
o Thereexists w € Qsuchthatx = yQworxdw =y,
o There exists wy, wo € Q) such that x & wy =y P wy.

. . @)
In this case, we write x = Y.

Remark 1. Suppose that the informal vector space X over F with the null set Q) contains the zero element 6;
thatis,x = x ® 6 = 0 @ x for any x € X. Then, we can simply say that x Q yifand only if wy, wy € Q exists,
such that x ® wy =y ® wy (i.e., only the third condition is satisfied), since the first and second conditions can
be rewritten as the third condition by adding the zero element 0. We also remark that if we want to discuss some

properties based on x 2 y, it suffices to consider the third condition x ® wy = y @ wy, even though X does not
contain the zero element 6. The reason is that the same arquments are still applicable for the first and second
conditions.
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According to the binary relation 2, for any x € X, we define the class

[x]:{yeX:xgy}. 1)

The family of all classes [x] for x € X is denoted by [X]. For y € [x], it is not necessarily that the

class [y] is equal to the class [x], unless the binary relation 2isan equivalence relation.

Proposition 1. Let X be an informal vector space over F with the null set Q). If () is closed under the vector

addition, then the binary relation Qisan equivalence relation.

Proof. For any x € X, x = x implies x 2 x, which shows the reflexivity. According to the definition
of the binary relation 2 the symmetry is obvious. Regarding the transitivity, for x 2 yandy 2

we want to claim x 2 z. From Remark 1, it suffices to just consider the cases of
XPwi =yPwrandy w3 =zD wy

for some w; € Q) fori = 1,---,4. By the associative and commutative laws for vector addition,
we have
XOw Gws =y w3z Dwy =2zDwsDdwy,

which shows x 2 z, since () is closed under the vector addition. This completes the proof. O

Let X be an informal vector space over F with the null set () such that Q) is closed under the
vector addition. Proposition 1 says that the classes defined in (1) form the equivalence classes. It is
clear to see that y € [x] implies [x] = [y]. In other words, the family of all equivalence classes form
a partition of the whole set X.

We also need to remark that the space [X] is still not a (conventional) vector space. The reason is
that not all of the axioms taken in the vector space will be satisfied in [X], since the original space X
does not satisfy all of the axioms in the vector space. For example, we consider the informal vector
space Z over R from Example 2. The quotient set [Z] cannot be a real vector space, since

(a + B)[x] # a[x] + B[x]
for af < 0. The reason is that (« + p)x # ax + Bx for x € Z and af < 0.

3. Informal Metric Spaces

Now, we are in a position to introduce the concept of the so-called informal metric space.

Definition 4. Let X be an informal vector space over I with the null set (). For the non-negative, real-valued
function d defined on X x X, we consider the following conditions:

= 0 ifand only if x gyforallx,y €X;

(i) d(x,y)

(') d(x,y) =0ifand only if x = y forall x,y € X;
(i) d(x,y) =d(y,x)forall x,y € X;

(iii) d(x,y) <d(x,z)+d(z,y) forall x,y,z € X.

Different kinds of metric spaces are defined below.

The pair (X, d) is called a pseudo-metric space if and only if d satisfies conditions (ii) and (iii).
e The pair (X,d) is called a metric space if and only if d satisfies conditions (i'), (i), and (iii).
The pair (X, d) is called a informal metric space if and only if d satisfies conditions (i), (ii), and (iii).
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(iv) We say that d satisfies the null super-inequality if and only if, for any wq,wy € Qand x,y,z € X,
we have

Adx®w,ydwy) >d(x,y), dx®wy,y) >d(x,y)andd(x,ydwy) > d(x,y).

(iv') We say that d satisfies the null sub-inequality if and only if, for any wy, wy € Qand x,y € X, we have
dx®w,ydwy) <d(x,y), dx®wyy) <d(x,y)andd(x,y®wy) < d(x,y).

(iv") We say that d satisfies the null equality if and only if, for any wy, w, € Qand x,y € X, we have

dx®w,ydwy) =d(x,y), dxDwy,y)=d(x,y) and d(x,y®wy)=d(x,y).

Example 4. Continued from Example 2, we take X = I that consists of all bounded and closed intervals, which

is not a vector space. For Iy = [a},a%!] and I, = [a}, a¥] in T, we define a nonnegative real-valued function d

for T x T by
d(h, L) = ‘a%+a¥—a§—a§l‘.

Suppose that
d(h, L) = ‘a%+a¥—a§ —ag‘ =0.

We cannot obtain Iy = I. Therefore, condition (i') in Definition 4 is not satisfied, which says that (Z,d)

cannot be a (standard) metric space. However, using the basic arithmetics, we can obtain I 2 I,. For any
I, Ib, I in Z, it is not difficult to show that

d([l,lz) = d([g, Il) and d(Il, 12) < d([l, 13) +d(13, 12).

Therefore (Z,d) is indeed an informal metric space. Moreover, we are going to claim that d also satisfies the
null equality. We first note that the null set () in 1L is given by

Q= {[-kk :k>0}.
Forany ky,ky € Ry, ie., wy = [—ky, k1], w2 = [—ka, ka] € Q, we have
d(h®wybhow)=d([at,adl| [k, k), [akaf | & [k k] )
= d ([af — kv 0l + k1], [af — ko aff + ko))
((a%—kl +a¥+k1) - (a% —k2+a§+k2)‘
[ (af +all) = (ak +aff) |
o (o], [sot]) =1,

which shows that d indeed satisfies the null equality.

4. Cauchy Sequences
In this section, we are going to introduce the concepts of Cauchy sequences and completeness in

the informal metric space. We first introduce the concept of limit in the informal metric space.

Definition 5. Let X be an informal vector space over F with the null set Q3, and let (X, d) be a pseudo-metric
space. The sequence {x, }5_, in X is said to be convergent if and only if

nlgrolo (x4, x) = 0 for some x € X.
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The element x is called the limit of the sequence {x, }5;_;.

The sense of uniqueness of limit will be different for the metric space and informal metric space.
Let {x,};7_; be a sequence in (X, d). If there exists x,y € X such that

lim d(x,,x) =0 = lim d(x,,y),

n—oo n—oo

then, by the triangle inequality (iii) in Definition 4, we have
0<d(x,y) <d(x,xy) +d(xy,y) +0+0=0asn — oo, ()

which says that d(x,y) = 0.

e Suppose that (X, d) is a metric space. By condition (i’) in Definition 4, we see that x = y. This shows
the uniqueness.

e Suppose that (X, d) is an informal metric space. By condition (i) in Definition 4, we see that x a Y.
Recall that if () is closed under the vector addition, then we can consider the equivalence classes.
In this case, we also see that y is in the equivalence class [x].

On the other hand, we further assume that d satisfies the null equality. If {x,,}°° ; is a sequence in
X such that d(x,,x) — 0as n — oo, then, for any y € [x],i.e., x & wy = y & wy for some w1, wy € Q,
we also have d(x,,,y) — 0 as n — oo, as shown below:

0<d(xpy) =d(xnwr ®y) =d(xn, w1 ®x) =d(xp,x) > 0asn — oo.
Therefore, we propose the following definition.

Definition 6. Let (X, d) be an informal pseudo-metric space with the null set Q). If {x, }°°_ is a sequence in
X such that

Jim (e 3) =0

for some x € X, then the class [x] is called the class limit of {x,,}°° ;. We also write

lim x, = [x] or x, — [x].

n—o0
Proposition 2. Let (X, d) be an informal pseudo-metric space with the null set Q) such that Q) is closed under
the vector addition. Then, the class limit in the informal metric space is unique.

Proof. Let {x,}7" ; be a convergent sequence in X with the class limits [x] and [y]. According to the
definition, we have
lim d(x,,x) = 0and 1311 d(xn,y) = 0.
n—oo

n—oo

Using (2) , it follows that d(x,y) = 0, which also implies y € [x], i.e., [x] = [y]. This shows the
uniqueness in the sense of class limit. [

Definition 7. Let (X, d) be an informal metric space.

o Asequence {x,}5_, in X is called a Cauchy sequence if and only if, given any € > 0, N € N exists,
such that d(xy, X)) < € foralln > N and m > N.

o Asubset M of X is said to be complete if and only if every Cauchy sequence in M is convergent to some
element in M.

Proposition 3. Every convergent sequence in an informal metric space is a Cauchy sequence.
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Example 5. Continued from Example 4, we see that (Z,d) is an informal metric space such that d satisfies the
null equality. We are going to claim that (I, d) is complete. Given a sequence {1} in the informal metric
space (Z,d) by I, = [ak,a¥] forn = 1,2, -, suppose that {1,}%_, is a Cauchy sequence. Then, given any
€ > 0, for sufficiently large n and m, we have

e>d(Iy,I,)=4d ([aﬁ,a,ﬂ , [afn,a';nID = '(u,% +ar",1) — (ah —l—a%) ’ 3)

Let ay = al +aY. Then, the expression (3) shows that {a,}%_, is a Cauchy sequence in R.
The completeness of R says that a € R exists, satisfying |a, — a| < € for sufficiently large n. Now we
define a bounded closed interval [a",aY] satisfying a + a' = a. Then

d ({aﬁ,a,ﬂ , {aL,auD = ‘(a,%—i—a,lll) — (aL—I—uu)‘ =la,—a| <e

for a sufficiently large n, which says that the sequence {I,}%_, converges to [at,a"]. Therefore, we conclude
that the space (Z,d) is complete.
5. Near Fixed Point Theorems

Let X be a universal set, and let T : X — X be a function from X into itself. We say that x € X
is a fixed point if and only if T(x) = x. The well-known Banach contraction principle presents the
fixed point of function T when X is taken to be a complete metric space. We shall study the Banach
contraction principle when X is taken to be an informal complete metric space.

Definition 8. Let X be an informal vector space over F with a null set O3, and let T : X — X be a function
defined on X into itself. A point x € X is called a near fixed point of T if and only if T(x) 9.

Example 6. Continued from Example 5, we see that the null set Q) in (Z,d) is given by
Q= {[-kk]:k>0},

which is closed under the vector addition. Let T : (Z,d) — (Z,d) be a function from T into itself. Suppose that
[al, aY] is a near fixed point of T, i.e., T([ak,a!]) 2 [al, aY]. By definition, nonnegative numbers ki and ko
exist such that one of the following equalities is satisfied:

o T([a%a") & [~ki, k1] = [a",a"];
T([a", ")) = [a",a"] & [—ky, ky);
o T(la",a"]) & ki, ki) = [a",a"] & [~ka, ko,

where [—ky, k] and [—ky, ky] are in the null set Q).

Remark 2. We have the following observations.

e By definition, we see that T(x) 2y if and only if wy, wyp € Q) exist, such that T(x) = x, T(x) & w1 = ¥,
orT(x) =x B wyorT(x)Dw; =x® w,.

o Ifthe informal vector space X owns a zero element 6, then the (conventional) fixed point is also a near fixed
point.

o Ifthe informal vector space X turns into a (conventional) vector space over F, then the concepts of near
fixed point and (conventional) fixed point are equivalent.

Definition 9. Let (X, d) be an informal metric space. A function T : (X,d) — (X, d) is called a contraction
of X if and only if there is a real number 0 < a < 1 such that

d(T(x), T(y)) < ad(x,y)
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forany x,y € X.

Example 7. Continued from Example 4, suppose that T is a contraction of Z. Then, a real number 0 < a < 1
exists, such that

d(T([af,a1']), T(az,a])) < a - d([af, a1'], (a3, a5'])
for any [ak,a%!], [a%, aY] € Z. In particular, we take T to be a collection of all subintervals of [0, 1]. Now, we take

T:Z7— Zby

T(lat,a]) = 3let, o] o at,

1 1
=3 [min{a[“aL atat, g4 u},max{aLaL ata¥,qYq UH =3 {al‘al‘ auau}

where a*,a € [0,1]. From Example 4, we have

1 1
AT (o, 1), Tok,a5)) = d (5 [obatatfat], 5 [abok i)

= 2 |abat + afial! — abak — ol

= 5| o) (o - o) + (o o) (ot )|
< 2| (ab — ab) + (ol — )| tince ot alf b, alf € 0,1)
= Sd(lab,all). [ak, a4,

which says that T is a contraction of L.

Given any initial element xo € X, we define the iterative sequence {x, }’_; using the function T
as follows:
x1=T(x0), x2=T(x1) =T*(xq),- -, %0 = T"(x0). (4)

Under some suitable conditions, we are going to show that the sequence {x;, }{° ; can converge to
a near fixed point.

Theorem 1. Let (X, d) be an informal complete metric space with the null set Q) such that d satisfies the null
equality. Suppose that Q) is closed under the vector addition, and that the function T : (X,d) — (X, d) is

a contraction of X. Then T has a near fixed point x € X satisfying T(x) 2 x. More precisely, the near fixed
point x can be obtained by the following limit

d(xy,x) = 0asn — oo,

where the sequence {x, }5,_ is generated by the iteration (4). Moreover, we have the following properties.

e There is a unique equivalence class [x| satisfying that if X ¢ [x], then X cannot be a near fixed point, which
shows the sense of uniqueness.

Suppose that % € [x]. Then % is also a near fixed point ofT satisfying T (% ) = Xand [%] = [x].
e Suppose that % is a near fixed point of T. Then X € [x]; i.e., [%] = [x]. In other words, if x and X are the

near fixed points of T, then x 2%
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Proof. Proposition 1 says that the family of all classes [x] for x € X forms the equivalence classes.
Given any initial element xy € X, we can generate the iterative sequence {x, }5_; using (4). We want
to claim that {x, };>_; is a Cauchy sequence. Since T is a contraction of X, we have

d(xpy1,%m) = d(T(xm), T(xm-1)) < ad(xm, Xm—1)
= ad(T(xp-1), T(xm—2)) < a®d(Xpy_1, Xm—2)
<< a™d(xq, x0).

For n < m, using the triangle inequality, we obtain
d(xm, xn) < d(Xm, Xm—1) +d(Xm—1, Xm—2) + - -+ + d(Xp41, Xn)

< (txm_l a2y oc”) ~d(x1,x0)

1—amn
1—n

=a"- -d(x1, x0).

Since 0 < & < 1, we have 1 — ™" < 1 in the numerator, which says that
a?‘l

1—

A%, xn) < . -d(x1,x9) — 0asn — oo.

This shows that {x, };> ; is indeed a Cauchy sequence. The completeness says that x € X exists,
satisfying d(x,, x) — 0, i.e., x, — [x] from Definition 6 and Proposition 2.

Now, we want to claim that any point X € [x] is a near fixed point. We first have ¥ © w; = x & w»
for some wy,wy € Q. According to the triangle inequality and using the fact of contraction of X,
we obtain

X @ wi, T(%)) (since d satisfies the null equality)
Xm) +d(xm, T(%))
Xm) +d(T(xp-1), T(X))
Xm) +ad(xy,_1, %)
= )
)

X @B wi, Xp) + ad(x,—1,X @ wq) (since d satisfies the null equality)

XD wo, xm) + Déd(xm 1,x69w2)

/\/\/—\/—\/—\A/\
—_
~

X, Xm) + ad(x,,-1, x) (since d satisfies the null equality),

which implies d(%, T(x)) = 0 as m — co. We conclude that T (%) 2 % for any point ¥ € [x

)
Now, we assume that there is another near fixed point x of T satisfying X ¢ [x], i.e., X 2

Then

T(%).
TDw =T(X) Pwrand x D wz = T(x) ® wy
for some w; € O),i =1,---,4. Since T is a contraction of X and d satisfies the null equality, we obtain
d(%,x) =d(x®w, xBws) =d(T(X) B wy, T(x) Bwy) =d(T(x), T(x)) < ad(X,x),

which implies d(x,x) = 0, since 0 < a < 1. Therefore, we obtain % o x, which contradicts ¥ ¢ [x].
This says that any ¥ ¢ [x]| cannot be a near fixed point. Equivalently, if X is a near fixed point of T, then
% € [x]. This completes the proof. []
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Example 8. Continued from Example 5, we see that (Z,d) is a complete informal metric space, such that d
satisfies the null equality. Suppose that T is a contraction of L. Then, there exists a real number 0 < a < 1 such
that

d(T([ay, ay']), T(a3,a5])) < a - d([ay, af'], a3, a5'])
for any [at,atl], [ak,all] € I. Given any initial element Iy = [ak,all] € I, we can generate the iterative

sequence {1, }%_, using the function T, where I, = [ak, a{], as follows:
L =T(l), L=T(L)=T* k), -, =T )
that is,
[at,a1'] = T(laf,a),  [a3,a5] = T(la, a1']) = T*(lag, a5]), -~ , [y, a5] = T"([ag;, ag).

Using Theorem 1, the near fixed point I = [a",a"] is obtained by the limit

d(I,, 1) = d([a,aY], [a",aY]) — 0as n — co.

Definition 10. Let (X, d) be an informal metric space with the null set Q), and let Q) be closed under the vector
addition. A function T : (X,d) — (X, d) is called a weakly strict contraction of X if and only if the following
conditions are satisfied:

o 2 y, ie., [x] = [y] implies d(T(x), T(y)) = 0;
o x 2y ie, [x] # [y] implies d(T(x), T(y)) < d(x,y).

We see that if T is a contraction of X, then it is also a weakly strict contraction of X.

Theorem 2. Let (X, d) be an informal, complete metric space with the null set Q), and let Q) be closed under
the vector addition. Suppose that the function T : (X,d) — (X,d) is a weakly strict contraction of X.
If {T"(xo) }5y_ forms a Cauchy sequence for some xo € X, then T has a near fixed point x € X satisfying

T(x) 2 x. More precisely, the near fixed point x can be obtained by the following limit
d(T"(xg),x) — 0asn — oo.

Assume further that d satisfies the null equality. Then, we also have the following properties.

e There is a unique equivalence class [x] satisfying that if X ¢ [x] then X cannot be a near fixed point,
which shows the sense of uniqueness.
Suppose that & € [x]. Then % is also a near fixed point of T, satisfying T (%) 2 %and [%] = [x].
Suppose that % is a near fixed point of T. Then X € [x]; i.e., [%] = [x]. In other words, if x and X are the

near fixed points of T, then x 2z

Proof. The assumption says that {T"(xo) }9_; is a Cauchy sequence. Since X is complete, it follows

that x € X exists, such that d(T"(xp),x) — 0. From Definition 6 and Proposition 2, we see that
T"(x0) — [x]. Now, given any € > 0, there exists an integer N, such that d(T"(xp), x) < € forn > N.
Two cases will be considered.

e Suppose that T"(xg) 2 1. Since Tisa weakly strict contraction of X, it follows that

d(T" Y (x0), T(x)) =0 < e.

Q
e Suppose that T"(xg) # x. Since T is a weakly strict contraction of X, we have

d(T"(xg), T(x)) < d(T"(x0),x) < € forn > N.
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Therefore, we conclude that d(T"*!(xg), T(x)) — 0. The triangle inequality says that

d(T(x),x) < d (T(x), s (xo)) +d (T"+1(x0),x) 5 0asn — co.

Therefore, we obtain d(T(x),x) = 0, i.e., T(x) 2 x. This shows that x is a near fixed point.
Now, we assume further that d satisfies the null equality. We want to show that each point ¥ € [x]

is a near fixed point of T. Since & 2 x, we have ¥ @ w; = x ® wy for some wy,wy; € Q. The null
equality says that

d(T"(xp), %) = d(T"(x0), X ® wy) = d(T"(x0),x ® wy) = d(T"(xp),x) — 0as n — co.

Therefore, we can also obtain d(T"!(xg), T(X)) — 0 as n — oo by using the above argument.
On the other hand, the triangle inequality also says that

d(z, (%)) < d(x, T"(x0)) + d(T" 1 (x0), T(%)) — Oas n — oo,

which implies d(%, T(x)) = 0. Therefore, we obtain T (%) 2 % for any point ¥ € [x].
Suppose that ¥ ¢ [x] and ¥ is another near fixed point of T. Then, we have T(%) 2 tand [x] # [x],

ie., x 712 %. We also have T(x) ® w; = x @ wy and T(X) ® w3 = X B wy, where w; € Qfori=1,2,3,4.
Now, we obtain

d(x,X) = d(x ® wy, ¥ ® wy) (using the concept of null equality)
=d(T(x) ®wy, T(X) ®ws) =d(T(x), T(x)) (using the concept of null equality)

< d(x,x) (since T is a weakly strict contraction and x 7% x).

Therefore we led to a contradiction, which says that ¥ cannot be a near fixed point of T. In other
words, if ¥ is a near fixed point of T, then ¥ € [x]. This completes the proof. [

Meir and Keeler [11] studied the fixed point theorem for the weakly-uniformly strict contraction.
Therefore, under the informal metric space (X, d), we propose the following definition by considering

the fact d(x,y) = 0 for x 2 y.

Definition 11. Let (X, d) be an informal metric space with the null set Q), and let Q) be closed under the vector

addition. A function T : (X,d) — (X, d) is called a weakly uniformly strict contraction of X if and only if

the following conditions are satisfied:

o x2 y, ie., [x] = [y] implies d(T(x), T(y)) = 0;

o givenanye > 0,6 > 0 exists, such that € < d(x,y) < € + 6 implies d(T(x), T(y)) < € for any x % Y,
ie., [x] £ [y).

Remark 3. It is clear to see that if T is a weakly uniformly strict contraction of X, then it is also a weakly strict
contraction of X.

Lemma 1. Let (X, d) be an informal metric space with the null set O, and let Q) be closed under the vector
addition. Let T : (X,d) — (X,d) be a weakly uniformly strict contraction of X. Then the sequence
{d(T™(x), T""1(x))}*_, is decreasing to zero for any x € X.

Proof. For convenience, we write T"(x) = x,, for all n. Let ¢, = d(xpn, X11).

e Suppose that [x,,_1] # [x,]. By Remark 3, we have

cn = d(xXn, Xpp1) = d(T"(x), T" 1 (x)) < d(T"(x), T"(x)) = d(Xpy_1,%n) = Cn_1.



Axioms 2019, 8, 126 12 of 14

e Suppose that [x,,_1] = [x,]. Then, by the first condition of Definition 11,

cn = d(T"(x), T" 1 (x)) = d(T(x,—1), T(xn)) =0 < c_1.

Therefore, we conclude that the sequence {c,}_; is decreasing. Now, we also consider the
following two cases.

e Let m be the first index in the sequence {x,}}> ; such that [x,,_1] = [x;;]. Then, we can show
thatc,, 1 =cm = ¢pq = -+ - = 0. Since x,;,_1 a Xm, we have ¢, 1 = d(x;_1,xm) = 0. The first
condition of Definition 11 says that

0= d(T(xm—l)/ T(xm)) = d(Tm(x)/ T (x)) = d(xmr xm-i—l) = Cm,

which implies x,, Q Xm+1; 1-€., [Xm] = [X41]. We can similarly obtain ¢, 11 = 0 and [x,41] =
[*m+2]. Therefore, the sequence {c;, }$_; is decreasing to zero.

e Suppose that [x,, 1] # [x] forall m > 1. Since the sequence {c,, };’ ; is decreasing, we can assume
thatc, | € > 0,1i.e., ¢, > € > 0 for all n, which says that 6 > 0 exists, such thate < ¢;, < € 4 ¢ for
some 1, i.e., € < d(Xp, x;y11) < €+ 0. The second condition of Definition 11 says that

Cmi1 = d(Xpi1, Xmg2) = (T (x), T"2(x)) = d(T(xm), T(xms1)) <€,

which contradicts ¢, 11 > €.

This completes the proof. [

Theorem 3. Let (X, d) be an informal complete metric space with the null set 3, and let Q) be closed under the
vector addition. Let T : (X,d) — (X, d) be a weakly uniformly strict contraction of X. Then T has a near fixed

point satisfying T (x) 2 x. More precisely, the near fixed point x is obtained by the following limit
d(T"(xg),x) — 0as n — oo for some x.

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

e There is a unique equivalence class [x] satisfying that if ¥ ¢ [x|, then X cannot be a near fixed point,
which shows the sense of uniqueness.
Suppose that % € [x]. Then % is also a near fixed point of T satisfying T (%) 2 %and [x] = [x].

e Suppose that % is a near fixed point of T. Then X € [x]; i.e., [%] = [x]. In other words, if x and X are the

near fixed points of T, then x 2%

Proof. From Theorem 2 and Remark 3, we just need to show that if T is a weakly uniformly strict
contraction, then {T"(xo)};> ; = {xx};; is a Cauchy sequence for xy € X. Suppose that {x;,}7 ;
is not a Cauchy sequence. By definition, 2e > 0 exists, such that, given any N, m,n > N exists,
satisfying d(x,;, x,) > 2¢. The assumption says that T is a weakly uniformly strict contraction on X.
Therefore, 6 > 0 exists, such that

€ <d(x,y) < e+6impliesd(T(x), T(y)) < € for any x % y.
Let 8’ = min{J, e}. We want to show that
€ <d(x,y) < e+ implies d(T(x), T(y)) < € for any x 7(% y. (5)

It is clear to see thatif ' =¢,ie.,,e < J,thene+6 =e+e <e+4.
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Let ¢, = d(xy, Xy41). Lemma 1 says that the sequence {c, };_; is decreasing to zero. Therefore,
we can find N such that ciy < 8’ /3. For n > m > N, we have
d(xm,xn) > 26 >e+7, (6)

which implicitly says that x,, % xp. Since {c, }_; is decreasing, we obtain

5/
d(xmrxm+l) =cm <cen < 3 < g < €. ()
For j with m < j < n, we also have
d(xm, xj1) < d(xm, xj) +d(xj, xj11). 8

We want to show that j with m < j < n exists, such that xy, % X; and

!

26
et 5 < d(xm, xj) < e+ )
Lety; = d(xm,xj) forj=m+1,---,n. Then (6) and (7) say that
Yma1 < €and v, > e+ 6. (10)

Let jo be an index satisfying
) . 26
jo = max ]€[m+1,n}:'yj§e+? .

Using (10), we have m 4+ 1 < jo < n. This says that jp is well-defined. The definition of jy also says that

jot+t1<mand 41 >€+ 2?5’. Therefore, we obtain x, % Xj,+1, which says that the expression (9)
will be sound if we can show that

/

!
€+?<'Y]'0+1<€+(5.

Suppose that this is not true; i.e., ¥j,+1 > € + ¢'. Using (8), we obtain

& , 260 ¢
3 >N 2 Gy = d(x]h’x]'oﬂ) 2 Vjor1 —YVjp =€+ —e— 3 3

which contradicts the fact that (9) is sound. Since x;, % xj, forms (5), we see that (9) implies
d(xmt1,%j11) = d(T(xm), T(xj)) <e. (11)
Therefore, we obtain

d(xm,x]') < d(Xm, Xpm41) + d(xm+1/xj+1) + d(xj+1/xj)
< cm +€+¢j (by (11))

< 5—/ +e+ 5—I =€+ 27(5’
3 3 3’
which contradicts (9). Therefore, every sequence {T"(x)}%* ; = {x,}7", is a Cauchy sequence.

This completes the proof. [
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