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Foreword

The word fuzziness, as introduced by our friend and mentor Professor Lotfi A.
Zadeh in 1965, has evolved to characterize the information associated with the
human language. The human language which carries a lot of information and is
being used in our everyday decision making processes, in a mathematical sense, is
not very precise. For example, in Saskatoon in the month of January day time
temperature is usually around -15° C to -20°C. A resident of Saskatoon will clas-
sify this temperature as ‘not very cold’. By a friend just arriving from India, his
classification for this temperature would be ‘very- very cold’.

Professor Zadeh has given us a mathematical tool called the fuzzy mathematics,
which gives precision to uncertainty inherent in our human language. The mean-
ing of the wordings that we usein our everyday life are context dependent, subjec-
tive, and have a cognitive flavor. Thus, we can say that the fuzzy set theory is a
mathematical tool that provides a figure of certainty to a cognitive type of uncer-
tain phenomenon inherent in our human language.

Since the inception of notion of fuzzy sets in 1965, many research papers and
books have appeared in the field of fuzzy uncertainty. In the present book entitled
‘Mathematics of Fuzziness, Basic Issues' the authors, Drs. Xuzhu Wang, Da Ruan
and Etienne Kerre who are among the pioneersin the field of fuzzy mathematics,
have provided alucid mathematical characterization of ‘fuzzy uncertainty’. In this
book the authors introduce a basic notion of ‘fuzziness' and provide a conceptual
mathematical framework to characterize such fuzzy phenomena.

In general, mathematical methods have evolved in order to characterize the
phenomena we are surrounded with. This book which contains six chaptersin 281
pages lays the basic mathematical basis of fuzzy phenomena, the phenomena
which are inherent in our human perception and cognitive processes. The authors
start with the preliminaries on sets and relations, in Chapter 1. Then in Chapter 2
they provide some conceptual basics of fuzzy sets. In Chapter 3 they provide a de-
tailed description of the methodology of fuzzy relations with applications in sev-
eral fields such as fuzzy clustering, information retrieval and multiple attribute de-
cision making analysis. Following this basic introduction, the authors move to
Chapter 4 to describe the extension principle and fuzzy numbers, in Chapter 5
some mathematical topics such as fuzzy measures and fuzzy integrals, and finally
in Chapter 6 some applications oriented topics such as fuzzy inference and fuzzy
control. Each chapter is very well appended with exercises and reference material.

In the years ahead, the notion of fuzziness is likely to be an integral part for
dealing with cognitive uncertainty in a computationally effective way. Thus, this



VI Foreword

book on mathematics of fuzziness which has evolved from the authors' lecture
notes to both undergraduate and graduate students provides a basic mathematical
exposition to this growing field of soft-computing. The authors and the publisher,
Springer Verlag, have produced a treatise that addresses, with high authority and
high level of expertise, the mathematics devoted in the studies of fuzziness and
soft-computing. For this very informative and timely book the authors deserve our
heartiest congratul ations!

University of Saskatchewan Madan M. Gupta
January 28, 2009



Preface

This book is intended to serve as a basic textbook for a fuzzy set and system
course at the undergraduate level and as a preliminary material for further
research and applications on some special topics. Accordingly, the readers
may contain undergraduate as well as graduate students in mathematics,
computer science and engineering, engineers and researchers in the related
fields. The seven aspects feature our book.

(1) The most fundamental subjects in fuzzy set theory such as fuzzy sets,
fuzzy relations and fuzzy numbers are introduced in detail.

(2) The most important applications of fuzzy sets such as pattern recogni-
tion, clustering analysis and fuzzy control are explicitly highlighted.

(3) The well-developed pure mathematical branches such as fuzzy measures,
fuzzy integrals, fuzzy algebra, and fuzzy topology are briefly discussed.

(4) While most parts of the book are devoted to the introduction to the basics
of fuzzy set theory and its applications, some parts contain advanced
materials based our research.

(5) Remarks are made to indicate further reading in the end of some sections
particularly with important and theoretical sections.

(6) The whole book is basically self-contained. There is no difficulty for the
reader with basic knowledge of mathematical analysis and linear algebra
to get through all chapters except Chapter 5.

(7) Many exercises arranged as the last section of every chapter help the
reader to understand the concepts, approaches and theories in the chapter
and serve as a supplement to main results in the chapter.

The book is structured as follows. In Chapter 1, we recall basic concepts of
set theory and abstract algebra including set, relation, isomorphism, lattice,
Boolean algebra, and soft algebra. These concepts play an important role in
the investigation of fuzzy sets and fuzzy relations. In Chapter 2, we introduce
the basics of fuzzy set theory. Considering general fuzzy logic connective op-
erations are visible everywhere in the current fuzzy literature, a lot of space is
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assigned to deal with negations, t-norms, ¢-conorms, fuzzy implications and
equivalencies besides the Zadeh’s set-theoretic operations. Then we expose
the links between fuzzy sets and crisp sets which include the decomposition
theorems and mathematical representations of fuzzy sets in terms of a nest of
sets. Afterwards, fuzzy sets are extended to L-fuzzy sets and a similar inves-
tigation is carried out. Finally, an important application of fuzzy set theory
— fuzzy pattern recognition — is introduced. In Chapter 3, we deal with fuzzy
relations. We begin with the investigation of various compositions of fuzzy
relations and followed by the introduction of fuzzy equivalence relations and
fuzzy tolerance relations. Then comes an exhaustive investigation into the
main properties of fuzzy relations: negativity, semi-transitivity, Ferrers prop-
erty, consistency, weak transitivity and acyclicity. After that, we discuss a
type of composite fuzzy relation equations, and finally mention several appli-
cations of fuzzy relations. In Chapter 4, three tasks are fulfilled. The first one
is the introduction of the Zadeh’s extension principle. The second one is the
discussion of fuzzy numbers and their algebraic operations. The last one is
the detailed investigation of ranking methods for fuzzy numbers, which can
find wide applications when fuzzy data are involved and processed. In Chap-
ter 5, we introduce three well-developed fuzzified mathematical branches: (i)
fuzzy measures and fuzzy integrals; (ii) fuzzy algebraic structures including
fuzzy groups, fuzzy rings and fuzzy ideals; (iii) fuzzy topology. The chapter
is especially ready for the reader with some crisp mathematical prerequisites
and supplies them with primary fuzzification approaches of a mathematical
theory, which will open a door to further theoretical research. The major sub-
ject of Chapter 6 is fuzzy control. We outline the principle of fuzzy control by
a typical application case. Around fuzzy control, we briefly introduce some
concepts related to fuzzy inference such as linguistic variables, hedges, fuzzy
propositions, IF-THEN rules and special fuzzy inference approaches. Consid-
ering that fuzzification and defuzzification often play an important role in
the design of fuzzy controllers, we also investigate them in this chapter.

This book has evolved from our lectures for both undergraduate and graduate
students. We are thankful to our students and colleagues for their constructive
suggestions. We are deeply indebted to the authors whose works are employed
and not explicitly cited, but certainly listed in our bibliography. We gratefully
acknowledge the research support by the China-Flanders Foundation and the
Natural Science Foundation of Shanxi Province.

Xuzhu Wang
Da Ruan
Etienne E. Kerre
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Chapter 1
Preliminaries

This chapter aims to recall basic concepts of set theory and abstract algebra
including set, relation, isomorphism, lattice, Boolean algebra and soft algebra,
which will serve as the base of the remaining chapters in the book.

1.1 Sets

A set is viewed as a collection of objects satisfying certain desired properties.
Every object in the set is mathematically called an element or member. If
every element of set A is also an element of set B, then A is called a subset
of B and this is written as A C B. If A C B and B C A, then we say that
A and B are equal, written as A = B. If A C B, A # B and A # (), where
() denotes the empty set, then A is called a proper subset of B, denoted by
A C B. Let X be the universe of discourse (or the universe for short). The
set of all subsets of X is denoted by P(X), i.e. P(X) = {A]A C X}, and is
called the power set (class) of X. For A, B € P(X), some of the set-theoretic
operations are defined as follows:
The union of A and B is defined by

AUB ={z|x € Aor z € B}.
The intersection of A and B is defined by

ANB={z|r € Aand z € B}.
The complement of A is defined by

A ={z|r € X and = ¢ A}.
Proposition 1.1. The above defined set-theoretic operations satisfy (VA, B,
Ce P(X)):
(1) idempotency: AUA=A, ANA=A;
(2) commutativity: AUB=BUA, ANB=BNA;

X. Wang et al.: Mathematics of Fuzziness — Basic Issues, STUDFUZZ 245, pp. 1
springerlink.com © Springer-Verlag Berlin Heidelberg 2009



2 1 Preliminaries

(3) associativity: (AUB)UC =AU (BUC), (ANB)NC=ANn(BNC);
(4) absorption laws: AU(ANB)=A, AN(AUB) = A;
(5) distributivity: AU(BNC)=(AUuB)N(AuUC), An(BUC)=(ANB)U
(ANC);
(6) the existence of the greatest and least element: ) C A C X.
(7) involution: (A°)¢ = A;
(8) De Morgan laws: (AU B)¢ = A°N B¢, (AN B)¢ = A°U B¢;
(9) complementation: AU A® = X (the law of excluded middle),
AN A¢ =0 (the law of contradiction).

Proof. We only prove the first equality of (8) as an illustration. The remaining
proofs are left to the reader.

VeeX,z€ (AUB) s r g AUB s (r ¢ Aandz € B) & 2 € A°NB°.
More generally, the union and intersection of A; (i € I) may be similarly
defined with an arbitrary index set I.

UAi = {‘fBZ el,ze Ai};

iel

mAi = {x\Vz el,ze AZ}

il
Accordingly, the associativity, distributivity and De Morgan laws are ex-
tended as

(UA4nuUB) = iuBi) and (" 4) 0 (1) Bi) = (AN By),

i€l i€l i€l i€l i€l i€l

AU(()A) = (AUB;)and AN (| B;) = J(AN By),
i€l i€l i€l i€l

(U4 =4 and () 4)° = [J(4)",

i€l i€l i€l i€l

where I is an arbitrary index set and A, A;, B; € P(X)(Vi € I).
In describing sets, an important tool is the characteristic function. Let A
be a subset of X. The characteristic function of A is defined by: Vz € X,

1x € A
0 otherwise.

xa(z) = {

The set-theoretic operations of union, intersection and complement may be
expressed by means of characteristic functions.

Proposition 1.2. The characteristic functions of AU B, AN B and A¢ are
calculated by using the following equalities for x € X :

(1) xaup(x) = max(xa(x), xB(z));
(2) xanp(x) = min(xa(z), x5(x));
(3) xae(z) =1 - xa(2).
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Proof. (1) xaup(z) =1 zx€ AUB<xzc Aorxz € B< ya(z)=1or
xs(z) =1 ¢ max(xa(z), xp(r)) = 1. Hence,

Xaup(z) = max(xa (@), x5 ().
The proof of (2) and (3) is similar. O

Remark 1.1. The first two equalities in Proposition can be extended as

vz, XUierA; ('7;) = Sup X 4; ('7;)’
el

vz, XNierA; (1‘) = i,nf XA; (x)v
el
where I is an arbitrary index set. We leave the proofs to the reader.
In addition, it is easily checked that
AC B Vo, xa(z) < xB(2)

A =B &V, xa(zr) = xB(x).

1.2 Relations

Let X and Y be two sets. A subset Rof X xY,ie. R€ P(X xY), is called
a relation from X to Y. If (z,y) € R, we simply write xRy. By definition, a
relation R from X to Y is a set. If the set is empty, then R is called the empty
relation. Another special relation from X to Y is X x Y, which is called the
entire relation.

Example 1.1. Let X = {1,2,3,4}, Y = {2,3,4,5}. The relation Ry “less
than” from X toY is defined as

Ry ={(1,2),(1,3),(1,4),(1,5),(2,3),(2,4),(2,5), (3,4), (3,5), (4,5)},

while the relation Ry “less than” from'Y to X is defined as
Ry ={(2,3),(2,4),(3,4)}.

For a relation R from X to Y, x € X and y € Y, we define the R-afterset
of z, denoted by zR, as xR = {yly € Y,(x,y) € R} and the R-foreset of
y, denoted by Ry, as Ry = {z|z € X, (z,y) € R}. Clearly, the R-afterset
(R-foreset) of x is a subset of ¥ (resp. X). For instance, in Example [T}
1Ry ={2,3,4,5}, 2Ry = {3,4,5}, R12 = {1}, and R13 = {1,2}.

A relation from X to X is said to be a (binary) relation on X . For instance,
let X ={1,2,3,4,5,6}. Define the relation R by: xRy iff  divides y (or x|y
in symbols). Then R = {(1,1),(1,2),(1,3),(1,4),(1,5),(1,6),(2,2),(3,3),
(4,4),(5,5),(6,6),(2,4),(2,6),(3,6)} is a relation on X. A special relation
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on X is Ix = {(x,z)|z € X}, which is referred to as the identity relation.
Since relations are sets, many notions of relations are naturally similar to
those of sets, among which we mention the following (R, R; and Ry are
relations from X to Y):

(1) Ry C Ry iff xRy implies zRoy for all (z,y) € X xY;
(2) R1 = R2 iff Rl Q R2 and RQ Q Rl;
(3) The union of Ry and Ry is the relation

Ry URy = {(x,y)|xR1y or zR2y};
(4) The intersection of Ry and Ry is the relation
Ry N Ry = {(z,y)|xR1y and zR2y}.

(5) The complement of R is the relation R® = {(x,y)|(z,y) ¢R}.

The properties of relation operations are the same as those of set opera-
tions. As a result, all the equalities in Proposition [[L1] are true for relations.
Besides the union, intersection and complement, relations have their own op-
erations. Among them are the inverse and composition. Let R be a relation
from X to Y. The inverse R~! of R is a relation from Y to X defined by

(y,r) € R™' iff (z,y) € R.

For two relations R; from X to Y and R, from Y to Z, the composition
Ry o Ry (read as: Ry followed by Ry or Ry before Ry) of Ry and Rs is the
relation from X to Z defined by

RioRy = {(.T7Z)|E|y € Kley and yRQZ}u

or equivalently, Ry o Ro = {(z,2)|xR1 N R2z # 0} in terms of afterset and
foreset. Specifically, R o R is simply written as R? when R is a relation on
X. More generally, R" is recursively defined as R"~! o R for every positive
integer n. It is easily checked that

) (R = (RC)*,

) (RIURy) ' =R;"UR;Y, (RiNRy)' =R 'NRyY

) (Rl OR2)0R3 Rlo(RQORg);

) (RioRg)™' = Ryto R

5) Rl o R™ = R“*™ (RH™ = R'™, where I,m,n are arbitrary positive
integers.

(1
(2
(3
(4
(

Remark 1.2. If one defines R™" = (R™1)™ for any positive integer n, then
(4) is valid for any integers l,m,n.

Based on the notation, the composition is sometimes called the round compo-
sition (product). There also exist other types of compositions like triangular
compositions (products) and square composition (product), which are defined
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as follows. Assume that Rp is a relation from X to Y and Ry is a relation
from Y to Z.

The subcomposition (subproduct) of Ry and Rs is a relation from X to Z
defined by

Ry < Ry = {(.TJ,Z)‘JJRl N Roz 75 ¢ and TRy, C RQZ}

The supercomposition (superproduct) of Ry and Ry is a relation from X to
Z defined by

Ri1> Ry ={(x,z)|xR1 N Raz # 0 and Rez C xRy }.

The subcomposition and supercomposition are called triangular compositions.

The square composition of Ry and Ry is a relation from X to Z defined
by

R1ORy = {(z,2)|zR1 N Raz # () and 2Ry = Raz}.

From the definitions, it follows immediately that
(1) RiORy = (Rl < Rg) N (Rl > Rg) and R;0O0Ry = RiDRS,
(2) Ry <Ry = (Ry* > RyY)~" and Ry < Ry = RS > RS;
(3) Ri> Ry = (Ry* <<R;')~" and R, > Ry = R < RS.

Clearly, the characteristic function x g of a relation R from X to Y can be
explicitly written as

1 zRy;
0 otherwise.

XR(T,y) = {

IfR,Se P(XxY), T e P(Y xZ), then the characteristic functions of some
operations are listed in the following:

1) Y(z,y) € X x Y, xrus(x,y) = max(xr(z,y), xs(z,¥));
2) V(z,y) € X xY,Xrns(z,y) = min(xr(z,y), xs(x,y));
3) V(z,y) € X XY, xre(x,y) =1 — xr(z,¥);

4) v( 7y) € X x KXR*1<y’x) = XR<x7y);
5) ¥(z,2)

€ X X Z,Xgror(z,2) = sup min(xr(z,y), X7y, 2))-
ye

Proof. The first three equalities are direct consequences of the expression of
the characteristic function of the set-theoretic operations. The proof of (4) is
trivial. Hence, we only verify the equality (5).

Indeed, V(z,2) € X x Z,

XRor(%,2) =14 (1,2) € Ro T

< 3JyeY,(zr,y) € Rand (y,2) €T
<y eY,xr(r,y) =1and xr(y,2z) =1
< Jy € Y,min(xr(z,y), xr(y,2)) =1
& sup min(xr(z,y), xr(y,2)) = L.
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These equivalencies indicate that

V((E,Z) € XXZv XROT(‘TVZ) = ggg min(XR(xuy)7XT(yaz))‘ U

Of all relations, the most important is the so-called equivalence relation,
which is useful particularly in clustering analysis.

Definition 1.1. A relation R on X is called an equivalence relation if it
satisfies:

(1) reflexivity: Vo € X, xRx;
(2) symmetry: Vz,y € X, xRy implies yRx;
(8) transitivity: Vz,y,z € X, xRy and yRz imply zRz.

Remark 1.3. Clearly, R is symmetric iff R = R™', and R is transitive iff
R?> CR.

Example 1.2. Let X = {a,b,c,d,e}. The relation R on X is defined as R =
{(a,a), (b,b),(c,c), (d,d), (e, €), (a,b), (a,c), (b,a), (b,c), (c,a), (c,b), (d,e), (e,d) }

Then it can be checked that R is an equivalence relation.

Let R be an equivalence relation on X . Write [z]g = {y|yRz}, which is simply
written as [z] if no confusion is possible. Then [z] is called the equivalence
class with z as a representative element. Note that [x]g = R = Rx. The set
of all equivalence classes is called the quotient set of X by R, which is denoted
by X/R, namely X/R = {[z]|z € X}. For instance, in Example [[2 [a] =
{a,b,c} = [b] = [c] and [d] = {d, e} = [e]. Hence, the quotient set of X by R
is X/R = {[a],[d]}. In this example, the union of all equivalence classes is X,
and different equivalence classes are disjoint. These properties hold in general.

Proposition 1.3. Let R be an equivalence relation on X. Then

(1) U la] = X;

reX
(2) V1,20 € X, [11] = [22] or [21] N [x2] = 0.

Proof. (1) is trivial. We prove (2). Suppose that [x1] N [z2] # . Then Iz €
[x1] N [x2]. Hence 1Rz and xoRx. By the symmetry and transitivity of R,
we have z1Rzy. Now we show that [z1] C [z2]. Indeed, x € [z1] implies
x1 Rz, which, together with z1 Rxs, indicates x Rzo by the transitivity of R.
Therefore, [z1] C [x2]. Similarly, [z2] C [21], and thus [x1] = [z2]. O

Given an equivalence relation on X, Proposition [[L3] indicates that the set of
all equivalence classes constitutes a partition of X.

Finally, we focus on relations on finite universes of discourse. More specifi-
cally, let X = {z1,22,...,2m}, Y = {y1,¥2,-..,Yn}, and R a relation from X
to Y. In this situation, write r;; = xr(zi,y;) (1 =1,2,...,m;j=1,2,...,n).
Then R is uniquely determined by the matrix (7;)mxrn. We shall not distin-
guish R from this matrix. In other words, we simply write R = (7i;)mxn,
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where r;; = 1 or 0 according as z; Ry; or z; R°y;. For example, the relation
R in Example can be represented by

11100
11100
11100
0 00 11
0 00 11

With the matrix representation of a relation, set-theoretic operations of
relations can be readily performed. Let R = (7ij)mxn and S = (8ij)mxn-
Then RU S = (tij)mxn, where t;; = max(r;;,s;;). Similarly, RN S =
(min(r, 8ij))mxn, RS = (1 = 7ij)mxn, B = (ng)nxm’ where T;j = Tji-
Hence, R~! is the transpose of R in terms of matrix. In addition, from
the characteristic function expression of (round) composition, it follows that
RoS = (tij)lxm where

ti; = max{min(r;1, s1;), min(rie, s25), - -+ , MIN(Fipm, Smj) }

m

(written simply as \/ (7 A sg;)) if R = (Tik)ixm and S = (Sgj)mxn. The
k=1

computation of R < 3, R > S and ROS is left as an exercise (Exercise 11).

1.3 Mappings and Algebraic Systems

Let X and Y be two sets. To each z in X, by some rule f, corresponds one
and only one definite element in Y. Then f is called a mapping from X to Y.
In symbols, f: X — Y, Ve € X, z — f(z). For example, the characteristic
function x4 (A € P(X)) is a mapping from X to {0,1}; the cardinality of
A defines a mapping from P(X) to Z* (the set of all non-negative integers)
as A changes in P(X); each function of a single variable in mathematical
analysis is a mapping from R (the set of all real numbers) to R.

Clearly, if f is a mapping from X to Y and Y C Z, then f can be also
regarded as a mapping from X to Z. For instance, x4 is a mapping from X
to [0,1] as well.

Let f be a mapping from X to Y. If f(x) =y, we say that y is the image
under f of z. The image f(A) under f of a set A € P(X) is the set of the
images of all elements in A, i.e.

f(A) ={y[Fz € A,y = f(2)}.

If f1 is a mapping from X to Y and f5 is a mapping from Y to Z, then
their composition f3 o f1 is the mapping from X to Z defined by:

Ve e X, (fa0 fi)(x) = fo(fi(x)).
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It follows immediately that fso (fao f1) = (fso f2) o f1, i.e. the composition
is associative.

Definition 1.2. Let f be a mapping from X toY . If x1 # x2 implies f(x1) #
f(z2), then f is called injective (or an injection). If Vy € Y, there exists an
x € X such that f(x) =y, then f is called surjective (or a surjection). If f
is injective and surjective, then f is called bijective (or a bijection).

Clearly, for a mapping f from X to Y, (1) f is injective iff Vzi,z0 € X,
f(z1) = f(z2) implies x1 = xo; (2) f is surjective iff f(X) =Y.

n
A~

Definition 1.3. If S # 0, a mapping f : SxSx--x8 = S is called an
n-ary operation on S. Particularly, f is called an algebraic operation on S
when n = 2.

For example, +, —, X, max, min are all algebraic operations on R. The union
and intersection are algebraic operations on P(X) and the complementation
is a unary operation on P(X).

Definition 1.4. Let f1, fo, - f be m operations on a non-empty set S.
Then (S, f1, fa, -+ fm) is called an algebraic system.

(R, +,—, x,max, min) and (P(X),U, N, ¢) are examples of algebraic systems.

Example 1.3. Let Ch(X) = {x|x : X — {0,1}}. The operations V,A,c are
defined as follows:

V:Ch(X) x Ch(X) — Ch(X)

(X1, x2) = x1 V X2

Vo e X, (x1V x2)(x) = max(xi(z), x2(2));
A:Ch(X) x Ch(X) — Ch(X)

(X15x2) = x1 A X2

Vr € X, (x1 A x2)(x) = min(x1(z), x2(x));
c:Ch(X) — Ch(X)

X — c(x) (written as x¢ usually)

Ve e X, x(z) =1— x(x).

Then (Ch(X),V,A,c) is an algebraic system.

Definition 1.5. Let (A, f1, fa,- -, fm) and (B, 91,92, ;gm) be two alge-
braic systems, where both f; and g; are n;-ary operations (i = 1,2,--- ,m).
If there exists a mapping f : A — B such that Yai,az, -+ ,an, € A,
f(fi(ala az, - 7am)) = gi(f<a1)7 f(a2)7 e 7f(am)); then the algebraic sys-
tems (A, f1, fo, -+, fm) and (B, g1, g2, ,gm) are called homomorphic and
f is called a homomorphism.

Remark 1.4. A homomorphism is frequently called an operation-preserving
mapping in view that it preserves all operations.
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Definition 1.6. Let (A, f1, fo, -+, fm) and (B, g1, 92, ** , gm) be two homo-
morphic algebraic systems, and f be the corresponding homomorphism. If f
s surjective, then f is called an epimorphism. If, furthermore, f is bijec-
tive, then the two algebraic systems are called isomorphic and f is called an
isomorphism.

Example 1.4. The algebraic systems (P(X),U,N,¢) and (Ch(X),V,A,c)
are isomorphic.

Let f: P(X) — Ch(X) be defined by YA € P(X), f(A) = xa. We prove
that f is an isomorphism between the two algebraic systems under consider-
ation.

If f(A) = f(B), then xa = xB, and thus A = B. Hence f is an injection.

For every x € Ch(X), write A = {z|x(z) = 1}. Then f(A) = xa = x
(Indeed, xa(z) =1 z € A< x(x) =1). Consequently, f is surjective.

Since xauz(x) = max{y(@), x5(2)} = (aVx5)(@), F(AUB) = xaup =
xaVxs = f(A)V f(B). Similarly

f(ANB) = f(A) A f(B) and f(A%) = (f(A))*.
Therefore f is an isomorphism. O

Since two isomorphic algebraic systems are mathematically viewed as the
same, a subset of X can be understood as a mapping from X to {0,1}.

Let (A, f1, f2,- -, fm) and (B, g1,92, -+ ,gm) be two homomorphic al-
gebraic systems with the homomorphism f. Suppose that both f; and g;
(¢t = 1,2,---,m) are n;-ary operations. Define the relation Ry on A by:
Vai,a2 € A, aiRras <= f(a1) = f(a2). It is easily checked that R is an
equivalence relation. Furthermore, define the n;-ary operation f; on A/Ry by:

v[al]’ [a2]v T [a’nz] € A/Rf’ fi/([al}v [aQL B [anzD = [fi(alva% T vam‘)]'
Concerning f/, we have the following conclusion.
Proposition 1.4. If f is a homomorphism, then f! is well-defined.

Proof. Tt suffices to prove that the definition of f; is independent of the
choice of representative element. Indeed, if [a;] = [a}] (j = 1,2,--- ,n;), then
f(a;) = f(a}). Since f is a homomorphism,

f(fi(a17a27 T 70,7”)) = gi(f(al)vf(G'?)v T 7f(am))
= gi(f(a}), f(ay), -, flap,))
= f(fi(allﬁaé’ t ’aizi))'
Hence [fi(alua%"' 7ani)] = [fi(a/ha/QV'“ 7a;zb)] U

Now comes the new algebraic system (A/Ry, f1, f3,-- - , f1,). Define the map-
ping f’ from A/Ry to B by: V[a] € A/Ry, f'([a]) = f(a). Then we have:
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Proposition 1.5. If f is a surjective homomorphism between the algebraic
systems (A, f1, fa, -+, fm) and (B, g1,92, "+ ,gm), then f' is an isomorphism
between the algebraic systems (A/Ry, f1, f5,--- , fl.) and (B, 91,92, - -+ s gm)-

Proof. Firstly, if f'([a1]) = f'([az2]), then f(a1) = f(a2). By the definition of
Ry, a1Ryaz, and thus [a1] = [a2]. Therefore f’ is injective.

Secondly, since f is surjective, Vb € B, Ja € A such that f(a) = b. As a
result, f/([a]) = f(a) = b, and hence f’ is surjective.

Finally, since f is a homomorphism, we have successively,

F(filla, faz), -+ lan])) = f'([fiar, a2, -+ an,)])
= f(filar, a2, ,an,))
= gi(f(a1), faz),-- -, f(an,))
= gi(f'([a1]), ' ([az]), -, f'([an))),

i.e. f' is a homomorphism. Consequently, f’ is an isomorphism, which com-
pletes the proof of the proposition. (I

1.4 Lattices

Definition 1.7. Let < be a binary relation on a non-empty set P. < is called
a partial order if < satisfies:

(1) reflexivity: (Vo € P) (a < a);
(2) antisymmetry: (V(a, 3) € P?) (a < B and B < a = a = B3);
(3) transitivity: (V(co, B,7) € P?) (a < B and B < v = a < 7).

An ordered pair (P, <) consisting of a set and a partial order on the set is
called a partially ordered set or a poset for short.

Two simple examples of posets are (P(X),C) and (R, <), where < is the
“less than or equal to” between real numbers. In a poset, for convenience,
a < [ is alternatively written as 6 > a. If a < 8 and « # 3, then we simply
write a < 8 (or 8 > «).

Example 1.5. Let Z1 be the set of all non-negative integers. Define “ <7
by: a < b iff alb. It is easily verified that (Z7,<) is a poset. We will denote
this poset by (Z7,]).

In Example[[H neither 2 < 3 nor 3 < 2 holds. If a partially ordered set (P, <)
satisfies: Va,b € P, a < b or b < a, then (P, <) is called a totally ordered set.
For instance, (R, <) is a totally ordered set while (P(X), C) is not.

Definition 1.8. Let (P, <) be a poset and S C P.

(1) If there exists an a € P such that Yo € S, © < a, then a is called an
upper bound of S. If a is an upper bound of S and if a < b holds for
any other upper bound b of S, then a is called the least upper bound or
supremum of S.
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(2) If there exists an a € P such thatVz € S, a < x, then a is called a lower
bound of S. If a is a lower bound of S and if b < a holds for any other
lower bound b of S, then a is called the greatest lower bound or infimum

of S.

Clearly, if the supremum of S exists, then it is unique, which will be denoted
by sup S for brevity. Similarly, the infimum of S is denoted by inf S if it does
exist.

The supremum and infimum are generalizations of the corresponding no-
tions in R. As we know, there always exist the supremum and infimum for
a bounded non-empty set of real numbers. Furthermore, if S is a finite non-
empty set of real numbers, then the supremum of S is the greatest one of
all numbers in S and the infimum is the smallest one. However, it is more
complicated in the general case.

Example 1.6. Consider S = {2,3} in Ezample [[ZA There are infinitely
many upper bounds of S including 6,12,18 etc. and the least upper bound
is 6, i.e. sup S = 6. Howewver, 1 is the only one lower bound of S, and thus
inf S = 1. More generally, if S = {a,b}, then it can be verified that the supre-
mum of S is the least common multiple of a and b, and the infimum of S is
the the greatest common factor of a and b.

Example indicates that the supremum or infimum of S is not necessarily
one of elements in S even though S is finite.

Proposition 1.6. If (P, <) is a poset, then:

(1) sup{sup{c, 8},~v} = sup{a, sup{B, v}} = sup{, 3,7}:
(2) inf{inf{c, 8},7} = inf{c, Inf{B, v}} = inf{a, 8,7},
(3) a < B & sup{a, B} =B < inf{a, 3} = .

Proof. (1) From a < sup{a, 8} and g < sup{«, 8}, it follows that
a < sup{sup{e, B},7} and f <sup{sup{a,f} 7}

In addition, v < sup{sup{«, 8},~v}. Hence

sup{a, 8,7} < sup{sup{e, 8},~}.

On the other hand, o < sup{«, 3,7} and 8 < sup{«, 3,7} imply sup{c, 3}
< sup{a, §,7}. Together with v < sup{«, 3,7}, we obtain

sup{sup{c, 8},7} < sup{c, 5,7}

The equality sup{sup{c, 8},7} = sup{«a, 3, v} follows from the antisymmetry
of <. The proof of sup{«,sup{3,v}} = sup{«, 3,~v} is similar.

(2) Similar to (1).
3) The proof is trivial. O
(3) p
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Generally speaking, a finite set S does not necessarily have the supremum
or infimum in a poset. For example, given P = {a,b, ¢,d}, the relation < on
P is defined as <= {(a,a), (b,b), (¢, ¢), (d,d), (a,c), (a,d), (b,c), (b,d)}. Then
(P, <) is a poset. For this poset, neither the supremum nor the infimum of
{¢,d} exist. However, this is not the case in a lattice.

Definition 1.9. A poset (L, <) is called a lattice if sup{a, 5} and inf{«, 5}
exist for any o, B in L.

Clearly, (R,<) is a lattice. In this lattice, sup{a,b} = max{a,b} and
inf{a,b} = min{a, b}. By Example[[.G (Z*,]) is a lattice.

Example 1.7. Consider the poset (P(X),C) and S = {A, B} C P(X). Then
sup S = AUB. Indeed, A C AUB and B C AUB. So AUB is an upper bound
of S. Let C be an arbitrary upper bound of S, i.e. A C C and B C C. Then
AUB C C. Hence AU B is the least upper bound of S or the supremum of S.
Similarly, it can be shown that inf S = AN B. As a consequence, (P(X), Q)
is a lattice.

Proposition 1.7. In a lattice (L, <), write oV = sup(a, 3) and a A3 =
inf(«, 8). Then the algebraic system (L,V,\) satisfies:

(1) idempotency: Vo € LyaV a=«a and a A o = «;
(2) commutativity: Yo, 8 € LyaV =0V a and a A= 0N a;
(8) associativity: Vo, 8, € L,

aV(BVy)=(aVp)Vyand aAN(BAy)=(ahB)AY;
(4) absorption laws: Yo, 3 € L,a A (aV ) =a and oV (a A ) = a.
Proof. (1) and (2) are obvious.
(3) By Proposition [L6(1),
aV (8V7) =sup{a,sup{B,7}} = sup{sup{a, 8},7} = (a vV B) V7.

The proof of the other equality is similar.

(4) Observe that

aA(aVp) =inf{a,sup{a,0}} and aV (aAf)=sup{a,inf{a, G}}.

Since a < sup{«, f} and inf{wa, 5} < «, we have the desired results by
Proposition [LL6(3). O

Proposition [[.7 indicates that a lattice determines an algebraic system with
four operation laws. The converse is also true, which is more precisely stated
in the following proposition.
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Proposition 1.8. Assume that an algebraic system (L,V,A) with two alge-
braic operations V, A\ satisfies the idempotency, commutativity, associativity
and absorption laws. Formulate an order relation < by: a < 0 iff aV 3 = (.
Then (L, <) is a lattice.

Proof. Firstly, we show that (L, <) is a poset.

Reflexivity follows from idempotency.

If a < B,and 0 < v, then aV 3 = and §V~y = . Hence a Vv =
aV(BVy) =(aVpP)Vy=pVy=rand thus a < v. The relation < is
transitive.

Ifa<pand 8 < a,then aV @ =0 and 8V a = a By commutativity,
a = (. Hence the relation < is antisymmetric.

Next we prove that sup{a, } = aV § and inf{a, 8} = a A § for any «, 3
in L.

Indeed, (e VB Va = (BVa)Va=0FV(aVa) =Va=aV/p
Hence a < a Vv (. Similarly § < a V 8. Thus a Vv § is an upper bound of
{a, 8}. Suppose 7 is an upper bound of {a, 8}. Then a < v and 8 < 7, i.e.
aVy=pFV~y=r. Therefore, (V) Vy=aV (V7y)=aVy=-r, which
means that a V § < . In summary, sup{a, 5} =a V j.

Furthermore, a < § iff « A B = . Indeed, a < 3 implies oV 3 = 5. Hence
aAf=aA(aV ) =aby the absorption law. Conversely, from a A § = «,
it follows that a V 8= (a AB)V S =3, ie a < f.

Now inf{«, 8} = a A 8 can be verified in the same manner as sup{a, 5} =
aV . O

In view of Propositions[[.’land [[8] a lattice (L, <) is also written as (L, V, A)
if necessary. For example, (P(X),C) and (P(X),U,N) are considered to be
identical.

1.5 Special Lattices

In this section, we impose some further restrictions on a lattice, which leads
to some particular lattices.

Definition 1.10. A lattice (L,V,N) is called distributive if it satisfies dis-
tributivity: Vo, B8,y € L,
an(BVy)=(aAB)V(aAy), aV(BAy)=(aVB)A(aV7y).

From Exercise 30 in this chapter, it is known that it suffices to require one
of the above equalities to be valid for a lattice to be distributive.

Definition 1.11. A lattice (L, <) is said to be bounded if there exist the
elements 1 and 0 in L such that Va € L,0 < a < 1.

In a bounded lattice, 1 (resp. 0) is called the greatest (resp. least) element.
For example, (P(X),C) is a bounded lattice by Proposition [l with the
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greatest element X and the least element (). When a lattice is regarded as an
algebraic system, the boundedness means that there exist 0 and 1 in L such
that Va € L,

OVa=o,1Va=1,0Na=0,1Na=q.
For example, in the lattice (P(X),C), VA € P(X),
PUA=ADNA=0,XNA=A XUA=X.

Definition 1.12. A bounded lattice (L, <) is called complemented if there
ezists a unary operation ¢ in L such that Vo € L, aVa® =1, aAa®=0.

In a complemented lattice, o is usually called a complement of «. It is worth
noting that complement of an element is not necessarily unique. For example,
consider the set L = {a,b,c,d, e} with < defined as

{(a,a),(b,0), (¢, ¢), (d, d), (e, €), (a,b), (a; ), (b, ¢), (a,d), (a,€), (d; ¢), (e, ¢), (d; €) }.

Then the greatest and least element are ¢ and a respectively. Since bV e =
bvd=cand bAe =bAd = a, both d and e are complements of b. However,
it is not the case in a complemented distributive lattice (see Exercise 34 in
this chapter).

Definition 1.13. A complemented distributive lattice (L, <) with at least two
elements in L is called a Boolean lattice or Boolean algebra.

For instance, (P(X),U,N, ¢) is a Boolean algebra by Proposition [Tl

Example 1.8. Let Ly = {0,1}. The operations V,A,c are defined in the
following:
0vV0=0, OVI=1v0=1v1=1;

IAN1I=1, 0OAO=0A1=1A0=0;
0°=1 and 1° = 0.
Then it can be easily checked that (Lo, V, A, ¢) is a Boolean algebra.

In a Boolean algebra, the complementation is a rather strong requirement.
This notion is relevant to dealing with the structure of sets, which is the
foundation of two-valued logic. However, it is irrelevant for the discussion
of fuzzy set theory. To find a suitable structure for fuzzy sets, we need to
introduce some additional concepts.

Definition 1.14. If (L, <) is a bounded distributive lattice and if there exists
a unary operation c such that i) ¢ is involutive, i.e. Vo € L, (a®)® = «; 1) De
Morgan laws are valid, i.e. Vo, 8 € L, (aV3)¢ = a°AB¢,  (aAp) = aVFe,
then (L,V, A, c) is called a Morgan algebra or soft algebra.
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Example 1.9. In the closed interval [0,1], define V, A and ¢ as follows:
Ya,b € [0,1], a Vb = max{a,b}, a A b = min{a,b} and a® = 1 — a. Then
it can be verified that ([0,1],V, A, ) is a soft algebra. For instance, we prove
one of De Morgan laws. Indeed, Ya,b € [0,1], (a V b)¢ = 1 — max{a,b} =
min{1 —a,1 — b} = min{a® b} = a® A b°.

It is worth noting that, for the soft algebra ([0, 1], V, A, ¢), neither aVa® =1
nor a A a¢ = 0 is true. As a consequence, ([0,1],V,A,c) is not a Boolean
algebra, which indicates a soft algebra is not necessarily a Boolean algebra.
As a matter of fact, the conditions of Boolean algebra are stronger than those
of soft algebra. To verify this result, we first present a lemma.

Lemma 1.1. Let (L,V,A,¢) be a Boolean algebra. Then, for any o, € L,
aVi=1and aNB=01imply B=ac.

Proof. B=1AN0B=(a*Va)AB=(a*AB)V(aAB)=a°Ap.
at=a‘ANl=aA(aVh) =@ Aa)V(a“AB)=a‘AL.
Therefore § = aF. ([

Proposition 1.9. Every Boolean algebra is a soft algebra.

Proof. 1t suffices to prove that involution and De Morgan laws are valid.
From aVa®=1and a A a® =0, it follows that (a)¢ = a by Lemma [I1]
In addition,

(@VB)V(a“AB)=aVv[BVa)ABVEI)=aV[BVa)Al]
=aV(@Vpg) =(ava’)Vvp=1,

(aVOA(@AB)=(aN(@AB))V(BAaCAB)=0V0=0.

Applying Lemma [Tl yields (aV ()¢ = a¢ A 3¢. Following a similar reasoning,
(a A B)¢ =V (¢ can be derived. O

Definition 1.15. A lattice (L, <) is called complete if every non-empty sub-
set of L has an infimum and supremum.

For a complete lattice (L, <), the operations V and A can be extended to
infinitely many elements. Let a; € L (i € I) with I an arbitrary index set.
Define \/ «; as sup{a;|i € I} and A «; as inf{a,|i € I'}.
i€l iel
A complete lattice (L, V, A) is called completely distributive if

a\/(/\ai):/\(a\/ai)

el el
a A (\/ai) = \/(a A ay),
el il

where o, ; € L with I an arbitrary index set.
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Example 1.10. Clearly, the soft algebra ([0,1],V,A) is a complete lattice.
Extend the operations V and A as:

Va; € [0,1], V{a;|i € I} = sup{a;|i € I};
Va; € [0,1], AM{a;|i € I} = inf{a,|i € I}.

Now we prove that ([0,1],V, A, ¢) is completely distributive.
Firstly,
viel, aAla; ga/\(\/ai)
i€l
and thus
al (\/ a;) > \/(a/\ai).
el il
Ifan(V a;) > V(aAa;), then there exists b such that
iel i€l

a/\(\/ai) >b> \/(a/\at).
icl iel
On the one hand, b > \/ (aNa;) implies that Vi € I, b > aNa;. On the other
hand, b < a N (V a;) Zz%plies b<aandb < \ a;. Thus there ezists ig € I
such that b < az/fjaio which is a comfma’iction.Z eé’herefore

an (\/ a;) = \/(a/\ai).

il il
The proof of the other equality is similar. O

Definition 1.16. Let (L,V, A, ¢) be a completely distributive soft algebra. If
L is dense, i.e. Va,3 € L, a < (8 implies that 3y € L, a < v < (3, then
(L,V, A, c) is called a superior soft algebra.

Clearly, ([0,1],V,A,c) is a superior soft algebra. The properties of the al-
gebraic system ([0, 1], V, A, ¢) as a superior soft algebra will be extensively
employed in the coming chapters. Besides, we mention some additional equal-
ities pertaining to ([0, 1], V, A, ¢), which are in store for future use. Let I be
an arbitrary index set. If a; and b; (i € I) are real numbers in [0, 1], then

(1) (A a) = Vai, (V a) = Aas

@) (A a) ACA b) = A (s Abos (V a) VOV b) =V (a: V/ bo).
el el el el el el

As a matter of fact, (1) and (2) are extensions of De Morgan laws and dis-
tributivity respectively. Their proofs are left to the reader.

Finally, we point out that (P(X),U, N, ¢) is not a superior soft algebra. For
example, let X = {a,b,c}, A= {a} and B = {a,b}. Apparently, A C B and
A # B. However, there is no subset C' of X such that A C C C Band A # C,
C # B. Hence, P(X) is not dense, and thus not a superior soft algebra.
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1.6 Exercises

1.

10.

Show that |J A; is the least set containing all A; (i € I) and [ A; is
i€l iel
the greatest set contained in all A; (i € I).

. Let 4; (i=1,2,--+) be subsets of R, the set of real numbers, defined by

A; = {z|z <1 - 1}. Show that UA =] — oo, 1[.

The difference A\ B and symmetrlc difference AA B of two sets A and B
are respectively defined by A\ B = ANB°® and AAB = (A\B)U(B\ A).
Show that

(i) A°AB°=AAB;

(i) AN(BAC)=(ANB)A(ANC);

(i) (AAB)AC=AA(BAC).
ShOWthatifAlgAQCAg_---CA C---andBlngngg

-C B, C- then(UA)ﬂ(UB) U (4, N Ba).

n=1

. Find the characteristic functlon of A\B and AA B in Exercise 3 provided

that the characteristic function of A and B are given.
Let A and B be two subsets of X. Show that the following equalities are
valid for all z € X:

(i) xans(@) = xa(z)xs(r) = max{xa(z) + xz(z) - 1,0}
(i) xaus(2) = xa(@) + x5(x) — xa(x)xs () = min{xa(z) + x5(2), 1}.
Let R, R; and Ry be three relations from X to Y. Verify the following

identities:

()VeeX,yeY,zR= R 'r and Ry = yR™*;

(2) Vx € X, z(R1 N Ry) = xR1 Nz Ry and (R U R2) = xRy U xRo;
(3) VyeY, (RiNRe)y=RiyN Roy and (R U R2)y = R1y U Ray;
(4) Ve X,yeY, 2R = (zR)° and R° = (Ry)°.

Define the relations Ry and Ry on A = {0,1,2,3} by
Ri={(ijli=it+lorj=} Re={(i,j)li=j+1}.

Find Ry U Ry, Ry N Ro, R;l, Ri0oRs, (R1 o RQ) o Ry, Rzl)’
If Ry is a relation from A to B, Ry and Rj3 are relations from B to C,
show that:

(i) Ryio (RQ U R3) = (Rl o RQ) U (Rl o R3);
(ii) Rio(R2NR3) C (RyoR2)N(R10R3). Give an example to illustrate
that the inclusion cannot be replaced by the equality.

Verify the following identities:
(i) R1 <(R2t> R3) = (R1 < R2) > Rs;
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11.

12.

13.

14.

15.

16.

17.

18.

19.

1 Preliminaries
(ii) Ry« (RQ < R3) = (Rl o RQ) < Rg;
(111) Ry > (RQ > Rg) =R > (RQ o Rg)
Let R = (Tik)ixm and S = (Sk;)mxn- For a,b € [0, 1], write

b la<b dawb— la=1b
a =1 0 otherwise "¢ ¢ " 1 0 otherwise °

Show that (R<I S)ij = /\ ('rik — Skj), (R > S)i]‘ = /\ (Skj — Tik)7 and
k=1 k=1
(ROS)ij = A (rie < skj)-
k=1

Show that R is transitive on X iff

vmvyaz € X7 XR((E,Z) > min{XR(x,y)7XR(y7z)}.

Let X = {1,2,3,4}. A relation R on P(X) is defined by: VA, B € P(X),
ARB iff A and B have the same number of elements. Show that R is an
equivalence relation. Find the quotient set of X by R.

Let R be a relation on A. Show that, for any positive integer k,

(i) reflexivity of R implies reflexivity of R¥;

(ii) symmetry of R implies symmetry of R*;
(iii) transitivity of R implies transitivity of RF.
Let R = {(1,2),(4,3),(2,2),(2,1),(3,1)} be a relation on A = {1,2,3,4}.
Show that R is not transitive. Find a relation R’ such that R’ is the least
transitive relation (in the sense of inclusion) containing R.
Let R; and Ry be two equivalence relations on a finite set. Show that
rank(Rq N Ry) < rank(R;)rank(R2), where rank(R; N Rs), rank(R;) and
rank(Rs) stand for the rank of the matrices Ry N Rz, Ry and Ry respec-
tively.
Let R be a relation on A. P= RN (R~ 1)¢ I = RN R~ Show that

(i) R is transitive iff P is transitive, I is transitive, P oI C P and

IoPCP;
(ii) If R is transitive, then {z|Vy € A,yPcx} # 0.

Let f be a mapping from X to Y and A € P(X). Show that Vy € f(X),
X =V xa(z).
f@)=y

Let R be a relation from X to Y such that R"'oR C Iy and RoR™! D
Ix. Define the correspondence rule fr by:

Ve € X,y = fr(z) & (z,y) € R.

Show that fgr is a mapping from X to Y.



1.6

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
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Define a mapping f from Z (the set of all integers) to Z by: f(i) = 2i+1.
Find fo f.

Give an example to illustrate that the composition of mappings does not
satisfy commutativity.

Show that a mapping f from A to B is an injection iff VX and Ve, :
X — A, fop= for implies p = 1.

Show that a mapping f from A to B is a surjection iff VX and Ve, :
B — X, po f=1ofimplies ¢ = 1.

Let f be a mapping from X to Y. Show that

(1) f is injective iff there exists a mapping ¢ from Y to X such that
go f=Ix;

(2) f is surjective iff there exists a mapping g from Y to X such that
fog=ly;

(3) f is bijective iff there exists a mapping g from Y to X such that
gof=Ixand fog=Iy.

Let f be a mapping from X to Y. Then f would induce a relation Ry
from X to Y, which is defined by Ry = {(z, f(z))|z € X}. Show that:

(i) The induced relation Ry satisfies that R;lORf C Iy and Ry oR;1 2
Ix;
(i) If f is injective, then Ry o R;l = Ix;
(iii) If f is surjective, then R;l oR;=1y.

Let f be a mapping from a finite set X to an arbitrary set Y. Define
an equivalence relation Ry on X by: z1Ryxo iff f(z1) = f(x2). Suppose
that f(X) = {y1,v2, - ,yn} and X/Ry = {A1, As,--- , A, }. Show that
if one makes the convention: y0 = 0 and y1 = y for any y € Y, then

Vo € X, f(.%‘) =Y1Xxa (33) + y2xa4, ('7;) + -+ YnXa, (33)

Let Z denote the set of all integers and N the set of all natural numbers.
Show that there exists a bijective mapping from Z to N. Let the symbols
+ and - denote the addition and multiplication of integers respectively.
Show that the algebraic systems (Z,+) and (N, -) are not isomorphic.
Show that if an algebraic system (L, V, A) satisfies the absorption laws,
then it also satisfies idempotency.

Show that a lattice (L, <) has the following properties:

(i) B<y=aAB<aAryandaVB<aVy;

(if)
aV(BAy)<(aVB)A(aVy)
aN(BVy)z(aAB)V(aAy);

(iii) a <y aV(BAY) <(aVPB) Ay.
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30.

31.

32.

33.

34.

35.

36.

37.

38.
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Let (L,V,A) be a lattice. Show that if one of the following equalities is
valid

aN(dVe)=(aAb)V(aAc)
aV(bAc)=(aVb)A(aVc)

then the other one is also valid.

Let (L1,<;) and (Lg,<3) be two lattices and f be a bijection from L;
to Lo. Show that f is an isomorphism between (L1, <1) and (L, <o) iff
Va,b € Ly, a <1 b f(a) <s f(b).

Show that in a distributive lattice (L, V, A), aAS = aAyand aV3 = aVy
imply 3 =1~.

The relation < on L = [0, 1]™ is defined by

Va:(al,ag,...,an) ELJ):(bhbg,...,bn) elL,

a<bsa; <b(i=1,2,...,n).

Show that (L, <) is a completely distributive lattice.

Show that the complement of every element is unique in a complemented
distributive lattice.

Show that a bounded lattice (L, <) is complete iff every non-empty subset
of L has an infimum or supremum.

Show that if (L, <) is a dense complete lattice, then sup{a|a < 8} = 3
and inf{alja > B} = .

Let (L1, V1, A1, ¢) be a Boolean algebra and f a surjective homomorphism
from (Ll, Vi, /\1,(}) to (LQ, Va, /\2,0). Show that (LQ, Va, /\2,(}) is also a
Boolean algebra.

Let (L, V, A, ¢) be an algebraic system satisfying commutativity, distribu-
tivity. If, furthermore, there exist 0,1 in L such that 0Va = a, aAl = a,
aVa®=1and aAa® =0, show that (L,V,A,c) is a Boolean algebra.



Chapter 2
Basics of Fuzzy Sets

In this chapter, we focus on the introduction of fundamentals in fuzzy set
theory, including some set-theoretic operations and their extensions, the de-
composition of a fuzzy set, and mathematical representations of fuzzy sets
in terms of a nest of sets. Towards the end of the chapter, fuzzy sets taking
values in [0, 1] are extended to those on a lattice and a similar investigation
is carried out.

2.1 Fuzzy Sets and Their Set-Theoretic Operations

According to Cantor, a set consists of some elements which are definite.
In other words, for a given element, whether it belongs to the set or not
should be clear. As a consequence, a set can only be employed to describe
a concept which is crisply defined. For example, a collection of cities with
the population more than 5 millions forms a set since we can judge that a
given city is in this set or not without vagueness. In traditional mathematics,
all the involved concepts ranging all the way from the complex numbers and
matrices to geometric transformations and algebraic structures are in this
category. However, in the real world, mankind often uses concepts which are
quite vague. For example, we say that a man is young or middle-aged, an
object is expensive or cheap, a tomato is red and mature, a number is large
or small, a car is slow or fast and so on. Let us take young as an illustration.
Suppose A is a 20-year-old man. Maybe you think A is certainly young. Now
comes a man B only one day elder than A. Of course, B is still young. Then
how about a man only one day elder than B. Continuing in this way, you
will find it difficult to determine an exact age beyond which a man will be
middle-aged. As a matter of fact, there is no sharp line between young and
middle-aged. The transition from one concept to the other is gradual. This
gradualness results in the vagueness of the concept young, which in return
makes the boundary of the set of all young men unclear. In 1965, Zadeh
introduced the concept of fuzzy sets just in order to represent this class of

X. Wang et al.: Mathematics of Fuzziness — Basic Issues, STUDFUZZ 245, pp. 21
springerlink.com © Springer-Verlag Berlin Heidelberg 2009
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sets. In his seminal paper Fuzzy Sets [171], Zadeh assigns a number to every
element in the universe, which indicates the degree (grade) to which the
element belongs to a fuzzy set. In this interpretation, everybody has a degree
to which he/she is young (eventually the degree may be 0 or 1). The people
with different ages may have different degrees. To formulate this concept of
fuzzy set mathematically, we present the following definition.

Definition 2.1. Let X be the universe. A mapping A : X — [0,1] is called
a fuzzy set on X. The value A(x) of A at x € X stands for the degree of

membership of x in A. The set of all fuzzy sets on X will be denoted by
F(X).

A(x) = 1 means full membership, A(z) = 0 means non-membership and in-
termediate values between 0 and 1 mean partial membership. A(z) is referred
to as a membership function as z varies in X.

Remark 2.1. It follows from the isomorphism between (P(X),U,N,¢) and
(Ch(X),V, A, c) that every subset of X may be regarded as a mapping from X
to {0,1}. In this sense an ordinary set is also a fuzzy set, whose membership
function is just its characteristic function. Accordingly we shall identify the
membership degree A(x) with the value xa(x) of the characteristic function
Xa at x when A is an ordinary set. For the two extreme cases () (the empty
set) and X (the entire set), the membership functions are defined by Vo € X,
0(x) = 0 and X(x) = 1, respectively. In contrast with fuzzy sets, ordinary
sets are sometimes termed by crisp sets in this book.

Example 2.1. Let O denote old and Y denote young. We limit the scope of
age to X = [0,100]. Then both O and Y are fuzzy sets that are respectively
defined by Zadeh as follows:

5
0 otherwise.

=050 _5,_ 4 .
O(x):{[w( )77 if 50 < & < 100;
(TP if 25 <2 <100
V(@)= {1 otherwise

For instance, O(60) = 0.8 and Y (30) = 0.5.

Example 2.2. As known to us, all the involved quantities are precise in tra-
ditional mathematics. With fuzzy sets, we can model the so-called fuzzy data.
For instance, the fuzzy datum A= “around 17 may be represented by: Vo € R,

r 0<zx<1
Alz)=4¢2-20<x<2
0 otherwise.

In the case of infinite universe, a fuzzy set may be represented by its mem-
bership function as in Example 2l If the universe is finite, say, X =
{x1,x2,...,2n}, the fuzzy set A on X is represented by
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A= A(z1)/x1 + A(z2) /T2 + - - + A(Tp) /T

For example, the fuzzy set S = several on X = {1,2,---,10} may be written
as:

S=0/140.6/241/3+1/4+1/5+0.9/6+ 0.8/7+0.7/8+0.6/9 + 0/10.

For the sake of conciseness, the terms with degree 0, e.g. the terms 0/1, 0/10
in S, are dropped. As a result,

S=06/2+1/3+1/44+1/5+0.9/6+0.8/7+ 0.7/8+0.6/9.

Importantly, the choice of a membership function is context-dependent. It
is clearly different that the temperature of a steel-smelting furnace is high
and the temperature of a human body is high. Even in a same context, the
choice is dependent on the observer. It is certainly different from Zadeh’s if
you form the membership function of the fuzzy concept young.

Next we introduce some set-theoretic operations of fuzzy sets formulated
by Zadeh. Let A and B be two fuzzy sets on X.
The union AU B of A and B is defined by

Ve € X, (AU B)(z) = max(A(x), B(x))(or simply A(x)V B(z));
The intersection AN B of A and B is defined by
Vo € X, (AN B)(z) = min(A(z), B(x))(or A(z) A B(z));
The complement A€ of A is defined by
Ve e X, A%(x) =1— A(x).

Remark 2.2. As in crisp case, the union (intersection) of fuzzy sets A and
B represents “A or (resp. and) B”, and the complement of A means “not A”.

Example 2.3. Let X = {1,2,---,10}.

A =small=1/1+0.8/2+0.6/3 + 0.4/4 +0.2/5,
B =large=0.2/4+ 0.4/5+ 0.6/6 + 0.8/7 + 1/8 + 1/9 + 1/10.

Then
not small
=A°=02/24+04/3+06/4+0.8/5+1/6+1/7+1/8+1/9+1/10,
not large

=B =1/14+1/2+1/3+0.8/4+0.6/5+0.4/6 +0.2/7,
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not small and not large
=A°NB°=0.2/2+04/3+0.6/440.6/5+0.4/6+ 0.2/7.

IfVe € X, A(x) < B(x), then we call that A is a subset of B or A is contained
in B, denoted by A C B.

If Vo € X, A(z) = B(x), then A and B are called equal, denoted by
A=B.

Obviously, A= B iff AC B and B C A.

If A#0, AC B and 3z € X such that A(x) < B(x), then we say that A
is properly contained in B, denoted by A C B. It follows immediately from

the definitions that VA, B,C, D € F(X),

(1) AnBC Aand AC AU B;

(2) ACB < AUB=DB <= ANB=A4

3 ACBandCCD=AUCCBUDand ANC C BN D;
(4) AC B = B° C A°.

In addition, we have the following important conclusion concerning the
fuzzy set-theoretic operations.

Theorem 2.1. (F(X),U,N,c) is a soft algebra, i.e. F(X) satisfies:
VA, B,C e F(X),

(1) idempotency: AUA=A, ANA=A;

(2) commutativity: AUB=BUA, ANB=BNA;

(3) associativity: (AUB)UC =AU (BUC), (ANB)NC=ANn(BNC);
(4) absorption laws: AU(ANB)=A, AN(AUB) = A;

(5) distributivity: AU(BNC)=(AUuB)N(AuC), An(BUC)=(ANB)U
(ANC);
(6) the existence of the greatest and least element: ) C A C X.
(7) involution: (A°)° = A;
(8) De Morgan laws: (AU B)¢ = A°N B¢, (AN B)¢ = A°U B°.
Proof. We prove, for instance, the De Morgan law: (A U B)¢ = A° N B°.
Indeed, Vz € X,
(AUB)(z) =1—- (AU B)(x)

=1-(A(z) V B(x))

=(1-A(z)) A1 - B(z))

= A°(z) AN BS(x)

= (A°N B°)(x)
Therefore (AU B)¢ = A°N B°. O

From the above proof, we see that properties of (F(X),U,N,c) are largely de-
pendent on properties of ([0,1],V, A, ¢) since the set-theoretic operations are
defined pointwise. In this sense, [0, 1] is regarded as the underlying structure
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set of F'(X). As a result, it is not strange that (F(X),U,N, c) has the same
algebraic structure as ([0, 1], V, A, ¢). The partial order relation < in the soft
algebra (F'(X),U,N,c) is C. The proof of this assertion is left to the reader
as an exercise (Exercise 4).

Like ([0,1],V,A,¢), (F(X),U,N,¢) is not a Boolean algebra since it is not
complemented, i.e. AN A° = @ and AU A° = X do not hold generally. To
illustrate this point, consider the fuzzy set A defined by Vz € X, A(z) =
0.5. Then Vx € X, (AN A°)(z) = (AU A°)(z) = 0.5 while f(z) = 0 and
X(z) = 1. Consequently, A N A # @ and AU A° # X, which indicates
that neither the law of contradiction nor the law of excluded middle hold.
It is quite natural considering that these two laws are the logical foundation
of traditional mathematics. In this sense, the emergence of fuzzy sets gives
birth to a completely new logic — fuzzy logic, and hence to a completely new
mathematics — mathematics of fuzziness.

In order to examine whether (F(X),U,N,¢) is a superior soft algebra or
not, we extend the union and intersection operation.

For A; € F(X)(i € I) with an arbitrary index set I, |J A; is defined by
i€l

vz € X, (| Ai)(x) = sup{Ai(2)]i € T}( or \/ Ai(x))
el el

and () A; is defined by
il

Vo € X, ([ Ai)(x) = inf{A;(z)]i € T}(or J\ Ai(z)).

i€l iel
Theorem 2.2. (F(X),U,N,¢) is a superior soft algebra.

Proof. Tt can be deduced that (F(X),U, N, ¢) is completely distributive from
the complete distributivity of ([0, 1],V, A, ¢). What is left is to examine the
density of the algebraic system (F'(X),U,N, ¢). Since < is just C in the soft
algebra (F(X),U,N,c), we assume that A C B and A # B, i.e. Vz € X
A(z) < B(zx) and there exists an g € X such that A(xzg) < B(xg). Define
the fuzzy set C on X by C(z) = }(A(z)+ B(z))(Vz € X). It is easily verified
that A(z) < C(z) < B(z) (Vz € X) and A(zg) < C(xo) < B(zo), whence
AC CC Band A# C # B, which completes the proof. O

To conclude this section, we introduce some concepts and notations concern-
ing a fuzzy set A on X.

(1) The set {z|A(x) = 1} is said to be the kernel of A, denoted by ker(A);

(2) The set {x|A(z) > 0} is called the support of A, denoted by supp(A);

(3) The number \/ A(z) is called the height of A, denoted by hgt(A4), and
zeX

the number A A(x) is referred to as the plinth of A, denoted by plt(A).
reX

(4) If ker(A) # 0, then A is called a normal fuzzy set.
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For instance, in Example 2] supp(O) =]50,100], h
ker(O) = @ and supp(Y') = [0,100], hgt(Y)=1, plt(Y)
Hence Y is normal and O is not. Clearly, hgt(A4) =1
set A.

gt(0) = 191, PIE(0)=0
= 06 ker(Y') = [0,25].
for every normal fuzzy

2.2 General Fuzzy Logic Connectives

As we know in Section 1.1, Vx,xanp(z) = min(xa(z), xp(z)) which jus-
tifies Zadeh’s use of the minimum operator in formulating the intersection
of two fuzzy sets. Meanwhile, it is seen from Exercise 6 in Chapter 1 that
Xans(x) = xa(z)xp(x) = max{xa(x)+xp(x)—1,0}. Hence it is also reason-
able to define the intersection of A and B in FI(X) by (ANB)(x) = A(z)B(x)
or by (ANB)(x) = max{A(z)+ B(z)—1,0} if we consider the intersection of
fuzzy sets as an extension of the intersection of crisp sets. The similar argu-
ment exists for the definition of the complement and union. In other words,
to extend operations of crisp sets to the fuzzy case, there may be multiple
alternative ways. The definition in the previous section is just one of them.
More generally, the operation of intersection, union and complement can be
formulated by means of the so-called t—norms, t—conorms, and fuzzy nega-
tions, respectively, together with fuzzy implications and fuzzy equivalencies,
which will be briefly introduced in this section.

2.2.1 Fuzzy Negations

Definition 2.2. If n: [0,1] — [0,1] is decreasing and satisfies the boundary
conditions: n(0) = 1,n(1) = 0, then n is called a (fuzzy) negation.

If we define n by Vz € [0,1],n(z) = 1 — z, then n is a negation, which is
called the standard negation.

Example 2.4. The mapping n; : [0,1] — [0,1] defined by

lz=0
Vo € [0,1],ni(x) = {0 >0
is a megation, which is called the intuitionistic negation; and ng,(xr) = 1 —
ni(l —x), i.e.
na, () = 0Ox=1
W T 1 <1

1s also a negation, which is called the dual intuitionistic negation.

Clearly, Vz € [0, 1], ni(z) < n(z) < ng,(z) holds for any negation n, i.e. n; is
the minimum negation and ng4, is the maximum negation.

Definition 2.3. A strictly decreasing continuous negation is called a strict
negation. A strict negation n is called a strong negation if it satisfies the
involution: Vx € [0,1],n(n(x)) = z.
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Neither n; nor ng, is strict while the standard negation is a strong negation.

Example 2.5. Define n by Vx € [0,1],n(zx) = 1 — x2. Then n is a strict
negation, which is not strong.

Definition 2.4. Let ¢ : [a,b] — [a,b] be a strictly increasing and continuous

function. If ¢ satisfies p(a) = a and p(b) = b, then ¢ is called an automor-

phism on [a, b].

For example, both (1 (z) = x and pa(x) = x? are automorphisms on [0, 1]

and p3(x) = 22 + o — 1/4 is an automorphism on [—1/2,1/2].

Lemma 2.1. Let n1 and ng be two strict negations. Then there exist two

automorphisms ¢ and ¥ on [0,1] such that ng = ) ony o .

Proof. Let s1,s2 € [0,1] be such that nj(s;) = s1, n2(s2) = s. Since

n1(0) = no(0) = 1, we have s1 # 0 and sy # 0. Let t = 82. Define ¢ and 1 by
S1

ng[tnfl(a:)] T > 81

tx r < 81

It is easily checked that ¢ and ¢ are automorphisms on [0,1].

When z < s9, f < Stz = s1, and thus nl(f) > n(s1) = $1.

(¥ on1 0 g)(@) = lm (@) = (m(})) = naltny” (m ()] = na(a).

When x > sq, na(z) < na(s2) = s2 = s1t, and thus ngim) < s1.
(wom og)(w) = wlm i ()] = w2y = 1) 2y (),
Consequently, ny = 1 onq o . O

It is easily checked that the converse of Lemma 2T is true, i.e. if ny is a
strict negation and there exist two automorphisms ¢ and ¢ on [0, 1] such
that no = ¥ onj o, then ny is a strict negation as well.

Theorem 2.3. (Representation theorem of a strict negation)
The negation n : [0,1] — [0,1] is strict iff there exist two automorphisms ¢
and v on [0,1] such that

n(z) = (1 - p(x)) (Ve € [0,1]).
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Proof. Let n/(x) = 1 — x. Then n’ is a strict negation. From Lemma 2]
we know that there exist two automorphisms ¢ and ¢ on [0,1] such that
n=1on op,ie.

n(z) = ¢(1 - p(x))(Vz € [0,1]).
The reverse implication is straightforward. O

Similar to the proof of Lemma 2] we can show that:

Lemma 2.2. Let N; and No be two strong negations. Then there exists an
automorphism ¢ on [0, 1] such that Ny = ¢~ o Ny o .

By applying Lemma 2.2 the following theorem can be proved (we leave the
proof of Lemma and Theorem [2:4] as an exercise (Exercise 13)).

Theorem 2.4. (Representation theorem of a strong negation) The mapping
N :]0,1] — [0,1] is a strong negation iff there exists an automorphism ¢ on
[0,1] such that
N(@) = ¢ (1 - (@) (Y2 € [0,1]).

It follows that every strong negation N can be expressed as N(z) = ¢~ 1(1 —
»(x)), where ¢ is an automorphism on [0, 1], which is called a generator
of N. The strong negation N with the generator ¢ will be denoted by N.
Generally speaking, generator of a strong negation is not unique. For example,
both ¢1(x) = = and

Vi x<05

pa(z) = -
1-— \/ 2”” xz>0.5

are generators of the standard negation N(z) =1 — x.

2.2.2 Triangular Norms and Conorms

Definition 2.5. A mapping T from [0,1] % [0,1] to [0, 1] is called a triangular
norm (t-norm) or a conjunction, if it satisfies:

(1) symmetry: T(z,y) = T(y,x) whenever z,y € [0, 1];

(2) monotonicity: T'(x1,y1) < T'(z2,y2) whenever 1 < xg and y1 < ya;
(3) associativity: T(T (z,y),2) = T(z,T(y, z)) whenever x,y,z € [0,1];
(4) boundary condition: T'(1,x) = = whenever z € [0,1].

We list some popular t—norms here:

Twin(z,y) =T Ay

Tr(z,y) = max(0,z + y — 1) (Lukasiewicz t—norm)
zif y=1;

To(z,y) =<Cyif z=1,
0 otherwise

Tr(x,y) = zy.
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Let ¢ be an automorphism on [0,1] and T a t-norm. Define T by:

Va,y € 0,1], T%(z,y) = ¢~ (T(¢(x), 2(1))).

It is easily checked that T'% is a t-norm as well which is called the ¢-transform
of T'. For instance, the p-transform of T, is

T (z,y) = ¢~ 0V (@(z) + o(y) — 1)).

In essence, a t—norm is a function of two variables. If the function is
continuous, then we say that the t—norm is continuous. If the partial mapping
T(x,-) is left continuous, then we say that T is left continuous. Considering
the symmetry of a t-norm, the partial mapping T'(-, y) is also left continuous
if T is left continuous. In addition, the order relations between t—norms are
naturally based on the comparisons between functions. For instance, we mean
that Va,y € [0,1], Ti(z,y) < To(z,y) by Th < Tb.

Proposition 2.1. (1) To < Tp, < Tr < Twin; (2) To < T < Tinin holds for
any t—norm T.

Proof. (1) The proof is left to the reader.

(2) By monotonicity and boundary condition,

Vr,y € [0,1],T(z,y) < T(x,1) = .

Similarly T'(z,y) < y. Hence, T'(z,y) < 2 Ay = Thin(z,y).
Ifz=1lory=1,T(z,y) = To(z,y) by boundary condition and symmetry,
otherwise, Ty(z,y) =0 < T'(x,y). We always have Tp < T. O

So the set of all t-norms is bounded with the greatest t-norm Ty, and the
least t-norm Tj.

Proposition 2.2. If a t—norm satisfies idempotency: T(z,z) = z(Vz €
[0,1]), then T = Tiin.

Proof. By idempotency, monotonicity and Proposition [ZT[2), we have
Ve,y € 0,1,z Ay=T(@Ay,zNy) <T(z,y) <z Ay.

Hence T'(z,y) = = A y. O

Definition 2.6. A mapping S from [0,1] x [0,1] to [0,1] is called a triangular
conorm (t—conorm) or a disjunction, if it satisfies:

(1) symmetry: S(z,y) = S(y,x) whenever x,y € [0, 1];

(2) monotonicity: S(x1,y1) < S(x2,y2) whenever x1 < x2 and y1 < ya;

(8) associativity: S(S(x,y),z) = S(x, S(y, z)) whenever z,y,z € [0,1];

(4) boundary condition: S(0,x) = x whenever x € [0, 1].

Remark 2.3. Let T be a t—norm and S be a t—conorm. From an algebraic
view, both ([0,1],T) and ([0,1],S) are semigroups with identities 1 and 0
respectively, and thus they are monoids.
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Let ¢ be an automorphism on [0, 1] and S a t-conorm. Define S¥ by:

Va,y € [0,1], 5%(z,y) = o~ (S(p(2), 0(1)))-

It is easily checked that S¥ is a t-conorm as well which is called the ¢-
transform of S. For instance, the ¢-transform of Sy, is

Va,y € [0,1], 57 (z,y) = ¢ (0 A (o(2) + ¢(y)))-
Let T be a t—norm and n a strict negation. Define S by:
va,y € [0,1],S(z,y) = n~H(T(n(x), n(y)))-

Then it is easily checked that S is a t—conorm. Particularly, if n is the
standard negation, then S(z,y) =1 —-T(1 — z,1 —y) is a t—conorm. With
this result, we can derive the corresponding t—conorms from the popular
t—norms mentioned above.

If T = Tiyin, then we have

S(,y) =1-TA -z,1—y) =1 - (1 -2) A (1 —y)) = max{z,y},

which will be denoted by Smax(z,y).
If T = Tp, then we obtain Sp(z,y) = min(l,z + y) (Lukasiewicz
t—conorm).
zif y=0;
If T =Tp, then we have Sy(z,y) = yif = =0;
1 otherwise
If T = Ty, then we have S;(z,y) =z +y — zy.
Similar to the proofs of the results pertinent to t—norms, we can show that

(1) SO Z SL 2 STI' Z Smax;

(2) Sy > S > Smax holds for every t—conorm S;

(3) If a t—conorm satisfies idempotency: Vo € [0,1], S(x,z) = z, then S =
Smax~

Proposition 2.3. Let T and S be a t—norm and a t—conorm respectively.

(1) If T and S satisfy the absorption law: Vz,y € [0,1], T(S(z,y),z) = x,
then T = Tyin.

(2) If T and S satisfy the absorption law: Vz,y € [0,1], S(T(z,y),z) = x,
then S = Smax-

Proof. (1) Letting y = 0 yields T'(S(z,0),z) = z, i.e. T(x,z) = z(Vx € [0, 1]).

The desired result follows from Proposition As for the proof of (2), let

Proposition 2.4. Let T and S be a t—norm and a t—conorm respectively.

(1) If T and S satisfy the distributivity: Vx,y,z € [0,1], S(z,T(y,2)) =
T(S(JJ, y)7 S(x7 Z)); then T' = Tiyin.
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(2)If T and S satisfy the distributivity: Vx,y,z € [0,1], T(z,S(y,2)) =
S(T(m,y),T(m,z)), then S = Snyax.

Proof. (1) Letting z = 0 yields T'(S(z,y),z) = x(Vz,y € [0,1]). The desired
result follows from Proposition Z3](1). As for the proof of (2),let z=1. O

Remark 2.4. It can be seen from the proofs of Proposition[2.3 and Proposi-
tion[24) that the distributivity implies the absorption laws, and the absorption
laws implies the idempotency for t—norms and t—conorms. The Zadeh’s op-
erations for forming intersection and union are the only choices if one of
these properties (idempotency, absorption laws, distributivity) is required.

Now we extend the union and intersection operations of fuzzy sets with the
concepts of t—norm and t—conorm.

Definition 2.7. Let T and S be a t-norm and a t-conorm respectively and n
a strict negation. If Va € [0,1], n(S(z,y)) = T (n(x),n(y)), then (T,S,n) is
called a De Morgan triple.

For example, let N(z) = 1 — x. Then (Tmin,Smax, N), (Tr,Sr, N) and
(T, Sz, N) are all De Morgan triples. It can be easily checked that both
(TY,S7,N,) and (T#,5¢,N,) are De Morgan triples which will be called a
strong De Morgan triple and a strict De Morgan triple respectively.

Definition 2.8. Let A, B be fuzzy sets on X and (T, S,n) a De Morgan triple.
The complement AS, of A under n, the intersection ANt B of A and B under
t—norm T and union AUg B of A and B under t—conorm S are respectively
defined by:

Vo € X, AC () = n(A(x)),

Ve € X, (ANnr B)(x) =T(A(z), B(x))

and

(AUs B)(z) = S(A(z), B(x))-
I T = Thin, n(z) = 1—x and S = Smax, then (AN B)(z) = A(z) AB(x) and

(AUg B)(xz) = A(x) V B(x), which are the Zadeh’s intersection and union.
UT =T nx)=1—2xand S =S, then (A Ny B)(z) = A(x)B(x) and
(AUs B)(@) = Ax) + B(z) — A(2)B(x).
IET=Tr,n(z)=1—xand S =S, then (A Ny B)(x) = max(0, A(z) +

B(z) —1) and (AUg B)(x) = min(1, A(x) + B(z)).

Proposition 2.5. If (T, S,n) is a De Morgan triple, then the algebraic sys-
tem (F(X),Us, Ny, c) has the following properties:

(1) ANy BC AC AUs B;

(2) Anp B=BnNp A, AUs B=BUg A;

(3) (AQTB)QTCZAQT(BQTC), (AUsB)UsCZAUs(BUsC);
(4) Anr =0, AUsO=A, Anp X =A, AUg X = X;
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(5) (AUg B), = AS Ny BS. If n is a strong negation, then (A Nr B)S =
AS Ug BE.

Proof. All the proofs are straightforward. We show (5) as an example.

(AUs B);,(z) = n((AUs B)(z)) = T(n(A(z)), n(B(x)))
= T (A5 (x), By, (x)) = (A7, Nz By)(2).

If n is a strong negation,

(Anr B)y(x) = n((An0r B)(x)) = n(T(A(z), B(z)))
= n(n(S(A5(z), By (2)))) = (47, Us By)(x). 0

Remark 2.5. There exist a lot of research on some special t-norms and t-
conorms such as continuous, nilpotent or strict Archimedean ones [56), [71],
80, [81, 88, [110, [130]. Of all results in these studies, the most important
are their representation theorems. For the mathematical representations of
continuous Archimedean t-norms and t-conorms, see [88]. For the represen-
tations of nilpotent and strict Archimedean t-norms (t-conorms), see [110]
and [130] respectively. In addition, t-norms and t-conorms can be unified in
the framework of uninorms (see Exercise 24 for the definition of a uninorm,).
Concerning the study of uninorms, see, e.g. [31), [53, (81, [162].

2.2.3 Fuzzy Implications

Definition 2.9. Let I : [0,1] x [0,1] — [0,1]. If I(x,y) is decreasing in x
and increasing in y (usually I is called hybrid monotonous) and satisfies that
I(1,0) =0, 1(0,0) = I(1,1) = 1, then I is called a fuzzy implication.

It follows immediately from the definition that I(0,1) = 1, and thus a fuzzy
implication is an extension of the ordinary implication in classic logic. The
following are some examples of a fuzzy implication:

(1) Il(xay) :max(l_‘ray)v
(2) 12(.73, y) = mln(l —Tr+ty, 1)v
() By ={, 137

It can be easily checked that if I is a fuzzy implication and n is a negation,
then I’ defined by Vz,y € [0,1], I'(z,y) = I(n(y),n(x)) is a fuzzy implication
as well.

Proposition 2.6. A mapping I : [0,1] x [0,1] — [0,1] is a fuzzy implication
iff it satisfies the following:
(1) Ve < z, I(z,y) 2 I(z,y);

(12)Vy < z, I(x,y) < I(z,2);
(18) Vz € [0,1], I(0,z) =
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(-[4) Vo € [07 ]-]} I(xa ]-) =1;
(15) 1(1,0) = 0.

Proof. The proof is straightforward. O

In the sequel, we introduce two special types of fuzzy implications, S-
implications and R-implications.

Definition 2.10. Let S be a t-conorm and N a strong negation. Then I
defined by Va,y € [0,1], I(z,y) = S(N(z),y) is called an S-implication.

Remark 2.6. In our definition of S-implication, N is required to be a strong
negation. In [81)], this requirement is dropped. In [{], the continuity of S
is added and the corresponding implication is named as (S, N)-implication
while the use of this name suggests a general logic connective I defined by:
Ve,y € [0,1], I(z,y) = S(N(x),y) with T a t-norm and N a negation in
8, [9].

It can be easily checked that I(z,y) = S(N(x),y) is indeed a fuzzy implica-
tion. Here are some examples of an S-implication.
Kleene-Dienes implication:

S = Smax, N(x)=1-—2z, I(z,y)=max(l—=zvy).
Reichenbach implication:
S=5:, N@E)=1—-2z, I(z,y)=1-z+uzy.
Lukasiewicz implication:
S=85r, N@x)=1—2, I(z,y)=min(l—-z+y,1l).

Theorem 2.5. An implication I is an S-implication iff I satisfies the follow-
g properties:

(1)Vz €10,1], I(1,z) = x (the so-called neutrality principle);
(2)Vr,y,z €10,1], I(z,I(y,2)) = I(y, I(x, z)) (the so-called exchange prin-
ciple);

(8) There exists a strong nmegation N such that Va,y € [0,1], I(z,y) =
I(N(y), N(x)).
Proof. Necessity. If I(x,y) = S(N(x),y)), where S is t-conorm and N a strong
negation, then I(1,z) = S(0,z) = x, and thus (1) is valid.
In addition,

~
Py
8
~
=
S
S—
S—
I
g2
=
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:\4
Py
=
N
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=
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=
NS
o
©
S—
S—

Hence (2) is true.
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Finally, I(N(y), N(z)) = S(y, N(x)) = I(z,y), i.e. (3) is true.
Sufficiency. Suppose that I satisfies (1), (2) and (3). Let

S(x,y) = I(N(z),y).

We prove that S is a t-conorm. Firstly, S(0,y) = I(1,y) = vy, i.e. the boundary
condition is satisfied. Since S(z,y) = I(N(z),y) = I(N(y),x) = S(y,z) by
(3), S is symmetric. Meanwhile, Vz,y, z €

S(l‘, S(y’ Z)) =

Hence S is associative. In summary, S is a t-conorm. Noticing that I(z,y) =
S(N(z),y), I is an S-implication. O

Definition 2.11. Let T be a t-norm. Then Iy defined by: Vx,y € [0,1],
Ip(x,y) = sup{z|T'(z, z) < y} is called an R-implication.

The definition is based on the following equality of crisp sets
A°UB=(A\B)=U{X|ANnX C B}.
It should be pointed out that I is indeed a fuzzy implication.

Remark 2.7. The R-implication is short for the residual implication, and
I is also called the residuum of T (particularly for a left continuous T') in
the literature.

Example 2.6. Let T' = Tyin. Then we have the Godel implication:

_Jlz<y
Let T =T,. Then we have the Goguen implication:
_Jla<y

Let T =Tr,. Then we have the Lukasiewicz implication:

Ir(z,y) = min(l — z + gy, 1).
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Next we present a necessary and sufficient condition of R-implication based
on a left continuous t-norm.

Lemma 2.3. A t-norm T is left continuous iff (Vx,y,z € [0,1]), (T(z,z) <
y & Ir(z,y) > 2).

Proof. Necessity. If T'(z,z) <y, it is clear that Ir(x,y) > 2 by the definition
of IT.

If Ir(x,y) > z, we prove that T'(z, z) < y.

When Ip(z,y) > z, there exists a zg € [0, 1] such that T'(x,20) < y and
z0 > z. Hence T'(x,2) < T(x,2) < y.

When Ip(z,y) = z, there exists a z, such that z > 2, > z — 1/n and
T(x,z,) < y. Taking the limit as n — oo leads to z, — z. Noticing that
zn < z, we have T'(z, z) <y by the left-continuity of T'.

Sufficiency. It suffices to prove that hern T(xz,2') = T(x,z) (by 2/ 1 z, we

mean z’ tends to z increasingly). Since T'(x, -) is increasing, it is easily checked
that lim T'(z, 2’) = sup T(x,2’). As a result, we prove that sup T'(z,z’) =
2’1z Z'<z 2'<z
T(z, 2).
Let y = sup T(z, 2’). When 2’ < z, T'(z,2') <y, and hence

2'<z

sup{z|T(z, z) <y} > sup{z|z’ < z} = 2,
z z!

ie. Ir(x,y) > z. According to our assumption,

T(z,2) < y = sup T(x, ).

z/<z
Clearly, T'(z,z) > y. Therefore,
T(x,2) = sup T(x,2"). O
2'<z

Lemma 2.4. If the t-norm T is left continuous, then Ip(x,y) is right con-
tinuous i y.

Proof. We prove that lilm Ir(z,y) = T(x,yo) is valid for every yo € [0, 1].
YiYo
Since Ir(xz,-) is increasing, it suffices to show that iilf Ir(x,y) = Ir(z,y0)-
Yy>Yo
If the equality is violated, noticing that i;lf Ip(z,y) > Ir(z,yo), then
Yy>Yo
there exists an a € [0,1] such that i;lf Ir(z,y) > o > Ir(z,y0). Hence
Yy>Yo
Yy > yo, IT(x,y) > «. By the left-continuity of T and Lemma 23] we have
T(z,a) < y(Vy > yo). By letting y — o, it follows that T'(x, a) < yo, whence
Ip(z,y0) > «, a contradiction. O
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Theorem 2.6. I : [0,1] x [0,1] — [0,1] is an R-implication based on a left
continuous t-norm iff I satisfies the following:

(1) I(z,y) is increasing in y;

(2) I(.TJ, I<y’ Z)) = I<y’ I(QJ, Z));

(3)33 < yﬁ](%y) =1

(4) I(z,y) is right continuous in y.

Proof. Necessity. Suppose that I(xz,y) = Ir(z,y) = sup{z|T(z,2) < y},
where T is a left continuous ¢t-norm. Clearly, I(z,y) is increasing in y. By
Lemma 24 I(z,y) is right continuous in y. In addition, I(x,y) = 1 whenever
x < y. Conversely, suppose that I(z,y) = 1. By the left continuity of T" and
Lemma 23 T'(z,1) <y, ie x <y. Hence, z <y < I(z,y) = 1. What is left
is the proof of (2). Indeed,

I(z,1(y, 2)) = sup{t|T'(x,t) < I(y,2)}

(
= sup{¢|T(y, T (z,t)) < z} (by Lemma 23]
= Sup{t|T(T(z,9),1) < 2}

= I(T(z,y),2).

Therefore, I(y,I(x,z)) = I[(T(y,x),2) = I(T(z,y),2) = I(z,I(y, %)), ie.
I(z,1(y, 2)) = Iy, I(x, 2)).

Sufficiency. Suppose that (1)-(4) are valid. We firstly prove that I is a fuzzy
implication. Indeed, when = < z, I(z,I(I(z,y),y)) = I(I(z,y),I(z,y)) =1
by (2) and (3), whence z < I(I(z,y),y) by (3). Therefore,

I(I(z,9), (2, y)) = 1(2, [(1(2,9),y)) > I(z,2) = L.

It follows from (3) that I(z,y) < I(x,y). Hence, I satisfies the hybrid mono-
tonicity due to (1). 1(0,0) = I(1, ) = 1 follows immediately from (3). In

addition,
I(1,1(1(1,0),0)) =1(1(1,0),1(1,0)) =

By (3), I(I(1,0),0) = 1, and thus I(1,0) = 0.

Secondly, let T'(z,y) = inf{¢|I(x,t) > y}. We prove that T is a t-
norm. Obviously, T is increasing by the hybrid monotonicity of I. Since
Iz, I(1,2)) =I(1,I(z,z)) = I(1,1) =1, x < I(1,z). On the other hand,

I(1L,I(I(1,2),2) =1(I(1,z),I(1,z)) =1,

whence I(I(1,z),2) = 1. It follows that I(1,z) < z and thus I(1,z) = x.
Therefore,

T(1,z) = inf{t|I(1,¢) > x} = inf{t|t >z} = =,
i.e. the boundary condition is satisfied. By (3), we have successively

I(x,t) >y Iy, I(x,t) =1 I[(z,I(y,t) =1 I(y,t) >
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Hence,
T(x,y) = inf{t|I(z,t) > y} = nf{t|I(y, 1) = 2} = T(y, v),

which implies the symmetry of T'. What is left is the proof of associativity of
T. In order to verify T(x,T(y,2)) = T(T(x,y),2)) = T(z,T(z,y)), it suffices
to show that

I(l‘,t) > T(y,Z) = T(Z7y) A I(th) > T(xvy) = T(y7x)'

Since I(z,y) = I(x,y), we have T'(z,I(x,y)) < y. From the right continuity
of I(-,y), it can be shown that I(x,T(z,y)) > y (Indeed, let T'(z,y) = « and
ay, = o+ 711 Then there exists ¢, such that I(z,t,) >y and o < ¢, < a+ 711
By letting n — oo, we have I(x, @) > y due to the right continuity of I(-,y)).

Now it follows from I(z,t) > T(x,y) that I(z,I(z,t)) > I(z,T(z,y)) > y.
Hence,

T(z,y) < T(z I, 1(2,1))) = T(=, I(z I(x,1))) < I(x,t).

Similarly, I(z,t) > T(x,y) follows from T'(z,y) > I(x,t).
In summary, T is a t-norm.
Next, we prove that T is left continuous. It suffices to show that

lim T(x, y) = T(xa y0)7
yTyo

or equivalently

\/ T(a,y) = T(x,y0) = mf{tI(x,1) > yo},

y<Yo

since T'(x,-) is increasing. If the equality is not valid, then there exists an
a such that \/ T(z,y) < a < T(z,y0). Hence, Yy < yo, T(x,y) < a <
y<yo

T(x,y0), whence y < I(x,T(z,y)) < I(z,a). By letting y — o, we have
I(x, ) > yo, and thus T'(x,yo) < «, a contradiction.

Finally, we prove that I(x,y) = Ir(x,y) = sup{z|T(z, 2) < y}.

Observing that T'(x, I(z,y)) <y, we have Ir(z,y) > I(z,y) by the defini-
tion of Ir.

On the other hand, I(x,T'(x,z)) > z is true for all z € [0, 1]. Particularly,
let z = Ir(x,y)

Ir(z,y) < 1(z,T(x, Ir(z,y))) < I(z,y),
since T is left continuous. Hence, Ir(z,y) = I(z,y). O

Remark 2.8. Most results in this subsection are adopted from [56]. Theo-
rems and (2.8 characterize S-implications and R-implications with T a
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left continuous t-norm respectively. For the characterization of more general
(S, N)-implications where N is continuous or strict, the reader may refer to
[8]. For the characterizations of Lukasiewicz-like and Goguen-like implica-
tions, see [1] and [I35)] respectively. For the characterizations of fuzzy impli-
cations satisfying I(x,y) = I(x, I(x,y)), the reader is referred to [133).

2.2.4 Fuzzy FEquivalencies

Definition 2.12. A mapping E : [0,1] x [0,1] — [0,1] is called a fuzzy equiv-
alence if it satisfies that

(E1)Vz,y € [0,1], E(z,y) = E(y,z);

(E2) E(0,1) = E(1,0) = 0;

(E3)Vz € [0,1], E(z,z) = 1;

(E4) E(x,y) < E(z',y") whenever x < a2’ <y’ <uy.

Example 2.7. Lukasiewicz equivalence: E(z,y)=1— |z —y|.

. , ) 1 T=y
Godel equivalence:  E(x,y) = {min(az, Doty
1 r=y=0
Goguen equivalence:  E(x,y) = { min(z,y) otherwise
max(z, )

Proposition 2.7. A mapping E : [0,1] x [0,1] — [0,1] is a fuzzy equivalence
iff there exists a fuzzy implication I such that Vx € [0,1],I(z,z) = 1 and
E(z,y) = min(I(z,y),1(y, ).
Proof. The proof of sufficiency is straightforward. We only prove the necessity.
_J1 z <y . . . L
Let I(z,y) = By z>y We verify that I is a fuzzy implication.
Firstly, we show that I(x,y) > I(z,y) whenever z < z.
If © <y, I(z,y) = 1 and the desired equality trivially holds.
If £ >y, then y < x < 2z,

I(z,y) = E(z,y) > E(z,y) = I(2,y).

Hence I(-,y) is decreasing. That I(z,-) is increasing in y can be similarly
verified. When « <y, I(z,y) =1, and I(y,z) = E(y,x) = E(z,y). Hence,

E(z,y) = min(I(z,y), I(y, z)).
In the case of x > y, the proof is similar. O

Corollary 2.1. A mapping E : [0,1] x [0,1] — [0, 1] is a fuzzy equivalence iff
there exists a fuzzy implication I such that Vx € [0,1], I(z,z) =1, and

E(z,y) = I(max(z, y), min(z, y)).
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Proof. The proof of sufficiency is straightforward.
Necessity. It is obvious considering that

I(max(z, y), min(e,y)) = min(I(z,y), 1(y, ). O

2.3 Decomposition of a Fuzzy Set

As we know, a fuzzy set is an extension of a crisp set. Meanwhile, there exist
close links between them. This and the next section are devoted to revealing
these links from different angles. We first introduce the concept of an a—cut,
one of the most fundamental concepts in fuzzy set theory.

Definition 2.13. Let A be a fuzzy set on X. For a € |0,1], the a-cut A, of
A is defined as Ay = {z|A(x) > a}, and the strong a-cut Ao of A is defined
as Aq = {z|A(z) > a}.

Hence the (strong) a-cut of a fuzzy set A is a crisp subset of X with the
membership degree of every element greater than or equal to (resp. greater
than) «. For example, if a fuzzy set A on X = {x1, 22,23, 24,25, 26} is
defined as A = 0.2/x1 + 0.7/x2 + 0.8/x5 + 0.3/24 + 0.4/x5 + 0.4/26. Then
A0,4 = {$2,$3,$57$6} and A0:4 = {$27‘T3}.

Example 2.8. Let a fuzzy set A on [a,d](a,d € R) be defined by

aa<z<b
Ax) = 1 b<z<ec

x—d
gc<z<d

)

where a, b, c,d are real numbers.
Then, for any a € [0,1], Ay = [a+a(b—a),d+ a(c—d)] and Ao =]a+a(b—
a),d+ alc—d).

Theoretically, it is more reasonable to employ fuzzy sets to describe the per-
formance or concepts of the involved objects in many real world problems.
However, we have to make a final decision, e.g. choice, ranking, clustering
and recognition, when confronted with fuzzy information. At this point, it is
natural for us to prescribe a threshold « and not to take into account objects
with the membership degrees lower than the threshold. a-cuts of a fuzzy set
are thus often useful.

Example 2.9. In the study of Chinese history, the slave society A may be
appropriately defined as the fuzzy set on the set of dynasties: A = 1/Xia +
1/Shang+0.9/Zhou+0.7/Chungiou+0.5/Zhanguo+0.4/Qin+0.3/ X ihan+
0.1/Donghan. If we have to make crisp classification, it may be reasonable
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to take the threshold as 0.5. Then Ags = {Xia, Shang, Zhou, Chungiou,
Zhanguo} is selected as a set of representative dynasties of the slave society.

From Definition I3 it follows immediately that Aa C A, (Va € [0,1]),
Ao = X, A =0, Ay = ker(A4) and Ay = supp(4). In the following, we
further discuss properties of (strong) a-cuts.

Proposition 2.8. Let A, B, A;,B; € F(X)(i € I). Then

(1) (AUB)a = Ao UBa (AN B)a = Aq N B,
(AUB)a=AqaUBy  (ANB)a=AoN By
(2) U(Ai)a € (U Ai)a N(Ai)a= (N Ai)a

iel iel iel icl
(U A= U)o () Ai)a © 1 (Ai)a
icl iel iel iel

(3) If a1 < aa, then Aa, C Aoy, Aas C Ao, and Aq, C Aa;.
(4) Let a =\ i, B= A oi. Then (] Ao, = Aa UA%:A@.

iel iel iel i€l
Particularly, (| Ax=Aq and |J Ay = Ao.
A<a A>a

() (A%a = (A1a)® (A% = (A1-0)".

Proof. We merely give the proofs of some equalities and inclusions. The others
are left to the reader.

(1) vz € X, Vo € [0,1],

r€(AUB)y & (AUB)(z) >
< max(A(z), B(x)) > «
< A(z) > aor B(z) >«
S re A, orx € By
S ax € Ay U By,

which completes the proof of (AU B), = A, U B,.
(2) Vz € X, Va € [0,1],

ze|JA)a=Tielae (4)a
icl
=diel A(x) >a
= sup A;(z) > «
il
=z € (| Ao

icl

Thus | (4i)a € (U Ai)a-
el el
(3) Obvious.



2.3 Decomposition of a Fuzzy Set 41

(4) Vz € X,
v €()Aa & Vi€l z€ Ay,
iel
eViel Alz) > a;
< Ax) > \/ =«
iel
&z €A,y
Hence () Ao, = Aa.
iel
(B)ze(A ) ea¢d oo Alr)<l-ae A2) 2 a ez € (A
Hence (A%)a = (A1_4)" O

It should be noted that either of the two inclusions in Proposition [28|(2) can
not be changed into equalities. As an illustration, we present an example in

which the equality |J (Ai)a = (U Ai)a does not hold.
il i€l

Example 2.10. Let A,, (n = 1,2,...) be fuzzy sets on a universal set X,

defined by
1

n+1

Put o = 0.5. Then for every x € X andn =1,2,---, A,(x) < a and hence
(An)a = 0. As a consequence,

Ve e X, A, (z) =05 —

(An)a = 0.
n=1
However,
(U Ap)(z) = sup An(z)=0.5
n—1 n=1,2,...
and hence x € (|J An)a for every x € X. Therefore,
n=1

(I 4n)e = X.

Clem’ly, ( E:.jl An)a 7& @1(14”)@

For a € [0,1] and A € F(X), aA € F(X) is defined by

Ve e X, (ad)(z)=aAn A(z).
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This operation has two basic properties:
(i) a1 < ag implies that a1 A C as4;
(ii) A; C A, implies that ad; C aAs.

Even though A is a crisp set, aA is still a fuzzy set with the membership
function defined by

areA

0 otherwise.

(@) = {

Now we present three decomposition theorems.

Theorem 2.7. (Decomposition Theorem I) For every A € F(X),

A= |J oA

a€el0,1]

Proof. Vx € X,

-
Q
b

2

S
I

V (0da)@) =\ (aAAa(x))

ael0,1] a€l0,1] a€l0,1]
=max{ \/ (e Ada(z)), \/ (@A As(2))}
r€AL cZAq
= \/ a = A(z). O
a<A(z)

Theorem 2.8. (Decomposition Theorem II) For every A € F(X),

A= | a4q

ael0,1]
Proof. Similar to the proof of Decomposition Theorem I. ([

Corollary 2.2. Let A and B be fuzzy sets on X. Then A= B < Va € [0,1],

Proof. Trivial. O

By Corollary 2221 a fuzzy set and all its (strong) a-cuts are uniquely deter-
mined by each other. As a matter of fact, it can be seen that A(z) = \/ «
T€EAL
from the proof of Decomposition Theorem I. Similarly A(z) = \/ « based
T€Aq
on Decomposition Theorem II. So we can find the fuzzy set A if its (strong)
a-cuts are given for all « € [0, 1].
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Example 2.11. X = {21, 29, 23, 24, T5}.

X 0<a<0.2
{z1,22,23,25} 0.2 < a < 0.5
Ay =< {z1, 23,25} 0.5 <a<0.6
{$1,$3} 06 <a<0.7
{3} 0.7<a<1

Applying A(z) = \/ «, we have
TEAL

A(a:l) = 07, A(mg) = 057 A($3) = ]., A($4) = 0.27 A($5) = 0.6.

The resulting fuzzy set is A =0.7/x1 +0.5/x2 + 1/x3+ 0.2/24 + 0.6/25.

For convenience, we make the following conventions henceforth:
For a family of sets A; € P(X)(i € I), ﬂ A; = X and U A;=0.
ich ieh

Theorem 2.9. (Decomposition Theorem III) If H : [0,1] — P(X) satisfies
that Voo € [0,1], Aa € H(a) C Aq, then A= |J aH(«) and the following

a€l0,1]

properties are fulfilled:
(1) H(o) 2 H(ag) whenever ay < as.
(2)Va € [0,1], Aa = (N H(N).

A<a
(3)Va e [0,1], Aa = U H(N).

A>a
Proof. A= |J adaC U aH(a)C | ads = A due to Decomposi-

ael0,1] a€l0,1] a€l0,1]

tion Theorems I and II. Hence A= |J aH ().

a€l0,1]
Now we turn to the proof of (1), (2) and (3).

(1) Assume a1 < as. Then
H(az) € An, € Aay € H(a).

(2) If A < o, then H(A) 2 Ay D A,, hence A, € () H(A). On the other

A<a
hand, (| H(A\) € () Ax = A, by Proposition [Z§(4). Therefore, A, =
A<a A<
N H(A).
A<a
(3) The reasoning is similar to that in the proof of (2). O

2.4 Mathematical Representation of Fuzzy Sets

In this section, we establish the links between a fuzzy set and a nest of sets
whose definition is given as follows.
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Definition 2.14. If a mapping H from [0,1] to P(X) satisfies that H (1) 2
H(as) whenever oy < aa, then H is called a nest of sets on X. The set of
all nests of sets on X will be denoted by U(X).

For a € [0,1], define Hy(a) = Aq, Hz(a) = Aq. Then H; and Hj are two
nests of sets by Proposition[Z8(3). In addition, H in Decomposition Theorem
IIT is a nest of sets.

Let H, Hy, Hy be three nests of sets. The operations U, N and ¢ in U(X)
are defined by

Va € [0,1], (H1 U Hz) (o) = Hy (o) U Ha(a);
Vo € [0,1], (Hy N Hy)(a) = Hi(a) N Ha(e);
Va € [0,1], H¢ (o) = (H(1 — a))°.

It is easily verified that Hy U Hy, H1 N Hs and H® are indeed nests of sets.
Proposition 2.9. (U(X),U,N, ¢) is a soft algebra.
Proof. We prove the De Morgan law: (Hy N Hz)® = H{ U HS as an example.
For every a € [0, 1],
(HiNH)(a) = (HHNH2)(1— @) =(H1(1 — )N Hy(1l — ))°

— (Hy(1 - a))° U (Ha(1 — )" = Hi(a) U HS(a)

= (Hy U H3)(a),
ie. (Hy N Hy)® = HE U HS. 0
In the soft algebra (U(X),U,N,c), the greatest element X and the least
element ) are respectively defined by

Va € [0,1], X(a) =X and 0(a) =0.

Theorem 2.10. (Representation Theorem) If a mapping [ from U(X) to

F(X) is defined by VH e U(X), f(H)= U aH(w), then f is a surjective
a€l0,1]

homomorphism from (U(X),U,N,c) to (F(X),U,N,c) such that

)
(1) VA€ [0,1], (F(H))y € HN) € (FH)a;

(2) VA € [01], (f(H))x = QAH(Q)"
(3) VA € [0,1], (f(H))y = L>JAH(a)-

Proof. Firstly we show that f is surjective.
For every A € F(X), let H(a) = Ao (VYo € [0,1]). Then H € U(X). By
Decomposition Theorem I,

fH)= ] aH(a)= [] ads=A4,

agl0,1] a€el0,1]

which indicates that f is a surjection.
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Next we prove that the inclusions in (1) are valid.
Vee HQ), (f(H))(z) = V an(H(@))(z) = AN (H())(z) = A Hence
ael0,1]
x € (f(H))x, and thus H(X) C (f(H))x.
If  ¢H(N), then © ¢H («) holds for all & > X since H is a nest of set.

Therefore,

()@ = \/ an( —\/ anH@)) <\ a=A

ael0,1] a< a<A

which means x ¢(f(H))y. Consequently, (f(H))y € H(}). Now (2) and (3)

follow from Decomposition Theorem III.
Finally we verify that f is operations-preserving.
By (3), VA €[0,1],

(f(Hy U Hy))y = | (H1 U Hs)(a) = (| Hi(a)) U (| Ha(e)

a>A a>A a>A

= (f(H1))\ U (f(H2))y = (f(H1) U f(H2))y.

Therefore, f(Hy U He) = f(H1) U f(Hz2) by Corollary [Z2l In other words, f
is union-preserving.
Similarly, VA € [0, 1],

(f(Hy N Ho))x = () (Hin Ha)(a) = ([ Hi(@)) N ([ Ha(@)

a< a<A a<

= (F(H))A N (f(H2))x = (F(H1) N f(Hz2))x

and

=) H) = [ (H(1-a))
a<A

a<
=(JHO-)=( | H)"
a<A a’>1-X\

= [(f(H)) 1] = [(FH))]x

Hence, f(H1NHy) = f(H1)Nf(Hs) and (f(H))¢ = f(H®), i.e. f also preserves
intersection and complement. (I

Using the surjective homomorphism f, we define the relation ~ on U(X) by
Hy ~ Hy & f(H1) = f(H2).

Then ~ is an equivalence relation and the corresponding equivalence class
with representant H is [H] = {H'|H' ~ H} = {H'|f(H') = f(H)} and
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the quotient set U(X)/ ~= {[H||H € U(X)}. Meanwhile, formulate the
operations U, N, ¢ in U(X)/ ~ as follows:

VHy, Hy € U(X), [H1] U [Hz2] = [H1 U Hal;
VH, Hy € U(X), [H1] N[H3] = [Hy N Hol;
VH € U(X), [H]¢ = [H*].

An induced mapping f’ from U(X)/ ~ to F(X) from f is defined by

V[H] € U(X)/ ~, f'([H]) = f(H).

By Proposition [LE, f’ is an isomorphism between (U(X)/ ~,U,N,¢) and
(F(X),U,N,c). In this sense, a fuzzy set may be viewed as an equivalence
class of a nest of sets.

2.5 L-Fuzzy Sets

In the definition of a fuzzy set, the range of the involved mapping is confined
to the totally ordered set [0,1]. From the mathematical view, this restric-
tion is not natural. In this section, [0,1] is extended to a general lattice L,
which leads to the so-called L-fuzzy sets. As in fuzzy sets, some operations
such as union and intersection may be formed by employing the concept of
supremum and infimum in L. However, a generalization of the complement
operation needs some extra efforts since there is no operation in L available
for formulating complement. In view of this, we start with the concept of a
pseudo-complement.

2.5.1 Pseudo-complements

Definition 2.15. Let (P, <) be a poset. If a mapping n from P to P satisfies
that

(1)Va, 5 € P, a < (8 implies that n(5) < n(«a),
(2)Va € P, n(n(a)) = a,

then n is called a pseudo-complement on (P, <).

Clearly, every strong negation is a pseudo-complement on ([0,1], <) and
n(A) = A¢ (VA € P(X)) is a pseudo-complement on (P(X), C).

Example 2.12. The complement ¢ in a soft algebra (L,V, A, c) is a pseudo-
complement. Since the complement ¢ in every soft algebra is involutive, it
suffices to prove that Yo, € P, a < 3 implies that 3¢ < of. Indeed, when
a< B, a°Vv 3= (anpB)° =a by De Morgan laws. Hence 3¢ < af.

The complement in a Boolean algebra is also a pseudo-complement since
every Boolean algebra is a soft algebra.
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Proposition 2.10. If (P, <) is a bounded poset with the greatest element 1
and the least element 0 and if n is a pseudo-complement on (P, <), then
n(1) =0 and n(0) = 1.

Proof. From n(0) < 1, it follows that n(n(0)) > n(1), namely n(1) < 0. Hence
n(1) = 0. The identity n(0) = 1 can be similarly verified. O

Proposition 2.11. If n is a pseudo-complement in a lattice (L,V, ), then
n(aV B) =n(a) An(B)

and
n(a A B) =n(a) Vn(B).

Proof. 1t follows from o < aV § and f < oV § that n(a) > n(a VvV ) and
n(8) > n(a Vv B). Thus

n(aV B) < n(a) An(B).
Similarly, n(a A 8) > n(a) V n(8), which implies that
n(n(a) An(B)) = n(n(a)) Vn(n(3)) = aVp,

ie.
n(aV 8) > n(a) An(B).
By antisymmetry,

n(aV B) =n(a) An(pB).

The other equality can be verified following a similar reasoning.

For a complete lattice, the preceding proposition can be extended as:

n(\/ ;) = /\ n(a;)

i€l i€l
and
n(/\ ;) = \/ n(a;),
i€l i€l

where [ is an arbitrary index set.

2.5.2 L-Fuzzy Sets and Their Set-Theoretic
Operations

Definition 2.16. Let X be the universe of discourse and let (L,V,N\) be a
lattice. A mapping A from X to L is said to be an L-fuzzy set on X. The set
of all L-fuzzy sets on X will be denoted by Fr,(X).

The concept of an L-fuzzy set was firstly introduced by Goguen[62]. He
pointed out that F7(X) can be given whatever operations L has, and these
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operations will obey any law valid in L which extends point by point. For

example, the concepts of subset, union and intersection can be defined by

means of <, V and A in L respectively. More specifically, let A, B € F(X).
IfVe € X, A(x) < B(x), then A is called a subset of B, denoted by A C B.
The union AU B of A and B is defined by

Ve € X, (AU B)(z) = A(z) V B(z).
The intersection A N B of A and B is defined by
Ve e X, (AN B)(z) = A(x) A B(z).

Clearly, A= B iff AC B and B C A.
For a complete lattice (L, V,A) and A; € Fr,(X) (i € I), union and inter-
section can be extended,

Vr € X, (U A))(x) = \/Al(x) and (ﬂ A))(x) = /\Az(l‘)

i€l el el iel

If there is a pseudo-complement n on (L, <), then the complement A€ of A
in Fr,(X) is defined by

Vo € X, A%(x) = n(A(x)).

Generally speaking, (F(X),U,N) is a lattice. As some additional conditions
are imposed on L, F7,(X) will gain some more properties. As examples, we
list the following;:

(1) If (L,V,A) is a distributive lattice, then (F7(X),U,N) is a distributive
lattice.

(2) If (L,V,A) is a bounded distributive lattice and there exists a pseudo-
complement n on (L, <), then (F1(X),U,N,¢) is a soft algebra.

(3) If (L,V,A,n) is a Boolean algebra, then (Fr(X),U,N,c) is a Boolean
algebra.

(4) If (L, V, A, n) is a superior soft algebra, then (Fr(X),U, N, ¢) is a superior
soft algebra.

We leave the proof of these assertions to the reader.

Example 2.13. Let L = P(Y) and V,A and n be the union, intersection
and complement of crisp sets respectively. Then (Fr(X),U,N,¢) is a Boolean
algebra.

Example 2.14. Let L = {[a,b]la < b,a,b € [0,1]}. Define a relation < and
a pseudo-complement n respectively by

[a1,b1] < [a2,b2] © a1 < a2 and by < by
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and

n([a,b]) = [1 —b,1—al.
It can be easily checked that (L,V,A\,n) is a superior soft algebra. Hence
(FL(X),U,Nn,c) is also a superior soft algebra.

Example 2.15. Let L = F([0,1]) and V, A and n be the union, intersection
and complement of fuzzy sets respectively. Then (Fr,(X),U,N,c) is a superior
soft algebra. A € Fr(X) is usually called a type-2 fuzzy set. In a recursive
manner, the concept of a fuzzy set of higher type may be introduced.

2.5.3 Decomposition of an L-Fuzzy Set

For Ae Fr(X)and a € L, Ay = {z|a < A(z)} and Aq = {z|a < A(z)} will
be called the a-cut and strong a-cut of A respectively. It is apparent that

addition, we have some more properties.
Proposition 2.12. If L is a complete lattice and A; € Fr(X) (i € I), then
(1) U (Ai)a € (U Ai)a;

el el )
(2) QI( i)a = (DIA i)as
(3) (LEJIA) LEJ( i)as
(4) (DIA) D( i)

Proof. All the proofs are similar to those of Proposition 2.8 and are omitted
here.

It is worth noting that Proposition Z12(3) is no more an equality as in
the case of fuzzy set even though I is finite as can be seen in the following
example.

Example 2.16. Let X = {1, 22,23} and (L,V,A) = (P(X),U,N). Suppose
that A = {x1}, B = {xa,23}, C = {x1,22} and A1, Ay € F(X) are defined
by: Vo € X, Ay1(z) = A and As(x) = B respectively. Set o = C. Then
(A1)a = {2]A1(2) > a} = {z]As(z) D C} = 0.
Similarly, (A2)a =0 and thus (A1)a U (A2)a = 0. However,
Vr € X, (Al U Ag)(x) = Al(l‘) U AQ(.TJ) =AUB=X.
Hence, (A1 U A2)a = X, and thus

(A1 UA2)a # (A1)a U (A2)a.
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Proposition 2.13. Let L be a complete lattice. For a; € L (i € I), write
a=V\ a; and 8= A\ «;. Then

iel i€l

(1) Aa = ﬂ Aa“
el

(2) A5 2 U Aa,.
el

(3) Ag C ) Aa,,
i€l

(4) Aﬂ 2 U AO{i-
: i€l

Proof. As an example, we show (1).

€Ay Alz) >a=VaeVicl Alx) >0, & Viel, x e A, &

i€l

z € ) A

iel
Corollary 2.3. For any A € Fr(X), Ao = () Ax and Aq = | Ay. If L
A<a A>a
is dense, then Ao = () Ax.
A<
Proof. Ao, = [ Ay follows from PropositionZI3|(1). By Proposition[Z13(4),
A<
Ao O |J A,. The reverse inclusion Ao C J A, is obvious.
A>a A>a
If L is dense, then @ = \/ X (Exercise 36 in Chapter 1). The desired result

A<a

follows from Proposition [ZT3|(1) again.
Theorem 2.11. If L is a complete lattice and A € Fr,(X), then

(1) A(z) =V (a A Aa()),

24 2 V (@ do(o)
If, furthermore, L is dense, then A(xz) = \/ (a A Aq(x)).
acL

Proof
(1) V(enda(@)=(V (@hNAu(2)V( V (@A Aa(z)))

acl €A, z€(Aa)®

=V a=A).

a<A(z)

(2) Similar to the proof of (1), we have

V (@nAa(@) = \/ a<A®@).
)

ael a<A(z

If L is dense, then \ (aAAa(z))= V a=A().
ael a<A(zx)
Theorem 21T can be regarded as the decomposition theorem of an L-fuzzy

set. By applying this theorem, it is easy to prove the following:



2.5 L-Fuzzy Sets 51

(1) If L is a complete lattice, then A = B iff Voo € L, Ay = B,.
(2) If L is a dense complete lattice, then A = B iff Voo € L, Aq = Ba.

2.5.4 Mathematical Representation of L-Fuzzy Sets

Suppose that L is a complete lattice. To state the representation theorem of
L-fuzzy sets, we firstly introduce a class @, (X) consisting of those mappings
A from L to P(X) satisfying:

(1) A(0) = X;
(2) ACV a0) = () Afa) (i € L),

For A € Fr(X), define H : L — P(X) by Va € L, H(a) = A,. Then
H € ¢,(X). If H € &,(X), it can be seen that a3 < ao implies that
H(al) 2 H(O[Q).

Now we define the operations U and N on @, (X).

Let A; € @1(X) (i € I). Define (] A; and | A; by

el i€l
VaeL, ([)Ai)(a)={)A4i),
el el

(J A (o) =(A@)IVie I,A; C A, A e or(X)},
iel
where A; C A means that Va € L, A;(a) C A(«).
Proposition 2.14. (| A; € ¢1(X) and | 4; € P(X).
iel i€l
Proof. We prove that |J A4; € &1(X), and the proof of (| A; € &1 (X) is left
i€l iel
to the reader.
Firstly,

(JA)©0) =({AO)Vie I,A; C A A dp(X)} = X.
el

Next, VA; € L (j € J),

(JAd(\ A=A\ M)Ivi € 1A C A, A€ dp(X)}
i€l jeJ jeJ
= AN)IVie I, A C A, A€ dL(X)}
jeJ
= [[WAN)IVi € I,Ai C A A€ dL(X)}

jeJ

= (U4 O

jeJ i€l
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The above proposition indicates that U and N are indeed operations on
@1, (X). Hence we have the algebraic system (@,(X), U, N). It is easily checked
that this algebraic system is a complete lattice.

Lemma 2.5. In a complete lattice (L,V,N),
\/ai = /\{a\Vi €l,a; <a}.
iel
Proof. By the definition of supremum, the proof is trivial. O

Lemma 2.6. If f is a bijection between the complete lattices (L1,V,A\) and
(Lo, V,A) and if f is infimum-preserving, i.e.
F(N\a) =\ fla)(Va; € Ly),
il il
then f is supremum-preserving, i.e.
F(\ ai) = \/ f(ai)(Va; € Ly),
iel il

Proof. We firstly show that a < b iff f(a) < f(b).
Indeed,

a<bearb=a<s flanb)=fla)Afb)=fla) & fla) < f(b).

By Lemma 23]
O\ @) = F(\{alvi, a; < a})
i€l
~ Af@lai < a}
= A/ (@)|f(a) < f(a)}
= \/ f(az)(Vaz S Ll). O

iel

To present the representation theorem, we introduce the following property
for a complete lattice (L, V, A):

(Vo € Lz € 1)), (a < \/ai = Ji € I such that a < ),
i€l

which will be called the condition (£). For instance, a totally ordered set
satisfies this condition.

Theorem 2.12. Let (L,V,\) be a complete lattice satisfying the condition
(L) . If f: FrL(X) — @1(X) is defined by
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VA € Fy(X),Ya € L, (f(A))(a) = Aq,

then f is an isomorphism between (Fr(X),U,N) and (@1 (X),U,N).

Proof. We start with the proof that f is surjective. Let H € @1,(X). For every
x € X, define

I, ={p|B € L,x € H(B)} and By = sup I,.
We show that
I 2 {Bl0 < B < Bo} 210, Bol-

If 5 € [0, Bo[, then B < By. By the condition (L), there exists §1 € I, such
that 81 > 8. Thus z € H(B1) C H(p), i.e. x € H(B). Consequently, 8 € I,
which implies [0, 5o[C I,;. Since H € &1, (X),

H() = H(sup L) = () H(B).

When 8 € I, x € H((). Therefore, x € H(f3p), which indicates §y € I.. In

summary, [0, 8] C I,. Observing that [0, 5] D I, we have [0, 5] = L.
Now define the L-fuzzy set A by: Vo € X, A(xz) = sup I,. To prove that

f is surjective, it suffices to show that Va € L, H(a) = As. The following

equivalencies ensure the desired equality.

€Ay e Alx) >assupl, >as fh>asacl, < xe H(a).

Next we show that f is an injective mapping.
Indeed, if A, B € Fp(X) satisfy that f(A) = f(B), then

Va € L, (f(A)(e) = (f(B))(@),

i.e. A, = B,, and thus A = B.
Finally we show that f is intersection-preserving.
For A; € Fr,(X) (i €I) and a € L,

(F(( AN (@) = ((ADa = (A

iel iel =
= (f(A))() = ([ F(A)(a),
icl iel

or equivalently,

F() A =) F(4).

iel il
That f is union-preserving follows from Lemma [2.0] ([
Remark 2.9. Besides Theorem [2.12, more isomorphism theorems can be

found in [7]|] which reveal the relationships between the set of L-fuzzy sets
and other different classes of sets.
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Finally, we turn to a special case ®jo1)(X) of @1(X). For convenience, we
simply write ¢(X) instead of @[y 1)(X). Then a direct application to #(X) of
Theorem leads to the following conclusion.

Corollary 2.4. The algebraic systems (F(X),U,N) and (®(X),U,N) are iso-
morphic.

In addition, we can define a unary operation ¢ in ¢(X).

VF € &(X),Ya € [0,1], F(a) = [ ) (F(1 = \))".
A<

Since Va; € [0,1] (i € I),

F(\a)= () (F1-N)

el A< v «;
i€l

-N N ra-

i€l A<a;

= m Fc(ai)a

el

we have F¢ € @(X). Furthermore, if the mapping f from F(X) to &(X) is
defined as in Theorem [Z12] then VA € F(X),Va € [0, 1],

(A (@) = [ (FA) =)

A<
= ﬂ (A1-y) U Ai_y)
A< A<
U Ax)¢ = (A1_,)° (by Proposition 2.8(4))
AMN>1l—a

= (A%a = (f(A))(@).

Thus, f preserves complement. In summary, we come to the following con-
clusion.

Theorem 2.13. If f : F(X) — &(X) is defined by VA € F(X),Va € [0,1],
(f(A)(a) = Aa, then [ is an isomorphism between (F(X),U,N,c) and
(P(X),U,N,c).

2.6 Fuzzy Pattern Recognition
By pattern, we mean prototypes which serve as standard objects. As its name

suggests, pattern recognition is to match a given object with one or more of
these standard objects. Broadly speaking, we recognize objects every day.
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While we look for a toothbrush, a cup, a bag, or while we see a sight, read
a letter or process an image, we are carrying out pattern recognition. How-
ever, our use of the term refers especially to the recognition by means of
mathematical approaches under the condition that both pattern and objects
to be recognized could be mathematically characterized. In pattern recog-
nition, the involved pattern or objects are frequently fuzzy, i.e. they have
vague boundaries. For instance, one often describes a person by using words
such as middle-aged, in a south accent, very short and fat etc. Based on
these fuzzy descriptions, we can find the right person. This process is just
an example of fuzzy pattern recognition. In this section, we shall introduce
an application of fuzzy set theory to two types of fuzzy pattern recognition
models.

2.6.1 Type I Fuzzy Pattern Recognition

Let Ay, As, ..., A, be n fuzzy sets on X representing n standard classes.
Given zg € X, we need to know which class xg should belong to.

The rule of maximum membership degree
If Ag(zo) = max{A;(xo), A2(z0), ..., An(z0)} (1 < k < n), then z( should
be classified into the k-th class Aj.

Example 2.17. O =old, Y =young, M =middle-aged, X = [0,100].

O@) =0+ (" _550)‘2]‘1 if 50 < x < 100
0 otherwise ’
(TP if25 <2 <100
Yie) = { 1 otherwise ’

M=0°NnY".

If zog = 35, then O(xo) =0, Y(xo) = 0.2, M(z¢) = 0.8. According to the
rule of maximum membership degree, xo should be classified into M, i.e. a
person of 35 years old should be classified as middle aged.

Example 2.18. Let X = {(4,B,C)|A > B > C, A+ B+C = 180} represent
the set of triangles.
Approximately right triangles R:

1
R(z)=R(A,B,C)=1-— 90|A —90].
Approzimately isosceles triangles I:

I(z)=I(A,B,C) =1~ 610 min((A — B), (B — C)).
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Approzimately equilateral triangles E:

1

E(x)=F(A,B =1-
(¢) = B(A,B,0) =1—

(A-0C).
Other triangles T: T = R°N1°N E°.

Given a triangle ©o = (A, B,C) = (80,55,45), we have R(xo) = 0.87,
I(xo) = 0.83, E(xo) = 0.81, T'(z9) = 1 — max(R(xo),I(z0), E(xo)) = 0.13.
According to the rule of maximum membership degree, a triangle with three
angles 80,55,45 can be regarded as an approximately right triangle.

In some cases, an object may have very close membership degrees to some
fuzzy standard classes that the following rule may be more appropriate.

The rule of threshold

Given a threshold « € [0, 1], if A, (z0) > a, Aiy(x0) > ..., A4y (T0) > a
then xo should be classified into the k classes A;,, A;,, ..., A;, simultane-
ously.

For instance, in Example let 9 = (85,50,45). Then R(z() = 0.95,
I(zo) = 0.91, E(zo) = 0.87, T'(zo) = 0.05. If we take oo = 0.9, the triangle xg
should be in the class of approximately isosceles right triangles.

2.6.2 Type Il Fuzzy Pattern Recognition

In the previous subsection, the recognition issue is of the following charac-
teristic: the standard classes are fuzzy and the object (an element in X) to
be recognized is crisp. In this subsection, we pay attention to the issue with
fuzzy standard classes and fuzzy object. More precisely, let Ay, Ao, ..., A,
be n fuzzy sets on X for n standard classes. Given A € F(X), we need to
know which class A should be identified with. To solve this problem, we need
to measure how close two fuzzy sets are.

Definition 2.17. If N : F(X) x F(X) — [0,1] satisfies that

(1) N0, X) =0 and N(A, A) = 1 whenever A € F(X),
(2) N(A, B) = N(B, A) whenever A, B € F(X),
(3) N(A,C) <min(N(A, B), N(B,C)) whenever AC B C C,

then N is called a nearness measure.

Given a nearness measure N, N (A, B) measures the nearness of the two fuzzy
sets A and B. Now we list some specific nearness measures for practical use.
The first type of nearness measures is defined by means of some distance
or metric.
Let X = {z1,22,...,2,} and A, B € F(X). If the Hamming distance is
chosen, we define
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1 n
NHA7B =1- A$i —B‘Ti.
(A, B) " ;I (i) — B(ai)|
It is easily checked that Ny meets the requirements in Definition 217 and
thus constitutes a nearness measure.
For a continuous universe X = [a,b] and A, B € F(X), the nearness
measure with the Hamming distance is defined by

Ny (A, B) —1— / |A(x x)|dz,
provided the integral exists.
Similarly, the nearness measure with the Euclidean distance is defined by

n

Ne(AB)=1- (Z(A@:n - B(xi>>2>

i=1
for a discrete universe X = {x1,x2,...,2,} and A, B € F(X);
1 ’ )
Ng(A,B)=1-— (A(z) — B(z))“dx
\/b —a a

for a continuous universe X = [a,b] and A, B € F(X) provided the integral
exists.

1
2

Remark 2.10. More generally, Minkowski distance can also be used for con-
structing a nearness measure. However, the above mentioned distance-related
nearness measures are enough for practical use.

The second type of nearness measures includes the following.
(1) Given a discrete universe X = {z1,22,...,2,}, 4, B € F(X),

_ i1 A(wi) A B(x:)
N, (A, B) = 2?21 A(x;) V B(z;)"

For a continuous universe X = [a, ],

b
N (4, B) = Ja (A(x)/\B(x))dx’

L (A(2) v B(z))da

provided the integral exists.
(2) Given a discrete universe X = {x1,z2,...,2,}, A, B € F(X),

23771 Alwi) A Bla:)

N, (A, B) = S Azi) + B(x)
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For a continuous universe X = [a, ],

_ 2 [(A(@) A B(x))dx

Nt (A, B :
we(4. B) JM(A() + B(x))d

provided the integral exists.

The proof that both Njs, and Ny, are nearness measures is left to the
reader.

The last one is the so-called lattice nearness measure which is defined by
means of the inner and outer product of two fuzzy sets.

Definition 2.18. For A, B € F(X),

AGB= blelg(A(x) A B(x)) = hgt(AN B)

1s called the inner product of A and B.

A®B= :Elg;(A(x) V B(x))

1s called the outer product of A and B.

With the notion of inner and outer product, we define
VA,Be€ F(X),N,(A,B)=(A®B)AN(1-A® B).

The Ny, has the following properties:

(1) Np(0,X) =0;

(2) Np(A,A) =aA (1 —a), where a = hgt(A) and a = plt(A);

(3) NL(A,B) = Ni(B, A);

(4) ACBCC= Ny(A,C) <min(N(A, B), N(B,()).

The proofs of these properties are straightforward and omitted here.

These properties indicate that Ny, is not a nearness measure in strict sense
since N1, (A, A) = 1 does not necessarily hold. However, it is an important
index in evaluating the nearness of two fuzzy sets and extensively used in the
literature. In addition, it follows from (3) that N (A4, A) = 1iff a = 1 and
a = 0, which are true for fuzzy sets in practice. Therefore, we keep it in the
family of nearness measures and call it the lattice nearness measure.
z—a; )2

Example 2.19. Let X = R and A;(x) = ef( “) (0; > 0;i=1,2). Find
Np(A;, As).

Solution. Clearly, A1 ® Ay = 0.

AL © Ay = sugAﬂa:) A Ag(x) = Ar(a™) = Ag(x™),
re
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where x* is between a; and as. It follows from Ai(x*) = Aa(z*) that

g = 0102 + o2a1 gr = 7201 T 0142
1= 2= ‘
o1 + 02 02 — 01

x% is removed since it is not between a1 and az. As a consequence,

*

« 0102 + 0201
t=a] = .

o1 + 02

az—ay

2
Therefore, Ay ® As = e_(”1+"2) , whence

a2—a,1)2

Np(A1, A2) = (A1 0 A) N1 - A1 ® Ag) = A1 0 Ay = 67(“””2
Particularly, a1 = as = Np(41,A2) = 1.

We see from Example that the application of N places much emphasis
upon the relative position of peak points of two fuzzy sets.

Now let us return to the type II fuzzy pattern recognition model. As-
sume that Aj, Ay,..., A, € F(X) are n patterns and A € F(X) is the
object to be recognized. Then we can choose a nearness measure N and com-
pute N(A4,A4;) (i=1,2,...,n). If N(A, A;) = max(N (A4, A1), N(4, As),...,
N(A, A,)) (1 <k <n), then A is identified with the pattern Ay.

Example 2.20. Let X =|0,4o00[ be the weight range of 100 grains of wheat

z—a)2
with distribution A(x) = e~ (") The types of wheat and the corresponding
parameters for each type of wheat are listed in the following.

type A1 A2 A3 A4 A5
a 3.7295.6393.7
o 030.303030.2

Now comes the wheat with distribution A(x) = e~ ("0%)" The question is:

what is the type of the wheat?

Solution. Choose N as the nearness measure of fuzzy sets. Then, by the
formula in Ezample [2.19, we have

Np(A, Ap) = e*(gi;z?féfg)rz ~ 0.78.
By similar computations, we have
.Z\/l,(A7 AQ) ~ 044, NL(A, Ag) ~ 0, .Z\/l,(A7 A4) ~ 052, NL(A, A5) ~ 0.68.

Since N(A, A1) > N(A, A;) (i =2,3,4,5), hence A should be recognized as
A;.
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2.7 Exercises

1. Assume two fuzzy sets Ay and Ag on X = {x1,x2, x3, 24} are defined by

Al = 0.1/$1 + 0.9/.T2 + 0.6/‘T37
A2 =0.9/x1 4+ 0.7/22 + 0.6 /23 + 0.8/ 4.
Find Ag‘, A1 ] A2 and A1 N AQ.
2. If A, B, C € F(X), show that
(1) (An((BNC)YU(A°NnC9))uCc=(AnBnNC)uCe,
(2) (AnB)U(BNC)UANC)=(AUuB)N(BUC)N(AUCQO).
3. The difference A — B and symmetric difference A A B of two fuzzy sets

A and B are respectively defined by A — B = ANB°and AAB =
(A-—B)U(B—-A).

(i) Use A(z) and B(z) to express (A — B)(z) and (A A B)(x).
(ii) Assume A and B are two fuzzy sets on X = {a, b, c,d, e, f, g} defined
by
A=05/b+04/c+1/d+0.7/f,
B=03/a+09/b+0.4/c+1/d+0.6/e+1/g.
Find A— B and AA B.
(iii) Show that (AAB)AC=AA (BACQ).
4. Show that the relation < in the soft algebra (F'(X),U,N,¢) is C.
5. Prove the following identities: VA, A;, B; € F(X) (i € I),

(1) (,UI AU (LEJI B;) = U (A; U B;) and

S el
(QIAi) n (DI B;) = QI(AZ- N B;);
(2) AU(N Ai) = N(AUA;) and AN (U Ai) = U (AN A);
i€l el el el
(3) (LEJI Ay)e = .QI(Ai)C and (QI At = ,LEJI(A”)C'

6. Let X = {x1, 22,23, 24,25} and the fuzzy set A on X be defined by
A=1/x1+08/x2+0.3/x3+ 1/x4.

Find ker(A), supp(A), hgt(A4) and plinth(A). Is A normal? If X =
{1, 22, 23,24}, find plinth(A).
7. Prove the following identities: YA, B € F'(X),

(1) hgt(A U B)=max{hgt(A),hgt(B)}.

(2) hgt(A N B) < min{hgt(A),hgt(B)}. Give an example to illustrate
that the inequality can not be changed into the equality.
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(3) hgt(AUA®) > 0.5 (the weakened law of excluded middle) and hgt(AN
A¢) < 0.5 (the weakened law of contradiction).

. According to your understanding, construct the membership functions of

“approximately between 1 and 2” and “evening”.

. Define Ny (A > —1) by Va € [0,1], Nx(z) = =% . Show that Ny (A >

14+\x
—1) is a strong negation.

If n is a (strict, strong) negation, show that ng defined by: Vz € [0, 1],
ng(z) =1 —n(1 —x) is a (strict, strong) negation as well.

Show that a decreasing function n : [0, 1] — [0, 1] satisfying involution is
a strong negation.

Let N be a strong negation satisfying: Vx € [0,1], N(z) =1 - N(1 — z).
Show that N is the standard negation.

Prove Lemma and the representation theorem of a strong negation.
Show that both ¢ and 1 are two generators of the same strong negation

iff there exists an automorphism 1 on [—3, 1] such that Vz € [-1, 1],

P(x) = 1/2+1(p(x) — 1/2) and n(—z) = —n(z).

Define
)

@Y=\ (1= N+ y— )

and
x4+y—ay—(1—Nay

1-(1=XNazy

Show that T" and S are a ¢t-norm and a t-conorm respectively for A > 0.
Verify that T¥ and S¥ are a t—norm and a t—conorm respectively.
Show that the only t-norm T satisfying T'(xz,z) = 0 for all x € [0,1] is
Ty.

If f:]0,1] — [0,+o0] is a strictly decreasing continuous function with
f(1)y=0and T(x,y) = f~1(f(0O)A(f(x)+ f(y))), then T is a continuous
t—norm satisfying: Vo €]0, 1], T'(z,z) < x (Archimedean t—norm).
Assume two fuzzy sets Ay and Az on X = {x1,x2,x3,24} are defined
by

S(x,y) =

A1 =0.1/x14+0.9/22 + 0.6/ 3,
A =0.3/x1 4+ 0.7/22 + 0.2/23 + 0.8/ 4.

Find A, Us,, Ay, Ay Ny, As and Ay Us.. Ag, A‘lj N, As.

Show that AUg, A° =X and ANy, A° =0 for all A € F(X), i.e. the law
of excluded middle and the law of contradiction still hold provided that
the Lukasiewicz t—norm and ¢—conorm are chosen to represent union
and intersection respectively.

Assume that (T,5,n) be a De Morgan triple. If n is a strong negation
with a generator ¢, show that:
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(1) IT =Tf, then S = S7;
(2) If T = T%, then S = S%.

Let T be a t—norm and a, a; (¢ € I) be real numbers in [0, 1]. Show that
T(supa;,a) = supT(a;,a) iff T is left continuous.

i€l iel
Let T be a t—norm such that Vx,y € [0,1], T(z,y) + T(z,1 — y) = z.
Show that T = T.
A mapping U from [0,1] x [0, 1] to [0, 1] is called a uninorm if it satisfies
symmetry, monotonicity, associativity and the existence of identity, i.e.
there exists an e € [0, 1] such that T'(e,x) = « whenever z € [0, 1]. Verify
that every t—norm or t—conorm is a uninorm. Let ¢ be a number in [0, 1].
Define U; and Us respectively by Vz,y € [0,1]

TVyrTAhy>c
x Ay otherwise

Ui(z,y) :{

and
cANyxVy<c
x V y otherwise

Ua(z,y) = {

Show that both U; and U; are uninorms with identity c.
If I is a fuzzy implication, show that n(x) = I(z,0) is a fuzzy negation.
Let ¢ be an automorphism and 7' a t-norm. Define T by: Vz,y € [0, 1],

T¢(z,y) = ¢ (T (p(x), o(y))).

Find ITE and IT,‘f'

Show that every R-implication It satisfies that Vz,y € [0,1], z < y
implies Ip(z,y) = 1.

If a t-norm T is positive, i.e. Va,y €]0,1], T(z,y) > 0, show that n(z) =
I7(z,0) is the intuitionistic negation.

If T is a left continuous t-norm, show that

Vz,y € [0,1),T(z, Ir(2,y)) = min{z, y}.

Show that the Lukasiewice equivalence E can be written as F(z,y) =
min(ITL (‘Tv y)u Ir, (yv -T))
Let X = {x1, 2,23, %4, T5, %6, 7} and a fuzzy set A on X be defined by

A=02/x1+0.1/22+08/x3+0.6/x4 +0.4/25 + 0.6/26 + 0.9/ 27.

Find Ag.4, Ao.6, Agas Ao
2

Given a fuzzy set A on R with the membership function A(z) = e=*",

ﬁnd A1/€7 141/67 Al and AO
Let A, B € F(X). Show that A C B iff Va € [0,1], Ay C B,.
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34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Exercises 63

If the a-cuts of a fuzzy set A on X = {a,b,c,d, e} are

{d} 07<a<l1
{c,d} 05 <a<0.7

Ay =1 {e,dye} 03<a<05,
{b,c,d,e} 0.1 <a<0.3
X 0<a<01

find the fuzzy set A.
Prove the following identities:

(1) Ao =J A, Ao =) Ay

A>a A<

@ (J4de = N U (N 4)e = U Ny

icl A<aiel el A>aiel

Let X = [0,5]. Find the fuzzy set A whose a-cuts are

0,5] a=0
Ay =< Ba,5] 0 < a<2/3
(3,5] 2/3<a<l1

Let ry,72,73,... be all the rational numbers in [0,1] and A, B € F(X).
Prove thO%t

HA= U rdr;

n=1
(i) A= Biff A,, = B,, fori=1,2,3,....
Let H be a nest of sets on X = [—1,1] defined by H(a) = [a? —1,1—o?]
(Va € [0,1]). Determine the membership function of the fuzzy set A =
ae%,l] aH(a) on X.

Use Representation Theorem to show that VA, B € F(X), (AU B)® =

AN Be.

Give an example to illustrate that (U(X),U, N, ¢) is not a Boolean alge-

bra.

Let N be a pseudo-complement on a poset (P, <). If & < (3, show that

N(B) < N(«).

Let L be a dense complete lattice and A € Fr(X). If there exists a

mapping H : L — P(X) such that Aq € H(a) € Ay (Vo € L), prove

that A(x) = sup{a|z € H(a)}.

Let L be a complete lattice satisfying the property: Vo, € L(i € I), Jig €

I such that «;, = \/ «;. If there exists a mapping H : L — P(X) such
iel

that (i) o < @ implies that H(8) C H(«); (ii) A(z) = sup{ajz € H(a)},

prove that Ao € H(a) € Ay (Va € L).
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44.

45.

46.

47.

48.

49.

2 Basics of Fuzzy Sets

Let L be a complete lattice and F' € &1, (X). If A(z) = V (aAF(a)(z)),
acl
show that Va € L, A, = F(a).

A mapping f: [0,1] — P(R) is defined by
0 a=1
fla) =1 o2 —a] a#0,1
[—2,2] a=0.
Prove that f(a) C £(8) (o> B) and f(V ) # ) f(a).

a<l a<l
Given X = {z1,22,23}, A = 0.7/x1 + 0.6/22 + 0.4/23, B = 0.5/21 +
0.6/x3, C = 0.6/x1 + 0.8/x2 + 0.3/x3, use the lattice nearness measure
Ny, to determine which two fuzzy sets are the nearest. If the nearness
measure Ny is employed, is the conclusion the same?
Show that the inner product and outer product have the following prop-
erties:

(1) A0B=B®Aand A® B = B® A;

(2) sup{A® B|B € F(X)} = A® A = hgt(A) and inf{A ® B|B €
F(X)} = A® A;

(3) (AUB)®C = (AGC)V(BGC) and (ANB)®C = (A®C)AN(B®C).

Let X =[0,2] and A, B € F(X) be defined by

T 0<xr<1
A<x>:{2—ml<m<2

B(x) = /1—(1—x)2.
Compute Ny (A, B).
In weather forecast, the weather pre-evaluation is defined as Ni (A, B),

z—ag )2

where A(z) = 67(110,1)27 B(x) = e (7%) , a1 is the actual amount
of rainfall (in: mm), as is the prediction value, and o is the variance.
Now there are two places where the following data are obtained. In one
place, the actual value and prediction values are 220mm and 225mm
respectively. The corresponding values are 40mm and 50mm respectively
in the other place. If the variance o0 = 1, compute the pre-evaluations in
the two places.



Chapter 3
Fuzzy Relations

As known to us, a relation is a subset of the Cartesian product of two sets.
A relation is naturally fuzzified while a subset is fuzzified. In fact, whether
two objects have a relation is not always easy to determine. For example, the
relation “greater than” on the set of real numbers is a crisp one because we
can determine the order relation of any two real numbers without vagueness.
However, the relation “much greater than” is a fuzzy one because it is im-
possible for us to figure out the exact minimum difference of two numbers
satisfying this relation. In real world problems, there exist a lot of such rela-
tions, e.g. * being friend of” and “being confident in” between some people.
These relations will be termed as fuzzy relations which are our concern in
this chapter.

3.1 Basic Concepts of Fuzzy Relations

Definition 3.1. Let X and Y be two non-empty sets. A mapping R : X x
Y — [0,1] is called a fuzzy (binary) relation from X toY. For (z,y) € X XY,
R(z,y) € [0,1] is referred to as the degree of relationship between x and y.
Particularly, a fuzzy relation from X to X is called a fuzzy (binary) relation
on X.

By definition, a fuzzy relation R is a fuzzy set on X x Y, i.e. R€ F(X xY).
We know that the relation > (greater than) on the set of real numbers is a
crisp relation with the characteristic function defined by

_Jlz>y;
> (z,y) = {O otherwise.
The relation “>>=much greater than” is a fuzzy relation on the set of real
numbers, which may be expressed by

(L4 ,02) "o >y

_ =)
>> (z,y) { 0 otherwise.

X. Wang et al.: Mathematics of Fuzziness — Basic Issues, STUDFUZZ 245, pp. 65
springerlink.com © Springer-Verlag Berlin Heidelberg 2009
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For instance, the ordered pairs (z + 1, x) have a low degree 1(1)1 with respect

to “>>" the ordered pairs (x 4+ 10, z) have an intermediate degree 0.5 with

respect to “>>", and the ordered pairs (x + 100, x) have a high degree %8(1)

with respect to “>>".

Let R be a fuzzy relation from X to Y. The R-afterset zR of z (zr € X) is a
fuzzy set on Y defined by

Vy €Y, (¢R)(y) = R(x,y).
The R-foreset Ry of y (y € Y) is a fuzzy set on X defined by
Vo € X, (Ry)(z) = R(z,y).

Since fuzzy relations are fuzzy sets, they have the same set-theoretic op-
erations as fuzzy sets. Let R and S be fuzzy relations from X to Y.

R is contained in S, denoted R C S, iff V(x,y) € X XY, R(z,y) < S(z,y);
R is equal to S, denoted R =S, iff V(x,y) € X xY, R(z,y) = S(x,y).

Clearly, R=S iff RC S and S C R.

The union RU S € F(X xY) of R and S is defined by

V(z,y) € X XY, (RUS)(z,y) = R(z,y) V 5(x,y);
The intersection RNS € F(X xY) of R and S is defined by
V(z,y) € X x Y, (RN S)(z,y) = R(z,y) A S(z,y);
The complement R¢ € F(X x Y) of R is defined by
V(z,y) € X XY, (R)(z,y) = 1 = R(z,y);
The inverse R~! € F(Y x X) of R is defined by
V(z,y) € X x Y,R™(y,z) = R(z,y).

In addition, if R; € F(X xY) (i € I), then |J R; is defined by
el

V(z,y) € X x Y, (| Ri)(x,y) = \/ Ri(z,y),
i€l el
and () R; is defined by
i€l
V(z,y) € X x Y, ([ Ri)(z,y) = )\ Ri(z,y).
el el

It follows from Theorem[Z2in Chapter 2 that (F/(X xY'),U, N, ¢) is a superior
soft algebra. We shall use the properties of a superior soft algebra for fuzzy
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relations without any further interpretations. Moreover, it is easily checked
that

(1) (RUS)~' = R1US;
2) (RNS)"L=R1NS;
3) (R)~'=(R71)".

A fuzzy relation also has the concept of (strong) a-cut. The crisp relation
Ro = {(z,y)|R(z,y) > a}(a € [0,1])

will be called the a-cut relation of R, and
Ro = {(z,y)|R(z,y) > a}(a € [0,1])

will be called the strong a-cut relation of R.

Clearly, both an a-cut relation and a strong a-cut relation are crisp re-
lations from X to Y. Naturally, (strong) a-cut relations have all the prop-
erties valid for (strong) a-cuts of a fuzzy set, e.g. (RUS)y, = Ry U Sq,
(R)a = (Ri_4)", R(z,y) = Y ](a A Rq(z,y)) ete..

ag(0.1

In the rest of this section, we concentrate on fuzzy relations between finite
universes. More specifically, let R be a fuzzy relation from X to Y, where
X = {x1,22, - ,xny and Y = {y1,y2, - ,ym}. In this case, by letting
rij = R(zs,y5) (6 =1,2,--- ,n; j =1,2,--- ,m), the fuzzy relation R may be
represented in the form of a matrix

i1 Ti2 T1im
21 T22 T2m
Tnl Tn2 Tnm

Henceforth, we shall not distinguish between a fuzzy relation R and the
corresponding matrix. In other words, we simply write R = (74 )nxm.-

Example 3.1. Given the universe of height X = {140, 150,160, 170,180}
(in: ¢m) and the universe of weight Y = {40,50,60,70,80} (in: kg), the
relation between the height and weight of a person may be regarded as a fuzzy
relation R which is expressed as:

1 08 02 01 O
0.8 1 0.8 0.2 0.1
R=102 08 1 0.8 0.2
0.1 02 08 1 0.8
0 0.1 02 08 1

Example 3.2. Suppose X represents a set of patients X = {p1, p2, ps, P4, D5}
and Y a set of symptoms Y = {s1, S2, 83,84} that have to be related. Very
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often it is impossible to decide that some patient definitely has some symptom
or definitely has not some symptom. With fuzzy relations, this problem can be
overcome by allowing partial degrees for the strength of the link between two
elements. The corresponding fuzzy relation may be represented by the matrix

1 0.2 09 038
0.2 03 02 09
R=101 09 1 0.9
0.8 02 07 09
09 01 01 0.2

In this example, paR = 0.2/s1 + 0.3/s2 + 0.2/s3 + 0.9/s4, which gives a
weighted description of the state of illness of patient ps. Rss = 0.9/p; +
0.2/ps + 1/p3 + 0.7/ps + 0.1/ps, which gives a weighted description of the
presence of symptom 3.

While relations are represented by matrices, the set-theoretic operations can
be performed in terms of matrices.

Proposition 3.1. Let R = (rij)nxm and S = (Sij)nxm- Then

(1) RUS = (Tij \/Sij)nxm;

(2) RNS= (Tij A Sij)nxm;

(3) R® = (1 = 7rij)nxm,

(4) R~ = RT, where RT stands for the transpose of R.
Proof. We prove (1) as an example.

(RUS)(wi,y;) = R(wi, yj) V S(@i,y5) = 1i5 V 845

RUS = (Tij \/Sij)nxm~ O

The following example illustrates Proposition Bl

Example 3.3.
0.2 04 0.7 0.8 0.6 0.5
R=106 03 08|, S=1]104 03 0.7
0.6 0.5 0.7 1 05 04
Then
0.8 0.6 0.3 0.2 04 0.5
Re=(04 07 02]; RNS=1{04 03 0.7];

04 05 03 06 05 04
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0.2 0.6 0.6 00 1
R1'=[04 03 05|; Rog=[1 0 1];
0.7 0.8 0.7 101
0.8 0.6 0.5
RCUS = (RNS)=[06 07 03
04 05 0.6

To conclude this section, we present a general form of union, intersection and
complement of fuzzy relations as in the case of fuzzy sets. Let (T, S,n) be a
De Morgan triple and R, Ry, Rs be fuzzy relations from X to Y.

(1) The complement RS of R under n is defined by
Y(z,y) € X XY, Ry (z,y) = n(R(z,y)).
(2) The union Ry Ug Rs of Ry and Rs under S is defined by
V(z,y) € X XY, (R1 Us Ro)(x,y) = S(Ra(2,y), Ra(,y)).
(3) The intersection Ry Ny Re of Ry and Ry under T is defined by

V(x,y) € X xY, (Rl A7 R2)<x7y) = T<R1(x7y)’R2<x7y))'

3.2 Compositions of Fuzzy Relations

As in the crisp case, there exist several different composition (product) op-
erations including (round) composition, subcomposition, supercomposition
and square composition.

3.2.1 Round Composition of Fuzzy Relations

Motivated by the characteristic function expression of the round composition
of crisp relations, the round composition of two fuzzy relations is defined as
follows.

Definition 3.2. Let R€e F(X xY), Se€e F(Y xZ) and T € F(X x Z) be
three fuzzy relations. If V(x,2) € X x Z,

T(x,z) = \/ (R(z,y) A S(y, 2)) = hgt([zR] N [Sz]),
yey

then T is called the (round) composition of R and S, denoted by Ro S.

If R is a fuzzy relation on X, we employ R? to denote R o R and define
R™ (n is any positive integer greater than 1) recursively by R* = R" ! o R.
In the case of finite universes, the composition can be readily performed
by means of matrices. To illustrate this point, let X = {z1,22,--- , 2}, Y =
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{y1,92,- sym}yand Z = {21, 20, - - , zp} and let R = (745)15m, S = (Si5)mxn
and T = (t;;)ixn. By the definition of composition, T'= R o S means

T(wize) =\ (R(wi,y;) AS(yj, 21)

y; €Y

or equivalently,

tix = \/(Tij ANsjp)(i=1,2,---,1; k=1,2,--- ,n).
j=1

0.8 0.3
For example, if R = (?3 8'7 83) and S=101 0 , then
' 0.5 0.6

RoS =
(0.3 0.8) vV (0.7A0.1) V (0.2A0.5) (0.3A0.3)V(0.7A0)V (0.2 A0.6)
(1A0.8)V(0A0.1) Vv (0.9A0.5) (1A0.3)V(0OAD)V(0.9A0.6)

(03 03

o (0.8 0.6)

Proposition 3.2. The composition of fuzzy relations fulfills the following

properties provided that the involved compositions are possible to perform.

(1) (RoS)oT =Ro(SoT);

(2) R C S implies that RoT C SoT and T"o RC T’ 0 S, especially R C S
implies R™ C S™ for any positive integer n;

(3) (RoS)™t=8"1oR™;

(4) (RUS)oT =(RoT)U(SoT) and T"o(RUS)=(T"o R)U (T 0 S);

(5) (RoS)a = RaoSa, and if the involved universes are finite, then (RoS), =
R, 0S,.

Proof. (1) Let Re F(X xY1), S € F(Y1 xY3), T € F(Ya x 2).
Then V(z,2) € X x Z,

[(RoS)oT|(w,2) = \/ [(RoS)(w,y2) AT(y2,2)]
y2€Y2

\/ \/ (z,y1) A S(y1,y2) AT (y2,2))

Y2€Y2 y1€EYL

\/ \/ (@, 1) A S(y1,y2) AT (y2, 2)).

Y1€EY1 y2€Y2

In the same way,

[Ro(SoD)(x,2) =\ \/ Rzy)ASWy1,y2) AT(y2,2)).

Y1EY1 y2€Y2

Hence the equality (1) is valid.
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The proof of (2) and (3) is straightforward and omitted here.
(4) Let R,S € F(X xY)and T € F(Y x Z). For (z,2) € X x Z,

[(RUS)oT](z,2) = \/ [(RUS)(@,y) AT(y. 2)]

yey
=V [(R(z,y) v S(z,9)) A T(y, 2)]
yey
=V (R(z,9) ANT(y,2)) vV (S(z,y) AT(y, 2))]
yey
=V Ry ATy )] VIV (Sy) AT(y, 2))]
yey yey

=(RoT)(z,2)V (SoT)(z,2)
= [(RoT)U (S oT)|(, ).

Similarly for the proof of the other equality.
(5) Let Re F(X xY) and S € F(Y x Z). Then

(x,2) € (RoS)a & (RoS)(z,2) >«
e\ (Rz,y) A Sy, 2) > o

yey
< JyeY, R(x,y) ANS(y,z) >«
< JyeY,R(z,y) > aand S(y,2) > «
< 3Jy eV, (z,y) € Ra and (y, 2) € Sa

& (x,2) € Rg 0 Sa.

The proof of the other equality is similar under the condition that the involved
universes are finite. |

Remark 3.1

(1) 1t follows from Proposition [3.3(1) that R' o R™ = R*™ (RY)™ = R'™
hold for any R € F(X x X) and positive integers [, m.

(2) The equality (RNS)oT = (RoT)N(SoT) does not necessarily hold as
can be seen from the following example.

10 01 11
PP B (R (0
Then
(RNS)oT = (1)(1) (RoT)N(SoT)= 1}
Generally, it can be verified that (RN S)oT C(RoT)N(SoT).

(3) In Proposition[32(3), the equalities are still valid when the union is taken
over an arbitrary index set I, i.e.
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(UR)oS={J®io8), So(JR:)=|]J(S0R).

i€l i€l i€l i€l
Finally, we point out the following:

(1) An extension of composition is the so-called T-composition with 7" a gen-
eral t-norm. Let Ry € F(X xY)and Ry € F(Y x Z). If V(z,2) € X X Z,
R(z,z) = V T(Ri(z,y), R2(y, 2)), then R is called the T-composition

Y

of R andng7 denoted R; op Ry. Clearly, the round composition is a
special T-composition in the case T = Tiin.

(2) There exists the dual concept of composition called a dual composition
which is defined as follows [I114]. Let Ry € F(X xY) and Ry € F(Y x Z).
IfV(z,z) € X x Z, R(z,z) = A (Ri(z,y) V Ra(y, 2)), then R is called

yey
the dual composition of Ry and R, denoted R * Ro. Similarly, if (T, .S, n)
is a De Morgan triple, the dual S-composition of T-composition, denoted
xg, is defined by:

V(z,2) € X x Z,(Ry %5 Ry)(w,2) = [\ (S(Ri(z,y), Ra(y, 2))).

yey

3.2.2 Subcomposition, Supercomposition and Square
Composition of Fuzzy Relations

Definition 3.3. Let I be a fuzzy implication, Ry € F(X xY) and Ry €
F(Y x Z). The subcomposition Ry <j Ry of R1 and Rs is defined by

v(‘rvz) € X x Z7 (Rl <r RQ)(:I/',Z) = /\ I<R1($7y)7R2<yaz))‘
yey

The supercomposition Ry >1 Rs of Ry and Rs is defined by

V(z,2) € X x Z,(R1 >1 Ro)( /\ I(Ra(y,2), R1(z,y)).
yey

Proposition 3.3. Subcomposition and supercomposition have the following

properties:

(1) Ry <y Ry = (Ry' >y RyY) ™! and Ry >r Ry = (Ry ' <y Ry ™Y

(2) If I satisfies the law of contraposition, i.e. I( ,y) = I(n(y),n(x)), where
n s a negation, then Ry <y Ro = (R1)¢ > (R2)S and Ry >; Ry =
(R1)5, <1 (Re)y,;

(8) If I(x,-) is right continuous and if I satisfies

Vo, y,z € [0,1], I(z, Iy, 2)) = I(y, I(x,2)),

then Ry <j (RQ > Rg) = (Rl i Rz) >r Rs3.
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Proof. (1) Let Ry € F(X xY) and Ry € F(Y x Z). Then V(z,2) € X x Z,

(Ry' >r Ry Ha,2) = (B oy Rf )(z, )
= /\ I(Ry (y, @), By ' (2,9))
yé\yI(Rl(l‘ y), Ra(y, 2))
= (R1 Q1 Ra)(z, 2).
(2) Let Ry €e F(X xY) and Ry € F(Y x Z). Then ¥(x,2) € X x Z,

[(R1)7, &1 (R2)7, K%@Zyé\yf((&)%( z), (R1)5(2,y))
= N I(n(Ra(y, 2)), n(Ri(z,y)))
= A I(Ri(z,y), Ra(y, 2))
= (R <1 Ro)(x, 2).

(3) Let Ry € F(X xY}), Ry € F(Y1 xYs) and Ry € F(Yy x Z). Then
V(z,z) € X x Z,

[R1 <1 (R2 1 R3)](w, 2)

= yl/e\y1 I(Ri(2, 1), (R 1 Ro)(y1,2))

= yl/e\y1 I(Ry(, yl)’yz/e\YZI(R3(l/2’Z) s Ra(y1,92)))

= yl/e\y1 yz/e\y21( 1(@, y1), I(R3(y2, 2), Ra(y1, y2)))

=y2/€\y2 yl/e\y1 I(R3(y2,2), I (Ra(@,y1), Ra2(y1,92)))
:yQ/E\YQI(R3<y2’ )ayl/e\y1 I(Ry(x,91), Ra(y1,92)))

= yz/e\y2 I(Rs3(y2, 2), (R1 <1 Ra(,12)))

= ((R1 <1 R2) 1 R3)(2, 2). O

Definition 3.4. Let E be a fuzzy equivalence on [0,1], Ry € F(X xY) and
Ry € F(Y x Z). The square composition Ri{OgRs of R1 and Rs is defined
by
V(.T7Z) € X X Z7 (RIDERQ)(‘Tvz) = /\ E(R1($,y)7R2(y,Z))
yey

Unlike the other compositions, square compositions are symmetric, i.e.
R]DERQ = RQDERI-

By Proposition 2.7, there exists a fuzzy implication I such that Vx €
[0,1],I(z,2) = 1 and Vz,y € [0,1], E(z,y) = min(I(z, y), I(y, z)). Hence,
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(ROgRy)(x,2) = N\ E(Ri(e,y), Roly, )

yey
= /\ min(](Rl(x,y),Rz(y,Z)),I(Rz(y,z),R1($7y)))
yey
= min( /\ I(Ry(z,y), Ra(y, 2 /\ I(R2(y, 2), Ri(x,y)))
yey yeYy

= min((R1 <y RQ)((L', Z), (Rl >r RQ)($7 Z))
= [(Rl <7 Rz) n (Rl >r RQ)](.TJ,Z)

Consequently, we come to the following conclusion.

Proposition 3.4. For every square composition Ri0gRy, there exists a
fuzzy implication I such that Yo € [0,1],I(z,z) = 1 and RiOgRy =
(Rl <z Rz) N (Rl > RQ).

3.3 Fuzzy Equivalence Relations

In this section, we fuzzify the concept of an equivalence relation and inves-
tigate its properties in detail. Through this and the next section, we assume
that R is a fuzzy relation on X.

Definition 3.5. If R(x,z) = 1 for all x € X, then R is called a reflexive
(fuzzy) relation.

If X is finite and R = (7ij)nxn, reflexivity implies that r; = 1 (¢ =
1,2,---,n) and vice versa. As a result, we can observe the numbers on the
principal diagonal of R to judge whether R is reflexive or not.

Proposition 3.5. R is reflexive iff Yo € [0,1], R, is reflexive.

Proof. If R is reflexive, then Va € [0,1], R(z,2) =1 > «. Hence (z,z) € R,
viz. R, is reflexive. Conversely, assume that Va € [0,1], R, is reflexive.
Particularly, R; is reflexive. Hence Vo € X, (x,2) € Ry, or R(z,z) =1. O

It follows from the proof of Proposition that R is reflexive iff Ry (1-cut
relation of R) is reflexive.

Definition 3.6. If Vx,y € X, R(x,y) = R(y,x), then R is called a symmet-
ric (fuzzy) relation.

Obviously, R is symmetric iff R = R™'. We know that R~' = R” in the
case of finite universes. Hence R is a symmetric relation iff R as a matrix is
symmetric in this case.

Proposition 3.6. R is symmetric iff Va € [0, 1], Ry, is a symmetric relation.

Proof. If R is symmetric and (x,y) € R,, then R(y,z) = R(z,y) > «. Hence
(y,z) € Rq, which proves the symmetry of R,. Conversely, assume that
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Va € [0,1], Ry is symmetric. For any z,y € X, take a = R(z,y). Then
(z,y) € R, and hence (y,x) € R, due to the symmetry of R,. Therefore
R(y,z) > a = R(z,y). A similar reasoning can lead to R(z,y) > R(y,x).
Combining the two inequalities yields R(z,y) = R(y, ). O

Definition 3.7. If R D R2, then R is said to be a transitive (fuzzy) relation.
Proposition 3.7. R is transitive iff

Proof. Ris transitive < R D R2 < Vr,z € X, R(z,2) > R%*(z,2) & Va,y,2 €
X, R(z,z) > R(z,y) A R(y, 2). O

If X = {x1,22,---,2,} is finite and R = (74j)nxn, then R is transitive iff
R(x;,xk) > R(zi, xj) A R(zj, xr), ie rip > 135 Arie(d, 5,k =1,2,--- ,n).

Proposition 3.8. R is transitive iff Va € [0,1], R, is transitive.

Proof. Firstly, assume that R is transitive and (x,y) € Rq, (y,2) € R, for
any fixed o in [0,1]. It suffices to show (x,2) € R, in order to prove the
transitivity of R,. From (z,y) € Ra, (Y, 2) € Ry it follows that R(z,y) > «
and R(y,z) > a. Applying Proposition B.7, we obtain R(z,z) > «, namely
(x,2) € Ry.

Conversely, assume that Va € [0, 1], R, is transitive. We prove Vz,y, z €
X, R(z,z) > R(z,y) N R(y, z). By letting @ = R(x,y) A R(y, z), we have
(z,y) € Ry and (y, z) € Ry. Hence R(x,2) > a = R(z,y) A R(y, ) since R,
is transitive. Now the transitivity of R follows from Proposition 3.1 (]

Remark 3.2. A general form of fuzzy transitivity is the so-called (fuzzy) T'-
transitivity with T a t-norm. R is fuzzy T-transitive iff R O Rop R, or
equivalently, Vx,y,z € X, R(x,2z) > T(R(z,y), R(y, z)). For instance, R is
T -transitive iff Vr,y,z € X, R(x,z) > R(x,y) + R(y, z) — 1. Clearly, fuzzy
T -transitivity is just the fuzzy transitivity when T = Tiin.

Definition 3.8. If R is reflexive, symmetric and transitive, then R is called
a fuzzy equivalence relation.

Proposition 3.9. R is a fuzzy equivalence relation iff Vo € [0,1], Ry is an
equivalence relation.

Proof. Tt is a direct consequence of Propositions [3.5] and [3.8 O

We know that a crisp equivalence relation determines a partition of X. So
every R, determines a partition of X if R is a fuzzy equivalence relation. For
example, let R be a fuzzy relation on X = {z1, x2, 3, T4, 25}, defined by
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1 04 08 05 0.5
04 1 04 04 04
R=|08 04 1 05 05
05 04 05 1 0.6
05 04 05 06 1

Apparently, R is a reflexive, symmetric fuzzy relation. In addition, it is easily
checked that R? = R, and thus R is a fuzzy equivalence relation.

For 0.8 < a < 1, Ry = {(x1, 1), (x2,22), (x3,23), (x4, 24), (x5, 75)}, the
partition of X determined by R, is

{z1} {za}, {za}, {za}, {5}

Similarly, for 0.6 < a < 0.8, the partition of X determined by R,, is

{z1, 23}, {22}, {za}, {25}

For 0.5 < a < 0.6, the partition of X determined by R, is

{z1, 23}, {w2}, {74, 25}

For 0.4 < a < 0.5, the partition of X determined by R, is

{xl7x3a Ty, x5}a {xQ}

If & < 0.4, the elements in X cannot be partitioned by R,.

Clearly, the partition determined by R, becomes increasingly refined as
the « increases.

Finally, we briefly introduce the notion of a fuzzy equivalence class.

Definition 3.9. Let R be a fuzzy equivalence relation on X. A fuzzy set [a]r
(a € X) defined by:
Vz € X7 [G]R((E) = R(avi)

is called the fuzzy equivalence class of a by R. The set X/R = {[a]rla € X}
of all fuzzy equivalence classes is called the fuzzy quotient set of X by R.

Example 3.4. Let X = {a,b,c} and R be a fuzzy equivalence relation on X
defined by

1 1 0.7
R=11 1 0.7
0.7 07 1

Then

lalr =1/a+1/b+0.7/c;
blr =1/a+1/b40.7/c;
[[Jr =0.7/a+0.7/b+1/c.

The fuzzy quotient set of X by R is X/R = {[a|r, [c]r}-
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We know that [a]g = [b]g iff aRb in the crisp case. The following is a fuzzy
counterpart of this result.

Proposition 3.10. If R is a fuzzy equivalence relation, then
[a}R = [b]R Zﬁ R(a,b) =1.

Proof. If [a|r = [b]r, then R(a,b) = [a]r(b) = [b]r(b) = R(b,b) = 1.
If R(a,b) =1, then Vz € X,

[a]r(z) = R(a,z) > R(a,b) A R(b,x) = R(b,z) = [b]r(x),

since R is transitive. Similarly, we have [b]r(x) > [a]r(x). Consequently,
[a]r = [b] - O

Unlike the crisp case, the intersection of two distinct fuzzy equivalence classes
may be not empty. For instance, [a|gN[c]g = 0.7/a+0.7/b+0.7/c, which is a
non-empty set in Example B4 We have the following weaker result instead.

Proposition 3.11. If [a]r # [b]r, then hgt([a]r N [b]r) < 1.

Proof. If [a]r # [b]r and hgt([a]r N [b]r) = 1, then due to the transitivity of
R, we have

R(a,b) > \/ (R(a,z) A R(x.b))

zeX

= hgt([a]r N [b]r) = 1,

which contradicts Proposition [3.10

3.4 Closures

In practical applications, we frequently use various kinds of fuzzy relations
which satisfy some properties. For example, reflexivity, symmetry and tran-
sitivity are required in order to classify (partition) objects reasonably based
on a fuzzy relation. However, the relation obtained from a practical problem
may fail to satisfy these properties (especially transitivity) so that we have to
modify them. Certainly, it makes no sense if the original relation is changed
too much in the process of modification. A theoretically acceptable method is
to use the so-called closure possessing the required properties to replace the
original relation. In this section, we firstly introduce the general concept of a
closure and then concentrate on the investigation into the transitive closure
of a fuzzy relation.
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3.4.1 The Concept of a Closure

Let P be a property which a fuzzy relation may satisfy or fail to satisfy.
The P-closure of R is defined as the least relation (in the sense of inclusion)
containing R and having the property P. More precisely, we have the following
definition.

Definition 3.10. Let R be a fuzzy relation on X. If there exists a fuzzy
relation R’ on X such that

(1) R DR,
(2) R has the property P and
(8)VS € F(X x X), RC S and S has the property P imply R’ C S,

then R’ is called the (fuzzy) P-closure of R.

If both R and R” are P-closures of R, then R’ C R” and R” C R’ by the
definition of a closure, and hence R’ = R”. In other words, the P-closure of
a fuzzy relation R is unique if it exists. In this case, we denote the P-closure
of R by P(R). It follows from the definition that R has the property P iff
R = P(R).

Remark 3.3. A fuzzy relation may have no closure for some properties. Let
us take the asymmetry of a fuzzy relation to illustrate this point. A fuzzy
relation R on X is called asymmetric ifVe,y € X, R(z,y) =0 or R(y,z) = 0.
Now define a fuzzy relation R on X = {x1,x2} by

0 0.3
= (0.2 o.1> ‘

Then R does not have an asymmetric closure.

Now we present a necessary and sufficient condition for the existence of a
P-closure.

Theorem 3.1. A P-closure exists for all R € F(X x X) iff

(1) The entire relation E = X x X has the property P and
(2) The intersection of every non-empty family of fuzzy relations, each of
which has the property P, has P as well.

Proof. Suppose that a P-closure exists for all R € F(X x X). Particularly,
P(FE) exists. By the definition of a closure, E C P(F), whence E = P(FE)
since P(E) C F trivially holds. As a result, FE possesses P. To prove (2),
let S be the intersection of a non-empty family of fuzzy relations S, each of
which has the property P. Considering that S C R and R has P for every
R € S, we have P(S) C R. Hence, P(S) C S, whence P(S) = S. It follows
that S has P.

Conversely, suppose that (1) and (2) are satisfied. Let R be an arbitrary
relation on X. Let S be the family of all relations, each of which contains
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R and has P. This family is not empty since E is one of them by (1). Then
the intersection R’ of this family has P by (2). In addition, R’ O R and
VS € F(X x X), RC S and S has P imply R’ C S. Therefore, R’ is the
P-closure of R. O

By applying Theorem 1] and Exercise 7 in Section 3.4, it can be checked
that the reflexive closure, symmetric closure and transitive closure of every
fuzzy relation do exist.

3.4.2 The Transitive Closure of a Fuzzy Relation

This subsection will be devoted to the investigation of a special closure — the
fuzzy transitive closure. We firstly introduce a general formula for computing
the transitive closure of a fuzzy relation.

Proposition 3.12. The transitive closure of a fuzzy relation R on X is R/ =
o0

U RF.

k=1

o0
Proof. We prove that R’ = |J RF is the least transitive fuzzy relation con-
k=1
taining R. Firstly, R’ O R is obvious.
o0 o0 o0 o0 o0
Secondly, RRoR' = |J RFo U R' = J URFoRY= | RFC R, ie.
k=1 1=1 k=11=1 m=2
R’ D (R')2. Hence R’ is transitive.
Finally, assume that S is a fuzzy relation on X such that S O R and S
is transitive. Then S D S? D R?. By mathematical induction, we can prove
that S O RF holds for any positive integer k. Consequently, S O R’, which
completes the proof. O

In the sequel, we use t(R) to denote the transitive closure of R and | X| the
cardinality of X. If X is finite, the formula for computing the fuzzy transitive
closure of R can be simplified.

Proposition 3.13. If | X| = n, then t(R) = |J R*.
k=1

Proof. By mathematical induction, it can be proved that for an arbitrary
positive integer m,

R"(z,2)=\/ '\ .-V R(u) AR,y A ARYm-1,2).
y1€X y2€X Ym-—1€X

Hence

R" ™Y (z,2) = \/ \/ \/ R(z,y1) A R(y1,y2) N+ A R(yn, 2);
y1€Xy26X  yn€X
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whence there exist y1,y2, -+ ,yn € X such that
Rz, 2) = R(z,y1) A R(y1, y2) A+ A R(yn, 2).

Since (= yo), Y1, Y2, - - ,Yn are n+ 1 elements in X, there must exist y; and
y; (i < j) such that y; = y;. Then

Rn+1(£7 Z) < R(£7y1) ARERWA R(yi—hyi) A R(yja yj-‘rl) AR R(yn, Z)a

whence
R (w,2) < R0 (,2) < \/ Ri(x, 2) = (| R) (=, 2),
i=1 i=1
and thus R"*! C |J R'. Now
i=1
n ) n+1 . n . n )
Rn+2:Rn+loRQ(URz)OR: U RZ:(URZ)URHJA C URz
i=1 i=2 i=2 i=1

n .
In a recursive manner, we can verify that R™ C (J R* for any integer m > n,
i=1
which implies that

t@:GH:OM O
=1 i=1

3.5 Fuzzy Tolerance Relations

An equivalence relation has desired behavior and can be applied conveniently.
However it is often difficult for a fuzzy relation to meet the transitivity re-
quirement. In this section, we introduce a class of fuzzy relations without
transitivity.

Definition 3.11. If a fuzzy relation R on X is reflexive and symmetric, then
R is called a fuzzy tolerance relation.

Remark 3.4. In the literature, a reflexive and symmetric fuzzy relation is
also called a compatibility relation [83] or a similarity relation [98].

In the case of a finite universe, a tolerance relation corresponds to a symmetric
matrix with all elements on the principle diagonal line being 1’s.

Proposition 3.14. If R is a fuzzy tolerance relation, then RF is a fuzzy
tolerance relation for every positive integer k.
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Proof. When k = 1, R* = R is a fuzzy tolerance relation. Assume that R™
is a fuzzy tolerance relation. We consider the fuzzy relation R™*1.
For all z € X,

R™ M (x,z) = \/ (R™(2,y) A R(y,x)) > R™(x,z) A R(z,z) =1,
yeX

which implies that R™ 1 (z,z) = 1, i.e. R™T! is reflexive.
In addition, Vz,y € X,

R () =\ (R (@,2) A Bz,y))

zeX

= \/ (R™(z,2) A R(y, 2))
zeX

= R"(y,2),

i.e. R™*T! is symmetric. Therefore R™T! is a fuzzy tolerance relation. The
desired result follows from the principle of mathematical induction. (I

Proposition 3.15. If | X| = n and R is a fuzzy tolerance relation on X, then
t(R) = R".

Proof. By Proposition B3, t+(R) = (J RF. It suffices to show that R™ C
k=1
R™*1 holds for any positive integer m. Indeed, Vz,y € X,

R*(z,y) = \/ (R(z,2) A R(z,y))

zeX
> R(x,y) A R(y,y) = R(x,y)

due to the reflexivity of R. It means that R C R2. The inclusion R™ C R™+!

may be recursively obtained. O
1 06 0.5
For example, for the fuzzy tolerance relation R = | 0.6 1 0.3 | , we have
05 03 1
1 06 05
R?=[06 1 05 | and R® = R?. Hence
0.5 05 1
1 06 0.5
t(Ry=(106 1 05
05 05 1

Corollary 3.1. If | X| = n and R is a fuzzy tolerance relation on X, then
R™ = R"™ as m > n.
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Proof. By the proof of Proposition R™ C R™. On the other hand,
R™ C |J R' =t(R) = R". So they are identical. O
i=1

Corollary 3.2. If | X| = n and R is a fuzzy tolerance relation on X, then
t(R) is a fuzzy equivalence relation.

Proof. By Proposition 314 ¢(R) = R™ is reflexive and symmetric. In addi-
tion, t(R) as the transitive closure of R is transitive. Hence ¢(R) is a fuzzy
equivalence relation. O

To acquire the transitive closure of a fuzzy tolerance relation R, we should
calculate R, R?, R3, ..., R™ so that n times composition operations need to
be performed. However, the process can be accelerated due to Corollary B.11
Firstly, calculate R%. If R = R2, then R itself is transitive and ¢(R) = R;
otherwise, calculate R* = R? o R?. If R* = R?, then t(R) = R?; otherwise,
repeat this process until R™ = R?™ and the transitive closure is R™. The
process may also stop and ¢(R) = R™ if we have obtained R™ for some
m > n.

Example 3.5. If

1 01 08 05 03
01 1 01 02 04
R=|08 01 1 05 05|,
05 02 05 1 0.6
03 04 05 06 1

then R is a fuzzy tolerance relation. Simple calculations yield

1 03 08 05 05
03 1 04 04 04
R?=[08 04 1 05 05
05 04 05 1 06
05 04 05 06 1

and
1 04 08 05 05

04 1 04 04 04
R*=|08 04 1 05 05
05 04 05 1 06
05 04 05 06 1

Further calculations lead to R® = R*, which indicates t(R) = R*.

3.6 Other Special Fuzzy Relations

In some previous sections, fuzzy equivalence and similarity relations are in-
troduced. Undoubtedly, these relations have some important applications,
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e.g. in the classification of objects (see Section 2.8.1). However, they are far
from enough considering the wide applications of fuzzy relations. In decision
analysis, one often needs to compare alternatives. Fuzzy binary relations are
suitable for representing pairwise comparisons between objects, which leads
to the theory of fuzzy preference modeling. In this theory, many transitivity-
related concepts are involved in order to conceptualize various preference
structures. These concepts can also be found in the study of fuzzy choice
functions or ranking fuzzy quantities. In view of those, this section is devoted
to a brief introduction of some of these notions, including mainly negative
S-transitivity, T-S-semitransitivity, T-S-Ferrers property, where T' and S are
a t-norm and a t-conorm respectively.

3.6.1 Crisp Negative Transitivity, Semitransitivity,
and Ferrers Property

Let R be a crisp binary relation on a given set X. Some notions associated
with R are defined as follows.

Definition 3.12

(1) R is called irreflexive if R satisfies that: Vo € X, cR°x.

(2) R is called complete if R satisfies that: Vx,y € X,x # vy, vRy or yRx.

(8) R is called antisymmetric if R satisfies that: Ve,y € X,x # y, xRy
implies yR x.

(4) R is called negatively transitive if R satisfies that: (Vx,y,z € X), (zRz =
xRy or yRz).

(5) R is called semitransitive if R satisfies that: V1,2, y1,y2 € X, 1Ry
and y1 Rys imply ©1 Rxo or xoRys.

(6) R is called a Ferrers (or semiorder) relation if R satisfies that:

V1, T2,y1,y2 € X, x1Ry1 and x2Rys imply x1 Rys or o Ry, .

Example 3.6. Let f : X — R and ¢ > 0 a real number. For 1,29 € R,
define R by: x1Rxs if f(x1) > f(x2) + q. Then it can be verified that R is a
semitransitive relation.

Example 3.7. Let I denote the set of all finite open intervals on R. For
a1, b1], Jaz,bo[€ I, define < by: Jai, by[<]ag, ba| if b1 < az. It can be checked
that < is a Ferrers relation.

It is worth noting that properties of R and R€ are closely related.

Proposition 3.16

(1) R is reflexive iff RC is irreflexive;
(2) R is complete iff R is antisymmetric;
(8) R is negatively transitive iff R® is transitive;
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(4) R is semitransitive iff R¢ is semitransitive;
(5) R is a Ferrers relation iff R is a Ferrers relation.

Proof. The proof of these equivalencies are straightforward and omitted here.
O

Remark 3.5. If two properties P and P’ of relations satisfy that: every re-
lation R has the property P iff the complement R° of R has the property
P’, then the properties P and P’ are called two dual properties. Therefore,
reflexivity and irreflecivity, completeness and antisymmetry, negative tran-
sitivity and transitivity are dual properties respectively while semitransitivity
and Ferrers property are both self-dual.

There exist the following relationships among the above defined properties.

Proposition 3.17

(1) If R is complete and transitive, then R is a negatively transitive, semi-
transitive and Ferrers relation.

(2) If R is antisymmetric and negatively transitive, then R is a transitive,
semitransitive and Ferrers relation.

(3) If R is irreflexive and semitransitive (or Ferrers), then R is transitive.

(4) If R is reflexive and semitransitive (or Ferrers), then R is megatively
transitive.

(5) If R is transitive and negatively transitive, then R is a semitransitive and
Ferrers relation.

Proof. As examples, we prove (3) and (5).

(3) Firstly, suppose that R is irreflexive and semitransitive. If aRb and
bRc, then semitransitivity implies that aRa or aRc. By the irreflexivity of R,
aRc is obtained. Hence, R is transitive.

Next, suppose that R is an irreflexive and Ferrers relation. If a Rb and bRc,
then we have aRc or bRb. By the irreflexivity of R, aRc is obtained, which
means that R is transitive.

(5) If aRb and bRc, then aRc by the transitivity of R. For any d € X, it
follows from the negative transitivity of R that aRd or dRc, which implies
that R is semitransitive.

In order to prove the Ferrers property, let aRb and cRd. Then aRc or cRb
by the negative transitivity of R. In the case of c¢Rb, the Ferrers property
holds. If aRc, together with cRd, we have aRd by the transitivity of R. The
Ferrers property also holds. O

Tt follows immediately from Proposition 317 that:

(1) If R is a complete, irreflexive and semitransitive (Ferrers) relation, then
R is a Ferrers (semitransitive) relation;

(2) If R is a reflexive, antisymmetric, and semitransitive (Ferrers) relation
then R is a Ferrers (semitransitive) relation.
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3.6.2 Negative S-Transitivity, T-S-Semitransitivity,
and T-S-Ferrers Property

In this subsection, we extend the concepts in the last subsection to the fuzzy
case and present some corresponding results.

Definition 3.13. Let R be a fuzzy relation on X and (T,S,n) a De Morgan
triple.

(1) If R satisfies that: Ya,b € X,a # b,T(R(a,b),R(b,a)) = 0, then R is
called T-antisymmetric;

(2) If R satisfies that: Ya,b € X,a # b,S(R(a,b),R(b,a)) = 1, then R is
called S-complete;

(3) R is called irreflexive if Ya € X, R(a,a) = 0;

(4) If R satisfies that: Ya,b,c € X,S(R(a,b), R(b,c)) > R(a,c), then R is
called negatively S-transitive;

(5) If R satisfies that:

Ya,b,c,d € X, S(R(a,b),R(b,¢)) > T(R(a,d), R(d,c)),

then R is called T-S-semitransitive;
(6) If R satisfies that:

Va,b,c,d € X,S(R(a,b),R(c,d)) > T(R(a,d), R(c, b)),
then R is called a T-S-Ferrers relation.

Now we investigate two special cases. Firstly, consider the case T(x,y) =
min(z,y) or S(z,y) = max(z,y). For convenience, we shall drop the pre-
fix min and max. For instance, max-complete, min-antisymmetric, min-max-
semitransitive are simply called complete, antisymmetric and semitransitive
respectively. In this case, all the notions involved in Definition are the
so-called cutworthy ones, i.e. R has the property P iff R, has the property
P for all a € [0, 1]. More specifically, we have the following results.

Proposition 3.18. Let R be a fuzzy relation on X.

(1) R is antisymmetric iff Ry, is antisymmetric for all « € [0,1];

(2) R is complete iff R, is complete for all o € [0,1];

(3) R is negatively transitive iff Ro is negatively transitive for all o € [0,1];
(4) R is semitransitive iff R, is semitransitive for all o € [0,1];

(5) R is a Ferrers relation iff R, is a Ferrers relation for all o € [0,1].

Proof. We prove (5) as an example.
Firstly, suppose that R is a Ferrers relation. For any fixed o € [0, 1], let

aR,b and cR,d. Then R(a,b) > o and R(c,d) > a. By the Ferrers property
of R, we have

max{R(a,d), R(c,b)} > min{R(a,b), R(c,d)} > a,
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whence R(a,d) > « or R(c,b) > a, or equivalently, aR,d or cR,b, which
indicates that R, is a Ferrers relation.

Conversely, suppose that R, is a Ferrers relation for any « € [0, 1].

For any a,b,¢,d € X, let @« = min{R(a,b), R(c,d)}. Then R(a,b) > « and
R(c,d) > a, ie. aR,b and cR,d. By the Ferrers property of R,, we have
aRad or cRyb, In other words, R(a,d) > a or R(c,b) > a, or equivalently,
max{R(a,d), R(c,b)} > a. Hence

max{ R(a,d), R(c,b)} > min{ R(a,b), R(c,d)},
and thus R is a Ferrers relation. O

The second special case is for a strong De Morgan triple (T, S5, N,). In this
case, it can be checked that:

(1) Ris S-complete iff
Va,b € X,a # b,p(R(a,b)) + p(R(b,a)) > 1.
(2) R is T-antisymmetric iff
Va,b e X,a #b,p(R(a,b)) + p(R(b,a)) <1.
(3) R is negatively S-transitive iff
Va,b,c € X, p(R(a,b)) < o(R(a,c)) + o(R(c,b)).
(4) R is T-S-semitransitive iff
Va,b,c,d € X,p(R(a,c)) + ¢(R(c,b)) — 1 < ¢(R(a,d)) + p(R(d,b)).
(5) R is T-S-Ferrers relation iff
Va,b,c,d € X, p(R(a,b)) + p(R(c,d)) — 1 < p(R(a,d)) + ¢(R(c,b)).
We firstly present a proposition, which is a counterpart of Proposition[3.16

Proposition 3.19. Let (T, S,n) be a De Morgan triple with n a strong nega-
tion. Then
(1) R is T-antisymmetric iff RS is S-complete;
(2) R is T-transitive iff RS is negatively S-transitive;
(3) R is T-S-semitransitive iff RS is T-S-semitransitive;
(4) R is a T-S-Ferrers relation iff RS is a T-S-Ferrers relation.
Proof. (1) R is T-antisymmetric
S Va,be X,a#b,T(R(a,b), R(b,a)) =0
& n(T(n(R;(a,0)),n(R5, (b, ) = n(0)=1(a # b)
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< S(RS(a,b), RS (b,a)) = 1(a #b)
< RS is S — complete.

(2) R is T-transitive < Va,b,c € X, T(R(a,b), R(b,c))< R(a,c)
& n(T(n(Ry(a,b)), n(Ry(b, )= n(R(a,c)),
& S(R;(a,b), B (b, ¢) = Ry (a, )
& RS is negatively S-transitive.

The proof of (3) and (4) is similar to that of (2) and omitted. O

Now we start to deal with the relationships between negative S-transitivity,
T-transitivity, T-S-semitransitivity and T-S-Ferrers property. Firstly, we
point out that a part of Proposition B.IT(5) is still true in the fuzzy case,
which is stated as follows.

Proposition 3.20. If R is T-transitive and negatively S-transitive, then R
is a T-S-semitransitive relation.

Proof. By the T-transitivity and negative S-transitivity of R, for any a, b, c,
d € X, we have

T(R(a,b),R(b,c)) < R(a,c) < S(R(a,d), R(d,c)).
Hence R is a T-S-semitransitive relation. O

Any other result in Proposition [B.I7 is not necessarily true even though T is
continuous and n is a strong negation. The following example illustrates that
S-completeness and T-transitivity cannot guarantee negative S-transitivity.

Example 3.8. Let X = {a,b,c} and R be defined as

1 07 03
R=107 1 04
03 02 1

l;;lt n(r) =1—z, T(z,y) = ¢ H(maz(p(z) + p(y) — 1,0)) with o(x) = 2.

S(z,y) = n(T(n(z),n(y))) = (¢ o n) "' (maz((p o n)(z) + (p o n)(y) — 1,0)).
It is easily checked that: Vx,y,z € X,
(pon)(R(z,y)) + (pon)(R(y,z)) <1

and
e(R(z,y)) +1 = ¢(R(z, 2)) + ¢(R(z,y)),
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which indicate that R is S-complete and T-transitive. However,

(pon)(R(a,c)) + (pon)(R(c,b)) > (¢ on)(R(a,b)) + 1
i.e. R is not negatively S-transitive.

However, Proposition 317 is still true in some special cases.

Proposition 3.21. Let R be a fuzzy relation on X and (T, S,n) a De Morgan
triple.

(1) If R is complete and T-transitive, then R is a negatively S-transitive,
T-S-semitransitive and T-S-Ferrers relation.

(2) If R is antisymmetric and negatively S-transitive, then R is a T-transitive,
T-S-semitransitive and T-S-Ferrers relation.

(8) If R is an irreflexive and T-S-semitransitive (T-S-Ferrers) relation, then
R is T'-transitive.

(4) If R is a reflexive and T'-S-semitransitive (I'-S-Ferrers) relation, then R
is negatively S—transitive.

Proof. (1) Firstly, we prove that
Va,b,c € X,S(R(a,b),R(b,c)) > R(a,c).
If b = ¢, the inequality is obvious. So we assume b # c¢. In this case, the

inequality is again obvious if R(b,c) = 1. Otherwise, R(c,b) = 1 by the
completeness of R. Hence

S(R(a,b), R(b,¢)) > R(a,b) > T(R(a,c), R(c,b)) = R(a,c).

Therefore, R is negatively S-transitive.
Secondly, we prove that

Va,b,c,d € X,S(R(a,b), R(b,c)) > T(R(a,d), R(d,c)).
If a =0,
S(R(a,b), R(b,c)) = S(R(a,a),R(a,c)) > R(a,c) > T(R(a,d), R(d,c)).

The inequality holds. Now suppose a # b. When R(a,b) = 1, the inequality
apparently holds. Otherwise, R(b,a) = 1 by the completeness of R.

S(R(a,b), R(b, C)) (b, C)

i.e., R is T-S-semitransitive.

The proof of T-S-Ferrers property is similar to that of T-S-semitransitivity.
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(2) We only prove T-S-semitransitivity. The remaining proofs are similar.
It suffices to show that

Ya,b,c,d € X,S(R(a,b), R(b,c)) > T(R(a,d), R(d,c)).
If a = d, then
T(R(a,d), R(d,c)) = T(R(a,a), R(a,c)) < R(a,c) < S(R(a,b), R(b,¢)),

which is the desired inequality. We assume a # d. When R(a,d) = 0, the
inequality is obvious. Otherwise, R(d,a) = 0 by the antisymmetry of R.

T(R(a,d), R(d, c))

(3) If R is T-S-semitransitive, then for any a,b,c € X, due to the irreflex-
ivity of R,

T(R(a,b), R(b,¢)) < S(R(a,a), R(a,c)) = R(a,c),

i.e. R is T-transitive.
If R is a T-S-Ferrers relation, then for any a,b,c € X, due to the irreflex-
ivity of R,

T(R(a,b), R(b,c)) < S(R(a,c), R(b, b)) = R(a, ),
i.e. R is T-transitive.
(4) Similar to the proof of (3). O

Tt follows immediately from Proposition B.21] that:

(1) If R is a complete, irreflexive and T-S-semitransitive (T-S-Ferrers)
relation, then R is a T-S-Ferrers (T-S-semitransitive) relation.

(2) If R is a reflexive, antisymmetric, and T-S-semitransitive (T-S-Ferrers)
fuzzy relation then R is a T-S-Ferrers (T-S-semitransitivity) fuzzy relation.

The condition completeness or antisymmetry of R is very strong, which
will be weakened in the coming discussion. Certainly, we have to pay a price
which is a restriction on the De Morgan triple.

Proposition 3.22. Let (T, S,n) be a De Morgan triple satisfying the follow-
ing condition:

€)  Va,y,2€0,1,T(S(z,y), 2) < S(x,T(y,2)).



90 3 Fuzzy Relations

(1) If R is S-complete and T-transitive, then R is a negatively S-transitive,
T-S-semitransitive and T'-S-Ferrers relation.

(2) If R is T-antisymmetric and negatively S-transitive, then R is a T-
transitive, T-S-semitransitive and T-S-Ferrers relation.

Proof. (1) Firstly, we prove the negative S-transitivity, i.e.
Va,b,c € X, R(a,c) < S(R(a,b), R(b,c)).

If b = ¢, it is obvious.
If b # ¢, then S(R(b,c), R(c,b)) = 1 by the S-completeness of R. Hence,
by the T-transitivity and the condition (C),

S(R(a,b), R(b,c)) > S(T(R(a,c), R(c,b)), R(b, c))
>T(S(R(b,c),R(c,b)), R(a,c)) = R(a, ),

i.e. R satisfies the negative S-transitivity.
Now the T-S-semitransitivity follows from Proposition [3.20
What is left is the proof of Ferrers property, i.e.

Ya,b,c,d € X,T(R(a,b), R(c,d)) < S(R(a,d), R(c,b)).

Indeed, by the negative S-transitivity, condition (C) and T-transitivity, we
obtain successively,

T(R(a,b), R(c,d))

which completes the proof of (1).
(2)We firstly prove the T-transitivity of R, i.e.

Va,b,c € X, T(R(a,b), R(b,c)) < R(a,c).

If b = ¢, the inequality is clearly valid.
If b # ¢, T(R(b,c), R(c,b)) = 0 by the antisymmetry of R. Hence, by the
negative S-transitivity and condition (C),

T(R(a,b), R(b,c)) < T(S(R(a,c), R(c,b)), R(b,c))
< S(R(a,c), T(R(c,b), R(b,c)))
= R(a,c).

T-S-semitransitivity follows from Proposition [3.20] and the proof of T-S-
Ferrers property is the same as that of the T-S-Ferrers property in (1). O

In the presence of condition (C), combining Proposition 3:22] and B.2T] may
yield some new results. For example,



3.6 Other Special Fuzzy Relations 91

(i) If R is an S-complete, irreflexive and T-S-semitransitive (T-S-Ferrers)
relation, then R is a T-S-Ferrers (T-S-semitransitive) relation;

(ii) If R is a T-antisymmetric, reflexive, T-S-semitransitive (T-S-Ferrers)
relation then R is a T-S-Ferrers (T-S-semitransitive) relation, etc. In addi-
tion, it follows from the proof of Proposition 3:222(1) that:

If condition (C) is satisfied, then T-transitivity and negative S-transitivity
imply T-S-Ferrers property.

Finally, we would like to say more about condition (C). This condition is
based on the crisp set equality:

(AUBYNCC AU (BNC).

It is easily checked that all of (T, SL), (Tx, Sx) and (Tinin, Smax) satisfy the
condition.

3.6.3 Consistency, Weak Transitivity and Acyclicity

Let R be a fuzzy relation on X. In decision making, X usually stands for the
set of alternatives and R(z,y) (xz,y € X) represents the degree of “x is at
least as good as y”. Then the comparison of alternative z and y becomes that
of R(z,y) and R(y,x). In this situation, the following notions are helpful.

Definition 3.14. Let R be a fuzzy relation on X.

(1) If (Va,b,c € X), (R(a,b) > R(b,a) and R(b,c) > R(c,b) imply R(a,c)
> R(c,a)), then R is called consistent;

(2) If (Va,b,c € X), (R(a,b) > R(b,a) and R(b,c) > R(c,b) imply R(a,c)
> R(c,a)), then R is called weakly transitive;

(8) If there are no ay,as,...,a, € X such that

R(ai,az2) > R(az,a1), R(as,as) > R(as,az2),..., R(am—1,am) >
R(am,am-1) and R(am,a1) > R(a1,an), then R is called acyclic.
Given a fuzzy relation R on X, define the crisp relations
R = {(a,b)|R(a,b) > R(b,a)}

and
R" = {(a,b)|R(a,b) > R(b,a)}.

Clearly, R is consistent iff R’ is transitive, and R is weakly transitive iff R”
is transitive.
It follows from the definition that weak transitivity implies acyclicity.

Proposition 3.23. If R is transitive, then R is weakly transitive.
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Proof. We prove it by contradiction. Suppose that R(a,b) > R(b,a), R(b,c) >
R(e,b) and R(a,c) < R(c,a). By transitivity,

R(a,c) > min(R(a,b), R(b, c).
If R(a,b) < R(b,a), then R(c,a) > R(a,c) > R(a,b), and thus,
R(b,a) > min(R(b,c), R(c,a)) > R(a,b),

a contradiction.
If R(a,b) > R(b,a), then R(a,c) > R(b,c) and thus

R(b,c) > R(c,b) > min(R(c,a), R(a,b)) > min(R(a,c), R(b,c)) = R(b, ¢),

a contradiction. O

Proposition 3.24. A fuzzy relation R on X is consistent iff the following
statements are true:

(1) R is weakly transitive;
(2) Va,b,c € X), (R(a,b) = R(b,a) and R(b,c) = R(c,b) imply R(a,c) =
R(c,a)).

Proof. Let R be consistent. Firstly, we prove the weak transitivity of R.

If R(a,b) > R(b,a), R(b,c) > R(c,b) and R(a,c) < R(c,a), then
R(¢,a) > R(a,c), R(a,b) > R(b,a), and R(b,c) > R(c,b), which violates
the consistency.

Conversely, suppose that (1) and (2) hold.

If R(a,b) > R(b,a), R(b,c) > R(c,b) and R(a,c) < R(c,a).

(1) If R(a,b) > R(b,a), R(b,c) > R(c,b), then R(a,c) < R(c,a), which
contradicts (1).

(2) If R(a,b) = R(b,a), R(b,c) > R(c,b), then R(a,c) < R(c,a), which
contradicts (1).

(3) R(a,b) > R(b,a), R(b,c) = R(c,b), then R(a,c) < R(c,a), which contra-
dicts (1).

(4) R(a,b) = R(b,a), R(b,c) = R(c,b), then R(a,c) < R(c,a), which contra-
dicts (2). O

Therefore, consistency implies weak transitivity.

Generally speaking, consistency and transitivity are independent which
can be illustrated by the following example.

Example 3.9. Let X = {a,b,c}, Ry and Ry be fuzzy relations on X defined

as:
1 05 07 1 09 06
Ri=(05 1 05 R,=(07 1 08].
0.8 05 1 05 07 1

Then it can be checked that Ry is transitive and Ry is consistent. Howewver,
Ri(a,b) = Ryi(b,a), Ri(b,c) = Ri(c,b) and Ri(a,c) < Ryi(c,a), which imply
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that Ry is not consistent. In addition, Ra(a,c) < min{Ra(a,b), R2(b,c)},
which implies Ry is not transitive.

To conclude this section, we present an important result in fuzzy decision
making as an application of acyclicity.

Proposition 3.25. Let R be a fuzzy relation on a finite set X. For B €
P(X), define

R(B) ={ala € B,¥b € B,R(a,b) > R(b,a)}.
Then R is acyclic iff R(B) # 0 holds for all B € P(X).

Proof. Firstly, assume that R(B) # ) holds for all B € P(X). We prove that
R is acyclic by contradiction.
Suppose that there exist a1, aso,...,a, € X such that

R(a1,az2) > R(az,a1), R(az,a3) > R(as,az2),..., R(am-1,am) > R(@m,am—1)

and R(am,a1) > R(a1,an,). By letting B = {a1, a2, ..., an}, we have R(B) =
() which is in contradiction to our assumption.

Conversely, assume that R is acyclic. We prove that R(B) # 0 holds for
all B € P(X). Suppose, to the contrary, there exists B € P(X) such that
R(B) = (). Take an arbitrary a; € B. Then there must exist as € B such that
R(az,a1) > R(a1,az) due to a; ¢ R(B). Similarly, there must exist as € B
such that R(as, a2) > R(az,as) due to az ¢ R(B). Continuing in this way, we
have a,, € B satisfying R(an+1,an) > R(an, any1) for any positive integer n.
From the finiteness of X, we infer that there must exist a; € B (1 <i < n)
such that a; = a,, when n > |X|. Now we have a;,ait1,...,an41 € BC X
such that

R(ai+1,a;) > R(ai, aiv1), -, Rlan, an_1) > R(an, an-1)
and R(an+1,0n) > R(an,ant1), ie.
R(ai+1,a;) > R(a;,ai+1), .-, Rlan, an_1) > R(an, an_1)
and R(an+1,a;) > R(a;, ant1), which is in contradiction to acyclicity. O

Remark 3.6. Relations and their properties are extensively employed in deci-
sion making analysis. As we know, one of the central tasks in a decision making
problem is to rank all the involved alternatives or choose some “good” alterna-
tives. To fulfill this task, a decision maker has to make comparisons among al-
ternatives. An extensively used approach to comparing alternatives is pairwise
comparison, which can be represented by a relation called preference. This ap-
proach has been well-developed preference modeling theory [I19]. In this theory,
relations are employed to model various comparing results between alternatives
including strict preference, indifference, incomparability and large preference.
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Some properties of relations, e.g. reflexivity, completeness, transitivity, semi-
transitivity, Ferrers property are among the most important concepts for model-
ing particular preference structures such as weak order, partial order, interval
order, semitransitive order etc. In 1982, Orlovsky [109] used a fuzzy relation
to express the preference degrees between alternatives and developed the con-
cept of fuzzy preference. From then, the choice function based on a fuzzy pref-
erence is investigated in detail by some authors [T}, [18, [83, (103, 120, [157] in
which acyclicity, weak transitivity and consistency are frequently used proper-
ties. Meanwhile, preference structures are also fuzzified with the fuzzification
of preference. For the literature on fuzzy preference structures, we recommend
the references [20,121),[34), (35, [54), [506, [93]. As in the crisp case, the fuzzy coun-
terparts of transitivity, semitransitivity and Ferrers property play an important
role in the investigation of particular fuzzy preference structures.

3.7 Fuzzy Relation Equations

A fuzzy relation equation is an equality containing unknown fuzzy relations.
For example, given fuzzy relations R and S, XUR = S, X?2NR = X oS with
X an unknown fuzzy relation are fuzzy relation equations. In this section,
we concentrate on the investigation into the type of equations X o R = S,
where R and S are given relations and X is the unknown fuzzy relation. Our
aim is to find X such that X o R = S is satisfied. For this purpose, we firstly
introduce some notions concerning the equation in the following.

Definition 3.15. If a fuzzy relation X satisfies the equation X o R = S,
then X is called a solution. An equation which has some solutions is called
consistent. For a consistent equation, if a solution X is such that for any
other solution X, X C X, then X 1is called the maximal solution.

Specifically, let R € F(V x W) and S € F(U x W). Then X € F(U x V).
The equation X o R = S is written as

V(u,w) € U x W, \/ (X (u,v) A R(v,w)) = S(u, w).

veV

Take the notation
X (u,v) = /\{S(u,w)|5(u,w) < R(v,w)}.
We make the convention that \/ a; =0 and A «; = 1 henceforth.
i€ i€
Theorem 3.2. The equation X o R =S is consistent iff X o R =S5.

Proof. The sufficiency is obvious.
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Necessity. Assume that X is an arbitrary solution of X o R = S. Then

V(u,w) € U x W, \/ (X (u,v) A R(v,w)) = S(u, w).

veV

Hence, the inequality X (u,v) A R(v,w) <

S(u,w) (Vu,v,w) e U xV x W)
holds. For any fixed u, v, X (u,v) < S(u,w) if S(u

,w) < R(v,w). As a result,

X(u,v) < /\{S(u,w)\S(u,w) < R(v,w)} = X(u,v).

w

If the inequality S(u,w) > R(v,w) h ldb for any w in W, then X (u,v) =1
since {S(u,w)|S(u,w) < R(v,w)} = 0. We still have X(u,v) < X(u,v), and
thus X C X.

On the other hand, if S(u,w) < R(v,w), then X(u,v) < S(u,w) by
the definition of X. Otherwise, S(u,w) > R(v,w). In either case, we have
X(u,v) A R(v,w) < S(u,w) (V(u,v,w) € U xV x W). It follows that

V(u,w) € U x W, \/ (X(u,v) AN R(v,w)) < S(u,w),
veV

ie. XoR C S. Now we have S = X o R C X o R C S, which implies the
desired result X o R = S. O

Remark 3.7. It follows from the proof of the theorem that
(1) If the equation X o R = S is consistent, then X defined by

X(u,v) = /\{S(u,w)\S(u,w) < R(v,w)}

is the maximal solution;
(2) The inclusion X o R C S holds no matter whether the equation is consis-
tent or not.

In the sequel, we shall restrict our attention to fuzzy relation equations on
finite universes. Let us start with the equations X o R = S, where X =
(x1,22, - ,xn), S = (51,82, ,8m) and R = (7i;)nxm- In this case, the
equations may be explicitly written as

\/ xk/\Tk] —5](.7—1,2, ,m).

By Remark B7(1), the maximum solution would be X = {Z1,Z2, -+ ,Tpn},
where Z, = A{sj|s; < ri;} provided that the equation is consistent. Take
J

the notation

G = {(kl,k‘g,'-' ,km)|$k_j /\’I“k].j = Sj,j =1,2--- ,m}.
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If G#£0, for g = (k1,ka, - ,km) €EGand k=1,2,--- n, let

Ty, = \_/{Sijj =k}

Write Xy = (zg,,Zg,, -, Zg, )-

Theorem 3.3. The equation X o R=S is consistent iff G # 0. Under the con-
dition G#0), we can find g in G such that X, C X CX for every solution X .

Proof. We need to show that

(i) If the equation is consistent, then G # {);
(ii) If G # 0, then the equation is consistent;
(iii) For every solution X, an element g in G can be found such that X, C
X C X.

Firstly, we prove (i).
Since the equation is consistent, the maximal solution is X. Thus

n
\/xk/\rk] —5](.7 1,2,"-,777,).
k=1

Hence, there exist ki, kg, ---, kp, such that oy, Arg,; = s;(j = 1,2---,m),
which implies (k1, ke, -+ ,km) € G, i.e. G # 0.

Next we prove (iii).
Assume that X = (21,22, - ,zy) is a solution. Similar to the proof of (i),
there exist k1, ko, -, ky, such that @y, Arg,; = s;(j =1,2---,m). Hence

n
Sj = Tp; NTys < Thy NThyj < \/ ij/\Tkj < sj.

As aresult, Ty, Ary,; = s;(j =1,2--- ,m) and thus g = (k1, k2, ,km) € G.
Now it suffices to prove X, C X considering that X C X is trivially true.

For any fixed k (1 < k < n), if there exist some ks, k; = k, then x), =
wg; > s; and thus zx > \/{s;|k; = k} = z, .

J
If there is no k; equal to k, then x4, =0 < .
Therefore, x4, < xj, holds for all £ =1,2,---,n. Consequently, X, C X.
Finally, we prove (ii).
Putting g = (ki1, k2, - ,km) € G, we prove that X, = (zg,,2g,, - ,2g,)
is a solution.
Since

n
\ @o Arig) = wg Ariyg = \[silki = kj} Ariyy > 85 Arigy = s,
k=1

i

we have Xgo R D S.
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For any fixed k (1 < k < n), if there exist some k;s, k; =k, then 7, =
wy, > 55 and Ty > \/{s;]k; = k} = x4,

J

If there is no k; equal to k, then x4, = 0 < zy.

Therefore X, C X. In summary, we have S C X,0 R C X o R C S, which
implies that X, 0 R = S. Hence X is a solution. O

It can be seen from the proof of Theorem that if G # (), then every X
satisfying that X, C X C X is a solution. Consequently, the set of solutions
of the equation is

X ={X|X,CXCX,geG}

Example 3.10. Solve the equation

03 05 02
(z1,29,23)0 [ 0.2 0 0.4 | =(0.2,0.4,0.2).
0 06 0.1

In this example,
z1 = N{sjls; <71;} =021 0.4 =0.2.
J
T2 = A{Sj‘Sj < ng} =0.2.
J
T3 = A{Sj‘Sj < T3j} =0.4.
J
T, N1iy1 = s1 = 0.2 leads to ky € {1,2}. Similarly, k2 = 3 and ks € {1,2}.

Hence

G = {(17 3,1),(1,3,2),(2,3,1),(2,3, 2)}
For g = (k1, k2, k3) = (1,3,1), we have

2, = \{sjlk; =1} =02V 0.2=0.2.
j
g2 = Vsjlk; =2} = 0.
J
g = Visjlk; = 3} = 0.4.
J

Thus Xg = (2g,,%g,,%g,) = (0.2,0,0.4). The set of solutions satisfying that
X, C X C X is (0.2,{0,0.2],0.4). In the same manner, the corresponding
set of solutions for g = (2,3,1) or g = (1,3,2) is (0.2,0.2,0.4), which is
contained in the set (O 2,[0,0.
for g = (2,3,2) is ([0,0.2],0.2
example is

2],0.4) and is dropped. The set of solutions
,0.4). In summary, the set of solutions in the

X ={X|X,C X CX,geG}=1{(02,0,0.2],0.4), ([0,0.2],0.2,0.4)}.
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The preceding procedure of solving a fuzzy relation equation can be arranged
in the following table.
I To I3
s1=0.2 02 02

82:0.4 0.4
s3=0.2 02 0.2

02 02 04
(1,3,1) 02 0 04
(2,3,2) 0 02 04
(1,3,2) 02 02 04

(2,3,1) 02 02 04

Based on this table, the set of solutions can be quickly acquired by comparing
X to all X, (9 € G), which are listed in the lower part of the table.

More generally, consider the equation X o R = S, where X = (4 )nxm,
R = (rij)mx: and S = (sij)nx:- This equation is equivalent to the following
system of fuzzy relation equations:

(i1, Ti2, -+, Tim) © R = (841, Sa2,- -+, 8a) (1 =1,2,--- ,n),

which are n equations solvable by means of the preceding procedure.

Example 3.11. Solve the equation

0.3 05 0.2

("””“ 12 "””13)0 02 01 0 :(82 8';1 8;’).
Y2 g2 42 0 04 03 = e b
Decompose the equation into
0.3 0.5 0.2
(x117m127m13) o 02 01 O = (0704703)
0 04 0.3
and
0.3 0.5 0.2
($217$22, $23) o 02 01 O = (02, 0.2, 02)
0 04 0.3

Tabling the solving process of two equations, we obtain

T21 T22 X23
s21 =02 0.2 0.2
s22=0.2 0.2 0.2

i1 T12 T13

s12 = 0.4 0.4 93 = 0.2 0.2 0.2
S$13 — 0.3 0.3

X 02 1 0.2
X 0 0 1 X 020 0
X1, 0 0 04 %9 '

0 02 02
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Based on these tables, the set of solutions is

{(092 [0?1] %8%5)([0%2] [0.3,1} mé’z“)}

Finally, consider the equation R o X = S. By Proposition 3.2 it can be
transformed into X ~!' o R~! = S§~1, which is solvable.

Remark 3.8. The study of fuzzy relation equations was initiated by Sanchez
[127] in 1976. The equations involved in this section are the so-called sup —
min composite fuzzy relation equations on the unit interval. For more gen-
eral sup —T equations with T a t-norm or those formulated on a lattice, the
reader may refer to [17, (32, (39, [{1], (128, [177)]. Besides this type of equations,
many researchers investigated various other types of equations such as s —t
equations[112], inf —T composite equations [11, [116] with T a fuzzy implica-
tion, fuzzy bilinear equations [140] and so on. If the solution set is empty, the
study of approximate solutions may be carried out [63, [113]. For applications
of fuzzy relation equations in fuzzy reasoning, fuzzy control and other areas,
see [29, [10, 163, [T11, [129]. In [33,[70,[42], an overview of all related research
can be found.

3.8 Some Applications of Fuzzy Relations

In this section, we shall introduce some applications of fuzzy relations.

3.8.1 Fuzzy Clustering Analysis

Objects are normally described by means of multiple indices in a real world
problem. The mathematical method in which these multiple indices are em-
ployed to classify objects is called clustering analysis. Fuzzy clustering anal-
ysis refers to the mathematical method in which fuzzy set theory is applied
for the purpose of classification.

Let X = {z1,2,...,2,} be the set of objects to be classified. Assume that
C, Ca, ..., Cp, are m indices. The corresponding indices of ; (1 < i < n) are
Til, Ti2, - - -y Tim- Now the question is how to classify X based on these given
indices. As we know, this problem is attacked in Mathematical Statistics.
Fuzzy relation theory provides an alternative solution to the problem which
is stated in detail in the sequel.

Firstly, transform the indices (21, Zi2, ..., Zim) and (21, 2j2,...,2Tjm) of
x; and x; into a single number r;; which reflects the similarity degree of z;
with 2;. This process is called the scaling process. The scaling approaches in
the literature are various. Here are some of them.
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(1) Scalar product approach
1 i=j
o m
"ij = A142$ik$jk i F£ ]
k=1
m
where M = max TikTik|-
na; \I; ik k|
(2) Correlation coefficient approach

> ohey @ik — @) (g — )

TS (i — w2 (g — w)?

Tij )

1 m
here ; = w(i=1,2,...,n).
where m;xk(z n)

(3) Max-Min approach

> (@i A i)

B
I
—

Tij =

NE

(T V k)

B
I
—

(4) Exponential approach

m
—Z \xzk — Tjk

=e k=1 .

Tij

(5) Distance approach
m
Tij =1- CZ \xik — -Tjk|;
k=1

where ¢ is a properly chosen constant so that r;; € [0,1] (2,7 =1,2,...n).

It can be seen that r;; € [—1, 1] after scaling whatever approach mentioned
above is applied. If r;; € [—1,0] for some 4, j, then for all i = 1,2,--- ,n and
j=1,2,--,n, let

1
/ — ..
Tij = 2(1 +7ij)
or

T/u _ Tij — mln#j Tij
Y (maxXiz; —min;;)
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so that r{; € [0,1] for all 4,5 = 1,2,--- ,n. For convenience, we assume that
ri; € [0,1] after scaling. In addition, it is clear that r;; = 1, 755 = 75 (,5 =
1,2,...,n). Now write R = (7j)nxn, which is a fuzzy tolerance relation.
Calculate the transitive closure ¢t(R) of R and use it to classify x1,xa, ..., z,
at some level a.

Example 3.12. Fvery environmental cell consists of air, water, soil, and
plants which are called four crucial elements in assessing the environmental
quality of the cell. The content of pollutants in the four elements can reflect
how much the environmental cell is polluted. For each element, there is a
prescribed content value of pollutants. The more the content of pollutants in
a certain element exceeds the prescribed value, the more the environmental
cell is polluted in terms of the element. In the following table, the pollution
data pertaining to four environmental cells are listed.

air  water soil  plants

I 5 5 3 2
I 2 3 4 5
5 5 2 3
v 1 5 3 1
I 2 5 1

The numbers in the table reflect how much the contents of pollutants go
beyond the prescribed values. The bigger the number is, the more the con-
tent of pollutants exceeds the prescribed value of the element in the column.
Based on these pollution data, we can classify the five environmental cells
LILIILIV,V.

Firstly, we obtain the similarity evaluations between environmental cells
by scaling the data. The distance approach is taken for this purpose, i.e.

4
rij =1— CZ |zix, — x5 | with ¢ =0.1.
k=1

For instance, 112 =1 —0.1(|5— 2|+ |5 = 3| + |3 — 4| + |2 — 5|) = 0.1, which
means that the similarity evaluation is 0.1 between the environmental cell 1
and II. In a similar way, oll 735 (1,5 =1,2,...,n) can be calculated and thus
we obtain the matriz

1 01 08 05 0.3
01 1 01 02 04
R=|(08 01 1 03 0.1
05 02 03 1 06

03 04 01 06 1

This is the very relation in Example and thus the classification based on
the transitive closure t(R) at the different levels may refer to the example.
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In practice, it is not necessary to compute the transitive closure ¢(R) in order
to get the classifications at different levels if R is a fuzzy tolerance relation.
This is the direct clustering method introduced in the following. We take
Example for an illustration.

For a« =1, r; =1 (i = 1,2,...,n) and hence the classification is {z1},
{w2}, {ws}, {za}, {zs}.

For oo = 0.8, r13 = 0.8. Merging the class {x1} and {x3} at the level o = 1,
we have the classification {x1,z3}, {z2}, {z4}, {25}.

For o = 0.6, r45 = 0.6. Merging the class {z4} and {z5} at the level
a = 0.8, we have the classification {x1,z3}, {x2}, {z4, 25}

Similarly, the classification is {z1, x3, 4, 25}, {22} at the level & = 0.5 and
X can not be classified at a < 0.4.

Here is another more complex example.

Example 3.13. Let X = {1, 22, T3, T4, %5, T6,27}. R € F(X x X) is defined
in the form of a matriz

1 08 1 02 08 05 0.3
08 1 04 03 07 06 0.3
1 04 1 07 1 06 05
R=1|(02 03 07 1 05 08 0.6
08 07 1 05 1 02 07
05 06 06 08 02 1 08
03 03 05 06 07 08 1

For the greatest value o =1, 1y =1 (i =1,2,...,n), r13 = r35 = 1, and thus
X1, T3, 5 should be in the same class. As a consequence, the classification is
{1, 23,25}, {@2}, {@a}, {we}, {7}

For the second greatest value o = 0.8, 112 = 146 = 167 = 0.8. Merging the
class {x1,z3,25} and {x2}, {x4}, {x6} and {x7} at the level o = 0.8, we
have the classification {x1, x2,x3, 75}, {T4, %6, T7}.

For a = 0.7, r34 = 0.7, and hence all the elements would be put together.

3.8.2 An Application to Information Retrieval

In a document retrieval system there are basically three finite sets involved:
a set U = {ug,ua,--- ,up,} of users of the system, a set D = {dy,da, - ,d,}
of documents constituting the system and a set T' = {t1,ta,- - , .} of terms
describing the documents. The document retrieval system can be described
by means of a fuzzy relation F from D to T, where F(d,t) indicates for
every pair (d,t) belonging to D x T to what degree a document deals with
a term t. It should be stressed that there is a great difference between the
importance of a term ¢ in the description of a document d and the degree a
document d treats of a term ¢. If, for example, a very short and uninteresting
document deals almost exclusively with “politics” then the importance of
the term “politics” for that document will be near 1. On the other hand,
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the importance of that document for the term “politics” will surely be near
zero. From the users’ point of view the latter is preferable for, if they want
documents about politics, the paper described will give them no satisfaction.
For this reason, the relation F' indicates the degree to which a document is
relevant to a term rather than indicating the importance of the term in this
document.

The following is an introduction to the work by Zenner et al. [I77]. As
set of documents, a selection of 20 articles with various length from papers,
weeklies, magazines, all dealing to some extent with the following terms:
politics, finances, economics, employment, cruise missiles, U.S.A. and Russia.

A heterogeneous group of 15 persons (consisting of professors, teachers,
laborers, secretaries, housewives and students) was then asked to ascertain
to which degree (between 0 and 1), in their opinion, the documents deal
with the terms considered. Then several methods were developed to come
up with a common document description relation. The following relation is
extracted from this experiment. We restrict ourselves here to six documents
di,da, -+ ,dg and five terms tq,t2, - ,t5, obtaining the following document
description relation F':

08 06 0 0 06
06 05 06 0.1 0.1
02 02 0 0 04
03 03 0 0 O
0.8 08 03 0.1 0.6
03 04 0 0 0.2

where F'(d;,t;) represents the degree to which document d; deals with term
t;.

Using the concepts of afterset and foreset, we may deduce some interesting
information from F'. For example, if we are interested in the set of documents
that deal with term ¢;, we may consider the F-foreset of ¢1:

Ft, = 08/d1 + 06/d2 + 02/d3 + 03/d4 + 08/d5 + 03/d6
Similarly, the F-afterset of document ds:
dsF = O.Q/tl + 0.2/t2 + 0.4/t5

indicates the fuzzy set of terms that are treated in this document.

In addition, let us consider the meaning of FcF~! and F~'cF, where
¢ stands for some composition. Clearly, for every choice of ¢, FcF~! is a
fuzzy relation on D and F~1cF is a fuzzy relation on 7. We shall calculate
membership degrees and interpret them in terms of information retrieval.

(].) Since d1 F' = 0.8/t1 +0.6/t2+0.6/t5 and d3F = 0.2/t1 +0.2/t2+0.4/t5,
(F o F~1)(dy,ds) = hgt(diF N F~'d3) = hgt(d, F (1 d3F) = 0.4, which may
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be interpreted as the degree in which there exists at least one term that is
treated in d; as well as in d3, in other words, it is a measure for the existing
overlap of the information included in documents d; and ds.

Similarly, (F~! o F)(t1,t3) = hgt(Ft1 N Ft3) = 0.6, which may be inter-
preted as the degree to which there exists at least one document that deals
with term t; as well as with term t3, i.e. a measure for the overlap of Ft;
and F't3.

(2) Let I(z,y) = max{1 — z,y}. Then we have
5 5
(F <p F7H)(di,ds) = N\ (1= F(di,t;)VF (t;,d3)) = N\ (1—=F(di,t;)V
j=1 j=1

F(ds,t;)) = 0.2, which may be interpreted as a measure for the degree to
which every term treated in document d; is also treated in document ds, in
other words as a measure for the degree to which information included in d;
is also included in document ds.

Similarly, calculating (F~! <1y F) yields (F~! <1f F)(t1,t3) = 0.2, which
may be interpreted as a measure for the degree to which every document that
deals with term %1, also deals with t3.

(3) Let I(z,y) = max{1 — z,y}. Then we have
5 5
(Fp F7H)(dids) = N\ (1= F(ds, tj)VF7 (t;,d1)) = N\ (1=F(ds,t;)V
j=1 j=1

F(d1,t;)) = 0.6, which may be interpreted as a measure for the degree to
which every term treated in document ds is also treated in document dy, in
other words as a measure for the degree to which information included in d3
is also included in document d;.

Similarly, calculating (F~! >; F) yields (F~! >; F)(t1,t3) = 0.6, which
may be interpreted as a measure for the degree to which every document that
deals with term t3, also deals with t;.

(4) Let E(z,y) = min{max{l — z,y}, max{l — y,x}}. Then we have
(FOgF~1Y)(d1,d3) = 0.2, which may be interpreted as a measure for the
degree to which every term treated in document d; is also treated in docu-
ment dz and vice versa.

(5) Let E(z,y) = min{max{l — z,y}, max{l — y,x}}. Then we have
(F7'0gF)(t1,t3) = 0.2, which may be interpreted as a measure for the
degree to which every document that deals with term t3, also deals with t;
and vice versa.

3.8.3 An Application to Multiple Attribute Decision
Making Analysis

Multiple attribute decision making (MADM) refers to making a decision
(ranking or choosing some alternatives) based on multiple, frequently con-
flicting, attributes. These attributes may be goals or criteria. MADM is very
common in our daily life. For example, one may choose a job among several
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offers by taking the attributes salary, promotion opportunity, work location
etc. into account. When we buy a car, we may consider the attributes like
price, color, safety, gas mileage etc. Generally, assume that Ay, A, ..., A,
are n alternatives and C1, Cs, ..., C), are m attributes. An MADM problem
can be represented in the form of a matrix:

11 T12 * - Tim

T21 T22 *** T2m
R= ,

™l T™h2 " Tnm

where r;; stands for the performance evaluation (rating, satisfaction de-

gree) of alternative A; w.r.t. attribute C;. The matrix R will be called a

decision matrix. Without loss of generality, we assume r;; € [0,1] for all

i=1,2,...,nand j =1,2,...,m (otherwise, some extra treatment is neces-

sary to make 7;; meet the requirement). In addition, the m attributes may

have unequal importance. We use w; to express the importance of C}, called
m

the weight of C;, where w; € [0,1] (j = 1,2,...,m) and ) w; = 1. Write
j=1

W = (w1, ws, ..., wy,). Then a solution of MADM problem is D = Ro W7

where W7 denotes the transpose of W, or more explicitly,

w
T11 T12 *** Tim 1
w2
Tl Tog <+ T
D= 21 T22 2m | g
Tnl ™2 """ Tnm Win,

If D = (d1,ds,...,dy), then d; = \/ (rij Awj) (1 < i < n) represents the

overall performance evaluation (mtlng7 satisfaction degree) of A; after all Cy,
Cs, ..., Cy, are considered. The final decision is based on the comparison of
dy,da,. .. dy.

Example 3.14. To choose a car, we consider the attributes: price(C1),
safety(Cs ), gas mileage(Cs) and comfort(Cy). Suppose that there are three
types of cars A1, Aa, and As available and the corresponding decision matriz
is:
0.3 02 1 0.2
R=(08 1 04 03
0.7 03 05 0.6

The number 0.3 in the first row and the first column can be interpreted as the
satisfaction degree of A1 as far as price is concerned. The interpretation is
similar for the other numbers. If the attributes C1, Cy, Cs, Cy are assigned
the weights 0.3, 0.4, 0.1, 0.2 respectively. Then we have
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03 02 1 0.2 82 0.3
D=108 1 04 03]o 0'1 =104
0.7 03 05 0.6 0'2 0.3

So Ag is the best if we take all the attributes into account.

We have to point out that the previous method is just one of many solutions
and its effect is context-dependent. Like any other decision making approach,
it is not suitable in some cases. According to our experience, the fuzzy method
sometimes fills a gap when the traditional method cannot be applied. For
instance, there is no traditional method which can be used to represent the
fuzziness in a pattern recognition problem as the fuzzy pattern recognition
method does. However, in many other cases, it merely provides an alternative
method which stands along with other methods to attack practical problems.
Fuzzy clustering analysis and the multiple attribute model introduced in this
section belong to this category. For more methods and applications with fuzzy
multi-objective group decision making, the reader is referred to [96].

3.9 Exercises

02 05 0.1 0.8 0.5 0.5
1.IfRy =108 02 09], Ry=104 03 0.7
0.1 04 0.7 1 0.5 0.8

what are Ry U Ro, (R1 N R2)¢ and Rfl URy?
2. Let X = {.Il,xg,xg}, Y = {y17y2,y37y4}. IfRe F(X X Y) is defined by

0.8 0.6 0.7 04
R=|(05 07 1 o05],
0.6 02 04 0.3

find z; R (i =1,2,3), Ry; (j =1,2,3,4), Ro.5 and Ry 7.
3. Show that for every fuzzy relation R and « € [0,1],

(Ra) ™' = (R Nay (Ra)™'=(R o
4. Let R; and Rs be fuzzy relations on R defined by
Va,y € R, Ry(x,y) = e~ (@)% and Ro(x,y) =e¥™7.
Find (R U R2)°(3,2) and (R1 N (R U R2))(3,2).

5. Let Ry, Ro be defined as in Exercise 1. Find Ry Ug, Ra, (R1 U, R2)°
and Ry Ug, Ro.
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10.
11.
12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

Exercises 107
Let Re F(X xY)and S € F(Y x Z) be defined by

06 05 04 0.7 8; 82
R=107 04 05 04, S= 0'3 0.8

0.5 06 04 0.8 1 0.4

Find Ro S, Ro S¢ Rygo SO:6~

If R is defined by R(z,y) = e *@=%*(k > 0), find R2.
Let R€ F(X xY) and S € F(Y x Z). Show that

RoS = U a(Ry0S,) = U a(Rq 0 Sq).

a€el0,1] ael0,1]

If T is a left continuous ¢-norm, show that:

(1) (Ryor R2) or R3 = Ry op (R2 o R3);
(2) Ror (U Rs) = U (Ror Ry).

i€l i€l
Show that (Rl n RQ) * Ry = (Rl * Rg) N (RQ * R3).
Show that (Rq o R2)¢ = R$ x RS and (R; * Re)¢ = R§ o RS.
Let (T,S,n) be a De Morgan triple with N a strong negation. Show that
if I(.I‘,y) = S(n(m),y), then R; <y (RQ <y Rg) = (Rl o Rz) <7 R3 and
Ry (RQ >r Rg) =R >y (RQ o Rg).
Show that if I satisfies I(z,y) = I(n(y),n(z)), where n is a negation,
then R]DERQ = (Rl)%DE(RQ)Z
If R is a reflexive fuzzy relation on X, prove that R? O R and Vz,y € X,
t(R)(z,y) = lim R"(z,y).
If Ry and Ry are symmetric fuzzy relations, then R; o Ry is symmetric
iﬂRl ORQ :RQORl.
Let T be a left continuous ¢t-norm. Show that the R-implication I is a
transitive fuzzy relation on [0, 1].
Show that every fuzzy relation is the union of some transitive fuzzy re-
lations.
Show that R is transitive iff for any positive integers n, k, R"** C R™.
Let R be a transitive fuzzy relation on X. Define a crisp relation R’ on
X by R = {(z,y)|R(z,y) > R(y,x)}. Show that R’ is transitive.
Let the fuzzy relation on X = [0, +oo[ be defined by

1 ifr=y
R(z,y) = {e max{z,4} otherwise

Prove that R is a fuzzy equivalence relation.

Let R;(¢ € I) be fuzzy equivalence relations on X. Show that (| R; is
il

also a fuzzy equivalence relation on X.
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22.

23.

24.

25.

26.
27.

28.

29.

30.

Let R and Ry be T-transitive. Show that
(1) Ry Ny Ry is T-transitive;
(2) Ry1 N Ry is T-transitive.

Let Ry, Ry and R3 be three fuzzy relations on X = {x1, 22, 3, x4} defined
by

1 03 0 03 1 01 03 08
04 1 09 1 01 1 02 05
B=1¢ o041 o R2=103 02 1 03

0.7 09 071 0.8 05 03 1
1 0 0 04
0 1 09 0
0 09 1 0
04 0 0 1
Are they fuzzy equivalence relations? For every fuzzy equivalence rela-
tion, find the partitions of X by R, (0 < a2 < 1).

Let H : [0,1] — X x X be such that

Rs =

(i) H(w) is an equivalence relation for every o € [0, 1J;
(ii) H(az2) € H(a1) whenever oy < ag. Show that R = U aH(a) is

ael0,1]
a fuzzy equivalence relation.

Show that the reflexive closure of a fuzzy relation R on X is RUI, where
1 z=y

0 otherwise

Show that the symmetric closure of a fuzzy relation R on X is RUR™!.
An interior of a fuzzy relation R on X is the greatest relation contained
in R. Show that interior is unique if it exists. Denote the interior of R by
Int(R). Show that Int(R)=(P(R°))°.

If R is a fuzzy relation on a finite universe X, prove that Va € [0, 1],

(t(R))a = t(Ra).
0.4 0.6
k= (0.7 0.5) ’

If

find t(R). Use t(R) to illustrate whether R is transitive or not.

Define the Hamming distance of two fuzzy relations Ry and R on a finite
universe X by:

I is the identity relation defined by I(z,y) = {

d(Rl,RQ) = Z |R1(a,b) —Rz(a,b)‘.

a,be X
If R is a fuzzy relation on the finite universe X, show that

d(t(R),R) = min{d(R', R)|R' D R, R’ is transitive }.
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31.

32.

33.

34.

35

36.

37.

38.

Let R be a fuzzy relation on a finite universe. Let Ry = R, Ro = R; UR%,

-, R, =R,_1UR?_,, ---. Show that there exists a positive integer

N such that t(R) = Ry.
If

1 04 09 06

. 04 1 07 05

09 07 1 0.8 |’

0.6 05 08 1
find t(R).

Let R = (7ij)nxn be a fuzzy tolerance relation.

(1) Show that R is a fuzzy equivalence relation when n = 2.
(2) When n = 3, suppose that

=22 ®

1 «
R=|a 1
By
Show that if R is a fuzzy equivalence relation, then at least two of «,
B and +y are identical.
(3) More generally, verify the following result: If R is a fuzzy equivalence

relation on X and z,y,z € X, then at least two of R(x,y), R(z, 2)
and R(y, z) are identical.

Let R be a relation on X. Show that:

(i) Ris complete iff RUR™' D X x X \ {(z,z)|z € X};
(ii) R is antisymmetric if RN R~ C {(z,z)|z € X}.

Let R be a relation on X. Prove the following equivalencies:

(i) R is negatively transitive iff xr(a,c) < xr(a,b) V xr(b, ¢) holds for
any a,b,c € X;
(ii) R is semitransitive iff xr(a,c) A xr(c,b) < xr(a,d)V xr(d,b) holds
for any a,b,c,d € X;
(iii) R is a Ferrers relation iff xg(a,b) A xr(c,d) < xr(a,d) V xr(c,b)
holds for any a,b,c,d € X.

Show that:

(i) R is negatively S-transitive iff R C R *g R;
(ii) R is T-S semitransitive iff Ror R C R xg R.

In Proposition B:22 if condition (C) is replaced by the condition that T'
has no zero divisor, i.e. Va,y €]0,1], T (z,y) > 0, show that the involved
conclusions are still valid.

Give an example to illustrate that the condition (C) is not generally true
for Ty and Sp.
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39. Show that both a strong De Morgan triple and a strict De Morgan triple
meet, the condition (C).

40. Show that a fuzzy relation R on X is consistent iff (Va,b,c € X),
[(R(a,b) > R(b,a) and R(b,c) > R(e,b) with strict inequality holding
at least once) imply R(a,c) > R(c,a).]

41. If (Va,b,c € X), (R(a,b) > R(b, a) implies R(a,c) > R(b,c) and R(c,b) >
R(c,a)), then R is called strongly transitive. Show that strong transitivity
implies consistency.

42. Show that if a fuzzy relation R on X is transitive and not consistent, then
there exist a, b, c € X such that R(a,b) = R(b,a) = R(b,c) = R(c,b) and
R(a,c) < R(c,a).

43. Show that R is consistent iff R is acyclic and (Va,b,c € X), (R(a,b) >
R(b,a) and R(b,c) = R(c,b) imply R(a,c) > R(c,a)).

44. Consider the statements:

(1) (Va,b,c € X), (R(a,b) = R(b,a) and R(b,c) = R(c,b) imply
R(a,) = R(c,a))

(2) (Va,b,c € X), (R(a,b) > R(b,a) and R(b,c) = R(c,b) imply
R(a,c) > R(c,a)).

We have the following conclusions:
(i) If R is weakly transitive, then (1) implies (2);
(ii) (2) implies (1).
45. Determine the scope of A\, A\; and As in the following equations provided
that they are consistent.

04 02 0.2 0.3
02 A 01 0.4
01 03 03]°%= |03
0.8 0.7 0.8 0.7
M 07 03 0.3 0.4
02 03 02 X | |02
01 05 04 05 “1os
08 02 0 04 0.4

46. Solve the following fuzzy relation equations for X:

06 0 06 08 0.2
W05 03 0 04)ox=1{03
03 01 08 03 0.3
02 02 0 02 0.2
03 07 04 03 0.4
@102 01 05 04]°%X=]03

01 0 0.1 01 0.1



3.9 Exercises

0.3
0
0.5
0.1

0.7 0.3
@) (0.2 0.5
0.7

(5) Xo |05
0.6

47. For any real numbers a, b, write a(b)

Let R = (Tz‘j)nxma B = (bl,bg,...

0.6
0.2
0.3
0.3

0.7
0.6

0.5
0.6
0.7

0.1
0.5
0.1
0.2

)ox-

0.4
0.3
0.4

=(0.2,0.2,0.4,0.3)

0.5 0.5

0.5 06 04
0.5 0.5 0.3
0.6 0.7 04

0.7 0.4)

la>b
ba=b.
Da<bd
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vbm), and R* = (735(bj))nxm. Prove

that the equations X o R = B and X o R* = B have the same set of

solutions.

48. Let T be a t-norm and R € V x W and S € U x W. Consider the fuzzy
relation equation X o R = S. Define X € U x V by V(u,v) € U x V,

X (u,v) = inf It (R(v,w), S(u,w)). Show that if T is left continuous, then

X is the maximal solution of X o R = 5.

49. Given X = {1,292, -

,x7}, use the direct clustering method to obtain

the equivalency classes of the following fuzzy relation at different levels.

1
0.9
0.7
R=1|0.5
0.9

1
0.4

50. Given X = {z1, 9, -

1
0.1
0.6
R=1|03
0.4
0.5
0.8

0.9
1
0.5
0.4
0.5
0.4
0.1

0.1
1
0.1
0.8
0.7
0.5
0.1

0.7
0.5
1
0.5
0.7
0.1
0.4

0.6
0.1
1
0.2
0.5
0.3
0.8

0.5
0.4
0.5
1
0.5
0.7
0.9

0.3
0.8
0.2
1
0.4
0.6
0.2

09 1 04
0.5 04 0.1
0.7 01 04
0.5 0.7 0.9
1 07 01
0.7 1 05
0.1 05 1

0.4 05 0.8
0.7 05 0.1
0.5 0.3 038
04 06 0.2
1 04 04
04 1 0.3
04 03 1

,x7}, use the direct clustering method to obtain
the equivalency class of the following fuzzy relation at the level 0.52.



Chapter 4

Extension Principle and Fuzzy
Numbers

In the traditional multi-attribute decision analysis, there is a well-defined
problem-solving model-the Simple Additive Weighting (SAW) method. This
model can be formulated as follows. Let Ay, Aa, ..., A, be n alternatives and
C1,Cs, ..., Ch m attributes with the corresponding weights wy, we, ..., wn,
respectively. If the evaluation of the alternative A; w.r.t. C; is denoted by
735, then the overall evaluation of A; may be computed as

NIE

w]‘h‘j

i=1
Ti:]m (22172a' 77’),)
> wj
j=1
and the final ranking of alternatives Ai, Ao, ..., A, is based on the compar-
ison of the real numbers r1,79,...,7,. In a real world problem, it is often

difficult to give an evaluation for the weights or the attributes in a precise
way. Sometimes it is more reasonable to say that ‘the evaluation is approxi-
mately 0.7’ than ‘the evaluation is exactly 0.7’. Such situation arises typically
due to the lack of objective information or/and the use of subjective estima-
tions. The traditional mathematical theory can give little help as to make
a decision with such kind of imperfect knowledge. On the contrast, fuzzy
set theory provides a strongly effective apparatus to deal with the problem.
Firstly, imprecise descriptions can be modeled by means of fuzzy numbers.
That is to say, the crisp numbers r;; or w; (i1 =1,2,...,n; 5 =1,2,...,m)
or both of them may be replaced by fuzzy numbers 7;; and w; respectively.
Accordingly, the overall evaluation of A; becomes

X. Wang et al.: Mathematics of Fuzziness — Basic Issues, STUDFUZZ 245, pp. 113
springerlink.com (© Springer-Verlag Berlin Heidelberg 2009
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Furthermore, operations like the weighted sum of fuzzy numbers can also be
formulated in the framework of fuzzy set theory using the Zadeh’s extension
principle. In this way, we can still evaluate the performance of alternatives
although only imprecise data are available. This is significant particularly
when modeling a system for which there is no way or it is simply not necessary
to acquire the full knowledge of it. After 71,75, - ,7,, which are still fuzzy
numbers, are obtained, the problem of how to rank them arises. Unlike in
the crisp case, fuzzy numbers have no natural order. As a result, we have to
design a way to compare the fuzzy numbers 71,73, -+ ,7, in order to rank
the alternatives Ay, Ao, ..., A,. It is the so-called problem of ranking fuzzy
numbers. The same problem is encountered in Fuzzy Decision Tree [2] [158)],
Fuzzy Analytic Hierarchy Process [19, 87, [145], Fuzzy Linear Programming
[36, [125], even electrocardiological diagnostics [75] after the fuzzy information
is involved and processed. It is because of its extensive applications that many
efforts have been made to deal with the problem.

Therefore, three tasks will be fulfilled in this chapter. The first is the
introduction of the Zadeh’s extension principle. The second is the discussion
of fuzzy numbers and their algebraic operations. The last one is the detailed
investigation of ranking methods for fuzzy numbers.

4.1 Unary Extension Principle

Let f be a mapping from X to Y. We recall the (direct) image of a subset A
of X under f is defined as

f(A) ={f@)rec A} CY
and the inverse image of a subset B of Y is defined as
f7H(B) = {z|f(z) € B} C X.

In other words, the mapping f from X to Y induces two new mappings f :
P(X) — P(Y)and f~!': P(Y) — P(X). These induced mappings possess
the following properties.

Proposition 4.1. If f : X - Y, A, B, A; € P(X) (i € I), then the induced
mapping [ satisfies that:

(1) A C B implies f(A) C f(B);
@) 7Y )= U 14

(3) F(N Ai) € N f(A);

el el

4)VyeY, (f(A)) = V Al).
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Proof. (1) Trivial.
(2) Let y € Y. Then

yefJA) e el A flx) =
iel iel
s Jiel,zeA andy = f(x)
s dielye f(A)
syelJrA

iel

(3) Similar to the proof of (2).
(4) Let y € Y. Then

(f(A)y) =1=ye f(A)
s dreAy=f(x)
S dre X, A(z) =1 and y = f(x)
& \/ A(z) = 1. |
f(@)=y

Proposition 4.2. If f : X - Y, A,B,B; € P(Y) (j € J), then the induced
mapping 1 satisfies that:

(1) A C B implies f ()qu)

(2) f~ (]LEJJB i) = ]LEJJf (B)):

(3) f~ gELl3) ]ELJ’ H(Bj);

(4)Vz € X, (f71(B))(x) = B(f(x)).

Proof. The proof is left as an exercise (Exercise 1). O

Definition 4.1. (Zadeh’s extension principle) Let f be a mapping from X
toY. Then f induces two new mappings f : F(X) — F(Y), defined by

V A(z),y € f(X)
f(z)=y
0 otherwise

Yy € Y,VA € F(X), (f(A)(y) =

and f~1: F(Y) — F(X), defined by
Vo € X,VB € F(Y), (f~\(B))(x) = B(f(x))

f(A) is understood as the (direct) image of the fuzzy set A on X under f
and f~1(B) is the inverse image of the fuzzy set B on Y under f. Hence, the
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Zadeh’s extension principle extends the notions of image and inverse image
to the fuzzy case.

Example 4.1. Let X = {z1,22,23,24,25,26} and Y = {a,b,c,d}. A map-
ping f from X toY and a fuzzy set A on X are defined by:

ax€{x,xe, 23}
f(x) =1 bx e {rg,5};
cx =g
A=1/x1+05/x9+08/x4 +0.4/x5 + 0.7/ x6.

Applying the extension principle yields

(f(A)(a) = \/ A(x) = A(z1) V A(z2) V A(xz) = 1.
f(z)=a

Similarly,
(f(A)(b) = 0.8,(f(A))(c) = 0.7 and (f(A))(d) = 0.

Hence
f(A)=1/a+0.8/b+0.7/c.

In addition, let B = f(A). Then
F7HB) (@) = B(f(21)) = f(A)(a) = 1.
Similarly,
FUB)(w2) = fH(B)(xs) = 1, f7H(B)(z4) = f~H(B)(z5) = 0.8, and
F~YB)(x6) = 0.7. Hence,
FHf(A) =1/ + 1 /w0 + 123 +0.8/24 + 0.8/25 + 0.7/ 26.

By Example B f~(f(A)) = A is not necessarily valid. Instead, it can be
generally verified that:

(1) VA € F(X), f71(f(4)) 2 4
(2) VB e F(Y), f(f~1(B)) € B.

For more specific results for injective and surjective mappings, see Exercise 3.

Example 4.2. Let f(z) = 2® and A =around 1 be defined by

T 0<z<1
Alx)=¢2—-zl1l<z <2
0 otherwise
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Then Yy € [0, +o0],

FMy =\ Al =\ Alq)

flz)=y 2=y

=\ Ax) = Alyy) vV A(=y)

’E27

VY o ye(o,1]
=A(Vy) =1 2—-Vyy€Ell4] .
0 y>4

When y €] — 00,0[, f(A)(y) =0.

Since f(z) = 22, we can define A% as f(A). In this sense, the square of around
1 is found. More generally, all unary operations on R may be extended using
the extension principle.

Proposition 4.3. If f: X - Y, A B,A; € F(X) (i € I), then

(1) A C B implies f(A) C f(B);
(2) f(U &) = Uf( i)

A;
(3) 10 A) € 1) 7(A;
C

el el
9 (f
(5) Vo € 0,1], (f(A))q

(4) va €01, f(a >) (F(A))a
(6) F4) = U af(da) =

( )
f(Aa);
U af(Aq).

Proof. We prove (2), (5) and (6) as examples.
(2) For every y € Y,

GJanw =V (U4
fa)=

i€l y i€l
=V Va@=V V A
f(z)=yiel i€l f(z)=y
=\ () = (U f(4
i€l iel

(5) Let y € Y. Then
y € (f(A))a & (F(A))(y) >a

& \/ A(x) > o

f(z)=y
s dre X, fx)=y,Alx) >«
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S dre o, flx)=y
Sy € f(Aa).

(6) By Decomposition Theorem IT and (5),

For every y in Y,

(U ara@w =V (@n(f(4))w)

ael0,1] ael0,1]
= \/ (a A \/ Ay ()
ael0,1] flz)=y

\/ \/ (a N Ay(z))

a€l0,1] f(x)=y
V V (@rAu)
f@)=yaclo.1
\/ Az (A)(v)-
fa)=

Thus f(A) = U af(Aq). O

a€l0,1]

It should be noted that f(As) = (f(A))a does not hold generally.

Example 4.3. Assume that X = {x1,22, - , 2y, -} and Y = {0}. The
fuzzy set A on X and the mapping f : X — Y are respectively defined by
Alzn) =1- ) and f(zn) =0 (n = 1,2,---). In this case, f(A1) = 0 and
[F(A)]r =Y, and thus f(A1) # [f(A))r.

Now the question naturally arises: when the equality holds for all « €]0, 1]7 To
answer this question, we need the following notion. Given a; € [0,1] (i € I),
we say that sup{a;|i € I} is attained if there exists an i9 € I such that
sup{a;|i € I} = a;,.

Proposition 4.4. Let A be a fuzzy set on X. Then Vo €]0,1], (f(A))q =
f(As) & (f(A))(y) is attained for every y in f(X).

Proof. “<” part. Let « €]0,1]. If y € (f(A))q, then (f(A4))(y) > «. Noticing
that o > 0, we have y € f(X) (Otherwise, there is no z € X such that
f(z) = y, and thus (f(A))(y) = 0 < a, a contradiction). Since (f(A4))(y)
is attained, there exists an x such that f(z) = y and (f(A))(y) = A(x).
Hence x € A, whence y € f(Aq). As a consequence, (f(A))a € f(Aq). Now
(f(A))a = f(An) follows from Proposition [£3(4).
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“=” part. For every y in f(X), let a = (f(A))(y). Then y € (f(A4))a =
f(Agy). There exists an x in A, such that y = f(z), and thus A(z) > o =
(f(A))(y). On the other hand, (f(A))(y) > A(x) since y = f(x). Therefore
(f(A)(y) = A(x), i.e. (f(A))(y) is attained for every y in f(X). O

Properties of the inverse image of fuzzy sets are much better as can be seen
in the following proposition.

Proposition 4.5. Let f : X — Y and A,B,B; € F(Y) (i € I). Then the
induced mapping f~' satisfies that:

(1) A C B implies that f~*(A) C f~1(B);

(2) f~H(B°) = (f_l(B))”

() 5 (U B = U 1~ (B);
(410 B = 0 178
(3) Vo €0,1) £ (Ba) = (77 (B))

a) = as
(6) Vo € [0,1[, (f~'(B))a = f~'(Ba).

=
(7) f~1(B) = U af N(Ba)= U af ' (Bag).
€[0,1] a€l0,1]

Proof. We prove (4) and (5) as examples.
(4) vz € X,

() B@) = () B(f(2)) = \ Bi(f(x)

el el el
-1
=N\ 'B)@ =
el i€l

z € f71(Ba) & f(z) € Ba & B(f(z) 2 a & (f71(B)(2) 2 a &
- : O

4.2 n-Ary Extension Principle

As we know, the cartesian product is a bridge between a single object and
multiple objects. The cartesian product of fuzzy sets is a useful tool for
extending the unary extension principle to the n-ary case.

Definition 4.2. Let Ay, Ao, -+, Ay, be fuzzy sets on X1, Xo, -+, X, respec-
tively. Define Ay X Ag X -+ x A, € F(X7 x Xo x -+ x X,,) by
V(ml,mg,-“ 7-Tn) € X1 X XgXx--- XXn,

(Al X A2 X o X An)(xl,x27 e 7$n) = min(A1($1)7A2($2), e ,An(xn))
Then Ay X As X -+ X A, is said to be the cartesian product of Ay, Aa, -+, Ap

and it will be denoted by [] A; for simplicity.
i=1
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Lemma 4.1. Vo € [0, 1], ([T A)a = [1(Ai)a and ([T A)e = [1(A))a

i=1 i=1 i=1 i=1
Proof. (z1,32,-+ 2n) € (Il Ai)a & (I A)(@1,22,+ 20) 2 o &
=1 i=1
min(A;(z1), Ao(x2), -+ , Ap(zn)) > a & Ai(z;) > a (@ = 1,2,---,n)
<z € (Ao (0= 1,2,---,n) & (21,22, ,2y) € [](4i)a. Hence
i=1
(]:[1 Ao = ‘HI(AZ‘)Q.
The proof of the other identity is similar. |
Theorem 4.1. [[A;= U a]](4i)a = a ]l (4)a.
i=1 agl0,1] i=1 agl0,1]  i=1

Proof. By Decomposition Theorem I and Lemma ]

i=1 a€f0,1] i=1 ac€0,1]  i=1

Similarly, it follows from Decomposition Theorem II and Lemma [£.]] that

n

HAZ': U aH(AZ-)q. O
ael0,1]

i=1 i=1

Before we proceed to introduce the n-ary fuzzy extension of a mapping on a

cartesian product, we define the image of a subset of the cartesian product

under a mapping. Let f be a mapping from X; x X5 x --- x X, to Y and
n

A; C X, (i=1,2,---,n). By the image of [[ A; under f, we mean
i=1

1=

f(HAi) ={f(x1, 22, ,zpn)|x; € A; fori=1,2,--- ;n},

denoted f(A1, A2, -+, Ap).

Example 4.4. The notion of the image of the cartesian product can be em-
ployed to define algebraic operations of sets on the real line. Let us consider
the addition [a,b]+ [c,d] of two closed intervals [a,b] and [c,d] as an example.
For this purpose, let f(x1,x2) = x1 + x2. Then define

[avb] + [Cv d] éf([aab]’ [Cv dD = {f(x1,$2)|$1 € [avb}vx? € [Cv d]}
= {z1 + z2|z1 € [0,b],22 € [c,d]} = [a+¢,b+d].
Similarly,

[a,b] — [¢,d] = [a —d,b—¢],
[a,b] X [¢,d] = [min(ac, ad, be, bd), max(ac, ad, be, bd)],
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[a,b] = [¢,d] = [min(a/c,a/d,b/c,b/d), max(a/c,a/d,b/c,b/d)] (0 &[c,d)).
[a,b] V [e,d] =[aVe,bVd],
[a,b] A e, d] = [aAe,bAd],

For instance, [2,3] + ([-1,0] — 2) = [-3/2,-2/3].

Now we state the n-ary extension principle of fuzzy sets. Let f: X1 x Xo X
-+x X, — Y. Then f induces a new mapping, also denoted f, from F(X;) x
F(X3) x---x F(X,) to F(Y), defined by

VA; € F(XZ)(Z =1,2,--- 7n),f(A17A27-'- ,An) = f(Al X Ay X -+ X An)
Theorem 4.2

Vy S f(X17X2’ o 7Xn),VAZ S F(XZ)(Z = 1,27' .. ,n),
G A= N AA)

Proof. Let Yy € Y. By definition,

f(A1, Ay Ap)(y) = f(AL X Az X -+ x Ap)(y)
= \/ (AlXAQX"'XAn)(x17x27”'?xn)

f(z1,22, ,xn)=y

flz1,z2, - xn)=y i=1

Example 4.5. Let two fuzzy sets Ay and Az on X = {0,1,2,------ } be
defined by
Ay =0.3/0+1/1+0.3/2

Ay =0.2/141/240.2/3.
If f(z1,@2) = 21 + 2, then A1 + Ay 2 f(A1, Ag) is obtained by the extension
principle as
(A1 + Ao)(y) = \/ (A1(z1) A Ag(x2)) = \/ (A1 (21) A Ag(x2)).
fz1,22)=y 1 +zo=y

Hence

(A1 +4)1) = \/  (Ai(x1) A Aa(x2))

xr1+xo=1

— A,(0) A As(1) = 0.2.
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(A1 +42)2) =/ (Ai(z1) A Aa(x2))

xr1+xro=2

= (A1(0) A A2(2)) V (A1(1) A A(1)) = 0.3.
Similarly,
(A1 + A2)(3) = 1, (A1 + A2)(4) = 0.3, (A1 + A2)(5) = 0.2,
and

(A1 + As)(y) =0 for y #{1,2,3,4,5}.
Therefore,

Ay + Ay =0.2/140.3/2+1/3+0.3/4+0.2/5.

Properties of f(Ay,As,---,A,) are similar to those of f(A) and omitted
here. Some of them will appear as exercises (Exercises 11 and 12).

4.3 Convex Fuzzy Quantities

Let us start with the definition of a fuzzy quantity.

Definition 4.3. A fuzzy set A on the real line R, or A € F(R), is called a
fuzzy quantity. A fuzzy quantity A is called non-negative, denoted A > 0, if
supp(A) C [0,4o00[. A fuzzy quantity A is called positive, denoted A > 0, if
supp(A) €0, 400,

By definition, every subset of R is a fuzzy quantity, and thus every real
number a, which can be identified with the singleton {a} can be also regarded
as a fuzzy quantity. In this sense, a fuzzy quantity is an extension of a real
number. Arithmetical operations of fuzzy quantities can be performed by
applying the Zadeh’s extension principle. Through simple calculations as in
Example B35l we obtain the following formulas for the basic arithmetical
operations of fuzzy quantities. Let A; and As be fuzzy quantities and y € R.

(A1 + A2)(y) = \/ (A1 () A As(y — ).

z€R
(A1 = Ao)(y) = \/ (Ar(@) A Ag(z — ).
zeR
(A142)(y) = \/ (Ax(z) A As(2)).

(A1/A2)(y) = \/ (Ai(z) A A2(2))(0 ¢supp(Ay).

z/z2=y
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(A1VA) ) = \/ (Ai(x) A Az(2)).

rVz=y

(AL AA) () =\ (Ai(z) A Az(2)).

TNZz=Y

The concept of a fuzzy quantity is very general. As a result, arithmetical
operations of fuzzy quantities fulfil merely some simple properties, e.g. A +
Ay = Ag + Ay, A1Ay = AxA, A1V Ay = AV Ay, A1 N Ay = As N A,
A1+ (As+As) = (A1+A9)+As, A1(AzAs) = (A1 A2) As, etc.. Most properties
of real numbers are not satisfied any more for fuzzy quantities. To improve
their performance, we shall impose some restrictions on them. The first one
is convexity.

Recall that a subset A on a linear space X is convex iff Va1, 2o € A implies
Vo € [0,1], az1 + (1 — a)ze € A. To figure out the definition of a convex
fuzzy set, consider the following description of the characteristic function of
a convex set.

A is convex < (Vry,22 € A=Va €[0,1],az1 + (1 — a)zy € A)
< Vo, 20 € X, A(x1) =1 and A(zg) =1
= Va € [0,1], A(axy + (1 — a)z2) = 1)
& (Var, 20 € X, A(x1) N A(z2) =1
=Va € [0,1], Alazs + (1 — a)zz) = 1)
& (Voy, 20 € X,Va € [0, 1],
A(z) AN A(ze) < A(azxr + (1 — a)z2)).

Now the following definition becomes natural.

Definition 4.4. Let A be a fuzzy set on a linear space X . A is called a convex
fuzzy set on X if, whenever x1, x2 € X and o € [0, 1],

A(azi + (1 — @)z2) > min(A(x1), A(z2)).

Proposition 4.6. A is a convex fuzzy set on X iff for every A € [0,1], Ay is
a convex set on X.

Proof. Necessity. Assume that A is a convex fuzzy set. If z1,29 € Ay and
a € [0,1], then A(zq1) > A and A(z2) > A. It follows from the convexity of A
that A(azi + (1 —a)zz) > min(A(z1), A(z2)) > A, Le. ax1 + (1 —a)xe € Ay,
and thus A, is a convex set.

Sufficiency. Assume that A is a convex set for every A € [0, 1]. Especially,
for x1,29 € X, Ay is convex for A = A(x1) A A(x2). Since A(z1) > X and
A(z2) > A, we have 1 € Ay and xo € Ay, whence az; + (1 — a)zs € Aj.
Therefore, A(axz; + (1 — a)zs) > A = A(x1) A A(z2), which indicates A is a
convex fuzzy set on X. O
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Proposition 4.7. The intersection A1 N As of two convex fuzzy sets A1 and
Ag on X is a convex fuzzy set on X.

Proof. By the convexity of 4; and Az, for 21,22 € X and « € [0, 1],

(A1 NAz)(axs + (1 — a)xe) = A1(axr + (1 — a)xe) A Ag(ary + (1 — a)x2)
> (A1(z1) A Ax(z2)) A (A2(21) A Az(22))
= (A1 n AQ)(Z‘l) A (Al N AQ)(QJQ),

which implies the convexity of A; N As. (]

Definition 4.5. If a fuzzy quantity is convex, then it is called a convex fuzzy
quantity.

Clearly, a fuzzy quantity A is convex iff
Ve, 1,22 € Rz <@ < 2, A(z) > A(z1) A A(22).

Noticing that every non-empty convex set on the real line is an interval,
every a-cut of a convex fuzzy quantity is an interval or the empty set by
Proposition

Theorem 4.3. A fuzzy quantity A is convez iff at least one of the following
statements is true:

(1) A is increasing;

(2) A is decreasing;

(8) There exists an xo € R such that A is increasing in | — 0o, zo[ and
decreasing in |xg,+oo[ and

V1 €] — 00, To[, T2 E]To, +00[, A(z0) > A1) A A(2).

Proof. Sufficiency. Let 1 < x < zs.
If (1) is true, then A(x) > A(z1) >
If (2) is true, then A(x) > A(xs) >

is increasing or decreasing.

Now we prove that A(x) > A(x1) A A(z2) when (3) is true.

If 21 > xy or o < =z, the proof is similar to that under (1) or (2)
respectively.

If x1 < xg < x2, consider the three cases: (i) x < xo; (ii) > xo; (iil)z = x¢.

A(x1) A A(ze).
A(xz1) A A(x2). Hence A is convex if A

In the case (i), A(z) > A(xz1) > A(z1) A A(x2);
In the case (ii), A(x) > A(xa) > A(x1) A A(z2);
In the case (iii), A(x) > A(x1) A A(z2) is just a given condition.

In summary, A is a convex fuzzy quantity whatever.

Necessity. Assume that A is a convex fuzzy quantity. Write zo = hgt(A).
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Case I. If 2 is attained, i.e. there exists an zg such that A(z¢) = 2o, then
A(xzg) > A(x1)ANA(xg) = A(xq) for 21 < 29 < 2. As aresult, A is increasing
in | — 0o, zo[. Similarly, A is decreasing in |zg, +00[. A(zg) > A(z1)) A A(x2)
(V1 €] — 00, xo[, k2 €]xg, +00[) follows from the convexity of A. In this case,
statement (3) is true.

Case II. If z; is not attained, then A(x) < 2o for x € R. In this case,
there exists a strictly increasing sequence {A(z,)} such that A(z,) — zo as
n — —+00.

If an accumulation point z¢ of {z,} can be found, then assume that z,, —
zo(k — +00). For 1 < x2 < xo, there exists k such that A(z,,) > A(zx1)
and x; < 2 < Tp,. Then A(xg) > A(xn,) AN A(z1) = A(zy), that is, A is
increasing in | — oo, zy[. A similar reasoning may lead to the conclusion that
A is decreasing in |zg, +0o[. The inequality A(zo) > A(x1)) A A(ze) (V1 €
| = 00, z0], z2 €]xo, +0]) follows from the convexity of A again. Therefore,
statement (3) is true.

If {x,,} has no accumulation point, then there exists {xy, }, Zn, — 400 or
Zp, — —00 as k — +oo. In the case z,, — +oo, for 1 < x2 , we can find
k, which is sufficiently large, such that x; < x2 < x,, and A(x,, ) > A(z1).
Applying the convexity of A yields A(xs) > A(x1), i.e. A is increasing in R,
and thus statement (1) is true. In the case x,, — —o0, a similar proof leads
to the conclusion that A is decreasing and thus statement (2) is true. O

The above theorem shows that the membership function of a convex fuzzy
quantity is unimodal in its general case. In the rest of this section, we turn
to the mathematical representation of convex fuzzy quantities.

Definition 4.6. Let I(R) be the set of all intervals and the empty set on the
real line. If a mapping I : [0,1] — I(R) is a nest of sets, then I is called a
nest of intervals.

Theorem 4.4. If I is a nest of intervals, then the fuzzy quantity A =
U al(«a) is a convex fuzzy quantity.

a€l0,1]

Proof. By the Representation Theorem, A, = [ I(A). Since every I()) is
A<a

an interval, A, is an interval or the empty set for all a € [0, 1]. Hence A is a

convex fuzzy quantity. O

Example 4.6. Let

[ [Pa—6,4—100) 0 < o < 2/3,
I(O‘)_{@ 2/3<a<l.

Then I is a nest of intervals and the conver fuzzy quantity determined by I

Ax) = \/ aNl(a)(z) = \/ {a]z € [ba — 6,4 — 10a) }.

ael0,1] a€l0,2/3]
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If v < —6 or x >4, then A(z) = 0.
r+6 4—x

If =6 <2 <4, we have A(z) = \/ {a]Ja < min{ , 1}
ael0,1] 5 10
6 4—
Hence A(x) = x—65— or 101‘ according as © < o > —g
In summary,
z+6 G< < 8
A(x) 4 5:r 87 -
x) = -
— 4
10 3 <z <
0 otherwise.

4.4 Fuzzy Numbers

4.4.1 The Concept of a Fuzzy Number

Definition 4.7. If a fuzzy quantity A satisfies that for every a €]0,1], Ay is
a closed interval, then A is called a fuzzy number.

Since A; is a closed interval for a fuzzy number A, A is normal. In addition,
every fuzzy number is a convex fuzzy quantity by Proposition

Theorem 4.5. A € F(R) is a fuzzy number iff there exist a,b € R such that

1 z € [a,b),
A(z) =< L(z) z < a,
R(z) x > b,
where L is increasing and right continuous in | — oo,a] and L(z) — 0 as

x — —o0, and R is decreasing and left continuous in b, +oo[ and R(x) — 0
as x — +00.

Proof. Necessity. If A is a fuzzy number, then A; = ker(A) # (). We assume
that Ay = [a, b].

When z € [a,b], it is obvious that A(z) = 1.

When z < a, let L(z) = A(x). We proceed to prove that L satisfies the
desired requirements.

Firstly, it follows from the convexity of A that for —co < z1 < 29 < a,
A(zg) > A(z1) AN A(a) = A(z1), i.e. L(xz2) > L(x1), which indicates that L is
increasing in | — 0o, af.

Secondly, we show that L is right continuous in | — oo, a[ by contradiction.

Suppose that L is not right continuous for some xy < a. Then there exists
xn — To such that x,, > xg and REIEOOL(JC,L) # L(xp). Since L is increas-

ing, nErJ{lOOL(a:n) > L(xo). Without loss of generality, assume that {z,} is

decreasing and z, < a. Write lirf L(z,) = o From A(xo) = L(z0) < o,
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we know that g ¢A,. However A(x,) = L(z,) > « implies z,, € A,, which
contradicts the closedness of A,.
What is left is the proof of the equality lim L(z) = 0.

Otherwise, lim L(x) = 8 > 0. It means that Vo < a, A(z) = L(z) >

B. In other words, x € Ag holds for < a, which implies that Ag is an

unbounded set. It is a contradiction with the definition of a fuzzy number.
When z > b, let R(x) = A(x). Following a similar reasoning, we can show

that R is decreasing and left continuous in |b, +00[ and R(z) — 0 as x — +o0.
Sufficiency. For a €]0, 1], write

aq = inf{z|z < a, L(x) > a} and b, = sup{z|z > a, R(x) > a}.

The restriction a, < a, together with lim L(z) = 0, implies that a, (o €
r— —00

]0,1]) is a finite number. Similarly b, (a €]0,1]) is also a finite number. To
prove that A is a fuzzy number, it suffices to prove that A, = [aq, ba)-

If © ¢[aq, by, then x < aq or & > by, either of which leads to A(z) < «a,
i.e. x ¢A,. This proves that A, C [aq, bal-

Conversely, if © € [aq,ba] = [aa, a[U[a, b]U]b, by], consider the cases listed
below. We prove that z € A, in each case.

Case (i). If x € [a, b], then A(x) = 1. Hence = € A, for every a €]0, 1].

Case (ii). If  €laq, al, then a > & > a, = inf{z|z < a,L(z) > a}. There
exists an xo such that g < x and L(xg) > «. Therefore L(x) > L(xg) > «,
i.e. A(x) > «, or equivalently z € A,.

Case (iii). If z €]b, b,[, the proof is similar to that in the case (ii).

Case (iv). If x = aq < a, A(x) = Aaq) = L(aa) = lim+ L(z) > a due to

the right continuity of L and the case (ii).
Case (v). If © = by > b, the proof is similar to the one in the case (iv).

Hence, [aq,bo] C A,, and the two sets are identical. O

Figure 1] depicts a fuzzy number.

Fig. 4.1 A general form
of a fuzzy number

1(x)

r(x)
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From now on, we shall call L and R the left spread and right spread of the
fuzzy number A respectively.
Based on Theorem .5l we list some extensively used fuzzy numbers.

(1) A=1/a (a € R) is a fuzzy number, i.e. every real number is a fuzzy
number;

(2) The closed interval A = [a,b] is a fuzzy number since the membership
function of A is

_flze€]a,l]
Alw) = {O otherwise
Z “%re [a, D]
—-a
() fA(@) =9 ¥ 7€ . ¢ [b,¢] , then A is a fuzzy number, which is called
b—rc ’
0 otherwise

a triangular fuzzy number, denoted (a, b, ¢). For instance, (1,2, 3) is a
triangular fuzzy number, which may be used to describe the fuzzy
notion of around 2.

b Z z € [a,b]
1
(4) HA@@)=19 »_4 z€bd , then A is a fuzzy number which is called
z € [, d]
c—d
0 otherwise

a trapezoidal fuzzy number, denoted (a, b, ¢, d). For instance, (1,2, 3,4)

is a trapezoidal fuzzy number, which may be used to describe the notion

of approximately between 2 and 3. Clearly, a triangular fuzzy number

is a special trapezoidal fuzzy number with a single point in the kernel.
(5) For a, 3,7 € R such that @ < 8 < and 8= “}7, define

0 xr E} —OO,CY[
| g(2=e)2 z € [a, f]
S(z;a, B,7) = 1 2 2(;”5:1)2 z € [B,7] ’
1 x € [y, +00]

which is called the S-membership function. Clearly, S(-;«, 3,7) is a
fuzzy number for any «, 3,7 € R. This type of fuzzy numbers may
be used to represent increasing notions such as old, tall, and high.
The complement of an S-membership function is useful to represent
decreasing notions such as young, small, and low. A fuzzy notion such
as old for the age of a person may be represented by means of the
membership function S(.;50,60,70). Similarly, a high blood pressure
for an adult may be represented as S(.; 14,15, 16).

(6) By means of the S-membership function, we define another type of
fuzzy numbers which is called the m-membership function by: for 3,
£ >0, and v,v € R,



4.4 Fuzzy Numbers 129

. Sy —=By—C7) x €] —00,7[
W($1ﬂ77)‘_ {]—-S($;7,7'+ 277‘+[3) T 6[7a4‘OOL

This type of fuzzy numbers can be used to represent fuzzy notions such
as approximately 2 (years), about 140 (pounds), etc.

Definition 4.8. Denote the set of closed intervals by CI(R). If a mapping I
from [0,1] to CI(R) satisfies that I is a nest of sets, then I is called a nest
of closed intervals.

Theorem 4.6. (Representation Theorem of Fuzzy Numbers) Let I be a nest

of closed intervals and A= |J ol(a). If I(a) = [i1(a),iz2(a)], then
a€l0,1]

(1) Vo € (0,1], Aq = [ lim i1(), lim is(V)];

(2) A is a fuzzy number with its membership function

1 S H1(1),i2(1ﬂ
A(z) =4 L(z) z <i1(1)
R(z) = > i2(1)

where L(z) = '\ {afi1(e) <z}, R(z)= V {aliz(a) > z}.

a€l0,1] a€l0,1]

Proof. (1) Applying the Representation Theorem yields

Aa= (VIO = [ [i1(V),i2(V)]

A< A<a
=V 1), N\ 2] = [lim_i1(A), Tim ia(A)]-
A< A<

(2) It follows from (1) that A is a fuzzy number. Furthermore,

Az) =\ anfi(a)iz@)@) = \/ {ali(a) <z <ixa)}

a€l0,1] a€l0,1]
1 z € [i1(1),42(1)]
_ e\[{) 1}{a|i1(a) <z}x<i(l)
V {aliz(a) > 2} > is(1)
ael0,1]
1 z€lir(1),i2(1)]
=< L(z) z <i1(1) . O

R(z) z > is(1)

Example 4.7. If I(a) = [a,2 — o], then I is a nest of closed intervals with
i1(a) = a, iz2(a) = 2 — «. Thus i1(1) = i2(1) = 1. Consequently,
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La)= \ {oli(e) <z} =2,

ael0,1]

R(z) = \/ {aliz(a) >z} =2 —a.

ael0,1]

The fuzzy number determined by I is

r 0<x<1
Alz)=¢2—-zl<z <2,
0 elsewhere

ie. A=(0,1,2).

4.-4.2 Properties of Algebraic Operations on Fuzzy
Numbers

Compared with fuzzy quantities, fuzzy numbers show a desired behavior as
will be seen in this section.

Proposition 4.8. If a real function f is continuous and if A is a fuzzy num-
ber, then (f(A))a = f(Ay) for every o €]0,1].

Proof. By Proposition 3[(4), f(As) € (f(A))a- To prove the conclusion, it
suffices to show the reverse inclusion is true.

Ify € (f(A))a, then (f(A)(y) > «a, ie. f = f(x\)/:yA(x) > a > 0. Write

ayn, = —1/n. We assume that a,, > 0. Then a sequence {z,} can be found
such that f(z,) =y and A(z,) > an. Asn > ng, x, € Ay, C A%07 and thus
{zn} is bounded. Take a convergent subsequence {x, } of {z,} with the limit
xo. From A(zy,) > an, = 6—1/ny, it follows that A(x,, ) > §—1/N for any
fixed N if k is sufficiently large. In other words, x,, € A, for any fixed N
as long as k is large enough. Since A, is closed, zp € Any, i.e. A(zo) > an.
Now the arbitrariness of N implies A(z¢) > 8 > «, thus 29 € A,. From the
continuity of f and the equality f(x,,) =y, we have f(z¢) = y. It indicates
that y = f(x0) € f(Aq), that is to say, (f(4))a C f(Aq). O

Using the same reasoning as in Proposition[£.8] the conclusion can be gener-
alized.

Proposition 4.9. If a real function f of n real variables is continuous and
if Ay, Ag, -+, A, are fuzzy numbers, then

(f(A17 Aoy ’An))a = f((Al)a’ (AQ)OM R (An)a)

for all o € (0,1].
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Applying Proposition [£9, many properties of fuzzy numbers in terms of a-
cut can be derived. we list some of them in the following. Let A, B be fuzzy
numbers. Write A, = [a,,a] and B, = [b,,b].

(1) (A4 B)a = [ag + by, af +bt].
(2) (A= B)a = lag —bg,aq — byl
(3) (AB)Q [ ( ;7 @ oma’;rbcwazb;r)

max(a_ b, ,a, bl alb, atbl)].

(4) If 0 ¢supp(B), then

(A/B)a = [min(ag /by a4 /b5, al /0y, al /b)),
max(a, /by, aq /bg, g /b s al /05)]-

(5) (AV B)y = lay Vb5, ab VL.

) «
(6) (A/\B)(X_[a’a/\ba j{/\bj{]
These properties are direct results of Proposition and Example €4l For
instance,

[e o7

(A4 B)o = Ao + Bo = [ag,al] + by, bt] = [ag + b, al +b1].

From these properties, we know that the sum, difference, product, quotient,
maximum, minimum of two fuzzy numbers are still fuzzy numbers. In addi-
tion, further properties can be deduced from these known ones.

(7) AN(AVB)=A, AV(AAB)=A.
(8) AAN(BVC)=(AAB)V(ANC), AV(BAC)=(AVB)A(AVO).
(9) (AVB)+(AAB)=A+B.
(10) AVB=A < AAB=B.

Using a-cuts, these identities are easily verified. For instance, let A, =
[a;,ar] and B, = [b;,bF]. Then

[ (X ) o

[(AVB)+ (AAB)la =(AV B)o+ (AAB)g
a, Vb, ,at Vb +a;, Ab,,al AbT]

(e ae?

= [a,
= [a, Vb, +ay Aby al VoL 4+al AbY
= [a,

a) o

a, +b,,at +b] = (A+ B)a,

which proves the validity of equality (9).

For trapezoidal or triangular fuzzy numbers, some special formulae for
algebraic operations are available.

Let A = (al, bl, Ci, dl) and B = (ag, bg, Ca, dz)

(11) A+ B= (a1 + as, b1 + ba,c1 4+ co,d1 + dg);
(12) A—B = (a1 —da,by — ca2,c1 — bz, d1 — az);



132 4 Extension Principle and Fuzzy Numbers

We prove the validity of equality (11) as an example. Simple calculations
yield
A, = [al + (bl — al)a, dy + (Cl — dl)a]

B, = [a2 + (b2 — a2)a, do + (c2 — dg)a].
Let C = (a1 + a2,b1 + ba,c1 + ¢2,d1 + d2). Then

Co = [(a1 + a2) + (b1 + b2 — a1 — a2)e, (di + d2) + (c1 + c2 — di — d2)a,

which indicates that C, = Aq + Ba = (A + B),, for every a € [0, 1]. Thus
A+B=C= (a1 4+ ag, b1 + ba,c1 + c2,dy +d2)
The proof of the remaining identity is similar. O

Calculations associated with general algebraic operations of fuzzy numbers
are tedious even if the involved fuzzy numbers are trapezoidal. However, it
can be seen from the preceding properties that algebraic operations of their
cuts are well behaved. We can obtain resulting fuzzy numbers by performing
operations of cuts of fuzzy numbers and applying Decomposition Theorem I
afterwards. Here is an example.

Example 4.8. Let A = (0,1,2) and B = (2,3,4). Then A, = [a,2 — ]
and B, = [2 + a,4 — . Denote AyBy = [2a+ a?,8 — 6a + 2] by I(a) =
[7;1(0[)77:2(Ck)}.

AB= |J AB)a= |J 4aBa= |J oal(a).

a€l0,1] a€l0,1] a€l0,1]

Since i1 (o) =2a+a? and iz(a) =8 —6a+a?, we have I(1)=[i1(1),i2(1)] = 3.
When z < 3, L(z) = \ {alit(a) <z} = V {ala+a® <2} =0V

ael0,1] ael0,1]
(Vi+z-1).
Similarly, R(z) =0V (3 —v/1+x) when z > 3.
We write it in one formula,

Vitz—10<z<3
(AB)(z) ={ 3—V1+23<2<8
0 otherwise.

4.5 Ranking of Fuzzy Numbers

Currently, almost every ranking approach is concerned with one or multiple
ranking indices. As a result, more than forty ranking indices can be found
in the literature. In order to investigate the ranking problem in detail, let us
have a general look at these indices.

Assume that A = {41, As,- -, A,} is the set of fuzzy numbers to be
ranked. Roughly speaking, all the ranking indices fall into three categories.
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In the first category, a mapping F' : A — R, called a ranking function, is
constructed to transform every A; into a real number F(A;), which serves
as the ranking index, and then simply ranks Aj, As,..., A, according to
the natural order of real numbers F(A;), F(Asz),--, F(A,). In the second
category, one defines some certain reference set(s) and then evaluates A; by
comparing A; to the reference set(s) to form the ranking index. In the last
category, a fuzzy relation R on A x A, which serves as the ranking index,
is constructed to make pairwise comparison between A; and A;. The final
ranking of Ay, Ag, ..., A, is obtained through some specific procedure if more
than two fuzzy numbers are involved.

To take a decision maker’s risk attitude into account, many authors intro-
duce a parameter in a ranking index to adjust the ranking approach to suit
different type of decision makers. Considering that any single index merely
reflects a partial point of view on fuzzy numbers, some authors suggest the
joint use of multiple indices simultaneously. In the following, we introduce
some typical ranking indices in each category. To ensure the applicability of
some ranking indices, we assume that the involved fuzzy numbers are limited,
i.e. their supports are bounded in this section. For two fuzzy numbers A and
B, we use A > B and A ~ B to denote “A has a higher rank than B” and
“A and B have the same rank” respectively, and the notation A 2- B denotes
A> Bor A~ B.

4.5.1 Ranking Fuzzy Numbers by a Ranking Function

The first authors who use this type of approaches are Adamo [2] and Yager
[164]. Adamo fixes an « €]0,1] and simply evaluates a fuzzy number by
using the right endpoint of its a-cut interval, i.e. a larger right endpoint
corresponds to a higher rank. More formally, let A be a fuzzy number with
Ay = [@a,bq]. Then Adamo uses the ranking function AD*(A) = b,. A
larger AD*(A) corresponds to a higher rank. Clearly, this method is heavily
dependent on the choice of the a and ignores the left spread of a fuzzy number.
Yager also proposes a ranking function which is based on a-cut. What is the
difference between them is that Yager uses all the a-cuts simultaneously.
Yager’s evaluating index for a fuzzy number A with a-cut A, = [aq, bo] is

Y(A) = ; /o (aa + bo)da.

Yager’s method tends to be neutral by considering the left and right end-
point of a-cut equally. To reflect a decision maker’s risk type, the following
general index may be considered

YA (4) = ; /01((1 Ao + Aba)da,
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where A € [0, 1] represents the decision maker’s risk attitude. The larger the
A is, the more risky the decision maker tends to be.

When A =0,
1t
YO(A) = / aada;
2 Jo
When A =1,
1t
Yi(A) = / bada;
2 Jo
When A = 0.5,

Y25(A) = ; /o (aa + bo)da =Y (A).

The above mentioned indices are related to a-cuts of the fuzzy numbers in
question. In applying them, it is not necessary to have the exact expression of
the membership functions of the involved fuzzy numbers. This is very useful
in practice. As known to us, the function or arithmetical operations of fuzzy
numbers defined by the Zadeh’s extension principle is very complicated in
calculation. As a result, the exact expression of fuzzy numbers is often diffi-
cult to acquire. However, the corresponding operations of a-cuts are merely
concerned with the two endpoints of a-cuts, which are relatively easier in the
implementation.

Besides these indices based on a-cut, there are some others which can be
classified into this category [22, 20, (9], 89, [165], among which we mention
the centroid index of a fuzzy number, defined by

fsupp(A) rA(z)dx

Cld) = Ax)dx

f supp(A)
A larger centroid index corresponds to a higher rank.

Example 4.9. Let A = (1,2,3) and B = (0,2,4). Then Ay = [1+ @,3 — q]
and B, = [2a,4 — 2a]. Hence AD*(A) = 3 — « and AD*(B) = 4 — 2a. By
the Adamo’s method, B = A for all a €]0,1].

In addition, Y*(A) = A+ 1.5 and Y*(B) = 2\ + 1. Consequently, A ~ B,
A=Band B~ AbyY®®, YV and Y respectively.

Finally, C(A) = C(B) =2, and hence A ~ B by the centroid index.

4.5.2 Ranking Fuzzy Numbers According to the
Closeness to a Reference Set

For this class of methods, one or more reference sets are defined and then the
ranking index is constructed by comparing the fuzzy number to be ranked to
the reference(s). The distinct definitions of reference set(s) may be adopted
by different authors. The most frequently used one is the fuzzy maximum



4.5 Ranking of Fuzzy Numbers 135

(fuzzy minimum) defined by the Zadeh’s extension principle. Let us have a
closer look at this type of ranking methods.

Assume that Ay, As, ..., A, are n fuzzy numbers to be ranked. According
to the Zadeh’s extension principle, their fuzzy maximum maz is defined by

maz{Ai, Ag,. .., Ap}(x) = sup N\ Ai(xs).
¢ i=1

max(ml,...,zn):

The fuzzy maximum of n fuzzy numbers is still a fuzzy number. However,
unlike in the case of real numbers, maz{A;, As, ..., A, } is not generally one
of Ay, As,..., A,. Therefore, the fuzzy max is merely used as a reference
set for the ranking of fuzzy numbers. Noticing the insufficiency of fuzzy maz,
Kerre[75] calculates the Hamming distance between maz (A1, Aa, ..., A,) and
A; (i =1,2,...,n) to determine the rank of A;. Therefore, the Kerre’s index
is

K(A) = [ |Aia) = (s, Ao, ... Ay) @)l da,

where S = |J suppA;. The resulting order relation is formulated by:
i=1

A = Aj & K(A;) < K(A));

Clearly, K(A;) ranks fuzzy number A; by considering the closeness of A; to
the fuzzy maximum (reference set) in the sense of the Hamming distance.
The Kerre’s method can be generalized by replacing the Hamming distance
by a nearness measure N[64], i.e. we may define the ranking index

WN(AZ) = N(Ai7rh75<{A1,A2, ce 7An}(l = ].72, cee ,n).

A larger W (A;) corresponds to a higher ranking.
For instance, if Ny, is selected, then the ranking index is

Jp(Ai(z) Amax{Ay, Ay, -, Ay} (z))dx

WNMl Az = . .
(4:) Jp(Ai(z) vmax{A;, Ay, -, Ay }(z))dx
Instead of the fuzzy maximum, other reference sets are also visible in the
literature.
For example, Chen[27] defines the fuzzy maximizing set by

k
Af;axm:( % = Zaia ) (€ [mim Tmas]).

Tmax — Lmin
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where Zyax = sup U suppA;, Tmin = inf U suppA4; and k > 0 a real number.
i=1 i=1
In order to incorporate the information contained in the left spread of a

fuzzy number, the fuzzy minimizing set A% . . the dual concept of A* . is
introduced, which is defined by

min’

@) = (777 ) € b

Tmax — Lmin

Then the left utility L*(A;) and the right utility R*(4;) of the fuzzy number
A; are defined respectively as

L¥(A;) = sup min(Aj,;, (x), 4 (2))
and

RF(A;) = supmin(A7, 4, (2), Ai(2)).
Finally, the total utility 7%(A;) is calculated as

T*(A;) = ;(Rk(AZ-) +1 - L*(A)).

Then a larger T* (A ) corresponds to a higher rank
Since L*(A;) = Nz (A;, A, ) and R*(A;) = Np(A;, A’Ifnax) T*(A;) evalu-
ates A; by combining the closeness of A; to A¥_ and A*. (reference sets)

in the sense of the lattice nearness measure.

ax min (

Example 4.10. Let A = (0.2,0.3,1), B = (0,0.5,0.8). Then K(A) = |,,
K(B) =0.1, and thus A = B by the Kerre’s method

In addition, W™ (A) = 12 and Wi (B) = [, and hence B = A by
WMy

Finally, T'(A) = 135 and TY(B) =

374 whence B = A by the Chen’s
method.

78’

Remark 4.1. Besides the foregoing approaches, the ranking indices suggested
by Jain [70], Kim and Park [72] also belong to this category.

4.5.3 Ranking Fuzzy Numbers Based on Pairwise
Comparisons

In decision analysis, a decision maker is frequently confronted with the com-
parison of alternatives. Generally, it is difficult to compare all the alternatives
directly simultaneously. Instead, comparisons are often made on the pairwise
base. To rank fuzzy numbers, some researchers construct fuzzy relations to
carry out the pairwise comparisons between them. The following are some
typical fuzzy relations on the set A = {A1, A, -, A, } of fuzzy numbers to
be ranked.
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The first one is based on the Baas and Kwakernaak’s ranking index [6]

RBK(AivAj): sup min(Ai(aci),Aj(mj)).

T2

Let [a; ,a; ] and [ajﬂaj] be the kernel of A; and A; respectively. If there
exist a € [a; ,a;] and b € [ajﬂaj] such that a > b, then Rpg(A4i, 4;) =1
and Rpr(A;,A;) = hgt(A; N A;) by Exercise 22. Hence, the Baas and
Kwakernaak’s index compares fuzzy numbers according to the relative po-
sition of the kernels and the height of their intersection. Obviously, if
[a; ,ai] N [aj_,a;'] # 0, Rpr(Ai, Aj) = Rpk(A;,A;)) = 1. The kernel of
a fuzzy number represents the scope of its most possible values, whereas the
height of the intersection of two fuzzy numbers characterizes the their rel-
ative location. Therefore, the Baas and Kwakernaak’s index is called very
natural in the framework of fuzzy set theory [49], which is employed by many
researchers in essence [46], 64) [142].

Another extensively used class of fuzzy relations is constructed by using
the so-called upper and lower set and fuzzy maximum or/and fuzzy minimum.
For a fuzzy number F, define the upper set F and the lower set ' of I by:
Vr € R,

F(r)=supF(y) and F(x)= sgpF(y).
y=z y<z
Many authors employ the following fuzzy relation to compare A; and A; in
nature [85} (106, 126, [170],

RMAi, Aj) = Mu (A, (A4, AAY)) + (1= Ny (Ai, (As A Ay)),

where dp stands for the Hamming distance and A € [0,1] is a risk attitude
indicator.

A fuzzy relation can merely provide the information of the pairwise com-
parisons between A; and A; (4,5 = 1,2,---). How to determine the final
ranking of A, As,---, A, by the use of this information is another issue.
Now we introduce such a method.

Assume that R on A = {41, Ag, -+, An} is acyclic. Then the following
procedure may be used to determine the rank orders of Ay, As, -+, Ay.

Firstly, construct H; = {A; € A|R(A4;,A;) > R(A;, A;) for VA; € A}
Then H; # () by Proposition If Ay = A\ Hy # 0, construct Hy =
{A; € A1|R(A;, Aj) > R(Aj, A;) for YA; € A }. In a similar way, Hs can be
constructed if Ay = Ay \ Ha # 0. Keep constructing Hy, Hs, -+, H,, until
Am = Am—1 \ Hn = 0 for some m. Then the ranking order = and ~ are
formulated as:

A; = Aj < 3 H,, Hy such that A; € Hy, A; € Hy, and s < t;
A;j ~Aj < 3 H, such that A; € H, and A; € H,.
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Therefore, the final ranking of A1, Ao, -, A, can be determined by the
above method if the R on A satisfies acyclicity.

Remark 4.2. Acyclicity is a very weak restriction as can be seen from Sec-
tion 1.6.3 of Chapter 3. For instance, by Exercise 22(2), Rpk 1is weakly
transitive, and thus acyclic, and R is consistent, and thus acyclic by Propo-
sition [3-24), whose proof is left as an exercise (Exercise 35). As a matter of
fact, it can be known from [150, [I51)] that almost all fuzzy relations employed
for ranking fuzzy quantities satisfy acyclicity if the involved fuzzy quantities
are fuzzy numbers.

Example 4.11. A = {Ay, As, A3, Ay, A5, Ag}

R A Ay As As As Ag
A, 1 05 03 01 05 0
A, 05 1 07 01 06 0.2
As 04 09 1 02 04 04
Ay 09 09 07 1 04 1
As 05 09 09 06 1 06
A¢ 09 04 08 1 06 1

It is easily verified that R is weakly transitive and thus acyclic.
Fori= ]., 27 . .76, R(AG, Al) Z R(AZ', AG) and .R(A57 AZ) 2 .R(Ai7 A5)
Therefore Hi = {As, Ag}. Similarly Hy = {A4}, Hs = {As},Hy =
{41, As}.
The ranking is A5 ~ Ag = Ay > Az = A1 ~ As.

Proposition 4.10. The above defined relations > and ~ have the properties:

(1) ~ is reflexive and symmetry.

(2) = and ~ are transitive.

(3) Given arbitrary A; and A; in A, exactly one of the following relations
holds: A; = Aj, Aj - Ai; A~ Aj.

(5) If R is consistent, then A; = A; = R(Ai, Aj) > R(A4;, A;).

Proof. The proof of (1) through (4) is straightforward.

(5) Assume that A, > A;. Then R(A;, A;) > R(A,, A;). Now suppose
R(Ai,Aj) = R(A;, A;). There must exist Ay € A such that

R(AZ, Ak) > R(Ak, Az) and R(Aj,Ak) < R(Ak,Aj)
(Otherwise, VA, € A, R(Aj, Ax) > R(Ag, Aj) if R(Ai, Ax) > R(Ag, A;) and

hence A; 27 A;). This, together with R(A;, A;) = R(4;, 4;), conflicts with
consistency. O
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It follows immediately from Proposition L.I0(4)(5) that
A; - Aj == R(Ai7Aj) > R(Aj7Ai),

and
A~ Aj & R(Ai, Aj) = R(Ay, Ay),

which imply that the resulting ranking of A;, As,---, A, can be directly
derived from the pairwise comparisons if R is consistent.

Recognizing the insufficiency of one single index in ordering fuzzy num-
bers, Dubois and Prade proposed four fuzzy relations to indicate the relative
locations of two fuzzy numbers [46]. They are:

(1) The grade of possibility of dominance of A; over A;

PD(A;, Aj) = sup min(A;(z;), Aj(2));
23,

(2) The grade of possibility of strict dominance of A, over A;

PSD(A;, Aj) = sup inf min(A;(z;), 1 — A;(z;));

(3) The grade of necessity of dominance of A; over A;

ND(A;, Aj) = inf sup min(1 — A;(z;), 4, (x;));
‘ 1112]1]

(4) The grade of necessity of strict dominance of A; over A,

NSD(AZ,A]) =1- sup mln(Az(xl),AJ(xj))

Clearly, PD is the same as Rpx and NSD(A;,A;) =1— PD(A;, 4;). Al-
though all the four indices satisfy weak transitivity (Exercise 38) and thus
the preceding procedure can be employed to derive a final ranking from each
index, these final rankings are not always the same. The final decision is left
to the decision maker.

Example 4.12. Let A = (2,7,8), A2 = (2,5,7,8), A3 = (2,5,8) and Ay =
(2,3,8). The corresponding indices PD,PSD,ND and NSD are calculated
and listed as follows.

PSD Ay Ay Az A PD A Ay As A
Ay 05 05 0.75 0.83 Ay 1 1 1 1
A 05 05 0.75 0.83 Ay 1 1 1 1
Az 025 025 0.5 0.62 As 075 1 1 1
Ay 017 017 037 05 Ay 0.6 063 063 1
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NSD Ay, Ay As; A ND A, Ay As A
Ay 0 0 025 04 Ay 05 063 0.63 0.83
0 O 0 0.38 Ay 037 05 05 0.75

As 0 O 0 0.38 Az 017 05 05 0.75
0 O 0 0 Ay 017 025 025 0.5

If we use these indices individually to rank Ay, As, Az, Ay, then the follow-
ing rankings are obtained.

For PD: A; ~ Ay ~ A3 - A4,‘
For PSD: Ay ~ Ay = A3 - A4,‘
For ND: Ay = Ay ~ Ag - A4,‘
For NSD: Ay ~ Ay = As = Ay.

Generally, PD(A, B) compares the right spread of A with the left spread of
B; PSD(A, B) compares the right spread of A and B; ND(A, B) compares
the left spread of A and B; NSD(A, B) compares the left spread of A with
the right spread of B. Therefore, the joint use of four indices is somewhat
like an illustration of relative position of two fuzzy numbers from multiple
angles instead of ranking fuzzy numbers.

4.5.4 Ranking Axioms

A fuzzy number is a set of real numbers with each number corresponding to a
degree. A natural idea is to combine these numbers as well as the degrees to
form a single number so that comparisons can be based on the order relation
of real numbers. The various combination ways have made ranking approaches
diverse. Each approach, however, pays attention to a special aspect of a fuzzy
number. As a result, each method suffers from some defects if only one num-
ber is formed for each fuzzy number. Freeling [60] argues that by reducing the
whole of our analysis to a single number, we are losing much of the informa-
tion we have purposely been keeping throughout our calculations. To avoid the
partiality in the use of the single index, Dubois and Prade propose four indices
[46] (the so called complete indices) to locate the relative position of two fuzzy
numbers in question. As we know, the four indices may derive different final
ranking in some cases. The final choice is left to the decision maker. There-
fore, Yuan [I70] argues that this somehow defeats the purpose of the ranking
method which is supposed to derive a conclusion for the decision maker. These
opposite standpoints indicate that what is a good method is controversial. In
addition, when some concrete fuzzy numbers are given, opposite rankings are
frequently obtained by the application of different methods. There are no uni-
fied criteria to judge which one is better. In this section, we investigate the
reasonability of a ranking method by introducing a set of axioms developed in
[149] and examine their fulfillment. For the details, see [149, 150, [151].

Let M be a ranking method and S the set of fuzzy numbers for which the
method M can be applied. The following axioms are proposed by combining
properties of real numbers and the purpose of ranking fuzzy numbers, which
serves decision making analysis.
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A7 The relation ~ is reflexive on any finite subset A of S.

A5 The relation = is asymmetric on any finite subset A of S.

A3 The relation 7 is complete and transitive on any finite subset A of S.

A, For an arbitrary finite subset A of S and A, B € A, infsupp(4) >
sup supp(B), we should have A = B by M on A.

As Let A; and A; be two arbitrary finite subsets of S and let A,B be in
A1 N As. Then A= B by M on Ay iff A> B by M on As.

Ag Let A, B, A+C and B+C be elements in S. If Az B by M on {4, B},
then A+C 7z B+ Cby M on {A+C,B+C}.

Ay Let A, B, AC and BC be elements in S and C > 0. A - B by M on
{A, B} implies AC 7 BC by M on {AC, BC}.

A through Aj are self-explanatory.

A4 means that, if two fuzzy numbers have separate supports, then the
fuzzy number with support on the right has a higher ranking than the one
with support on the left.

A means that the ranking order of A and B is independent of any other
fuzzy number. It is called the independence of irrelevant alternatives (fuzzy
numbers in this case) in the framework of decision making analysis.

Ag indicates that the addition of fuzzy numbers is compatible with =~ and
the explanation is similar for Ax.

Clearly, all the other axioms are an extension of properties of real numbers
except As.

In Table 4.1, we list the fulfilment of axioms for some ranking approaches
introduced before.

Table 4.1 Fulfilment of axioms for some ranking approaches

index Y? AD® C K CH* PD PSD ND NSD

Al Y Y Y Y Y Y Y Y Y
A2 Y Y Y Y Y Y Y Y Y
As Y Y Y Y Y Y Y Y Y
Ay Y Y Y N Y Y Y Y Y
As Y Y Y N N N N N N
Asg Y Y N N N Y N N Y
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In the following, we give a proof of the fulfilment of axioms for PD. The
proof of the others is left to the reader.

Proposition 4.11. PD satisfies Ay through Ay except As.

Proof. The proof that PD satisfies A; through Ag is trivial.

Firstly, we prove that PD satisfies Ag4.

If inf supp(A) > supsupp(B), then PD(A, B) = 1 and PD(B, A) = 0, and
thus A > B by Proposition LI0(4).

Secondly, we prove that PD satisfies Ag.

Assume the kernels of A; are [a; ,a;] (i = 1,2,3). From A; = Ay by PD
on {A1, Ao}, it follows af > ay, and thus af +ag > a; +a3 > a; +a3.
Therefore, A1 + A3 = A2 + Ag by PD on {Al + Ag, A2 + Ag}

Finally, we prove that PD satisfies Ar.

Let ker(4;) = [a; , a;"] (1=1,2,3). From A; = A2 by PD on {A;, A2}, we
have af” > a;, and thus a] ad > ayai > ajyay . Hence, PD(A; A3, A2 A3z) >
PD(AQAg, A1A3) and thus A1A3 i A2A3 by PD on {A1A37 AQAg}.

To verify that PD does not satisfy Ag, we present an example in the
following.

Consider A = (0.1,0.2,0.3), B = (0.1,0.2,0.8,0.9) and C' = (0.7,0.8,0.9).
Ay = {A, B} and A; = {A, B,C}. When applying PD on A;, we get A ~ B.
When applying PD on As, we get B > A. (]

The axiomatic research provides one way to assess the reasonability of a
ranking method. However, how to select a complete and proper set of axioms
to make the assessment objective is not an easy task. On the one hand,
AD® is a satisfactory index since it fulfils all axioms. On the other hand,
this index is far from perfect. For instance, it is heavily dependent on «,
it ignores the left spread, it even makes no sense when « is too small, etc.
There is a long way to go concerning the reasonability study of ranking
methods.

4.6 An Application of Fuzzy Numbers

Let us return to the fuzzy additive weighting formula

Assume that 7 = (ri;,r3;,75,7;) > 0 and @; = (wj,w}, w}, wj) > 0 are
trapezoidal fuzzy numbers. Then it can be easily verified that
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i (Wj)a(Tij)a

(Fa=""
Z (wj)a
j=1
_ [Ai+ Laia+ Liia? D;+ Uy + Uyia?
N C + Da ’ A+ Ba ’
where A = waB Zw —w :Zw?7D: (w?—w?),
j=1 j=1
A _Zw Tijs Bi —ij rigs Ci = ij rigs Di Zw Tig»
Ly = Z(wf - wgl‘)(rzzj - Tz‘lj)a Ly = Z(w]l (T?j - Tz'lj) + Tilj(w]z - wjl‘))a
j=1 j= 1
Ui = Z(w;l — W )( zy , Ui = _Z + ’rzy( 4 wf))
j=1
Now we should choose a ranking method to compare the performance
evaluations 71,73, ...,7,. Considering that the a-cut of 7, is available, we

adopt the index Y. In this case,

1 [ (A + Lojo+ L1;0®  D; + Ugia + Upo®
y(fi)—2/< +Luet Lya” | Dyt Unia+ 1a>da
0

C+ Da A+ Ba
Lli 1 Lgi C Az 02 LQZC D
- - - In(1
2p Lu DT (Lh» D2 LHD) n(t+ o)
Uli 1 U2i A Dl A2 UQ»LA B
- - In(1 .
25 (9 Ui B+(U1i+BQ Uh»B) n(t+ )

We will apply the calculating formula to the assessment of radiation pro-
tection measures.

Example 4.13. (Application for the Choice of Radiation Protection Measures)

In the current literature, some traditional decision making techniques, e.g.
cost-benefit analysis, multi-attribute utility analysis and multi-criteria out-
ranking analysis etc. are recommended for the evaluation of available radia-
tion protection measures. The common point of these approaches is the use of
crisp numbers. As a matter of fact, some criteria like ‘discomfort from ven-
tilation’ are merely described in linguistic terms. In order to apply the known
decision analysis models, these vague descriptions have to be transformed into
numbers without exception. For instance, if one feels ‘slightly uncomfortable’,
the value 0.25 is assigned to the corresponding protection measure. Clearly,
the transformation process is the one of information reduction. As a conse-
quence, the results may be distorted. In addition, among other types of un-
certainties, the decision maker is confronted with the uncertainties associated
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with an imperfect knowledge of the performance of the options under differ-
ent circumstances, or of the parameters and data used in the assessment,
e.g. dose estimates, technical specification of the options. The existence of
this class of uncertainties also makes the precise descriptions inappropriate.
Instead, every evaluation of performance can be regarded as a fuzzy number,
and triangular or trapezoidal fuzzy numbers can be used for the description of
uncertainties in the evaluations, depending on the degree of the uncertainties
included in the evaluating process.

There are five protection options which need to be evaluated according to
the following five criteria: annual protection cost, annual collective dose, dis-
comfort from ventilation and annual average individual doses to workers in
group. Based on these criteria, all options are evaluated in fuzzy numbers.

Criterion 1: Annual Protection Cost($)

Option 1 (01): (10000, 10300, 10550, 11000)
Option 2 (Os): (17000, 17100, 17400, 18000)
Option 3 (Os): (18000, 18300, 18600, 19000)
Option 4 (O4): (31900, 52050, 32350, 32500)
Option 5 (Os): (35000, 35500, 36000).

Criterion 2: Annual Collective Dose

Option 1: (0.55, 0.561, 0.58)
Option 2: (0.34, 0.357, 0.4)
Option 3: (0.32, 0.335, 0.35)
Option 4: (0.18, 0.196, 0.25)
Option 5: (0.16, 0.178, 0.2).

Criterion 3: Annual Average Individual Doses to Worker in Groups (Group 1)

Option 1: (32.5, 34.5, 35.5)
Option 2: (21, 22.8, 23)
Option 3: (20, 21, 22)
Option 4: (11, 12.6, 14)
Option 5: (10, 11.3, 12).

Criterion 4: Annual Average Individual Doses to Worker in Groups (Group 2)

Option 1: (27, 28.9, 30)
Option 2: (16, 17.1, 18)
Option 3: (15, 16.3, 17.5)
Option 4: (7, 8.4, 9)
Option 5: (7,7.8, 9).

Criterion 5: Discomfort from Ventilation

For this criterion, the descriptions are in linguistic terms. They are ‘no
problems’ for option 1, ‘slightly uncomfortable’ for option 2 and option 3,
‘severely uncomfortable’ for option 4 and ‘difficult to work’ for option 5.
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These linguistic expressions can be transformed into fuzzy numbers on [0,1],
which reflect our satisfaction degrees with options.

Option 1: (1, 1, 1)

Option 2: (0.6, 0.7, 0.8, 0.9)
Option 3: (0.6, 0.7, 0.8, 0.9)
Option 4: (0.1, 0.2, 0.3, 0.4)
Option 5: (0, 0.1, 0.2).

Since the fuzzy numbers for the first three criteria are not in the same scale,
we should treat them so that all of them are fuzzy numbers on [0,1]. For the
scaling process, we use formula

Tmax — T
9

Tmaz — Tmin
where Tmay and Tmin are the mazimal and minimal number respectively for
the criterion; and x is the number to be scaled. For example, T;q. = 36000
and Ty, = 10000 for the first criterion. Therefore, the number 10300 is

treated as IR
36000 — 10000 — 038402

Note that Tmar and Ty are respectively scaled as 0 and 1. The reason is that
a larger number indicates ‘less preferable option’ for cost and dose criterion.
In this way, we obtain all the fuzzy numbers on [0,1] as follows:

Criterion 1

Option 1: (0.962, 0.979, 0.988, 1)
Option 2: (0.692, 0.715, 0.727, 0.731)
Option 3: (0.654, 0.669, 0.681, 0.692)
Option 4: (0.134, 0.1, 0.152, 0.158)
Option 5: (0, 0.019, 0.038).

Criterion 2

Option 1: (0, 0.045, 0.071)
Option 2: (0.429, 0.531, 0.571)
Option 3: (0.548, 0.583, 0.619)
Option 4: (0.786, 0.914, 0.952)
Option 5: (0.922, 0.949, 1).

Criterion 8 (Group 1)

Option 1: (0, 0.039, 0.118)
Option 2: (0.49, 0.518, 0.569)
Option 3: (0.529, 0.568, 0.608)
Option 4: (0.843, 0.898, 0.968)
Option 5: (0.9183, 0.965, 1).
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Criterion 4 (Group 2)

Option 1: (0, 0.048, 0.13)
Option 2: (0.522, 0.561, 0.609)
Option 3: (0.543, 0.596, 0.652)
Option 4: (0.913, 0.939, 1)
Option 5: (0.913, 0.965, 1).

The fuzzy weights for the criteria are:

@, = (0.15,0.20,0.30, 0.35)

s = (0.07,0.08,0.09, 0.10)
i3 = (0.35,0.40, 0.45, 0.50)
@4 = (0.04,0.05,0.06, 0.07)
@5 = (0.10,0.13,0.15, 0.20)

Applying the preceding formula yields:
Y(01) = 0.48,Y(02) = 0.67,Y(03) = 0.69,Y(04) =~ 0.66,Y(05) ~ 0.63.
Therefore, the ranking of the five options is:
option 3 = option 2 > option 4 > option 5 > option 1,

i.e. option 3 is the best.

4.7 Exercises

1. Prove Proposition (1.2
2. Let X = {a,b,c,d,e, f}, Y = {u,v,w}. A mapping f from X to Y is

defined by
ux=a,d,e,
f(x):{vx:bc !

IfA=0.1/a+0.4/b+1/c+0.6/d+0.3/e, what are f(A), f(A°), f({a,b}),
f(Aos) and (f(A))o,6-
3. Show that:

(1) If £ is injective, then VA € F(X), f~(f
(2) If f is surjective, then VB € F(Y), f(f~

4. Let f(z) = Lz and A be defined by

r—11l<ax<2
Alx) =¢3—-z2<2<3

0 otherwise

(4) = A
(B)) =

Find f(A).
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5. Let f(z) =1+ 3(z+1)% and A be defined by

1432 -3<z<0
Alz)=¢1—-2 O0<z<1

0 otherwise

Find f(A).

6. If A € F(R), apply the extension principle to define the absolute value
|A| of A and the opposite —A of A. If A=0.3/2+0.4/1+0.5/0+0.1/ —
1+0.8/ —2, find |A] and —A.

7. If f is injective, show that: (1) for every a €]0,1], (f(A))a = f(Aq) and
(2) VA; € F(X) (i € 1), F() As) = N F(A0).

iel il
8. Let Ac F(X), f: X =Y and g: Y — Z. Show that

(9o NA) = | ag(f(4a)-

ael0,1]

9. Given A=0.5/0+1/0.1+0.5/0.2, find 24, A — A and A + A.

10. Let f: Xl XXQ Xoee XXn — Y and Az EF(XZ)(Z = 172,'-' ,n). Show
that f(A1, A, -+, A,) is a normal fuzzy set on Y if Ay, Ag, -+, A,, are
normal fuzzy sets on X1, Xs, -+, X,, respectively.

11. Show that, for 4; € F(X;)(i =1,2,...,n), f: X1 x Xox---x X,, =Y,

f((Al)av (A2)av R (An)a) - (f(Ah Az, An))cﬁ
f((A1)a, (A2)as . (An)e) = (f(A1, Az, An))as

U af((A1)a; (A2)as- -5 (An)a)
a€l0,1]

= U af((Ae (o) (An)e).

a€l0,1]

f(A1,As, . . Ap)

12. If A, e F(X)and B; € F(Y) (i€ I,j € J), f: X xY — Z, show that

rJasUBn=UU rai By

el jeJ icl jed
F( A4 () B) ([ f(Ai.B)).
il jeJ iel jeJ

13. If A € F(R) is defined by

Ay = VT e
0 otherwise '

find A— A and A+ A.
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14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

4 Extension Principle and Fuzzy Numbers

Show that A(B+C) C AB+ AC forall A, B,C € F(R). Give an example
toillustrate that the inclusion can not be replaced by the equality generally.
Show that A € F(R) defined by

Alz) =<1 0<z<1

is a convex fuzzy quantity.

Give an example to illustrate that A; U As is not necessarily a convex
fuzzy set when both A; and As are convex fuzzy sets.

Let A and B be two convex fuzzy quantities. Show that there exists an
zo € R such that

A(z)V B(z) z > x
(AV B)(x) = {A(x) ABr) o < g °

Show that if A, B € F(R), then Vo € R,

1
A@) = B@) = [ 140(e) = Bo(a)ldo.

Prove that AVB=A< ANB=0B.

Given fuzzy numbers A = (0,1,2,3) and B = (4,5,6), find A+ B, A— B,
AB, A/B.

Let wy,ws, A1 and As be non-negative trapezoidal fuzzy numbers. Find
a formula to calculate wy A; + waAs.

Let A and B be fuzzy numbers with ker(4) = [a~,a™] and ker(B) =
[b,b"]. Define a fuzzy relation R by

R(A, B) = sup (A(z) A B(y)).

>y

Prove the following statements:
1 at >0b"
(DE(A, B) = { hgt(AN B) a* < b=
(2) R satisfies weak transitivity and negative transitivity;
(3) R is not transitive.
If the Hamming distance between two fuzzy numbers A and B is defined
by
1
dp(A,B) = /|A(m) — B(x)|dz,
0

prove that

1
dH(A7B) :/dH(AOHBa)dOZ.
0
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24.

25.

26.

27.

28.

29.

30.

31.

For a fuzzy number F, define F and F by

F(r)=supF(y) and F(x)= supF(y).

y>a y<z

Show that F = FNF. If A and B are fuzzy numbers, prove that
AvB=ANB, ANB=AUB,
ANB=ANB, AVvB=AUB.

Use the results in Exercise 23 and 24 to verify that

1
dp(A, AV B) = /(a; Vb, —ay)da,
0

dg(A,ANB) = [ (af —al AD})da,

where A and B are fuzzy numbers with A, = [a;,al] and B, = [b,,,b
Let A = (0.5,0.6,0.7) and B = (0.1,0.6,0.8). Use AD%® Yy* (>\
0,0.5,1) and C(A) respectively to rank A and B.

Let A = (a,b,c,d) be a trapezoidal fuzzy number. Find the formulas to
compute AD®, Y* and C(A) respectively.

Chang uses the index CH(A) = fsupp(A) zA(z)dz to evaluate A. A larger
CH(A) corresponds to a higher rank. Use this index to rank A and B in
Exercise 26.

Let A and B be fuzzy numbers. Define the crisp relation R by:

o

ARB < AV B =A.

Prove that R is a partial order. Give an example to illustrate that R is
not complete.

Let A= (0.6,0.7,0.8) and B = (0.3,0.7,1). Use the indices K, Ny, and
T respectively to rank A and B.

Let A; = (ai,b;,¢;) be triangular fuzzy numbers. Find the formulas to
compute T, T%% and T? respectively. Give an example to illustrate that
T, T%5 and T2 may derive three different rankings.
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32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42.

43.

44.
45.

46.

4 Extension Principle and Fuzzy Numbers

Let A1 = (3,5,7), A2 = (4,5,%, A3 = (2,3,5) and A4 = (6,7,8). Use
Tl to rank A17 AQ, Ag, A4.

Let Ay =(3,5,7), A2 = (4,5,%), A3 = (2,3,5) and A} = (10,11, 12). Use
T! to rank Ay, Ag, Az, A}. Compare the result with that of Exercise 32.
Show that Rpr (A, B) = Nr(A, AV B) holds for any fuzzy numbers A
and B, where Ny, stands for the lattice nearness measure.

Show that R* is consistent for any A € [0, 1].

Show that, for any fuzzy numbers A and B,

(1) PD(A, B) + PD(B, A) > 1;
(2) PSD(A, B)+ PSD(B, A) < 1;
(3) ND(A, B) + ND(B, A) = 1;
(4) NSD(A,B) + NSD(B, A) < 1.

Show that (PSD(A, B), PSD(B, A)) > 1/2 for any fuzzy numbers A and
B.

Show that all the four fuzzy relations PD, PSD, ND and NSD are
weakly transitive and none of them is consistent.

The application of R* and Y derives the same ranking.

Let A= (0.3,0.5,1) and B = (0.11,0.6,0.8). Rank them by using Rpx,
PD, PSD, ND, NSD respectively.

Let A=(0,1,2,3), B=(0,1,1.5) and C = (1.5,2,3). Use Rpk to rank
A, B and C.

Show that if a ranking approach satisfies Ag, then A ~ B implies A+C ~
B + C for any fuzzy number C.

Show that if the involved fuzzy numbers are continuous, then both PSD
and N D satisfy Ag and Ar.

Prove the remaining results except those related to PD in Table 4.1.
Show that 7; in Section 4.6 is a fuzzy number with support |A;, D;[, kernel
[Bi, C;], left spread

Dz — Lo + \/(Lai — Dx)? + 4Ly;(Cx — A;)

fi(x) 9L

and right spread

- Bx — UQZ' — \/(UQZ' - B$)2 — 4U1i(Di - A$)

f2(-T) 24, s

In a fuzzy decision tree, the total utility is computed as pyui +pous+-- -+
PnU, when an alternative is chosen, where p; is the linguistic probability
of occurrence of outcome O; (i =1,2,--- ,n) and u; is the corresponding
fuzzy utility. Suppose that there are two alternatives A; and As. If A
is chosen, then the probability of occurrence of O; and Os are ‘around
0.8 and ‘around 0.2 * respectively. If A, is chosen, then the probability of
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occurrence of O; and Oy are ‘around 0.4’ and ‘around 0.6’ respectively.
When O; occurs, the utility is ‘approximately between 7 and 8’. When
Os occurs, the utility is ‘approximately between 3 and 4’.

(1) Model the involved linguistic descriptions by using triangular or
trapezoidal fuzzy numbers;
(2) Compute the total utility of A; and As respectively;

(3) Find a ranking method to determine which one of A; and A is
better.



Chapter 5

A Brief Introduction to Some Pure
Mathematical Topics

As known to us, the theory of classical sets is the foundation on which modern
mathematics rests. When sets are fuzzified, some traditional pure mathemat-
ical branches are accordingly generalized. In this chapter, we introduce three
well-developed fuzzified mathematical areas briefly to have a glance at how
a pure mathematical theory can be fuzzified. The three areas are (i) fuzzy
measures and fuzzy integrals (ii) fuzzy algebraic structures including fuzzy
groups, fuzzy rings and fuzzy fields (iii) fuzzy topology. This chapter will
be mainly for authors with the elementary knowledge of the corresponding
classical mathematical branches and it will supply them with basic materials
for further reading or research.

5.1 Fuzzy Measures and Fuzzy Integrals

There are various definitions of fuzzy measures and integrals in the litera-
ture. Sugeno was the first who fuzzified measures and integrals. As a brief
introduction, we will start with his definitions [I37].

5.1.1 PFuzzy Measures

Definition 5.1. Let A C P(X) be a o-algebra. If a mapping g from A to
[0,1] satisfies

(1) boundedness: g(0) =0 and g(X) = 1;

(2) monotonicity: A C B implies g(A) < g(B);

(8) continuity: A, 1 (or [)A implies that lim g(A,) = g(A),

then g is called a fuzzy measure. Meanwhile, (X, A) and (X, A, g) are called
a fuzzy measurable space and a fuzzy measure space respectively.

Sugeno [I37] made the following interpretation: g(A) measures the certainty
degree to which a generic element z is in A. If A is empty, z is certainly not

X. Wang et al.: Mathematics of Fuzziness — Basic Issues, STUDFUZZ 245, pp. 153
springerlink.com © Springer-Verlag Berlin Heidelberg 2009
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in A. If A is the whole set, x is certainly in it. When A C B, the certainty
degree to which x is in A is of course less than the certainty degree to which
x is in B.

Example 5.1. Fach probability measure P is a fuzzy measure.

Since a probability measure apparently satisfies the requirements (1) and
(2) in Definition [51), it suffices to prove (3). Let {A,} be a monotone

increasing sequence, that is, Ay C Ay C ---. Write A = |J A4;. Then
i=1
A=A1U(A2—A1)U(A3—A3)U---. As a probability measure P is countably

additive and subtractive, we get successively:
P(A) = P(Ay) + P(A2 — A1) + P(A3 — Ag) + - -

= P(A1) + P(Az) — P(A1) + P(A3) — P(A2) + - -~
= lim P(4,).

n—oo

The proof of continuity is similar when {A,} is a monotone decreasing se-
quence.

Example 5.2. For any A in P(X), the Dirac measure centered in xo € X

assumes the form
lazge A

o) = Gy = {0 1

where xg is a fized element in X . It can be verified that the Dirac measure is
a fuzzy measure.

Example 5.3. For h € F(X) and A € P(X), the possibility measure of A is
defined by

If h is normal, then g is a fuzzy measure.

Proposition 5.1. If g is a fuzzy measure on the measurable space (X, A)
and A, B € A, then

(1) (AU B) = g(A) v g(B);
(2) g(AN B) < g(A) A g(B).

Proof. They are direct consequences of Definition [5.1)(2). O

More generally,
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Definition 5.2. If a mapping gx : A — [0,1] depending on a parameter X
(A > —1) satisfies that

(1) gr(X) =1,
(2) g(AU B) = ga(A) + gA(B) + Agx(A)gx(B) whenever AN B = {),
(3) An T (1)A implies that lim gx(A,) = gx(A),

then gy is called a \-fuzzy measure or a gy measure.
Proposition 5.2. Each g\ measure is a fuzzy measure.
Proof. Tt follows from X N = and X U@ = X that
ga(X) = ga(X U0) = ga(X) + ga(0) + Aga(X)ga(0),
ie. (14 A)gx(0) =0 or since A > —1, g,\(Q))

Assume that A C B. Then A U ( A)
AN (B —A) =0 leads to

0.
= AU B = B, together with

gA(B) = gx(A) + gx(B — A) + Aga(A)gr(B — A) > gr(4).

Taking (1) and (3) into account, we obtain that a g, measure is a fuzzy
measure. g

Proposition 5.3. Each g\ measure satisfies the following properties.

o) = [T

(2) If AD B, then gr(A — B) = g (A) = gA(B)

1+)\g>\(B)
(3) If A; NA; = 0 (i#£37), then
oo 1 oo
A(TLL:JlA A\ 1;[ 1+>\g>\ —1).

Proof. (1) From AN A¢ = 0, we have gx(A U A°) = gx(A) + gr(A°) +
Agr(A)gr(A°). The desired equality follows from gx(A U A®) = gr(X) = 1.
(2) Suppose A D B,

9A(A) = ga(BU (A = B)) = gA(B) + gx(A — B) + Aga(B)ga(A — B),
i.e.

gr(A) — gx(B)

A EVN( )

(3) From A; N Ay = (), it follows that
ga(A1 U Az) = ga(A1) + ga(A2) + Aga(A1)gr(A2)
1
= (02 (A1 + g (42)) — 1),
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By mathematical induction, we can derive the general formula

n n

due to the continuity of g. |
Proposition 5.4. For A,B € A,

paup) = AT gA(B)lng/\)\g(jl(z f)BJ)F Aga(A)ga(B)
Proof. On the one hand,
Ir(AUB) = gA(AU(B—A)) = gx(A) +gr(B—A)+Aga(A)gr(B—A4) (5.1)

On the other hand, B = (BN A) U (BN A°) and (BN A)N (BNA®) = 0.
Hence,

9r(B) = gA(ANB) + gx(B — A) + AgA(AN B)gr(B — A) (5.2)

By eliminating ¢g)(B — A) in (1)) and (5.2), the desired equality is obtained.

O
Example 5.4. Let X = {z1,22,...,2,} and A = P(X). If g; € [0,1](i =
1,2,...,n) satisfies that
ﬁ(l—k)\gi) =14 (5.3)
i=1
then gx defined by VA € A,
()= (TT (1 +29) - 1) (5.4)

T;EA

1S a A-fuzzy measure.
Conversely, if g is a A-fuzzy measure, then (2.3) and ([5F)) hold for g; =

n({x:}) =1,2,...,n).
Proof. Assume that (5.3) and (4] are satisfied. Then

n

() = [[0+20) -1 = (1+A-1=1.

K3
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Suppose that AN B = (. Write a = [[ (1+ Ag;) and b = [] (1 + Agy).
;€A z;EB
From (&4)), we know that
1 1
gA(AUB) = ( IT a+x)-1)= N ITa+x0) [T +r0)-1)
z;EAUB ;€A z;EB
1 1 1 1 1
= /\(ab—l) = )\(a—l)—k /\(b—l)+>\>\(a—1)>\(b—1)
= 9r(A) + 9x(B) + Aga(A)gr(B).

Since X is a finite set, the continuity requirement is automatically satisfied.
Thus gy is a A-fuzzy measure.
Conversely, assume that gy is a A-fuzzy measure.

a({w1,22}) = ga({z1}) + ga({z2}) + Aga({w1})gr ({22})

(@4 200+ Aga) — 1),

=91+ g2+ A\g1g2 = \

Hence (&) is true for A = {x1,z2}. Applying mathematical induction, we

n

can prove (5.4). Observe that gx(X) = 1. By (54), 5 (I[(1 + Ag;) — 1) = 1,
which is the equality (B3]

5.1.2 Fuzzy Integrals

Definition 5.3. Let (X, A, g) be a fuzzy measure space and let h : X — [0,1]
be a measurable function on (X, A). The fuzzy integral of h over A (A € A),
denoted by [, hdg, is defined as

/A hg= v (@ nglhan ),

where hy stands for the a-cut of h.

Theorem 5.1

/A ndg= v (A h() Ag(EN A))

Proof. On the one hand, by putting Ag = é\E h(z), we have E C hy,. Thus

WV ACA BE)AGENA) <V (Ap Agling N A))

<
<y @A 9(ha 0 ),
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i.e.
EcA z€FE

v (A h(ax))/\g(EﬁA))g/Ahdg.

On the other hand, since €/>l h(z) > a and hy € A (a € ]0,1]),

/ hdg= VvV (aAglhaNA))
A a€l0,1]

< 0 (4 ha) Aglhan 4)
< v (A M) Ag(EN A)).

Therefore,

/Ahdg = E\g/A(xé\E h(z)) Ng(ENA)). O

Theorem 5.2
/A hdg = ae\[6,1] (A g(ha N A)).

Proof. Clearly,

= > o
/Ahdg ae%)l] (aANglhaNA)) > \[61] (A g(ha N A))

ac|0,

due to the monotonicity of g. Suppose

hd v A g(ha N A)).
[ wdg> (@ nathe 0 2)
Then a number 3 € [0,1] can be found such that

/hdg>ﬂ> vV (aAglhaNA)) >anglhenA)
A «

€[0,1]
for any « in [0,1].
There must be g(hg N A) < 3. Since hy, C hy for a > 3,

ae\[{)’l] (a A g(hq N A))

= (v, (@A glha N ANV (Y, (@A glhanA)

a< a>

<BV v (anglhynA) =5,

a>f

which is in contradiction with [, hdg > £. O



5.1 Fuzzy Measures and Fuzzy Integrals 159

Definition 5.4. Let {A;} be a mutually disjoint finite sequence of sets in A
such that |J A; = X. If a mapping s from X to [0,1] satisfies that Vx € X,
i=1

s(x) = V(o A Ai(2)) (a; € [0,1]), then s is called a simple function. The

=1
set of simple functions is denoted by .

For every A € Aand s(z) = \n/ (iNA;i(z)), write Ha(s) = \7 (aiNg(ANA,)).
i=1

i=1

Theorem 5.3. For any h € F(X) and E € A,

/hdg— \/ Hz(s).

SEp
sCh

Proof. By Theorem [5.1] it suffices to prove

A h ANg(ENA) H
L A A BT A) = ] A
sgh

For every A € A, let Ay = é\A h(z).
Then so(z) = Aa A A(x) is a simple function such that so C h. Thus VA € A,

\/ He(s) > Hg(so) = A Ag(ENA) = (A (@) Ag(EN A)).

s€gp
sCh

As a consequence,

S\E/ Hp(s)z v (A W) Ag(ENA).

sCh

n

On the other hand, let s(z) = \/ (ovi A Ai()) be a simple function contained

1
10 < n) such that

in h. Then there exists an i (

Hg(s) = V(ai ANg(ENA;)) =ai, ANg(Ai, NE).

Since
n

ig A Ay () < \[ (s A As(@)) < (),

i=1

we have a;, < A h(x). Consequently,
TE€A;

Hi(s) < (A h(@) Ag(di, NE) S v (A () Ag(EN A)).
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That is,

V He(s) £ Y (1, ) Ag(ENA), O

In the following, assume that (X, .4, g) is a fuzzy measure space and h
is a measurable function on (X,.A4). We investigate the properties of fuzzy
integrals.

Property 5.1
0< / hdg < 1.
A

Proof. Trivial.
Property 5.2
/ cdg = c A g(A) with ¢ € [0,1].
A

Proof. By Theorem [5.1]

/Acdg = E\E/A(Ié\Ec)/\g(EﬂA)) = E\e/A (cAg(ENA)) = chg(A). O

Property 5.3. (1) f AC B (A,B € A), then

/hdgg/ hdg.
A B

(2) If hy and hy are measurable functions on (X, A) and hy C ha, then

/h1dg§/h2dg.
A A

Proof. They follow immediately from the definition of fuzzy integrals and the
monotonicity of a fuzzy measure. |

Property 5.4. For A,B € A,

[ ndg= ([ nag) v ([ nao)
[ g < ([ nag)n ([ nao)

Proof. They are direct results of Property B.3[(1). |

Property 5.5. For any measurable functions h1 and hy on (X, A),

/A(hl V hg)dg > (/A hidg) vV (/A hadg).
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/A(hl A ha)dg < (/A hidg) A (/A hadg).

Proof. They are direct results of Property (.3(2).

Property 5.6. For any a € [0,1],

/ (aVh)dg = (aAg(A)) \// hdg.
A A

/(a/\h)dg:a/\/hdg.
A A

Proof
/A(a V h)dg
= E\E/A ( xé\E (aVh(x)) Ag(ENA)) (by Theorem [B.T])
= v (@ (A b)) Ag(ENA)
= (v, @AgUENAN V(Y (A h() AglEN A))
= (aNg(A))V / hdg (by Theorem [B.1]).
A
Similarly,

/A(a/\h)dg: V (A (aAh(@) Ag(ENA))

EcA z€FE

- E\E/A (an (xé\Eh(x))) NgENA))

—an Y (A B@) Ag(EN A))

:a/\/hdg.
A

Property 5.7. If/ hdg = 0, then g(E N supp(h)) = 0.
E

Proof. Write

A, = {alh(z) > ;}.

Then A,, 1 A= {z|h(z) > 0}. Hence

1 1
O:/hdgz/ hdgz/ dg= " ANg(ENA,).
E ENA, ENA, T n

161
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Consequently, g(E N A,) = 0. Therefore,

g(ENsupp(h)) = lim g(FNA,)=0. O

Finally, we prove two convergence theorems that generalize their classical
counterparts.

Theorem 5.4. If {h,(z)} is a monotone sequence of measurable functions

on (X, A) for every x € X and h is a measurable function on (X, A), then
lim h,(z) = h(x) implies that lim / hndg :/ hdg for any A in A.

Proof. We prove the theorem under the assumption that {h,(x)} is a mono-
tone increasing sequence for every x.

By this assumption and Property B3(2), {fA hndg} is an increasing se-
quence. Hence

Tim [, hudg = V32, [, hudg

= Vily oy (@A 9N (o)
= 0y @AV 04N (h)e)
= 0 (@A lim g(AN (kn)a))
= 20 @Ag(lim AN (k)a))
= @A gANU, (o)

It is easy to prove that [J)2 | (hn)a = ha.
Therefore

lim hdg— V. (A (g(ANhaq)) /hdg

n—00 ael0,1]
Theorem 5.5
/limnﬁoohndg §limn_>oo/ hndg.
A A

Proof

/limn_)OOhndg:/ lim inf hypdg
A AN—0k>n

= lim inf hy(z)dg (by Theorem [.4])

n—oo [ 4 k>n

< lim inf [ hidg

T n—oo k>n

zlimnéoo/ hndg. (]
A
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Remark 5.1. The definition of fuzzy integrals was firstly proposed in his Ph.
D. thesis by Sugeno [137] in 1974 and was extended by Ralescu and Adams
[1Z1] in 1986. Some modified versions such as (N)-fuzzy integral and (H)-
fuzzy integral can be found in [66, I81)]. In 1986, Suarez and Gilavarez [136]
gave the concept of a generalized fuzzy integral by using t-norms. In 1990, Wu
et al. [161] presented the G-fuzzy integral which contains the Sugeno integral
and (N)-fuzzy integral as special cases. Concerning the relationships between
different convergence concepts of sequences of fuzzy measurable functions and
various convergence theorems of fuzzy integrals, see [153, [153), (153, [156]. For
the fuzzy measure and fuzzy integral on L-fuzzy sets, the reader may refer
to [178).

5.2 Fuzzy Algebra

In 1971, Rosenfeld [T18] published the seminal paper entitled Fuzzy Groups.
From then on, various algebraic structures have been fuzzified and thus ex-
tended. In this section, we merely introduce the fuzzification of some main
notions in abstract algebra including groups, normal groups, rings and ideals.

5.2.1 Fuzzy Subgroups

In this subsection, G denotes an arbitrary group with a multiplicative binary
operation and identity e. We first introduce the notion of a fuzzy subgroup.

Definition 5.5. A fuzzy subset A on G is called a fuzzy subgroup of G if it
satisfies the following conditions:

(1) A(zy) > A(z) AN A(y) for any z,y € G and
(2) A(z=1) > A(x) for any x € G.

As we know, a subset A of group G is a subgroup of G iff G satisfies that (1)
x,y € A implies zy € A and (2) z € A implies 2! € A. The two inequalities
in Definition are just the fuzzification of these conditions.

Let A be a fuzzy subgroup of G. It follows immediately from the definition
that, for any z € G,

(1) A(z) < A(e),
(2) A(z™') = A(),
(3) A(z™) > A(x), where n is an arbitrary integer.

Proposition 5.5. Let A € F(G). Then A is a fuzzy subgroup of G iff
A(zy=1) > A(x) A A(y) holds for any x,y € G.

Proof. If A is a fuzzy subgroup of G, then

Alwy™") > A(x) AN A(y™") = A(z) A Ay).
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Conversely, suppose A(zy~') > Az
any = € G, Ae) = A(za™1) > A(z)
for any = € G,

) A A(y) holds for any z,y € G. Then for

A
N Ax) = A(z), i.e. A(x) < A(e). Thus,

Meanwhile, for any z,y € G,
Azy) = Alz(y™) ™) 2 A() A Ay ™) > Az) A Ay).
Therefore A is a fuzzy subgroup of G. (]

In the following proposition we prove the characterization of a fuzzy subgroup
in terms of its a-cuts.

Proposition 5.6. A is a fuzzy subgroup of G iff Ay is a subgroup of G for
every a € rng(Q).

Proof. Suppose that A is a fuzzy subgroup of G and a € rng(G). Then
Ay #0. Let 2,y € Ay, i.e. A(z) > o and A(y) > «. Hence,

Alwy™) = Alx) NA(y™H) = A(x) A A(y) > o

and thus zy~! € A,. As a result, A, is a subgroup of G.

Conversely, suppose A, is a subgroup of G for every a € A(G). For any
x,y € G, let a = A(z) A A(y) € A(G). Then A(z) > « and A(y) > «,
ie. z € A, and y € A,. Hence, zy~! € A, since A, is a subgroup of G.
Consequently,

Alxy™") > a = A(z) A A(y).

By Proposition[5.5 A is a fuzzy subgroup of G. |

Particularly, Ay = {z|A(z) = A(e)} is a subgroup of G if A is a fuzzy
subgroup of G. We shall denote this subgroup by A*.

The binary multiplicative operation in G can be extended to F(G) using
the Zadeh’s extension principle. Let A, B € F(G). Then A o B is defined by:
for any z € G,

(Ao B)(z) = \/ (A(z) A B(y)).
z=xy
In addition, for every A € F(G), we shall define A=! € F(G) by: for any
r € G, A7Y(z) = A(z~!). With these notions, we present an equivalent
statement of a fuzzy subgroup.

Proposition 5.7. Let A € F(G). Then A is a fuzzy subgroup of G iff Ao
A7l = A,



5.2 Fuzzy Algebra 165

Proof. If A is a fuzzy subgroup of G, then for any z € G,

(AoA™)(=) = \/ (A) A AT ) = |/ (Alz) A Ay))

z=xy z=xy

< \/ Alzy) = A2).

z=xy

Hence Ao A~! C A.
Meanwhile, for any z € G,

(Ao A™h)(z) = V (Alx) N ATHy)) = V (Ax) A A(y))

Z=xy Z=xy

> A(z) N A(e) = A(z).

Thus Ao A~!' O A. Consequently, Ao A~1 = A.
Conversely, suppose A o A~! = A. Then, for any z,y € G,

Aley™") = (Ao AT (ay™") 2 A(2) AATH ™) = A(z) A Ay).

By Proposition 5.5, A is a fuzzy subgroup of A. |
Proposition 5.8. Let A be a fuzzy subgroup of G and let f be an epimor-
phism of G onto a group G'. Then f(A) is a fuzzy subgroup of G'.

Proof. Let u,v € G'. Since f is surjective, there exist some z,y € G such that
f(z) =w and f(y) = v. Hence, we successively obtain:

FA) () A f(A)(v) = (f(\)/_ A($)> A (f(\)/_ A(y)>
= (A(z) A Aly))
f(@)=u,f(y)=v
< A(xy) (A is a fuzzy subgroup)

= V (zy) (f is a homomorphism)
f(A)(uv).

I
<
> S
O

I

In addition, for any u € G/,

f(Aw™) = \/ A(z) = \/ A(z) (f is a homomorphism)
\/ A(z7h \/ A(z) (A is a fuzzy subgroup)

= f ( )( )
Hence f(A) is a fuzzy subgroup of G’. O
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Proposition 5.9. Let [ be a homomorphism from G to a group G' and let
B be a fuzzy subgroup of G'. Then f~Y(B) is a fuzzy subgroup of G.

Proof. For any z,y € = B(f(zy)) = B(f(2)f(y) =
B(f(x)) A B(f(y)) = [*1(3)(95 ~Y(B)(y). Meanwhile, for any = € G,

) A
FIB) ) = B ) = B((f@)")) = B(f(x)) = f(B)(x). Hence
f~1(B) is a fuzzy subgroup of G. O

Finally, we briefly introduce the product of fuzzy subgroups. Let G1,Ga, - -,
G, be n groups. We know from abstract algebra that G; x Go X -+ X G,, is
still a group under the multiplication defined by: Va;,y; € Gi(i = 1,2,--- ,n)

(£E17£E27"' 7$n)<yluy27"' 7yn) = ($1y17$2y27"' 7$nyn)

In this group, (21,29, - ,2,) " = (x7 2yt - 2 t).

Proposition 5.10. Let Ay, Ag, -+, A, be fuzzy subgroups of G1,Ga, -+ , G,
n
respectively. Then the Cartesian product [[ Ai = A1 X Ay X - X A, is a

=1
fuzzy subgroup of G1 X Ga X -+ X Gy,.

Proof. Firstly, for any (z1, 22, - ,2n) € G1 X G2 X -+ X Gy,

n

QT A2 )™ = QT A0t )

i=1

since A; is a fuzzy subgroup of G; for each i (1 <14 <mn).
NEXta for any (‘Tbea T 7'Tn)7 (y17y27' o 7yn) € Gl X GQ X X G’ru

n

(HAi)<(x1’x2’ T 7xn)(y17y2’ T 7yn))

= (H Ai)(ﬂflyl, Zr2Yy2, - MUnZ/n)

n

= /\ Ai(zy:) > /\(Ai(l"i) A Ai(yi))

i=1 i=1
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By definition, [] A; is a fuzzy subgroup of G1 x G X -+ X G,. (]
i=1

5.2.2 Normal Fuzzy Subgroups

The notion of a normal fuzzy subgroup was firstly introduced by Wu [I59] in
1981, which is defined as follows.

Definition 5.6. A fuzzy subgroup A of G is called normal if A(xy) = A(yx)
holds for any x,y € G.

Clearly, if G is commutative, then every fuzzy group A of G is normal.

Proposition 5.11. A fuzzy subgroup A of G is normal iff A(zyz~—1) = A(y)
holds for any x,y € G.
Proof. Suppose A is normal. By definition, for any z,y € G, A(zyz~?!) =
A(yz~'z) = A(y).

Conversely, suppose A(zyx~!) = A(y) holds for any z,y € G. Then
A(zy) = A(zyraz~!) = A(yz), i.e. A is normal. O

It is easily verified that the equality A(zyx~!) = A(y) in Proposition[5.11] can
be replaced by A(xyz~!) > A(y) or A(xyz~') < A(y). Indeed, if A(zyz~t) >
A(y) holds for any =,y € G, then

Alzye™) < A~ oya~ (==1)7) = Aly).

Hence A(xyz~!) = A(y). Similarly, A(zyx=!) < A(y) implies A(xyz~!) =
A(y) as well.

Proposition 5.12. A € F(G) is a normal fuzzy subgroup of G iff Ao A=t =
A and Ao B = Bo A holds for all B € F(G).

Proof. If A is a normal fuzzy subgroup of G, then Ao A~! = A by Proposi-
tion 57 In addition, Vz € G, VB € F(G),

(40 B)(z) = \/ (A(2) A B(y))

TYy=2

= \/ (A(zy™") A B(y))

yeG

= \/ (A(y~'2) A B(y)) (A is normal)
yeG
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=V (B(y) A A=)

yr=z

= (Bo A)(2).

Hence Ao B = Bo A.

Conversely, suppose Ao A™! = A and Ao B = Bo A holds for all B €
F(G). Then A is a fuzzy subgroup of G by Proposition 571 For any = € G,
Ao{z™'} = {27 '}oA Hence, Vy € G, (Ao{z"1})(y) = ({2~ *}oA)(y). Since
(Aofaz™'})(y) = t\/ (A(s) M7 }H(t)) = A(yz) and ({27} o A)(y) = A(zy),

st=y
we have A(zy) = A(yz), and thus A is normal. O

Proposition 5.13. A € F(G) is a normal fuzzy subgroup of G iff Ay is a
normal subgroup of G for any a € rng(A).

Proof. Suppose A is a normal fuzzy subgroup of G and « € rng(A). Then A,
is a subgroup of G by Proposition[5.0l Let z € G and y € A,. It follows from
Proposition .11 that A(zyzr~!) = A(y) > . Hence zyx~! € A,, and thus
A, is normal.

Conversely, suppose A,, is a normal subgroup of G for every o € rng(A). It
follows that A is a fuzzy group of G by Proposition 5.6l Let z,y € G and o =
A(y). Then o € {A(z)|z € G} and y € A,. Hence zyz~! € A,. Consequently,
A(zyr™) > a = A(y). As a result, A is a normal fuzzy subgroup of G. [

Particularly, A* is a normal subgroup of G if A is a normal fuzzy subgroup

of G.

Definition 5.7. Let A be a fuzzy subgroup of G. For every x € G, define
zA, Az € F(G) by:

Vy € G, (zA)(y) = A(z™"y) and (Az)(y) = A(yz™").

Then xA and Az are called the left coset and right coset of A w.r.t. x respec-
tively.

Clearly, A = Ax holds for any x € G if A is a normal fuzzy subgroup of G.
In this case, we simply call zA(= Az) a coset. Write G/A = {zAlx € G}.

Lemma 5.1. Let A be two normal fuzzy subgroups of G. Then xA o yA =
(zy)A holds for any two cosets xA,yA € G/A.

Proof. On the one hand, for any z € G,

(eAoyA)(z)= \/ ((zA)(z1) A (yA)(22))

> (zA)(2) A (yA) (27 '2)
= Az ') N Ay a7 12)
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=Ale) NA(ytz712)
= A((zy)~"2) = ((29)A)(2).

On the other hand, considering that A is normal,

(@AoyA)(z)= \/ ((zA)(z1) A (y4)(22))

Z122=2Z2

=\ (A 'z) A Ay ')

Z122=%Z2

=V (Al 'z) A Ay ™)

Z122=%Z2

\/ Alxrz120y7Y)

= A(:E_*lzyfl) = Ayt 12)
= A((zy)"'2) = ((zy) A)(2).
Hence zA o yA = (zy)A. O

IN

We have the following result concerning (G/A, o).

Proposition 5.14. Let A be a normal fuzzy subgroup of G. Then

(1) (G/A,0) is a group and
(2) G/A is isomorphic to GJA*.

Proof. (1) Clearly, the operation o is associative, A is the identity of G/A
and the inverse of zA is 71 A. Hence (G/A, o) is a group.
(2)For any = € G, let f:2A — xA*. Then, for any z,y € G,

f(zAoyA) = f(zyA) = 2yA" = zA"yA" = f(zA) f(yA).

Hence f is a homomorphism. In order to prove that f is injective, suppose that
1A = yA. Then A(z712) = A(y~!2) for all z € G. Particularly, A(x~1y) =
A(e) when z = y. Thus 2~ 'y € A*. As a result, zA* = yA*. Hence f is
injective. It is clear that f is surjective. In summary, f is an isomorphism
between G/A and G/A*. O

G /A will be called the quotient group of G by a normal fuzzy subgroup A
of G.

Proposition 5.15. Let A be a normal fuzzy subgroup of G. Define A :
G/A — [0,1] by: -
VzA € G/A, A(zA) = A(x).

Then A is a normal fuzzy subgroup of G/A.
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Proof. Firstly, for any A € G/A,
A((zA)™) = A(z71A) = A(z™1) = A(z) = A(zA)
and for any zA,yA € G/A,
A(zAoyA) = fi(wyA) A(zy)
A(z) N Aly) = A(zA) A A(yA).
Hence A is a fuzzy subgroup of G/A. Next, for any z4,yA € G/A,

A(zAoyA) = A(zyA) = A(zy) = A(yz)

Hence A is a normal fuzzy subgroup of G/A. O

Proposition 5.16. Let A be a normal fuzzy subgroup of G and let f be an
epimorphism of G onto a group G'. Then f(A) is a normal fuzzy subgroup

of G'.

Proof. By Proposition B8, f(A) is a fuzzy subgroup of G’. Let u,v € G'.
Then there exists € G such that f(z) = u since f is surjective. Hence, we
obtain successively

ey =\ Ax =\ A@)
f(Z)=uvu—t fR)=F(z)v(f(z)) !
= \/ A(z) (f is a homomorphism)
Fz—1za)=v
\/ Alzyz™) = \/ A(y) (A is normal)

= f(A)(v).
Hence f(A) is a normal fuzzy subgroup of G’. O

Proposition 5.17. Let f be a homomorphism from G to a group G’ and let
B be a normal fuzzy subgroup of G'. Then f~1(B) is a normal fuzzy subgroup
of G.

Proof. By Proposition[5.9, f~!(B) is a fuzzy subgroup of G. Now, let 2,y € G.
Then

f’l(B)(xy) B(f(zy)) = B(f(2)f(y))
( W) f(z)) = B(f(yx))
~H(B)(ya).

Hence f~1(B) is a normal fuzzy subgroup of G. O
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Proposition 5.18. Let Aj, As, -, A, be normal fuzzy subgroups of G,
n

Ga, - -+, Gy, respectively. Then the Cartesian product [[ A; is a normal fuzzy
i=1

1=

subgroup of G1 X Gg X -+ X Gy,

n

Proof. By Proposition 510, ] 4; is a fuzzy subgroup of G1 x G2 X -+ - x G,.
i=1

Furthermore, ¥(z1, 22, ,Tn), (Y1,¥2, s Yn) € G1 X G2 X -+ X Gy,

n

(H Ai)(($17$27 te 7$n)(ylay27 c 7yn))

= (H Ai)(ﬂvlyhxzym te axnyn)

n
Hence, ] A; is a normal fuzzy subgroup of G; X G X -+ X G,. (]
i=1

5.2.3 Fuzzy Subrings

In this and next subsection, we assume (R, +,0) is a ring. For convenience,
we write xy instead of x oy for z,y € R.

Definition 5.8. A € F(R) is called a fuzzy subring of R if A satisfies that (1)
Va,y € R, A(x —y) > A(x) AN A(y) and (2) Vz,y € R, A(xy) > A(x) A A(y).

From the definition, it follows that A is a fuzzy subgroup of R under the
addition + if A is a fuzzy subring of R. Furthermore, this fuzzy subgroup is
normal since the addition is commutative. As a result, Vo € R, A(z) < A(0)
for every fuzzy subring A, where 0 denotes the zero element of R.

Proposition 5.19. A € F(R) is a fuzzy subring of R iff As is a subring of
R for every a € rng(A).

The proof is similar to that of Proposition .6l
By Proposition A* = {z|A(xz) = A(0)} is a subring of R.
The operations on R can be extended to F(R) as follows: VA, B € F(R),
Vz € R,
(A+B)(z) = \/ (A@@)ABy));

rty=z
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(A-B)()= \/ (A@) AB(y));

T—y=z2

(AoB)(z) = \/ (A(z) A B(y)).

TY=2

Proposition 5.20. A € F(R) is a fuzzy subring of R iff A— A C A and
Ao ACA.

Proof. Let A be a fuzzy subring of R. Since A is a fuzzy group under addition,
A — A C A by Proposition Bl Moreover, Vz € R,

(AoA)(z) =\ (Al@) A AW)) < \/ Aley) = A(2),

z=xy z=xy

ie. Ao ACA.
Conversely, suppose that A— A C A and Ao A C A. Then, Vz,y € R,

Az —y) 2 (A=A —y)= \/ (Als) AA®D) 2 A(x) A Aly).

s—t=x—y

Similarly,

Alzy) > (Ao A)(ay) = \/ (Als) AA(1) > A(x) A Ay).

st=xy
Consequently, A is a fuzzy subring of R. O

Proposition 5.21. Let A be a fuzzy subring of R and let f be an epimor-
phism of R onto a ring R'. Then f(A) is a fuzzy subring of R'.

Proof. Let u,v € R’. Then there exist z,y € R such that f(z) = u and
f(y) = v since f is surjective. Hence, we obtain successively

F(A)(w) A f(A (\/A)(\/A)
f(z) f(y)

=V (4@ AAW)

A(x —y) (A is a fuzzy subring of R)

= \/ A(x —y) (f is a homomorphism)
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=\ Ap
)

f(z)=u—v

= f(A)(u—v).
Similarly,
f(A)(uv) = f(A)(u) A f(A)(v).
Hence, f(A) is a fuzzy subring of R’. O

Proposition 5.22. Let f be a homomorphism from R to a ring R’ and let
B be a fuzzy subring of R'. Then f~1(B) is a fuzzy subring of R.

Proof. For any x,y € R, f~}(B)(xy) = B(f(zy)) = B(f(x)f(y)) = B(f(x))A
B(f(y)) = fH(B)(@) A fH(B)(y)- Similarly, f~1(B)(z —y) = f1(B)(x) A
f71(B)(y). Thus f~1(B) is a fuzzy subring of R. O

5.2.4 PFuzzy Ideals

Definition 5.9. A fuzzy subring A of R is called a fuzzy ideal of R if it
satisfies that, for any x,y € R,

Alzy) = A(z) vV A(y).

Clearly, A € F(R) is a fuzzy ideal of R iff A satisfies that, Vz,y € R, A(x —
y) > A(z) AN A(y) and A(zy) > A(x) V A(y). If R is commutative, then a
fuzzy subring A of R is a fuzzy ideal iff R satisfies that, for any x,y € R,
A(zy) > A(x).

Proposition 5.23. Let A € F(R). Then A is a fuzzy ideal of R iff Ay is an
ideal of R for every a € rng(A).

Proof. Firstly, suppose that A is a fuzzy ideal of R. By Proposition 519, A,
(o € rng(A)) is a subring of R. Let z,y € A, and z € R. Then A(z —y) >
A(x) NA(y) > a and A(zx) > A(z) V A(z) > A(x) > a. Hence, x —y € A,
and zx € A,. Thus A, is an ideal of R.

Conversely, suppose that A, is an ideal of R for every a € rng(A4). By
Proposition[5.19] A is a fuzzy subring of R. Let z,y € R and a = A(z). Then
a €rng(A) and x € A,. Since A, is an ideal, zy € A,. Hence A(zy) > a =
A(x). Similarly, A(xy) > A(y). Therefore, A(zy) > A(x)V A(y). Thus A is a
fuzzy ideal of R. O

Particularly, A* ={z|A(z)=A(0)} is an ideal of R if A is a fuzzy ideal of R.

Proposition 5.24. Let A be a fuzzy ideal of R and let f be an epimorphism
of R onto a ring R'. Then f(A) is a fuzzy ideal of R'.

Proof. f(A) is a fuzzy ideal of R’ by Proposition 52Tl Let uw,v € R’. Then
there exist some z,y € R such that f(x) = w and f(y) = v since f is
surjective. Hence, we obtain
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V 4@ =\ AR

f(z)=uv f(2)=Ff(x)f(v)
=\ A() > Ady)
f(2)=Ff(zy)

> A(x) V Aly).

Therefore,
f@w)>  \/ (A@) Vv A®y))
f(@)=u,f(y)=v
L) ()
flz)= fly)=v
= f(A)(u ) f(A)(v).
Thus f(A) is a fuzzy ideal of R'. O

Proposition 5.25. Let [ be a homomorphism from R to a ring R’ and let
B be a fuzzy subring of R'. Then f~1(B) is a fuzzy subring of R.

Proof. f~(B) is a fuzzy subring of R by Proposition[5.22 For any z,y € R,

7B (zy) = B(f(zy)) = B(f(x)f(y)) = B(f(2))VB(f(y)) = fH(B)(x)V
f7Y(B)(y). Thus f~(B) is a fuzzy ideal of R. O

Let R be a fuzzy ideal and R/A denote the quotient group of R by A under
the addition of R, i.e. R/A = {z + Alz € R}. By Lemma 51} (z + A) +
(y+A) = (r+y)+ Aforany .+ A,y + A € R/A. In addition, define
(x+A)-(y+A) =2y + A

Proposition 5.26. Let A be a fuzzy ideal of R. The above operation - on
R/A is well-defined.

Proof. Let 1 + A = 2o+ A and y1 + A = yo + A. Then Vz € R, (21 +
A)(z) = (z2 + A)(2), i.e. A(z —z1) = A(z — z2). Particularly, when z = x4,
A(xz1 — z2) = A(0). Similarly, A(y; — y2) = A(0). Hence,

A(r1y1 — T2y2) = A(T1y1 — 21Y2 + T1Y2 — T2Y2)
= A(z1(y1 — y2) + (21 — 22)y2)
A(z1(y1 — y2)) N A((z1 — 22)y2)
(A(z1) V A(y1 — y2)) A (A1 — 22) V A(y2))
= (A(z1) vV A(0)) A (A(0) V A(y2))
A(0) A A(0) = A(0),

Y I\/
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ie. A(x1y1 — x2y2) = A(0). Thus

(z2y2 + A)(2) = Az — 22y2)
= A((z — 21y1) + (191 — T2Y2))
> A(z — z1y1) N A(xz1y1 — T2y2)
> A(z — z1y1) N A(0)
= A(z — m1y1) = (1ay1 + A)(2),

whence Toyo+A D x1y1+A. Similarly, 191+ A DO xoy2+A. Hence, z1y1+ A =
T2Y2 + A O

Proposition 5.27. Let A be a fuzzy ideal of R. Then (R/A,+,-) is a ring.
The proof is straightforward which is left to the reader as an exercise.

(R/A,+,") is called the quotient ring of R by the ideal A.

Remark 5.2. The definition of fuzzy subgroup was introduced by Rosenfeld
[103)] and was extended to T-fuzzy subgroup by Anthony and Sherwood [5]
and to L-fuzzy subgroup by Negoita and Ralescu [I08]. Normal fuzzy sub-
groups were investigated by Wu [159], Mukherjee and Bhattacharya [107),
Liu [91)] and others. More general definition and properties of the product of
fuzzy subgroups can be found in [132]. Various isomorphism theorems can be
found in [105, [169]. Liu introduced the concepts of fuzzy subring and fuzzy
ideal in [91] and we recommend the references [15, [38, [43, (86, [100] for fur-
ther reading on these topics. For a systematic and exhaustive summation of
research results related to fuzzy algebra, see [103), [132).

5.3 Fuzzy Topology

Undoubtedly general topology has been the first branch of mathematics that
has been fuzzified or colored. Already in 1968, Chang published his sem-
inal paper entitled “Fuzzy topological spaces” in Journal of Mathematical
Analysis and its Applications [25]. This fuzzification has been the starting
point for many so-called direct fuzzifications of mathematical concepts and
structures that are based on set-theoretic operations such as union and in-
tersection. Since its introduction in 1968, fuzzy topology has developed to a
flourishing branch of nowadays mathematics, especially in China, Egypt and
India. Many research teams are active on fuzzy topological structures. The
purpose of this section consists in providing a flavor of the basic concepts and
results in fuzzy topology. For more details, we refer to the literature and to
the existing specialized monographs (e.g. Liu and Luo [92] and Lowen [95]).

5.3.1 Definitions

Let X be a non-empty set and F(X) the class of all fuzzy sets on X. A
subclass 7 of F(X) is called a Chang fuzzy topology (or simply a fuzzy
topology) if the following three conditions are fulfilled:
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(0.1) The constant X — {0} and X — {1} mappings belong to T;
(02) If O € T and O5 € T, then O1 N O5 € T;
(03) If (Vi € I), O; € T, then |J O; € T, where I denotes an arbitrary
il

index set.
So a fuzzy topology on X is simply a class of fuzzy sets on X that is closed un-
der finite (Zadeh) intersections and arbitrary (Zadeh) unions. The elements
of a fuzzy topology are called open (fuzzy) sets. The couple (X, 7), where
7T is a fuzzy topology on X is called a (Chang) fuzzy topological space. It
is easy to see that a fuzzy topology generalizes the concept of a classical
topology since Zadeh’s operations modeled by minimum and supremum co-
incide with classical intersections and arbitrary unions in case of a two-valued
membership set. Some additional concepts for A € F(X) and (X, 7) a fuzzy
topological space are:

— A is called a closed (fuzzy) set iff A° € T. The class of all closed fuzzy
sets is denoted by 77, i.e. 7' = {F|F° e T}.

— The interior of A, denoted int(A), is defined as the largest open fuzzy
set contained in A, i.e. int(A) = U{O|O € T and O C A}.

— The closure of A, denoted cl(A), is defined as the smallest closed fuzzy
set that contains A, i.e. cl(A) =({F|F € 7’ and A C F}.

— A fuzzy set in X is called a fuzzy singleton iff its support is a crisp
singleton. A fuzzy singleton with support {«} and value € in « will be denoted
by x.. The class of fuzzy singletons in X is denoted by S(X).

— A fuzzy set on X is called a fuzzy point iff it is a fuzzy singleton and
not a crisp singleton, i.e. p = x. with z € X and € €]0, 1[. The class of fuzzy
points on X is denoted by P(X).

— A is called a Ludescher neighborhood of x € X iff (30 € T)(z € supp(O)
and O C A). The class of all Ludescher neighborhoods of z is denoted by
L.(T)[97).

— A is called a Kerre neighborhood of s € S(X) iff (30 € T)(s C O C A).
The class of all Kerre neighborhoods of s is denoted by Ks(7)[79].

— A is called a Warren neighborhood of z € X iff (30 € T)(z € supp(O)
and O C A and O(z) = A(z)). The class of all Warren neighborhoods of z is
denoted by W,.(T)[157].

— Ais called a Pu neighborhood of s € S(X) iff (30 € T)(sqO and O C A),
where the quasi-coincidence relation ¢ is defined by:

5q0 <= (s C 0°),

or equivalently, if s = z., sq0 <= O(x) + ¢ > 1. The class of all Pu
neighborhoods of s is denoted by P, (7)[117].

— A is called a Mashhour neighborhood of p € P(X) iff (30 € T) (p£O
and O C A), where pgO is defined as € < O(z) for p = z.. The class of all
Mashhour neighborhoods of p is denoted by M, (7T )[61].
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— A subset B of a fuzzy topology 7 is called a base for 7 iff each member
of T can be written as a (Zadeh) union of elements of .

— A subset S of a fuzzy topology 7 is called a subbase for 7 iff finite
(Zadeh) intersections of elements of S constitute a base for 7.

— A Chang fuzzy topological space (X,7) is called a Lowen or stratified
fuzzy topological space [94] iff the following supplementary condition is sat-
isfied:

(VE € [0,1])(keT),

where k denotes the constant X — {k} mapping, or equivalently,
(Vk € 0,1])(30 € T)(Vz € X)(O(z) = k).

— A Chang fuzzy topological space (X, 7) is called a surjective fuzzy topo-
logical space [77] iff

(Vk € [0,1))(Vz € X)(30 € T)(O(z) = k).

Note that a Lowen fuzzy topological space may be considered as a kind of
uniform surjective fuzzy topological space.

— A Chang fuzzy topological space (X, T) is called a-generated (« € [0,1])
[(8] iff (3T,T is a crisp topology on X) (7 = C(X,[0,1],)), i.e. T con-
sists of all continuous mappings between the topological spaces (X,T) and
(10, 1 {60, 1], Jo, 1]}).

— A Chang fuzzy topological space (X, T) is called topologically generated
iff

(3T, T is a crisp topology on X) (T = C(X,[0,1])),

i.e. 7 consists of all continuous mappings between the topological spaces
(X, T) and ([0,1],{0, [0, 1], {Ja, 1]|ex € [0, 1} }).

— A Chang fuzzy topological space (X, 7T) is called a Morsi fuzzy topolog-
ical space iff

(Va € [0,1[)(VO € T)(O* € T),
where O is defined as the fuzzy set on X:

arn_ JO(x) f Ox) >«
0%(z) = {0 elsewhere -

5.3.2 Characterization of a Fuzzy Topology in Terms
of Preassigned Operations

First of all, we shall establish the interrelations between fuzzy points and
fuzzy singletons on the one hand and the inclusion, equality and elementary
set-theoretic operations on the other hand in terms of the three possible
“membership relations” C, € and gq.
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Proposition 5.28. Let s be a fuzzy singleton in X, A and B fuzzy sets on X
and {A;}(j € J) a family of fuzzy sets on X. Then the following properties
hold:

ACB <= (VseS(X))(sCA=sCB
A=B <= (VseS(X))(sCA=sCB)
e J)(sC

sC N4 — (V) 4;)
jeJ
sCUAj<=@3jed)(sC A
jeJ
sCUA4 <= (Fe{l,2,---,n})(sC A
j=1
A= U s.
sCA

Proposition 5.29. Let p be a fuzzy point in X, A and B fuzzy sets on X

and {A;}(j € J) a family of fuzzy sets on X. Then the following properties

hold:

ACB << (WeP(X))(pcA=

A=B <<= (WpePX))pede

pE N A= (Vj € J)peA,)
jed

pPE ‘ﬂlAj — (Vje{l,2,---.,n})(pc4))
j=

Zm

peB)
peB)

Zm

PE UJAj — (Fe)pedy)
Jj€
A= U »p

pSA

Proposition 5.30. Let s be a fuzzy singleton in X, A and B fuzzy sets on X
and {A;}(j € J) a family of fuzzy sets on X. Then the following properties
hold:

ACB < (Vs € S8(X))(sqA = s¢B)
A=B < (Vs € S(X))(sqA & s¢B)
s () 45 = (%] € )0

sa ()4 = (%€ (1.2 n)(sad))
saU 4y = (@i e I)san)

A]: U s

—(sqAc)

Proof. As an example, we prove the third formula. By putting s = z., we get
successively:
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quAj @e—&-(U Aj)(z)>1
jeJ JjeJ
< e+supd;(z) >1
jed
< sup(e+ A4;(z)) > 1
=
= (FjeJ)(e+4;(x)>1)
< (35 € J)(sq4,). O

Remark 5.3. Generally, the following generalizations of classical set theory
do not hold:

sC A < —(sCA)
pEA® <= —(pgA)
sqA° <= —(sqA) for Ae F(X), se€ S(X) and p € P(X).

Indeed, putting X = {zo}, A(zo) = 0.5 and s(zg) = 3, we get: s £ A and
s Z A° Le.

~(VX) (Vs € S(X))(VA € F(X))(s € A= s C A°).

5.3.3 Characterization of a Fuzzy Topology in Terms
of Closed Sets

Let (X,7) be a fuzzy topological space and 7’ the corresponding class of
closed sets. Then it is easy to show that 7" satisfies the following properties:

(C1) e T’ and X € T7;
(C2) FLeT andheT = UL € T’;
(C3) (Vjed)(F;€T)= (N FeT,
=

i.e. the class of closed fuzzy sets is closed under finite unions and arbitrary
intersections.

Conversely, a fuzzy topology is completely determined by its “closed” fuzzy
sets. More precisely, let X # () and 7* C F(X) satisfying:

(C1") D e T* and X € T*;
(C2) FieT " and Fhb e T* = F1UF, € T
(C3) Vjed)(F;eT*)= () F;eT*

jeJ
Define the class T as: T = {O]|O € F(X) and O° € T*}. Then 7 is a fuzzy
topology on X such that the corresponding class 7" of closed fuzzy sets equals
T*. Indeed,

(0.1) From (¢ = X € T*, we obtain ) € 7. From X¢ = () € T*, we obtain
XeT.
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(0.2) Let O1 € T and Oy € 7. Hence, by definition of 7, we get Of €
7* and O§ € T*. Applying (C2’), we get O U O§ € T*, and hence
(01 n Og)c S T*, ie. O1 N0y € 7.
(0.3) Suppose (Vj € J)(O; € T), i.e. (Vj € J)(Of € T*). Applying (C3),
we get [ Of € T, or equivalently, (| O;)°€ 7", ie. J O; €T.
jeJ JjeJ jeJ

Finally, we get successively:
FeT < F‘eT — (F)°€T" < FeT"

Hence 7' = T*.

5.3.4 Characterization of a Fuzzy Topology Using the
Interior Operator

First, we need the following lemma.

Lemma 5.2. Let (X, T) be a fuzzy topological space. Then the following prop-
erties hold:

(1) VA € F(X))(int(A) € T);

(2)0 €T < int(O) €T;

(3) (VA € F(X))(cl(A) € T');

(4) FeT < c(F)=F;

(5) VA € F(X))(int(A) C A C cl(A));
(6) A C B =int(A) Cint(B);

(7) AC B=cl(A) Ccl(B).

Proof. As an example, we prove (2). From int(O) = O and O € 7 we get
int(0) eT.

Conversely, suppose O € 7. From the definition of int, we get int(O) C O.
From O € T, we get O € 7 and O C O, and hence O € {A|A €T and A C
0O}, ie. O Cint(0). O

Proposition 5.31. The interior operator int in a fuzzy topological space sat-
isfies the following properties:

(I1) int(X) = X;
(12) (VA € F(X))(int(A) € A);

(13) (VA € F(X))(int(int(A)) = A);

(I}) (YA, B € F(X))(int(A N B) = int(A) N int(B)).

Proof. Property (I1) follows from X € 7 and Property (2) of Lemmal[5.2l Prop-
erty (12) follows from Property (5) of Lemma [5:2l Property (I3) follows from
Property (1) and (2) of Lemmal[5.2l Finally, from ANB C A, ANB C B and
the monotonicity of int, we obtain int(AN B) C int(A)Nint(B). On the other
hand, from int(A) € T and int(B) € T, it follows that int(A) Nint(B) € T.
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Hence int(A) Nint(B) is an open fuzzy set that is contained in A N B. Since
int(AN B) is the largest open fuzzy set contained in AN B, we obtain int(A)N
int(B) Cint(AN B). O

Conversely, a fuzzy topology is completely characterized by an interior oper-
ator.

Proposition 5.32. Let X # 0 and i an F(X)— F(X) mapping that satisfies
the following conditions:

(i.1) i(X) = X;

(i.9) (VA € F(X)), (i(4) C A);
(1-3) (VA € F(X)), (i(i(A)) = A);

(i.4) VA, B € F(X)), i(ANn B) =i(A) Ni(B).

Define the class T as: T = {O|0 € F(X) and i(O) = O}. Then T is a fuzzy
topology on X satisfying (VA € F(X)) (int(4) = i(4)).

Proof. From (i.1) and the definition of 7, we obtain X € 7. From (i.2), it
follows that (@) C (), and hence i(0) =0, i.e. D € 7.

To prove (0.2), we start with O; € 7 and Oz € 7, ie. i(O1) = Oy and
i(O2) = Oz and hence from (i.4) it follows that i(O; N O2) = O1 N Oq, i.e.
0O1N0Oy € 7.

Finally, suppose that {Oy} (k € I) is a family in 7, i.e. for every k € I,

i(Ok) = Oy holds. From (i.2), we immediately get i(|J Ox) € |J Og. To
kel kel
prove the reverse inclusion, we first show that each operator i satisfying (i.1-

i.4) is increasing. Indeed, for fuzzy sets A and B in X, we obtain successively
using (i.4):
ACB < AnB=A
= i(ANB) =1i(A)
— i(4A)Ni(B) =
— i(A) Ci(B).

i(A)

Applying this monotonicity, we obtain from O; C |J Oy that i(O;) C
kel
i(U Ok), ¥j € I and hence |J i(Or) C i(|J Og), or equivalently, since
kel kel kET
i(O) = Oy holds, |J O; Ci(|J Og).
kET kel

Now we still have to prove that ¢ = int. We know that int(A) has been
defined as the union of all open fuzzy sets included in A, i.e. as the union
of all fuzzy sets satisfying i(O) = O. From (i.3), it follows that i(A) € T
and hence int(i(A)) = i(A4). From (i.2) and the monotonicity of int we get:
int(i(A)) C int(A) and hence i(A) C int(A). On the other hand, from (i.2)
and monotonicity of i we get i(int(A4)) C i(A). Because int(A) is open, we
have i(int(A)) = int(A). So int(A) C i(A) and hence int(A) = i(A). O
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5.3.5 Characterization of a Fuzzy Topology by Means
of a Closure Operator

Proposition 5.33. The closure operator cl in a fuzzy topological space on X
satisfies the following properties:

(K1) cl(0) = 0;

(K2) (VA € F(X)), A C cl(A):

(K3) (VA € F(X)), cl((cl(A)) = A);

(K}) (YA, B € F(X)), cl(AU B) = cl(A) U cl(B).

Now we claim that a fuzzy topology may be uniquely determined by means
of a closure operator. We leave the proof as an exercise.

Proposition 5.34. Let X # () and k an F(X)— F(X) mapping that satisfies
the following conditions:

(k1) k(0) = 0;

(k2) (VA € F(X)), A C k(A);

(k3) (VA € F(X)), k((k(A)) = A;

(k1) (YA, B € F(X)), k(AU B) = k(A) U k(B).

Define the class T as: T = {F°¢|F € F(X) and k(F) = F}. Then T is a
fuzzy topology on X satisfying (VA € F(X)) (K(A) = k(A)).

5.3.6 Characterization of a Fuzzy Topology by Means
of Neighborhood Systems

From the previous sections it follows that as in the classical case a fuzzy topol-
ogy may be characterized by means of the closed sets, the interior operator
and the closure operator. In this section, we investigate if this characterization
also holds in terms of neighborhood systems. We already know that different
fuzzifications exist for the concept of a neighborhood of a point in classical
topology. Here we mainly concentrate on the Kerre’s definition. First we prove
the characterization of an open fuzzy set in terms of Kerre neighborhoods,
i.e. a fuzzy set is open iff it is a Kerre neighborhood of its fuzzy singletons.

Lemma 5.3. Let (X,7) be a fuzzy topological space and O € F(X). Then it
holds:
0eT < (VseSX))(sCO=0e€KksT)).

Proof. The “ ="' part follows directly from the definition of a Kerre neigh-
borhood. Conversely, from O € ICs(7T), it follows that for each s C O there
exists an O, € 7 such that s C Oy C O and hence

USQ UOGQO’

sCO sCO

ie. O = |J O; and so O is open as union of a family of open fuzzy sets. [
sCO
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Next we prove that the system of Kerre neighborhoods satisfies the straight-
forward fuzzification of the characteristic properties of neighborhood systems
in classical topology.

Proposition 5.35. Let (X,7) be a fuzzy topological space. The class Ks(T)
of Kerre neighborhoods of a fuzzy singleton s in X satisfies the following
properties:

(N1) (Vs € S(X)) (Ks(T) #0) and (VV € Ks(T))(s C V), i.e. each fuzzy
singleton has at least one neighborhood and each neighborhood of a fuzzy
singleton contains at least that singleton.

(N2) (Vs € S(X)) (VV1,Va € Ks(T)) (Vi NVa € Ks(T)), i.e. the intersec-
tion of two neighborhoods of a fuzzy singleton remains a neighborhood of that
fuzzy singleton.

(N3)(Vs € S(X)) (VV e Ks(T)) (VW e F(X)) (VW =W e Ks(7)),

i.e. a superset of a neighborhood of a fuzzy singleton is also a neighborhood
of that fuzzy singleton.

(N4)(Vs € S(X)) (VV € Ks(T)) (AU € Ks(T)) (U CV and (Vs1 € S(X))
(51 CU =V e Ky, (7)), and more strongly,

(N4)(Vs € S(X)) (VV € Kg(T)) (3U € Ks(T)) (U C V and (Vs1 €
S(X)) (s1 CU=U € Ks,(T))), i.e. every neighborhood of a fuzzy singleton
contains an open neighborhood.

Proof. (N1) follows immediately from X € 7.

(N2) Let s € S(X), V1 € Ko(T) and Vo € K4(T). So there exist O; € T
and Oy € 7 such that s C O; C V] and s € O3 C V5 and hence s C O1NOy C
Vi NV, from which we get Vi NVa € Ky(7) since O1 N Oz € 7.

(N3) Consider V € Ks(T), W € F(X) and V C W. From V € K4(7T), we
obtain the existence of O € 7 such that s C O C V and hence s C O C W,
ie. W e Ks(T).

(N4’) From V € K4(7T), we get s C O C V for some O € 7. Applying
Lemma [5.3] leads to:

(Vs1 € S(X))(s1 CO =0 € K,,(T)).
Hence O = U satisfies (N4").

Remark 5.4. (1) Contrary to the classical situation, the properties (N1-N4)
are not sufficient for the characterization of a fuzzy topology. More precisely,
consider a mapping K from S(X) to P(F(X)) that transforms each s in S(X)
into a class K of fuzzy sets on X and that satisfies the following conditions:

(i) (Vs € S(X))(Ks # 0).
(ii) (Vs € S(X))(VA, B € K,)(AN B € K).
(iii) (Vs € S(X))(VA € K,)(VB € F(X))(AC B = B € K,).

Then the class = {O|O € F(X) and (Vs C O)(0 € K)} satisfies properties
(0.1) and (0.2) from Definition[5.31] but not necessarily (0.3) and hence T
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is not necessarily a fuzzy topology on X . Note that s C |J O = (Fk € I)(s C
kel
Oy,) holds but not the converse that is used in the proof of the classical char-

acterization. In [79], it was proved that the class T only defines a base for a
fuzzy topology on X. Moreover, in [79], the authors constructed a counterez-
ample contradicting the assertion of Pu and Liu made in [T17] concerning
the characterization of a fuzzy topology by means of (Kerre) neighborhoods of
fuzzy singletons.

(2) The neighborhood system of Pu-Liu [117] for fuzzy singletons and the
quasi-coincidence relation provides a characterization for a fuzzy topology.

(3) The neighborhood system of Mashhour [1, [61] for fuzzy points and the
membership relation € also provides a characterization for a fuzzy topology.

(4)All neighborhood systems except Warren’s satisfy the direct fuzzifica-
tions of classical neighborhood systems (N1-NJ).

(5)A Ludescher neighborhood system defines a fuzzy topology that is how-
ever not necessarily unique and hence it does not provide a characterization
of a fuzzy topology.

(6) It is possible to move from one neighborhood system to another one.
For more details about the transition formulas, we refer to [T7).

5.3.7 Normality in Fuzzy Topological Spaces

As said before general topology has been one of the first disciplines in pure

mathematics that has been fuzzified. So all important concepts such as com-

pactness, separation axioms, connectedness, normality have been generalized

to fuzzy topology. Similarly as for the set-theoretic operations there are many

possible fuzzifications mostly with different properties. As an example, we

briefly introduce here the concept of normality in fuzzy topological spaces.
A classical topological space (X, T) is called normal iff

(VI Fy € T/)(Fl Nk =0 = (301,02 € T)(O1 N Oy = @ and Iy, C
01 and F5 C Os), where T” denotes the class of closed sets.

Urysohn has proved the following equivalence: (X,T) is normal <=
(VO € T)(VF,F € T"and F C 0)3V € P(X))(F C int(V) and cl(V)
C 0).

In 1975, Hutton[69] generalized the concept of normality to a fuzzy topo-
logical space (X,7). (X,7) is Hutton-normal <= (VO € T)(VF,F €
T and FF C 0)(3V € F(X))(F C int(V) and (V) C O), i.e. Hutton took
a straightforward fuzzification of Urysohn’s form for normality. A few years
later Kerre[76] answered the question why the original definition of normality
has not been taken for fuzzification. The main reason behind is the fact that
the equivalence for crisp sets F; and Fb:

F10F2:® — F1§FQC,
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no longer holds for fuzzy sets. Indeed, for fuzzy setsonly FiNFy, = 0 = F; C F§
holds. It turned out that we have to choose the weaker form of disjointness in the
fuzzification of the classical definition: (X, 7') is Kerre-normal < (VFy, F» €
T’)(Fl - FQC = (301,02 S T)(Ol - Og‘ and F; € O; and Fy C 02)

Some related concepts are weak normality and complete normality: (X, 7)
is weakly normal <= (VF,Fo € T)(FiNF =0 = (301,05 € T)(O; C
05 and F1 Q 01 and F2 Q 02)

(X, T) is completely normal <= (VA;, A2 € F(X))(A1 C (cl(A2))¢ and
Ay C (Cl(Al))C = (301,02 S T)(Al C O7and Ay C Oy and O7 C 05)

In the next proposition, we outline the links between the different concepts
of normality.

Proposition 5.36. For a fuzzy topological space (X, T), the following prop-
erties hold:

(1) (X, T) is (Kerre-)normal = (X, T) is weakly normal;
(2) (X, T) is (Kerre-)normal <= (X,T) is (Hutton-)normal;
(3) (X, T) is completely normal = (X,7T) is (Kerre-)normal.

We leave the proof as an exercise. Note that the reverse implication in (1) is
not true; indeed the so-called fuzzy Sierpinski space [76] is a suitable coun-
terexample.

5.3.8 Some Examples of Fuzzy Topological Spaces

Let X be a non-empty set.

(1) Indiscrete fuzzy topology 71: 71 = {0, X' }. 7 is the smallest fuzzy topol-
ogy on X.

(2) Discrete fuzzy topology Ta: 7o = F(X). 75 is the largest fuzzy topology
on X.

(3) Induced fuzzy topology 73: 73 = {x0|O € T}, where xo denotes the
characteristic function of O and T is a crisp topology on X.

(4) Fuzzy topology 7; generated by a class X of fuzzy sets on X. Let X
satisfy {0, X} C ¥ C F(X). The fuzzy topology 74 with X as a subbasis
is denoted (X) and called the fuzzy topology generated by X.

(5) Fuzzy Sierpinski space T5. Let X be a set with two elements, i.e. X =
{z1,22} and p = {(z1,0), (x2,y)} with y €]0,1] a fuzzy singleton in X.
Then the fuzzy Sierpinski space associated with p is defined as:

T = {0} U{Oqpla € [0,1] and b € [y, 1]},
where Ogp = {(x1,a)(x2,b)}.
(6) Included fuzzy singleton fuzzy topology 7s. Let s be a fuzzy singleton
in X. The class 7g defined as:
76 ={0|0 € F(X) and (O=0or s CO)}

is called the included fuzzy singleton fuzzy topology on X.
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As an example, we will prove that 74 constitutes a fuzzy topology
on X.

(0.1) 0 € T by the definition of 7g. X € 7g since s C X.
(0.2) Let O1,04 € Tg. The law of the excluded middle leads to (O =0
OI‘OQ = @) or (01 75 @andOg 75 @) IfOl = @OI‘OQ = @,then
01 N Oy = B and hence O; N Os € Tg. If on the contrary O1 # () and
Oy # 0, then by the definition of 7g, s € O7 and s € Oy and hence
applying Proposition 528 yields s C O1 N O3, i.e. O1 N O3 € Tg.
(0.3) Suppose {Ox}(k € I) is a family in Zg. If (Vk € I) (O = 0), then
U Ok € Ts. If on the contrary (3k € I) (O # 0), then s C Oy and
kel
hence, applying again Proposition 528 s C |J Ok, i.e. |J Ok € Ts.
kel kel
(7) Excluded fuzzy singleton fuzzy topology 77. Let s be a fuzzy singleton

in X. The class 77 defined as:
7: ={0|0 € F(X) and (O =X or s C0°)}

is called the excluded fuzzy singleton fuzzy topology on X.
(8) Included fuzzy set fuzzy topology 7s. Let A € F(X). The class 7g defined
as:

Ts={0|0 € F(X)and (O=0 or AC O)}
is called the included fuzzy set fuzzy topology on X.
(9) Excluded fuzzy set fuzzy topology 7g. Let A € F(X). The class Ty
defined as:
To={0|0 € F(X)and (O =X or A C O°)}

is called the excluded fuzzy set fuzzy topology on X.
(10) Co-countable fuzzy topology 719. Suppose the universe X is uncount-
able. The class 7qg defined as:

T10 = {0]0 € F(X) and (O = 0 or supp(O°) is countable)}

is called the co-countable fuzzy topology on X.
(11) The Z-fuzzy topology 711. The class 771 defined as:

Ty ={0,10,1],{(x, z) |z € [0, 1]}}

is called the Z-fuzzy topology (on [0, 1]).

5.4 Exercises

1. Compute / Adg for A € A.
E
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15.

16.

17.
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If g : A— [0,1] satisfies g(AU B) = g(A) whenever A, B € A, g(B) =0
and AN B = (, then g is called null-additive, show that the following
statements are equivalent provided that (X, A, ¢) is a fuzzy measure space:

(1) g is null-additive;

(2) g(AU B) = g(A) whenever A, B € A and ¢g(B) = 0;
(3) g(A\ B) = g(A) whenever A, B € A and ¢g(B) = 0;
(4) g(AAB) = g(A) whenever A, B € A and g(B) = 0.

If 51 and sy are simple functions such that s1 C so, show that Ha(s1) <
HA(SQ).

Show that Ha(s) = [, sdg.

If hy and hy are two measurable functions on (X, A) satisfying |h1 —ha| <
c(c € [0,1]), show that

\/ h1dg—/ hodg| < c.
A A

Show that [, hdg = o (a € [0,1]) iff g(ANhy) > a > g(AN ha).

If g is a fuzzy measure which is sub-additive, i.e. g(AUB) < g(A)+g(B)
whenever A, B € A and if h,, and h are measurable functions on (X, .4)
satisfying nan;O hn(x) = h(x), show that

lim hndg = / hdg.
n—oo Ja A

If hy = hy a.e., show that [, hidg = [, hadyg iff g is null-additive.

Let A be a fuzzy subgroup of G. Show that, Vz,y € G, A(xy) = A(z) A
Ay) if A(z) £ Aly).

If A is a fuzzy subgroup of G, show that supp(A4) is a subgroup of G.
Let G be a finite group. Show that A is a fuzzy subgroup of G iff A(zy) >
A(x) N A(y) for any z,y € G.

Let A be a fuzzy subgroup of G and x € G. Show that, A(xy) = A(y)
holds for any y € G iff A(z) = A(e).

Let A be a normal fuzzy subgroup of G and z,y € G. If xA = yA, show
that A(z) = A(y).

If A is a fuzzy subgroup of G such that, Vo € G, zA = Az, show that A
is a normal fuzzy subgroup of G.

Let A; (i € I) be a family of fuzzy subgroups of G. Show that [ A; is
il
a fuzzy subgroup of G. If, furthermore, 4; (i € I) is a family of normal

fuzzy subgroups of G, show that (] A; is a normal fuzzy subgroup of G.
iel

Let A be a normal fuzzy subgroup of G and B a fuzzy subgroup of G.

Show that AB is a fuzzy subgroup of G.

Let A and B be two normal fuzzy subgroups of G. Show that AB is a

normal fuzzy subgroup of G.
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18.

19.

20.

21.
22.
23.
24.
25.
26.

27.
28.

29.
30.
31.

32.
33.

34.

35.
36.
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Let A be a fuzzy subgroup of G. Set N(A) = {z|]x € GandVy €
G, A(zy) = A(yz)}. Show that (1) N(A) is a fuzzy subgroup of G and
(2)A is a normal fuzzy subgroup of N(A).
Let A be a fuzzy subgroup of G and g € G. Define C(A) € F(G) by:
Vz € G, C(A)(z) = A(gzg~1). Show that (1) C(A) is a fuzzy subgroup
of G and (2) A is normal iff A = C(A).
Let A be a fuzzy ideal of R. If R has an identity e, show that A(z) = A(e)
for any = € R.
Prove Proposition
If A is a fuzzy ideal of R, show that R/A is isomorphic to R/A*.
Prove the assertions in Proposition
Prove the assertions in Proposition
Prove the remaining assertions in Proposition
Show that the class of closed fuzzy sets in a fuzzy topological space
satisfies the basic properties C1, C2 and C3.
Prove the remaining properties of Lemma
Prove that closure operator ¢l in a fuzzy topological space satisfies the
basic properties (K1-K4) and vice versa as stated in Propositions (£33
and B34
Provide the proof of Proposition
Show that the fuzzy Sierpinski space constitutes a fuzzy topological space.
Prove that the excluded fuzzy singleton fuzzy topology is indeed a fuzzy
topology.
Show that the family 7* does not necessarily define a fuzzy topology.
Prove that the included fuzzy set fuzzy topology is indeed a fuzzy topol-
ogy.
Prove that the excluded fuzzy set fuzzy topology is indeed a fuzzy topol-
ogy.
Prove that the Z-fuzzy topology is indeed a fuzzy topology.
Show that the following normality properties of the fuzzy Sierpinski space
hold:

75 is (weakly) normal <= y €]0,0.5],

75 is (weakly) normal <= y €]0.5,1],

where y is the value of the fuzzy singleton defining 7.



Chapter 6
Fuzzy Inference and Fuzzy Control

The major subject of this chapter is fuzzy control, one of the most successful
application areas of fuzzy set theory. Nowadays, many fuzzy products are
visible in the market. Almost every fuzzy product is related to a fuzzy control
problem. It is no exaggeration to say that fuzzy set theory is highly accepted
partly because of the great success of fuzzy control. Fuzzy controllers may
vary substantially dependent on what control problem is to be solved. In this
chapter, we just outline the principle of fuzzy control by a typical application
case. Since fuzzy inference is the base of fuzzy control, some related concepts
such as linguistic variables, hedges, fuzzy propositions, IF-THEN rules and
special fuzzy inference approaches are briefly introduced. Considering that
fuzzification and defuzzification (especially the latter) play an important role
in the design of fuzzy controllers, they also are investigated in this chapter.

6.1 Linguistic Variables and Hedges

A variable is frequently described by words or sentences in a natural or ar-
tificial language instead of numerical values in real life. For example, in the
statement “John is young”, we employ the word “young” rather than a precise
number, e.g. 25 or 26, to describe John’s age. Similarly, words “very young
7. “not young”, “old” can also be employed in order to describe “Age”. In
this sense, “Age ” is a variable which can assume the values “young ”, “very
young 7, “not young”, “old” etc., which are called linguistic values. Clearly,
a linguistic value is a fuzzy set in nature. If a variable can assume linguis-
tic values, then this variable is called a linguistic variable. Besides “Age”,
“Temperature” is also a linguistic variable which can assume the linguistic
values “hot”, “cold”, “cool”, “very hot”, “not cold” etc. “The speed of a car”
is another example of a linguistic variable since it may take linguistic values
“slow”, “medium”, “fast” etc.

Remark 6.1. One may use the numerical values 20, 21, 22, 23, 24 etc. to
describe a person’s age. In this case, the variable “age” which takes numerical

X. Wang et al.: Mathematics of Fuzziness — Basic Issues, STUDFUZZ 245, pp. 189
springerlink.com © Springer-Verlag Berlin Heidelberg 2009
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values is regarded as different from the variable “Age” which takes linguistic
values. The variable “age” is called the base variable of the variable “Age” by
Zadeh [172)].

The concept of a linguistic variable plays an important role in representing
human imprecise knowledge. The composition of multiple linguistic variables
often constitutes a systematic and whole description of some certain knowl-
edge. For example, a person can be regarded as a linguistic variable which is
composed of the component linguistic variables “Age”, “Height”, “Weight”,
“Appearance”, and so on.

The values of a linguistic variable may consist of primary terms such as

v “

“young”, “old” in the variable “Age” and those which are built from primary

) [

ones by using linguistic modifiers or hedges such as “very”, “slightly”, “more
or less”, “fairly”, “extremely” etc. and the logical connectives “not”, “or”,
“and”. A linguistic hedge may be defined as a unary operation on the unit
interval. The most commonly used operation h for representing hedges is
the a-th power, i.e. h(a) = a® (a > 0). For example, the hedge “very” is
often interpreted as the 2-nd power and “more or less” or “fairly” is often
interpreted as the 1/2-th power. Now given a unary operation h representing
a linguistic hedge and a fuzzy set A on X representing a linguistic value, the

linguistic value hA is a fuzzy set on X defined by:
Vo € X, (hA)(z) = h(A(x)).

For example, “very A” and “fairly A” may be respectively defined in the
following canonical form:

Vo€ X, (veryA)(z)= A(z)?
Ve e X, (fairlyd)(z) = /A(z).

Example 6.1. Let X = {1,2,...,5}. The fuzzy set “small” on X is defined
by
small=1/140.8/2+0.6/3 +0.4/4+0.2/5.

then
very small =1/140.64/2+ 0.36/3 4 0.16/4 + 0.04/5.

very very small = 1/1 4 0.4096/2 4 0.1296/3 4 0.0256 /4 + 0.0016/5.
fairly small = 1/1+ 0.8944/2 + 0.7746/3 + 0.6325 /4 + 0.4472/5.

Generally speaking, a hedge operation h is a bijection on [0,1] such that
h(0) = 0 and h(1) = 1, which indicates that a hedge has no modification to
crisp predicates. When h(a) = a?, hA is called the concentration of A. When
h(a) = a/?, hA is called the dilatation of A.
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6.2 Fuzzy Propositions and IF-THEN Rules

As we know, every proposition has a deterministic truth value either 1 (truth)
or 0 (falsity) in mathematical logic. However, if fuzzy concepts are involved
in a proposition, then its truth value becomes fuzzy. Consider the proposition
“John is young”. Since “young” is a fuzzy set, it is often difficult to assign
1 or 0 to express the truth or falsity of the proposition. In this case, it is
intuitively reasonable to employ the compatibility degree of John’s age with
the fuzzy set “young”, i.e. the membership degree of John’s age in “young”
as the truth value of the proposition. If the following definition of “young” is
adopted

Y(z) = { [1+("32°)?7! if 25 < a <100 7

1 otherwise

and if John is 30 years old, then the truth value of the proposition “John is
young” is Y (30) = 0.5. A proposition with its truth value in [0, 1] is called
a fuzzy proposition. A classical proposition with the truth value 1 or 0 or a
proposition in many-valued logic may be regarded as a special case of fuzzy
propositions.

There are two types of fuzzy propositions, atomic propositions and com-
pound propositions. An atomic (fuzzy) proposition is of the form “z is A”,
where z is a linguistic variable and A is a linguistic value of . A compound
(fuzzy) proposition is a composition of atomic propositions through logical
connectives “not”, “and”, and “or”. For example, “John is young” or “John
is old” is an atomic proposition, and “John is not young and John is not old”
is a compound proposition. In a compound proposition, there may appear
multiple linguistic variables. For instance, there are two linguistic variables
involved, “Age” and “Height” in the proposition “John is young and John
is not tall”. Generally, the truth value of a compound proposition can be
calculated as follows. Let A and B be linguistic values which are fuzzy sets
on X and Y respectively.

(1) The truth value of the proposition “z is not A” is n(A(z)), where n is a
fuzzy negation.

(2) The truth value of the proposition “z is A and y is B” is T(A(z), B(y)),
where T' is a ¢-norm.

(3) The truth value of the proposition “x is A or y is B” is S(A(x), B(y)),
where S is a t-conorm.

The proposition of the form “IF <FP1>, THEN <FP2>” is called a fuzzy
IF-THEN rule, where FP1 and FP2 are fuzzy propositions. For instance, “If a
person is healthy, then the person is long-lived” is a fuzzy IF-THEN rule. IF-
THEN rules are commonly represented by using fuzzy implication operators.
In the following we list some operations representing fuzzy IF-THEN rules.

Dienes-Rescher Rpgr(z,y) = max(l — FP1(z), FP2(y)).
Lukasiewicz  Rp(z,y) = min(l,1 — FP1(z) + FP2(y)).
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) (1 if FP1(x) < FP2(y)

Godel Rg(z,y) = {FP2(y) otherwise .

. . 1 if FP1(z) < FP2(y)
oguen Rgo(r,y) = ?i?ggg otherwise .

However, some conjunction operations such as Ty, and T, are also employed
to represent IF-THEN rules in practice.

Mamdani  Rj/(z,y) = min(FP1(x), FP2(y)).

Besides, there are other approaches to representing IF-THEN rules among
which we mention

Zadeh  Rz(z,y) = max{min(FP1l(z), FP2(y)),1 — FP1(xz)} and

1 if FP1(z) < FP2(y)
0 otherwise

Ry (z,y) :{

Hence, an IF-THEN rule is represented by a fuzzy relation.

Example 6.2. Let X = {1,2,3,4} and Y = {1,2,3}. Suppose we know that
x € X is somewhat inversely proportional toy € V.. We may use the following
IF-THEN rule to express this knowledge.

IF z is large, THEN vy is small,
where the fuzzy sets “large” and “small” are defined as
large =0.1/2+0.5/3+1/4

small =1/14+0.5/240.1/3

If the Dienes-Rescher implication is used, then the above IF-THEN rule is
represented by

11 1
1 09 09

Bor=|{1 05 05|
1 05 0.1

where Rpr(4,3) = 0.1 may be interpreted as the truth value of the proposition
“IF 4 1is large, then 3 is small”.
Similarly, we have

11 1 1 1 1
11 1 09 09 09

Bo=11 1 o6 Bz=105 05 05|
1 05 0.1 1 05 0.1



6.3 Fuzzy Inference Rules 193

11 1 0 0 0

11 1 0.1 01 0.1
Ra=|1 1 o1 Bv=105 05 01]
1 05 0.1 1 05 0.1

11 1 11 1

11 1 11 1
Reo=1|1 1 (9ol Bv=111 ol

1 05 0.1 100

6.3 Fuzzy Inference Rules

In classical logic, there are three important inference rules called modus po-
nens, modus tollens, and hypothetical syllogism.

Modus ponens

Given two propositions “z is A” and “IF z is A, THEN y is B”, it can be
inferred that “y is B”. This inference rule is called the modus ponens, which
is intuitively expressed in the form of scheme

A= B

A
B

Modus tollens

Given two propositions “IF z is A, THEN y is B” and “y is not B”, it can
be inferred that “x is not A”. This inference rule is called the modus tollens,
which is intuitively expressed in the form of scheme

A= B

-B
-A

Hypothetical syllogism

Given two propositions “IF x is A, THEN y is B” and “IF y is B, THEN z is
C”, it can be inferred that “IF z is A, THEN z is C”. This inference rule is
called the hypothetical syllogism, which is intuitively expressed in the form
of scheme

A= B

B=C
A=C

In practice, we frequently make imprecise reasoning. For example, from
“If a tomato is red, then the tomato is ripe” and “A tomato is slightly red”,
we may infer that “The tomato is slightly ripe”. In this inference, “red”
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and “slightly red” are not completely matched. In addition, some terms in
propositions are frequently fuzzy. The inference process cannot be expressed
by means of classical logic. In fuzzy logic, these inference rules are generalized.

Generalized modus ponens

Given two fuzzy propositions “z is A’”” and “IF z is A, THEN y is B”, it can
be inferred that y is B’. This fuzzy inference rule is intuitively expressed in
the form of scheme

A= B
A/
B/

Generalized modus tollens

Given two fuzzy propositions “IF z is A, THEN y is B” and “y is B"”, it can
be inferred that x is A’. This fuzzy inference rule is intuitively expressed in
the form of scheme

A= B
B/
A/

Generalized hypothetical syllogism
Given two fuzzy propositions “IF z is A, THEN y is B” and “IF y is B’,
THEN z is C”, it can be inferred that “IF x is A, THEN z is C"”. This fuzzy

inference rule is intuitively expressed in the form of scheme
A= B

B = C
A= C

Remark 6.2. We adopt a general hypothetical syllogism here. More special
hypothetical syllogism: From the propositions “IF x is A, THEN vy is B” and
“IF y is B, THEN z is C7, it is inferred that “IF x is A, THEN z is C"”,
can be found in [83, (123, [12]).

6.4 The Calculation of Inference Results

In the last section, we introduce three generalized inference rules. Now the
question arises: how to calculate the final inference results? More specifically,
how to calculate the resulting fuzzy set B’ and A’ respectively in the gen-
eralized modus ponens and the generalized modus tollens, and the resulting
relation A = C’ in the generalized hypothetical syllogism? Let us start with
the generalized modus ponens. Let A and B be fuzzy sets on X and Y re-
spectively. Then the proposition “IF z is A, THEN y is B” is expressed as a
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fuzzy relation R from X to Y. Find the T-composition of A" and R to obtain
the conclusion C| i.e.

Wy eV, B(y) =V T(A'(@), R(z,)

where T is a t-norm. In the following, we consider several special cases.
If T'= Thin and R = Ry, then

B'(y) =V, (A'(x) A Rur(z.y))
= \/ (A (z) A A(z) A B(y))

reX
= (A© A') A B(y),

where A ® A’ is the inner product of A and A’.
Clearly, this inference approach has the properties:

(1) AN A" =0, then A® A =0, and hence B’ = 0.

(2) If A= A’ is normal, then A® A’ =1, and hence B’ = B.

(3) If A" = {x0} (zo € X), then A ® A" = A(xo), and hence B'(y) =
A(zo) A B(y).

The second property means that “x is A” and “IF z is A, THEN y is B”

together can infer that “y is B” under the condition that A is normal. This

property indicates that the inference approach is the so-called recurring one.
If T'= T and R = Rgo, then

B'(y) = VY, (A'(2) A Reo(z,y))

V A@v ) (A@)AB)

A(2)<B(y) A(z)>B(y)
=\ A@n( \/ A@)VBy)
reX A(x)<B(y)

It is easily verified that the approach is recurring.
If T = Twin and R = Ry, then

B'(y) =V, (A'@) A Bx(,y))

x

-V AW

A(x)<B(y)

In this case, the inference approach has the properties:

(1) If A’ = A, and hence B’ = B, which indicates that the approach is a
recurring one.
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(2) If A’ = very A, ie. Vo € X, A'(z) = (A(x))?, then B’ = very B, i.e.
VyeY, B'(y) = (B(y))*.

(3) If A’ = more or less A, i.e. Vo € X, A'(z) = \/A(z), then B’ = more or
less B, ie. Yy €Y, B'(y) = /B(y)

The proof of these properties is straightforward and is omitted here.

For the generalized modus tollens, the mathematical representation of rea-
soning is similar. Firstly, “IF = is A, THEN y is B” is expressed by a fuzzy
relation R. Then combine B’ and R by T-composition to obtain the conclu-
sion A’:

é/B y) A R(z,y).
If T'= Timin and R = Ry, then
A'(ﬂf)=yé/ "(y) N A(z) A B(y)
yy ) N A(z)
= (B® B') A A(x).

If T = Twin and R = Ry, then

= B'(y)
A(z)<B(y)
When B’ = B,
A= \/ Bw= \/ B =A4W).
A(z)<B(y) A<(2)>Be(y)

This property means that from “IF z is A, THEN y is B” and “y is not B”
we can infer that “x is not A”, which coincides with classical logic.
Similarly, it can be easily verified that

(1) From “IF z is A, THEN y is B” and “y is not very B” we can infer that
“x is not very A”.

(2) From “IF z is A, THEN y is B” and “y is not more or less B” we can
infer that “x is not more or less A”.

Now, let us turn to the generalized hypothetical syllogism.

Firstly, “IF x is A, THEN y is B” and “IF y is B/, THEN z is C” are
respectively expressed by Ry and Ry. Then the fuzzy proposition R: “IF x
is A, THEN 2z is C"” is represented by the round composition of Ry and Rs,
ie. R= R1 9] RQ.
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For example, if Ry = Ry = Ry, then

R((E,Z) = \/ (R1($,y) A RQ(y,Z))

yey
=\ y) A B'(y) A C(2))
= \/ (B(y) A B'(y)) A (A(z) A C(2))

= (BO® B') A (A(z) AC(2)).

If B = B’ is normal, then B ® B’ = 1 and thus R(z,z) = A(x) A C(z) =
Ry (x, 2), which means that from “IF x is A, THEN y is B” and “IF y is B,
THEN 2 is C” we can infer that “IF x is A, THEN z is C”.

In the generalized modus ponens and tollens, there may be more than one
IF-THEN rule. For example, the generalized modus ponens may be of the
form:

A1=>Bl
A2:>BQ

B/

Suppose that A; = B; (i = 1,2,...,n)isrepresented by R; (i = 1,2, ...,n).
Then the max operation is employed to combine Ry, Rs, ..., R, to form a sin-
gle fuzzy relation R, i.e. R(z,y) = max(R;(z,y), Ra(z,y), ..., Ru(x,y)). The
conclusion B’ in the generalized modus ponens is calculated as

B(y) = \/ (T(4'(@), R(z,y)).
rzeX
T ="Tnnand R, =Ry (i =1,2,...,n), then
B'(y) = \/ (4 (z) A R(z,y))

rzeX

\/ V (4i(z) A A'(2)) A Bi(y)

1=1lzxeX

((Ai © A) A Bi(y))

-1

=1
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The conclusion A’ in the generalized modus tollens is similarly calculated as

\ (B'(y) A R(=,y))

yey

\V V (Bi(y) A B'()) A Ai(w)

i=1yey

e

((B: © B') A Ai(x))

-

=1

Remark 6.3. There exist some debates over which operation should be used
to aggregate Ry, Ra,- - , R, into R. The choice of max is based on the un-
derstanding: all IF-THEN rules are disjunctive, i.e. Ay = By or Ay = Bs
or--- or A, = B,.

For the generalized hypothetical syllogism, a more general form may be as
follows:

Let A; and A} be fuzzy sets on X; (i = 2,---,n) and let A; be a fuzzy
set on X;. If A1 = A27 Al2 = Ag, ceey A;zfl = An and A1 = A{n is
respectively represented by Ry, Ro, ---, R, and R, then R can be calculated
as R = (((R1 or R2) o R3)---op R,). More specifically, let T' = T, and
R; = Rjs. Then R is calculated as

R(z1,15) = Vo (i) A As(z2) A Ag(a) A A ALy (1) A An(n))

z; €X,,
1=2,3,--- ,n—1

=A1(z1) ANAn(zn) A (A2 @ AD A - AN (A1 © AL_1)

6.5 Fuzzification and Defuzzification

A fuzzification function, f, is a function that transforms every real number
within the range of a given variable into a fuzzy quantity (mainly fuzzy num-
ber) that approximates the real number. That is, for each value z*, f(-,x*)
is a function serving as a fuzzy approximation of z*. The following are two
extensively used fuzzification approaches:
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Gaussian fuzzification
In this method, the measurement x* is mapped into the function of the form

z—z*\?2
Awy = ()
where a > 0 is a real number.

Triangular fuzzification
In this method, the measurement x* is mapped into the triangular fuzzy
number A = (x* — b, 2™, 2™ + b), where b > 0 is a real number.

The motivation behind fuzzification is that it may be more realistic to
replace a crisp measurement xz* by a function which means “around z*”
in considering the measurement uncertainty due to the degrading sensors,
environment disturbances or other reasons. In some fuzzy controllers, input
variables are not fuzzified and their measurements are directly employed as
facts. In this case, it is equivalent to the following fuzzification:

lx=2z*
A(:E):{

0 otherwise

As we know in the last section, the results in fuzzy inferences are fuzzy sets
which present an imprecise description of the system. These fuzzy sets must
be converted into crisp numbers so that definite actions can be taken in a
control system. The defuzzification is to reduce a fuzzy set to a number which
in some sense summarizes the fuzzy set. Among the various defuzzification
methods existing in the literature, the most frequently used one is the center
of gravity method(COG) or centroid method. Let A be a fuzzy set on X (X
is a bounded subset of R in most applications). In COG, the centroid of the
area of A is used to represent A. Hence the defuzzification is expressed by
the formula

[y rA(x)dx

[y Alx)dz

Sometimes, to drop smaller membership degrees of A, COG(A) is modified
as

COG(A)

Tz A(x)dx
oG4 = ff A((x))dx :
An

Example 6.3. Let the fuzzy set A on X =[0,1] be defined by

5 0<2<02
Alz) =

"l-2)02<z<1

For0<a<1,
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Hence
0.2 5 [1-0.8a
/ A(z)dx = 5/ xdx + / (1—2x)dx
Aq 0.2a 4 Joo
- 5352 0.2 ) 5 <$_ x2) 1-0.8a
2 Jo2a 4 2 /o2
=0.5(1 — a?)
Similarly,
0.2 5 [1-0.8a
/ zA(x)dx = 5/ ridr + / z(1 — z)dx
Aq 0.2a 4 Jo2
=0.2(1 22+ o)
Therefore,

2(1 — 202 + a?)

COGa(A) =" (7 )

and COG(A) = COGy(A) = 0.4.

Besides COG, there exist other defuzzification methods. For example, the
methods FOM (first of maxima) and LOM (last of maxima) are possible
alternatives. which employ FOM (A) = inf{z|z € core(A)} and LOM(A) =
sup{x|z € core(A)} respectively to represent A, where core(4) = {z|A(z) =
sup,c.x A(2)}.

To evaluate a defuzzification operator D, the following criteria are sug-
gested [I43]. Let A and B be fuzzy sets on a subset X of R.

(1) Core selection: D(A) € core(A).
(2) Scale invariance: This criterion means that the defuzzification opera-
tor must be invariant under the permissible scale transformation. For

example,
D(a-A+0b) = D(A), (a €]0,+c[,b € R),

where a - A+ b is defined by Vo € X, (a- A+ b)(x) = a- A(x) + b, which
is called the interval scale invariance.
In the case b = 0, D(a - A) = D(A), which is called the ratio scale
invariance.
In the case a = 1, D(A+b) = D(A), which is called the relative scale
invariance.
(3) Monotonicity: If B(D(A)) = A(D(A)) and Vz < D(A), B(z) < A(z)
and Vo > D(A), B(z) > A(z), then D(B) > D(A).
(4) t-conorm criterion: If D(A) < D(B), then D(A) < D(A Ugs B)D(B),
where S is a t-conorm.

In addition, continuity (robustness), computational efficiency etc. are also
considered in evaluating a defuzzification method. Using these criteria, we
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can evaluate COG, FOM and LOM. COG does not fulfill any of criteria
(1)-(4) except monotonicity. Both FOM and LOM satisfy all of (1)-(4). We
leave the proofs of these assertions as exercises. It should be pointed out
that which defuzzification method is the best depends heavily on the type of
applications.

6.6 The Principle of Fuzzy Control

As we know, classical controllers are useful in the industry, engineering and
space science etc. However, precise mathematical models need to be con-
structed to implement a control process. For a complex time-varying and
non-linear system, it is often difficult or even impossible to acquire such
mathematical models and necessary precise data. On the contrary, an expe-
rienced operator may work well when faced with such a system. Instead of
precise models, fuzzy controllers are based on fuzzy inference rules elicited
from human experience.

Typically, a process of fuzzy control may involve four main steps. In the
first step, the measurements of all variables are taken, which normally are
crisp numbers and their linguistic values are determined. In the second step,
the measurements are transformed into fuzzy numbers, which is the fuzzifica-
tion process. This step may be omitted if the measurements are reliable and
thus can be directly employed. In the third step, the fuzzy control rules are
established to form a fuzzy rule base and approximate reasonings are made
using the approaches in the last section. The evaluation results are generally
fuzzy sets which are defuzzified in the final step. The resulting values after
defuzzification represent actions taken by the fuzzy controller. In the follow-
ing, we illustrate these steps by a simple problem, the control of inverted
pendulum, which often serves as a typical case to illustrate the merits of a
new method in the area of both classical and fuzzy control.

pendulum

\ Fuzzy controller
e

O O

Fig. 6.1 An inverted pendulum
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The inverted pendulum means a movable pole attached to a vehicle
through a pivot as depicted in Fig. 6.1. The control problem is to keep the
pole (pendulum) vertically by moving the vehicle to the left or right in an
appropriate velocity.

In this problem, two input variables are involved. One is the angle (error)
between the actual position of the pole and the vertical position, denoted e,
which is measured by an angle sensor. The other is the rate of change of e,
denoted é, which is calculated by the use of two successive values of e. The
output variable F' is the force applied to the vehicle. When the pole is tilted
to the left (right) of the vertical position, e is defined as negative (positive),
and a similar convention applies to é. The force F' is defined as negative (or
positive) when it is towards left (right).

Firstly, choose a linguistic description of the states of the input variables.
In this example, the following canonical linguistic states may be employed:

NL — negative large

NM — negative medium
NS — negative small

A7 — approximately zero
PL — positive large

PM — positive medium

PS — positive small.

For example, e =NL means that the pole is tilted to the left with a large
angle; F' =NL means a large force towards left applied to the pole etc. These
linguistic values may be represented by the triangular fuzzy numbers shown
in Fig. 6.2.

NL NM NS AZ PS PM PL

a a a

W
NN

Fig. 6.2 Fuzzy numbers representing linguistic values of variables

Remark 6.4. In Fig.6.2, [—a,a] stands for the range of the variables. For
example, the range of e is between —m and w, and thus a = 7 for e.
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Secondly, a fuzzification function is selected for each input variable to fuzzify
the input value e and é. We assume that e and é are respectively fuzzified as
fu() and f(y).

Thirdly, formulate the fuzzy control rules according to human experience.
In our example, all control rules are of the canonical form:

Ife= A and é = B, then F = C,

where A, B, C represent linguistic states. Since there are two input variables
and each input variable has seven linguistic states, 49 possible fuzzy control
rules are available, which are organized in the following table.

Table 6.1 Fuzzy control rules for stabilizing an inverted pendulum

F NL NM NS AZ PS PM PL
NL NL NL NL NL NM NS AZ
NM NL NL NM NM NS AZ PS
NS NL NM NS NS AZ PS PM
AZ NL NM NS AZ PS PM PL
PS NM NS AZ PS PS PM PL
PM NS AZ PS PM PM PL PL
PL AZ PS PM PL PL PL PL

In the table, the first row displays the values taken by é except the first
entry and the first column displays the values taken by e except the first
entry. The others are the values of F'. All the control rules are established
based on the intuition. For example, if the pole tilts towards left for a small
angle (e =NS) and its rate of change is decreasingly small (é=NS), then the
vehicle should move towards left in a low velocity, i.e. ' =NS. The other
rules can be similarly explained intuitively.

Fourthly, fuzzified measurements serve as the input of the fuzzy controller.
An approximate reasoning approach is selected to make inferences in order
to obtain the output. If the Mamdani’s approach is adopted, i.e. “If e = A;
and é = B;, then F' = C; (i =1,2,...,n)” are converted into

n

R(z.y,2) = \/ (4i(z) A Biy) A Ci(2),

i=1

then the output C' is computed as

Clz)= \  (B(a,y.2) A felz) A fely)).

zeX,yeY

\/ \/(Ai(ff) A Bi(y) A Ci(z) A fe(z) A fe(y))

zeX,yeY i=1
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(Ai(z) A Bi(y) N Ci(2) A fe(z) A fe(y))

I
~<3

s
Il
A
8
M
=
<
M
h<

((Ai © fo) N(Bi © fe)) AN Ci(2)),

I

«
Il
-

where X and Y are respectively the range of x and y.

Finally, a defuzzification approach is selected to transform the resulting
fuzzy set C to a single number, which determines the action taken by the
fuzzy controller.

Although practical control problems may be various, the basic principle
of fuzzy control remains the same. Of course, there may exist multiple al-
ternatives in each step of fuzzy control, e.g. linguistic states in Step 1, the
number of control rules in Step 2, fuzzification approaches in step 3, fuzzy
inference approaches in Step 4 and finally defuzzification approaches. Which
approaches are chosen should depend on the concrete control problem.

Remark 6.5. The concept of a linguistic variable was proposed by Zadeh in
1975 [173]. The compositional rule of inference can be found in [T7]|]. For a
comparative study of different fuzzy inference methods, see [{4), [102, [152].
An exhaustive overview of approrimate reasoning by using fuzzy sets can
be found in [[7, [18], which collected all research before 1991. For the ex-
tensive overview and mutual comparisons between different defuzzification
approaches, the reader may refer to [T43]. In 1975, Mamdani and Assil-
ian designed the first fuzzy controller to control a steam engine [101)]. In
1978, Holmblad and Dstergaard [68] developed a fuzzy cement kiln controller
which was the first fuzzy controller for the control of a industrial process.
Many successful applications of fuzzy control were implemented in Japan
[67, (139, (166, [167, [168]. In [138, [T]1|], some applications of fuzzy control
are collected.

6.7 Exercises

1. Let X = {z1, 20,23} and Y = {y1,y2}. A =0.5/21 + 0.8/22 + 1/x3 and
B =1/y1+0.4/y>. Use Rpgr, Rr, Rp, Rz, Rco, Rn and Ry respectively
to represent the proposition “IF z is A, THEN y is B”.

2. Given T = min and R = Ry, find B’ for A’ =very A and A’ =more or

less A respectively in the generalized modus ponens.
1

3. Given A(z) = x;— ,Bly)=1—y, A'(z) =1—2x (z,y € [0,1]), calculate
B’ in the generalized modus ponens if T = min and R = Ryy.

4. Given T = min, A’ = A, R = Ry, find B’ in the generalized modus
ponens.

5. Let T =Ty, R= Ry and B’ = B¢. If plt(B) = 0, show that A’ = A° in
the generalized modus tollens.



6.7

10.

11.

12.

13.
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. Let T = Ty and R = Rppg. Find A’ in the generalized modus tollens for

B’ = not B, B’ = not very B and B’ = not more or less B respectively.

. If Ry = Ry = Ry, find R in the generalized hypothetical syllogism.
. If Ry = R2 = Ry, find R in the generalized hypothetical syllogism. Can

we infer that “IF z is A, THEN z is C” from “IF z is A, THEN y is B”
and “IF y is B, THEN z is C” in this case?

. Give formulae to calculate C' and C'in the following inference schemes:

(Al and AQ) = B (Al and AQ) =B
A B’
C c’

Show that COG does not fulfil core selection, scale invariance and
t-conorm criterion.

Show that both FOM and LOM satisfy core selection, scale invariance,
t-conorm criterion and monotonicity.

Consider the following fuzzy inference rules:

IF z is Ay, THEN y is Ag
IF x is Ao, THEN y is Ay,

where 47 = (—1,0,1) and Ay = (0,1, 2) are triangular fuzzy numbers.

(1) Let T' = Tin, R1 = Ra = Ryps. If the input is 2* = 0.3, find the
conclusion C.

(2) Fuzzify the input z* = 0.3 using the triangular fuzzification ap-
proach by choosing a proper parameter b and find C.

(3) Defuzzify C in (2) using COG and FOM respectively.

Design a fuzzy controller to maintain the height of water in a container
with an outlet and an inlet at a desired level.
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