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Abstract: The problem of aggregating fuzzy structures, mainly fuzzy binary relations, has deserved a
lot of attention in the last years due to its application in several fields. Here, we face the problem of
studying which properties must satisfy a function in order to merge an arbitrary family of (bases of)
L-probabilistic quasi-uniformities into a single one. These fuzzy structures are special filters of fuzzy
binary relations. Hence we first make a complete study of functions between partially-ordered sets
that preserve some special sets, such as filters. Afterwards, a complete characterization of those
functions aggregating bases of L-probabilistic quasi-uniformities is obtained. In particular, attention
is paid to the case L = {0, 1}, which allows one to obtain results for functions which aggregate crisp
quasi-uniformities. Moreover, we provide some examples of our results including one showing that
Lowen’s functor : which transforms a probabilistic quasi-uniformity into a crisp quasi-uniformity can
be constructed using this aggregation procedure.
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1. Introduction

Aggregation can be considered as a method for merging a list of numbers in a single representative
one. This process of aggregation appears in areas where decision-making is important in probability,
computer science, economics, etc. There are several aggregation functions that are commonly known,
that is, functions making this aggregation process, like the arithmetic mean. However the growing
interest on this topic has lead aggregation functions to become a very active area of research (see [1-3]).
Thus an aggregation function is usually a function F : [0, 1]" — [0, 1] such that

- F(0,0,...,0) =0and F(1,1,...,1) = 1;
- F(x) < F(y) whenever x,y € [0,1]" and x; < y; foralli € {1,...,n}.

Therefore, generally aggregation functions only aggregate a finite amount of numbers of the unit
interval, are isotone, and satisfy some boundary conditions ([3] (Definition 1.1)), ([2] (Definition 1.5)).
Nevertheless, some extensions of these basic aggregation functions have been considered in the
literature. On the one hand, functions aggregating inputs for any fixed number of arguments,
called extended aggqregation functions, are often used as well as infinitary aggregation functions ([3]
(Definition A.1.)), [4] which allow one to aggregate infinitely but countably many inputs. On the other
hand, aggregation functions based on bounded partially ordered sets rather than on ([0, 1], <) have
also been studied [5,6].

In mathematics, this process of aggregation does not always consider numbers but other
mathematical structures. For example, finite unions and finite intersections of subsets of a nonempty
set X fit into this aggregation procedure. In this way, let us identify a subset A of X with its
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characteristic function x4 : X — {0,1}. Consider the aggregation function F : [0,1]" — [0,1]
given by F(xq,...,x;) = max{xy,...,x,}. Given a nonempty family {A;,..., A,} of subsets of X,
consider x4, A ... Axa, : X — [0,1]", the diagonal of the mappings {x4,}"_ [7] given by:

(xa, &5 Dxa,)(x) = (xa,(x), ..., xa,(x))

for all x € X. Then the composition Fo (x4, A ... Axa,) is the characteristic function of the set U?_; A;.
If F is taken as the minimum, then the characteristic function of the intersection N}’ ; A; is obtained.

Furthermore, the construction of some mathematical structures on the cartesian product of
sets can be considered an aggregation process: Product topology, supremum topology, product
of metric spaces, etc. Maybe the first aggregation process established in a precursor modern
terminology is that which merges several metrics into a single one [8,9] developed by Dobds and his
collaborators. The corresponding problem for pseudometrics and quasi-metrics was developed by
Pradera and Trillas [10] and Mayor and Valero [11]. In the fuzzy context, the problem of characterizing
functions that aggregate fuzzy binary relations satisfying certain properties has received a lot of
attention [12-17] particularly, when indistinguishability operators [18] are considered. In this last
case, the characterizations make use of the concept of *-triangular triplet [15] where * is a t-norm
(cf. Definition 11). Recently, the aggregation of relaxed indistinguishability operators [19] and partial
indistinguishability operators [20] have also been studied. Closely related with the problem of
aggregating fuzzy binary relations, in [21] the functions which aggregate fuzzy (quasi-)metrics were
characterized. Moreover, the aggregation of other fuzzy structures have been developed: Fuzzy
subgroups [22]; soft topological spaces [23]; intuitionistic fuzzy sets [24]; hesitant probabilistic fuzzy
elements [25]; and probabilistic dual hesitant fuzzy sets [26]; etc.

This paper is devoted to examining the aggregation of another important fuzzy structure:
The L-probabilistic quasi-uniformities. In this way, the main goal of this paper is to characterize those
functions, which allow the merging of an arbitrary family of L-probabilistic quasi-uniformities into a
single one (see Definitions 6, 7 and 9). Probabilistic uniformities were first considered by Hohle and
Katsaras [27,28] as a fuzzy counterpart of uniformities. Lowen introduced in [29] the t-norm A, a special
type of probabilistic uniformities, now called Lowen uniformities or Lowen-Hohle uniformities [30],
which were also studied by Hohle [31] for an arbitrary t-norm. Asymmetric versions of these concepts
have already been considered in [32].

The probabilistic quasi-uniformities can be considered a fuzzy counterpart of classical
quasi-uniformities. A quasi-uniformity on a nonempty set X is a filter of reflexive binary relations on
X x X satisfying a certain triangular property [33]. On its part, probabilistic quasi-uniformities are filters
of fuzzy binary relations verifying a triangular property with respect to a t-norm. Therefore, if we intend
to characterize those functions merging a family of probabilistic quasi-uniformities into a single one, it is
natural to guess that the aggregation of fuzzy binary relations will have an important role. Nevertheless,
more ingredients must be added in order to treat the filter structure and the triangular property.

In this way, in Section 2 we deal with functions between partially ordered sets that preserve
sets that satisfy some order properties involved in the definition of a probabilistic quasi-uniformity:
Upper sets, filtered sets, filters, and principal filters. We will show that these functions coincide with
those functions that preserve families of fuzzy sets satisfying the same property except in the case of
filtered sets.

In Section 3, we address the study of those functions which allow the fusion of a family of (bases of)
probabilistic quasi-uniformities into a single one. In this way, we completely characterize the functions
that merge a collection, not necessarily finite, of bases of probabilistic quasi-uniformities into another
one. In the case where we consider probabilistic quasi-uniformities instead of bases, we obtain some
necessary and sufficient conditions for a function to aggregate them. We also provide some examples
of our results. In particular, we show that the construction of a crisp quasi-uniformity starting from a
probabilistic quasi-uniformity by means of the Lowen’s functor  [29] can be performed with our results.
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2. Functions Preserving Special Subsets of Partially Ordered Sets

As shown in the next section, probabilistic quasi-uniformities are special subsets of a partially
ordered set (see Definition 6). In fact, they are a kind of filter of fuzzy sets. Since we are interested in
characterizing those functions which merge a family of probabilistic quasi-uniformities into a single
one, it is natural to study functions between partially ordered sets that preserve filters of fuzzy sets
(see Definition 2). We do it in the following, but we first recall some concepts related with order theory
(see for example [34]).

Definition 1 ([34]). A preordered set is a pair (L, <) where L is a nonempty set and < is a reflexive and
transitive binary relation on L, called a preorder.

If a preorder < on L is also antisymmetric then it is called a partial order and (L, =) is said to be a partially
ordered set. In the case that < also verifies that a < bor b < a forany a,b € L then < is called a total order
and (L, <) is said to be totally ordered.

If (L, =) is a preordered set:

o Asubset A of L is said to be filtered if every finite subset of A has a lower bound in A;

o Asubset Aof L is said to be upper if 1 A = Awhere tA = {x € L:a < xforsomea € A}.IfA = {a}
we will write 1 a instead of 1 {a};

o Asubset A of L is said to be a filter if it is a filtered upper set;
A filter is principal if it has a minimum element. Therefore, every principal filter is of the form T m,
where m is its minimum element.

Example 1. Let us consider the partially ordered set (]0,1], <). Since < is a total order then every subset of
[0,1] is filtered. Moreover the upper sets of [0, 1] coincide with the filters and are of the form (a, 1] or [a, 1] where
a € [0,1]. The principal filters are those sets of the form [a, 1] for any a € [0, 1].

Let (L, <) be a partially ordered set and X be a nonempty set. An L-fuzzy set on X is a function
p: X — L [35]. We will denote by L the family of all L-fuzzy sets on X. Moreover, we can establish a
pointwise partial order on LX given by

i = 7 whenever u(x) < (x) forall x € X.

In order to not overload the notation we will use the same notation for the partial order on L and
the partial order on LX. Furthermore, we will always consider that a family of L-fuzzy sets on X is
endowed with the partial order inherited from (L%, <).

For each a € L, we will denote by ax the constant L-fuzzy set on X given by ax(x) = a for all
x e X.

Definition 2. Let (L, <1), (S, <) be two partially ordered sets and let P be any of the properties of Definition 1.
A function f : (L, <p) — (S, =) is said to:

Preserve P sets if whenever A C L satisfies property P then f(A) satisfies property P;

Preserve P families of fuzzy sets if given an arbitrary nonempty set X and a family {p; : i € I} of
L-fuzzy sets on X satisfying property P then the family { f o y; : i € I} of S-fuzzy sets on X also satisfies
property P.

Although in the previous definition we introduced two different concepts, we will see in the
following that these two notions coincide except when the property P is to be filtered. We begin
characterizing those functions, preserving filtered families of fuzzy sets.

Proposition 1. Let (L, <1), (S, <s) be two partially ordered sets. A function f : (L, <) — (S, <g) preserves
filtered families of fuzzy sets if and only if f is isotone.
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Proof. We first suppose that f preserves filtered families of fuzzy sets. If it is not isotone we can find
a,b € Lwitha <; bbut f(a) As f(b). Let X = {x1,x2} be a set with two different elements and
consider the L-fuzzy sets y,%,¢ on X given by:

a ifi=1 b ifi=1
x;) = , x;) = , x;)=a, 1i=1,2.
() {b L ) { L)

It is obvious that {y, 7, ¢} is filtered on (L%, <1 ). Nevertheless {f o u, f o 77, f o £} is not filtered
on (5%, <s), and is a contradiction.

Conversely, let {y; : i € I} be a filtered family of L-fuzzy sets on a nonempty set X. Let us show
that {f o y; : i € I} is filtered on (SX, <s). Leti,j € I. Then we can find k € I such that y; < p; and
Mk =L pj- Since f is isotone then f oy =g fop;and fopur <5 fop;so{fou; i€ I}isfiltered. O

Remark 1. Ifa function f : (L, <1) — (S, <g) preserves filtered families of fuzzy sets then it is isotone by
Proposition 1. It is easy to check that this implies that f preserves filtered sets. Nevertheless, the converse is not
true in general. For example, let us consider the partially ordered set ([0,1], <). It is obvious that every subset
of [0,1] is filtered since < is a total order. Then every function f : ([0,1], <) — ([0,1], <) preserves filtered
sets. Nevertheless, if f is not isotone, by the above proposition, it does not preserve filtered families of fuzzy sets.

We next characterize those functions which preserve filtered sets by means of the following concept.

Definition 3. Let f : (L <1) — (S, <s) be a function between two partially ordered sets. We say that f(L) is
almost totally ordered if:

e Whenever a <p bthen f(a) <s f(b) or f(b) <s f(a);
e f(Ta)\ 1f(a) is totally ordered for every a € L.

Notice that if (S, <g) is totally ordered then f(L) is almost totally ordered for every function
f (L =ZL) = (S, =s). Itis also clear that isotonicity of f implies that f(L) is almost totally ordered
(notice that in this case f(1a)\ 1 f(a) = @ for every a € L) but the converse is not true (see Remark 1).

Proposition 2. Let (L, <1), (S, <s) be two partially ordered sets. A function f : (L, <p) — (S, <g) preserves
filtered sets if and only if f(L) is almost totally ordered.

Proof. We first suppose that f preserves filtered sets. If < b then {a,b} is filtered so f({a,b}) is
also filtered. Hence f(a) =g f(b) or f(b) <5 f(a). In order to prove the second condition of being
almost totally ordered, leta € L and f(b), f(c) € f(1a)\ 1 f(a). Since f(b), f(c) € f(Ta) thena < b
and a < c. Hence {a, b, c} is filtered so, by hypothesis, {f(a), f(b), f(c)} also is. Moreover, since it is
a finite set, it has a minimum. Since f(b), f(c) &1 f(a) then f(a) is not the minimum. So either f(b) or
f(c) is the minimum. Hence f(b) and f(c) are comparable.

Conversely, let A be a filtered subset of (L, <1) and fix a,b € A. Then we can find ¢ € A such that
¢ <paand c < b. Since f(L) is almost totally ordered then:

f(c) =5 f(a) or f(a) 25 f(c)
and
f(c) =25 f(b) or f(b) =25 f(c).

So we have the following four cases:

If f(c) =5 f(a) and f(c) <5 f(b), itis obvious that {f(a), f(b), f(c)} is filtered.
If f(c) <5 f(a) and f(b) <s f(c), it is obvious that {f(a), f(b), f(c)} is filtered.
If f(a) <5 f(c) and f(c) <5 f(b), itis obvious that {f(a), f(b), f(c)} is filtered.
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If f(a) <5 f(c)and f(b) =5 f(c) and f(a) # f(c),f(b) # f(c) (otherwise we immediately
conclude that {f(a), f(b), f(c)} is filtered), we have that f(a), f(b) € f(1¢)\ T f(c) which is
totally ordered. Hence f(a) <s f(b) or f(b) <s f(a). In any case we obtain that { f(a), f(b), f(c)}
is filtered.

Therefore, f(A) is filtered. O

However, the functions which preserve upper sets are the functions which preserve upper families
of fuzzy sets as will be shown.

Proposition 3. Let (L, <1), (S, =s) be two partially ordered sets. Let f : (L <) — (S, <g) be a function.
The following statements are equivalent:

(i)  f preserves upper sets;

(i) 1 f(a) C f(Ta)foralla e L;

(iii) f preserves upper families of fuzzy sets.

Proof. (i) = (ii) This is obvious since 14 is an upper set and f(a) € f(Ta).

(ii) = (iii) Let {p; : i € I} be an upper family of L-fuzzy sets on a nonempty set X. Let { €1 {f o
pi i€ I} sowecan find j € I'such that f o uj <5 ¢. Foreach x € X, §(x) €1 f(p;(x)) C f(1 p(x)) so
there exists 17;(x) €71 p;(x) such that §(x) = f(;(x)). Since x was arbitrary, we can consider 7; as an
L-fuzzy seton X. As p; < yjjtheny; €t {p;:i € I} = {p;:i€I}sof € {fop;:i€ I}asdesired.

(iii) = (i) Let A C L be an upper set and let a € A and s €1 f(a). Consider a nonempty
set X and ax € LX given by ax(x) = a for all x € X. Then 1 ax is an upper set on (L%, <) so
{fon:n €tax} must also be an upper set on (5%, <s). Since the constant S-fuzzy set on X sx belongs
tofT {fon:yetax} ={fon:n €tax}, wecanfind y €t ax such thatsx = fopu. Givenx € X
thens = sx(x) = f(pu(x)) and ax(x) = a < u(x). Since u(x) €ta = A, we conclude thats € f(A).
Consequently, f(A) is upper. [

Remark 2. Recall that given a partially ordered set (L, <1), its Alexandroff topology T<, has as open sets for
all the upper subsets of L. Then the above result asserts that f preserves upper families of fuzzy sets if and only if
f (L, t=,) = (S, 7<) is open, which is equivalent to 1 f(a) C f(Ta) foralla € L.

We also recall the well-known fact that f : (L, <) — (S, Xg) is isotone if and only if f : (L, 1<,) —
(S, 1<, ) is continuous. Hence, we have that f : (L, <) — (S, 2s) preserves upper families of fuzzy sets and
filtered families of fuzzy sets if and only if f : (L, T<,) — (S, 1<) is open and continuous, which is equivalent

to1 f(a) = f(ta) foralla € L.

We next study those functions f which preserve families of fuzzy sets that are filters. To simplify
the terminology, we will say that f preserves filters of fuzzy sets. One could guess that the
characterization of these functions can be obtained combining Propositions 1 and 3 but this is no longer
true (see Theorem 1 and Remark 4). We provide first the following result which gives an equivalence
between functions preserving principal filters and functions preserving principal filters of fuzzy sets.

Proposition 4. Let (L, <1), (S, <g) be two partially ordered sets. A function f : (L, <) — (S, <g) preserves
principal filters of fuzzy sets if and only if f preserves principal filters.

Proof. Suppose that f preserves principal filters of fuzzy sets. Let 1 I be a principal filter on L. Let us
consider a nonempty set X and the constant L-fuzzy set Ix € LX given by Ix(x) = [ for all x € X.
Then 7 Ix is a principal filter of L-fuzzy sets on X so by assumption {f oy : 7 €1 Ix} is also a principal
filter of S-fuzzy sets on X. Therefore, there exists { €1 Ix suchthat? fol = {fon:n et lx}.
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Let us check that f o ¢ is constant. Otherwise, we can find two different elements x1, x, € X such
that (f o &)(x1) # (f ©¢)(x2). Therefore ¢(x1) # (x2). Since ¢ €7 Ix then (5(x1))x, (§(x2))x €71 Ix
5o fo(&(x1))x, fo(&(x2))x €{fon:netlx} =1 fo¢. Inparticular:

(fod)(x1) =s (fo(E(x2))x)(x1) = (fo&)(x2)
(fod)(x2) =5 (fo(§(x1))x)(x2) = (fo&)(x1)

so (fog)(x1) = (fod)(xz), a contradiction. Consequently, f o = sx for some s € S. Finally,
we prove that f(1 1) =7 s.Infact, leta €1 I. Thenayx €1 Ixso foax € {fon:y € lx} =1 sx, thatis,
sx Ss foaxso f(a) €T s.

On the other hand, let b €1 s. Thenbx €1 sx = {fon:n €l lx} sobx = f oy for some u €7 Ix.
Then, given x € X we have that Ix(x) = [ < u(x), thatis, u(x) €1 1. Since f(u(x)) = bx(x) = b we
have thatb € f(11).

Conversely, let X be a nonempty set and let 1 u be a principal filter on (L%, <} ). For each x € X,
1 u(x) is a principal filter on L so by hypothesis f(1 u(x)) is a principal filter on S that we will denote
by 1 ¢(x). Since x € X is arbitrary, we can construct an S-fuzzy set ¢ on X. We next prove that
{fon:y €t u} =1 ¢, which will finish the proof. Given 57 €1 u then for each x € X we have that
1(x) =1 17(x) so by construction ¢(x) =g f on(x). Hence ¢ <5 f oy, thatis, fon €1 .

On the other hand, if { €71 ¢ then §(x) <5 {(x) for all x € X. Then, for each x € X, {(x) €1
¢(x) = f(1 u(x)) so there exists p(x) €1 u(x) with {(x) = f(p(x)). By arbitrariness of x, we have
obtained an L-fuzzy set p on X such thatp €t pand { = fopsol € {fony:yetu}. O

Remark 3. We have to mention that f : (L, <p) — (S, <) preserves principal filters, equivalent to: for every
a € Lthen f(T a) =T f(b) for some b €71 a. Nevertheless, this does not mean that f(1 a) =71 f(a)
(see Remark 2). For example, you can consider the function f : ([0,1], <) — ([—1,1], <) given by:

B sin(%x) ifo<x<1
f(x)—{l1 1

It is obvious that f(T a) = [—1,1] for every a € [0,1] and obviously we can find b €1 a such that 1
f(b) = [—1,1]. Therefore, f preserves principal filters. Nevertheless, f (T ﬂ?_l) =[-1,1]butt f (”T_l) =1
sin(7t) = [0, 1].

Theorem 1. Let (L, <1) and (S, <g) be two partially ordered sets. Let f : (L, <1) — (S, <) be a function.
The following statements are equivalent:

(i)  f preserves filters of fuzzy sets;
(ii)  f preserves filters;

(iii) foranya € L, 1 f(a) C f(Ta)and f(Ta) is filtered.

Proof. (i) = (ii) Suppose that f preserves filters of fuzzy sets. Let F be a filter on (L, <1) and let
b €1 f(F). So there exists a € F with f(a) <g b. Let X be a nonempty set. Since 1 ay is a filter on
(LX, <1), the family { f o : u €Tax} isalso a filter on (SX, <s). Since f oayx =g bx we can find 7 €t ax
such that by = f o. For a fixed x € X, we have that ax(x) = a < 7(x) so (x) € F. Moreover,
b = bx(x) = f(n(x)) sob € f(F). Consequently, f(F) is upper. On the other hand, lets,t € F.
Then there exists u € F such that u <; s and u < t. As above, we have that {fou : yu €1 ux}is
a filter on (S, <s). Then there exists v €1 ux with fov <g fosx and fov <g fotx. Givenx € X,
we have that ux(x) = u < v(x), thatis, v(x) €t u C F. Moreover f(v(x)) <s (fosx)(x) = f(s) and
fv(x)) <5 (fotx)(x) = f(t). Consequently, f(F) is filtered, therefore is a filter.

(ii) = (iii) This is obvious since for each a € A, Ta is a filter so by assumption f(1a) is a filter,
so filtered and 1 f(a) C f(Ta) since f(Ta) is an upper set.
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(iii) = (i) Let X be a nonempty setand {y; : i € I} be a filter on (L%, <). Let v € SX such that
fouj 2svforsomej € I, thatis, v € 1{fopi:iel} Forany x € X, we have by assumption that
v(x) €1 f(pj(x)) € f(T pj(x)) so we can find 57(x) €1 pj(x) such that v(x) = f(5(x)). Since x is
arbitrary, we obtain an L-fuzzy set 7 on X such that €1 p; C {y; : i € I} and v = f o ;. Therefore,
{fou;:i€ I}isanupperseton (5%, <s).

On the other hand, fix i,j € I. Since {y; : i € I} is a filter on (LX, <1) we can find k € I such
that yp =p p; and p =1 pj. By hypothesis, for each x € X the set f(1 ui(x)) is filtered, so there
exists 77(x) €1 px(x) such that f(1(x)) =s f(ui(x)) and f(n(x)) =<5 f(pj(x)). Since x is arbitrary,
we obtain an L-fuzzy set 7 on X such thatn €t pyy C {p;:i € I}and fon =5 fop; fon =5 foupu,.
Hence {f o y; : i € I} is filtered, so a filter. [J

Corollary 1. Let (L, =1 ) and (S, =s) be two partially ordered sets such that <g is a total order. Let f : (L, <p)
— (S, =) be a function. The following statements are equivalent:

(i)  f preserves filters of fuzzy sets;

(ii)  f preserves filters;

(iii) f preserves upper families of fuzzy sets;
(iv) f preserves upper sets;

(v) 1 f(a) C f(ta) foreverya € L.

Proof. Itis immediate from the above theorem and Proposition 3 using that if (S,=<s) is totally ordered
then every subset is filtered. [

Remark 4. In sight of Propositions 1 and 3, it is natural to wonder whether in Theorem 1 we can replace
condition “f(1a) is filtered” by isotonicity. It is obvious that if f : (L, <1) — (S, =s) is isotone then f(1a)
is filtered for all a € L. Nevertheless, the converse is not true. For example, you can consider any non-isotone
function f : (]0,1], <) — ([0,1], <). In this way, the function defined by:
f(x)_{x f0<x<1
1 ifx=0

preserves, by the above corollary, filters fuzzy sets but it is not isotone.

Corollary 2. Let (L, <1 ) and (S, <g) be two partially ordered sets. Let f : (L, <) — (S, <s) be a function.
Each of the following statements implies its successor:

(i f preserves filtered families

j = Y L;
and upper families of fuzzy sets, or equivalently, 1 f(a) = f(Ta) Va €

... f preserves principal filters

(ii) Va €L f(ta) =1 f(b)
of fuzzy sets,

for some b €1 a;
T f(a) € f(Ta)
f(ta) is filtered

or equivalently,

(iii) f preserves filters of fuzzy sets, or equivalently, VacL;

o) f preserves upper families

( of fuzzy sets,

or equivalently, 1 f(a) C f(ta) VaeL

Moreover, if f is isotone then all the statements are equivalent.

Proof. (i) = (ii) By Remark 2, 1 f(a) = f(1a) for all a € L. This obviously implies that f preserves
filters so the conclusion follows from Proposition 4.

(ii) = (iii) Again by Proposition 4, f preserves principal filters so given a € L, then f(1a) is
a principal filter and so is filtered. Moreover, f(1a) is an upper setso T f(a) C f(1a). Therefore, f
preserves filters of fuzzy sets by Theorem 1.
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The last implication follows from Theorem 1 and Proposition 3
If f is isotone, we have that (iv) implies (i) by Proposition 1. [

Remark 5. Observe that neither of the above implications can be reversed in general. Remark 3 provides a
counterexample for (ii) = (i) while Remark 4 gives a function f which preserves filters of fuzzy sets but not
principal filters. Notice that 1 0 is a principal filter but f(1 0) =]0, 1] is a filter which is not principal.

Finally, we provide an easy example showing that, in general, (iv) does not imply (iii). Let us consider a
set X = {a, b} with two different points and consider the following two partial orders on X given by:

x 21yifandonlyifx =yorx =aandy = b;
x 2o yifandonlyif x = y;

forevery x,y € X. Let f : (X, =1) — (X, =2) be the identity function. It is obvious that 1 f(x) = f(x) C
f(1x), so f preservers upper families of fuzzy sets. Nevertheless, f(Ta) = f({a,b}) = {a, b} which is not
filtered on (X, <7). Hence, f does not satisfy (iii).

3. Functions Aggregating L-Probabilistic Quasi-Uniformities

This section is devoted to study functions that allow one to merge several (bases of) L-probabilistic
quasi-uniformities into a single one. In this case, we will say that these functions aggregate
(bases of) L-probabilistic quasi-uniformities. We are able to characterize completely those functions,
which aggregate bases of L-probabilistic quasi-uniformities. Nevertheless, we only obtain different
necessary and sufficient conditions for a function to aggregate L-probabilistic quasi-uniformities.
The characterizations obtained in the previous sections about functions preserving upper families of
fuzzy sets and filters of fuzzy sets give some keys for our characterization.

We first recollect some definitions related with L-probabilistic quasi-uniformities. In the following,
if (L, =) is a lattice, we will denote by x A y and x V y the infimum and supremum of x,y € L.

Definition 4 ([36]). Let (L, <) be a bounded lattice having T and L as top and bottom elements respectively.
A triangular norm or a t-norm * on L is a binary operation x: L x L — L such that (L, x) becomes an Abelian
monoid with unit T and such that a *x b < ¢ *x d whenevera < cand b < d, with a,b,c,d € L.

Example 2 ([36]). Let (L, <) be a bounded lattice. Then the binary operation given by:

xANy ifx=Tprory=T
X*plY =
Y 1L otherwise

is a t-norm on L. Moreover it is the smallest t-norm that can be defined on L, that is, if * is a t-norm on L then
x*py = xxy forevery x,y € L. Furthermore, A\ is the greatest t-norm on L.
We also notice that if L = {0, 1}, then xp = A. So only one t-norm can be defined on {0,1}.

Let (L, <) be a bounded lattice. Given a nonempty set X and A C X, then we will denote by x4
the function x% : X — L such that:

L Ty ifxeA
Xal(x) = . .
1y ifxg A

If L = {0,1} we will omit the superscript L.
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Let I be a set of indices. We will denote the elements of L! by boldface letters a and we will write
a; instead of a(i) for all i € I. Furthermore, L! becomes a partially ordered set endowed with the
cartesian partial order <! given by:

a=<"bea;<b;foralliecl.

Moreover L! is bounded with top element T, ; and bottom element | ;; where (T;;); = T and
(Lgr); = Lp foralli € I. Furthermore, if * is a t-norm on L we can define a t-norm «I on LT (see [36]
for a finite version) given by (a x! b); = a; * b; foralli € I.

i € I. The direct sum of {(L;, =;) : i € I} is the partially ordered set (@ L;, <") where:
i€l

PL ={1e]]Li: i # T;only for finitely many i € I}

el iel

Definition 5. Let {(L;, <;) : i € I} be a family of partially ordered sets possessing top element T ; for each

and a <! b ifand only if a; <; b; foralli € I.

Definition 6. ((cf. [27] [Definition 2.1]), [28]) Let (L, <) be a complete lattice with top element Tp.
An L-probabilistic quasi-uniformity on a nonempty set X is a pair (U, x), where * is a t-norm on L and W is
a filter on (LX*X, <) such that:

(PQU1) u(x,x) = Tp forallu e Wand x € X; (reflexivity)
(PQU2) for each u € U there exists v € U such that:

vo,v =u

where (v o, v)(x,y) = Vyex v(x,2) *v(z,¥).

In this case, the triple (X, U, *) is called an L-probabilistic quasi-uniform space.
If L = [0,1] we simply say that (U, *) is a probabilistic quasi-uniformity.

In the following, we will always assume that (L, <1 ) and (S, <) are complete lattices [34] unless
stated otherwise.

Definition 7. If (U, ) is an L-probabilistic quasi-uniformity on a nonempty set X, the pair (B, *) is said to be
a base for (U, *) if B is a filter base for the filter U, that is, for each u € U we can find b € B such that b < u.
If no confusion arises, we will omit the reference to the t-norm .

Given a nonempty filtered subset B of (LX*X, <) satisfying (PQU1) and (PQU?) for a certain t-norm x
on L, where instead of U, the set B is used, then the pair (B, ) is a base for an L-probabilistic quasi-uniformity
(Usg, *) on X where W is the filter T B C LX*X,

Remark 6. Let I be a set of indices and (X;, U;, %) be an L-probabilistic quasi-uniform space for every i € I.
Then for each i € I, U; becomes a partially ordered set as a subset of (LX*X, <). Furthermore, it has a top
element Ty, = X;L(l. WX Therefore, the direct sum @;c; U; can be constructed.

If for each i € I, we consider a base (B;, x) for an L-probabilistic quasi-uniformity on X;, then (B;, <) is
also a partially ordered set for every i € I. However for some i € I, B; can fail to have a top element. However,
we can add to B; the top element )(%QX x; Without changing the L-probabilistic quasi- uniformity generated by
(B;, *). Therefore, in the following, we will always consider that bases of L-probabilistic quasi-uniformities
contain a top element, allowing the construction of the direct sum @;c; B;.
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Remark 7. If (B, ) is a base for an L-probabilistic quasi-uniformity on a nonempty space X, we can define a
preorder < on X given by:

x =g yifand only ifb(x,y) = T forall b € B.

Definition 8. An L-probabilistic quasi-uniformity (U, ) on a nonempty set X is said to be transitive if we
can find a base (B, ) of (U, x) such that:
bo,b=<b

for every b € B. In this case, we say that (B, x) is a transitive base for (U, ) and its elements are said to be
*-transitive.

We next define the functions of interest.

Definition 9. A function F : (L', <1) — (S, <s) is said to:

o Aggregate (bases of) L-probabilistic quasi-uniformities on products if whenever  is a t-norm on L
and 4 = {(X;,U;, *) : i € I} is a family such that for each i € I, (U;, *) is (a base of) an L-probabilistic
quasi-uniformity on the nonempty set X;, then given a t-norm  on S, the pair ({FoIlu: u € [T;c; U; }, *)
is (a base of) an S-probabilistic quasi-uniformity (ITUF, x) on [T;c; X; where ITu : (TT;e; X;)* — Llis
given by:

(Mu(x,y))i = ui(x;, ;)

forevery x,y € [Tic; X
If F only satisfies the previous condition for fixed t-norms x on L and x on S, then we say that F x-aggregates
(bases of) L-x-probabilistic quasi-uniformities on products;

e  Aggregate (bases of) L-probabilistic quasi-uniformities on sets if whenever * is a t-norm on L and
U= {(X,W;,*) :i € I} isafamily such that for each i € 1, (U;, *) is (a base of) an L-probabilistic
quasi-uniformity on the nonempty set X, then given a t-norm x on S, the pair ({F o Au:u € TTU;}, *)

i€l

is (a base of) an S-probabilistic quasi-uniformity (AU, ) on X where Au : X* — Ll is given by:

(Au(x,y))i = ui(x,y)

for every x,y € X.

If F only satisfies the previous condition for fixed t-norms x on L and x on S, then we say that F x-aggregates
L-s-probabilistic quasi-uniformities on sets.

If in the previous definitions the elements u belong to @;c; U; instead of [1;c; U;, which implies that U;
has a top element for each i € I when it is a base, we say that:

e  Fdirectly aggregate (bases of) L-probabilistic quasi-uniformities on products and the notation for

the S-probabilistic quasi-uniformity is (Hu%, *);
e  F directly aggregate (bases of) L-probabilistic quasi-uniformities on sets and the notation for the

©
S-probabilistic quasi-uniformity is (AUF, x).

Notice that if in the above definition I is finite, there is no difference between saying that
F aggregates (bases of) L-probabilistic quasi-uniformities or that F directly aggregates (bases of)
L-probabilistic quasi-uniformities.

We also emphasize that the elements of an L-probabilistic quasi-uniformity (U, *) on a nonempty
set X are L-fuzzy sets on X x X, which are usually called L-fuzzy binary relations on X [18,37,
38]. Observe that property (PQU2) of the elements of an L-probabilistic quasi-uniformity is, in
some way, related with the property of *-transitivity. On the other hand, several authors have
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obtained characterizations of those functions to merge [0, 1]-fuzzy binary relations satisfying certain
properties into single [0, 1]-fuzzy binary relation verifying the same properties (see [12,15,17,21,37]).
These functions are said to preserve those properties of fuzzy binary relations. We emphasize that
in [17] the concept of domination was introduced in order to characterize aggregation functions
which preserve x-transitivity of fuzzy binary relations on products. When the dominated function
is a t-norm, the notion of *-supmultiplicativity arises and it was used in [21] for characterizing
functions aggregating fuzzy quasi-metrics into a single one. Hence it is natural to guess that the
notion of supmultiplicativity will be important in our study due to its relation with the preservation of
x-transitivity. Nevertheless, we will need a generalization of this concept as follows.

Definition 10 (cf. ([21], Remark 3.8), [17]). Let (L, <), (S, =s) be two bounded lattices and let *,* be
t-norms on L and S respectively. A function f : (L, <p) — (S, =s) is said to be *, x-supmultiplicative if:

fla)x f(b) Zs f(axb)

for every a,b € L.
Moreover, we will say that f is upper *, x-supmultiplicative if for each a,b € L there exist ¢ € 1a and
d €1 b such that:

f(e)* f(d) Zs f(axD).

If the previous conditions only satisfies for elements a, b belonging to a nonempty subset A of L, then we
say that f is x, x-supmultiplicative on A or f is upper *, x-supmultiplicative on A respectively.

Remark 8. Notice that if f : (L, <L) — (S, =s) is *, x-supmultiplicative then f~1(Tg) is filtered on (L, <p).
In fact, given a,b € f~1(Tg) then f(a)* f(b) = TgxTg = Tg =g f(axb)soaxb € f1(Ts).
Sinceaxb <y aand ax b < b we deduce that f‘l(TS) is filtered.

We give some examples of *, x-supmultiplicative functions.

Example 3. Let L be a complete lattice, x be a t-norm on L, and I be a set of indices.

e Foreachi € I, the ith projection function P; : LI — L given by P;(x) = x; for every x € Ll is

!, x-supmultiplicative;

The function Inf : LI — L given by Inf(x) = infic; x; for every x € Ll is *!, x-supmultiplicative;

e IfI = {1,...,n} is finite, the function T, : L" — L given by Ti(x) = x1%...%x, IS

!, x-supmultiplicative.

Finally, we introduce the last ingredient that we will need in our characterization: The (asymmetric)
x-triangular triplets. The symmetric version of this concept was introduced in [15] meanwhile its
asymmetric counterpart was first considered in [21]. This notion is important in order to characterize
functions which merge fuzzy (quasi-)metrics into a single one [21]. However, as we will show, it is also
key when we consider the aggregation of L-probabilistic quasi-uniformities. In [15,21], the notion was
considered only on [0, 1] but we generalize it to an arbitrary bounded lattice.

Definition 11 (cf. [15,21]). Let (L, <) be a bounded lattice and * be a t-norm on L. A triplet (a,b,c) € L3 is
said to be asymmetric x-triangular if:
axb=<c.

Atriplet (a,b,c) € L3 is said to be *-triangular if any permutation of the triplet is asymmetric x-triangular.
If (a,b,c) is x-triangular (asymmetric x-triangular) for every t-norm % on L then we say that (a,b,c) is a
triangular triplet (an asymmetric triangular triplet).
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Example 4. Given a bounded lattice (L, <) and a t-norm x on L, the triplet (a,b,a x b) is x-triangular for
everya,b € L.
Furthermore, the triplet (a,a, T ) is -triangular for every a € L and every t-norm x on L so it is triangular.

Example 5. Let (L, <) be a complete lattice, X be a nonempty set, and (U,*) be an L-probabilistic
quasi-uniformity on X. Given u € U there exists v € U such that v o, v = u. Hence, for any x,y,z € X,
the triplet (v(x,z),v(z,y),u(x,y)) is asymmetric *-triangular.

A particular case of the following concept was key in [21] for characterizing those functions which
aggregate fuzzy (quasi-)metrics.

Definition 12. Let (L, <1 ) and (S, <s) be bounded lattices and let *,* be t-norms on L and S respectively.
A function f : (L,=p) — (S, =) x-preserves x-triangular (asymmetric x-triangular) triplets if
(f(a), f(b), f(c)) is an x-triangular (an asymmetric x-triangular) triplet whenever (a, b, c) is an x-triangular
(an asymmetric x-triangular) triplet, where a,b,c € L.

Example 6. Let (L, <1 ) be a bounded lattice.

e Theidentity function idy : (L, 2p) — (L, <L) *-preserves x-triangular triplets for every t-norm  on L;
Every constant function f : (L, <p) — ([0,1], <) x-preserves x-triangular (asymmetric x-triangular)
triplets for any t-norm % on L and any t-norm % on [0,1];

e If (L, =) is linearly ordered then f : (L,<p) — (L, =) is isotone if and only if f A-preserves
N-asymmetric triangular triplets.

The following proposition, whose proof is straightforward, is an easy adaptation of ([21],
Proposition 3.30, Corollary 3.35) to the more generalized concepts that are considered in this paper.

Proposition 5 (cf. [21]). Let f : (L, <1) — (S, =s) be a function between two bounded lattices and let *, x
be t-norms on L and S respectively. Each of the following statements implies its successor:

(i) f x-preserves asymmetric x-triangular triplets;
(ii)  f x-preserves x-triangular triplets;
(iii)  f is x, x-supmultiplicative.

If f~Y(Ts) # @ then (i) implies isotonicity. Moreover, if f is isotone then all the above statements
are equivalent.

The next result gives a complete characterization of those functions which aggregate bases of
L-probabilistic quasi-uniformities.

Theorem 2. Let (L, <) and (S, <s) be two complete lattices and let I be a set of indices. Let F : (LI, <!) —
(S, <s) be a function and . be t-norms on L and S respectively. The following statements are equivalent:

(i)  F (directly) x-aggregates bases of L-x-probabilistic quasi-uniformities on products;

(ii)  F (directly) x-agqregates bases of L-x-probabilistic quasi-uniformities on sets;

(iii) F (directly) x-agqregates transitive bases of L-+-probabilistic quasi-uniformities on products;
(iv) F (directly) x-agqregates transitive bases of L-x-probabilistic quasi-uniformities on sets;

(v) F(T 1) = Ts, Fisisotone and !, x-supmultiplicative.

(i) F(T 1) = Tsand F x-preserves x'-asymmetric triangular triplets.

Proof. (i) = (ii) and (iii) = (iv) are straightforward.

(i) = (iii) Suppose that F x-aggregates bases of L-x-probabilistic quasi-uniformities on products.
For each i € I, let (B, %) be a transitive base for an L-probabilistic quasi-uniformity on a nonempty
set X;. Let b € [];c; B;. Since b; is x-transitive for every i € I, then ({b;}, ) is a transitive base
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for an L-probabilistic quasi-uniformity on X;. By assumption, ({F o IIb}, x) must be a base for an
S-probabilistic quasi-uniformity so F o IIb must be x-transitive. Since b was arbitrary, we deduce that
({FoIlb: b €Tl;c; Bi}, *) is a transitive base for an S-probabilistic quasi-uniformity on [;c; X;.

If we suppose that F directly x-aggregates bases of L-x-probabilistic quasi-uniformities on
products, we can proceed as above but in this case (B;, *) must have a top element for each i € I.
Observe that {b} = @;c{bi} = [Tic/{bi}-

(ii) = (iv) is similar to (i) = (iii).

(iv) = (v) Suppose that F x-aggregates transitive bases of L-*-probabilistic quasi-uniformities on
sets. We start proving that F(T ;1) = Tg. For each i € I, suppose that (B;, *) is a transitive base for an
L-probabilistic quasi-uniformity on a nonempty set X. By assumption, ({Fo Au:u € [;c; B;},*)isa
transitive base for an S-probabilistic quasi-uniformity on X. In particular, F o Au must satisfy (PQU1)
for every u € [];c; B;. Then, for any x € X we have that:

Ts = (FoAu)(x,x) = F((ui(x, x))ier) = F(T11)-

Let us show that F is isotone. Let a,b € L! such that a ji b. Let X = {x1,x2,x3} be a set with
three different elements. For each i € I, defineu; : X x X — L as:

b; ifx =x1,y =2x3
ui(x,y) =Ty, ifx=yorx=2x,y=x3.

a; otherwise

It is straightforward to prove that u; o, u; <1 u; and u;(x,x) = T1. Hence {({u;},*) :i € I} is
a family of transitive bases of L-probabilistic quasi-uniformities on X. By assumption ({F o Au}, *)
must be a transitive base of an 5-probabilistic quasi-uniformity on X where u; = u; for alli € I.
Hence F o Au must be %-transitive. Then the following inequality must be true:

(F o Au) Oy (F o Au) (xl,x3) =g Fo Au(xl,xg)

V F((ui(x1,2))ier) * F((ui(2,x3))ier) =s F((ui(x1,%3))ier)
zeX

(F(b) x F(T 1)) V (F(a) x F(Tp1)) = F(b) V F(a) =5 F(b).

Therefore, F(a) <5 F(b).
We check now that F is !, x-supmultiplicative. Let a,b € L. We can proceed in a similar way as
above by considering the same set X = {x1,xp, x3} and for eachi € I, definev; : X x X — L as:

a; ifx:xl,y:xz,
b; ifx:xz, = X3,
vmy) =vilpn =4 !

a;jxb; ifx=ux1,y=x3,

Tr ifx =y,

for every x,y € X.Itis easy to check that v; o, v; < v;and v;(x,x) = T forall x € X. So {({v;}, %) :
i € I} is a family of transitive bases of L-probabilistic uniformities on X. By assumption ({F o Av},x)
must be a transitive base of an S-probabilistic quasi-uniformity on X where v is the only element of

[Ticr{vi}- Then:

((Fo Av) o, (Fo Av))(x1,x3) =5 Fo Av(xq,x3)

\/ F((vi(x1,2))icr) * F((vi(z, x3))icr) =s F((vi(x1,%3))ic1)
zeX

F(ax'b)V (F(a)xF(b)) <5 F(ax'b).
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Consequently, F(a) x F(b) =5 F(ax'b) so F is *!, x-supmultiplicative.

If we suppose that F directly x-aggregates transitive bases of L-*-probabilistic quasi-uniformities
on sets, we can proceed as above but in this case (B;, *) must have a top element for each i € I.
Observe that our constructions makes sense also on the direct sum since we have considered transitive
bases of L-probabilistic quasi-uniformities with only one element.

(v) = (vi) This follows from Proposition 5.

(vi) = (i) For each i € I, suppose that (B;, *) is a base for an L-probabilistic quasi-uniformity on
anonempty set X;. If u € [];c; B, then (F o ITu)(x,x) = F((u;(x;, x;)ic;) = F(TL) = Ts.

On the other hand, observe that the family {ITu : u € [[;c; B;} is a filtered family of (L!)-fuzzy
sets on (IT;c; X;)?. Since by Proposition 5 F is isotone then {F o TTu : u € [];c; B;} is filtered by
Proposition 1.

Letu € [];c; B;. For each i € I we can find v; € B; such that v; o, v; =< u;. Let v € J];c; B;
such that v; = v; for all i € I. We next prove that (F oIlv) o, (FoIlv) =g FolIlu. In fact,
let x,y € [Lic; Xi- Then (v; o4 vi)(xi,y;) =1 ui(x;,y;) for all i € I. So for each z € [[ic; X,
((vi(xi, zi))ier, (Vi(zi,y;))ier, (ui(x1,9;))icr) is an asymmetric #!-triangular triplet. Consequently,
(F((vi(xi,zi))ier), F((vi(zi,y;) )ier), F((ui(xi,Y;))icr)) is an asymmetric x-triangular triplet. Therefore,

F((vi(xi, zi))ier) * F((vi(zi,y;))ier) =s F((ui(xi,¥;))ier))
F(Ilv(x,z)) x F(ITv(z,y)) =s F(ITu(x,y)).

Hence,

\/ F(Ilv(x,z)) * F(ITv(z,y)) = ((FoIlv) o, (FoIlv)) (x,y) =5 F(ITu(x,y)).
z€[lier Xi

Therefore, ({F oITu : u € [];c; B;}, *) is a base for an S-probabilistic quasi-uniformity on [T;c; X;.

In case that for each i € I, (B, %) is a base for an L-probabilistic uniformity on X; such that B; has a
top element, a slight modification of the above process allows to show that ({F o ITu : u € @;c; B;}, )
is a base for an S-probabilistic uniformity on [ ;c; X;. O

Example 7. We provided in Example 3 three x!, x-supmultiplicative functions. Since they are also isotone and
maps T 1 to T g then they x-aggregate bases of L-x-probabilistic quasi-uniformities on products and on sets.

Some authors have studied how to construct adjoint functors between the category of probabilistic
quasi-uniformities and the category of classical quasi-uniformities [29,39]. Although their results have
been obtained for L-probabilistic quasi-uniformities when L = [0, 1], some of them, as the following
one, are also valid when L is an arbitrary complete lattices.

Proposition 6 (cf. [39]). Let (L, <) be a complete lattice and * be a t-norm on L.

(i) If (X,U) is a quasi-uniform space then (X, UL, *) is an L-probabilistic quasi-uniform space where UL, is
the filter on L**X having as base {xL : u € U};

(ii) If (X, U, %) is an L-probabilistic quasi-uniform space then (X,Uy) is a quasi-uniform space where Uy is
the filter {u C X x X : x5 e u}.

Moreover, U = L{uL .
U

Therefore, we can convert a classical quasi-uniform space (X, /) into an L-probabilistic quasi-uniform
space (X,UL, ) by making use of the previous result. Notice that in case that L = {0,1} then
({xu : u € U}, =) is not only a base for (U, ) but it is the whole {0, 1}-probabilistic quasi-uniformity
(U}, %). Therefore, there is an equivalence between quasi-uniformities and {0,1}-probabilistic
quasi-uniformities. Consequently it is natural to study a particular case of Theorem 2 when we consider
Boolean functions. To achieve this, we will make use of the following concept:
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Definition 13 ([3,34]). A function f : L — S between two semilattices is minitive or preserves finite infs if:

flany) = fx) A fy)

for every x,y € L.

Corollary 3. Let F : {0,1} — {0, 1} be a Boolean function. The following statements are equivalent:

(i) F (directly) N-agQregates bases of {0, 1}-A-probabilistic quasi-uniformities on products;

(ii)  F (directly) N-agqregates bases of {0, 1}-A-probabilistic quasi-uniformities on sets;

(iii) F (directly) N-agQregates transitive bases of {0, 1}-A-probabilistic quasi-uniformities on products;
(iv) F (directly) N-agQregates transitive bases of {0, 1}-A-probabilistic quasi-uniformities on sets;

(v) F(1) =1, Fisisotone and AL NA-supmultiplicative;

(vi) F(1) = 1and F is minitive.

Proof. The first five statements are equivalent by Theorem 2 and (v) is obviously equivalent to (vi). [

Remark 9. Notice that if I is finite, then the conditions of the above result are also equivalent to “F~1(1) is
a principal filter”, that is, there exists i € F~1(1) such that F~1(1) =1 i. In fact, set i = Axep-1(1) X which
exists since F~1(1) is finite and {0, 1}! is a lattice. Since F is minitive we have that F(i) = F(Axer11) %) =
Axep1(1) F(x) =1s0i € F~Y(1) is the minimum.

It is easy to check that if F~1(1) is a principal filter then F(1) = 1 and F is minitive.

Remark 10. We observe that we can easily obtain the minitive Boolean functions F : {0,1} — {0,1} with
F(1) = 1 when 1 is finite. In fact, suppose that I = {1,...,n}. In this case, for each x € {0,1}" and for each
i€{l,...,n}, consider 1x; € {0, 1}" given by (1x;); = 1ifi # jand (1x;); = x;. Then we have that F(x) =
1
F(AL;1x;) = A_q F(1x;). Therefore, if we define f; : {0,1} — {0,1} as fij(x) = F(l,...,/x\,...,l)
we have that fi(x;) = F(1x;) for each x € {0,1}". Hence F(x) = A fi(xi). Since f;(1) = 1 for all
i € {1,...,n} then f; = idsg 1y or fi = xqo,1)- Consequently, there exists [r C {1,...,n}, such that the
function F must be of the form:
F(x) = A xj, forall x € {0,1}". 1)
jer
Notice that if 1 is not finite, we can find minitive functions F : {0,1}1 — {0,1} satisfying F(1) = 1 but
F cannot be expressed as in equation (1). For example, let I = N. Then it can be easily checked that the function
G(x) = liminf,cy x = sup, . infys, X is minitive and G(1) = 1. Moreover, G cannot be expressed as
given in formula (1). Indeed, let ] C N. Fix jo € ] and consider x € {0,1}" such that xj, = 0and x, = 1 for
every n € N\{jo}. Then G(x) = liminf,cy xn = 1 but \jejx; = 0.

Example 8. Let {(X;,U;) : i € I} be a family of quasi-uniform spaces. Then L = {(Xi,ui,?'l}, A):i€el}is
a family of {0, 1}-probabilistic quasi-uniform spaces where ui,?'l} = {xu : u € U;} (see Proposition 6 and the
comment after it). Consider F : {0,1}1 — {0,1} given by:
F(x) = \x;

i€l

forall x € {0,1}!. Since F(1) = 1 and F is minitive then, by Corollary 3 {F o ITu : u € @;c; uz{f'l}} must be
D

a base for a {0, 1}-probabilistic quasi-uniformity (ITUE, A) on [T;c; X;. Given u € @;¢; uz{j}l}, foreachi € I,
u; = Xy, for some u; € U;. Given (x,y) € [Tie; Xi % [Tie; Xi then,

FoTlu(x,y) = F((xu;(xi,v;))icr) = /\ xu;(xi,y;) =1 < (x;,y;) € u; foralli € I.
iel



Mathematics 2020, 8, 1980 16 of 21

Since u; # X; x X; only for finitely many i € 1, it is clear that U, .8 the product of quasi-uniformity
u

on Tlie; X; (331, 1.16). !

In case of considering a family of quasi-uniformities {U; : i € I} on the same set X, since F also
N-aggregates bases of {0, 1}-A-probabilistic quasi-uniformities on sets, we can proceed as above in order to
obtain a quasi-uniformity uiuu on X. In this case ufuﬂ is the supremum quasi-uniformity of the family

F F
{L{i:iel}.

The next example shows that we can use this theory in order to construct preorders in the cartesian
product of preordered sets.

Example 9. Let {(X;,<;) : i = 1,...,n} be a finite family of preordered sets. For eachi € {1,...,n},
it is clear that ({x<,},\) is a base for a transitive {0, 1}-probabilistic quasi-uniformity on X;. Set B =
{(Xi, {x<,},A) =i =1,...,n}. Let F : {0,1}" — {0,1} be a function which N-aggregates bases of
{0, 1}-A-probabilistic quasi-uniformities. By Remark 10, there exists ] C {1,...,n} such that F(x) = Ajcj x;
for all x € {0,1}". Denote by x < the only element of TT'_1{x <, }- Then (IIBF,A) := ({FoIlx<},A)isa
base for a {0, 1}-probabilistic quasi-uniformity on [T/, X;. By Remark 7, (I1B®, A) induces a preorder jHB?
on [T 4 X; given by:

X 2npm Y (Follx<)(x,y) =1 +=x; =; yjforallj € ].
In particular, if | = {1,...,n} we obtain that jnﬁ? is the cartesian preorder or the coordinatewise preorder.

Next we address the problem of characterizing those functions which aggregate L-probabilistic
quasi-uniformities instead of bases.

Proposition 7. Let (L, <) and (S, <s) be two complete lattices and let I be a set of indices. Let F : (LI, <1)
— (S, =s) be a function and *,* be t-norms on L and S respectively. Each of the following statements implies
its successor:

(i)  F x-aggregates L-x-probabilistic quasi-uniformities on products;

(ii) F x-aggregates L-x-probabilistic quasi-uniformities on sets;

(iii) F(T) = Ts; for each a € L', + F(a) C F(1 a) and F(? a) is filtered; F is upper
1, s-supmultiplicative;

(iv) if = {(X,W;,*) : i€ I} isafamily of L-probabilistic quasi-uniform spaces then AU is a filter on
(LX*X, <1 ) satisfying property (PQU1).

Moreover, if we replace in (iii) the condition “F(T a) is filtered” by the stronger condition “F is isotone”,
that is, if we consider the statement:

(iii) F(T 1) = Ts; foreacha € L', 1 F(a) C F(1 a); F is isotone and upper *, x-supmultiplicative;
then (iii) implies (ii).
Proof. (i) = (ii) This is straightforward.
(ii) = (iii) Let X be a nonempty set and (U, *) be an arbitrary L-probabilistic quasi-uniformity on
X. Taking 4 = {(X,U;,*) : i € [} and U; = U for each i € I we have that (AU¥, x) is an S-probabilistic
quasi-uniformity on X. Moreover, given x € X and u € U then u(x, x) = T . Taking u € [];c; U; such

that u; = u for every i € I then Fo Au € AU and T = (Fo Au)(x,x) = F((u(x,x))ier) = F(T ).
Let a € L! and let X be a nonempty set with at least two elements. For each i € I, consider

u; € LX*X given by:
a; ifx#
wxy) =42 T
Ty ifx=y
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for all x,y € X. It is obvious that for each i € I, u; is x-transitive and u;(x, x) = T for every x € X.
Then ({u;}, *) is a base for a transitive L-probabilistic quasi-uniformity (U;, *) on X for every i € I.
Set 4 = {(X,U;,*) : i € I}. By assumption, (AU, *) is a probabilistic S-quasi-uniformity on X.
Letu € [T;c; U; such that u; = u; foralli € I.

e Letc €t F(a). Then, given x,y € X

Ts ifx=y
F(a) ifx#y

Ts ifx=y

Fo Au(x,y) = F((ui(x,y))ic1) = { C ifx;é]/.

=5 ve(x,y) = {

Therefore, v, € AU% so we can find v € [];c;U; such that Fo Av = v.. Thenv; € U; =T u;.
Hence, given two distinct points xg, o € X we have that u;(xo, o) = a; < vi(xo,10) foralli € I,
so Av(x,y) €t aand F(Av(xg,y0)) = ve(xo,y0) = c. Hence ¢ € F(1 a) and 1 F(a) C F(1 a).

e Next we prove that F(1 a) is filtered. Let I, m €7 a. For each i € I, define v;,w; € LX*X as:

L; if x m; ifx
ey =10 IRV =AY
Ty ifx=y Ty ifx=y

Notice that u; < v; and u; < w; foralli € I sov;,w; € U;. Consider v,w € [];c; U; such that
v; = v;,w; = w; for alli € I. By assumption, F o Av,Fo Aw € AUY so there exists p € [T;e; U
such that F o Ap =g Fo Av and F o Ap <g F o Aw. Given two distinct points xg,y9 € X we
have that u;(xg,y9) = a; <L p;(x0,y0) foralli € I so a ji Ap(x0,Y0), thatis, Ap(xg,yo) €1 a.
Moreover, F(Ap(xo,y0)) =s F(Av(xo,y0)) = F(I) and F(Ap(xo,v0)) =s F(Aw(xo,y0)) =
F(m). Hence F(1 a) is filtered.

Finally, we prove that F is upper !, x-supmultiplicative. Let a,b € L!. Let X = {x1, x5, x3} be a
set with three different elements and for each i € I, define u; : X x X — L as:

a; ifx=x1,y=2x
b; ifx =x0,y =x3
TL 1fx:y ‘

a; xb; otherwise

Itis easy to check that, for each i € I, u; is *-transitive and u;(x, x) = T forall x € X so ({u;},*) is
a base of an L-*-probabilistic quasi-uniformity (U;, %) on X. Set 4l = {(X,U;, *) : i € I}. By assumption
(AUY, x) must be an S-probabilistic quasi-uniformity on X. In particular, we can find v € [T;; U; such
that (F o Av) o, (Fo Av) =g F o Au where u; = u; for all i € I. Then:

((Fo Av) o, (Fo Av))(x1,x3) =5 (F o Au)(x1,x3)

\/ F((vi(x1,2))ier) * F((vi(z,x3))icr) =s F((ui(x1,%3))icr)
zeX

\/ F((vi(x1,2))icr) * F((vi(z,x3))ic1) s F(ax"b).
zeX

In particular,

F(Av(x1,x2)) % F(Av(xp,x3)) = F((vi(x1,%2))ier) * F((vi(x2, x3))ier) <s F(a*"b).

Moreover, since U; has as base {u;} for all i € I then Au(xy,x2) = a =!I Av(xy,x) and
Au(xa, x3) = b <1 Av(xy,x3). Hence F is upper !, x-supmultiplicative.
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(iii) = (iv) It is easy to check that {Au : u € [[;jc; U;} is a filter of L!-fuzzy sets on X
By Theorem 1, F preserves filters of fuzzy sets so AU} = {Fo Au : u € [I;c;W;} is a filter of
S-fuzzy sets on X2.

Moreover, let u € [T;c; U;. Then (F o Au)(x,x) = F((ui(x,x))ie;) = F(Tpr) = Tgforallx € X
so AUY satisfies (PQU1).

(iif) = (ii) Let &4 = {(X,U;, %) : i € I} be a family of L-probabilistic quasi-uniform spaces. Since
isotonicity implies that F(1 a) is filtered for all @ € L!, reasoning as in (iii) = (iv), we obtain that
AU = {Fo Au:u € []ic; U;} is a filter of S-fuzzy sets on X? satisfying (PQU1).

Letu € [;c;U;. Foreachi € I, we can find v; € U; such that v; o, v; =< u;. Letv € [;c;U;

such that v; = v; for all i € I. Since F is *!
I

,*-upper supmultiplicative and isotone then it is

*', x-supmultiplicative. Then for each x,y,z € X we have:

(Fo Av)(x,z) x (Fo Av)(z,y) = F((vi(x,2))icr) * F((vi(z,¥) )ie1)
=5 F((vi(x,2) *vi(z,¥))ie1)
=s F((ui(x,y))ic1) = (Fo Au)(x,y).

Consequently, (Fo Av) o, (Fo Av) =5 (Fo Au) and (AU¥,*) is an S-probabilistic
quasi-uniformity on X. [

A simple adaptation of the above proof, allows to show the following.

Proposition 8. Let (L, <) and (S, <g) be two complete lattices and let I be a set of indices. Let F : (LI, <1)
— (S, =) be a function and *,* be t-norms on L and S respectively. Each of the following statements implies
its successor:

(i)  F directly x-aggregates L-x-probabilistic quasi-uniformities on products;

(i) F directly x-aggregates L-x-probabilistic quasi-uniformities on sets;

(iii) F(Ty1) = Tg; for each a € @;c;L, 1 F(a) C F(T a) and F(T a) is filtered; F is upper

I s-supmultiplicative on @;c; L;

(iv) if U= {(X,U;*) : i € I} isa family of L-probabilistic quasi-uniform spaces then Ku% is a filter on
(LX*X, <1) satisfying property (PQU1).

*

Moreover, if we replace in (iii) the condition “F(7 a) is filtered for every a € @;c; L” by the stronger
condition “F is isotone”, that is, if we consider the statement:

(iii) F(T 1) = Tg; foreach a € @1 L, T F(a) C F(1 a); F is isotone and upper +!, x-supmultiplicative
on Dier L,

then (iii) implies (ii).

In view of Theorem 2 and Proposition 7, we notice that in general, the function F which
*-aggregates bases of L-x-probabilistic quasi-uniformities could not x-aggregates L-+-probabilistic
quasi-uniformities. For example, we can consider the function F : [0, 1] — [0, 1] given by:

1 .
sx  ifx #£1,
I
1 ifx=1.

It is straightforward to show that F satisfies all conditions of Theorem 2 (v) with respect to the
product t-norm. However 1 F(0) = [0,1] Z F(1 0) = [0, [U{1} so F does not verify the necessary
conditions given in Proposition 7 (iii) for --aggregate [0, 1]---probabilistic quasi-uniformities.

Nevertheless, if F x-aggregates bases of L-*-probabilistic quasi-uniformities and F preserves upper
sets, that is, T F(a) C F(fa) for all a € L! (see Proposition 3), then F x-aggregates L-*-probabilistic
quasi-uniformities on sets by Theorem 2 and (iii) = (ii) of Proposition 7. Notice that every Boolean
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function F : {0,1}' — {0,1} verifying that F(1) = 1 preserves upper sets so, in particular, we have

the following.

Corollary 4. Let F : {0,1}] — {0,1} be a Boolean function. If F A\-aggregates bases of {0, 1}-A-probabilistic
quasi-uniformities on sets then F N-aggregates {0, 1}-A\-probabilistic quasi-uniformities on sets.

Proof. By Corollary 3 we know that F(1) = 1, F is isotone and A, Al-supmultiplicative. Moreover,
given a € {0,1}! we have that:

{1} ifF(a)
(0,1} if F(a)

1
1 F(a) = .
(a) 0
Since F(1) = 1 and 1 €7 a, it is clear that T F(a) C F(1 a). The conclusion follows from
(iif) = (ii) of Proposition 7. [

Example 10. In [29] (see also [31]) Lowen introduced the so-called Lowen uniformities which are a particular
case of probabilistic uniformities [30]. Moreover, he established adjoint functors between the categories of Lowen
uniformities and classical uniformities. These functors can also be established in the more general categories of
probabilistic quasi-uniformities and crisp quasi-uniformities [39]. In particular, if (X, U, %) is a probabilistic
quasi-uniform space then:

(W) = {ut((a,1]):ueu, ac0,1)}

is a quasi-uniformity on X. We next show that we can apply our theory in order to obtain this result.
For every o € [0,1], let Fy : [0,1] — {0,1} given by:

Fa(x)—{l ifao <x<1

0 f0<x<uw

for all x € [0,1]. Then it is obvious that F, is isotone and: A, A-supmultiplicative (in fact it is minitive).

Moreover, for each « € [0,1], Fx(1) = 1 and F,(1a) =1 Fx(a) for all a € [0,1]. Therefore, by Proposition 8,
2

if b= {(X, U, %)} is a family with only one probabilistic quasi-uniform space then (AUE, N) = (Aug ,N\) is

a {0, 1}-probabilistic quasi-uniformity on X for all a € [0,1[. Notice that AU is formed by all the {0,1}-fuzzy

sets Fy ouon X x X whereu € U, and

1 dfa<u(xy) <1,
(Fyo U)(x/y) - {O if0 < u(x,y) <ua,

forall x,y € X. For simplicity, let us write Ur, instead of AU}, and consider the family & = {(X, U, A) :
a € [0,1[} of probabilistic {0, 1}-quasi-uniform spaces.

On the other hand, consider the function G : {0,1}%1 — {0,1} given by G(x) = infoc (o1 xe for all
x € {0,1}01, Then G is also isotone, minitive, G(1) = 1 and G(T a) =1 G(a) for all a € {0,1}01],
By Proposition 8, G directly N-aggregates {0, 1}-A-probabilistic quasi-uniformities on sets. Then, (ﬁug, N)
is a {0, 1}-probabilistic quasi-uniformity on X having as base {G o Au : u € Dye(oq U, }- Given u €
Ducfo Uk, we can find a finite subset | C [0, 1] such that uy = xxxx if and only if o & J. Then

(GoAu)(x,y) = G((ua(x,¥))aeppa) = G(((Fa 0 ua) (X, ¥))uepo))

= aéf[})fl[(Fa oug)(x,y) = 0125(1:& oug)(x,y)

_ {1 ifa <uy(x,y) <lforalla €]

0 otherwise.
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Consequently, (G o Au)(x,y) = 1if and only if (x,y) € Nyejuy ' ((a,1]). Then it is obvious that the
£
quasi-uniformity U 28 associated with the {0, 1}-probabilistic quasi-uniformity Kug is the quasi-uniformity 1(W).
ruG

4. Conclusions

L-probabilistic quasi-uniformities are important structures in the fuzzy context as they play a
similar role to quasi-uniformities in classical general topology. Therefore, it is important to know
how we can define operations on L-probabilistic quasi-uniform spaces as sums or cartesian products,
a theme which has not been previously considered in the literature. Even for crisp quasi-uniformities,
the classical theory only deals with the usual product quasi-uniformity but other construction methods
cannot be found. We investigated this topic and our results provided a general method to construct
L-probabilistic quasi-uniformities in the cartesian product or in the direct sum of an arbitrary family
of L-probabilistic quasi-uniform spaces. Moreover, as L is arbitrary, it could also deduce results
for crisp quasi-uniformities when L = {0,1}, including the classical construction of the product
quasi-uniformity. Furthermore we encompassed in our general theory a classical construction due to
Lowen of a crisp quasi-uniformity starting from a probabilistic quasi-uniformity.

Nevertheless, more research can be developed in order to work with L-probabilistic
quasi-uniformities rather than bases since, in this case, we have only obtained some necessary
or sufficient conditions. However, notice that this is not an issue since every L-probabilistic
quasi-uniformity admits a base (itself).
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