Information Sciences xxx (2010) XXX-XXx

Contents lists available at ScienceDirect

Information Sciences

journal homepage: www.elsevier.com/locate/ins s

Some remarks on the lattice of fuzzy intervals
Ath. Kehagias

Division of Mathematics, Department of Mathematics, Physics and Computer Sciences, Faculty of Engineering, Box 464,
Aristotle University of Thessaloniki, Thessaloniki, GR 54124, Greece

ARTICLE INFO ABSTRACT
Article history: In this paper we study the connections between three related concepts which have
Received 15 July 2009 appeared in the fuzzy literature: fuzzy intervals, fuzzy numbers and fuzzy interval numbers

Received in revised form 17 March 2010
Accepted 1 May 2010
Available online xxxx

(FIN’s). We show that these three concepts are very closely related. We propose a new def-
inition which encompasses the three previous ones and proceeds to study the properties
ensuing from this definition. Given a reference lattice (X,C), we define fuzzy intervals to
be the fuzzy sets such that their p-cuts are closed intervals of (X,C). We show that, given

IF?Z’ ;Vogii; a complete lattice (X,C), the collection of its fuzzy intervals is a complete lattice. Further-
Lattiz’es more we show that, if (X,C) is completely distributive, then the lattice of its fuzzy intervals

is distributive. Finally we introduce a new inclusion measure, which can be used to quantify
the degree in which a fuzzy interval is contained in another, an approach which is partic-
ularly valuable in engineering applications.

Inclusion measures

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

In this paper we study the connections between three related concepts which have appeared in the fuzzy literature: fuzzy
intervals, fuzzy numbers and fuzzy interval numbers (FIN’s). We show that these three concepts are very closely related, we
propose a new definition which encompasses the three previous ones and proceed to study the properties ensuing from this
definition.

While fuzzy intervals [30, p.58] and fuzzy numbers [29, p.97] are well established concepts in the fuzzy literature, FIN’s
have been introduced relatively recently by Kaburlasos [21-23,31] as a new computational intelligence tool. From the appli-
cations point of view, the usefulness of FIN’s has been demonstrated in several engineering problems [22-27,32,33]. Some
theoretical work on FIN's has also been done, especially the introduction of inclusion measures and metrics [22,23,33]. But,
in our opinion, much more remains to be done regarding the theoretical foundation of FIN’s and the current paper takes a
step in this direction.

In this paper we study positive FIN’s in the context of fuzzy lattices. In other words, we show that, under a suitable def-
inition, a positive FIN is a fuzzy interval. Here by “fuzzy interval” we mean a fuzzy set M satisfying the following require-
ments: (i) M has underlying reference set X. (ii) M takes membership values in a complete lattice (L, <) with minimum
and maximum elements (0 and 1).! (iii) The cuts of M are closed intervals of a reference lattice (X,C). It appears that fuzzy
intervals have previously been studied mainly in the case that the underlying X is the set of real numbers R; Kaburlasos,
on the other hand, has used FIN’s in the context of more general X (he has used X to represent, among other possibilities,
vectors, Boolean statements and graphs - for details see [22,24,25,27,33]). To achieve compatibility with Kaburlasos’ general
point of view we will study FIN’s (and fuzzy intervals and fuzzy numbers) on a general reference lattice (X,C) (the only
requirement being that (X,C) is complete).
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Our treatment is algebraic and is connected to previous work on fuzzy algebras. Rosenfeld wrote the first paper on fuzzy
groups [34]; fuzzy rings and fuzzy ideals of rings are studied in [5,18,46,47]. Seselja, Tepavcevska and others have presented a
far reaching framework of L-fuzzy and P-fuzzy algebras [35-37]. Additional important work on fuzzy algebras appears in,
among other places, [17,40,45,4]. Fuzzy lattices are a particular type of fuzzy algebras. A fuzzy lattice is a fuzzy set such that
its cuts are sublattices of a “reference lattice” (X, C). Relatively little has been published on fuzzy lattices; Yuan and Wu intro-
duced the concept [42] and Ajmal has studied it in greater detail [1-3]; Swamy and Raju [39] and, more recently, Tep-
avcevska and Trajkovski [41] have studied L-fuzzy lattices. Also fuzzy hyperalgebras have been studied in the past [10-
12,14,15], especially fuzzy hypergroups [13,16,48,49], fuzzy hyperrings [47] etc.

The paper is organized as follows. Preliminary concepts are presented in Section 2; the connections between FIN’s,
fuzzy intervals and fuzzy numbers are discussed and then the lattice of fuzzy intervals is constructed in Section 3; its dis-
tributivity is proved in Section 4; inclusion measures in the FIN lattice are studied in Section 5; concluding remarks appear in
Section 6.

2. Preliminaries

In the rest of the paper we will consider fuzzy subsets of a reference set X. We will assume that X is endowed with an order
C and the structure (X,Z,1,M) is a complete lattice (the “reference lattice”) with L, N denoting the join and meet operations
respectively. In applications, X could be R, RV (with N > 2 and an appropriate order) or more general (e.g., Boolean valued)
sets; examples of the application of lattice theoretic concepts to real-world problems can be found in [22-27,32,33] and
elsewhere.

Since (X, C,u,M) is complete, for every Y C X the elements Y, Y exist; in particular, there exist rX (the minimum element
of X) and U X (the maximum element of X), hence we can write X = [X,LX].

We will also need a target lattice (L,<,V, ), the lattice in which fuzzy subsets of X take membership values. Initially we
will only assume that (L, <, V,A) is a complete lattice with a minimum element (denoted by 0) and a maximum element (de-
noted by 1).2 Given a set P C L, VP (resp. AP) denotes the supremum (resp. the infimum) of P (these always exist, since
(L, <, Vv, A) is assumed to be complete).

2.1. Intervals of a lattice
Closed intervals of (X,C,u,M) will be of special interest to us.

Definition 2.1. Given xq, X, € X, with x; C x,, the closed interval [xq,x;] is defined by [xq,x;] = {z:x; Tz C x,}.

We consider the empty set () to be a closed interval, the so called empty interval. This can also be denoted as [x1,x,] with
any X1, X such that x, C x;. We will denote by I(X) (or simply by I) the collection of closed intervals of X (including the empty
interval). The structure (I, C ) is an ordered set. In fact it is a lattice, as the following propositions show (proofs are omitted
for brevity; they follow from the fact that being a closed interval is a closure property on (I, C ) [6]).

Proposition 2.2. Given any nonempty interval A = [a;,a;] C X, we have a; =14, a, = UA.
Proposition 2.3. Given any family of closed intervals J C 1 the set Ny, q,q(a1,02] is a closed interval; more specifically,
we have

Niay.ax)e101, 2] = [Ujay a,]e)01, Mgy 05102

and this is the largest closed interval contained by every member of J.
Definition 2.4. Given A, B c 1, define S(A,B) ={C: Cc1,A C C, B C C}. Then we define the operation U as follows
AU.Biﬂces(A'B)C.

Proposition 2.5. The structure (I, C,U,N) is a lattice with respect to the C order (i.e. set theoretic inclusion). Given any intervals
A= [a1,az] S l, B = [b],bz] S l, SUP(A,B) =AUB = [a1 [l b],az (] bz], lnf(A,B) =ANB= [a1 U bl,az [l bz]

Remark. In other words, given any intervals A = [ay,a;], B = [by,b,] we have: (i) [a; M by,a; U by] is the smallest closed inter-
val which contains both A and B and (ii) [a; U b1,a, M b,] is the largest closed interval contained by both A and B.

2 In Section 4 we will introduce additional assumptions on the structure of (L,<,V,A).
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2.2. Fuzzy sets

By “fuzzy set” we simply mean a function M: X — L. We repeat that X is the reference set and L the set of membership
values.

Definition 2.6. A fuzzy set is a function M: X — L. The collection of all fuzzy sets (from X to L) will be denoted by F(X,L) or
simply by F.

In a standard manner, we introduce an order on F using the “pointwise” order of (L,<,V,A). The symbols <,V,A will be
used between elements of F (as well as between elements of L) without danger of confusion.

Definition 2.7. For M, N € F we write M < N iff for all x € X we have: M(x) < N(x).

Remark. The above definition has the following interpretation: a fuzzy set M is smaller than a fuzzy set N if every element
x € X belongs to N at least as much as it does to M (in other words: M(x) < N(x)). Note that “<” is a straight generalization of
the inclusion relationship “ C ” of classical sets. To understand this consider that (a) the “membership function” of a classical
set M is its indicator function 1,,(x), defined to be 1),(x) = 1 iff x € M and 0 otherwise and (b) M is a subset of classical set N iff
1m(x) < 1n(x), i.e. whenever 1y(x) =1 (i.e., x € M) then 15(x) = 1 (i.e., x € N) as well. Hence the order relationship of Definition
2.7 is a generalization of fuzzy set inclusion. However alternative, fuzzy valued extensions of fuzzy set inclusion are possible
and, indeed, desirable; for a discussion see Section 5 and [28].

Definition 2.8. For M, N € F: we define the fuzzy set M v N by: (M Vv N)(x) = M(x) v N(x); we define the fuzzy set M A N by:
(M A N)(x) = M(x) A N(x).

It is well known [30] that < is an order on F and that (F,<,V,A) is a complete lattice with sup (M,N)=M Vv N, inf
(M,N)=M A N. Also, given any set A C F, the infimum of A, denoted by A, is a fuzzy set defined for every x € X by

Ax) = N{A(X) : A€ A}

and the supremum of A, denoted by A, is a fuzzy set defined for every x € X by
A(x) = V{A(x) : A€ A}

(these always exist, since it has been assumed that (L, <,V,A) is complete).

Definition 2.9. Given a fuzzy set M: X — L, the p-cut of M is denoted by M, and defined by M,, = {x: M(x) > p}.
We will need some properties of p-cuts, summarized in the following propositions. Their proofs can be found in [30].

Proposition 2.10. Take any M € F with p-cuts {Mp},c, and N € F with p-cuts {Np},c,. Then M =N iff for all p e L we have
M, =Np,.

Proposition 2.11. Take any M < F with p-cuts {Mp},c.. Then we have the following.
(i) For all p, g € L we have: p<q= My C M,,.
(ii) For all P C L we have: NpepMp = Mp.
(iii) Mo = X.
Proposition 2.12. Consider a family of sets {I\71,,}FEL which satisfy the following.
(i) For all p, q € L we have: p < q = Mg C M,,.
(i) For all P C L we have: MpepMp = Mp.
(iii) Mo = X.

Define the fuzzy set M(x) = v{p: x € 1\71,;}. Then for all p € L we have M, = M,,.
Proposition 2.13. For al M,Ne F: M <N < (Vp € L: M, CN,).
Proposition 2.14. For all M, NeF, pe L: (i) (MV N), =M, UN,, (ii) (M AN), =M, N Np.

2.3. Fuzzy lattices

The concept of fuzzy sublattice was introduced by Yuan and Wu [42] and the concept of fuzzy convex sublattice was intro-
duced by Ajmal and Thomas [1]. These concepts were studied in [43,50] and, especially, by Ajmal and Thomas in [1-3].
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We now define “fuzzy sublattice” and “fuzzy convex sublattice” in a manner different from (but equivalent to) the stan-
dard one used in [1].

Definition 2.15. We say M: it X — L is a fuzzy sublattice of (X,C) iff Vp € L the set M, is a sublattice of (X,C).

Definition 2.16. We say M: X — L is a fuzzy convex sublattice of (X,C) iff Vp € L the set M, is a convex sublattice of (X,C); (i.e.
Vp € L,VX,y € M, we have [x My, xUy] C M,).
The next proposition shows that our Definition 2.15 of fuzzy sublattice is equivalent to the one used in [1].

Proposition 2.17. M: X — L is a fuzzy sublattice of (X,C) iff
vx,yeX: MxnNy)AMxuy) = Mx)AM®y).

Proof. See [41]. O

Proposition 2.18. Let M: X — L be a fuzzy sublattice of (X,C). It is a fuzzy convex sublattice of (X,C) iff
Vx,yeX,Vze[xny,xuyl: M(z) = Mxny) AMxuy) =M(x) AM(®y). (1)

Proof

(i) Assume M is a fuzzy convex sublattice. Choose any x, y € X. Set p; =M(xNy), p=M(xuy); then xNy,xUy € My, 1p,.
Take any ze [xny,xUy]. Since M is a fuzzy convex sublattice: z € Mp,rp, = M(2) = p; Ap, =M(xNy) AM(xUYy).
Since x, ye[xny,xuy] we have M(x) > M(xny)AM(xuy), M(y)=> Mxny)AMKxuUy); and so M(x) A M(y) >
M(xny)AM(xuy). On the other hand, since M is a fuzzy sublattice, from Proposition 2.17 we have
Mxny)AMKxuUy) = M(x) A M(y). Hence M(x 1 y) A M(x Uy) = M(x) A M(y).

(ii) Conversely, assume (1) holds. Take any p € L. If M,, is empty, then it is a convex sublattice. If M, is not empty, take any
X, y € M,. Set py=M(x), po=M(y). We have xe M, =p;=M(x) > p, y e M= p,=M(y) = p. From (1) we have
M(xny) = M(x) AM(y)=p1 Ap2 = p=xNyeM, Similarly xuy e M, and so M, is a sublattice. Set q; = M(xNy),
g2 =M(x Ly). Now take any z € [x M y,x U y]. From (1) we have M(z) > q1 Aq2=p1 Ap2 = p=2z€ M, Hence M, is a
convex sublattice for all p € L, i.e. M is a fuzzy convex sublattice. O

3. The fuzzy intervals lattice

The concepts of fuzzy number and fuzzy interval have appeared in the literature.? For example, Klir and Yuan [29] define a
fuzzy number to be a fuzzy set M which

1. is normal (i.e., 3x: M(x)=1);
2. has finite support (i.e., 3x1, X2: Vx ¢ [ x1,x2]: M(x) = 0);
3. for all p € R, M, is a closed interval.

On the other hand, Nguyen and Walker [30] define a fuzzy interval to be a fuzzy set M which

1. is normal;
2. has finite support;
3. for all p € R,M, is a closed interval.

It is clear that “fuzzy number” as defined by Klir and Yuan and “fuzzy interval” as defined by Nguyen and Walker are iden-
tical. On the other hand, Kaburlasos, [33] gives the following more general definition, which combines aspects of both fuzzy
interval and fuzzy number.

Definition 3.1. A positive fuzzy interval number (positive FIN) is a function M: (0,1] — I(X) which satisfies
p1 < p; = M(p,) CM(py). (2)

We see that Kaburlasos drops the requirements of normality and finite support; but we consider these differences not
very significant. We also recognize that the basic requirement for both fuzzy interval and fuzzy number appears to be that
the sets M, (or M(p) in Kaburlasos’ notation) are closed intervals. Kaburlasos does not explicitly state that the M(p)’s are the
p-cuts of a fuzzy set, but in [33] and elsewhere corresponds FIN’s to fuzzy sets (as one possible interpretation of FIN’s). In-

3 L-fuzzy numbers have also been studied; for example, see [20].
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deed the requirement (2) makes it quite obvious that M(p) can be interpeted as a p-cut of a fuzzy set.* Kaburlasos’ main con-
tribution is that he allows the M,’s to be closed intervals of a general lattice X (note the use of I(X) in Definition 3.1) rather than
intervals of R. This allows the use of fuzzy intervals (or FIN's) in a much wider variety of applications. In our opinion, Kaburlasos’
FIN’s are the natural generalization of fuzzy intervals (and fuzzy numbers) which many fuzzy researchers have previously used
in the context of the real number system.

Based on Kaburlasos’ generalization, we will now proceed to define fuzzy intervals in a rigorous manner and derive some
of their properties. We emphasize that all the results derived in the remainder of the paper, although phrased in terms of
fuzzy intervals, can be equally well applied to FIN’s. The following (new) definition of fuzzy intervals is the one that will
be used in the rest of the paper.

Definition 3.2. We say M: X — L is a fuzzy interval of (X,C) iff
Vpel: M, is a closed interval of(X, ).

The collection all fuzzy intervals will be denoted by I(X, L) or simply by I.
The following proposition will be often used in the sequel. It states that an arbitrary intersection of fuzzy intervals yields a
fuzzy interval.

Proposition 3.3. For all ] C T we have: MM € 1

Proof. Choose any J C I CF. The fuzzy set M ~M is well defined, in view of the fact that (F,<,V,A) is a complete lattice.
Choose any p € L. It is easy to show that (A MJM) =N, ~M Then for every M € J, the cut M, will be a closed interval (per-

haps the empty interval). From Proposition 2.3, an arbltrary intersection of closed intervals yields a closed interval. Hence,
for every p € L the set (A ~M) is a closed interval, i.e. M ~M is a fuzzy interval.

Since I CF, it follows that (I, <) is an ordered set. We now establish (using Proposition 3.3) that (I,<) is a lattice. O

Definition 3.4. For all M,N < I we define MVN as follows. We define S(M,N)= {A: A c I,M < A,N < A} and then define

MVN=A ~ A
AeS(M.N)

Proposition 3.5. (I, <,V, A) is a complete lattice.

Proof

(i) M A N is the infimum in F of M and N. From Proposition 3.3 we have M AN ¢ T, hence M A N is also the infimum of M
and Nin L.

(ii) For all A € S(M,N) we have M <A and so M < <A, S N)A = MVN; similarly N < MVN. Furthermore, if there is some
Bel such that M<B, N<B, then B e S(M,N). Hence MVN = /\AEE(MN)A < B. Finally, since S(M,N)C1, we have

MVN = MsanA € 1. Hence MVN is the supremum in I of M and N.
(iii) To establish completeness of (T, <, V,A) we must show that any JCT has an infimum and a supremum in I. We have
already remarked (Proposition 3.3) that, for any J C T, the set AMJM is a well defined fuzzy interval. Since AJ = Ay TM
€,
is the infimum of J in F, it will also be the infimum of J in I C F. Regarding the supremum, we must define appropri-
ately VJ. Define a set S( y={A¢€ 1:VM € J we have M < A}. Define VJ=A 7;~A Then VJ € I (as an intersection of fuzzy

intervals), and it is easy to show that: VM € J we have M < VJ, VA € S(_l) we have VJ < A. Hence V] is the supremum of
J and completeness has been established. O

The following propositions establish some properties of fuzzy intervals.

Definition 3.6. For every fuzzy set M we define Ly, = {p: M, # 0}.

Proposition 3.7. Let M: X — L be a fuzzy set. Then M is a fuzzy interval of X if and only if M is a fuzzy convex sublattice of X and
satisfies the condition

4 The technical condition N pePMp = Mp is not required in [33]; however it is a necessary condition for a collection {M,},c. to be the cuts of a fuzzy set.
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Vp € L : M(TMy) = Axem, M(x),  M(UM,) = Axer, M(X). (3)

Proof

(i) Assume M is a fuzzy convex sublattice of X and satisfies (3). Choose any p € Ly. Now, by completeness of (X,C), 1 M,
and UM, exist. Clearly M, C [MM,,UM,]. On the other hand, from (3), M(NMM,) > Awem,M(X) = p = NM, € M), i.e. M,,
contains its infimum. Similarly M(UM},) > Axem,M(x) = p = UM, € M,. Since M, is a convex sublattice and MM,
UM, € My, it follows that [M,,U M,] C M,. Hence for all p € Ly, we have that M, =[n M, uUM,]. Further, for all
p € L — Ly, M, is the empty set, which is considered a closed interval. Hence for all p € L the set M, is a closed interval,
i.e. M is a fuzzy interval.

(ii) Conversely, assume M is a fuzzy interval. Then for all p € Ly, we have M), = [11 M,,, U M], which is a closed interval and a
fortiori a convex sublattice. Hence M is a fuzzy convex sublattice. Furthermore, M, = [NMM,,UM,] = NM, € M, =
M(mMp) = Axem,M(x). Similarly, UM, € M, = M(UM,) > Axwen,M(x). O

Corollary 3.8. If M is a fuzzy interval, then Vp € Ly we have M(MM,) A M(UM)) = Axem, M(X).
Corollary 3.9. Let X be finite. Then every fuzzy convex sublattice is a fuzzy interval and conversely.
Proposition 3.10. If M is a fuzzy interval, then Vp € Ly we have M, = My, »p,, Wwhere p; = M(TM,), p2 = M(LM)).

Proof. Choose any p € Ly. Since M is a fuzzy interval, we have M, = [MM,,UM,]. Set p; = M(MM,) > p, p> = M(LM,) > p. Then
M(rMp) = p1 = p1 A p2 and so MM, € My, p,. Similarly UM, € My, »p,. Since M is a fuzzy interval (and so a fuzzy convex sub-
lattice) it follows that [MM,, UM,] C M, »p,. On the other hand p; Ap, = p = M, »,, CM, = [(M,,UM,]. Hence M, ., =
M, O

4. Distributivity of the fuzzy intervals lattice
In all of this section we assume (X,C,1,M) to be completely distributive according to the following definition.

Definition 4.1. The lattice (X,C,u,n) is said to be completely distributive, iff for every set Y C X we have
XU (Myeyy) = Myer(x UY), XM (Uyeyy) = Uyer(x M Y).
In addition, we will assume (L, <, V, A) to be completely distributive and a chain (i.e., L is totally ordered with respect to <).
We also retain the assumptions that (L,<,V,A) is a complete lattice, with minimum element 0 and maximum element 1.
Let M, N be fuzzy intervals. Our first task is to establish some properties of the cuts (M A N), and (MVN),. From Proposition
3.5 we see that M A N and MVN are fuzzy intervals; hence Vp € L the cuts (M A N), and (Mv'N)p are closed intervals.

Definition 4.2. For all M,N <1 and for all p € L we define Co(M,N) =M, N Np.
We recall (Proposition 2.14) the following.

Proposition 4.3. For all M,N € I and for all p € L we have: (M A N), = G(M,N).

Proposition 4.4. Take any M,N € 1. We have:

(i) Vp, g e Lip < q= Cy(M,N) C Cy(M,N),
(ii) VP C L: N pepCp(M,N) = Cu(M,N).
(iii) Co(M,N) =X.

Proof. These properties follow from the fact that for all p € L we have C,(M,N) = (M A N),, i.e. the family {C,(M,N)},<; is a
family of cuts. O

Hence we have characterized the cuts of M A N in terms of the cuts of M and N. We will now do the same for the cuts of
MVN. However, before proceeding we need some auxiliary definitions and propositions.

Definition 4.5. For every M < I, we define the functions M : L — X, M : L — X as follows. For p € Ly, M(p)= MMp, M(p)= U Mp;
for p e L — Ly, M(p)=UX, M(p)=nX.

p el — Ly, then M, = 0 = [LX,"X] = [M(p), M(p)].
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Proposition 4.6. Take any M € 1 and for all p € L set M, = M(

M(p)]. Then
(i) ¥p,qel:p<q= (M(p) C M(q)).
(i) VPCL: UpePM(p)

M(vP).

M(q).M(p) 2
M(vP),MperM(p) =

Proof

(i) Since {Mp)pep
M(p)] = (M

are cuts, from Proposition 2.11.(i) we have: p<q=M,C M
(p) < M(q),M(p) = M(q)). Note in particular that: if q ¢ Ly, then M(p) C M(q) =
(ii) Since {Mp},cp are cuts, from Proposition 2.11.(ii) we have: NpcpMp = Myp. But Myp =

= [M(q),M(q)] € [M(p),
X @ and M(p) 2 M(q) = nX.
[M(\/P) M(\/P)] and (Proposition
2.3) MperMp = [UpepM(p), MpepM(p)] which yields the required result. Note in particular that: if there exists some
q € Psuch that g € L — Ly, then Mg =%, N pepM, = 0, and Myp = 0 = [M(VP), M(VP)] with M(VP) = LX, M(VP) = rX. Also,
in this case M(q) = UX, UpepM(p) = LIX, M(q) = 1X, MpepM(p) =X, O

Proposition 4.7

(i) Take any P C L and any functions F: L - — X which satisfy
p<q=F(p)EFag),

UpePF(p) = F(\/P),
p<q=G(p)EG(q),

LperG(p) = G(VP).

Then Upep(F(p) N G(p)) = F(VP) 1 G(\VP).

(ii) Take any P C L and any functions F: L - — X which satisfy
q=F(p) IF@),  MperF(p) = F(VP),

q 3G(q),  MperG(p) = G(VP).

Then Mpep(F(p) L G(p)) = F(VP) U G(VP).

Proof. For (i), take

any peP. Then Fp)nG(p)C Fp) Hence
Upep(F(p) M G(p)) € UpepG(p) = G(VP). It follows that

Lper(F(p) MG(p)) € F(VP) N G(VP).
On the other

Uper(F(p) M G(p)) E UpepF(p) = F(VP).  Similarly

hand, using complete distributivity,

Upep(F(p) M G(VP)) = (UpepF(p)) M G(VP) = F(VP) 1 G(VP). In short
F(vP) N G(VP) = Upepger(F(p) M G(q))

Finally, since (L,<

(4)
we have UpeP,qu(F(p) nG(q) = upeP(F(p) r O(qupG(Q))) =

(5)
) is totally ordered, P is a sublattice of (L,<); so for any p, g€ P we have pvqeP. Then (p<pV
.9<pVvq)=Hp)NG@CHpvq)nGpvg). So p

UpqueP(F( ) n G(q)) C UpeP.qu(F(p \ q) r G(p v Q)) C .UTEP(F( ) mn E( ))

Hence

Upep gep(F(P) M G(q)) E Uper(F(p) M G(P))

(6)
From (4)-(6) it follows that Uyp(F(p) 1 G(p)) = F(VP) N G(VvP) and (i) has been proved; (ii) is proved dually. O
Now we return to the cuts of MVN
Definition 4.8. For all M,N € I and for all p € L we define Dy(M,N) = MyUN,.
Proposition 4.9. Take any M,N < I . We have

(i) Vp, g € L: p < q= Dg(M,N) C Dy(M,N)

(ii) VP C L: 1 pepDp(M,N) = Dos(M,N)
(iii) Do(M,N) = X.

Proof

(i) Assume p < g. Then (Mgq C My, Nq CN,) = MyU
(ii) Take any P C L and any p € P. We have D,(M,

NpepDp(M,N) = [Lpep(M(p) MIN(D)), Tper (M

N, C MU (M, N).
N
_(p))]

o(M,N)c D
UN(p )} hence

» = Dy(M.N
NN(p), M(p)

7)
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Also

D.p(M,N) = [M(VP) 11 N(VP), M(vP) LiIN(VP)]. 8)
Use Proposition 4.7.(i) with F(p) = M(p) and G(p) = N(p). Then

Lper(M(p) MN(p)) = M(VP) TIN(VP). 9)
Use Proposition 4.7.(ii) with F(p) = M(p) and G(p) = N(p). Then

Mer (M(p) UN(p)) = M(vP) UN(VP). (10)

Eqgs. (7)-(10) yield the required result.
(iii) Do(M,N) = MgUNo = XUX =X. O

Proposition 4.10. For all M,N < I and for all p € L we have: (MVN), = Dy(M, N).

Proof. From Proposition 4.9 it follows that {D,(M,N)},¢; is a family of cuts. Hence, if we define a fuzzy set (M ¥ N) by setting
Vx € X : (MYN)(x)=V{p:x € D,(M,N)}

then Vp € L we will have (M ¥ N), = D,(M,N) (Proposition 2.12). From this also follows that (M ¥ N) is a fuzzy interval (since
Vp € L we have (MVN), = D,(M,N) = M,UN,). Now choose any p € L; we will show that (MVN), = (MVN),.

First, (MVN), is a closed interval. Also, x € Mp = (MVN)(x) > M(x) = p = x € (MVN),. So M, C (MVN),. Similarly
Np C (MVN),. Hence (MVN), € S(My,N;) which implies that (MYN), = Dy(M, N) = MyUN, = Macsu, v,)A C (MVN),,.

Second, choose any x € X and set p=M(x). Then x € M, C D,(M,N)=(MY N),. Hence (MY N)(x) > p =M(x);, similarly
(MY N)(x) > N(x). Since MVN = sup(M, N), it follows that (MYN)(x) > (MVN)(x) and so (MYN), O (MVN),.

So we have (MVYN), = (MVN), which (Proposition 2.10) implies MYN = MVN. [0

Proposition 4.11. (I,<,V, A) is a distributive lattice.

Proof We must show that for any A,B,C € T we have (AVB) AC = (AAC)V(B A C) and (A AB)VC = (AVC) A (BVC). We will
show this by showing equality of the p-cuts.

Indeed, choose any p € L and set A, = [a;,a,], By = [b1,b2], C; = [c1,¢2] (in case any of these intervals is empty, denote it by
[LX,rX]). Now

((AVB) A C), = (AVB), N Cy = (A,UB,) N Cp = ([a1,a2]U[b1, bs]) N [c1,€2] = [a1 M b1,z U ba] N [e1, ¢
=[(aNby)Ucy,(aauby) e =[(a; Lcr) M (byUcy), (@2 Mca) U (baMca))]
= (a1 Ucy,a; T16]Ulby Uy, by Mea] = ([ar, az] N [c1, c2])U((br, b2] N [c1, 2]) = (A N Cp)U(B, N Cp)
=(ANA C)pU(B ANC), = (AN C)V(BA 0),-

Since for all p € L we have ((AVB) A C), = (AAC)V(BAC)), , it follows that (AVB) A C = (A A C)V(B A C). Dually we show that
(AAB)VC = (AVC) A (BVC). O

5. Inclusion measures in the fuzzy intervals lattice

Inclusion measures are used widely in the FIN papers by Kaburlasos et al. [21-23,31,33] and, more generally, have been
studied widely in the fuzzy literature (a rather extensive survey appears in [28], see also [8,9]). In this section we present
an inclusion measure which possesses many desirable properties and (as far as we know) has not been previously considered
in the literature.

An inclusion meaure is a mapping o: F x F — L; the value (A, B) quantifies the degree to which a fuzzy set A is contained
in fuzzy set B. As explained in [28], considerable effort has been expended in discovering inclusion measures which have
“desirable properties”. We list below such desirable properties, which we divide into two groups: “basic properties” and
“additional properties”. The basic properties are listed in Table 1.

We consider properties A1-A3 basic, because they are the properties which define a fuzzy order [29]. We consider a fuzzy
inclusion measure to be the fuzzification of the (set inclusion relation C which, as is well known, is a order. Unfortunately,
especially the transitivity property A3 appears to be particularly hard to obtain and is not satisfied by the “usual” inclusion
measures which most often appear in the literature (for a discussion see [28]).

In addition, various authors [7,19,38,44] have considered the properties listed in Table 2 to be “appropriate” or desirable
to be satisfied by an inclusion measure.

Again, many of these properties are not satisfied by the “usual” inclusion measures. For an extensive discussion see [28].
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Table 1
Basic properties of an inclusion measure o.
Al VAeF: a(AA)=1 (Reflexivity)
A2 VABcF: o(AB)=0(BA)=A=B (Antisymmetry)
A3 VAB,CeF: a(A,B) A (B,C) < a(AC) (Transitivity)
Table 2
Additional properties of an inclusion measure a.
B1 VAB¢€F: A<B<& o(AB)=
B2 VAcF: d(AA)=0s Ais set
B3 VA,B cF: a(A,B)=a(B A)
B4 VAB,C<F: B<C= 0(AB)<d(AC)
B5 VABC < F: B< C= 0o(CA) < a(BA)
B6 VAB,C<F: a(AVvB,C)=0 (AC) A a(B,C)
B7 VAB,C e F: a(AABC) = a(AC)V a(B,C)
B8 VAB.C<F: o(ABV C) = a(AB)V a(AC)
B9 VAB,CcF: a(ABA C)=a(AB) A a(AC)

We will now introduce an inclusion measure ¢ (proposed, as far as we know, for the first time) which satisfies most of the
above properties — and in particular it satisfies transitivity, which we consider especially important for any reasonable inclu-
sion measure. We emphasize that the new inclusion measure applies to fuzzy sets in general, not only to fuzzy intervals; we
believe its introduction and study is particularly pertinent in the context of fuzzy intervals since, as demonstrated by Kabu-
rlasos, fuzzy intervals (and their equivalent FIN’s) combined with inclusion measures yield very useful approaches to various
applied problems.

Definition 5.1. For all A, B € F we define

0(A,B)=Vv{p:Vr<p:A CB}
We first show that the a(A,B) of Definition 5.1 satisfies the “basic” properties A1 and A3.

Remark. In the rest of this section (and especially in the proofs of Propositions 5.2 and 5.4) we assume that fuzzy sets A, B, C
are continuous. Actually the proofs can go through without this restriction; we assume continuity for the sake of simplicity
and to make the basic ideas behind the proofs more obvious to the reader.

Proposition 5.2. ¢(A,B) is reflexive and transitive, i.e., it satisfies properties A1 and A3.

Proof. The proof of A1 is straightforward: let p =1 and note that for all r < p =1 we have A, C A,. Hence
(A A)=Vv{p:Vr<p:A CA} =1
For A3, take any A, B, C < F and let
p=0(AB), q=0(B,C), r=pAq.
Then, for all s < r we have
r=pAq<p=0(AB)=ACBs

s<r
D Vs<r:A;CC AC)=r=pnrq=0(AB)Aad(B,C), O
o pnq<q-oB O CC | ST AEC) S SAC 3 TP~ oAB) A0

Remark. The antisymmetry property A2 is not fully satisfied, as can be seen by the following example. Take fuzzy sets A:
[0,4] — [0,]], B: [0,4] — [0,1] with

172 iff x 2 172 iff x#3
Ax) = - .
®) {1 iffx—2 B {1 iff x = 3

Then o (A, B) = o(B,A) =1 but A # B. However, we have the following weak form of antisymmetry
Proposition 5.3. For all A, B € F such that 6(A,B) = 6(B,A) =1 we have A=B.

Proof. If 6(A,B) =1, then Vr € [0,1] we have A, C B,. Similarly, if ¢(B,A) =1, then Vr € [0,1] we have B, C A,. Hence Vr we
have A,=B,and so A=B. O
Next we show that a(A,B) of Definition 5.1 also satisfies most of the “additional” properties.
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Proposition 5.4. ¢(A, B) satisfies properties B1, B3—-B9 but does not satisfy B2.
Proof. In the following take any A, B, C € F. We have the following.

B1 Assume A < B, then (from Proposition 2.13) we have: (Vp: A, C B,) = d(A,B) = 1. Conversely, assume that ¢(A,B) =1,
then (Vp: A, C B,) = A<B.
B2 We show that it does not hold by a counterexample. Take a fuzzy set A: [0,2] — [0,1] with

X iff x<1
Ax) = .
®) {2—x iff x > 1

Then A'(x) is given by
1-x iffx<1
Ax) = =
®) {x—l iff x> 1

and we see that ¢(A,A) =0, while A is not a classical set (i.e. one with 0/1 membership).
B3 Say o(A,B)=p. Then (Vr <p:A.CB,)= (Vr<p:B.CA)= q=0(B,A) > p. Starting with ¢(B,A)=q we we can
show similarly that p > q and so ¢(A,B)=p=q=0c(B,A).

B4 We have
B<C= (Vr:B.C(). (11)
Let a(A,B) = p, then
Vr<p=ACB (12)

From (11) and (12) we get
Vr<p=ACC (13)
from which follows o(A,C) > p = (A, B).

B5 This is proved similarly to B4.

B6 Since A< AV B and B<AV B, from B4 we have
o(A,C) = g(AVB,(C)

A,C)ANa(B,C) = 6(AVB,C). 14

a(B,C)>a(AvB,C)} = 04 NaB,0) > af ) (14)

On the other hand, let p = 6(A,C), g = a(B,C), r=p A q. Then

Vs<r<p:A;CC
<r: <r: =Tr= = .
ngrgq-BSCCS}é(vs\r AsUB;CCs)= (Vs<r:(AVB),CC)=0AVB,C) >2r=pAq=0(A,C)An0d(B,C)
(15)
From (14) and (15) we get (A Vv B) = 6(A,C) A a(B,C).
B7 Since A > AAB and B > A A B, from B4 we have
6(AAB,C) = a(A,C)
AAB,C) = g(A,C)Vva(B,OQ). 16
G(AA&C)N(B’Q}:»G( 0) > 6(A,C) v 6 (B,C) (16)

B8 This is proved similarly to B7.
B9 This is proved similarly to B6. O

6. Conclusion

In this paper we have introduced a general definition of fuzzy intervals and shown its relationship to a previous more
restricted definition of fuzzy intervals, as well as to fuzzy numbers and to Kaburlasos’ FIN's. Furthermore we have obtained
some of the basic properties of fuzzy intervals and introduced a novel inclusion measure which can be used in FIN
applications.

The method we have used is rather standard in the study of fuzzy algebras - in particular we have obtained several prop-
erties of fuzzy intervals by studying their p-cuts. This method can be used to obtain further properties of fuzzy intervals.

In our analysis we have assumed that the origin lattice (X,C,1,Mn) is complete and completely distributive. These assump-
tions are essential. Obviously, if (X, C, U, M) is not complete, there is no guarantee that an infinite union of fuzzy intervals will
be a fuzzy interval. Complete distributivity, on the other hand, has only been used in Section 4, but there it plays an essential
role in the proof of Proposition 4.7. Let us note that in the important special case where X has finite cardinality, completeness
is automatically satisfied and complete distributivity is equivalent to distributivity (which clearly is a minimum requirement
for the lattice of fuzzy intervals to be distributive).

Regarding the target lattice (L, <,V,A), we have assumed that it is a complete lattice with a minimum element 0 and a
maximum element 1. These are rather weak assumptions in the context of L-fuzzy sets. In Section 4 we have further assumed

Please cite this article in press as: A. Kehagias, Some remarks on the lattice of fuzzy intervals, Inform. Sci. (2010), doi:10.1016/
j.ins.2010.05.007



http://dx.doi.org/10.1016/j.ins.2010.05.007
http://dx.doi.org/10.1016/j.ins.2010.05.007

Ath. Kehagias /Information Sciences xxx (2010) XXx—xXx 11

that L is a completely distributive chain. This is also a crucial assumption: it does not seem obvious how to extend our results
to general L-fuzzy lattices, because Proposition 4.7 requires that for every P C L, and for all p, g € P, we have p v q € P; for
this to be true for arbitrary P C L, (L, <) must be a chain.

We believe that the theoretical framework provided in the current paper can serve as a foundation for further mathemat-
ical study of FIN’s with special emphasis placed on applications, for example on the properties of inclusion measures used in
applied engineering tasks. This task, however, will be accomplished in future publications.
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