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Summary

The notion of a fuzzy metric space due to George and Veeramani has many

advantages in analysis since many notions and results from classical metric space
theory can be extended and generalized to the setting of fuzzy metric spaces, for
instance: the notion of completeness, completion of spaces as well as extension of

maps. The layout of the dissertation is as follows:

Chapter 1 provide the necessary background in the context of metric spaces, while
chapter 2 presents some concepts and results from classical metric spaces in the
setting of fuzzy metric spaces. In chapter 3 we continue with the study of fuzzy
metric spaces, among others we show that: the product of two complete fuzzy metric

spaces is also a complete fuzzy metric space.

Our main contribution is in chapter 4. We introduce the concept of a standard
fuzzy pseudo metric space and present some results on fuzzy metric identification.

Furthermore, we discuss some properties of t—nonexpansive maps.

Keywords: Metric space, Cauchy sequence, Compactness, Precompactness,
Completeness, Continuity, Uniform Continuity, Isometry, Uniform Convergence,
Separable, Nested, Closed sets, Diameter, Pseudo metric space, Fuzzy metric space,
Standard fuzzy metric space, Fuzzy pseudo metric space, Metric identification, Fuzzy
metric identification, Nonexpansive map, t—nonexpansive map, t—uniformly
continuous map, t—isometry map, Quotient map, Quotient topology, Quotient space,

Natural map, Topological Space.
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Chapter 1

Introduction.

The aim of this chapter is to provide the background information and results that will
be useful throughout the dissertation. We provide definitions, propositions, remarks
and theorems (mostly without proof) and examples in the context of metric spaces.
Some of the results in this chapter will be extended and generalized in the subsequent
chapters. Most of the work presented in this chapter is well known and can be found

in the literature, see [10],[22],[31],[32],[42] and [49].

1.1 Convergence and completeness in metric spaces.

Definition 1.1.1 A metric space (X,d) is a set X together with a function
d: X x X — R such that for all x,y and z in X the following conditions hold:

M1. d(z,y) > 0

(z,9)

M2, d(z,y) = 0 ifandonlyif z=y

M3. d(xz,y) = d(y,z) Symmetric Property
(,2)

M4. d(z,z) < d(z,y)+d(y,z) Triangle inequality.

If all these conditions hold but for M2 we only have d(z,x) = 0, then d is a pseudo

metric. We then call (X, d) a pseudo metric space.



The following example shows the space (X, d) that satisfies the condition of a metric

space.

Example 1.1.1 Let X = R", define a function d, : R" x R" — R by

The function ds is usually called the max metric on R". Thus (X, dy) is a metric

space.
The next example provides a space (X, d) which is not a metric space.

Example 1.1.2 Let X = R. Define the function d: X x X — R by (x —y)2. Then

(X, d) is not a metric space.

Definition 1.1.2 Let (X,d) be a metric space and r a real number with r > 0. The
open ball in (X,d) of radius r centered at x € X is defined by

B(z,r) ={y € X : d(z,y) <r}.

Proposition 1.1.1 Let B(x,r) and B(x,ry) be open balls with the same center

x € X, where ri,ro > 0. Then,
B(z,r1) C B(z, 1)

or

B(z,19) C B(x,r).

Definition 1.1.3 Let (X, d) be a metric space, {x,} be a sequence in X and x € X.
The sequence {x,} converges to a point x in X if for each € > 0 there is a positive

integer N such that d(z,,x) < € whenever n > N.

Definition 1.1.4 Let (X,d) be a metric space and A a subset of X. A point x € X
is called a limit point of A if each open ball with the center x contains at least one
point of A different from x, that is, {B(z,r) — {z}} N A # (0. The set of all limit
points of A is denoted by A’ and is called the derived set of A.



Remark 1.1.1 If a sequence {x,} in a metric space (X, d) has a limit x we say that

the sequence {x,} is convergent and we shall write
Ty — X

or

limd(z,,z) = 0.

If a sequence {x,} in a metric space (X, d) does not converge, it is said to diverge.
We provide an example of a convergent sequence in a metric space.

Example 1.1.3 Let X =R and define a function d : X x X — [0,00) by

d(l‘, y) - |I - y|7
for all x,y € R. The function d so defined is called the usual metric on R. Let the
sequence {x,} in R be defined by
1
—:n e N}
{nen
Then
limd(z,,x) =0,

where x = 0.

Definition 1.1.5 Let (X,d) be a metric space. A neighborhood of the point z, €

X is any open ball in (X, d) with the center x.

Definition 1.1.6 Let (X,d) be a metric space. If A C X and x € X, then x is a
cluster point of A if every neighborhood of x contains a point of A different from

X.

Example 1.1.4 Let X = R be equipped with the usual metric d and define the
sequence {x,} in X by
1
— N}.
{nen)

Then 0 is a cluster point of {x,}.



Remark 1.1.2 [If z is a limit of the sequence {x,},n € N in a metric space (X, d)

then x is a cluster point. But the converse is not true.

Example 1.1.5 Let the sequence {x,} in R with the usual metric d be defined by
{(=1)":n € N}.

Then -1 and 1 are the cluster points of {x,}. But the sequence {x,} does not
converge. Note that the sequence {(—1)"} does not have a limit point in (X, d).

Definition 1.1.7 A sequence {x,} of points in a metric space (X,d) is called a
Cauchy sequence if for each € > 0 there exists a positive integer N such that

d(zp, ;) < € whenever n,m > N.

Remark 1.1.3 As a matter of notation, if the sequence {x,} in a metric space

(X, d) is Cauchy, then we shall write

limd(z,, z,) = 0.

n,m

Definition 1.1.8 A metric space (X,d) is complete if every Cauchy sequence in

(X, d) converges.
We provide an example of metric space (X, d) which is complete.
Example 1.1.6 The metric space of Example 1.1.3 is complete.

Proposition 1.1.2 A convergent sequence {z,} in a metric space is a Cauchy

sequence.
An example of Cauchy sequence in a metric space (X, d) is given below:

Example 1.1.7 Let X = R be equipped with the usual metric d and define the
sequence {x,} in X by
1



If m > n then
1 1

It follows that

limd(z,,, xm) =0,

n,m

hence the sequence {1 — an :n € N} is a Cauchy sequence.

We provide an example of a sequence in a metric space (X, d) which is not a Cauchy

sequemnce.

Example 1.1.8 Let X = R be equipped with the usual metric d. Define the sequence

{zn} by
1 1
Tp=14—=+..+=
2 n

formn € N. If m > n, then

1 1

It can be shown that the sequence is not Cauchy. Since (X,d) is a complete metric

space we conclude that {z,} is not a convergent sequence.

Observe that not every Cauchy sequence in a metric space converges. This is

illustrated by an example below:

Example 1.1.9 Let X = (0,1) be equipped with the usual metric d. Then the

sequence {%, %, }l, ..} in X is Cauchy but does not converge to a point in X. This

shows that a metric space (X, d) is not complete.

Definition 1.1.9 Let (X1, d;) and (Xs,dy) be metric spaces and let x = (x1,x2) and

y = (v1,y2) be arbitrary points in the product X = X7 x Xs. Define
d(z,y) = max{di(x1,y1), d2(22, y2) }-

Then d(z,y) = max{di(z1,vy1),do(z2,y2)} is a metric on X and (X,d) called the
product of the metric spaces (Xi,d;) and (X, ds).



Proposition 1.1.3 Let (X,,,d,),n = 1,2,... be metric spaces. Then
X =1L, Xy
with the metric d defined by
d(z,y) = i 27" dp (T, ),
n=1

where © = {x,} and y = {y,} are in X, is a complete metric space if and only if

each (X,,d,),n =1,2,... is complete.

Definition 1.1.10 A subset A of a metric space (X,d) is said to be open if given

any point x € A, there exists r > 0 such that B(x,r) C A.

Definition 1.1.11 If A is a subset of X, we define the complement of A (relative
to X ) denoted by A° as the set of elements that are in X but not in A. Thus

X—-A={reX :z¢ A}

Definition 1.1.12 Let A be a subset of a metric space (X, d). Then A is said to be

closed if it contains each of its limits points, that is A" C A.

Closed subsets can be characterized in terms of open subsets as follows: A subset A

of a metric space (X, d) is closed if and only if its complement A€ is open.

The next example discusses the properties of closed subsets in R with the usual

metric.

Example 1.1.10 The subset [a,b] of R equipped with the usual metric is closed since
its complement

R — [a,b] = (=00, a) U (b, 00),

the union of two open infinite intervals is open. Similarly [a,c0) is closed, because

its complement (—o0, a) is open.

Proposition 1.1.4 In any metric space (X,d) each open ball is an open set.



Proposition 1.1.5 In any metric space (X, d) each closed ball is a closed set.

Definition 1.1.13 Let A be a subset of a metric space (X,d). The set AU A’ is
called the closure of A and is denoted by A.

Definition 1.1.14 Let (X, d) be a metric space and let A be a nonempty subset of
X. We say that A is bounded if there exists N > 0 such that

d(x,y) <N, forall z,y€ A
If A is bounded, we define the diameter of A as
dia(A) = sup{d(z,y) : z,y € A}.

If A is unbounded, we write

dia(A) = oc.

If A =0 we write dia(A) = 0.

Definition 1.1.15 A subset A of a metric space (X,d) is said to be

(i). Rare (or nowhere dense) in X if its closure A has no interior points.

(ii). Meager (or of first category) in X if A is the union of countable many sets
each of which is rare in X.

(i1i). Non-meager (or of second category) in X if A is not a meager in X.

The next result characterizes completeness in metric spaces.

Theorem 1.1.1 Baire Category Theorem (Complete metric space). Let (X, d)
be a complete metric space. Then no nonempty open subset of X is of first category,

that is, the union of a countable collection of nowhere dense subsets.

Definition 1.1.16 Let (X,d) and (Y, p) be two metric spaces. A mapping

f(X,d) = (Y,p)



1s an tsometry if
p(f(x), f(y)) = d(z,y)

for all z,y € X. The metric space (X,d) is said to be isometric to the metric space

(Y, p) when there exists some isometry from (X,d) into (Y, p).

Definition 1.1.17 Let (X, d) be a metric space. A metric space (X ,d) is said to be
a completion of the metric space (X, d) if (X,d) is complete and (X, d) is isometric
to a dense subset of (X, d).

Example 1.1.11 The set R of real numbers with the usual metric is the completion

of the set Q of rational numbers, since R is complete and Q is a dense subset of R.

Theorem 1.1.2 Every metric space (X,d) has a completion and any two

completions of (X,d) are isometric to each other.

Remark 1.1.4 In other words, up to isometry, there exists a unique completion of

any metric space. In what follows we shall call such a completion, the completion.

Definition 1.1.18 A topological space is a pair (X, T) consisting of a set X and
a collection T of subsets of X called open sets, satisfying the following conditions:
(i). The union of a family of open sets is open.

(ii). The intersection of a finite family of closed sets is closed.

(iii). X and O are open sets.

Definition 1.1.19 Let (X,d) be a metric space and Ay, As, ... be a sequence of sets.
Then Ay, As, ... is said to be nested if

A; DA DA D ..

Theorem 1.1.3 FEvery nested sequence of nonempty closed sets with metric diameter

zero has nonempty intersection.



1.2 Continuity and uniform continuity in metric

spaces.

Definition 1.2.1 Let (X,d) be a metric space and A C X. Let G be a collection
of open sets in X with the property that A C U{G : G € G} equivalently, for each
x € A, there is a G € G such that © € G. Then G is called an open cover or an
open covering of A. A finite sub-collection of G which is itself a cover is called a

finite sub-cover or a finite sub-covering of A.

Definition 1.2.2 A metric space (X,d) is said to be compact if every open

covering G of X has a finite sub-covering, that is, there is a finite sub-collection

{G1,Gq,Gs, ..., G} C G such that
X =U",G,.
Remark 1.2.1 In a compact metric space (X, d) any sequence of closed sets will have

a nonempty intersection provided each finite collection of these sets has nonempty

intersection.
Proposition 1.2.1 FEvery compact subset A of a metric space X is bounded.

One of the most important properties of a closed and bounded interval in R when

equipped with the usual metric is given in the next theorem.

Theorem 1.2.1 Heine Borel Theorem. Let A = [a,b] be a closed and bounded
interval, and let G= {G; : i € I} be a set of open intervals which covers A, that is,
A C U;Gy. Then G contains a finite subset, say {Gj,, ..., G, } which also covers A,
that s,

ACG,UG,U.. UG, .

We provide an example which does not satisfy the properties of Heine Borel Theorem.

10



Example 1.2.1 Let X be the set of real numbers with the usual metric. Consider
the closed infinite interval A = [0,00). A is closed but not compact. It is covered by
the set of open sets

G={G,:neN}

where

Gn = [07 n)7

but no finite open subset of sets covers [0, c0).

Every closed and bounded interval on the real line R with the usual metric is compact;
this follows from the Heine Borel theorem. In particular, we provide the following

example:

Example 1.2.2 Let X be the set of real numbers with the usual metric. Then the

closed interval [0, 1] is compact by the Heine Borel Theorem, since [0,1] is bounded.
Next, we provide an example of a metric space which is not compact.

Example 1.2.3 Let Ny = {0,1,2,...} and define d : Ny x Ny — [0, 00) by

0 of z=y
L of z#y

d(may> =

The function d is called discrete metric. Therefore the space (Ng,d) is not a

compact metric space, since the sets
G={G,};2,.G,={xeNy:0<z<n},

cover Ng but no finite collection of such sets can cover Nog. However (Ng,d) is a

bounded metric space.

Proposition 1.2.2 Let A be closed subset of a compact metric space (X,d). Then

A is also compact.

11



Definition 1.2.3 X is countable infinite(denumerable) iff X ~ N,
X is finite iff there exists n € N, X ~ n,

X is countable iff X is finite or denumerable.

Example 1.2.4 The set Z of integers is countably infinite.

Definition 1.2.4 A topological space (X, T) is called first countable space iff it

has a countable neighborhood base at each point.

Definition 1.2.5 Let X be a topological space with topology 1. A collection B of
subsets of X is called a base of T if:
(i). Each member of B is open in X,

(ii). Each open subset of X is the union of some collection of sets belonging to B.

Definition 1.2.6 A topological space is said to be second countable or is said to
satisfy the second axiom of countability if the topology on the space can be generated

by countable base.

Example 1.2.5 Let X be the set of real numbers with the usual metric. The
collection {(z,y) : z,y € Q} of all open intervals with rational endpoints form

countable base for the open sets of R.

Theorem 1.2.2 Fuvery metric space satisfies the first condition of countability.

Definition 1.2.7 Let (X, d) be a metric space. If there is a countable dense subset
in (X,d) then, (X,d) is said to be separable.

We now provide an example of a metric space which is not separable.

Example 1.2.6 Let X denote the infinite set and d be discrete metric. Then the

metric space (X,d) is not separable.

12



Example 1.2.7 The metric space of Example 1.1.9 is separable.

Theorem 1.2.3 Fvery separable metric space satisfies the second condition of

countability.

Proposition 1.2.3 Let (X, d) be a metric space and A C X. If X is separable then

A with the induced metric is separable, too.

Definition 1.2.8 A space X is a Ty- space(Hausdorff space) iff whenever x and
y are distinct points of X, there are disjoint open sets U and V in X with x € U and
yeV.

Proposition 1.2.4 FEvery metric space is a Hausdorff space.

Remark 1.2.2 Let (X, d) be a metric space. Then the collection Ty ={A C X 1z €
A if and only if there exists v > 0 such that B(xz,r) C A} is a topology called the
metric topology induced by d.

Definition 1.2.9 Let (X,d) and (Y, p) be metric spaces. The function

f(X,d) = (Y, p)

is said to be continuous at the point xo € X if for each € > 0 there exists a § > 0

such that
p(f(x), f(x0)) <€

whenever

d(z,xg) < 9.

We shall say that f : (X,d) — (Y, p) is continuous if it is continuous at every r € X.

The next example provides and example of a continuous function between metric

spaces.

13



Example 1.2.8 Let X = R? be equipped with the metric d defined by

dlz,y) = d((z1,22), (y1,92))

= V(@ =)+ (22— )

for all x = (x1,22),y = (y1,y2) € X and Y = R be equipped with the usual metric p.
The function f : (X,d) — (Y, p) defined by

flry) =z +y

for each x,y € R? is continuous.
In fact, we provide the following characterization of continuity in metric spaces:

Theorem 1.2.4 Let (X,d) and (Y, p) be metric spaces. Then the following
statements are equivalent:

(i). f:(X,d)— (Y,p) is continuous

(i1). For a sequence {x,} and a point x in (X,d),

lim p(f (), f(x)) =0
whenever
limd(z,,z) = 0.

An example of a discontinuous function is given below:

Example 1.2.9 Let f: (R,d) — (R, p) where f(x) = x for each x € R given, let d
be the Euclidean metric for R and let p be the discrete metric for the set R. Then f

s not a continuous function. To see this, take a sequence {;IL :n € N}. Then
limd(z,,0) =0
n

but
lim p(f(2n), £(0)) = 1.

14



Definition 1.2.10 Let {f,} be a sequence of functions from (X,d) into the metric

space (Y, p). Then {f,} is said to converge uniformly to a function

f(X,d) = (Y,p)

if for every € > 0 there exists N € N such that for all n > N, and for all x €
X, p(ful2), f(2)) <e.

Definition 1.2.11 Let (X,d) and (Y, p) be two metric spaces. The function
f o (X,d) — (Y,p) is uniformly continuous on X if and only if for every

€ > 0 there exists a § > 0 such that if xv1 € X,x9 € X and d(z1,22) < 6, then,
p(f(z1), f(22)) <.

We provide an example of a uniformly continuous function.

Example 1.2.10 Let X = [0,1] be equipped with the usual metric d and Y = R
be equipped with the usual metric p. Consider the function f : [0,1] — R given by
f(z) =22+ 1 forx €]0,1]. Clearly f is uniformly continuous on [0, 1].

Next we provide an example of a function which is not uniformly continuous.

Example 1.2.11 Let X = R,Y =R be equipped with the usual metrics and
f:R — R given by f(z) = 2% Then f is not uniformly continuous.

Theorem 1.2.5 Uniform limit theorem. Let f, : (X,7) — (Y, p) be a sequence
of continuous function from a topological space (X, T) to a metric space (Y, p). If the

sequence { f,} converges uniformly to f : (X,7) — (Y, p) then [ is continuous.

15



Chapter 2

Fundamental properties of fuzzy

metric spaces.

The concept of fuzzy sets and fuzzy logic was introduced by Professor Lofti A Zadeh
in 1965. The success of research in fuzzy sets and fuzzy logic has been demonstrated
in a variety of fields, such as artificial intelligence, computer science, control

engineering, computer applications, robotics and many more. In the dissertation
we adopt the notion of fuzzy metric space due to George and Veeramani [14] which
is a modification of the notion of fuzzy metric space as studied by Kramosil and
Michalek [29]. The notion of fuzzy metric space by George and Veeramani has many
advantages in analysis as many notions and results from classical metric spaces can
be extended and generalized to the setting of fuzzy metric spaces, for instance: the

notion of completeness, completion of spaces as well as extension of maps.

This chapter is based on the work due by A George and P Veeramani [14]. We
shall recall the definition of a fuzzy metric space which was modified from [29] to
obtain the Hausdorff topology on a fuzzy metric space. We note that just like in
the classical metric space case (see chapter 1), every fuzzy metric space induces a
topological space. In this chapter we expand on the paper [14] by means of providing

detailed examples, propositions, remarks and proofs of some results.

16



2.1 Basic notions on fuzzy metric spaces.

We start this section with the following well known definition:

Definition 2.1.1 A binary operation x : [0,1] x [0,1] — [0,1] is a continuous

triangular norm if for all a,b,c,e € [0,1] the following conditions hold:

2111 axb=bxa (commutativity)
2112 axl=a
2.1.1.3 (axb)xc=ax(bxc) (associativity)

2114 axb<cxe, whenever a<c and b<e.

In the sequel we shall refer to triangular norm as a t—norm.

We provide examples of continuous t—norms.

Example 2.1.1 Define a x b = ab, for all a,b € [0,1]. Note that ab is the usual

multiplication in [0,1] for all a,b € [0,1]. It follows that x is a continuous t—norm.

Example 2.1.2 Define a * b = min(a,b), for all a,b € [0,1]. Then * is a

continuous t—mnorm.
More examples on continuous t—norms can be found in [47].

Remark 2.1.1 Given an arbitrary set X, a fuzzy set M on X is a function from

X to the unit interval [0,1]. Let [0,1]% = {f: X — [0,1]}. Thus M € [0, 1]¥.
Definition 2.1.2 The 3-tuple (X, M, %) is said to be a fuzzy metric space, where
X is an arbitrary set, * is continuous t—norm and M is a fuzzy set on X x X x [0, 00)

satisfying the following conditions:

17



2121 Vr,ye X, M(z,y,0)=0

2122 Vr,ye X, and Vt>0, M(z,y,t)=1 ifandonlyif z=vy
2123 Vx,ye X, and VYt>0, M(x,y,t)= My, x,t)

21.24 Vr,y,z€ X, and Vs,t >0, M(z,z,t+s)> M(x,y,t)* M(y,z,s)

2125 Vz,ye X, M(z,y,e):[0,00) = [0,1] is continuous.

Remark 2.1.2 2.1.2.5 means that for each x,y € X there is a function
My :[0,00) = I,t — M(x,y,1t).

Remark 2.1.3 M (z,y,t) can be thought of as the degree of nearness between x and
y with respect to t > 0. If we use the notation

d(x,y) = the distance between x and y, and

P(S = «) if and only if the probability that S = «, or

P(S > «) probability that S > «, then

M(z,y,t) = « if and only if P(d(z,y) <t) = a.

Then, in the case where x = A, 2.1.2.4 reads:

If the probability that d(x,y) <t is greater than o and the probability that d(y, z) < s
is greater that a then the probability that d(x,z) < s+t is also greater than a. This

1s because

aANb>a=a>a and b> .

In other words,
P(d(z,y) <t) >« and P(d(y, z) < s) > « implies that P(z,z,t + s) > a.
Or

M(z,y,t) > aNM(y,z,8) >a= Mz, z,t+s) > a.

We identify x = y if and only if
(Vt >0, M(z,y,t) =1),

and

limy_oo M (z,y,t) = 0.
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The following definition is a modification of Definition 2.1.2. This modification is

necessary since the topology induced by the fuzzy metric in Definition 2.1.2 is not

Hausdorff.

Definition 2.1.3 The 3-tuple (X, M, *) is said to be a fuzzy metric space where
X is an arbitrary set, x is a continuous t—norm and M 1is a fuzzy set on

X x X x (0,00) satisfying the following conditions:

2131 Vzx,ye X, and VYt>0, M(x,y,t)>0

2132 Vr,ye X, and Vt>0, M(z,y,t)=1 ifandonlyif z=vy
2133 Vr,ye X, and Vt>0, M(z,y,t)= My, z,t)

2134 Vr,y,z€ X, and Vs,t >0, M(z,z,t+s)> M(z,y,t)*M(y,zs)

2135 Vz,y,e X, M(z,y,e):(0,00) — [0,1] is continuous.

In the sequel the fuzzy set M as in Definition 2.1.3 will be referred to as a fuzzy
metric. It shall be shown that the topology induced by the fuzzy metric space
(X, M, x) is Hausdorff.

Lemma 2.1.1 M(z,y,e) is nondecreasing for all x,y in X.
Proof: Suppose that M (z,y,t) > M(z,y,s) for some 0 <t < s. Then
M(z,y,t) * M(y,y,s —t) < M(x,y,s)

< M(z,y,t).

By (2.1.5.2) in Definition 2.1.3 we have M (y,y,s —t) = 1. Thus
M(z,y,t) < M(z,y,s)

< M(x,y,t)

a contradiction.

We recall the following useful remarks.
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Remark 2.1.4 (7). Let (X, M, *) be a fuzzy metric space and let x,y € X,t > 0,
0<r <1 Then if M(x,y,t) > 1 —r we can find ty with 0 < ty < t, such that

M(z,y,tg) >1—r.

(ii). For any ry > 19, we can find an r3 such that 1 xr3 > ro and for any ry we can

find an r5 such that rs xr5 > ry, (11,792,753, 74,75 € (0,1)).
Next we provide an example of a fuzzy metric space.

Example 2.1.3 Let X = R. Define axb=ab for all a,b € [0,1] and

s[5

forall x;y € X and t € (0,00). Then (X, M, x) is a fuzzy metric space. We shall

show that M is a fuzzy metric.

Proof: 1. ¥t > 0. Assume that x = y. Then this implies that |x — y| = 0. Hence

(7))

M(z,y,t) = 1.

Therefore

Conversely,

assume that M(x,y,t) = 1. Therefore

(2]

implies that

Hence
[z —yl _
t

it follows that |z —y| = 0. Thus x = y. Therefore M (z,y,t) = 1 if and only if x = y.

0,



2. To prove M (z,y,t) = M(y,x,t) we know that
[z =yl =y —=|
for all z,y € R. It follows that for all x,y € X and for all t > 0,

M(x,y,t) = M(y,xz,t).

3. To prove M(x,y,t) * M(y, z,s) < M(x,z,t+ s), we know that for all z,y,z € X

and for all t,s > 0,
t+s t+s
oot < (S o ul (25 -l

o=yl eyl ly—al
t+s — L s

That is

Thus

|z—z] lz—y| |y—=z|
etts <e t e s

Y

since €* 1s an increasing function for x > 0. Therefore
-1 ~1 —1
t+s - t s '

M(z,y,t)*« M(y,z,s) < M(z,z,t+s).

Thus

4. Take a sequence {t,} € (0,00) such that the sequence {t,} converges tot € (0, 00)

where (0,00) is equipped with the usual metric. That is,

lim |t,, —t| = 0.

Without the loss of generality, fir z,y € X. Since the function e* is continuous on

lz—y| y|

R we have e ™ converges to e as t, converges to t, with respect to the usual

metric. Therefore

M(z,y,e):(0,00) — [0,1]

is continuous. Hence (X, M, %) is a fuzzy metric space.
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Remark 2.1.5 Note that in Example 2.1.3 we can replace R by any non empty set
X and the usual metric on R by any metric d. Also, note that, Fxample 2.1.3 is a
fuzzy metric space with the t—norm defined by a x b = min(a,b) for all a,b € [0, 1].

The next example shows that every metric space induces a fuzzy metric space.

Example 2.1.4 Let (X,d) be a metric space. Define a xb = ab for all a,b € [0, 1]

and
B kt"
okt 4+ md(z,y)

M(z,y,t) Jk,m,n € N.

Then (X, M, *) is a fuzzy metric space.

Remark 2.1.6 Note that FExample 2.1.4 holds even with the continuous t—norm

a*xb=min(a,b). In particular, taking
k=m=n=1,

we get
t

- t+d(z,y)

We shall call this fuzzy metric induced by a metric d the standard fuzzy metric.

M(z,y,t)

In what follows M, denotes a standard fuzzy metric induced by the metric d.

Example 2.1.5 Let X = N. Define a xb = ab and for all t > 0, let

if 2 <y
if  y<uw

M(z,y,t) =

Rle w8

We shall show that M s a fuzzy metric.
Proof: 1. Vt > 0. Assume that x =vy. Then .= 4 =1. Hence M(z,y,t) = 1.

Conversely,

assume that M(x,y,t) = 1. Then g = 1, and therefore x = y. Similarly if £ =1 then
it follows that y = x. Thus M(z,y,t) =1 if and only if x = y.

2. For all z,y € X and for all t > 0, clearly, M(x,y,t) = M(y,z,t).
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3. To prove that M(x,y,t) « M(y,z,s) < M(z,z,t+ s). We consider the following

cases:
(i) © =y =z
Then
M(z,y,t) =1
M(y,z,s) =1
M(z,z,t+s) =1.
Now

M(z,y,t)« M(y,z,8) < M(z,z,t+s) = 1.
It follows that
M(z,y,t) * M(y, 2,5) < M(z,2,t + s)
holds.

(ii). x #y =z

Without loss of generality, we may assume that v <y and y = z. Then
x
M(z,y,t) = —.
Y

Also, we have M(y, z,t) =1 and M(x,z,t +s) = Z. Now

x x
Tsl=2
and
r_t
==
Therefore
M(z,y,t) * M(y, 2,5) < M(z,2,t+s)
holds.
(i11). x =y # z.

Without loss of generality, we may assume that x =y andy < z. Then M (x,y,t) = 1.

Also, we have

.M(y,z,t):g

z
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and

M(z,z,t+s) —_—
z

Now
1% y_¥
z oz
and
y
z oz
Therefore
M(z,y,t) « M(y, z,s) < M(x,z,t + )
holds.
(v). ©#y# z.
Without loss of generality, we may assume that v <y < z. Then
x
M(x,y,t) = —
(z,y,1) y
)
M ==
(y:2,8) =~

M(z,z,t+s) —_
z

Now z >y implies that 2> > y>.

So
1
Thus
ry Ty
Therefore
Ty _®
z oz oy

Hence M (z,z,t) * M(z,y,t) < M(x,y,t+s).

4. Note that M (x,y,t) is independent of t (that is, M (z,y,t) is a constant in terms of
t). For any s,t > 0, we have M (x,y,t) = M(x,y,s). Thus M(z,y,e) is continuous.
Therefore (X, M, %) is a fuzzy metric space.
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Remark 2.1.7 The fuzzy metric in the above example (Example 2.1.5) is

independent of t. Such a fuzzy metric is referred to as a stationary fuzzy metric.

Remark 2.1.8 [t is interesting to note that there exists no metric d on X satisfying
M(z,y,t) = m, where M(x,y,t) is as defined in Example 2.1.5. We show that

M is not a fuzzy metric on X with the t—norm defined by a x b = min(a, b).

We start by showing that there is no metric d on X satisfying M (x,y,t) = Wtw‘y)’
where M s defined by

if  w<y
if  y<uw

M(z,y,t) =

Ble w8

Proof: Suppose that there is a metric d on X that induces M (z,y,t). Then, ¥t > 0

Mz, y,t) = t+d(z,y)
(t+d(z,y)M(z,y,t) =

t(l — M(l’,y,t))

d(ﬂf, y) - M(:L‘, v, Zf)

1. Vt > 0. Assume that x =y. Then this implies that M(x,y,t) = 1. Therefore

t(1—1)

d(z,y) = ——

= 0.
Conversely,

assume that d(x,y) = 0, then

t(l — M(Qf,y,t))

=0
M(z,y,t)

t—tM(x,y,t) =0
—tM(z,y,t) = —t
M(z,y,t) = 1.

This implies that x = y.
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2. To prove that d(z,y) = d(y, x). We note that M(z,y,t) = M(y,z,t) since M is a

fuzzy metric on X. Then

t(l — M(xvyvt»
M(z,y,t)

d(z,y) =

t(l - M(l‘,y,t))
M(z,y,1)

= d(y,x).

3. We now show that the triangle inequality does not hold: Lett = 2,x = 1,y = 2

and z = 3. Then
t(l —M(Z',y,t))

d(z,y) =

M(z,y.1)
20y
s
ﬂ%@—zu;@

:L3
d(z,2) = 2(1; 3)
— 4.

Therefore
d(z,z) > d(x,y) + d(y, 2).

Thus (X,d) is not a metric space.

We now prove that M is not a fuzzy metric with the continuous t—norm defined by
a*b = min(a,b).

Proof: 1. ¥t > 0. Assume that x = y. Then d(x,y) = 0. Hence

t

_ =1.
t+d(z,y)

Therefore
M(z,y,t) = 1.
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Conversely,

assume that M(x,y,t) = 1.

Therefore
oty
t+d(z,y)
t+d(z,y) =t
d(z,y) =0.
Thus x = y.

2. To show M(x,y,t) = M(y,z,t) we know that d(z,y) = d(y, z) that is,

M )= ——

t
Ct+ d(y, x)
= M(y,xz,t).

Thus

M(z,y,t) = M(y,x,t).

3. To show that the inequality M (z,y,t)* M(y,z,s) < M(z,z,t+ s) does not holds,

chooset =2,x =1,y =2 and z = 3. Then we obtain;

2 2
—mm(g*g)
2
=3
2
M(z,z,t+s) = 7

Therefore
M(ZE,Z,t+S) < M(l‘,y,t) *M(y,Z,S)-

Thus M 1is not a fuzzy metric.
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We conclude this section with the following remark.

Remark 2.1.9 Note that from the discussion above, we conclude that the class of

metric spaces is a proper subclass of the class of fuzzy metric spaces.

2.2 Topology and fuzzy metric spaces.

We continue to present some concepts and results from classical metric spaces theory

discussed in chapter 1 in the context of fuzzy metric spaces.
Definition 2.2.1 Let (X, M, *) be a fuzzy metric space. We define the open ball
B(x,r,t) with center x € X and radius r,0 <r < 1,t > 0, as

B(z,r,t)={y e X : M(z,y,t) > 1—r}.
An extension of Proposition 1.1.1 to fuzzy metric setting is given below:

Proposition 2.2.1 Let B(x,ry,t) and B(x,ry,t) be open balls with the same center
xr e X andt > 0 with radius 0 < ry <1 and 0 < ry < 1, respectively. Then we either

have

B(x,r,t) C B(x,ry,t)

or

B(I,’f’z,t) - B(xarht)'
Proof: Let x € X and t > 0. Consider the open balls B(x,r1,t) and B(z,19,t), with
0<rm <1,

0<ry <1.

If ri = 1o, then the proposition holds. Next, we assume that r1 # ro. We may
assume, without loss of generality, that 0 < r; <ry < 1. Then 1 —1ry < 1—1r1. Now,

let a € B(z,r,t). It follows that

M(a,z,t) >1—m1
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>1—r,.

Hence a € B(x,19,t). This shows that B(x,ry,t) C B(x,79,t). By assuming that

0 <ry<mr <1, we can similarly show B(x,ry,t) C B(x,ry,t).

Definition 2.2.2 A subset A of a fuzzy metric space (X, M, %) is said to be open

if given any point a € A, there exists 0 < r < 1, and t > 0, such that B(a,r,t) C A.

The next theorem provides a generalization of Proposition 1.1.4 to the setting of

fuzzy metric spaces.

Theorem 2.2.1 FEvery open ball in a fuzzy metric space (X, M, ) is an open set.

Proof: Consider an open ball B(x,r,t). Nowy € B(x,r,t) implies that

M(z,y,t) >1—r.

Since M(x,y,t) > 1 —r, by Remark 2.1.4 we can find a ty,0 < tg < t, such that

M(x,y,to) >1—r.

Let ro = M(z,y,t9) > 1 —r. Since ro > 1 —r, we can find an s,0 < s < 1, such that

ro>1—s>1—r.

Now for a given rq and s such that ro > 1 — s we can find r1,0 < ry <1, such that

roxry > 1—s.

Now consider the ball B(y,1 —ri,t —ty). We claim

B(y,1 —ry,t —ty) C B(x,r,t).

Now z € B(y,1 —ry,t —to) implies that M (y, z,t —to) > ri. Therefore

M(z,z,t) > M(z,y,to) * M(y, z,t — to)
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> T * T

>1-—s
>1—r.
Therefore
z € B(x,r,t)
and hence

B(y,1 —ry,t —ty) C B(x,r,t).

Proposition 2.2.2 Let (X, M, ) be a fuzzy metric space. Define Ty = {A C X :
x € A if and only if there exists t > 0, and r,0 < r < 1, such that B(x,r,t) C A}.

Then Ty is a topology on X.
Proof: (i). Clearly ) and X belong to 7.
(i1). Let Ay, As, As, ..., A; € Ty, and put
U = UicrA;.
We shall show that U € 1);. If a € U, then
a € UierA;

which implies that a € A; for some 1 € I. Since A; € Ty, there exists 0 < r < 1,t > 0,
such that B(a,r,t) C A;. Hence

B(G,T, t) C Az C UiEIAi =U.
This shows that U € 1.

(i1i). Let Ay, Ag, As, ..., Ay € Ty, and U = NI A;. We shall show that U € 1. Let
a € U. Thena € A; for alli € I. Hence for each i € I, there exists 0 < r; < 1,t; >0
such that B(a,r;,t;) C A;. Let

r=min{r;,i € I}
and

t = max{t;,i € I}.
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Thusr <r; foralli€ I,1—r>1—1r; foralli € I. Also, t > 0. So, B(a,r,t) C A,
for all i € I. Therefore
B(G,T’, t) C ﬂieIAi =U.

This shows that U € 1.
The next theorem generalizes Proposition 1.2.4.

Theorem 2.2.2 FEvery fuzzy metric space is Hausdorff.

Proof: Let (X, M, *) be the given fuzzy metric space. Let x,y be two distinct points
of X. Then 0 < M(z,y,t) < 1. Let M(x,y,t) = r, for some r,0 < r < 1. For each
ro, 7 < 1o < 1, we can find an ry such that ry x ry > ro. Now consider the open balls

B(xz,1—ry,%) and B(y,1 —ry,%). Clearly

t t
B(z,1 —7"1,5) N By, 1 —7“1,5) = 0.

For if there exists

t t
z € B(x,1—ry, 5) N By, 1 —ry, 5)

Then
r=M(z,y,t)

t t
ZM(I,Z,§>*M(Z,:U,§)

T1XT] > T
> T,

which is a contradiction. Therefore (X, M, ) is Hausdorff.

Proposition 2.2.3 Let (X,d) be a metric space and My(z,y,t) = be the

t+d t+d(z,y)

corresponding standard fuzzy metric on X. Then the topology T4 induced by the metric

d and the topology Tar, induced by the fuzzy metric My are the same. That is,

Td :TMd.
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Proof: Suppose that A € 14. Then there exists € > 0 such that B(x,e) C A, for every
x € A. For a fired t > 0, we obtain that

My(x,y,t) = ———
A0 ) = i)
t
> .
t+e
Let
1—r= £ .
t+ €
Then

My(x,y,t) >1—r.

It follows that, B(xz,r,t) C A. Hence A € Tar,. This shows that 74 C Tap,.
Conversely,

suppose that A € Tpr,. Then there exists 0 < r < 1 andt > 0 such that B(z,r,t) C A
for every x € A. We obtain that

M(z,y,t) = ———

>1—c¢

t>(1—et+(1—edz,y)

et

d .

Let v = ;& where 0 < € < 1. Then d(x,y) < r, and therefore B(x,e) C A. Hence

A € 14. This implies that Ty, C 74. Therefore 74 = Tp,.

Definition 2.2.3 Let (X, M, x) be a fuzzy metric space. A subset A of X is said to
be F—bounded if there existst > 0 and 0 < r <1 such that

M(z,y,t)>1—r

for all x,y € A.
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Remark 2.2.1 Let (X, M, *) be a fuzzy metric space induced by a metric d on X.
Then A C X is F—bounded if an only if it is bounded. This is what R Lowen would

call a good extension of the notion of boundedness.

Remark 2.2.2 Let (X, d) be a metric space. Define d(z,y) = min{1,d(z,y)} for all
x,y € X. Then d is a bounded metric on X, also 74 = 75. Now let M be the standard
fuzzy metric on X induced by d. It follows from Remark 2.2.1 that (X, Mg, =) is
F—bounded. Hence, we observe that for every metric space (X,d) not necessarily

bounded, there exists an F—bounded fuzzy metric space (X, M, *) such that T, = Ta;.
An extension of Proposition 1.2.1 to the context of fuzzy setting is given below:

Theorem 2.2.3 Fvery compact subset A of a fuzzy metric space X is F—bounded.

Proof: Given A a compact subset of X. Fixt > 0 and 0 < r < 1. Consider an open
cover {B(z,r,t) : x € A} of A. Since A is compact, there exists xy, %2, T3, ..., T, € A
such that

A CUB(x;,1,t).
Let x,y € A. Then x € B(xz;,r,t) andy € B(xzj,r,t) for some i,j. Therefore
M(z,x;t) >1—71

and

M(y,xj,t) >1—r.

Now, let

a =min{M (x;,z;,t) : 1 <1i,j <n}.

Then o > 0. Now
M(ZL‘,y, St) Z M(I’,[Ez,t) * M(:L‘iamjﬁt) * M(xj7yvt>

>1—=r)x(1—7r)*a.
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Takingt' =3t and (1 —r)*x (1 —r)xa>1—15,0< s < 1, we have
M(z,y,t') >1—s

for all z,y € A. Hence A is F'—bounded.
Remark 2.2.3 In a fuzzy metric space every compact subset is closed and bounded.

Theorem 2.2.4 Let (X, M, ) be a fuzzy metric space and Tp; be the topology induced
by the fuzzy metric. Then for a sequence {x,} in X, the sequence {x,} converges to

x if and only if M (x,,x,t) converges to 1 as n tends to oo.

Proof: Fix t > 0. Suppose that the sequence {x,} converges to x. Then for
0<r<l,
there exists ng € N such that x,, € B(z,r,t) for all n > ng. It follows that
M(zp,z,t) >1—r

and hence

1 — M(x,,x,t) <.

Therefore
M (zy, z,t)

converges to 1 as n tends to oc.
Conversely,

if for each t > 0, M (x,,x,t) converges to 1 asn tends to oo then for 0 < r < 1, there
exists ng € N such that
1— M(xy,z,t) <r

for all n > ng. It follows that
M(zp,x,t) >1—r

for alln > ng. Thus

x, € B(x,r,t)

for all n > ng, and hence the sequence {x,} converges to x.
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Remark 2.2.4 Let (X,d) be a metric space and {x,} be a sequence in X. Then
limd(z,,x) =0

if and only if
lim My(z,, z,t) =1

forallt >0 and v € X.

Definition 2.2.4 A sequence {x,} in a fuzzy metric space (X, M, *) is a Cauchy

sequence if for each € > 0,t > 0 there exists ng € N such that

M(xp, T, t) >1—€
for all n,m > ny.
Remark 2.2.5 Let (X,d) be a metric space and {z,} be a sequence in X. Then {z,}
is a Cauchy sequence in (X, d) if and only if it is Cauchy sequence in (X, My, *).
Definition 2.2.5 A sequence {z,} in X is convergent to x € X if

lim M (z,, z,t) =1

for each t > 0.

Definition 2.2.6 A fuzzy metric space in which every Cauchy sequence is convergent

15 called a complete fuzzy metric space.

Theorem 2.2.5 Let (X, M, *) be a fuzzy metric space and T be the topology induced
by the fuzzy metric. Then for a sequence {z,} in X,x, converges to x if and only if

M (z,,z,t) converges to 1 as n converges to oo.

Proof: Fiz t > 0. Suppose that x, converges to x. Then for O < r < 1, there exists
no € N such that x,, € B(z,r,t) for all n > ng. It follows that M(x,,x,t) > 1 —r
and hence 1 — M (x,,x,t) < r. Therefore M(x,,x,t) converges to 1 as n converges

to oo.
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Conversely,

if for each t > 0, M (x,,x,t) converges to 1 as n converges to oo then for 0 < r < 1,
there exists ng € N such that 1 — M(x,,x,t) < r for all n > ng. It follows that
M(zp,z,t) > 1—1r for alln > ng. Thus x, € B(x,r,t) for alln > ngy, and hence x,

converges to x.

Definition 2.2.7 Let (X, M, %) be a fuzzy metric space. Then we define a closed

ball with the center x € X and the radius r,0 <r < 1,t >0, as

Blz,rt]={ye X : M(z,y,t) > 1—r}.
The following lemma extends Proposition 1.1.5 to the fuzzy setting.

Lemma 2.2.1 FEwvery closed ball in a fuzzy metric space (X, M, x) is a closed set.

Proof: Let y € Blz,r,t]. Since X is first countable, there exits a sequence {y,} in
Blx,r, t] such that the sequence {y,} converges to y. Therefore M (y,,y,t) converges

to 1 for allt. For a given € > 0,

M(z,y,t+¢€) > M(x,yn,t) * M(yn,y,€).

Hence

>(1—r)x1
=1-r.
(If M(z,yn,,t) is bounded, the sequence {y,} has a subsequence, which we again
denote by {y,} for which lim, M (z,y,,t) exists.) In particular for n € N, take

€= % Then

1
M(z,y,t+—)>1—r.
n

Hence

1
M(z,y,t) = lim M (z,y,t + —)
n n
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>1—r.

Thus y € Blz,r,t]. Therefore Blx,r,t] is a closed set.

We conclude this section with the Baire category theorem (Theorem 1.1.1) to the

setting of fuzzy metric spaces.

Theorem 2.2.6 Let (X, M, ) be a complete fuzzy metric space. Then the

intersection of a countable number of dense open sets is dense.

Proof: Let X be the given complete fuzzy metric space. Let By be a nonempty open
set. Let Dy, Dy, D3, ... be dense open sets in X. Since Dy is dense in X, BoN Dy # ().
Let

x1 € BgN Dy.
Since By N Dy is open, there exists 0 < ry < 1,t > 0, such that

B(I’l,rl,tl) C BQ N Dl-

Choose 1 < ry and t' = min{t,,1} such that

B(I’l,rll,tll) C BO N Dl-

Let
By = B(xy1,7r1,t]).

Since Dy is dense in X, BN Dy # (. Let x5 € B1 N Dsy. Since By N Dy is open, there

exists 0 < ry < % and ty > 0 such that

B(l‘g,’f’g,tg) C By N Ds.

Choose 1l < 15 and th = min{ts, 1} such that

B[IQ,T’/Q, t/ﬂ C Bl N DQ.

Let By = B(xo, 1%, t,). Similarly proceeding by induction we can find an

Tn € Bn—l N Dn-
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Since B,_1 N D, is open, there exists 0 < r, < % and t,, > 0 such that

B(xy,rn,tn) C Byo1 N Dy,
Choose 1), < ry,tl, = min{t,, =} such that
Blap,r,,t] C Byo1 N D,,.

Let B,, = B(xy,r],t.). Now we claim that {x,} is a Cauchy sequence. For a given

t > 0,e >0 choose ny such that % <t and % < €. Then for n > ng,m > n.

1
M(l’n, T, t) > M(Q?n, T, _>
n

1
>1—(—
=21-()

>1—c

Therefore {x,} is a Cauchy sequence. Since X is complete, the sequence {x,}

converges to x in X. But

xy, € Blz,, 7t ]

n’'n

for all k > n and by the previous result Blz,, ! t!] is a closed set. Hence
x € Bz, 7 tl]C B,_.1ND,

for all n. Therefore
Bo N (M321Dn) # 0.

Hence N2 1D, is dense in X.
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Chapter 3

Further properties on fuzzy metric

spaces.

The work presented in this chapter is based on the paper [13]. Tt is well known that
the finite product of metric spaces is metrizable (see Definition 1.1.9 in chapter 1).
We present an analogue result in the context of fuzzy metric spaces. Among others
we show that a product of two complete fuzzy metric spaces is also a complete fuzzy

metric space and subspace of a separable fuzzy metric space is also separable.

3.1 Complete fuzzy metric spaces.

The following two propositions were mentioned as a remark in [13] without proof:

Proposition 3.1.1 Let (X, My, %) and (Xa, My, %) be fuzzy metric spaces. For
(xl,l'g), (y17y2> S Xl X X2,t > 0. Let

M((x1,22), (Y1,y2),t) = Mi(z1,91,1) * Ma(z2, Y2, ).

Then M is a fuzzy metric on X; x Xs.

Proof: 1. Since My(x1,y1,t) > 0 and My(xa,ys2,t) > 0 this implies that

M (21,91, t) * Mo(z2,y2,t) > 0.
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Therefore
M((‘Tlv x2)a (yl>y2),t> > 0.

2. Suppose that for allt >0, (x1,22,t) = (y1,Ya,t). This implies that z1 = y; and
Ty = Yo, for all t > 0. Hence
Ml(xlvybt) =1

and

MQ(x% Y2, t) =L

It follows that
M(z,y,t) =1,

where © = (x1,22) and y = (y1, y2).
Conversely,
suppose that M (x,y,t) =1, where x = (x1,23) and y = (y1,ys). This implies that
Mi(z1,y1,t) * Ma(z9,y0,t) = 1.
Since
0 < Mi(zy,11,t) <1

and

0< MZ(any%t) S 17

it follows that
M1($17917t) =1

and

M2($2>?/27t) =L
Thus x1 =y, and xo = yo. Therefore x = y.

3. To prove that M (z,y,t) = M(y,z,t). We observe that

M (z1,91,t) = Mi(y1, 21, 1)

and

My (29, Y2, t) = Ms(ys, x2,1).
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It follows that for all (z1,x2), (y1,y2) € X1 X Xo and t > 0,

M((xhx?)v (y1,y2),t) = M((yhyZ)v (1‘1,1'2),75).

4. Since (X1, My, %) and (X, Ma, %) are fuzzy metric spaces we have that
My(w1,21,t +5) > My(21,y1,t) * My(y1, 21, 5)

and

My(xa, 22,1+ 5) > Ma(z2,y2,t) ¥ Ma(ya, 22, 5),
for all
(21, 22), (Y1, Y2), (21, 22) € X1 X X;
and s,t > 0. Therefore
M((.Tl, (L’Q), (21, ZQ),t + S) = M1<l’1, 21, t + S) X MQ(I’Q, Zg,t + 8)
M (21, 2), (21, 22), t + 5) > My(z1,91,t) * M1(y1, 21, 8) * Ma(22,y2,t) * Ma(y2, 22, 5)
2 Ml(zlaybt) * M2<x27y27t) * Ml(ybzlys) * MQ(?J% 22, S)

> M((xlvx2)7 <y17y2>7t) * M((ylyyZ)v (21722)75)'

5. Note that Mi(x1,y1,t) and My(xa,ys,t) are continuous with respect to t and * is

continuous. It follows that

M((xbm?)a (ylay2)7t) = Ml(mlaylat) * M2($27927t)7

15 also continuous.
The next proposition presents Proposition 1.1.3 to the fuzzy metric space setting.

Proposition 3.1.2 Let (X1, My, *) and (Xo, Ma, %) be fuzzy metric spaces. We
define

M((x1,x2), (y1,y2),t) = My(z1,91,1) * Ma(z2, Y2, ).

Then M is a complete fuzzy metric on X, x Xy if and only if (X1, My, *) and
(Xo, My, ) are complete.
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Proof: Suppose that (Xy, My, ) and (Xa, Ma,*) are complete fuzzy metric spaces.
Let {a,} be a Cauchy sequence in X; x Xsy. Note that

an = (77, 73)
and
am = (27", 23").
Also, M (ay, am,t) converges to 1. This implies that
converges to 1 for each t > 0. It follows that
Ml(x?7 x71n7 t) * M2(x§7 xg”? t)

converges to 1 for eacht > 0. Thus M (z}, 21", t) converges to 1 and also My(zy, z3,t)
converges to 1. Therefore {x}} is a Cauchy sequence in (Xy, My, *) and {x5} is a
Cauchy sequence in (Xo, My, ). Since (X1, My, *) and (Xo, My, %) are complete fuzzy
metric spaces, there exists x1 € X1 and xs € Xo such that My(z},xq,t) converges to
1 and Ms(x%, x9,t) converges to 1 for eacht > 0. Let a = (x1,%3). Then a € X1 x Xs.
It follows that M (ay,,a,t) converges to 1 for each t > 0. This shows that (X, M, *) is

complete.
Conversely,

suppose that (X, M, x) is complete. We shall show that (X, My, *) and (X, Ma, )
are complete. Let {1} and {z4} be Cauchy sequences in (X, My, *) and (X, M, *)
respectively. Thus My (z}, 7", t) converges to 1 and My(zh, x5, t) converges to 1 for

each t > 0. It follows that
Mz}, ', t) = My(x), 27", 1) x May(xy, 23", 1)

converges to 1. Let " = (2%, 25") in X1 X Xy for n > 1. Then {a"} is a Cauchy
sequence in X. Since (X, M, *) is complete, there exists v € X1 X Xo = X such that
M (2%, z,t) converges to 1. Since x € X1 X Xo, we may put x = (x1,25), 21 € X
and xo € Xo. Clearly, Mi(x},x1,t) converges to 1 and Ms(xh, xe,t) converges to 1.

Hence (X, My, *) and (X, My, *) are complete. This completes the proof.
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Definition 3.1.1 Let (X, M, *) be a fuzzy metric space. A collection of sets { Fy, }ner
s said to have fuzzy diameter zero if for each pairr,t > 0,0 < r < 1, there exists

n € I such that

M(z,y,t) >1—r

for all x,y € F,.

Remark 3.1.1 A nonempty subset ' of a fuzzy metric space X has fuzzy diameter

zero if and only if F' is a singleton set, where F' = F,, for alln > 1.
We now generalize Theorem 1.1.3:

Theorem 3.1.1 A necessary and sufficient condition that a fuzzy metric space (X, M, *)
be complete is that every nested sequence of nonempty closed sets { F,,}22 | with fuzzy

diameter zero has nonempty intersection.

Proof: First suppose that the given condition is satisfied. We claim that (X, M, *) is
complete. Let {x,} be a Cauchy sequence in X. Take

Ap = A{xn, Tng1, Tnyoy -t

and

Fn:Ana

then we claim that {F,} has fuzzy diameter zero. For given s,t > 0,0 < s < 1, we

can find an r € (0,1), such that

(I=r)x(1—-r)x(1—=7r)>(1-23).

Since {x,} is a Cauchy sequence, for r;t > 0,0 < r < 1, there exists ng € N such
that

t
M(:Un,xm,§) >1—r
for all m,n > ng. Therefore

t
M(x,y,g) >1—r
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for all z,y € Ap,. Let x,y € F,,. Then there exists sequences {x,} and {y,} in
A,y such that z}, converges to x and y|, converges to y. Hence z!, € B(xz,r, ) and

'3
yn € B(y,r, %) for sufficiently large n. Now

t t t
M(xay7t) Z M(x7xfm g) * M(I;@,y;, g) * M(y;mi% g)

>1=r)x(1=r)x(1—7)
>1—s.
Therefore

M(z,y,t) >1—s

for all z,y € F,,. Thus {F,} has fuzzy diameter zero. Hence by hypothesis N2 F,

15 nonempty. Take
reny F,.
Then for r;t > 0,0 < r <1, there exits ny; such that

M(zp,x,t) >1—1r

for all n > ny. Therefore, for eacht > 0, M(x,,x,t) converges to 1 as n tends to oc.

Hence {z,} converges x. Therefore (X, M, *) is a complete fuzzy metric space.

Conversely,

suppose that (X, M, x) is fuzzy complete and { F,,}5°; is a nested sequence of nonempty
closed sets with fuzzy diameter zero. Let x, € F,,n =1,2,3,.... Since {F,} has a

diameter zero, for r,t > 0,0 <r < 1, there exists ng € N such that
M(z,y,t) >1—r
for all x,y € F,,. Therefore
t
M($n7$m,§) >1—r
for all n,m > nq. Since

Ty € I, C Iy,
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and

T € Fp, C Fpy,

{z,} is a Cauchy Sequence. But (X, M, *) is a complete fuzzy metric space and hence
{z,} converges to x for some v € X. Now for each fized n,xy € F, for all k > n.

Therefore

for every n, and hence x € N2 F,,. This completes our proof.

Remark 3.1.2 The element x € N2, F,, is unique. For if there are two elements
x,y € N, Fy,

since {F,}22 has fuzzy diameter zero, for each fized

1
t>0M(z,yt)>1——,
n

for each n. This implies

and hence

3.2 Separability and uniform convergence in fuzzy

metric spaces.

In this section we start by providing an extension of Theorem 1.2.3 to the context

of fuzzy metric spaces.

Theorem 3.2.1 FEvery separable fuzzy metric space is second countable.

Proof: Let (X, M, %) be the given separable fuzzy metric space. Let A = {a, : n € N},

be a countable dense subset of X. Consider

B ={B(aj,~,~) : j,k € N}.

1
"k

| =
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Then B is countable. We claim that B is a base for the family of all open sets in X.

Let G be an arbitrary open set in X. Let x € G, then there exists r,t > 0,0 <r <1,

such that
B(z,rt) C G.

Since r € (0,1), we can find an s € (0,1) such that
(I1—95)*(1—s)>(1—r).

Choose m € N such that

< min(s, 2)
— mwnis, —).
m 9

Since A is dense in X, there exists aj € A such that

1 1
;€ B(x,—,—).
a] (xvm m)
Now if y € B(aj;, %, %) then,
t t
M(;U,y,t) Z M(QJ,CL]‘,§) * M(yvaj7§)
1 1
ZM(%%,E)*M(%%,E)
1 1
> (1 — — 1——
> (1) (l- )

> (1—s)x(1—3s)

>1—r.

Thus y € B(x,r,t) and hence B is a basis. Hence the result.

The next proposition generalizes Proposition 1.2.3.

Proposition 3.2.1 A subspace of a separable fuzzy metric space is separable.

Proof: Let X be the given fuzzy metric space and'Y be a subspace of X. Let

A={x,,neN}
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be a countable dense subset of X. For arbitrary but fixed n,k € N, if there are points

z € X such that

1 |
ys 1o =
PR

choose one of them and denote it by x,, . Let

M(z,, ,

B ={x,,,n,k € N},

then B is countable. Now we claim thatY C B. Lety € Y. Givenr,t > 0,0 <r < 1,
we can find a k € N such that

(1—%)*(1—%)>1—r.

Since A is dense in X, there exists an m € N such that

But by definition of B, there exists x,,, € A such that

1
M(l‘mk,];m,E)>1—E
Now
t t
M(xpm,,y,t) > M (2, , Tm, 5) s M (zpm, vy, 5)
1 1
Z M(I’mk,lfm, E) * M(mmay7 E)
1 1
> (1—— 1—-—
> (1- ) (1= 7)
=1—-r

Thus y € B and hence Y is separable.

Definition 3.2.1 Let X be any nonempty set and (Y, M, *) be a fuzzy metric space.
Then a sequence {f,} of functions from X to'Y is said to converge uniformly to

a function [ from X to'Y if given r;t > 0,0 < r < 1, there exists no € N such that

M(fu(2), f(2),t) > 1 =7

for alln > ng and for all x € X.
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We conclude this section with the uniform limit theorem (Theorem 1.2.5) in the

context of fuzzy metric spaces.

Theorem 3.2.2 Let f, : X — Y be a sequence of continuous functions from a
topological space X to a fuzzy metric space Y. If {f.} converges uniformly to f then

f s continuous.

Proof: Let X be the given topological space and (Y, M, x) be the given fuzzy metric
space. For any open set V in'Y, let xg € f~1(V) and let yo = f(x0). Since V is open,

we can find r,t > 0,0 <r <1, such that
B(yo,r,t) C V.
Since r € (0,1), we can find an s € (0,1), such that
(I—s)x(1—=s)x(1—s5)>1—r.

Since {f,} converges to f, given s,t > 0,s € (0,1), there exists ng € N such that

t

M(fula), f(x).5) > 1=

for all n > ng. Since, for all n € N, f,, is continuous we can find a neighborhood U

of xo, for a fired n > ng, such that

FoU) C B(falxo), 5, %).
Hence
M(fa(a), fulio), 5) > 1=
for all x in U. Now

M), Fw0),#) 2 M£(@), fulw), 5) = MU(0), Falo), 2) 5 M(Falio), £ (o), )

> (1—s)%(1—s)* (1—s)
>1—r
Thus,
f(z) € B(f(xg),r,t) CV

for all x in U. Hence f(U) CV and hence f is continuous.
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Chapter 4

Some properties on fuzzy pseudo

metric spaces.

This chapter introduces the notion of a stationary fuzzy pseudo metric space. In the
classical case it is well known that for every pseudo metric space there is a metric
identification. We shall extend this to the fuzzy metric case by showing that for
every stationary fuzzy pseudo metric space there exists a stationary fuzzy metric
identification. We shall also discuss some properties of uniformly continuous maps
and extension of t—nonexpansive maps in the context of fuzzy metric spaces. Note

that most of the results presented in this chapter are our own contributions.

4.1 Fuzzy pseudo metric spaces and some proper-

ties.

In this section we present fundamental results of fuzzy pseudo metric space. We

begin with:

Definition 4.1.1 A 3-tuple (X, M, x) is said to be a fuzzy pseudo metric space

if X is an arbitrary set, x is a continuous t—norm and M s a fuzzy set on
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X x X x (0,00) satisfying the following conditions:

4111 Vz,ye X, and Vt>0, M(x,y,t)>0

1 if x=y

4113 Vz,ye X, and Yt>0, M(x,yt)= My, x,t)

4112 Vz,ye X, and VYt>0, M(z,y,t)

41.1.4 Vr,y,z€ X, and Vs, t >0, M(x,y,t+s)>M(x,z,t)*« M(z,y,s)

41.15 Vr,ye X, M(x,y,e):(0,00) — [0,1] is continuous.
Remark 4.1.1 Clearly every fuzzy metric space is a fuzzy pseudo metric space.

Example 4.1.1 Consider N with the usual metric d. For any Cauchy sequence {x,}
in N. Let

r = limx,.
n

It follows that x € N. Now let X = {x,, : x, is a Cauchy sequence in N}. Let axb = ab
for all a,b € [0,1] and

s <y
M(z,yt)=q ¥ if y<u=
1 if x,=vyn, forall n>1ne€cN.

We shall show that M is a fuzzy pseudo metric on X. Note that the outline of the

proof is similar to that of Example 2.1.5.

Proof: 1. Vt > 0. Let x,,y, € X. If x, = yn, for all n > 1, then
M (zp, yn,t) = 1.
2. For all x,,y, € X and for all t > 0, clearly M(x,, yn,t) = M (yn, Tp,t).
3. To prove that
M (2, Y, t) * M(Yn, 20, 8) < M (2, 2, t + 5),

for all z,,yn, z, € X and for all t,s > 0.
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We consider the following cases:
(i). Ty = Yn = 2p. Let
r=Ilimz,,y=1limy, and z=Ilimz,.

M(:vn,yn,t) =1
M (yn, zn,s) =1
M(zp, zn,t+s) = 1.

Now
M(xn,yn,t) * M (Yn, Zn, S) = M(1y, 2p,t +5) = 1.

It follows that
M (2, Yn, t) * M(Yn, 2n, 8) < M (2, 2, t + 5)

holds.

(i1). xp # Yn = zy. Let

r=Ilimz,,y=1limy, and z=Ilimz,.
n n n

Without the loss of generality, we may assume that x <y and y = z. Then,
x
M($n7 Yn, t) - =
Yy

and

M (yn, zn,t) = 1.

Also, we have M(xy, z,,t +5) = £. Now % *1=2and £ = 2. Thus

z
Y

< |8

Mz, Yn, t) * M(yp, 2n, 8) < M(xp, 20, t + 5).

Therefore
M (Zp, Yn,t) * M(Yn, 20, 8) < M(2p, 2n,t + 5)

holds.
(1), Tp = Yp # 2n. Let

r=Ilimz,,y=limy, and 2z=Ilimz,.
n n n
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Without the loss of generality, we may assume that x =y and y < z. Then,
M (2, yn,t) = 1.
Also, we have

M(ym Zn, t) = Y

z

and
T
Mz, 2z, t +5) = —.
z
Now
1 * y = Y
z oz
and
y T
z oz
Thus
Mz, Yn, t) * M(yp, 2n, 8) < M(xp, 20, t + 5).
Therefore
M2y, Yns t) ¥ M(Yn, 2, 5) < M (T, 2, t + 5)
holds.

(). T, # Yp # 2n. Let

r=limz,,y=limy, and 2z=Ilimz,.
n n n

Without the loss of generality, we may assume that x <y < z. Then,

M(xTIJ yTL7 t) =

Ve |8

M(yn7zn73) =
M (zp, zp, t +5) = 7
2

Now

z2>

implies that
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SO

1 1
Thus
ry xry
Therefore
Ty _ o
z oz oy
Hence
M (2, 2p, t) % M(2p,Yn, $) < M (2, Yn, t + 5).
So that
M(xna Un,s t) * M(yn7 Zn;, S) S M(xna Znat + S)
holds.

4. Note that M (x,,yn,t) is independent of t. So for any s,t > 0 we have
M (2, Yn,t) = M (20, Yn, S).

Thus M (xy,, yn, ®) is continuous. Therefore (X, M, ) is a fuzzy pseudo metric space.

Remark 4.1.2 The topology Tas induced by the fuzzy pseudo metric in Example 4.1.1

1s discrete.

In the next example we provide a stationary fuzzy pseudo metric space whose

topology is not discrete.

Example 4.1.2 Let X =R and axb = ab for all a,b € [0,1]. Fixt > 0. Define

t
M(%y,t):m~

Then (X, M, x) is a stationary fuzzy pseudo metric space on X and the topology Ty
induced by M 1is the usual topology on X.

Remark 4.1.3 The fuzzy pseudo metrics in Fxample 4.1.1 and Fxample 4.1.2 are
independent of t, such fuzzy pseudo metrics will be referred to as stationary fuzzy

pseudo metrics.
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Remark 4.1.4 [t is important to note that the notion of fuzzy pseudo metric space
also depends on the t—norm. For instance: the fuzzy pseudo metric M of FExample
4.1.1 is not a fuzzy pseudo metric with the continuous t—norm a * b = min(a,b) for

all a,b € [0, 1].

Remark 4.1.5 Observe that not every fuzzy pseudo metric space is a fuzzy metric
space. Note that Example 4.1.1 provides a fuzzy pseudo metric space which is not a

fuzzy metric space. We provide another example:

Example 4.1.3 Consider R with the usual metric. Let X = {{x,} : {z,} is
convergent in R}. Define a x b = ab, for all, a,b € [0, 1], and

im(en —yn -1
M(xn,yn,t):[e” (t u)\} .

Clearly (X, M, *) is fuzzy pseudo metric space but not fuzzy metric space. To see this,

let {z,} = % and {y,} = % Then x,, # Yn, for all, x,,y, € X, but M(x,, yn,t) = 1.

Remark 4.1.6 Every pseudo metric induces a fuzzy pseudo metric. However, as we
have observed by Remark 2.1.8 that not every fuzzy pseudo metric is induced by a

pseudo metric.
We recall:

Definition 4.1.2 (/6/, page 215). A relation R in a set A, that is a subset R of

A x A, is termed an equivalence relation if satisfies the following condition:
(i). For every a € A,(a,a) € R (reflexive).
(i1). If (a,b) € R then (b,a) € R (symmetric).

(iii). If (a,b) € R and (b,c) € R, then (a,c) € R (transitive).

Theorem 4.1.1 Let (X, M, ) be a fuzzy pseudo metric spaces. The set

Ry ={(z,y) e X x X : M(x,y,t) =1}
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15 an equivalence relation on X.
Proof: (a,a) € Ry, since M(a,a,t) =1 for all a € X.

(a,b) € Ry implies that (b,a) € Ry as M(a,b,t) = M(b,a,t) for all a,b € X and
t>0.

Suppose that (a,b) € Ry and (b, c) € Ryy.

Then

t
M(a,b, =) =1
(a772)

and

t
M(byc,=)=1
(7072)

for allt > 0. Now for allt > 0,

M(a,c.t) > Ma,b, 5) * M(bc, )

>1x1

= 1.
Since 0 < M(z,y,t) <1, for all z,y € X,t > 0, we conclude that,

M(a,c,t) = 1.
Thus (a,c) € Ry.

Proposition 4.1.1 Let (X,d) be a pseudo metric space and
Ry ={(z,y) € X x X :d(z,y) = 0}.

Then
(i). Ry is an equivalence relation.
(ii). Ry = Ruy,.

Proof: (i). Clear.
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(ii). Suppose that (x,y) € Ry. Then d(z,y) = 0, this implies that x = y. Therefore
Md(x, y7t) =1.

Thus (x,y) € Rar,. Hence Ry C Ry,
Conversely,

suppose that (z,y) € Rar,, per definition of Ry, Ma(x,y,t) = 1. This implies that
x =vy. Therefore d(x,y) = 0. Hence (z,y) € Ry. Thus Ry, C Ryq. We conclude that

Rd:RMd-

4.2 Fuzzy pseudo metric spaces and uniformities.

Definition 4.2.1 (/54], page 238). If X is any set, we denote A\ the diagonal
={(z,x):xe X in X x X}.

Definition 4.2.2 ([5}], page 238). Let X be a set and A C X x X, B C X x X.
We define the set Bo A C X x X as follows: (z,y) € Bo A if there is z € X such
that (z,z) € A and (z,y) € B.

Remark 4.2.1 If A, =...= A, = A, we write A,,0...0 Ay = A™.

Definition 4.2.3 ([11], page 217). For any E C X x X, we write E~' = {(z,y) :
(y,z) € E}. A set E C X x X is symmetric if E = E~1.

We can easily prove the following:

Proposition 4.2.1 Let A, B,C' C X x X. Then the following properties hold:
(i). Co(BoA)=(CoB)oA
(i1)). AoA=NoA=A

(iii). (AoB)™' =B 1o A™!
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(iv). If AC B, then A~ € B! and A™ C B"
(0. (A = (A ne N

(vi). If A is symmetric then A" is also symmetric.

Definition 4.2.4 ([5}], page 238). A uniformity on a set X is a collection D
(X), or just ©, of subsets of X x X, called surroundings or entourages, which

satisfy the following:

(i). D € ® implies that A\ C D

(i1). Dy, Dy € ® implies that Dy N Dy € D

(i11). D € ® implies that E o E C D for some E € ©
(iv). D € © implies that E=' C D for some E € D
(v). D €® C E implies that E € D.

We shall call the pair (X,®) the uniform space.

Definition 4.2.5 A base for the uniformity © is any sub-collection & of © from

which © can be recovered by applying condition (v) of Definition 4.2.}

We now provide the following example.

Example 4.2.1 The usual uniformity ® on R is the uniformity having for a base

the collection of sets D, e > 0, where D? = {(x,y) : |z — y| < €}.

In general every pseudo metric space (X, d) generates a uniform space (X, D), whose

base is the collection D, e > 0, D¢ = {d(z,y) < €}.

Note that if € runs through @Q then the collection of sets D, forms a countable base.

Definition 4.2.6 Let (X,®) be a uniform space. For x € X, and D € © denote
Diz] ={y € X : (z,y) € D}. Now for A C X, say A is open if for each a € A there
exists D € ® such that D]a] C A. Then the collection of all open subsets of a uniform
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space (X, D) is a topology which we denote by To. Note that 75 = {A C X :a € A,
there exists D € ® such that D[a] C A}.

Definition 4.2.7 Let (X,d) be a pseudo metric space and (X,D,) be a
corresponding uniform space. Then T4 = To,. In particular, let R be equipped with

the usual pseudo metric d. Then T, is the usual topology on R. Also see Example

4.2.1.

Remark 4.2.2 We shall say that a uniform space (X, 00) is pseudo metrizable

if the exists a pseudo metric d on X such that 74 = To.
We recall the following:

Theorem 4.2.1 (/54], page 257). Let (X,D) be a uniform space. (X,D) is pseudo

metrizable if and only if ® has a countable base.

Definition 4.2.8 A fuzzy pseudo metric space (X, M, *) is uniformizable if there

exists a uniform space (X,®) such that 79 = 7.

Proposition 4.2.2 [17]. A T topological space (X, T) is metrizable if and only if it

admits a compatible uniformity with a countable base.

Theorem 4.2.2 Let (X, M,x*) be a fuzzy pseudo metric space. Then, (X, Ty) is a

pseudo metrizable topological space.

Proof: For each n € N define

U,={(z,y) e X xX:M(:c,y,%) > 1—(%)}

We shall prove that {U, : n € N} is a base for a uniformity thp; on X whose induced
topology coincides with Ta;. We first note that for each n € N,

{(I,ZL’) ZZL'EX} g Un’Un—i-l g Un
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and U, = U1, On the other hand, for each n € N, there is, by the continuity of *,
and m € N such that m > 2n and

L= (L) — (2 >1- ().

m m n
Then, Uy, o Uy, C U,. Indeed, let (x,y) € Uy, and (y,z) € Upy,. Since M(x,y,e) is

nondecreasing, M(z, z,(£)) > M(xz, 2, 2). So

n

M(l‘,Z,%) > M(x,y,%) *M(yazaé)
> (1= () (1= ()
>1-— (%).

Therefore (x, z) € U,. Thus {U, : n € N} is a base for a uniformity Uy, on X. Since

for each x € X and each
1 1
n e N, U,(z) :{yEX:M(x,y,E) > 1—5}

— B(x. =, =
(x7n7n)7

clearly Uy has a countable base hence by Theorem 4.2.1 (X, Tar) is pseudo metrizable.

By Proposition 4.2.1 (X, Ty) is a pseudo metrizable topological space.

4.3 Fuzzy metric identification.

Definition 4.3.1 ([54/, page 59). If X is a topological space, Y is a set and

f X — Y is an onto mapping, then the collection 7; of subsets of Y defined by
7 ={F CY : f7Y(F) is open in X} is a topology on Y called the quotient
topology induced on'Y, by f. When Y is given some such quotient topology, it is

called a quotient space of X and the inducing map f is called a quotient map.

Definition 4.3.2 ([5}/, page 61). Let X be a topological space. A decomposition D
of X is a collection of disjoint subsets of X whose union is X. If a decomposition ®
is endowed with the topology in which § C D is open if and only if U{F|F € §} is

open in X, then 2 is referred to as a decomposition space of X.
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Definition 4.3.3 Let (X, M,*) and (Y,N,V) be fuzzy pseudo metric spaces. A
function f: (X, M,*x) — (Y,N,V) is a t—isometry if and only if

M(z,y,t) = N(f(x), f(y),1)

for each v,y € X and t > 0.

Theorem 4.3.1 If (X,d) is a pseudo metric space. Then the function
f(X,d) — (X, d)
is an isometry if and only if f: (X, My, *) — (X, My, %) is a t—isometry.
Proof: Suppose that f is an isometry from (X, My, *) to (X, My, *). Then
Ma(z,y,t) = Ma(f(2), f(y), 1)

for all z,y € X and for allt > 0. Now from

t(l - M(ﬂf,y,t))
M(z,y,t)

d(z,y) =

we get

_ (1—M(x y,t)
M(z,y,1)

= d(z,y).
This implies that d(x,y) = d(f(x), f(y)) for all x,y € X. Therefore f is an isometry
from (X,d) to (X,d).

Conversely,

suppose that f is an isometry from (X,d) to (X,d). Then this implies that

d(x,y) = d(f(z), f(y))

for all x,y € X. It follows that

Ma(f(x), f(y),1) =

t+d(f(x), f(y))
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t
N t+d(x,y)

= My(z,y,t).
Thus
Md(xayat) = Md(f<m)7 f(y)’ t)

for all z,y € X and for all t > 0. Therefore f is an isometry from (X, My, *) to
(X, Md, *)

Proposition 4.3.1 Let (X, M, *) be a stationary fuzzy pseudo metric space and f
be a natural map X onto the quotient set X|r,,. Then the fuzzy set M on

X|RM X X‘R]W X (0700)

defined by
M(f(x), f(y),t) = M(x,y,1)

1S a stationary fuzzy metric on the quotient set.

Proof: Suppose that f(z) = f(u) and f(y) = f(v). We need to show that
M(f(z), f(y),t) = M(z,y,t) = M(u,v,t) = M(f(u), f(v),1).

Note that

t t t t
M($7y7§) ZM(ZL’,U,g)*M(U,’U,g)*M(’U,y,g).

In fact

Since M is stationary fuzzy pseudo metric.
M(x,y,t) > 1% M(u,v,t) * 1

M(x7y7t> > M(uavat)

and

M(u,v,8) > M(u, 2, 8) * Mz, y, ) « M(y,v,1)
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M(u,v,t) > 1% M(x,y,t)*1
M(u7vut> > M(l‘,y,t)

Therefore
M(u,v,t) = M(z,y,t).

Since M is a stationary fuzzy pseudo metric. It follows that

M(f(u), f(v),t) = M(f(x), f(y),1).
Hence M is a stationary fuzzy pseudo metric. Suppose that (z,y,t) ¢ Ry, then
M(z,y,t) >0,(0 < M(z,y,t) <1)

implies that

0 < M(f(z), f(y),t) <1.

It follows that M is a fuzzy metric.

Definition 4.3.4 Let (X, M, ) be a stationary fuzzy pseudo metric space, we shall

refer to the fuzzy metric space (X|r,,, M,*) as the fuzzy metric identification.

Theorem 4.3.2 Let (X|g,,, M, *) be a fuzzy pseudo metric identification of the
stationary fuzzy pseudo metric space (X, M, x). Then the topology for the quotient
space X|g,, is the topology generated by the fuzzy metric M.

Proof: Consider x € X,0 <r <1, and By(z,r,t) fort > 0. Let f be a natural map.
To show that

f(BM($,’I“, t)) = BM(f(ﬁ),T, t)'
Let a € f(By(z,r,t)). Then a € f(b),b € By(z,7,t). Now
M(b, z,t) = M(f(b), f(x),1)

and

M(f(b),f(l’),t) = M(b,l’,t)
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>1-—r.

This implies that

Therefore
a € By/(f(z),r,1).
Thus
f(Bu(z,m,t)) C By (f(z),7,1).
Similarly we can show that

By (f(z),r,t) € f(Bu(z,r,t)).

Therefore
f(BM(‘T’ra t)) = BM(f(I),T’, t)v
also
fil(BM(f(x)’ T, t)) = filf(BMCU?T’ t))
= By(x,r,t).

Hence the collection of all M open balls is a base for the quotient topology.

Remark 4.3.1 If (X, d) is a pseudo metric space then the sequence {z,} in (X, d) is
Cauchy if and only if it is Cauchy in (X, My, *). Also, a pseudo metric space (X, d)
is complete if and only if (X, My, x) is complete.

Let (X,d) be a pseudo metric space we shall denote its metric identification by

(X1r,, d).

Proposition 4.3.2 Let (X, M, x) be a complete standard fuzzy pseudo metric space.

Then the stationary fuzzy metric identification (X|g,,, M, *) is complete.

Proof: Suppose (X, M, x) is complete. Let {x,} be a Cauchy sequence in (X|g,,, M, %),

then there ezists a sequence {a,} in X such that x, = f(a,),n > 1. Then {a,} is
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also a Cauchy sequence in X with respect to M. Since (X, M, ) is complete, there

exists a point x € X such that
M(an,x,t) — 1

as n tends to oo. It follows that

M(f(an), f(x),1)

converges to 1 as n tends to oo by continuity of f. Note that f(a,) = x,. Hence

M (zn, f(2), 1)

converges to 1 as n tends to co. This shows that (X|g,,, M,x) is complete. This

completes our proof.

Similarly we can proof the following;:

Proposition 4.3.3 Let (X,d) be a complete pseudo metric space. Then (X|g,,d)

1s complete.

Proposition 4.3.4 Let (X,d) be a pseudo metric space, (X|gr,,d) be the metric
identification of (X, d). For the spaces (X, Mgy, *), (X|r,, Mg, *) and (X]RMd,]V[d,*)

we have T3 = Typ, = Ty

Proof: By Proposition 4.1.1 we have observed that Ry = Ry, hence
X|RMd - X|Rd'

By Proposition 2.2.3 we have observed that

Td = TM,-
Stmilarly we have
Rd_ = Rde
hence
X|Rg = X’RZ\/IJ
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and

Tqa = TMJ.
Finally we have

T4 = Th,-
Hence

Tq = Tat, = TM;-

4.4 Uniformly continuous maps and extension of

t—nonexpansive maps.

Definition 4.4.1 Let (X, M, ) be a fuzzy pseudo metric space and

f (X, M,x) — (X, M, %) be a function. Then f is t—uniformly continuous if
for each 0 < o < 1 there exists 0 < € < 1 such that M(x,y,t) > 1 — o implies that
M(f(x), f(y),t) > 1 —¢, for each z,y € X and t > 0.

Definition 4.4.2 Let (X, M, *) and (X, N, *) be fuzzy pseudo metric spaces, we say
that (X, M, ) is equivalent to (X, N,x) if and only if for a sequence {z,} and a
point x in X we have

liinM(xn,:U,t) =1
if and only if

lim N (z,, z,t) = 1.

n

Remark 4.4.1 Recall that for the metric spaces (X,d) and (Y, p), we say that d is

equivalent to p if and only if for a sequence {x,} and a point x in (X,d) we have
limd(z,,z) =0

if and only if

lim p(z,,, z) = 0.

Clearly we see that d and p are equivalent if and only if the standard fuzzy metric

space (X, My, %) is equivalent to the standard fuzzy metric space (Y, M,, *).
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Theorem 4.4.1 Let f: (X, M,x) — (X, M, %) be a continuous function on a
stationary fuzzy pseudo metric space. Then there exists a fuzzy pseudo metric space

(X,M, %) such that,

1. M(z,y,t) is equivalent to M (x,y,t).

2. f: (X, M, %) — (X, M, %) is uniformly continuous.
Proof: For all x,y in X and t > 0, define

M(z,y,t) = M(z,y,t) N M(f(x), f(y),1).

1. (i). Since 0 < M(z,y,t) <1 and 0 < M(f(x), f(y),t) <1 it follows that

0< M(z,y,t) <1.

(ii). Clearly M(z,y,t) = M(y,z,t).

(iii). Since M(z,y,t) = 1 and M(f(z), f(y),t) = 1 when x = y. It follows that

M(z,y,t) = 1.

(iv). For all s,t > 0,2,y and z € X. We know that
M([E,y,t—f-S) ZM(JZ,Z,t)*M(Z,y,S)

and

M(f(x), f(y),t +s) = M(f(x), [(2),8) * M(f(2), [(y),5)-

So,

M(z,y,t) = M(z,y,t) A M(f(z), f(y),?)

implies that

M(z,y,t+s) = M(z,y,t) N M(f(x), f(y),t +5)
M(z,y,t+s) > M(z,2,t) « M(z,y,s) AM(f(2), f(y),t) * M(f(2), f(y),9)
> M(z,z,t)« M(f(z), f(2),t) NM(z,y,s) *« M(f(z), f(y),s)

Z M(‘/L‘7 Z’ t) * M('Z7 y? S)‘
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Take a sequence {x,} and a point x in X, suppose that for all t > 0. M(x,,x,t)
converges to 1. Then by continuity of f, M(f(z,), f(z),t) converges to 1. So,

M (zn, 2, t) N M(f (20), f(2), 1)
converges to 1. It follows that M(xn,x, t) converges to 1.

Conversely,

suppose that M(xn,x,t) converges to 1 this means that
M (@n, x,t) N M(f(xn), f(2),1)

converges to 1. Therefore M (z,, z,t) converges to 1. Thus M (x,, x,t) and M(x,, z,t)

are equivalent.

2. Observe that
M(f(z), f(y),t) = M(z,y,t).

Now given 0 < o < 1,t > 0, such that

M(z,y,t) >1—0c

let e = 0. Then

M(f(2), f(y).t) > 1 —e.
Therefore

f: (X,M,*) — (X,M,*)

s uniformly continuous.

Definition 4.4.3 Let (X, M, ) be a fuzzy metric. We say that a function is
t—nonexpansive if

1 1
S
M(z,y,t) = M(f(z), f(y)1)
for all z,y € X and for all t > 0.

-1

Remark 4.4.2 Observe that f is t—nonexpansive if and only if

M(f(x), f(y),t) = M(z,y,t).
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Remark 4.4.3 Everyt—nonexpansive function f : (X, M, *) — (X, M, *) is t—uniformly

continuous and therefore continuous but not conversely.

Definition 4.4.4 Let (X, M, %) be a fuzzy metric space. We say that (X, M, *) has
the property E if for a function f: (X, M,*) — (X, M, %) and the pair of sequences

{z;:iel}
and
{f(zi) i €1}
in X such that
M(f(x:), f(x;), 1) = M (i, 35, t).
Then
NierB(wi,7i,t) # 0
implies that
NierB(f(xi),ri,t) # 0,

where

B(I,T,t) :{yEXM(Z',y7t) Z 1_T}7

forO<r<1,t>0.

Definition 4.4.5 Let S be a subset of fuzzy metric space (X, M, %) and f : S — X
be a function. We shall say that F': X — X is an extension of f, if F|S = f.

Remark 4.4.4 Of interest are the extensions which preserve special properties.
Definition 4.4.6 Let (X, M, *) be a fuzzy metric space. We shall say that (X, M, *)
has the t—nonexpansive extension property if every t—nonexpansive function

defined on a subset S of (X, M,*) admits an extension F : X — X which is

t—nonezxpansive.
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Theorem 4.4.2 Let (X, M, x*) be a fuzzy metric space and S C X. Then (X, M, *)
has the t—nonexpansive extension property if and only if (X, M, *) has property E.

Proof: Assume that (X, M, *) has the t—nonexpansive extension property. Consider
amap g: X — X and a pair of sequences {z; : i € I} and {g(x;) : i € I} such that
M(g(mz)a g(x])a t) 2 M(ﬂfz, Ty, t)

and
Nier B(xi, 73, 1) # 0

hold. Let S = {w; : i € I} and define f = g on S. Since x € Nicy Bz, 15, t) # 0,
then f is t—nonexpansive and therefore admits an extension F : X — X which is
t—nonexpansive. In particular, F' is defined on x, and therefore there exists y € F(X)

such that
y € NierB(F(x;), 7, 1).

This shows that
mi61B<F(xi)>Tiat) #0

and so
NierB(f (x;),ri,t) # 0.

Conversely, let S C X and f : S — X be a t—nonexpansive function. For each
x € X — S, we can extend f to SU{x}. Consider, the collections of closed balls

{B(w, M(z,w,t),t) : w € S}

and

{B(f(w), M(z,w,t),t) :w e S}.

Then
Nues{B(w, M(z,w,t),t) :w e S} #0

Hence, there exists

Y € Nues{B(f(w), M(z,w,t),t) :w € S}.
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Let f(x) = y. Note that this extension is also t—nonexpansive. Now let ¢ be the
collection of all t—nonexpansive extensions of f to subsets of X that contain S. For
fi1 and fo in ¢ we shall say that fi < fy provided that D(f1) C D(f2). Note that
every totally ordered subfamily of ¢ has a mazximal element F' and that F' belongs to

¢. It follows that F' 1s the required extension of F.
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