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Abstract

Removing the condition of symmetry in the notion of a fuzzy
(pseudo)metric in Kramosil and Michalek’s sense, we obtain the notion
of a fuzzy quasi-(pseudo-)metric. Then for each fuzzy quasi-pseudo-
metric on a set X we construct a fuzzy quasi-pseudo-metric on the
collection of all nonempty subsets of X, called the Hausdorff fuzzy
quasi-pseudo-metric. We investigate several properties of this struc-
ture and present several illustrative examples as well as an application
to the domain of words. The notion of Hausdorff fuzzy quasi-pseudo-
metric when quasi-(pseudo-)metric fuzziness is considered in the sense
of George and Veeramani is also discussed.

Key words: The Hausdorff fuzzy quasi-pseudo-metric, complete,
precompact, preorder, the domain of words.

1 Introduction

It is well known that the Hausdorff distance has an undoubted importance
not only in general topology but also in other areas of Mathematics and Com-
puter Science, such as convex analysis and optimization [6, 31, 37], dynami-
cal systems [11, 34, 47, 61], mathematical morphology [56], fractals [3, 12],
image processing [22, 30, 55, 63], programming language and semantics [4, 5],

*This research is partially supported by the Spanish Ministry of Education and Science,
and FEDER, grant MTM2006-14925-C02-01.



computational biology [21, 57], etc. In [13], Egbert extended the classical
construction of the Hausdorff distance of a metric space to Menger spaces.
Later on, Tardiff [59] (see also [52, 54]), generalized Egbert’s construction
to probabilistic metric spaces, obtaining in this way a suitable notion of a
Hausdorff probabilistic distance. Since fuzzy metric spaces, in the sense of
Kramosil and Michalek, are closely related to Menger spaces [23], one can ea-
sily define, from Egbert-Tardiff’s construction, a Hausdorff fuzzy distance for
a given fuzzy metric space. In connection with these constructions, a notion
of Hausdorft fuzzy metric for fuzzy metric spaces in the sense of George and
Veeramani [17, 18] was discussed in [40].

On the other hand, it is well known that several structures of asymmetric
topology like quasi-uniformities and (fuzzy) quasi-metrics, constitute efficient
tools to formulate and solve problems in hyperspaces, function spaces, topo-
logical algebra, asymmetric functional analysis, point-free geometry, com-
plexity of algorithms, theoretical computer science, etc. (see, for instance,
Chapters 11 and 12 of [25], Section 3 of [26], and also [1, 2, 10, 16, 19, 27,
32, 41, 42, 43, 46, 49, 53, 62, etc] for recent contributions).

In this paper we introduce and study notions of Hausdorff fuzzy quasi-
metric (in the senses of Kramosil and Michalek, and George and Veeramani,
respectively) that generalize to the asymmetric setting the corresponding
notions of Hausdorff fuzzy metric. In this way, we partially reconcile the
theory of fuzzy metric hyperpsaces with the theory of asymmetric topology.
Furthermore, we apply our approach to the domain of words, a paradigmatic
example of a space that naturally appear in the theory of computation.

The paper is organized as follows. In Section 2 we present the basic
notions and results which will need later on. In Section 3 we construct and
discuss a notion of Hausdorff fuzzy quasi-metric, based on the notion of fuzzy
(quasi-)metric of Kramosil and Michalek. In Section 4 we shall show that
this new concept has several nice properties of completeness, precompactness
and compactness. In Section 5 we consider a notion of Hausdorff fuzzy quasi-
metric, based on the notion of fuzzy (quasi-)metric in the sense of George
and Veeramani. In Section 6 we apply the theory developed in the preceding
sections to the domain of words and we point out some advantages of the use
of fuzzy quasi-metrics instead of classical metrics and quasi-metrics. Finally,
we present our conclusions.



2 Basic notions and preliminary results

In the sequel the letters R, RT and N will denote the set of real numbers,
the set of nonnegative real numbers and the set of positive integer numbers,
respectively.

Our basic references for quasi-metric spaces and quasi-uniform spaces are
[15] and [25], and for general topology it is [14].

Let us recall that a quasi-uniformity on a set X is a filter & on X x X
such that:

(i) for each U € U, A C U, where A = {(z,x) : x € X};

(ii) for each U € U there is V € U such that V? C U, where V? =
{(z,y) € X x X : there is z € X with (z,2) € V and (z,y) € V'}.

By a quasi-uniform space we mean a pair (X, ) such that X is a nonempty
set and U is a quasi-uniformity on X.

Each quasi-uniformity ¢ on X generates a topology 73y on X such that a
neighborhood base for each point = € X is given by {U(x) : U € U}, where
Ulx)={ye X :(x,y) eU}.

Given a quasi-uniformity ¢ on X, then the filter /! defined on X x X by
U ={U':U e U} is also a quasi-uniformity on X, called the conjugate
of U, and the filter U* = U VU™ is a uniformity on X. (As usual, U~' =
{(z,y) e X x X : (y,x) € U}.)

An extended quasi-pseudo-metric on a set X is a function d : X x X —
[0, +00] such that for all z,y,z € X :

(i) d(z,z) = 0;

(il) d(z,y) < d(z,z) + d(z,y).

Following the modern terminology (see, for instance, [25, Chapter 11]),
an extended quasi-metric on X is an extended quasi-pseudo-metric d on X
which satisfies the condition:

An extended quasi-(pseudo-)metric d on X such that d(x,y) < +oo for
allz,y € X, is said to be a quasi-(pseudo-)metric on X.

By a quasi-(pseudo-)metric space we mean a pair (X, d) such that X is a
nonempty set and d is a quasi-(pseudo-)metric on X.

The following is an easy but paradigmatic example of a quasi-metric
space.

Example 1. Let ¢ be the function defined on R x R by {(x,y) =
max{x — y,0}. Then ¢ is a quasi-metric on R such that ¢* is the Euclidean



metric on R.

Each extended quasi-pseudo-metric d on X generates a topology 75 on X
which has as a base the family of open balls {By(z,¢) : x € X, e > 0}, where
By(z,e) ={y € X : d(x,y) < e} for all z € X and € > 0. Observe that if d
is an extended quasi-metric on X, then 7,4 is a Ty topology on X.

A topological space (X, 7) is said to be quasi-(pseudo-)metrizable if there
is a quasi-(pseudo-)metric d on X such that 7 = 7,.

Given an extended quasi-(pseudo-)metric d on X, then the function d!
defined on X x X by d~'(x,y) = d(y, z), is also an extended quasi-(pseudo-
Jmetric on X, called the conjugate of d, and the function d* defined on X x X
by d*(x,y) = max{d(z,y),d *(z,y)} is an extended (pseudo-)metric on X.
Of course, d™' and d* are a quasi-(pseudo-)metric and a (pseudo-)metric,
respectively, whenever d is a quasi-(pseudo-)metric on X.

A subset A of a quasi-(pseudo-)metric space (X, d) is called bounded if
A is bounded in the (pseudo-)metric space (X, d®).

Each (extended) quasi-pseudo-metric d on X induces a quasi-uniformity
Uy on X which has as a base the countable family

{{(z,y) e X x X :d(z,y) < 27"} :n € N},

In connection with this fact we have the following useful result which can
be found, for instance, in [15, Theorem 1.5].

Proposition 1. Let (X,U) be a quasi-uniform space. Then, there ezists
a quasi-pseudo-metric d on X such that Uy = U if and only if U has a coun-
table base.

If d is an extended quasi-pseudo-metric on a set X, then the relation <y
on X given by = <,y < d(z,y) =0, is a preorder on X (i.e., <; is reflexive
and transitive).

It is clear that d is an extended quasi-metric on a set X if and only if
<4 is a (partial) order on X (i.e., the preorder <; is antisymmetric, which
means that z <; y and y <; x, implies = = y).

In this case, <; is called the specialization order.

Note that in Example 1 the specialization order coincides with the usual
order on R.



Remark 1. The natural connection between asymmetric distances and
order, described above, provides some advantages in certain settings, if one
works with quasi-metrics instead of metrics. Thus, in modeling a computatio-
nal process on a collection X of elements (for example, chains of information,
words of an alphabet in a programming language, complexity functions in
analysis of algorithms, etc.) we can define a preorder < on X given by z < y
if and only if the element y contains all the information provided by the
element x, and then it is possible, in many cases, to construct a suitable
(extended) quasi-pseudo-metric d on X such that the information provided
by < is transmitted in this way to the quasi-pseudo-metric space (X, d) (see,
for instance, [33, 50]).

Next we recall the construction of the Hausdorff (extended) quasi-metric
of a given quasi-metric space.

If (X, 7) is a topological space, we denote by Py(X), Co(X) and Ky(X),
the collection of all nonempty subsets of X, the collection of all nonempty
closed subsets of X and the collection of all nonempty compact subsets of
X, and if A is a subset of X we denote by A" the closure of A with respect
to 7.

If (X,d) is a quasi-pseudo-metric space, we define

CA(X)={A"NnA" 1 AcPy(X)}).

Remark 2. The following inclusions are obvious: Cy(X) C Ch(X) C
Po(X). Moreover, if (X,d) is a metric space, then Ky(X) C Co(X) and
Co(X) = Cr(X). It is well known (see Example 2 below) that the situation is

quite different for quasi-metric spacesy.
Now, for each A, B € Py(X) let

H; (A, B) =supd(a,B), H;(A,B)=supd(A,b),
acA beB

and
H,(A, B) = max{H; (A, B), H (A, B)}.

Then H;, H] and H, are extended quasi-pseudo-metrics on Py(X) (see
7,28, 38, 39, etc]). Moreover H, is an extended quasi-metric on Cr(X) (com-
pare [28, Lemma 2]), and it is a quasi-metric on the set of all bounded subsets
of X that are in Cr(X). In this case we say that Hy is the Hausdorff quasi-
metric of d. Note that if (X, d) is a metric space, then Hy is the extended

b}



Hausdorff metric of d (on Cy(X)).

Example 2. Let X = {a,b, ¢} and let d be the quasi-metric on X given
by d(b,a) = d(c,b) = d(c,a) =1, and d(z,y) = 0 otherwise. Let F' = {a,c}.
Then F*NF*" = X, because d(b,c) = d(a,b) = 0. Therefore F ¢ Cn(X),
and hence Ko(X) € Cn(X).

We conclude this section by recalling the concepts and results on fuzzy
quasi-metric spaces which we will need in the rest of the paper. They are
taken from [20] (see also [8]). Moreover, we shall observe that the attrac-
tive relationship between quasi-metrics and order, recalled in Remark 1, is
preserved in this framework.

According to [52], a binary operation x : [0,1] x [0,1] — [0, 1] is a conti-
nuous t-norm if * satisfies the following conditions: (i) * is associative and
commutative; (ii) * is continuous; (iii) a * 1 = a for every a € [0,1]; (iv)
a*b < c¢xd whenever a < ¢ and b < d, with a,b,¢,d € [0, 1].

It is well known and easy to see that for each continuous t-norm * one
has « < A, where A is the continuous t-norm given by a A b = min{a, b} for
all a,b € [0,1].

By a KM-fuzzy quasi-pseudo-metric on a set X we mean a pair (M, )
such that * is a continuous t-norm and M is a fuzzy set in X x X x [0, +00)
such that for all z,y,z € X :

(i) M(l‘, Ys O) = 0;

(ii)) M(z,x,t) =1 for all t > 0;

(i) M(z,z,t+s) > M(z,y,t) x M(y, z,s) for all t,s > 0;

(iv) M(z,y,-) : [0,400) — [0, 1] is left continuous.

A KM-fuzzy quasi-metric on X is a KM-fuzzy quasi-pseudo-metric (M, *)
on X which satisfies the following condition: (ii’) = y if and only if
M(z,y,t) = M(y,x,t) =1 for all t > 0.

A KM-fuzzy (pseudo-)metric on X is a KM-fuzzy quasi-(pseudo-)metric
(M, *) on X such that for each z,y € X : (v) M(z,y,t) = M(y,z,t) for all
t>0.

A KM-fuzzy quasi-(pseudo-)metric space is a triple (X, M, %) such that
X is a (nonempty) set and (M, *) is a KM-fuzzy quasi-(pseudo-)metric on
X. The notion of a KM-fuzzy (pseudo-)metric space is defined in the obvious
manner. Note that the KM-fuzzy metric spaces are exactly the fuzzy metric
spaces in the sense of Kramosil and Michalek [23].

Each KM-fuzzy quasi-pseudo-metric (M, *) on X generates a topology
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Tar on X which has as a base the family of open balls {By/(z,¢,t) : € X
e € (0,1),t > 0}, where By(z,e,t) ={y € X : M(z,y,t) > 1 — ¢} for all
x € X,e€(0,1)and t > 0. Observe that if (M, %) is a KM-fuzzy quasi-metric
on X, then 7, is a T topology on X.

It is obvious from the definition of 7); that a sequence (z,), in a KM-
fuzzy quasi-pseudo-metric space (X, M, *) converges to a point x € X with
respect to 7 if and only if lim,, M (x, z,,t) = 1 for all £ > 0.

If (M, ) is a KM-fuzzy quasi-(pseudo-)metric on a set X, then (M~ )
is also a KM-fuzzy quasi-(pseudo-)metric on X, where M ! is the fuzzy set
in X x X x [0,+00) defined by M~ (x,y,t) = M(y,z,t). Moreover, if we
denote by M® the fuzzy set in X x X x [0,400) given by Mi(x,y,t) =
min{ M (z,y,t), M~ (x,y,t)}, then (M* x) is, clearly, a KM-fuzzy (pseudo-
Jmetric on X.

It is well known [20, Proposition 1] that if (X, M, ) is a KM-fuzzy quasi-
pseudo-metric space, then, for each z,y € X the function M(z,y,-) is non-
decreasing.

In the rest of the paper, KM-fuzzy quasi-(pseudo-)metrics and KM-fuzzy
quasi-(pseudo-)metric spaces will be simply called fuzzy quasi-(pseudo-)metrics
and fuzzy quasi-(pseudo-)metric spaces, respectively.

Remark 3. Notice that if (M, ) is a fuzzy quasi-pseudo-metric on a set
X, then the relation <p; on X given by

x <y y<= M(x,y,t) =1 for some ¢ > 0,

is a preorder on X.
Of course, the relation <,;, on X given by

r<pry <= M(x,y,t)=1forall t >0,

is also a preorder on X. Moreover <, is a (partial) order on X if and only
if (M, ) is a fuzzy quasi-metric on X.

Example 3 (compare [20, Example 2.16]). Let d be a (n extended)

quasi-(pseudo-)metric on a set X and let M, be the function defined on
X x X x[0,+00) by M(x,y,0) =0 and

My(z,y,t) = TFd(y)
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for all t > 0. Then, for each continuous t-norm *, (X, My, *) is a fuzzy quasi-
(pseudo-)metric space called the standard fuzzy quasi-(pseudo-)metric space
and (My, ) is the standard fuzzy quasi-(pseudo-)metric of (X, d). Further-
more, it is easy to check that (My)™! = My and (My)* = Mys, and that
the topology 74, generated by d, coincides with the topology 7, generated
by (Md, *)

We say that a topological space (X, 7) admits a compatible fuzzy quasi-
(pseudo-)metric if there is a fuzzy quasi-(pseudo-)metric (M, ) on X such
that 7 = 7.

It follows from Example 3 that every quasi-(pseudo-)metrizable topologi-
cal space admits a compatible fuzzy quasi-(pseudo-)metric.

Conversely, we have:

Proposition 2 [20, 44]. Let (X, M, *) be a fuzzy quasi-pseudo-metric
space. Then {U, : n € N} is a base for a quasi-uniformity Uy on X such
that 1, = v, where U, = {(z,y) € X x X : M(x,y,1/n) > 1—1/n} for
all n € N. Moreover the conjugate quasi-uniformity Uy)™" coincides with
Un— and Tyt = Tar—1.

From Propositions 1 and 2 we deduce the following:

Corollary. Let (X, M, %) be a fuzzy quasi-(pseudo-)metric space. Then
there is a quasi-(pseudo-)metric d on X such that Uy = Uyy.

3 Construction of the Hausdorff fuzzy quasi-
metric

We start this section by recalling the construction of the Hausdorff fuzzy
metric of a fuzzy metric space (X, M, x). The construction is a simple adap-
tation to the fuzzy setting of the definition of the Hausdorff probabilistic
metric of a probabilistic metric space [13, 52, 54, 59].
Given v € X, A € Py(X) and t > 0, set M(z, A, t) = sup,c s M(z,a,t).
Now, for each A, B € Py(X) let

H,,(A, B,0) = Hy;(A, B,0) =0,



H,,(A,B,t) = sup inf M(a,B,s), H;,(A, B,t)= sup inf M(A,b,s),

0<s<t acA 0<s<tbeB
for all t > 0, and

Hy(A, B, t) = min{H;,(A, B,t), H,(A, B,1)},

for all ¢ > 0.

Then H,,, H}, and H); are fuzzy pseudo-metrics on Py(X). Furthermore
H)y is a fuzzy metric on Cy(X), called the Hausdorff fuzzy metric of (X, M, x).

In the light of the above notions and of the construction of Liu and Li
29, p. 67] of a “Hausdorff fuzzy metric” in their recent study of coincidence
point theorems for multivalued maps in complete fuzzy metric spaces, one
can attempt to define the Hausdorff fuzzy metric in a more simplified way,
as follows:

HM(Av Ba t) = mln{;gg M(aa B> t)a l}éllg M(Av ba t)}a

for all A, B € Cy(X) and ¢ > 0.
The following example shows that, for this alternative definition, Hj, is
not a fuzzy metric, in general.

Example 4. Let X = NU {0}, and let d : X x X — R* given by
d(z,y) = 9—(zny) _ Qf(xvy)’

for all z,y € X. It is clear that d is a metric on X. Then, the pair (M, A) is
a fuzzy metric on X, where M(z,y,t) = 0 if d(x,y) > t, and M(z,y,t) =1
if d(z,y) <t.

Note also that 7, is the discrete topology on X because for each z € X
and ¢ € (0,1), we have By(x,e,2-@+D) = {z}. Indeed, fix z € X and let
y € X with y # z. If y < x, we have

2—($/\y) . 2—(&:\/y) — 9y _ 9% > 2—($—1) _ 9T _ 2—w7
and if y > x, we have
2—(&:/\y) i 2—($\/y) — 9T _ 97y > =T _ 2—(2:-1—1) _ 2—(23-1—1)'

Therefore M (z,y,2~@+Y) = 0. Hence By(x,e,2- @) = {2}, so 7y is the
discrete topology on X.



Finally, consider the elements A, B of Co(X), where A = N and B = {0}.
Note that M(z,0,1) =1 for all z € N, and that for each t € (0,1), there is
x; € N such that 1 — 27" > ¢, so M(x,0,t) = 0. Hence

min{inf M(a, B, 1), inf M(A,b,1)} = min{inf M (x, {0},1), M(N,0,1)} =1,
acA beB IS\

and, for each t € (0, 1),

min{inf M(a, B,?), inf M(A,b,#)} = min{inf M(z, {0},), M(N,0,1)} = 0.

We conclude that Hy (N, {0}, _) is not left continuous at ¢t = 1, for the
alternative definition of H); suggested above, so it is not a fuzzy metric on

Co(X).

Next we shall construct the Hausdorff fuzzy quasi-metric of a fuzzy quasi-
metric space (X, M, x).

Let (X, M, *) be a fuzzy quasi-metric space. If A is a subset of X, the
sets A™ and A™ " will be simply denoted by A" ana A" , respectively.

The sets Py(X), Co(X), Ko(X) and Cn(X) are defined in the obvious

manner, as in Section 1. In particular, we have
_ — A1
Ca(X) = {A" nA" A e Py(X)).

Remark 4. It is straightforward to show (compare [41]) that if A €

1

Po(X), then A € Cq(X) if and only if A = At

As in the fuzzy metric case, given x € X, A € Py(X) and t > 0, put
M(x, A, t) =sup,e s M(z,a,t).
The following easy result will be useful later on.

Lemma 1. Let (X, M,x*) be a fuzzy quasi-metric space. Then for each
x € X and A € Py(X), the following hold:
(1) M(z, A, s) < M(x,A,t) whenever 0 < s < t.
(2) z € AV = M(z, A, t) =1 for all t > 0.
Now, for a given fuzzy quasi-metric space (X, M, %) and for each A, B €
Po(X), define
H,,(A,B,0) = Hy;(A, B,0) =0,
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and

H,,(A,B,t) = sup inf M(a,B,s), H;,(A, B,t)= sup inf M(A,D,s),

O<s<ta€A 0<s<t beB

for all ¢ > 0. Then we obtain:

Lemma 2. For each A, B,C € Py(X), the following hold:

(la) ACB" <= Hy,(A,B,t) =1 for all t > 0.

(1b) BC A" = HH(A,B,t)=1 for all t > 0.

(2a) Hy (A, C.t+s) > H,; (A, B,t)x H,;(B,C,s) for all t,s > 0.
(2b) M(AC’t+s)>H+(A B,t)x Hy,(B,C,s) for all t,s > 0.
(3a) Hy (A, B,.):[0,400) — [0,1] is left continuous.

(3b) H; (A, B,.):[0,+00) — [0,1] is left continuous.

Proof. (1a) Suppose that A C B". Then for each a € A and s > 0,
M(a, B,s) =1 by Lemma 1 (2), so inf,c4 M(a, B,s) = 1. Choose any t > 0.
Then

H,;(A,B,t) = sup inf M(a, B,s) = 1.

0<s<t a€EA

Conversely, choose t > 0. Then by hypothesis, there is a sequence (s)y,
with s, € (0,¢) for all & € N, such that

C1I€1£‘M(a, B,sg) >1—-1/k,

for all k£ € N. So, by Lemma 1 (1),

inf M(a, B,t) > inf M(a, B,sg) > 1—1/k,

acA acA
for all & € N. Consequently M(a, B,t) =1 for all a € A and t > 0. So, by
Lemma 1 (2), A C BY

(1b) It follows similarly to the proof of (1a), so it is omitted.

(2a) Fix t,s > 0. Since the inequality is obvious if t = 0 or s = 0, we
assume that ¢, s > 0. Let r € (0,¢), and r’ € (0, s). Then, for each a € A,
with M(a, B,r) > 0, and each ¢ € (0, M(a, B,r)), there exists b, € B such
that M(a, B,r) —e < M(a, b,, 7). Hence
(M(a, B,r)—¢)*inf M(b,C,r") < M(a,by,r)*xM(bs, C,7r") < M(a,C,r+r").

beB
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So, by the continuity of *, it follows

M(a, B,r) % gng M(b,C,r") < M(a,C,r+1'),
=

for each a € A with M(a, B,7) > 0 (Note that the preceding inequality
obviously holds if M(a, B,r) = 0). Therefore

inf M(a, B,r) = inf M(b,C,r") < inf M(a,C,r +1').
beB acA

a€A

Consequently, by definition of “sup” and by the continuity of %, it follows
from standard arguments that

sup inf M(a,B,r)* sup inf M(b,C,r")

o<r<t a€A 0<r'<s bEB
< sup inf M(a,C,r+1").
0<r<t,0<r'<s@€A
Finally, since

sup inf M(a,C,r+1")= sup inf M(a,C,r"),

0<r<t,0<r'<s €A 0<r! <t4s €A

we conclude that
Hip(A, B,t)  Hyp(B,C,5) < Hy(A,Ct +5).

(2b) It follows similarly to the proof of (2a), so it is omitted.
(3a) Let A, B € Py(X), t > 0 and let (fx)r be a strictly increasing se-
quence in R such that ¢, — t.
Since for each k € N, ¢, < t, it immediately follows from Lemma 1 (1),
that
Hy;(A, B, ty) < Hy;(A, B, 1),

for all £ € N.
Now take an arbitrary € € (0,1). Then there is s. € (0,¢) such that

H,,(A Bt) <e+ ingM(a,B, Se).
ac
Let ky € N such that s. < ¢, — 1/k for all k& > ko. Then M(a, B,s.) <
M(a, Bty — 1/k) for all a € A and k > ko, so

1
H;,(A Bt inf M(a, B, t, — —
M( ) ’)<€+;2A (aa s Uk k)a
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for all £ > kq. Therefore

H,;(A,B,t) <e+ sup inf M(a, B,s),

0<s<ty a€A

for all £ > ky. We have proved that
H,;(A,B,t;) < H,;,(A, B,t) <e+ H,; (A B,t),

for all k > ko, and, consequently, H,,(A, B, _) is left continuous on [0, +00).
(3b) It follows similarly to the proof of (3a), so it is omitted.l

Now we define a fuzzy set Hjpr on Po(X) x Po(X) x [0,4+00), by
Hy (A, B,t) = min{H,,(A, B,t), H},(A, B,t)},

for all A, B € Py(X) and t > 0.
From the above lemma we obtain the following result.

Theorem 1. For a fuzzy quasi-pseudo-metric space (X, M,x*) the fo-
llowing hold:

(1) (Hyy, %), (Hy;, %) and (Hyy, %) are fuzzy quasi-pseudo-metrics on Po(X).

(2) If (X, M,%) is a fuzzy quasi-metric space, then (Hyr,*) is a fuzzy
quasi-metric on Cn(X).

Proof. (1) From Lemma 2 (1a), (2a) and (3a), it follows that (H,, *) is
a fuzzy quasi-pseudo-metric on Py(X). Moreover, from Lemma 2 (1b), (2b)
and (3b), it follows that (H},,*) is a fuzzy quasi-pseudo-metric on Py(X).
From these facts and the definition of Hy, it immediately follows that (Hyy, )
is also a fuzzy quasi-pseudo-metric on Py(X).

(2) Since, by (1), (Hps,*) is a fuzzy quasi-pseudo-metric on Ch(X), we
only need to show that for A, B € C~(X), we have A = B whenever Hy,(A, B,t) =
Hy(B,At) =1 for all t > 0.

Indeed, suppose that Hy (A, B,t) = Hy (B, A,t) =1 for all ¢ > 0. Then,

by Lemma 2 (1a), A C B and B C ZM, and by Lemma 2 (1b), B C a
and A C EM_ . Hence A C EM QEM_ =B, and B QZM HZM_ = A, so
A = B. We conclude that (Hyy, *) is a fuzzy quasi-metric on Cn(X).H
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The fuzzy quasi-pseudo-metrics (H,,, *), (H,;, *) and (Hyy, *) of Theorem
1 are called the lower Hausdorff fuzzy quasi-pseudo-metric, the upper Haus-
dorff quasi-pseudo-metric and the Hausdorff quasi-pseudo-metric, of (M, *)
on Py(X), respectively. Similarly, (Hyy, %) is called the Hausdorff fuzzy quasi-
metric of (M, *) on Ch(X).

Example 5. Let (X, d) be a quasi-(pseudo-)metric space. Then Hy, =
My, on Py(X), i.e., the Hausdorff fuzzy quasi-pseudo-metric of the standard
fuzzy quasi-(pseudo-)metric (My, *) coincides with the standard fuzzy quasi-
pseudo-metric of the Hausdorff quasi-pseudo-metric of d on Py(X).

Indeed, first note that My, = min{MH;, MH;}.

Now, given A, B € Py(X) and s > 0, an easy computation shows (com-
pare [60, Result 2.6] or [40, Proposition 3]) that

My(a, B, s) = s—i—dSW’
and then 5
;Ielfl Ma(a, B, s) = S+ supgeq da, B)
Hence, for each t > 0,
S t

Hy, (A, B,t) = sup

= = M, - (A, B,1).
0<s<t $ +Sup,eada, B)  t+ H, (A, B) 1 )

Similarly, we obtain that
Hy (A B,t) = MH;(A,B,t),
and consequently
Hy, (A, Bt)= min{MH;(A, B, t), MH;(A, B,t)} = My, (A, B,t).

We conclude that Hy, = My, on Py(X).

4 Some properties of the Hausdorff fuzzy quasi-
metric

In this section we study properties of completeness, precompactness and
compactness of the Hausdorff fuzzy quasi-metric.
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In order to help to the reader we first recall some pertinent concepts and
results.
Let (X,U) be a quasi-uniform space. For each U € U put

Hy = {(A,B) € Po(X) x Po(X): AC UY(B)}

and

H ={(A,B) € Po(X) x Po(X) : BC U(A)}.
Then {H; : U € U} is a base for a quasi-uniformity H;, on Py(X) and
{H} : U € U} is a base for a quasi-uniformity H,; on Po(X) [7, 28]. The
quasi-uniformity Hy = H;; V H;) is said to be the Hausdorff quasi-uniformity

of U on Py(X).
The following result was obtained by Berthiaume [7].

Theorem 2. Let (X, d) be a quasi-pseudo-metric space. Then I/{H; =
Hyp,, Uy = Hyj, and Uy, = Hy, on Po(X).

In our next result we present the analogue to this theorem for fuzzy quasi-
pseudo-metric spaces. Furthermore, and similarly to the fuzzy metric setting
(see [40, Theorem 2]), it will be the key to deduce in a direct way several
properties of fuzzy quasi-pseudo-metric spaces from the corresponding well-
known properties for quasi-pseudo-metric and quasi-uniform spaces.

Theorem 3. Let (X, M, *) be a fuzzy quasi-pseudo-metric space. Then
uH}\_4 - HZIM’ Z/{H]TI - HLJ{FM and uHM = HUM on PO(X)

Proof. Let n € N. If A, B € Py(X) verify A C U, },(B), then for each
a € A there is b, € B such that M(a,b,,1/(n+1)) >1—1/(n+1). Hence,
for each s € (1/(n+1),1/n), we have

M(a,B,s) > M(a,by,s) > M(a,b,,1/(n+1))>1—-1/(n+1),

SO
inﬂM(a,B,s) >1-1/(n+1)>1-1/n,
ac

and consequently
H,;(A,B,1/n) >1—1/n.

Thus, we have shown that Hy, =~ C Uy on Py(X).
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On the other hand, if H,,(A, B,1/n) > 1—1/n, then there is s € (0,1/n)
such that M(a,B,s) > 1 — 1/n for all a € A, and hence A C U '(B).
Consequently Uy - C Hy, -on Py(X).

Similarly we prove that Uy = Hy, ~on Po(X). Hence Uy,, = Hy,, on
Po(X).1

In the sequel we discuss the completeness of the Hausdorft fuzzy quasi-
pseudo-metric. We shall show that, in this context, right K-sequential com-
pleteness provides a satisfactory notion of (fuzzy) quasi-metric completeness.
It is interesting to recall that right K-sequential completeness constitutes a
suitable notion of quasi-metric completeness in the realm of spaces of func-
tions and hyperspaces, respectively (see [25, Chapter 9]).

Following [36], a sequence (z,,), in an extended quasi-pseudo-metric space
(X, d) is said to be right K-Cauchy if for each € > 0 there is ny € N such
that d(x,,, x,) < € whenever ng < n < m.

(X,d) is called right K-sequentially complete if every right K-Cauchy
sequence is convergent with respect to 74 [36].

In the fuzzy setting we propose the following notions.

Definition 1. A sequence (z,), in a fuzzy quasi-pseudo-metric space
(X, M, %) is called right K-Cauchy if for each ¢ > 0 and each € € (0, 1) there
is ng € N such that M (z,, x,,t) > 1 — ¢ whenever ng < n < m.

Definition 2. A fuzzy quasi-pseudo-metric space (X, M, %) is called right
K-sequentially complete if every right K-Cauchy sequence is convergent with
respect to 7.

Probabilistic quasi-pseudo-metric versions of the above concepts may be
found in [8, p. 120].

The proof of the next result follows immediately from Proposition 2 and
its Corollary, so it is omitted.

Proposition 3. Let (X, M, *) be a fuzzy quasi-pseudo-metric space and
let d be a (n extended) quasi-pseudo-metric on X such that Uy = Ups. Then:

(1) A sequence in X is right K-Cauchy in (X, M, *) if and only if it is
right K-Cauchy in (X, d).

(2) (X, M, %) is right K-sequentially complete if and only if (X,d) is right
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K-sequentially complete.
Kiinzi and Ryser proved in [28] the following result (see also [48]).

Theorem 4. Let (X, d) be quasi-pseudo-metric space. Then (Po(X), Hy)
is right K-sequentially complete if and only if (X,d) is right K-sequentially
complete.

The next result provides the fuzzy counterpart of the preceding theorem.

Theorem 5. Let (X, M, *) be a fuzzy quasi-pseudo-metric space. Then
(Po(X), Hpp, %) is right K-sequentially complete if and only if (X, M, x*) is
right K-sequentially complete.

Proof. Let d be a quasi-pseudo-metric d on X such that U; = Uy,. Then
Hy, = Hy,,; so, by Theorems 2 and 3, Uy, = Up,,. It then follows from
Proposition 3 (2) that (Po(X), Har, *) is right K-sequentially complete if and
only if (Po(X), Hy) is right K-sequentially complete. Now the conclusion
follows from Theorem 4 and Proposition 3 (2).H

It is interesting to obtain a version of Theorem 5 for Cn(X), because in
this case H, is a fuzzy quasi-metric. Such a version is established in the
next result.

Corollary. Let (X, M, %) be a fuzzy quasi-metric space. Then (Cq(X), Hpy, *)
is right K-sequentially complete if and only if (X, M, *) is right K-sequentially
complete.

Proof. Suppose that (Cn(X), Hp, %) is right K-sequentially complete.
Let (x,), be a right K-Cauchy sequence in (X, M, x). Since z,, = {xn}M N

1

@M for all n € N, it follows that ({z,}), is a right K-Cauchy sequence
in (Cn(X), Has, ), so it converges to some C' € Cq(X) with respect to 7y, .
Then, it is immediate to check that each ¢ € C' is a cluster point of the
sequence (), with respect to 75;. Since (), is right K-Cauchy we deduce
that it converges to each ¢ € C' with respect to 7. Therefore (X, M, ) is
right K-sequentially complete.

Conversely, let (A,,), be a right K-Cauchy sequence in (C(X), Hpy, *).
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By Theorem 5, (A,,),, converges to some C' € Py(X) with respect to 74,,. We
shall show that (A,,), converges to " with respect to 7g,,. First note that

(A,), converges to C" with respect to Tut, because C C M. Now choose

zeC and U € Ups. Then there exist ¢ € C' and ny € N such that ¢ € U(z)
and C C U'(A,) for all n > ngy. Hence x € U ?(A,) for all n > ng. Thus

" ¢ U~2(A,) for all n > ng,so (A,), converges to " with respect to 7y .

Since O € Cn(X) we conclude that (Cq(X), Hyy, *) is right K-sequentially
complete.ll

We finish this section by analyzing precompactness, total boundedness
and compactness of the Hausdorff fuzzy quasi-metric.

Let us recall that a quasi-uniform space (X, U) is precompact [15, Chapter
3] provided that for each U € U there is a finite subset A of X such that
X =U,es Ula).

A quasi-uniform space (X,U) is totally bounded provided that the uni-
form space (X,U*) is totally bounded [15, Chapter 3].

It is well known that each totally bounded quasi-uniform space is pre-
compact and that, contrarily to the uniform case, there exist precompact
quasi-uniform spaces that are not totally bounded [15, Chapter 3].

In the fuzzy case, we have the following concepts (compare [44]):

A fuzzy quasi-pseudo-metric space (X, M, *) is precompact (respectively,
totally bounded) provided that the quasi-uniform space (X,Uy,) is precom-
pact (respectively, totally bounded).

Theorem 6 [28]. Let (X,U) be a quasi-uniform space. Then:

(1) (Po(X), Hy) is precompact if and only if (X,U) is precompact.

(2) (Po(X), Hy) is totally bounded if and only if (X,U) is totally bounded.
(3) (Po(X), (Hy)®) is compact if and only if (X,U*) is compact.

Related to the statement (3) of the above theorem, it is given in [28,
Example 1] an example of a compact quasi-uniform space (X,U) such that
(Po(X), Hy) is not compact.

In the fuzzy setting we have the following:

Theorem 7. Let (X, M, *) be a fuzzy quasi-pseudo-metric space. Then:
(1) (Po(X), Har, %) is precompact if and only if (X, M,*) is precompact.
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(2) (Po(X), Hpp, ) is totally bounded if and only if (X, M, x) is totally
bounded.
(3) (Po(X), (Ha)?) is compact if and only if (X, M* %) is compact.

Proof. We only show the statement (1), because (2) and (3) follow simi-
larly. Indeed, by Theorem 6 (1) we have that (Py(X), Hy,,, *) is precompact
if and only if (X,Uy) is precompact. Since, by Theorem 3, Uy,, = Hy,, on
Po(X), we deduce that (Po(X), Hyy, *) is precompact if and only if (X, M, x)
is precompact.ll

5 The Hausdorff GV-fuzzy quasi-metric

Following [20], by a GV-fuzzy quasi-pseudo-metric on a set X we mean a
pair (M, x) such that  is a continuous t-norm and M is a fuzzy set in
X x X x (0,400) such that for all z,y,z € X, t,s >0

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

(i) M(x,x,t) = 1;

(i) M(z, 2z, t+s) > M(z,y,t)* M(y, z,s);

(iv) M(z,y,-) : (0,400) — (0,1] is continuous.

A GV-fuzzy quasi-metric on X is a GV-fuzzy quasi-pseudo-metric (M, *)
on X which satisfies the following condition: (ii’) z = y < M(x,y,t) =
M(y,z,t) =1 for some t > 0.

A GV-fuzzy (pseudo-)metric on X is a GV-fuzzy quasi-(pseudo-)metric
(M, *) on X such that for each z,y € X : (v) M(z,y,t) = M(y,z,t) for all
t>0.

The notion of a GV-fuzzy quasi-(pseudo-)metric space is defined in the
obvious manner. Note that the GV-fuzzy metric spaces are exactly the fuzzy
metric spaces in the sense of George and Veeramani [17].

If (M, x) is a GV-fuzzy quasi-(pseudo-)metric on X, then the fuzzy sets
in X x X x (0,+00), M~! and M* given by M~(x,y,t) = M(y,z,t) and
Mi(z,y,t) = min{M (z,y,t), M~ *(z,y,t)}, are, as in the KM-case, a GV-
fuzzy quasi-(pseudo-)metric and a GV-fuzzy (pseudo-)metric on X, respecti-
vely.

Obviously, each GV-fuzzy quasi-(pseudo-)metric (M, %) can be considered
as a KM-fuzzy quasi-(pseudo-)metric by defining M (z,y,0) = 0 for all z,y €
X. Hence, each GV-fuzzy quasi-pseudo-metric space generates a topology 7,
defined as in the KM-case.
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Therefore, if (X, M, x) is a GV-fuzzy quasi-pseudo-metric space, then
(Hyy, %), (Hyp, %) and (Hyy, %) are fuzzy quasi-pseudo-metrics on Py(X), and
(Hpr, *) is a fuzzy quasi-metric on Cn(X) whenever{XsMa-is-a-GV-fuzzy

The next example, given in [40], shows that, however, (Hy;, %) is not a
GV-fuzzy quasi-metric on C,(X) even in the case that (X, M, ) is a GV-
fuzzy metric space.

Example 6. Denote by %, the Lukasiewicz t-norm, i.e., a*x;b = max{a+
b— 1,0}, for all a,b € [0, 1].

Now let (z,,)n>2 and (y,)n>2 be two sequences of distinct points such that
AN B =0, where A= {z,:n>2}and B = {y, : n > 2}.

Put X = AU B and define a fuzzy set M in X x X x (0,400) by:

1 1
M ny Tm,t) = M ns Yms t =1- - s
(Bnetinst) = Mgt t) = 1= |-
1 1
M ny Yms = M my Tnyt) = — N —,
(Tns Yms 1) (Y s t) = — A —

for all n,m > 2.

Then (X, M, xy) is a GV-fuzzy metric space. Since 7, is the discrete
topology on X it follows that A, B € Cyo(X). From the fact that for each
n > 2 and each s > 0, M(x,,B,s) = M(A,yn,s) = 1/n, we deduce that
H,(A,B,t) = H{;(A,B,t) = 0 and thus Hy (A, B,t) = 0 for all t > 0.
Consequently (Hyy,*z) is not a GV-fuzzy (quasi-)metric on Co(X).

Despite the above example, it is shown in [40] that the formula given
immediately before of Example 4 in Section 3 provides a suitable Hausdorff
GV-fuzzy metric on Ko(X) for any GV-fuzzy metric space (X, M,x*). SE
PODRIA PONER LA FORMULA OTRA VEZ?

In the rest of this section we discuss the corresponding situation to GV-
fuzzy quasi-metric spaces.

We start this study with an example of a GV-fuzzy quasi-metric space
(X, M, %) whose induced topology is compact and metrizable, but for which
(Hyy, %) is not a GV-fuzzy quasi-pseudo-metric on Ky (X).

Example 7. Let X = NU {0} and let d be the quasi-metric on X given
by d(z,x) = 0 for all z € X, d(0,n) = 1/n for all n € N, and d(n,z) =n
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for all n € N and z € X\{n}. Clearly (X,d) is a quasi-metric space such
that 7, is a compact and metrizable topology. Consider the standard fuzzy
quasi-metric (My,*) of (X, d) as given in Example 3, and denote also by
(Mg, %) its restriction to X x X x (0,+o00). It is clear that this restriction is
a GV-fuzzy quasi-metric on X.

Now put A = X\{1} and B = {1}. Then A, B € Ky(X), and, by one of
the formulas obtained in Example 5, we have that

t
H, (ABt) = ———
Md( ) ) ) t+HJ(A7B>’
for all ¢ > 0. Therefore
t
L+ SupaEA d(a’v {1})

for all ¢ > 0, so that Hy, (A, B,t) = 0 for allt > 0. We conclude that (Hy,, *)
is not a GV-fuzzy quasi-pseudo-metric on Ko(X) N Ch(X).

Hy, (A, B,t) = =0,

The next is an example of a GV-fuzzy quasi-metric space (X, M, x) for
which (Hpy, %) is not a GV-fuzzy quasi-pseudo-metric on Kp(X), where
Kp(X) denotes the collection of all nonempty subsets of X that are 7j-
compact and 7,;-1-compact.

Example 8. Let X = NU{0}U{+o0} and let d be the function defined
on X x X by d(z,z) = 0 for all z € X, d(0,400) = 1, d(0,n) = n for all
n €N, d(z,0) =1 for all x € X\{0}, d(x,y) = 0 whenever z € N and z < y,
and d(z,y) = y otherwise (we assume that < is the usual order on X).

It is a routine to show that d is a quasi-metric on X. As in Example 7
let (My,*) be the GV-fuzzy quasi-metric on X obtained by restricting the
standard fuzzy quasi-metric on (X, d) to X x X x (0, 4+00).

Now observe that X € Kp(X). Indeed, since the only 7)s,-open set diffe-
rent from X that contains 1 is NU {+o0}, we obtain that X is 7ps,-compact,
and since the only 7, ,-open set different from X that contains 400 is
N U {+o0}, it follows that X is 7, -compact.

Finally, put A = {0} and B = X. Then

t t
t+supyep d({0},0) ¢+ sup,eyn

Hif, (A, B.t) = =0,
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for all £ > 0. So Hy, (A, B, t) = 0 for all £ > 0. We conclude that (Hpy,, *) is
not a GV-fuzzy quasi-pseudo-metric on Kp(X).

The rest of the section is devoted to prove that for a GV-fuzzy quasi-
metric space (X, M, x), (Hy,*) is a GV-fuzzy quasi-pseudo-metric on the
collection K of all nonempty subsets of X that are compact in the GV-fuzzy
metric space (X, M, x). In this way we extend the main result of [40] to the
fuzzy quasi-metric framework.

To this end, we first generalize several auxiliary results of [40, Section 2]
to GV-fuzzy quasi-metric spaces (although the main part of the proofs are
similar to the ones given in [40], we include such proofs in order to help to
the readers).

Proposition 4. Let (X, M, *) be a GV-fuzzy quasi-metric space. Then
M is a continuous function on X x X x (0,400) for the product topology
Tari X Tapi X T, where by T we denote the Euclidean topology on (0,400) .

Proof. Let x,y € X and t > 0, and let (2/,y.,t, ), be a sequence in
X x X x (0,400) that converges to (z,y,t) with respect to Ty X Tppi X Tg.

Since (M (z),, y.,t)))ns is asequence in (0, 1], there is a subsequence (Z,,, Yy, tn)n
of («},,y,t), such that the sequence (M (zp,Yn,tn))n converges to an ele-
ment of [0, 1].

Fix § > 0 such that 6 < ¢/2. Then, there is ny € N such that |t —¢,| <
for all n > ng. Hence

M (2, Ynytn) = M (2, 2,0/2) %« M(x,y,t —20) * M(y,yn,0/2),
and
M(x,y,t+20) > M(x,2,,0/2) * M(xp, Yn, tn) * M(yn,y,0/2),

for all n > ng.
Since lim,, M*(x, z,,,8/2) = lim,, M*(y, y,,/2) = 1, we obtain, by taking
limits when n — oo, that

Hm M (2, Y, tn) > 1k M(z,y,t —20) % 1 = M(z,y,t — 20),
and

M(z,y,t+28) > 1% im M (2, Yn, tn) * 1 = im M (x,,, yn, t,),

22



respectively.

So, by continuity of the function ¢ — M(z,y,t), we immediately de-
duce that M(z,y,t) = lim, M(x,,yn,,t,). Therefore M is continuous for
Tari X Tapi X 7.1

Lemma 3. Let (X, M,*) be a GV-fuzzy quasi-metric space. Then, for
each a € X, B € Ki{(X) and t > 0, there is by € B such that

M(a, B,t) = M(a, by, ).

Proof. Let a € X, B € Kj(X) and ¢t > 0. By Proposition 4, the func-
tion y —— M(a,y,t) is continuous on X for 7p;i. Thus, by compactness
of B, there exists by € B such that sup,cp M(a,b,t) = M(a,by,t), ie.,
M(a, B,t) = M(a, by, t).H

Lemma 4. Let (X, M, x) be a GV-fuzzy quasi-metric space. Then, for
each a € X and B € K{(X) the function

t — M(a, B,t)

is continuous on (0,400).

Proof. Since M(a, B,t) = sup,cg M(a,b,t) and for each b € B the func-
tion t — M (a, b, t) is continuous on (0,+00), it follows that the function
t — M(a, B, ) is lower semicontinuous on (0, +00).

We shall prove that t — M(a, B, t) is upper semicontinuous on (0, +00).
To this end, let ¢ > 0 and let (¢,), be a sequence in (0, +00) that converges
to t. By Lemma 3, for each n € N there is b, € B such that M(a, B,t,) =
M (a, by, t,). Since B € K{(X), there exists a subsequence (b, )i, of (b,), and
a point by € B such that b,, — by in (X, M*, *). Hence limy M (a, by, ,t,,) =
M (a, by, t), by Proposition 4, and thus

liinM(a,B,tnk) = M(a,by,t) < M(a, B,t).

Consequently, the function ¢t — M (a, B,t) is upper semicontinuous on
(0, +00). This concludes the proof.l

Lemma 5. Let (X, M, x) be a GV-fuzzy quasi-metric space. Then, for
each A € K\(X), B € Py(X) and t > 0, there is ag € A such that

in}:]\/[(a,B,t) = M(ag, B, 1).
ac
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Proof. Put a = inf,ca M(a, B,t). Then, there is a sequence (a,), in A
such that a« +1/n > M(a,, B,t) for all n € N. Since A € K} (X), there exists
a subsequence (a,,)r of (a,), and a point ay € A such that a,, — ao in
(X, M ).

Choose an arbitrary b € B. By Proposition 4, limy, M (ay, ,b,t) = M(ag, b, t).
Since for each k € N, a+ 1/ny, > M(ay,,b,t), it follows, taking limits when
k — oo, that a > M (ayg,b,t). We conclude that « = M (ag, B,t).1

From Lemmas 3 and 5 we immediately deduce the following.

Corollary. Let (X, M, *) be a GV-fuzzy quasi-metric space and let A, B €
Ki(X) and t > 0. Then there exist ag € A and by € B such that

inf M(a, B,t) = M(ao, bo,t).

a€A

Proposition 5. Let (X, M, %) be a GV-fuzzy quasi-metric space. Then,
for each A, B € Kij(X) the function

t — inf M (a, B,t)

acA

is continuous on (0,400).

Proof. By Lemma 4, the function ¢ — M(a, B,t) is continuous on
(0, +00). Hence, the function t — inf,c 4 M(a, B,t) is upper semicontinuous
on (0,4+00).

We shall prove that ¢ — inf,c4 M(a, B,t) is lower semicontinuous on
(0, +00). To this end, let ¢ > 0 and let (¢,), be a sequence in (0, +00)
that converges to t. By Lemma 5, for each n € N there is a, € A such
that M(an, B,t,) = infues M(a, B,t,). Since A € Ki(X), there exists a
subsequence (a,,); of (a,), and a point ay € A such that a,, — aq¢ in
(X, M* x). Then, by Lemma 3, there is by € B such that M/(ag, by, t) =
M (ap, B,t), and thus limg M (ay,, bo, t,,) = M(ag,bo,t), by Proposition 4.
Therefore, given € > 0 there exists kg € N such that for each k£ > ko,
M(ao, bo,t) < e+ M(ank, bo,tnk). So

ingM(a, B,t) < M(ag, by, t) < e+ M(ay,,B,t,,) =¢c+ ingM(a,B,tnk),
ac ac
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for all & > k. Consequently, the function ¢ —— inf,c4 M(a, B,t) is lower
semicontinuous on (0, +00). This concludes the proof.l

Remark 5. Note that Proposition 5 also shows that for A, B € K}(X)
the function ¢ — infyc g M (A, b, t) is continuous on (0, +00).

Now let (X, M, x) be a GV-fuzzy quasi-metric space and let (Hyy,*) be
the Hausdorff fuzzy quasi-pseudo-metric on Py(X) constructed in Section 3.

In order to prove that (Hy,*) is actually a GV-fuzzy quasi-pseudo-metric
on Kj(X), we first show that for each A, B € K}(X) and ¢ > 0, we have

H,,(A,B,t) = inf M(a, B,t).

acA

Indeed, since

H,,(A,B,t) = sup inf M(a, B, s),

0<s<t a€EA

there exists an increasing sequence (s,,), convergent to ¢ such that H,,(A, B,t) =
lim,, inf,eq M(a, B, s,,). So, by Proposition 5, H,,;(A, B,t) = inf,ca M(a, B, t).
Similarly, we obtain that

Hi, (A B,t) = gggM(A, b, t).

Thus
HM(A7 Ba t) = mln{;gﬁ M(aa 87 t)a gglfj’ M(A7 ba t>}7

for all A, B € Ki(X) and ¢ > 0.

Since (M, x*) is a GV-fuzzy quasi-metric, it follows from Lemma 5 that
Hy, (A, B,t) > 0 and H,;(A, B,t) > 0, so Hy (A, B,t) > 0 for all A,B €
Ki(X) and t > 0. Hence (Hyy, %) satisfies condition (i) of the definition of a
GV-fuzzy quasi-pseudo-metric.

It is also clear that Hy (A, A;t) = 1 for all A € K)(X) and all ¢ > 0.
Moreover, for each A, B,C' € K} and t, s > 0, we have, by Lemma 2 (2a) and
(2b) that Hy (A, C t+s) > Hy (A, B, t) « Hy (B, C, s).

Finally, given A, B € Kj(X), continuity of Hy(A, B, -) : (0,+00) — (0,1]
is an immediate consequence of Proposition 5 and Remark 5.

Thus, we have shown the following

25



Theorem 8. Let (X, M, %) be a GV-fuzzy quasi-metric space. Then
(Har, %) is a GV-fuzzy quasi-pseudo-metric on Kiy(X). Furthermore, we have

Hy (A, B,t) = mm{;gﬁM(a, B,t),gglfg M(A,b,t)},

for all A, B € Ki(X) and t > 0.

6 A fuzzy approach to the domain of words

In this section we apply the results obtained in the preceding sections to
model a typical example of theoretical computer science from a fuzzy quasi-
metric point of view. This will be done with the help of the parameter ¢
which provides a useful additional ingredient to construct such models.

Let us recall that the domain of words X ([24, 33, 35, 45, 51, 58, etc])
consists of all finite and infinite sequences (“words”) over a nonempty set
(“alphabet”) 3, ordered by the so-called information order C on %> (]9,
Example 1.6]), i.e., z C y < x is a prefix of y, where we assume that the
empty sequence ¢ is an element of . If x C y with z # y, we shall write
rCy.

For each z,y € ¥* denote by x My the longest common prefix of x and
y, and for each € ¥*° denote by ¢(z) the length of x. Thus ¢(x) € [1, 00|
whenever © # ¢, and £(¢) = 0.

In theory of computation the fact that x C y is interpreted as the element
y contains all the information provided by x, and thus the partially defined
objects (finite words) customary represent stages of a computational process
for which the totally defined objects (infinite words) contain exactly the
amount of information provided by the process.

Given a nonempty alphabet ¥, Smyth introduced in [58] a quasi-metric
dc on ¥ given by dc(z,y) = 0 if # C y, and d(z,y) = 27C™) otherwise
(see also [24, 42, 43, etc]).

This quasi-metric has the advantage that its specialization order coincides
with the order C, and thus the quasi-metric space (X°°,d) preserves the
information provided by C (compare Remark 1). Moreover, the metric (dc-)®
is given by (dc)*(z,y) = 0 if x = y, and (dc)*(x,y) = 274@™) otherwise; so
that (dr)® is exactly the celebrated Baire metric on ¥°°.

However, the quasi-metric d- is unable to give us information on the
degree of approximation to a word z from two different prefix z,y of z. For
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instance, if we consider the totally defined object 7 and the partially defined
ones x = 3.14 and y = 3.141, then it is clear that y contains more information
on 7 than x, but de(x, ) = d=(y, ) = 0, so dr is not sensitive to this amount
of information.

Motivated by this fact, we shall construct a fuzzy quasi-metric on 3*° that
preserves the advantages of dr and that, in addition, permits us to measure,
with the help of the parameter ¢, the degree of approximation to a given
word of each one of its prefixes. Finally, we shall apply this construction to
measure, in some representative cases, (fuzzy) distances between elements of
Po(2°°) via the Hausdorff fuzzy quasi-(pseudo-)metric.

Define a fuzzy set M in ¥ x 3°° x [0, +00) by

M (z,y,0) =0 for all z,y € 3,

M(z,x,t) =1 for all z € ¥ and ¢t > 0,

M(z,y,t)=1if 2 Cyand t > 27/

M(x,y,t) =1 — 27" otherwise.

We wish to show that (M, A) is a fuzzy quasi-metric on £*°. To this end
we only prove that for each z,y,z € 3°° and ¢, s > 0, one has M(x, z,t+s) >
M(z,y,t) N M(y, z,s), because the rest of conditions in the definition of a
fuzzy quasi-metric are obviously true.

Indeed, if M(x, z,t + s) = 1, the conclusion is obvious. Assume now that
M(z, z,t+5) = 1 — 2712 We distinguish two cases: (a) z is a prefix of z;
(b) z is not a prefix of z. In case (a) we have M(z, z,t +s) =1 —27%*) and
t+s < 27 and thus M(z,y,t) = 1 — 27¢™) because t < 274%). Since
() > l(xMy), it follows that M(z,z,t +s) > M(x,y,t). In case (b) we
have M(z,z,t + s) = 1 — 27%*M) and the conclusion follows immediately
from the well-known facts that for each z,y,z € ¥, one has: (i) {(zMz) >
min{/(z Ny),l(yMz)}, and (ii) ¢(x M z) = £(y M z) whenever x is a prefix of
y but not a prefix of z.

We conclude that (M, A) is a fuzzy quasi-metric on ¥°°.

Now, observe that if =, y are prefixes of z, with x # y, and one obtains for
some tg > 0, M(z, z,t9) < 1 and M(y, z,t5) = 1, then 27/®) < ¢, < 27*) 5o
that ¢(z) < {(y), i.e.,  C y; which shows that y is a better approximation
to z than x.

Then, for each z € ¥*°\{¢}, and each x C z we can define the degree of
approximation of  to z, associated to (M, A), as the number DA(z, z) = 1/t,
where t, = inf{t > 0: M(z, z,t) = 1}. It is clear that DA(z, z) = 2¢®).

In particular, for x = 3.14 and y = 3.141 as given above, one obtains
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for each t € (274,273], M(x,7,t) < 1 and M(y,w,t) = 1, which agrees
with the fact that y contains more information on 7 than x. Furthermore
DA(z,7) = 2% and DA(y, 7) = 2%, which provides reasonable (and desirable)
values on the degree of approximation of x and y to m, respectively.

Finally, we apply this approach to compute the distance between some
interesting subsets of Py(%X°°) via the (lower) Hausdorff fuzzy quasi-pseudo-
metric of (X%, M, A).

Let z € 3¥* such that {(z) = co and let x be a prefix of z different from
zyie,xCz. Putz, ={yeX®:2CyC z}. Since z € - NzM i
follows from Lemma 2 (1a) that for each t > 0,

Hy,({z},z_,t) =1
Furthermore, it is easy to see that
Hy(z_,{z},t) =1 <=t > 27,

Therefore (compare Remark 3), one has {z} <p- T— and x_ <p- {z}.

The last relation is not a surprise because it can be computationally
interpreted as that z contains at least the same amount of information of z
than x_,. However, the first relation seems certainly interesting because it
can be computationally interpreted as that x_, contains at least the same
amount of information of z than z, which is true because actually x_, has
exactly the same amount of information of z than z.

Now let x C y C 2. Then

Hy(y_,x_,t) =1,
for all t > 0, by Lemma 2 (1a). Moreover
Hy(x_,y_,t)=1<=t>27")

SO Y, SHJC; r_, and z_, SH} y_., as we could expect, because xr_, and
y_, contain the same amount of information of z. Thus, the preorder < H
provides a better computational interpretation than the preorder < Hy ¢ Ol

Po(2%).
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7

Conclusion

We have established connections between the theory of Hausdorff fuzzy dis-
tances and the theory of asymmetric topology by means of fuzzy quasi-
metrics. We have obtained several properties of Hausdorff fuzzy quasi-metric
spaces and we have exploited the information given by the parameter ¢ > 0
to model the domain of words by means of our approach; some advantages
of our model are discussed.
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