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ABSTRACT. In the theory of fuzzy relations the properties of reflexiv-
ity, symmetry, antisymmetry, transitivity, etc. are intensely studied. The
indicators of fuzzy relations measure the degree to which such a fuzzy re-
lation verifies such a property. The purpose of this paper is to characterize
indicators of fuzzy relations in terms of fuzzy modal operators.
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1. INTRODUCTION

In the theory of fuzzy relations properties as reflexivity, symmetry, antisymmetry,
transitivity, etc. are often studied [7], [13], [16], [20], [25]. Such properties are
intensely used in multicriteria decision—making [14], [20], in social choice [5], [6],
in fuzzy revealed preference theory [21], [24], [15], in cluster analysis [32] etc. The
indicators of fuzzy relations appeared in fuzzy logic where it is much more important
to evaluate the degree of truth of a formula instead of saying whether the formula
holds or not (see e.g. [7], [25]). An indicator of a fuzzy relation R is an element
of the interval [0,1] which expresses the degree to which R verifies a property P.
For example, it is more important to know the degree to which the relation R is
transitive instead of knowing if R is transitive or not. In this way the indicators
of fuzzy relations refine various results by the use of fuzzy relations ([7], [21], [24],
[31], [33], [34], [35], [36]). At the same time they offer us a possibility to rank a
set of alternatives according to the degree to which they verify one or more criteria
(expressed by properties of a fuzzy relation).

In fuzzy choice functions theory their indicators have been introduced. They
express the degree to which a fuzzy choice function fulfills a condition of rationality,
revealed preference, consistency, etc. (see e.g. [21], [10], [15]). In [21], [24], [10], [15],
[34] some connections between indicators of fuzzy choice functions and indicators of
associated fuzzy preference relations are established.
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On one hand, fuzzy modal operators appeared in fuzzy modal logic [18], [19],
fuzzy morphology [12], [27] and fuzzy rough sets [17], [28].

In [29], properties of fuzzy relations such as reflexivity, symmetry, antisymmetry,
transitivity, etc. have been characterized by fuzzy modal operators.

The aim of this paper is to generalize some results of [29] to the indicators of fuzzy
relations. For the indicators of reflexivity, symmetry, transitivity, euclideanity and
seriality we will prove characterization theorems in terms of fuzzy modal operators
and in terms of the structure of residuated lattice of [0,1] associated with a left—
continuous t—norm.

When these indicators take value 1, reflexivity, symmetry, transitivity, euclidiean-
ity, respectively seriality of fuzzy relations and the results from [29] appear as par-
ticular cases of the mentioned characterization theorems.

Similarity relations are reflexive, symmetric and transitive fuzzy relations. They
extend the crisp notion of equivalence relation and are mostly used in approximate
reasoning [7], [8], [20], [21]. The notion of similarity indicator of a fuzzy relation
appears naturally, as a refinement of the similarity relation.

For the similarity indicator one also proves superior approximation theorems by
means of fuzzy modal operators. In the paper some order indicators are introduced
and some perspectives of their study are discussed.

The results of the paper establish a bridge between the theory of fuzzy relations
and fuzzy modal logic; they suggest how properties of fuzzy relations can be formu-
lated in fuzzy modal logic and how they can be analyzed by its mechanisms.

2. PRELIMINARIES

In the first part of this section we will recall some properties of the left—continuous
t—norms and the associated residua [7], [20], [25]. The second part of the section
introduces some indicators of fuzzy relations [7], [21], [31], [34] and two fuzzy modal
operators [29].

If {a;}ier € [0,1] is a family of real numbers then we denote

\/ai =sup{a; | ¢ € I} and /\ai =inf{a; | i € I}.
iel iel
Let * be a left—continuous t-norm [7], [20], [25] and — its residuum

a—>b:\/{c€[0,1} | a*c < b}

Recall the definition of the negation and the biresiduum associated with —:

a=a—0;a—b=(a—b)Ab—a)

In this paper two well-known continuous t—norms and their residua will be useful.
Lukasiewicz t-norm:

ax*r b=max(0,a+b—1); a —r b=min(1,1 —a+b)

Godel t-norm:

1 ifa<b
b=anb: b= =
arer=a ae {b ifa>b
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The following lemma is well-known (cf. [7], [20], [25]).

Lemma 2.1. Let a,b,c € [0,1] and {a;}ic; C [0,1]. Then for any continuous
t—-norm *

ax*(a—b)<b;

a<biffa—-b=1;

1—a=a;

a—a=1;

a—>(b—>c):(a*b)—>c;
a<bimpliesb—c<a—candc—a<c—b;
a<-biffaxb=0;

el el
(10) an (V@) = \/(ana);
el el
(11) (\/ @) = a= N\(a — a);
el el
(12) a — (/\ai) = (/\a—>ai)
el el

We fix a left—continuous t—norm *. Let X be a non—empty universe and F(X)
the set of fuzzy subsets of X. If z € X then we denote by {1/x} the characteristic
function of the set {x}. A fuzzy relation is a function R : X2 — [0, 1].

A fuzzy relation R will be called:

o reflexive, if R(z,z) =1forallz € X

e symmetric, if R(x,y) = R(y,z) for all z,y € X

e transitive, if R(z,y) * R(y,2) < R(z, z) for all z,y,z € X

e cuclidian, if R(z,z) x R(z,y) < R(x,y) for all z,y,z € X

e serial, if \/ R(z,y)=1forallz € X

yeX
If R is a fuzzy relation on X then we define the following indicators [7], [31]:
e Ref(R) = /\ R(z,x)
zeX
o Sym(B) = N (B(z,9) = R(y,))
z,yeX
«Tr(R) = /\ (R(z,y)+R(y.2) = R(x,2))
T,y,2€X
e Bu(R)= [\ (R(z)*R(2y) — R(,y))
z,y,2€X
e Ser(R) = /\ \/ R(x,y)
rzeX yeX
Lemma 2.2 ([7], [31]). (1) Ref(R) =1 iff R is reflexive;
(2) Sym(R) =1 iff R is symmetric;
(3) Tr(R) =1 iff R is transitive;
(4) Eu(R) =1 iff R is euclidian;
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(5) Ser(R) =1 iff R is serial.

By Lemma 2.2], the five indicators above refine the properties of reflexivity, sym-
metry, transitivity, euclideanity and seriality of fuzzy relations. For example, T'r(R)
indicates the transitivity degree of R.

Applying Lemma 2.1/ (1) it follows immediately

Lemma 2.3. For z,y,z € X the following inequalities hold:
(1) Sym(R) x R(z,y) < R(y, z);
(2) Tr(R) * R(z,y) = R(y, z) < R(x, 2);
(3) Eu(R) * R(z,z) x R(z,y) < R(z,y).

For A, B € F(X) let us denote
S(4,B) = N\ (Ax) — B(x))

zeX

and

E(A,B) = S(A,B)AS(B,A) = )\ (A(z) < B(x)).

rzeX

It is clear that A C B iff S(A,B)=1and A= B iff E(4,B) = 1.

S(A, B) is called the subsethood degree of A and B and E(A, B) the degree of
equality (degree of similarity) of A and B. Intuitively S(A, B) expresses the truth
value of the statement “A is included in B” and E(A, B) the truth value of the
statement “A and B contain the same elements” (see [7, p. 82]).

Let R be a fuzzy relation on X. Following [29] let us consider the fuzzy modal
operators [R] : F — F and < R >: F — F defined by:

([RA) (@) = )\ (Rl(z.y) — A(y))

yeX
(<R>A4)(x) = \/ Rlz,y)« Ay)

yeX
forall Ae Fand x € X.

3. MAIN RESULTS

In the study of various bivalent modal logic systems [11] properties of binary
relations such as symmetry, transitivity, linearity, etc. appear. To define the fuzzy
modal systems semantics it is necessary to employ corresponding properties of binary
fuzzy relations [19]. But fuzzy logic semantics are mostly based on the idea of truth
degree of sentences and less based on the fact that the sentence is true or false. Two
conclusions follow from here:

(a) in the study of fuzzy modal logic semantics it is preferable to use indicators
of fuzzy relations (expressing the degree of reflexivity, symmetry, transitivity, etc.)
instead of these properties

(b) in order the indicators of fuzzy relations to be integrated into a fuzzy modal
system, it is necessary that they should be expressed according to fuzzy modal

operators.
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The results of this section answer the goal (b). The theorems of the section will
characterize the indicators Ref(R), Tr(R), Sym(R), Eu(R),Ser(R) in terms of
fuzzy modal operators introduced in the previous section. The main results of [29]
are obtained as particular results of the theorems of this section.

We fix a left—continuous t—norm * and a fuzzy relation R on X. For simplicity
we denote F = F(X).

Theorem 3.1. Ref(R) = [\ S([RJA,A)= A\ S(A,<R>A)
AeF AeF

Proof. We prove only the first equality. Let A € F and = € X. By Lemma 2.1 (2)
Ref(R) * ([R]A)(x) = Ref(R) + J\ (R(x,y) — A(y))

yeX
< R(z,z) * (R(z,x) — A(z)) < A(z).
According to Lemma 2.1/ (1), it follows that Ref(R) < ([R]A)(x) — A(x) for all
x € X and A € F hence
Ref(®) < N\ N\ (RIA)@) — Aw) = N\ S(RIA, A)
AeF zeX AeF
We prove the converse inequality. Let © € X. We define Ay € F by Ao(y) =

R(z,y) for all y € X. Remark that ([R]Ag)(x) = /\ (R(z,u) — Ap(u)) = 1,
therefore er

S([R]Ao, A0) = N (([R140)(y) — Ao(y)) <

yeX

- < ([R]Ao)(z) — Ao(x) = Ao(z) = R(z, x)

/\ S(RIA, A) < S([R]A, Ag) = N ([RAo)(x) — Ao(x)) <

AeF reX

< /\ R(x,x) O

zeX

Corollary 3.2 ([29]). The following assertions are equivalent:
(1) R is reflexive;
(2) [RJAC A forall Ae F;
(3) ACKR>A forallAe F.

Theorem 3.3. Sym(R) = [\ S(< R>[R]A,A)= )\ S(A[Rl<R> A)
AeF AeF
Proof. Let A € F. We prove that
(a) Sym(R) < S(< R > [R]A, A)
(b) Sym(R) < S(A,[R] < R > A)
Let z € X. According to the definition of [R] and < R >
(< R>[RA) (@) = \/ R(z,y) * (R1A)(y)

=V [R,y) \ (R(y,2) = A(2))]

Thus by Lemma 2.3| (1) and Lemma 2.1 (2), (9) we have
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Sym(R) x (< R > [R]A)(x) = Sym(R)  \/ [R(z,y) * /\ (R(y,2) — A(2))]
yeX zeX
= \/ [Sym(R) * R(z,y) * [\ (R(y,2) = A(2))] <
yeX z€X
< \/ [(Sym(R) = R(z,y)) * (R(y, 2) — A(x))] <
yeX
< \/ Ry.2) « (R(y,2) — A@)) < A(x)
T}iyeenbe Lemma 2.1/ (1) we get
(c) Sym(R) < (< R > [R]A)(z) — A()
We remark that
([Rl<R>A)(z)= \ (R(z,y) = (< R> A)(y))

yeX
= N\ [R(z,y) = \/ R(y,2)x A(2)]
yeX ze€X

By Lemma [2.3] (1)
Sym(R) x A(x) x R(z,y) < A(x) * R(y,z) < \/ R(y,2) » A(2)
zeX
therefore using Lemma 2.1 (1)
Sym(R) x A(x) < J\ [R(z,y) — \/ R(y,2)» A(2)] = ([B] < R > A)(2)
yeX zeX
By Lemma [2.1] (1) we obtain
(d) Sym(R) < A(z) — ([R] < R > A)(z)
Hence we obtain (a) and (b). It remains to prove the converse inequalities
() A\ S(<R>[R]A,4) < Sym(R)
AeF
(f) /\ S(A, < R>[R]A) < Sym(R)
AeF
Let z,y € X. Consider the R-afterset Ag of R defined by Ay(z) = R(y, z) for all
z € X. In this case we have
(< B> [RA)@) =\ [Ra.t)x )\ (R(t.v) = Ao(v)] >
teX veX

> R(z,y) + [\ (R(y,v) — Ao(v)) = R(x,y)

hence by Lemma 2.1] (7): e

/\ S(< R>[RIA,A) < S(< R > [R]Ag, Ag) <

A€

<< > R Aofe) = Aule) < Riz.p) = Aole) = Riz.y) = Ry

Therefore

N S(< R>[RIA,A) < A (R(z.y) = R(y,x)) = Sym(R)

%f):v we shall prove (f). LZtyjsf(y € X and A; = {1/z}. Since A;(z) =1 it follows
/\ S(<R>[RJA,A) < S(A1,[R] < R> Ay) <

<hi(@) = (B < R > An)(a) =
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=([R]<R> Ay)(x) = /\ [R(z,u) — \/ R(u,2) x A1(2)] <
ueX zeX

< R(z,y) — \/ R(y.2)* Ai(2) = R(z,y) — R(y, ).

Hence we getzeX

N SA<R>[RIA) < A\ (R(,y) = Ry, 2)) = Sym(R)
AeF z,yEA

Corollary 3.4 ([29]). The following assertions are equivalent:

(1) R is symmetric;
(2) <R>[RIAC A forall Ac F;
(3) ACIR]<R>A forall Ac F.

Theorem 3.5. Tr(A) = /\ S([RIA,[R][R]A)= A S(<R><R>A,<R>A)
AeF AeF

Proof. Let A € F. First we establish the following inequality:
(a) Tr(A) < S([R]A, [R][R]A)
(b) Tr(A) < S(<K R><R>A,<R>A)
Let z € X. Applying Lemma 2.1/ (6) and (12) we obtain:
([RIRIA) () = N [R(z,y) — ([R]A)(y)]
yeX
= N\ R(@y) — N (Rly,2) = A(2))]
yeX zeX
= N\ [R@y) = (R(y,2) — A(2))]
y,z€X
= /\ [R(@y)* R(y,2) — A(2)]
y,ze€X
Let y,z € X. Hence, by Lemma 2.3/ (2) and Lemma 2.1/ (2):
Tr(R) x ([R1A)(z) x R(z,y) * R(y, 2) < ([R]A)(z) * R(z,z) =
= R(z,2) * /\ (R(z,u) — A(u)) < R(z,2) * (R(z, 2) — A(2)) < A(2)
By Lemma gelx(l) for all y,z € X we have
gr(R) * ([RlA)(2) < R(z,y) * Ry, z) — A(2)
Tr(R) * ([R]A)(x) < N\ (R(z,y) * R(y, z) — A(2)) = ([R][R]A)(x)
y,2€X
. Applying again Lemmal2.1/ (1) Tr(R) < ([R]A)(z) — ([R][R]A)(z) for each z € X
Tr(R) < A ([RlA)(2) — ([RI[R]A)(z)) = S([R]A, [R][R]A)
Now we sflea)ﬁ prove (b). Let € X. Thus
(<R><R>A)(z) = \/ R(z,y)x (< R> A)(y) = \/ R(z,y)«R(y,z)* A(z)
therefore by using LemrzleaXZB (2) e
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Tr(R)* (< R><R> A)(x) = \/ Tr(R)*R(z,y)* R(y, 2) * A(z) <
y,z€X
\/sz)*A \/sz )*x A(z) = (< R> A)(x)
yzEX zeX

By Lemma 2.1/ (1) it follows that Tr(R) < (< R >< R > A)(z) — (< R > A)(z)
for each z € X, hence Tr(R) < S(<K R><R> A, < R> A)
From (a) and (b) it follows immediately
< A S(RIA,[R][R]A); Tr(R) < J\ S(<R><R>A,<R>A)
AcF AeF
We establish now the converse inequalities. First we prove that

) /\ SURIA[RI[R]A) < Tr(R)

Let Axe,j;, z € X. We define Ag € F by Ag(u) = R(z,u) for all u € X. We remark
that ([R]Ap)(z) = 1, hence, by Lemma 2.1] (2):

S([R] Ao, [R][R]Ao) * R(x,y) = R(y, z) <

R(z,y) = R(y, 2) * (([R]Ao)(z) — ([R][R]Ao)(z)) =

= R(z,y) = R(y, 2) * ([R][R]Ao)(z) =

= R(z,y) * R(y, 2) * /\ (R(z,u) * R(u,v) — Ap(v)) <

u,veX

< R(z,y) * R(y, 2) * (R(x, y) * R(y, z) — Ao(2)) < Ao(2) = R(, 2)

Applying Lemma 2.1/ (1) it follows S([R]Ao, [R][R]Ao) < R(z,y
R(z,z) for all z,y,z € X, thus

A\ S(RIA,[R|[R]A) < S([R] Ao, [R][R]Ao) <

AeF

< A (R(z,y)*R(y,2) - R(z,2)) = Tr(R)

It ieyn::fl(ls to prove the inequality

d) \ S(<R><R>A<R>A)<Tr(R)

AeF
Let z,y,z € X and take A; = {1/z}. By Lemma 2.1/ (1) one obtains
S(<R><R>A;,<R>A;)*R(z,y) * R(y,z) <
S[(<R><R>A)(z) = (SR> A1)(2)] * R(z,y) * R(y, 2) =
=1V R(@u)xR(uv)* A1(v)) = (< R > A1)(@)] * R(x,y) * R(y, 2) <

) * R(y,z) —

u,veX
< R(z,y) * R(y, 2) * [R(z,y) x R(y, 2) x A1(2) — (< B> Aq)(2)] =
= R(z,y) * R(y, 2) * [R(z,y) * R(y, 2) — (< R > Ay)(2)] <
<(<R>Ay)(x) = \/ R(x,t) * A (t) = R(x, 2)

tex
Then S(< R >< R> A1, < R> A1) < R(z,y) * R(y, z) — R(z,2)
hence
N\ S(<R><R>A<R>A)<S(<R><R>A;,<R>A)<
AeF
< A (R(z,y) * R(y,2) — R(z,2)) = Tr(R) DO

z,y,2€X

Corollary 3.6 ([29]). The following assertions are equivalent:
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(1) R is transitive;
(2) [R]A C [R][R]A for all A € F;
(3) <R><R>AC<R>AforallAcF.

Theorem 3.7. Eu(R) = [\ S(< R> [R|A,[R]A) = J\ S(<R> AR <R>
A) AeF AeF

Proof. First we shall prove the inequality
(a) Eu(R) < /\ S(< R> [RJA,[R]A)
Let Ae F an?lexf, y,z € X. By Lemma 2.3 (3) and Lemma 2.1 (2):
Eu(R) * R(x,y) * R(x, z) * /\ (R(y,t) — A(t)) <
tex
< R(y,2)  (R(y, 2) — A(2)) < A()
hence, according to Lemma 2.1 (1) one gets
Eu(R) = R(z,y) * [\ (R(y,t) > A(t)) < R(z,2) — A(2).
tex
Since (< R > [R]A)(z) = \/ [R(z,y) * /\ (R(y,t) — A(t))]
for each z € X it follows tfa)t( <
Eu(R) = (< R > [R]A)(z) = \/ [Bu(R) * R(z,y) = J\ (R(y,t) — A(t))] <
yeX teX
< N\ (R(z,2) = A(2) = ([R]A) ()
Thus, by Lemma 2.1(1), Eu(Pf)E); (< R > [R]|A)(z) — ([R]A)(z) for all A € F
and x € X, hence
EuR) < \ N I(< R>[RA) (@) — ([R]A)(x)]
AeFzeX
= A S(< R> [RJA,[R]A)
Now we sﬁafljlrestablish the converse inequality

() /\ S(<R> [RIA[R]A) < Eu(R)

Let 2?;, z € X and Ap € F defined by Ag(u) = R(y,u) for all u € X. Then

S(< R > [R]Ao, [R]Ag) < (< R > [R]Ag)(x) — ([R]Ao)(x) =

— [\ R@.u)s A (Rlu,v) = Ao())] = A (Ba,t) — Ao(t)) =
ueX veEX teX

= N\ R@w)x N (Ru,0) = Ag(v)) = (R(,1) — Ao(t))] =
u,teX veX

= N\ (B, t)* Rz, u) x \ (R(u,v) = Ao(y)) — Ao(t)] <
u,teX veX

< (R(z,y) * R(z,2) [\ (R(y,v) = R(y,v))) = Ao(2) =

veX
= R(z,y) * R(z,2z) — R(y, 2)
We conclude that
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/\ S(< R > [RJA,[R]A) < S(< R > [R]A, [R]4p) <
AeF

< N (R(z,y) % R(z,2) = R(y.2)) = Eu(R)
z,y,z€X

Next we prove the following inequality

(c) Bu(R) < J\ S(<R>A,[R|<R> A)
AeF

Let A€ F and z,y € X. By Lemma 2.3 (3)

Eu(R) * (< R> A)(x) * R(z,y) = \/Eu )« R(z,y) * R(z,2) * A(2) <

ze€X
< \/ Ry, 2) % A(2)
therefore, by Lemma 2.1 (1) e
Eu(R) * (< R> A)(x) — \/ R(y, =
zeX

Hence
Eu(R)* (< R> A)(x) < /\ [R(z,y) — \/ R(z,z) x A(z)] =

yeX ze€X

=([R] < R> A)(x)
Applying again Lemma 2.1/ (1) one gets Eu(R) < (< R > A)(z) — ([R] < R >
A)(x)
therefore
R < N\ Al<R>A)2)— (B < R > A)a) =
AeFzeX
= A\ S(<R> AR <R>A)
AeF

The following inequality has remained to be proved:

) /\ S(<R> AR <R>A)< EuR)

Let 261{/:, z € X We denote A; = {1/y}. Then
(< R> Ap)(z \/sz x A1(v) = R(z,y)
([Rl< R> Ay)(z) = /\ [R(z,u) — \/ R(u,v) * A1(v)]
ueX veX
= A (R(z,u) — R(uy))
therefore er
(< R>A1)(2) = ([R] < R> A1)(2) = R(z,y) — /\ (R(z,u) — R(u,y)) <

ueX
}SI R(z,y) — (R(z,2) — R(z,y)) = R(z,2) * R(z,y) — R(z,y)
/\ S(<R>A,[R|<R>A)<S(<R> A [R]<R>Ap) <
AeF
< /\ R(z,z) * R(z,y) — R(x,y)) = Eu(R) O
z,y,z€X

Corollary 3.8 ([29]). The following assertions are equivalent:
562
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(1) R is euclidian;
(2) < R>[RJACIR]A forall Ac F;
(3) <R>ACIR] forall Ac F.

As far as Ser(R) is concerned, in the general case of a left—continuous t-norm

one can give only the following partial result:

Theorem 3.9. /\S RJA, < R > A) < Ser(R)
AEF

Proof. Let x € X. We define Ay € F by Ao(y) = R(x,y) for any y € X. Then

([Rl4o)(«) = /\ (R(z.y) — Ao(y)) = 1 hence

/\ S(RIA, < R > A) < S([R]Ag, < R > Ag) <
Ae}‘

< ([R]Ao)(z) — (<R>Ao)( ) =1—=(<R>A)(z) =

*\/Ray*AO \/Ray

yeX yeX
Hence

A S(RIA, < R > A) < S([R|Ag, < R > Ag) <
AeF

< AV R(z,y) = Ser(R)

rzeX yeX

For the Godel t-norm one can obtain the following characterization of Ser(R).

Theorem 3.10. If x is the Gddel t-norm N then
Ser(R) = /\ S([R]A, < R> A)
AeF
Proof. Let A € .7: and z € X. By Lemma 2.1 (10) an

Ser(R) A /\ \/ R(v,y)] 1A)(x)
veX yeX

<[V R )] A ([RIA)(z) =

yeX

V [R(z,y) A ([RIA)(x)] =

yeX

=V [R@y) A \ Rz,2) — A(2)] <
yeX zeX

< V [R(z,9) A (R(z,y) > Ay))] =
i%>Aﬂ)

By Lemma [2.11 (

d (
<

2) it follows

1) from the previous inequalities it follows
x

Ser(R) < ([R]A)(z) —» (< R > A)(z) for any z € X and A € F.

Ser(R) < /\ S([RIA,< R> A)
AeF
The converse inequality follows by Theorem [3.9.
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Example 3.11. Let x be the Lukasiewicz t—norm. Assume that X = {a,b}. If R is
a fuzzy relation on X then

Ser(R) = [R(a,a) V R(a,b)] A[R(b,a) V R(b, )]

We consider the following fuzzy relation R on X:

R(a,a) =} ; R(a,b) = %; R(b,a) = 1; R(b,b) =0

Replacing above one obtaine Ser(R) = % We consider the fuzzy set 4y : X —
[0,1] defined by Ag(a) = 1; Ag(b) = . Then

(IR)A0)(a) = [R(a,a) — Ag(a)] A [R(a,b) — Ao(b)
Tyt
(<R> Ao)( ) = [R(a,a) x Ao(a)] v [R(a,b) x Ao(b)] =

From here we deduce
/\ S(RIA, < R > A) < S([R]Ay, < R > Ag) <
AeF
[R]Ap(a) >< R > Ap(a) ==—0=0
It follows that for the Lukasiewicz t—norm
Ser(R) # /\ S([RIA,< R> A)

AEeF

4. THE SIMILARITY INDICATOR

Let R be a fuzzy relation on the universe X and * a fixed left—continuous t—norm.
We recall that R is called similarity relation (w.r.t. the t—norm ) if it is reflexive,
symmetric and transitive (see [7], [28]). Then the indicators of reflexivity, symmetry
and transitivity allow to introduce the similarity indicator associated with a fuzzy
relation.

The similarity indicator of the fuzzy relation R is defined as

Sim(R) = Ref(R) * Sym(R) « Tr(R)

Lemma 4.1. The fuzzy relation R is a similarity relation if Sim(R) = 1.

Proof. It follows from the definition of Sim(R) and Lemma 2.2 (a)-(c). O

Example 4.2. Let X = N = {0,1,2,...,} and « € [0,1]. We consider the binary
relation on X defined by the infinite matrix:

o 3 0 0 0 0
0 a+s 3 0 0 0
11
R= 0 0 OZ+2T 5 0 0
0 0 0 0 at = 3
0 0 0 0 ... 0 a5
Therefore R(0,0) = o, R(0,1) = 1, R(n,n) = a+ 5, R(n,n+1) =1 forn > 1
and for the other entries R(n,m) = 0.
We compute Ref(R):
1
Ref(R /\Rnn—a/\/\a+2n)—a/\a—a
n>0 n>1

According to the definition, Sym(R) can be written:
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Sym(R /\ /\ — R(m,n))
n>0m>0
For any n > 0 one has
/\ (R(n,m) — R(m,n)) = (R(n,n) — R(n,n)) A (R(n,n+1) — R(n+1,n))
m>0
=R(n,n+1) —0=-R(nn+1)=-1
Then
Sym(R) = -3
With a similar reasoning for the computation of Trans(R) one has:
Trans(R) = /\ (R(n, k) x R(k,m) — R(n,m)) =

= /\>0[(R(n77:§k*2;(n,m> — R(n,m)) A (R(n,n+1) * R(n+1,m) — R(n,m))]
= ’/\> 5% RO+ 1) = Rn,m)] =

Z[_(O;*R(nﬂ,nﬂ) HR(n,nH))A(%*R(nH,nH) — R(n,n+2))]
=n/;\0[<;*<a+ ) ) A G ey 0=

=-(3+3)

Thus Sim( )_a*_'%*_‘(g *l)

2
If * is the Godel t -norm then =3 = 0, thus Sym(R) = 0 if * is the Lukasiewicz
)

t-norm then —1 = 1, thus Sym(R) = a*; 3 = max(0,a+ 3 — 1) = max(0,a — 3).

Theorem 4.3. If A € F then the following inequalities hold:

(i) Sim(R) < E([R]<R>A,<R> A)
(i1) Sim(R) < E(< R > [R]A,[R]A)

Proof. By Theorem (3.1
(a) Sim(R) < Ref(R) < S([R]<R>A,<R> A)
(b) Sim(R) < Ref(R) < S([R]A,< R > [R]A)
Next we prove the following inequalities:
(c¢) Sim(R) < S(< R> A,[R]< R > A)
(d) Sim(R) < S(< R > [R]A, [R]A)
Let z,y € X. Then by Lemma 2.3 (1) and (2):
Sim(R) * (<R>A)( ) * R(x,y) =

= Sim(R \/sz )x A(2)] * R(z,y) =
zeX
\/ Sim(R) * R(x,y) * R(z, 2) * A(z) <
zeX
< \/ Tr(R) * (Sym(R) * R(z,y)) * R(w, 2) * A(z)
zeX
< \/ Tr(R) « R(y,z)  R(x,2) x A(2) <
z€X
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< \/ R(y, z) = A(z)
T}feenbe Lemma 2.1/ (1)
Sim(R) * (< R > A)(z) < R(z,y) — \/ R(y,2) = A(2)
Then <
Sim() (< B> A)w) < A\ [R0) =\ Rlonz) w A =

ye zeX

= ([R] <R> A)(z)
Applying again Lemma 2.1/ (1) for any x € X one obtains:
Sim(R) < (< R> A)(z) — ([R] < R > A)(x)
from where it follows
Sim(R) < \ [(< R> A)(z) — ([R] < R > A)(z)] =
:mbe’é R> AR <R>A)
We prove now inequality (d). Let z,y € X. Applying Lemma 2.3 (1), (2) and
Lemma 2.1/ (2) it follows
Sim(R) * (< R > [R]A)(x) x R(z,y)
(

= Sim(R) * | \/ (R(z,u) * /\ (R(u,v) = A(v)))] * R(z,y)

o vex
= \/ [Sim(R) * R(z,u) * R(z,y) * J\ (R(u,v) = A(u))] <

< U\G/X Tr(R) * (Sym(R) * R(z,u)) :ERX(fvay) * (R(u,y) — Ay))] <
<\ (R« R )+ R ) » (Rl ) — AG)] <

< H\Z[R(u,y) « (R(u, ) — Aw))] < A(y)

By Lemma 2.1 (1)

Sim(R) * (< R > [R]A)(x) < R(z,y) — A(y) for all y € X

therefore

Sim(R) + (< R> [RlA)(x) < N (R(z,y) — A()) = ([RIA)(x)

yeX

Applying again Lemma 2.1/ one obtains

Sim(R) < (< R > [R]A)(z) — ([R]A)(x) for any x € X

from where

Sim(R) < J\ [(< R > [R]A)(x) — ([R]A)(x)] =

reX
= S(< R > [R]A,[R]A)

From (a) and (c) it follows

Sim(R) < S([R]<R>A,<R>A)ANS(<R>AR <R>A)=

=E([R] < R> A, [R]A4)

Similarly from (b) and (d) it follows (ii). O
Corollary 4.4 ([31]). Let R be a similarity relation on X. Then for any A € F the
following equalities are true:

[Rl<R>A=<R>A,<R>|[R|JA=[R]A
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Proof. By Lemma 4.1, Sim(R) = 1, thus from Theorem 4.3 (i) it follows
E([RJ<R>A,<R>A)=1 Thus [R]<R>A=<R>A.
The second equality is proved similarly. O

Theorem 4.5. Assume that % is the Gédel t-norm A. Then for any A € F the
following inequalities hold:

(1) Sim(R) < E([R][R]A, [R]A)

(i) Sim(R) < E(< R>< R> A, <R > A)

Proof. By Theorems 3.1l and [3.5:

Sim(R) < Ref(R) < S(R][R]A, [R]A)
Sim(R) < Ref(R) < S(< R>A,<R><R>A)
Sim(R) < Tr(R) < S([R]A, [R][R]A)

Sim(R) <Tr(R) < S(< R><R>A,<R>A)

Then, from the first and the third inequality it follows (i):

Sim(R) < S([R]R]A, [R]A) A S([R]A, [R][R]A) = E([R][R]A, [R]A)

Similarly, (ii) follows from the other two inequalities. O

Remark 4.6. If R is a similarity relation then, according to Lemma 2.2, Sim(R) =
1, from where it follows that in Theorems 4.3/ and 4.5/ we have equalities instead of
inequalities. The comparison of the left side member with the right side member in
the inequalities of the two theorems depends on the form of the fuzzy set A; to find
other sufficient conditions in order to have equalities seems a difficult problem.

5. ORDER INDICATORS

In social choice theory [3] and consumer theory [26] individual preferences are
modeled by binary relations called preference relations. Usually, a preference relation
needs to be reflexive and transitive.

Reflexivity and transitivity properties appear also in case of fuzzy preference
relations [20], [21]. A fuzzy preorder is a reflexive and transitive fuzzy relation.

In fuzzy decision making it is accepted the idea that a fuzzy criterion is mathe-
matically represented by a fuzzy preorder [20]. Nevertheless when the decisions are
multicriterial, the fuzzy relation R obtained by aggregating criteria Ry, ..., R, is not
always transitive. Then the fuzzy relation R turns into a transitive fuzzy relation
R (usually, the transitive closure of R) (see [20], p. 176). A fuzzy criterion R is
obtained, whose effect can be far away from what criteria Ry, ..., R, express.

A way to avoid this inconvenience is, instead of reflexivity and transitivity con-
ditions, an indicator of fuzzy preorder to be used. If R is a fuzzy relation on a set
of alternatives X then we define

FPreOrd(R) = Ref(R) ANTr(R).

By Lemma/2.2(a) and (c), R is a fuzzy preorder iff FPreOrd(R) = 1. FPreOrd(R)
is called the fuzzy preorder indicator of R; it measures the degree to which the fuzzy
relation R is a fuzzy preorder.

Then we will no longer require that a criterion to be a fuzzy preorder; instead we
will require conditions on the fuzzy preorder indicator. For example, we will impose
the condition FPreOrd(R) > « where « is a pre-chosen level. The inequality
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FPreOrd(R) > « can be read: relation R satisfies the condition of being criterion
to a larger extent than the threshold a.

By Theorems 3.1l and 3.5, the fuzzy preorder indicator can be expressed through
fuzzy modal operators <> and [ ], therefore it can be formalized in a fuzzy modal
logic system.

(Partial or total) order relations play an important role in social choice theory
and consumer theory [3], [26]. In defining a notion of fuzzy order the property of
antisymmetry of a fuzzy relation should appear. There exist several proposals to
define antisymmetry of a fuzzy relation (one of them is in [20], p. 50). The most
satisfying definition of antisymmetry of a fuzzy relation seems to be in [§], based on
similarity relations. We recall the definition of fuzzy order from [§].

Let X be a set of alternatives and Q a similarity relation on X (w.r.t. a left—
continuous t—norm * ). A fuzzy relation R on X is said to be

o O-reflexive, if Q(x,y) < R(x,y), for all z,y € X;

e Q—antisymmetric, if R(x,y) * R(y,z) < Q(z,y), for all z,y € X.

A fuzzy relation R on X is called Q-order if it is Q-reflexive, Q—antisymmetric
and transitive.

Given a similarity relation Q on X, in [22] the following indicators were intro-
duced:

Refo(R)= N\ () — R(a,y))

z,yeX

Anto(R) = /\ (R(z,y) * R(y,x) — Q(z,y)).

z,yeX

Using these definitions and Lemma 2.1 (3) the equivalences follow immediately:

e Refq(R) =1iff R is Q-reflexive.

o Antq(R) =1 iff R is Q-antisymmetric.

Then Refq(R) will be called the Q-reflexivity indicator, and Antg(R) the Q-
antisymmetry indicator.

Naturally, the fuzzy order indicator FOrdg(R) will be defined by

FOrdg(R) = Refa(R) A Anta(R) ATr(R).

An open problem is the characterization of Refq(R), Anto(R) and FOrdg(R)
indicators by means of fuzzy modal operators <> and [ ]. These will allow their
formalization in a fuzzy modal logic.

Szpilrajn theorem (every partial order can be extended to a linear order) is an
important result in crisp binary relation theory. It has several applications in social
choice theory, economics, game theory, etc. (see the introduction of [1] for references
on the applications of Szpilrajn theorem). Extensions of Szpilrajn theorem to fuzzy
relations can be found in [9], [21], [1], [2]. In [22] it is proved a Szpilrajn-type theorem
formulated in terms of FOrdq(R) indicator. An open problem is to formulate this
result by fuzzy modal operators <> and [ | and to prove it in the framework of a
fuzzy modal logic system.

6. CONCLUDING REMARKS

This paper connects two important notions from the theory of fuzzy relations:
indicators and fuzzy modal operators. Some belong to a more intuitive level: they
measure the degree to which a fuzzy relation verifies a property. The other can be
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regarded in the formal context of fuzzy modal logic. The main propositions char-
acterize the indicators of reflexivity, symmetry, transitivity, euclideanity, seriality
w.r.t. fuzzy modal operators.

Such results give an idea on the way important properties of fuzzy relations can
be analyzed by formal mechanisms of fuzzy modal logic. Of course this desideratum
is a problem to be solved.

Also the proved formulas can lead to computation methods in the analysis of
attributes expressed by properties of fuzzy relations, accordingly in multicriterial
decisions.

We remark some perspectives to continue the findings of the paper by enumerating
the following open problems:

(a) To prove similar characterization theorems for other important indicators of
fuzzy relations: irreflexivity, asymmetry, transitivity, semitransitivity, Ferrers, etc.

(b) To analyze the way similar results are reflected in the properties of the indi-
cators of rationality, revealed preference and consistency of fuzzy choice functions.

Theorem 4.9 of [23] shows that the Arrow index of a fuzzy choice function C' coin-
cides with the congruence indicators of C' and all three indicators can be expressed
with respect to the transitivity indicator Tr(R¢) of the fuzzy revealed preference
relation Re (see [21], p. 92). The mentioned result is a fuzzy version of Arrow—Sen
theorem from classic revealed preference theory [30]. By Theorem 3.5, this fuzzy
Arrow—Sen theorem can be expressed in terms of the fuzzy modal operators <> and
[ ]. This remark could be a first step to build a fuzzy modal logic system where
fuzzy Arrow—Sen theorem should be formalized.

(¢) Which is the impact of the theorems of the paper on the applications of fuzzy
modal operators in fuzzy morphology and fuzzy rough sets?

(d) Fuzzy social choice theory (in particular, various fuzzy versions of Arrow’s
impossibility theorem) uses essentially properties of fuzzy preference relations (see
e.g. [, [5]). How can the indicators of fuzzy relations and fuzzy modal operators
be applied to fuzzy social choice? Can one formulate and prove a form of fuzzy
Arrow’s impossibility theorem in terms of the indicators of fuzzy relations and of
fuzzy modal operators?
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