An Algebraic Analysis for Binary
Intuitionistic L-Fuzzy Relations

Xiaodong Pan and Peng Xu

Abstract From the point of view of algebraic logic, this paper presents an
algebraic analysis for binary intuitionistic lattice-valued fuzzy relations based on
lattice implication algebras, which is a kind of lattice-valued propositional logical
algebras. By defining suitable operations, we prove that the set of all binary
intuitionistic lattice-valued fuzzy relations is a lattice-valued relation algebra, and
some important properties are also obtained. This research shows that the algebraic
description is advantageous to studying of structure of intuitionistic fuzzy
relations.
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1 Introduction

Fuzzy relations, introduced by Zadeh [24] in 1965, permit the gradual assessment
of relativity between objects, and this is described with the aid of a membership
function valued in the real unit interval [0,1]. Later on, Goguen [9] generalized this
concept in 1967 to lattice-valued fuzzy relation (L-fuzzy relation for short) for an
arbitrary complete Brouwerian lattice L instead of the unit interval [0,1]. Intui-
tionistic fuzzy relation, defined by Atanassov in 1984 [1-3], is another kind of
generalization for Zadeh’s fuzzy relation, give us the possibility to model hesi-
tation and uncertainty by using an additional degree. An intuitionistic L-fuzzy
relation (ILFR for short) R between two universes U and V is defined as an
intuitionistic L-fuzzy set (ILFS) in U x V, assigns to each element (x,y) € U x V

X. Pan (X) - P. Xu

School of Mathematics, Southwest Jiaotong University, Sichuan 610031 Chengdu,
P.R. China

e-mail: xdpan1 @163.com

F. Sun et al. (eds.), Foundations and Applications of Intelligent Systems, 11
Advances in Intelligent Systems and Computing 213,
DOI: 10.1007/978-3-642-37829-4_2, © Springer-Verlag Berlin Heidelberg 2014



12 X. Pan and P. Xu

a membership degree g (x,y)(€ L) and a non-membership degree vg(x,y)(€ L)
such that pg(x,y) < N(vg(x,y)), where N : L — L is an involutive order-reversing
operation on the lattice (L, < ). When L = [0, 1], the object R is an intuition fuzzy
relation (IFR) and the following condition holds: (V(x,y) € U x V)(0<
pr(x,y) + vr(x,y)<1). For all (x,y)eUxV, the number wg(x,y)=
1 — ur(x,¥) — vr(x,y) is called the hesitation degree or the intuitionistic index of
(x,y) to R. As we know, the structures and properties of operations on intuitionistic
fuzzy relations have always been important topics in ILFS community. For that, P.
Burillo and H. Bustince discussed the properties of several kinds of operations on
ILFRs with different t-norms and t-conorms and characterized the structures of
ILFRs in [4, 5]. In [6], G. Deschrijver and E. E. Kerre probed into the triangular
compositions of ILFRs. In addition, the applications of ILFRs have also been
developed rapidly in recent years, see [11, 13, 23].

As a fundamental conceptual and methodological tool in computer science just
like logic, since the mid-1970s, relation algebras have been used intensively in
applications of mathematics and computer science, and it also provides an appa-
ratus for an algebraic analysis of ordinary predicate calculus, see e.g., [10, 18].
Following the idea of classical relation algebras, fuzzy relation algebras have been
also considered by several researchers in [7, 8, 12]. Taking L to be a complete
Heyting algebra, Furusawa developed the fuzzy relational calculus [7], and proved
the representation theorems for algebraic formalizations of fuzzy relations in 1998.
Furusawa’s fuzzy relations algebras are equipped with sup-min composition and a
semiscalar multiplication. In [8], Furusawa continued to study Dedekind catego-
ries with a cutoff operator, in which the Dedekind formula holds. In [16, 17],
Popescu established the notion of MV-relation algebra based on MV-algebras,
investigated their basic properties, and given a characterization of the “natural”
MYV-relation algebras. In order to provide a kind of algebraic model for lattice-
valued first-order logic, based on complete lattice implication algebras [22], Pan
introduced the notion of lattice-valued fuzzy relation algebra [14]; its basic
properties and cylindric filters have also been established. For other categorical
description of fuzzy relations, we refer readers to [19-21].

Along the line of the algebraic formalization of fuzzy relations, the present
paper aims at investigating the arithmetical properties of mathematical structures
formed by binary ILFRs based on the theory of L-fuzzy relation algebras (LRA).
The paper is organized as follows. We recall some fundamental notions and
properties of lattice implication algebras, Intuitionistic L-fuzzy relations and LRA
in Sect. 2.2. Section 2.3 devotes to arithmetical properties of ILFRs. We conclude
the paper in Sect. 2.4 with some radical suggestions for further problems.

2 Preliminaries

In this section, we review some basic definitions about intuitionistic L-fuzzy
relations, lattice implication algebras, and lattice-valued relation algebras for the
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purpose of reference and also recall some basic results which will be frequently
used in the following, and we will not cite them every time they are used.

Definition 1 [22] A bounded lattice (L, V, A, O,I) with order-reversing involu-
tion ' and a binary operation — is called a lattice implication algebra if it satisfies
the following axioms:

I x—=G—2z=y—(x—2),

(L) x—x=I,

() x—y=y—x,

(Iy) x—y=y—x=I=x=y,

Is) (x—=y)—=y=F—x) —ux

(L) (xVy)—z=@x—=2)A(y—2),

(L) (xAy)—z=@x—=2)V(—2),

for all x,y,z € L.

Example 1 [22] Let L = [0, 1]. If for any a,b € L, put
aV b =max{a,b},a ANb=min{a,b},d =1 —a,
a®b=max{0,a+b—1},a - b=min{l,1 —a+b}.

Then, (L,V,A,®,—,") is called the Lukasiewicz algebra. Here, — is called the
Lukasiewicz implication, ® is called the Lukasiewicz product, and another
operation @, a ® b = min{1,a + b}, is called the Lukasiewicz sum. It is easy to
show that (L,V,A,—,,0,1) is also a lattice implication algebra.

Theorem 1 [22] Let (L,V,A,,—,0,1) be a lattice implication algebra, then
(L,V, ) is a distributive lattice.

In what follows, we list some well-known properties of lattice implication
algebras that will often be used without mention. In a lattice implication algebra L,
we define binary operation @ and ~® as follows: for any x,y €L,
a®@b=(a—"b); a®b=d —b.

Proposition 1 Let L be a lattice implication algebra, then for any x,y,z € L, we
have the following:

(1) x = y=1T1ifand only if x<y;
(2) x = y=x' vy
B @y =xoy,(xoy) =y,
@) 0x=0,Ix=x,x3xX =0,00x=x,IDx=1,xDx =1,
G) x@y=@xVy)®(xAy),x®y=(xVy)®(*xAY);
6) x@(Vy)=x®y)VE®2,x0(YAz)=@xQy) A (x®2).
In [14], by generalizing the classical (Boolean) relation algebras, we introduce

the notion of lattice-valued relation algebra based on complete lattice implication
algebras L.
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Definition 2 A lattice-valued relation algebra (LRA for short) is an algebra
Q = (L7 \/, /\7, sy T 0717 9" A), Where

(1) (L,Vv,A,),—,0,I) is a lattice implication algebra;
(2) (L,;,A) is a monoid (a semigroup with identity, A);
B) (xVy)z=(x2)V (y2);

@ (x—=y) =x" =y,

S x77=x;

6) AM'VA=I

(M) (y)” =y75x~

@) ¥ =YV

9 (@a®x);(bey)<(a;b) @ (x;).

From the above definition, an LRA is an expansion of the corresponding lattice
implication algebra with the operations —, ;, A, where — is called the converse
operation and ; the relative multiplication operation and A the diagonal element.
The class of LRAs will be denoted by LR9.

Let (L,V,A,,—,0,1) be a complete lattice implication algebra. An intui-
tionistic L-fuzzy relation R from a universe U to a universe V is an intuitionistic
fuzzy set in U x V, ie. an object having the form R = {((x,y), ug(x,),
vr(x,y))|x € U,y € V}, where pup: U XV — L and ug : U x V — L satisfy the
condition (¥(x,y) € U x V) (ug(x,y) < (vr(x,¥))"). The set of all intuitionistic L-
fuzzy relations from U to V will be denoted by ILFR(U x V). We say the
intuitionistic L-fuzzy relation R is contained in the intuitionistic L-fuzzy relation S,
written R C S if ug(x,y) < ug(x,y) and vg(x,y)>vs(x,y) for all (x,y) € U x V.
The zero relation Oy y and the full relation Iy are intuitionistic L-fuzzy rela-
tions with uy,  (x,y) = O, vo,,,(x,y) =1 and y,, ,(x,y) =1, vy, (x,y) = O for
all (x,y) € U x V, respectively. It is trivial that C is a partial order on ILFR(U x
V) and Opyxy C R C Iyxy for all intuitionistic L-fuzzy relations R. The union,
intersection complement, and converse of intuitionistic L-fuzzy relations are
defined as follows:

RUS = {((x,), g (x,¥) V pts(x,¥), ve(x, ) A vs(x,9))|(x,y) € U x V};
RNOS = {((x,9), r(x,5) A us(x,¥), vr(x,¥) V vs(x,¥))[(x,y) € U x V};
R’ = {((x, ), v&(x,), g (x, )|(x,¥) € U x V5
= {((x, ), ur (¥, %), e (y,%))|(x,y) € U x V}.

It is easy to show that (ILFR(U x V),U,N, Oyxv,Iyxy) is a complete lattice.
Let R € ILFR(U x V) and S € ILFR(V x W), the relative multiplication (or
composition) R; S is defined as follows:

R;S =
((x, 2,V (e () ® u5(3,2)), N\ (v&(x,3) © vs(y,2))|(x,2) € U x W),

yev yev
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then Vyev (HR(x7y) @ ,Us(y;Z)) < (/\yev (VR(xﬂy) & VS(y, Z))/ for any (x7 Z) €
Ux W.LetR,S € ILFR(U x V), R — Sis also an intuitionistic L-fuzzy relation
on U x V, where ug_ ¢(x,y) means the truth degree of the sentence, if xRy, then
xSy; and vg_s(x,y) means the truth degree of the sentence, if xRy does not hold,
then xSy does not hold.

Throughout this paper, unless otherwise stated, L always denotes a complete
lattice implication algebra. For more details of lattice implication algebras, we
refer readers to [15, 22].

3 The Arithmetical Properties of ILFR(U x U)

In this section, we study the arithmetical properties of intuitionistic L-fuzzy
relations on the universe U.

Theorem 2 Let U be any non-empty set. The union, intersection, complement,
converse, and composition of intuitionistic L-fuzzy relations in U are defined as
that in Sect. 2.2. We also define the operations —,®,® on ILEFR(U x U), for
any R,S € ILFR(U x U),

R—S§= ((xvy)vvR(xvy) QB#S(xay)a:uR(xvy) ® vs(x,y)|(x,y) eUx U)a
RS = ((x’y>> R(xvy) @ﬂs(x7y)7VR(x7y> ® VS<X7Y)|(xay) eUx U)a
R®S = ((x,y), tp(x,y) ® pg(x,y), ve(x,y) ® vs(x,)[(x,y) € U x U),

= =

and define the identity relation Ay is an intuitionistic L-fuzzy relation on U such
that for any (x,y) € U x U,

1 if x=y, o0 if x=y,

I, otherwise.

Hpy (X,Y) = { and v, (x,y) = {

O, otherwise.
Then, (ILFR(U x U),u,n,,—, 0y, Iy,;,—,Ay) is an LRA.

Proof The zero relation and the full relation on U are denoted by Oy and Iy,
respectively. As we have discussed above, (ILFR(U x U),U,N, 0y, Iy) is a
bounded lattice. For any R, S, T € ILFR(U x U), since

Mg (s—1) (X, ) = VR(X,¥) © ps_7(x, ) = vr(x,¥) © (vs(x,y) © pr(x,y))
=vs(x,5) & (r(x,¥) ® ur(x,)) = vs(x,y) © pg_r(x,)
= Hs—(R—T) (x,y),
and vg_(s—7)(*,y) = Vs—(r—1)(x,¥) can also be proved similarly, I; holds. In this
way, we can validate I,,...,Is and L;,L;. Hence, (32FR(U x U),U,N,,—
, Oy, Iy) is a lattice implication algebra. The associativity (R;S); T = R; (S; T) and
the unitary law R; Ay = Ay;R = R and the zero law R; Oy = Oy;R = Oy are
obvious. So far, we have proved (1),(2) in definition 2. (4), (5), and (6) are
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obvious. The rest is to prove (3), (7), (8), and (9). Note that L is an infinite
distributive lattice, hence,

vrusir(62) = J\ ((r(xY) Avs(x,y)) @ vr(y,2))

yeU
= A\ (Or(xy) @ vr(3,2) A (vs(x,5) @ vr(y,2)))
yelU
= N\ (Or(e,y) @ vr(n,2) AN (Os(x,) @ vr(y,2)))
yelU yeU
= VR;T(.X,Z) A VS:T(-xa Z) = V(R;T)U(S;T) <x7 Z)-
Hrus)r (X, 2) = Hrr)ues;r) (X, 2) is similar. Thus, (3) holds. In this way, we can
obtain (7). In order to prove (8), we only need to prove R~;(R;S) <, or
(R (R;S)) =S. As

,u(Ru;(R;S))( ,Y) ( g (x,2)) @ \/ tg(z, w) @ pg(w, y)))
zeU welU
= (lusz EB\/ Ur(z,w) @ pg(w, Y)>)

welU

\/ ( 1r(2,%)) © (1g(z,w) ®ﬂs(W7)’))>;

I
q> Q>

and for any z € U,

V ((:UR(Zax))/ @ (u(zw) ® us(w,y)))

welU

=V (i) @ (uelew) @ ustwy) ) V/

wel,w#x

(Gl %)) @ (a(z) @ pis(x,))
=V (@) @ (el w) @ ustw, ) ) V/

weU w#x

(:uR(Z7x) - (:uR(Z7x) - (#S(x7y))l)l)
=V (o) @ (elzw) @ us(w.2) ) \/

weU w#x

((us(xy) = (e (%)) = (ip(z,x)))
=V () @ (gl w) @ ustw, ) ) V (5(59) V (ita(z,9))')

wel,w#x
2 ps(x, y)-

Similarly, we can prove vig—.g.syy (¥, ¥) < vs(x,y). Thus, (8) holds. For (9), we
only validate the part of the degree of membership, the other part is similar.



An Algebraic Analysis for Binary Intuitionistic L-Fuzzy Relations 17

seryron (69) =\ (sor(6,2) @ pipoy (2,5) )

zelU
=\/ (NS(xv 2) @ pg(%,2) @ pir(z,y) @ uu(z,y))
=\/ (us(xa 2) ® pr(z,y) ® pg(x,z) @ uu(zay))
<V (us(x,2) @ pr(2,) @\ (x(x,2) @ 1y (2,))
zeU zeU

= H(s;T)e(R,U) (x,y).

Thus, (9) holds. To sum up, (ILFR(U x U),U,N,,—,0p,ly,;,—,Ay) is an
LRA.

Corollary 1 Let U be any non-empty set. For any R,S € ILEFR(U x U), the
following identities are true:

) I =1y, Ay = Ay, Of = Oy

@) (R)” = (R7)"

3) (RVS)T=R" VS, (RAS)" =R AST;
4 ReS)" =R @S5, (R®S)" =R ®S5".

According to Definition 2, the following conclusions can be obtained. Here, we
only prove (5); for more details, please refer to [14].

Proposition 2 Let U be any non-empty set. For any R,S,T € ILFR(U x U),
the following conclusions are true:

(1) R;(SVT) =(R;S)V (R; T);

2 §'=5V(SR);R);

B) R;SKT' & R;T<S & T;S”<R;

@ R<Iy; R 1y, Iy = Iy; 1y;

) Ry(S®T)<(R;S) ® (I T), R®S); T< (R T) @ (S 1u);
(6) IU; (R — S) IU (IU,RI IU) (IU,S7IU),

@) (IU,R’,IU) <Iy;R;1y;

(8) R~ < S if and only if R<S.

Proof (5) We only prove the first inequality, the second can be proved similarly.
Since

(R75(R;8)) @ (Iy; (Iy; T)) = (R™ @ Iy); ® (Iy;T)')
=R ((R; S)’ ® (IU,T) N,
and note that R~; (R; S)' < §' and Iy; (Iy; T) = I ; (Iy; T)' < T', thus

R ((R:S) @ (Iy;T))<S 0T =(SaT),
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this is equivalent to R=; (S @ T) < (R; ) ® (I;; T)) = (R; S) & (Iy; T).
Corollary 2 Let U be any non-empty set. For any R,S € ILFER(U x U), then,

(1) R=R~, or R and R~ are incomparable, in notation, R|R~;
) if S< Ay, then R2R;S and RZ2S;R; if S>Ay, then R<R;S and R<S;R.

In the following, for any R,S € JILFR(U xU), we let Oy =24,
RtS = (R';S'), where Oy is called the diversity element in ILFR(U x U), 1 is
called relative addition. By Theorem 2, Corollary 1, and Proposition 2, the fol-
lowing conclusions can be obtained, the proofs are omitted.

Proposition 3 Let U be any non-empty set. For any R,S,T € ILFR(U x U),
then,

(1) RY(STT) = (RIS)TT:

() (R1S)” =871k~

() R7; (R1S) < S;

@ Uy =Uus

(5) R{(SAT) = (R{S) A (RIT), (RAS)IT = (RTT) A (STT);

(6) R; (STT) < (R; S)TT;

(7) (RTS); T<RI(S;T);

8) Ay <RIR)™, R (R)™ <Oy

) Ay<RiSifand only if Ay <StR if and only if Ay <R™1S™ if and only if
Ay <STIR™;

(10) Ry =UyiR =R, Rily = Iy1R = Iy;

Theorem 3 Let U be any non-empty set and R,S,P € ILEFR(U x U). Then,
(S7;R) = Vsr<gT- In particular, P~ =\/pr ., T

Proof For the first equality, on the one hand, by Definition 2, we have
S; (S R’)/ < R; on the other hand, if S; T < R, by Proposition 2, this is equivalent
to ST;R'KT, that is T<(S7;R). Hence, (S7;R) = Vsr<gT- Let
S = P',R = Oy, we can obtain the second equality.

In what follows, we prove the main properties of the ILFRs using the calculus

of the algebraic theory. Let R € ILFR(U x U). We say that R is reflexive if
R> Ay, antireflexive if R < [y, symmetrical if R = R, and transitive if R>R;R.

Theorem 4 Let U be any non-empty set and R, S € ILEFR(U x U). Then,

(1) R is reflexive if and only if R’ is antireflexive;
(2) R is symmetrical if and only if R’ is symmetrical;
(3) R is transitive if and only if R~ is transitive.
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Proof

(1) R is reflexive if and only if R > Ay if and only if R’ < (Ay) = Oy if and only
if R’ is antireflexive.

(2) By Corollary IIL.1 (2), we have (R')™ = (R~), so R is symmetrical if and
only if R =R~ if and only if R = (R~) = (R)~ if and only if R’ is
symmetrical.

(3) If R is transitive, then R>R;R, by Proposition IIL.1(8), we have
R~ > (R;R)” =R7;R7; hence, R~ is transitive, and vice versa.

Corollary 3 Ler U be any non-empty set and R € ILER(U x U). The following
conclusions hold:

(1) if R is reflexive, then so are R;R and R™;

(2) if R is symmetrical, then so are R;R and R~
(3) if R is transitive, then so are R;R and R,
(4) if R is antireflexive, then R > R{R.

4 Conclusion

In this paper, we present an algebraic analysis for binary intuitionistic lattice-
valued fuzzy relations based on lattice implication algebras. For the theory and
application of intuitionistic L-fuzzy relations, the algebraic description shows its
advantages. More importantly, by the algebraization of the set of intuitionistic L-
fuzzy relations, we can obtain a denotational semantics of intuitionistic L-fuzzy
theory and hence a mathematical theory to reason about notions like correctness.
Consequently, one may prove such properties using the calculus of the algebraic
theory, the results, and methods of applications of fuzzy theory may be described
by simple terms in this language.
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