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Type (1,1) fuzzy quantifiers determined by fuzzy
measures defined on residuated lattices.
Part II: Permutation and isomorphism invariances

Abstract

This paper is a continuation of the first part of our study on type (1,1) fuzzy
quantifiers determined by fuzzy measures, in which the basic notions and exam-
ples were introduced. Here, we study the properties of permutation invariance
and isomorphism invariance of fuzzy quantifiers determined by pairs of func-
tionals (S,¢) and their special cases, e.g., fuzzy quantifiers defined by fuzzy
measures and cardinal fuzzy measure spaces. Both properties belong among
the basic semantic properties of generalized quantifiers.

Keywords: fuzzy quantifier, fuzzy logic, permutation invariance, fuzzy
measure

1. Introduction

This paper is a continuation of our work on generalized quantifiers of type
(1,1) determined by fuzzy measures [2]. The first part contained basic defini-
tions and examples. We provided introductory facts about generalized quanti-
fiers and fuzzy quantifiers, and we summarized basic notions of fuzzy measures
and integrals from [5]. Then we introduced a notion of residuated lattice oper-
ations (rl-operations) which serve as a general means of combining arguments
of our fuzzy quantifiers and show several properties of these operations. The
last part of that article contained several models of well-known natural language
quantifiers of type (1,1), e.g., “many”, “almost all”, “few”, etc. using the theory
we developed.

Now we can study various semantic properties of generalized quantifiers.
These properties are essential from the point of view of adequacy of our models
with respect to natural language semantics. If our model of natural language
quantifier (e.g., “many”) would not possess semantic properties of permutation
and isomorphism invariance, conservativity, extension, etc., it would hardly be
possible to consider this model to be adequate.

Semantic properties of fuzzy quantifiers were studied by Glockner [6] and
elaborated by Holcapek in [8]. In this part of our paper, we concentrate on
the following two (closely related) properties: permutation invariance (PI), and
isomorphism invariance (ISOM). These properties hold if quantizes are invari-
ant with respect to permutations (bijective mappings) on the universe of dis-
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course (PI) and with respect to bijections among different universes of discourse
(ISOM).

Practically all topic neutral natural language quantifiers possess these prop-
erties, which are considered to be necessary conditions for their logicality [14].
These quantifiers are sensitive only to cardinalities of subsets of the universe of
discourse, and not to the individual nature of elements of these subsets. Ex-
amples of PI and ISOM quantifiers of type (1,1) are “some”, “all”, “almost
all”. “many”, "most”, “few”, etc. Example of quantifiers which are not PI or
ISOM are “John’s” (in sentence “John’s apples are green”), “most of Mary’s” (in
“Most of Mary’s computers are Apples”), etc. We can see that these quantifiers
refer to particular individuals.

There is one important difference between properties of PI and ISOM. PI
is a local property — it is defined with respect to a universe of discourse. On
the other hand, ISOM is a global property - it should hold for bijections among
arbitrary universes. ISOM is a stronger property: if a quantifier is ISOM, it
is PI as well. Opposite implication is not valid in general. Quantifiers, which
are PI but not ISOM are in some sense “unnatural” — they act differently for
various universes. For example, quantifier defined as “if 23 is in the universe of
discourse, many, otherwise some” returns the same value as quantifier “many”
for universes which contain the number 23, and the same value as quantifier
“some” for other universes. This is PI (because any universe either contains
23 or not), but it is certainly not ISOM - this property fails for bijections
between universes containing 23 and those which do not contain them. This is
the reason why ISOM is considered more important from the point of view of
natural language semantics - it excludes these unnatural examples of quantifiers.
However, it is simpler to start our investigation with the PI property, and then
use notions and methods used for PI for the investigation of ISOM.

We will built our theory of PI and ISOM fuzzy quantifiers determined by
fuzzy measure spaces as follows: First we will study the most general case of
fuzzy quantifiers determined by a pair of functionals (S, ¢) (see [2], Section 4).
Then we will proceed to so-called fuzzy quantifiers definable by fuzzy measures
(the functional S which assigns a fuzzy measure space to a universe M and
quantifier arguments A, B is independent of the second argument B). The
majority of important natural language quantifiers belong to this class. Finally
we will also study so-called cardinal fuzzy quantifiers determined by functional
independent of both A and B. We will show the relationship between properties
PI and ISOM of our fuzzy quantifiers and properties of functional S (so-called
pi-closedness and iso-closedness of §). In simplified terms, we will be able to
show that if S is pi-(iso-)closed, then the corresponding fuzzy quantifier is PI
(ISOM). The opposite implication is not valid in general, but it can be shown
that if a fuzzy quantifier @ is PI (ISOM), then there exists a fuzzy quantifier
Q' which is based on pi-(iso-)closed functional &" and which coincides with the
original fuzzy quantifier ).

This paper is structured as follows. In Section 2 we provide necessary pre-
liminaries on fuzzy measures and integrals. We concentrate on isomorphisms of
fuzzy measure spaces and on cardinal fuzzy measure spaces, which are essential



for the investigation of PI and ISOM properties. Examples show that there exist
interesting relationships to number theoretical notions of asymptotical densities.
In Section 3 we investigate the PI property first. Let us notice that we work with
global quantifiers. It means that they should be defined on an arbitrary universe
of discourse. In our case, we need to define a functional which assigns a fuzzy
measure space to any universe. We show how the PI property is related to the
corresponding properties (called weak pi-closedness and pi-closedness) of these
functionals. Then we advance to the study of ISOM property and show that in
this case, we need to take into account another functional which assigns the rl-
operation to any universe. For ISOM it is necessary that this functional should
assign the same (in some sense) operation to an arbitrary universe. Finally,
Section 4 contains conclusions.

2. Preliminaries

In this paper, we suppose that the structure of truth values is a complete
residuated lattice. For the definition, we refer to the first part of our study on
fuzzy quantifiers of type (1, 1) [2] (Section 2.1) or to [1, 13, 16]. A fuzzy set is a
mapping A : M — L, where M is a (possibly empty) universe of discourse and
L is the support of a complete residuated lattice L. For definitions, notation
and properties of fuzzy sets, see Section 2.2 of [2].

2.1. Fuzzy measure spaces and their isomorphisms

In this subsection, we recall basic notions of fuzzy measure theory that have
been proposed and investigated in [5] and that are used in this paper. We are
primarily interested in isomorphisms between fuzzy measure spaces that are
extremely important in the investigation of the permutation and isomorphism
invariance of fuzzy quantifiers, which will be studied later.

Definition 2.1. Let A be a non-empty fuzzy set on M. A subset F of F(A) is
an algebra of fuzzy sets on A if the following conditions are satisfied

(i) 1p,A € F,
(ii) if X € F, then A\ X € F,
(iii) if X,Y € F, then X UY € F.

A pair (A, F) is called a fuzzy measurable space (on A) if F is an algebra of
fuzzy sets on A.

Definition 2.2. Let (A, F) be a fuzzy measurable space. A mapping u: F — L
is called a fuzzy measure on (A, F) if

(i) p(lp) =L and p(A) =T,
(ii) if B,C € M such that B C C, then u(B) < u(C).



A triplet (A, F, p) is called a fuzzy measure space if (A, F) is a fuzzy measurable
space and p is a fuzzy measure on (A, F). We denote by Fms(M) the class of
all fuzzy measure spaces defined on a non-empty universe M.

In our investigation of semantic properties of fuzzy quantifiers defined by fuzzy
measures and integrals, we need to construct isomorphisms between fuzzy mea-
surable and fuzzy measure spaces.

Definition 2.3. Let (A, F) and (B,G) be fuzzy measurable spaces. We say
that a mapping g : F — G is an isomorphism between (A, F) and (B, G) if

(i) g is a bijective mapping with g(1g) = 1y,
(ii) g(XUY)=g(X)Ug(Y) and g(A\ X) = B\ g(X) hold for any X,Y € F,

(iii) there exists a bijective mapping f : Dom(A) — Dom(B) with X (m) =
g(X)(f(m)) for any X € F and m € Dom(A).

Let f : X — Y be a mapping and Z C X. We denote by f | Z the
restriction of f to Z. The following theorem shows that each isomorphism of
fuzzy measurable spaces is derived from a bijective mapping by the Zadeh’s
extension and its restriction to the algebra of fuzzy sets.

Theorem 2.1. Let (A, F), (B,G) be fuzzy measurable spaces and g : F — G
be a surjective mapping. Then, g is an isomorphism between (A, F) and (B, G)
if and only if there exists a bijective mapping f : Dom(A) — Dom(B) such that

g=f"1F.
PROOF. See [5]. O

Definition 2.4. Let (A, F,pn) and (B, G, i) be fuzzy measure spaces. We say
that a mapping g : F — G is an isomorphism between (A, F,u) and (B, G, ') if

(i) g is an isomorphism between (A, F) and (B, G),
(il) u(X) = p/'(9(X)) for any X € F.

If g is an isomorphism between fuzzy measure spaces A = (A4, F, ) and
B = (B,G,u), then we will write g(4,F, 1) = (B, G, 1) or shortly g(A) = B.
If an isomorphism g between A and B is determined by a bijective mapping
f : Dom(A) — Dom(B) (see Theorem 2.1), then we will write f~(A) = B.!

Definition 2.5. Let A = (A, F, 1) be a fuzzy measure space and f be a bijec-
tion from M = Dom(A) to a set M'. Then, a fuzzy measure space generated by
A and f is the measure space Ay = (f~(A), F, pis), where Dom(f~(A)) = M’,
Fy={f~(X) | X € F} and iy (X) = pu((f~1) (X)) for all X € 7.

INote that f~(A) = B is not a precise expression with respect to the previous expression
by g, since f— : F(M) — G(M). Nevertheless, the precise expression (f~ | F)(A) = B can
lead, in our opinion, to unclear formulations.



It is easy to see that A is a fuzzy measure space, and it holds that f—(A) =
Ay, We will often refer to Ay by f—(A). We say that a system A of fuzzy
measure spaces from Fms(M) is closed under isomorphisms in Fms(M) if the
following holds: if A € A and B € Fms(M) are isomorphic, then B € A.
In the following text, we will, for the sake of simplicity, omit the term “under
isomorphisms” in “closed under isomorphisms” and say only “closed system of
fuzzy measure spaces in Fms(M)”. Note that there are closed systems of fuzzy
measure spaces containing non-isomorphic fuzzy measure spaces. If a system
A of mutually isomorphic fuzzy measure spaces in Fms(M) is closed, then we
say that A is a closed system of mutually isomorphic fuzzy measure spaces in
Fms(M). Obviously, each closed system is a union of closed systems of mutually
isomorphic fuzzy measure spaces.

In the following, let Perm(M) denote the set of all permutation on a set M.

Lemma 2.2. A system A of fuzzy measure spaces in Fms(M) is closed if and
only if f~(A) € A for any A € A and any permutation f on M.

PROOF. See [5]. O

In [5], we defined the concept of a cardinal fuzzy measure space. The deno-
tation “cardinal” means that fuzzy measures from these fuzzy measure spaces
are invariant under the same cardinality of fuzzy sets. Let A be a non-empty
fuzzy set. Then, we can say that two fuzzy sets X,Y € F(A) have the same
cardinality if there exists a permutation f on Dom(A) such that f—(X) =Y.
A cardinal fuzzy measure space is defined as follows.

Definition 2.6. We say that (A, F, ) is a cardinal fuzzy measure space if
(i) if X € F, then f7(X) € F,
(i) u(X) = pu(f7 (X))

hold for any X € F and for any permutation f on Dom(A).

The following three examples present (finite as well as infinite) cardinal
and non-cardinal fuzzy measure spaces. Notice that an isomorphism of fuzzy
measurable spaces do not guarantee an isomorphism of fuzzy measure spaces.
The invariance of a fuzzy measure under the isomorphism has to be verified, too
(see Definition 2.4). All examples are constructed over a complete residuated
lattice with the support [0, 1].

Example 2.1. Let M be a finite set and A € F(M) be a non-empty fuzzy set.
Consider A" = (A, F(A), u%), where u7 : F(A) — [0,1] is defined by

ZmGM X(m)
ZmEM A(m)
(cf. Example 2.3 in [2]). One can simply check that A" is a cardinal fuzzy

measure space if A is a constant fuzzy set, i.e. A(m) = ¢ for any m € M (cf.
Lemma 3.8. in [5]).

pa(X) = (1)



Example 2.2. Let M be an infinite universe, F C F (M) be an algebra of fuzzy
sets on M and

(X) = 1, if there exists an infinite subset Y of M such that 1y C X
H "1 0, otherwise.

One can simply check that (157, F, i) is a cardinal fuzzy measure space.

Example 2.3. Let N be the set of natural numbers and define p in a much
more interesting way than in Example 2.1 (cf. Example 3.5 in [3]). Let F' :
(F(N)x N)x N — F(N) be given by

X(m), ifm <n;
0, otherwise.

F(X,n)(m) = { (2)
Let A be a non-empty fuzzy set on N and F4 C F(A) be an algebra of fuzzy sets
on A. Put na = min(Supp(A4)) and define a fuzzy measure pi4,,, : Fa — [0, 1]

with respect to n for any n > n4 by

ZmeSupp(X) F(X,n)(m)
ZmESupp(A) F(A’ n) (m) .

For n < mu, define p4 »(X) =0 for any X # A and pan(A) = 1. It is easy to
see that (A, Fa, fta,n) is a fuzzy measure space for any n € N.

Let A =1y and F1,, = F(1n). Then, (1n,Fiy,f1,y,n) is not cardinal for
any n € N. In fact, let n € N and consider a permutation f on N such that
f(m) =m for any m < n and f(n) >n. If n =0, then f(0) > 0 and

i .0({1/0}) =1>0= 1, o({1/£(0)}).

MA,n(X) = (3)

If n > 0, put
X = {1/0,...,1/n}.
Clearly, f~(X)={1/0,...,1/n—1,1/f(n)} and

pran(X) =151 & = 0 (F7(X))

whence (1n,Fiy, f1,,n) is not cardinal. Let us define

pa(X) = liminf g, (X),

7a(X) = limsup pa (X). ()
Obviously, if A is a non-empty fuzzy set with a finite support, then g4, (X) =
pam(X) for any m > n, where n = max(Supp(4)). Hence, pa and fiz are

defined for any non-empty fuzzy set A.2 Note that pa and g (for A = 1y

20ne can see that pa = pa for A with a finite support and both fuzzy measures generalize
the fuzzy measure p’) from Example 2.1 with finite M, M C N.



and F,, = F(1y)) are examples of lower and upper weighted asymptotic den-
sities, respectively, well known in the number theory (see [11] and the references
therein). Again, neither (1y,F, pu1,) nor (1y,F,fi1y) are cardinal fuzzy mea-
sure spaces. In fact, it is well known that the set of even numbers has the
measure (i1, or fi1,) equal to % and the set of prime numbers equal to 0. Now,
it is sufficient to consider a permutation on M such that the set of even numbers
is transformed to the set of prime numbers.

Example 2.4. Here, we will propose an extension of the fuzzy measures pi4 y,
14 and fr4 provided for fuzzy sets on N to fuzzy sets on an arbitrary countable
universe M. Let M be an arbitrary countable set (finite or denumerable) and
h : F(M) — F(N) be a mapping such that h(A4) C h(B), whenever A C B,
h(1p) = 1y. Then, for any non-empty fuzzy set A € F(M) such that h(A) # 1y
and any algebra F4 C F(A), we can define an h-fuzzy measure “Zm Fa —
[0,1] with respect to n € N by

/’/A,n(X) = Nh(A),n(h(X))v (5)

where fip,(4),n 18 the fuzzy measure defined in the previous example. The exten-
sion of the h-fuzzy measure for n going to the infinity may be done by

pA(X) = liminf puly ) (X) = pay (A(X), (6)
WA () = limsup iy, (X) = gy (h(X)). (7)

If M = N, then, putting h = idy, we obtain the definitions of p4 n, pa and fra
from the previous example. One way how to define & is to consider an injective
mapping f : M — N and to put h = f—. Another way is, for example, to
define h by

PX)m =\ A\ Xm), (8)

for any n € N.
It should be noted that h*(A) is a generalized cardinal number in the sense
of Wygralak’s cardinal theory for vaguely defined objects (see [17, 18]). One can

simply check that (A, Fa,py), for pfy € {py,, ply w7}, is a fuzzy measure
space for any non-empty fuzzy set A € F(M) and

pi (X) = pi= ) (f7 (X)) (9)

for any X € F4 (this fact immediately follows from the equality h*(A) =
h*(f~(A))). Moreover, (1N,.7-'1N,u?;) is a cardinal fuzzy measure space in

contrast to (1, F1,, 1, ) discussed in the previous example.?

3For example, if P and FE dcn*oto the sets ?f prime and* even numbers, respectively, then
h*(1p) = h*(1g) = 1y and pf (1p) = uf (In) = i, (1p) = 1, but p1y(lp) =0 <
piy(1E) =05<piy(ly) =1



A relation between closed systems of fuzzy measure spaces and cardinal fuzzy
measure spaces is stated in the following lemma.

Lemma 2.3. A set {A} forms a closed system of fuzzy measure spaces in
Fms(M) if and only if A is a cardinal fuzzy measure space.

PROOF. See [5]. O

One can see that the set of all permutations on a set endowed by the op-
eration of composition forms a maximal permutation group. Then a natural
generalization of the concept of cardinal fuzzy measure space can be done by
considering an arbitrary permutation group instead of the maximal one.

Definition 2.7. Let A = (A, F, ) be a fuzzy measure space and G be a group
of permutations on Dom(A). We say that A is closed under isomorphisms with
respect to G if g7 (A) = A for any g € G.

The following examples show fuzzy measure spaces being closed under iso-
morphisms with respect to a permutation group.

Example 2.5. Let us consider the fuzzy measure space A" = (A, F(A), u"y)
defined in Example 2.1 and G = {g | g € Perm(M) & g~ (A) = A}, where
M = Dom(A). Then, G is a permutation group, g~ (F(A)) = F(A) for any
g € G and

o (x)) = eI e X )

holds for any X € F(A) and g € G. Hence, A" is closed under isomorphisms
with respect to G.

Example 2.6. Recall that (1x,F(1n),f1y) defined in Example 2.3 is not
closed under isomorphisms with respect to the group of all permutations on
N (i.e., it is not a cardinal fuzzy measure space). Now, let X be a crisp sub-
set of N such that 1, (1x) = 0 (e.g., X is a finite subset of N or an infinite
subset as the set of prime numbers) and G be a group of all permutations g on
N with g(n) = n for any n € N\ X. It is easy to see that G is a permuta-
tion group and, trivially, ¢ (F(1n)) = F(1n) for any g € G. To show that
(In,F(1n),fi1y) is closed under isomorphisms with respect to G we have to
check that 714 (Y) = iy (¢ (Y)) holds for any Y € F(1y). But this imme-
diately follows from the fact that 771, (1x) = 0 and @7, is null-additive, i.e.,
71y (AU B) = Ti1y (A) holds for any A, B € F(1x) with i1y (B) = 0.4 In fact,

4From the definition of {11, we have i1y (AUB) < lim SUPp o0 (11 5, (A) 1y n(B)) <
lim sup,, _, oo UlN,n(A) + limsup,, MlN,n(B) = iy (A) + iy (B) = miy(A), where
sup;(a; + b;) < sup; a; + sup; b; is applied. Since fi1 (A) < 1y (AU B) follows from the
monotony of fi1,, we obtain the desired equality.



let Y €e F(Iy) and put Y1 =Y 1 Xand Yo =Y 1 (N \ X). Since G, (1x) =0
then, from the monotony of 71, and Y3 1x, we also have fii, (Y1) = 0.
Moreover, for any g € G, we have g7 (Y) = g7 (Y1 UY3) = g7 (Y1) UYs and
9~ (Y1) C 1x which implies @1, (g7 (Y1)) = 0. From the null-additivity of 71,
we obtain iy (Y) = Iy (Y1 UYs) = I, (Ya) and similarly iy (97 (Y)) =
iy (97 (Y1) UYa) = iy (Ya). Hence, we have i1, (Y) = T, (g7 (Y)). Note
that the same result cannot be obtained for an arbitrary fuzzy set X with
i1y (X) = 0 and also for the lower asymptotic weighted density g1, , which is
not null-additive. -

LNl

Example 2.7. One can verify that each fuzzy measure space (A, F(A), u\’)
for h* defined by (8) in Example 2.4 is closed under isomorphisms with respect
to G={f|f€Perm(M) & f~(A) = A}, where M = Dom(A).

The following theorem is a generalization of Lemma 3.9 in [5] and shows the
construction of fuzzy measure spaces closed under isomorphisms with respect
to a permutation group. Note that this construction will be later used for
the characterization of fuzzy quantifiers that are, in some sense, invariant with
respect to permutations from a permutation group.

Theorem 2.4. Let (A, F,u) be a fuzzy measure space and G be a group of
permutations on Dom(A). Then (B,G,v) defined as follows: B =J,cq 97 (A),
G 1is the least algebra of fuzzy sets on B containing the set

7= (5 (10)

geG

and

v(X) = \/ \/ tg(Y),

geG YEF, x

where Fyx = {Y | Y € g7 (F) &Y C X}, is a fuzzy measure space closed
under isomorphisms with respect to G.

PRrROOF. Let A = (A, F, u) be a fuzzy measure space, G be a group of permu-
tation on Dom(A) and denote g~ (A) = Ay = (Ay, Fy, pig) for any g € G. One
can simply show that B = (B, G,v) defined by the presumptions of theorem is
a fuzzy measure space. We will prove that B is also closed under isomorphisms
with respect to G.

Let f € G. Obviously, we have

r@)om = 1~ (U o)) ) = (U o=~ ) =

9€G geG
U@ m) = fmeg (Am) = |J(fog) ™ (A)(m) = B(m)
geG geG geG



for any m € Dom(A), where obviously G = {fog | g € G} holds for any f € G.%
To prove f7(G) = G, it is sufficient to show f7(7) = 7. In fact, if X € G
is derived by U and \ from Xi,...,X, € 7, then f7(X) is derived by the
same application of the mentioned operations as X from f—(X1),..., [~ (X,).
Hence, if f7(X1),...,f7(X,) € 7, then necessary f7(X) € G. f X € T,
then, according to the definition of 7" and the fact that f € G implies f~! € G,
we have (f~1)7(X) € 7. Hence, X = f7((f~1)~ (X)) € f7(7), and thus
T Cf~(7). If X € f7(7T), then there exists Y € 7 such that f7 (V) = X.
Since f € G, then X = f~(Y) € 7, and thus f—(7) C 7. Hence, we obtain
T = f~(T), which implies f~(G) = G.

Obviously, f7(Fy) ={f~ (V)| Y € Fg} ={(fog) 7 (X) | X € F} = Froq.
If f € Gand X € G, then f™ is a bijective mapping of F, x onto Fyog r—(x)
and pg(Y) = prog(fT(Y)) for any g € G and Y € F, x. In fact, if Y € F, x,
then Y C X implies f~(Y) C f7(X) and f~(Y) € Fyog,f—~(x). Since f is a
permutation, then f~ is necessary an injective mapping. If Z € Froq r—(x),
thenY = (f~1)7(2) € Fyx and f~(Y) = Z. Hence, f is surjective. Further,
if Y € Fy x, then (¢71)7(Y) € F and

1g(Y) = n((g7) 7 (Y)) = tpog(f 7097 0 (g7 )T (V) = pgog(f (V).

Hence, we have

vX)=\ V wm) =1\ \V  breg(2) =

g€G YEF, x 9€G Z€Ffog 51— (x)

V  V om@=vX)

heG ZEF) ;—(x)
and B is closed under isomorphisms with respect to G. O

Example 2.8. Let us consider (1x,F(1x), 51, ) defined in Example 2.3 and
discussed in Example 2.6. As it has been shown, this fuzzy measure space is
not closed under isomorphisms with respect to any permutation group over N
(different from the trivial group ({idy},0)). Let X C N and G = {g | g €
Perm(N) & ¢~ (1x) = 1x}. According to the previous theorem, we can con-
struct a fuzzy measure space (B, G,v) closed under isomorphisms with respect
to G as follows:

(i) put B =U,eq 97 (In) = 1n;

(ii) put G the least algebra of fuzzy sets that contains the set

T =g (F(n)),

geG

since g7 (F(1y)) = F(1n) for any g € G, then G = F(1y);

5Recall that f~(A)(m) = A(f~1(m)) for any m € Dom(f~(A)) and (fog)™ = f~og™.

10



(iii) define

vid) =\ V mnM=\ \ @)

geG YEF  a geG Y€EF

One can simply check that if X = N, then v(A) = 1, whenever there exists an
infinite crisp set Y such that 1y C A. For example, the fuzzy measure of the
set P of prime numbers is under v equal to 1 (in contrast to 0 for iy, ). In fact,
it is sufficient to consider a permutation g on N such that g~ (1p) = 1y p and,
from the null-additivity of fi1;, we obtain 71y (1x\p) = 1. On the other hand,
the fuzzy sets with finite supports have the measure under v equal to 0.

2.2. O-fuzzy integral

In this subsection, we present several facts about the ®-fuzzy integrals that
will be used in the proofs of semantic properties of fuzzy quantifiers. Details
and discussion can be found in [4, 5]. First, let us recall the definition of the
®-fuzzy integral.

Definition 2.8. Let (A, F, i) be a fuzzy measure space, Z : Dom(A) — L and
X be an F-measurable fuzzy set. The ®-fuzzy integral of Z on X is given by

[zan=N A @mouw), (11)

X Yery meSupp(Y)

where Fy ={Y | Y € F\ {1y} & Y C X}. If X = A, then we write [y Z du.

In our investigation of permutation and isomorphism invariance of fuzzy
quantifiers, the following isomorphism theorem for ®-fuzzy integrals plays a
major role.

Theorem 2.5. Let g— be an isomorphism between (A, F,u) and (B,G,v), Z :
Dom(A) — L be a mapping and X be a F-measurable fuzzy set. Then,

© ©
/ Z du :/ Zog!dv (12)
X g7 (X)

PROOF. See [5]. O

The following theorem characterizes fuzzy integrals that are invariant with
respect to a permutation group, i.e., the values of fuzzy integrals remain un-
changed, when the integrated functions are transformed by the permutations
from a group of permutations. This characterization is substantial for the proofs
of theorems on the permutation invariance of fuzzy quantifiers investigated in
Section 3.2. Note that the proof of this theorem needs to suppose the distribu-
tivity of ® over arbitrary meets and joins in the complete residuated lattice.
For instance, this presumption for ® = A is ensured in the divisible residuated
lattice and for ® = ® in the MV-algebras.
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Theorem 2.6. Let L be a complete residuated lattice such that © is distributive
over \ and \/, (A, F,u) be a fuzzy measure space and Z : Dom(A) — L. If G
is a group of permutations on Dom(A) such that

© o
/de:/ Zog dpu, (13)

holds for any g € G, then there exists a fuzzy measure space (B,G,v) closed
under isomorphisms with respect to G for which

/QZdu:/QZdl/. (14)

Proor. Let L be a complete residuated lattice such that ® is distributive over
A and \/. Let A = (A, F, u) be a fuzzy measure space, Z : Dom(A) — L and G
be a group of permutations on Dom(A) such that (13) is satisfied for any g € G.
We will prove that (14) is satisfied for the fuzzy measure space (B, G, v) defined
in Theorem 2.4 that is closed under isomorphisms with respect to G.

Put g7 (A) = (Ay, Fy, 1g) for any g € G. Using Theorem 2.5, the presump-
tion (13) can be rewritten as

© G ®
/Zdu:/ Zdu:/ Zogdu=
A A
© 1 © ©
/A(Zog)og d,ug:/AZd,ugz/ Z dpg.

g

for any g € G. Recall that we write [©Z dp = [ Z du, whenever A is the
support of the fuzzy measure space (A, F, ). From the distributivity of ® in
L, we have

/QZdV/ zdv="\/ N “ZmovX)) =

XeG— meSupp(X)

V(A 2o\ V w()=

XeG— meSupp(X) geEG YeF,; x

VV V A @mop®)<

XeG— geG YEFg x meSupp(X)

VV V N (Zm) @ pg(Y)) <

XeG—geGYeF, x\{1p} meSupp(Y)

VVV A @mouy)=

X€eg~ 9eGyer,; meSupp(Y)

V VA @menom=\ [ 2=

9€G yeF; meSupp(Y) gec’As
© ©
\// Z dp = /Zd,u:/ Z dy.
geG A
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One could note that a straightforward consequence of the definition of v is the
fact that u(Z) < v(Z) for any Z € F~. Hence and from the fact that F C G,
we have

[ za=[ zai=\ N\ (Zmour)s

YeF— meSupp(Y)
© ©
\V N Zm)evy)) = / Z dv = / Z dv,
Y’eG— meSupp(Y’) B

which concludes the proof. O

As we have mentioned above, the cardinal fuzzy measure spaces form a
subfamily of the family of all fuzzy measure spaces closed under isomorphisms
with respect to the permutation groups.

Corollary 2.7. Let L be a complete residuated lattice such that ® is distributive
over N\ and \/, (A, F,u) be a fuzzy measure space and Z : Dom(A) — L. If
(13) holds for any permutation g on Dom(A), then there exists a cardinal fuzzy
measure space (B,G,v) for which (14) is true.

PRrROOF. This is a straightforward consequence of the fact that (B, G, v) defined
in Theorem 2.4 is a cardinal fuzzy measure space. O

2.3. Operations on fuzzy sets determined by rl-operations

Let us recall the basic notions and results on the so-called residuated lattice
operations from the Part I. ([2]) that will be used in this paper.

Definition 2.9. Let L be a set of constants. The set P(L) of binary (residuated
lattice) polynomials with constants from L is the smallest set satisfying the
following conditions

(i) ce P(L) for any c € L,
(ii) z,y € P(L),
(iii) if 1,9 € P(L), then ¢ O € P(L) for any O € {A,V,®, —}.

Definition 2.10. Let L be a residuated lattice with the support L. A bi-
nary residuated lattice polynomial ¢» € P(L) defines a binary residuated lattice
operation (shortly rl-operation) on L by the following rules (a,b € L)

(i) if ¢ = ¢, then ¥(a,bd) = ¢,
(i) if ¢p = x or Y = y, then ¥(a,b) = a or ¥(a,b) = b, respectively,

(iii) if ¢ = 21 Dho, then (a,b) = 1(a,b) Opa(a,b) for any operation O €
{nVv,®,—}
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The set of all rl-operations in a residuated lattice L determined by polynomials
of P(L) will be denoted by Rlo(L) or shortly Rlo if the residuated lattice L
is unmistakably determined by the context. Note that we use the same symbol
for a polynomial and a binary operation defined by this polynomial.

Definition 2.11. Let 91,%2 € Rlo(L). We say that ¢ is equal to ¥oand
denote it by ¥; = 1 if ¥1(a,b) = 13(a, b) holds for any a,b € L.

Definition 2.12. Let M be a non-empty universe and ¢ € Rlo(L). We say
that an operation ¢y : F(M) x F(M) — F(M) is determined by 1 if

(4, B)(m) =y (A(m), B(m)) (15)
holds for any A, B € F(M) and m € M.

The following proposition will serve in our analysis of permutation invariance
of fuzzy quantifiers.

Proposition 2.8. For any operation pp; and any permutation f on M, we

have

om (A, B) = om(f7(A), f7(B)) o f (16)
for all A, B € F(M).
PROOF. See [5]. O

Definition 2.13. Let ¢ and ¢p be determined by 4 and ¢’ from Rlo(L),
respectively. We say that ops and ¢ are equivalent if ¢ = 1)’ in L.

The following proposition is important for the analysis of isomorphism invari-
ance of fuzzy quantifiers.

Proposition 2.9. For any equivalent operations @pr, war and a bijective map-
ping f: M — M’', we have

(A B) = o (f7(A), f7(B)) o f (17)
for all A,B € F(M).

PRrROOF. See [5]. O

3. Permutation and isomorphism invariance of fuzzy quantifiers

There are two properties, which characterize quantifiers that ignore the iden-
tity of individuals: permutation invariance and isomorphism invariance. Typical
examples of permutation invariant as well as isomorphism invariant quantifiers
are every, some, no, not all, many, few, at least, at most, exactly, more than,
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less than. There are also non-permutation invariant and non-isomorphism in-
variant quantifiers as John, neither Bill nor Jack, etc. (see also Section 1).
These properties were in fact included directly in the definition of generalized
quantifiers in famous papers by Mostowski [12] and Lindstrém [10]. The explicit
definitions of the concepts of permutation invariance and isomorphism invari-
ance were introduced by van Benthem in [15] (he called the property of isomor-
phism invariance quantity and he denoted the corresponding class of quantifiers
by QUANT). For further information, we refer to [9, 14]. For fuzzy quantifiers
these properties were introduced by Gléckner in [6] (see also [7, 8]).

3.1. Definition of fuzzy quantifiers of type (1,1) determined by fuzzy measures

In the first part of this paper [2] on fuzzy quantifiers of type (1,1), we
proposed fuzzy quantifiers defined using ®-fuzzy integrals. For the general def-
inition of fuzzy quantifiers of type (1,1), see [8]. To exclude a confusion, let us

denote by

© ©

/ Z dp or simply / Z du
(AF ) A

the ®-fuzzy integral from Section 2.2 defined on a fuzzy measure space A =

(A, F,p).

Definition 3.1. Let M be a non-empty universe, S(M) : F(M) x F(M) —
Fms(M) be a mapping assigning to any A, B € F(M) a fuzzy measure space
S(M)(A, B) and ¢ps be an operation on F(M). A fuzzy quantifier of type (1,1)
limited to M determined by (S(M), oar) is a mapping

QN[.F(M)X]:(M)—)L

defined by

Qui(A.B) = / oni(A,B) du (18)
S(M)(A,B)

for any A, B € F(M).

Definition 3.2. An wunlimited fuzzy quantifier of type (1,1) determined by a
pair of functionals (S, ) is an unlimited fuzzy quantifier @ of type (1,1) as-
signing a fuzzy quantifier Qs determined by (S(M), ar) to each non-empty
universe M.

In the following part, for simplicity, we will write only “@ is determined by
(S, ¥)” instead of “Q is a fuzzy quantifier of type (1,1) determined by a pair of
functionals (S, ¢)”.

As we have discussed in [2], it is reasonable to introduce a class of fuzzy quan-
tifiers definable by fuzzy measures. This type of fuzzy quantifiers ensures the
same behavior (measurement) of fuzzy quantifiers if the first argument (scope)
is fixed. The precise definition is as follows.
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Definition 3.3. We say that an unlimited fuzzy quantifier @ is definable by
fuzzy measures if there exists a pair of functionals (S, ) such that @ is de-
termined by (S, ¢) and S(M)(A, —) is a constant mapping for any non-empty
universe M and A € F(M).

Although two fuzzy quantifiers Qs and @}, can be determined by different
mappings S(M) and §'(M) (or ¢ar and ¢’y;), these fuzzy quantifiers may give
the same values for the same fuzzy sets, i.e., their behavior is coincident. The
precise definition of the coincidence of fuzzy quantifiers is as follows.

Definition 3.4. We say that a fuzzy quantifier Q coincides with @' and denote
it by @ = Q' if, for any M and A, B € F(M), it holds that Qu (A4, B) =
Qu (A B).

Note that the empty set as the universe is also included in the previous
definition.

Notation: In proofs of following theorems, we will often use z,y,... to de-
note pairs of fuzzy sets (4, B), (C,D),... This abbreviation will significantly
simplify the expressions of formulas and make the following text more read-
able. For example, if (A, B),(C,D) € F(M)? and f is a permutation on M,
then f~(A,B) = (f~(4), f~(B)) = (C, D) will be written as f~(z) = y for
z=(A,B) and y = (C, D).

3.2. Permutation invariance

Definition 3.5. A fuzzy quantifier Q is permutation invariant if, for any uni-
verse M, bijective mapping f: M — M and A, B € F(M), we have

Qu (A, B) = Qu(f~(A), [ (B)). (19)
The class of all permutation invariant fuzzy quantifiers is denoted by PI.

Obviously, the behavior of fuzzy quantifiers determined by (S, ¢) is closely
related to the form (behavior) of functionals S and ¢. Here, we need the notion
saying something about the property of “being permutation invariant” for the
functional S. Let us recall that Perm(M) is the set of all permutations on M.

Definition 3.6. A functional S is weakly pi-closed if, for any non-empty uni-
verse M and A, B,C,D € F(M) such that (¢7(A),¢g—(B)) = (C,D) for a
permutation g on M, there exists f € Perm(M) for which (f~(A), f~(B)) =
(C,D) and

f7(8(M)(A, B)) = S(M)(C, D). (20)
An equivalent definition is as follows.

Proposition 3.1. A functional S is weakly pi-closed if and only if, for any
non-empty universe M and A, B € F(M), the equality

S(M)(f7(A), f~(B)) = f~(S(M)(4, B)) (21)

holds for at least one permutation f on M.

16



PRrOOF. Obvious. O

Theorem 3.2. Let Q be determined by (S, ). If S is weakly pi-closed, then Q
18 permutation invariant.

PROOF. The condition of being permutation invariant is trivially satisfied for
M = 0. Let us suppose that M # () and z,y € F(M)? such that g~ (x) = y for a
permutation g on M. Since S is weakly pi-closed, then there exists f € Perm(M)

for which f™ () = g7 (z) = y and f7(S(M)(x)) = S(M)(f~ (x)) = S(M)(y).

Hence and from Theorem 2.5 and Proposition 2.8, we have

© ©
Qum(z) :/ om(w) dp =/ onv(x)o f~hdy =
S(M)(z) F=(S(M) (=)

/ ’ onr(F~ (@) di’ = Que(F~(2)) = Quilg™ (@),
S(M)(f~(x))

where 1/ denotes the fuzzy measure of the fuzzy measure space f~(S(M)(z))
and () o f71 = o (f~(x)) is applied. Hence, @ is permutation invariant.
U

In the following two examples, we restrict ourselves to fuzzy quantifiers that

are defined for finite universes only. Note that fuzzy quantifiers defined in such
a way are called finite fuzzy quantifiers (see Definition 6 in [8] and Section 4
of [2]).
Example 3.1. Let A" = (A, F(A), u"), A # 1y, denote a fuzzy measure space
from Example 2.1. For any finite universe M, let us define S"(M)(A, B) = A"
for any A # 1y, and S"(M)(1p, B) = (1, {1g,1as}, p). Then, it is easy to see
that S"(M) is weakly pi-closed. We have to check that, for any A, B € F(M),
the equality (21) holds for at least one f € Perm(M). It is not difficult to
see that a sufficient condition for (21) to be valid for any f € Perm(M) is the
following. For any Y € F(f~(A)), it should hold that

iy (Y) = (i) 1 (V)
(for the definition of (") s see Definition 2.5). Indeed,

r > omen Y (m) Yomen Y (m
K = A~ St I AN
Yomen Y(m) X imyen(fT) T (M)
> men Alm ) > men Alm)
S e~ (0V)(m) _
2 men Alm)
where the equalities A(m) = f~(A)(f(m)) as well as (f~1)~(Y)(f~*(m)) =
Y (m) are used. Hence, §" (M) is weakly pi-closed, and the quantifier many,,(A, B)

determined by S"(M) and ¢ (A, B) = A — B from Example 5.3 in [2] is per-
mutation invariant according to Theorem 3.2.

)
f(m))
)
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Example 3.2. Let L be a complete residuated lattice with L # {1, T} and P
be a functional assigning to any non-empty finite M a fuzzy set Py € F(M)
such that 1g # Py # 1. Let S™(M)(A, B) be as in Example 3.1 and define
a functional 8" (M)(A,B) = S"(M)(AN P(M),B) if AN P(M) # 1y, and
S"P(M)(A,B) = (M,{1g,15s}, 1) otherwise.5 Then, it is easy to show that
S™F(M) is not weakly pi-closed. Let for some M # () consider A = Pj; and
C =g~ (A) = g~ (P) # P (it is possible because P # 1;7). Then, for any
f € Perm(M) such that f~(A) = C and B, D € F(M) such that f~(B) = D,
the equation

S"T(M)(C, D) = f~(S"F(M)(A, B))

cannot hold, because

S"F(M)(C, D) = (CNP,F(CNP),ugnp) # (C.(F(P))y, (Hp)y) =
(f7 (P, (F(P)y, (up)g) = f7(S"F(M)(P, B)) = f~ (8" (M)(A, B)).

It is sufficient to realize that, given the presuppositions we stated, C'N Py, C C.
Hence, S™F (M) is not weakly pi-closed.

The functional S™* (M) is intended for modeling of the natural language
quantifier “many P’s” (as in a sentence “Many Peter’s apples are green”). A
model of this quantifier can be defined as a fuzzy quantifier determined by
(8P (M), pL;), where p1;(A,B) = (AN P) — B. It is easy to show (using
Definition 3.5 directly) that this fuzzy quantifier is not permutation invariant.

Unfortunately, the opposite implication to Theorem 3.2 is not valid in gen-
eral. This can be caused by a choice of a residuated lattice, but primarily by
a choice of fuzzy measure spaces (obtained by S) as well as by a form of the
operation ¢ as the following simple example demonstrates.

Example 3.3. Let L be a complete residuated lattice, ¢ € L be a constant,
¥(a,b) = ¢V (aAb) be an rl-operation on L and ¢y be determined by ¢ for any
non-empty universe M. Further, consider M = (M, F, i), where M = [0,1],
F = {0, 110,050 Ljo.5,1), Lar} and

(1,050 = u(1jo.5,1)) = ¢
Finally, define S(M)(A, B) = M for any A, B € F(M). Since
er (A, B)(m) A p(li,s1) = (¢V (A(m) A B(m))) Ae=c

for any m € [0,0.5] and analogously ¢as(A, B)(m) A u(1jg.51) = c for any
m € [0.5,1], then, for any permutation f on M and A, B € F(M), we have

SIn this case, p is the unique fuzzy measure on the trivial fuzzy measurable space
(M, {1g,1nr})-
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(putting ® = A)

Qui(A, B) = /5 gy EUAB) = m/e\MwA(m),B(m» -
v N\ U A ), £ (B)(f(m)) =
meM
ev N\ B (A)m), £ (B)m)) =
meM
/ oat(F(A), £ (B)) du = Qui(f~(A), £~ (B)).
S(M)(f~(A),f~(B))

Hence, @ is permutation invariant. Nevertheless, S is not weakly pi-closed. In
fact, let us consider a,b € [0,1] with |a — b| > 0.5 and g € Perm(M) defined by
g(x) = x for x € [0,1] \ {a,b}, g(a) = b and g(b) = a. Further, put

1, if m = a,
A(m)=<¢ 0.5, ifm=1, (22)
0, otherwise.

Clearly, for any f € Perm(M) with (£~ (1a), /= (4)) = (g7 (1a1), g~ (A)), we
obtain M = S(M)(f~ (1a1), £~ (A)) # f~(S(M)(1ar, A)) = £~ (M) (because
[~ (1,051 & F, whence F # Fy) and, hence, S is not weakly pi-closed. For
® = ®, the same result can be obtained by putting ¢ = L.

Perhaps it would be possible to find several classes of special conditions (on
residuated lattices, fuzzy measure spaces and rl-operations) under which permu-
tation invariant fuzzy quantifiers are determined by weakly pi-closed functionals.
Nevertheless, in our opinion, this way from case to case seems to be not so con-
ceptual here. Therefore, in the following part, we will show that the class of all
permutation invariant fuzzy quantifiers determined by (S, ) can be described
by fuzzy quantifiers based on weakly pi-closed functionals. More precisely, to
each permutation invariant fuzzy quantifier determined by (S, ) we can con-
struct a fuzzy quantifier determined by a weakly pi-closed functional and ¢ that
coincides with the original one. Let us suppose the existence of choice function.”

Theorem 3.3. Let Q be determined by (S,v). If Q is permutation invariant,
then there exists a fuzzy quantifier Q' determined by (S', ) such that 8" is
weakly pi-closed and Q coincides with Q'.

PROOF. Let x,y € F(M)?. We will write x ~ y if there exists f € Perm(M)
for which f~(x) = y. Obviously, ~ is an equivalence on F(M)?2. Now, the idea
of the proof is to introduce equivalence classes on F(M)? by ~ and to represent
each class by one of its element (a representative). These representatives and

"We do not consider the presumption of the axiom of choice and the existence of choice
function as a limitation in our study of fuzzy quantifiers.
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some chosen permutations on M are used for a construction of a weakly pi-
closed functional over which the new fuzzy quantifier coincides with the original
one.

In order to ensure Qy = Q) for M = (), we put Qj(0,0) = Qp(0,0). Let
M # ), denote Q the quotient set of F(M)? by ~, h: @ — F(M)? be a choice
function (i.e., h([z]) € [z]),

R={(z,y) | z,y € F(M)? and z ~ y}
and 7 : R — Perm(M) be a mapping that satisfies

T(:Z?,y):{ﬁ ifx#yandy:fﬂ(x)»

idyr, otherwise.
Clearly, there exists a mapping 7. Let us define S'(M) : F(M)? — Fms(M) by
S'(M)(z) = (r(a, h([2])) ™) 7 (S(M)(h([x]))- (23)
Putting 2z = h([x]) and 7(z, 2) = f,, we may rewrite the previous formula as
S'(M)(x) = (£ 1) (S(M)(2))- (24)

One can see that &’ is derived from the fuzzy measure spaces of the repre-
sentatives and the chosen permutations are used for their isomorphic images.
We will show that &’ is weakly pi-closed, i.e., for any (x,y) € R, there exists
f € Perm(M) such that

L f7(x) =y,

2. [7(S'(M)(2)) = S"(M)(f~ (2))-
Let (z,y) € R (note that [z] = [y]). Put z = h([z]), fo = r(z,2) and f, =
r(y, z). According to the definition of §’(M), we have

(25)

Plugging S(M)(z) = f.7(S"(M)(x)) to the second equality in (25), we obtain
S'(M)(y) = (f;1)7 o fo (S'(M)()). (26)

According to the choice of the permutations f, and f,, we have f.”(z) = z =
fy (y). Then, however, we obtain

y=(f,")"ofs (@) (27)

Putting f = fy_1 o fz, we obtain
o= k)T =) T o fr
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Plugging f— to (26) and (27) and combining these expressions, we obtain

(S (M)(x)) = S"(M)(f (),

and thus &’ is a weakly pi-closed functional.

According to Theorem 3.2, the fuzzy quantifier Q" determined by (S', ¢) is
permutation invariant. Let us show that Qs = Q. Let z € F(M)? and put
h([z]) = z. From the permutation invariance of @ and @', we have

Qu(z) = Qum(2) = Qi (2) = Q) (),

where Qum(z) = Q4(2) follows from the fact that r(z,z) = 1p, and thus
S'(M)(z) = S(M)(z). Hence and from the equality Qg(0,0) = Qj(0,0), we
obtain the coincidence of @ and Q’. O

A straightforward consequence of Theorems 3.2 and 3.3 is the following corol-
lary characterizing the permutation invariant fuzzy quantifiers determined by a
pair of functionals (S, ¢).

Corollary 3.4. A fuzzy quantifier Q determined by (S, ) is permutation in-
variant if and only if there exists a weakly pi-closed functional 8’ such that the
fuzzy quantifier Q' determined by (S', @) coincides with Q.

The previous corollary shows a nice relation between permutation invariance
and weakly pi-closed functionals S and practically says that all permutation
invariant fuzzy quantifiers determined by (S, ) may be defined in such a way
that S is a weakly pi-closed functional.

Our analysis of permutation invariance will continue for fuzzy quantifiers
definable by fuzzy measures. Recall that a fuzzy quantifier determined by (S, )
is definable by fuzzy measures if S(M)(A, —) is a constant mapping for any non-
empty universe M and A € F(M). Let us start with an analogous statement
to that in Theorem 3.2.

Theorem 3.5. Let Q determined by (S, ¢) be definable by fuzzy measures. If
S is weakly pi-closed, then Q is permutation invariant.

PROOF. Since the fuzzy quantifiers definable by fuzzy measures form a subfam-
ily of fuzzy quantifiers determined by (S, ¢), this statement follows immediately
from Theorem 3.2. O

One would expect, that the opposite implication is also a simple conse-
quence of Theorem 3.3 and the fact that an arbitrary fuzzy quantifier definable
by fuzzy measures is a special case of fuzzy quantifiers determined by (S, ¢).
Unfortunately, the situation is not so straightforward as the following example
demonstrates.

Example 3.4. Let us consider the fuzzy quantifier @, the fuzzy set A and
the permutation g on M defined in Example 3.3. Put B = g7 (A4). As it
could be seen, there is no permutation f on M that satisfies f~(A) = B and
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f7(M) =M. Put z = (1, A4) and y = (1p,B), ie.,  ~ y according to
the notation used in the proof of Theorem 3.3. Without loss of generality,
let us suppose that the mapping h in the construction of the weakly pi-closed
functional S’ (see the proof of Theorem 3.3) is such that h([z]) = x and denote

r(z, h([z])) = r(z,x) = 1p and r(y, h([y])) = 7(y,x) = f, (note that fy_’(M) +
M according to the presumption on the permutations making the interrelation
between A and B). By the construction of &', we have

S'(M)(x) = (137) 7 (S(M) () = 13; (M) = M,
S' (M) (y) = (f; ) (SA)(x)) = (f; 1)~ (M),

S'(M)((f; )7 (@) = (£, )7 (S'(M)()),

but §'(M)(y) # M, and thus @’ determined by (S, ) is not definable by fuzzy
measures (because the second argument should not play a role).

It is easy to see that the problem which arose in the previous example is
closely related to the construction of a weakly pi-closed functional S’ that does
not guarantee the definability of fuzzy quantifiers by fuzzy measures. One can
see that §'(M)(y) = M can be ensured if the interrelations provided by permu-
tations between fuzzy sets in the second argument (i.e., between A and B in the
previous example) do not have an influence on the values of the functional &’.
It has motivated us to modify the concept of being weakly pi-closed functional
with respect to the independence on the interrelations between fuzzy sets in the
second argument.

Definition 3.7. A functional S is weakly pi-closed in the first component if, for
any non-empty universe M and A, B,C, D € F(M) such that g~ (A) = C for a
permutation g on M, there exists a permutation f on M with f—(A) = C and

S(M)(C,D) = f~(S(M)(A, B)). (28)
An equivalent definition is as follows.

Proposition 3.6. A functional S is weakly pi-closed in the first component if
and only if, for any non-empty universe M and A, B,D € F(M), the equality

S(M)(f~(A),D) = f(S(M)(A,B))
holds for at least one permutation f on M.
PROOF. Obvious. O

Before we give an analogous statement to that in Theorem 3.3, we will prove
two lemmas.
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Lemma 3.7. Let Q be a permutation invariant fuzzy quantifier definable by
fuzzy measures. Then, for any non-empty universe M, permutations f and g
on M and A, B € F(M) such that f~ og—(A) =g (A), we have

/ " onilg™ (A) g™ (B)) duy = / " onilg= (A S 0 g~ (B)) dug. (20)

Ay Ay

where Ay = g7 (S(M)(A, B)).

PRrROOF. First, let us suppose that g = 1;,. We have to show that O
© O]
[ ewaB)ydm, = [ enta 1) du, (30)
AlM AlM

for any permutation f on M such that f—(A) = A. Since @ is permuta-
tion invariant fuzzy quantifier definable by fuzzy measures, then S(M)(A, B) =
S(M)(Aa fé(B)> = Ay, and

/A oM (A, B) du1y, = Qu(A, B) =

©

Qui(A, = (B)) = / ori(A, 1~ (B)) dun,,.-

Ay,

Now, let us suppose an arbitrary permutation g on M. Due to Theorem 2.5,
Proposition 2.8 and the previous equality for g = 1,7, we have

/ " ou(AB) du,, = / " ontlg™ (A), g7 (B)) duy =
Aty Ao (31)

/ " on (A (B)) dun,, = / " ontlg (A) g~ o b (B)) dig
Ay, A,

for any permutation h on M with h—(A) = A. Let f be a permutation on M
with f~ og~(A) =g~ (A) and put h =g 1o fog. Then,

h=(A)=(g o fog) (A)=(97") "o f og (A)=(g") 0g (4 =A
Moreover, we have
g ohT(B)=g"o((g7) "o fTogT)(B)=f"og(B)
and thus (g7 (A),g~ oh™(B)) = (¢~ (A), f~ og—(B)). Using the equalities of
fuzzy integrals in (31) that hold for h™~(A) = A, we obtain

[ enta™ (0.5 00 (B diny = [ oty (A1 o (B)) dy =
Ag Ag

/ " (g™ (A), g™ (B)) dp.

Ay

which concludes the proof. O
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Lemma 3.8. Let Q be a permutation invariant fuzzy quantifier definable by
fuzzy measures. Then, for any non-empty universe M, permutations f and g
on M and A, B € F(M) such that f—(A) = g~ (A), we have

O

[ om0 B dg = [ onla™ (W07 (B) dye (32

A, Ay
where Ay = g7 (S(M)(A, B)).

PROOF. Put h = fog~!. Clearly, h is a permutation on M and h~ (g~ (4))
f7o(g7) (97 (A) = f~(A) = g~ (A). Analogously, we obtain h~ (¢~ (B)) =
f7(B) (note that f~(B) # ¢g—(B) in general). According to Lemma 3.7, we
have

/ " (g™ (A) g™ (B)) dptg = / " ont(g™ (A), h (g (B))) dptg =
Ay Ay
/A oar (7 (A), 7 (B)) dpsy,
where we put g7 (A) = f7(A) and b (¢ (B)) = f~(B). O

Now, we can prove the main theorem for the permutation invariant fuzzy
quantifiers definable by fuzzy measures.

Theorem 3.9. Let Q be a fuzzy quantifier determined by (S, ) and be definable
by fuzzy measures. If Q is permutation invariant, then there exists a weakly pi-
closed in the first component functional 8’ such that Q' determined by (S', )
is definable by fuzzy measures and Q' coincides with Q.

PROOF. In order to ensure Qu = QY for M = ), we put Q(0,0) = Qy(0,0).
Let M # ( and A, B € F(M). We will write A ~ B if there exists a permutation
f on M such that f~(A) = B. Clearly, ~ is an equivalence on F(M) (cf. ~

from the proof of Theorem 3.3). Let Q denote the quotient set of F(M) by ~,
h:Q — F(M) be a choice function (i.e., h~([4]) € [4]),

R ={(A,B) | (A,B) € F(M)? and A <~ B}.
Let r : R — Perm(M) be a mapping that satisfies

[ f, ifA#£Band B=f"(A),
r(4,B) = { 1y, otherwise.

One can see that there exists a mapping r. Further, let us define a functional
S' (M) : F(M)? — Fms(M) by

S'(M)(A, B) = (r(A, h([A]) ™)~ (S(M)(h([A]), 1p))- (33)

One could note that our choice of the empty fuzzy set in the definition does not
have any influence on the definition of the functional S'(M), in other words,
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replacing 1y by any fuzzy set on M, we obtain the same definition, because @ is
definable by fuzzy measures. For simplicity, put h([4]) = Z and (4, Z) = fa.
Then, the formula in (33) can be rewritten as

S'(M)(A,B) = (f21)7 (S(M)(4, 1p)). (34)

Now, let Q' be a fuzzy quantifier determined by (S’,¢). A simple conse-
quence of the definition of &’ is the fact that Q' is definable by fuzzy measures
(i.e., S'(M)(A,B) = §'(M)(A,C) for any M # () and A, B,C € F(M)). Let
A,B,C,D € F(M) and g € Perm(M) be such that g~ (A4) = C (i.e., A~ C).
Put Z = h([4]) = h([C]) and fa =r(A, Z) and fo =7(C,Z). Then,

S'(M)(A, B) = (f1")7(S(M)(Z,1y)),
S'(M)(C, D) = (f5") 7 (S(M)(Z, 1p)).

Hence, we obtain
S'(M)(C, D) = (f5" o fa)” (S(M)(A, B)).
Putting f = f5' o fa, we obtain
FrA) = (fet o fa) M (A) = (fe) "o f7(A) = (fc) " (2)=C

and 8'(M)(C,D) = f7(S'(M)(A4, B)). Hence, S’ is weakly pi-closed in the first
component.

Now, we will show that @’ is permutation invariant. Let A, B € F(M) and
put h([4]) = Z, fa = r(A,Z) and, for simplicity, A = S(M)(Z,0) (we will
use also the denotation Ay = f~(A)). Let f € Perm(M). We have to prove
that @4, (4, B) = Q) (f~(A), f~(B)). Since &' is weakly pi-closed in the first
component, there exists g € Perm(M) such that f~(A) = ¢ (A) and

—~ =

S'(M)(f7(A), f7(B)) =S (M)(g~(A),g7(B)) =
g (S (M)A B) =g ((fx) " (A) = A ;1
where the first equality follows from the fact that S’'(M)(A,—) is a constant
mapping for any A € F(M). Obviously, we can also write
9 (A) =g o (fA)7(2)=F"o(f2)7(2) = [ (A).
Since @ is definable by fuzzy measures and it is permutation invariant, then we
have (due to Lemma 3.8)

o (f7 o (FA)7(2), f7 o (Fa)T(F3(B))) dptgopr =
gOfZ1

A

eulg” o (f)7(2),97 o (F2)7(F27(B))) dugos-r,

-1
gof,
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where we consider S'(M)(Z, fi(B)) = S(M)(Z, f;(B)) = A. This equality
may be rewritten as follows

/ ’ one(F(A). 1~ (B)) dug

—(S'(M)(A,B))

I (g~ (4), g~ (B)) duy,

97 (8"(M)(A,B))

where, by the definition of &', we have
A =970 (f1)T(A) =97 o (f11) 7 (S(M)(Z,19)) = g~ (S'(M)(A, B)).
Using this equality and S'(M)(f~(A), f~(B)) = g~ (S (M)(A, B)), we obtain

©

Qui(A,B) = / (A, B) dy =
S'(M)(A,B)

/ ’ ori(a™ (A), g~ (B)) dysy =

~(8"(M)(A,B))

/ ’ ot (F(A), (B)) duy =

—(8(M)(A,B))

©
/ ort(F7(A), 17 (B)) diag = Qg (7 (A), £~ (B)),
S"(M)(f~(A),f~(B))
where the first equality is a consequence of Theorem 2.5 and Proposition 2.8.
Hence, Q' is permutation invariant.
Finally, we will prove that Qa (A, B) = Q),(A, B) for any A, B € F(M).
Let A,B € F(M) be arbitrary fuzzy sets. Put h([A]) = Z and fa = (4, 2).

Since @) is permutation invariant, then
Qu (A, B) = Qy(fa'(A), f4'(B)) = Qu(Z.f4'(B)) = Qu(Z. f4' (B)) =
Qu((F21)7(2), (12~ (2 (B) = Qu(A, B),
where the equality Q),(Z, f1(B)) = Qum(Z, f1 (B)) follows from the fact that

S'(M)(Z, f1(B)) =S8S(M)(Z, f1 (B)). Hence and from the equality Qg(0,0) =
Q7(0,0), both fuzzy quantifiers coincide and the proof is finished. O

It should be noted that the weak pi-closeness in the first component of the
functional & does not imply the permutation invariance of fuzzy quantifiers
definable by fuzzy measures, in general. This is also the reason why the proof
of the previous theorem is more complicated than the proof of Theorem 3.2.
An example of a fuzzy quantifier determined by a functional weakly pi-closed in
the first component, that is not permutation invariant, is given in the following
example.

Example 3.5. Let L be a complete residuated lattice with the support [0, 1]
and N be the set of natural numbers with zero. Let us define S for N as follows

’ a (]-Na{l@a]-N}vﬂ’)? otherwise,
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where 717, is defined in Example 2.3 and p is the trivial fuzzy measure.

One may simply check that S(N)(A, —) is a constant mapping and, for any
A,B,C € F(N), the equality S(N)(f~(A),C) = f~(S(N)(A, B)) holds for at
least one permutation f on N.8

Let @Q be a fuzzy quantifier determined by (S, ¢) with S(IV)(—, —) defined
above and ¢ = N. Since S(N)(A, —) is a constant mapping and the condition
to be weakly pi-closed in the first component is satisfied by & for N, we may
suppose that the same holds for other universes, and thus @ is definable by
fuzzy measures and, moreover, S is weakly pi-closed in the first component. Let
E and P denote the sets of even and prime numbers, respectively. Clearly, there
exists f on N such that f~(1g) = 1p. Then,

o} o}

o(In,1E) dm:/ lg dpry =
S(M)(In,1E)

Qum(ln,1k) :/

S(M)(1n,1E)

piy(1g) =05 #0=p1,(1p) =

© ©
/ lp diity =/ o(In,1p) diiny = Qu(1n,1p),
S(M)(n,1E) S(M)(n,1E)
where we use
®
/ xdiy =\ N\ (x(m) 0Ty (1)) = iy (1x),
S(M)(1n,1x)

YeF;, meSupp(Y)

which holds for any X € N and fi,(1g) = 0.5 and 7, (1p) = 0 (see Ex-
ample 2.3). Thus, although @ is definable by fuzzy measures and S is weakly
pi-closed in the first component, () is not permutation invariant.

Though we have proved two interesting statements for fuzzy quantifiers de-
finable by fuzzy measures stating sufficient conditions for being permutation
invariant and being determined by a weakly pi-closed in the first component
functional S, we cannot provide an analogous equivalence to that in Corol-
lary 3.4, in general.

In the rest part of this subsection, we restrict ourselves to complete residu-
ated lattices in which ® is distributive over A and \/. Under this presumption,
we will show that a type of such equivalence for fuzzy quantifiers definable by
fuzzy measures may be proved.

The main idea is based on the possibility to construct a “bigger” fuzzy
measure spaces that contain the original ones and, moreover, their isomorphic
images with respect to a permutation group (see Theorem 2.4). Roughly speak-
ing, this trick allows us to replace a fuzzy measure space A = (A, F,u) for
which there exists a permutation f from a suitable permutation group G, where

8Note that if A # 1y, then S(N)(f~(A),C) = f~(S(N)(A, B)) holds even for any
permutation f on N, because [ (1n,{1lg,1n}, 1) = (In,{1p,1n}, 1) (see Definition 2.5).
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om(x) o g™t = par(z) holds for some x and any g € G, such that f~(A) # A,
by a “bigger” fuzzy measure space B that is closed under isomorphisms with
respect to G. Furthermore, due to the equality on(z) 0 g71 = @r(x) that is
satisfied for any g € G we obtain by Theorem 2.6

[ ety au= [ orito) av

Since the new fuzzy measure space B is closed under isomorphisms with respect
to a permutation group G, we can require a stronger property of the functional
S to characterize the permutation invariance. This property, in essence, imitates
the permutation invariance for fuzzy quantifiers.

Definition 3.8. We say that a functional S is pi-closed if, for any non-empty
universe M, any fuzzy sets A, B € F(M) and any permutation f € Perm(M),
we have

f7(S(M)(A, B)) = S(M)(f7(A), f~(B)). (35)
An equivalent definition is as follows.

Proposition 3.10. A functional S is pi-closed if and only if, for any non-empty
universe M and A,B € F(M), the equality

S(M)(f~(A), f7(B)) = [~ (S(M)(A, B))
holds for any permutation f on M.
PROOF. Obvious. O
A simple but very useful example of a pi-closed functional is a functional S
defined by S(M)(—,—) = (M, F,u) for any non-empty universe M, provided
that

n(Y) =p(f~ ()

holds for any f € Perm(M) and Y € F.

Example 3.6. We have seen that, for the functional S™(M) from Example 3.1,
the equation (35) holds for any finite universe M and any permutation f €
Perm(M). Hence, 8™ is pi-closed.

Proposition 3.11. If S is pi-closed, then the set
Ay ={S(M)(A,B) | A,B € F(M)} (36)

forms a closed under isomorphisms system of fuzzy measure spaces for any non-
empty universe M.
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PROOF. If A = (A, F,u) and A € Ay, then there exists 2 € F(M)? such that
S(M)(x) = A. Since S is pi-closed, then

[7(A) = [7(S(M)(x)) = S(M)(f () = A

for any permutation f on M. From the definition of A;;, we obtain that
f7(A) € Ay for any permutation f on M and A € Ap;. According to
Lemma 2.2, the set Ay, is a closed system of fuzzy measure spaces. O

Remark 3.7. One could note that the opposite implication in not true and the
pi-closed functionals define only a special class of closed under isomorphisms
systems of fuzzy measure spaces.

Clearly, each pi-closed functional is also weakly pi-closed. Hence, the follow-
ing theorem is a straightforward consequence of Theorem 3.2.

Theorem 3.12. Let Q be determined by (S,¢). If S is pi-closed, then Q is
permutation nvariant.

Note that we cannot provide an analogous statement to that in Theorem 3.3,
because the functional S’ constructed in the proof of that theorem is not pi-
closed in general (it is only weakly pi-closed). Nevertheless, the proposition
can be proved under the declared presumption on the distributivity of ® over
arbitrary meets and joins as follows.

Theorem 3.13. Let L be a complete residuated lattice such that ® is distributive
over \ and \/. If Q determined by (S, ) is permutation invariant, then there
exists a fuzzy quantifier Q' determined by (S, ) such that S’ is pi-closed and
Q coincides with Q.

PRrRoOOF. The aim of the proof is to construct a pi-closed functional S’ based
on fuzzy measure spaces that are closed under isomorphisms over groups G, of
permutations having the property f~ (z) = x, and then to show that the fuzzy
quantifier Q" determined by the functionals &’ and ¢ coincides with Q.

To ensure Qn = QY for M = (), it is sufficient to put Q4(0,0) = Qu(0,0).
Now, let us suppose that M # (. Let x,y € F(M)?. We will write x ~ y if
there exists a permutation f on M such that f—(z) = y. Further, denote by
H,, the set of all permutations f on M such that f~(z) = y. One can see
that H,, forms a permutation group on M if x = y.9 Denote this permutation
group by G, i.e., G, = H,,. Due to Proposition 2.8, we have pp/(z) o f =
o ((f~H)7(2)) = pm(x) for any permutation f from G,. Then,

Lo on@dn= [ outwer d (37)
S

(M)(2) S(M)(x)

90bviously, this is not true for arbitrary x,y € F(M)2.
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holds for any f € G, where we put S(M)(x) = (A, F,pu). According to The-
orem 2.6, there exists a fuzzy measure space B, = (B, G, V) closed under
isomorphisms with respect to G, i.e., f7(B;) = By = By~ (,) for any f € G,
such that

/ e du= [ ) due. (33)

(M)(=) B,

Let z, 2 € F(M)? such that z ~ z and f,g,t € H,,. Then, g~ o (t71)7(B,) =
f~o(t 1~ (B.). In fact, we have

g~ o (t_l)é(Bz) =B.=f"o (t_l)—)(Bz)v (39)
since got™!, fot !l € G,.
Now, let us denote Q = F(M)?\ ~, consider a choice function h : Q —
F(M)?, ie., h([z]) € [z] for any [z] € Q, and define
R ={(z,y) | v,y € F(M)? and = ~ y}.

Further, let us consider a mapping r : R — Perm(M) that satisfies

r(x,y)_{fv ifx#yandf_)(x)::%

1p7, otherwise.
Note that r(x,y) € Hyy. Denote r(z, h([z])) = f. and define
S'(M)(x) = (fz )" (Bn(ap)- (40)

Clearly, §'(M)(h([z])) = Bp()). Let us show that S’ defined by (40) is a
pi-closed functional.

Let x,y € F(M)? such that x ~ y and put h([z]) = h([y]) = 2. According
to the definition of S’, we have

(41)

where f, = r(z,z) and f, = r(y,2). Let f be an arbitrary permutation for
which f~(z) = y, i.e., f € Hy,. Clearly, we have f, o f € H,,. Since also
fe € Hy,, then, by (39), we obtain

B.=fo(fi )" B)=(fyof)”o(fe)7B2)=f, o f o (f7)7(Ba).
Hence, we have

(fyfl)*}(Bz) = f*) o (facfl)*)(Bz)v

which can be rewritten as

S (M)(f~(2) = (f;)7™(B) = [ o (f71)7(B:) = f7(S'(M)(x)).
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Thus, S’ is a pi-closed functional.

Let us denote by @’ the fuzzy quantifier determined by (S’,¢). Due to
Theorem 3.12, we have ' € PI. To show that Qy = Q'y;, let z € F(M)? and,
firstly, let us suppose that h([z]) = z. Then, S'(M)(x) = B, and, according to
(38), we have

Qu(x) = /S@ om(x) dp =

(M)(@)

© ©
[ oen@dn= [ o) = Qi (a).
B, S'(M)(x)

Now, let & € F(M)? be arbitrary. Since Q,Q’ € PI and f,”(x) = h([z]), then,
by the previous equality, we have

Qu(z) = Qu(fy" () = Qu(h([x])) = Qur (h([x])) = Qu (£, (2)) = Qs ().

From this and from the equality Qpy = Q(D, we obtain the coincidence of ) and
Q. O

Corollary 3.14. Let L be a complete residuated lattice such that ® is distribu-
tive over N\ and \/. A fuzzy quantifier @ determined by (S, ) is permutation
invariant if and only if there exists a pi-closed functional 8’ such that the fuzzy
quantifier Q' determined by (S’,¢) coincides with Q.

Now, we will show that an analogous proposition presented above in the
corollary holds also for fuzzy quantifiers definable by fuzzy measures. The fol-
lowing theorem is a straightforward consequence of Theorem 3.12.

Theorem 3.15. Let QQ determined by (S, ) be definable by fuzzy measures. If
S is pi-closed, then Q is permutation invariant.

A weaker opposite implication is as follows (cf. Theorem 3.9).

Theorem 3.16. Let L be a complete residuated lattice such that ® is distributive
over \ and\/ and Q be determined by (S, ). If Q is definable by fuzzy measures
and permutation invariant, then there exists a fuzzy quantifier Q' determined
by (S',¢) such that Q" is definable by fuzzy measures, S’ is pi-closed and Q'
coincides with Q).

PRrROOF. The proof is more or less analogous to that of Theorem 3.13, only
not one, but two equivalences will be constructed here. The first equivalence
ensures the definability of the fuzzy quantifier by fuzzy measures, i.e., Qpr (A4, —)
is a constant mapping for any M and A € F(M), and the second one makes
the fuzzy quantifier invariant with respect to permutations. Again, to ensure
Qu = Q) for M =0, it is sufficient to put Q4(0,0) = Qu(0, ).

Let M # 0 and x,y € F(M)?. We will write x = y if the first components
of z and y are equal, i.e., if x = (A, B) and y = (C, D), then A = C. One could
note that = is an equivalence on F(M), and if 2 = y, then z = y.
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Let Hy, denote the set of all permutations f on M for which f~(x) =y

and G7 the group of all permutations f on M satisfying £~ (x) = z. One could
simply prove that G* = H}, .10

Let @ determined by (S, ¢) be definable by fuzzy measures, i.e., S(M)(A4, —)
is a constant mapping for any A € F(M). This condition can be equivalently
expressed as S(M)(xz) = S(M)(y), whenever x =y.

Let € F(M), f € G% and put S(M)(x) = (A, F, ). Then,

© ©
/ () dp = / () o f dp. (42)
S(M) () S(M) ()

In fact, using Theorem 2.5 and the facts that S(M)((f~1)~(z)) = S(M)(z),
Qu(x) = Qu((f7) 7 (x)) and @un((f7) 7 (2)) = pu(x) o f, we have

/: pur (@) dp = Qui(z) = Qu((f 1)~ (x)) =

(M)(x)
o) i o
/ oxt ()™ (@) dp = / oar(@) o f dp.
S(M)((f~1)~ (=) S(M)(x)

Since @ is distributive over A and \/, then, supposing (42) in Theorem 2.6 to
each x € F(M)?, there exists a fuzzy measure space B, = (B,,G,,v:) closed
under isomorphisms with respect to G for which

© ©
/ o) dyu = / () dvs. (43)
S(M)(x) B,

Let P = F(M)\ =, ie., y € [z] if 2 = y. We will write [] ~ [y] if there exists a
permutation f on M such that [~ (x) = y. It is easy to see that the relation ~
is an equivalence on P and let Q = P\ ~, i.e., [y] € [[«]] if [2] ~ [y].

Further, let us consider two choice functions

q:Q—P,
p:73—>.7:(M)2,

ie., q([[z]]) € [[z]] for any [[z]] € Q and p([z]) € [z] for any [z] € P, and put
h = poq. Define

R* ={([z],[y]) | #,y € F(M) and [z] ~ [y]},
R={(z,y) | z,y € F(M) and [z] ~ [y]},

r* : R* — Perm(M) in such a way that

r* (], [y]) = { e if [z] # [y] and 7 (2) =y,

157, otherwise,

10Tn comparison with the constructions of Hyy and Gy in the proof of Theorem 3.13, the
second components of z and y are ignored here.
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and r : R — Perm(M) by r(x,y) = r*([z], [y]). One could simply verify that
the definition of r* does not depend on the choice of x and y (note that the
first components of z and z with z € [z] are the same) and clearly r* (and
hence r) can be defined in different ways. Moreover, r(z,y) € H, , because

r(z,y)~ (z) = y. Denote r(z, h([[z]])) = f. and define

S'(M)(x) = (£ 1) (Bu(al))» (44)

where f; ! is the inverse mapping to f,. Clearly, S8'(M)(h([[=]])) = B
because r(h([[]]), h([[z]])) = 1as

Firstly, we will show that &’ defined by (44) is a pi-closed functional, and
thus the fuzzy quantifier determined by (S’ ¢) is permutation invariant. Let
x € F(M)? and f € Perm(M). Clearly, [[z]] = [[f~(2)]]. Put f~(x) = y and
R([[z]]) = h([[y]]) = 2. According to the definition of &', we have

(45)

where f, = r(z,z) and f, = r(y,2). Since f,o f € H}, and f, € H},, then,

using (39) in the proof of Theorem 3.13 that also holds for H,,!! we obtain
B.=fo(f; )7 B)=(fyo /)" o(f) "B =1 o f 7o ()7 (B

Hence, we have

which implies
S'(M)(f~ (@) = (f; )7 (Bo) = 7o (f71)7(B:) = f(S'(M)(2)

and 8 is a pi-closed functional. Further, we will show that S'(M)

~—

)

—_
g

RE
|

S'(M)(y), whenever = y, and thus the fuzzy quantifier determined by (S’, ¢)
is definable by fuzzy measures. If z,y € F(M)? and = = y, then [z] = [y] and
also [[z]] = [[y]]. Hence, we obtain fo = r(z,2) = r*([z],[z]) = r*([y],[z]) =

r(y,z) = fy, which implies
S'(M)(x) = (f;1)7(B2) = (f, )7 (B:) = S'(M)(y).

Finally, let Q" be a fuzzy quantifier determined (S’,¢) that is, as we have
proved, permutation invariant and definable by fuzzy measures. We will show
that Q); = Qur. Let x € F(M)? and, firstly, let us suppose that h([[z]]) = .

1Tt is sufficient to consider fz o f3 !, fyofo fo! € G and to apply g~ (B.) = B, which
holds for any g € G%.
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Since §’'(M)(x) = B,, then, according to (43), we have

Qui(z) = / oni(z) dps =
S(M)(x)

[ outw) dva = / D (@) dve = Q).

B, (M)(z)
Now, let € F(M)? be arbitrary. Since Q, Q" € Pl and f.”(z) = h([[z]]), then
Qu(z) = Qu(f; () = Qu(h([[2]])) = Q (h([[z]])) = Q@ (f; (2)) = Qy ().

Hence and from the equality @y = be, we obtain the coincidence of () and
Q. O

Now, we can present the main goal of this part stating a relation between
permutation invariance and pi-closed functionals for fuzzy quantifiers definable
by fuzzy measures.

Corollary 3.17. Let L be a complete residuated lattice such that ® is dis-
tributive over N\ and \/. A fuzzy quantifier Q definable by fuzzy measures is
permutation invariant if and only if there exists a pi-closed functional S such
that the fuzzy quantifier Q' determined by (S, @) is definable by fuzzy measures
and coincides with Q.

In practice, it seems to be profitable to use fuzzy quantifiers determined by
(S,¢) with S(M) as a constant mapping, i.e., S(M)(A, B) = M for any non-
empty universe M and A, B € F(M). If such a fuzzy quantifier is permutation
invariant, then there is a question, whether M is a cardinal fuzzy measure space.

Definition 3.9. We say that a fuzzy quantifier ) determined by (S, ) is locally
cardinal if S(M)(—, —) = M is a constant mapping for any non-empty universe
M, and S is pi-closed.

A straightforward consequence of the definition of locally cardinal fuzzy
quantifier is the following statement showing a close relation between locally
cardinal fuzzy quantifiers and cardinal fuzzy measure spaces.

Lemma 3.18. A fuzzy quantifier Q determined by (S, ) is locally cardinal if
and only if S(M)(—,—) is a cardinal fuzzy measure space for any non-empty
universe M.

Note that the term “locally” in the previous definition of a cardinal fuzzy
quantifier is motivated by the fact that “to be pi-closed” is only a local prop-
erty, which is limited to a universe. It means that we can have a fuzzy quantifier
defined by cardinal fuzzy measure spaces, but the same cardinality of universes
does not imply the isomorphism of the fuzzy measure spaces over these uni-

verses. 12

12Consider |M| = |M’|, but f~(S(M)(—,—)) # S(M')(—, —) for a bijection f: M — M’.
Later, we will see that the locally cardinal quantifiers are not isomorphism invariant in general.
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Since the locally cardinal fuzzy quantifiers are determined by pi-closed func-
tionals S, they are permutation invariant. The opposite implication is also true
under the presumption of the distributivity of ® over arbitrary meets and joins.
Note that the fuzzy quantifier (limited to M = [0,1]) from Example 3.3 is per-
mutation invariant and is definable by fuzzy measures (i.e., S(M)(—,—) is a
constant mapping), but S(M)(—, —) is not a cardinal fuzzy measure space.

Theorem 3.19. Let L be a complete residuated lattice such that ® is dis-
tributive over \ and \/ and Q be a fuzzy quantifier determined by (S, p) with
S(M)(—,—) =M for any non-empty universe M. If Q is permutation invari-
ant, then there exists a locally cardinal fuzzy quantifier coinciding with Q.

PrOOF. Put Qj = Qp. Further, according to the presumption on S, the fact
that @ is permutation invariant and Proposition 2.8, we have

Qu(x) = /S@ e () du = /Q pum(z) du =

(M)(z) M

© ©
| entrm @) di= [ oo £ du=Qu(r @)
M M

for any permutation f on M. Due to Corollary 2.7, there is a cardinal fuzzy
measure space M’ for each M # () such that

© ©
| entaydu= [ pute) v (46)
M 7

Now, it is sufficient to define S'(M)(—, —) = M’ and to consider @’ determined
by (8',¢). The coincidence of @ and Q" immediately follows from Qp = Qj and
the equality of integrals in (46). O

Corollary 3.20. Let L be a complete residuated lattice such that ® is distribu-
tive over \ and\/. A fuzzy quantifier Q determined by (S, ) with S(M)(—, —) =
M for any non-empty universe M is permutation invariant if and only if there
exists a locally cardinal fuzzy quantifier Q' coinciding with Q.

Example 3.8. We already showed that the quantifier many,,(A, B) from Ex-
ample 5.3 in [2] is permutation invariant (see Example 3.1). Analogously, this
can be shown also for other quantifiers from [2], namely, every, some, at least half
and few.

3.8. Isomorphism invariance

Let us investigate the property that extends the permutation invariance from
one universe (a local property) to the class of all bijective universes (a global
property). In our investigation, we will deal with the concept of classes and
mappings and relations on classes. Because many questions and problems are
similar to the case of the permutation invariance, we will not go into details
unless there is a substantial difference with respect to the case of permutation
invariance.
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Definition 3.10. We say that a fuzzy quantifier @ is isomorphism invariant
if, for any universe M, bijective mapping f : M — M’ and A, B € F(M), we
have

Qu(A,B) = Qum (f~(4), f(B)). (47)
The class of all isomorphism invariant fuzzy quantifiers is denoted by ISOM.

It is well-known that the isomorphism invariance is a natural extension of
permutation invariance, which is fixed to one universe, to the class of universes
having the same cardinality. To study the relations between ISOM and the
fuzzy quantifiers determined by fuzzy measures, we need to extend the concept
of the weakly pi-closed functional used in the case of PI.

Let us denote by Bij(M, M’) the set of all bijections from M to M’. The fol-
lowing concept naturally extends the property of being weakly pi-closed (cf. Def-
inition 3.6).

Definition 3.11. We say that a functional S is weakly iso-closed if, for any
non-empty universes M, M’, fuzzy sets A, B € F(M) and C,D € F(M’) such
that (¢7(A),g7(B)) = (C,D) for a bijection g of M onto M’, there exists
f € Bij(M, M’) for which (f~(A), f~(B)) = (C,D) and

f7(S(M)(A,B)) = S(M')(C, D). (48)
An equivalent definition is as follows.

Proposition 3.21. A functional S is weakly iso-closed if and only if, for any
non-empty bijective universes M, M', A, B € F(M), the equality

S(M')(f7(A), f7(B)) = f7(S(M)(A, B)) (49)
holds for at least one bijection f of M onto M’.
PROOF. Obvious. O

Recall that s and ¢ps are the equivalent operations if they are determined
by one rl-operation v (see Definition 2.13).

Definition 3.12. We say that a functional ¢ is weakly global, if, for any non-
empty isomorphic universes M and M’, the operations ¢, and ¢ are the
equivalent operations. If the operations ¢y, and @y are equivalent for any M
and M’, we say that ¢ is global.

Note that the denotation “global” expresses the fact that there exists a one rl-
operation ¢ on L such that each ¢y is determined by 1, and thus the definitions
of operations s are independent from their universes M. The weakness of the
global property is more or less technical and may be used in many cases, when
we need not suppose the existence of one rl-operation for all universes. The
following theorem is a global version of Theorem 3.2.

36



Theorem 3.22. Let Q be determined by (S,¢). If S is weakly iso-closed and
p is weakly global, then Q is isomorphism invariant.

PrOOF. The condition of being isomorphism invariant is trivially satisfied for
M=0. Let M # 0 # M, x € F(M)?, y € F(M')? and g~ () = y for some
g € Bij(M, M’). Since S is weakly iso-closed, then there exists f € Bij(M, M)
with f~(x) =y and

f(SM)(x)) = S(M)(f ().

Since ¢ is weakly global, then, according to Theorem 2.5 and Proposition 2.9,
we have

Qui(x) = / () dj = / oar(@) o f dyl =
S(M)(x) f=(S(M)(x))
/ oar (7 (@) dit’ = Qar (F~ (2)),
S(M")(f~ ()

where @pr(z) o f~1 = @ar(f~(2)) is applied. Since f~(z) = g~ (z), then
Qu(x)=Qu (f7(x)) = Qum (g7 (z)). Hence, @Q is isomorphism invariant. O

Example 3.9. Let us define a functional S* for any finite universe M and
A, B € F(M) as follows:

" o (1M7{1@71M}7ﬂ)7 if 15EM7
S*(M)(A,B) = { (1M7}“(1M)’M{M), otherwise,

where (157, F(1ar), p7,,) is defined in Example 2.1. Now, let us consider a finite
fuzzy quantifier Q* determined by (S*,¢), where ¢ is an arbitrary functional
(e.g., o = N). Tt is obvious that S* is (weakly) pi-closed and that the fuzzy
quantifier @* determined by (S*,¢) is PI (and locally cardinal). However, &*
is not weakly iso-closed. In fact, it is sufficient to consider universes M =
{14,15,16} and M’ = {¢,d, e} for which evidently the condition (49) cannot be
satisfied. Moreover, using these universes one may simply demonstrate that Q*
is not ISOM.

Theorem 3.23. Let Q be determined by (S, ). If Q is isomorphism invariant,
then there exists a fuzzy quantifier Q' determined by (S’,¢") such that S’ is
weakly iso-closed, ¢’ is weakly global, and Q' coincides with Q.

Proor. Put @Qj = Qp. Further, let CARD denote the class of all cardinal
numbers different from 0 expressed by the least ordinal numbers that have the
same cardinality. It means that a cardinal number « is a well ordered transitive
set. The cardinal numbers (as sets) will serve as representatives in the classes
of all universes having the same cardinality used in our construction.

Let S8’'(«) be the mapping defined in the same way as in the proof of The-
orem 3.3 for any o € CARD. More precisely, we consider S’ to be defined only
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for the universes that belong to CARD, S’ for further universes will be defined
later. Recall that, for any x € F(a)?, and a permutation g on «, there exists a
permutation f on « such that f~(z) = ¢~ (z) and

(S (@)(x) = 8 (a)(f7 (2)). (50)

Moreover, if @/, (limited to «) is defined by &’'(a)(—, —) and ¢, we have Q, =
Q’, (see the proof of Theorem 3.3).13

Let V.= Upzp F(M) and R C V x CARD be a (class) relation naturally
defined by (M,«a) € R if M and « have the same cardinality (i.e., there exists
a bijective mapping of M onto «) and consider a mapping F : R — Bij, where
Bij denotes the class of all bijective mappings such that

1, if M # « and f is a bijection of M onto «,
F(M,a) = { 17, otherwise. (51)
Define
S'(M)(x) = (F(M,a)™")7 (8" () (F(M, ) (). (52)

Putting fyr = F(M, a), we may rewrite (52) by

S'(M)(x) = ()™ (S (@) (faz (2))). (53)

Let us show that 8" defined by (53) for any non-empty universe is a weakly
iso-closed functional. Let f € Bij(M,M’) and a = |M|. Put fpy = F(M, )
and fy = F(M',a). If x € F(M)?, y € F(M')? and f~(z) = y for some
f € Bij(M, M’), then there exists a permutation g on a such that g7 (f3/(x)) =
fai(y) (note that fi/(x), fi7(x) € F(w)). In fact, denote a, = f37 () and
ay = f;(y) and let f € Bij(M, M’). Then,

(far) ™ o f 7o (far) 7 () = .

Hence, it is sufficient to put g = fa o f o f3;'- From the construction of S'(«),
there exists h € Perm(c) such that ¢ (f3/(x)) = h~ (f3; (z)) = fi7 (y) and

h= (S (@) (fy (@) = S (@) (W (far (2) = () (far (v))- (54)
According to the definition of ', we have

S'(e)(far (2)) = far (S'(M)(2)),
S'(@)(far () = far (S (M) (y)-

Plugging (54) into the second formula in (55), we obtain
h= (8 () (far () = Fri(S" (M) (y).

(55)

I3Note that in this part, we cannot define Q’ for an arbitrary universe M, nevertheless, if
we restrict ourselves to the sets from CARD and define Q' only over CARD, then Q' coincides
with @ restricted to CARD.
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After a simple manipulation with the previous formula one can derive

(far )7 (S (@) (far (@) = (F3) 7 0 (W77 0 frg (S (M')(y)),

and, using (53), we obtain
S'(M)(z) = (far o ™" o far) 7 (S'(M')(y))-

Putting t = f; o ho fas (one can simply check that ¢~ (x) = y), the previous
formula can be rewritten as

(S (M)(2)) = S"(M) (£ (). (56)

Hence, the functional &’ is weakly iso-closed.

If we define ¢’ in such way that ¢, for any non-empty universe M is equiv-
alent with ¢, whenever |M| = «, and thus the functional ¢’ is weakly global,
we obtain, by Theorem 3.22, that @’ determined by (S’,¢’) is isomorphism
invariant.

Finally, we will prove that @’ coincides with @, i.e., Qn = @), for any
M # 0. Let x € F(M)2. Put far = F(M, ). Since Q is isomorphism invariant
and Q, = @', for any a € CARD, we have

Qu(z) = Qul(f™(2)) = Qu(f 7 (2)) = Qy(2),
and the proof is finished. O

Corollary 3.24. A fuzzy quantifier Q determined by (S, ) is isomorphism in-
variant if and only if there exist a weakly iso-closed functional 8" and a weakly
global functional ¢’ such that the fuzzy quantifier Q' determined by (S',¢’) co-
incides with Q.

Obviously, the statement in Theorem 3.22 (that states: if S is weakly iso-
closed and ¢ is weakly global, then @ determined by them is ISOM) is also
true for fuzzy quantifiers definable by fuzzy measures. To show an opposite
implication analogous to that in Theorem 3.9, we should introduce a concept
of functional weakly iso-closed in the first component. Since the statement as
well as its proof can be done analogously to that in Theorem 3.23 and again a
relation between isomorphism invariant fuzzy quantifiers and weakly iso-closed
in the first component functionals S and weakly global functionals ¢ cannot be
proved, we will omit it here.

In the rest of this section, we will suppose the distributivity of ® over A
and \/. The following concept naturally extends the property of being pi-closed
(cf. Definition 3.8) and, in essence, imitates the isomorphism invariance for fuzzy
quantifiers.

Definition 3.13. We say that a functional S is iso-closed if, for any non-empty
universes M, M’, fuzzy sets A, B € F(M) and bijection f € Bij(M, M’), there
is

f7(S(M)(A, B)) = S(M')(f7(A), f(B)). (57)
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An equivalent definition is as follows.

Proposition 3.25. A functional S is iso-closed if and only if, for any non-
empty bijective universes M, M', A, B € F(M), the equality

S(M)(f~(A), f7(B)) = f(S(M)(4, B))
holds for any bijection f € Bij(M, M").
PROOF. Obvious. O

Proposition 3.26. Let S be iso-closed and f : M — M’ be a bijective mapping.
Then,

(i) Ayp = {S(M)(A,B) | A,B € F(M)} forms a closed system of fuzzy
measure spaces for any non-empty universe M,

(ii) there exists a bijective mapping g : Ay — Angr such that goh™ = h'” og,
where h' = foho f~1, holds for any permutation h on M.

PROOF. The statement (i) can be proved analogously as in Lemma 3.11. Let
h be a permutation on M. Since f and f~! are bijective mappings, A’ is a
permutation on M’. Put g(A) = f—(A) for any A € Ay;. Then,

goh™(A) = f~oh™(A) = (foh)~(A) =
(W o f)~(A) = '~ o f~(A) = '~ o g(A)

for any A € Ays. Hence, goh™ = h'~ o g and (ii) is proved. O

Because each iso-closed functional S is also weakly iso-closed, the following
theorem is a straightforward consequence of Theorem 3.22.

Theorem 3.27. Let Q be determined by (S, ). If S is iso-closed and ¢ is
weakly global, then Q is isomorphism invariant.

A weaker opposite implication under the presumption on the distributivity
of ® is as follows.

Theorem 3.28. Let L be a complete residuated lattice such that ® is distributive
over \ and \/. If Q determined by (S, ) is permutation invariant, then there
exists a fuzzy quantifier Q' determined by (S',¢") such that 8’ is iso-closed, ¢’
is weakly global, and Q' coincides with Q.

PROOF. Because the proof can be done analogously to that of Theorem 3.23,
we will prove it briefly. Let S’(a) be defined for any o« € CARD by the pi-
closed functional S’ introduced in (40) of the proof of Theorem 3.13. For any
z € F(a)? and f € Perm(a), the equality f~(S'(a)(x)) = S'(a)(f~ (x)) holds.
Let us define S'(M)(z) by the formula (53).
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Let M # 0, x € F(M) and f € Bij(M,M’). Put fay = F(M,«), farr =
F(M',a) and h = fap o fo fyt. Clearly, h=(f3;(z)) = fa7. (f~(2)). Since

h=(8' (@) (far () = ' () (far (f7 (2))), (58)

then, according to (55), this equality may be rewritten as

h™ o fa (S (M)(2)) = far (S (M) (™ (2))),

which implies

S' (M) (7 (@) = (fr)” oh™ o [ (S'(M)(x)) = £7(S'(M)(x)).

Hence, 8’ is an iso-closed functional. The rest of the proof precisely follows the
verification of the coincidence of @’ determined by (S’,¢’) and @ given in the
proof of Theorem 3.23. O

A straightforward consequence of Theorems 3.27 and 3.28 is the following
statement stating that the isomorphism invariant fuzzy quantifiers (determined
by a pair of functionals) are closely related to the iso-closed and a weakly global
functionals S and ¢, respectively.

Corollary 3.29. Let L be a complete residuated lattice such that ® is distribu-
tive over N\ and \/. A fuzzy quantifier Q determined by (S, ) is isomorphism
invariant if and only if there exist an iso-closed functional 8" and a weakly global
functional ¢ such that the fuzzy quantifier Q' determined by (S, ') coincides
with Q.

In the last part of this section, we will study the isomorphism invariance
for the fuzzy quantifiers definable by fuzzy measures and for globally cardinal
fuzzy quantifiers (the locally cardinal fuzzy quantifiers have been introduced
in Definition 3.9). The following theorem is a straightforward consequence of
Theorem 3.27.

Theorem 3.30. Let QQ determined by (S, ) be definable by fuzzy measures. If
S is iso-closed and ¢ is weakly global, then Q is isomorphism invariant.

A weaker opposite statement is as follows. Again, this statement needs the
presumption on the distributivity of ®.

Theorem 3.31. Let L be a complete residuated lattice such that ® is distributive
over \ and\/ and Q be determined by (S, ). If Q is definable by fuzzy measures
and isomorphism invariant, then there exists a fuzzy quantifier Q' determined
by (S',¢") such that Q' is definable by fuzzy measures, S’ is iso-closed, ¢’ is
weakly global, and Q' coincides with Q.

PROOF. Let us define &'(«) for any o € CARD using (44) in the proof of The-
orem 3.16, define &'(M)(x) by (53) and ¢’ is derived from ¢ (using ¢, for
a € CARD) to be weakly global. It is easy to see that to complete the proof it is
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sufficient to show that @’ determined by (S’, ¢’) is definable by fuzzy measures,
ie., 8'(M)(A, —) is a constant function for any A € F(M). From the definition
of §'(a), we know that S’(a)(A, —) is a constant function for any A € F(«).
Let M # 0, A,B,C € F(M) be arbitrary fuzzy sets and put fy = F(M,«).
Then,

S'(M)(A, B) = (f3) " (S(a)(f~(A), f~(B)) =
(f3r) 7 (S (@ (F(A), f7(0))) = S'(M) (A, 0),
and, hence, §'(M)(A, —) is a constant mapping. O

A straightforward consequence of Theorems 3.30 and 3.31 is the following
statement stating that, under the presumption on the distributivity of ®, the
isomorphism invariant fuzzy quantifiers definable by fuzzy measures are closely
related to the iso-closed and weakly global functionals S and ¢, respectively.

Corollary 3.32. Let L be a complete residuated lattice such that © is dis-
tributive over \ and \/. A fuzzy quantifier Q definable by fuzzy measures is
isomorphism invariant if and only if there exists an iso-closed functional S and
weakly global ¢ such that the fuzzy quantifier Q' determined by (S, @) is definable
by fuzzy measures and coincides with Q.

One could note that a locally cardinal fuzzy quantifier need not be isomor-
phism invariant (cf. Example 3.9). Therefore, we establish a global variant of
cardinal fuzzy quantifiers as follows.

Definition 3.14. We say that a fuzzy quantifier @ determined by (S,¢) is
globally cardinal if S(M)(—,—) = M is a constant mapping, S is iso-closed, and
o is weakly global.

Clearly, globally cardinal fuzzy quantifiers are defined by cardinal fuzzy mea-
sure spaces. Moreover, they are isomorphism invariant. The opposite statement
is also true supposing the distributivity of ® over arbitrary meets and joins.
(cf. Theorem 3.19).

Theorem 3.33. Let L be a complete residuated lattice such that © is dis-
tributive over \ and \/ and Q be a fuzzy quantifier determined by (S, p) with
S(M)(—,—) = M for any non-empty universe M. If Q is isomorphism in-
variant, then there exists a globally cardinal fuzzy quantifier that coincides with

Q.

PRrROOF. Let S(M)(—, —) be a constant mapping for any non-empty universe M.
Define &’ in the same way as in the proof of Theorem 3.31. Since &'(a)(—, —)
is a constant mapping, then S&'(M)(—,—) = (f3;) (S’ (a)(—,—)) is again a
constant mapping, and @’ determined by (S’,¢’) is a globally cardinal fuzzy
quantifier. O
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Corollary 3.34. Let L be a complete residuated lattice such that ® is distribu-
tive over \ and\/. A fuzzy quantifier Q determined by (S, ) with S(M)(—,—) =
M for any non-empty universe M is isomorphism invariant if and only if there
exists a globally cardinal fuzzy quantifier coinciding with Q.

Example 3.10. It is not difficult to see that the functional S"(M) from Ex-
ample 3.1 is iso-closed. Hence, the quantifier many,,(4, B) from Example 5.3
in [2] is isomorphism invariant. Analogously, we can show also the isomorphism
invariance of other quantifiers from [2], namely, every, some, at least half, and
few.

Example 3.11. For finite M, let S" (M) be the same as in Example 3.1. Let the
finite fuzzy quantifier Q' be determined by (S", ¢’), where ¢’,(A,B) = A — B
if a € M, and ¢);(A,B) = (A® A) — B otherwise. Then, @ is PI and S”
is iso-closed. Whether ¢/, is weakly global (and, consequently, whether @’ is
ISOM) depends on the underlying residuated lattice. For example, ¢}, is not
weakly global for the Lukasiewicz algebra, but it is weakly global for the Godel
algebra, because the operation ® is idempotent for the Godel algebra.

4. Conclusion

In this part of our contribution on fuzzy quantifiers determined by fuzzy
measures, we investigated two closely related fundamental semantic properties:
permutation invariance (PI) and isomorphism invariance (ISOM). We showed
how these properties are related to properties of functionals S and ¢ from the
definition of fuzzy quantifiers based on ®-fuzzy integrals (see Definition 3.1).
It turned out that results on PI and ISOM require some non-trivial methods
to solve them. We are convinced that they can be interesting from the math-
ematical point of view, too. In the following part, we will investigate another
two important semantic properties [14]: extension (EXT) and conservativity

(CONS).

References

[1] R. Belohldvek. Fuzzy Relational Systems: Foundations and Principles.
Kluwer Academic Publisher, New York, 2002.

[2] A. Dvoidk and M. Holcapek. Type (1,1) fuzzy quantifiers determined by
fuzzy measures, part I: Basic definitions and examples. Submited to Fuzzy
Sets and Systems.

[3] A. Dvordk and M. Holéapek. L-fuzzy quantifiers of type (1) determined by
fuzzy measures. Fuzzy Sets and Systems, 160(23):3425-3452, 2009.

[4] A. Dvorék and M. Holéapek. Type (1,1) fuzzy quantifiers determined
by fuzzy measures. In Proceedengs of WCCI 2010 IEEE World Congress
on Computational Intelligence, pages 3168-3175. CCIB, Barcelona, Spain,
July 18-23 2010.

43



[5]

A. Dvorak and M. Holcapek. Fuzzy measures and integrals defined on
algebras of fuzzy subsets over complete residuated lattices. Information
Sciences, 185(1):205-229, 2012.

I. Glockner. Fuzzy Quantifiers in Natural Language: Semantics and Com-
putational Models. Der Andere Verlag, Osnabriick, Germany, 2004.

I. Glockner. Fuzzy Quantifiers: A Computational Theory. Springer-Verlag,
Berlin, 2006.

M. Hol¢apek. Monadic L-fuzzy quantifiers of the type (1,1). Fuzzy Sets
and Systems, 159(14):1811-1835, 2008.

E.L. Keenan and D. Westerstahl. Generalized quantifiers in linguistics and
logic. In J. van Benthem and A. ter Meulen, editors, Handbook of logic and
Language, pages 837-893. Elsevier, Amsterdam, 1997.

P. Lindstrom. First-order predicate logic with generalized quantifiers. Theo-
ria, 32:186-195, 1966.

L. Misik and J. Téth. On asymptotic behaviour of universal fuzzy measure.
Kybernetika, 42(3):379-388, 2006.

A. Mostowski. On a generalization of quantifiers. Fundamenta Mathemat-
icae, 44:12-36, 1957.

V. Novak, I. Perfilieva, and J. Mockot. Mathematical principles of fuzzy
logic. Kluwer Academic Publisher, Boston, 1999.

S. Peters and D. Westerstahl. Quantifiers in Language and Logic. Oxford
University Press, New York, 2006.

J. van Benthem. Questions about quantifiers. Journal of Symbolic Logic,
49:443-466, 1984.

M. Ward and R.P. Dilworth. Residuated lattices. Transactions of the
American Mathematical Society, 45:335-354, 1939.

M. Wygralak. Generalized cardinal numbers and operations on them. Fuzzy
Sets and Systems, 53(1):49-85, 1993.

M. Wygralak. Vaguely defined objects. Representations, fuzzy sets and non-
classical cardinality theory, volume 33 of Theory and Decision Library. Se-
ries B: Mathematical and Statistical Methods. Kluwer Academic Publisher,
Dordrecht, 1996.

44



