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Abstract: Aggregation is a mathematical process consisting in the fusion of a set of values into a
unique one and representing them in some sense. Aggregation functions have demonstrated to
be very important in many problems related to the fusion of information. This has resulted in the
extended use of these functions not only to combine a family of numbers but also a family of certain
mathematical structures such as metrics or norms, in the classical context, or indistinguishability
operators or fuzzy metrics in the fuzzy context. In this paper, we study and characterize the functions
through which we can obtain a single weak fuzzy (quasi-)norm from an arbitrary family of weak
fuzzy (quasi-)norms in two different senses: when each weak fuzzy (quasi-)norm is defined on a
possibly different vector space or when all of them are defined on the same vector space. We will
show that, contrary to the crisp case, weak fuzzy (quasi-)norm aggregation functions are equivalent
to fuzzy (quasi-)metric aggregation functions.
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1. Introduction

In mathematics, an aggregation procedure amounts to a method for merging a family
of structures of the same type into the only structure of this type. For example, the union
or the intersection of subsets of a nonempty set X gave rise to another subset of X by
aggregating the family of sets. On the other hand, given a finite family {d; : i =1,...,n}
of metrics on X, then max{dy, ...,d,} is also a metric on X that is obtained by merging the
original family of metrics. This metric can be constructed by means of the composition of
the following functions:

e d:XxX—[0,+00)" givenby d(x,y) = (d1(x,y),...,du(x,y));
e f:[0,400)" — [0,+00) given by f(x1,...,x,) = max{xy,...,x,}.

In the literature, we can find other schemes of merging mathematical structures. If
{(Xn,dn) : n € N} is a countable collection of metric spaces then d(x,y) = Y_,” 4 %
is a metric on [ ],y Xi, which is compatible with product topology. In this case, the new
metric on [, ey X can be obtained with the composition of the following functions:

* @< Tluen X  Tlacts X — [0, +00)" given by d(x,y) = (du(xn,,))ucry
e f:[0,4+00)N — [0, 4+00) defined as f(x) = ¥, %ﬁf”l}

In a similar manner, the sup norm || - ||« on R” can be viewed as the aggregation of the
absolute value norm on R. This means that this norm is the composition of the following
functions:

e abs:R" - [0,+0c0)" givenby abs(xy,...,x,) = (|x1],..., |xa|);
e f:]0,4+00)" — [0,+00) given by given by f(xy,...,x,) = max{xy,..., X }.

In all the above cases, a function f is involved in the aggregation process, so it is
natural to study which functions allow making these kinds of aggregations. This research
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has already been carried out for some mathematical structures. Concretely, Borsik and
Dobos [1,2] have analyzed when, given a function f : [0, +00)! — [0, +-c0) and an arbitrary
family {(X;,d;) : i € I} of metric spaces, the function f o d: (Lier Xi) x (TLieg Xi) —
[0, +-00) given by f od(x,y) = f((di(x,y;))ic1) is a metric on the cartesian product [ [;; X;.
The corresponding study for quasi-metric spaces was made by Mayor and Valero [3].
Related results appear in the papers [4-6], where the authors characterize functions f :
[0, Hoo)k — [0, +00) that allow combining a finite collection of pseudometrics (with respect
to metrics and quasi-metrics) {d; : i = 1,...,k} defined over the same set X into a single
one pseudometric (with respect to metric and quasi-metric) on X given by f o d(x,y) =
fldi(x,y),...,dg(x,y)) forall x,y € X.

In addition to functions that merge metrics, some researchers have characterized
functions that aggregate other mathematical structures, such as norms. Thus, Herburt
and Moszyriska [7] studied the functions f : [0, +00)?> — [0, +00) which produces the
function || - [|f : V1 x V2 — [0, +o0) given by [|(v1,02)[|f = f(||v1]1, |v2]|2) be a norm on
V1 x Vo, where (V4, || - |l1), (Va, || - ||2) are two normed vector spaces. A similar study for
asymmetric norms was developed by Martin, Mayor and Valero [8]. Recently, Pedraza
and Rodriguez-Loépez [9] have addressed the problem of the aggregation of norms on the
same set.

Until now, we have only mentioned crisp mathematical structures. Nevertheless,
several authors have considered the aggregation of fuzzy structures. Saminger, Mesiar and
Bodenhofer [10] characterized the aggregation functions that preserve *-transitive fuzzy
binary relations, where * is a t-norm. Later on, a related problem about the preservation
of *-transitivity of fuzzy binary relations was studied by Drewniak and Dudziak [11]
(see also [12,13]). Moreover, Mayor and Recasens [14] obtained a characterization of the
functions through which we can fuse indistinguishability operators, which are a special
kind of *-transitive fuzzy binary relations (see also [15,16]).

Recently, Valero, Pedraza and Rodriguez-Lopez [17] have studied the functions that
permit the generation of a unique fuzzy (quasi-)metric from a collection of fuzzy (quasi-
)metrics. They proved that, compared to the classical case, the functions aggregating fuzzy
metrics are exactly the same than compared to the functions that aggregate fuzzy quasi-
metrics. They also proved some results about the aggregation of other fuzzy structures
such as fuzzy preorders and indistinguishability operators.

In this article, we continue the study of functions that aggregate a particular fuzzy
structure: weak fuzzy (quasi-)norms [18]. This fuzzy structure is a generalization of the
concept of fuzzy norm considered by Golet [19], and it is useful when studying duality
in the fuzzy context [18]. Here, we characterize the functions that can afford to obtain
a weak fuzzy (quasi-)norm starting from an arbitrary family of fuzzy quasi-norms. We
consider two types of aggregation: on sets and on products (see Definition 4). We are able
to characterize these functions with two methods: on the one hand, using the properties
of x-supmultiplicativity (see Definition 7) and isotonicity; on the other hand, using the
property of conservation of asymmetric *-triangular triplets (see Definition 5). These results
can be considered, in some sense, similar to those obtained in the crisp case. Surprisingly,
and in contrast with the crisp case, functions that aggregate weak fuzzy (quasi-)norm are
the same as the functions that aggregate fuzzy (quasi-)metrics (see Corollaries 1 and 2).

2. Aggregation of Metrics and Norms

In this section, we compile some results about the aggregation of metrics and norms
that constitute a necessary antecedent of our study. We first establish some notations.

We will denote by I an arbitrary index set. The elements of the Cartesian product
[0, —i—oo)l will be written down in bold letters a. Moreover, and for the sake of simplicity,
given a € [0, +o0)!, its ith coordinate a(i) will be denoted by a; for any i € I.

We notice that we can endow the set [0, —i—oo)l with a partial order < definedasa < b
if a; < b; for all i € I. Furthermore, 0 represents the element of [0, +c0)! such that 0; = 0
foralli e I.
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As we have sketched, in the Introduction, that classical constructions of metrics in a
Cartesian product are obtained by composing an appropriate function with a Cartesian
product of metrics. The study of these functions, called metric preserving functions, has been
mainly developed by Borsik and Dobos [1,2]. The corresponding study for quasi-metrics
was made by Mayor and Valero [3], who characterized the so-called quasi-metric aggregation
functions. In both cases, the underlying idea is to construct a (quasi-)metric in the Cartesian
product of a family of (quasi-)metric spaces.

Another related problem was addressed by Pradera and Trillas [6], who studied how
to merge a family of pseudometrics defined over the same set into a single one. This
question for metrics has been also considered recently by Mayor and Valero [4]. Therefore,
we have two different but related problems, which gave rise to two different families of
functions that we next define using the terminology of [9,17,20].

Definition 1 ([1,3,4]). A function f : [0, 4+00)! — [0, +00) is called the following:

e A (quasi-)metric aggregation function on products if given an arbitrary family of (quasi-
Jmetric spaces {(X;,d;) : i € I} then fo disa (quasi-)metric on [];c; X; where d:
(TTier Xi) x (TTicr Xi) — [0, +00)" is defined as

(d(x,y))i = di(xi,y;)

foralli € I, x,y € [Tier Xi;
e A (quasi-)metric aggregation function on sets if given a family of (quasi-)metrics {d; : i €
I} on an arbitrary nonempty set X, then f o d is a (quasi-)metric on X where d : X x X —
[0, +00) ! is defined as follows:
(d(x,y))i = di(x,y)

forallie I, x,y € X.

Recall that a triplet (a,b,c) € ([0,+0)!)3 is a triangular triplet if a; < b; + c;,
b; < a;+ciand ¢; < a;+b; for all i € I (see [2]). As we next observe, this con-
cept was introduced in [1] for characterizing metric aggregation functions on products.
Moreover, if (a,b,c) solely verifies that a; < b; + ¢; for all i € I, then it is called
an asymmetric triangular triplet ([3]). A function f : [0, +c)! — [0,+00) is said to pre-
serve (asymmetric) triangular triplets if given an asymmetric triangular triplet (a, b, c) €
([0, +00)1)3, then (f(a), f(b), f(c)) is an asymmetric triangular triplet.

Borsik and Dobos [1] characterized metric aggregation functions on products in the
following manner.

Theorem 1 ([1]). A function f : [0,+00)l — [0,+00) is a metric aggregation function on
products if and only if f~1(0) = {0} and f preserves triangular triplets.

On its part, Mayor and Valero [3] proved the next result which characterizes the
functions merging quasi-metrics on products.

Theorem 2 ([3]). Consider a function f : [0, +00)! — [0, +00). Then, the following statements
are equivalent:

(1)  f is a quasi-metric aggregation function on products;
(2)  f~1(0) = {0} and f preserves asymmetric triangular triplets;
(3)  f~1(0) = {0}, f is subadditive and isotone.

The two previous theorems bring to light that every quasi-metric aggregation func-
tion on products is a metric aggregation function on products. However, the reciprocal
implication does not hold in general [3] (Example 8).

On the other hand, if you consider (asymmetric) normed vector spaces rather than
(quasi-)metric spaces, the concepts of (asymmetric) norm aggregation function on products
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and (asymmetric) norm aggregation function on sets can be considered in a natural manner.
The former has been characterized in [7,8], while the latter has been studied in [9]. As the
main objective of this paper is to study this problem in the fuzzy context, we recall the
known results for crisp (asymmetric) norms. In the following, a function f : [0, +c0)! —
[0, +00) is said to be positive homogeneous if f(A - x) = Af(x) forall A > 0,x € [0, +00)’.

We first recall the following result showing that the family of asymmetric norm
aggregation functions on products is equal to the family of norm aggregation functions
on products.

Theorem 3 ([7-9]). Given a function f : [0,+00)! — [0, +00), the following statements are

equivalent:

(1)  f is an asymmetric norm aggregation function on products;

(2)  f is a norm aggregation function on products;

3) (RHL]- || ¢) is @ normed space where ||x||f = f((l|xi||)icr) and || - || is the Euclidean norm
forall x € (R?)!;

(4)  f~1(0) = 0, f is positive homogeneous, and it preserves asymmetric triangular triplets;

(5)  f71(0) =0, f is positive homogeneous, and it preserves triangular triplets;

(6)  f~1(0) = 0, f is positive homogeneous, subadditive and isotone.

From Theorems 1, 2 and 3, we have it that every (asymmetric) norm aggregation
function on products is also a (quasi-)metric aggregation function on products. However,
the reciprocal implication does not hold in general. We can provide an easy example.

Example 1. Let f : [0,+00) — [0, 400) be given by f(x) = min{x, 1}. It is straightforward to
check that f~1(0) = 0, and f is subadditive and isotone. Therefore, f is a (quasi-)metric aggregation

function on sets. However, f is not positive homogeneous since, for example, f (4 : %) =1#2=

4f (%) Hence, f is not an asymmetric norm aggregation function on products.

In the case of the aggregation on sets, norm aggregation functions and asymmetric
norm aggregation functions are different classes of functions.

Theorem 4 ([9]). Let f : [0, +00)! — [0, +00) be a function and let g be the restriction of f to
(0, +00)! U {0}. The following conditions are equivalent:

(1)  fisanorm aggregation function on sets;

(2)  For every family of norms {n; : i € I} on R?, (R?, f o n) is a normed space;

(3) g71(0) = 0, g is positive homogeneous, and it preserves asymmetric triangular triplets;

(4) ¢71(0) = 0, g is positive homogeneous, and it preserves triangular triplets;

(5) g7 1(0) = 0, g is positive homogeneous, subadditive and isotone.

Theorem 5 ([9]). Let f : [0, +00)! — [0, +00) bea function. The following statements are equivalent:

(1)  f is an asymmetric norm aggregation function on sets;

(2)  For every family of asymmetric norms {n; : i € I} on R?, (R, f on) is an asymmetric
normed space;

(3) f(0) =0;ifa,b € f1(0) then there exists j € I such that a; = b; = 0; f is positive
homogeneous, and it preserves asymmetric triangular triplets;

(4 f(0) = 0;ifa,b € f~1(0) then there exists j € I such that a; = bj = 0; f is positive
homogeneous, and it preserves triangular triplets;

(5) f(0) =0;ifa,b € f1(0) then there exists j € I such that a; = b; = 0; f is positive
homogeneous, subadditive and isotone.
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3. Weak Fuzzy (Quasi-)Norms

As the goal of the paper is to study in the fuzzy context those functions that aggregate
fuzzy norms in the spirit of the results of the previous section, in the following, we present
the basic definitions about fuzzy norms and some examples. First, we remind the reader of
the well-known notion of a triangular norm.

Definition 2 ([21]). We say that a binary operation *: [0,1] x [0,1] — [0,1] is a triangular
norm or a t-norm if, for every a,b,c,d € [0,1], it satisfies the following properties:

o ax(bxc)=(axb)xc;

o axb=bxa

U ax1l=a;

e  gaxb<cxdwhenevera <candb <d.

A t-norm * is said to be continuous if * is a continuous function.

Example 2 ([21]). Some of the most renowned examples of triangular norms are the following:

e  xAy:=min{x,y}; (minimum t-norm)

* Xxpy:=Xx-y; (product t-norm)
x ify=1,

* xxpy:=qy ifx=1, (drastic t-norm)

0 otherwise.

The origins of fuzzy normed spaces can be found in the concept of probabilistic
normed space and Serstnev space [22,23]. This notion was first adapted to the fuzzy
context by Katsaras [24]. Later on, Cheng and Mordeson [25] introduced a new definition
of a fuzzy norm, which induces a fuzzy metric in the sense of Kramosil and Michalek [26].
Bag and Samanta considered a more general concept of fuzzy norm [27] by removing the
left-continuity condition (see next definition). In this paper, we use the concept of fuzzy
norm as considered by Golet [19] as well as the terminology of [18,28] relative to (weak)
fuzzy (quasi-)norms.

Definition 3 ([18,19,28]). A weak fuzzy quasi-norm on a real vector space V is a pair (N, x)
such that * is a continuous t-norm and N is a fuzzy set on V x [0, +o0) such that, for any vectors
x,y € V and for any parameters t,s > 0, it satisfies the following conditions:
(FQN1) N(x,0) =0;
(FQN2) N(x,t) = N(—x,t) =1 forall t > 0 ifand only if x = Oy;
(FON3) N(Ax,t) = N(x, %) forall A > 0;
(FQN4) N(x,t)*N(y,s) < N(x+y,t+s);
(FON5) N(x,-):[0,00) — [0,1] is left-continuous.
If N also satisfies the following:
(FQN6) im0 N(x, ) =1
then (N, x) is called a fuzzy quasi-norm.
A (weak) fuzzy norm on a real vector space V is a (weak) fuzzy quasi-norm (N,*) on V
such that the following is the case.

(FON3) N(Ax,t) = N(x, ﬁ) forall A € R\{0}.

A (weak) fuzzy (quasi-)normed space is a triple (V, N, *) such that V is a real vector space
and (N, x) is a (weak) fuzzy (quasi-)norm on V.

Remark 1. Notice that the definition of fuzzy norm that we have considered is that of Golet. It
differs slightly from that defined in [25] by Cheng and Mordeson since they considered a real or
complex vector space V. They allow that the parameter t also takes negative values by considering
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that N(x,t) = 0 for every t < 0, and they only create the definition for the minimum t-norm. The
above definition is equal to that given in [18,28].

There are also other notions of a fuzzy norm that modify the previous conditions as the
elimination of (FQN5) [27].

Remark 2. The definition of a (weak) fuzzy (quasi-)normed space (V, N, x) given above requires
the continuity of the triangular norm . This property is used for ensuring that (N, *) endows
the vector space V with a classical topology T (see [18,28]) having as its base, { BNy (x,1,t) : x €
V,r €]0,1[,t > 0}, where

Bn(x,1,t) ={y € V:N(y—x,t) >1—r}.

Despite this, since we do not need (N, *) generating a topology, as we can suppose that  is
an arbitrary t-norm rather than a continuous one.

Remark 3. If (V, N, *) is a (weak) fuzzy (quasi-)normed space then N(x, -) : [0, +00) — [0, +o0)
is an isotone function for every x € V. In fact, given x € V, if t < s then, by (FQN2) and (FQN4),
we have that N(v,t) = N(v,t) *1 = N(v,t) * N(Oy,s —t) < N(v+0y,t+s—1t) = N(v,s).
We will use this fact throughout the paper.

Example 3 (cf. [28,29] [Example 1]). Let (V,q) be a quasi-normed space. Let k,m,n € R* be
fixed. Define N : V x [0, +00) — [0, 1] as the following.

{o ift =0
N(x,t) = k" .
kt" 4+ mq(x) ift>0

Then, (V, N, ) is a fuzzy quasi-normed space for every continuous t-norm *. If k = n =
m = 1 then (N, x) is called the standard fuzzy quasi-norm, and it will be denoted by (N, *).

Example 4. Let a € [0,1] and consider N, : R x [0, 4+00) — [0, 1] defined as the following.

1 ift> |x|
Na(x,t) = qa if0<t<|x|.
0 ift=0

We can easily prove that (R, N,, x) is a fuzzy normed space for every continuous t-norm .

The reason for having chosen the definition of weak fuzzy (quasi-)norm as considered
in 3 instead of other definition of fuzzy norm is that every weak fuzzy (quasi-)norm (N, %)
on a vector space V induces a fuzzy (quasi-)metric (My, *) on V (in the sense of the
paper [26]) given as My (x,y,t) = N(y — x,t) forall x,y € V and all t > 0 (see [18]). Since
(quasi-)metric aggregation functions have been already characterized in [17] and we plan
to characterize here the functions that aggregate fuzzy (quasi-)normes, it is natural to select
a concept of fuzzy (quasi-)norm that allows constructing a fuzzy (quasi-)metric.

4. Aggregation of Weak Fuzzy (Quasi-)Norms

In Section 2 we have summarized the known results about the aggregation of (quasi-)metrics
and asymmetric norms on products and on sets. On the other hand, in [17], the functions
that aggregate fuzzy (quasi-)metrics on products and on sets were completely characterized.
Nevertheless, to the best of our knowledge, the problem for fuzzy (quasi-)norms has not
been already solved. The goal of this section is fill in this gap. We first set the definitions of
the functions that we intend to characterize.

Definition 4. A function F : [0,1]1 — [0, 1] is said to be the following:
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e A weak fuzzy (quasi-)norm aggregation function on products if given a t-norm * and
a collection of weak fuzzy (quasi-)normed spaces{(V;, Nj, +) : i € I} then (Fo N, *) isa
weak fuzzy (quasi-)norm on [T;c; Vi where N : TT;e; Vi x [0, +00) — [0,1]! is given by the
following: N

(N(x,t)); = Ni(xi,t)
forevery x € [y Viand t > 0.
If the previous condition is only verified for a t-norm =, then F is called an x-weak fuzzy
(quasi-)norm aggQregation function on products.

¢ A weak fuzzy (quasi-)norm aggregation function on sets if given a t-norm * and a
collection of weak fuzzy (quasi-)norms {(N;, %) : i € I} defined on a real vector space V then
(F o N, x) is a weak fuzzy (quasi-)norm on V where N : V x [0, +00) — [0,1]! is given by
the following:
(N(xlt))i = Ni(xr t)

foreveryx € Vandt > 0.
If the previous condition is only verified for a t-norm x, then F is called a »-weak fuzzy
(quasi-)norm aggregation function on sets.

Remark 4. It can be easily proved that a weak fuzzy (quasi-)norm aggregation function on products
F: 0,11 — [0,1] is also a weak fuzzy (quasi-)norm aggregation function on sets. Trivially, if the
cardinality of I is one, then the two notions are equivalent. However, if the cardinality of I is greater
than one, the two concepts are different in general as we next illustrate with an example.

Example 5. Consider I an index set and j € 1 is fixed. Denote by P; the jth projection. It is obvious
that P; is a weak fuzzy (quasi-)norm aggregation function on sets since if {(Nj, *) : i € I} isa
collection of weak fuzzy (quasi-)norms on a vector space V, then (Pjo N,*) = (Nj, x).
Nevertheless, if {(Vi, N, «) : i € I} is a collection of nontrivial weak fuzzy (quasi-)normed
spaces, consider x € [];c; V; such that x; = Oy, and x; # Oy, whenever i # j. Then Fo N(x) =0,

but x # Oy, v, s0 (Fo N, %) is not a weak fuzzy quasi-norm on [T;c; Vi.

In the following, we will introduce several valuable concepts used in [17] for proving
a characterization of fuzzy (quasi-)metric aggregation functions which will be also useful
in our work. Actually, it will be shown that weak fuzzy (quasi-)norm aggregation functions
are exactly the fuzzy (quasi-)metric aggregation functions. Notice that this is not true in
the crisp context where norm aggregation functions are metric aggregation functions, but
the reciprocal implication does not hold in general [2,3,8,9].

We begin by recalling the notion of (asymmetric) *-triangular triplet [14,17] in which
we will use the operation *! on [0, 1]/ defined as (a *! b); = a; * b; for every i € I and every
a,bc0,1].

Definition 5 ([14,17]). Consider an index set I and a t-norm *. A triplet (a,b,c) € (0,1]1)3 is
said to be the following:

e x-triangular if
a*lbjc, ax'c=b and b*lcja,

in other words,
ai+xb; <vc¢j, ajxc; <b; and b;*c; < aj, foreveryi e I.

e Asymmetric *-triangularifa +/ b < c.

If (a, b, c) is an asymmetric x-triangular triplet for every t-norm x, then (a, b, c) is called
a(n) (asymmetric) triangular triplet.
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Example 6. Consider a weak fuzzy (quasi-)normed space (V, N, x). Then (N (x,t), N(y,s), N(x +
y,t +s)) is an asymmetric x-triangular triplet for every vector x,y,z € V and every t,s > 0.

Definition 6 ([17]). Consider an index set I and a t-norm *. A function F : [0,1]1 — [0,1]
is said to preserve x-triangular (asymmetric x-triangular) triplets if for every x-triangular
(asymmetric x-triangular) triplet (a,b,c) € ([0,1]1)3 then (F(a), F(b), F(c)) is a *-triangular
(an asymmetric *-triangular) triplet.

If F preserves x-triangular (asymmetric x-triangular) triplets for every t-norm x, then F is
said to preserve triangular (asymmetric triangular) triplets.

We next provide a concept that is a particular case of the concept of domination
as considered in [10]. Domination has been demonstrated to be useful in the study of
the preservation by means of aggregation functions of some properties of certain fuzzy
structures [10,17,30]. It has also been used for constructing other fuzzy structures such as
m-polar *-orderings [31].

Definition 7 ([10,17]). Given a triangular norm *, a function F : [0,1]' — [0,1] is
x-supmultiplicative if the following is the case.

F(a)+«F(b) < F(ax'b), forevery a,b € [0,1]".
We will say that F is supmultiplicative if F is x-supmultiplicative for every t-norm *.

x-supmultiplicative functions and functions preserving (asymmetric) *-triangular
triplets can appear to be unrelated concepts. However, both have been used for character-
izing, in different senses, the functions preserving the property of *-transitivity of fuzzy
binary relations [10,14]. Its relationship has been disclosed in [17] in the following way.

Proposition 1 ([17] (Proposition 3.30)). Let F : [0,1]! — [0, 1] be a function and * be a t-norm.
Each of the following statements implies its successor:

(1)  F preserves asymmetric x-triangular triplets;

(2)  F preserves -triangular triplets;

(3)  Fis -supmultiplicative.

If F is isotone then all the above statements are equivalent.
We still need to recall two concepts that will be needed in our characterization.

Definition 8 ([32,33]). A function F : [0,1]' — [0,1] is called sequentially left-continuous if
F is sequentially continuous when [0,1]! is endowed with the product topology of the upper limit

topology, and [0, 1] carries the usual topology. Recall that the upper limit topology on [0, 1] has as
base {(a,b] : a,b € [0,1],a < b}.

Remark 5. Notice that if F is isotone then, for proving that F is sequentially left-continuous, it
is enough to consider nondecreasing sequences on [0,1]. In fact, let {t,},cn be a sequence in
[0,1]! converging to t with respect to the product topology of the upper limit topology. For all
n € N, define s, € [0,1)! as (su); = infy>, (#); for all i € 1. It is obvious that {s,} ey is a
nondecreasing sequence and s, = t, for all n € N. Moreover, \/ ,cn tn = V,en Sn = t. Suppose
that {F(sy) }nen converges to F(t) = F(V,en tn), that is, \/,en F(sn) = F(Vpen tn). Then,
the following is the case:

F(vtn): \/P(Sn)ﬁ \/F(tn)SF(\/tn)

neN neN neN neN

since F is isotone. Therefore, \/ ,en F(tn) = F(V pen tn) = E().
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Recall (see Section 2) that the characterizations of an asymmetric norm aggregation
function or a (quasi-)metric aggregation function f require the imposition of some condi-
tions on the set f~1(0). These conditions will be substituted by certain properties of the
core in the fuzzy framework.

Definition 9 ([17]). Given a function F : [0,1]! — [0,1], its core is the set F~1(1).

We say the following:

e Fhasatrivial core if F~1(1) = {1};

*  The core of F is countably included in a unitary face if given {a, : n € N} C F~1(1)
there exists i € I such that (a,); = 1 foralln € N.

The following result characterizes the weak fuzzy (quasi-)norm aggregation functions
on products (compare with [17] (Theorem 4.15)).

Theorem 6. Let F : [0,1]" — [0,1] be a function and  be a t-norm. The following statements
are equivalent:

(1)  Fis a (x-)weak fuzzy quasi-norm aggregation function on products;

(2)  Fisa (x-)weak fuzzy norm aggregation function on products;

(3) F(0) =0, F is isotone, (x-)supmultiplicative, sequentially left-continuous and F has trivial
core;

(4) F(0) = 0, F is sequentially left-continuous with trivial core, and F preserves asymmetric
(x-)triangular triplets.

Proof. (1) = (2) This implication can be easily observed. (2) = (3) We begin showing that
F(0) =0.Let (V,N, %) be a weak fuzzy normed space and x € V. Let {(V;,N;, %) :i € I}
be the family of weak fuzzy normed spaces such that (V;, N;, ) = (V,N, ) for alli € I.
By assumption, (F o N, %) is a weak fuzzy norm on V! so 0 = F o N(x,0) = F(0) where
x; =xforalli €I

Let us check that F has a trivial core. We first notice that if ¢ > 0 then F(1) =
F((N(Oy, D)ic1) = Fo N(0ys,1) = 1by (FQN2).

In order to obtain a contradiction, suppose that there exists a € [0, 1]! verifying that
F(a) =1buta # 1.Let ] = {i € I : a; # 1}, which is nonempty. Consider the family of
weak fuzzy normed spaces {(R, N, *) : i € I} where the following is the case.

e Ifi € ], then (Nj, %) = (Ng, *) is the fuzzy norm of Example 4;
e Ifi ¢ ], then (Nj, %) = (N, ) is an arbitrary fixed weak fuzzy norm on R.

By assumption, (F o N, %) is a weak fuzzy norm on R!. Let x € R! such that x; = 1 if
i € J and x; = 0 otherwise. Then, given t > 0, we have the following:

F(1) =
F(a) =

ift>1

FoN(x,t) = F((Ni(x;,1))ic1) = { fo<t<1.

which contradicts (FQNZ2). Hence, F has trivial core.

We next show the isotonicity of F. Consider two elements a,b belonging to [0, 1]’
verifying a =< b. Let us consider the real vector space R and, for every index i € I, we
define N; : R x [0, +c0) — [0, 1] as follows.

0 if0<t<|x|,

a; if x| <t <2x],
b, if2]x| <t <3|x|,
1 ift> 3|
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It is simple to show that (R, N;, ) is a weak fuzzy normed space for every i € I.
Furthermore, N;(1,2) = a; and N;(1,3) = b; for every i € I. Since (F o N, ) is a weak
fuzzy norm on R, then F o N (1, -) is increasing. Consequently, we have the following.

FoN(1,2) < FoN(1,3)
F((N;(1,2))ier) < F((N;i(1,3))icr)
F((ai)ier) < F((b)ier)

F(a) < F(b)

Thus, F is isotone.

Now, we show the *-supmultiplicativity of F. Let a,b € [0,1]!. Define L; = {(x,y) €
R?:x #0,y =0}, L = {(x,y) €ER>:x =0,y # 0} and L3 = R?\(L; ULy U {(0,0)}).
For each i € I, define a function N; : R? x [0, +00) — [0,1] as follows:

0 if 0 <t <|x|,
a; ifxeLyand > ||x|,
Ni(x,t) = ¢ b; ifxeLyand t > ||x|,
a;xb; ifxeLzandt > |x|,
1 ifx=0andt >0,
where || - || is the Euclidean norm. Then (Nj, *) is a weak fuzzy norm on R? for all i € I.

We only verify that (N;, x) satisfies (FQN4). Let x,y € R2and t,s > 0. If x + y =0,
the inequality is trivially true. If x = 0 or y = 0, we also obtain the inequality since
Nj(z,+) is isotone for every z € RZ2. Thus, let us suppose that x +y # 0, x # 0 and
y #0.Letj € {1,2,3} suchthatx+y € L;. If x € Lj or y € L;, then it is clear that
Nj(x,t) * Ni(y,s) < Nij(x+y,t+s).Ifx ¢ Ljand y ¢ L;, we distinguish the following
three cases:

e Ifj=3,thenx € L;andy € L, or viceversa. If t < ||x|| ors < ||y||, then N;(x,t) =0
or Nij(y,s) = 0. so the inequality holds. Otherwise t > ||x|| and s > ||y||, which
implies that t +s > |[|x|| + [|y| > [x + y|. Hence, N;(x,t) * Ni(y,s) = a; *b; <
Ni(x+y,t+s) =a;xb;

e If j = 2, then at least one of x, y belongs to L3. Without loss of generality, we can
suppose that x € L3. As above, if t < ||x|| ors < ||y||, then Nj(x,t) = 0 or N;(y,s) =
0, so the inequality holds. Otherwise t > ||x|| and s > ||y||, which implies that
t+s > |lx|| + [ly[ = [lx +yll. Hence, Ni(x,t) + Ni(y,s) = a; * b; * Ni(y,s) < b; =
Ni(x+y,t+s).

e Ifj =1, wecanreason as in the previous case.

Since (F o N, %) is a weak fuzzy norm on (R?)!, it verifies (FQN4). By defining

(1,0),(0,1),(1,1) € (R?)! such that (1,0); = (1,0), (0,1); = (0,1) and (1,1); = (1,1) for

all i € I, we have the following.

o N((l, 1),4)
((a;*bi)ier)

FoN((1,0),2) * Fo N((0,1),2) <
F((ai)ier) * F((bi)ier) <

Thus, F is *-supmultiplicative.

Finally, we demonstrate that the function F is sequentially left-continuous. By Remark 5,
let {s; },en be a nondecreasing sequence in [0, 1] having as limit s € [0,1] in the product
topology of the lower limit topology.

F
F
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For each i € I, define N; : R x [0, +00) — [0, 1] as the following.

0 if0<t< B
. ] )
Ni(x, t) = (sn)i if |x|(1_ n+1) <t< |x|<1_m),n eN
s 0<|x[ <t
1 ifx=0,t>0.

Then, (R, Nj, %) is a weak fuzzy normed space for all i € I. We only check (FQN4).
Let x,y € Rand t,s > 0.If N;(x,t) = 0 or N;(y,s) = 0, then the conclusion is obvious,
so we suppose that N;(x, t) # 0 and N;(y,s) # 0. We may also assume that x # 0,y # 0
and x +y # 0 (otherwise, the conclusion follows trivially). If |x| < t and |y| < s then
lx+y| <|x|+|y| <t+s,s0Ni(x+y,t+s) =s; > Ni(x,t) * Ni(y,s) =s; xs;.

Now suppose that |x| > t and |y| < s. Since N;j(x,t) # 0 and x # 0, we also have it
that 0 < % < t. Then, there exists ny € N such that the following is the case.

1 1
- < — .
|x] (1 x 1> <t <|x| (1 - >

Therefore, the following obtains.

1 1 1
t+s>|x|<1—nx+1>+|]/’>|x|<1_nx+1)+|y|(l_nx+1>
1 1
= - 4 > - ’
(1) (1= 57 ) 2 b (1= 5 )

From this and since {(sy); } nen is nondecreasing, N;(x +y,t+5s) > (sp, )i = Nj(x,t) >
N;(x,t) = Nj(y,s).

If |x| < tand |y| > s, we can reason as above.

Finally, let us suppose that [x| > t and |y| > s. Then, we can find ny, n, € N such that
the following is the case.

1 1 1 1
PR < N — P — < — .
|x|<1 nx+1)<t|x|<1 nx+2)and|y|<1 ny+1)<s|y|(1 )

ny+2

Then, we have the following.

1 x| lyl
1-— V< _ _
|x+y|( (nx/\ny)+1)_|x|+|y| (e Any)+1  (nyAny)+1

|x| v
§|X|+|y|*m*#<t+s.

Hence, the following is the case.

Ni(x +y,t+8) > (Sucany)i > (Sn,)i * (sn,)i = Ni(x,t) * Ni(y,s).

Consequently, (Nj, x) satisfies (FQN4).
Consider the collection of fuzzy normed spaces {(R, N;, ) : i € I}. By assumption,
(Fo N, ) is a weak fuzzy norm on R!. Then F o N(1, -) is left-continuous so {F o N(1,1 —

%ﬂ) }nen converges to F o N(1,1). We observe that the following is the case:

FON(Ll—niz)—F<<M<L1—niz>ld)—FK@wma)—F@ﬂ
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for every n € Nand

FoN(1,1) = F(Ni(1,1))ier) = F((s)ier) = F(s).

Thus, F is sequentially left-continuous.

(3) = (4) We are required to demonstrate that F preserves asymmetric (*-)triangular
triplets. This was proved in [17] (Proposition 3.30), but we will reproduce it here. Let
(a,b,c) € ([0,1]1) such that a *' b < ¢. Since F is *-supmultiplicative and isotone, then
the following is the case.

F(a) x F(b) < F(a*'b) < F(c).

Hence, (F(a), F(b),F(c)) is an asymmetric *-triangular triplet.

(4) = (1) Let {(V;, N;, ) : i € I} be a collection of weak fuzzy quasi-normed spaces.
We need to prove that (F o N, ) is a weak fuzzy quasi-norm on [ ;c; V;

Given x € [[;c; Vi, then F o N(x,0) = F((Nj(x;,0))ic;) = F(0) = 0; thus, (FQN1)
holds.

Now, suppose that F o N(x,t) = Fo N(—x,t) = 1forall t > 0. F has trivial core this
is equivalent to N(x,t) = N(—x,t) = 1 for allt > 0, that is, Nj(x;,t) = Nj(—x;,t) =1
foralli € I and all t > 0. Since (Nj, %) is a weak fuzzy quasi-norm for all i € I, then
x = (Ov,)ier = Oy, v; thus, (FQN2) is true.

Obviously, F o N verifies (FQNB3) since given A, t > 0 and x € [];c; Vi, we the follow-

FoN(Ax,t) = F(N:(Axi, £))ics) = F((Nl- (xi, ;))id) ~Fo Kr<x, ;)

Now, we verify (FQN4). Let x,y € [[;c; V; and t,s > 0. Since (N;, %) is a weak fuzzy
quasi-norm foralli € I, itis clear that the triplet ((Nj(x;, t))ic1, (Ni(y;,s))icr, (Ni(xi +y,, t+
s))icr) is asymmetric *-triangular. By hypothesis, (F((N;(x;, t))ic1), F(Ni(y;,5))ic1),
F((Nij(x; +y,,t+5s))icr)) is an asymmetric *-triangular triplet, so the following is the case:

F((Ni(xi,t))ier) * F((Ni(y;,8))ier) < F((Ni(x; +y;,t +5))ier)

which means that F o N verifies (FQN4).

At last, we must prove (FQNS5), that is, F o N(x, -) is sequentially left-continuous
for every x € []ic; Vi. Let {tu},cn be a nondecreasing sequence on [0, 1] converging to
t. Tt is clear that {N(x, t,) } ,en is a nondecreasing sequence on [0, 1]! due to the fact that
Nij(x;, -) is isotone for every i € I. Furthermore, the sequence {N;(x;, t) } nen is convergent
to Nj(x;,t) for alli € I. Thus, {N(x,t,)},en converges to N(x, t). Since F is sequentially
left-continuous, the conclusion follows. [

ing.

Observe that, in the crisp context, the norm aggregation functions on products also
coincide with the asymmetric norm aggregation functions on products [8,9]. Nevertheless,
these functions are different from the (quasi-)metric aggregation functions on products [2,3].
Surprisingly, this does not occur in the fuzzy framework.

Corollary 1. Let F : [0,1]' — [0,1] be a function and * be a t-norm. Then F is a (x-)weak
fuzzy (quasi-)norm aggregation function on products if and only if F is a (x-)fuzzy (quasi-)metric

aggregation function on products.

Proof. This is a direct consequence of the previous theorem and [17] (Theorem 4.15) (notice
that, in that paper, sequentially left-continuity is called simply left-continuity). O

Example 7.
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e Let F:[0,1] — [0,1] be an isotone and left-continuous function such that F(0) = 0 and
F~1(1) = {1}. Then, F is a A-weak fuzzy (quasi-)norm aggregation function on products
since it is a A\-supmultiplicative function;

e Let F:[0,1)" — [0,1] be an isotone and left-continuous function such that F(0) = 0 and
F~Y(1) = {1}. Then, F is a *p-weak fuzzy (quasi-)norm aggregation function on products
where xp is the drastic t-norm since it is a *p-supmultiplicative function;

e Given a continuous t-norm x and n € N, the function F, : [0,1]" — [0,1] given by
Fi(ay,...,an) = ay % ... ay satisfies the conditions of Theorem 6. Therefore, F is a *-weak
fuzzy (quasi-)norm aggregation function on products.

o Consider an index set I. Then, the function Inf : [0, 1] — [0,1] given by Inf(x) = infic; x;
satisfies the conditions of Theorem 6. Therefore, it is a weak fuzzy (quasi-)norm aggregation
function on products.

The following theorem, which must be compared with [17] (Theorem 4.19), provides
a characterization of the functions that aggregate weak fuzzy (quasi-)norm aggregation
on sets.

Theorem 7. Let F : [0,1]' — [0,1] be a function and  be a t-norm. The following statements are
equivalent:

(1)  Fis a (x-)weak fuzzy quasi-norm aggregation function on sets;

(2)  Fisa (x-)weak fuzzy norm aggregation function on sets;

(3) F(0) = 0and F(1) = 1. The core of F is countably included in a unitary face, and F is
isotone, (x-)supmultiplicative and sequentially left-continuous ;

(4) F(0) = 0and F(1) = 1. The core of F is countably included in a unitary face, and F is
sequentially left-continuous, and F preserves asymmetric (x-)triangular triplets.

Proof. (1) = (2) This is trivial.

(2) = (3) We first prove that F(0) = 0. Let (V, N, %) be an arbitrary weak fuzzy
normed space, v € V and t > 0. Considering the collection of weak fuzzy normed spaces
{(V,Nj,*) :i € I} where N; = N for all i € I, we have that (F o N, *) is a weak fuzzy
normon Vso0 = FoN(v,0) = F((N(v,0));c;) = F(0).

On the other hand, F(1) = F((N(Oy,t));e;) = Fo N(Oy, t) = 1 by (FQN2).

For proving that F is *-supmultiplicative, we can proceed as in the proof of this fact in
the implication (2) = (3) of Theorem 6.

Now, we check that the core of F is countably included in a unitary face.

Suppose, contrary to our claim, that we can find a sequence {a, : n € N} C F71(1)
such that for any i € I there exists n; € N verifying (a,,); # 1. Let us consider the vector
space R and, for each i € I, we define N; : R x [0, +00) — [0, 1] as the following.

0 ift =0,
Ni(x, ) = 1 ifx=0,t>0,
(a1); ifx #£0,t> |x],
(a1)i*...* (@) ifx#0, 2 <r<H nen

Notice that (R, N;, %) is a weak fuzzy normed space for all i € I. Let us verify
this. It is obvious that (FQN1) is satisfied. On the other hand, let x € R such that
N;(x,t) = Nj(—x,t) = 1 for all t > 0. By assumption, we can find n; € N such that
(ay,) # 1. Hence, if x # 0 then Nj(x, &) = (ay)i ... 5 (ay,41); < (@1)i A A (@y11); <1,
which is a contradiction. Therefore x = 0.

Furthermore, let x € Rand A € R\{0}. If x = 0, it is clear that N;(A0,t) = 1 =
N; (O, ﬁ) If x # 0, the equality N;(Ax,t) = N; (x

[Ax]|
n+1

, ﬁ) follows from the equivalences of

<t< V:Tx‘ with £ > xand 2L < £ < & respectively,

the inequalities t > |Ax| and B il <SS w

so (FQN3’) is proved.
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We next check (FQN4). Let x,y € Rand t,5 > 0.If x +y = 0, it is obvious that
Ni(x,t) * Ni(y,s) < Nj(x +y,t+s) = 1. Moreover, if x +y # 0and x = 0 ory = 0, the
inequality is also clear since if, for example, y = 0 then N;(x,t) * N;(y,s) = N;(x,t) =
(a1)i*...% (ay41); forsome n € N. Since t < s+ t, the factors that appear in multiplication
by the t-norm x* in the value of N;(x, t + s) are less or equal than the factors in N;(x, t), so
N;(x,t) < Ni(x,t +s). Finally, suppose that x +y # 0and x # 0,y # 0. If t +5 > |x + y|,
the inequality is clear since Nj(x +y,t +s) = (a1);. Otherwise, t +s < |x +y| < |x| + |y|.
Then, t < |x| or s < |y|. We distinguish some of the following cases:

e < |x|ands > |y|. Then, there exists ny € N such that % <t< ‘%l Then, the
following is the case.

|x|
ny+1

x|+ Iyl o Jx+yl

t >
T ny+1 7 ny+1

+ lyl >

This means that the number of factors that appear in N;(x + y,t + s) is less than or
equal to 1y + 1, which is the number of factors that appear in N;(x, t). Consequently,
Ni(x, t) * Ni(y,s) < Ni(x, t) < Ni(x +y,t+ S).

e t> |x|and s < |y|. In this case, we can reason as above.

e t<|x|ands < |y|. Let ny, n, € N such that the following is the case.

1] <t§mand vl <SSM-
ny+1 Ny ny + 1 ny
Then, we have the following.
ies B Wl ] lxtyl

ny+1 ny+1 7 max{ngny} +1 = max{ny,n,} +1

This means that the number of factors that appear in N;(x + y,t + s) is less than or
equal to max{ny,n,} + 1. By reasoning as above, we obtain the desired inequality.

What remains is proving that N;(x, -) is left-continuous. If x = 0, it is obvious. Suppose
now that x # 0 and let t > 0. By construction, if {t, },c is a sequence in (0, +oc0) for which
its upper limit is f, we can find 1y € N such that N(x, t,) is constant for every n > ny; thus,
the conclusion follows. We conclude that (Nj, %) is a weak fuzzy norm on R foralli € I.

Notice that if t > 1, then N;(1,t) = (a1);. Thus, we have the following.

FoN(1,t) = F((N;(1,t))icr) = F(((a1)i)ie1) = F(a1) = 1.

If 0 < t <1, then we can find n € N such that N;(1,¢) = (a1); *...* (a,41); for all
i € I. Since F is *-supmultiplicative, then we have the following.

FoN(Lt) = F(Ni(L £))ier) = F(((@1)i % (s1))icr) = F(@1 5. ays1)
> F(ay)*...«F(ay) =1.

Therefore, F o N(1,t) = 1 for all t > 0, which contradicts the fact that (Fo N, *) is a
weak fuzzy norm. Consequently, the core of F is countably included in a unitary face.

The proofs that F is isotone and the proof that F is sequentially left-continuous are
similar to the same proofs in the implication (2)= (3) of Theorem 6.

(3) = (4) This is similar to the implication (3) = (4) of Theorem 6.

(4) = (1) Let {(V,N;, ) : i € I} be a collection of weak fuzzy quasi-normed spaces.
Let us check that (F o N, ) is a weak fuzzy quasi-norm on V.

Given x € V, then F o N(x,0) = F((N;(x,0));e;) = F(0) = 0; thus, (FQN1) holds.

Now, suppose that there exists x € V such that Fo N(x,t) = Fo N(—x,t) =1 forall
t > 0. Since (Nj(x,t), Ni(—x,t), Ni(x;, t) * N;(—x, t)) is an asymmetric *-triangular triplet
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foralli € I, by assumption (F((Ni(x, t))ier), F(Ni(=x,t))icr), F((Ni(x, £) * Ni(=x,1))ier))
is also an asymmetric #-triangular triplet. Thus, the following is the case.
1=1%1=F((Ni(x,t))ier) * F(Nj(=x,1))icr) < F((Nj(x,t) * Ni(=x, ) )ier)-

Hence, F((Nj(x,t) * Ni(—x,t));e;) = 1 for all t > 0. Let us define a, = (Nj(x, 1) «
Ni(—x,+))icr. Then, {a, : n € N} C F~1(1). Since the core of F is countably included in a
unitary face, then (an)j = 1forsomej € I and forall n € N, that is, Nj(x, %) * Nj(—x, %) =
1 for all n € N. Consequently, N;(x, Ly = Ni(—x, 1y =1 for all n € N. Moreover, since
Nj(x,-) and Nj(—x, -) are isotone, we immediately obtain that Nj(x,t) = N;(—x,t) = 1 for
all t > 0. Since (N;j, *) is a weak fuzzy quasi-metric on V, then x = Oy. Therefore, F o N
satisfies (FQN2).

It is clear that F o N verifies (FQNB3) since, given A,f > 0 and x € V, we have the
following.

FoN(Ax,t) = F(Ni(Ax, £))ic) = F((N,- (x, i))ig) ~Fo N(x, ;)

In order to prove (FQN4), let x,y € V and t,s > 0. Since (N, %) is a weak fuzzy quasi-
norm for all i € I, it is obvious that ((Nj(x, t))icr, (Ni(y,5))icr, (Ni(x +y,t+5))icr) is an
asymmetric *-triangular triplet. By hypothesis, (F((N;(x, t))icr), F((Ni(y,s))ier), F((Nj(x +
Y, t+5))icr)) is an asymmetric *-triangular triplet. Thus, the following is the case.

F((Ni(x,t))icr) * F((Ni(y,8))ier) < F((Ni(x +y,t +5))icr)

Thus, F o N verifies (FQN4).
To this end, (FQON5) follows in a similar manner as in the implication (4)= (1) of
Theorem 6. [

Corollary 2. Let F : [0,1]' — [0,1] be a function and x be a t-norm. Then, F is a (x-)weak fuzzy
(quasi-)norm aggregation function on sets if and only if F is a (x-)fuzzy (quasi-)metric aggregation
function on sets.

Proof. This is a direct consequence of the previous theorem and [17] (Theorem 4.19) (notice
that in that, in the paper, sequentially left-continuity is called simply left-continuity). O

We provide an example of a A-weak fuzzy (quasi-)norm aggregation function on sets
that are not a A-weak fuzzy (quasi-)norm aggregation function on products.

Example 8. Let I be a subset of [0, 1] having minimum greater than 0 with cardinality greater
than 1. Let F : [0,1]! — [0,1], given by the following:

F(x)=a-inf{i-x;:i€ I}
forall x € [0,1]!, where x = L.
It is obvious that F(1) = 1 and F(0) = 0. Moreover, F is clearly isotone. We prove that F is
A-supmultiplicative. Let x,y € [0,1]!. Then, we have the following:

Fx)NFy) < (a-i-x)A(a-iy;) =a-i-(xiA\y;)

foralli € 1. Hence, F(x) ANF(y) < a-inf{i- (x; Ay;) :i € I} = F(x Aly).

Furthermore, if F(a) = 1, then a1 = 1. Otherwise, min I - amin 1 < min I, which implies
thatinf{i-x; :i € I} <minl- apin; < minI. Thus, F(a) < 1 follows, which is a contradiction.
Consequently, the core of F is countably included in a unitary face. Thus, F is a N-weak fuzzy
(quasi-)norm aggQregation functions on sets.
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However, the core of F is not trivial. In fact, given j € I\{min I}, then F(b) = 1 where

b € [0,1]! is given by b; = 1 whenever i # j and b; = mi].“I
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