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Abstract

We define in an axiomatic way scalar and fuzzy cardinalities of finite multisets
over |0, 1], and we obtain explicit descriptions for them. We show that, for multisets
over |0, 1] associated to finite fuzzy sets, the cardinalities defined in this paper are
equivalent to the cardinalities of the corresponding fuzzy sets previously introduced
in the literature. Finally, we also define in an axiomatic way scalar and fuzzy
cardinalities of finite fuzzy multisets over any set X, and we use the descriptions
of the cardinalities of finite multisets over ]0, 1] to obtain explicit characterizations
of the former.

Keywords: Multisets, fuzzy multisets, fuzzy bags, generalized natural numbers,
cardinality

1 Introduction

A (crisp) multiset, or bag, over a set of types V is simply a mapping d : V' — N. The
usual interpretation of a multiset d : V' — N is that it describes a set consisting of d(v)
copies of each type v € V, or, more in general, that, if V' stands for a family of pairwise
disjoint crisp properties, this multiset describes a collection of objects containing, for
every property v, d(v) members with this property.

A first generalization of multisets under the latter interpretation would be to under-
stand the properties in V' as non-crisp, and more specifically as taking values in the
unit interval [0, 1], but still pairwise disjoint in the sense that if an object satisfies a
property v with a certain degree t > 0, it cannot satisfy any other property in V with
any degree t' > 0. Then, one would look for a mathematical object describing a set by
means of the specification, for every v € V and ¢ € [0, 1], of the number of elements
in the set satisfying v with degree ¢. This leads in a natural way to the notion of
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fuzzy multiset, or fuzzy bag, over a set V', whose members we shall still call types, as
a mapping F' : V x [0,1] — N; under the interpretation just discussed, such a fuzzy
multiset describes a set consisting of, for each v € V and t € [0,1], F(v,t) objects
satisfying property v with degree t. Of course, other semantics can be attached to the
mathematical notion of fuzzy multiset. For instance, in Yager’s original interpretation
[25], F : V x [0,1] — N describes a set containing, for each v € V and t € [0, 1], F(v,t)
copies of the type v that belong to the set with membership degree t.

A fuzzy multiset is finite when it takes non-zero values only on a finite subset of
V' x [0,1]; this would correspond, under the interpretations discussed above, to the
finiteness of the set described by the fuzzy multiset. As a matter of fact, as it will
be discussed in the next section, we shall actually define a finite fuzzy multiset as a
mapping F : Vx]0,1] — N —or, equivalently, as a mapping F : V — NI®I— that
takes a non-zero value on a finite subset of V' x [0, 1], but for the introductory purposes
of this section it is not necessary to modify the original definition.

As a generalization of the corresponding concept for crisp multisets and fuzzy sets,
cardinalities of fuzzy multisets aim at ‘measuring the size’ of a fuzzy multiset, and they
have found applications for instance in flexible querying of databases [12, 19]. Our
specific interest in measuring finite fuzzy multisets stems from their application in the
development of a fuzzy version of membrane computing that handles inexact, erroneous
copies of the objects used in computations. Without entering into any detail (the
interested reader can look up the textbook [17]), membrane systems manipulate finite
multisets, and the result of a computation is the cardinal of a finite multiset. Then,
fuzzy membrane systems should manipulate finite fuzzy multisets as defined above, and
then the result of a computation should be obtained by ‘counting’ a finite fuzzy multiset.
For instance, we have proposed a fuzzy approach to membrane computation with fuzzy
multisets where the output fuzzy multiset was measured in an ad hoc way [9].

The problem of ‘counting’ fuzzy sets has generated a lot of literature since Zadeh’s
first definition of a cardinality of fuzzy sets [26]. In particular, the scalar cardinalities
of fuzzy sets, which associate to each finite fuzzy set a positive real number, have
been studied from the axiomatic point of view [7, 8, 11, 24] with the aim of capturing
different ways of taking into account additive aspects of fuzzy sets like the cardinals
of supports, of levels, of cores, etc. In a similar way, the fuzzy cardinalities of fuzzy
sets [15, 18, 21, 22, 23], which associate to each finite fuzzy set a convex fuzzy natural
number, have also been studied from the axiomatic point of view [6, 10]. Mainly,
the axiomatic definition of cardinalities has included on the one hand the consistency
with the crisp case and on the other hand the additivity for the additive join of fuzzy
sets, as it is found also in the crisp case. The families of fuzzy cardinalities defined
axiomatically include Zadeh’s decreasing cardinality FGCount [26], also used by other
authors with alternative names [15], and the increasing cardinality FLCount, as well as
several modifications of the latter by means of suitable mappings [22].




As far as cardinalities of multisets go, an extension to fuzzy multisets of Zadeh’s
original definition of the scalar cardinality of fuzzy sets has already been introduced
[1, 3, 25]. Furthermore, an extension to multisets of the cardinality FGCount for fuzzy
sets has been used [4, 5, 19], as well as nonconvex cardinalities of fuzzy multisets [13, 14].

The aim of this paper is the axiomatic definition of scalar and fuzzy cardinalities of
fuzzy multisets and a meaningful description of the families of cardinalities obtained in
this way. In both cases, the additivity for the sum of multisets and the consistency with
the properties of cardinalities in the crisp case has been our main concern. In the scalar
case, the family of cardinalities we obtain includes the usual scalar cardinality used in
[1, 3, 24], whereas in the fuzzy case it includes the decreasing cardinality | | defined
in a nonaxiomatic way in [19]; we would like to point out that in [19] the cardinal of
the sum of two fuzzy multisets is defined through the extension principle, while in this
paper we prove the additivity property for this cardinality.

2 Preliminaries

Throughout this paper, the operations V and A on the unit interval [0, 1] stand re-
spectively for the usual mazimum and minimum operations. Consequently, for every
Y C[0,1], VY and AY denote the supremum and the infimum of Y, respectively.
Similarly, by the operations V and A on the set N of natural numbers we mean the
usual mazimum and minimum operations of natural numbers, respectively.

Given a mapping f : A — B between two partially ordered sets, we shall say that
f is increasing when ay < ag implies f(a1) < f(a2), and that it is decreasing when
ar < ap implies f(a1) > f(a2).

Let X be a crisp set. A (crisp) multiset over X is a mapping M : X — N, where N
stands for the set of natural numbers including the 0. A good survey of the mathematics
of multisets, including their axiomatic foundation, can be found in [2].

A multiset M over X is finite if its support

Supp(M) = {x € X|M(z) > 0}

is a finite subset of X. We shall denote the sets of all finite multisets and of all finite
multisets over a set X by MS(X) and FMS(X), respectively, and by L the null
multiset, defined by L(x) = 0 for every z € X.

A singleton is a multiset over a set X that sends some element z € X to 1 € N
and all other elements of X to 0 € N; we shall denote such a singleton by 1/x. More
generally, for every z € X and n € N, we shall denote by n/x the multiset on X that
sends z to n and all other elements of X to 0: in particular, 0/z = L for every x € X.

For every A, B € MS(X), their join AV B and meet A A\ B are, respectively, the
multisets over X defined pointwise by

(AV B)(z) = A(z) V B(z) and (AA B)(z) = A(x) AN B(z), =€ X.



The sum A + B of two multisets A, B over X is the multiset defined by
(A+ B)(x) = A(xz) + B(x), for every z € X.

It has been argued [20] that this sum +, also called additive union, is the right notion
of union of multisets. Under the interpretation of multisets as sets of copies of types
explained above, this sum corresponds to the disjoint union of sets, as it interprets that
all copies of each x in the set represented by A are different from all copies of it in
the set represented by B. This additive sum has properties quite different from the
ordinary union of sets. For instance, the collection of submultisets of a given multiset
is not closed under this operation and consequently no sensible notion of complement
within this collection exists.
The partial order < on MS(X) is defined by

A < B if and only if A(z) < B(z) for every z € X.

If A,B € MS(X) are such that A < B, then their difference B — A is the multiset
defined pointwise by

(B—A)(x) = B(z) — A(x) for every x € X.

With this definition we have that A+ (B — A) = B. When A £ B, then it is usual to
define B — A by means of

(B—A)(x) = (B(z) — A(x)) VO for every =z € X,

but in this case the equality A+ (B — A) = B does no longer hold.
If A and B are finite, then A+ B, AV B, AN B, and B — A are also finite.

As we have mentioned in the introduction, a fuzzy multiset is a mapping F : V X
[0,1] — N. In our semantics, V stands for a set of disjoint properties and then F
describes a set consisting, for each v € V and ¢ € [0, 1], of F(v,t) objects that satisfy v
with degree ¢t. Such a fuzzy multiset is finite when it takes a non-zero value only on a
finite number of pairs (v,t) € V x [0,1].

In the sequel, we shall assume that the set described by a fuzzy multiset does not
contain any element that does not satisfy some v € V' with some non-negative degree.
This assumption, together with the assumption that the properties in V' are pairwise
disjoint, entail that, if the fuzzy multiset F' is finite, then, for every vy € V, the value
F(vo,0) must be equal to 3> ,cy 1,01 2t F'(w,t), because, under these conditions,

the equality
YN F(ut) = F(v,0) + Y Flvo, 1)

veV t>0 t>0

holds: both terms in this equality are equal to the number of elements of the set
described by F. In particular, the restriction of F' to V x {0} is determined by the
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restriction of F' to V'x]0,1]. Then, since not having to care about the images under
finite fuzzy multisets of the elements of the form (v,0) greatly simplifies some of the
definitions and results that will be introduced in the main body of this paper, we do just
this, and we define a finite fuzzy multiset over a set V as a mapping M : V x]0,1] — N
that takes non-zero value only on a finite number of pairs (v, ¢). Equivalently, and using
the natural bijection NV*I01 = (NIO1)WV 'we can define a finite fuzzy multiset over a
set V as a mapping M : V — FMS(]0,1]) whose support

Supp(M) ={z € X | M(z) # L}

is a finite subset of X.

We shall denote the set of all finite fuzzy multisets by FFMS(X), and by L the null
fuzzy multiset defined by 1 (x) = L for every z € X.

Given two finite fuzzy multisets A, B over X, their sum A+ B, their join AV B and
their meet A A B are respectively the finite fuzzy multisets over X defined pointwise
by

(A+ B)(z) = A(z) + B(x)
(AV B)(z) = A(z) V B(x)
(AN B)(x) = A(z) A B(x)

where now the sum, join and meet on the right-hand side of these equalities are oper-
ations between multisets; so, for instance, A + B : X — M S(]0, 1]) is the finite fuzzy
multiset such that, for every x € X,

(A+B)(z): 10,1 —
t —

The partial order < on FMS(X) is defined by
A < B if and only if A(z) < B(x) for every z € X

where the symbol < in the right-hand side of this equivalence stands for the partial
order between crisp multisets defined above.

If A,B € FMS(X) are such that A < B, then their difference B — A is the finite
fuzzy multiset defined pointwise by

(B — A)(x) = B(x) - A(=),

where, again, the difference in the right hand side term in this equality stands for the
difference of crisp multisets defined above. Notice that, if A < B, then A+(B—A) = B.
When A £ B, then Rocacher [19] replaces the difference B — A by the optimistic
difference
B)—(A=\/{Se FMS(X)|(ArB)+5 < B};



it is not difficult to check that this optimistic difference is given by

(E)_(Z)(x); 10,1] — N
t — (Bla)(t) — A(z)(£) VO

In this case, it need not be true that the sum of A and B) — (A yields B.

A generalized natural number [23] is a fuzzy subset v : N — [0,1] of N. To add
generalized natural numbers, we shall use the extended sum @, defined as follows (see
for instance [22]): for every u,v € [0, 1]N,

(v p)(k)= \/{V(’L) Ap(j) i+ j =k} for every k € N.

It is well known that this extended sum of generalized natural numbers is associative,
commutative and that if 0 denotes the generalized natural number that sends 0 to 1
and every n > 0 to 0, then v ® 0 = v for every generalized natural number v. As a
consequence of these properties, the extended sum of m generalized natural numbers
is well defined:

(& Bup)(i) = \/{Vl(il)/\---/\ym(im) | i1 +io+ -+ im =1} (1)

Moreover, the extended sum of two increasing (resp., decreasing) generalized natural
numbers is again increasing (resp., decreasing).

A generalized natural v number is conver when v(k) > v(i) Av(j) for every i < k < j.
Every increasing or decreasing generalized natural number is convex, and the extended
sum of two convex generalized natural number is again convex. For these and other
properties of generalized natural numbers, see [22].

3 Scalar cardinalities of finite multisets over |0, 1]

We introduce and discuss in this section the notion of scalar cardinality of finite crisp
multisets on ]0, 1]. From now on, R* stands for the set of all real numbers greater or
equal than 0.

Definition 1. A scalar cardinality on FMS(]0,1]) is a mapping Sc : FMS(]0,1]) —
R* that satisfies the following conditions:

(i) Sc(A+ B) = Sc(A) + Sc(B) for every A, B € FMS(]0,1]).
(i1) Sec(1/1) = 1.

Example 1. The usual cardinality of finite multisets | | : FMS(]0,1]) — R defined
by [A] = 3" 1e gupp(a) A(t) for every A € FMS(]0,1]), is a scalar cardinality.



Remark 1. If Sc: FMS(]0,1]) — R* is a scalar cardinality, then Sc(L) = 0, because
1=2S5¢(1/1) = Sc((1/1) + L) = Se(1/1) + Se(L) =14 Se(L),
and if A < B, then Sc(A) < Se(B), because in this case
Sc(B) = Sc(A+ (B—A)) =Sc(A)+ Sc(B— A) > Sc(A).

Remark 2. We have that if Sc is a scalar cardinality on F'M S(]0,1)], then, for every
A,B € FMS(]0,1]),

Sc(AV B) + Sc(ANB) = Sc(A) + Se(B),

because
AVB+AANB=A+B

and then the additivity of scalar cardinalities (condition (i) in Definition 1) applies. In
particular, if AA B = 1, then Sc(AV B) = Sc(A) + Se(B).

Next proposition provides a description of all scalar cardinalities on F'M S(]0,1).

Proposition 1. A mapping Sc: FMS(]0,1]) — R* is a scalar cardinality if and only
if there exists some mapping f :]0,1] — RT with f(1) = 1, such that

Sc(A)= > fHA{t)  for every A€ FMS(]0,1]).
teSupp(A)

Proof. Let Sc be a scalar cardinality on F'M S(]0,1]), and consider the mapping

f: 10,1 — R*
t — Se(l/t)

We have that f(1) = Se(1/1) = 1, by condition (ii) in Definition 1. And since every
A € FMS(]0,1]) can be decomposed into a sum of singletons, namely,

A(t)

—
A= Y A/t+--+1/t

teSupp(A)
condition (i) in Definition 1 implies that

A(t)

Sc(A)= > Se(ft)+---+Sc(1/t)= > A@)f(1).

teSupp(A) teSupp(A)




Conversely, let f :]0,1] — R be a mapping such that f(1) = 1, and let Scy :
FMS(]0,1]) — RT be the mapping defined by

Sep(A)= Y A1)

teSupp(A)

for every A € FMS(]0,1]). Then, this mapping satisfies the defining conditions of
scalar cardinalities. Indeed, Scy(1/1) = f(1)-(1/1)(1) = 1, which proves condition (ii)
in Definition 1. As far as condition (i) goes,

Scp(A+B) = Y iesupparn) f(O)(A(E) + B(t))
ZteSupp A+B) f(t)A( ) + ZteSupp A+B) (t) ( )
= D teSupp(A) f(t)A(t) + 2 tesupp() [ () B(t) = Scp(A) + Scp(B).

O]

From now on, and as we did in the last proof, whenever we want to stress the mapping
f:]0,1] — R* that generates a given scalar cardinality, we shall denote the latter by
Scy. In particular, the scalar cardinality | | of Example 1 is the scalar cardinality Sc;
associated to the constant mapping 1; we shall use henceforth this last expression Scq
to denote it.

Let Scy be any scalar cardinality on FMS(]0,1]). As we saw in Remark 1, for every
A, B e FMS(]0,1]), if A< B, then Scy(A) < Scy(B). The converse implication is, of
course, false. Let, for instance, f be the constant mapping 1, and let A be the singleton
1/top and B the singleton 1/t; with t9 # ¢t;. Then Sci(A) = 1 = Sc¢;(B) but neither
A < Bnor B <A.

It is more interesting to point out that, for certain mappings f, it may happen that
A < B and Scy(A) = Scp(B) but A # B. For instance, let f :]0,1] — RT be any
mapping such that f(1) = 1 and f(tg) = 0 for some ¢ty # 1. Let A be the singleton 1/t
and B the multiset 2/t9. Then A < B and Scy(A) =0 = Scg(B), but A # B.

Actually, sending some element of 0, 1] to 0 is unavoidable in order to obtain such a
counterexample: the reader can easily prove that if f :]0,1] — R is such that f(¢) > 0
for every ¢ €0, 1], then, for every A, B € FMS(]0,1]), if A < B and Scy(A) = Scy(B),
then A = B.

4 Fuzzy cardinalities of finite multisets over |0, 1]

In this section, we introduce and discuss the notion of fuzzy cardinality of crisp finite
multisets over |0, 1]. Let N denote from now on the set of all convex generalized natural
numbers.

Definition 2. A fuzzy cardinality on FMS(]0,1]) is a mapping C : FMS(]0,1]) — N
that satisfies the following conditions:



(i) (Additivity) For every A, B € FMS(]0,1]), C(A+ B) =C(A) ® C(B).

(ii) (Variability) For every A, B € FMS(]0,1]) and for every i,j € N, if i > Seq1(A)
and j > Seci(B), then C(A)(i) = C(B)(j).

(i1i) (Consistency) C(1/1) takes its values in {0,1}, and C(1/1)(1) = 1.
(iv) (Monotonicity) If t,t' €]0,1] are such that t <t', then

C(1/t)(0) = C(1/t)(0)  and  C(1/t)(1) < C(1/)(1).

Let us explain our motivation for introducing each one of these axioms. The additivity
property generalizes the usual additivity of cardinals of sets. We actually consider this
property the most characteristic of cardinals. With respect to the variability property,
we believe that the generalized natural number defined by the fuzzy cardinality of
a finite multiset A over ]0,1] must take only a finite set of values, and therefore it
must be constant from a certain natural number on: it is natural to take the number
Sc1(A) = Y ie01) Alt) as the last place where C(A) can vary. And then, by analogy
with the fuzzy sets case (see Section 5 and [10]) and the particular fuzzy cardinals of
fuzzy multisets already introduced in the literature (see, for instance, [19]), we require
this constant value C(A)(i), for i > Sci(A) + 1, to be the same for every multiset A.
The consistency property imposes that the cardinality of the singleton 1/1 represents
the crisp natural number 1, in a sense that will be made precise by Corollary 6. Finally,
and as far as the monotonicity property goes, we impose it to capture the fact that, if
t < ¢/, then C(t/1) must be ‘smaller or equal than’ C(¢'/1), for every sensible ordering of
convex generalized natural numbers. Indeed, it seems natural to ask to such a sensible
ordering on N that if ;4 is smaller than v, then, informally, the increasing branch of
i lies to the left —or simply above— the increasing branch of v, and the decreasing
branch of u lies again to the left —or, in this case, below— the decreasing branch of v;
cf. [22]. Now, as it turns out, this, together with the rest of axioms, would imply that
C(1/t)(0) = C(1/t')(0) and C(1/t)(1) < C(1/¢')(1), as we require.

The fuzzy cardinality defined in the next example will play a key role henceforth,
and, as we shall see in Section 5, it generalizes in a very precise way the usual bracket
notation for fuzzy sets.

Example 2. Let us consider the function

[1: FMS(0,1]) — [0,1]N
A — [A4]

where, for every A € FMS(]0,1)),



is defined by
Al =\/{te0,1] 1) AW) >},

v >t

For instance, if M :)0,1] — N is the multiset defined by M (1/3) =1, M(2/3) = 2,
M(3/4) =1 and M(t) = 0 otherwise, then

: 1

g

~

I

S = W

=
N W=
AN
~
NN

and thus

[M]; = 0 for every i > 4 = Sey(A).
In general, [A] is decreasing, for every A € FMS(]0,1]):

{te0,1]| Y AW) >4} C{te0,1]] Y A() >}

for every i < j,

and hence
A =\t e 0.1 STAW) = 5y < Vit e 0,1 | STA®) > ) = (4]
>t v >t

Therefore, [A] € N for every A € FMS(]0, 1]).

The mapping [ | satisfies the variability (if ¢ > Sec1(A), then [A]; = V0 = 0), the
consistency ([1/1]p = [1/1]1 = 1 and [1/1]; = 0 for every ¢ > 2) and the monotonicity
(for every t €]0,1], [1/t]o = 1 and [1/t]; = t) conditions. As far as the additivity

10



condition goes, we have that, for every A, B € FMS(]0,1]) and for every i € N,

[A+ Bli = \/{t €]0,1] | Zys,(A+ B)(t') > i}
- \/{t €0, 1] [ Xpsy A(t) + 2oy, B(t) = i}
= \/{t €]0,1] | there exist j, k € N such that j +k =1
and >, A(t') > j and Y., B(t') > k}

= \{ VAt €10,1] | Sus AW) > 5 and sy BW) > k)
’j,k:eN,jJrk:i}

= VAL €10,1) | sy AW) 2 G} AVAE€10,1) | Sy BE) > K}
‘j,kGN,j—Fk:i}

= V{[A A Bl | g,k €N, j+k =i} = ([A] @ [B])(0).
Therefore, [ ] is a fuzzy cardinality on FMS(]0, 1]).

The bracket fuzzy cardinality will lie at the basis of any other fuzzy cardinality on
FMS(]0,1]), and therefore it will be often useful to have a detailed description of it.

Lemma 2. Let A :]0,1] — N be a finite multiset. If A= L, then [A]lo =1 and [A]; =0
for every i > 0. If Supp(A) = {t1,....tn} # 0, with t; < --- < t,, then, for every
i >0,

(1 ifi=0

e if0<i< A(tn)

th—1 if A(tn) <1< A(tn) + A(tnfl)

=9t Y A <i < S Al)

th if D 5-a Altj) <i < 0, Alty)
0 if 25 Alty) <

Proof. The case when A = L is obvious, since }_,,~, A(t) = 0 for every ¢ €]0,1]. As
far as the case when A # L goes, if Supp(A) = {t1,...,t,}, with t; < -+ < t,, it is

11



straightforward to check that

27-1 A(tj) ift e [O,tl]
Z?:Q A(tj) ift E]tl, tg]

S AW = E?ZSA(tj) if ¢ €]ts_1,ts]

>t
A(ty) if t €)tn_1,tn]
[ 0 if t €]ty 1]
from where the stated value of [A];, for every i > 0, is easily deduced. O]

The next two corollaries are direct consequences of the description of the bracket
cardinality provided by the last lemma. We leave their proofs to the reader.

Corollary 3. For every A € FMS(]0,1]) and for every a €)0, 1],
(i) [Al; < a if and only if i >, A(t).
(i) [Al; < a if and only if i > 3, A(t).

Corollary 4. For every A, B € FMS(]0,1]), if [A] = [B], then A = B.
The following technical lemma will be used henceforth several times.

Lemma 5. Let C : FMS(]0,1]) — N be a fuzzy cardinality. Let A be a non-null finite
multiset over |0, 1], say with Supp(A) = {t1,...,tn}. Then, for every k € N,

n n A(t;)
C(A)(k) = \/{/\ CL/t) (i) A ACASt) H5.a0) | 303 iy = k:}
j=1

j=1 i=1

Proof. Since A decomposes into

A=A/t =D 1/t +-+ 1/t
j=1 j=1
the additivity of C implies that
n Alty)
cA)=Pcas) e - ac/).

j=1

The expression in the statement is a direct consequence of this decomposition and
equation 1 at the end of Section 2. O
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As a first consequence of this lemma, we know the form of a general fuzzy cardinal
of a singleton n/1.

Corollary 6. For every n,k € N,

C(1/1)(0) ifk<n
C(n/1)(k) = { 1 ifk=n
C(1/1)(2) ifk>n

Proof. The case n = 1 is given by the variability and consistency properties. The
case n = 0 and k > 1 is also given by the variability property. Now, to prove that
C(0/1)(0) = 1, notice that, from the additivity property and the fact that 1/1+0/1 =
1/1, we deduce that

C(1/1)(0)

= (C(1/1) ®€(0/1)) (0) = C(1/1)(0) A €(0/1)(0)
1=C(1/1)(1) E )

)
C(1/1) ®€(0/1)) (1

C(1/1)(1) AC(0/1)(0)) V (C(1/1)(0) AC(0/1)(1))
(0/1)(0) v (€(1/1)(0) AC(1/1)(2))

(in the last equality we have used that C(1/1) = 1, by the consistency property, and
that C(0/1)(1) = C(1/1)(2), by the variability property). Now, still by the consistency
property, C(1/1)(0) is 1 or 0. In the first case, the first equality becomes 1 = 1 A
C(0/1)(0), which implies that C(0/1)(0) = 1. In the second case, the second equality
becomes 1 = C(O/l)(O) V(0AC(1/1)(2)) =C(0/1)(0) V 0, from where we deduce again
that C(0/1)(0) =

Now assume that n 2= 2. By the previous lemma, we have that

C(n/1)(k) = \/{C(1/1)(0n) -AC(1/1)(¢n)|¢1+m+z’n:k}. 2)

Since the only decomposition of 0 as a sum of natural numbers is as a sum of 0’s,
this equality implies that

C(n/1)(0) = CL/L)(0) A--- AC(L/1)(0) = C(1/1)(0).

Now, we shall distinguish between C(1/1)(i) = 0 for every ¢ > 2 or C(1/1)(i) = 1 for
every ¢ > 2.
In the first case, it is clear that, for every k =1,...,n — 1, all terms of the form

C(1/1) (i) A+ ANC(1/1)(ip)
with 41 + - -- + 4, = k are 0 except
k n—k

CL/DD) A~ ACIL/DW) ACA/L(0) A--- AC(L/1)(0) = LAC(1/1)(0) = C(1/1)(0),
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and hence, by (2), C(n/1)(k) = C(1/1)(0).

—_—
As far as C(n/1)(n) goes, the decomposition n =1+ --- + 1 yields
CA/)(I)A---AC(1/1)(1) =1
and therefore, by (2), C(n/1)(n) = 1.

Finally, every decomposition of any k > n as k = i1 + - -+ + iy, with 4q,...,4, = 0,
involves some summand ¢; > 2, and then, being C(1/1)(i;) = 0, the corresponding

C(L/1)(i1) A~ AC(L/T)(i5) A~ -~ AC(L/1)(in)

is 0. This implies, still by (2), that C(n/1)(k) =0 = C(1/1)(2) for every k > n.

Consider now the second case, when C(1/1)(i) = 1 for every i > 2. If k < n, every
term of the form C(1/1)(iy) A---AC(1/1)(4p) with i1 +-- -+, = k is the meet of some
1’s and at least one C(1/1)(0) and hence it is equal to C(1/1)(0). This, again by (2),
implies that C(n/1)(k) = C(1/1)(0).

n

As in the previous case, C(1/1)(1) A--- AC(1/1)(1) = 1 implies, still by (2), that
C(n/1)(n) =1.

~1
. o . Hn% .
And finally, if £ > n, then the decomposition k = (k—n+ 1)+ 1+ --- 4+ 1 yields
n—1

C/I)(k—n+1)ACA/I)()A---AC(1/1)(1) =1
and thus, by (2), C(n/1)(k) =1 =C(1/1)(2) for every k > n. O

Remark 3. Notice that, depending on the values of C(1/1)(0),C(1/1)(2) € {0,1},
there are four possibilities for the value of C(n/1):

o If C(1/1)(0) = C(1/1)(2) = 0, then

om0 ={ 5 e
o If C(1/1)(0) = 1 and C(1/1)(2) = 0, then

o0 ={ 5 Gt
e If C(1/1)(0) = 0 and C(1/1)(2) = 1, then

Cln/1)(k) = { 0 otheanise
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e If C(1/1)(0) =C(1/1)(2) = 1, then C(n/1)(k) = 1 for every k € N.

The first three cases correspond to three natural ways of considering the natural number
n as a generalized natural number; and as we shall see below, in the fourth case C(A)
will be the constant 1 mapping for every A € FMS(]0,1]).

Remark 4. Arguing as in Remark 2, we obtain that if C : FMS(]0,1]) — N is a fuzzy
cardinality, then

C(AVB)®C(ANB)=C(A)®C(B) for every A, B € FMS(]0,1]).

In particular, if AAB = 1, then A4+ B = AV B and the additivity of fuzzy cardinalities
implies that C(AV B) =C(A) & C(B).

We also have the following result.

Proposition 7. Let C be a fuzzy cardinality on FMS(]0,1]). If A, B € MS(]0,1]) are
such that A < B, then the equation

has a solution in N, and one such solution is C(B — A).

Proof. Since A+ (B — A) = B, the additivity of fuzzy cardinalities entails that C(A) ®
C(B—A)=C(B). O

Our main result will establish that all fuzzy cardinalities on F'MS(]0,1]) can be
obtained in terms of the bracket cardinality in the way described by the following
definition.

Definition 3. Let f :[0,1] — [0,1] be an increasing mapping such that f(0) € {0,1}
and f(1) =1 and let g : [0,1] — [0,1] be a decreasing mapping such that g(0) = 1 and

g9(1) €{0,1}. _
Let Cs4 : FMS(]0,1]) — N be the mapping defined as follows: for every A €
FMS(]0,1]) and i € N,

Crg(A) (@) = f([A]:) A g([Ali1)-
This definition is correct because of the following lemma.

Lemma 8. Let f,g : [0,1] — [0,1] be as in the last definition. Then, for every A €
FMS(]0,1]), the mapping Cs4(A) : N — [0,1] is convex.
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Proof. Let i < j < k. Then, since [A] is decreasing, [A]; > [A]; > [A]x and [A];i1
[Alj+1 = [Alk+1, and therefore, since f is increasing and ¢ is decreasing, f([A];
F([Alj) = f([Alk) and g([Ali+1) < 9([A]j+1) < g([A]g11). This implies that

Crg(A)(@) NCrg(A)(K) = 9([Aliv1)) A (F([Alk) A 9([Alk11))
= ) A (9([Ali+1) A 9([Alet1))
9([Aliv1) < f([A]H) A g([Alj41) = Crg(A) ()

Being i, j, k € N arbitrary, this entails that Cs4(A) is convex. O

VWV

Remark 5. If f is the constant mapping 1, then, as we saw in the proof of the previous
lemma,

Cig(A): N — [0,1]
i — 1Ag([Ali1) = 9([A]i+1)

is an increasing mapping. In a similar way, if ¢ is the constant mapping 1, then

Cra(A): N — [0,1]
i = f([Al) A L= f([A];)

is a decreasing mapping. Finally, if f and ¢g are both non-constant, then, for every
k e N,

Cr.g(A)(k) = Cr1(A) (k) ACig(A)(k +1)

_ { Cra(A)(k) if Cr1(A)(k) < Crg(A)(k +1)
Crg(A)(k+1) if Ciy(A)(k+1) < Cra(A)(k)

Since Cy,1(A) is decreasing and C; 4(A) is increasing, we have that if C; 4(A)(k + 1) <
Cr1(A)(k) for some k, then Ci 4(A)(i + 1) < Cp1(A)(3) for every i < k, and that if
Cri(A)(k) < Crg(A)(k+1) for some k, then Cr1(A)(i) < Ci,g(A)(i + 1) for every i > k.

This implies that there exists an ng € N such that Cs 4(A) is given by (the increasing
mapping) Ci4(A) on {i € N | i < ng} and by (the decreasing mapping) Cy1(A) on

Now we have the following result.

Theorem 9. A mapping C : FMS(]0,1]) — N is a fuzzy cardinality if and only if
C = Cyq4 for some increasing mapping f : [0,1] — [0,1] such that f(0) € {0,1} and
f(1) = 1 and some decreasing mapping g : [0,1] — [0,1] such that g(0) = 1 and
g(1) € {0,1}. Moreover, if Cyg=Cyp g, then f = f and g =g .

In order no to loose the thread of the paper, we postpone the long proof of this
theorem until an appendix at the end of the paper.
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From now on, and to simplify the language, every time we speak about “the fuzzy
cardinality Cy,,” or an equivalent expression, we shall assume, usually without any
further mention, that f and g are two mappings [0, 1] — [0, 1] satisfying the assumptions
in Definition 3. We shall call this Cy 4 the fuzzy cardinality generated by f and g.

Example 3. Let g be the constant mapping 1 and f the identity Id on [0, 1]. Then
Ciq,1 is the fuzzy cardinality defined by

Cra1(A)(i) = [A]; for every A € FMS(]0,1]) and i € N;
i.e., it is the bracket fuzzy cardinality [ | defined in Example 2.

Example 4. Let g be the constant mapping 1 and f, : [0,1] — [0, 1], with a €]0, 1],
the mapping defined by f,(t) = 0 for every t < a and f,(t) = 1 for every ¢t > a. Then

i) = ={ o R

Since, by Corollary 3, [A]; > a if and only if i < )5, A(t), we have that
L1 i<, A
Croa(A)0) = { 0 ifi> Y All)

Example 5. Let f be the constant mapping 1 and g : [0, 1] — [0, 1] the mapping 1—1d,
defined by g(t) = 1 —t for every ¢ € [0, 1]. Then

Cia1-1a(A)(%) =1 —[A];41 for every A € FMS(]0,1]) and every i € N.

Example 6. Let f to be the constant mapping 1 and g, : [0, 1] — [0, 1], with a €]0, 1],
the mapping defined by g4(t) = 1 for every t < a and g,(t) = 0 for every ¢t > a. Then

a0 = aalon = { | FHNZ 0

for every A € FMS(]0,1]) and for every i« € N. This cardinality is, roughly speaking,
the increasing version of the fuzzy cardinality Cy, 1 in Example 4.

Example 7. Let f be the identity Id on [0,1] and g = 1 — Id. Then
Crai-1a(A) (i) = [A]; A (1 — [A]i41) for every A € FMS(]0,1]) and every i € N.

To understand what this cardinality measures, let us first notice that Crq1-14(A4)(2) =
[A]z if and only if [A]z <1- [A]H_l, i.e., if and only if [A]z + [A]i-l—l < 1.
So, let
1
no = min{i € N | [A]; < 5} = ZA(t) + 1 (by Corollary 3).
t>3

Then,
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If i <ng—2, then [A]; > 1 and [A];11 > &, and hence [A]; + [A];11 > 1. This
implies that, in this case,

Cra1-1a(A) (@) = 1 — [A]ig1.

If i=mng—1, then [A],,—1 > 3 but [4],, < %, and we don’t know a priori
whether [A],,—1 + [A]n, < 1 or not. Then, in this case we can only state that

Cra,1-1a(A)(no — 1) = [A]pg—1 A (1 = [A],)-

If i > ng, then [A]; < 3 and, being [A] decreasing, [A];+1 < 3, too. Therefore,
[A]; + [A]i+1 < 1, which implies that, in this case,

Cra-14(A) (i) = [A];.

Thus, the generalized natural number Ciq 1-14(A) is increasing on {0, ...,n9—2} and
decreasing on {ng,ng + 1,...}, and it takes its greatest value at nop — 2 or at ng — 1, or
in an interval containing one of these elements.

Example 8. Let f : [0,1] — [0,1] be the mapping defined by f(¢) = 0 if ¢t < i and
f(t)y=tift> 7, and let g : [0,1] — [0,1] be the mapping defined by g(t) = 1 — 2t if
t < % and g(t) =0ift > % To give a more explicit description of

Cr.g(A) = F([AL) A g([Aliva),
for a given A € FMS(]0,1]), let
na = min{i | [A];

ia = min{i| [A];

notice that n4 < 74 and that

s ={ § RS s ={ i <n—1

ife>1iy4 1—-2[A)iy1 fizng—1
Then,
0 ifi<ng—1
Cf“q(A)(i) = [A]z A (1 — 2[A]i+1) ifng—1<i<iy
0 ifi>1d4

To analyze the behaviour of this mapping on the interval ny —1 < ¢ < i4—1, notice that
Cyq(A)(i) = [A]; if and only if [A]; < 1 — 2[A]; 41, i.e., if and only if [A]; + 2[A];41 < 1.
Then, if we let
s 1
m4 =min{i € N | [A]; < g} = ZA(t) +1

1
>4
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(and notice that ny < ma < i4), and we argue as in the last example, we obtain finally
that

0 ifi<ng—1

1_2[A]Z'+1 ifng—1<i<mgq-—1
Cro(d) = { [yt A= 2A}n,) ifimma—1

[A]; ifmyg <i<ig

0 ifi>ig

Remark 6. It is straightforward to prove from the explicit description of the bracket
cardinal given in Lemma 2 that, for every increasing mapping f : [0,1] — [0, 1] such
that f(0) € {0,1} and f(1) =1,

oo
Scr(A) = ZC’f,l(A)(i), for every A € FMS(]0,1]).
i=1
We shall now prove that any fuzzy cardinality is the meet of an increasing and a

decreasing fuzzy cardinalities.

Definition 4. A fuzzy cardinality C : FMS(]0,1]) — N is increasing (resp., decreasing)
if and only if C(A) € N is an increasing (resp., decreasing) mapping, for every A €
FMS(]0,1]).

Proposition 10. For every fuzzy cardinality Cy 4 on FMS(]0,1]), the following asser-
tions are equivalent:

(i) Cy 4 is increasing.
(ii) f is the constant mapping 1.
(iii) Cyq(A)(k) = g([Alg41) for every A € FMS(]0,1]) and k € N.

Proof. As far as the implication (i)==-(ii) goes, if Cs,4 is an increasing fuzzy cardinal-
ity, then, in particular, Cs4(1/1) is an increasing generalized natural number. Now,
Csg(1/1)(1) =1 by the variability property, and hence Cf4(1/1)(2) = 1, too. Then,

1=Crg(1/1)(2) = f([1/1]2) Ag([1/1]3) = f(0) A g(0) = f(0) A1 = f(0)

implies that f(0) = 1. Thus, since f an increasing mapping, it must be the constant
mapping 1.
As far as the implications (ii)==-(iii) and (iii)==-(i) go, see Remark 5. O

Proposition 11. For every fuzzy cardinality Cs 4 on FMS(]0,1]), the following asser-
tions are equivalent:

i) Cr.q s a decreasing cardinality.
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ii) g is the constant mapping 1.
(1it) Csq(A)(k) = f([Alg) for every A € FMS(]0,1]) and k € N.

Proof. Assume that Cy 4 is a decreasing fuzzy cardinality. Then, in particular, Cy¢ 4(1/1)
is a decreasing generalized natural number. Now, Cs4(1/1)(1) = 1 and

Cr.g(1/1)(0) = f([1/1]o) A g([1/1]1) = f(1) Ag(1) = T Ag(1) = g(1).

Therefore, Cy4(1/1)(0) = Cr4(1/1)(1) implies g(1) > 1, i.e., g(1) = 1. And then, since
g is a decreasing mapping, it must be the constant mapping 1.

This proves the implication (i)==-(ii). As far as the implications (ii)==-(iii) and
(iii)=-(i) go, see again Remark 5. O

Remark 7. Notice that the only fuzzy cardinality which is both decreasing and in-
creasing is Cy,1, which is constant: Ci1(A)(k) = 1 for every A € FMS(]0,1]) and
k e N.

Corollary 12. Every fuzzy cardinality on FMS(]0, 1]) is the meet of an increasing and
a decreasing fuzzy cardinalities.

Proof. As we saw in Remark 5, Cr 4(A) = Cf1(A) ACy4(A), for every A € FMS(]0,1]),
and Cy4(A) is increasing and Cy1(A) is decreasing. O

Corollary 13. The meet of two fuzzy cardinalities on FMS(]0,1]) is again a fuzzy
cardinality.

Proof. Let Cy4 and Cyr o be the fuzzy cardinalities associated to the mappings f,g :
[0,1] — [0,1] and f/, ¢’ : [0,1] — [0, 1], respectively. We have just proved that Cy, =
Cr1/NCigand Cp o = Cypr 1 NCy g, and hence, by the associativity of the meet operation
A in N, for every A € FMS(]0,1])

(Crg NCprg)(A) = (Cra(A) NCrg(A) A (Cpra(A) ACrg(A)) (3)
= (Cr1(A) ACpr1(A)) A (Crg(A) ACyyg(A)).

Now, if f, f : [0,1] — [0, 1] are two increasing mappings such that f(0), f’(0) € {0,1}
and f(1) = f/(1) = 1, then their meet

fAf 0,1 — [0,1]

]
t o= f)AS()

is also an increasing mapping that sends 0 to either 0 or 1, and 1 to 1. And it is clear
from the definition that C¢1(A) ACp1(A) = Cyapr,1(A) for every A € FMS(]0,1]).
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In a similar way, if g,¢’ : [0,1] — [0,1] are two decreasing mappings such that
9(0) = ¢'(0) =1 and g(1),¢'(1) € {0,1}, then

gAhg': [0,1 [0,1]

] —
t o= g(t)Ag'()

satisfies also these properties and C1 4y A C1 g = Cigng'-
Therefore, from (3) and these observations we deduce that

(Cﬁg A\ Cf/,g/)(A) = Cf/\f/71(A) N Cigng (A) = Cf/\f/,g/\g/(A) for every A € FMS(]0,1)),

and in particular that Cy 4, A Cyr o is the fuzzy cardinality generated by the mappings
fAfand gAg. O

Remark 8. It is interesting to point out that the join of two fuzzy cardinalities need
not be a fuzzy cardinality; actually, it need not even take values in N. For instance,
C = CId,l V Cl,l—Id is defined by

C(A)(i) =[A]; V(1 — [A]i+1) for every A€ FMS(]0,1]) and i € N.

Now, let A be the finite multiset on |0, 1] with Supp(A) = {0.2,0.5} and defined on
this support by A(0.2) = A(0.5) = 1. Then

[Alo =1, [A]; = 0.5, [A]2 = 0.2, [A]; =0 for every i > 3

and hence | AL)=1v05=1
) =[A1V(1—-[4]2)=05Vv0.8=0.8
C(A)(2) =[Alav(1—[A]s)=02Vv1=1

Thus, C(A) is not convex.
To close this section, let us point out the following result.

Proposition 14. Let f : [0,1] — [0,1] be an strictly increasing mapping such that
f(0)=0and f(1) =1, and let g : [0,1] — [0,1] be an strictly decreasing mapping such
that g(0) = 1 and g(1) = 0. Then, for every A, B € FMS(]0,1]), Cy4(A) = Cy4(B) if
and only if A = B.

Proof. The “only if” implication is obvious. As far as the “if” implication goes, by
Remark 5, for every A € FMS(]0,1]) there exists some n4 € N such that

i = J5
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If Csq4(A) = Crq(B), then we can take ng = np and then g([A]i+1) = g([Bli+1) for
every i < na and f([A];) = f([B]i) for every i > na4. Since f and g are injective,
this implies that [A]; = [B]; for every ¢ > 1. Since [A]p = 1 = [B]y by definition, the
equality [A]; = [B]; holds for every ¢ € N. But then, by Lemma 4, this implies that
A=B. O

Of course, from this proof we can also deduce that if f is injective and g is the
constant mapping 1 or ¢ is injective and f is the constant mapping 1, then it also
happens that Cs 4(A) = Cy4(B) if and only if A = B. Therefore, it is not necessary the
injectivity of both f and g for the thesis of the last proposition to hold.

5 Multisets defined by fuzzy sets

The goal of this section is to show that if we associate to a finite fuzzy set F': X — [0, 1]
the multiset Mp :]0,1] — N that counts, for every ¢t > 0, the number of elements of
X where F' takes the value ¢, then the scalar cardinalities of M defined in Section 3
generalize the scalar cardinalities of F' introduced axiomatically in [24], and the fuzzy
cardinalities of Mp defined in Section 4 are equivalent to the fuzzy cardinalities of F'
introduced axiomatically in [10].

As we have mentioned, every fuzzy set F': X — [0, 1] that is finite, in the sense that
its support

Supp(F) = {z € X | F(x) 0}

is finite, defines in a natural way the finite multiset over |0, 1]

Mp: 10,1 — N
t o= [P

where | | denotes the usual cardinality of a crisp set. Notice that if F' is finite and X
is infinite, then |F~1(0)| will be infinite, and hence Mg cannot be defined in general
on 0.

Let us recall now the scalar and fuzzy cardinalities of finite fuzzy sets.

e Scalar cardinalities [24]. Every increasing mapping f : [0,1] — [0,1] such that
f(0) =0and f(1) =1 generates the scalar cardinality Scy defined as follows: for
every finite fuzzy set F' on a set X,

Sep(F)= > [(F(@)).

z€Supp(F)

And all scalar cardinalities of finite fuzzy sets are obtained in this way.
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e Fuzzy cardinalities [10]. Every pair of mappings f,¢ : [0,1] — [0,1] with f
increasing and such that f(0) € {0,1} and f(1) = 1, and g decreasing and such
that g(0) = 1 and ¢(1) € {0,1}, generate the fuzzy cardinality @7\9 defined as
follows: for every finite fuzzy set F' on a set X,

Crg(F)(i) = f([F):) A g([Fis1) for every i €N,

where now [F] stands for the fuzzy cardinality of fuzzy sets proposed by Zadeh
in [26]:

[Fl; =\/{t€[0,1] | {z € X | F(z) > t}| > i} for every i€ N.
And all scalar cardinalities of finite fuzzy sets are obtained in this way.

One immediately notes that for every f : [0,1] — [0, 1] for which we define a scalar
cardinality §c\f on fuzzy sets on X, we have defined a scalar cardinality Scy on multisets
over |0, 1], and that for every f,g: [0,1] — [0, 1] for which we define a fuzzy cardinality
C/f; on fuzzy sets on X, we have also defined a fuzzy cardinality C;, on multisets over
]0,1]. Next two results show the relations that there exist between each §c\f and the

corresponding Scy, on the one hand, and between @; and the corresponding Cy 4, on
the other hand.

Proposition 15. Let f : [0,1] — [0,1] be an increasing mapping such that f(0) = 0
and f(1) =1. Let §c\f be the scalar cardinality of finite fuzzy sets of X generated by f
and Scy the scalar cardinality of finite multisets over |0,1] generated by f. Then, for
every fuzzy set F on X, -

Scy(F) = Scy(Mp).

Proof. A simple computation shows that

Scf(MF) = ZtESupp(MF) f(t)MF(t) = ZteSupp(MF) f(t)’Fil(t)’
[F=1 ()]

=Y terx)—qop J(O) + -+ F(t) =X sesuppr) f(F(2) = Scy(F).

]
Proposition 16. Let f : [0,1] — [0, 1] be an increasing mapping such that f(0) € {0,1}
and f(1) =1 and let g : [0,1] — [0,1] be a decreasing mapping such that g(0) = 1 and
g(1) € {0,1}. Let Cs g be the fuzzy cardinality of finite fuzzy sets of X generated by f

and g and let Cy 4 be the fuzzy cardinality of finite multisets over ]0,1] generated by f
and g. Then, for every fuzzy set F' on X,

Crg(F) = Cpy(Mp).
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Proof. To begin with, notice that, for every i € N,

[Mpli = V{t € [0,1] | Yoy Mp(t') > i}
=Vt € [0,1] | Xps, [FH(H)

>
=V{te0, ][ {z e X[ F(z) >

i}
t} =iy = [Fli

Then, Cy.o(Mp) (i) = F([Mrli) A g([Mpli1) = F([Fl:) A g([Flit1) = Crg(F)(0). O

6 Scalar and fuzzy cardinalities of finite fuzzy multisets

Let us fix from now on a crisp set X. Let us recall that a finite fuzzy multiset over a
set X is a mapping M : X — FMS(]0,1]) such that

Supp(3) = {z € X | M(x) # L}

is finite. We shall denote the set of all finite fuzzy multisets over X by FFMS(X).

In this section we generalize the axiomatic notion of scalar and fuzzy cardinalities of
crisp multisets to fuzzy multisets by imposing the additivity condition and to behave like
a cardinality of crisp multisets on the fuzzy multisets whose support is a singleton. We
shall then show that the additivity condition makes each (scalar or fuzzy) cardinality
of finite fuzzy multisets M : X — FMS(]0,1]) to be the sum of (scalar or fuzzy)
cardinalities applied to the finite crisp multisets M (z), z € Supp(M).

For every x € X and for every M € FMS(]0,1]), we shall denote by M/x the finite
fuzzy multiset over X defined by M (z) = M and M(y) = L for every y # z.

Definition 5. A scalar cardinality on FFMS(X) is a mapping Sc : FFMS(X) —
R* that satisfies the following conditions:

(i) Sc(A + B) = Sc(A) + Sc(B) for every A, B € FFMS(X).
(1) /S\E((l/l)/:v) =1 for every x € X.

A scalar cardinality Sc on FFMS(X) is homogeneous when it satisfies the following
extra property:

(iii) Sc(M/x) = Sc(M/y) for every z,y € X and M € FMS(]0,1]).

The thesis in Remarks 1 and 2 in Section 3 still hold for scalar cardinalities on
FFMS(X), because they are direct consequences of the additivity property. In par-
ticular, S’\E(I) = 0 for every scalar cardinality Sc on FFMS (X).

Next proposition provides a description of all scalar cardinalities on FFMS(X).
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Proposition 17. A mapping Se: FFMSE(X) — R is a scalar cardinality if and only
if for every x € X there exists an scalar cardinality Scg, on FMS(]0,1]) such that

Se(M) =y Seo(M(x)).

zeX

Moreover, the family (Scy)rex is uniquely determined by :S’vc, and Sc is homogeneous
if and only if Sc, = Scy for every x,y € X.

Proof. Let Sc be a scalar cardinality on FFMS(X), and consider, for every =z € X,
the mapping
Sc, 1 FMS(]0,1]) — RT
M +— Sc(M/z)
Conditions (i) and (ii) in Definition 5 entail that each Sc, satisfy conditions (i) and (ii)
in Definition 1:

Sca(My + M) = Sc((My + Ms)/z) = Se(M;y /x + My /)

= Sc(My/x) + Sc(My/x) = Scg(My) + Scg(Ms)
Sea(1/1) = Se((1/1)/z) =1

Therefore, each Sc; is a scalar cardinality on FMS(]0,1]). Now, it is straightforward
to check that, for every M € FFMS(X),

M= > M@/

x€Supp(M)

Thus, the additivity property of Sec implies that

Se(M)= > Se(M(@)/z)= > Sca(M(z)) = Sea(M(x)).

x€Supp(M) x€Supp(M) zeX

And notice that if Sc is homogeneous, then Sc, = Sc, for every x,y € X by definition.
Conversely, for every z € X let Sc, : FMS(]0,1]) — RT be a scalar cardinality, and
let Sc: FFMS(X) — R be the mapping defined by

Se(M) = Sex(M(x))

reX

for every M € FFMS(X); since M(x) =0 fo all x € X except for a finite number of
them, this sum is well-defined. This mapping satisfies the defining conditions of scalar
cardinalities on FFMS(]0,1]):
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(i) For every A,B € FFMS(X),
Se(A+B) =Y ,cx Sea((A+B)(x))
_|_

= ;xEX(S%(Z(l‘)) + Scx(B(z))) (by Definition 1.(i))

(ii) S\E((l/l)/x) = Sc;(1/1) = 1 by Definition 1.(ii).
Finally, notice that
M/z ZScy (M/z)(y)) = Scg(M —I—ZScy = Sc, (M),
yeX y#x

which, together with the “only if” implication proved above, implies that every Sc, is
uniquely determined by Sc. And in particular, if Sc, = Sc¢, for every z,y € M, then
Sc is homogeneous. O

Proposition 1 provides the following characterization of scalar cardinalities of fuzzy
multisets.

Corollary 18. (a) A mapping Sec FFMS(X) — R* is a scalar cardinality if and
only if for every x € X there exists a mapping fy :]0,1] — R™ with f,(1) = 1 such that

= Z Z fr()M (x)(t) for every M € FFMS(X).

T€X teSupp(M ()

(b) A mapping Sec : FFMS(X) — R is a homogeneous scalar cardinality if and
only there exists a mapping f :]0,1] — RT with f(1) =1, such that

Se(M)=Sey (> M) =Y > fOM@)t) for cvery M € FFMS(X).
reX €X teSupp(M ()

Let us consider now the fuzzy cardinalities.

Definition 6. A fuzzy cardinality on FFMS(X) is a mapping C : FFMS(X) — N
that satisfies the following conditions:

(i) For every A, B € FFMS(X), C(A+ B) =C(A) & C(B).
(ii) For every x € X, the mapping

C(/z): FMS(]0,1])
M

—
is a fuzzy cardinality on FM(]0,1])
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A fuzzy cardinality Cis homogeneous when it satisfies the following further condition:

(i1i) For every x,y € X, C( /x) =C( /y).

A simple argument, similar to the proof of Proposition 17, and which we leave to the
reader, proves the following result.

Proposition 19. A mapping C: FFMS(X) — N is a fuzzy cardinality if and only if
for every x € X there exists an fuzzy cardinality C, on FMS(]0,1]) such that
C(M) = P Cu(M(x)).

reX

Moreover, the family (Cy)zex is uniquely determined by 5, and C is homogeneous if
and only if C, = Cy for every x,y € X.

Using Theorem 9, this proposition can be rewritten in the following way.
Corollary 20. (a) A mapping C : FFMS(X) — N is a fuzzy cardinality if and only

if for every x € X there exist mappings fr,g: : [0,1] — [0,1] satisfying the hypothesis
of Definition 8 such that
C(M) = P ¢y, 4. (M(2)).
zeX
(b) A mapping C: FFMS(X) — N is a homogeneous fuzzy cardinality if and only if
there exist mappings f,g : [0,1] — [0,1] satisfying the hypothesis of Definition 3 such

that
C(M) =Cyo( > M(x)) = @ Cpo(M(x)).

zeX rzeX

Thus, homogeneous scalar and fuzzy cardinalities understand fuzzy multisets as a
sum of crisp multisets, one for every type x € X, and “count” this sum. Arbitrary
scalar and fuzzy cardinalities “count” each multiset on each x € X, possibly using a
different cardinality for every x € X, and then add up these results.

Example 9. Let X = {z1,...,2,}. Then, the mapping C: FFMS(X) — N defined
by

C(M) = [M(x1) + -+ M(zy)] = [M(21)] @ - © [M(x,)]

is a homogeneous fuzzy cardinality on FFMS(X). This is the fuzzy cardinality of
fuzzy multisets used by D. Rocacher in [19, §4.1].

Example 10. Let X = {z1,...,2,}. Then, the mapping C : FFMS(X) — N defined
by

C(M) = Cra11a(My, + -+ My,) = Cra1-1a(My,) @ - ® Cra1-1a(Ma,)

is a homogeneous fuzzy cardinality on FFMS(X).
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Example 11. Let X = {x1,...,2,}. For every i = 1,...,n, let f; : [0,1] — [0, 1]
denote the mapping defined by

and fi(t)=1¢ if t> L,

i(t) = if t<
fit) =01 i+3

T3
let g; : [0,1] — [0, 1] denote the mapping defined by

1 1
T ad ) =01 it 1

gi(t) =1—(i+ 1)t if t <

and let C; denote the fuzzy cardinality Cy, 5, on F'MS(]0,1]). These cardinalities are

similar to the one studied in Example 8. Then, the mapping C : FFMS(X) — N
defined by

C(M) = P ci(M(:))
=1

is a fuzzy cardinality on FFMS(X) that is not homogeneous: the contribution of each
type x; to the multiset is measured through a different cardinality.

7 Conclusion

In this paper we have proposed axiomatic definitions for scalar and fuzzy cardinalities
of finite fuzzy multisets over a set X. We have also characterized the resulting map-
pings from the set FFMS(X) of all finite fuzzy multisets over X to RT and to the
set N of generalized natural numbers, respectively, by means of simple constructions.
The axiomatic definitions and the resulting characterizations are similar in flavour to
those already known for cardinalities of fuzzy sets: cf. [24] and [10], respectively. And
the families of cardinalities obtained through these axiomatic definitions contain as
particular cases cardinalities of fuzzy multisets that had been previously introduced in
the literature, like the usual scalar cardinality of fuzzy bags, which corresponds to our
scalar cardinality Scj, and Rocacher’s decreasing fuzzy cardinality | |, which is equal
to our basic bracket fuzzy cardinality.

We have used the additivity property as the basic axiom in our definitions. Other
properties can be used to replace this one. For instance, one could impose on the
cardinal of the ordinary join of two fuzzy multisets to be the extended join of their
cardinals as an alternative axiom, which would lead to a different family of axioms.

Acknowledgements. We thank the referees for their comments and suggestions,
which have led to a substantial improvement of this paper.
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Proof of Theorem 9

Recall that, given an increasing mapping f : [0,1] — [0,1] such that f(0) € {0,1}
and f(1) = 1 and a decreasing mapping g : [0,1] — [0, 1] such that ¢g(0) = 1 and
g(1) € {0,1}, the mapping Cs, : FMS(]0,1]) — N is defined as follows: for every
A e FMS(]0,1]) and ¢ € N,

Cr.g(A)(@) = f([A]:) A g([A]ita)-

The goal of this appendix is to prove the following result.
Theorem 9 A mapping C : FMS(]0,1]) — N is a fuzzy cardinality if and only if C =
Cyg for some pair of mappings f,g : [0,1] — [0,1] as above. Moreover, if Cyq = Cypr o,
then f=f andg=y¢.
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To ease the task of the reader, we split the proof into several steps.

(I) An alternative expresion for C;,. We prove in this point that the mapping
Cr4 can also be described recursively by the following rules:

o Cso(1)(0) =1 and Csy(L)(i) = f(0) for every i > 1;
e for every ¢ €]0, 1],
Crg(1/1)(0) = g(t), Crg(1/6)(1) = f(#), Crg(1/t)(i) = f(0) for every i > 2;
o for every A € FMS(]0,1]), A # L,
A(r)

Cf,g(A) = @ Cf,g(l/w ©--- D Cf,g(l/t) .
teSupp(A)

To simplify the notations, throughout this point, and once fixed the mappings f and
g, we shall denote Cy 4 by C.
For 1 we have that

C(L)(0) = f([L]o) A g([L1) = F(1)
C(L)(@) = F([L) Ag([L]ira) = f(O

For singletons 1/t, we have that

C(1/t)(0) = f([1/tJo) A g([1/t]1) = f(1) Ag(t) = g(t)
C(1/t)(1) = f([1/t]1) A g([1/tl2) = f(t) A g(0) = f(?)
C(1/t)(@) = f([1/t]i) A g([1/t]i+1) = f(0) A g(0) = f(0) for every i > 2
Let finally A be an arbitrary non-null multiset, say with support Supp(A) = {t1,...,tn}

#(,t; <--- < t,. From the explicit description of the bracket cardinal given Lemma
2, we have that

g(tn) if i =0
F(tn) A g(tn) it 0 < i< A(ty)
f(tn) A g(tn—l) if i = A(tn)
Fltno)) Agltn1)  if A(tn) < i < A(tn_1) + Altn)
Flta) Aglts)  ifi= S, Alt))
FAD RS =3 iy nglt) S Al < < S, Al)

f(ts) Ag(ts) ifi=>"7Alt)
F(t) Ag(ty) i, ALy) < i< X Alt)
f(t) ifi =", Alt;)

L 0 if Z?:l A(tj) <1
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Now, set
A(ty)

A) =P Cry(1/t)) @ @ Cry(1/t5).
j=1

We want to prove that S(A) = C(A) for every such multiset A. Recall that, by Lemma
5, for every ¢ € N,

n A(tj)

S()@) = VA /)50 A ACA/) 5 aa)) | ia =i}
j=1

=1 I=1

in other words, to obtain S(A)(7) one must compute the value of the meet
n
/\ (1/t5)(ij1) ANC(L/t) (5 at;)) (4)

for every decomposition of i as the sum of Sc;(A) natural numbers
t=t10 i aw) Fi2a e F oA Tt A, (5)

and then find the greatest such value.

We shall distinguish two cases, depending on whether f(0) =0 or f(0) = 1.

(I.a) £(0) = 0. From the description of C(1/t;) that we have just given, if f(0) =0,
then expression (4) is equal to 0 whenever some i;, is greater or equal than 2. Therefore,
to compute S(A)(¢) it is enough to consider decompositions (5) of ¢ with every i;; < 1.
Now, for every such decomposition of i, expression (4) will be equal to

f(tj1> A g(tj2)7

where j; is the lowest index j such that some i;; is 1, and j2 is the highest index j such
that some i;; is 0; if every i;; is 1, then (4) will be equal to f(¢1), and if every i;; is 0,
then (4) will be equal to g(t,).

Let us check now that S(A)(i) = f([A]:) A g([A]i+1) for every ¢ € N by dividing N
into the same intervals as in the explicit description of the values f([A];) A g([A]i+1)
given above.

o If Y71, A(t;) < i, then every decomposition (5) of i involves some i;; > 2. As
we have just pointed out, this implies that S(A)(i) = 0.

o If i = 377 | A(t;), then the only decomposition (5) of i that does not involve
any 7;; > 2 is the one with all summands 1. For this decomposition, as we
have just mentioned, the expression (4) will be equal to f(¢1). This implies that

S(A) (@) = f(t)-
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o If Y70 o A(tj) <i < 377_; A(t)), then there exists a decomposition (5) of i such
that i;; = 1, for every j > 2 and for every [, and there are [, I3 such that i;;, =1
and 41, = 0. For this decomposition, the expression (4) is equal to f(t1) A g(t1).

Besides, any decomposition of 7 into Os and 1s that does not have this form will
have some i;; = 0 with j > 2, and for such a decomposition, the expressions (4)
will be equal to f(t1) A g(tj). Since g is decreasing, f(t1) A g(t1) is greater than
all these other outcomes, and hence the value of S(A)(7).

o Ifi=3"" o A(tj), then we can decompose i as in (5) with i;; = 1 for every j > 2
and every [, and i;; = 0 for every [. For this decomposition, the expression (4) is
equal to f(t2) A g(t1).

Besides, any other decomposition of 7 into Os and 1s will have some ¢;; = 0 with
Jj = 2 and some 41y = 1, and for such a decomposition the expression (4) will
be equal to f(t1) A g(t;) with j > 2. Since f is increasing and g is decreasing,
f(t2) A g(t1) is greater than all these other outcomes, and hence the value of

S(A)().

e In general, if 377 ) A(t;) <i < 377 A(t;) for some s = 1,...,n, then there
exists a decomposition (5) of i such that i;; = 1 for every j > s, i;; = 0 for every
J < s, and there are l1, 2 such that i5;, =1 and 4,;, = 0. For this decomposition,
the expression (4) is equal to f(ts) A g(ts).

Besides, any decomposition of 7 into Os and 1s that does not have this form will
use either some i;; = 0 with j > s or some i;; = 1 with & < s, and for such
a decomposition the meet (4) will be equal to f(tx) A g(t;), either with £ < s
and j > s or with £k < s and j > s. Since f is increasing and ¢ is decreasing,
f(ts) A g(ts) is greater than all these other outcomes, and hence the value of

S(A)(7).

e In general, if i = Z;L:S A(t;) for some s = 1,...,n, then we can decompose i
as in (5) with i;; = 1 for every j > s and i;; = 0 for every j < s. For this
decomposition, the expression (4) is equal to f(ts) A g(ts—1).

Besides, any other decomposition of 7 into Os and 1s will have some i;; = 0 with
J = s and some i;; = 1 with k < s, and for such a decomposition the expression
(4) will be equal to f(tx)Ag(t;) with k < s and j > s. Since f is increasing and g
is decreasing, f(ts) A g(ts—1) is greater than all these other outcomes, and hence
the value of S(A)(i).

o If 0 < i < A(t,), then there exists a decomposition (5) of ¢ such that i;; = 0
for every j < n and there are l1,l2 such that i,; = 1 and 4,5, = 0. For
this decomposition, the expression (4) is equal to f(t,) A g(t,). Besides, any
decomposition (5) of ¢ will have some i, ;, = 0, and hence the value (4) for it will
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be f(tj) A g(tn). Since f is increasing, f(t,) A g(t,) will be the maximum of all
these outcomes, and hence the value of S(A)(7).

(
e Finally, if ¢ = 0, then the only decomposition (5) of i is the one with all summands
0. For this decomposition, the expression (4) is equal to g(t,), and this will be
the value of S(A)(0).

This finishes the proof of the equality C(A) = S(A) when f(0) = 0.

(I.b) f(0) = 1. If f(0) = 1, then f is the constant mapping 1 and therefore C(A)(i) =
9([A]ix1) for every A € FMS(]0,1]) and ¢ € N. If Supp(A) = {t1,...,tn} # 0,
t1 < -+ < ty, then, from the description of f([A];) A g([A]i+1) given above and using
that f(t;) =1 for every i = 1,...,n, we obtain that

(g(tn) 0 <it1< Aty), ie, if 0<i< A(t)

Gltn_r) i A(ty) <i+1< A(tn) + A(tat), ie.,
if Aty) <i< A(tn) + A(tn_1)

ts if >0 L A(t) <i+ 1< YT CA(t), e,
e T 3 TRV iy
j=s+1 “\j) S j=s A\1j

g(t1) if 70 o A(ty) <i+1< 30 Altg), de.,
if 300 0 Alty) < i< 3271 At)
1 if D70 Aty) <+ 1, de, if 300 A(ty) <

\

As before, S(A)(7) is the greatest value of expression (4) above for decompositions
(5) of 4. In this expression, and since f is the constant mapping 1, every C(1/t;)(i;;)
with 4;; > 1is 1: if 4;;, = 1, it is f(¢;) = 1 and if 4;; > 2, it is f(0) = 1. Therefore,
when we compute (4), all these 1’s disappear and this expression is either equal to 1
(if every ;; > 0 in it) or to some

C(1/t)(0) A== NC(1 /5, )(0) = g(ts) A+~ A glts,) = 9(tj,)

for some ji,...,j5 € {1,...,n} such that ¢t;, <--- <t;, (these are exactly the indexes
j such that i;; = 0 for some [); in the last equality we have used that g is decreasing.

Let us check now that S(A)(i) = g([A];+1) for every i € N by dividing N into the
same intervals as in the explicit description of the values g([A];+1) given above.

o If i > 377 | A(t;), then there exists a decomposition of i as in (5) with i;; > 0
for every j=1,...,nand l =1,..., A(t;), which entails that C(A4)(7) = 1.
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o If Y70 5 A(tj) <i <377, A(t)), then there exists a decomposition (5) of i with
ij; = 1 for every j > 1 and for every | = 1,..., A(t;), and some i;; = 0. The
expression (4) corresponding to this decomposition is equal to ¢g(t¢1). And for any
other decomposition of ¢ this expression is equal to some g(t;) with j > 1 (because
every decomposition of i uses some 0). Since g is decreasing, the maximum of
these outcomes, and hence C(A4)(i), is g(t1).

e In general, for every s=1,...,n— 1, if
n n
Y Al <i< ) Alty),
j=s+1 j=s

there exists a decomposition of i as in (5) with i;; = 1 for every j > s and for
every | = 1,...,A(t;) and some i;; = 0. The expression (4) corresponding to
this decomposition is equal to g(ts). And this expression is equal to some g(t;)
with j > s for any other decomposition of i (because there cannot exist any
decomposition of ¢ with less or equal than A(t1) + --- + A(ts—1) 0’s). Since g is
decreasing, the greatest of these results is g(¢5), and hence C(A4)(i) = g(ts).

e Finally, if
0<i<Alty),

every decomposition of ¢ as in (5) must have some i,; = 0. Therefore, every
expression (4) in this case is equal to g(¢,) and hence C(A)(i) = g(t,).

This finishes the proof in the case f(0) = 1, and with it the proof of the alternative
description of Cy 4 given in this point.

Notice in particular that, since f and g are determined by the values of Cf 4 on the
singletons 1/, this description implies that if Cy 4 = Cyr o, then f = f" and g = ¢/, thus
proving the second part of the statement.

(IT) Every Cy, is a fuzzy cardinality. We must check that Cy , satisfies conditions
(i) to (iv) in Definition 2. As in the previous point, and to simplify the notations, once
fixed the mappings f and g, we shall denote Cy , by C.

(i) (Additivity) Let A, B € FMS(]0,1]).

Assume first that one of them, say B, is the null multiset L. We must prove that
C(A)=C(A)®C(L). To do it, we distinguish two cases.

If f(0) =0, then, as we saw in (I),

C(L)(0) =1 and C(L)(¢) = 0 for every i > 1;
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in other words, C(L) = 0, the neutral element of the generalized sum, and added
(in the generalized sense) to any generalized natural number v, and not only those
of the form C(A), yields v again.

If f(0) = 1, i.e., if f is the constant mapping 1, then, as we also saw in (I),
C(L)(i) = 1 for every i > 0. Notice moreover that, in this case, each C(A) is
increasing (see Proposition 10 in the main body of the paper). Then, for every
A € FMS(]0,1]) and for every i € N,

C(A)@C(L)@) =V AC(L)(E=4)17=0,...,i}
= V{CA)G)AL[]=0,...,i}
= V{C(A)(0),...,C(A) (@)} = C(A)(0).

Assume now that A and B are both non-null. Then, the descriptions of C(A) and
C(B) given in (I), together with the associativity and the commutativity of the
extended sum in N, imply that

A(t)+B(t)
CA+B)= P ca/po---oc/t
teSupp(A+B)
A(t) B(1)

-( P C(l/t)@--~@€(1/t)>@< D C(l/t)@-~-@€(1/t))

teSupp(A+B) teSupp(A+B)

AJ(f) B(t)

:( RIER 1/t> ( @ cume C(l/t))

teSupp(A) teSupp(B)

C(A)&C(B)

(ii) (Variability) Recall from (I) that if if ¢ > Se;(A), then [A]; = 0. Then, for every
1€ 5 (A),

C(A)(@) = f([Al:) A g([Ali+1) = f(0) A g(0) = f(0),
which does not depend on A, and belongs to {0, 1}.

(iii) (Consistency) If A = n/1 with n > 0, then [A]; = 1 for every i = 0,...,n and
[A]; = 0 for i > n + 1. Therefore

g(l) ifi<n-—1
YAg0)=1  ifi=n
f

C(A) (@) = f([AlL) A g([A]ir) = { I
(0) ifizn+1
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(iv) (Monotonicity) We know from (I) that, for every ¢ €]0, 1],
Crg(1/1)(0) = g(t), Crg(1/)(1) = (D).

Then (iv) holds g is decreasing and f is increasing.

(III) Every fuzzy cardinality is of the form Cs,. Let C: FMS(]0,1]) — N be a
fuzzy cardinality. Consider the mappings f, ¢ : [0, 1] — [0, 1] defined, for every ¢ €]0, 1],
by

f)=C/)), g(t) =C(1/)(0),

and let f(0) =C(L)(1) and ¢(0) = 1.
Let us prove that these functions satisfy the properties required in the statement.

e f is increasing by the monotonicity of fuzzy cardinalities.

e ¢ is decreasing on |0, 1] also by the monotonicity property, and since g(0) = 1, it
is clear that it is decreasing on the whole interval [0, 1].

e The consistency of fuzzy cardinalities implies that ¢g(1) = C(1/1)(0) € {0,1},

F(1) = C(1/1)(1) = 1 and £(0) = C(0/1)(1) € {0,1}.

Finally, let us prove that C = Cy4. It is clear that C(L)
C(1/t) = Cy4(1/t) for every t €]0, 1], because

C(1L/1)(0) = g(t) = Cry(1/0)(0), C(1/1)(1) = (1) = Cry(1/D)(1),
C(1/1)(i) = C(L)(1) = (0) = Cyy(1/1)(i) for every i >2

(the equality C(1/t)(i) = C(L)(1) is a consequence of the variability property). And
then, the additivity of fuzzy cardinalities entails that, for every A € FMS(]0,1]) —{L},

= Csq4(L). Moreover,

A(t)

C(A) = DBiesuppa) C(1/1) & - S C(1/1)
A(t)

A

= @tESupp(A) nyg(l/t) G- D Cﬁg(l/t) = Cf»Q(A)

This finishes the proof of Theorem 9.
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