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ON FUZZY UNIFORMITIES INDUCED BY
A FUZZY METRIC SPACE

JAVIER GUTIERREZ GARCIA, JESUS RODRIGUEZ-LOPEZ AND
SALVADOR ROMAGUERA

ABSTRACT. Different types of fuzzy uniformities have been introduced in the
literature standing out the notions due to Hutton, Hohle and Lowen. The main
purpose of this paper is to study several methods to endow a fuzzy metric space
(X, M, ), in the sense of George and Veeramani, with a probabilistic unifor-
mity and with a Hutton [0, 1](-quasi)-uniformity. We will show the functorial
behaviour of these constructions as well as its relation with respect to Lowen’s
functors and Katsaras’s functors, which establish a relationship between the
categories of probabilistic uniformities and Hutton [0, 1](-quasi)-uniformities
with the category of classical uniformities respectively. Furthermore, we also
study the fuzzy topologies associated with these fuzzy uniformities.
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1. INTRODUCTION

The problem of finding an appropriate notion of uniformity in the fuzzy context
goes back to Hutton [20] (Hutton L-uniformity), Hohle [16] (probabilistic unifor-
mity) and Lowen [27] (Lowen uniformity). These different approaches to the con-
cept of fuzzy uniformity give rise to different techniques and results which has been
studied by several authors [1, 21, 32, 42], etc. It is worth mentioning that Lowen
[27] introduced two adjoint functors which allow to construct a classical uniformity
from a Lowen uniformity and vice versa. On his behalf, Katsaras [22] did the same
for Hutton L-uniformities. Furthermore, Hohle [16, Remark 2.2] showed how to
construct a Hutton L-uniformity from a probabilistic uniformity.

Although these are the most well-known approaches to the notion of fuzzy uni-
formity, others can be found in the literature [2, 15, 39], etc. In [42], Zhang analyzed
the relationship between several concepts of fuzzy uniformities.

Another topological structure which has deserved a lot of attention in the fuzzy
context is that of a metric. The problem of constructing a satisfactory theory of
fuzzy metric spaces has been investigated by several authors from different point
of view starting with the statistical metric spaces of Menger [31], which where
studied by Schweizer and Sklar [36] under the name of probabilistic metric spaces.
Strictly speaking in the context of fuzzy theory, one of the usual concepts of fuzzy
metric is that due to George and Veeramani [6], which was in turn motivated by
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the definition given by Kramosil and Michalek [24] who adapted the concept of
probabilistic metric to the fuzzy setting.

Then it appears in a natural way the problem of studying the relationship be-
tween the different concepts of fuzzy metrics and fuzzy uniformities. The first
results in this direction are due to Héhle, who showed how a probabilistic pseudo-
metric can generate a probabilistic uniformity [16] and a Lowen uniformity [19]. He
also characterized those Lowen uniformities which are probabilistic metrizable [19].
The same problem was also studied by Katsaras [23] for Lowen uniformities with
respect to the t-norm A. He also proved explicitly that these uniformities can be
generated by a gauge of probabilistic pseudometrics (see also [42]). On their behalf,
Gutiérrez Garcia, Romaguera and Sanchis [15] associated to a fuzzy metric space
a fuzzy uniformity by means of a family of fuzzy pseudometrics satisfying certain
properties.

On the other hand, in [12] the authors associated to each fuzzy metric space
a Hutton quasi-uniformity (see Proposition 5.8) and this association factorizes,
via a Katsaras’ functor, the association of uniform spaces to fuzzy metric spaces.
Furthermore, Yue and Shi [40] constructed a fuzzifying uniformity by means of a
fuzzy pseudometric (see also [30]). Recently, Yue and Fang [41] have constructed an
I-uniformity in a fuzzy metric space in the sense of Kramosil and Michalek. This
T-uniformity is generated by the Hutton quasi-uniformity of [12] as well as by other
different Hutton quasi-uniformity constructed in [41] (see Proposition 5.9).

It is the aim of this paper to continue the study of the relationship between
fuzzy metric spaces and the different notions of fuzzy uniformities. The paper is
organized as follows.

In Section 2 we provide all the details which are needed on fuzzy metric spaces.
We presuppose some basic facts about (quasi-)uniformities. Terms and undefined
concepts can be found in [4, 5].

Section 3 is devoted to recall the notions of probabilistic and Lowen uniformity as
well as various functors between the categories Unif of uniform spaces and PUnif (x)
of probabilistic uniformities (and LUnif(*) of Lowen uniformities).

In Section 4 we study different procedures to associate a probabilistic uniformity
to a given fuzzy metric space and how they compose with the different functors
introduced in the previous section. In fact, we provide four different probabilistic
uniformities obtained from a fuzzy metric space (X, M, *): (Uas, *) inspired by the
Hutton [0, 1]-quasi-uniformity defined in [12] (see Proposition 4.1); UY; which has
as a base the characteristic functions of the entourages of Ujy; (UAH/[, *) motivated
by the Hutton [0, 1]-quasi-uniformity defined in [41]; and w(Uys) which is the image
under Lowen’s functor w (see Theorem 3.8) of the uniformity Uy associated to the
fuzzy metric space.

In Section 5, using Hohle’s construction (see Proposition 5.4 and [43, Proposition
4.2]), we construct four different Hutton [0, 1](-quasi)-uniformities, two of them
coinciding with those constructed in [12] and [41]. In this context, we show how
the functors associated with these constructions behave with respect Katsaras’s
functors [22]. As a byproduct of our constructions we obtain a factorization of
Katsaras’s functor @, which allows to obtain a Hutton [0, 1](-quasi)-uniformity from
a uniformity, via the category of probabilistic uniformities (see Proposition 5.16).

In Section 6, we study the topologies and stratified I-topologies associated with
the fuzzy uniformities that we have considered.
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Finally, the last section is devoted to the study of the relationship between
fuzzy metrics and fuzzifying topologies and uniformities. In particular, we develop
another method of constructing a probabilistic uniformity in a fuzzy metric space
by using the fuzzifying uniformity constructed in this context as in [30, 40]. We
also clarify its relationship with the other probabilistic uniformities induced by a
fuzzy metric.

2. FuzzYy METRIC SPACES

Definition 2.1 ([36]). A binary operation *: [0,1] x [0,1] — [0,1] is called a
continuous t-norm if ([0, 1], %) is an Abelian topological monoid with unit 1, such
that « * 5 < %0 whenever a <y and 8 < ¢, with a, 8,7, € [0,1].

We say that the continuous ¢-norm * does not have nontrivial zero divisors, if
a* 8 # 0 whenever «, 8 # 0.

If % is a continuous t-norm, since the map ax(+): [0,1] — [0, 1] preserves arbitrary
joins for each o € [0,1], it has a right adjoint a = (-): [0, 1] — [0, 1] determined by
the adjoint property

axf<y = f<ay,  afye01]

Hence the implication — is the binary operation on [0, 1] given by

aSy=\V{Bel0,1]|axp <A}, a,c € [0,1].
(We will omit the superscript * if no confusion arises).
Three distinguished examples of continuous t-norms are A, - and =g, (the Lukasie-
wicz t-norm) which are defined as

aApB=min{e,S}, a-f=af and axpf=max{a+—1,0}
and the corresponding implications are defined as
1 f < B; . 1 f < B *
alp={" Taiﬁ’ a—= =44 Taiﬂ’ and a =% 8 = min{l—a+4,1},
B, if B < a; = if <

for all o, 8 € [0, 1]. Tt is well-known and easy to see that * < A for each continuous
t-norm x*.

Definition 2.2 ([6]). A fuzzy metric (in the sense of George and Veeramani) on a
set X is a pair (M, *) such that % is a continuous t-norm and M is a fuzzy set on
X x X x (0,+00) such that for all z,y,z € X, t,s > 0:

(GV1) M(z,y,t) > 0;

(GV2) M(x,y,t) =1 if and only if z = y;

(GV3) M(z,y,t) = M(y,,1);

(GV4) M(z,y,t+s) = M(z, 2,t) * M(2,y, s);
(GV5) M(z,y,-): (0,+00) — [0, 1] is continuous.

In this case, (X, M, ) is said to be a fuzzy metric space.
A simple but useful fact is that M (x,y, _) is nondecreasing for all z,y € X ([8]).

Remark 2.3. We recall that, in modern terminology, a fuzzy metric in the sense of
Kramosil and Michalek (cf. [24]) is a pair (M, ) such that * is a continuous ¢-norm
and M is a fuzzy set on X x X x [0, +00) satisfying (GV3), (GV4) and

(KM1) M(z,y,0) =0 for all z,y € X;
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(KM2) M(z,y,t) =1 for all t > 0 if and only if z = y;

(KM5) M(z,y,-): [0,00) — [0,1] is left continuous.

Observe that if (M, ) is a fuzzy metric then we can construct a fuzzy metric in the
sense of Kramosil and Michalek (M’,x*) defining M’(x,y,0) = 0 and M’'(z,y,t) =
M(z,y,t) for all z,y € X and all t > 0.

Example 2.4. Let (X, d) be a metric space and * be a continuous t-norm. Let My
be the function defined on X x X x (0,00) by

M ) at = T g\
) = )
for all z,y € X and ¢t > 0.
Then (X, My, *) is a fuzzy metric space called the standard fuzzy metric space (see
[6]), and (My, *) will be called the standard fuzzy metric of d.

George and Veeramani proved in [6] that every fuzzy metric (M, x) on X gene-
rates a topology 7(M) on X which has as a base the family {Bpy(x,¢,t) | = €
X, 0<e <1, t>0}, where By(z,e,t) = {y € X | M(z,y,t) > 1 — ¢} for all
e € (0,1) and ¢ > 0. They also proved that (X, 7(M)) is a Hausdorff first countable
topological space. Moreover, if (X, d) is a metric space, then the topology generated
by d coincides with the topology 7(My) generated by the fuzzy metric (Mg, ).

Remark 2.5. In [9] it was proved that every fuzzy metric space (X, M, *) is metriz-
able and possesses a compatible uniformity Uy, with a countable base given by

Ug[:{(x,y) 6X><X|M(ac,y,%) > 1—%}

(we will omit the superscript M if no confusion arises).

Furthermore, we notice that if (X, d) is a metric space then Uy = Uy, [10, Lemma
5] where Uy is the uniformity generated by d which has as a base the entourages of
the form Uy . = {(z,y) € X x X | d(z,y) < €} for every € > 0.

Remark 2.6. Observe that if (M’ *) is a fuzzy metric in the sense of Kramosil and
Michalek then we can construct as above a topology 7as/ and a uniformity Uy [11].
Then if (M, ) is a fuzzy metric on X and (M’, *) is its associated fuzzy metric in
the sense of Kramosil and Michalek we can easily see that Uy, = Uy, .

Furthermore, if d is a pseudometric compatible with the uniformity i, then
Unr, = Unpr.

Consequently, fuzzy metrics in the sense of George and Veeramani and in the
sense of Kramosil and Michalek are uniformly equivalent in this sense. Hence, the
results that we obtain in Section 4 about probabilistic uniformities generated by
means of the uniformity of a fuzzy metric remain valid if we consider Kramosil and
Michalek fuzzy metrics. Moreover, Proposition 4.1 is also fulfilled in this context.
Therefore, all results of the paper are true regardless of the type of fuzzy metric
considered.

Definition 2.7 ([7]). Let (X, M,x) and (Y, N, *) be two fuzzy metric spaces. A
mapping f: X — Y is said to be uniformly continuous if for every € € (0,1) and
t > 0 there exist § € (0,1) and s > 0 such that

if M(z,y,s)>1—0 then N(f(x), f(y),t) >1—¢
for all z,y € X.
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It is straightforward to check that f: (X, M, *) — (Y, N,*) is uniformly contin-
uous if and only if f: (X,Upr) — (Y,Un) is uniformly continuous [10, Lemma 1].

With all these facts, we can consider the categories FMetric, FMetric(x), Metric,
and Unif whose objects are, respectively, the fuzzy metric spaces, the fuzzy metric
spaces with a given continuous ¢-norm *, the metric spaces and the uniform spaces,
and whose morphisms, in all of them, are the uniformly continuous functions. Then
the functor IL,: Metric — FMetric(*) (resp. T: FMetric — Unif) which leaves mor-
phisms unchanged and IL.((X, d)) = (X, Mg, *) (resp. T((X, M,*)) = (X,Un)) is
fully faithful.

3. PROBABILISTIC UNIFORMITIES

Although some of the definitions that we will use were originally defined in a
wider lattice-theoretical context, we will restrict ourselves to the closed unit interval
I =[0,1] since the fuzzy metric spaces that we will consider depend on fuzzy sets
with values in I. We will also use the following notation: Iy = (0,1] and I; = [0,1).
Given a nonempty set X, let us denote by 14 the characteristic function of a subset
Aof X.

Definition 3.1 ([26]). Let X be a nonempty set. A family F of subsets of I¥ is
called a prefilter on X if it is a filter of the lattice IX, that is:
(P1) given a,b € IX such that a < b and a € F then b € F;
(P2) if a,b € F then a Ab € TF;
(P3) 1, ¢ 7.
A subfamily B of F is a prefilter base for the prefilter JF if for every a € F there
exists b € B such that b < F.

It is clear that every family B of subsets of IX satisfying

for every a,b € B there exists c € B withc < a Ab

is a prefilter base for the prefilter F of all fuzzy sets a on X for which there exists
b e B with b < a.

Following the terminology of [16], we recall the following definition.

Definition 3.2 ([16, Definition 2.1], [21]). A probabilistic uniformity on a nonempty
set X is a pair (U, %), where x is a continuous ¢-norm and U is a prefilter on X x X
such that:

(PU1) U(xz,z) =1forall U € U and = € X
(PU2) if U € U then U~! € U where U~ (x,y) = U(y, x);
(PU3) for each U € U there exists V' € U such that
V2<U
where V2(z,y) = V,cx V (2, 2) * V(z,9);
In this case, the pair (X, U, *) is called a probabilistic uniform space.

A function f: (X,U,*) — (Y,V,*) between two probabilistic uniform spaces is
said to be uniformly continuous if (f x f)~5(V) € U for all V € V, i.e. for every
V €V there exists U € U such that

Uz,y) < V(f(x), f(y)) for all z,y € X.

We denote by PUnif the category of probabilistic uniform spaces and uniformly
continuous functions. For a fixed continuous ¢-norm, PUnif () is the full subcategory
of PUnif whose objects are the probabilistic uniformities with respect to x.
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Note that probabilistic uniformities are called Hohle-Katsaras uniformities in
[42].

Definition 3.3. If (U, *) is a probabilistic uniformity on X, the pair (B, %) is said
to be a base for (U, ) if B is a prefilter base for the prefilter U.
Each prefilter base B on X x X satisfying (PU1), (PU3) and

(BU2) given B € B there exists B’ € B with B'(z,y) < B(y,z) for all z,y € X,

generates a probabilistic uniformity (U, x) on X where U is the filter generated by
B.

Proposition 3.4. Let (X,U) be a uniform space and (X,U,*) be a probabilistic

uniform space. Let us denote:

(1) T'(U) = Uoy is the prefilter on X x X generated by {1y | U € U};

(2) ©(U) = Uy is the filter {U C X x X | 1y € U}.

Then:

(i) Tx: Unif — PUnif(x) is a fully faithful functor sending each (X,U) to (X, Uo1, *)
and leaving morphisms unchanged;

(ii) If * does not have nontrivial zero divisors, then ©.: PUnif(x) — Unif is a
faithful functor sending each (X, U, *) to (X,Uo1) and leaving morphisms un-
changed.

Furthermore, O, o'y = 1ypnif-

Proof. (i) It is easy to prove that {1y | U € U} is a prefilter base for a probabilistic
uniformity (Uopy, *). Furthermore, if (X,U) and (Y, V) are two uniform spaces then
£+ (X,U) = (Y, V) is uniformly continuous if and only if f: (X, Up1, *) — (Y, Vor, *)
is uniformly continuous. Consequently, I, is fully faithful.

(ii) It is clear that Up is a filter. Furthermore, if 1y € U then A C U by (PU1)
and U € Uy implies U™ € Uy; by (PU2). Finally, suppose that 1y € U. Then
there exists F' € U such that F? < 1y. Let V = {(z,y) € X x X | F(z,y) #0}. Itis
clear that F' < 1y so 1y € U. We show that V2 C U. Suppose that (z, 2), (2,y) € V.
Hence F(z,2) # 0 and F(z,y) # 0 so F(x,2) * F(z,y) # 0. Since F? < 1y and
F?(x,y) > 0 then 1y (z,y) =1, i.e. (z,y) € U. Hence Up; is a uniformity.

Now suppose that f: (X,U,*) — (Y,V,*) is a uniformly continuous function
between two probabilistic uniform spaces. Let V € Vy;. Then 1y € V so we can
find U € U with U(z,y) < 1y (f(z), f(y)) for all (z,y) € X x X. It is easy to see
that 1(yx)-1v) € Wand so (f x f)~1(V) € Upr. Hence f: (X,Uo1) — (Y, Vo) is
uniformly continuous which implies that O, is faithful.

Finally, it is obvious that ©, o I'y = Lyns. ]

Remark 3.5. Observe that if B is a base for a uniformity & on X then {15 | B € B}
is a prefilter base for Ug.

In 1981, Lowen introduced, for the t-norm A, the following notion of fuzzy uni-
formity which is very related with that of probabilistic uniformity.

Definition 3.6 ([27], cf. [18, Definition 4.1]). A Lowen uniformity on a nonempty
set X is a pair (U, *), where * is a continuous ¢-norm and U is a prefilter on X x X
such that:

(LUL) U(z,z)=1forall U € U and x € X;
(LU2) if U € U then U~ € U where U~ (z,y) = U(y, z);
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(LU3) for each U € U and each € € I there exists V' € U such that
Vi-e<U,

where V2(z,y) = \,cx V(2, 2) * V(z,y);
(LU4) V.¢;, (U =€) € U for each family {U. | e € Ip} C U, i.e. U is saturated.

In this case, the pair (X, U, ) is called a Lowen uniform space.

As in the case of probabilistic uniform spaces, we can consider the category LUnif
whose objects are the Lowen uniform spaces and whose morphism are the uniformly
continuous functions as defined in the obvious way (see [27, Definition 2.4]).

Remark 3.7. We observe that, in general, if (X, ) is a uniform space then ', (X, U) =
(X, Uo1, *) is not a Lowen uniform space. If fact, let us consider on R the uniformity
U, generated by the subsets U, = {(z,y) € R? | |z —y| < &} for all ¢ > 0. For each
§ € Iy we have that 1y, (z,z + ) =1 but Veer,(lu. —e)(z,z + $)=1-¢ and so
1y, £ VEEIO(]‘Ue —¢) for all § > 0. Hence Veelo(er —e) ¢ (Ue)or-

In [27], Lowen defined two functors to establish a relation between classical
uniformities and Lowen uniformities as follows:

Theorem 3.8 ([27]). Let X be a nonempty set, U be a uniformity on X and (U, *)
be a Lowen uniformity on X. Define

wW) ={U e I U (e, 1]) €U foralla € I}  and
(W) ={U (e, 1)) |U €U, a € I}

w(U),*) is a Lowen uniformity on X;
(W) is a uniformity on X;
wlUh)) =U;

which is finer than U.
Furthermore, the functor w,: Unif — LUnif(x) given by w.((X,U)) = (X,w(lU), %)
and which leaves morphisms unchanged is fully faithful while the functor ¢: LUnif —
Unif given by ((X, U, *)) = (X, t(U)) and which leaves morphisms unchanged is
faithful. Then Unif is isomorphic to a full subcategory of LUnif(x).

Remark 3.9. The relationship between the categories LUnif and PUnif was estab-
lished in [42] where it is shown that Lowen uniformities are those probabilistic
uniformities which satisfy (LU4), i.e. the Lowen uniformities are the saturated
probabilistic uniformities. In this way, LUnif is a concretely coreflective full sub-
category of PUnif. In fact, if (X,U,*) is a probabilistic uniform space then its
correflection is the Lowen uniform space (X, ﬁ, ), where U is the saturation of U
given by
U={V (U.—¢)|U.€Uforallc € I}
ecly

Observe that (ﬂ, ) is the coarsest Lowen uniformity finer than (U,*). On the
other hand, if f: (X,U,*) — (Y,V,*) is a uniformly continuous function between
two probabilistic uniform spaces then so is f: (X ,ﬁ, x) — (Y, \~7, %). Consequently
we have a functor 8: PUnif(x) — LUnif(x) given by S((X,U,*)) = (X,U, ) and
which leaves morphisms unchanged
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The following result factorizes Lowen’s functor w, by means of the functors I'
and 8.

Proposition 3.10. The following diagram commutes

Unif ————— PUnif ()

e b

LUnif (+)

Proof. We only have to prove that w(U) = ﬁ;{ for each uniform space (X,U).
Let U € w(U). Then U '((a,1]) € U for all a € (0,1) and it follows that

\/EGIO (lU_l((l—e,l]) - 5) =U € Up. N
On the other hand, if U. € U for each ¢ € Iy and U = \/selo(lUE — ¢), then
U (e, 1]) = U{U- |1 — e > a} € U for each a € I, and so U € w(ld). o

The following result establishes the relationship between the pairs of functors
wy, O, and ¢, Ty,

Proposition 3.11. Let X be a nonempty set, (U, x) be a Lowen uniformity on X
and U be a uniformity on X. If x does not have nontrivial zero divisors, then:
(1) ©(U) < ().
(2) w(OU ))CUCW( (W)).
(3) Owh) =U = (I'U)).
Proof (1) This is obvious since given U C X x X with 1y € U then U =
o ((0,1]) € o(W).
(2) Let U € w(©(U)). Then U '((a,1]) € O(U) for all @ € I, ie. 1y-i(aa)) € U
for all @ € I;. Since U = \/EE[0 ( “1((1—e,1]) — 5) and U is a Lowen uniformity
then U € U. _
The second inclusion is obvious since U is the coarsest Lowen uniformity finer than

U and w((U)) is the coarsest Lowen uniformity finer than U generated by a uni-
formity (see Theorem 3.8(4)).

(3) This follows from the following easy equivalences for each U C X x X:
Ueld < 1y ewld) < U € 0(w(lf))
— 1y eT(U) < U e (T(U)). O

4. PROBABILISTIC UNIFORMITIES INDUCED BY A FUZZY METRIC SPACE

In the following we will introduce four different probabilistic uniformities in a
fuzzy metric space.

We observe that if (X, M, %) is a fuzzy pseudometric space then the family {M; |
t > 0} is a base for a probabilistic uniformity (UZ,, ) on X [16, Theorem 3.3] and

for a Lowen uniformity (UE,*) [19, Theorem 2.6]. This way of generating fuzzy
uniformities from a fuzzy metric space is important since it allows to establish some
categorical isomorphism theorems [33].

The construction given in the following result is motivated by the Hutton [0, 1]-
(quasi-)uniformity constructed in [12].
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Proposition 4.1. Let (X, M, *) be a fuzzy metric space. For each t > 0 and each
€ € Iy we denote by U;‘f{ the fuzzy set on X x X given by:
UM

e,t

(x,y) = (1—¢) = M(z,y,t) =\{Ael|(1l-e)xA < M(z,y,t)}, z,y € X,

and By = {UE]V{ | e € In, t > 0}. Then By is a prefilter base generating a
probabilistic uniformity Ups on X.

Proof. Tt is easy to see that By, is a prefilter base. Indeed, given ¢, € I and
s,t > 0 then UM < UM AU where v = min{e, 6} € Iy and r = min{s,t} > 0.
Let UM € By Then UM(z,2z) = (1 —¢) - M(z,2,t) = (1—¢) - 1 =150
(PU1) is verified. On the other hand, (U})~' = U] for all € € Iy and ¢ > 0, so
(PU2), and in particular (BU2), is fulfilled. Finally, given ¢ € Iy let § € Iy such
that 1 —e < (1 —6) % (1 —6). Then

(UM < U,

In fact, let ,y, z € X. Since (1-8)xUM, (z,2) < M(z, 2, §) and (1-6)+UM (z,y) <
M(z,y, %) it follows that

(1—5)*U§é(m,z)*U%(z7y) < (1—6)*(1—6)*U§é(x7z)*Ué\é(z7y)

< M(z,2,5) % M(z,y, %) < M(z,y,t).

Therefore

U@y = VU (@) s U (29) < (1 =) = M(z.p.t) = Ui(@.y). D
K4S

Remark 4.2. We observe that the mappings A”, A: FMet — PUnif acting on objects
as follows:

AT((X, M, %) = (X, U, %) and  A((X, M, %)) = (X, Uy, *)

are not functors when we consider that morphisms are unchanged. Let us see an
example.

Let e be the euclidean metric on R and *;, be the Lukasiewicz t-norm. We
observe that then & — f = min{8 — a + 1,1} for all o, 8 € I. Let us consider
the fuzzy metric spaces (R, N,x*g,) and (R, M., *s,), where N is the fuzzy set on
R x R x (0,00) given by N(z,y,t) = max{M.(z,y,t), 3}. Next we show that the
identity function id: (R, N, *g) — (R, M., #1,) is uniformly continuous. In fact, let
g€ (0,1)and ¢t > 0. Let § > 0 with 1—6 > max{%,1—¢}. Thenif N(z,y,t) > 1-4
we have that M,(x,y,t) >1— 3 > 1 — ¢ so the conclusion follows.

Nevertheless, id: (R, Uy, *x) — (R, Uns,,*1) is not uniformly continuous. In-
deed, let ¢ € (0, %) and t > 0. It is obvious that there exist z,y € R such that
M (z,y,t)+e < % so M.(x,y,t) < 1 —e which implies ny (x,y) = Me(z,y,t)+e€.
Then for each § € Iy and s > 0 we have that

UMe(w,y) = Me(z,y,t) +e < 3 < N(a,y,s) < (1-0) = N(x,y,s) = U, (z,y).

Hence Ug?ls(x,y) £ U;\ﬁe(z,y) = UM:(id(z),id(y)) for every 6 € Iy and s > 0 so
id: (R, Uy, *) — (R, Ups ,*) is not uniformly continuous.

Furthermore, since M. (x,y,t) < % < N(z,y,s) for all s > 0 then we also deduce
that id: (R, U}, *) — (R, U}] , *5) is not uniformly continuous.
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On the other hand, if (X, M, x) and (Y, N, *) are two fuzzy metric spaces and
(X, Ups, %) = (Y, Uy, *) is uniformly continuous or f: (X, UL ) — (Y, UH, %)
is uniformly continuous then f: (X, M, *) — (Y, N, *) is uniformly continuous. We
only prove the first assertion since the other follows similarly. Let ¢ > 0 and € € .
By assumption we can find € Iy and s > 0 such that

for all z,y € X. Consequently, if M(z,y,s) > 1 —J then Uévf(f(sc),f(y)) >

U%(aj,y) =1so N(f(x), f(y),t) >1 -5 >1—¢. Hence f: (X, M,*) = (Y,N,%)
is uniformly continuous.

Example 4.3. Let (X,d) be a metric space. Then the probabilistic uniformity
(Ung,, -) induced by the standard fuzzy metric (Mg, -) has as a base the fuzzy sets
U2, given by

e,t

Uit(l'7y) = (175) %Md(lyy,t) = (175)*> m :mln{m,l}

foralle € (0,1),t >0 and z,y € X.

Notation 4.4. Let (X, M, x) be a fuzzy metric space. Then, by Proposition 3.4,
D.((X,Un)) = (X, (Uns)o1, *) is a probabilistic uniform space whose probabilistic
uniformity will be denoted by (U3, *).

Let (M, %) be a fuzzy metric on X. Using Theorem 3.8, we have that (w(Ups), *)
is a Lowen uniformity associated to a fuzzy metric space (see Remark 3.9).

Remark 4.5. Let (X,d) be a metric space. As we have previously observed in
Remark 2.5, Uy = Ups, so

(X’ (ud)()l’ *) = (X’ (JJ\iIdn*) and (X’O‘)(ud)’*) = (X7w(uMd)’ *)
for every continuous ¢-norm .

The following result gives the relationship between the four probabilistic unifor-
mities we have introduced.

Proposition 4.6. Let (X, M, ) be a fuzzy metric space. Then
Upr C UG AUEL CUY VUL, C w(Un).

Proof. Let n € N and UM = {(z,y) € X x X | M(z,y,2) > 1— 1} € Up;. Then
it is obvious that 1ym < UM, since if lym(z,y) = 1 then M(x,y, %) >1- % S0

n'n

Uy;(l’,y) = 1. Consequently, Ups C UG-

n’n

On the other hand, the inclusion Uy, € U4, follows immediately since M (z, y,t) <
(1—¢) = M(z,y,t) forall z,y € X, t >0 and ¢ € Io.

For the last inclusion, let U € Up;. Then 15, ((¢,1]) = U for all ¢ € I;. Hence
15((e,1]) € Upy for all € € Ty so 1y € w(Uyr) which proves U3, € w(lUas).
Furthermore, U C w(Uy;) since M (e,1] = {(z,y) € X x X | M(x,y,t) > e} €
Uy for all t > 0 and € € I;. O

The following examples show that the above inclusions are the only ones, in
general.
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Example 4.7. Let (X, M, ) be a fuzzy metric space such that Uy # {X x X}
(it suffices to find z,y € X and ¢t > 0 with M(z,y,t) < 1). We notice that
0 < UM(z,y) = (1 —¢) = M(z,y,t) for all € € Iy, z,y € X and ¢t > 0 since
M(z,y,t) > 0. Consequently, given X x X # U € Uy, it follows that 1y € Ups. In
fact, suppose that (z,y) € U. Then 1y(x,y) = 0 but Us4(x,y) > 0 for all € € I
and t > 0. Therefore, U3, € Uas.

This also shows that U, ¢ UL since as above 1y (x,y) = 0 but M,(x,y) # 0 for all
t>0.

Example 4.8. Let us consider the euclidean metric e on I and the fuzzy metric
space (I, M, y) where M (z,y,t) =1 —e(x,y) for all x,y € I and all ¢ > 0. Given
e € Iy we can find z,y € I such that 0 < e(z,y) < e. Hence (1 —¢) —» M (z,y,t) =
1> M(z,y,t) so WL ¢ Uy,

Example 4.9. Let (X, M, x) be a fuzzy metric space such that Uj; is not the
discrete uniformity, i.e. there exists a superset of the diagonal of X which does not
belong to Uy;. Define M; € I°*X by My(x,y) = M(x,y,t) for all t > 0. It is clear
that M; € w(Uy) forallt > 0. Fixt > 0. Then given n € IN we have that Lym £ My
(where {UM | n € IN} is the base for Uy, defined in Remark 2.5). In fact, let
z,y € X be two distinct points such that M(z,y, +) > 1— L. Then 1ym(z,y) = 1
but My(z,y) = M(z,y,t) < 1. Consequently, M; ¢ Uy, so w(lpr) € UY;.

This also shows that UL, ¢ USY.

We notice that even for metric spaces, w(Ua) is not included in Uy .
Example 4.10. Let e be the euclidean metric on I and define U: I x I — I by
U({I,'7y):1—€(.’l,',y)7 $7y€X~

Since U71((,1]) = {(z,y) € I x I | e(z,y) < 1 —¢} = U1 € U, for each
0 <e <1, we have that U € w(U,). Nevertheless, U ¢ Uj; . Otherwise, we could
find § > 0 such that 1y, ; < U where Ue s = {(z,y) € I xI | e(z,y) < §}. However,

if 0 < e(w,y) < § then 1y, ,(z,y) = 1 £ U(z,y). Hence w(l.) € Uy, (so, by
Proposition 4.6, w(U,) € Uaz, ).

Remark 4.11. As a consequence of the previous examples, we have that if (X, d) is
a metric space, the following diagram is not, in general, commutative:

Met II FMet
(X7 d) (X, Md,*)
T A AH
PUnif
Unif w.,T, X, w(tha), x) # (X, Uniy, ¥)

(X, UG, %) # (X, Unpg,, *)
(X, w(Ua), *) # (X, UR,, %)
(X, UG %) # (X, Ugy,, )

(Xa ud)
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Although a probabilistic uniformity is not necessarily a Lowen uniformity (see
Remark 3.9), it is easy to see that the functor ¢ of Theorem 3.8 also works for
probabilistic uniformities. Thus we can obtain the following:

Proposition 4.12. Let (X, M, ) be a fuzzy metric space. Then:
Unr = o(Unr) = o(Ug) = (US) = e(w(Unr)).-
Furthermore, if x does not have nontrivial zero divisors then:
Uy = 0(UY;) = O(wlUnr)).

Proof. We first show that Uy C ¢(Ups). Let n € N, UM € Uy and 6 € (0,1)
such that (1 —68) % (1 —0) > 1— L. Then (UM )~*((1—4,1]) C UM. In fact, if
UM (,y) = (1-8) = M(z,y, ;) > 1=d then 1— & < (1-0)*(1-0) < M(z,y, ;).
Hence Uy C o(Upy).
On the other hand, by Theorem 3.8 (3) we have that t(w(Uar)) = Unr so from
Proposition 4.6 and the easy fact that ¢ is order preserving we deduce the four
equalities of the first display.

The equalities of the second display follow from Propositions 3.4 and 3.11. O

Remark 4.13. Notice that, in general, ©(Uys) # Upr and O(ULL) # Uy, as Exam-
ple 4.7 shows.

FMet Unif PUnif
(wUnr), *)

Ltowy, =100, =10, =0,0T, =idyns

Sol', =w,,toA=10AH =T

(Recall that when ©, acts the t-norm * cannot have nontrivial zero divisors.)

In the following, we show that these four probabilistic uniformities have a good
behaviour with respect to an important uniform property: precompactness. We
recall the following definition.
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Definition 4.14 ([9]). A fuzzy metric space (X, M,x) is said to be precompact
if for all ¢ > 0 and € € (0,1) there exists a finite subset A of X such that X =
B (A, e, t) = Uyen Bul(a, e t).

On the other hand, Lowen and Wuyts [29] introduced this concept in the realm
of Lowen uniform spaces endowed with the t-norm A. Nevertheless their defini-
tion makes also sense for probabilistic uniform spaces with respect to an arbitrary
continuous t-norm.

Definition 4.15 (cf. [29, Definition 3.1]). A probabilistic uniform space (X, U, )
is said to be precompact if for all U € U and ¢ € I there exists a finite subset A of
X such that \/, ., U(a,z) > 1 —¢ for all x € X. This is equivalent to assert that
X =U,caUla,€), where U(a,e) = {x € X |U(a,z) > 1 —c}.

Proposition 4.16. Let (X, M, *) be a fuzzy metric space. The following statements
are equivalent:

(X, M, x) is precompact;

1)
(2) (X, w(Z/{M) %) 1s precompact;
(3) (X, ug4, ) is precompact;
(4) (X, UL, ) is precompact;
(5) (X,Unpr,*) is precompact.

Proof. (1) => (2): Let U € w(Uys) and € € (0,1). Since U~ L((1 —¢,1]) € Upsr we
can find n € N such that U, C U~ !((1 —¢,1]). Furthermore we can find a finite
subset A of X with

X=UBu(a,yz.3)=UUa)C U U (1-¢1])(a) = U Ulae).

a€A a€EA acA a€A

Therefore, (X, w(Up ), *) is precompact.
(2) = (8) = (5) and (2) = (4) = (5) follow from Proposition 4.6.

(5) = (1): Let £ € (0,1) and ¢ > 0. Then we can find § € (0,1) such that
1—e < (1—-90)=*(1—4). By assumption there exists a finite subset A of X with
X = U,eaUsi(a,0). Consequently, given x € X there exists a € A such that
1-0<(1—-90) = M(x,a,t) so M(z,a,t) > (1 =9)* (1 —3§) >1—e. Therefore,
X =Ugea Bula,e,t). O

5. HUTTON QUASI-UNIFORMITY INDUCED BY A FUZZY METRIC SPACE

In the following, we will always consider the unit interval endowed with a con-
tinuous t-norm * and an order reversing involution, i.e., a unary operation ’: I — [
such that o’ = o and B’ < o whenever a < 3 for all a, 3 € I. Given a € IX, we
will denote by a’ the element of IX given by a’(x) = (a(x))’ for every z € X.

Given a nonempty set X, let H#(X) denote the family of all W: I* — IX such
that:

e W(a) >a for all a € I'X;

o W(V,erai) = Ve Wia) for all {a; | i € I} C I and W(1g) = 1p.
Since a = \/,cx a(z) * 1} for each a € I it follows that every W € H(X) is
completely determined by the family

{(W(axly) |aely, ve X}
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Definition 5.1 ([20]). Let X be a nonempty set. A Hutton [0, 1]-quasi-uniformity
on X is a nonempty subset U of H(X) such that

(HUL) if U e N, U <V and V € H(X) then V € U,
(HU2) if U,V € U there exists W € U such that W < U and W <V
(HU3) if U € U there exists V' € W such that VoV < U.

If U also satisfies

(HU4) if U € Wthen U~ € U

where U™ (a) = A{b € I* | U) < a'}, then it is called a Hutton [0, 1]-uniformity.
In this case, the pair (X, ) is called a Hutton [0, 1]-(quasi-)uniform space.

A function f: (X,U) — (Y, &) between two Hutton [0, 1]-(quasi-)uniform spaces
is said to be uniformly continuous if for every V' € S there exists U € U such that
U(G)SV< \/ CL(]))>|<1{f(9[/,)})Of7 QEIX.

b'e

xTE

We denote by H(Q)Unif the category of Hutton [0, 1](-quasi)-uniform spaces and
uniformly continuous functions.

Definition 5.2. A base for a Hutton [0, 1]-(quasi-)uniformity X on X is a nonempty

subset B of H(X) such that for each U € U there exists B € B such that B < U.
If B is a nonempty subset of H(X) verifying:

(1) if By, Ba, € B there exists Bs € B such that By < By and Bz < Bs;

(2) if By € B there exists By € B such that By o By < By;

then we say that it is a basis for a Hutton [0, 1]-quasi-uniformity given by
Uy ={U € H(X) | there exists B € B such that B < U}.

In 1984, Katsaras established the following relations between the categories of
(quasi-)uniform spaces and Hutton (quasi-)uniform spaces.

Proposition 5.3 ([22]). Let (X,U) be a (quasi-)uniform space and (X, ) be a Hut-
ton [0, 1]-(quasi-)uniform space. Let ®(U) be the Hutton [0, 1]-(quasi-)uniformity
generated by

{o(U) | U e U}

where ¢(U)(a)(y) = V,ex (@) * lu@)(¥) = Vyer() alz) for each U €U, a € X
andy € X. Let () be the (quasi-)uniformity generated by

{p(U) U e
where Y(U) = {(z,y) € X x X |Va € I’*, a(x) < U(a)(y)} for each U € U. Then:

(1) ®&: (Q)Unif — H(Q)Unif is a functor sending each (X,U) to (X,®U)) and
leaving morphisms unchanged;

(2) ¥: H(Q)Unif — (Q)Unif is a functor sending each (X,0) to (X, ¥(U)) and
leaving morphisms unchanged;

(3) w(PWU)) =U;

(4) W C B(W();

(5) VU is a right adjoint of ®.

On the other hand, Hohle [16, p. 313] showed how to construct a Hutton unifor-
mity by means of a probabilistic uniformity as follows:
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Proposition 5.4 ([16]). Let * be a continuous t-norm such that the unary operation
"on I given by a’ :=a > 0= \/{be€[0,1] | axb =0} for each a € I is an
order reversing involution. Let (U, *) be a probabilistic uniformity on X. Then the
family {Wy | U € U} is a base for a Hutton [0, 1]-uniformity E(U) on X, where
Wy € (IX)IX is given by
Wy(a)(y) = V al@)*Ulz,y) acl™ yeX.
reX

Remark 5.5. Note that if * is such that a” # a for some a € I, then E(U) is, in
general, a Hutton [0, 1]-quasi-uniformity instead of a Hutton [0, 1]-uniformity.

Proposition 5.6. Let * be a continuous t-norm such that the unary operation '
on I given by a’ :=a > 0=\/{be[0,1] | axb =0} for each a € I is an order
reversing involution. The map Z: PUnif — HUnif sending (X, U, *) to (X,E(U))
and leaving morphisms unchanged is a fully faithful functor.

Proof. By Proposition 5.4 we already know that Z(U) is a Hutton [0, 1]-uniformity.
Furthermore, let (X, U, x), (Y,V,x) be two probabilistic uniform spaces. Then
f+ (X, E(0) = (Y,Z(V)) is uniformly continuous if for every V' € 'V there exists
U € U such that Wy (a) < Wy (V,ex a(@) * 1)) o f for each a € I¥. But

VaeIX Wy(a) <Wy(V a@)*1iwy)of
zeX
= VreXVaely Wylaxlyy) <Wy (axliuy)of
= Vr,ye X,Vaely axU(z,y) <axV(f(z),f(y)
= Vr,ye X Ulx,y) <V(f(z), f(y))

and we conclude that f: (X, Z(U)) — (Y, Z(V)) is uniformly continuous if and only
if f: (X, U,x) — (Y,V,*) is uniformly continuous. O

Remark 5.7. Observe that the above proposition is a special case of [43, Proposi-
tion 4.2].

In [12] the authors developed a method to construct a Hutton [0, 1]-quasi-unifor-
mity from a fuzzy metric space as follows.

Proposition 5.8 ([12, Proposition 14]). Let (X, M, x*) be a fuzzy (quasi-)metric
space. Then the family By = {W2 | e € Iy, t > 0} is a base for a Hutton
[0, 1]-quasi-uniformity Wy, on X where W%: IX — IX s given by
Wiia)(y) = V a(@)« (1 —¢) = M(z,y,t)), acl®, yeX
reX

This construction gives a factorization via Hutton [0, 1]-quasi-uniformities of the
association of a uniformity to each fuzzy metric space (see Remark 5.15).

Later on, Yue and Fang [41] provided another construction of a Hutton [0, 1]-
quasi-uniformity for fuzzy metric spaces in the sense of Kramosil and Michalek
which is also valid in our context.

Proposition 5.9 ([41, Section 5]). Let (X, M,*) be a fuzzy metric space. Then
the family BM = {WM | t > 0} is a base for a Hutton [0, 1]-quasi-uniformity W
on X where WM : IX — IX is given by

Wi (a)(y) = yxa(x)*M(I,y,t), ael”®, yeX.
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On the other hand, in Section 3 we have considered two functors I'y, and w, and in
Section 4 two mappings A and A which allow to obtain probabilistic uniformities
by means of uniformities and fuzzy metrics respectively. Then we can compose
these mappings with the functor Z in order to obtain

Eow,, Zol,: Unif - PUnif and ZoA, ZoAf: obj(FMetric) — obj(PUnif).

This provides four methods of generating a Hutton [0, 1]-quasi-uniformity from
a fuzzy metric space that we will study next. It is obvious that the first two
mappings are functors but the last two are not since A and A¥ are not functors
(see Remark 4.2). We first observe that given a fuzzy metric space (X, M, *), the
images of Uy; under Zo A and = o A are, respectively, Uy, (see Proposition 5.8)
and U (see Proposition 5.9).

Proposition 5.10. Let (X, M, ) be a fuzzy metric space. Then:
(EoN)Un) =ZEUp) =Upy, and (Eo AT (Uy) =Z(UE) = ull.

Proof. Given € € Iy and t > 0, let Ug’t be a member of the basis of Uj,; as defined
in Proposition 4.1. By Proposition 5.4 we have that

Wy (a)(y) = é/Xa(w)*Uﬁ(w,y) = é/Xa(fC)*(U*&) = M(z,y,t)) = Wli(a)(y)

so Z(Ups) = Uy, In a similar way you can obtain that Z(U) = Wi ]

We present now an example showing that = o A is not a functor when leaving
morphisms unchanged, as it was incorrectly stated in [12, Proposition 17].

Example 5.11 (cf. Remark 4.2). Let e be the euclidean metric on R and =g, be
the Lukasiewicz t-norm. Let us consider the fuzzy metric spaces (R, N, %) and
(R, M, 1), where N is the fuzzy set given by N(z,y,t) = max{M.(z,y,t),:}.
We proved in Remark 4.2 that the identity function id: (R, N,*g) — (R, M, *g,)
is uniformly continuous.

Nevertheless, id: (R, Uy) — (R, Uz, ) is not uniformly continuous. Indeed, let
e € (0,1/2) and t > 0. It is obvious that there exist ,y € R such that M. (x,y,t)+
£ < % s0o M(z,y,t) < 1 — & which implies W%e(l{z})(y) = M.(z,y,t) + €. Then
for each 6 € Iy and s > 0 we have that

W (L) (y) = Me(z,y,t) + e < 3 < N(a,y,5) < W (1)) ()
Hence Wi\; £ W%e for every 6 € Iy and s > 0 so id: (R, Un) — (R, Uy, ) is not

uniformly continuous.

Definition 5.12. Let (X,U) be a uniform space and (U, %) be the probabilistic
uniformity of Notation 4.4. Then the family {W;,, | U € U} is a base for a Hutton
quasi-uniformity %" := Z(U°") = (E o I',)(U) where
Wi, (a)(y) = V a(z)x1lu(z,y)= V a(x), ael*, yeX.
reX yeU(x)

Definition 5.13. Let (X, i) be a uniform space and w(Uf) be the Lowen uniformity
generated by U. Then the family {Wy | U € w(Uf)} is a base for a Hutton [0, 1]-
quasi-uniformity U“ := (= o w)(U) where

Wy (a)(y) = yxa(x)*U(x,y), Uewl), acl™, yeX.
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Given a fuzzy metric space (X, M, x), we know from Proposition 4.6 that U, C
Usy A UL Cusy v UEL C w(ldyy). Consequently, a similar relationship is obtained
for their associated Hutton [0, 1]-quasi-uniformities:

Uy, C U AU C UGy v UL Cuy,.

In [41, Example 5.1] it is proved that, in general, U, ¢ U,,. We provide here other
examples showing that the other inclusions are, in general, strict.

Example 5.14. Let e be the euclidean metric on R and * be the product ¢-norm.
We show that Uy, € Z(Uns,) = Uny,. Let a € I® be the characteristic function
of R\ [-1,1]. Given U = {(z,y) € R? | e(z,y) < 1} € U. = Uy, we have
Wi, (a)(0) = Voepyalz) = 0 < W% (a)(0) A WM< (a)(0) for each £ € Iy and
t > 0and so W2 £ Wy, and WMe £ Wy, ie. U3y € Uy, and UG, ¢ WL
On the other hand, given ¢t > 0 then M., € Uﬁc.For cach n € N let a,, € I® be
given by
1, ife=r~—;
an () = ’ 2n(n—1)"
(@) {0, otherwise.
It is easy to check that M. (0, m, 1) > 1—1_ Then we have that WMe(a,)(0) <
1 =Wy, (a,)(0). Therefore, Wy, £ WHMe for all n € IN so UF ¢ UG, . This also
shows that U§, & UG, .

Remark 5.15. In [12, Corollary 16] it was proved that U(U) = Uy, for a fuzzy
metric space (X, M, x). Consequently, the following diagram commutes:

FMet T Unif
(M,*) Z/{M:\II(IIM)
ZoA w
H(Q)Unif
Uyps

It is natural to wonder whether W(US,) = Uns, W(UL) = Up or T(UY,) = Uny.
We solve this question in the following.
Proposition 5.16.
(1) Katsaras’s functor ® can be factorized as ® = ZoT,.
(2) PoZEoTly = lyni-
Consequently, ®(U) = (2o T)(U) = U, T(U) = U and the following diagram

commutes:

(Q)Unif i) H(Q)Unif
U eU) = (EoI)(U)
T, =
PUnif

(D), *) = (U, %)

Proof. (1) follows immediately from the definition of ® and Definition 5.12 and (2)
follows from (1) and Proposition 5.3 (4). O
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We observe that the above result gives a factorization of the Katsaras functor ®
via probabilistic uniform spaces by means of the functors I', and =.

Remark 5.17. Nevertheless, given a fuzzy metric space (X, M, %) in general U(UY,) #
Uy and W(UEL) # Uy Let us consider the fuzzy metric space (R, M., -) where e is
the euclidean metric. Then we have that M. € w(Unz,) NUY, where M (z,y) =
M(x,y,t) for all t > 0 and z,y € R. Then we have

(W) = {(z,y) € Rx R |Va € I¥, a(x) < Wiy, (a)(y)}
={(z,y) ERxR|Va € Iy, Vz €R, (a 1) (x) < Wi (- 1423)(y)}
={(z,y) e RxR |Va € Iy, a < Wy, (a- 1) (y) = a- My(z,y)}
={(z,y) e RxR | M(z,y,t) =1} ={(z,x) | z € R}.

Consequently, ¥(Uy; ) = $(U; ) is the discrete uniformity which is different from
Up, = Ue.

Remark 5.18. As a consequence of our results, the following diagrams commute:

PUnif PUnif
(Unz, ) (USy#)
A L, 0, 1,0, () T,
FMet T Unif = FMet T Unif -
(]W, *) Uy = L(uM) = \I/(uM) - (]W, *) Uy = L(u(}\ll) = \Il(u?\}[) -
12 v P () 4

H(Q)Unif
DUy ) = (EoD)(Un) = ug,

PUnif
(wlUnr), )

FMet T Unif
(M, *)

FMet
(M, *)

H(Q)Unif H(Q)Unif
ugy = =E(Uf)) (2 ow)(Uy) = U,

(Recall that when ©, acts we need that the t-norm * does not have nontrivial
zero divisors.)

6. TOPOLOGIES AND I-TOPOLOGIES GENERATED BY FUZZY UNIFORMITIES

Finally, we study the classical topologies and the I-topologies associated with
the fuzzy uniformities that we have considered. We first recall some pertinent
definitions.
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Definition 6.1 ([3]). A (Chang) I-topology on a nonempty set X is a subset T of
I such that:
(1) 13,1x € T
(2) a Ab € T whenever a,b € T,
(3) Viea @i € T whenever {a; |i€ A} C T,
In this case, the pair (X, T) is called an I-topological space.
A function f: (X,Tx) — (Y, Ty) is continuous if f~1(a) € Ty for each a € Ty
(where f~!(a) :=ao f).
We denote by ITop the category of I-topological spaces and continuous functions.

Remark 6.2. By identifying, as usual, subsets of a given set with the corresponding
characteristic functions we can treat a topological space (X, 7) as an I-topological
space. So we have a functor I';: Top — ITop which identifies the category of
topological spaces with the full subcategory of ITop whose objects are just those
I-topological spaces (X, T) such that T C 2%,

With Chang’s definition constant maps are not necessarily continuous. This is
the reason why Lowen proposed the following:

Definition 6.3 ([25]). A stratified I-topology on a nonempty set X is a subset T
of IX such that:
(1) alx € Tfor all a € I;
(2) anbe T forall a,be T
(3) Viea @i € T whenever {a; |i€ A} C T,
In this case, the pair (X, T) is called a stratified I-topological space.
A function f: (X, Tx) — (Y, Ty) is continuous if f~1(a) € Tx for each a € Ty.
We denote by SITop the category of stratified I-topological spaces and continuous
functions.

Definition 6.4 ([25]). An operator ¢: I — IX is a fuzzy closure operator if
(1) ¥(a) = a for all constant o € IX;

(2) a < (a) for all a € IX;

(3) Y(aVvb)=1(a)Vi(b) for all a,b e IX;

(4) ¥Y(¢(a)) = ¥(a) for all a € IX.

In [25], Lowen introduced two functors to obtain a relationship between stratified
I-topologies and classical topologies as follows:

Proposition 6.5 ([25]). Let X be a nonempty set, T be a topology on X and T be
a stratified I-topology on X. Define

w(r) = {a € I | a is lower semicontinuous} and
u(T) ={a " ((e,1]) | e €[0,1), a € T}.
Then:
(1) w(7) is a stratified I-topology;
(2) «(T) is a topology on X;
(3) vw(r)) =75
(1) T Cw()).
Furthermore, if we consider the mappings w: Top — SlTop and ¢: SITop — Top,
which leave morphisms unchanged, and w((X,7)) = (X,w(r)) and ((X,T)) =
(X, (X)) then they are fully faithful and faithful functors respectively.
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Remark 6.6. We notice that if (X, 7) is a topological space then a € IX is w(r)-
closed if and only if it is upper semicontinuous, i.e. if

alr)= AV aly)

VEN (z) yeV
for each x € X, where N (z) is the neighborhood filter of .

Remark 6.7 (Cf. Proposition 3.10). We can consider a mapping 8: ITop — SITop
which associates to each I-topology T the stratified I-topology generated by the
family TU {alx | a € I'} and which leaves morphisms unchanged. It can easily be
verified that the continuity of a map f: (X,Tx) — (Y, Ty) implies the continuity
of the map f: (X, (Tx U{alx |a e I})) = (Y, (Ty U{aly |a e l}))soSisa
functor.

Then we have the following commutative diagram:

Top —r . ITop
\ JS
SITop

In fact given a topological space (X, 7) we have that
ST(r)=8{lg|Ger}) ={lg|GertU{alx |ael})
= {alg|aeland G € 7}) = w(7).
(The last equality follows since given a € IX we always have a = Vaer alg-1((a,1])-

Hence if a is lower semicontinuous then a=*((a, 1]) € 7 for each a € [0,1] and so
a € {{alg|a€0,1] and G € 7})).

Any probabilistic uniformity (U, *) on X induces a stratified I-topology T(U) by
means of the following fuzzy closure operator wyyy: I X — IX given by (cf. [27,
Proposition 2.3], [42, p. 411]):

Yra(a)(@)= AV aly)«U(y,z), z€X, acl®.
UceUyeX

(We will omit the subscript if no confusion arises).
Furthermore, Lowen proved the following:

Theorem 6.8 ([27, Theorem 3.1]). Let (X,U) be a uniform space and (X, U, *) be
a Lowen uniform space. Then:

(1) T(wlU)) = w(rU));
(2) T(«(W)) = «(T(W)).
On the other hand, if U is a Hutton [0, 1](-quasi)-uniformity then it generates a
stratified I-topology given by
T ={aeI*|a<\{beI*| there exists U € U such that U(b) < a}}.
Remark 6.9. We notice that if (X, U, *) is a probabilistic uniform space then
T(W) = T(EW).

This is a direct consequence of the definition of the two stratified I-topologies above
and the definition of =.
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Now, let (X, U, x) be a probabilistic uniform space. Then 7(¢:(U)) is a topology
on X which has as a base the family {U(x,¢) | z € X, ¢ € Iy, U € U}, where
Ulxz,e)={ye X |U(z,y) >1—¢}.

Then we have the following result:

Theorem 6.10. Let (X, M, *) be a fuzzy metric space. Then
(M) = 7(e(Unr)) = 7((U})) = T((Uf])) = T(e(w(Uar)))

= 7(P(QUy)) = 7(Y(U3))

UT(Uar)) = ((T(USFY)) = o(T(UF))) = o(T(wUnr)))
= o(T(Mr)) = o(T(U3p)) = (TUGY)) = u(T(UG))).

Proof. By Proposition 4.12 we have that

(Unr) = (U§y) = o(Uf) = lw(Uar)) = Uns
so the first line of equalities is verified. For the second line, we know from Propo-
sition 5.16 that W(UY,) = Unr so 7(T(UY,)) = 7(Un) = 7(M) and by [12, Propo-

sition 22] we obtain that 7(¥U(Uys)) = 7(M). The third line is a consequence of
Theorem 6.8. The last chain of equalities is deduced from the previous remark. O

Remark 6.11. We notice that, in general, 7(¥(U%,)) # 7(M) and (¥ (ULL)) # 7(M)
as Remark 5.17 shows.

Now we center our attention in the stratified I-topologies generated by the the
fuzzy uniformities that we have considered.

Theorem 6.12 ([22, Theorem 2.4]). Let (X,U) be a quasi-uniform space. Then
(QU)) = w(TU)).
Proposition 6.13. Let (X, M, ) be a fuzzy metric space. Then
w(r(Unr)) = T(Usp) = TwUn)) = TUY) = TUF)).
Proof. Let a € IX and # € X. Then
Yraon(a)(z) = AV ay)+luly.z)= AV al@) = b (a)(z)

UeUn yeX UeUn yeU—1(x)
so w(T(Unr)) = T(UY,). Furthermore, w(T(U)) = T(w(Unr)) by Theorem 6.8. The
two last equalities follow from Remark 6.9. m|

The next example shows that in general T(Ups) # w(t(Unr)) and T(UL) #
w(T(Upr)) for a fuzzy metric space (X, M, ).

Example 6.14 ([35]). Let (M, ) be the fuzzy metric on X = (2,400) given by

1, if x =y;
M(x’y’t):{1+1 if z # y;
T y? Y;

for all z,y € X and ¢ > 0 (hence (M, *y,) is a stationary fuzzy metric since it does
not depend on t).

It is easy to see that 7(M) is the discrete topology since Bys(z,e,t) = {z}
whenever 0 < ¢ < 5 = %

Now, let a € T X be the characteristic function of the set X \ {3}. It is obvious
that a is continuous (7(M) is the discrete topology) so a is w(7(Uns))-closed (in

fact, w(r(Unr)) is the discrete topology).
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Nevertheless, let € € I and ¢t > 0. We distinguish two cases:
(1) If M(3,y,t) <1—eforally € X\ {3} then

V oa(y) s (L —¢) = M(3,y,t)) = V (M(3,y,t)+€):%+%+€:%+s.
yeX yeX\{3}

(2) If there exist yo € X \ {3} such that M(3,yo,t) > 1 — ¢ then

¥X a(y) *E, ((]— - E) — M(37yat)) 2 a(yO) *y, 1=1.

Consequently

’sz(uM)(a)(:‘)») = /\ \/ a(y) *L ((1 - 5) — M(3’y7 t)) = % >0= a(3)

e€ly,t>0yeX

Hence T(Ups) # w(T(Unr))-
Similarly,

¢z(u{{4 (a)(?)) = t/>\0 é/X a(y) *L, M<3’y7t> = t/>\0 6)}/\{3} M(?”yat) = % >0= a(?’)

and so T(UL) # w(T(Unr)).

Remark 6.15. The following diagrams summarize most results we have obtained:

PUnif ITop
_—
(Un, *) T(Unr)

s Top
S U = o) = 9 () —— )=
H(Q)Unif ITop
Ups I(uM)
PUnif ITop
(Unz, ) T(Usr)
-
FMet oo lélnif ,,,,,, 01} Top
(M, %) T Un = 1(USp) = (Uyy) —— (Unr) =

H(Q)Unif ITop
Wi )
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PUnif ITop
_—
(Unr, *) T(Usy)

L L
FMet 7 oo Unif e Top
(M, %) Unr = 1(Us7) T(Unr) B
L
H(Q)Unif ITop
g T(UFy)
PUnif ITop
(w(Unr), *) T(w(Un))
L ( 3 w w < > L
FMet R Unif . Top
(M, *) T 4 Z/{M = L(w(uM)) T(Z/[]u) =
w < > L
H(Q)Unif ITop
U3, T(U%,)

7. ON FUZZY METRICS AND FUZZIFYING STRUCTURES

Another approach to the study of topological spaces in the fuzzy context different
from that of Chang and Lowen was due to Hohle [17], who introduced the concept
of fuzzifying topology (see also [38]) under the name of L-fuzzy topology. His idea
was to consider a fuzzy topology as a mapping T: 2% — I satisfying a multivalued
version of the topological axioms (see Definition 7.9). On his behalf, Ying [39]
used the same idea to introduce the concept of fuzzifying uniformity which was
rediscovered in [2] under the name generalised uniformity. It was also proved in
[2] that the category of fuzzifying uniform spaces is isomorphic to that of Lowen
A-uniform spaces.

On the other hand, Yue and Shi [40] developed a method to endow a fuzzy
pseudometric space with a fuzzifying uniformity. Then it is natural to study the
Lowen uniformity induced by this fuzzifying uniformity and obtain its relationship
with the probabilistic uniformities that we have considered previously. To achieve
this, we recall some pertinent concepts.

Given a nonempty set X, let D(X) denote the family of all p: 2% — 2% such
that:

o AC p(A) for all A€ 2%;

o p(UjcrA;) = Usero(A;) for all {A; | I € T} C 2% and ¢(@) = @.
For ¢,7 € D(X) we define ¢ < v if and only if ¢(A4) C ¥(A) for each A € 2%,
D(X) is a complete lattice in which the top and bottom elements g, p1 € D(X)
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are given by
X, iHA+0g;
A=A and Ay =477 ’ Ae2¥,
#o(4) (4 {@, if A=o;

Since each f € D(X) preserves arbitrary joins, it has a right adjoint map
0 2% — 2% given by

P (B) =U{A € 2™ | p(4) C B}, Be2¥.
Since " is meet preserving we can define ¢ € D(X) given by
P (B) = X\ ¢ (X\ B)={C e2¥ | o(X\C)C X\ B},  Be2*.

Definition 7.1 ([40], cf. [39, 30]). A fuzzifying uniformity on a nonempty set X
is a mapping U: D(X) — I such that:

(FUL) U(er) =1

(FU2) U(p A9) =U(p) AUW) for all p,9 € D(X);

(FU3) U(®) =V yoy<, V(@) for all ¢ € D(X);

(FU4) U(p) = U(e) all ¢ € D(X).

In this case, the pair (X, U) is called a fuzzifying uniform space.

A function f: (X,U) — (Y, V) between two fuzzifying uniform spaces is said to
be uniformly continuous if V(p) < U(f<(p)) for all p € DY), where f<(p)(U) =
{x e X | f(z) € o(f(U))} for all U € 2%.

We denote by FYUnif the category of fuzzifying uniform spaces and uniformly
continuous functions.

In [2], the authors rediscovered fuzzifying uniformities under the name gener-
alised uniformities. The definition of generalised uniformity differs formally from
the definition of fuzzifying uniformity since a generalised uniformity is a function
d: 2X%X — [ satisfying certain properties instead of a function from D(X) to I (we
notice that generalised uniformities appear also in [30] under the name of fuzzify-
ing uniformities). Nevertheless, it is well known that there is an order isomorphism
between binary relations on X and union preserving maps from 2% to 2%. This
isomorphism is given as follows:

Ue2XX oy 2% 5 2% opy(A)={y e X | (a,y) € U for some a € A},
: 2% 5285 s U, = {(z,9) € X x X |y € p({z})}.

Notice that if two union preserving maps ¢, : 2% — 2% coincide on the single-
tons then they coincide in the whole 2%. Moreover, given a binary relation U on
X, then U is reflexive if and only if ¢y € D(X). Consequently, each fuzzifying uni-
formity U: D(X) — I determines uniquely a generalised uniformity dy: 2X*X — T
given by

0, otherwise;

U e 25xX,

dU(U):{

Conversely, each generalised uniformity d: 2X*X — I determines uniquely a fuzzi-
fying uniformity Ug: D(X) — I given by
Ua(p) = d(Us,) ¢ € D(X).
In [2] the authors proved that the category of generalised uniform spaces is
isomorphic to the category of Lowen A-uniform spaces. To establish this result, let
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us recall [1] that if (U, *) is a probabilistic uniformity on a nonempty set X then
for all a € Iy,

U ={U"|B<a UeclU}
is a uniformity on X called the a-level uniformity of U, where U? = {(z,y) €

X x X |U(x,y) > B}. It is proved in [1] that a Lowen fuzzy uniformity is uniquely
determined by its a-level uniformities.

Remark 7.2. We notice that a similar reasoning can be applied to a fuzzy metric
space (X, M, x). In fact, given a € Iy we can define a uniformity U§;, which we call
the a-level uniformity of M, having as base the family {U] | 0 < 8 < a,t > 0},
where U] = {(z,y) € X x X | M(z,y,t) > B}. Then Uns = \/yep, Usy (cf. [30,
Fact 1.6]).

Theorem 7.3 ([2]). Let (X,U) be a fuzzifying uniform space and (X,U) be a A-
Lowen uniform space. Let us consider:

(1) the A-Lowen uniformity Uy on X given by
Uy ={U e I™X|UP cU” forallacly and f < a}
where U* = {U C X x X |U(py) >1—a} and UP = UY((B,1]) = {(=,y) €

Xx X |U(xz,y) > Bl
(2) the fuzzifying uniformity Uy : D(X) — I given by

_J1=AS(0), if S(p) # 2;
vule) = {0, if S(¢) = @

where S(¢) ={a eI |U, € U}.

Then:

(i) the mapping s: FYUnif — LUnif(A), which assigns to a fuzzifying uniformity U
on X the Lowen A-uniformity Uy and which leaves morphisms unchanged, is
a fully faithful functor;

(ii) the mapping T: LUnif(A) — FYUnif, which assigns to a Lowen A-uniformity U
the fuzzifying uniformity Uy and which leaves morphisms unchanged, is a fully
faithful functor;

(iii) sof = Iryunif and fo $ = 1 ynif(n)-

On the other hand, in [40], the authors endowed a fuzzy pseudometric space with

a fuzzifying uniformity as follows:

Theorem 7.4 ([40, Theorem 5.1]). Let (M, A) be a fuzzy pseudometric space. Then
UR,: D(X) — I given by
t>0zeX yep({z})
is a fuzzifying uniformity on X.
Notice that Mardones-Pérez and de Prada Vicente gave a similar result in terms

of generalised uniformities [30, Theorem 4.1]. Using the previous theorem, we intend
to construct the A-Lowen uniformity u@ = u% associated with the fuzzifying

uniformity U%, of a fuzzy metric space as defined in Theorem 7.4. Let (X, M, ) be
a fuzzy metric space.
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Given U € I**X we have that
Uely <= Vacl,V8<a, U e (U)"
—=Vael,V8<a, U (ops) >1—a

—=Vacl,V8<a, V A A Q-Mzuyt)>1l-«
t>0zeX ytp, 5 ({z})

—Vael,Vi<a, V N AN Q1-M,yt)>1—-«
t>0 z€X ygUs (z)

—=Vaecl,V8<a, ANV V Myt <a
t>0zeX yeUPB (z)

—=Vaecl,V8<a Is>0: \V V Mys) <a
ZL’€Xy¢Uﬁ(:E)

= Vaecl,V8<a, I3s>0,3d' <a: V V Mx,y,s)<d
zeX yeUP (x)

= Vacl,V8<a, 3s>0,3d <a: UJ‘J\‘4,7SQU[ﬂ
—=Vaecly,V<a, U cUy.
Hence
Wy = {U € X UY((B,1]) €Uy for all a € Iy and B < a}.
Proposition 7.5. Let (X, M,x*) be a fuzzy metric space. Then:
wit c U, < wtdy).

Proof. Let a € Iy and t > 0. Given 8 € I with 3 < « then M, *((8,1]) =
{(z,y) € X x X | M(z,y,t) > B} € U, so M; € U,,;. Hence we deduce the first

inclusion. The other inclusion is obvious by definition of w(Uys) since Uy C Uy
for all a € Iy. m|

We provide two examples showing that the above inclusions are, in general,
strict.

Example 7.6. Let us consider the fuzzy metric space (R, M, -) where M is given
by

1, ifx=y
M(x7y7t) = {1 .f *
3 1 x;éy

Then it is obvious that Uy, = Uy, is the discrete uniformity for all a € Iy. Let

F € I®R*R be given by
1 fe=y
Flz,y) =9, . )
5 ifx#y
Clearly F~1((e,1]) € U, for all e, € I; so F € U,,. Nevertheless, F' ¢ U since
if 2 # y then M(x,y,t) > F(z,y) so M; £ F for all t > 0. Consequently, UL, # U,,.

Example 7.7. Let us consider the real line R endowed with the euclidean metric
e. Let us define the fuzzy metric (N,-) on R given by

N(z,y,t) = max{M(z,y,1), 3},
where M, is the standard fuzzy metric associated with the euclidean metric. Then
U={(z,y) e RxR|e(z,y) < %} €U, = Uy, = Uy and so 1y € w(ly). Given
0<e<iandt>0then N(z,y,t) >cforall z,y € X so Uf = {(z,y) € X x X |
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N(z,y,t) > e} = X x X. Hence Uy/> = {X x X} 50 15" ((5,1]) = U ¢ Uy/” for all
0<e< % Consequently 1y ¢ Wy, i.e. w(Un) € U,
This also shows that UY & U’]:V.

Nevertheless, we can prove the following:

Proposition 7.8. Let (X,d) be a metric space. Then
U, = w(Ua).

Proof. We only need to prove that w(Uy) C uﬁh. Let us suppose that U € w(Uy).
Given o € Iy and 0 < £ < a we have that U~!((e,1]) € Uy = Uy, so we can
find v € I; and t > 0 such that My(z,y,t) > ~ implies U(z,y) > e. If v < «
we immediately have that U~'((e,1]) € Ug; . Otherwise, fix 0 < f < a. Since
limg o+ s(1 — B8)/8 = 0 we can find so > 0 such that ¢(1 —)/v > so(1 — 8)/8.
An easy computation shows that if My(z,y,se) > [ then My(z,y,t) > v and so
U(x,y) > e. Therefore, U~"((e,1]) € Uy, which finishes the proof. O

Finally we will study in what follows the relation between fuzzy metrics and
fuzzifying topologies. Recall that Yue and Shi [40] endowed a fuzzy metric space
with a fuzzifying topology. Note also that Zhang and Xu [44] proved that the
category of fuzzifying topological spaces is isomorphic to that of fuzzy neighborhood
spaces, a special kind of stratified I-topological spaces [37]. In the following we
study the I-topology associated to a fuzzy metric space (X, M, *) constructed by
means of its fuzzifying topology. In particular, we study its relationship with the
I-topology w(7(M)) that we have previously considered. We begin by recalling
some pertinent definitions.

Definition 7.9 ([17, 38]). A fuzzifying topology on a nonempty set X is a function
T:2% — I such that:
(FY1) T(X) =T(2) =1;
(FY2) TUNV)>TU)AT(V);
(FY3) T(Uicals) = Njep T(U:).
In this case, the pair (X, T) is called a fuzzifying topological space.

A function f: (X, Tx) — (Y, Ty) between two fuzzifying topological spaces is
said to be continuous if Ty (U) < Tx(f~1(U)) for each U C Y.

We denote by FYS the category of fuzzifying topological spaces and continuous
functions.

Yue and Shi [40] constructed a fuzzifying topology from a fuzzy metric space as
follows:

Proposition 7.10 ([40]). Let (X, M, *) be a fuzzy pseudometric space and for each
x € X define Tpr: 2% — I as:

Tu@)= AV ANQ-M@=yt), UcX
zeU t>0 yeU

Then Ty is a fuzziying topology on X .

Definition 7.11 ([28]). A fuzzy neighborhood system on a set X is a family of
prefilters (U(z)),ex satisfying:

(FN1) a(z) =1 for all a € U(x);

(FN2) U(x) is saturated for all z € X;
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(FN3) given z € X, a € U(z) and & > 0 there exists a family {a; € U(y) | y € X}
such that aS(z) A aS(y) < a(y) + ¢ for all z,y € X.

In this case the pair (X, (U(z)).ecx) is called a fuzzy neighborhood space.

On the other hand, a continuous map between two fuzzy neighborhood spaces
(X, U(x))zex) and (Y, (V(y))yey) is a function f: X — Y such that ao f € U(z)
for all x € X and all a € V(f(x)). We will denote by FNS the category of fuzzy
neighborhood spaces and continuous maps.

Furthermore, if (U(x))zex is a fuzzy neighborhood system on a nonempty set
X then it induces a stratified fuzzy topology T((U(x))zecx) on X whose closure
operator is given by

a(z)= A 'V a(y) Ab(y)
bell(z) yeX
where a € I* and z € X. Wuyts, Lowen and Lowen [37] characterized those
stratified fuzzy topological spaces which have a compatible fuzzy neighborhood
system. Later on, Zhang and Xu [44] proved that the category FYS is isomorphic
to the category FNS:

Theorem 7.12 ([44]). Let T be a fuzzifying topology on X and T a stratified fuzzy
topology on X. Let us consider:

(1) the stratified fuzzy topology Tt on X given by
Ir={acI¥|Vacl, a'((a,1]) € ta(T)}

where 1o(T) =V ,U C X [T(U) > B}
(2) the fuzzifying topology Tx on X given by

Tz(U)=V{a e, |U=a"((a,1]) for some a € T}.
Then:

(i) the mapping s: FYS — FNS, which assigns to a fuzzifying topology T on X
the fuzzy neighborhood system compatible with Tt and which leaves morphisms
unchanged, is a fully faithful functor;

(ii) the mapping f: FNS — FYS, which assigns to a fuzzy neighborhood system
(U(x))zex on X the fuzzifying topology Tx(w(z)).cx) associated with the strat-
ified fuzzy topology T((U(x))zex) and which leaves morphisms unchanged, is a
fully faithful functor;

(iii) sof= 1pys and fos = 1gns.

Using the above results, we can construct from a fuzzy metric space (X, M, *) a
stratified fuzzy topology Tt,, associated with the fuzzifying topology generated by
a fuzzy pseudometric as defined in Proposition 7.10. Then we have:

Proposition 7.13. Let (X, M, ) be a fuzzy metric space. Then
T, Cw(r(M)).

Proof. Let a € T, and € € I;. Given xg € a~!((g,1]) we can find U C X with
z9 € U Ca*((e,1]) and Tar(U) = A,cv Viso Nygv (1 — M(z,y,1)) = B > € for
some ¢ < # < 1. Let to > 0 such that A (1 — M(20,y,%0)) > €. It is easy
to see that Bys(zo,e,t0) € U C a=Y((¢,1]). In fact, given y € Bp(wo,e,to) if
y € U then 1 — M(zg,y,t0) > ¢, i.e. M(wo,y,t0) < 1— € a contradiction. Hence
a Y((e,1]) € 7(M) for all € € I1 so0 a € w(T(M)). |
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The following example shows that the above inclusion is, in general, strict.

Example 7.14. Let us consider the fuzzy metric (N, -) as defined in Example 7.7.
It is clear that the function a(z) = iii; belongs to w(7(N)) since it is a con-
tinuous function. Nevertheless, we next show that a ¢ Tt,. Let us consider
V =a1((2,1]) = (—00,—V2) U (V2,00). Since 3 < N(z,y,t) < 1 for every
z,ye€ Xand t > 0then 0 < Ty(U) < % for every U C X. Hence V ¢ L%(TN).
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