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Preface

Type-2 fuzzy sets, which have come to play an increasingly important role in
applications, were introduced by Lotfi Zadeh in 1975, extending the notion
of both ordinary fuzzy sets, and interval-valued fuzzy sets. The truth value
algebras of each of these types of fuzzy sets are of particular interest. For
example, they determine the operations on the other entities involved. For
ordinary fuzzy sets and for interval-valued fuzzy sets, these algebras are well
known and familiar. For type-2 fuzzy sets, the truth value algebra is rather
complicated, with many features. This book is a detailed exposition of some
of these features. Our interest in this algebra is twofold: as the truth value
algebra of type-2 fuzzy sets, and as an algebra of interest in its own right.

The material in this book is based on results of many authors over the
past 40 years, especially those of Dubois & Prade, Goguen, Karnik & Mendel,
Kawaguchi & Miyakoshi, Mizumoto & Tanaka, Winter, as well as those of
the authors. Our focus is on fundamental properties of the type-2 truth value
algebra rather than applications of type-2 fuzzy sets. However, care is taken
to illustrate how these basic properties are related to usage of the type-2
truth value algebra in applications. Recent books with a greater emphasis on
applications include those of Castillo, Melin, and Mendel.

The study of the type-2 truth value algebra involves a range of mathematics
that is of increasing use in fuzzy set theory in general. This includes the
areas of lattice theory, universal algebra, and category theory. This book has
been written to be self-contained and accessible to those with a standard
undergraduate mathematics background. It is intended that this book could
be used as a one-semester reading course for those wishing to learn not only
about the type-2 truth value algebra, but about the surrounding mathematics.
In essence, it is a treatment of various related disciplines from the perspective
of one unifying theme. Various possibilities for such a course are allowed by
the dependencies of the chapters, as shown below.

2
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Chapter 1 begins with a brief overview of classical fuzzy sets and interval-
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xii Preface

valued fuzzy sets. It continues with a description of the algebra that is the
subject of this book. Its elements consist of all mappings of the unit interval
into itself, and its basic operations are convolutions of operations on the unit
interval. Chapter 2 is devoted to developing the properties of those operations.
There are two partial orders on the truth value algebra of type-2 fuzzy sets,
given by the basic operations corresponding to union and intersection. These
two operations are different, and neither is a lattice order. These partial orders
are investigated in Chapter 2.

This algebra contains isomorphic copies of the truth value algebras of fuzzy
sets and interval-valued fuzzy sets. These and other subalgebras, including the
convex normal functions, are investigated in Chapter 3. A fundamental object
associated with any algebra is its group of automorphisms, and this group is
determined in Chapter 4. Some characteristic subalgebras are detailed there,
including the ones mentioned above.

In ordinary fuzzy sets, t-norms and t-conorms are an important topic of
interest. Chapter 5 investigates the convolutions of these operations to give
analogous operations for type-2 fuzzy sets. These new operations satisfy many
equalities, and these equalities are given in some detail.

The subalgebra of convex normal functions, and related subalgebras, is
the focus of Chapter 6. These subalgebras are motivated by applications and
give a tractable setting between the interval-valued fuzzy sets and the full
type-2 setting. They have many desirable mathematical properties. The most
appealing of them is a complete, completely distributive lattice with a compact
Hausdorff metric space topology on which continuous t-norms from the unit
interval lift to operations that preserve arbitrary joins and meets.

Chapters 7 and 8 deal with matters related to the axiomatics. Chapter 7
investigates the variety generated by the truth value algebra. It is shown that
this variety is generated by a single finite 12-element algebra. The meet and
join reduct of this algebra is generated by a 4-element algebra known as a
bichain. This provides a decision procedure akin to the method of truth tables
to determine when an equation holds in the truth value algebra. A syntactic
decision procedure similar to finding a disjunctive normal form is also given
for this task. In Chapter 8 we develop the theory of bichains in an effort to
find an axiomatization of the algebra of truth values.

Chapter 9 gives a brief outline of, and motivation for, the use of Goguen
categories of fuzzy relations in the study of ordinary fuzzy sets and fuzzy
controllers. These are essentially categories of matrices with entries in the
truth value algebra and underscore the connection between fuzzy controllers
and linear algebra. Results of Chapter 6 show that a subalgebra of convex
normal functions has properties needed to form a category of matrices with
entries in this subalgebra, allowing a path to treat type-2 fuzzy controllers.

The final chapter, Chapter 10, treats an analog of the type-2 truth value
algebra in the finite setting. Here the elements are all functions from one finite
chain to another with operations again given by convolutions. Such algebras
would be employed in practical situations implementing type-2 fuzzy sets.
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There are several possibilities for reading this book or using it as a reading
course. Chapters 1, 2, 3, 5, 6, 9 (5 and 6.8 could be omitted) provide the basics
of the type-2 truth value algebra, its subalgebra of convex normal functions,
and their application. It gives good exposure to lattice theory, analysis, cate-
gory theory, and the basics of universal algebra. Chapters 1, 2, 3, 7, 8 (with
either 4 or 10) also provide the basics of the truth value algebra, but from a
more algebraic and axiomatic view. It gives good exposure to lattice theory
and more advanced portions of universal algebra.

We thank Hung Nguyen and Mai Gehrke. Hung first suggested Elbert
investigate the mathematics of fuzzy sets, and Mai introduced Elbert and
Carol to connections between fuzzy set theory and universal algebra. We thank
Sandor Jenei and Ram Prasad. Sandor suggested the use of equivalence almost
everywhere for investigations of type-2 notions, and the key congruence c.a.e.
of Chapter 6 grew from this. Results in Chapter 9 are the start of an ongoing
investigation with Ram. We also thank Bob Stern who signed us for this
book, and wish him joy in his retirement. We thank Mathematics Editor
Sarfraz Kahn, Editorial Assistant Sherry Thomas, Project Coordinator Ashley
Weinstein, Project Editor Karen Simon and the rest of the staff at Taylor &
Francis for making the process of preparing this book for publication a very
pleasant one.

Finally, portions of this book have been published earlier by the authors in
journals and book chapters. We are grateful to several publishing companies
for their permission to reuse this material. This includes Elsevier for [6, 44,
45, 46, 50, 108, 112, 115]; Springer for [47, 49]; Wiley for [113]; and World
Scientific for [51, 109, 110, 111, 114].

John Harding
Carol Walker
Elbert Walker
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Chapter 1

The Algebra of Truth Values

1.1 Preliminaries .........ooooiiiiii i 1
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1.3 The truth value algebra of type-2 fuzzy sets ..................... 7
1.4 Simplifying the operations ..., 10
1.5 Examples ... 12
1.6 SUIMIMATY .t 15
1.7 EXErcises ..o 15

Type-2 fuzzy sets were introduced by Lotfi Zadeh [118, 119], extending the no-
tion of both ordinary fuzzy sets [117], and interval-valued fuzzy sets. They have
come to play an increasingly important role in applications [11, 12, 13, 78, 102].
The truth value algebras of these types of fuzzy sets are of particular inter-
est because they determine the operations on the other entities involved. For
ordinary fuzzy sets and for interval-valued fuzzy sets, these algebras are well
known and quite familiar [20, 86, 108, 117]. For type-2 fuzzy sets, the truth
value algebra is rather complicated, with many features. This chapter intro-
duces this algebra, defines and simplifies its operations, and gives a number of
examples illustrating these operations. Our interest in this algebra is twofold:
as the truth value algebra of type-2 fuzzy sets, and as an algebra of interest
in its own right.

1.1 Preliminaries

We begin with a brief discussion of several kinds of algebras that arise
in connection with operations on truth values. For basic references on this
material see [3, 10].

Definition 1.1.1 An n-ary operation on a set A is a mapping f: A™ — A.
An algebra is a set with a family of n;-ary operations. A specification of the
number of these operations and their arities is the type of the algebra.

There are many different kinds of algebras frequently encountered in var-
ious branches of mathematics and their applications. For example, a group



2 The Truth Value Algebra of Type-2 Fuzzy Sets

(G,*,71,e) is an algebra of type 2, 1, 0, meaning that it has a binary oper-
ation *, a unary operation !, and a constant, or nullary operation, e, that
satisfy certain conditions. The algebras of primary interest here will be ones
that have ties to logic, and truth values of fuzzy sets. We next describe several
of the most important kinds of such algebras and related concepts.

Definition 1.1.2 A lattice (L, A, V) is an algebra with two binary operations
A and v called meet and join that satisfy the following conditions:

1. zAnz=x; xva=x. (idempotent)

2. xAy=yAx; zVy=yVva. (commutative)

3. xn(ynz)=(zry)rnz;zv(yvz)=(xvy)Vz. (associative)
4. xn(zvy)=x; xzVv(xAy)=x. (absorption)

We recall that a binary relation R on a set X is a set of ordered pairs
(x1,z2) of elements of X; that is, a relation is a subset of X x X. It is usual
to write 1 Rx2 to indicate that (x1,z2) is one of the ordered pairs in R.

Definition 1.1.3 A partial order is a binary relation < on a set with the
properties

1. a<a. (reflexive)
2. Ifa<b and b< a then a =b. (antisymmetric)
3. Ifa<b and b< ¢ then a < c. (transitive)

A partial order is linear, or a chain, if for each a,b either a <b orb<a. A
poset is a partially-ordered set (S,<).

Associated with any lattice is a partial ordering < given by z < y if and
only if x Ay = x, or equivalently, if and only if z vy = y. In fact, lattices may
be alternatively defined as partially-ordered sets where any two elements have
a greatest lower bound = A y and a least upper bound z vy (Exercise 1).

Definition 1.1.4 A distributive lattice is a lattice (L, A, V) that satisfies
the following two equivalent conditions known as the distributive laws.

1.zn(yvz)=(zry)v(zAz).
2. zv(ynz)=(xvy)a(zvz).

Definition 1.1.5 A bounded lattice is a lattice (L, A, V,0,1) with constants
0 and 1 that satisfy the following:

1. zA0=0; 2v0==z.
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2. xnl=z;2xv1=1.

Definition 1.1.6 An involution, or negation, on a poset is a unary opera-
tion ' that is of period two, so x" = x, and is order inverting, so x <y implies
that y' < a'.

Definition 1.1.7 A De Morgan algebra is a bounded distributive lattice
with an involution '. Any De Morgan algebra satisfies the following conditions
known as De Morgan’s laws:

(xry) =2"vy's(@vy) =2 ry (De Morgan’s laws)

Definition 1.1.8 A Kleene algebra is a De Morgan algebra that satisfies
Kleene’s inequality:

zAaz <yvy (Kleene’s inequality)

Definition 1.1.9 A Boolean algebra is a De Morgan algebra that also
satisfies complementation:

xAr =0;zva =1 (complementation)

We note that every Boolean algebra is a Kleene algebra and that every
Kleene algebra is a De Morgan algebra. We also note that De Morgan’s laws
can be derived from complementation and distributivity, so they do not need
to be assumed in defining a Boolean algebra (Exercise 4).

As a final comment, we shall often refer to an algebra such as (L,A,V)
simply by its underlying set L. If there is the possibility of confusion as to the
operations, we will specify them.

1.2 Classical and fuzzy subsets

We begin with a discussion of the classical notion of the subsets of a set,
and its algebraic structure. This is centered around the following Boolean
algebra.

Definition 1.2.1 Let 2 be the 2-element Boolean algebra with underlying set
{0,1}. This is the truth value algebra for classical sets.

We use a well-known technique that adapts itself nicely to generalization,
and view a subset A of a set S to be a mapping A : S — {0,1}. The idea
is that for s € S, s is an element of the subset A if A(s) =1, and s is not an
element of the subset A if A(s) = 0.
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Definition 1.2.2 Map(S,{0,1}) is the set of all subsets of the set S; that is,
all maps from S into {0,1}. The notation {0,1}° is also used for this.

The set S has no operations on it, so to define operations on Map(S, {0,1})
we use the operations on {0,1} given by the Boolean algebra structure 2. In
particular, we define on Map(S,{0,1}) binary operations A and Vv, a unary
operation ’, and two constants 0 and 1 as pointwise operations as follows.

Definition 1.2.3 Operations A, v, ', 0 and 1 on Map(S,{0,1}) are as follows
for each A,B:S —{0,1} and each s€S:

1. (AAB)(s) = A(s) A B(s).
2. (Av B)(s) = A(s) v B(s).
3. A'(s) = (A(s))".

4. 0(s) =0.

5. 1(s) = 1.

The set (Map(S,{0,1}),A,Vv,”,0,1) is the algebra of subsets of S.

Tt is easy to see that the operation A on Map(S,{0,1}) is associative since
it is defined as a pointwise operation from that of the algebra 2, and the
corresponding operation of 2 is associative. This simple idea can be extended
in the following proposition whose proof is left as an exercise (Exercise 5).

Proposition 1.2.4 An equation holds in the algebra of subsets of a set S if
and only if it holds in the truth value algebra 2.

It follows immediately that the algebra of subsets of a set S is a Boolean
algebra. The operations A, v and ’ of this Boolean algebra correspond to the
usual intersection, union, and complementation for subsets of S.

We next turn our attention to fuzzy subsets. The starting point is the
following definition of one of our basic algebras of interest.

Definition 1.2.5 Let 1=[0,1] be the unit interval, and consider 0 and 1 as
constants. The operations A, v and ' on I are as follows:

1. z Ay =min{z,y}.
2. xvy=max{z,y}.
3. 2'=1-ux.
The algebra (I, A,v,",0,1) is the truth value algebra for fuzzy sets.

The following result describes a basic property of this algebra I. Its proof
is not difficult, and is left as an exercise (Exercise 6).
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Proposition 1.2.6 The algebra 1 is a Kleene algebra, but not a Boolean al-
gebra.

The following extends the definition of a classical subset of a set.
Definition 1.2.7 A fuzzy subset A of a set S is a mapping A: S - [0,1].

The idea here is the basic one that for s € S, the value A(s) is the “degree”
to which s belongs to the set A. The mapping A is commonly referred to as
a fuzzy set. Fuzzy sets were introduced by Lotfi Zadeh in 1965 [117].

Definition 1.2.8 Map(S,[0,1]) is the set of all fuzzy subsets of the set S;
that is, all maps from S into [0,1].

We again define operations on the set of fuzzy subsets of S as the pointwise
operations obtained from the algebra I. Here we remark on our choice of the
operations A, v, ', 0 and 1 for this algebra. There are, of course, operations
on the interval [0, 1] other than these that are of interest in fuzzy matters, for
example t-norms, and t-conorms, but a discussion of these will be postponed
until Chapter 5.

Definition 1.2.9 The operations A, v, ', 0 and 1 on Map(S,[0,1]) are as
follows, for each A,B:S —{0,1} and each s€S:

~

. (AAB)(s) = A(s) A B(s).
2. (Av B)(s) = A(s) v B(s).

3. A'(s) = (A(s))'.
4. 0(s) =0.
5. 1(s)=1.

The algebra (Map(S,[0,1]),A,Vv,",0,1) is the algebra of fuzzy subsets of
S.

Since the operations of the algebra of fuzzy subsets are defined pointwise
from those of the Kleene algebra I, the algebra of fuzzy subsets of S is also a
Kleene algebra (Exercise 8).

We next turn attention to interval-valued fuzzy sets. These were introduced
independently by Zadeh [118], Grattan-Guiness [37], Jahn [56], and Sambuc
[95], all in 1975. Recall that for a fuzzy subset A : S — [0,1], one interprets
A(s) as the “degree” to which the element s belongs to A. One view is that
representing this degree with a single real number is too restrictive, and that
assigning an interval of real numbers to it is more realistic.

This leads to the following. Here we describe a closed interval [a,b] of
the reals unit interval by giving the ordered pair (a,b) of its endpoints, as is
standard [3].
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Definition 1.2.10 The set of intervals in [0,1] is written as 121 = {(a,b) :
a,bel and a <b}. The algebra on 1] has operations A, v, ', 0 and 1 on 12
using those of I as follows:

1. (a,b) A (c,d) =(anc,brd).
2. (a,b) v (c,d)=(avebvd).
3. (a,b) = (V',d").

4. 0=(0,0).

5 1=(1,1).

The algebra (1[2], AV 0,1) s the truth value algebra for interval-valued
fuzzy sets.

The notation I is standard for a general method of creating a distributive
lattice from the closed intervals of a given one. (See [3].) The algebra 1?) has
many interesting properties. (See, for example, [29].) The job of establishing
the following basic property is left as an exercise (Exercise 7).

Proposition 1.2.11 The algebra 112 s 4 De Morgan algebra, but it is not a
Kleene algebra.

The established pattern continues; that is, we can look at fuzzy subsets
using 121 as a truth value algebra.

Definition 1.2.12 An interval-valued fuzzy subset of S is a mapping
A:S -1

As noted, for s € S, the “degree” of membership of s in A is now an interval
of real numbers.

Definition 1.2.13 Map(S,Im) is the set of interval-valued fuzzy subsets of
S; that s, all maps from S to 12,

Operations are then defined on Map(S,I[Q]) as pointwise opera-
tions from I(% exactly as in Definitions 1.2.3 and 1.2.9. This gives us
(Map(S,I[Q]),/\,v/,O,l), the algebra of interval-valued fuzzy subsets
of S. Again, as a basic consequence of defining operations pointwise, we have
the following.

Proposition 1.2.14 The algebra of interval-valued fuzzy subsets of a set S
is a De Morgan algebra.

We note that the classical subsets of S are included in the fuzzy subsets
of S, and that the fuzzy subsets of S are included in the interval-valued fuzzy
subsets of S by considering a real number to be a 1-element interval.

We next begin the study of type-2 fuzzy sets, a notion that encompasses all
the previous ones, and many intermediate possibilities. A complete discussion
of these remarks will be undertaken in Chapter 3.



The Algebra of Truth Values 7

1.3 The truth value algebra of type-2 fuzzy sets

Type-2 fuzzy sets were introduced by Zadeh in 1975 in [118, 119]. The basic
idea is to generalize the notion of ordinary fuzzy sets and interval-valued fuzzy
sets, affording wider applicability. The “degree” of membership of an element
s in a set A will no longer be simply 0 or 1 as with classical subsets, or a
single real number as in fuzzy subsets, or even an interval of real numbers
as in interval-valued fuzzy sets. Now the “degree” of membership will be a
function f:[0,1] - [0,1].

Definition 1.3.1 For sets X and Y,
Map(X,Y) ={f: f is a function from X to Y}
The notation Y is also used for this.

The set Map(I,I) will play a primary role throughout this book. We will
sometimes find it convenient to give it a shorter name, and will also use M to
denote this set. We note that the elements of Map(I,I) are precisely the fuzzy
subsets of I as discussed in the previous section. In the context of type-2 fuzzy
sets, the members of Map(I,I) are sometimes called fuzzy truth values or
membership grades of type-2 fuzzy sets.

Definition 1.3.2 A type-2 fuzzy subset of a set S is a map A : S —
Map(1,1).

Of course, the matter arises of putting the correct algebraic structure on
Map(1,1I). This will be done using operations on both the domain I and range
I of mappings in Map(I,I) through the general technique of convolution.
The concept of convolution arises in many areas of mathematics. The specific
form in which we shall employ it is described below.

Definition 1.3.3 Let U and V be sets, and suppose that U has a binary
operation o on it, V has a binary operation A on it, and O is another appro-

priate operation with which one may define a binary operation * on the set
Map(U, V) by the formula

(F9)@ = o (f@) & 9(») (L.1)
The operation * is the convolution of & with o via O.

We have written this definition for o and A binary operations. It applies
when both are n-ary operations of the same n, including the cases that they
are both unary or both nullary. We have been deliberately vague regarding
the nature of 0. In the applications to type-2 fuzzy sets, O will be an operation
on the subsets of V. In general, it is an operation on certain indexed families
of elements of V. We next consider two familiar examples of convolutions.
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Example 1.3.4 Polynomials p(z) in a variable z and with real coefficients
can be considered as functions p: N — R from the natural numbers (including
0) to the reals that have finite support; that is, are nonzero at only finitely
many places. For example, p(z) = 5 — mx + 22 would be the function that has
the values 5,-m,1 at 0,1, 2, respectively, and has value 0 otherwise. For two
such polynomials p and ¢, the k" coefficient of the product is given by

(p-a)(k)= ) p(i)e(s)

i+j=k

This operation is a convolution. Here the set U is N, the set V is R, the
operation o on U is addition + on N, and the operation A on V is multiplication
on R. The operation O is the operation that associates to any finite sequence
of real numbers its sum.

An extension of this example is of basic importance in many branches of
analysis and physics.

Example 1.3.5 Given two integrable functions f,g : R - R, their convolu-
tion is defined by

(F+)(t) = [ F@)g(t-x)ds

This is seen in our context with U and V both being the reals R, and with the
binary operation o being addition, and A being multiplication. The operation
O takes the family of real numbers f(z)g(y) indexed over all z+y = ¢, reindexes
this in an obvious way as the family f(x)g(t - ) where z € R, and associates
to this the indicated integral.

We turn next to the matter of employing convolutions to define operations
on Map(L,I). In this context, these convolutions are sometimes referred to
as Zadeh’s extension principle [118]. In each case the operation we will
produce will be a convolution with o being one of the basic operations of I.
To describe the operations A and O used, we require the following.

Definition 1.3.6 A lattice (L,A,V) is a complete lattice if every subset S
of L has a greatest lower bound (meet), and a least upper bound (join), under
the partial ordering < of the lattice. We denote these as follows:

1. VS = the least upper bound of S.

2. NS = the greatest lower bound of S.

We note that the greatest lower bound of the empty set is the largest
element 1 of the lattice, and the least upper bound of the empty set is the
least element 0.

It is a basic property of the real numbers that the unit interval I is a com-
plete lattice. In this setting, the least upper bound of a subset S is sometimes
written sup S, and the greatest lower bound of S is sometimes written inf .S.
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We return to the topic of complete lattices arising in type-2 fuzzy sets in
Chapter 6, and employ these results in Chapter 9. But now we are prepared
for the primary definition of this book.

Definition 1.3.7 The operations N, u, *, 1o, and 11 on Map(I,1) are as
follows:

L (F9)@) =V, (F@) 7 9(2))-
2. (Fug)(@) =\ .o (F() A9 (2).
5. f*(2) = f(1-2).

=y fI50

=} Jr

The algebra (Map(1,1),m,u,* ,19,11) is the truth value algebra for type-2
fuzzy sets.

Tt is of interest to see that the choice of operations on Map(I,1) follows
a basic pattern. To see this, we note that the meet operation A of I can be
applied to sets of any size. When applied to 2-element sets it is the binary
meet operation A, when applied to 1-element sets it is the identity operation,
and when applied to the empty set it returns the largest element 1.

Proposition 1.3.8 The operations N, U, *, 1o, and 11 on Map(I,I) are the
convolutions of the operations A, v, ', 0, and 1 of 1 with the meet operation
of 1, using for O the infinite join operation .

Proof. From the definition, it is clear that 1 is the convolution of the operation
A on I with A on I using for O the infinite join operation \/, and that U is the
convolution of v with A using V. Since y’ = x if and only if 1 -y = x, which
occurs if and only if 2’ =y, we have

fr@)=f(1-=)=f(@") = \{ f()

Thus * is the convolution of the negation 2’ = 1 — z of I with the unary meet
operation using V. The constant 1¢ is the convolution of the constant 0 of I
with the empty meet operation using V, and the constant 1; is the convolution
of the constant 1 of I with the empty meet operation using V. Establishing
these facts is a bit of arcane reasoning with the empty set, and is left to the
reader. m

The fact that the operations on Map(I,I) arise from convolutions is useful
primarily to see that they have a natural source, and are not ad hoc creations.
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In working with these operations, their origins in convolutions will not be
applied. In fact, we shall try very hard to simplify their descriptions to make
working with these operations far more tractable. The degree to which this
can be done is striking. We begin this task in the following section.

1.4 Simplifying the operations

It is convenient to use M for the set Map(I,I). We continue our convention
to use M also to refer to the algebra (Map(I,1),m,u,*,1g,11). The elements
of M are functions f :I— L. In addition to the convolution operations defined
on M, we may consider the pointwise operations A, v, ', 0, 1 on it coming from
operations on the range I. In this section, we use these pointwise operations
in conjunction with the following auxiliary operations L and R, to greatly
simplify the descriptions of m and L.

Definition 1.4.1 For f e M, let f* and f® be the elements of M defined by

@)=V fly) and [R(x)=V f(y) (1.2)

y<x Yy2x

For f,g € M, having f < g in the pointwise order means that f(z) < g(z)
for all x € I. In this case, we often say that f is below g, or that g is above
f. We adhere to the convention of increasing versus strictly increasing when
speaking of monotone functions. For clarity, this is defined below.

Definition 1.4.2 Let f € M. We use the following terminology:
1. f is increasing if x <y implies f(x) < f(y).
2. f is decreasing if x <y implies f(y) < f(x).

The definitions of strictly increasing and strictly decreasing are obtained
if < is replaced by strictly less than <. A function is monotone if it is either
increasing or decreasing.

The following observation, whose proof is left as an exercise (Exercise 10),
provides the meaning behind the definitions of f¥ and fF.

Proposition 1.4.3 Let f e M.

1. fF is the least increasing function above f.

2. fT is the least decreasing function above f.

This situation is illustrated in Figure 1.1.
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FIGURE 1.1: Computations of f* and ff

Before proceeding, we will need some basic properties of the real unit
interval I relating to infinite versions of distributivity. We will return to this
topic in a more general setting in Chapter 6.

Proposition 1.4.4 Let a,a; (j€J) and b,b, (ke K) be elements of I. Then

1. \/(ana;)=an\/qa.

jed jed
2. \/ (aj/\bk): \/a]—/\ \/bk
jeJ ke K jed keK

The first statement is known as meet continuity.

With respect to the pointwise operations v and A, M is a lattice, and
these operations on M are far easier to compute with than the convolution
operations U and n defined in Definition 1.3.7. The following theorem expresses
each of the operations U and M in terms of pointwise operations and the
operations L and R in two alternate forms, and is basic in deriving properties
of these operations. Similar expressions also appear in [14], [19], [21], and [24].
The fact that the unit interval I is meet continuous is a basic tool in deriving
properties of the operations.

Theorem 1.4.5 The following hold for all f,g e M:
fug=(frg")yv(ffng)=(fva) a(ffngh) (1.3)

Frg=(f g v(ffFrg)=(fvg)a(ffagh) (1.4)

Proof. Let f,g € M. Beginning with the definition of U from Definition 1.3.7,

(fug)@) = V () rg(2))

YyvVz=x
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Note that y v z = z if and only if either y =2 and 2 <z, or y <z and z = z. So
this expression becomes

V(f@)ng() vV (f(y) ~g(x)

zLx

Using the meet continuity of I and the definition of the operation L, this
becomes

(f(@) ng" (@) v (F¥(x) A g(2))
This yields fug = (fAg") v (f* Ag). Then using the fact that (M, A, V) is a
distributive lattice, and applying several applications of the distributive law,

Fug=(fvina(fvg alg"v ) alg"vy)

This then simplifies to provide fug = (f v g) A (f£ A gL). This establishes
(1.3). In a totally analogous manner, we get the formulas stated for frng. m

1.5 Examples

In this section, we provide a number of examples to illustrate the various
operations in M. To begin, consider the functions f and g shown below.

A

Since f*(x) = f(1 - x), computation of f* and g* is done by taking their
mirror images in the line 2 = 1/2. These are shown below.

Ao N
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Since the pointwise meet (f A g)(x) = min{f(x),g(x)}, computation of
pointwise meet f A g is done by taking the smaller of the values of f and ¢ at
each z. Similarly, since (f v g)(x) = max{f(z),g(z)}, it is obtained by taking
the larger of the values of f and g at each x.

fvg

Recall that fug = (fvg)afiagl and frg = (fvg)afEagf. Note that both
of these expression involve the pointwise join f v g. Neither directly involves
the pointwise meet f A g. However, both use the concept of the pointwise
meet, but applied to other functions. To break things into smaller steps when
illustrating U and M, we next describe the functions f¥ and f%.

To compute fug=(fVvg)AfEagr, we take the pointwise meet of the
functions f v g, f¥ and g~. This amounts to cutting off the height of f v g at
the smaller of the levels of f£ and g*. To compute frig=(fvg)r fEaghis
similar, using f and ¢'*. The results are shown below.
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fug fng

With some experience, it is not difficult to compute u and n directly,
provided the functions are not so complex. Consider the functions h and k
shown below. They are of a sort often encountered in fuzzy applications.

h k

When computing hu k and hnk, we compute the pointwise join h v k and
cut the values off to remain below h% and k¥ for huk, and to remain below
hf and kT for hnk. The results are easily seen to be as follows. We note that
the computation of hnk results in h because the function A% is zero toward
the right half of its domain.

hnk

So far, the examples we have considered have all been continuous func-
tions. This is not necessary, and it fact, our basic constants 1y and 1; are not
continuous. We recall the standard device for depicting functions that are not
continuous. When a circle is filled in, it indicates the value that a function
takes at a point, and when a circle is open, it indicates values that a function
takes close to the point, but not at the point. The function 1, that takes value
1 at x = 0 and value 0 everywhere else is as shown at left in the following, and
the function 1; takes value 1 at =1 and 0 everywhere else is shown at right
in the following.
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10 11

We note that in these final two diagrams, the values of the functions lie
along the z-axis at all but one point, so the function coincides with the z-axis
for most of its domain.

1.6

Summary

In this chapter, we have outlined the role of the truth value algebras of sets,
fuzzy sets, interval-valued fuzzy sets, and type-2 fuzzy sets. The operations on
the truth value algebra M of type-2 fuzzy sets were given as convolutions of the
operations A, v, ’, 0, and 1 of the unit interval I. Auxiliary operations L and R
were introduced that made computation of the operations of M tractable. The
chapter concluded with a number of examples illustrating the computation of
the various operations in several situations.

Exercises

1. Prove that lattices may be alternatively defined as partially-ordered sets

where any two elements have a greatest lower bound x A y and a least
upper bound x Vv y.

. Prove that a vector space over the reals can be considered as an algebra

in the sense of Definition 1.1.1. (Hint: Vector addition is obvious. For
scalar multiplication Av use one unary operation for each scalar \).

Prove that the two equalities in Definition 1.1.4 are equivalent.

Prove that the De Morgan laws follow from complementation and dis-
tributivity, so that they do not need to be assumed in defining a Boolean
algebra.

Prove Proposition 1.2.4, regarding equations in the algebra of subsets of
a set.
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10.
11.
12.

13.
14.

15.

16.

The Truth Value Algebra of Type-2 Fuzzy Sets

Show that the algebra I is a Kleene algebra but not a Boolean algebra
(Proposition 1.2.6).

Show that the algebra 1% is a De Morgan algebra, but it is not a Kleene
algebra (Proposition 1.2.11).

Prove that the algebra of fuzzy subsets of a set S is a Kleene algebra.

Show that the algebra of interval-valued fuzzy subsets of a set S is a De
Morgan algebra. (Proposition 1.2.14).

Prove Proposition 1.4.3, which describes f* and f¥.
Prove that f* is the mirror image of f in the vertical line x = 1/2.

Verify that the complete lattice ([0,1], <) is meet continuous. (See
Proposition 1.4.4.) Use this result to prove item 2 of Proposition 1.4.4.

Verify that the second equation in Theorem 1.4.5 holds.

Prove that the set of rational numbers in the interval [0,1] forms a
bounded lattice, but that this lattice is not complete.

The elements 1p and 1; of Map(I,I) can be considered nullary opera-
tions, and can be obtained by convolution of the nullary operations 1
and 0 on I. Show how this is done.

Consider the following functions f and g.

f g

Draw fL, f& ¢* and ¢%.
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17. Consider the following functions f and g.

f

(a) Draw f* and g*.

(b) Draw fAgand fvg.

(c) Draw fL, ff g- and ¢*.
)

(d) Draw fngand fug.

18. Consider the following functions f and g.

.7

f

Draw fAagand fvg.
Draw fL, f g* and ¢*.

Hint: f u g is continuous, f Mg is not.

17
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The basic operations of the algebra M were introduced in Chapter 1. In this
chapter, the fundamental properties of these operations are presented. They
were developed by a number of authors [18, 81, 83, 118, 119]. This includes
simple observations about these operations presented in Section 2.2. These
will be used throughout this book. The basic equations satisfied by these op-
erations are developed in Section 2.3. There are further equations satisfied
by these operations, but this is a more delicate matter left to Chapter 8.
Section 2.4 develops properties of two partial orderings on M that are defined
through these operations. Section 2.5 develops fragments of distributivity that
hold in M. These fragments of distributivity will be used essentially in Chap-
ter 6. Development of the properties of these operations is greatly clarified
by some general considerations that are presented in the preliminaries that
follow.

2.1 Preliminaries

A study of the algebra of truth values of type-2 fuzzy sets will involve
algebras of a more general nature than those encountered in Chapter 1. The
algebras we will encounter are built from simpler structures, some of which
we consider here.

Definition 2.1.1 A semilattice is an algebra (S, *) with a binary operation

19
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* that is commutative, associative, and idempotent; that is, it satisfies the
following equations:

1. zxy=y*z.
2. (xxy)*rz=x*(y*z).
3. xrxr=2x.

An operation = on S that is commutative, associative, and idempotent is called
a semilattice operation on S.

A lattice (Definition 1.1.2) (L, A,V) is an algebra with two binary opera-
tions A and v that are both commutative, associative, and idempotent, hence
are semilattice operations. If one omits the operation v from a lattice, one is
left with a semilattice (L, A); and if one omits the operation A, one is left with
a semilattice (L, V).

Definition 2.1.2 A bisemilattice is an algebra (B, A,V) with two binary
operations, both of which are semilattice operations.

The following result is immediate from the definition of a lattice (Defini-
tion 1.1.2).

Proposition 2.1.3 A bisemilattice is a lattice if, and only if, it satisfies the
absorption laws:

1. zA(xzvy)==z.
2. zv(zAy) =z

We recall that lattices could be equivalently defined as partially-ordered
sets where any two elements have a greatest lower bound = Ay and a least
upper bound z vy (Exercise 1 of Chapter 1). There is a similar situation for
semilattices. We first introduce some terminology to aid the discussion.

Definition 2.1.4 A meet semilattice is a poset (S,<) where any two ele-
ments have a greatest lower bound x Ay. A join semilattice is a poset (S, <)
where any two elements have a least upper bound x v y.

Semilattices are algebras. Meet semilattices and join semilattices are cer-
tain types of partially-ordered sets. However, there are close connections be-
tween these notions. We begin with the following result whose proof is left as
an exercise (Exercise 1).

Proposition 2.1.5 If (S,<) is a meet semilattice whose greatest lower bound
operation is given by x Ay, then (S,A) is a semilattice. If (S,<) is a join
semilattice whose least upper bound operation is given by x vy, then (S,V) is
a semalattice.
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So we have two separate order-theoretic notions for semilattices, meet semi-
lattices and join semilattices, but only one algebraic notion for a semilattice.
The point is that each semilattice gives rise to two partial orderings, one that
yields a meet semilattice and the other a join semilattice. This is the content
of the following result.

Proposition 2.1.6 Suppose that (S, *) is a semilattice. Then with the rela-
tion x <y if and only if x » y = x we have (S,<) is a meet semilattice with
meet given by x. With the relation x <y if and only if x *y =y we have (5, <)
is a join semilattice with join given by *.

Proof. We prove the first statement, the second is similar. Since * is idempo-
tent, T * x = x, giving = < x. So < is reflexive. f x <y and y <z, then z xy =z
and y*x = y. So since * is commutative, x = y. f t <y and y < z, then x*y = x
and y*z = y. So since * is associative, x*z = (zxy)*xz=x*(y*z) =x*y = T.
Thus z < z, and thus < is transitive.

Since x * (z*y)=(x*x)*y=x*y,and y* (z*+y) =x* (y*y) =x *y, we
have that x *y < x and x *y <y. Suppose z < x,y. Then z*x =z and zxy =y,
so z* (x*y)=(z*x)*y=2%y=2z This shows that z <z *y. Thus x *y is
the greatest lower bound of z and y under <. Thus (9, <) is a meet semilattice
with meet given by *. m

We note that the two methods of producing a partial ordering from a
semilattice (S, *) are clearly related to one another. Setting x <y y if z*y =z,
and x <9 y if x *y =y, it is easily seen that x <; y if and only if y <3 . So the
two partial orderings built from (S, *) determine one another, and they are
called converses of each other.

Definition 2.1.7 Let (B, A,V) be a bisemilattice. Define two partial orderings
<x and <y on B as follows:

1. z< yifand only if t Ay = x.
2. x<yyifand only if xvy=y.
We call <, the meet order and <, the join order.

Since each semilattice gives rise to two partial orderings, each bisemilattice
gives rise to four partial orderings. However, the two remaining partial order-
ings on B are the converses of the two given. To explain our choice of these
two particular partial orderings, we consider matters in relation to lattices.

Proposition 2.1.8 A bisemilattice (B,A,V) is a lattice if and only if the
partial orderings <, and <, agree.

Proof. Suppose that (B, A, V) is a lattice. If = <, y, then by the absorption
law, vy =y Vv (z Ay) =y, giving = <, y. Conversely, if x <, y, then z vy =y,
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and by absorption, z Ay =2z A (xVy) =z. So x <, y. So in a lattice, the two
partial orders agree.

Suppose that (B, A, V) is a bisemilattice in which these two partial order-
ings agree. Note that z A (zAy) = x Ay, so x Ay <, x. Since these orders agree,
then x Ay <y x, giving z v (z Ay) = z. This is one of the absorption laws. The
other is obtained in a similar manner. m

The following result is immediate from Definition 2.1.7 and Proposi-
tion 2.1.6.

Proposition 2.1.9 Let (B, A,V) be a bisemilattice. The following hold:

1. (B,<,) is a meet semilattice in which meets are given by A.

2. (B,<y) is a join semilattice in which joins are given by v.

To conclude this section, we discuss several types of algebras related to
bisemilattices that shall be of interest in the study of M.

Definition 2.1.10 A Birkhoff system is a bisemilattice (B,A,V) that sat-
isfies the following equation known as Birkhoff’s equation.

za(zvy)=xv(zAy) (2.1)

Birkhoff systems have an extensive literature [7, 76, 88]. We will return to
this matter in Chapter 8. We note that Birkhoff’s equation is a weakening of
the usual absorption laws of lattices, which can be written z A (zVvy) = x =
zV (z Ay). Indeed, the middle term is simply removed. Thus every lattice is
a Birkhoff system, but not conversely.

Definition 2.1.11 A bounded bisemilattice (B, A,Vv,0,1) is a bisemilattice
with constants 0 and 1 that satisfy

1. xv0=1x.
2. xnl=zx.

Definition 2.1.12 A De Morgan Birkhoff system (B,A,v,*,0,1) is a
bounded Birkhoff system with a unary operation * that satisfies

1. 2 =x.
2. (xAny) =z vy*.
3. (xvy)  =z* ny*.
4. 0% =1.
5. 1% =1.

The primary aim of this chapter is to establish that (M, n,u,*,1p,1;) is a
De Morgan Birkhoff system.
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2.2 Basic observations

In this section we collect basic observations that are used at numerous
points throughout the remainder of the book. We begin with the following
proposition that establishes properties of L and R. We note that % will be
used in place of (f£)%, and so forth.

Lemma 2.2.1 The following hold for all f,g € M:

1o f<fhfe i
2. f <g implies f¥ < g" and % < g%,
3. fLL :fL. fRR — fR-

4. fER = fRL gnd this is a constant function with value sup f.

Proof. By Proposition 1.4.3, f is the least increasing function above f and
f1 is the least decreasing function above f. From this, statements (1) — (3)
follow immediately. For (4) we note that since f* is the least increasing func-
tion above f, that f% takes its largest value at x = 1, and this value is the
supremum sup f of the values taken by f. Therefore fXf is the constant
function that takes value sup f, and similar reasoning shows that f* is also
a constant function taking this value. m

We next consider basic relationships among the pointwise operations v
and A, the operations L and R, and the * operation of M. Here, we use f**
for (f£)*, and so forth.

Lemma 2.2.2 The following hold for f,ge M:

1. f*=f.

9. flx = prR. pRe _ prl

8. (frg) =f"ng"(fvg) =f"vg".
4. (fva)t=fEvgl; (fvg)f=rfRvgh

Proof. The operation f* takes the mirror image of f in the vertical line
x = 1/2 (Exercise 11 of Chapter 1). So (1) is obvious. Note that applying *
to an increasing function produces a decreasing function, and conversely. It
follows that fI* is the least decreasing function above f*, hence equals f*.
A similar argument shows f#* = f*L establishing (2). Item (3) states that
taking the pointwise meet of two functions and then reflecting them in 2 = 1/2
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amounts to the same as reflecting them, then taking their pointwise meet,
which is obvious. For (4), the pointwise join of two increasing functions is
increasing, so fvg” is an increasing function above fvg¢. But any increasing
function above f v g lies above f¥ and g%, hence above f'v g¥. So f¥v g is
the least increasing function above f v g. The second equation is similar. m

We remark that the equations (f A g)L = fL A gl and (f A g)% = fE A gR
need not hold (Exercise 4). However, since (f A g)* < fL and (f A g)F < g%,
we see that (f A g)F < fF A gl and similarly (f A g)f < fF A g%

Our final two lemmas provide relationships among the convolution opera-
tions M and U, and L and R.

Lemma 2.2.3 The following hold for f,g e M.
1 frugh=frug=fugh=frag".

2. fEnght=fRng=frnght=fRnagh

Proof. Using Theorem 1.4.5,
frugh =(ffng™ ) v (FH A gh)
frug=(rHrag) v agh)
fugh=(frg" ) v (ffagh)

Using Lemma 2.2.1, all three expressions simplify to ¥ A ¢”. This proves item
(1), and item (2) is similar. m

Our final result of this section involves the most difficult computations.
We must return to the original definition of the convolution operations, and
make use of some of the more subtle order-theoretic properties of the interval
I. However, the ultimate result is very simply stated and natural.

Lemma 2.2.4 The following hold for f,g e M.
L (fug)t=frugh.
2. (fug)f=ffugh.
3. (fng)f=ffngh.
4o (frng)t=frngh.

Proof. For the first, note that the definitions of L and u give

(fug)@)=VUugdw=V V (f(u)rgv))

y<x y<xr uvu=y
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Since u v v =y for some y < x if and only if u,v < z, combining this equation
with the second item of Proposition 1.4.4 gives

(fugt@)= V (fw)ag)=V f(u) rV g(v)

Uz, v<T ulx v<T

This yields (fug)® = fL' A gF. Lemma 2.2.3 provides that f£ A gl = f£ ugt,
so this establishes item 1.
For item 2,

(fug)™@)=V{Fudw=V V (f()rg())

y2x y2xr uVvVu=y

Since u v v =y for some y > x if and only if u > x or v > x, this gives

(fug)fi@)= V I(J“(U)Ag(v)) vV (f(u) ag(v))

u>x,ve uel,v>x

Using the second item of Proposition 1.4.4 twice, gives

(fug)(@)=(V f(u) A\/Ig(v)) v(\/If(U) AV g(v))

u2x v2T

Since f#F(z) is the supremum of the values taken by f, this expression then
gives that (fug)f = (fE A glE) v (fEE A ¢gf), and this is the formula for
U g™ The remaining items follow by symmetry. m

2.3 Properties of the operations

In this, the key section of this chapter, we give some equational properties
of the algebra M. In particular, we show that it is a De Morgan Birkhoff
system, as described in the preliminaries. This result will be built in stages.

Proposition 2.3.1 The operations M and U of M are semilattice opera-
tions, meaning that they are commutative, associative, and idempotent. Thus
(M, m,u) is a bisemilattice.

Proof. We show the results for u, and those for m are similar. For idempotence,
Theorem 1.4.5 and Lemma 2.2.1 give

Juf=UnfivuEan=r

Commutativity is immediate since the expressions for f u g in Theo-
rem 1.4.5 are symmetric in these variables. For associativity, Theorem 1.4.5,
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Lemma 2.2.4 and Lemma 2.2.3 give

(fuguh=[((fver(fFrg))vRIA[(fug)® Ah"]
=[((fvg) A (fFng")) vRIA (fF gt aRb)
=[(fvgvh)an((ff rg")vR)IA(ff ngh abt)
=(fvgvh)a(ffrghah)

A similar calculation for fu(guh) = (guh)u f will also yield this expression.
So U is associative. m

We remark that in the proof of this result, we have obtained an expression
for f uguh. This expression can be extended to more functions as follows.

iU fu= (v ey fa) A FEAn g
Jroem f= (v ey fa) A PR Ao £
We will not use these, and leave the proof as an exercise (Exercise 9).

Proposition 2.3.2 The bisemilattice (M,n,u) satisfies Birkhoff’s equation
fn(fug)=ru(fng)
Therefore (M,n,u) is a Birkhoff system.

Proof. Using Theorem 1.4.5, Lemma 2.2.4, and the distributive laws for A
and v,

fulfng)=fa(fng)*1vIfEa(fng)]

[FAf gVt a(fng)]
[FAUEvg) A fEEAg" IV A ((FAg™) v (FFng))]
=[fAg™IVIUE A FAg™) v (FE A A g)]
=(frg™)v(FFnfag)

and

f(fug) = a(fug)™Ivffa(fug)]
[FA(fug®IvIFfa(fug)]

[F ATV g™ A A g™ IV A A g™) v (FE A )]
FAgriIVIUTE A fagh) v (FF A FE A g)]
=(frg™)v(fF A ag)

This establishes Birkhoff’s equation. m
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We remark that in the course of the proof, we have obtained a useful
description for the value of quantity obtained in Birkhoff’s equation, namely

frfug)=(Fagd™v(FEnfiag)=fu(fng) (2.2)
We now come to the goal of this section. The following equations for M
are the ones most frequently encountered. However, there are other equations

that are satisfied by M that are not consequences of these, as we will see in
Chapter 8.

Theorem 2.3.3 The algebra (M,n,u,* ,1g,11) is a De Morgan Birkhoff sys-
tem. That is, it satisfies the following equations:

1 fuf=f;fnf=f.

2. fug=guf; fng=gnf.

5. fu(guh)=(fug)uh; frn(gnh)=(fng)nh.

4. fu(fng)=fn(fug).

5. louf=f;1nf=f.

6. f**=7.

7. (fug) =frng (fng) =fug"

Proof. We have already established that (M,n,u) is a Birkhoff system, so

(1)-(4) hold. For (5) note that fL(0) = f(0), and that 1% is the constant
function 1. Therefore by Theorem 1.4.5

Louf=onfY)vAiaf)=f

A similar calculation shows 1; 1 f = f. Item (6) is given in Lemma 2.2.2. For
(7) we use Theorem 1.4.5 and Lemma 2.2.2.

(Fug) =((fvg)nfrnagh)
S (f Vg ) A I A gl
S (f Vg ) AR AgR
- gt
Similarly, (fng)*=f*ug*. m
To conclude this section, we note that M does not have the further property

of being a lattice. For example, take f to have all its values larger than the
supremum of the values of g. Then by (2.2), we obtain

fr(fug)=(f g™ v(fFaftng) =g"" (2.3)

which is constant with value the supremum of the values of g, and has no value
in common with f. The function f constant with value 1, and g constant with
value anything less than 1, will work for this counterexample.
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2.4 Two partial orderings

As mentioned in the preliminaries, to each bisemilattice, we associate two
partial orderings, one for each of the semilattice operations. We specify the
notation used when applying this to the algebra M.

Definition 2.4.1 Define relations S, and £, on M as follows:
fEng if fng=Ff
feuwg if fug=g

We call = the meet order and £, the join order.

Applying results described in the preliminaries that apply to any bisemi-
lattice, in particular in Proposition 2.1.9, we immediately obtain the following.

Proposition 2.4.2 Both S, and S, are partial orders on M. Further, these
relations have the following properties.

1. Under the partial order cn, any two elements f and g have a greatest
lower bound. That greatest lower bound is fng.

2. Under the partial order €, any two elements f and g have a least upper
bound. That least upper bound is fug.

The partial orderings S, and £, are defined through the convolution op-
erations M and u. In Theorem 1.4.5, we have simplified the descriptions of
these convolution operations, and expressed them in terms of the pointwise
operations A,V and the operations L, R. This allows the following.

Proposition 2.4.3 The pointwise criteria for S and S, are these:
1. fengif and only if fEAg< f<g®.
2. feugif and only if fAg* <g< fr.
Proof. Theorem 1.4.5 states that
frg=faghyv(ffag)=(fva)nfing®
So if f = frg, then ffAg< f<gP. Conversely, if ffAg< f<g® then
frng=(ag®yv(fiag)=fv(ffng =1
so f Cq g. Item 2 follows similarly. m

To conclude this section, we collect various properties of these orders.
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Proposition 2.4.4 The following hold for f,g e M:
1. feqly and 1pg f.
fEngifand only if g* =, f*.
If f and g are decreasing, then f cn g if and only if f <g.
If f is decreasing, then f Sn g if and only if f < g%.

If f and g are increasing, then f =, g if and only if g < f.

S Tt e e

If g is increasing, then f S, g if and only if g < f&.

These statements follow from Proposition 2.4.3 using observations from
Section 2.2. For instance, in item (3), if both f and g are decreasing, then
f® = f and g® = ¢g. So the condition for f € g becomes f A g < f < g, which
is equivalent simply to f < g. The proofs of the remaining items are left as an
exercise (Exercise 14).

2.5 Fragments of distributivity

In this section, we consider the matter of when one type of binary opera-
tion, such as M, U, A or v, distributes over another. We begin with the following
basic, but important, result that was discussed at length in Chapter 1.

Proposition 2.5.1 The pointwise operations A and v distribute over one an-
other. That is,

fv(gah)=(fvg)n(fvh)
falgvh)=(fnrg)v(fnh)

We next consider another version of distributivity. It is of interest since it
shows that the convolution operations M and U are operators on the lattice
(M, A, V) in the sense of [27, 59, 60], meaning that they distribute over v.
We note that Lemma 2.2.2 shows that L, R and * are also operators on this
lattice. We return to this matter in Chapter 6.

Proposition 2.5.2 The operations U and N distribute over v. That s,

fulgvh)=(fug)v(fuh) (2.4)
frlgvh)=(frng)v(fnh)
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Proof. Let f,g,h € M. Then by Theorem 1.4.5, Lemma 2.2.2, and the dis-
tributive law for the pointwise operations A and v, we have

Fugvh)=(falgvm)F)v (i algvh))
=(fAlg" VRV ((FF Ag) v (fF A R))
=(fag) v (fARE)V (fEng) v (fE AR)
=(fug)v(fuh)
Thus u distributes over v. The other argument follows by symmetry. m

Various distributive laws do not hold in M: u and 1 do not distribute over
A; v distributes over neither U nor M, and similarly, A distributes over neither u
nor r; and U and 1 do not distribute over each other. There are easy examples
to show this (Exercise 16).

While the distributive laws for the convolution operations do not generally
hold in M, it will be essential in subsequent chapters to find circumstances in
which they do hold. The following technical result is of primary importance
in this task.

Lemma 2.5.3 Let f, g, he M.
1. fu(gnh) is given by

(Fagh nREY NV (FAgtEanm) v (FE ng nh®) v (fE ngah)

2. (fug)n(fuh) is given by
(fulgnm) v (fFnffngnhfEyv (FF a2 g™t ah)
The term fu(gnh) in item 2 may be expanded using item 1. Expressions for

fr(guh) and (fng)u (fnh) are given by interchanging the operations L
and R in these expressions.

Proof. Let f, g, h € M.

fugnh)=[fa(gnh) v [fE A (gnh)]
=[fa(g" nE")]VIfE A (gnh)]
=[f A ((g" AR YV (g™ ARV IR A (gAY v (g7 A R))]
=(f g ARV (F g™ Abm) v (fEAga b v (FF A gT ah)

This establishes the first equation.
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(fug)n(fuh)=[(fug) A (fun)FIvI(fug)A(fuh)]

={[(F g )V ADIAFRuR V(P ug™) A (fuh)]

={[(FAg")V FEADIALSE AR v (FE AR} v
{LUFEAg™) v (A g AL ARD) v (FF A R)T}

=[(fag") ARV Ag™) A (FREART)] v
[(SEAg) A (FEARTIVICE A g) A (FFEART)] v
[(SEAGTEY A ARV I AGRE) A (FE AR)] v
[(SFEA g A ARV I A g™) A (FE A R)]

=[fAgE ARBEYIV [ fAgE ARBIVFEA fREAgARBE] Y
[FEAgARBIVfAgBEAREIV[FEAFEAgREAR] v
[fng ARETV 5 A gt AR]

=[fAgE ARV A gt ARV [ fE g AR Ty
P Agt ARV [FEA A g aB T TV [F7A f52 A g™ AR

This establishes the second. m

Corollary 2.5.4 For f,g,h €M, we have fu(gnh)<(fug)n(fuh).

2.6 Summary

In this chapter we gave basic properties of the various operations on M
and their relations to one another. These were used to show that M is a De
Morgan Birkhoff system. We described two partial orderings €4 and £, on M
and described basic properties of these partial orderings. Matters related to
the distributivity of various operations over others were discussed.

For the convenience of the reader, the various properties of the operations
obtained in this section are collected in the Appendix.
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2.7 Exercises
1. Prove Proposition 2.1.5 demonstrating how meet semilattices and join
semilattices determine semilattices.
2. Prove the second half of Proposition 2.1.6, showing how semilattices
determine join semilattices.
3. Prove Proposition 2.1.9, which focuses on orders <, and <,.
4. Give an example of functions f,g € M with (f A g)L + fL A gT. Provide
pictures of the functions f, g, fag, fX, g%, ffagl and (f /\g)L. Show
that (f /\g)L < fE A gl (See discussion after Lemma 2.2.2.)
5. Prove that fFrg® = fBng=fngf=fEAgf (item 2 of Lemma 2.2.3).
6. Prove that (fl‘lg)R = fBrgf and (fl‘lg)L = fEng" (Lemma 2.2.4,
items 3 and 4).
7.

10.

11.

12.

13.

14.
15.
16.

Using the functions you chose for Exercise 4, provide pictures of f g,
fl gk and (fmg)”, illustrating the fact that the latter two are the
same.

Prove that n is commutative, associative, and idempotent (Proposition
2.3.1).

Show that fiu fou fsu fa=(f1v f2V faV fa) AfEAFEA A FE. (See
comments following Proposition 2.3.1.)

Prove that (fng)* = f* ug*; that is, complete the proof of Theorem
2.3.3.

Prove that both cn and £, are partial orders on M (Proposition 2.4.2).

Prove that under the partial order S, any two elements f and g have a
greatest lower bound, and that greatest lower bound is f U g (Proposi-
tion 2.4.2).

Show that for any f,g € M, f g, g if and only if f A gl < g < fF
(Proposition 2.4.3).

Prove items 1, 2, and 4 of Proposition 2.4.4.
Show that fr(gvh)=(fng)v(fnh) (Proposition 2.5.2).

Prove the following:

(a) u and 1 do not distribute over A.
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(b) v distributes over neither U nor n.
(c) A distributes over neither U nor m.

(d) u and N do not distribute over each other.

17. Sketch the functions f, g defined by

1/4 if 0<x<1/3
1/2 if 1/3<x<1/2
1/3 if 1/2<x<3/4
7/8 if 3j4<xz<1

f(x) =

and

3/4 if 0<z<1/3
g(z)=41/8 if 1/3<x<3/4

1 if 3fd<z<l
Then, sketch frg, f¥ng”, and (fng)".

18. Using the functions of Exercise 17, sketch fug, ffugf, and (fug)®.
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Type-2 fuzzy sets are mappings into the algebra M. This latter algebra is the
one for which we have been deriving properties. We will see in Theorems 3.2.3
and 3.3.5 that M contains as subalgebras isomorphic copies of the algebras
([0,1],v,A,,0,1) and ([0,1],v,A,”,0,1). This legitimizes the claim that
type-2 fuzzy sets are generalizations of type-1 and of interval-valued fuzzy sets.
But M contains many other subalgebras of interest. This chapter examines
several of these subalgebras.

3.1 Preliminaries

Here we follow the definitions and notation given in the Preliminaries of
Chapter 1.

Definition 3.1.1 Let A be a set and f: A™ — A be an n-ary operation on A.
A subset S ¢ A is closed under the operation f if for each s1...,s8, €5,

f(s1,...,8n)€S.

So for example, a subspace S of a vector space V is closed under the
operations of vector addition and scalar multiplication. (See Exercise 2 of

35
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Chapter 1.) If you add two vectors in S, you get a vector in S, and if you
multiply a vector in S by a scalar, you get a vector in S. A vector space also
has a nullary operation, or constant, namely, the zero vector. Each subspace
is also closed under this nullary operation, meaning simply that it contains
the zero vector. We come now to the primary topic of this section.

Definition 3.1.2 For an algebra A, a subset S € A is a subalgebra of A if
S is closed under the operations of A.

If S is a subalgebra of A, then each n-ary operation f : A™ — A of the
algebra A restricts to an n-ary operation on S. This restriction is properly
denoted f|S™: 8™ - S, but we shall commonly refer to it also simply as f.
With these restricted operations, S forms an algebra of the same type as A.
This is the familiar notion that a subspace of a vector space is itself a vector
space, and that a subgroup of a group is itself a group.

Proposition 3.1.3 If A is an algebra and S is a subalgebra of A, then any
equation that is valid in A is also valid in S.

This is simple to see. To illustrate, suppose an algebra A has a binary
operation + and that A satisfies the commutative equation = +y =y + x. This
means that for all z,y € A that z+y =y + x. Therefore, if S is a subalgebra of
A, we clearly have that x+y = y+x for all z,y € S. However, it is possible for a
subalgebra S of A to satisfy equations that are not valid in A. This situation
arises, for instance, when S is a commutative subgroup of a non-commutative
group A.

Proposition 3.1.4 If A is an algebra and S; (j € J) is a family of subalgebras
of A, then the intersection S =y S; is a subalgebra of A.

The proof of this result is left as an exercise (see Exercise 1). It has as
a simple consequence that for any subset X ¢ A, that there is a smallest
subalgebra of A that contains X, namely the intersection of the set of all
subalgebras of A that contain X. This allows the following definition.

Definition 3.1.5 For A an algebra and X € A, the smallest subalgebra of A
that contains X is called the subalgebra generated by X.

A familiar instance is that the subalgebra of a vector space V' generated
by a set X is the span of X. In Chapter 7, we shall see that M is locally
finite, meaning that each subalgebra generated by a finite set is finite. This
will have a number of important consequences.

Definition 3.1.6 Let A and B be algebras of the same type and a: A - B.
We say o is a homomorphism if for each n-ary operation f of A, and for
each ay,...,a, € A, we have

a(f(alw . -aan)) = f(a(al)v = '7a(an))
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For instance, a homomorphism « : L — M from a lattice L to a lattice M
satisfies a(z Ay) = a(z) Aa(y) and a(zvy) = a(z) va(y) for all z,y € L. If we
consider homomorphisms between bounded lattices, where 0 and 1 are extra
constant operations, then homomorphisms must additionally satisfy a(0) =0
and (1) = 1.

Definition 3.1.7 A homomorphism «: A — B is called an isomorphism if
it s one-to-one and onto. Two algebras A and B are said to be isomorphic
if there is an isomorphism from one to the other.

The proof of the following result is left as an exercise (Exercise 6).

Proposition 3.1.8 Suppose A and B are algebras and o : A — B is a one-
to-one homomorphism. Then the image a(A) = {a(a) : a € A} of a is a
subalgebra of B and « is an isomorphism from A to its image.

3.2 Type-1 fuzzy sets

Type-1 fuzzy sets take values in the unit interval [0, 1]. To realize type-1
fuzzy sets as special type-2 fuzzy sets, we realize the algebra ([0,1],A,Vv,”,0,1)
as a subalgebra of M.

Definition 3.2.1 For each a € [0,1], the characteristic function of a is
the function 1, :[0,1] - [0,1] that takes a to 1 and all other elements to 0.
The functions 1, are called singletons. The set of all singletons is denoted

S.

These characteristic functions of points in [0,1] are clearly in one-to-one
correspondence with [0, 1], but much more is true.

Proposition 3.2.2 The following hold for a,be€ [0,1]:
1. The characteristic function of av b is 1, U 1.
2. The characteristic function of a Ab is 1,1 1.
3. The characteristic function of a' is 17%.
4. The characteristic functions of 0 and 1 are 19 and 1.

Proof. For item 1, by (1.3), 1,ul, = (1, v 1) A (1L A 15). The function 1,v 1,
takes value 1 at @ and b and 0 otherwise. Since a v b is the larger of a and
b, the function 1 A 1} takes value 1 for all x > a v b and is 0 otherwise. It
follows that 1, U1, is the characteristic function of a v b. Item 2 is similar, and
item 3 follows immediately from the definition 17 (z) = 1,(1 —z). Item 4 is by
definition. m
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This result may be rephrased by saying that the mapping « : [0,1] - M
defined by a(a) = 1, is a homomorphism. We sometimes indicate a mapping
such as this with the notation a ~ 1,. Since this mapping is obviously one-to-
one, we have the following as a consequence of Proposition 3.1.8.

Theorem 3.2.3 The mapping a — 1, is an isomorphism from the algebra
([0,1],A,Vv,",0,1) onto the subalgebra of M consisting of its characteristic
functions of points; that is, the subalgebra S of singletons.

Since S is isomorphic to ([0,1],A,Vv,",0,1), it is a Kleene algebra. In fact,
its underlying lattice is a chain. While the characteristic functions of points
are closed under all the basic operations of M, hence form a subalgebra with
respect to this full type, we shall also be interested in subsets of M that are
closed under perhaps only rm and u. Such subsets are subalgebras of (M, n,u).

Definition 3.2.4 A subalgebra of (M,n,u) that is a lattice is a sublattice
of M. If it is additionally a chain, it is called a subchain of M.

Since (M,n,u) is a Birkhoff system, each of its subalgebras is also a
Birkhoff system, and hence a bisemilattice. The following is an immediate
consequence of Propositions 2.1.3 and 2.1.8.

Proposition 3.2.5 For a subalgebra A of (M,n,u), the following statements
are equivalent:

1. A is a lattice.

2. A satisfies the absorption laws.

3. The partial orderings S, and S, agree on A.

We next turn our attention to how the subalgebra S is situated in M. Our
aim is to show that it is a maximal subchain of M, meaning that it is a

subchain of M, and that there is no other subchain of M that properly contains
it. We begin with the following.

Lemma 3.2.6 Suppose a € [0,1] and f € M. Then the following hold:
1. If 1aEn f, then f(x) =0 for 0<x <a and fE(a)=1.
2. If fey1,, then f(2) =0 fora<xz <1 and f*(a) = 1.
Proof. Suppose that 1, ¢, f. Then by Proposition 2.4.3, 12 A f <1, < f&.
Now
fo-{3 e

is the characteristic function of the interval [0,a]. Thus for 0 < x < a, we
have 12(z) A f(z) = f(z) < 1a(x) = 0. And 1,(a) = 1 < fE(a). On the other
hand, if f c, 1,, we have 12 A f <1, < fL. This says that for a < 2 < 1,
L) A f(z) = f(2) <14(2) =0, and 14(a) =1 < fE(a). m
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Proposition 3.2.7 The only subchain of M that contains the subalgebra S is
S itself.

Proof. Suppose C' is a subchain of M that contains S. By Proposition 3.2.5,
the partial orders c, and £, agree on C, and we denote these simply by E.
Suppose f € C and let a = sup{z : 1, © f}. Suppose y < a. Then there is x
with y < < a, hence with 1, £ f. By Lemma 3.2.6, we have f is identically
0 on [0,x), hence f(y) =0. Thus f is identically 0 on [0,a). Suppose a < y.
Then there is z with a < z < y, hence with f © 1,. By Lemma 3.2.6, we
have f is identically 0 on (z,1], hence f(y) = 0. Thus f is identically 0 on
(a,1]. Choose any number, say b = 0.5. Then since f is comparable to 1,
Lemma 3.2.6 implies that either fZ(b) =1 or ff(b) = 1. Since f(x) =0 for all
x # a, it follows that f(a) =1, and hence f=1,. =

3.3 Interval-valued fuzzy sets

Interval-valued type-1 fuzzy sets take values in [0,1][?], so are realized as
ordered pairs (a, b) of real numbers where a < b. Such ordered pairs correspond
to non-empty closed intervals [a,b] of the real unit interval, where we allow
the possibility of singleton intervals [a, a]. To realize interval-valued fuzzy sets
as special type-2 fuzzy sets, we realize the algebra ([0,1]12],A,v,10,11) as a
subalgebra of M.

Definition 3.3.1 For a,b € [0,1] with a < b, the characteristic function
of the interval [a,b] is the function 1[4 from [0,1] to [0,1] that takes value
1 at each x € [a,b] and takes value O otherwise.

The following basic result is a simple consequence of the definitions.

Proposition 3.3.2 For a,b € [0,1] with a < b, the characteristic function of
the interval [a,b] is equal to 1L A 1]

Clearly these characteristic functions of closed intervals are in one-to-one
correspondence with the elements of [0, 1][2], but much more is true. First, a
simple lemma.

Lemma 3.3.3 Suppose a,b e [0,1]. Then the following hold:

A1l =01t and 1Bvif=(1,u1)® (3.1)

Proof. By Proposition 3.2.2, 1, U1, is the characteristic function of the point
a Vv b. The result follows from a simple calculation using the definitions of L
and R. m
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Proposition 3.3.4 For f =1L A lf and g =1L A lf with a <b and c<d, the
following hold:

1. fug=(1aul)EA(1uly)E.
2. frng=.n1)EA(1,n1y)E.
g = (1)E A (LR,

Proof. For item 1, note

fug=(Qg A1) u (g ALy)
= [(Ag A1) A ALV (G A1) A (1 A 1E))]
= [ A ) ALE]V [ A (17 A1)
=17 AL ALV [AE A L) A L]
= (17 A1) A (1 v 1)

= (la U 1C)L A (lb u 1d)R

The first equality in the proof is a substitution, and the second is by (1.3) on
page 11. The third equality is by making the simple computations (12 A1/)L =
1L and (1L A 18)E = 12| making use of the fact that these are characteristic
functions of intervals. The fourth equality is trivial, the fifth is the distributive
laws for the pointwise operations, and the final step is by (3.1).

The proof of item 2 is similar. For item 3, f is the characteristic function
of the interval [a,b], so f* is its mirror image in the line z = 1/2. So f*
is the characteristic function of the interval [1 —b,1 - a] = [b',d], and by
Proposition 3.2.2 this is (1) A (12)%. =

By Definition 1.2.10, the constants of 1! are (0,0) and (1,1). A simple
computation shows that 15 A 1% = 1y and 17 A 11 = 1,. Together with Proposi-
tion 3.3.4, this shows that the mapping « : Il - M defined by a(a,b) = 1EA10
is a homomorphism. Since it is clearly one-to-one, we have the following as a
consequence of Proposition 3.1.8.

Theorem 3.3.5 The mapping (a,b) ~ 1L A 15 is an isomorphism from
([0,1]21, A, v,",0,1) onto the subalgebra of M consisting of its characteristic
functions of closed intervals.

We will denote this subalgebra of M by S[21. Since it is isomorphic to 1[2],
it is a De Morgan algebra. Further, since each singleton is a closed interval,
the characteristic function of a point is the characteristic function of a closed
interval. Since both are subalgebras of M, we have the following.

Corollary 3.3.6 The algebra S of characteristic functions of points is a sub-
algebra of the algebra st2l of characteristic functions of closed intervals, which
in turn is a subalgebra of M.
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The usual interpretation of interval type-2 fuzzy sets is as members of
Map(I,I) that are characteristic functions of closed intervals; that is, as a
subalgebra of M. It seems that most applications of type-2 fuzzy sets are
restricted to these interval type-2 ones, and in the discussion of type-2 fuzzy
sets in [77], the emphasis is almost entirely on interval type-2 fuzzy sets. If
attention is restricted to interval type-2 fuzzy sets, then one may work in the
simpler algebra I?] of Definition 1.2.10. This is described in detail in [29].
However, we will see that there are many other natural and interesting classes
of type-2 fuzzy sets that require the fuller description of M.

3.4 Normal functions

The usual definition of normality of an element f of M, is that f(z) =1
for some x. We use a slightly weaker definition that coincides with the usual
definition for continuous functions. This will allow greater flexibility.

Definition 3.4.1 An element f € M is normal if the least upper bound of
the values it attains is 1. It is strictly normal if it attains the value 1. Let
N be the set of all normal functions of M.

There are several convenient ways to express this condition in terms of our
operations on this algebra. The proof of the following proposition is immediate
from definitions.

Proposition 3.4.2 The following four conditions are equivalent:

1. f is normal.

2. fRE =1,
3. fE() =1.
4. fEB0)=1.

Proposition 3.4.3 The set N of all normal functions is a subalgebra of M.

Proof. Here is the verification that it is closed under U. We use Lemma 2.2.3.

(fug)®)=(ffugm ()
= (ff ng")(1)
= fH(1) g™ (1)
=1

The other verifications are just as easy. m
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The subalgebra N contains the subalgebra of characteristic functions of
closed intervals that was discussed in the previous section. Normal functions
will play an important role throughout our studies.

3.5 Convex functions

The common usage of a “convex” function from calculus, is a function that
lies above its tangents. It is synonymous with “concave upward.” There is a
different usage common in fuzzy sets. An a-cut of f is {z : f(z) > a}. In
fuzzy theory, a convex function is one whose a-cuts are convex sets; that is,
intervals. We reformulate this definition in a way that is more suited to our
needs.

Definition 3.5.1 An element f € M is convex if whenever x <y < z, then
fy) > f(z) A f(2). Let C be the set of all convex functions in M.

Proposition 3.5.2 FEvery monotone function is convexr, and the pointwise
meet of convex functions is convex.

Proof. Suppose f is monotone and that x <y < z. If f is increasing, then
f(x) < f(y) < f(2), and if f is decreasing, then f(2) < f(y) < f(). In either
case, f(y) > f(x)Af(z), hence f is convex. For the second statement, suppose
that f,g are convex, and set h = f A g. Then if x <y < z, we have

h(y) = f(y) ng(y) 2 f(2) A f(2) A g(x) Ag(z) = h(z) Ah(2).
Thus h = f A g is convex. m
There are a number of equivalent ways to express convexity.

Proposition 3.5.3 For an element f € M, the following are equivalent:

1. f is conver.
2. f=fLafE.

3. f is the meet of an increasing function and a decreasing function.

Proof. For 1 implies 2, suppose that f is convex. Then f(y) > f(z) A f(2)
for all <y and for all z > y. Thus f(y) > f2(y) A FL(y) = (FF A fE)(y), so
f>fBAfL. But it is always true that f < fRA f&. Thus f = fB A fL. That 2
implies 3 is trivial since f* is increasing and f is decreasing. That 3 implies
1 follows immediately from Proposition 3.5.2. m

The above proposition essentially states that a convex function is one that
first is increasing, then is decreasing. Of course, this colloquial view is not
sufficiently precise, yet it contains the essential point.
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Proposition 3.5.4 The set C of convex functions is a subalgebra of M.

Proof. The constants 15 and 1; are convex since they are monotone. Sup-

pose that f is convex. Then by Proposition 3.5.3, f = f* A f#, and so by

Lemma 2.2.1, f* = (f2 A fB)* = fL* A fB* = f*L A f*E Hence by Proposi-

tion 3.5.3, f* is convex. Now suppose that f and ¢ are convex. Then

fug=(Frg)v(fagh)

=(ffngt ng®™ v (FE A fTEagh)
=(ffag")n(ffvgh)

Since f¥ A g% is increasing and ff v ¢f is decreasing, f U g is the pointwise

meet of an increasing function and a decreasing function. So by Proposition
3.5.3, fug is convex. Now fng is convex since (fmg)* = f*ug* is convex. m

Definition 3.5.5 For f e M, let T(f) = fL' a fE.

If A is an algebra and B is a subalgebra of A, a retraction of A onto
B is a homomorphism « : A - B such that «(b) = b for each b € B. The
following result, essentially from [110], gives a remarkable view of how the
convex functions C sit inside M.

Theorem 3.5.6 Consider the map I' : M — C and let f € M.

1. T is a retraction from M onto C.
2. T(f) is the least element of C that lies above f in the join order.
3. T'(f) is the largest element of C that lies below f in the meet order.

Proof. Surely I is a map from M to C, and for each f € C we have I'(f) = f.
To show that I is a retraction, it remains to show that it is a homomorphism.
Suppose f,g € M. Then using Lemmas 2.2.3 and 2.2.4 and Theorem 1.4.5,

L(fug)=(fug)tr(fug)”
= (ffug)a(ffugh)
=(fEng A (v gty afriaght
=(fFvg™)nftagh
On the other hand, using Theorem 1.4.5, the observation that (fLA f%)L = &
since f < f¥ A fB, and the distributive law,

L(f)ul(g) = [(FF A )V (g" ng™ A FEAFHE A (g5 A g™E
=AY V(g ng™IA A g"
=(fEnfREAgh v (fEagh ng™)
=(ffvgynftng
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So T' preserves u. A similar calculation shows that it preserves m. By
Lemma 2.2.2, (fEA fB)* = (fEY A (fE)* = (f)EA(F*)E. This shows that T
preserves *. The constants 1o and 1; are convex, so they are preserved. Thus
T" is a homomorphism, hence a retraction.

For the second statement, since I'(f) is the least convex function pointwise

above f, it follows that fuT(f) = (f VI () AfEAT(H)E =T(f) A fL=T(f).
So f g, I'(f). Suppose g is another convex function with f £, g. Since T is
a homomorphism, it preserves the join order. So I'(f) &, I'(¢) = g. The third
statement is similar. m

The following theorem gives a powerful and useful condition for determin-
ing if a given function is convex. (See [24, 81, 108].)

Theorem 3.5.7 Given f €M, the distributive laws
fulgnh)=(fug)n(fuh) (3.2)
frlguh)=(fng)u(fnh)

hold for all g,h € M if and only if f is conver. Moreover, one of these dis-
tributive laws holds for a given f and for all g,h if and only if the other
holds.

Proof. Lemma 2.5.3 gives expressions for fu (gnh) and (fug)n(fuh).
From these, it follows that (fug)n(fuh) is equal to fu(gnh) v K, where

K=(f"AfRAagabh®Y v (fRAfEAgREAR)

If f is convex, then fL' A fF = f, and using the description of fu (gnh) in
Lemma 2.5.3, then K < fu(gnh). This gives fu(gnh)=(fug)n(fuh).
The other distributive law follows similarly.

Suppose that fu(gnh) = (fug)n(fuh) holds for all g and h. Let h be the
function that is 1 everywhere, and g = 1. Lemma 2.5.3 gives that fu (gnh)
is equal to f. However

K:(fL/\fR/\lo)v(fR/\fL/\lé%L)

Since fu(gnh) = (fug)n(fuh), we have K < f. Then since 15 is the constant
function 1, we have fA f' < f, hence f = f¥ A f. By Proposition 3.5.3, this
yields that f is convex. The other distributive law follows similarly. m

Here are two other cases where a distributive law holds.
Proposition 3.5.8 Let f,g,h e M.

1. If g, h are decreasing, then fri(guh)=(fng)u(fnh).

2. If g, h are increasing, then fu(gnh)=(fug)n(fuh).
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Proof. For item 1, note that Lemma 2.2.3 provides that frg® = fffrng, and
Lemma 2.2.4 provides that (guh)f = g% uhf. Since g and h are decreasing,
we have ¢g = ¢ and h = h'*. Therefore

fr(gun®)y=fr(gun)f=ffn(guh)
=(ffrng)u(ffnn)=(fng®u(fnnrf)

The third equality is provided by Theorem 3.5.7 since f? is decreasing, hence
convex. Item 2 follows similarly. m

The subalgebra C of convex functions is an interesting one. It contains
the subalgebra Sl of intervals, which in turn contains the subalgebra S cor-
responding to the type-1 fuzzy sets. Moreover, when one considers the role
of elements f € M as giving “degrees of membership,” it is not unnatural to
restrict attention to such f that are convex. Indeed, the interval-valued fuzzy
sets used in many type-2 applications associate a degree of membership uni-
formly distributed in an interval [a,b]. A sort of Gaussian centered in the
middle of [a,b] has natural appeal and is convex. While the subalgebra C has
natural appeal, it has drawbacks. In particular, absorption fails in C as is seen
in Equation (2.2) by taking any two distinct constant functions.

3.6 Convex normal functions

The set of functions that are both convex and normal is clearly a subalgebra
of M, being the intersection of the subalgebra C of convex functions and
the subalgebra N of normal functions. This subalgebra will be seen to enjoy
many desirable properties. Additionally, the motivation for members of M
as “degrees of membership” makes consideration of convex normal functions
natural. Consideration of this subalgebra, and ones related to it, will be a
prominent theme throughout this book.

Definition 3.6.1 The symbol L denotes the set of functions that are both
convez and normal.

The absorption laws hold in L by the following Proposition.
Proposition 3.6.2 If f is convex and g is normal, then
fulfng)=fn(fug)=f (3.3)

Proof. By Equation (2.2)

ful(fng)=fn(fug)=frgd"®v(fFaftng)
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Since f is convex and g is normal, we have

(fAg" IV (FEnfing) =fv(fag) =F

Thus one absorption law holds. Since Birkhoff’s equation holds in M, the other
absorption law must also hold. m

The distributive laws hold by Theorem 3.5.7. From all the other properties
of M, the subalgebra L of convex normal functions is a bounded distributive
lattice, and * is an involution that satisfies De Morgan’s laws with respect to
u and . Thus we have the following. (See [24, 81, 108].)

Theorem 3.6.3 The subalgebra L of M consisting of all convex normal func-
tions is a De Morgan algebra.

Both De Morgan algebras and Kleene algebras are, among other things,
bounded, distributive lattices.

Theorem 3.6.4 If A is a subalgebra of M that is a lattice with respect to U and
M and that contains the subalgebra S, then the functions in A are normal and
convex; that is, A € L. Thus the subalgebra L. of all convex normal functions
is a mazimal sublattice of M.

Proof. Let f € A. Since A is a lattice, the absorption laws hold, so for each
a€[0,1],
1a|_|(1a|—]f):1a and fl_l(fUIa):f

From this and Equation (2.2), it follows that
la=1an(1auf) = QoA fERYV AL ALIEA f)

so that 14(a) = 1 = fL v f(a). This, in turn, implies that fXf =1, so f is
normal. Again by absorption and Equation (2.2),

f:f'—‘(f'—'la):(f/\l(fR)V(fL/\fR/\la)

which implies that f(a) = f(a) v (f£(a) A fE(a)) = fX(a) A fE(a). Since this
holds for all @ € [0,1], we have that f = f£ A ff; that is, f is convex. m

Definition 3.6.5 For f € M we say the following:
1. f is a lower function if x > 1/2 implies f(xz) =0.
2. [ is an upper function if x < 1/2 implies f(x) =0.

The symbol LU denotes the set of all functions in M that are either lower
functions or upper functions.

Proposition 3.6.6 The set LU is a subalgebra of M.
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Proof. The constants 15 and 1; are non-zero on a singleton, so belong to LU,
and if f is a lower function, then f* is upper, and if f is upper, then f* is
lower. Note that if f is lower, then f¥ is lower, and if f is upper, then f% is
upper. It then follows from Theorem 1.4.5 that f u g is upper if either of f,g
is upper, and it is lower if both f, g are lower. Similarly, f g is lower if either
f, g is lower, and is upper if both f, g are upper. m

Definition 3.6.7 Let K be the set of convex normal functions that are either
lower or upper.

Theorem 3.6.8 The set K is a subalgebra of M and K is a Kleene algebra.

Proof. Since K is the intersection of the subalgebra L of convex normal func-
tions and the subalgebra LU of functions that are either lower or upper, K is a
subalgebra of M. Also, since K is a subalgebra of M that is contained in L, K
is a subalgebra of L. Since L is a De Morgan algebra, so also is K. It remains
to show that Kleene’s inequality holds in K. (See Definition 1.1.8.) One way
to express the Kleene inequality is by the equation

(fnfulgug’)=(gug”) (3.4)

and this is what we will prove. Since one of f and f* is a lower function and
the other is an upper function, we know that h = f 1 f* is a lower function
and k = gu g* is an upper function. Also, by Theorem 1.4.5,

(huk)(x) = (h(z) v k(x)) ARE(2) AkE(2)

Suppose x > 1/2. Since h is lower, h(z) = 0. Also since h is normal and h(y) =0
for all y > x, then h%(x) = 1. So

(huk)(x) = k(z) A kP (2) = k(z)
And if z < 1/2, then since k is upper, kZ(z) = 0, so
(huk)(z) <k¥(z)=0=k(z)

Suppose z = 1/2. Since h is normal and lower, hX(z) = 1. And since k is upper,
kL (z) = k(x). So

(hUK)(@) = (h(2) v k(@) A k() = k()
So for each z, we have (huk)(x) = k(x), establishing (3.4). m
Theorem 3.6.9 Suppose A is a subalgebra of M that contains the subalgebra

S and is a Kleene algebra. Then A € K. Thus K is a mazximal Kleene subalgebra
of M.
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Proof. Suppose A is a Kleene algebra containing the subalgebra S of single-
tons. In particular, A is a lattice containing S. Theorem 3.6.4 says that the
elements of A are normal and convex. We only need to show that elements of
A are either upper or lower functions. By Proposition 3.2.5, the partial orders
tq and £, are the same on A. For simplicity, we will use the symbol £ for
both.

Let f e A and a=1/2. Then 1, € A and 1, = 1%. By the Kleene inequality,

lo=1,n1}c fuf”
By Proposition 2.4.3, 1, € fu f* gives
LEA(fuff)<la<(fuf)t

By (1.3),
Fuf =Fnfv it ar
Since 1%(z) = 1 for x < 1/2, and 1,(z) = 0 for = # 1/2, the condition above

implies that
f@)A fE@x)=0 forall z<1/2

Suppose there are x < 1/2 < y with f(z) # 0 and f(y) # 0. Note that 3’ =
1 -y < 1/2. By switching the roles of f and f* if necessary, we may assume
that y' <x < 1/2. Since y' <x and f*(y') = f(y) # 0, we have f*L(x) #0, and
we assumed f(z) # 0. Then f(z) A f*(x) # 0, a contradiction. Since there
can be no x < 1/2 <y with f(x) #0 and f(y) #0, f is either a lower function
or an upper function. m

3.7 Endmaximal functions

In [87], Nieminen considered the notions of endmaximal and of b-maximal
(left-maximal) functions and showed the collection of such to have some nice
algebraic properties. We present here some of those results, using mainly the
pointwise formulas for U and M in computations.

Definition 3.7.1 An element f € M is endmaximal if f* = f%.

An immediate consequence is that f* = f% = &L The definition just says
that the function assumes its maximum at its endpoints 0 and 1. First, notice
that 19 and 1; are not endmaximal, so the set of endmaximal functions cannot
be a subalgebra of M with its full type. But it is a subalgebra of (M, n,u,* ).

Proposition 3.7.2 The set of endmaximal functions is a subalgebra of
(M7 |—]7|_|7*)'
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Proof. Since f£* = f*F and f#* = f*L it follows that the set of endmaximal
functions is closed under *. Suppose that f and g are endmaximal. Then by
Proposition 2.2.4,

(fug)h=frugh=ffugt =ffugh=(fug”
(fng)f=ffngh=fngtt=flngh=(fng"
Thus the set of endmaximal functions is closed under both U and n. =

In [87], it is stated that the set of normal endmaximal functions form a
distributive subalgebra of (M, u,n). But it seems that normality is not needed.
The following proposition follows immediately from Lemma 2.5.3 and the fact
that fL = ff = fLE

Proposition 3.7.3 The subalgebra of endmazimal functions is distributive,
meaning that it satisfies both of the following distributive laws:

1. fn(guh)=(fng)u(fnh).

2. fu(gnh)=(fug)n(fuh).

We note that the algebra of endmaximal functions is not a lattice since it
does not satisfy absorption.

In [87], it is shown that the endmaximal functions satisfy the modular
identity (zAy) v (zAy) = ((x Ay) Vv z) Ay. This result follows easily from
Proposition 3.7.3. The proof is identical to the proof of the modular laws
from the distributive laws in the setting of lattices.

Proposition 3.7.4 The endmazximal functions satisfy the following modular
laws:

1. fn(gu(fnh))=(frng)u(frh).
2. fulgn(fuh))=(fug)n(fuh).
Proof. For item 1, we use the distributive law from Proposition 3.7.3.
fr(gu(fnh))=(fng)u(fnfrnh)=(fngu(frh)
Item 2 is similar. m

Functions that attain their supremum at the left endpoint 0 of the unit
interval are discussed in [87]. The situation for functions that attain their
supremum at the right endpoint 1 is similar.

Definition 3.7.5 A function f € M is left-maximal if f© = fFR.
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Left-maximal is also known as b-maximal. The constant 1 is left-maximal.
However 1; is not left-maximal, so the left-maximal functions are not closed
under negation. However, they are closed under m and U, hence are a subal-
gebra of (M,rm,u, 1p).

Theorem 3.7.6 If f and g are left-mazximal, then so are fug and frg.
Proof. Suppose g and h are left-maximal. Then by Lemma 2.2.4
(fug)t=rrugh=fHug = (fFug")=((fug)"H=(fug™®
(Fng)t=ringt = ng = (fFng")f=((fng)")=(fng)™"
This establishes the claim. m

One distributive law holds for left-maximal functions. The proof follows
again from 2.5.3 and the fact that f¥ = f%F. The other distributive law fails
since ff = fL® does not hold.

Theorem 3.7.7 If g and h are left-maximal, then frn(guh) = (fng)u(fnh).

A similar analysis could be made for right-maximal functions.

3.8 The algebra of sets

We have discussed members of M that are characteristic functions of points
in T (Definition 3.2.1), and members of M that are characteristic functions of
closed intervals in I (Definition 3.3.1). In each case, we obtained subalgebras
of M. We extend this discussion.

Definition 3.8.1 For a set A ¢ [0,1], the characteristic function of the
set A is the function 14 : [0,1] — [0,1] that takes value 1 at each x € A and
takes value 0 otherwise. Let E (for ensemble) be the set of all characteristic
functions of subsets of [0,1].

The members of M that are characteristic functions of sets are exactly
those that take on only the values 0 and 1.

Theorem 3.8.2 The set E is a subalgebra of M.

Proof. The constants 1o and 1; take on only the values 0 and 1. If f takes
on only the values 0 and 1, then so does f* since f*(x) =1- f(x). Suppose
that f and g take only the values 0,1. Then by Theorem 1.4.5

frg=(fvg) r(ffnagh)
fug=(fvaa(ffagh
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Since f, g, f¥, g%, f%, g™ take only the values 0,1, so do frgand fug. =

In the proof of Theorem 3.8.2, we have used the following simple observa-
tion that will be of use later.

Proposition 3.8.3 The set E is closed under the pointwise operations A,V,
and the operations L, R.

We call the subalgebra E of M the algebra of sets. Each member f of E
corresponds to a subset of [0,1] via the mapping f + f~1(1). If we identify a
function f with its corresponding set, the operations on E are as follows.

fvg=fug and farg=fng
fY={2:2x> some element of f}

f®={z:2< some element of f}

Making this identification, the formulas for u and m become

fug=(fugnfing =(fng")u(fFng) (3.5)
frg=(fug)nffing®=(fng™u(ffng)

3.9 Functions with finite support

We conclude this chapter with one final subalgebra, that of functions with
finite support.

Definition 3.9.1 For f € M, the support of f is Supp(f) = {z : f(x) # 0}.
A function f € M has finite support if Supp(f) is a finite set. Let F be the
set of all functions with finite support.

Theorem 3.9.2 The functions F with finite support are a subalgebra of M.

Proof. The constants 1o and 1; belong to F since their support is a single
element. If f is non-zero at only finitely many places, then so is f*. Suppose
f and g have finite support. By Theorem 1.4.5,

frg=(fvga(ffagh)
Fug=(fvor(Fagh
Thus the supports of both frg and fug are contained in Supp(f)uSupp(g),
hence they have finite support. =

The algebra F has subalgebras that are of importance in Chapter 10. These
are given in the following result, whose proof is left as an exercise (Exercise
29).



52 The Truth Value Algebra of Type-2 Fuzzy Sets

Proposition 3.9.3 Let m,n > 2 be positive integers. The set of functions
f € M with Supp(f) < {0, %, %, ceey ”T’l, 1} taking values in {0, %, %, vy %’1, 1}
is a subalgebra of F.

3.10 Summary

It was shown that the algebra I used for type-1 fuzzy sets is isomorphic to
the subalgebra S of M consisting of singletons; that is, characteristic functions
of points. It was shown that the algebra 11?) used for interval-valued fuzzy sets
is isomorphic to the subalgebra Sl of M consisting of characteristic functions
of closed intervals. It was shown that S is a maximal subchain of M and a
Kleene subalgebra of M.

Other subalgebras of M were also given. These include the subalgebra N of
normal functions, those whose supremum is 1, and the subalgebra C of convex
functions, those f that are increasing and then decreasing. The algebra C was
shown to be distributive, but it is not a lattice. The intersection of these
subalgebras is the subalgebra L of convex normal functions. This was shown
to be a De Morgan algebra. This is not only a maximal De Morgan subalgebra
of M, but a maximal sublattice of M. Its subalgebra K of functions that are
normal and convex and either lower or upper was shown to be a maximal
Kleene subalgebra of M. The subalgebra L will be a primary feature in this
book.

Also discussed were the endmaximal functions and left-maximal functions.
These were shown to be subalgebras, with the endmaximal functions satisfy-
ing both distributive laws, but not being a sublattice. The subalgebra E of
characteristic functions of sets was also discussed. This will play an important
role later. A final subalgebra was F, the functions with finite support.

3.11 Exercises

1. Prove the intersection of subalgebras is a subalgebra.
2. Prove that every chain in a lattice is a subalgebra.

3. Show that every subset of a chain (considered as a lattice) is a subalge-
bra.

4. Give an example of an algebra A where the subalegbra generated by each
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element a € A is infinite. (Hint: Let A have only one unary operation

If «: A —» B is a homomorphism, S is a subalgebra of A, and T is a
subalgebra of B, prove that a(S) = {a(s) : s € S} is a subalgebra of B,
and that a™1(T) = {a € A: a(a) € T} is a subalgebra of A.

If « : A > B is a one-to-one homomorphism, prove that the image
a(A) = {a(a) : a € A} is a subalgebra of B, and « is an isomorphism
from A to its image.

Consider a set A to be an algebra with no operations. What are the
subalgebras of A7

A pointed set is a set A with a single distinguished element e. What
are the subalgebras of a pointed set? What is a homomorphism between
two pointed sets?

Prove item 2 of Proposition 3.2.2, which relates notation used for I to
that used for M.

Prove Theorem 3.2.3, which establishes that the truth value algebra for
type-1 fuzzy sets is isomorphic to a subalgebra of M.

For a subalgebra A of (M,n,u), prove that f = fu (fng) for any
f,g € Aif and only if the partial orderings 4 and £, agree on A. (See
Proposition 3.2.5.)

Prove that a < b in I if and only if 1, 5, 1; in M.
Prove that 12 A1F = (1,u1,)L and 12 v 1 = (1,01,)" (Lemma 3.3.3).

Prove item 2 of Proposition 3.3.4 that if f = 12 A 1Jf and g = 1L A 1%
then frg=(1am1)E A (1N 1g)%E.

Prove Proposition 3.4.2 which lists four conditions, each equivalent to
an element of M being normal.

Complete the proof of Proposition 3.4.3, showing that the set of normal
elements is a subalgebra of M.

Prove that the set of functions that attain the value 1; that is, those
that are strictly normal, is a subalgebra of M.

In Theorem 3.5.7, prove the second item; that is, fr(guh)=(fng)u
(fnh) for all g,h e M if and only if f is convex.

Prove item 2 of Proposition 3.5.8, which says that if g, h are increasing,
then fu(gnh)=(fug)n(fuh).
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Complete the proof of Theorem 3.6.6, which says the set of all functions
in M that are either lower or upper functions is a subalgebra of M.

Prove that if f € M is endmaximal, then f& = % = fREL
Explain why 1¢ and 1; are not endmaximal.

Prove item 2 of Proposition 3.7.4, a modular law for endmaximal func-
tions.

Prove Theorem 3.7.7 which states that if g and h are left maximal, then

fr(guh)=(frng)u(fnh).

Give an example of a function f and left maximal functions g and h
that do not satisfy fu(gnh)=(fug)n(fuh).

Prove 14 = {1, :a € A} is a subalgebra of M if A is a subalgebra of I.

Prove that the set E is closed under the pointwise operations A and v
and the operations L and R (Proposition 3.8.3).

Prove that the algebra (E, A,v,0,1,mn,u,* L, R, 1¢,11) is a subalgebra of
the algebra (M, A,v,0,1,n,u,* L, R, 10,1;) where 0 and 1 are constant
functions on M.

Let A be the set of functions f € M with Supp(f) < {0, i, %, %, 1} and
Image(f) < {0, %, %, 1}. Show that A is a subalgebra of F.

The following exercise is a more involved, and is suitable for a small project.

30.

Decide which of the following are subalgebras of (M, n,u,*,1g,17). For
those that are not subalgebras, say under which operations they are
closed.

a) The set of all constant functions in M.

b

)
) The continuous functions in M.
c¢) The set of all step functions in M.
)
)

(
(
(

(d

(e) The set of all functions in M that take only finitely many values.

The set of all piecewise linear functions in M.
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For any mathematical structure, its group of symmetries is an object of
interest. For algebraic structures, these symmetries are called automorphisms.
A description of the automorphism group of the truth value algebra M is
the main goal of this chapter. In doing so, we gain further understanding
of the structure of M. Another goal is the identification of subalgebras of
M with the property that any automorphism of M takes these subalgebras
onto themselves. We will find that the truth value algebras of type-1, and of
interval-valued fuzzy sets are isomorphic to such subalgebras of M. This means
intuitively that there are no other isomorphic copies of these subalgebras that
sit in M in the same way. So in this precise mathematical sense, type-2 is a
generalization of type-1 and of interval-valued fuzzy sets. These remarks hold
both with and without negations included as part of the algebraic structures.

4.1 Preliminaries

We begin with some preliminary definitions.

Definition 4.1.1 A group is an algebra (G,o,”! e), where o is a binary
operation, ~' is a unary operation, and e is a nullary operation, satisfying the
following properties for all x,y,z € G:

1. (xoy)oz=xo(yoz) (o is associative).

2. xoe =eox=ux (eis the identity of the group).

55
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1

3. xoxt=xtox=e (x7! is the inverse of ).

A group is commutative if it additionally satisfies xoy=1yox.

The prototypical example of a group is that of all permutations of a set
X. These permutations are the bijective mappings of X to itself. The group
operation on these permutations is function composition, so for bijections
a,f: X - X, oo is the mapping given by (aof)(x) = a(B(x)). The inverse
operation is that of taking the inverse a™! of a permutation «, and the identity
element is the identity map. This idea has a natural extension to algebras, and
this will be the primary focus of this chapter.

Definition 4.1.2 Automorphisms of an algebra are one-to-one mappings
of that algebra onto itself that preserve the operations of that algebra. For an
algebra A, Aut(A) will denote the set of all automorphisms of A.

In other words, an automorphism is an isomorphism from an algebra onto
itself. The following theorem is a fundamental fact about automorphisms of
an algebra. The proof of this theorem is left as an exercise.

Theorem 4.1.3 For an algebra A, the set Aut(A) of all the automorphisms
of A is a group under composition of maps. In particular, the inverse of an
automorphism is an automorphism and the identity map of the algebra is the
identity of the automorphism group.

A set is a particularly simple type of algebra, one with no operations, and
for a set X, its automorphism group is its group of permutations. A more
interesting example comes from considering the group of automorphisms of a
vector space such as V = R2. This group is isomorphic to the group GL(2,R)
of all invertible 2 x 2 real matrices, where the group operation is matrix mul-
tiplication, the inverse is taking the matrix inverse, and the identity of the
group is the identity matrix. Since there are matrices A, B with AB # BA,
this group is not commutative. We next consider examples of automorphism
groups of lattices. The following is very useful.

Proposition 4.1.4 For a lattice (L,A,Vv) and an onto map « : L — L, the
following are equivalent.

1. « is an automorphism of L.
2. For all x,y € L we have x <y if and only if a(x) < a(y).

Proof. To see that (1) implies (2), suppose < y. Then z Ay = 2. Since « is
an automorphism, a(x Ay) = a(z) A a(y), hence a(z) A a(y) = a(x), giving
a(x) < a(y). Conversely, if a(z) < a(y), then a(x) A a(y) = a(z), giving
a(x Ay) = a(z). Then since « is a bijection, x Ay = x, giving = < y.

To see that (2) implies (1), suppose z Ay = z. Then z < z and z < y,
giving that a(z) < a(x) and a(y). Thus a(z) is a lower bound of a(z) and
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a(y). Suppose v is another lower bound of a(x) and a(y). Since « is onto
L, there is u with a(u) = v. Then a(u) < a(z) and a(y) implies by (2) that
u <z and y. Since z is the greatest lower bound of « and y, then u < z. Thus
v=a(u) <a(z). Thus a(z) = a(x Ay) is the greatest lower bound of «(x) and
a(y), showing that a(x Ay) = a(x) A a(y). Showing that « preserves joins is
similar. Also, (2) clearly implies that « is one-to-one. m

The proof of the following result follows along similar lines to that above,
and is left as an exercise. (See Exercise 5.)

Proposition 4.1.5 Suppose L is a complete lattice, A< L, and « is an au-
tomorphism of L. Then the following hold:

1. a(\VA) = \/{a(a) :ae A}.
2. a(A\A) = N{a(a):ac A}.

We turn next to the matter of computing automorphism groups of lattices.
Using Proposition 4.1.4, it is usually not difficult to provide a supply of auto-
morphisms. The more difficult task is in showing that there are no others. For
this, the key observation is that if an element x of a lattice L satisfies some
property, then for any automorphism «, the element «(x) will also satisfy
that property. Here we are vague as to what constitutes a property. This can
be formalized using first-order logic, or more generally types [22], but we will
need only a few simple instances of this much more general idea. The first of
these is a simple consequence of Proposition 4.1.4.

Proposition 4.1.6 Let o be an automorphism of a lattice L.

1. If L has a least element 0, then a(0) = 0.

2. If L has a largest element 1, then a(1) = 1.

We next describe the other properties we will use.
Definition 4.1.7 For a lattice L, x € L is meet irreducible if © = y A z
implies x =y or x = z, and x is join irreducible if x =y Vv z implies x =y or

x =z. We call x irreducible if it is both join irreducible and meet irreducible.

Proposition 4.1.8 The following hold for a an automorphism of a lattice L
and x € L:

1. x is meet irreducible if and only if a(x) is meet irreducible.
2. x is join irreducible if and only if a(x) is join irreducible.

3. x is irreducible if and only if a(x) is irreducible.
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Proof. We prove only the first statement. Suppose x is meet irreducible and
that a(z) = u Av. Then there are y, z with a(y) = v and a(z) =v. So a(z) =
a(y) Aa(z) = aly A z). Since « is one-one, we have x = y A z. Since x is meet
irreducible, we have x =y or = 2. Thus a(z) = u or a(z) = v. So a(x) is meet
irreducible. For the converse, suppose a(x) is meet irreducible, and applying
what we know using the automorphism a~!, we get that o ta(x) = z is meet
irreducible. m

Consider the lattice L in Figure 4.1. This is an 8-element Boolean alge-
bra. Its join irreducible elements are 0 and the elements a,b,c. Since every
automorphism takes 0 to 0, and join irreducibles to join irreducibles, every
automorphism induces a permutation of the set {a,b,c}. Further, every ele-
ment of L is a join of these join irreducible elements. (This is always the case
in a finite lattice.) So each automorphism of L is determined by its action on
{a,b,c}. Tt is a simple matter to see that each permutation of {a,b,c} does
extend to an automorphism of L, so Aut(L) is isomorphic to the permutation
group of the set {a,b,c}.

1

d ¢ f

a b C
0

FIGURE 4.1: An 8-element Boolean algebra

We next consider general relationships between the automorphisms of an
algebra A and those of algebras B that are related to A. We first consider the
situation when B is a reduct of A, meaning that B has the same underlying
set as A, and that each operation of B is an operation of A. In other words,
when B is obtained from A by forgetting some of the operations of A. Then
each automorphism of A is an automorphism of B since it is a bijection of the
underlying set of B to itself and is compatible with all of the operations of A,
and in particular is compatible with those of B. We use the term subgroup
to mean a subalgebra of a group; that is, a subset of a group that is closed
under its basic operations. (See Definition 3.1.2.) We have the following.

Proposition 4.1.9 If B is a reduct of A, then the automorphism group
Aut(A) is a subgroup of Aut(B).

We next consider the situation when B is a subalgebra of A. It is generally
not the case that each automorphism of B will extend to an automorphism
of A, or that each automorphism of A will restrict to an automorphism of B.
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However, when this later condition occurs, it is significant, as it intuitively
means that B sits inside of A in a unique way.

Definition 4.1.10 A subalgebra B of an algebra A is a characteristic sub-
algebra if every automorphism of A induces an automorphism of B.

In this chapter, a number of subalgebras of M will be shown to be charac-
teristic subalgebras of M, and some subalgebras of reducts of M will be shown
to be characteristic subalgebras of reducts of M. These include the truth value
algebras of sets, fuzzy sets, and interval-valued fuzzy sets.

4.2 Sets, fuzzy sets, and interval-valued fuzzy sets

In this section, we describe the automorphisms of the truth value alge-
bras of sets, fuzzy sets, and interval-valued fuzzy sets. We also describe the
automorphisms of the algebra of subsets of a set and of the algebra of fuzzy
subsets of a set. The following is trivial.

Proposition 4.2.1 The truth value algebra for sets is a 2-element Boolean
algebra {0,1} so has only the identity automorphism.

We recall that for a set S, the algebra of subsets of S is the set
Map(S, {0,1}) with the pointwise operations A,v,”,0, 1. (See Definition 1.2.3.)
The first step to determine the automorphisms of this algebra is to determine
its join irreducible elements. Adapting the notation of Definition 3.2.1 in an
obvious way, for each a € S we let 1, be the function from S to {0, 1} that takes
value 1 at a and is 0 otherwise. It is easily seen that these functions 1, are
join irreducible, and are all the non-zero join irreducibles in Map(S, {0,1}).
Since any automorphism of a lattice takes join irreducible elements to others,
and 0 to itself, we have the following.

Lemma 4.2.2 Ifo is an automorphism of Map(S,{0,1}), then for eacha € S
there is a unique b€ S with o(1,) = 1.

So each automorphism o of Map(S,{0,1}) gives a map 3 :S - S where
B(a) =bif 6(1,) = 1. It is easily seen that 8 is a permutation of S. For a
map f:5 - {0,1}, if A = Supp(f), then for each a € A we have 1, < f, and
further that f = V{1, : a € A}. By Proposition 4.1.5, for any automorphism
o of Map(S,{0,1}) we have o(f) = V{o(1,) : a € A}. So automorphisms of
Map(S, {0,1}) are given by permutations of S, and it is easily seen that each
permutation of S gives rise to an automorphism. This leads to the following.

Theorem 4.2.3 The automorphism group of Map(S,{0,1}) is isomorphic to
the permutation group of S.
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We next turn our attention to the truth value algebra of fuzzy sets. (See
Definition 1.2.5.) This is the unit interval I with the operations A,V of min
and max, the constants 0 and 1, and the negation z’ = 1 — . We will consider
automorphisms of this algebra both with and without negation. We note that
there was no point in considering the truth value algebra for sets with and
without negation since the answer was the same in both cases.

Proposition 4.2.4 A map « : I - 1 is an automorphism of (I,A,V) if and
only if any of the following equivalent conditions hold:

1. « is a strictly increasing mapping of [0,1] onto itself.
2. « is a one-to-one increasing mapping of [0,1] onto itself.
3. « is continuous, strictly increasing, and satisfies «(0) =0 and a(1) = 1.

Proof. The equivalence of (1) and (2) is obvious. For (2) implies (3), any
increasing function from [0,1] onto itself must satisfy f(0) = 0 and f(1) =
1. That it is continuous follows, since any discontinuity would be a jump
discontinuity and lead to a function that is not onto. That (3) implies (1) is a
basic result of analysis, namely that the continuous image of a connected set is
connected. That these conditions are equivalent to o being an automorphism
of the lattice I is a direct consequence of Proposition 4.1.4. m

It follows from this result, and directly from Proposition 4.1.6, that any
automorphism of (I,A,Vv) preserves 0 and 1, hence is an automorphism of
(I,A,v,0,1). The same is not true of negation. For an automorphism « of I
to preserve negation, it must satisfy (1 - z) = 1 - a(x). If we consider the
graph of the function « : 1 — I, this means that if we reflect the graph of « in
the line x = 0.5, and then in the line y = 0.5, we obtain again the graph of «.
The situation is shown in Figure 4.2.

FIGURE 4.2: An automorphism of I that does not preserve negation at left,
and one that does at right

Next we consider automorphisms of the algebra of fuzzy subsets of a set
S. (See Definition 1.2.9.) This is the algebra Map(S,I) with its operations
componentwise. This is an important topic for us since when specialized to
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S =1, the underlying set of this algebra is the same as that of M. Again, we
consider the situation both with a negation on I, and hence on this algebra
of fuzzy subsets, and without. The situation is similar to that of the algebra
of sets, but slightly more nuanced. We begin with the following extension of
earlier definitions that will be used here, and later.

Definition 4.2.5 Suppose A€ S and p € 1. The symbol p4 denotes the func-
tion from S to 1 with pa(a) =p ifae A and pa(a) =0 if a ¢ A. In the case
that A is the one-element set {a}, we write this as p,.

We note that this extends both the notion of a characteristic function
14 of Definition 3.8.1, and that of 1, from Definition 3.2.1. We shall call a
function p, a point and use the term singleton for a function 1,. We note
that each element of the lattice I is join irreducible since I is a chain. This
leads to the following.

Lemma 4.2.6 The join irreducible elements of Map(S,1) are exactly the
points ps, and the maximal join irreducibles in the pointwise order are the
singletons 1, where a € S.

Proof. Each join irreducible in this lattice must have its support be a single
element, and so must be a point. Since each element of I is join irreducible,
it follows that each point is join irreducible in Map(S,I). Among these, the
maximal ones are the ones that take value 1 at a single element and are 0
elsewhere, and these are exactly the functions 1, where a € S. m

By an argument that is now familiar (see Exercise 9), an automorphism
o of Map(S,I) must take maximal join irreducible elements to maximal join
irreducible elements, hence o induces a permutation 8 of S where 3(a) = b
if 0(1,) = 1p. Further, if we use I, = {p, : p € I} for the set of points that lie
under 1,, it follows that ¢ must map I, isomorphically onto I;, where 8(a) = b.
This provides the following.

Proposition 4.2.7 For each automorphism o of the lattice Map(S,1), there
is a permutation § of S and a family o, (a € S) of automorphisms of 1 such
that for each a € S and p € 1, the automorphism o takes the point p, to the
point qp, where q = aq(p) and b= 5(a).

This says that each automorphism o of Map(S,I) gives an element 3 of
the group Perm(.S) and a family of elements (o, )s of the group Aut(I), hence
to an element of the product group Aut(I)S. By Proposition 4.1.5, o preserves
arbitrary joins. So the following proposition shows that o is determined by
the data 8 and (ay)s. The proof of this proposition is left as an exercise. (See
Exercise 14 and also Exercise 15.)

Proposition 4.2.8 For f an element of Map(S,I) we have
f:\/{Pa:Pan}

Thus each element of Map(S,1) is a join of join irreducibles.
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Our final step in describing the automorphisms of Map(S,I) is to note
that for any permutation 8 of S and any family (a,)s of automorphisms of
I, there is an automorphism o of Map(.S,I) from which this data is obtained.
Specifically, this automorphism o is defined as follows. For any f € Map(S,I)

and any be S,
(e (f))(b) = aa(f(a)) (4.1)

where a = 371(b). To show that ¢ is an automorphism, by Proposition 4.1.4
it is enough to show that ¢ is a bijection that satisfies f < g if and only if
o(f) <o(g). This is more cumbersome than difficult, and is left to the reader.
We thus have the following.

Theorem 4.2.9 The automorphisms of the lattice Map(S,1) are in bijective
correspondence with ordered pairs given by an element B of the permutation
group Perm(S) and an element (o) s of the group Aut(I)®.

We have described the elements of the automorphism group of the lattice
Map(S,I), but not the structure of this group. For readers with exposure to
group theory, it is the semidirect product of Perm(S) and Aut(I)°. We will
not need this fact, and leave further investigation to the interested reader.

We remark on the situation when we consider automorphisms of Map(.S, I)
that preserve the componentwise negation inherited from the negation on I.
By Proposition 4.1.9, this automorphism group is a subgroup of the auto-
morphism group of the lattice Map(.S,I). In fact, it is easy to establish the
following by examining the proof above.

Theorem 4.2.10 The automorphisms of Map(S,1) that preserve the nega-
tion correspond to ordered pairs given by an element B of the permutation
group Perm(S) and an element (ayg)s of the group Aut(1, ), where Aut(I,”)
is the group of automorphisms of 1 that preserve negation.

We next turn our attention to automorphisms of the truth value algebra
12} of interval-valued fuzzy sets. (See Definition 1.2.10.) The elements of 12
are ordered pairs (a, b) of elements of I where a < b, and the operations A, v, 0, 1
are componentwise. However, the negation ’ is given by (a,b)" = (V',a’). A
picture of 12 s given in Figure 4.3.

(0,1) (1,1)
0,6) F--- (@)

(a,a)

(0,0)

FIGURE 4.3: The lattice I1* = {(a,b) : a < b}
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Theorem 4.2.11 For each automorphism « of 1, the map -y : 2 ql2 given
by v(a,b) = (a(a),a(b)) is an automorphism of the lattice I3, and all of the
automorphisms of 1] arise this way. So Aut(I[Q]) is isomorphic to Aut(I).

Proof. Suppose that 7 is an automorphism of 121, The join irreducibles in 12l
are the elements (0,a) along the vertical axis, and the elements (a,a) along
the diagonal. The element (0,1) is the unique join irreducible that has only
the join irreducible (1,1) above it. So v(0,1) = (0,1). It follows that v maps
the set {(0,a) : a € I} bijectively to itself. So there is an automorphism « of I
with v(0,a) = (0,a(a)) for each a € I. For each a € I, the element (a,a) is the
least join irreducible that lies above (0,a) and does not lie under (0,1). So
must map (a, a) to the least join irreducible that lies above v(0,a) = (0, a(a))
and does not lie under v(0,1) = (0,1). Thus v(a,a) = (a(a),a(a)). So every
automorphism < is of the indicated form.

Conversely, if « is an automorphism of I, then since the lattice operations
of I3 are componentwise, the map v(a,b) = (a(a), a(b)) is an automorphism
of the lattice I?]. m

We now consider the automorphisms of 1! that also preserve negation.
Suppose y(a,b) = (a(a),a(b)). Then v preserving negation is equivalent to
having v((a,b)") = (y(a,b))" for all (a,b), and this is equivalent to having
(a(b),a(a’")) = (a(b)',a(a)") for all (a,b). This in turn is equivalent to «
preserving negation. This provides the following.

Corollary 4.2.12 The automorphisms oflm that also preserve negation are
emactl%/ those coming from automorphisms of 1 that preserve negation. So
Aut(I1) is isomorphic to Aut(I,’).

Finding the automorphism group of the algebra of interval-valued fuzzy
subsets of a set S proceeds along the same path as for the algebra of fuzzy
subsets of S. We leave this to the reader.

4.3 Automorphisms of (M,A,Vv, L, R)

In this section, we consider the truth value algebra M of type-2 fuzzy sets
equipped with the pointwise operations A, Vv and L, R. Our eventual objective
is to characterize the automorphisms of M with respect to the convolution
operations M and U, and the results obtained here will assist in that task.
The key point is that M = Map(I,I), so the results of the previous section on
the automorphisms of the lattice Map(S,I) apply when specialized to M. We
begin with the following.

Proposition 4.3.1 Each automorphism o of (M,A,v,L,R) preserves the
convolution operations M,U and the constants 1o, 1;.
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Proof. For f,g € M, Theorem 1.4.5 gives fug = (f v g) A fX A gl Since o
preserves A, V, L, R we have o(fug) = (o(f)va(g)) ra(f)L rno(g)L, and this
shows that o(fug) = o(f)uo(g). The calculation that o preserves M is similar.
By Theorem 2.3.3, 1o u f = f for all f € M. Further, it is the unique element
with this property, since hu f = f for all f € M implies 19 =huly=1guh =h.
So o must map 1y to itself. A similar argument shows that o must also map
1; to itself. m

In a subsequent section, we will provide a converse of sorts to this re-
sult,namely, that each automorphism of (M,n,u) preserves the operations
A,V, L, R and the constants 1g,1;. But we now concentrate on describing the
automorphism group of (M,A,v,L, R). We begin with the following result
obtained by applying Proposition 4.2.7 to M = Map(I,I).

Proposition 4.3.2 Suppose o is an automorphism of (M, A, V) that is given
by the permutation S of I and the family («,)1 of automorphisms of 1 as in
Proposition 4.2.7. Then o preserves the operations L and R if and only if the
following conditions hold.

1. B is an automorphism of the lattice 1.

2. The ag where a €1 are all equal.

Proof. Suppose that o preserves L, R. Then by Proposition 4.3.1, ¢ also
preserves M and u. To verify the first condition, suppose z,y € I with x < y.
Then by Theorem 1.4.5, 1, U1, = (1, v1,) A1l A1l =1, Since o preserves u
and 0(1;) = 1g(,) and (1) = 1), we have

15@) [} 15(1}) = 0’(11) W] U(ly) = 0’(11 [N} 1y) = U(ly) = 1B(y)

Using Theorem 1.4.5 again, it follows that 3(xz) < 8(y). So 3 is an order-
preserving permutation of I, hence an automorphism of I.

Still assuming that o preserves L, R, we show the second condition. Let
p €I and let pr be the constant function taking value p. (See Definition 4.2.5.)
Then by Equation (4.1),

(a(p))(b) = aa(pr(a))

where a = 371(b). But py is a constant function, so py = pILR. Since o preserves
L and R, then o(pr) = o(pr)~®, hence o(pr) is a constant function, say taking
the value ¢. Since pr(a) = p for all a €1, it follows that a,(p) = ¢ for all @ € 1.
Thus all the a, are equal.

We now consider the converse, and suppose that conditions (1) and (2)
apply, and use « for the equal automorphisms «,. We first show that if g € M
is increasing, then o(g) is increasing. Let by,by € I with by < by and suppose
B(a;) = b; for i = 1,2. Then Equation 4.1 gives

(a(9))(br) = a(g(ar)) < a(g(az)) = (o(9))(b2)



Automorphisms 65

Now to see that ¢ preserves L, suppose that f € M. Then f is the least
increasing function above f. Then as ¢ is a lattice automorphism, it is order-
preserving, and we have shown that it takes increasing functions to increasing
functions. So o(fl) is an increasing function above o(f). Suppose that g
is another increasing function above o(f). Then applying our results to the
automorphism o~! (whose associated permutation 87! and automorphisms
are a1 satisfy conditions (1) and (2)), we have that 071(g) is an increasing
function above f. Then, since f¥ is the least increasing function above f,
we have fL' < 671(g), and this implies o(f%) < g. Thus o(fL) is the least
increasing function above o(f) showing that o(f*) = (o(f)). m

Combining Proposition 4.3.2 with a reformulated version of Equation 4.1,
we have the following.

Theorem 4.3.3 The automorphisms o of (M, A,v,n,u, L, R) are in bijective
correspondence with the ordered pairs (a, 8) of automorphisms of 1 where the
automorphism o corresponding to the pair («, 8) is given by

(e()(x) =alf(B7(2)))
Written another way, o(f) =ao fo 371

We can now describe the structure of the automorphism group of
(M, A,v,m,u, L, R). For groups G and H, the product group G x H is
the group whose elements are all ordered pairs (g,h) with ¢ € G and
h € H, and whose operations are componentwise, so (g,h)™ = (g71,h71),
(g1,h1) o (g2,h2) = (g1 © g2,h1 o he), and e = (e,e). This is similar to the
product of lattices that we have used many times.

Theorem 4.3.4 The automorphism group of (M, A, v, L, R) is isomorphic to
the product group Aut(I) x Aut(I).

Proof. Consider the map I' taking an automorphism o of M to the pair
(e, 8) as given in Theorem 4.3.3. We have shown that this map is a bijection.
Suppose that I'(o1) = (a1, 82) and T'(02) = (e, B2). Then for f € M, we have
(01 002)(f) = 01(02(f)). From the description in Theorem 4.3.3, o1 (o2(f))
is equal to o oago fo By o371, Then by a basic property of inverse functions,
B3t o Bt = (B10B2)7!, so this expression becomes (a1 0ag) o fo (B0 B2)7 .
Thus I'(o1 0 03) is equal to (aq o ag, 81 © B2). This shows that I preserves the
binary group operation. This alone is enough to establish that I" is a group
isomorphism, but the reader may verify directly that I' preserves the other
group operations. m

We next consider the matter of which automorphisms of (M, A,v, L, R)
also preserve the negation *. We recall that f*(x) = f(1 - x), or in other
words, f*(z) = f(z') where 2’ = 1 — z is the negation of I.
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Proposition 4.3.5 Suppose o is an automorphism of (M,A,v,L,R) with
corresponding ordered pair («, ) of automorphisms of 1. Then o preserves
the negation * on M if and only if B preserves the negation ' =1-xz of L.

Proof. By general properties of automorphisms, § preserves negation if and
only if 7! preserves negation. Suppose that S preserves negation. Then for
any f e M we have f*(87%(x)) = f(1-3"=)) = f(B71(1 - z)). This then
gives (a(f*))(x) = a(f* (87 (2))) = a(f(B7' (1 - 2))) = (¢(f))(1 - 2). Thus
a(f*)=(c(f))*, so o preserves negation.

Suppose that o preserves the negation *. Suppose z € I and y = f71(z).
Noting that (0) = 0 and (1) = 1, we have (c(1,))(z) = a(1,(87'(z))) = 1.
Since o preserves *, then 1 = (o(1,))(x) = (¢(1;))(1 - ). From the defini-
tion of o, we have (o(1))(1-z) = a(1;(87"(1 - z))). But 1 = 1;_,. Then
since o preserves 0 and 1, this expression simplifies to 1;_,(87'(1-x)). Since
Li,(B'(1-2)) =1, then 7' (1-2)=1-y=1-"(z). So B! preserves
negation, and hence so does 5. =

Corollary 4.3.6 The automorphism group of (M, A,v, L, R,*) is isomorphic
to the product Aut(I) x Aut(L,”).

We conclude this section with one further result that, although not used in
the sequel, may be of interest. It generalizes one direction of Proposition 4.3.5.

Proposition 4.3.7 Suppose o is an automorphism of (M,A,v,L,R) with
corresponding ordered pair («,8) of automorphisms of 1. Then for an n-ary
operation o of 1, if the automorphism [3 preserves o, then o preserves the
convolution operation o of M derived from it.

Proof. Again, 3 preserving o is equivalent to S~ preserving o. To make the
proof easier to read, we write v = 37! and prove this for the case when o is
binary. The general case is no more difficult. For f, g € M we have

(a(fe9))(x) = a((fe9)(v(2)))

Using the definition of convolution, and the fact that for any elements w,v
with wo v =~(x) there are y,z with y(y) = u and v(z) = v, we have

(feg)(v(2)) = V{f(v(®) A g(v(2)) 17 (y) ov(2) = v(x)}

Note that « preserves arbitrary joins and finite meets. Also, « preserves o, so
v(y) o v(z) = v(z) if and only if v(y o 2) = y(x), which occurs if and only if
yoz=x. Thus

(a(fe9)(@) = V{a(f(v(1))) ralg(v(2))) iy oz ==}

Then as a(f(v(1)) = (0(£))(#)) and alg(3())) = (2())(2), the definition
of convolution gives (c(feg))(x)=(c(f)eo(y))(z). m
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4.4 Characterizing certain elements of M

In this section we provide technical results that will be of importance in
determining the automorphisms of (M, n,u). We consider the element 1o v 14
of M that takes value 1 at 0 and 1, and is otherwise zero, and the constant
function 1 taking value 1. (Note that 1 is equal to 1y, but this is difficult
to distinguish from the characteristic function 1; of the point 1, so we use
the notation 1.) We give properties of these elements that determine them
uniquely, and that we will later show are preserved by automorphisms.

Definition 4.4.1 An element h € M is u-irreducible if h = fug implies that
h=f or h=g, is N-irreducible if h = f ng implies that h = f or h =g, and
is 1rreducible if it is both U-irreducible and N-irreducible.

Proposition 4.4.2 The element 19 v 11 is irreducible.

Proof. Suppose 1o Vv 1; = fug. By Theorem 1.4.5, 1gv 1, = (fvg) A fLagl.
Since fL(0) = £(0) and g~ (0) = g(0), it follows that both f and g take value 1
at 0. Then f¥ and g% are constantly 1, so 19v1; = f v g. So both f, g are 0 on
the interval (0,1). Since f Vv g takes value 1 at 1, one of these functions must
take value 1 at 1. But then this function is equal to 1p v 1;. The argument
that 1y v 17 is m-irreducible is similar. =

Our aim is to characterize 1o v 1; among the irreducible functions. We
begin with the following.

Lemma 4.4.3 Let h be irreducible, and a < b < ¢ with h non-zero at both
a and c. Set u=sup{h(x):x <b} and v =sup{h(z):b<x}. Then

1. If u>v, then h(0) =1 and h is identically O on the interval (0,b].
2. If u<w, then h(1) =1 and h is identically O on the interval [b,1).

Proof. We prove the first statement, the second is dual. Define

h(z) ifz<b 1 ifz=0
f(a?):{ s and g(z)=1{0 ifO<z<b
0 ifb<x i

h(z) ifb<x

Since g(0) = 1, g* = 1. So by Theorem 1.4.5, fug = (f v g) A f¥. Since
FE(0) = £(0) = h(0) and g(0) = 1, we have (fug)(0) = h(0). For 0 <z < b, we
have fvg= f(z) = h(x), hence (fug)(x) = h(x). For b< x, we have fvg=g,
and g(z) < fL(z) since u > v. So (fug)(x) = g(x) = h(x). We have shown
that h = f ug. Since h(c) is non-zero and f(c) = 0, we cannot have h = f.
Therefore h = g, and the result follows. m
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Proposition 4.4.4 If h is irreducible and is non-zero at at least two values,
then either h = 19 v p1 for some p>0, or h=pg Vv 1y for some p>0.

Proof. If h is irreducible and non-zero at at least two values, then there are
a < b < ¢ with h non-zero at a and c. We assume the first case of Lemma 4.4.3
applies. The argument if the second case applies is similar.

By Lemma 4.4.3, h(0) = 1 and h is zero on (0,b]. We claim there is at
most one value in (b, 1] at which h is non-zero. Suppose there are two, ¢1 < ¢s.
Then we may apply Lemma 4.4.3 to h at the points 0 < ¢; < c3. Computing
u and v for these points again gives u > v since h(0) = 1. Therefore case 1 of
Lemma 4.4.3 gives that h is zero on (0, ¢ ], contrary to our assumption that
h is non-zero at ¢1. So there is a unique value ¢ in the interval (b,1] at which
h is non-zero. So there is p >0 with h =1 Vv p,.

Using Theorem 1.4.5, it is easy to see that h = (1o v p1) N 1. Since h is
irreducible, then h = 1¢ v p;. If the other case of Lemma 4.4.3 had applied, we
would have obtained that h=pyv1;. m

We have shown that the irreducibles whose support contains at least two
elements are all of the form 1¢ v p; or pg v 171 for some p > 0. It is routine to
verify that these elements are actually irreducible. This is left as an exercise. It
remains to characterize the elements whose support has at most one element.
These are the constant function 0 taking value 0, and the points p,. It is left
as an exercise to show that the constant function 0 is irreducible, and that a
point p, is irreducible if and only if p = 1, that is, if it is a singleton 1,. This
gives the following.

Theorem 4.4.5 The irreducible elements of M are exactly the elements 1ovp;
for some p >0, and pg v 11 for some p > 0, and the singletons 1, for some
a €1, and the constant function taking value 0.

We wish to characterize the function 1¢ v 1; among the irreducibles, and
we also wish to characterize the constant function 1. We will accomplish both
tasks together. But first we need to make progress on characterizing 1. We
begin with the following.

Definition 4.4.6 A function g € M is a near unity function if g is identi-
cally equal to 1 on the open interval (0,1).

Lemma 4.4.7 An element g € M is a near unity function if and only if it has
the following properties.

1. g is conver and normal.

2. For each feM, both frg and fug are convex.

Proof. We first show that a near unity function g has these properties. It
is obviously convex and normal. For any f € M, Theorem 1.4.5 provides that
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fug=(fvg)arflagh. Since f£(0) = £(0) and g*(0) = g(0), at 0 this function
takes value f(0) A g(0). On the interval (0, 1), this function takes value fZ.
Thus on the interval [0, 1), the function is increasing, so no matter what value
it takes at 1, it is convex. A similar argument shows that f g is also convex.

Suppose that g has the indicated properties. We show that it is a near unity
function. Consider the function 1¢ v 1; that takes value 1 at 0 and 1, and is 0
elsewhere. Theorem 1.4.5 and the observation that (1ov 1)L =1= (19 v 1;)%
provide

(lov1)ug=(lovgvi)agh
(lovi)ng=(logvgvi)agh

Since ¢ is normal, g(1) = 1. Therefore (1o v 11) U g takes value 1 at 1.
Since this function is assumed to be convex, it must be increasing, and since
it is equal to g on the interval (0,1), it follows that g is increasing on (0,1).
A similar argument using (1o v 11) Mg shows that g is decreasing on (0,1).
Thus g takes a constant value p on (0,1).

Suppose that p < 1. Since ¢ is normal, it must take value 1 at either 0 or
1, or both. Suppose it takes value 1 at 0. The argument in the other case is
similar. Consider the function f that takes a parabolic shape with values of
1 at both 0 and 1 and takes value p at its vertex at 0.5. Note that f is not
convex. Theorem 1.4.5 gives fug=(fvg) A fEfagl. Since f and g both take
value 1 at 0, both f¥ and ¢” are equal to 1. So fug = f v g and this is equal
to f. So fug is not convex, contrary to assumption. So p = 1, and this shows
that ¢ is a near unity function. m

We come to our key result.

Proposition 4.4.8 Suppose f is an irreducible function that is not convex
and g is a near unity function. Then f = 1gv 1y and g = 1 if and only if
fug=gand frg=g.

Proof. By Proposition 4.4.4, 19V 1; is irreducible, and clearly it is not convex.
Also 1 is obviously a near unity function. By Theorem 1.4.5 (1o v 1;)ul =
(lov1)E¥=Tand (1gv1;)nT=(1pv1;)® =1. So these functions satisfy the
given conditions.

For the converse, suppose that f is irreducible and not convex, that g is a
near unity function, and that fug =g and fmng=g. Since f is not convex,
it must be non-zero at at least two points. So by Proposition 4.4.4 it is either
1o vp; for some p > 0, or pg Vv 1; for some p > 0. We will assume that f = 1gvpy
for some p > 0. The argument in the other case is similar.

Theorem 1.4.5 gives

(lovpi)ug=(lovgvp)a(lovp)  agh
(lovp)ng=(lovgvp)Aa(lovp)fagh
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If p <1, then (1p v p1)% is equal to p on (0,1). So (1o Vv p1) Mg is at most p
on this interval, and ¢ is equal to 1 on this interval since it is a near unity
function. Thus we cannot have (1o vV p;) ng = g, contrary to assumption. So
p =1, and this shows that f =1y Vv 1;. Also the formulas above, applied when
p=1, give that fug=(lgvgv1l)agrtand frng=(1pvgvil) g Since
f g has value 1 at 1, we have g(1) = 1, and since f ng takes value 1 at 0, we
have g(0)=1. Thus g=1. m

4.5 Automorphisms of (M,n, )

In this section, we characterize the automorphism group of (M, n,u). We
will show that each such automorphism preserves the pointwise order < and the
operations L, R, hence is an automorphism of (M, A, v, L, R). From the results
of Section 4.3, it follows that the automorphism groups of these two algebras
are equal, and are isomorphic to Aut(I) x Aut(T). These results are specialized
to the setting involving negation. The key technique is to find properties that
characterize elements, or groups of elements, and that are preserved under
automorphism. We begin with the following.

Proposition 4.5.1 Let o € Aut(M,n,u) and f € M. The following hold:

1. f is convex if and only if o(f) is convex.

2. f is normal if and only if o(f) is normal.

Proof. (1) By Theorem 3.5.7, f is convex if and only if the distributive laws

fn(guh)=(fng)u(fnh)and fu(gnh)=(fug)n(fuh) hold for all
g,h € M. Thus if f is convex, then o(f) is convex. The same result applies to

o7t so if o(f) is convex, then f is convex.

(2) Note that f is normal if and only if f(1) = 1. By Theorem 1.4.5
fuly = (fvi1y) A fEA1E and it follows that f is normal if and only if
fuly =14, Soif f is normal, then o(f) is normal, and the argument involving
o1 provides the converse. m

We now make use of the results of the previous section.
Lemma 4.5.2 Let o € Aut(M,n,u). The following hold:

1. o(lpv1y)=1gv 1.

2. 0(1)=1.

Proof. Let f =19V 1; and g = 1. Proposition 4.4.8 shows that f is irreducible
and not convex. Since irreducibility is preserved by an automorphism o, we
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have that o(f) is irreducible, and by Proposition 4.5.1, o(f) is not convex.
The element g is a near unity function. By Lemma 4.4.7, this means that it
is convex and normal, and for all h € M we have that hrmg and hu g are
convex. By Proposition 4.5.1, we then have that o(g) is convex and normal,
and for each h € M both o(h)uoc(g) = o(g) and o(h) Nno(g) = o(g). Thus,
by Proposition 4.4.7, o(g) is a near unity function. By Proposition 4.4.8, we
have fug=gand fng=g. Thus o(f)uo(g) =0(g) and o(f)no(g) = o(g).
Then by Proposition 4.4.8, o(f) =1pv1; and o(g)=1. m

This result will have several key applications. The first is the following.
Proposition 4.5.3 Let o0 € Aut(M,n,u) and f € M. The following hold:

L o(ff)=a(f)".

2 o(f) = ().

Proof. Using Theorem 1.4.5, we have that ]iuT = fFand fnl=f® The
result then follows from the fact that o fixes 1. m

Since a function f is increasing if and only if f = f¥, and decreasing if and
only if f = ff, we immediately have the following.

Corollary 4.5.4 Let o € Aut(M,n,u) and f € M. The following hold:
1. f is increasing if and only if o(f) is increasing.
2. f is decreasing if and only if o(f) is decreasing.

Thus each automorphism of (M,n,u) preserves L and R. We will use
this to obtain that it also preserves the pointwise order <, and therefore the
operations A and v. Our first step is the following.

Proposition 4.5.5 Let o € Aut(M,n,u) and g € M be convex. Then for all
feM, we have f < g if and only if o(f) <o(g).

Proof. We first show this when g is increasing; that is, when ¢ = g*. In this
case, using Theorem 1.4.5, we have

fug=(fvaafingt=rFng

Since ¢ is increasing, f < g if and only if f < g, which is equivalent to
fug=fE. Therefore f < g if and only if o(f)uc(g) = o(f£) = o(f)L, and as
o(g) is increasing, this is equivalent to having o(f) < o(g). A corresponding
result for g decreasing is obtained using fng.

Now suppose that g is convex, so g = g A gf*. Thus f < ¢ if and only if
f < g" and f < g®. Then, using the result obtained for increasing functions
and decreasing functions, f < g if and only if o(f) < o(g)L and o(f) < o(g9)%.
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This is equivalent to having o(f) < o(g)* A o(g)¥, and since o(g) is convex,
is equivalent to o(f) <o(g). m

We recall that for any p € I and any a € I, p, is the function that takes
value p at a and takes value 0 otherwise. Such functions that are non-zero
at only a single place are called points. We shall treat the function that is
constantly 0 as a point. By a singleton we mean a point that takes the value
1. So a singleton is a function of the form 1, for some a € 1.

Proposition 4.5.6 The set P of points in M is a subalgebra of M.

What is needed to prove this is that P is closed under the operations of
M, which is the content of Exercise 20.

Proposition 4.5.7 An element g € M is a point if and only if every [ with
f < g is convex.

Proof. Clearly every point is convex, and if a function f lies beneath a point,
then it is also a point, hence is convex. For the converse, suppose that a
function g is not a point. Then there are a,b € I with g being non-zero at both
a,b. Then the function f defined to be equal to g at a,b and zero elsewhere
clearly lies beneath g. But f is not convex. m

Proposition 4.5.8 Fach o € Aut(M,n,u) maps the points of M bijectively
onto the points of M.

Proof. Suppose g is a point. To see that o(g) is a point, suppose that h < o(g).
Then there is f with o(f) = h. So o(f) < o(g). Since g is a point, it is convex,
so by Proposition 4.5.1, o(g) is convex and by Proposition 4.5.5, f < g. Since
g is a point, by Proposition 4.5.7, f is convex. Thus by Proposition 4.5.1,
a(f) = h is convex. Thus every element beneath o(g) is convex, and so by
Proposition 4.5.7, o(g) is a point. Applying the same argument to o=, if o(g)
is a point, then so is g. ®

Corollary 4.5.9 The algebra P is a characteristic subalgebra of M.

Corollary 4.5.10 Each o € Aut(M,n,u) maps the set of singletons of M
bijectively onto itself.

Proof. Each such ¢ maps points bijectively to points and preserves normality.
The singletons are exactly the normal points. =

We turn next to a series of technical results that will be used to attain our
primary aim that each automorphism ¢ is order preserving.

Lemma 4.5.11 Suppose o € Aut(M,n,u) and a € 1. The following hold:

1. ].()V].a:(].()V].l)I_I].a,
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2. 0(lopvl,)=1gvo(ly).
Proof. (1) Since (19 v 11)f =1, Theorem 1.4.5 gives
(lovi)nly=(1gvi,vi)alfi=14v1,

(2) By (1) and Lemma 4.5.2, 6(1gVv1,) =o(lov1i)no(1l,) = (1ov1l)no(1,).
Proposition 4.5.10 gives that o(1,) is a singleton, so another application of
item (1) gives that this expression is equal to 19 v o(1l,). =

Lemma 4.5.12 Suppose o € Aut(M,n,u) and f,g € M.
1. f(0) =1 if and only if f&=1.

2. f(0) =1 if and only if (¢(f))(0) = 1.
3. If f(0)=1 and g(0) =1, then fug=fvg.

4. If f(0) =1 and g(0) =1, then f < g if and only if o(f) <o (g).

Proof. Item (1) follows directly from the definition of fL. Item (2) follows
from (1) since o(1) = 1. Item (3) is immediate from Theorem 1.4.5 since
f(0) = 1 implies that f© =T and ¢g(0) = 1 implies g© = T. With the assumptions
in Ttem (4), (3) gives that f < g if and only if f U g = g, which is equivalent to
o(f)uo(g) =o0(g). But by (2), both o(f) and o(g) take value 1 at 0, so by
(3), our condition is equivalent to o(f) <o(g). m

Lemma 4.5.13 If 0 € Aut(M,n,u) and p, is a point, then o(lp Vv pg) =
10V0(pa)'

Proof. Since 1, is a singleton, by Corollary 4.5.10, o(1,) = 1, for some b € L.
Next, by part (4) of Lemma 4.5.12 we have that o(1o Vv p,) <o(1lpVv1,), and
by Lemma 4.5.11, (1o Vv 1,) = 1o Vo (1y). Thus o(1p Vv ps) < 1o v 1. By part
(2) of Lemma 4.5.12, we have that o(1oVp,) takes value 1 at 0, and it follows
that o(1gVps) = 1oV qp for some ¢ € I. We have shown that o(1gVp.) = 1oV @
for some ¢,b where o(1,) = 1,.

Since p, < (1o v pe ) and this latter element is decreasing, hence convex,
by Proposition 4.5.5, 0(pa) < o((1oVvpa)T) = (6(1oVvpa))F = (1o v g)%. Since
Pa < 1, and 1, is convex, by Proposition 4.5.5, 0(p,) < o(1,) = 1. It follows
that o(pa) < gp. We have shown that 1oV o(ps) < o(lg V pa).

Now apply the result obtained to the automorphism ¢! and the function
(1o vV pa) = 1o v gp. This gives 1o v o t(q) < o (1o Vv ) = 1o V ps. Thus
o (qp) < pa. Since p, is convex, Proposition 4.5.5 gives g, < 0(py). From
above, 0(pas) < @, S0 0(pa) = qp. Therefore o(1gVvp,) =1lgVvo(p,). W

Proposition 4.5.14 Ifo € Aut(M,n,u), p, is a point, and f € M, then p, < f
if and only if 0(pa) <o (f).
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Proof. Suppose p, < f. Then since (1o v pg)* = 1, by Theorem 1.4.5
(lOVpa)l—’f: (10Vpan)/\fL

Then since p, < f and f£(0) = £(0), it follows that (1o Vv p,)u f = f. Using
this and Lemma 4.5.13, we have

o(f)=o(lovpa) uo(f)=(ova(pa))uo(f)
Then since (1o v o(pa))~ = 1, Theorem 1.4.5 gives

a(f) = (Lo va(pa) va(f)) aa(f)*

The distributive law for A,v with o(f)¥ = o(f£) and o(f) < o(f)* gives

o(f) = ((Lova(pa)) Aa(f)) va(f)

An obvious simplification gives
a(f)=(o(pa) Ao (f5)) va(f)

Now p, < f < f¥, and fF is increasing, hence convex. So Proposition 4.5.5
gives 0(pa) < o(fL). We then obtain

o(f) =0o(pa) vo(f)

Thus o(p,) < o(f). The converse is obtained by applying our result with o~
to show that o(p,) < o(f) implies that p, < f. =

To apply this result, Proposition 4.5.8 and Proposition 4.5.14 show that
the points that lie beneath o(f) are exactly the o(p,) where p, < f. So by
Proposition 4.2.8,

U(f) = \/{U(pa) iPq < f}

If f <g, then p, < f implies that p, < g. Proposition 4.5.14 then gives (pg) <
o(g). Thus o(g) is an upper bound of {o(p,) : ps < f}, and since o(f) is the
least upper bound of this set, we have o(f) < o(g). Applying this result with
o1 gives the converse. We have shown the following.

Proposition 4.5.15 If o € Aut(M,n,u), then for f,g € M we have f < g if
and only if o(f) <o(g).

By Proposition 4.1.4, it follows that every automorphism of (M, n,u) also
preserves A and Vv, and we have shown that they also preserve L and R. From
our earlier results we then have the following.
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Theorem 4.5.16 The following automorphism groups are equal to each
other:

1. Aut(M, n, ),

2. Aut(M,n,u,1g,14),

3. Aut(M, A, v, L, R),

4. Aut(M,m,u,A, v, L, R, 19, 11).

In Theorem 4.3.3 we saw that the automorphisms o of (M, A, v, L, R) corre-
spond to ordered pairs («, 8) of automorphisms of I, with the correspondence
given by

o(f)=aocfos™

In view of Theorem 4.5.16, this holds also for automorphisms of (M, n,u). As
a consequence of this, and of Theorem 4.3.4, we have the following.

Theorem 4.5.17 The automorphism group of (M,n,u) is isomorphic to the
product Aut(T) x Aut(T).

Proposition 4.3.5 characterized the automorphisms of (M, A, v, L, R) that
also preserve the negation * of M. In view of the results above, this immediately
gives the following.

Theorem 4.5.18 The automorphisms of (M,n,u,* 1p,11) correspond to
ordered pairs («, 8) of automorphisms of 1 where 8 preserves negation. Thus
Aut(M,m,u,*, 1o, 1) is isomorphic to Aut(I) x Aut(I,”).

Additionally, Proposition 4.3.7 gives the following.

Proposition 4.5.19 If o is an automorphism of (M,n,1) corresponding to
the pair (, B), then o preserves the convolution of each operation of 1 that is
preserved by 3.

4.6 Characteristic subalgebras of M

Recall that a subalgebra of B of an algebra A is a characteristic subalgebra
of A if every automorphism of A restricts to give an automorphism of B. (See
Definition 4.1.10.) In the process of finding a description of the automorphism
group of M, it was shown that several subalgebras of M were characteristic
subalgebras. We note that these are characteristic subalgebras of (M, n,u)
and also of (M, m,u,10,11,* ). These include the following:
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The subalgebra N of normal functions (Proposition 4.5.1).

The subalgebra C of convex functions (Proposition 4.5.1).

The subalgebra L of convex, normal functions (Proposition 4.5.1).

The subalgebra S of singletons (Corollary 4.5.10).
e The subalgebra P of points (Corollary 4.5.9).

We remark that the subalgebra S of singletons is the realization of the
truth value algebra of fuzzy sets within M. (See Theorem 3.2.3.) Using Theo-
rem 4.5.17, it is easy to establish that other subalgebras of interest are char-
acteristic.

Corollary 4.6.1 The subalgebra of characteristic functions of closed inter-
vals, the realization of St within M, is a characteristic subalgebra of M.

Corollary 4.6.2 The subalgebra E of characteristic functions of sets is a
characteristic subalgebra of M.

There are many other characteristic subalgebras. Some of these are ex-
plored in the exercises.

4.7 Summary

We determined the automorphism groups of the truth value algebra I of
fuzzy sets, and the truth value algebra 112 of interval-valued fuzzy sets. We
also determined the automorphisms of the algebra Map(S,I) of fuzzy subsets
of a set. This result about the automorphisms of the fuzzy subsets of I was
used to obtain the automorphism group of the algebra M of type-2 fuzzy sets
with the convolution operations m and w.

We showed that the group Aut(M) is isomorphic to Aut(T) x Aut(I). This
correspondence associates to an ordered pair («, 8) of automorphisms of T the
automorphism o of M that takes f € M to ao f o f71. The automorphism
group of M with the convolution operations and negation is isomorphic to
Aut(T) x Aut(I,”) where Aut(I,”) is the group of automorphisms of I that also
preserve its negation. An automorphism of M corresponding to the pair («, )
was shown to preserve the convolution of every operation of I with which § is
compatible.

Many subalgebras of M were shown to be characteristic subalgebras. These
include the subalgebras S of singletons that is isomorphic to the truth value
algebra of fuzzy sets, and the subalgebra of characteristic functions of closed
intervals that is isomorphic to the truth value algebra 1) of interval-valued
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fuzzy sets. Also characteristic are the subalgebras N of normal function, C of
convex functions, and L of convex normal functions, among others.

The subalgebra L of convex normal functions will play an important role.
We would like to know its automorphism group, but do not. Since L is a
characteristic subalgebra of M, the restriction map is a homomorphism from
Aut(M) to Aut(L), and this is easily seen to be one-to-one. But the possibility
remains that there are automorphisms of L not obtained this way. We note
that L is a lattice, and that the elements of L that are both join and meet
irreducible are those of the form a;Vv 1y and aj v 1; for some constant function
ay. Any automorphism of L must map these functions to themselves. For
further details, see [110] and [111].

4.8 Exercises
1. Prove Theorem 4.1.3.

2. How many elements are in the group of permutations of a set X with n
elements?

3. Prove that the set SL(2,R) of all 2 x 2 matrices of determinant 1 is a
subgroup of the group SL(2,R) of all 2 x 2 invertible matrices.

4. Prove that the intersection of two characteristic subalgebras is a char-
acteristic subalgebra.

5. Suppose that L is a complete lattice, that S ¢ L, and that « is an
automorphism of L. Prove that a(V S) = V{a(s):seS}.

6. Suppose that (S, V) is a join semilattice with associated partial ordering
<. If « is a bijection of S to itself, prove that « is an automorphism if
and only if it satisfies x <y < a(x) < a(y).

7. Suppose that (S,Vv) is a join semilattice. Define 2 € S to be join ir-
reducible if x = y v z implies x = y or x = z. Prove that if a is an
automorphism of S, then « is join irreducible if and only if a(x) is join
irreducible.

8. Consider the lattice L in Figure 4.1. Show that each permutation of
{a, b, c} extends to an automorphism of L.

9. Suppose that L is a lattice and that « is an automorphism of L. Prove
that if z is a maximal member of the set of join irreducible elements of
L, then so is a(x).
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10.

11.

12.
13.

14.

15.

16.

17.

18.
19.
20.
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Suppose L is a lattice with least element 0. An element a € L is called
an atom of L if a # 0, and if b € L satisfies 0 < b < a, then either b =0 or
b = a. Prove that if x € L and « is an automorphism of L, then z is an
atom if and only if a(z) is an atom.

Describe the automorphism groups of each of the following lattices.

1 1

Give all characteristic subalgebras of the lattices in Exercise 11.

Prove that in a finite lattice, each element is the join of the join irre-
ducibles beneath it.

Prove Proposition 4.2.8, that if f € Map(S,I), then f is the join of the
join irreducibles beneath it.

Consider the lattice R x R with a new bottom element —co and new
top element +oo inserted. Show that +oo are the only join irreducible
elements of this lattice. Conclude that there is a complete lattice where
it is not the case that every element is the join of join irreducibles.

Suppose ¢ is a one-to-one mapping of [0,1]I% onto itself.

(a) I o(fug)=w(f)up(g), show that ¢(1o) = 1o.
(b) If o(fmg) =w(f)ne(g), show that p(11) = 1;.

Show that for any p > 0, the elements 19 v p; and pg v 1; are irreducible.
See Theorem 4.4.5.

Show that the constant function 0 taking value 0 is irreducible.
Show that a point p, is irreducible if and only if p = 1.

Show that P is closed under the usual operations of M by showing that

for points p, and g, in M, pa Mgy = (P A Qanbs Pa L@ = (P A Qavbs
PaM0=p,u0=0, and p, = pi—q4, and noting that 1o € P and 1; € P.
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22.

23.

24.

25.
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If (L,A,v) is a lattice and « is a bijection of L to itself that preserves
A, prove that a also preserves v, hence is an automorphism of (L, A, V).
Give an example to show that this is not the case for a bisemilattice
(S, A,Vv). Explain why this is the case.

Show that the subalgebra Q of constant functions is a characteristic
subalgebra of (M, n,u).

Show that the subalgebra F of functions of finite support is a character-
istic subalgebra of (M, n,u).

Show that the subalgebra of endmaximal functions is a characteristic
subalgebra of (M, n,u).

Find a subalgebra of (M, n,u) that is not characteristic. (Hint: it can be
quite small).
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Additional operations on I = ([0,1],v,A,0,1) give additional operations on
fuzzy sets. The operations A and v on I are generally interpreted as AND and
OR operations for fuzzy logic and generalized to triangular norms (t-norms)
and triangular conorms (t-conorms). Triangular norms and conorms were first
developed by K. Menger [80] for application in the field of probabilistic metric
spaces. The current axioms used to define t-norm and t-conorm were given by
B. Schweizer and A. Sklar [96, 97, 98]. These operations have found applica-
tions is several fields, including fuzzy set theory, where they play a significant
role in both theory and practice. See, for example, [68] and [86]. In this chap-
ter, these operations are extended to interval-valued and type-2 t-norms and
t-conorms [29, 52, 62, 64, 65, 108].

5.1 Preliminaries

In this section, we give background that places the results of this chapter
in a wider context. While we restrict matters to the commutative setting
since that is what will apply here, the non-commutative versions are also well
studied. We begin with the following.

Definition 5.1.1 A commutative monoid is an algebra (A,-,e) that has a
binary operation - and a constant e and satisfies the following:

1. z-y=y-x (commutative).
2. z-(y-z)=(x-y) -z (associative).

81
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3. x-e=x=e-x (identity).

There are many examples of commutative monoids. Any commutative
group (G,+,—,0) (Definition 4.1.1) has as a reduct, a monoid (G,+,0), and
any meet semilattice (S, A,1) that has a largest element 1 is a commutative
monoid (Definition 2.1.4). Our primary interest in monoids will be in conjunc-
tion with partial orderings (Definition 1.1.3).

Definition 5.1.2 A partially ordered commutative monoid (P, <, ¢) is
a system satisfying the following:

1. (P,<) is a partially ordered set.
2. (P,-,e) is a commutative monoid.
3. x <y implies that x -2 <y - z.

Certain partially ordered commutative monoids will be the focus of this
chapter. These can have various additional properties that are important.

Definition 5.1.3 A lattice-ordered commutative monoid is an algebra
(L, A, v, -, e) satisfying the following:

1. (L,A,V) is a lattice.
2. (L,-,e) is a commutative monoid.
3. x-(yvz)=(x-y)v(xz-z).

The term “lattice-ordered commutative monoid” is not used in a standard
way in fuzzy theory. At times the lattice is also assumed to be distributive,
and at other times it is also assumed that x-(y A z) = (z-y) A (x-2). The
usage we follow is the original [7]. These differences are of minor concern as
the instances that apply here will be distributive and satisfy the condition
involving meet. There is a further refinement that is important.

Definition 5.1.4 A partially ordered commutative monoid (P,<,-e) is
residuated if for each x,z there is a largest element y with x -y < z.

The relevance of residuation to our studies stems from its connection to
logic. Suppose that P is the set of propositions of some logic, and partially
order P by setting p < q if p is a stronger assertion than g; that is, if the truth
of p necessitates the truth of ¢. Then conjunction A gives a monoidal structure
on P whose identity element is the proposition True. When residuated, the
weakest proposition r such that p A r is stronger than ¢ is the implication
p = ¢q. A bounded lattice whose meet operation is residuated is called a
Heyting algebra. For more details see [26]. The following is obvious.

Lemma 5.1.5 A partially ordered monoid (P,<,-,e) is residuated if and only
if for each x,z € P, the following hold.
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1. The set {y:x-y <z} has a least upper bound.
2. x-(M{y:z-y<z}) <z

In the following chapter, we will see how certain lattices carry intrinsic
topologies, and that these intrinsic topologies are related to residuation. For
now, we concern ourselves with the familiar situation of the lattice I and its
usual topology. We will need the following technical result later in this section.
It is a simple adaption of the familiar Intermediate Value Theorem from first
year calculus [94].

Proposition 5.1.6 Suppose ¢ : IxI — I is continuous and x1,xs,y1,y2 € 1
with x1 < T2, y1 < Yo and x1 oYy < T2 oys. Then for any z €l with x1 0y <z <
T2 © Y2, there are z,y €I with x1 <x <x9 and y1 <y <yz such that xoy=z.

Proof. Define g : T - IxI by setting g(A) = (z1,11) + M (22, y2) — (z1,91)]-
So g is a parameterization of the line segment connecting (1, 1) to (z2,¥2).
Let f(X) =o(g())). Since ¢ and g are continuous, so is f. Also f(0) =x1 o y;
and f(1) = x9 o y2. So f(0) < z < f(1). By the Intermediate Value Theorem
there is some 0 < A < 1 with f(A) = z. Then g(\) = (z,y) for some x,y with
r1<x<ay, Yy <y<yzandrxoy=z. M

There is a converse of sorts to this result that is analogous to the fact that
an increasing function f : I — I is continuous if and only if it satisfies the
Intermediate Value Theorem. We will not need this result, but it is of interest
in connection with t-norms and t-conorms.

5.2 Triangular norms and conorms

We begin with a discussion of type-1 t-norms and t-conorms.

Definition 5.2.1 A t-norm is a binary operation on the unit interval 1, in
other words a map A :1x1 -1, satisfying the following:

1. x Ay =y Az (commutative).

2. 20 (yoz)=(xAy) Az (associative).

3. If y<z thenx Ay <x Az (increasing in each variable).
4. xA1=1A0z=x (1 is an identity).

Definition 5.2.2 A t-conorm is a binary operation v : IxI1 - 1 on I that
satisfies the same conditions as a t-norm except it has 0 as an identity.
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In the literature, a t-norm and t-conorm are often written as T'(x,y) = Ay
and S(z,y) =z v y, respectively.

Proposition 5.2.3 If A is a t-norm, then there is a t-conorm v, called its
dual, defined by x vy = (' & y")'. Conversely, given a t-conorm v, there is
a t-norm A, called its dual, defined by x &2 y= (2" vy') .

The most common t-norms are minimum: x Ay =z Ay, algebraic
product: x A y = xy, and bounded product, also known as Lukasiewicz:
xAy=(x+y-1)v0. The corresponding dual t-conorms are maximum:
rvy=aVvy, algebraic sum: xr vy = ¢ +y — 2y, and bounded sum, also
known as Lukasiewicz: z Ay = (z+y)Al. Notice that each of these operations
is continuous. In fact, all continuous t-norms can be constructed from these
[70]. See Exercises 12 and 13 for an example of a noncontinuous t-norm and
noncontinuous t-conorm.

Proposition 5.2.4 If A is a t-norm and v is a t-conorm, then both (I, &,1)
and (I,v,0) are lattice-ordered monoids that additionally satisfy the following:

1L.aa(ynz)=(xry)A(xArz).
2. xv(ynz)=(xvy) A(zvz).

The proof of this result is a simple consequence of the fact that any order-
preserving n-ary operation on I preserves both finite joins and finite meets. It
is left as an exercise (Exercise 8).

Proposition 5.2.5 If A is a continuous t-norm, then the partially ordered
monoid (I, &,1) is residuated.

Proof. We apply Lemma 5.1.5. Suppose that x,z € I, and consider the set
S ={y:xz Ay<z} SinceIis complete, S has a least upper bound w. It is a
basic fact about suprema in the interval that there is an increasing sequence
yn of elements of S that converges to w. Then since A is continuous, we have

wa:a:A(lim yn): lim (z & y,)
n—oo n—oo
Since each y,, € S, we have that each z Ay, <z, so the limit r Aw<z =

Thus the t-norms of minimum, algebraic product, and bounded product
are residuated. An examination of the proof of Proposition 5.2.5 shows that
a lesser condition than continuity is used. We do not need that A preserves
limits of all sequences, just of increasing sequences. So A is residuated if for
each x € I, the function z A () : T — I is continuous from the left.

For operations on I, the properties of being order preserving, preserving
finite joins, and preserving finite meets, are all equivalent. This is not the
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case for more general lattices, and allows various possibilities for extending
the notion of t-norms and t-conorms to the more general setting of a bounded
lattice L. One might consider a binary operation A that yields a partially
ordered monoid, a lattice-ordered monoid, or a lattice-ordered monoid where
A additionally preserves finite meets.

Definition 5.2.6 Suppose that L is a bounded lattice and & : L x L —» L
is such that (L, 2,1) is a commutative monoid. Then A is a t-norm if it
satisfies the first condition, a join preserving t-norm if it satisfies the first
two conditions, and a lattice-ordered t-norm if it satisfies all three of the
following conditions:

1. 21 <29 and y1 < ys imply x1 & y1 < X2 A Yo
2.z (yvz)=(xry)v(zahz).
3. xA(ynz)=(xLy)a(zLz).

The definitions of a t-conorm, a join preserving t-conorm, and a lattice-
ordered t-conorm are obtained by replacing 1 as a unit with 0 as a unit.

For I, or for any chain, the three conditions coincide (Exercise 8). In any
lattice the second or third condition implies the first, but no other implications
among these conditions hold. We turn next to apply these notions.

5.3 T-norms and t-conorms on intervals

Here we consider t-norms and t-conorms on the truth value algebra 12l
for interval-valued fuzzy sets. (See Definition 1.2.10.) These are understood in
terms of Definition 5.2.6. We recall that 1) = {(a,b) : a,b €1 and a < b}, and
that the lattice operations A and v on 1% are componentwise.

Proposition 5.3.1 Let A1 and Ay be t-norms on 1 such that x Ay <xAqy
for all z,y €1, and define

(2,9) & (z,w) = (z &1 2,y Do w)
for all (x,y),(z,w) € 121, Then A is a lattice-ordered t-norm on 1.

Proof. The condition that z A1y < x A,y implies that the operation A is well
defined. Indeed, if (z,y) and (z,w) are elements of I"?}, then z <y and 2 < w.
Then o &1 2 <y &y w <y Ay w. So (x,y) A (z,w) does belong to I2). Since
the lattice operations of 1) are componentwise, the operation A satisfies the
monoid axioms, and is compatible with both join and meet, hence gives a
lattice-ordered t-norm. m
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Definition 5.3.2 For t-norms Ay and &g with x &1y <x Ay for each x,y,
denote the resulting t-norm on 12! by &1 x Ay and denote A x A by A2,

A t-norm on I[?! obtained as Aq x Ay for some A7 and Aq is called t-
representable. Not all t-norms on 12 are representable. The following ex-
ample is given in [17], as are a number of others.

Proposition 5.3.3 Let A be a t-norm on 1. Then for each t € [0,1] with
t+ 1, there is a non-representable t-norm on 12 defined by

(z.y) A (zw) = (z bz, (tDysw)v(zsw)v(ysz))

It is known that every join preserving t-norm on the unit square IxT is
representable. However, there are join preserving t-norms on 11} that are not
representable, and there is no satisfactory characterization of representable
t-norms on 11, See [17] for a complete account. However, we do have the
following intrinsic characterization of what is likely the most useful class of
t-norms on this lattice [29].

Theorem 5.3.4 A lattice-ordered t-norm & on 12! s representable as A% for
some t-norm A on 1 if and only if it satisfies the following conditions:

1. DADc D, where D ={(x,x):x el}.
2. (0,1) & (z,y) = (0,p).

Proof. Suppose A is given by (z,7) & (z,w) = (z & 2,y & w) for some t-norm
A on I. Then by Proposition 5.3.1, A is a lattice-ordered t-norm, and it is
easily seen that it satisfies properties 1 and 2.

Suppose that A is a lattice-ordered t-norm on I ] satisfying properties 1
and 2. Since A carries D? into D, we have for each a,bel,

[2

(a,a) & (b,b) = (c,c)

for some c € I. Define a & b = c. We need to show that A is a t-norm. The
commutative property of A is immediate, since (a,a) A (b,b) = (b,b) & (a,a).
For associativity, note (a,a) A (b,b) = (a & b,a Ab). So

((a,a) A (b)) A(c,c) = ((abb) pe(anb) bc)
and similarly,

(a,a) A ((b,b) A (c,c))=(an(bac),an (bac))
So the associativity of A yields that of A. Also, (a,a)AA (1,1) = (a,a) gives
anl=aqa.If a<b, then (a,a) < (b,b) implies that (a,a) A (¢,c) < (b,b) A (¢, c)

or (abc,anc)<(bacebAc), which means that a A c<bA c. Thus A is a
t-norm.
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Now since A is a lattice-ordered t-norm,

(a,b) & (c,d) = (a,b) & ((¢,c) v (0,d))
= ((a,0) & (¢,¢)) v ((a,b) A& (0,d))
= ((a,b) & (¢,¢)) v (0,€)

for some e € I. Therefore the first component of (a,b) A (¢, d) does not depend
on d, and similarly does not depend on b. Also, by property 2, (a,b) A (¢, d)
has second component the same as

(a,b) & (c,d) A(0,1) = (a,b) &2 (0,1) & (c,d) &(0,1) = (0,b) A(0,d)

Thus the second component of (a,b) A (¢, d) does not depend on a or c. So A
acts componentwise. From (a,a) & (¢,¢) = (a & ¢,a & ¢) and (b,b) A& (d,d) =
(b o d,bod), it follows that (a,b) A (¢,d) = (a & ¢,b & d), and the proof is
complete. m

In the next section, we look at convolutions with respect to v and A of
two classes of binary operations on I, namely, the class of t-norms, and their
duals, t-conorms.

5.4 Convolutions of t-norms and t-conorms

In M, the notion of “increasing” is ambiguous, so the definition of t-norm
cannot be generalized literally. One way to generalize to type-2, is to look at
convolutions with respect to v and A of type-1 t-norms and their duals. We
will refer to these as type-2 t-norms, and type-2 t-conorms. Note that the
minimum t-norm A and maximum t-conorm Vv have already been dealt with
in this way, resulting in the operations n and u, respectively. The other two
basic t-norms, product zy and Lukasiewicz (z+y—-1)v0, will give new binary
operations on M.

Proposition 5.4.1 Let A be a t-norm on I, and v be its dual conorm with
respect to the negation'. Let A and w be the convolutions of these operations

(f & g)(x)=\{fw)rg(z):yorz=x}
(fwg)@)=\/{fw)rg(z):yvz=x}

Then for f,g,h € M, the following hold:
1. A is commutative and associative.

2 Al =]
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fA(gvh)=(fAg)v(fAh).

. Ifg<h, then (f A g)<(f A h).

v is commutative and associative.

- fwlg=f.

fv(gvh)=(fwvag)v(fvh).

. Ifg<h, then (f wg)<(f wh).

(fAg)=f"wg and (f v g) =f" ag"

This was given in [108], and is left as recommended exercises (Exercises 17
and 18).

S moa

=

8
9

As we have seen, an isomorphic copy of the algebra I = ([0,1],v,A,”,0,1)
is a subalgebra of M, namely the characteristic functions 1, for a € I. The
formula

(Lo & 1) (2) = V{la(y) ALp(2) iy & 2 =z}

says that 1, A 1;, is the characteristic function of a A b, as it should be. It is
clear that the t-norm A acts on the subalgebra of characteristic functions in
exactly the same way as the t-norm A acts on the algebra I. This establishes
the following.

Theorem 5.4.2 The mapping a — 1, is an isomorphism from the algebra
(I, &) into the algebra (M, A) whose image is the singletons 1,, where a € 1.

We next consider the subalgebra of M consisting of characteristic func-
tions of closed intervals. By Theorem 3.3.5, there is an isomorphism from 12
onto the subalgebra of M consisting of characteristic functions of closed in-
tervals mapping the element (a,b) to the characteristic function 1p, ) of the
closed interval [a,b]. We show that for continuous t-norms, this isomorphism
is compatible with t-norms and their convolutions.

Theorem 5.4.3 Let & be a continuous t-norm on I, A be its convolution,
and A2 be the t-norm on 121 given by (a,b) 82 (¢,d) = (a & ¢,b & d). Then
the mapping (a,b) — 1,3 is an isomorphism from (1[2], A?) into (M, A).

Proof. Consider the formula

(o] A Lreap)(@) = VA{Qas) W) A (Ue,a))(2) 1y & 2 =2}

We see that this function takes only the values 0 and 1, and it takes value
1 at exactly those z for which x = y A 2z for some y € [a,b] and z € [¢,d].
So the smallest value at which this function attains value 1 is a A ¢, and
the largest value at which it attains value 1 is b A d. Since A is continuous,
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Proposition 5.1.6 shows that if a A ¢ <z <b A d, then there is some y € [a,b]
and z € [¢,d] with z = y A z. So this function attains value 1 exactly on the
interval [a A c,bAd]. m

A third subalgebra of M of interest is L, the algebra of convex normal
functions. We will look further at type-2 t-norms that come from continuous
t-norms before considering t-norms for the subalgebra L.

5.5 Convolutions of continuous t-norms and t-conorms

Here we collect various properties of the convolution of a continuous t-norm
and of a continuous t-conorm.

Proposition 5.5.1 Let A be a continuous t-norm with convolution A, and let
v be its dual t-conorm with convolution w. Then for all f,g € M, the following
hold:

(fAag)ft=f" agh
2. (fagt=r"agh
3. f A1=fRE

J. f Al =],
5
6
8

~

C(fwg)ft=rF gt
(fvgt=rtvgt
 fwl=fr.
Cfwly=f.

Proof. We prove the first four items. The proofs of the others are nearly
identical.

To prove item 1, note first that y > v and z > v for some u and v with
uAv =z clearly implies that y Az > z. Since A is continuous, Proposition 5.1.6
provides the converse. Now by the definition of A,

(f" & g™) (@) =\ () rg"(v) rusv=z}

Note that ff&(u) A g®(v) = V{f(y) Ag(2) : y > wand z > v} by the meet
continuity of I (Proposition 1.4.4). Combining this with the expression above
and the remarks about y A z > x then gives
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(" A g™(@)=\V{fW) rg(z) iy s z2a}

This latter expression is V{(f A& g)(w):w >z}, which equals (f A g)f(x).
For item 2, we use the fact that f* = f** item 1, and Proposition 5.4.1,
which says that (f A ¢)* = f* w g* and (f w ¢g)* = f* A g*. Then

(fag=(fFwvg)" =" wgh) =f"agh

For item 3, since 1(z) = 1 for each z, (f A 1)(z) = V{f(y) 1y & z = x}.
Since A is continuous, Proposition 5.1.6 says that for any y > « there is z > x
with y A z =2. Thus (f A 1)(z) = V{f(y):y 22} = fE(x).

For item 4, (f A 11)(z) = V{f(y) A11(2) 1y & z = z}. Since 1;(z) is zero
except for z = 1, and the equation y A 1 = z has only the solution y = x, it
follows that (f A 11)(z) = f(x). =

Remark 5.5.2 The assumption of continuity is necessary for some of these
properties. Consider the example for f A 1= ff due to Hernandez et al. [52],
of the noncontinuous t-norm and the function

zAy fzvy=1 0.3 ifx#0.5
Ay = =
rey { 0 otherwise and  f(x) { 1 ifxz=05

In this case, (f A 1)(0.1) = V{(f(y):y & 2=0.1}= f(0.1) v f(1) = 0.3, and
this differs from f#(0.1) = 1.

We have noted that every t-norm and every t-conorm on I is lattice-
ordered; that is, it preserves the operations A and v of meet and join. One
might hope that the convolution of a t-norm or t-conorm is also lattice-ordered
in the sense that it preserves m and u. This is not the case generally, as the
following theorem shows. However, it does apply if we restrict to convolu-
tions of continuous t-norms and t-conorms, and also restrict our domain to a
subalgebra of M. This result will be of key importance in the following.

Theorem 5.5.3 Let A be a continuous t-norm with convolution A, and let
v be its dual t-conorm with convolution w. Then for f € M, the following hold
for all g,h e M if and only if f is convez.

1. f A (gnh)=(f A g)n(f A h).
2. [ A (guh)=(f A g)u(f A h).
S fw(gnh)=(f vg)n(f vh).
4. fw (guh)=(f v g)u(fvh).
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Proof. We first outline the structure of the proof. We will prove that item 2
holds for every convex function f and every g,h € M. The proof that item 4
holds for every convex f and every g,h € M is identical. Then the following
identities can be used to show that items 1 and 3 hold for every convex f and
every g,h € M.

(fug) =f'ng (frng)' =f"ug
(fag)'=f"vg (fvg =/ ag

To see this for item 1, note first that since f is convex, so is f*. Then using
item 4, f* w (¢g*uh*)=(f* wg*)u(f* v h*). Applying the identities above
then gives that (f A (gnh))* = ((f A g)n(f A h))*, and item 1 follows.
Obtaining item 3 from item 2 is similar.

This will establish that for each convex f and each g, h € M, items (1)—(4)
hold. For the converse, we will show that if f € M, and for each g,h € M that
item 2 holds for this f, then f is convex.

Suppose that f is convex and g, h € M. We first note that

(f & (guh)(@)=V{fW)r(guh)(z):ysz=x}
(guh)(z) =\VH{g(u) Ah(v) :uvv=2z}

It follows from meet continuity of I (Proposition 1.4.4) that (f A (guh))(x)
is equal to

VW) Ag(u) Ab(v) iy & (uvv) =} (5.1)
A similar calculation shows that ((f A g)u (f A h))(x) is equal to
V@) rgl@) nf(s)ah@t): (p o g) v (sat)=a} (5.2)

To establish item 2, we must show that (5.1) equals (5.2).

Suppose that y A (uvv) =x. Then (y Au) v (y A v) =z, and it follows
that (5.1) < (5.2). For the reverse inequality, suppose that (pAq)v(sAt) =x.
We want y such that both of the following hold since this will show that the
given element in (5.2) lies beneath an element of (5.1).

ya(qgvt)=(yaqv(yat)=x (5.3)

F) ng(g) Ah(t) 2 f(p) A g(q) A f(s) Ah(t) (5.4)

Iftparg=sat=x,let y=pAas. Then (y2q)v(yAt)=uz, providing (5.3).
Also, f(y) = f(p) or f(y) = f(s), and in either case providing (5.4).
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Otherwise, we may as well assume that pAg<zand sAt=z.If sAg<x,
then
(sag)v(sat)y=sat=x

and, taking y = s, we have (5.3) and (5.4). On the other hand, if s & ¢ > z,
then s A ¢ > s At implies ¢ > t. Thus we have

pAg<xr<slAgq

so by Proposition 5.1.6, there is a y with p<y <s and y A ¢g=x. Then t < ¢q
implies that y At <y A g =x. This gets (5.3). Since f is convex and p<y < s,
we have f(y) > f(p) A f(s), and this gets (5.4). It follows that (5.1) > (5.2),
and hence (5.1) = (5.2) when f is convex.

It remains only to show that if f € M and item 2 holds for this f and for
all g,h € M, then f is convex. For such f we have

fAul)=(f Al)u(f A1)
The left side is B
fAaliul)=fal=f
Proposition 5.5.1 and Theorem 1.4.5 provide that the right side is
(f A1) u(f AT)=fuff=(fv At afity=rnast

Thus f = fX A fB, and hence is convex. m

On the unit interval, t-norms are increasing in each variable. For convex

functions, type-2 t-norms behave in a similar way with respect to the orders
tH and &,.

Corollary 5.5.4 Assume A and w are convolutions of continuous t-norms
or continuous t-conorms. If f is conver and g Sq h, then

f AgeEnf AR and fvgenfwh
If f is conver and g S, h, then
fAge,f AR and fwvgeufwh

Proof. Since g & h, we have g=gnh. Thus f A g=f A (gnh)=(f A g)n
(f A h), whence f A g, f A h. The other parts follow similarly. m

5.6 T-norms and t-conorms on L

In this section, we show that the type-2 t-norms and t-conorms on M that
are given by convolutions of continuous t-norms and continuous t-conorms on
I induce lattice-ordered t-norms and t-conorms on the subalgebra L of convex
normal functions.
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Proposition 5.6.1 Let A and w be convolutions of a continuous t-norm and
a continuous t-conorm. If f,ge L, then so are f A g and f w g.

Proof. Suppose A is continuous and f, k are convex. By Theorem 5.5.3,
fa(gnh)=(f Ag)n(f ah)

for all g, h if and only if f is convex. Thus we have

(f A k) a(gnh)=f A (kA (gnh))
=f A ((kag)n(k Ah))
=(fA(kag)n(f A (kanh))
=((f ak)Ag)n((f ak)aAh)

Therefore, f A k is convex. The proof that f w k is convex is similar.
Now f is normal if and only if f#X =1 (the constant function). Then by
Proposition 5.5.1, if A is a continuous t-norm,

(f A g)RL:fRL AgRL

Then since 1 A 1=1, if A is continuous and f and g are normal, so is f A g.
And by a similar argument, sois f v g. ®

This result, together with Theorem 5.5.3, yield the following.

Theorem 5.6.2 Let A and w be convolutions of a continuous t-norm and a
continuous t-conorm. Then A and w are a lattice-ordered t-norm and lattice-
ordered t-conorm on L.

We remark that related results are obtained in [65, 82]. They consider a
more restrictive setting, that of convex normal functions that are additionally
upper semicontinous. In this setting, they show that the convolution of a
continuous t-norm gives a lattice-ordered t-norm on the subalgebra considered,
and further, that this resulting t-norm is residuated. Matters related to this
will be the focus of the following chapter.

5.7 Summary

We discussed t-norms and t-conorms on the truth value algebra I of fuzzy
sets and the truth value algebra 12) of interval-valued fuzzy sets. For a t-norm
A on I, we described properties of its convolution to an operation A on M,
especially in the case when A is continuous. It was shown that the restriction
of the convolution A to the algebra of singletons is isomorphic to (I, A), and
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that the restriction of A to the subalgebra of characteristic functions of closed
intervals is isomorphic to (I2), A2) when A is continuous.

Properties of the convolution A of a continuous t-norm A were developed
in the context of convex functions. In particular, when A is continuous, then
its convolution A gives a lattice-ordered t-norm on the subalgebra L of convex
normal functions.

5.8

Exercises

. If L is a bounded lattice and Vv its join, prove that (L, Vv,0) is a lattice-

ordered monoid.

If L is a bounded lattice and A its meet, prove that (L, A, 1) is a lattice-
ordered monoid if and only if L is distributive.

Suppose that L is a complete distributive lattice that is meet continuous;
that is, it satisfies x AV y; = V(zAy;). Prove that (L, A, 1) is a residuated
lattice-ordered monoid.

. Let X be a set, and P(X) be its power set; that is, the collection of

all subsets of X. Prove that the operation n of intersection on P(X) is
residuated; that is, that for each A,C ¢ X there is a largest subset B of
X with An B c C. Show that this set B is given by -A u C, where -A
denotes the complement of A in X.

For the real numbers R, prove that (R, +,0) is a lattice-ordered monoid.

Describe how the plane R x R can be considered as a lattice-ordered
monoid under coordinatewise addition.

Suppose that (L, e) is a lattice-ordered monoid and - is a group oper-
ation. Prove that if L has more than one element, then it has neither a
largest nor a least element.

Let o be a binary operation on I; that is, o : IxI - I. Show that the
following statements are equivalent.

(a) o is increasing in each argument.

(b) For all z,y,z€l, zo(yvz)=(xoy)Vv(xoz).

(c) Forall z,y,zel, zo(ynz)=(xoy)A(zxoz).

Prove that each of the operations t Ay=xz Ay, x Ay=zy, and x Ay =
(x+y-1)vO0is a t-norm.
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Prove that each of the operations cvy=zvy, zvy=x+y-zy, and
xvy=(x+y)Alisa t-conorm.

Prove that minimum is the largest t-norm and maximum is the smallest
t-conorm; that is, z A y < x Ay for any t-norm A onl,andzvy>zvy
for any t-conorm v on I.

Prove that the drastic product defined by

Ay if zvy=1
A =
ooy { 0 if zvy<l

is a t-norm and is the smallest t-norm on I.

Prove that the drastic sum defined by

Jrvy if zAy=0
”le‘{ 1 if zAy>0

is a t-conorm and is the largest t-conorm on I.

Prove that maximum is dual to minimum, algebraic sum is dual to
algebraic product, and bounded sum is dual to bounded product; that
is,

(a) (zAy) =2'vy'
(b) (zy)' =a"+y' -2y
(c) ((x+y-1)v0) =(z"+y') A L.

Prove that the drastic sum is dual to the drastic product.

Show that for the lattice I, the condition that a t-norm A is increasing
in each argument can be replaced by the condition

ra(yve)=(ehy)v(zas)

Give an example of a lattice for which these conditions are not equiva-
lent.

Prove the properties of type-2 t-norms in Proposition 5.4.1.
Prove the properties of type-2 t-conorms in Proposition 5.4.1.
Find an example of a t-norm that is not residuated.

Prove the remaining three parts of Corollary 5.5.4.
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The subalgebra L of convex normal functions has many desirable features.
It is a De Morgan algebra that contains the subalgebras of fuzzy sets and
interval-valued fuzzy sets, and the convolutions of continuous t-norms and t-
conorms extend to lattice-ordered t-norms and t-conorms on L. Further, the
restriction to convex normal functions is natural for applications. The focus
of this chapter is on constructing an algebra from L that retains all of these
desirable features, and adds even more. This new algebra is also a De Morgan
algebra that contains the subalgebras of fuzzy sets and interval-valued fuzzy
sets. It also behaves well with the convolutions of continuous t-norms and
t-conorms and has natural motivation for applications. It is further a com-
pletely distributive lattice that has a compact metric space topology given by
integration, and under this topology its operations are continuous. This alge-
bra was first studied in [64, 65, 81, 82] as the algebra of upper semicontinuous
convex normal functions. The results described here are contained in [44, 45].

6.1 Preliminaries

Portions of these preliminaries deal with common topics in analysis. A good
resource for these is the standard undergraduate text [94]. For a thorough
discussion of the application of analytic and topological methods in lattice
theory, see [7, 32, 33].

97
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Definition 6.1.1 A metric on a set X is a mapping d: X x X — [0,00) that
satisfies the following properties.

1. d(z,y) = d(y, ).
2. d(zx,z) <d(z,y) +d(y, z).
3. d(x,y) =0 if and only if v =y.

A quasi-metric weakens the third condition to d(x,z) =0. A metric space
is a set together with a metric.

The real numbers R is a standard example of a metric space where the
metric is the ordinary distance d(z,y) = |z — y|. In any metric space there
are notions of limits and continuity, just as in first-year calculus, replacing
|x—y| < e with d(z,y) < e. We illustrate with the notion of uniform continuity
for metric spaces. The definition of continuity for metric spaces is left as an
exercise (Exercise 1).

Definition 6.1.2 For metric spaces (X,d) and (Y,d"), a function f: X -Y
is uniformly continuous if for each € >0 there is a § > 0, so that for any
z,yeX, if d(z,y) <9, then d'(f(z), f(y)) <e.

In dealing with limits and continuity, a key notion is that of an open set.
For the reals, a set A € R is open if for each x € A there is an € > 0 with the
open interval (z —€,x +¢€) € A. The intersection of finitely many open sets is
open, and the union of arbitrarily many open sets is open (Exercise 5).

Definition 6.1.3 A topology on a set X is a collection T of subsets of X
that contains the empty set, the set X, and is closed under finite intersections
and arbitrary unions. A set X with a topology T is a topological space and
the members of T are called its open subsets.

In a metric space, a set A is open if for each x € A there is some ¢ > 0
so that d(z,y) < € implies that y € A. So every metric space is a topological
space, but not conversely. There are generalizations of the notions of limits and
continuity to arbitrary topological spaces. For example, a function between
topological spaces is continuous if the inverse image of each open set is open.
The topological spaces encountered here will primarily be metric spaces, but
familiarity with the general terminology is an asset.

Definition 6.1.4 A topological space X is Hausdorff if for each pair of
distinct points x,y there are disjoint open sets with one containing x and the
other y. It is compact if whenever a collection of open sets has its union all
of X, then some finite subcollection of the sets has their union all of X.
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There are many relationships between the analytic notions of metric and
topological spaces and lattices. Of importance here will be the situation when
a set has both a metric or topological structure as well as a lattice structure.

We mention that there are other deep connections between topology and
lattice theory. For instance, lattice theory is used to study topology through
the subject of point-free topology [32] (Exercise 6), and topology is used to
study lattices through the subject of Stone duality [7].

Definition 6.1.5 A topological lattice is a lattice L with a topology for
which the lattice operations A,V : L x L — L are continuous.

An example of a topological lattice is the reals R with the usual lattice
structure and topology (Exercise 7). There are general methods for construct-
ing topological lattices. We will describe two such.

Definition 6.1.6 A valuation on a lattice L is a map v : L - R that satisfies
the following conditions:

1. x <y implies that v(x) < v(y).
2. v(z)+v(y) =v(zvy) +v(zAy).
3. x <y implies that v(x) < v(y).
If v satisfies only the first two conditions, it is called a quasi-valuation.

Examples of lattices with a valuation include the lattice R where v(x) =«
for each x € R, and the lattice of subspaces of a finite-dimensional vector
space V where v(S) = dim S is the dimension of the subspace S. Note that
for subspaces S and T, dim S + dim7 = dim(S v T) + dim(S AT) is a familiar
formula from linear algebra (Exercise 8). The key result about lattices with
valuation is the following [7].

Theorem 6.1.7 Let L be a lattice with valuation v and define
d(z,y) =v(zvy) —v(zry)

Then d is a metric on L, and with the metric space topology, A and v are
uniformly continuous.

There is an extension to this theorem that will be of use here. First, recall
that an equivalence relation 0 on a set X is a relation that is reflexive
(z6x), symmetric (z6y implies yfx), and transitive (x 0y and y 6 z implies
20 z). For an equivalence relation 6 on X, the equivalence class /0 of z € X
is the set of all elements that are #-related to z. The quotient of X by 6 is
the set X /0 = {x/0:x € X} of all equivalence classes of elements of X.

Given a quasi-metric d on a set X, we can define an equivalence relation
6 on X by setting z 6y if d(z,y) = 0 (Exercise 9). Further, on the quotient set
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X /0, we can define a function D by setting D(z/0,y/0) = d(z,y). Then this
function D is a metric on the set X /6. When applied to quasi-valuations, this
yields the following [7].

Theorem 6.1.8 Let L be a lattice with a quasi-valuation v. Then there is a
quasi-metric on L given by d(z,y) = v(z vy) —v(z Ay), and its associated
equivalence relation 0 is a congruence on L. The map D(x/0,y/0) = d(x,y) is
then a metric on L/6.

We turn attention to matters related to completeness and infinite joins
and meets.

Definition 6.1.9 Let L be a complete lattice and S be a sublattice of L. Then
S is a complete sublattice of L if for each A c S, the join and meet of A as
taken in L belongs to S.

If S is a complete sublattice of L, then S itself is a complete lattice and
joins and meets in S are computed as in L. We note that a sublattice of L
that is complete as a lattice in its own right may not be a complete sublattice
(Exercise 10).

In Definition 1.4.4, we have seen the condition of meet continuity that gives
the distributivity of finite meet over arbitrary join. Complete lattices that
satisfy this condition have their meet operation residuated, and are Heyting
algebras. There are an unlimited number of variants of the distributive law
involving the use of infinite join and meet. The strongest of all is the following.

Definition 6.1.10 A lattice L is completely distributive if for each set J
and each indexed family (x;1) k € K; of elements of L, we have

ANV zik= VA i

jeJ keK; ael]; K; jeJ
To illustrate the meaning, consider
(931,1 VZi2V $1,3) A (562,1 \ xz,z) A ($3,1 VZ32VI33V 173,4)

This would be the left side of the equation above with J = {1,2,3}, and the
sets Ky = {1,2,3}, Ky = {1,2} and K3 = {1,2,3,4}. Expanding this with the
distributive law, it would eventually be expressed as a join of terms, such as
Z1,3AT2,1Ax31, which is a meet consisting of one element of each of the three
groups of terms whose join we are taking. The expression =13 AX21 A X3, is
T1,a(1) A T2,a(2) A T3,4(3) for some a that chooses one element from each K.
There are 24 such choice functions «, and they are the elements of []; K.

Examples of completely distributive lattices include all finite non-empty
distributive lattices, complete chains, and the power set lattice of any set
(Exercise 11). The following describes how new completely distributive lattices
can be built from old. Its proof is left as an exercise (Exercise 12).
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Proposition 6.1.11 The product of arbitrarily many completely distributive
lattices is completely distributive, and a complete sublattice of a completely
distributive lattice is completely distributive.

Complete distributivity is connected to the subject of continuous lattices.
Continuous lattices in turn are connected to analytic notions such as variants
of continuous functions, and also to the subject of topological lattices. Contin-
uous lattices occur in many branches of mathematics and computer science,
and there is a very large literature on the subject [32, 33]. We begin with the
following.

Definition 6.1.12 A subset D of a lattice L is directed if for any x,y € D,
there is z € D with x,y < z. The join of a directed set is called a directed
join.

The key notion for continuous lattices is that of an element being way
below another.

Definition 6.1.13 If a,b are elements of a complete lattice L, then a is way
below b, written a < b, if for every directed set D with b <\/ D there is d € D
with a < d.

The reader should verify that in the unit interval I, we have a <« b if and
only if a < b (Exercise 13).

Definition 6.1.14 A complete lattice L is a continuous lattice if for each
beL,b=V{a:a<b}.

A weakening of complete distributivity characterizes continuous lattices
among complete lattices [33, Theorem 2.3]. This weaker condition is a ver-
sion of the one in Definition 6.1.10 where the joins are restricted to directed
families. Thus, we have the following [33, Corollarry 2.5].

Proposition 6.1.15 FEvery completely distributive lattice is continuous.

There is a source of continuous lattices that has bearing on the matters
we consider. To describe this, we need the following conditions that weaken
the usual notion of continuity.

Definition 6.1.16 Let f be a function R — R.

1. f is lower semicontinuous if {z: f(x) < a} is closed for each a.
2. [ is upper semicontinuous if {x: f(x) > a} is closed for each .

A function is continuous if and only if it is both lower semicontinuous
and upper semicontinuous. In terminology common to fuzzy theory, an upper
semicontinuous function is one whose a-cuts {z : f(z) > o} are closed. We
abbreviate these as LSC and USsC, respectively. See [94] for a complete account
of these notions.
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Proposition 6.1.17 Let fi, fo and f; (j € J) be functions in M:
1. If f1, fo are LSC, then f1 A fo is LSC.
2. If each f; (jeJ) is LSC, then V f; is LSC.
3. If f1, fa are USC, then f1 Vv fo is USC.

4. If each f; (j €J) is usc, then Ay f; is USC.
Here, all joins and meets are taken pointwise.

The proof is a simple consequence of the fact that the union of two closed
sets is closed and the intersection of arbitrarily many closed sets is closed.
This proof is left to the reader (Exercises 15 and 16). This proposition has
as a consequence that both the set of LsC functions in M and the set of USC
functions in M are complete lattices. In fact, the set of LSC functions in M
is a continuous lattice. This is part of the following more general result [33,
Proposition 1.21.2].

Proposition 6.1.18 If X is a compact space, then the set LsC(X) of lower
semicontinous functions on X is a continuous lattice.

There are connections between continuous lattices and topological lattices
that are important here. Several definitions are required. For a poset P, a
subset A ¢ P is an upset if x € A and x < y implies that y € A, and is a
downset if z € A and z > y implies that y € A. For each a € P, we have the
principal upset at= {x: a < 2} and the principal downset al|= {z: 2z < a}.

Definition 6.1.19 An upset A of a complete lattice L is Scott open if for
each directed set D, if \ D € A, then some d € D belongs to A.

The intersection of two Scott open sets is Scott open, and an arbitrary
union of Scott open sets is Scott open (Exercise 17). So the Scott open sets
form a topology on L known as the Scott topology. The smallest topology
on L that has as open sets the complements of the principal upsets a 1 for
all a € L and all Scott open subsets of L is the Lawson topology of L. The
following is given in [32, Theorem 1.10, p. 146].

Theorem 6.1.20 For any continuous lattice L, the Lawson topology on L is
a compact Hausdorff topology.

A map f: L > M between complete lattices preserves arbitrary meets
if f(ANA)=Af(A) for each A c L. The definitions of preserving finite meets,
and of preserving arbitrary and finite joins are similar. So also is the definition
of preserving directed joins, but for clarity, this means that f(V D) =
V f(D) for each directed subset D of L. The following result is given in [32,
Theorem 1.8, p. 145].
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Theorem 6.1.21 Suppose that f: L — M is a map between complete lattices
that preserves finite meets. Then f is continuous with respect to the Lawson
topologies of L and M if and only if it preserves arbitrary meets and directed
joins.

There is a further result that will be of importance here. The interval
topology on a complete lattice L is the smallest topology on L that has the
complements of all principal upsets a1 and the complements of all principal
downsets a| open. The interval topology on the reals is the usual one, but in
general, the interval topology on a lattice is not well behaved. However, for
completely distributive lattices, the situation is different.

Theorem 6.1.22 For a completely distributive lattice L, the interval topology
is equal to the Lawson topology, and this is the unique compact Hausdorff
topology on L that makes L a topological lattice.

Proof. Suppose that L is a completely distributive lattice. Papert-Strauss
showed that the interval topology on L is a compact Hausdorff topology, and
that with this topology, L is a topological lattice [90]. It then follows from
[32, Ex. 1.22, p. 151] that the interval and Lawson topologies on L agree. It
remains to show uniqueness.

Suppose that 7 is a compact Hausdorff topology on L that makes L a
topological lattice. Then for each a € L, the functions f(z) =z Aa and g(x) =
x v a are continuous. Since 7 is Hausdorff, {a} is a closed subset of L. So the
inverse images f~!(a) and g !(a) are closed sets in 7. But f~!(a) = a1 and
g7 '(a) = al. Since at and a| are closed in 7, their complements are open. So
T contains the interval topology. A basic result of topological spaces says that
if a compact Hausdorff topology on a set contains the open sets of another
compact Hausdorff topology on the same set, then the topologies must be
equal [66]. So T is equal to the interval topology. m

In this chapter, we produce a completely distributive lattice from the
convex normal functions L. This completely distributive lattice will be con-
structed in several isomorphic ways. First, it will be constructed as a sub-
algebra of L consisting of Usc functions. Then it will be constructed as the
metric space quotient of a lattice of functions with a quasi-valuation given by
integration. It will be shown that the metric space topology on this quotient
lattice is a compact Hausdorff topology that makes it a topological lattice.
Thus, this metric space topology is equal to its interval topology, as well as to
its Lawson topology. The agreement of these topologies is of use in studying
t-norms on this lattice since continuity with respect to the metric is related
to preservation of joins and hence to residuation.

Our first step requires much less theory. It is a simple matter of considering
the partial ordering of L in a new, and much simpler way.
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6.2 Straightening the order

In earlier chapters, the description of the orders ¢, and £, were simplified
to become tractable. It was also shown that on the subalgebra L of convex
normal functions, these orders agree, and give a lattice ordering on L that has
mn and U as its meet and join. When restricted to L, the description of these
equal orders simplifies much further, and this greatly simplifies the study of
L. That is the focus of this section.

Definition 6.2.1 Let € be the restriction of the orders Eq and S, to L.

Proposition 2.4.3 gives conditions for f c, g and f £, g. Specializing these
to L, where c4 and £, are equal to C, easily yields the following.

Proposition 6.2.2 For f,g €L, these are equivalent.
1. fcg.
2. g¥ < fF and fF < gt
Definition 6.2.3 The symbol I' denotes the closed interval [0,2].

It will be helpful to view I as being the unit interval I with a copy of
the dual of I placed on top of it, where the top element of I and the bottom
element of the dual copy of I are identified. We now make precise the idea of
“straightening out” a convex function f.

Definition 6.2.4 For f:1 -1, define ff:1— I by setting

o [2 @) i) = )
Fi(@) {f(x) otherwise

While defined for any function, we only consider f! in the case that f is
convex and normal. Roughly, fT is produced by taking the mirror image of
the increasing portion of f about the line y = 1, and leaving the remainder of
f alone. The following diagram illustrates the situation.

f 1
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While we consider the convolution ordering € on L, we shall consider the
ordinary pointwise ordering of functions < for functions from I to IT, thus
straightening the order. Our key result follows below. In its proof, and
elsewhere, we use repeatedly two consequences of convexity and normality—
for each z in I, at least one of f*(2) and f%(x) equals f(z), and at least one
of fL(z) and fF(z) equals 1.

Theorem 6.2.5 For f,geL, fcg if and only if ft<g'.

Proof. Assume f c g. Proposition 6.2.2 then gives g~ < f¥ and fF < ¢*.
We will show fT(x) < g'(x). Consider the possibilities for z. First, suppose
g(z) < g¥(x). Then ¢g'(x) = g(x) = ¢%(x) > fF(x) > f(x) and the strict
inequality f(z) < g(z) < g¥(x) < f¥(x) implies fT(x) = f(x). It follows that
fT(x) < g'(z). Now suppose that g(z) = g¥(x). If f(x) = fE(x) is also true,
then g(x) < [(2), 50 [ (x) = 2 f(x) <2 g(x) = g1 (). Tf f(z) < f*(x), then
fi(@) = f(z) <1<2-g(z) = ¢' ().

For the converse, assume fT < ¢t. To show f € ¢, by Proposition 6.2.2 it is
enough to show g* < f¥ and f% < g®. Again, consider possibilities for z. First
suppose g(z) < g¥(x). Then ¢'(x) = g(z) = ¢®(x) < 1 and ¢gX(z) = 1. Also,
7(2) < g'(x) < 1 implies 1(x) = f(x) = f7(x) < f*(x). Thus [7{z) < g7 (x)
and fX(z) = g¥(x) = 1. Now suppose that g(z) = g¥(z), so g7 (z) = 2 - g(z).
If we also have f(z) = fX(z), then ¢'(z) = 2 -g(z) > fi(z) = 2 - f(2)
implies g% (x) = g(z) < f(x) = fF(x). Also, in this case, ff(z) = g%(x) = 1.
Finally, suppose that g(z) = g(z) < gf(x) = 1 and f(x) < fL(x) = 1. Then
g (z) < fE(x) =1 and fB(z)<gf(z)=1. m

We next describe the functions that arise as f! for some convex normal f.
We recall that a point z is in the closure of a subset A of the reals if for
each € > 0 the interval (x — €,z + €) contains a point of A.

Proposition 6.2.6 Forg:1— I' these are equivalent.
1. g=f* for some f eL.
2. g is decreasing and 1 is in the closure of the image of g.

Proof. To see that the first condition implies the second, suppose that f € L.
One sees that J = {xf(x) = fL(x)} is an initial segment of I, that f is
increasing on J, and that f is decreasing on I-J ={z:z €l and z ¢ J}. As
ff=2-fonJ, f'isdecreasing on J, and as fT = f on I-J, f' is decreasing
onI-J. Then as fT>1onJand fT <1onI-J, it follows that f'is decreasing
on I. As 1 is the supremum of f, for e > 0 there is « with f(z) within distance
¢ of 1. Then both f(z) and 2 - f(z) lie within € of 1, hence ff(z) lies within
e of 1. So 1 is in the closure of the image of fT.

For the converse, assume that g is decreasing and that 1 is in the closure
of the image of g. Set f(x) =min{g(x),2-g(x)}. As f is the pointwise meet
of a decreasing and increasing function, it is convex. It cannot be that both
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g(x) and 2 - g(x) are greater than 1, so 0 < f(z) < 1. Since 1 is in the
closure of the image of g, for € > 0, there is an x with g(x) within € of 1.
Then g(z) and 2 — g(x) are within € of 1, hence so is f(z). It follows that
f is normal, hence f € L. Let J = {z:2-g(z) <g(x)}. Then J is an initial
segment of I, f(x) = 2-g(x) on J, and as 2 — g(z) is increasing, we have
f=fFonlJ Thus fi(z) =2-(2-g(x)) = g(x) on J. For z € I-J we have
f(x) = g(x) < 2-g(z). In particular, f(x) < 1. As f is decreasing on I-J
and the supremum of f is 1, there is some y < z with f(y) > f(«). Then
F(@) % 14, 50 f1(x) = f(x) = g(x). m

The results of this section allow us to work completely with the familiar
pointwise order. We will put this to good use in the following sections.

6.3 Realizing L as an algebra of decreasing functions

In this section we construct an isomorphic copy of L. as an algebra of
decreasing functions from I to I". Since this isomorphic copy is ordered by the
pointwise order, it is simpler to work with.

Definition 6.3.1 Let D be the set of all decreasing functions from 1 to I that
have 1 in the closure of their image.

The collection of all functions from I to I' is a lattice under pointwise join
and meet. It is the product of I copies of the lattice I'. It is easy to see that
the collection of all decreasing functions from I to I" is a sublattice of this
lattice. We show that D is also a sublattice under these pointwise operations.

Proposition 6.3.2 The set D is a sublattice of the lattice of all decreasing
functions from 1 to I'.

Proof. Suppose f,g € D. We will show f A g e D where A is the pointwise
meet. This only requires us to show 1 is in the closure of the image of f A g.
Given € > 0 there are z,y with f(x) and g(y) within € of 1. Suppose x < y.
Then 1-€ < f(z) < 1+€ and since g is decreasing, 1—¢ < g(y) < g(z). It follows
that 1 —e < (f Ag)(z) < 1+e. Similarly, f v g also has 1 in the closure of its
image. So D is a sublattice. m

Theorem 6.2.5 and Proposition 6.2.6 give the following.
Theorem 6.3.3 The lattice L is isomorphic to D.

The set L,; of convex strictly normal functions is the members of L
that take value 1. If f(z) =1 and g(y) = 1, then since fug=(fvg) A fLagl,
it follows that f U g has value 1 at max{z,y}. Similarly, f N g attains value 1
at min{z,y}. Thus L; is a subalgebra of L. The following is immediate.
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Proposition 6.3.4 The lattice Ly is isomorphic to the sublattice D1 of D
consisting of those decreasing functions from 1 to I' that take the value 1.

There will be a further sublattice of L considered in a later section. First,
we use the description of L in terms of decreasing functions to address its
completeness.

6.4 Completeness of L

In the previous section, Theorem 6.3.3 shows that L is isomorphic to the
sublattice D of the complete lattice (IT)I. We will show that L is complete by
showing that D is complete. However, we will see that D is not a complete
sublattice of (IT)I since infinite joins and meets in D are not always pointwise.
We will see that L and D do not satisfy the infinite distributive law of meet
continuity.

Definition 6.4.1 For a €1, 1, and 1!, are the functions from 1 to I' where
1, takes value 1 at a and 0 otherwise, while 1!, takes value 1 at a and value 2
otherwise.

Theorem 6.4.2 Let (f;); be a family in D, and set a = sup{z: V, f;(x) > 1}
and b =sup{z: Aj fi(x) > 1}. Then the following hold:

1. If Vj f; belongs to D, this is the join of this family in D. Otherwise, the
join of this family in D is Vj f; v 1,.

2. If Ay f; belongs to D, this is the meet of this family in D. Otherwise,
the meet of this family in D is Ay f; A 15.

Proof. Let f =V f;. If f €D, then it is surely the least upper bound of this
family in D. If f does not belong to D, then as f is decreasing, this can only
be because 1 is not in the closure of the image of f. So there is some € > 0
bounding the image of f away from 1. By the definition of a, we have f(x) > 1
for all x < a, and f(x) <1 for all x > a. Thus f(z) > 1+ ¢ for all z < a and
f(x)<1-¢€for all x> a.

We claim f(a) <1-e€. Otherwise, f(a) > 1+ €. So there would be f; with
fij(a) > 1+¢€/2. But as f; is decreasing, this would yield f;(x) > 1+¢/2 for all
x < a, and since f; < f we would have f;(z) < 1-e for all z > a. This would
contradict 1 being in the closure of the image of f;. Thus f(a) <1-e.

It follows that fv 1, is decreasing and takes value 1 at a, hence belongs to
D, and is clearly an upper bound of the family (f;).;. Suppose g € D is another
upper bound of this family. Then g > f, so g(x) > 1+ ¢ for all x < a. Since 1 is
in the closure of the image of g, it must be in the closure of the image of the
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restriction of g to the interval [a, 1]. Then since g is decreasing, we must have
g(a) > 1. Thus g > f v 1,. This shows that f v 1, is the least upper bound of
this family in D. The proof of the second statement is similar. =

A complete distributive lattice is meet-continuous if z A Vy; = V(z A y;).
It is well known that a complete distributive lattice is a Heyting algebra if
and only if it is meet-continuous [3]. We show that the complete distributive
lattice L of convex normal functions is not meet-continuous. It follows that
it is not a Heyting algebra. Again, it is more convenient to work through the
isomorphic copy D.

Proposition 6.4.3 Neither D nor L satisfies x A\ y; = V(z Ayj).

Proof. Suppose 0 < b <1 and define a family of functions f, by setting

2 ifo<b-1i
fa(z) =41 ifb-L<az<b
0 ifb<e

Here we only define f,, for n large enough to ensure b— % > 0. Note that these
functions are decreasing and take the value 1, hence belong to D. Since the
pointwise join V f, takes only the values 0 and 2, it does not belong to D.
Therefore f =V f, v 1, is the join of the family f, in D. These functions are
shown below.

fn f
2¢—o0 Q¢e—— o0
1 —————o0 1 °
0 p_1 b 1 0 b 1

Consider the functions § and §’ shown below. Both are decreasing and take
the value 1, hence belong to D.

] 5
2 2
le 1le
1 1
R GE— 56—
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Tt is clear that 0 < f, hence § A f = §, while § A f,, =’ for each n. Writing
U f» for the join of the family f, in D, we have 6 AU f, =d > =UJI A f,,. So
neither D, nor the isomorphic lattice L, is meet continuous. m

The situation is the same for the lattice Ly of convex strictly normal func-
tions. There are formulas for infinite joins and meets in the isomorphic lattice
D; as in Theorem 6.4.2, and with these, the failure of meet continuity in Dy
and L follows exactly as in Proposition 6.4.3. The details are not difficult,
and are a recommended exercise. Complete proofs are found in [45].

The failure of meet continuity in L is more than just a curiosity. It precludes
the use of L in the role we have intended in Chapter 9 in all but a finite
setting. Fortunately, there is a natural algebra closely related to L that satisfies
not only the infinite distributive law of meet continuity, but is completely
distributive. This algebra will be the focus of the remainder of this chapter,
and will be a central ingredient of Chapter 9.

6.5 Convex normal upper semicontinuous functions

There is another subalgebra of L that plays an important role, that of
the convex normal upper semicontinuous functions. This subalgebra was first
studied by Kawaguchi and Miyakoshi [64], where it was shown to be a complete
meet continuous lattice. See also [65, 81, 82]. Later, in [45], this lattice was
shown to be a continuous lattice in the sense of [32, 33]. This section provides
the basics of this algebra. In the following sections, we construct an algebra
that is isomorphic to it, and that we feel is more naturally motivated.

Definition 6.5.1 The symbol L, denotes the set of all convexr normal func-
tions that are upper semicontinuous.

When restricted to convex functions, upper semicontinuity can be de-
scribed in terms that are easy to work with in practice. Recall that a function
f has a jump discontinuity at b if the limit as = approaches b from the left
exists, and the limit as x approaches b from the right exists, but the two limits
are different. The only kind of discontinuity of a function that is increasing, or
decreasing, is a jump discontinuity, and the same is true of a convex function.
So a convex function is USC if at each point of discontinuity, the function takes
the value of the larger one-sided limit.
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f g
“N .
/O o— /o(/\o‘\
a b

In the diagrams above, the function f at left is Usc, while the function g at
right fails to be USC because of its behavior at both a and b.

Proposition 6.5.2 For a function g € D, these conditions are equivalent:
1. g=f' for some f €L,.
2. g a,2~a] is closed for each 0 < a < 1.
3. gv1is1sc and gl is USC.

Further, these conditions imply that g attains the value 1.

Proof. To prove item (1) implies item (2), let g = fT where f is Usc. So
{z:a< f(x)} is closed. We show this set equals g '[a,2—a]. If f(z) = fX(x),
then as 1 <2- f(x) = fT(z) we have o < f() if and only if a < ff(z) <2-a.
If f(x)# fY(z), then as f(z) = fT(z) and 1 <2 -« we have a < f(z) if and
only if a < ff(z) <2-a.

To prove item (2) implies item (3), assume that g~'[a,2 — ] is closed for
each 0 <« < 1. To show g v 1 is LSC it is enough to show (g v 1)71[0,2-a] is
closed for each 0 < o < 1. As g € D, we have 1 is in the closure of the image
of g, so X = g'[a,2 - ] is non-empty. Say = € X. Then because g v 1 is
decreasing, we have (g v 1)7![0,2-a]=g"'[a,2~-a]u[z, 1], hence is closed.
The argument showing that g A 1 is USC is similar.

To prove item (3) implies item (1), assume that gv 1 is LSC and that gA1
is Usc. Since g € D, it follows from Proposition 6.2.6 that g = fT for some
f €L, and this f must be given by f(x) = min{g(x),2-g(z)}. For0<a <1
we have that a < f(x) if and only if o < g(x) and a < 2 - g(z), which is
equivalent to @ < g(z) <2-a. So {z: a < f(x)} is equal to the intersection
of {z:a<(gnal)(z)} and {z: (g v 1)(z) < 2-a}. Our assumptions give
that both of these sets are closed, hence so is their intersection. So f is USC
so belongs to L.

To see that g attains the value 1, note that for 0 < « < 1, the collection
of sets g7'[a,2 — a] forms a decreasing family of closed sets. Since 1 is in
the closure of the image of g, we have that each of these sets is non-empty.
Because I is compact, the intersection of this family of sets is non-empty,
providing some x with g(z)=1. =
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Definition 6.5.3 A function g € D that satisfies the equivalent conditions
of Proposition 6.5.2 is a band semicontinuous function. The symbol D,
denotes the collection of all such g.

Proposition 6.5.4 (L,,c) is isomorphic to (D,,<).
Proof. D, is the image of L, under the order embedding f ~ fT. m

As the union and intersection of two closed sets is closed, it follows that
the pointwise join and meet of two LSC functions is LSC and the pointwise join
and meet of two USC functions is USC. We make use of this in the following.

Proposition 6.5.5 D, is a sublattice of D.

Proof. Suppose f, g € D,. Note that (fvg)vl=(fvl)v(gvl) and (fvg)al=
(fAT)v(gAa1). By part 3 of Proposition 6.5.2, it follows that (fvg)v1 is the
join of two LSC functions, hence is Lsc, and (f v g) A 1 is the join of two USC
functions, hence is Usc. By Proposition 6.5.2, it follows that f v g belongs to
D,. The argument showing f A g belongs to D,, is similar. m

The following is then immediate.
Corollary 6.5.6 L, is a sublattice of L.

Further properties of the lattice L,, can be developed directly as in [64], or
via decreasing functions and the pointwise order as in [45]. We shall instead
develop the properties of L,, by realizing it isomorphically in yet another form.
This is the focus of the next section.

6.6 Agreement convexly almost everywhere

There are many circumstances where changing the value of a function
at a single point, or a small number of points, is of no consequence to the
result. A classic example is taking the integral of a function. However, a direct
application of this idea to members of L is hopeless—the bounds 1¢ and 1; of
the lattice L agree at all but two points. The notion that is useful is agreement
of the “straightened” versions of these function almost everywhere, which is
termed convezly almost everywhere. In this section, we develop this notion
and show that it leads to a lattice that is isomorphic to the lattice L,,.

Definition 6.6.1 Let X be the set of decreasing functions from [0,1] to [0, 2].

Since the pointwise meet and join of decreasing functions are decreasing,
X is a sublattice of the completely distributive lattice [0,2](%!] that is closed
under arbitrary meets and joins. Thus X is a complete sublattice of [0, 2][071]
in the sense of Definition 6.1.9. Then Proposition 6.1.11 gives the following.
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Proposition 6.6.2 X is a complete, completely distributive lattice.

There are several notions of “size” of a subset of I commonly encountered.
First, a set is countable if it is either finite, or in bijective correspondence
with the natural numbers. A set is dense in I if its closure is all of I, meaning
that for each x € I and each € > 0, the interval (z — ¢,z + €) intersects the set.
Finally, there is a notion of the Lebesgue measure of a set [94] that associates
to a set a number that indicates its size. For an interval, this number is its
length, but for more complicated sets, matters are more intricate. Fortunately
in our setting, the measures that arise can be described in much simpler terms.
This is the content of the following lemma. Here, functions f and g are said
to agree almost everywhere if {z: f(z) # g(z)} has measure zero. This is
written f and g agree a.e.

Lemma 6.6.3 For f,g e X, these conditions are equivalent:

1. f and g agree a.e.
2. f and g agree on a dense set.

3. f and g agree except at countably many points.

Proof. 3 = 1 = 2 is trivial. For 2 = 3, define h(z) = |f(z)-g(z)| and let C be
the set of all points where both f and g are continuous. Then h is continuous
at each point of C. Since f, g are decreasing, their discontinuities are all jump
discontinuities, and they can have only countably many of them. So [0,1]\ C
is countable. We claim h = 0 on C, which will establish the result. If not, there
is z € C with h(z) = € > 0. By continuity, there is an interval around z with
h > €/2 on this interval. But then f and g agree at no points of the interval,
contrary to their agreeing on a dense set. m

Definition 6.6.4 Let © be the relation on X defined by fOg if f =g a.e.

It is well known, and easily seen, that © is a congruence on the lattice X.
In our context, this follows from the basic fact that the union of finitely many
countable sets is countable. The proof is left as an exercise (Exercise 18). We
also show that © is compatible with arbitrary meets and joins in X.

Lemma 6.6.5 If f; (j€J) is a family of elements of X, the following hold:
1. (V f;)/© is the least upper bound of the family f;/© (j e J).
2. (Nf;)]© is the greatest lower bound of the family f;/© (j € J).

Thus X [© is complete, (V f;)/© =V (f;/©), and (A f;)/© = A(f;/O).



Convex Normal Functions 113

Proof. Let f =V f;. For each j € J, we have that f; < f everywhere, so
fj/© < f/©. Thus f/© is an upper bound of this family. Since we are in a
lattice, to show this element is the least upper bound, it is enough to show
that if g € X is such that ¢/© < f/O, then g/© is not an upper bound of this
family.

For such g, we may assume g < f by considering ¢’ = f A g if necessary.
Then as g/O < f/©, we cannot have g and f agree on a dense set, so there
is an open interval (z —€,x + €) on which g < f. There must be points in
this interval where g is continuous, and it does no harm to assume that g is
continuous at the point x.

As g< fand f =V f;, there are j € J and A >0 with f;(x) = g(z) + A. By
continuity, there is 0 < ¢’ < e with g(y) < g(x)+A/2 for all y € (x—€',x+¢€'). As
fj is decreasing, for all y € (z—¢€’, z) we have g(y) < g(x)+A/2 < f;(z) < f;(y).
So it is not the case that f;/© < g/©, showing that g/© is not an upper bound
of this family. m

For the following, see Definitions 6.1.10 and 6.1.14.

Corollary 6.6.6 The lattice X /O is complete and completely distributive,
hence is also a continuous lattice.

Proof. Proposition 6.6.2 gives that X is completely distributive, so it follows
from Lemma 6.6.5 that X /O is complete and completely distributive. That
both are continuous lattices is given by Proposition 6.1.15. m

Definition 6.6.7 For f € X and a €1, denote one-sided limits as follows:
1. f(a™) = lim f(x).
2. f(a™) = lim f(x).

We next provide a result that describes when a function f € X belongs to
D,,. Informally, it says that at each jump discontinuity, the value f attains
must be the one as close as possible to the line y = 1. The proof is similar to
that of the well-known fact that a decreasing function is upper semicontinuous
if and only if it is continuous from the left, and we omit it.

Lemma 6.6.8 For f € X we have f € D,, if and only if the following hold:

1. If f(0%) > 1, then f(0) = f(0"), otherwise f(0) = 1.
2. If f(17) < 1, then f(1) = f(17), otherwise f(1) = 1.
3. If f(a”) <1, then f(a) = f(a”).

4. I f(a*) = 1, then f(a) = f(a*).

5 If f(a™)>1 and f(a*) <1, then f(a)=1.
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Proposition 6.6.9 For each f € X, there is a unique f* € D, that agrees with
f a.e. Further, 1:X — D, is an idempotent lattice endomorphism; that is, a
retraction.

Proof. To produce such f*, one modifies the values of f at 0,1 and any of
the countably many jump discontinuities to comply with the conditions of the
above lemma. Namely, if f(0*) > 1, we set f#(0) = f(0*) and otherwise set
f*(0) = 1, and so forth. The resulting f* is seen to be decreasing. So f*(0%),
FH517), fH(a™), and f*(a*) exist for all 0 < a < 1. As f* agrees with f at all
but countably many points, these values agree with f(0%), f(17), f(a™), and
f(a*) for all 0 <a < 1. It follows that f* satisfies the conditions of the above
lemma, hence belongs to D,,, and by construction f* agrees with f a.e.

For uniqueness, suppose g is a function in D,, that agrees with f a.e. Then
by Lemma 6.6.3, we have that f and g agree on a dense set, and this implies
that f(0") = g(0%), f(17) =g(17), f(a") =g(a”), and f(a*) = g(a®) for each
0<a<1. As g € Dy, by the above lemma its values are determined by the
values of the g(0%), g(17), g(a™), and g(a*), hence g is determined by f.

For the further comments, idempotence is obvious because f* is a member
of D, that agrees with itself a.e., hence f# = f*. To see that { preserves
finite meets, note first that finite meets in D,, are given componentwise. So for
f,g€X, we have f* A g* belongs to D,,, and since f* agrees with f a.e.and g
agrees with ¢ a.e., we have f¥ gt agrees with fAg a.e. Thus (f/\g):t = ftagh.
That } preserves finite joins follows from symmetry. m

Theorem 6.6.10 The lattice D,,, hence also Ly, is isomorphic to X [O.

Proof. This follows immediately from Proposition 6.6.9 since 1 : X - D, is a
surjective homomorphism whose kernel is ©. =

The isomorphism between L, and X /© can be made explicit. Recall the
“straightening function” 1 : L — D that provides an isomorphism between L
and D (see Definition 6.2.4).

Definition 6.6.11 Functions f,g € L agree convexly almost everywhere
(c.a.e.) if their “straightened versions” ft and ¢t agree a.e. Let ® be the
relation on L given by f®g if f and g agree c.a.e.

We now collect results.

Theorem 6.6.12 The lattices Ly, D,, X/O, D/O and L [/® are isomorphic,
and they are completely distributive lattices and continuous lattices.

Proof. Proposition 6.5.4 shows that L, and D,, are isomorphic as posets, and
Corollary 6.5.6 shows they are lattices. Theorem 6.6.10 shows that these two
lattices are isomorphic to X /©. Since D is a sublattice of X and each equiva-
lence class of the congruence © of X contains a member of D, it follows that



Convex Normal Functions 115

D /© is isomorphic to X /0. Finally, Theorem 6.3.3 shows that { is an isomor-
phism from L to D. The relation ® on L is defined so that it is carried by the
isomorphism T to the relation © on D. Therefore L /® is isomorphic to D /O,
and hence to the others. By Corollary 6.6.6, X /O is a completely distributive
lattice and a continuous lattice, and as these lattices are isomorphic, they all
have these properties. m

This result shows that L, is a continuous lattice by showing that it has
the stronger property of being completely distributive. The definition of a
continuous lattice, Definition 6.1.14, is that of a lattice where each element is
the join of the elements way below it. In [45] it was shown directly that L,
is a continuous lattice by showing that each element is the join of those way
below it. We paraphrase the results of [45] below.

Proposition 6.6.13 In L, and D,, each element is the join of a family of
3-valued step functions that are way below it.

Throughout, we have considered our structures only in terms of the lattice
operations. The bounds of L are the constants 1y and 1;. Since these are USC,
L, is a bounded sublattice of L. By Theorem 6.6.12, the other lattices must
be bounded as well. The bounds of D,, are 1:5, which equals 1j, and 11, which
equals 2 everywhere except at 1, and equals 1 at 1. The bounds of X are the
constant functions 0 and 2, and the bounds of X /O are 0/© and 2/O.

The lattice L has a negation * that makes it a De Morgan algebra. Specif-
ically, f*(x) = f(1 —z) takes the mirror image of f in the line z = 0.5. It is
easy to see that L, is a subalgebra with respect to this negation as well, so is
also a De Morgan algebra. The other isomorphic lattices will also carry a De
Morgan negation. In fact, this negation can be seen to come from a natural
De Morgan structure on the most basic structure X.

Definition 6.6.14 For feX, f*(z)=2- f(1-x).

Note that the negation * on X is built from a negation on I and one on It
It takes the mirror image in the line x = 0.5 and y = 1. It is easily seen that
this negation is compatible with the congruence ©, so X /0 is a De Morgan
algebra, and that the previously described isomorphisms are isomorphisms
also with this negation. Similar comments hold for D /© and D,. We then
have the following.

Theorem 6.6.15 Fach of L,, Dy, X/O and L /® carries the structure of a
De Morgan algebra, and as De Morgan algebras, they are isomorphic.

We turn next to additional properties of these algebras. In developing these
properties it is most natural to work in the setting of the most basic of them,
the algebra X /©.
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6.7 Metric and topological properties

In this section, it is shown that X /© naturally carries a compact metric
space structure under which it is a topological De Morgan algebra. The reader
should review the preliminaries, and to begin with, Definition 6.1.6.

Definition 6.7.1 Define v:X » R by v(f) = [, f(x)da.
A Dbit of basic analysis provides the following.

Proposition 6.7.2 The map v is an quasi-valuation on X.

For f,geX,set d(f,g) =v(fvg)-v(frg)= f01 |f(x)-g(x)|dz. Note that
d(f,g) =0 if and only if f and g agree a.e., so d(f,g) =0 if and only if f©g.
Then by Theorems 6.1.7 and 6.1.8, we have the following.

Theorem 6.7.3 X /O is a metric space under the metric

D(110.9/0) = [ 15() - g(w)ldr

and under this metric, meet and join are uniformly continuous.
We will show this topology on X /0O is compact, but first a lemma.

Lemma 6.7.4 For f € X and € > 0 there is a natural number n and § > 0
so that for any g € X with |g(i/n) — f(i/n)| <& for each i =0,...,n, we have
d(f,g) <e.

Proof. Choose n so that 1/n < €/4, and let § = ¢/2. For i = 0,...,n, let
x; =ifn and y; = f(x;), and for i = 1,...,n, let J; be the interval [x;_1,x;].
Consider the behavior of f and g on the interval J;. As f is decreasing, we
have y; < f <y;—1 on J;. Since g(x;_1) is within § of y;_1, g(x;) is within § of
yi, and g is decreasing, we have y; -0 < g < y;—1+0 on J;. So |f—g| < yi—1 -y +0
on J;. Thus

1 1 1 1
f |f —glder < =(yo-y1+6) + =(y1 —y2+6) + =+ —(Yn-1 = Yn + 0)
0 n n n
So d(f,g) < %(yo -y, ) +0, and since yo, y,, lie between 0 and 2, d(f,g) <¢c. m
Proposition 6.7.5 The metric topology on X /© is compact.
Proof. With the usual topology, [0, 2] is compact, so T = [0, 2]1%] is compact
in the product topology. We first show X is a closed subspace of T'. Suppose

f ¢ X. Then there are = < y with f(x) < f(y), so f(y) = f(z) + € for some
€ > 0. The set of all g € T lying within €/2 of f in both the  and y coordinates
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is an open cylinder in T that contains f but does not contain any decreasing
function. So X is closed in 7', hence is compact under the subspace topology.

We next show that the canonical quotient map « : X — X /0O is continuous
with respect to the subspace topology on X and the metric topology on X /©.
For f € X and € > 0, we seek an open neighborhood of f in X mapped by « into
the ball in X /O of radius € centered at f/©. This is precisely what is provided
by Lemma 6.7.4. Then because X is compact, and « is onto and continuous,
it follows that X /© is compact. m

Proposition 6.7.5 shows that the metric space topology on this lattice is
a compact Hausdorff topology, and Theorem 6.7.3 shows that this metric
space topology makes X /O a topological lattice. Corollary 6.6.6 shows that
X /O is a completely distributive lattice, and hence a continuous lattice. But
Theorem 6.1.22 provides that on any completely distributive lattice L, the
Lawson topology is equal to the interval topology, and this is the unique
compact Hausdorff topology that makes L a topological lattice. Combining
these results gives the following.

Proposition 6.7.6 The metric space topology on X [/© is equal to its Lawson
topology, and this is equal to its interval topology.

Summarizing our results, gives the following.

Corollary 6.7.7 The isomorphic lattices L,,X [0, and L|/® are complete,
and completely distributive. Fach of these lattices has a natural metric that
makes it a compact Hausdorff topological lattice, and this compact Hausdorff
topology agrees with its Lawson topology and its interval topology.

When considering the De Morgan negation * on X of Definition 6.6.14, it
is easy to see that d(f,g) = d(f*,g"). Therefore * gives a De Morgan negation
on X /O that is an isometry of X /O. This gives the following.

Theorem 6.7.8 The isomorphic structures L,,X /0O, and L /® are complete,
completely distributive, compact Hausdorff, metric De Morgan algebras.

Convex normal functions seem a natural setting for applications of type-2
fuzzy theory, and agreement convexly almost everywhere fits very well with
such applications. So L /®, and its isomorphic structures X /O and L, are
naturally motivated by applications. They are also De Morgan algebras with
a large number of very attractive order theoretic and topological properties.
It would be of interest to see if there is some abstract characterization of this
lattice, perhaps in terms of some kind of universal property.
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6.8 T-norms and t-conorms

In this section, we develop the properties of convolution t-norms and
t-conorms on the isomorphic lattices L, and X /©. These results were first
obtained for L, in [65, 81, 82] using a result known as Nguyen’s theorem that
characterizes a-cuts of convolutions [84]. Our approach is somewhat differ-
ent, and makes use of “straightening.” Throughout, we will state our results
only for t-norms. The dual results hold for t-conorms, and in most cases the
proofs are identical. We only describe modifications necessary to obtain the
corresponding result for t-conorms when needed.

Proposition 6.8.1 Let A be a continuous t-norm on I and f,g € L,. Then
for any z €1, for the value

(f &4 9)(2) =V{f(@)rgly):xsy=2}
there are x,y el with x Ay =2z and (f A ¢)(2) = f(x) Ag(y).

Proof. Let ¥ = {(z,y) : @ & y = 2}. Since ¥ = A7}({z}) and A is continuous,
Y is a closed subset of I xI. Since f and g are USC and A is continuous, the
map h : IxI - I given by h(z,y) = f(z) A g(y) is usc. Then (f A g)(z)
is the supremum A of h on X. For each a < A, the set h™!([a,1]) is a non-
empty closed subset of ¥. Since ¥ is closed and bounded, it is compact. So
the intersection of the decreasing family of non-empty closed sets h™!([a, 1])
where o < A, contains a point (z,y). This point has the desired properties. m

When using this result we say that (f A g)(z) attains its value at (x,y).
We also use the following notation. For closed intervals [a,b] and [¢,d] of I,
set

[a,b]A[c,d]={z:2=ax Ly forsomea<z<band c<y<d}

Lemma 6.8.2 If A is a continuous t-norm, then
[a,b]&[c,d]=[abcbad]

Proof. Properties of a t-norm yield that a A ¢ is the least element of [a,b] A
[¢,d] and b A d is the largest. It remains to show that all of the elements
of the interval [a A ¢,b A d] are realized. This follows since [a,b] & [¢,d]
is by definition the image of the connected subset [a,b] x [¢,d] under the
continuous map A : IxI — I, so is a connected subset of I, and therefore an
interval. m

We now have the following formulation of Nguyen’s theorem [84] for our
setting. Here, we recall that for any convex function, its a-cuts are intervals,
and for USC functions, the a-cuts are closed.
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Proposition 6.8.3 Let A be a continuous t-norm on 1 and f,geL,. If a €
I and the a-cuts of f and g are the closed intervals f~[a,1] = [a,b] and
g, 1] =[c,d], then the a-cut of f A g is

(f & 9) [, 1]=[a,0] 2 [c,d]

Proof. By Proposition 6.8.1, (f A ¢g)(z) > « if and only if there is a pair z,y
with z Ay =z and f(x)Ag(y) > a. This is equivalent to having a pair z,y with
z in the a-cut of f, y in the a-cut of g, and = A y = z. So this is equivalent to
having z in [a,b] A[c,d]. m

Combining this result with Lemma 6.8.2 provides that the a-cuts of f A g
are closed. Thus f A g is usc. This gives the following.

Theorem 6.8.4 Let A be a continuous t-norm on1 and f,geL,. Then f A g
belongs to L. Therefore (L, A) is a subalgebra of (L, A). A corresponding
result holds for the convolution w of a continuous t-conorm v.

In earlier sections, the algebra L, has been isomorphically realized as a
quotient of L by the congruence of agreement c.a.e. We consider convolution
t-norms from this perspective. Recall that for any f € L, there is a unique
member f of L, that agrees with f c.a.e. This f can be obtalned by straight-
ening f, applying the operation  of Proposition 6.6.9, then unstraightening
the result. But f is simply the least USC function pointwise above f.

Theorem 6.8.5 If & is a continuous t-norm on 1 and f,g € L, then f A g
agrees with f A § c.a.e. So (L, A) is isomorphic to a quotient of (L, A). A
corresponding result holds for the convolution w of a continuous t-conorm v .

Proof. Note that if two convex normal functions take value 1 at the same place
and agree a.e., then their straightened versions agree a.e., hence the functions
agree c.a.e. In particular, if one convex normal function lies pointwise beneath
another, and they agree a.e., then they agree c.a.e.

Smce [ lies pointwise under f, and ¢ lies pointwise under g, then f A g
lies pointwise under f A §. For each z € I, by Proposition 6.8.1, (f & §)(z2)
attains its value at some pair z,y. Since f agrees with f a.e., there are only
countably many points x where f and f differ, and also only countably many
points y where g and g differ. So there are only countably many pairs z,y
where f A § attains its value and either f differs from f or g differs from g.
For all other pairs x,y, the functions f A §gand f A g agree at z = x A y.
Thus, they agree a.e., and hence c.a.e.

Finally, suppose that J1,f2 € L agree c.a.e., and g1,92 € L agree c.a.e.
Since f; is the unique member of L, that agrees with f; c.a.e., then fi=fs
and similarly ¢; = g». So fi A g agrees with f1 A g ca.e., and this equals
fg A g, which agree with fo A g9 c.a.e. So agreement c.a.e. is compatible
with the operation A. It follows that (L,, A) is isomorphic to the quotient of
(L, A) by the congruence of agreement c.a.c.
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Having seen that convolutions of continuous t-norms give rise to operations
on L,, we explore the properties of these operations. Since (L,,A) can be
realized as either a subalgebra or quotient of (L, A), the operation A on L,
is a lattice-ordered t-norm as well. But A on L, has the further property of
preserving arbitrary joins in each coordinate. This was a result first established
in [65]. Our approach is different. We begin with the following.

Proposition 6.8.6 If p; (j € J) is a family in Ly, then the following hold
for L the join in L, :

1. (Usp)* =Ly pk-
2. (Usp) " =Uspf.

Proof. For any f € M, by Theorem 1.4.5 fX' = fuT and f® = f n1, where
1 is the constant function taking value 1. The first item below follows by
properties of arbitrary joins in any complete lattice, and the second follows
by meet continuity in L,,.

Up)" = Upy)uI=pul)=]p}
J J J J
Ue)®=Up)nT=Up,nT)=p}
J J J J
This establishes the result. =

In the terminology of [27], this result shows that L and R are complete
operators on L,. Next, we establish our result in two special cases. Again,
the proofs for t-norms work equally for t-conorms.

Lemma 6.8.7 Let A be a continuous t-norm on 1 and A be its convolution.
If f,g; (j€J) are decreasing functions in L, with their join g =1y g; in L,
then

f‘g:|7|(f‘9j)

Proof. Since each g; is decreasing, it follows from Proposition 6.8.6 that g is
also decreasing. Then the straightened versions of all functions involved are
themselves. So Lemma 6.6.5 gives that joins | | in L, are given by pointwise
join V almost everywhere. Also, Theorem 6.8.5 shows that agreement c.a.e. is
a congruence with respect to A. So it is enough to show that

faNg=\V(fag)
J J
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For z €I, we have
(f & \J/gj)(Z) =V{f(z)A \J/gj(y) Ay =2}
=\/{\J/f(x) ngi(y) iz by =2}
=\J/\/{f(x) ngi(y) iz by =2}
= \J/(f A g;)(2)
This establishes the result. m

Before the next proof, we describe joins in L, of increasing functions. Since
the straightened version of an increasing function p is 2 — p, the ordering ¢ of
increasing functions is >. The join ] in L, is given by taking the pointwise
join of their straightened versions, unstraightening this, and then finding the
unique function in L, that agrees with the result c.a.e. Since the pointwise
meet of USC functions is USC, the join in L, of a family of increasing UscC
functions is given by pointwise meet A.

Lemma 6.8.8 Let A be a continuous t-norm on 1 and A be its convolution.
If f,g; (j €J) are increasing functions in L, with their join g =1y g; in Ly,
then

fag= |7| (f & g;)

Proof. By Proposition 6.8.6 and Theorem 6.8.4, all functions involved are
increasing and USC. Since A is increasing in each argument, we have that
Ls(f A g;)E f A g. This implies that f A g < A;(f A g;). For the other
inequality, we show that for each z, A € I,

/J\(f A g;)(z) >\ implies that (f A g)(z)>A

For such z, A, for each j € J we have (f A g;)(2) > X. By Proposition 6.8.1,
there are x; and y; with

zjAy;=2z and  f(z;)Agi(y;) > A

Set « = inf{z;:jeJ} and y =sup{y; : j € J}. Then z A y; <z; Ay, = z for
each j € J, hence by the continuity of A, we have x A y < z. A dual argument
shows that © Ay > z, hence x A y = 2. Since each g; is increasing and y; <y,
we have ¢;(y) > g;(y;) > X. Hence g(y) > A. Since f is increasing and Usc and
x=inf{x;:jeJ}, then f(z) =inf{f(z;):jeJ}>A Thus (fAg)(z)>\. =

Theorem 6.8.9 Let A be a continuous t-norm on I and A be its convolution.
If f,g; (j €J) are functions in L, with their join g =1y g; in Ly, then

ng=|7|(ngj)
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A corresponding result holds for the convolution w of a continuous t-conorm,
namely

fvg=|7|(fv9j)

Proof. For any convex normal function p, we have p = p A p. So to show
the desired expression, it is enough to show that

(f A g)F (|7|(f A g)" (6.1)
(f A g)ft (|7|(f Ag)" (6.2)

By Proposition 5.5.1, (f A ¢g)L = f A gL, Using this and Proposition 6.8.6,
(L agn==LIU" agf)
J J
Combining these, to show (6.1), it suffices to show that
fPagh =" ag))
J

Since all functions involved in this expression are increasing, this is given by
Lemma 6.8.8. The argument to show (6.2) is similar using Lemma 6.8.7. The
argument for a t-conorm is identical since Lemmas 6.8.7 and 6.8.8 hold also
for t-conorms. m

So in the terminology of [27], if A is a continuous t-norm, and v is a contin-
uous t-conorm, then the convolutions A and w restrict to complete operators
on L,. The following is a standard property of such complete operators. For
the pertinent definitions, see Definitions 5.1.2, 5.1.3, and 5.1.4.

Corollary 6.8.10 Let A be a continuous t-norm on 1 and A be its
convolution. Then (L., A 11) is a residuated lattice-ordered monoid. Also if
v is a continuous t-conorm, then (L,,w,1o) is a residuated lattice-ordered
monoid.

Proof. That this structure is a lattice-ordered monoid follows from the facts
that A gives a lattice-ordered monoid on L with 1; as the unit, and that
(L, A) is a subalgebra of (L, A). These are given in Proposition 5.5.1, Theo-
rem 5.5.3, and Theorem 6.8.4. To see that A is residuated, suppose f,h € L.
We must show there is a largest g with f A g=h. Let g; (j € J) be an index-
ing of all functions with f A g; € h. Then for g = Ly g;, Theorem 6.8.9 gives
fag=U;(fAg;) hence f A gEh. So g is the largest with f A g=h. =

Using properties of the De Morgan negation, we can obtain the following
result that says the convolution of any continuous t-norm or continuous t-
conorm is a complete dual operator.
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Corollary 6.8.11 Let A be a continuous t-norm on 1 and A be its convo-
lution. If f,g; (j € J) are functions in L, with their meet g = [yg; in Ly,
then

ng=|:|(ngj)

A corresponding result holds for the convolution w of a continuous t-conorm,
namely

fvg=|;|(fvgj)

Proof. By Proposition 5.4.1, (f A g)* = f* w ¢g* where w is the convolution
of the dual t-conorm of A. Since * is a De Morgan negation on L,, we have
(Myg5)" =Usg; (Exercise 20). Then using the result that the convolution of
a continuous t-conorm is a complete operator,

(fAg) =" |7|g; =|7|(f* v g) =|7|(f Ag) =(|;|f A g;)”
This gives the result. m

We summarize these results as follows.

Theorem 6.8.12 Let A be a continuous t-norm on 1 with convolution A and
v be a continuous t-conorm on I with convolution w. Then for f,g; (j € J)
functions in Ly, using || and [ for join and meet in L,

fallg=LI(fag) fa[lg=[1ag)
J J J J

fvlg=LUwvy)  Fvllg=T1fvg)
J J J J

Thus A and w are complete operators and complete dual operators on Ly,

These results have topological consequences. We recall that a function in
two variables f(x,y) is separately continuous if holding one variable fixed
always produces a continuous function of one variable; that is, the functions
o(z) = f(x,b) and ¥(y) = f(a,y) are continuous functions for each choice
of a,b. This is weaker than requiring that f is continuous under the product
topology, a property sometimes called joint continuity.

The convolution of a continuous t-norm is a function of two variables
A :L,xL, - L,, and on L, the metric, Lawson, and interval topologies
agree. The following is an immediate consequence of Theorem 6.1.21.

Corollary 6.8.13 Let A be a continuous t-norm on 1 and A be its
convolution. Then A is is separately continuous when considered as a function
from L, xL,, — L, under the metric topology. The corresponding result holds
for the convolution of a continuous t-conorm.

We do not know whether the convolution of a continuous t-norm or t-
conorm must be jointly continuous.
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6.9 Summary

The ordering of the lattice L of convex normal functions is simplified
through the technique of straightening. This is used to show that the lat-
tice L is complete, but that it does not satisfy any infinite distributive laws. A
new algebra L,, is created from L that is not only complete, but satisfies all in-
finite distributive laws. This algebra L,, is realized isomorphically both as the
subalgebra of L consisting of functions that are upper semicontinuous, and as
a quotient of L by the congruence of agreement convexly almost everywhere.
This view of identifying functions that agree c.a.e. has natural motivation in
applications.

The algebra L, has many desirable features. It is complete, and completely
distributive. It is a De Morgan algebra under *. It has a natural metric space
topology where distance d(f,g) is obtained via the integral [ | f(z)-g(z)|dz.
Under this metric space topology, it is a compact Hausdorff topological De
Morgan algebra. This metric topology is equal to its Lawson topology and to
its interval topology.

The convolution A of a continuous t-norm both restricts to L, when it
is considered as a subalgebra of L, and is compatible with the congruence
of agreement c.a.e. when L, is realized as a quotient of L. The operation A
preserves arbitrary meets and arbitrary joins in each coordinate. The same
results hold for the convolution w of a continuous t-conorm. Thus both A
and w are residuated and coresiduated. They are also separately continuous
functions with respect to the metric space topology on L.

6.10 Exercises

1. Give the definition of a continuous function between two metric spaces.

2. Prove that the distance d((z1,22), (y1,92)) = /(21 = y1)% + (22 — y2)?
between two points in the plane is a metric on R2.

3. The taxicab metric on the plane R? is given by d((z1,22), (y1,92)) =
|21 —y1| + |22 — y2|. Show that this is a metric. Why is this called the
taxicab metric?

4. Prove that the usual distance and taxicab metrics on R? have exactly
the same open sets.

5. Prove that the intersection of two open subsets of R is open and that
the union of arbitrarily many open subsets of R is open.
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11.

12.

13.

14.
15.

16.

17.

18.
19.
20.
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Prove that the collection of open sets of a topological space is a dis-
tributive lattice when partially ordered by set inclusion. It is addition-
ally complete and satisfies the meet-distributive law, but these are more
difficult to establish.

Show that the reals R with the usual lattice structure and topology form
a topological lattice; that is, prove that A and v are continuous.

Show that the subspaces of a vector space V' form a lattice when partially
ordered by set inclusion. Show that if V is finite-dimensional, then the
dimension function on V is a valuation.

Show that if d is a quasi-metric on a set X, then the relation 6 defined
by x 8y if d(x,y) = 0 is an equivalence relation.

Show that [0,1)u{2} is a sublattice of [0, 2] that is complete as a lattice
in its own right, but is not a complete sublattice.

Prove that every complete chain is completely distributive and that the
power set of any set is completely distributive.

Prove that the product of completely distributive lattices is completely
distributive, and that a complete sublattice of a completely distributive
lattice is completely distributive.

Prove that in I, a < b if and only if a < b.
Prove Proposition 6.2.2.

Prove that the pointwise join and pointwise meet of two USC functions
is Usc, and similarly for two LscC functions.

Prove that the pointwise join of arbitrarily many LSC functions is LSC,
and that the pointwise meet of arbitrarily many Usc functions is USC.

Show that the intersection of two Scott open sets is Scott open, and that
the union of arbitrarily many Scott open sets is Scott open.

Show that the relation © given in Definition 6.6.4 is a congruence on X.
Give the details of the proof of Corollary 6.6.6.

Show that in a complete De Morgan algebra, (Aya;)* = Vyaj and
(Vsaj)*=NAyaj.
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A variety of algebras is a class of algebras that can be defined by equations. In
this chapter we investigate the variety generated by M, the truth value algebra
of type-2 fuzzy sets. One important result is that this variety is generated by a
finite algebra, enabling an algorithm for determining when an equation holds
in this truth value algebra. This provides a method similar to that of truth
tables for determining the validity of equations in the truth value algebra for
type-2 fuzzy sets. The results of this chapter are found in [46].

7.1 Preliminaries

Much of this chapter deals with the area of mathematics known as universal
algebra. The reader should review the definitions of an m-ary operation, a
constant, a type, an algebra, a subalgebra, a homomorphism, an isomorphism,
and a reduct from the preliminaries of Chapters 1, 3 and 4. The reader should
also review the various examples of algebras, such as lattices, Boolean algebras,
and groups from these preliminaries.

A key feature here will be the study of equations. We begin with a definition
of the building blocks of equations, terms.

Definition 7.1.1 A term for an algebra A is a well-formed expression built
from a set of variables and the operations of the algebra. An equation s =t

127
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consists of a pair of terms. An algebra A satisfies s =t if the equation holds
for all assignments of the variables in the equations to elements of A.

For example, the equation (z * y) * z = & * (y * z) of associativity holds
in any group. Further, groups are defined by a set of equations that include

associativity and such familiar equations as z *e=2z, and z + 2™ = e.

Definition 7.1.2 A wariety V of algebras is a class of algebras of a given
type that is defined by a set of equations.

Many familiar classes of algebras are varieties. These include groups,
abelian groups, rings, and lattices. The variety of lattices is defined by the
equations saying that both operations A and v are commutative, associative,
idempotent, and the absorption laws z A (x vy) =z and z v (z Ay) = y.

Definition 7.1.3 For an algebra A, the variety V(A) generated by A is
the class of all algebras of the same type as A that satisfy all equations that
are valid in A.

Birkhoff’s Theorem below provides a link between the purely semantic
notion of a variety, and the algebraic constructs of products, subalgebras,
and homomorphisms. For a family of algebras A; (i € I) of the same type,
their product []; A4; is the product of their underlying sets with operations
defined componentwise. A subalgebra of an algebra A is a subset S ¢ A
that is closed under the operations of A. A homomorphism ¢ : A - B
from an algebra A to an algebra B of the same type is a function be-
tween their underlying sets such that for each n-ary operation f we have

o(flat,...,;an)) = f(p(ar),...,¢o(ay)) for each ay,...,a, € A.

Theorem 7.1.4 [Birkhoff] A class of algebras is a variety if and only if it is
closed under taking homomorphic images, subalgebras, and products.

We need another notion, that of a congruence on an algebra. Congruences
are equivalence relations that are compatible with the operations of an alge-
bra. They play the role for arbitrary algebras that normal subgroups play for
groups. In particular, each gives a quotient that is an algebra defined on the
set of equivalence classes of the congruence, and each homomorphic image of
an algebra is isomorphic to such a quotient. The precise definition follows.

Definition 7.1.5 A congruence on an algebra A is an equivalence relation
0 on the underlying set of A such that for each n-ary operation f and each
family a16by,. .., a,0b, we have f(ay,...,a,)0f(b1,...,bn).

For further details regarding universal algebra, the reader should consult
[10], available freely from the web. Exercises at the end of this chapter point
to some basic ideas needed.
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7.2 The variety V(M)

As discussed in Chapter 2, the algebra M = (M, n,u,*, 1o, 11) satisfies the
following set of equations for f, g, h € M.

fuf=fifnf=f

fug=guf; frng=gnf.
fu(guh)=(fug)uh; fn(gnh)=(fng)nh.
fu(fng)=fn(fug).

Linf=filouf=f.

f=r

(fug) =fng* (fng)"=f"ug

Also of interest is the reduct of M to (M, n,u), and the variety V(M, n,u)
generated by this reduct. An equation involving only the operations m and
U is satisfied by M if and only if it is satisfied by this reduct. In particular,
(M, n,u) satisfies equations (1)—(4) above.

NS e WD

Definition 7.2.1 An algebra with two binary operations M and U is a
Birkhoff system if each of these operations is commutative, associative, and
idempotent, and it satisfies Birkhoff’s equation xn(zuy) =z u(zny).

Thus (M, n,w) is a Birkhoff system, and the variety V(M, n,u) it generates
is a subvariety of the variety of Birkhoff systems. We will see that this is a
proper subvariety by demonstrating an equation that is valid in (M, n,u) but
not valid in all Birkhoff systems, and we will see that the variety V(M) is
a proper subvariety of the variety defined by equations (1)—(7) by giving an
equation that is valid in M but is not valid in all algebras that satisfy (1)—(7).
However, the following basic problem about these varieties remains open.

Problem 7.2.2 Find a set of equations that defines the variety V(M) and
one that defines V(M,n,u).

In regard to this problem, we remark that there is no reason to believe
a finite set of equations can be found to describe either variety. However, we
will show there is a decision procedure to determine when an equation holds
in either variety. In classical logic, a set of equations defining the variety of
Boolean algebras corresponds to an axiomatization of classical propositional
logic. There are two well-known decision procedures to determine if an equa-
tion holds in propositional logic—one can put each expression in disjunctive
normal form, or one can use the method of truth tables. Much of the remain-
der of this chapter will be devoted to providing such decision procedures for
the truth value algebra M.
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7.3 Local finiteness

In this section, we establish a basic property of the variety V(M), namely,
that of local finiteness.

Definition 7.3.1 An algebra A is locally finite if each finite subset of A
generates a finite subalgebra of A, and a variety V is locally finite if each
algebra in this variety is locally finite.

A primary example of a locally finite variety is the variety of distributive
lattices, a fact that will be of key importance here. To establish that M is
locally finite, we make use of the auxiliary operations L and R defined on
M given in Chapter 1, and the description of m and U in terms of the op-
erations L, R and the pointwise meet and join operations A and v given in
Theorem 1.4.5. Then the local finiteness of M will ultimately be obtained from
the local finiteness of the distributive lattice (M, A, V).

Lemma 7.3.2 For a subset S ¢ M, the subalgebra of M generated by S is
contained in the sublattice of (M, A, V) generated by S, where

S" =L RO ()R R feSTu{le, 11,18}

The proof of this lemma is found in [46], and is left here as a recommended
exercise. This result has a number of interesting consequences.

Theorem 7.3.3 The algebra M = (M,n,u,* ,1g,11) is locally finite with a
finite uniform upper bound on the size of a subalgebra in terms of the size of
a generating set.

Proof. Let S be a subset of M with n elements. By Lemma 7.3.2, the subalge-
bra of M generated by S is contained in the sublattice of (M, A, V) generated
by S = {f, £, L R (FOE (F)E LR f e S} u{lg, 11,15}, Since S’ has
at most 7n + 3 elements, the sublattice of the distributive lattice (M, A, V)
generated by S’, has at most 22" clements. m

Corollary 7.3.4 The variety V(M) generated by M is locally finite.

Proof. This is an immediate consequence of the previous theorem since M is
locally finite with a uniform upper bound on the size of a subalgebra in terms
of the size of its generating set [5]. m

Corollary 7.3.5 There are equations satisfied by M that are not consequences
of equations (1)—(7) on page 129, and there are equations satisfied by (M, n,u)
that are not consequences of equations (1)-(4) on page 129.
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Proof. If all equations satisfied by M were consequences of these equations,
then V(M) would consist of all the algebras satisfying these equations. Since
this variety is locally finite, it would follow that any algebra satisfying equa-
tions (1)—(7) would be locally finite. But ortholattices satisfy these equations,
and not all ortholattices are locally finite [8]. A similar argument holds when
we restrict to the operations U, since the variety V(M,n,u) must also be
locally finite, and not all the algebras satisfying equations (1)—(4) are locally
finite, since all lattices satisfy (1)—(4), but not all lattices are locally finite
[10]. m

We will soon produce an explicit equation that is valid in V(M) that is
not a consequence of (1)—(7), and an equation valid in V(M, n,u) that is not
a consequence of (1)—(4). In fact, the same equation will do both jobs.

7.4 A syntactic decision procedure

We first recall one of the two primary decision procedures used in classical
propositional logic. Propositional expressions are terms in the language of
Boolean algebras. Each term is equivalent to one that is a join of elements,
each of which is a meet of either variables or complements of variables

(@11 A Aain, ) VoV (QpL A A Ggny,)

Here each a;; is a literal, meaning it is either a variable or the complement
of a variable. This type of expression is called a disjunctive normal form.
Its dual, an expression that is a meet of elements, each of which is a join of
literals, is called a conjunctive normal form. The following is a well-known
result of basic importance [22].

Theorem 7.4.1 For each term t in the language of Boolean algebras, there
is a term s in disjunctive normal form with the equation s = t valid in all
Boolean algebras. Further, up to obvious permutations, this term s is unique.

This gives a decision procedure to determine when an equation t; = to is
valid in all Boolean algebras, meaning that the propositional expressions 1
and to are logically equivalent. One finds the terms s; and so in disjunctive
normal form equivalent to ¢; and ts, and sees whether they agree. (See Ex-
ercise 8 and Exercise 9.) We now consider a syntactic decision procedure to
determine when an equation holds in V(M, n,u).

Definition 7.4.2 Let V be a set of variables, and define a set V' whose ele-
ments are called literals by setting V' = {x, 2% af 2B 2 eV},
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Basic formulas from Chapter 1 expressing n and U in terms of pointwise
meet A and join v and the operations L and R allow any term in the operations
n and U to be written as an equivalent term in the operations A,v, L, R.
Assuming the terms s and ¢t have been rewritten in such a way, we seek a
decision procedure to determine when s < ¢ under the pointwise order < of M.
The key step is the following lemma. Here we note that z* v 2% = z® holds
in M, so any occurrence of ¥ v z® may be replaced by z%.

Lemma 7.4.3 Suppose the term m is a pointwise meet of literals and the
term j is a pointwise join of literals. Then m < j if and only if there is a
variable x € V' for which at least one of the following holds.

1. = occurs in m and one of z,x”, P 2R occurs in 7.

2. xl occurs in m and one of x¥, % occurs in j.

3. xf* occurs in m and one of ¥, x® occurs in j.

LR

4. 2B occurs in m and 2% occurs in j.

Proof. From the definitions of L and R, we see that z < ¥ and 2% < 2*%
hold in m. So any one of these conditions is sufficient to ensure m < j. For the
converse, suppose that for each variable x, none of these conditions apply. For
each variable x, we produce an element f, € M so that when the variables are
assigned so that x is interpreted as f,, we have that m evaluates to a function
taking value 1 at % and j evaluates to a function taking value 0 at %

(a) If z occurs inm, set f, =1 (1}, the characteristic function of the singleton

{1}. (In this case none of z, 2", %,z

occur in j.)
(b) If  does not occur in m and both z¥, 2% do occur in m, set f, = L1 sy

(In this case, none of zl, z% zLF

occur in j.)

can occur in j, but perhaps x does

R

(c) If neither z, 2% occurs in m and 2% occurs in m, set f, = i1y, (In this

case at most x, B

occur in j.)
(d) If neither x, " occurs in m and = occurs in m, set f, = Lisy. (In this

L

case at most x,x"” occur in j.)

(e) If none of x, 2%, 2 occur in m, and z¥ does occur in m, and z¥ does

not occur in j, set f, = 1{i}' (In this case, 2% cannot occur in j-)
(f) If none of x, 2%, occur in m, and x* does occur in m, and z¥ does
not occur in j, set f, = 1{%}. (In this case, 2% cannot occur in j. Note

also that if %% occurs in m, at most one of z%¥, T

we agreed to replace ¥ v 2 with 2% in j.)

occurs in j because
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(g) Finally, if none of z,zl, 2% zLf

function 0.

occur in m, let f, be the constant

It is now straightforward to check that when the variables are assigned
so that z is interpreted as f,, we have that m evaluates to a function taking
value 1 at % and that j evaluates to a function taking value 0 at % Thus, if
none of conditions (1)—(4) apply, we have m £ j. m

Theorem 7.4.4 There is an algorithm to decide when an equation s =t holds
in (m,n,u).

Proof. First, transform s and ¢ into terms s’ and ¢’ in the operations A, v, L, R
with s equivalent to s’ and ¢ equivalent to t’. Then use the fact that M is a
distributive lattice under pointwise meet and join to transform s’ into a term
s" that is a join of meets of literals, and to transform ¢’ into a term ¢ that is
a meet of joins of literals. Then s is equivalent to s” and ¢’ is equivalent to ¢”.
Also, s <" if and only if for each meet of literals M that comprises s”, and
each join of literals j that comprises t”, we have m < j. Use Lemma 7.4.3 to
determine this. We thus have an algorithm to determine if s’ <¢’, and we can
use this also to determine if ¢’ < s’. Having both s’ < ¢’ and ¢’ < s’ is equivalent
to having s’ equivalent to ¢’, hence s equivalent to ¢t. ®

Remark 7.4.5 The above techniques can be adapted to give a syntactic al-
gorithm to determine when an equation s = ¢t holds in M. Set the literals to be
V' ={x, ol 2B o ol B ol g e Vu{lg, 11,15}, Then s can be written
as a join of meets of literals, and ¢ can be written as a meet of joins of literals.
So it suffices to determine when m < j for m a meet of literals and j a join
of literals. The supply of literals is now quite rich, so this leads to a sizable
number of cases. This is left as an extended exercise for the reader.

Much of the remainder of this chapter is devoted to establishing a simple
semantic decision procedure to determine the validity of equations in M and
in (M, n,u). This is a method akin to the familiar truth tables of propositional
logic. While the final result is quite tidy, it requires some effort.

7.5 The algebra E of sets in M

In this section we begin the process of constructing M from simpler pieces.
Our first step is the following.

Definition 7.5.1 Let E be the set of all elements of M taking values in the
two-element set {0,1}. In other words, E is the set of all characteristic func-
tions of subsets of the interval 1.
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Proposition 7.5.2 The subset E of M is closed under the operations
m,u,* 10, 11,A, v, L, R. Thus E = (E,n,u,*,10,11) is a subalgebra of M.

Proof. It is well known that E is closed under pointwise meet and join A, V.
It is closed under * since applying * to the characteristic function of a set
A produces the characteristic function of {1 -z : xz € A}. Tt clearly is closed
under L, R. Since M, U can be expressed in terms of A, Vv, L, R it follows that it
is closed under these operations also.

Definition 7.5.3 For each a with 0 < a <1, we define pq : M - M as follows:

1 dfa< f(x))

0 otherwise

(pa())(@) ={

Proposition 7.5.4 For0<a<1 the map ¢, s a homomorphism with respect
to all of the operations N, u,* 19,11, A, Vv, L, R.

Proof. We abbreviate ¢, to . Clearly ¢(1g) = 19 and ¢(11) = 1;. Next, note
that the following are equivalent:

e(frg)z)=1
f(@)ng(z)>a
f(z)>aand g(z)>a
@(f)(x) =1 and p(g)(z) =1
(e(f) rne(g))(z) =1

It follows that o(f A g) = ©(f) A ¢(g). The arguments for the operations
v,*, L, R are similar, and are left as an exercise. Finally, since m and U can be
expressed in terms of L, R, A, v, it follows that ¢ preserves these also. m

A homomorphism from an algebra A to itself is called an endomorphism.
An endomorphism ¢ : A - A is called a retraction if p oy = . We now have
the following result, first observed in [112] for the case a = 0.

Corollary 7.5.5 For each 0<a <1, the map ¢, is a homomorphism from M
onto E. In fact, it is a retraction.

Proof. The above result shows that ¢, is a homomorphism. By definition,
for any f € M, we have @, (f) takes only the values 0,1, so belongs to E. It is
routine to show that if f € E, then ¢, (f) = f. So ¢, is a retraction, and hence
isonto E. m

Theorem 7.5.6 The algebras M and E generate the same variety.

Proof. As E is a subalgebra of M, we have V(E) ¢ V(M). For the other
containment, consider the product map,

H Yo : M — H E

ae[0,1) ae[0,1)
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By general considerations, this map is a homomorphism. Suppose that f,g € M
with f # g. Let « be such that f(x) # g(«), and pick a strictly between f(x)
and g(z). Then ¢, (f)(z) # pa(g)(z). It follows from Exercise 5 that the
product map is an embedding. So M is isomorphic to a subalgebra of a power
of E, showing V(M) c V(E). m

7.6 Complex algebras of chains

In this section, we give an alternate way to view the algebra E. The idea
is standard, and comes from the complex algebra 2¢ of a group G. This
consists of all subsets of G with the operations on these subsets given by:
AoB={aob:aeAbeB}, At ={a':a e A} and e = {e}, where ¢ is the
identity of the group.

Definition 7.6.1 For a bounded chain (C,A,v,0,1), the complex algebra
2¢ consists of all subsets of C with constants 1o = {0}, 11 = {1}, and binary
operations N, U given by

AnB={anb:acAbe B}
AuB={avb:acAbe B}

An involution on a chain is an order inverting map ’ from the chain to
itself of period two.

Definition 7.6.2 For a bounded chain C' with involution, its complex algebra
2¢ is as above with a unary operation * given by A* = {a’ :a € A}.

Just as it is fruitful to consider auxiliary operations on M, it is useful also
to consider additional operations on these complex algebras of chains.

Definition 7.6.3 If C is a bounded chain with or without involution, the
binary operations A,V on its complex algebra 2€ are set intersection and set
union, and the unary operations L, R on this complezx algebra are upset and
downset, respectively. Specifically,

Al ={c:a<c for some ac A}
Al ={c:c<a for some ae A}
Lemma 7.6.4 In the complex algebra 2€ of a chain C, the following hold:
1. AnB=(AuB)n A n BE,
2. AuB=(AuB)n Al nB~.
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Proof. Let ce AnB. Then c=aAb for some a € A and b € B. Without loss of
generality, assume that a < b, so c=a and ¢<b. Then ce (Au B) n A% n BE,
Conversely, suppose ¢ € (AuB)n A% n BE. Without loss of generality, assume
that ce€ A. So ¢ = a for some a € A, and since ¢ € B, then ¢ < b for some b € B.
Then c=a b, so ce An B. The argument for AL B is similar. m

The following result is a consequence of the fact that an equation p = ¢
that is satisfied by A and has each variable occur the same number of times
on each side of the equation is also satisfied by the complex algebra of A. See
Exercise 12.

Proposition 7.6.5 The complex algebra of a bounded chain with involution
satisfies equations (1)—(7) given at the beginning of Section 2.

As a first step to link complex algebras with our earlier considerations,
note the following.

Proposition 7.6.6 The subalgebra E of M of all characteristic functions
of sets is isomorphic to the complex algebra of the unit interval 1 with the
standard negation ¥’ =1 - x.

Proof. The map that sends a set A to its characteristic function 14 is a
bijection from 2! to E that preserves A, v. Since 10y and 17y are the constants
of E, this bijection preserves the constants as well. Since (14)*(z) =14(1-2z),
it follows that (14)* = 14x, so * is preserved. Since (14) is the least increasing
function above 14 and A% is the upset of A, it follows that (14)% = 14z.
Similarly (14)% = 14r. Since this bijection preserves L, R, A, v, and n, U are
expressed in terms of these operations in both the complex algebra and in E,
it follows that these operations are preserved. m

One more link is needed to connect more fully the algebra E to complex
algebras of chains.

Proposition 7.6.7 If C and D are bounded chains, or bounded chains with
involution, and ¢ : C — D is a homomorphism, then ¢[-]:2° — 2P is a
homomorphism where ¢ [A] is the image of the set A under the map .

Proof. For A, Bc C we have p[AnNB]={p(anb):aecAbe B}. Since ¢ is a
homomorphism, this equals {¢(a) Ap(b) :a € A,be B}, which is ¢ [A]n¢[B].
The arguments for the operations u,* , 1, 1; are similar. =

7.7 Varieties and complex algebras of chains

Here we show that the variety generated by M is generated also by the
complex algebra of a 5-element chain with involution, and that the variety
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generated by the reduct of M obtained by omitting the negation * is generated
by the complex algebra of a 3-element chain.

Definition 7.7.1 Let 3 be the three-element bounded chain 0 <u < 1.

Theorem 7.7.2 For C a bounded chain with at least three elements, the va-
riety V(2€) generated by the complex algebra of C equals the variety V(23)
generated by the complex algebra of 3.

Proof. Suppose C is a bounded chain with at least three elements and bounds
0,1. Clearly there is an embedding ¢ : 3 > C. By Proposition 7.6.7, ¢[-] :
23 - 2¢ is a homomorphism, and since ¢ is an embedding, so is this map.
This shows V(2%) ¢ V(29).

For each c € C, define a map ¢, : C - 3. If c£ 0,1 set

1 ifz>c
pe(z)=13u ifx=c
0 ifzx<c

If ¢ is either of the bounds 0,1, set ¢.(0) = 0,¢.(1) =1, and @.(z) = u for all
0 <z < 1. Then each ¢, : C - 3 is a homomorphism of bounded chains. By
Proposition 7.6.7, it follows that each ¢, [-]:2¢ - 2% is a homomorphism, so
the product map 2¢ — (23)C is a homomorphism. We show this map is an
embedding. Suppose A, B are subsets of C' with A # B. We may assume some
¢ belongs to A and not to B. If ¢ # 0, 1, we have u belongs to . [A] and not to
e [B]. If ¢ =0, then 0 belongs to . [A] and not to ¢.[B], and if ¢ = 1, then
1 belongs to ¢.[A] and not to ¢, [B]. So this product map is an embedding,
and this shows V(2¢) c V(2°). m

Theorem 7.7.3 The wvarieties V((M,n,u,19,11)), V((E,n,u,19,11)), and
V(23) are equal.

Proof. Note that (E,n,u,1g,11) is the algebra E without the operation *,
and (M,n,u,1g,1;) is the algebra M without *. Theorem 7.5.6 gives V(M) =
V(E). This means that M and E satisfy the same equations in the operations
n,u,*, 1g, 11, so they satisfy the same equations in the operations m,u, 1o, 17.
This means that V((E,n,u,1¢,11)) = V((M, n,u, 1p,11)). In Proposition 7.6.6,
we showed E is isomorphic to 21 where I is the unit interval considered as a
bounded chain with the standard negation. So (E,n,u,1p,11) is isomorphic
to 21 where I is considered as just a bounded chain. The remainder of the
theorem then follows immediately from Theorem 7.7.2. m

We turn our attention to the matter of chains with involutions. Here the
proofs are similar to the ones just given, but a bit lengthier. We refer the
reader to [46] for details.

Definition 7.7.4 Let 5 be the five-element bounded chain 0 < p<q<r <1
with the only possible involution .
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Theorem 7.7.5 For C' any bounded chain with involution having at least five
elements, the variety V(2¢) equals the variety V(2°).

Theorem 7.7.6 The varieties V(M), V(E), and V(2°) are equal, and they
are equal to the variety V(2¢) where C is any bounded chain with involution
having at least five elements.

Corollary 7.7.7 The variety V(M) is generated by a single finite algebra and
therefore is locally finite.

7.8 The algebras 23 and 2° revisited

Before putting the results of the previous section to use, we shall refine
them further. This requires a more nuts and bolts consideration of the complex
algebras 23 and 2°. We begin with 23. This is an S-element algebra whose
structure is given below.

1,=1 0
3 5 1=1;
2 7 3
6 2 7
4=1¢ 6 5
0 1o=4
n U

FIGURE 7.1: The algebra 23

To understand this figure, note that the algebra 2% has operations
mn,u, 1g,1;. Each of the operations m,u is a semilattice operation, so can be
drawn as a poset. The operation M is the meet operation in the poset at left,
and U is the join operation of the poset at right. The constants 1g,1; are
shown in the figure. The elements of 2% are the subsets of the set {0,u,1}.
We first represent a subset such as {0,u} by a triple giving its characteristic
function 110. Here a 1 on the spot farthest left means 0 is in the set, a 1 in the
middle spot means w is in the set, and a 1 in the rightmost spot means 1 is in
the set. This represents the eight elements of 2° as the binary representations
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of the numbers 0,...,7. We convert these binary numbers to their decimal
counterparts to label the figure. So the subset {0, u} is converted to 110, and
finally to 6.

Lemma 7.8.1 Consider the equivalence relations 61,602,03 on 23 that have
the associated partitions:

0, = {0}7 {L 2, 3}7 {47 5,0, 7}
0y {O}7 {1, 3,9, 7}, {2; 4, 6}
63 = {0},{1},{2,3,6,7}, {4}, {5}
Then 01,602,03 are congruences and intersect to the identical relation.

This lemma was obtained using the Universal Algebra Calculator, a soft-
ware package to work with general algebras. It allows us to sharpen the results
of the previous section as follows.

Theorem 7.8.2 The variety V((M,n,u,19,11)) is generated by the five-
element algebra in Figure 7.2.

1, =d 00
c d=1;
b b
lp=a c
00 a=1p
n u

FIGURE 7.2: A five-element “chain”

Proof. Since 6; n 05 n O3 intersect to the identical relation, we have that
23 is isomorphic to a subalgebra of the product 22/6; x 23/05 x 23/63. Upon
computing these quotients, the first two are isomorphic to subalgebras of the
third. It follows that the variety generated by 2% equals the variety generated
by 23/63, and it is this quotient that is shown in Figure 7.2. m

We next consider the situation when the constants 1¢,1; are no longer
considered as basic operations of the algebra. Our aim is to find a generator for
the variety V((M,n,u)). We consider the algebra in Figure 7.3. It is obtained
by removing the element oo from the algebra in Figure 7.2, and by no longer
considering the constants 1g,1; to be basic operations.

Theorem 7.8.3 The variety V((M,n,u)) is generated by the 4-element alge-
bra in Figure 7.3.
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d d
c b
b c
a a
n u

FIGURE 7.3: A four-element “chain”

Proof. Let A be the algebra in Figure 7.2, A’ be the algebra obtained from
A by not considering 1g,1; to be basic operations, and let B be the algebra
of Figure 7.3. Theorem 7.8.2 gives that V((M,n,u,1g,11)) = V(A), so by the
same argument as in Theorem 7.7.3, V((M,n,u)) = V(A"). We show V(4') =
V(B). Since B is a subalgebra of A’, V(B) < V(A’). For the other containment,
let C' be the subalgebra of B consisting of the elements {b,c}. Consider the
algebra B x C', and note that there is a congruence € on this algebra with
{(a,b), (b,b),(c,b),(d,b)} as its only non-trivial equivalence class. Then the
quotient (B x C)/# is isomorphic to A’, giving V(A') cV(B). =

We turn to the case of the variety generated by M. We have seen that
this variety is generated by the complex algebra 2° of a 5-element chain with
involution. However, this complex algebra is still quite complicated. It has 32
elements and a rather intricate structure. Using techniques similar to those
above, we can simplify matters [46]. Consider the algebra in Figure 7.4.

FIGURE 7.4: A 12-element algebra

This figure shows the U operation as the join operation of this semilattice.
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*

The operation * is determined by having f* = f, 7% = j, k*
having the period two * interchange the elements 15 = 15, e
h* =m. Then n is given by the equation z Ny = (z* Ly*)*.

k, n* =n, and
=1, g* =1, and

*

Theorem 7.8.4 The variety V(M) is generated by the 12-element algebra in
Figure 7.4.

These results, showing that the variety V(M) is generated by the twelve-
element algebra above, that V((M,n,u,1p,11)) is generated by the five-
element “chain,” and that V((M,n,u)) is generated by the four-element
“chain” give improved methods to determine if certain kinds of equations
hold. For an equation s » t involving only the operations m,u, it is enough to
determine if it holds in the four-element “chain.” This requires testing every
possible combination of these four elements for the variables. For an equa-
tion using the operations m,u and the constants 1g,1;, we must test it in
the five-element “chain,” and for one using * as well, we must test it in the
twelve-element algebra. This is an extension of the familiar method of truth
tables from classical propositional logic. We conclude with an application of
this technique.

Definition 7.8.5 The doubled distributive law is the equation

[zn(yuz)n[(zny)u(@znz)]=[zn(yuz)]ul(zny)u(znz)]

The doubled distributive law is obtained in an obvious syntactic manner
from the usual distributive law; it is pnq = pu q where p = ¢ is the usual
distributive law. It is easily seen that a lattice satisfies the doubled distributive
law if and only if it satisfies the usual distributive law.

Proposition 7.8.6 The doubled distributive law is an equation that is valid
in M that is not a consequence of the equations (1)-(7) listed at the start of
Section 7.2.

Proof. To see that the doubled distributive law is valid in M one must only
check that it is valid in the 4-element algebra of Figure 7.3. That this equation
is not a consequence of equations (1)—(7) follows since there is an orthocom-
plemented lattice that is not distributive. This will satisfy (1)-(7), but not
the generalized distributive law. m

Definition 7.8.7 The symmetric distributive law is the equation
(zuy)n(zuz)n(yuz)=(zny)u(znz)u(ynz)

The symmetric distributive law is equivalent to each of the join distributive
law and the meet distributive law in every lattice, but not in every Birkhoff
system. Using the method of truth tables, one can verify the following.
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Proposition 7.8.8 The symmetric distributive law is an equation that is
valid in M that is not a consequence of the equations (1)-(7) listed at the
start of Section 7.2.

In Chapter 3, we gave a fairly wide array of subalgebras of M that were
lattices. Each turned out to be a De Morgan algebra. This was not an accident.

Corollary 7.8.9 FEvery subalgebra of (M,n,u) that is a lattice is a distribu-
tive lattice. Therefore every subalgebra of M whose N,u reduct is a lattice is a
De Morgan algebra.

7.9 Summary

We have shown that the variety generated by (M,n,u,*,1p,11) is equal
to the variety generated by its subalgebra E, where E is the algebra that
consists of characteristic functions of sets. This variety is also generated by
the complex algebra of any bounded chain with involution that has at least 5
elements, as well as by an algebra with 12 elements.

The varieties generated by (M,m,u,1g,11) and (M, n,u) are generated by
the corresponding reducts of E, as well as by the complex algebra of any
bounded chain, or chain, with at least 3 elements. The variety generated by
(M, m,u,1p,11) is generated by the complex algebra of a 5-element algebra
that is a bichain with constants, and the variety generated by (M,m,u) is
generated by a 4-element bichain.

These results allow a decision procedure to determine when an equation
holds in M—one tests to see whether it holds in the 12-element algebra that
generates the same variety as M. If the equation does not use negation or the
constants, one can test whether it holds in the 4-element bichain that generates
the same variety as the reduct (M,m,u). This is analogous to the method
of truth tables to determine whether an equation is a classical tautology. A
syntactic decision procedure to determine whether an equation holds is also
given.

7.10 Exercises

1. Give an example of an algebra (G, *) with a single binary operation *
that is a group in the usual sense of the term, but that has a subalgebra
that is not a group in the usual sense of the term.



10.

11.

12.

13.

14.

15.
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Define the variety of rings with unit; that is, give the type of these
algebras, and equations defining the variety.

Prove that if (G, *,7,e) is a group and N is a normal subgroup of G,
then Oy = {(z,y) : xyx~ 'y~ € N} is a congruence on G.

Give all congruences on the Klein-4 group (G, *,”!,e). Hint: There are
five of them.

Suppose A is an algebra, and that for each i € I that ¢, : A - A; is
a homomorphism. Let ¢ : A - []; A; be the homomorphism given by
p(a)(i) = p;(a). We say this family of homomorphisms separates points
if for each a,b € A with a # b there is ¢ € I with ¢;(a) # ¢;(b). Show
that if this family of homomorphisms separates points, then ¢ is an
embedding.

Prove that the equations 17 = 1o, 15 =1y, (fug)n(fng) = fng, and
(fug)u(fng)=fug follow from the equations (1)—(7) on page 129.

Prove Lemma 7.3.2 by showing that the closure of S under the opera-
tions M,u,* ;19,17 and L, R is contained in the sublattice of (M, A,V)
generated by S’.

Express the expression x A (y' v (2 A 2)) in disjunctive normal form and
in conjunctive normal form.

Use conjunctive normal form to prove that a subalgebra of a Boolean
algebra that is generated by a set with n elements has at most 22
elements.

Give the decision procedure to determine when m < j where m is a meet
of literals and j is a join of literals as in Remark 7.4.5.

Complete the argument in Proposition 7.5.4 to show ¢, is a homomor-
phism.

Suppose A is an algebra. Show that if an equation p = ¢ has each variable
occurring the same number of times on each side of the equation, then
if p=¢q is valid in A, it is valid in the complex algebra of A. Provide
an example from group theory that not all equations are preserved this
way.

Show that in a lattice the doubled distributive law and the distributive
law are equivalent.

Use the method of truth tables to show that the doubled distributive
law holds in M.

Use the method of truth tables to show that the symmetric distributive
law holds in M.
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16. Use the syntactic method of disjunctive normal form to show that the
doubled distributive law holds in M.

17. Use the method of truth tables to determine whether or not the doubled
modular law holds in M.

18. Use the method of truth tables to determine whether or not either dis-
tributive law holds in M.
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In the previous chapter, it was shown that the variety V(M) generated by M
is generated by a 12-element De Morgan bisemilattice, and that the variety
generated by the reduct (M, n,u) is generated by a 4-element bichain. This
gives an algorithm similar to the method of truth tables to determine whether
an equation holds in M. In this chapter, we continue the study of the variety
generated by (M, n,u). We place this in the context of other known varieties,
and try to find an equational basis for it. Such an equational basis would
give an axiomatization for the M, u fragment of the type-2 truth value algebra
much as the equations defining Boolean algebras give an axiomatization of the
truth value algebra of classical logic. This remains an open problem. It has
been shown in the previous chapter that additional equations past the basic
ones of Chapter 2 are required to define this variety, and possibly infinitely
many are required. We give a conjecture involving the notion of splittings for
such an equational basis, but further work on this problem is required.

8.1 Preliminaries

Congruences were introduced in Definition 7.1.5 as equivalence relations
on an algebra that are compatible with its operations. It is easily seen that
the intersection of a family of congruences of an algebra A is a congruence
(Exercise 1). It follows that the congruences of an algebra form a lattice.

Definition 8.1.1 For an algebra A, Con(A) is its lattice of congruences.

145



146 The Truth Value Algebra of Type-2 Fuzzy Sets

An algebra is congruence distributive if its congruence lattice is
distributive, and a variety is congruence distributive if each algebra in
the variety is congruence distributive. An axiomatization, or equational
basis, of a variety V is a set of equations that is satisfied by exactly those
algebras of the appropriate type that belong to V. For example, the equa-
tions given in Definition 1.1.2 axiomatize the variety of lattices. There is a
deep result regarding equational axiomatizations of congruence distributive
varieties due to Baker [10].

Theorem 8.1.2 A congruence distributive variety that is generated by a finite
algebra can be axiomatized by a finite set of equations.

Every algebra A has a smallest congruence relation A = {(a,a) : a € A}
and a largest congruence relation V = {(a,b) : a,b € A}. An algebra A is
subdirectly irreducible if there is a smallest congruence on A among those
that are not equal to A. Subdirectly irreducible algebras are basic building
blocks of varieties as is shown by the following result of Birkhoff [10].

Theorem 8.1.3 If A belongs to a wvariety V, then A is a subalgebra of a
product of subdirectly irreducible algebras that belong to V. So every variety is
generated by its subdirectly irreducibles.

In the case of congruence distributive varieties, much more is true. The
following is a consequence of a result of Jénsson [10].

Theorem 8.1.4 If A is a finite algebra and the variety V(A) generated by
A is congruence distributive, then the subdirectly irreducible algebras in V(A)
are homomorphic images of subalgebras of A.

Funayama and Nakayama showed that the variety of lattices is congruence
distributive [10]. Moreover, if A is any algebra that has a lattice L as a reduct,
then the congruence lattice of A is a sublattice of the congruence lattice of L
(Exercise 2). It follows that if each member of a variety V has a reduct that
is a lattice, then V is congruence distributive. Thus De Morgan algebras and
Boolean algebras are also congruence distributive varieties.

Not all varieties are congruence distributive. For example, the varieties of
sets (Exercise 4) and groups are not congruence distributive. Another example
is most pertinent here. The proof of the following is given as Exercises 9 and 10.

Theorem 8.1.5 The wvariety of semilattices is generated by the 2-element
semilattice and is not congruence distributive.

There is another context in which lattices arise in the study of general
algebras. Suppose V is a variety and V; (j € J) is a family of varieties, each
contained in V. Then N;V; is also a subvariety of V. This can be seen using
either of the two characterizations of a variety—as a collection of algebras of
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the same type that is closed under homomorphic images, subalgebras, and
products (Exercise 11), or as the collection of all algebras of a given type that
satisfy some set of equations (Exercise 12). This yields the following.

Proposition 8.1.6 For any variety V, the collection of subvarieties of V is
a lattice Sub(V) called the lattice of subvarieties of V.

Our primary tool to study the lattice of subvarieties will be the notion
of splittings. While this is defined for any lattice, it is the application of this
notion to the lattice Sub(V) of subvarieties of V that will be of interest here.

Definition 8.1.7 An ordered pair (u,w) of elements of a lattice L is a split-
ting pair if for each x € L, either x <u or w < x, but not both. Thus, (u,w)
is a splitting pair if u is the largest element of L that does not lie above w.

Our interest is in splitting pairs (U, W) of the lattice Sub(V) of subvari-
eties of a variety V. These are called splitting pairs of subvarieties. The
following can be found in [57].

Proposition 8.1.8 Let (U, W) be a splitting pair of subvarieties of V. Then
there is a subdirectly irreducible algebra S that generates W, the variety U is
the largest subvariety of V that does not contain S, and U is defined by the
equations defining V and one additional equation.

The subdirectly irreducible algebra S in Proposition 8.1.8 is a splitting
algebra in V), the variety U is the splitting variety of S in V, and the
additional equation defining the splitting variety is the splitting equation
of S'in V. Our source of splitting algebras is tied to the following.

Definition 8.1.9 An algebra P in a variety V is weakly projective in V if
for any algebra A €V and any homomorphism f: A — P onto P, there is a
subalgebra B of A so that the restriction f|g: B — P is an isomorphism.

We note that the term “projective” without the modifier “weakly” is re-
served for the notion where the homomorphism P is not necessarily onto, but
just an epimorphism in the categorical sense [73].

Definition 8.1.10 For a variety V and an algebra S €V, define Vg to be the
class of all algebras in V that do not contain a subalgebra that is isomorphic
to S.

Vs={AeV:5¢ A}

The following is our key result [57, Lemma 2.10, Theorem 2.11].

Theorem 8.1.11 Let S be an algebra that is subdirectly irreducible and weakly
projective in V. Then S is a splitting algebra in V', and (Vs,V(S)) is a splitting
pair of subvarieties of V.

When applying this theorem, the splitting equation of S is also obtained
via expressions for the elements that generate the least non-trivial congruence
of the algebra S. This will be illustrated in Section 8.4.



148 The Truth Value Algebra of Type-2 Fuzzy Sets

8.2 Birkhoff systems and bichains

Bisemilattices were described in Definition 2.1.2 as algebras that have two
semilattice operations. To make longer expressions more readable, we alter
notation and use - and + for these semilattice operations, and use the familiar
arithmetic conventions that juxtaposition denotes -, and that - binds more
strongly than +. With these conventions, we have the following version of
Definition 2.1.10.

Definition 8.2.1 A Birkhoff system is an algebra (B,-,+) with two semi-
lattice operations - and + that satisfies Birkhoff’s equation

2(r+y)=x+xy (8.1)

In the preliminaries of Chapter 2, we have seen that every bisemilattice
(B,-,+) gives rise to two partial ordering <. and <, on B where

x<y ifandonlyif z-y==z
r<,y ifandonlyif z+y=y

Further, these two partial orderings completely describe (B,-,+). The order
<. is called the meet order, and the order <, is called the join order. When
drawing diagrams of finite bisemilattices, the meet order will be drawn on the
left, and the join order on the right. We note that these are partial orderings
on the same underlying set B.

Definition 8.2.2 A bichain is a bisemilattice where both its meet order and
its join order are chains.

Figure 8.1 shows a 4-element bichain B. Its meet order is at left, so 2-4 = 2,
and its join order is at right, so 2+4 = 4. Note that 2-3 =2 and 2+ 3 = 2. This
bichain is isomorphic to the algebra in Figure 7.3 and therefore generates the
same variety as (M, n,u). The bichain B has a particularly simple form that
is described in the following proposition.

4 4
3 2
2 3
1 1

FIGURE 8.1: The 4-element bichain B
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Proposition 8.2.3 A finite bichain with n elements is isomorphic to a unique
bichain whose underlying set is {1,...,n} for some n, and whose meet order
is 1 <. -~ <. m. This is called the standard form of a finite bichain.

Corollary 8.2.4 Up to isomorphism, there are n! n-element bichains.

When drawing a diagram of a bichain in standard form, it is not necessary
to show its meet order since that is determined. Figure 8.2 shows the join
orders of the two standard form 2-element bichains and six standard form
3-element bichains. Note that 2; is the 2-element lattice and in 25, 1-2 =1
and 1+ 2 =1, so its two semilattice operations are equal.

3 2 3 1 2 1
QJ 1J 2 3 1 3 1 2
1 2 1 1 2 2 3 3

FIGURE 8.2: The 2- and 3-element bichains

Given two elements x, y of a bichain, we have x-y is equal to either x or y,
and that x +y is equal to either x or y. This immediately gives the following.

Proposition 8.2.5 Fvery subset of a bichain is a subalgebra of it.

Given a set S, any partial ordering on S where any two elements have
a greatest lower bound gives a semilattice operation - on S, and any partial
ordering where any two elements have a least upper bound gives a semilattice
operation + on S. Thus any two such partial orderings will give a bisemilattice
structure (.9,-,+) that has the two given orders as its meet and join orders.
However, it is not the case that any two such orders will produce a bisemilattice
that satisfies Birkhoff’s equation. The following basic observation is therefore
perhaps quite unexpected.

Proposition 8.2.6 Fvery bichain is a Birkhoff system.

Proof. Suppose that z,y are elements of some bichain. By Proposition 8.2.5,
{z,y} is a subalgebra S of this bichain. Since S has 2 elements, it is isomorphic
to either 2; or 2, of Figure 8.2. But 2; is a 2-element lattice, so in it z(z +y)
and z + xy are both equal to x. In 2, the operations - and + are equal, so in
ite(z+y)=a+(z+y)=z+yand x+zy=x+ (x+y) =z +y. In either case,
Birkhoff’s equation is satisfied. m
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8.3 Varieties of Birkhoff systems

One purpose of this chapter is to place the variety generated by the reduct
(M, n,u) in the context of other known varieties. Since Birkhoff systems are
defined by equations, they form a variety. There is a large literature on the
variety of Birkhoff systems, and its subvarieties [76, 88, 91, 92]. For a current
account, see [42, 43]. We begin by listing several equations of interest.

Definition 8.3.1 Consider the following equations:
(BS) z(z+y)=1z+ay.

(SL) zy=x+y.

(mD) z(y+2) =ay + 2.

(D) z+yz=(z+y)(x+2).

The equation (BS) is Birkhoff’s equation. The equation (SL) says that the
two semilattice operations are equal. The equations (mD) and (jD) are known
as the meet distributive law and the join distributive law.

Definition 8.3.2 Let BS be the variety of Birkhoff systems and DL be the
variety of distributive lattices. Let SL, mDB, and jDB be the varieties of all
Birkhoff systems that satisfy (SL), (mD), and (jD), respectively, and let DB
be the variety of all Birkhoff systems that satisfy (mD) and (jD).

Each of 2; and 3; (Figure 8.2) is a distributive lattice, and each generates
the variety DL. Similarly, each of 25 and 3 has its two semilattice operations
agree, and each generates SL. It was shown in [76] that 34 generates DB, that
3 generates mDB, and that 3; generates jDB.

V(B)
DB
DL SL
Trivial

FIGURE 8.3: Containments between varieties
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Figure 8.3 shows the relationships among these varieties. In [42, 43], it was
shown that the portion of Figure 8.3 that does not involve V(B), correctly
indicates all joins and meets, and that there are no varieties contained in any
of these other than the ones indicated. These results are nontrivial since the
variety of Birkhoff systems fails to be congruence distributive, and we do not
address them here. We do consider our primary concern, the placement of the
variety V(B) in this figure.

Proposition 8.3.3 The variety V(B) properly contains mDB v jDB.

Proof. It is easily seen that B has subalgebras isomorphic to 3,, and 3;. Thus
V(B) 2 mDBV]DB. To see that the containment is strict, consider the equation

(y+w)(zy+z+2)=(y+u)(yz+z+2)

This equation can be seen to hold in both 3,, and 3;, and therefore holds in
the variety mDB v jDB. However, it does not hold in B, as can be seen by
substituting 1 for z, 2 for y, 3 for z and 4 for u. m

Proposition 8.3.4 The variety V(B) does not contain V(3,).

Proof. It was noted in Proposition 7.8.6 that B satisfies the following equa-
tion, called the doubled distributive law.

[2(y +2)] - [wy + 22] = [2(y + 2)] + [2y + 22] (S)
This equation fails in 3,,, substituting 2 for z, 1 for y, and 3 for z. =

There is a further variety of interest, one that lies between V(B) and the
variety of all Birkhoff systems. This is BCh, the variety generated by all
bichains. Using results of [5], Proposition 8.2.5 has the following consequence.

Proposition 8.3.5 The variety BCh is locally finite.

Since there are Birkhoff systems that are not locally finite, such as certain
non-distributive lattices, it follows that BCh is a proper subvariety of BS.
Thus, there must be equations that are valid in BCh that are not valid in all
Birkhoff systems. The following result presents several such equations.

Proposition 8.3.6 The following equations are valid in every bichain, but
fail in some Birkhoff system.

1. z(axy+xz)=ay+x2.
2. x(x+y)(zz+y)=a(z+y)(zz+y+2).

Proof. Since these equations involve 3 variables, it is enough to show they are
valid in every 3-generated subalgebra of a bichain. But by Proposition 8.2.5,
these are exactly the 3-element bichains of Figure 8.2. With basic reasoning,
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such as the first equation holds if ¢ = 1, this is not difficult. A Birkhoff system
where the equation fails is given by the software Prover9/Mace4 [75]. m

In [42, 43, 49], there are further equations given that are valid in BCh but
not in BS. It remains an open problem to find an equational basis of BCh. It
is not even known whether this variety has a finite basis. As we will see, these
questions may impact the matter of finding an equational basis for V(B).

Figure 8.4 illustrates the situation of the variety V(B) in the lattice of
subvarieties of BS. A more complete picture is given in [42, 43, 49]. This
figure also includes the variety L of lattices, and a well-known variety Q called
the variety of quasilattices.

BS

V(3m-, 3]’1 371,)

V(B)

Q
/ mDB
L /
DB
DL SL
Triv

FIGURE 8.4: Large-scale view of the lattice of subvarieties of BS

In Figure 8.4, L is the variety of lattices, and Q is the variety of quasilattices.
Thick lines represent covers, and thin lines indicate proper containment. Not
all joins and meets are as indicated.
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8.4 Splitting bichains

In this section, we show that 3,, is splitting in the variety BS, and hence also
in BCh. So there is a largest subvariety of BCh that does not contain 3,,. This
variety is defined by the equations that define BCh and the splitting equation
of 3,, in BCh, which we show is the doubled distributive law. Proposition 8.3.4
shows that V(B) is a subvariety of BCh that does not contain 3,, and we
conjecture that V(B) is the splitting variety. We begin with a simpler result
that illustrates the methods involved.

Proposition 8.4.1 The 2-element distributive lattice 2; is weakly projective
in the variety BS.

Proof. Suppose that A € BS and that f: A - 2; is a homomorphism onto 2;.
We must show that there is a subalgebra of A that is mapped isomorphically
by f onto 2;. Since f is onto, there are x,y € A with f(z) =1 and f(y) = 2.
The diagram below depicts how we would like for z,y to sit in A, but neither
the meet order nor the join order is correct.

Y

x

We repair the meet order by replacing x with xy. Note that y - (zy) = zy
so the meet order is now correct. Also f(xy) =1 and f(y) = 2. However, the
situation for the join order in the following diagram is not correct.

) )

Ty Ty

We repair the join order by replacing y with y + xy. The join order is now
correct since xy + (y + xy) =y + xy. Also, f(zy) =1 and f(y +xy) = 2.

y+xy y+xy

Ty Ly

It is possible that the changes made to the join order have made new
troubles with the meet order, but this is not the case. Birkhoff’s equation
gives that zy(y + zy) = zy + xyy = zy. Therefore {zy,y + vy} is a subalgebra
of A that is mapped isomorphically by f onto 2;. =
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As with every 2-element algebra, 2; is subdirectly irreducible. So by The-
orem 8.1.11, 2; is splitting in BS. The general method to find its splitting
equation is as follows. Take two distinct elements of 2; that belong to the
least non-trivial congruence of 2;, in this case 1 and 2. In the process to show
that 2; is weakly projective, formulas were found that give elements mapped to
these elements, in this case zy and y+xy. The splitting equation is zy = y+xy.

Proposition 8.4.2 The 2-element distributive lattice 2; is splitting in BS and
its splitting variety is SL.

Proof. In any Birkhoff system = +y + xy = = + y holds (Exercise 15). So the
splitting equation xy = y + xy implies that x +y +xy = x + xy = xy. Conversely,
x+y = xy implies that zy = y+xy. So the splitting equation for 2; is equivalent
in BS to the equation x + y = xy that defines the variety SL. m

We now turn to the matter that is of primary interest to us, the splitting
of 3,,. The process follows exactly that outlined above, but is a bit more
complicated.

Proposition 8.4.3 The bichain 3,, is weakly projective in BS.

Proof. Suppose that A € BS and that f: A — 3,, is a homomorphism onto 3,,.
Since f is onto, there are x,y,z € A with f(z) =1, f(y) =2 and f(z) = 3. The
diagram below depicts how we would like for z,y,z to sit in A, but neither
the meet order nor the join order is correct.

z )
Yy x
T z

We repair the meet order by replacing y with yz and x with xyz. Note
that f(zyz) =1, f(yz) =2, and f(z) =3.

z Yz
Yz TYz
TYZ z

Next, the join order is repaired. We note that f works as it should.
z zZ+yz+zyz
zZ+ Yz +xyz zZ+ayz

z+ Yz z
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Consider again the meet order. Using Birkhoff’s equation repeatedly, we
obtain

2(z+yz+ayz) =2(z +yz(xz +yz))
=z+yz(x +yz)

=2z+yz+ayz

Therefore, the meet order is repaired as follows.

z 2+ Yz + 1Yz
Z+yz+ayz (z+zyz)(z +yz + xyz)
(z +2y2)(z +yz + 2Y2) z

We now see that the join order is repaired. Note first that Birkhoff’s equa-
tion gives (z +a2yz)(z + yz + xyz) = z + xyz + yz(z + xyz). So the join of the
bottom and middle element of the join order is correct. For the join of the
middle and top element of the join order, Birkhoff’s equation yields

(z+yz+ayz)+ (z+ayz)(z+yz +2yz) = (2 +yz + 2y2) (2 + yz + Y2)

=z+yz+ayz

So the join order is also correct. Thus, the elements in the final diagram form
a subalgebra of A that is mapped by f isomorphically onto 3,,. So 3,, is weakly
projective. ®

The algebra 3,, is subdirectly irreducible with its least nontrivial congru-
ence collapsing the pair (1,2). So by Theorem 8.1.11, 3,, is splitting. The
formulas for elements in the above proof that are mapped to 1 and 2 are
z+yz+ayz and (z+xyz)(x+yz+2xyz). So the splitting equation of 3,, in the
variety BS is

z+yz+ayz = (z+zyz)(z+yz +2yz) (8.2)

While this equation is not compelling, when we restrict attention to BCh
matters become more interesting.

Theorem 8.4.4 The bichain 3,, is splitting in BCh and its splitting equation
in BCh is the doubled distributive law

[2(y +2)]- [wy +2z] = [x(y + 2)] + [2y + 22]

Proof. Since 3,, is weakly projective in BS and it belongs to BCh, it is also
weakly projective in the smaller variety BCh. It is subdirectly irreducible, and
therefore is splitting in BCh, and its splitting equation in BCh is the same as
its splitting equation in BS, namely (8.2). Equation (8.2) is not equivalent to
the doubled distributive law in BS. But in the presence of the equations of
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Proposition 8.3.6 that are valid in BCh, the software package Prover9 [75] gives
proofs that (8.2) and the doubled distributive law are equivalent equations in
BCh. m

In [47], a much more general result was established. Every finite bichain
that does not contain a subalgebra isomorphic to 34 is weakly projective in the
variety BS. This has many implications in describing the lattice of subvarieties
of BS [42, 43].

8.5 Toward an equational basis of V(M,n, L)

The variety V(B) is the variety generated by (M,n,u). While an equa-
tional basis for this variety remains an open problem, we conjecture that it
is the splitting variety of 3,, in BCh. If so, Theorem 8.4.4 would provide that
this variety has an equational basis, namely, an equational basis of BCh (still
unknown) and the doubled distributive law. Here we give results that lend
credence to this conjecture. We begin with the following technical result.

Lemma 8.5.1 For a finite bichain C, let Cu{oo} be the bichain formed from
C by adding a new element to the bottom of the n-order and to the top of the
u-order. Let Cu{b} be formed from C by adding a new element to the bottom
of both orders; and let C U {t} be formed from C by adding a new element to
the top of both orders. Then if C € V(B), so are Cu{oo}, Cu{b}, and Cu{t}.

Proof. We first show that Bu{oo}, Bu{b}, and Bu{t¢} belong to V(B). Note
that Bu{oo} is the quotient of B x 24 by the congruence 6 that has one non-
trivial block consisting of B x{1}, Bu{b} is the subalgebra of B x 2; consisting
of Bx{2} and (1, 1), and Bu{t} is the subalgebra of B x 24 consisting of B x{1}
and (4,2). Since 2; and 2, belong to V(B), so do these algebras.

Assume C belongs to V(B). Then there is a set J, a subalgebra S < B”,
and an onto homomorphism ¢ : S — C. Consider the constant function o
in (Bu{co})” whose constant value is the new element co added to B. In
Bu{oo}, xMoo =00 and x L oo = co. It follows that Su{oo} is a subalgebra of
this power, and ¢ extends to a homomorphism from S u {co} onto C U {co}.
The arguments for Cu{b} and C'u{t} are similar, using powers of Bu{b} and
Bu{t}. m

To show that V(B) is the splitting variety of 3,, in BCh, by Theorem 8.1.11,
we must show that if A is any algebra in BCh, then A belongs to V(B) if and
only if 3,, is not a subalgebra of A. We cannot establish this for all algebras in
BCh, but we can establish it for those algebras that are themselves bichains.
If we knew that every subvariety of BCh was generated by the bichains that it
contains, this would establish that V(B) is the splitting variety of 3,, in BCh. If
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BCh were congruence distributive, this result would be simple. Unfortunately,
there is no progress on this basic problem.

Theorem 8.5.2 For a bichain C, the following are equivalent:
1. CeV(B).
2. 3, is not a subalgebra of C.

3. C satisfies the doubled distributive law.

Proof. That the first condition implies the third follows from the fact that
B satisfies the doubled distributive law. That the third condition implies the
second follows from the fact that 3,, does not satisfy the doubled distributive
law. This can be seen by taking x =2, y = 1, and z = 3. The task is to show
that the second condition implies the first. Assume that C' is a bichain and
that 3,, is not a subalgebra of C.

To show that C' € V(B), it is sufficient to show that every finite sub-bichain
of C belongs to V(B). Indeed, if C ¢ V(B), there is some equation valid in B
that fails in C'. This equation involves only finitely many variables, so there
is some finitely generated subalgebra of C' that does not belong to V(B). By
Proposition 8.2.5, every subset of C is a subalgebra of C. So it is enough to
show that every finite bichain C' that does not contain a subalgebra that is
isomorphic to 3,, belongs to V(B).

We show by induction on n = |C| that if C' does not contain a subalgebra
isomorphic to 3, then C' € V(B). For n < 3, all n-element bichains are given in
the figure in the previous section, and all but 3,, have been shown to belong to
V(B). Suppose C has n > 4 elements. Assume the rm-order of C'is 1 <2< - < n.
If the bottom element of the L-order of C' is 1, then C' is isomorphic to C’u{b}
where C’ is the sub-bichain {2,...,n} of C. Then by the inductive hypothesis
and Lemma 8.5.1, C' € V(B). A similar argument handles the cases where
either 1 or n is the top element of the L-order of C. Set

U={k:2<k<n and k precedes 1 in the u-order}

V ={k:2<k<n and 1 precedes k in the L-order}

Since 1 is not the bottom or top of the L-order, U and V' are non-empty. Also,
since 3, is not a subalgebra of C, if w e U and v € V', then u < v. Also, since n
is not the top element of the L-order, V' must have at least two elements. So
there is some 2<k<n-2with U ={2,...,k} and V={k+1,...,n}.

There are congruences 0, ¢ on C' with 6 collapsing {1,...,%k} and nothing
else, and ¢ collapsing V' and nothing else. Note that C'/# is isomorphic to
the sub-bichain {1,k +1,...,n} of C, and that C/¢ is isomorphic to the sub-
bichain {1,...,k,k+ 1} of C. It follows from the inductive hypothesis that
C/0 and C/¢ belong to V(B). Since § and ¢ intersect to the diagonal, C' is a
subalgebra of their product, so belongs to V(B). =
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There is another path that leads to information about the equations that
are valid in V(B). First a definition.

Definition 8.5.3 For an equation s =t using the operations - and +, let its
doubled version be the equation s-t=s+t.

For example, what we have called the doubled distributive law

[2(y +2)]- [wy + 22] = [w(y + 2)] + [2y + 22]

is in fact the doubled version of the meet distributive law z(y + 2z) = 2y + zz.
There are other forms of distributivity that are valid in distributive lattices,
such as the join distributive law. However, the meet distributive law is not
equivalent to the join distributive law in BS. Indeed, one defines the variety
mDB and the other jDB. Therefore, the following result is somewhat surprising.

Proposition 8.5.4 Let s =t be an equation that is valid in the 2-element
distributive lattice 2;. Then its doubled version s-t = s+t is valid in V(B).

Proof. Note there is a congruence on B that collapses only the two middle
elements {2,3}, and the resulting quotient is a distributive lattice. Take any
equation s = t that holds in all distributive lattices. If this equation is to
fail in B for some choice of elements, it must be that s and ¢ evaluate to 2
and 3. Since {2,3} is a subalgebra of B that is isomorphic to the 2-element
semilattice, it then follows that s-t=s+¢ holds in B. =

8.6 Summary

In the previous chapter, we have shown that the variety generated by the
truth value algebra of type-2 fuzzy sets with only its two semilattice operations
in its type is generated by a 4-element algebra B that is a bichain.

In this chapter, we have investigated properties of this variety V(B). We
have placed it in the context of known varieties and located it in a picture
of the lattice of subvarieties of Birkhoff systems. This has a side benefit of
providing information about the lattice of subvarieties of V(B).

We have shown that a certain 3-element bichain 3,, is splitting in Birkhoff
systems, and conjecture that V(B) is the splitting variety of 3,, in the variety
BCh generated by all bichains. If this is the case, it follows that V(B) is defined
by the equations that define BCh (still unknown) and the doubled distributive
law. Results are given that lend credence to this conjecture. In addition to the
doubled distributive law, it is shown that V(B) satisfies the doubled version
of each equation valid in distributive lattices.

It is somewhat remarkable how intractable is the variety V(B). It has
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good properties, such as being locally finite and a fairly simple type theory
in the sense of tame congruence theory [53]. However, it is not congruence
distributive, has subdirectly irreducible algebras of arbitrarily large infinite
cardinality [76], and is immune to the many results describing when varieties
admit a finite equational basis. Many equational properties related to this
variety seem to push the limits of automated theorem provers such as Prover9
[75]. In sum, this remains an interesting area of study for both its relation to
fuzzy theory, and for purely algebraic reasons.

8.7 Exercises

1.

Show that if 6; (j € J) is a family of congruences on an algebra A, then
0 =Ny0; is a congruence on A.

Suppose that (A, (fj)s) is an algebra and 6 is a congruence of this
algebra. If J' ¢ J, show that 6 is a congruence of the reduct (A, (f;)).

Let X be a set. Then X can be considered as an algebra with no op-
erations, so the congruences on X are the equivalence relations on X.
Draw the congruence lattice of X in the following situations:

(a) X has 1 element.
(b) X has 2 elements.
(¢) X has 3 elements.

(Hint: There are 1, 2, and 5 equivalences relations).

. Show that the variety of sets is not congruence distributive.

(Hint: consider the previous exercise).

Show that the variety of sets is generated by any 2-element set.

(Hint: Show that any set is isomorphic to a subset of 2% for some suffi-
ciently large set X. This requires some knowledge of set theory).
Show that there is an algebra A that is congruence distributive, but the
variety V(A) that it generates is not congruence distributive.

(Hint: Consider the previous exercise).
Suppose that (S;A) is a semilattice and that F' ¢ S has the following
properties:

(a) If x,ye F, then x Ay e F.

(b) If z € F and x <y, then y e F.
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11.

12.

13.

14.
15.
16.
17.
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Show that 0 = {(x,y) :x,y € F or x,y ¢ F'} is a congruence on S.

Use the previous exercise to show that if S is a meet semilattice with
more than 2 elements, then for any z,y € S with = # y, there is a
congruence 0, ,, of S that is not equal to A and (z,y) ¢ 6, ,. Use this to
conclude that the only subdirectly irreducible semilattice has 2 elements.

Use the previous exercise to show that the variety of semilattices is
generated by the 2-element semilattice. (Hint: Use Theorem 8.1.3.)

Draw the congruence lattice of the 4-element meet semilattice shown
below. Conclude that semilattices are not congruence distributive. Why
is this congruence lattice distributive when the join operation is also
taken as basic?

Show that if V; (j € J) is a family of subvarieties of a variety V, then
N, V; is closed under homomorphic images, subalgebras, and products,
thus is a variety.

Suppose that V; (j € J) is a family of subvarieties of a variety V and
that X; is a set of equations that axiomatizes V;. Show that U;X;
axiomatizes My V;.

Let X be a set and P(X) be its power set. For z € X, let U = {ye X :
x#y} and W = {a}. Show that (U, W) is a splitting pair of P(X). Are
there any other splitting pairs in P(X)? Describe them all.

Are there any splitting pairs in the lattice I=[0,1]?
Show that in any Birkhoff system, x +y+ zy = x +y and (z +y)zy = zy.
Show that 2, is weakly projective in BS.

The following algebra is the free Birkhoff system on 2 generators z,y.
In it, the only relationships that hold are ones forced by the equations
defining BS. For example, z(xz+y) = z+xy, but this is forced by Birkhoff’s
equation. Show that all other relationships that hold in this algebra, such
as (r + xy)y = xy, are consequences of the equations defining BS.
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€T Tr+y y TrT+y
Tr+xy y+xy T +xy y+xy

Ty x ry )

18. The free Birkhoff system on 2 generators has the property that any
mapping of {z,y} into a Birkhoff system A extends to a homomorphism
from the free Birkhoff system into A. Show how the mapping of {x,y}
into 2; that maps = to 1 and y to 2 extends to a homomorphism. Show
the same for 2,.
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Goguen [34] introduced a categorical treatment of fuzzy sets that was later
extended by Winter [116] and given the name Goguen categories. This ap-
proach deals not only with theoretical aspects of fuzzy sets, but also with
applications such as fuzzy control. At heart, it takes the familiar category of
matrices of real numbers, and modifies this to a category of matrices whose
entries are elements of I, where matrix addition and multiplication are com-
puted using the operations A and v of I. This is called the category of fuzzy
relations. This approach is flexible enough to allow any complete completely
distributive lattice to be used in place of I. In particular, the algebra L, of
convex normal functions modulo agreement c.a.e. can be used in this setting.
Our aim in this chapter is to outline the basics of various categories of fuzzy
relations and their role in the study of fuzzy sets.

9.1 Preliminaries

We begin with a review of a topic that is likely familiar to nearly all, that
of matrices, and matrix multiplication. However, we do this review with an
eye toward employing these ideas in a different setting.

Definition 9.1.1 For natural numbers m and n, an m x n real matriz is
an indezed family A = (a;;) where 1 <i<m and 1< j<n.

163



164 The Truth Value Algebra of Type-2 Fuzzy Sets

An m xn matrix is written as a rectangular array of numbers with m rows
and n columns, with the entry a;; in the top left and the entry a,,, in the
bottom right. For example, a 2 x 3 matrix is shown below.

ail a2 ais
21 QA22 (23

Already, there is a subtlety to discuss. Suppose that we are given sets X =
{Homework, Exam} and Y = {Bob, Ted, Alice}, and that for each z ¢ X and
y € Y we have the score obtained on item x by student y. To represent this data
as a matrix according to the above definition, we first have to enumerate the
elements of X as x1,x2 and the elements of Y as y1, 92, y3. For the most part,
this is of importance only for a visual description of the data. An alternate
way to provide a visual description is to label the rows and columns.

BoB TED ALICE

HOMEWORK 63 85 74
ExaMm 70 82 61

Definition 9.1.2 For sets X and Y, an X xY real matrixz is an indezred
family of real numbers A = (agy) where x € X andyeY.

More concisely, an X x Y real matrix is simply a function ® : X xY - R.
However, we find it useful to use the familiar matrix terminology, especially
since we will eventually be taking products of such matrices.

4 21 = 12 22 19 11

1 3[2]0
Ex ) i 31 5a[31]37

If A is an m x k matrix and B is a k' x n matrix B, the product AB exists
if and only if k = k’. In the case that k = k', the product is an m x n matrix C
where the entry c;; is given as follows:

k
Cij = Z Qipbp;
p=1

In the example above, co3 = as1b13+a22ba3 +as3bzsz. S0 3-2+4-5+5-1 = 31. This
product has an obvious counterpart for matrices whose entries are indexed by
sets.
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Definition 9.1.3 Suppose that X,Y, Z are finite sets. If A is an X xY matriz,
and B is a Y x Z matriz, then their matriz product C is the X x Z matrix
where the entry c,, is given as follows.

Cyz = Z amybyz
yey
It is well known that matrix multiplication is associative. This means that if
A is an mxk matrix, B is a kx[ matrix, and C' is an [ xn matrix, then A(BC') =
(AB)C. We later extend this result to a different setting, and understanding
the ingredients that make this hold will be of importance. For this reason, we
review the proof, but do so in the setting of matrices indexed by sets.

Proposition 9.1.4 Suppose that W, XY, Z are finite sets, that A is an WxX
matriz, that B is an X xY matriz, and that C is a Y x Z matriz. Then
A(BC) = (AB)C.

Proof. Let D = A(BC), E = (AB)C, P = AB, and Q = BC. Note that D
and E are W x Z matrices, that P is a W x Y matrix, and that Q isa X x Z
matrix. Then for w e W and z € Z, we have

dwz = Z [awwq;cz]
X

Z [awx Z bﬂcycyZ]
X Y
=22 Awabaycy:

X

Y

On the other hand,

Cw,z = Z PuwyCyz

=2 [Z awrbzy] Cyz
Y LX

= Z Z awxbwycyz
Y X

b<

So D = E, providing the result. m

For each natural number n > 1, the n x n identity matrix Id,, is the one
that has 1’s along the main diagonal, and is 0 elsewhere. For example, the 3x3
identity matrix is shown below. Again, with an eye toward generalizations in
a later section, we give a detailed account of identity matrices and their basic
properties, but we do so in the setting of matrices indexed by sets.

1 00
010
0 0 1
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Definition 9.1.5 For a set X, the identity matriz for X is the X x X
matriz Idx whose (x,y) entry is given by the Kronecker delta function &,

where
52y = {1 ifr=y

0 otherwise

Proposition 9.1.6 Let X,Y be finite sets, and let A be an X xY matriz.
Then Idx A=A=Aldy.

Proof. The (z,y) entry of Idx A is cpy = Xpex Ouplpy = Gy, and the (x,y)
entry of A Idy is dyy = ¥ ey GzqOqy = Gzy. ™

We consider next a related topic, that of relations. From the preliminaries
of Chapter 1, a relation R on a set X is a subset of X x X; that is, a set
of ordered pairs (x1,x2) of elements of X. We write x; Rxs to mean that
(x1,z2) € R. This notion can be extended.

Definition 9.1.7 For sets X and Y, a relation R from X toY is a subset
Rc X xY. So a relation from X to'Y is a set of ordered pairs (x,y) where
zeX andyeY. We write x Ry to mean (z,y) € R.

For example, suppose that X = {a,b} and Y = {p,q,7}. Consider the
relation R from X to Y with a related to p and ¢, and b related to ¢ and 7.
Then R = {(a,p),(a,q),(b,q),(b,r)}. We have a Rp, but not a Rr. We can
associate to R an X xY matrix whose (z,y) entry is 1 if x Ry and 0 otherwise.
This is shown below. The rows of this matrix should be labeled a and b, and
the columns p, ¢, and r.

—_
o =
— =
= O
SN—

We turn now to a method to “multiply” relations.

Definition 9.1.8 Suppose that X,Y,Z are sets, that R is a relation from X
to Y, and that S is a relation fromY to Z. Their relational product Ro S
is the relation from X to Z given by

RoS={(z,z):thereisayeY withx Ry and y Rz}

Continuing the example above, suppose that Z = {u,v,w} and that S is
the relation from Y to Z given by S = {(p,u), (p,v), (q,v), (r,w)}. Then a
computation gives Ro S = {(a,u), (a,v), (b,v), (b,w)}.

To consider the connection between relational product and matrix product,
consider the following matrix product. The matrices at left are those for R
and S. For the product to have a nonzero entry in its (x, z) entry, there must
be a y € Y with the matrix for R having a 1 in its (z,y) entry and the matrix
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for S having a 1 in its (y, z) entry. In fact, the matrix at right below contains
the number of such y that occur.

(110)(1)18_(120)
0 1 1 00 1 0 1 1
Thus the matrix for S is not the matrix at right in the above equation, but
is obtained from it by changing each nonzero entry in this matrix to a 1. In

effect, the relation product is obtained as a matrix product using the ordinary
multiplication of numbers, but replacing + with max.

Definition 9.1.9 For a set X, let Idx be the relation R = {(z,z) : z € X}.
This is called the identity relation on X.

It is well known, and will follow from results of the following section, that
a relational product is associative when defined, and that for a relation R
from a set X to a set Y, that Idx oR = R = Roldy. In essence, a relational
product has the same properties as for matrix multiplication. We next place
these properties in a broader context, that of categories.

Definition 9.1.10 A category C consists of the following items.
1. A collection O of objects.
2. For objects X,Y, a set C(X,Y") called the morphisms from X to Y.

3. An operation o of composition that provides for each morphism A from
X toY, and B fromY to Z, a morphism Ao B from X to Z.

4. For each object X, an identity morphism Idx from X to itself.

It is further required that o is associative when defined, and that for each
morphism A from an object X to an object Y, that Idx cA=A=Aoldy.

Categories are a very general notion that occur in a very wide range of
forms [73]. We present a number of examples.

Example 9.1.11 The most obvious example of a category is the category Set
of sets. Its objects are all sets. For sets X and Y, the morphisms Set(X,Y")
are all functions from X to Y. The composition is usual function composition,
and the identity morphism for a set X is the identity function on X. We note
that for a morphism A from X to Y, and a morphism B from Y to Z, that
the composite morphism is written here as A o B rather than in the usual
way of Bo A for function composition. For our current purposes, this is more
convenient.

Example 9.1.12 The category Group has as its objects all groups, and as its
morphisms all homomorphisms between groups. Composition is again usual
function composition, and the identity morphisms on a group G is the identity
function on G.



168 The Truth Value Algebra of Type-2 Fuzzy Sets

Example 9.1.13 The category Vect has as its objects all real vector spaces,
and as its morphisms all homomorphisms (linear transformations) between
them. Composition is again usual function composition, and the identity mor-
phism on a vector space V is the identity function on V. This can be modified
so that the objects are only the finite-dimensional vector spaces, giving the
category FDVect.

Example 9.1.14 Before giving the impression that the objects of a category
must be sets, and the morphisms between them functions, we point out the
similarity between categories and directed graphs. For instance, the category
C depicted below has 2 objects, z and y, and 4 morphisms, Id,Id,, f,g. The
composition of morphisms behaves as it must with respect to the identity
morphisms, and has fog=1d, and go f =1d,.

S

9

Our earlier discussion shows that the following is a valid definition of a
category.

Definition 9.1.15 The category of matrices Mat has as objects all finite
sets. For objects X andY , the morphisms from X toY are all X xY matrices.
The composition of suitable morphisms is given by matrix multiplication, and
the morphism Idx is the identity matriz on X.

The names given for the categories in the above definitions and examples
are relatively standard. There is, however, something unfortunate about the
choice of these names. The category Set of sets is clearly named after its
objects, while the category Mat of matrices is named after its morphisms.
In fact, both categories have the same objects! It might be better to call
the category of Example 9.1.11 the category Fun of functions, and that of
Example 9.1.13 the category Lin of linear transformations, but this has never
become entrenched.

Definition 9.1.16 The category of relations Rel has as objects all sets.
For objects X and Y, the morphisms from X toY are all relations R from X
to Y. The composition of suitable morphisms is given by relation composition,
and the morphism Idx is the identity relation on X.

There is an obvious similarity between the categories Mat and Rel. In fact,
there is a more general setting to which both belong. Suppose that (.5, +,-,0,1)
is an algebra with two binary operations + and - and constants 0 and 1.
We can attempt to form a category of matrices over S whose objects are
finite sets and whose morphisms are matrices with entries in S. However,
to define matrix multiplication and have it satisfy needed conditions such as
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associativity, properties are required of S. A sufficient condition is that S be
a semiring [36].

Definition 9.1.17 An algebra (S,+,-,0,1) is a semiring if it satisfies the
following conditions:

1. + is commutative and associative.

2. - 1is associative.

3. ForeachaeS,0+a=a,1-a=a=a-1,and0-a=0=a-0.

4. For each a,b,ce S, a-(b+c)=(a-b)+(a-¢) and (a+b)-c=(a-c)+(b-c).

There is also a link between the category FDVect of finite-dimensional real
vector spaces and Mat. We don’t wish to delve into the technical meaning of
the “equivalence of categories.” The reader can take the essential meaning
from the proof of the following result. See [73] for details.

Theorem 9.1.18 The category of finite-dimensional vector spaces is equiva-
lent to Mat.

Proof. For each finite set X there is a vector space Fx that has X as a basis,
and every finite-dimensional real vector space is isomorphic to some Fx. If X
and Y are finite sets and A is an X x Y matrix, then there is a unique linear
transformation T4 : Fx — Fy so that for a basis element 2 € X we have T4 (x)
is the element of Fy given by

TA(J:) = ; AzylY

Essentially, T4 is given by the matrix transpose AT considered as a mapping
AT : Fx —» Fy. Then Ty corresponds to (AB)T = BT AT which corresponds
to the composite of the maps T and T4, which we have agreed to write
T4 0Tp. (See Example 9.1.13.) So T provides a bijection from Mat(X,Y") to
Vect(Fx, Fy) with Tap = T4 o Tg. This gives an equivalence. m

In the following sections, we will work with categories similar to Mat and
Rel. In gaining intuition for these categories, it is best to keep in mind The-
orem 9.1.18 and view them as cousins of the category of vector spaces. So to
an extent, we will be working with a variant of linear algebra.

9.2 Fuzzy relations

In this section we introduce categories related to Mat and Rel that are of
use in studying fuzzy sets. There will be two categories of primary instance,
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one that applies to fuzzy sets, and one for type-2 fuzzy sets. Both are instances
of a more general pattern that is no more difficult to describe, and we work
in the more general setting.

Definition 9.2.1 Let D be a distributive lattice. For sets X and Y, an X xY
D-matriz, also called an X xY D-relation, is an indexed family A = (az,)
where azy € D for each x € X and yeY.

Ordinary matrix multiplication computes entries as a sum of products.
This can easily adapted to the setting of D-matrices replacing the product
with meet, and sum with join. A key point here is that the distributive law
arVy by = Vy(anby) holds in any distributive lattice for joins involving only
finite indexing sets.

Definition 9.2.2 Let D be a distributive lattice and X,Y,Z be finite sets. If
Ais an X xY D-matriz, and B is a Y x Z D-matrix, then the product AB is
the X x Z D-matriz C, where

Coz = \/ (azy Aby:)
Y

The proof of the associativity of ordinary matrix multiplication given in
Proposition 9.1.4 can easily be adapted to yield the following result. The proof
is left as an exercise (Exercise 3).

Proposition 9.2.3 For a distributive lattice D, multiplication of D-matrices
over appropriately matching finite sets is associative.

We recall that a bounded distributive lattice is one with a largest element
1 and a least element 0. We leave as an exercise (Exercise 4) the fact that every
bounded distributive lattice is a semiring in the sense of Definition 9.1.17.

Definition 9.2.4 Let D be a bounded distributive lattice and X be a set. The
X x X D-identity matriz Idx is the one whose (x,y) entry is given by the
Kronecker delta function 04, where

1 ifx=

0 otherwise

We leave as an exercise (Exercise 5) the following result.

Proposition 9.2.5 Let D be a bounded distributive lattice, X,Y be finite sets,
and A be an X xY D-matriz. ThenIdx A=A = Aldy.

Propositions 9.2.3 and 9.2.5 provide the following.

Proposition 9.2.6 Let D be a bounded distributive lattice. Then there is a
category whose objects are all finite sets and whose morphisms are the D-
matrices indexed by finite sets composed via D-matriz multiplication.
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We next aim to extend matters to the setting of arbitrary sets. There
are applications in analysis that extend ordinary matrix multiplication to
(usually) countably infinite sets, but this involves taking infinite sums and
can be somewhat intricate.

Fortunately, the situation for infinite D-matrices and their products is
straightforward. We require completeness of D so that infinite joins exist. We
also require the appropriate fragment of infinite distributivity, that aAVy by, =
Vy (a A by) for arbitrary sets Y. We recall from Definition 1.4.4 that this is
known as meet continuity.

Definition 9.2.7 Let D be a complete meet continuous distributive lattice,
and let X,Y,Z be arbitrary sets. For an X xY D-matrix A and a Y x Z
D-matriz B, their product is the X x Z D-matriz C whose (x, z) entry is

Coz =\ (Qzy Abys)
Y

Note that this join involved is over the set' Y and may be infinite.

The proof of the following result is similar to ones in the finite case. It is
left as an exercise (Exercise 6).

Theorem 9.2.8 Let D be a complete meet continuous distributive lattice.
Suppose that W, X,Y,Z are sets, that A is an W x X D-matriz, that B is
an X xY D-matriz, and that C is a Y x Z D-matriz. The following hold:

1. A(BC) = (AB)C.
2. Tdw A= A= Aldy.

So for a complete meet continuous distributive lattice D, this allows us to
view the collection of all sets with the D-matrices over them as a category.
Such categories will be the central theme of this chapter. We will give them
two names to emphasize both their connection to linear algebra, as well as to
match with more commonly used names in fuzzy theory.

Definition 9.2.9 Let D be a complete meet continuous distributive lattice.
The category whose objects are all sets and whose morphisms are D-matrices
over sets will be called the category of D-matrices and written Matp. It
will also be called the category of D-relations and written Relp.

There are a number of complete meet-continuous distributive lattices that
arise in fuzzy theory. The 2-element distributive lattice 2 is connected with
classical sets. As mentioned, the category of 2-relations is simply Rel. (See
Exercise 9.) The lattice I is used in connection with fuzzy sets, and 1] with
interval-valued fuzzy sets. Both are complete meet-continuous distributive lat-
tices. The lattice L,, connected with type-2 fuzzy sets is also a complete meet
continuous distributive lattice.
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Definition 9.2.10 The category of fuzzy relations is Rely, the category
of D-relations for D the lattice I. We denote this FRel.

Definition 9.2.11 The category of type-2 fuzzy relations is the category
Rely,, of D-relations for D the lattice L,,. We denote this 2FRel.

The categories FRel and 2 FRel have an interesting modification. For any
continuous t-norm A on I, its convolution A gives a t-norm on L,. A type of
matrix multiplication can be defined using this t-norm in place of the t-norm
of meet. This is described below.

Definition 9.2.12 Let * be a binary operation on a complete distributive
lattice D. If X,Y,Z are sets, A is an X xY D-matriz, and B is a Y x Z
D-matriz, define the x-product AB to be the X x Z D-matriz C whose (x,y)
entry is

Coz = \/(awy *by2)
Y

Proposition 9.2.13 Suppose D is a complete lattice and that * is a binary
operation on D that satisfies the following:

1. * 18 commutative and associative.
2. a*Vyby=Vy(axby) for every a and family b, (y€Y) in D.

3. axl=aandax0=0 for every a € D.

Then there is a category whose objects are all sets, whose morphisms are all
D-matrices, and whose rule of composition is the *-product of D-matrices.

The proof is identical to the previous cases. We note that the distributivity
of D is not required, although we will employ this only for certain distributive
lattices. Also, the conditions above are related to the notion of a quantale
[93]. Finally, we have assumed commutativity of * since we will have it in the
cases of interest, and it makes the results easier to state. Without it, we would
need the infinite distributive law of item 2 on both sides.

Theorem 9.2.14 Let A be a continuous t-norm on 1. There is a category
FRela that has the same objects, morphisms, and identity morphisms as FRel,
but whose rule of composition is A-product rather than the usual product of
matrices over 1.

This result is a direct consequence of Proposition 9.2.13 since a continuous
t-norm A on I satisfies the three conditions of the proposition. Similarly, the
following result is a direct consequence of Proposition 9.2.13 using properties
of A on L, given in Theorems 5.6.2 and 6.8.9.
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Theorem 9.2.15 Let A be a continuous t-norm on 1 and A the restriction of
its convolution to L,. There is a category 2FRela that has the same objects,
morphisms, and identity morphisms as 2FRel, but whose rule of composition
is A-product rather than the usual product of matrices over L,,.

It is also possible to modify matters so that multiplication is constructed
taking an infinite meet of binary joins, or using an infinite meet in conjunction
with a continuous t-conorm or its convolution. The reader can formulate these
results on their own.

9.3 Rule bases and fuzzy control

In this section we provide motivation for the use of categories of matrices,
or relations, in the study of (type-1) fuzzy sets by considering an example of
their use in fuzzy control.

A description of the setup A room has a device that can be used to
heat or cool it. The device has a knob that has 5 settings, -2, -1, 0, +1, +2. A
setting of —2 rapidly puts cold air into the room, and a setting of +2 rapidly
puts hot air into the room, with the other values performing in between. We
have a sensor that will measure the temperature of the room as either 50,
60, 70, 80, or 90 degrees. We want to build a controller that will make an
adjustment to the setting of the knob based on the temperature given by the
sensor.

off
Med Cool Med Heat

Hi Cool Hi Heat

We define the following sets:

X ={50,60,70,80,90} the possible values of temperature
Y ={-2,-1,0,+1,+2} the possible knob settings
The aim is to find a function ® : X — Y that describes for a given measurement

of the temperature T' of the room, the appropriate adjustment ®(7") to be
applied to the knob.
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We begin by assigning linguistic variables CoLD, NICE, and HoOT to
room temperature. Experts would be asked to associate fuzzy subsets of X
to each of these. We also associate linguistic variables for knob settings. To
keep matters simple, we use only two. To avoid confusion, we will call these
AIR and FURNACE. Experts would be asked to associate fuzzy subsets of Y
to these. These are indicated below.

50 60 70 80 90

FIGURE 9.1: Fuzzy subsets for COLD (dashed), NICE (wavy), HOT (solid)

FIGURE 9.2: Fuzzy subsets for AIR (wavy), FURNACE (dashed)

We can represent these fuzzy sets using tables, or as the corresponding
matrices, which we call P and Q. We use .3 =.3333... and so forth.

50 60 70 80 90

1 50 00
P=l0 5 1 5 0 CoLp 1 5 0 0 0
0 0 0 5 1 NiCE 0O 5 1 5 0

Hort 0 0 0 5 1

2 1

o

AIR
FURNACE 0 0
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The next step is to give a rule base saying what actions in terms of the
adjustments AIR and FURNACE are to be taken in terms of certain outcomes
CoLp, NICE, or HOT of a measurement of temperature. The rules chosen are
given below as both a table and a matrix R. This choice of rules may not be
the best to actually build a controller, but are fine for giving an example.

CoLp NiIcE Hot

01 1
R= 1 0 0 AIR 0 1 1
FURNACE 1 0 0

FIGURE 9.3: A rule base described as a matrix and as a table

These rules say the following. If the temperature is COLD, apply FURNACE,
if temperature is NICE, apply AIR, and if temperature is HOT, apply AIR. The
rules for CoLD and HOT seem reasonable, but what about NICE? Could we
instead do nothing, so have a column of 0’s for NICE? Could we do both and
have a column of 1’s for NICE? Could we do both to some degree, and choose
whatever values in I we like for this column or the others? All of these choices
are compatible with the following mathematics. What is best depends on what
winds up building the controller that works best.

Constructing our control function Having assembled the pieces that
go into making our control function ® : X — Y, we now consider how to
combine them. As one would expect, the basic tool is matrix multiplication.
But from Theorem 9.2.14, we have many choices for how matrix multiplication
is calculated. For this example, it will be calculated with the continuous t-norm
of ordinary multiplication for product and join in I for sum.

An actual measurement is made of the temperature T'. This will give us one
of the values in X. Suppose that the value T = 80 is obtained. We represent
this as a column vector 7' that has a 1 in its fourth spot and 0’s elsewhere.
This process is sometimes called fuzzifying the value T

0
1 5 0 00 0 0
0 51 5 0 0 = 5
0 0 0 b5 1 1 .5
0

FIGURE 9.4: Computation of P(1)
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Since T is a column vector with a 1 in its fourth spot and Os elsewhere,
P(T) is the fourth column of P as a column vector. It represents the degrees
to which the temperature 80 is CoLD, NICE, and HOT, so 0, .5, and .5.

( ) :Z (%)

FIGURE 9.5: Computation of RP(T)
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We next apply the rule base and compute RP(T ). The top entry is ob-
tained as (0 A 0) v (1 A.5)v (1A .5) =.5, where the t-norm A is ordinary
multiplication. The value of RP(T) gives the degree to which a reading of 80
for temperature calls for an adjustment of AIR and FURNACE. It calls for an
adjustment of AIR with degree .5 and FURNACE with a degree of 0.

5
3
) - |
0
0

FIGURE 9.6: Computation of QT RP(T)
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Next we compute QTRP(T) where Q7' is the transpose of Q. This gives
the fuzzy subset of Y obtained by superposing the fuzzy subset for AIR with
degree .5 and the fuzzy subset for FURNACE with degree 0. The other values
of temperature can be handled similarly, but there is a more efficient way.
The column vector just obtained is simply the fourth column of the matrix
F = QT RP. The others will be the other columns of this matrix.

50 60 70 80 90

0 b5 o1 S5 1

0 3 6 3 56 -2 o 5 1 5 1

3 16 3 .16 3 -1 o 3 6 3 6

6 3 0 0 0 o 3 .16 .3 .16 3

1 5 0 0 0 +1 .6 3 0 0 0
+2 1 5 0 0 0

FIGURE 9.7: F = QT RP as a matrix and table

We now have a process, called fuzzifying, to produce from a measurement
of T' a fuzzy subset of Y (a column of the matrix above). Thus we have a map
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@' : X - Map(Y,I) that takes an element T' of X such as 80, fuzzifies it to
form 7', then multiplies F' (T ) where F' is the matrix QT RP. It remains to
take a fuzzy subset ¢ of Y and to produce from it an element of Y, a process
called defuzzifying. A common method to do this is by taking the center
of mass 1,

Ty v(y)y
Yy (y)

In many ways, this is the most problematic part of the procedure. A critical
view shows that this choice of defuzzification relies on a structure of the set
Y that may not always be present. It also makes use of operations of sum
and product from the reals. Other choices are possible, such as choosing an
element y € Y with ¥(y) taking a maximum value. Difficulties aside, in our
current example, this defuzzification yields the following result.

= (9.1)

T 50 60 70 80 90

¢ 1.3 0 -1.3 -13 -1.3

The results do not lie in the set Y, and we would somehow have to round
these off to obtain our final knob adjustments. It seems likely that we did not
produce a very effective controller from our choices, but hopefully the example
illustrates the process.

Two generalizations of the process outlined here seem natural. First, as we
have already remarked, arbitrary matrices with entries in I could be used as
rule bases. This would in no way complicate the resulting analysis. A second
place for generalization is in the treatment of temperature. The mathematics
allows for any column vector with entries in I in place of T. One can easily
imagine circumstances where our sensor provides other than crisp values where
this would be applicable.

9.4 Additional variables

In this section, we continue the example of the previous section as a means
of motivating techniques related to having additional variables.

In addition to a measure of temperature T', we consider also an independent
variable humidity H. Suppose humidity takes values in X' = {20,40,60,80}
measured in percentage of moisture. We choose possible linguistic variables
DRy and WET for humidity, and associate to these the fuzzy subsets of X'
below. These are again represented both as a table and as a matrix P’.
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20 40 60 80

FIGURE 9.8: Fuzzy subsets for DRy (dashed), WET (wavy)

L5 0 0 20 40 60 80
P’ = ( 0 .0 5 1 ) Dry 1 5 0 0
WET 0 0 5 1

Next is a rule base that describes for each combination of temperature
(CoLp, NICE, HOT) and humidity (DRY, WET), the type of adjustment (AIR,
FURNACE). This is given both as a table and as a matrix R;. Again, our aim
here is to build an example, not to build a good-quality controller.

CoLp CorLp Nice Nice Hor Hort
Dry WET Dry WET DrRY WET

AIR 0 0 0 1 1 1
FURNACE 1 1 1 0 0 0

FIGURE 9.9: The 2-variable rule base as a table

The matrix corresponding to this table is Ry as follows.

We would like to use a similar approach to that used before when we
formed QT RP, but we need a matrix formed from P and P’ of appropriate
size to be multiplied on the left by R;.

Definition 9.4.1 Suppose that A is an X xY matriz and that A’ is an X'xY”’
matriz. Their Kronecker product is the (X x X') x (Y xY") matriz written
A® A" whose ((z,2'), (y,y")) entry is azy - aj,,
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For a t-norm A on I, the notion of a A-Kronecker product A ®, A’ of
matrices over I uses A to multiply entries rather than ordinary product. Taking
the Kronecker product of the matrices P and P’ using ordinary multiplication,
gives the following, expressed in table form.

50 50 50 50 90 90 90 90
20 40 60 80 20 40 60 80
CoLp, DRy 1 5 0 O 0o 0 0 O
CoLp, WET 0 0 5 1 0 0 0 0
Hot, DRY 0O 0 0 0 1 5 0 0
Hot, WET 0O 0 0 0 0 0 b5 1

FIGURE 9.10: The Kronecker product P ® P’ in table form

This table has 6 rows and 20 columns. It is built by replacing each entry of
P with a copy of the matrix P’ multiplied by the entry of P that it replaces.
The pattern above is especially simple because the entries in the corners of P
are 1 in the top left and bottom right and 0 in the other corners.

Our fuzzy controller works as follows. One measures 7" and H. The column
vectors T and H each have a 1 in exactly one spot and are 0 otherwise. So
the Kronecker product T'® H is also a column vector with a 1 in one spot and
is 0 otherwise. This column vector is multiplied on the left by the matrix

QTR (P® P

The result is then defuzzified using the center of mass to yield a value for
adjustment as before.

More general situations The above example extends to a situation
where we have a family of independent variables whose matrices of fuzzy
subsets are given by Pi,...,P,. One makes a matrix for our rules R and
applies

Q"R(P®--®P,)

to the Kronecker product of the measurements.

Alternately, we may have a situation with one independent variable whose
matrix of fuzzy subsets is given by P and a family of dependent variables whose
matrices of fuzzy subsets are given by @1, ..., Q.. These may be adjustments
to a cooler and to a humidifier based on a measure of temperature. Here the
controller is given by

(Q1®®Qm)"RP
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The general situation has a family of independent variables, as well as a
family of adjustments, connected by a rule base R. Its controller is given by

(RQi®®Qm) R(PL®--®P,)

9.5 The type-2 setting

We continue the example of the previous two sections in the context of
convex normal type-2 fuzzy sets L.

The basic setup is the same with a device to measure temperature, and
the aim to make an adjustment to a knob that controls a device that heats
and cools a room. Again, values of temperature lie in X and the possible
adjustments of the knob lie in Y where

X ={50,60,70,80,90} the possible values of temperature
Y ={-2,-1,0,+1,+2} the possible knob settings

We use the linguistic variables CoLD, NICE, and HOT for temperature; the
linguistic variables AIR and FURNACE for the adjustment of the knob; and
the same rule base as before. However, instead of associating fuzzy subsets of
X and Y to these linguistic variables, we will assign to them certain type-2
fuzzy subsets.

We associate to COLD a type-2 fuzzy subset of X. More specifically, we
associate to COLD a function ¢: X — L, from X into the set of convex normal
upper semicontinuous functions from I to itself. This function c is shown below.

It is comprised of five functions from I to itself, namely ¢(50),...,¢(90). For
convenience we denote these csg, ..., cgo.
1
50 60 70 80 90

FIGURE 9.11: A type-2 fuzzy subset of X for COLD

In Figure 9.11, the temperature 50 has its associated function csy being
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strongly centered around the value 1. So 50 being considered COLD with degree
1 is a view strongly held by experts. The function c7 for a temperature of 70
is strongly centered around the value .5. One can say that 70 being considered
CoLD with degree .5 is a strongly held view among the experts, while 70 being
viewed as COLD with degree 0 or degree 1 is something rejected by experts.

Similar type-2 fuzzy subsets n and h of X are given for NICE and Hor,
but we will not draw these. We then form a matrix P much as we did before.
The essential difference is that the entries now are the functions comprising
these fuzzy subsets, hence elements of L,,, rather than elements of L.

50 60 70 80 90

CoLD Cs0 Ce0 Cro €80 €90
NICE n50 Neo N0 N80  N9o
Hot hso heo hro hso oo

FIGURE 9.12: A table corresponding to the matrix P

For AIR and FURNACE we have type-2 fuzzy subsets ¢ and f of Y. The
functions comprising these are the entries of a matrix Q.

-2 -1 0 1 2

AIR a-g a-1 ap ai; az
FURNACE fo fa fo i S

FIGURE 9.13: A table corresponding to the matrix

We use the same rule base as before, but need to treat it as a matrix with
coeflicients in L,,. Replace the entries 0 and 1 in the matrix of Figure 9.3 with
1g and 1; of L,,. This is using the embedding of I into L,,. Tables corresponding
to the matrices () and R are given in Figures 9.13 and 9.14.

CoLp NICcE Hor

AIR 10 11 11
FURNACE 1 19 1o

FIGURE 9.14: A table for the rule base matrix R
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In Section 9.3, we multiplied matrices with entries in I using the t-norm
A of ordinary multiplication as product and join in I as sum. To multiply
matrices with entries in L,, we will choose to use the convolution A of A as
product, and join in the lattice L, as sum. By Theorem 9.2.15, this gives an
associative multiplication. We use this to form the matrix

QTRP

The process of fuzzifying, is nearly the same as before. Given a measured
value T for temperature, create a column vector T that has an entry for each
value of X. Before we placed a 1 in the entry for the measured value of T
and 0’s elsewhere. Now, instead of using the bounds 0 and 1 of I, we use the
bounds 1¢ and 1; of L,. Place a 1; in the entry of T corresponding to the
measured value of T', and 1j in the other entries.

We then form the following product. It yields a type-2 fuzzy subset v of
Y in the form of a column vector with one entry for each element of Y.

V-2

. Y-1
QTRP(T)=| 70
Y+1

Y+2

In Section 9.3, the corresponding column vector had entries in I. We defuzzified
it using the center of mass formula (9.1). Now the entries v_o,...,v42 are
elements of L,, hence functions from I to I. We describe one possibility to
defuzzify this vector.

Since each function ~; is convex, it is integrable [94]. So we can form its
center of mass 7; where

__Jo )t
Jo i) dt

Then setting y; = 7; for i = =2,...,+2 yields an ordinary fuzzy subset of Y’
that we can defuzzify using the center of mass formula (9.1) as before.

With the exception of a small modification in the defuzzification procedure,
the use of type-2 fuzzy sets in the controller is identical to that of ordinary
fuzzy sets. The further analysis of Section 9.4 is also seen to carry over ex-
actly to the type-2 setting. Finally, we mention that the theory allows general
matrices over L, to be used as rule bases, and general type-2 fuzzy subsets of
X to be used as inputs to the controller.
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9.6 Symmetric monoidal categories

In this section, we put the use of matrices in fuzzy controllers in a broader
context. Our basic ingredient is symmetric monoidal categories. The
precise definition of this notion is given in [73]. As with many categorical
concepts, it embodies a simple idea, but requires a number of technicalities
(coherence conditions [73]). We give an abridged version below.

Definition 9.6.1 A symmetric monoidal category is a category C with a
distinguished object U and a binary operation ® that does the following. For
X and Y objects, X ® Y is an object, and for A: X - Y and A’ : X' > Y’
morphisms, A9 A’ : X ® X' > Y ®Y"' is a morphism. It is required that the
following conditions hold.

1. X QY is isomorphic to Y ® X.

2. X® (Y ®Z) is isomorphic to (X ®Y)® Z.

3. X ®U is isomorphic to X.

4. When defined, (A® A)o(B®B')=(AoB)® (A o B’).

In a symmetric monoidal category, ® is often called a tensor product,
and the object U the tensor unit. This terminology comes from the primary
example of such categories, that of real vector spaces with ® the usual tensor
product of vector spaces. In this case, the tensor unit U is the one-dimensional
vector space over the reals.

A related example is the category Mat of Definition 9.1.15 whose objects
are finite sets and whose morphisms are matrices indexed by finite sets with
entries in the reals. In this case, the tensor product X ® Y of two sets is their
ordinary set product X x Y, and the tensor product of morphisms (matrices)
A:X ->Y and A" : X’ - Y is the Kronecker product A® A" : X x X' - Y xY".
The tensor unit in Mat can be chosen to be any one-element set. We use {*}
for a standard one-element set.

Before the next results, we recall several facts. For any continuous t-norm
A on I, Theorem 9.2.14 gives a category FRela. Objects of FRela are sets.
Morphisms are matrices indexed over sets with entries in I. Morphisms are
composed via a variant of matrix multiplication that uses A as product and
join in I as sum. We recall also the A-Kronecker product of matrices described
after Definition 9.4.1. The proofs of the following results are similar to those
for Rel [41].

Theorem 9.6.2 Let A be a continuous t-norm on I. Then FRela is a sym-
metric monotdal category with the tensor product ® o that is set product X xY
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on objects and A-Kronecker product of matrices on morphisms. The tensor
unit of this category is a one-element set {*}.

In this result, it is important to have the same t-norm A used for both
the matrix multiplication and the formation of Kronecker products. Using
different t-norms would cause problems with item 4 in Definition 9.6.1. There
is also a version for the type-2 setting.

Theorem 9.6.3 Let & be a continuous t-norm on 1 and A be its convolution
to L. Then 2FRela s a symmetric monoidal category with the tensor product
®a that is the set product X xY on objects and the A-Kronecker product of
matrices on morphisms. The tensor unit of this category is a one-element set

{*}.

These categories are also known as dagger categories. They have an
operation T where X = X for each object X, and AT = AT is the transpose
of the matrix A. We note for A: X - Y, that AT : Y - X. So t reverses the
flow of arrows. Further, they have a biproduct structure where the biproduct
X @Y of objects is their disjoint union. See [41] for more details.

Definition 9.6.4 In a symmetric monoidal category with tensor unit U, the
morphisms s: U — U are called scalars.

In any symmetric monoidal category, the scalars form a commutative
monoid under composition, and in the presence of a biproduct structure, they
are also equipped with a sum [73]. For the specific categories at hand, the
scalars are matrices (a) with one entry. This leads to the following.

Proposition 9.6.5 For a continuous t-norm & on 1, the scalars of FRela
form a structure that is isomorphic to (I, &,v), and the scalars of 2FRela
form a structure that is isomorphic to (L, A,L).

We consider how the category FRel relates to fuzzy sets and controllers.
For a set X, a fuzzy subset of X associates to each x € X a value in I, hence
a vector with an entry for each element of X. Viewed as a row vector, this
is a morphism from {*} to X, and as a column vector it is the transpose, a
morphism from X to {x}.

The linguistic variables CoLD, NICE, and HOT are fuzzy subsets of X.
We view them as morphisms from X to {#*}. Taken together, they form a
morphism P from X into the disjoint union {*} & {*} @ {*}. Similarly, we
view AIR and FURNACE as a morphism @ from Y into {*} @ {*}. The rule
base R of Figure 9.3 can be viewed as a morphism from {*} & {*} & {*} to
{#} ® {*}. Then, the composite morphism from X to Y is given by

QTRP
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Recall that we originally sought a function ® : X - Y for our controller.
Of course, the morphism we have is not an ordinary function, and to turn it
into one requires the processes of fuzzification and defuzzification. We have
described how to do so, but currently there seems to be no natural categorical
way to view this part of the process.

The modifications described in Section 9.4 obviously employ the monoidal
structure of the category to incorporate additional dependent or independent
variables. Also, a sequential process of taking the output from one controller
(before defuzzification) and inputting it into another controller (without fuzzi-
fication) is given simply by composition. Lifting matters to the type-2 setting
involves only passage to the category 2FRela and is otherwise unchanged.

Finally, we remark that symmetric monoidal categories have been very
usefully employed in other areas related to information flow, including logic,
computation, and most recently quantum computation [1, 2]. Such programs
become particularly applicable when the topic moves past small-scale imple-
mentations and more systematic study is required. Then, general tools for
working with symmetric monoidal categories, such as the graphical calculus
of [61, 100] become valuable. Also of interest is placing different, yet related
studies, in broadly similar context.

9.7 Summary

Generalizations of matrices and matrix multiplication were given. These
involved matrices indexed by sets and having entries in I or L,,. Multiplication
of such matrices used meet, or another continuous t-norm, in place of product
and join in place of sum.

For any continuous t-norm A on I, the product of matrices with entries in
I taken using A is associative and has an identity. This allows us to define a
category of fuzzy relations FRel o whose objects are sets and whose morphisms
are such matrices under this product. For A the convolution of A to L,,, results
of Chapter 7 were used to show that the multiplication of matrices with entries
in L,, taken using A and join is also associative and has an identity. This allows
us to define a category of type-2 fuzzy relations 2 FRela .

An extended example was given illustrating the role played by matrices
over I in working with fuzzy controllers. An assignment of linguistic variables
and their fuzzy subsets to a quantity was shown to be given by such a matrix.
A rule base for working with linguistic variables was shown to be given by such
a matrix, and the computations for combining the linguistic variables and the
rule base was shown to amount to the multiplication of the matrices or their
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transposes. The addition of additional independent, or dependent, variables
was accomplished using the Kronecker product of matrices involved.

The fuzzy controller was extended to the type-2 setting. This replaced
fuzzy subsets with members of L, certain convex normal functions. In prac-
tical terms, rather than an expert giving a specific degree such as .6 to a
statement such as “70 degrees is COLD,” the expert gives a function that
peaks at .6 to express their confidence that varying degrees of truth apply to
this statement. The subsequent analysis of the fuzzy controller was exactly as
before, replacing matrices over I with matrices over L,,.

The categories FReln and 2FRela have a symmetric monoidal structure
® given by products of sets and Kronecker products of matrices, and they also
have a biproduct structure @ given by disjoint unions of sets. The treatment of
fuzzy controllers using matrices was formulated in a categorical context using
such structure. It was also noted how other situations involving information
flow in the sciences is treated by such symmetric monoidal categories.

9.8 Exercises

1. Let Metric be the category whose objects are all metric spaces and whose
morphisms are all continuous maps between metric spaces. Prove that
Metric is indeed a category.

2. Let G be a group, and define a category Cg as follows. Let there be a
single object *. For each g € G, consider g as a morphism from = to itself.
For morphisms g, h from * to itself, define their composite to be their
product gh taken in the group G. Prove that Cq is indeed a category.

3. Let D be a distributive lattice. Prove that when defined, multiplication
of D-matrices is associative.

4. Prove that every bounded distributive lattice is a semiring in the sense
of Definition 9.1.17.

5. Prove Proposition 9.2.5.
6. Prove Theorem 9.2.8.

7. Let S be a semiring in the sense of Definition 9.1.17. Give a proof that
the category Matg whose objects are finite sets and whose morphisms
are matrices over S is a category.

8. Referring to Exercise 7, prove that R is a semiring, and that the category
Mat is the category Matg.
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Let S be the 2-element distributive lattice 2. Referring to Exercise 7,
prove that the category Matg is the category FRel whose objects are all
finite sets, whose morphisms are the relations between them, and whose
rule of composition is composition of relations.

Give an example of a distributive lattice D and a square D-matrix A
whose determinant is non-zero, but with A not having an inverse.

Repeat the example (the whole of it) from Section 9.3 using matrix
multiplication with A and v from I rather than ordinary multiplication
and v as was done in the text.

Repeat the example (the whole of it) from Section 9.3 using a different
rule base of your choice.

Consider the category Set whose objects are sets and whose morphisms
are ordinary functions between sets under function composition. Show
that the product X x Y of sets can be considered as a tensor product
for this category.
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This chapter addresses the situation when the unit interval that is used to
construct M is replaced by two finite chains, possibly of different sizes. Again,
the functions from one chain to the other form an algebra with operations
defined via convolutions. These algebras are of interest on two counts. Many
applications of fuzzy theory would involve only a finite subdivision of the
chain I, so would take place in such algebras rather than the full algebra M.
Also, these algebras are interesting mathematical entities per se. Much of the
basic theory developed in previous chapters applies also in the finite setting.
We consider topics such as subalgebras, automorphisms, and convex normal
functions. There are also additional topics of interest in this setting, especially
concerning the structure of these algebras and their irreducibles, and related
orders.

10.1 Preliminaries

Here we consider more closely the matter of join irreducible elements in
finite distributive lattices. We have seen such elements before in the study of
automorphisms of M. But there are many aspects of such join irreducibles in
the setting of finite distributive lattices that go beyond what we have so far
considered. This is known as Birkhoff duality. (See Theorem 10.1.8.)

189
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Definition 10.1.1 Let L be a lattice and x € L be non-zero.

1. = is join irreducible if x =y v z implies that =y or z = z.
2. x is join prime if x <y Vv z implies that x <y or x < z.

The definitions of meet irreducible and meet prime are defined dually,
and as before, an element is doubly irreducible if it is both join irreducible
and meet irreducible.

Proposition 10.1.2 In any lattice, join prime implies join irreducible. In
general, the two notions do not coincide, but they do coincide in any distribu-
tive lattice.

Proof. Suppose that x is join prime and that = = y v z. Since x is the least
upper bound of y and z, then y < x and z < z. Since z is join prime and
r=yVvz, thenxz<yvz sox<yorz<z Thus z =y or x ==z So z is join
irreducible.

The element a below is join irreducible, but not join prime since a < bv c.
This lattice is not distributive since a A (bv ) # (aAb) v (aAc).

Finally, suppose that x is a join irreducible element in a distributive lattice.
If x <y vz then 2 =z A (yV z), hence by distributivity z = (z Ay) v (2 A 2).
Since x is join irreducible, then z = x Ay or x = © A z. Thus either z < y or
x < z. So x is join prime. m

Proposition 10.1.3 In any finite lattice L, each element is the join of join
irreducible elements.

Proof. Note first that 0 is the join of the empty set, hence is a join of a set
of irreducible elements. Suppose the statement is not true. Then among the
elements of L that are not the join of join irreducible ones, there is one that is
minimal, say x. If z is join irreducible, then z is the join of {z}, hence is the
join of a set of one join irreducible element. If x is not join irreducible, then
x =y Vv z where y <z and z < z. The minimality of x gives that both y and z
are the join of join irreducibles, hence « is also the join of join irreducibles. m

Definition 10.1.4 For a lattice L, let J(L) be the set of join irreducible
elements of L. We consider J(L) as a partially ordered set where the partial
ordering is that inherited from L.
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This will be primarily employed for distributive lattices. An example is
given below.

0
L J(L)
Definition 10.1.5 A downset of a poset P is a subset S € P such that x € S

and y < x implies y € S. We let D(P) be the collection of all downsets of P
partially ordered by set inclusion.

We note that the empty set is always a downset of a poset.

Proposition 10.1.6 For any poset P, its downsets D(P) form a distributive
lattice.

Proof. It is easy to see that the intersection of two downsets is a downset,
and that the union of two downsets is a downset. So D(P) is a sublattice of
the power set of P, and therefore is a distributive lattice. m

For an element p in a poset P, the principle downset generated by p
is {ge P:q<p}. This is often written as p|.

Lemma 10.1.7 If P is a poset, then the join irreducible elements of D(P)
are exactly the principal downsets p| where p e P.

Proof. If p| is the union of two downsets, then at least one of the downsets
must have p in it, and would then be equal to p|. So each p| is join irreducible.
Conversely, any downset S is the union of all p| where p is a maximal element
of S. If S is join irreducible, then it must equal some p|. ®

If we consider the poset P = J(L) in the diagram above, its downsets
are @, {a}, {b},{a,b},{b,d},{a,b,d}. A diagram of P = J(L) and its lattice of
downsets is shown below.

{a,b,d}
{a,b} {b,d}
{a} {b}

16}
J(L) D(J(L))



192 The Truth Value Algebra of Type-2 Fuzzy Sets

One notices that in this example, the lattice of downsets of J(L) is iso-
morphic to L, and the poset of join irreducibles of D(P) is isomorphic to P.
This is always the case.

Theorem 10.1.8 Suppose that L is a finite distributive lattice and that P is
a finite poset. Consider the maps

®:L->D(J(L)) givenby P(a)={jeJ(L):j<a}
U:P—>J(D(P)) givenby ¥(p)={qeP:q<p}

Then ® is a lattice isomorphism and ¥ is a poset isomorphism.

Proof. Let D be a downset of J(L) and set a =V D. Then D ¢ ®(a). If j
is a join irreducible in a distributive lattice, then by Proposition 10.1.2 it is
join prime. So if j < a = VD, then j < d for some d € D, hence j € D. So
®(a) = D. Thus  is onto. If a € L, then a is the join of the join irreducibles
beneath it, so a = VV ®(a). It follows that & is one-one. It is obvious that
®(and) = ®(a)n®(b), so @ preserves finite meets. Surely ®(a)ud(b) € ®(avd).
Suppose j is join irreducible and j < a v b. Then as j is join prime, j < a or
j < b, hence j € ®(a)uP(b). So @ preserves finite joins as well. So P is a lattice
isomorphism.

Lemma 10.1.7 shows that the join irreducibles of D(P) are exactly the p|
where p € P. So ¥ is a bijection, and it is easily seen that p < ¢ if and only if
pl €ql. So ¥ is an isomorphism of posets. m

So there is a complete correspondence between finite posets and finite dis-
tributive lattices. Each finite distributive lattice is isomorphic to the downsets
of some finite poset, and this finite poset is unique up to isomorphism. It is
the poset of join irreducibles of the lattice. Conversely, each finite poset arises
as the join irreducibles of a finite distributive lattice, and this lattice is unique
up to isomorphism. More is true.

Proposition 10.1.9 Let f : L - M be a bound preserving homomorphism
between finite distributive lattices, and let g : P - @ be an order preserving
map between finite posets. Consider

J(f): J(M) > J(L)  given by  J(f)(5) = N\{zeL:j<f(z)}
D(g): D(Q) » D(P)  given by  D(g)(5) ={peP:g(p)eS}

Then J(f) is an order-preserving map between posets and D(g) is a bound-
preserving lattice homomorphism.

The proof is left as an exercise (Exercise 6).

The collection of finite distributive lattices and the bound-preserving ho-
momorphisms between them forms a category FDist, and the collection of
finite posets and the order-preserving maps between them forms a category
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FPos. Since J takes objects of FDist to objects of FPos and morphisms of
FDist to morphisms of FPos, it can be considered as a map from FDist to
FPos. Since J preserves identity maps and composition, it is known as a con-
travariant functor. The term “contravariant” indicates that it reverses the
direction of morphisms.

In a similar way, D is a contravariant functor from FPos to FDist. The
composites Jo D and Do J provide objects isomorphic to the originals. Along
with a some small technicalities [73], this amounts to the categories FDist
and FPos being dually equivalent. In effect, rather than working with finite
distributive lattices, one can work with finite posets, and conversely!

10.2 Finite type-2 algebras

In this section we introduce the basic algebras of this chapter, analogs of
M in the finite case, and develop their basic properties.

Definition 10.2.1 For a natural number n, let n be the algebra on the set
{1,2,...,n}, equipped with usual linear order <, with operations v and A given
by max and min, constants 1 and n, and negation k* =n -k + 1.

We recall that the unit interval I with its constants and negation is a
Kleene algebra. A similar situation holds for the finite case. The proof of the
following is left as an exercise (Exercise 8).

Proposition 10.2.2 For a natural number n, the algebra n is a Kleene alge-
bra whose underlying lattice is a chain.

We denote by m" the set Map(n,m) = {f : n > m} of all mappings from
the set n into the set m. The algebra m" = (m™,n,u,*,0,1) consists of the
set m" with operations given in the following definition. We remark that the
notation used for the constants has changed from before since, in this new
setting, the old notation no longer conveys an accurate meaning.

Definition 10.2.3 The basic operations on m" are the following.

1 (fng)(@) = Ve (F(G) 7 g(R)).
2. (fug)(@) =V (fG) A g(k)).
3. f*(i)=f(n-i+1).

m =1
4 0(1)_{1 ifi+1
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513y =™ Yi=n
1 ifi+n

These operations are completely analogous to the ones given for M in
Chapter 1. There are two other useful operations on the functions in m",
namely pointwise max and min. We also denote these by v and A, respectively.
Just as in the case I', these operations help in determining the properties of
the algebra m" via the following auxiliary operations.

Definition 10.2.4 For f em®, let fL and fF be the elements defined by

@) =V FG) and  fRGE) =\ £()

j<i i<j
The operations U and M in m" can be expressed in terms of the point-

wise max and min of functions in two different ways, as follows. These are
completely analogous to the ones for M given in Theorem 1.4.5.

Theorem 10.2.5 The following hold for all f,g € m™.
fug=(frg")v(ffng)=(fva) a(ffngh)
Frg=(frng)v(fing =(fvg n(fingh

Just as in the case of M, it is fairly routine to verify the following properties
of the algebra m™ using these auxiliary operations. The details of the proofs
are almost exactly the same as for the algebra M. See Theorem 2.3.3.

Corollary 10.2.6 Let f, g, h e m"™. Some basic equations follow.
L fuf=ffnf=r.
2. fug=guf; frng=gnf.
8 fu(guh)=(fug)uh; frn(gnh)=(frng)nh.
4. fu(fng)=fn(fug).
5. 1nf=f;0uf=7f.
6. f**=1.
7. (fug) =f"ng; (fng) =fug"
The following is then immediate.
Proposition 10.2.7 FEach algebra m" is a De Morgan Birkhoff system.

Except in trivial cases, m" is not a lattice since the absorption law fails,
and m" fails to satisfy the distributive laws.

In the finite situation, we can draw diagrams of the bisemilattices m"
using their meet and join orders of Definition 2.1.7. In this situation, there
is more that can be said about these orders, and that will be the subject of
Section 10.4.
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10.3 Subalgebras

The algebra m" has subalgebras analogous to the subalgebras of M that
were considered in Chapter 3. In this section, we study a number of these.

Definition 10.3.1 For any a € n, define the singleton function s, in m"

by
sa(k)z{l ?fk#a
m ifk=a

The notation for singletons of M in Definition 3.2.1 has changed since it
would be confusing in the current context. However, the ideas remain identical.
Before, singletons were used in Theorem 3.2.3 to create a subalgebra of M that
is isomorphic to I. The proof carries over exactly to give the following.

Proposition 10.3.2 For any m,n, the singletons form a subalgebra of m™
that is isomorphic to n.

There is an obvious analog of the functions in M that are characteristic
functions of intervals. These were used to form a subalgebra of M that is
isomorphic to 1), We will not develop this here, but move to analogs of the
normal functions. This will be of particular importance, and we refine the
notion somewhat.

Definition 10.3.3 The height of a function f e m™ is the largest value that
is attained by the function. The normal functions are those of height m. Let
Ny be the set of functions of height k, and let N = N,,.

Note that due to the finiteness of m", there is no distinction between the
notions of normal and strictly normal, in contrast to the infinite case. The
proof of the following proposition is immediate from definitions.

Proposition 10.3.4 The following four conditions are equivalent for f e m":

1. f has height k.

2. fRL = k.
3. fE(n) = k.
4. fRQ1) = k.

The following proposition follows immediately, using Theorem 10.2.5.

Proposition 10.3.5 For any k € m, the set Ny of functions of height k is a
subalgebra of (m™,n,u,* ). The set N = N,,, of normal functions also contains
the constants 0 and 1, hence is a subalgebra of (m™,m,u,* 0,1).
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Each function in m" has a unique value k for its height. So m" is the
disjoint union of its subalgebras N. Also, the set N of functions of m" of
height & is literally equal to the algebra of normal functions of k™ once its
constants are defined appropriately. This gives the following.

Theorem 10.3.6 Fach algebra m™ is the disjoint union of its subalgebras Ny,
of functions of height k,

m
m" = @ Nk
k=1
Further, each Ny, is equal to the algebra of normal functions of k™.

With the definition for the height of a function in M as the constant value
of fIR, a corresponding theorem holds also for M. For each a €I, the set N,
of functions in M of height « forms a subalgebra of (M, n,u,* ), and M is the
disjoint union of these subalgebras

M=@N,
ael
Further, for each « # 0, the algebra N, is isomorphic to M once its constants
are appropriately defined. This result is of greater use in the finite case, so it
was not mentioned before.

Definition 10.3.7 An element f € m™ is convex if whenever i < j <k, then
F(G) < fG@) A f(k). Let C be the set of all convex functions in m™.

The convex functions f € m® are exactly those that satisfy f = fZ A f%, or
equivalently, those that are the pointwise meet of an increasing function and
a decreasing function.

Proposition 10.3.8 The set C of convex functions is a subalgebra of m".

The proof is the same as that for Proposition 3.5.4. We also have the
following, whose proof is the same as that for Theorem 3.5.7.

Theorem 10.3.9 Given f € M, the distributive laws

folgnh)=(fug)n(fuh)
frlguh)=(frng)u(fnh)

hold for all g,h € M if and only if [ is convex. One of these distributive laws
holds for a given f and for all g, h if and only if the other holds.

The collection of functions in m™ that are both convex and normal will be
a primary focus of a substantial part of this chapter. The types of questions we
ask about them will be different than with the convex normal function of M,
but still there will be much to say. Noting that the proof of Proposition 3.6.2
applies in the finite setting, we have the following.



The Finite Case 197

Proposition 10.3.10 The set L of convex normal functions is a subalgebra
of m™ that is a De Morgan algebra.

As a final comment, we have defined such subalgebras of m" as L, C, and
N. There will be situations where we consider an algebra m", and another
p%. In this case we use L(m") to mean the subalgebra L of convex normal
functions of m", and so forth.

10.4 The partial orders determined by u and n

We consider the partial orders associated with m and u. We use these to
draw diagrams of m™. We also consider various properties of these orderings.
In particular, although m" is not a lattice, each partial order gives a lattice
ordering. A description of joins and meets in each order is given.

Definition 10.4.1 Define relations E4 and S, on m™ as follows:

fEng if frng=f
feug if fug=g

We call = the meet order and £, the join order.

These relations can be expressed in terms of the pointwise order, using the
auxiliary operations L and R. The proof of the following result is the same as
that of Proposition 2.4.3.

Proposition 10.4.2 For f,g in m"™ we have the following:
1. fcugif and only if fAgh <g< L.
2. fEngif and only if fRAg< f<g®.

Since m" is a bisemilattice, the relation S is a meet semilattice order with
meets given by M, and £, is a join semilattice order with joins given by u. So
the operations N and u can be described by giving diagrams to describe these
orders. Before giving an example, we make some general comments about
describing elements of m".

The elements of m™ may be viewed as n-tuples (aq,...,a,) of elements
of m. When no confusion arises, we treat these as strings. For example, we
write the element (2,1,3,2) of 3% as 2132. With this notation, the constant 0
is (m,1,...,1) and the constant 1 is (1,...,1,m). Finally, (a1,as9,...,a,)* =
(A, Qne1,- .- 0a1).
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112 111
122 919
121 999
201 191 222
211 221 212
111 211

FIGURE 10.1: 2% under the meet order (left) and join order (right)

There are things to notice about Figure 10.1. If one flips the meet order
at left upside down, it looks like the join order at right, but the labeling is
changed. Each label is reversed. This is because f cn g if and only if g* &, f*.
The constant 0 is the bottom of the join order and the constant 1 is the top
of the meet order.

Definition 10.4.3 An absorbing element of a bisemilattice B is an ele-
ment e such thaten f=e=cu f for all f € B.

In Figure 10.1, the element 111 that occurs at the bottom of the meet
order and the top of the join order is an absorbing element. This is a general
situation.

Proposition 10.4.4 In m", the element e that takes constant value 1 is an
absorbing element, and in M the function that takes constant value 0 is an
absorbing element.

There is a further property that is apparent from looking at Figure 10.1,
namely, both the meet and join orders are not only semilattice orders, but are
lattice orders! This is a general situation, and will comprise the remainder of
this section. We begin with the following restatement of the situation for any
bisemilattice.

Proposition 10.4.5 In m", any two elements f and g have a least upper
bound in the join order S, and this is given by f ug. Similarly, f and g have
a greatest lower bound in the meet order S, and this is given by fng.

Of course, this result is true in any bisemilattice, and in particular in M,
as we have used before. However, the following result is special to the finite
case, and examples of [51] show that it does not hold in M.

Theorem 10.4.6 In the join order of m", any two elements have a greatest
lower bound and a least upper bound. Thus m™ is a lattice under the join order.
Similarly, m™ is a lattice also under the meet order.
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Proof. The supremum of f and ¢ in the join order is f u g. The infimum of
f and g in the join order is the supremum of all elements below both. Such a
supremum exists because m" is finite and there is at least one element below
both, namely the element 0. Thus m" is a lattice in the join order, and the
result for the meet order follows from the dual isomorphism *. m

We note that the join of two elements of m™ in the join order is given by L,
but it is not usually the case that the meet of two elements in the join order
is given by m. Examples in Figure 10.1 show this. Similarly, the meet of two
elements in the meet order is given by m, but their join is given by something
other than vu.

Definition 10.4.7 In m", we let f ® g be the meet of f and g in the join
order, and we let f ® g be the join of f and g in the meet order.

So the proof of Theorem 10.4.6 has shown that

f®g=|_|{hfhEuf,g}
feg=[Nh:fgcnh}

So (m™, ®,) is the algebraic version of the bounded lattice m™ under the join
order, and (m",n, ®) is the algebraic version of the lattice m™ under the meet
order. The proof of Theorem 10.4.6 also yields the following.

Proposition 10.4.8 If S is a subalgebra of (m™,u,0), then S is a lattice
under the join order, but not necessarily a sublattice of (m™, ®,u).

Two important subalgebras of (m",u,0) are the subalgebra N of normal
elements and the subalgebra C of convex elements. The result above shows
that both are lattices under the join order, and that joins in these lattices are
given by u. To get them to be sublattices of the lattice m"™ in the join order
requires that meets in these lattices be given by ®. For this, we need more.

Lemma 10.4.9 Inm", if f is normal, then any element g below f in the join
order is normal.

Proof. Suppose that f is normal and fug= f. We need that g is normal.
f=fug=(fvg) nftnag"
Since f assumes the value m, so does g”, whence ¢ is normal. m

Theorem 10.4.10 The normal functions of m"™ are a sublattice of the lattice
m" under the join order, and a sublattice of the lattice m"™ under the meet
order.
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Proof. The supremum of two elements f and g in the join order is fug. So
by Proposition 10.3.5, the normal elements are closed under suprema in this
poset. The infimum of f and g in this poset is the supremum of all their lower
bounds in the join order. If f and g are normal, Lemma 10.4.9 shows these
lower bounds are normal, hence their supremum is again normal. This shows
the normal elements are a sublattice of the lattice m"™ under the join order,
and the proof for the meet order follows via the dual isomorphism *. m

A similar situation holds for the set C of convex elements of m", but is a bit
more delicate. For example, it is not true that elements below convex elements
are convex, as illustrated by Figure 10.1, where the nonconvex element 212 is
below the convex element 222. The proof of the following uses several results
about convex functions in M that hold also in the finite setting.

Theorem 10.4.11 The convez functions of m™ are a sublattice of the lattice
m" under the join order, and a sublattice of the lattice m™ under the meet
order.

Proof. We give the proof for the join order. By Proposition 10.3.10 the set
of convex elements is closed under u, so the convex elements are closed under
suprema in the join order. The infimum ® of two elements in the join order is
the supremum of their common lower bounds in this order. Suppose f and g
are convex and that h is a lower bound of f and g in the join order.

By Theorem 3.5.6, I'(h) = hY A b is a convex element that lies above h in
the join order. Also by Theorem 3.5.6, the function I" preserves L, so is order
preserving with respect to the join order, and it fixes the convex elements f
and g. So I'(h) is a convex lower bound of f,g that lies above h. Thus the
infimum of f and g is the supremum of convex elements that are common
lower bounds, hence is convex. m

We next consider the convex normal functions L. Since they are the in-
tersection of the normal functions N and the convex functions C, they form
a sublattice of m"™ under both the join order and under the meet order. But
more can be said. By Proposition 10.3.10, L is a distributive lattice under the
operations M and u. This immediately gives the following.

Proposition 10.4.12 For convex normal functions f and g in m",

fErg ifandonlyif fcug

The normal functions N are a sublattice of (m", ®,u). Joins in N are given
by u, but meets are given by ®, and this is not equal to m in N. To see this, in
Figure 10.1 we have 212 1122 = 222, while in the join order 212 lies beneath
122, so 212122 = 212. Similar comments hold for C as is seen by considering
the elements 111 and 222 in Figure 10.1. The situation for the convex normal
functions L is different.
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Theorem 10.4.13 The convexr normal functions L are a sublattice of m"
under the join order and under the meet order. In both cases, joins are given
by U and meets are given by N, and in both cases this sublattice is distributive.

Proof. Let f,g € L. Then f ® g is their greatest lower bound in (m",c,), and
hence also in (L, 5,). Since c, agrees with ¢ in L, we have that f ® g is their
greatest lower bound in (L,Eq). But this greatest lower bound is fmg. So
fo©g=fng. A similar argument shows that f@ég=fug. m

We now turn our attention to the matter of describing meets ® in the
lattice m™. Of course, we know that

fog=[{h:he, f,g}

For even moderately large examples, it would be intractable to use this formula
to compute ©. We seek a better description. Ideal would be a description of ®
in terms of the operations A, v, L, R much like Theorem 1.4.5. We show that
this is not possible.

Proposition 10.4.14 There is no equational expression that describes ® in
terms of A,Vv,L, R.

Proof. Consider the elements f =221 and g = 333 in 3% under the join order.
Their meet f ® g can be computed to be 331. However, the closure of {f, g}
under the operations A, v, L, R is the set {221,222,333} and this does not
include 331. m

While a simple equation to describe ® is beyond us, we do give a polynomial
time algorithm to compute f ® g without finding all the lower bounds of f
and g in the join order. This algorithm would not be so friendly to compute
by hand, but could be easily implemented on a computer.

Theorem 10.4.15 There is a polynomial time algorithm to compute f ® g.

The proof is rather technical, and is found in complete detail in [51]. We
do not reproduce the proof here, but do describe the algorithm.

Step 1 Find ¢ and numbers a;,b; in {1,...,n} for each 1 <i <t so that
1. a; <b; <a;41 foreach 1 <i<t.
2. f=fLand g =g" on each interval [a;,b;].
3. The intervals [a;,b;] are maximal with the property in item 2.

4. Each point where f = f£ and g = g* belongs to some [a, b;].
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Note that f = f and g = g” at 4 for i = 1. Continue as long as f = fF
and ¢ = g*. The last value before a break in this pattern is set to by. If we
continue, there may or may not come another spot i where f = f* and ¢ = ¢g*.
If there is, then the first such spot is a9, and we continue until the pattern
again stops, with bs being the last time before the break, and so forth. If we
set a;11 =n+ 1, the domain {1,...,n} is partitioned into intervals

{15 . .,TL} = [0/171)1] U (b17a2) U [a27b2] Uy [a/tabt] U (btaat+1)

Definition 10.4.16 For f em", let fe m" be the function

@) f@) < @)
f(x)‘{ i £@) = £4(2)

Step 2 With this definition, we can now describe the meet f ® g.

(fvg)(z) if x € [a;,b;) for some ¢
(fog)(z)=<sup{(fvg)(y):bi<y<ap1}  if z="0; for some i
(f A ) (x) otherwise

Example 10.4.17 Consider f = 13355616 and g = 45627737 in 78. We note
that f = f and g = g” at the spots 1,2,3,5,6,8. So we wind up with ¢ = 3
intervals

[1,3]u[5,6]u[8,8]

Then the first case of the definition of f ® g specifies its value to be that of
fvgatxz=1,2,5 The second case of this definition specifies the value of fog
at x = 3,6,8, and the third case gives the value of f ® g at the other spots,
x =4,7. It follows that f ® g = 45527717.

10.5 The double order

In this section, we provide an alternate ordering of the elements of m" and
show that under this ordering, the elements Ny of height k£ form an involutive
lattice, and that m"™ under this order is formed in a simple way from the
lattices Ni. This seems not to have direct application to fuzzy theory, but is
of interest from a purely algebraic perspective.

Definition 10.5.1 Suppose that R and S are relations on the same set X.
Then Rn S is the relation on X where

x(RnS)y ifandonlyif xRy andzSy
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If a relation on X is viewed as a set of ordered pairs of elements of X
as in the preliminaries of Section 9.1, then the relation Rn S is literally the
intersection of the relations R and S.

Proposition 10.5.2 If R and S are partial orderings on the same set X,
then their intersection RN S is also a partial ordering on X.

Proof. Suppose x € X. Since R is a partial order, it is reflexive, so x Rx, and
similarly « S«. Thus z (Rn S)z. So Rn S is reflexive. The remainder of the
proof is left as an exercise (Exercise 11). m

Definition 10.5.3 Let © be the intersection of the join order S, on m" and
the meet order En on m™. We call € the double order on m".

From Theorem 10.4.2 we get the following.

Proposition 10.5.4 f c g if and only if the following conditions hold.

1. fagh<gs< fr
2. fRag<f<ghl

Theorem 10.3.6 shows that as a set, m" is equal to the disjoint union
of its subalgebras Ny of functions of height k. This is not overly helpful in
describing the structure of m™ under the join or meet order since there may
be non-trivial relationships between members of different subalgebras Ny. The
following shows that the situation for the double order is much simpler.

Proposition 10.5.5 If two elements f and g in m"™ are comparable in the
double order c, then they have the same height.

Proof. By Theorem 10.5.4, if f € g, then g < f¥ and f < g%. Since fLft = fRL
is the height of f, it follows that f and g have the same height. m

So m" is not only the disjoint union of the sets Ny where k=1,...,m, the
double order of m"™ is determined from the double orders of the Ng. Further,
N}, is isomorphic to the normal functions of k" as an algebra and as a poset
in the double order. So the double order of m" is completely determined by

the double orders of the normal functions of k™ for k=1,...,n.
° o ()
Ny Ny N3

FIGURE 10.2: A sketch of the double order of 33
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In Figure 10.2, a rough sketch is made of 3% under the double order. This
poset is built of three unrelated pieces. The piece Nj is just 111, the only
function of height 1. The piece Ny is all functions of height 2, and there are 7
of them, all strings of length 3 using the entries 1 and 2 except the 111. The
final piece N3 has 19 elements, for a total of 27 elements in 33. The diagram
for N3 is already complicated. Rather than show it, we show a somewhat
simpler case below. The solid circles in this figure indicate the convex normal
functions.

1112

» 2112

2111

FIGURE 10.3: The normal functions in 2* under the double order

We next develop basic, and surprising, properties of the posets of normal
functions of m™ under the double order. We need another notion.

Definition 10.5.6 An involution on a poset P is a mapping * : P — P that
satisfies ** = x and x <y implies y* < x*. An involutive lattice is a lattice
with an involution.

Proposition 10.5.7 The map * on m" is an involution.

Proof. Since f* reverses the order of f when viewed as a string, f** = f.
Corollary 10.2.6 provides (fug)* = f*ng* and (fng)* = f* ug*. Therefore
f En g implies fng = f, giving f*ug* = f*, so g* £, f*. Similarly f ¢, ¢
implies g* c, f*. It follows that f c g implies g* c f*. =

A much stronger result holds. Proposition 10.5.2 shows that the intersec-
tion of two partial orderings is a partial ordering. However, the intersection
of two partial orderings that are lattice orderings is seldom a lattice ordering.
(Exercises 12 and 13 discuss this in detail). So the following result is quite
unexpected, and we have no firm understanding why it is true. Its proof is
also demanding, and we refer the reader to [51].
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Theorem 10.5.8 The set N of normal functions in m" is an involutive lattice
under the double order.

It would be nice to have a simple term description of meet in the double
order involving only A, v, L, R. There is none. In 3*, the functions f = (3,3,1,2)
and g = (3,3,2,3) have meet (3,3,1,1) in the double order, and this cannot
be expressed by applying these operations to f and g. For the subalgebra of
convex normal functions, however, the situation is less complicated.

Proposition 10.5.9 The convex normal functions are a sub-involutive lattice
of the involutive lattice of normal functions of m™ under the double order.
Further, these convex normal functions form a De Morgan algebra.

Proof. Let f and g be convex normal functions. Note that Proposition 10.4.12
shows that the join order, meet order, and double order on the convex normal
functions all agree. Further, meet and join in the lattice of convex normal
functions are given by m and u. We show that if h is a lower bound of f and
g in the double order, then h © f i g. This shows that meet in the lattice
of convex normal functions agrees with the meet of convex normal functions
in the lattice of normal functions under the double order. A similar proof
establishes the corresponding result for joins.

Assume h is a lower bound of f and g in the double order. This implies
that (a) fmh=h, (b) gnh="h,(c) fuh=f,and (d) guh = g. From the first
two items and the associativity of m, we obtain (f ng) nh = h, hence h lies
beneath f mg in the meet order. For the join order, we use the first item to
obtain (fng)uh=(fng)u(fnh). Since f is convex, Theorem 10.3.9 gives
(fmg)u(fnh)=fn(guh). Using the fourth item, this becomes fmg. Thus
(fng)uh = fng, showing that h lies beneath fng in the join order. Thus
h € fng, showing that f ng is the meet of f and ¢ in the double order. m

Definition 10.5.10 For elements f,g of a poset, f is a cover of g if f > g
and there does not exist an h such that f > h > g.

A useful way to describe a finite poset is to give a description of the covers
of each element. If one is to draw a picture of the partial ordering, this is
among the best ways to describe the poset. Here, we give a simple algorithm
for computing covers in the lattice of normal functions of m™ under the double
order. Again, the proofs are involved, and are found in [51].

Theorem 10.5.11 Suppose N is the normal functions of m™ under the double
order and f € N is given by the string x1--- x,. Then g € N is a cover of f if
and only if it is obtained from f by one of the following rules.

Rule 1 For some x; where j <i= x; <x;, change x; to x; — 1.

Rule 2 For some x; where i < j = x; > x;, change x; to x; + 1.



206 The Truth Value Algebra of Type-2 Fuzzy Sets

Example 10.5.12 As an illustration of the use of Theorem 10.5.11, consider
the normal elements of 2* shown in Figure 10.3. The constant 0 = 2111 is
the least element of this lattice. It is not possible to apply Rule 1 to it since
decreasing any element would not give a normal function in N. There are
three ways to apply Rule 2 to 2111, at the second, third, and fourth spots.
This gives the covers 2211, 2121, and 2112 of 2111. Consider now the element
2211. Rule 1 can be applied at the second spot to produce the cover 1211.
Rule 2 can be applied at the third and fourth spots to produce its other two
covers 2221 and 2212. Continuing in this way, it is simple to construct the
lattice of Figure 10.3.

10.6 Varieties related to m"

In this section, we describe the varieties generated by the algebras m", and
show that except for some small values of m,n, these are the variety V(M)
generated by M. The key step is in relating the algebras m" of this chapter to
the complex algebras 2¢ of a chain C' discussed in Chapter 7. We recall the
definition.

Definition 10.6.1 For a chain C with bounds 0 and 1 and involution ', the
complex algebra 2 is all subsets of C' with constants 1o = {0}, 1; = {1},
and operations N, U, and * given by

AnB={anb:acAbe B}
AuB={avb:acAbeB}
A*={d :aec A}

Of course, when m = 2 and C' is the finite chain n = {1,...,n}, there is
confusion between the algebra m™ of this chapter, and the complex algebra
2", These algebras are not literally equal; the elements of m" are functions
f :n - m and the elements of the complex algebra 2" are subsets of n.
However, they are isomorphic algebras.

Proposition 10.6.2 For m = 2 and any n, the algebra m" of all functions
from n to m with the convolution operations is isomorphic to the complex
algebra 2" of the chain n.

Proof. It is well known that there is a bijection ® from m" = {f|f :n — 2}
to the power set 2" = {A: A cn} given by

O(f) ={ken: f(k)=1}
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This map ® is a homomorphism with respect to the pointwise meet and join
operations A and v of m™ and the operations of intersection and union of the
power set. As in Definition 7.6.3, there are operations L and R on 2" given by

AL = {k:a <k for some a € A}
A" = {k:k <a for some a € A}

It is easily seen that ®(fL) = ®(f)L and ®(f%) = ®(f)*. Lemma 7.6.4 shows
that M and U are defined from A, v, L, R in the same way in both m™ and 2",
so ® preserves M and u. Finally, it is easy to see that & takes the constants 0
and 1 of m" to the constants 19 = {0} and 1; = {1} of the complex algebra. m

The results of Section 7.7 then give the following corollary. Here, as before,
V(m") is the variety generated by the algebra (m",m,u,*,0,1) of full type,
and V(m™,n,u) is the variety generated by its reduct (m",n,u).

Corollary 10.6.3 For anyn =5, V(2") is equal to V(M), and for any n > 3,
V(2",n,u) is equal to V(M,n, ).

We now consider varieties generated by m" for values of m other than 2.
For m =1 the algebra m" has one element for each n. So we consider cases
when m > 2.

Proposition 10.6.4 Suppose that m > 2.

1. If n>5, then m™ generates the same variety as M.
2. If n >3, then (m™,n,u) generates the same variety as (M,n,u).

Proof. For m,n > 2, Proposition 3.9.3 shows that M has a subalgebra that
is isomorphic to m". This implies that for m,n > 2, V(m*) ¢ V(M), and
V(m"*,n,u) € V(M,n,u). For any m,n with m > 2, the algebra 2" is isomorphic
to a subalgebra of m™, namely to the subalgebra of functions that take only
values in {1,m}. So V(2") ¢ V(m") and V(2",n,u) € V(m",n,u). The result
then follows from Corollary 10.6.3. ®

There remain some cases for smaller values of m or n that are not settled
by these results. We have not placed these among known varieties, but this is
likely not difficult.

10.7 The automorphism group of m»

In this section we describe the automorphism groups of the algebras m".
We recall the main result from Chapter 4.
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Theorem 10.7.1 The automorphisms of M = Map(1,I) are formed by taking
automorphisms o, 8 € I and using these to map f € M to g € M where

g=aofos
Thus, Aut(M) is isomorphic to the product Aut(I) x Aut(I).

Since m" = Map(n, m), one might expect that a similar result holds in the
finite case. Indeed, it does. But a finite chain has no automorphisms other
than the trivial one, the identity map. In fact, we will show the following.

Theorem 10.7.2 The automorphism group of (m™,n,u) is trivial.

This implies that the automorphism group of m™ with all the operations
is trivial as well. The proof is similar to the result for Aut(M) in Chapter 4
and is involved. We sketch an outline since it provides interesting information
about the algebras m". As in Chapter 4, a key element is determining the
irreducibles in the algebra.

Definition 10.7.3 An element f of (m™,n,u) is
1. join wrreducible if f = gu h implies that f =g or f =h.
2. meet irreducible if f = gnh implies that f =g or f =h.

3. irreducible if it is both join and meet irreducible.

We use the following notation for functions in m". For z € m, z is the
constant function with value z; that is, 2(i) = « for all ¢ € n. For z € m and
i € n, x; is the point function whose i-th component is x and whose other
components are 1. Finally, for any f € m", f; denotes the i-th component of

f; that is, f; = f(0).

Theorem 10.7.4 Let m,n > 2. The irreducible elements of (m™,n,u) are
these:

1. The absorbing element 1.
2. The elements m;.
3. The elements mq Vv x,, and x1V m,.

4. If n =2, all normal elements and the absorbing element 1.

Although the constants 0 and 1 are not operations in the algebra (m™,m, ),
they are preserved by automorphisms of that algebra since they are the unique
elements with fu0O= f and fn1l=f for all f. The following finite version of
Proposition 4.5.1 follows.
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Theorem 10.7.5 If ¢ is an automorphism of (m™,n,u), the following hold:

1. If f is convez, then so is o(f).
2. If f is normal, then so is o(f).

The path is then to show that any automorphism ¢ fixes the element m
of m™, and this immediately gives the following.

Proposition 10.7.6 Let ¢ be an automorphism of (m™,n,u) and f € M".

1.oo(f)" = o(fh).
2. () =0(f7).

With these tools, the proof that the automorphism group of (m",m,u) is
trivial proceeds along lines similar to those in Chapter 4. However, the proofs
are somewhat involved.

10.8 Convex normal functions

The convex normal functions of m" form a De Morgan algebra which we
denote by L = L(m"). One problem in investigating L is that the partial order
given by the lattice operations U and m is not the coordinate-wise partial
order on the n-tuples. In this section, we give other representations of L based
fundamentally on the notion of straightening from Chapter 6.

Definition 10.8.1 Let Dy = Di(m") be the algebra whose elements are all
of the decreasing n-tuples of elements from {1,2,...,2m — 1} that include m,
and whose operations are given by pointwise A and v on these n-tuples, with
negation (a1,as,...,a,)* = (2m=-ay,,2m-a,-1,...,2m—ay) and with constants
0 and 1 being the least and largest elements.

In Section 6.2, we constructed I' by placing a dual copy of I on top of I and
identifying the bottom of the dual copy of I with the top of I. This produced a
chain that is isomorphic to [0, 2]. If we repeat this process with the m-element
chain m in place of I, then we produce a chain with 2m - 1 elements. So the
algebra D;(m") is completely analogous to the algebra Dy of Section 6.3.

Proposition 10.8.2 The algebra Dy = D1(m™) is a De Morgan algebra.

Proof. It is clear that D1 is a sublattice of the lattice of the distributive lattice
of all functions from n to m with the pointwise meet and join. The constants
0 and 1 are its bounds. It is routine to see that * is order inverting and of
period two. m
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Theorem 10.8.3 For any m,n, the De Morgan algebras L(m™) and D1 (m")
are isomorphic.

Proof. For f = (ay,as,...,a,) € L(m"), let ¢ be the smallest index for which
a; = m. For j <4, replace a; by 2m —a;. We get the n-tuple

ff=@m=-a1,2m—as,...,2m — a1, a5, Qis1, - . - an)
Then ¢(f) = f is an isomorphism from L(m™) onto D;(m"). m

The situation is entirely analogous to Definition 6.2.4. The function fT
takes the mirror image of the increasing part of f in the “line” y = m and leaves
the remainder alone. Applying the isomorphism 7 is called straightening.
The point is that the meet, join, and partial order of D; are componentwise,
and therefore much easier to deal with.

There are several modifications to the construction of D;(m") possible in
the finite setting.

Definition 10.8.4 Given m,n, consider the following sets of functions.

Do (m™) is all decreasing functions from n-1 into 2m -1

D3(m") is all strictly decreasing functions from n-1 into 2m+n-3
Here we use n—-1 for the chain {1,...,n -1} and so forth.

Both of these sets have obvious operations A and v of pointwise meet and
join as well as constants 0 and 1 being their least and largest elements. They
both have negations * that work the same as the negation in D;. Specifically,
for f=(ay,...,an-1)

ff=(k-an-1,....,k-ay)

where k is equal to 2m for Do(m™) and k = 2m +n — 2 for D3(m").
Theorem 10.8.5 The following De Morgan algebras are isomorphic.
L(m") » Dy (m") » Do (m") ~ D3(m")

Proof. Each n-tuple in Dj(m") must contain the entry m. Removing the
first (or any) entry m leaves an element of Do(m™). Conversely, to each n—1
tuple in Do (m™), it is possible to insert an entry m in an essentially unique
way to produce a decreasing n-tuple that belongs to Dy (m"). This produces
a bijection between these sets. It is easily seen that this bijection preserves
A,Vv,* and the constants 0 and 1 (Exercise 10.8.5). So Dy(m") and Do(m")
are isomorphic.
Consider the mapping ® : Do(m") — D3(m") given by

D(ay,a9,...,an-1)=(a1+(n=-2),a2+(n—=3),...,an-1)
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Since the original n — 1 tuple is decreasing, the result is strictly decreasing,
and it is not difficult to see that every member of D3(m") arises this way.
So @ is a bijection. Verifying that ® preserves the operations is an exercise
(Exercise 17). We earlier proved that L(m") is isomorphic to Dy (m"), so all
four algebras are isomorphic. m

To illustrate, in the diagrams that follow, we show each representation for
m =n = 3. In depicting elements, we write an element (a1, as,...,a,) simply
as aias - a,. For example, (2,3,2) is written as 232.

113 553
/ /
123 543
/N /N
133 223 533 443
/SN S /SN S
132 233 532 433
SN N SN N
131 232 333 531 432 333
N SN S N SN S
231 332 431 332
NN NN
331 322 331 322
NS NS
321 321
AN AN
311 311
L(3?) D (3%)
55 65
/S /S
54 64
VRN N\
53 44 63 54
/ \ / / \ /
/ \ / \ / \ / \
51 33 61 43
AN / \ /S AN / \ /S
41 32 51 42
NN NN
31 22 41 32
N S NS
21 31
AN AN
11 21
D (3%) D5(3?)
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There is difficulty in depicting such lattices as those above for larger m
and n both because of their size and the fact that they are not planar. We
recall that a lattice is planar if it can be drawn in the plane without lines
crossing.

Proposition 10.8.6 The algebras D1(m") are not planar if m >4 and n > 3.

Proof. A finite distributive lattice is planar if and only if no element has 3
covers ([38], page 90, problem 45). For example, in D;(4%) the 3-tuple (3,2,1)
has covers (4,2,1), (3,3,1), and (3,2,2). =

To determine the size of L(m"), we use the representation D3(m"), which
is the set of strictly decreasing (n—1)-tuples from {1,2,...,2m+n—-3}. This is
exactly the number of (n—1)-element subsets of a set with 2m+n-3 elements.
This is easy to determine, and is well known. This provides the following.

(2m +n-3)!
2m-2)!(n-1)!"

Theorem 10.8.7 | L(m")|=

We now consider certain Kleene subalgebras KL(m") of L(m") and the
cardinalities of these algebras. We recall the floor function [z] that returns
the largest integer less than or equal to z.

Definition 10.8.8 KL(m") consists of the elements of L(m™) whose support
is either in the first [5]+ 1 entries or in the last [5]+ 1 entries.

This definition is similar to that of the subalgebra K of M. The proof of
the following result is similar to that for K given in Theorem 3.6.8.

Theorem 10.8.9 KL(m") is a Kleene subalgebra of L(m").

First, we determine the relationship between the sizes of L(m") and
KL(m").

Theorem 10.8.10 Let n = [g] +1. Then

2|L(m2)| -1 if n is odd

|KL(m“)|={ 2|L(m2) |- (2m—-1) ifn is even

Proof. For n =1, both KL(m") and L(m"™) have one element, and for n = 2
they both have 2m—1 elements. Assume n > 2. Suppose n is odd. The elements
of KL(m") begin with n —n entries equal to 1 or end with n—n entries equal
to 1. If they so begin, then the other entries form n-tuples in one-to-one
correspondence with L(m2). Similarly, if elements end with n—n entries equal
to 1, then the other entries form n-tuples also in one-to-one correspondence
with L(m?2). For n odd, one n-tuple is counted twice. Similarly, if n is even,
2m — 1 n-tuples get counted twice. ®

Note that an explicit formula for [ KL(m") | can then be obtained from the
formula for the size of in terms of |L(m")|.
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10.9 The De Morgan algebras H(m")

In the algebra Do(m™), the tuples can be of any positive integer length,
but entries must come from a set with an odd number of elements, namely
{1,2,...,2m —1}. This suggests considering a more general class, namely the
one in the following definition.

Definition 10.9.1 For positive integers m and n, let H(m™) be the algebra
of all decreasing n-tuples from {1,2,...,m}, with pointwise meet and join,
negation (ay,a2,...,a,) = (m+1-a,,m+1-an_y,...,m+1—-ay), and the
obvious constants.

Tt is easy to see that H(m") is a De Morgan algebra and that Do(m") and
H((2m-1)""1) are the same. Three examples are shown below.

44 333
| |
33 43 332
| VAN VAN
32 42 33 322 331
VEERN N /S N/
31 22 a1 32 222 321
N S NN NN
21 31 22 221 311
\ N S N S
11 21 211
| |
11 111
H(3?) H(4?) H(3%)

Note that H(3?) has a non-trivial automorphism, and H(4?) and H(3%)
are isomorphic and have no non-trivial automorphisms. These are special in-
stances of a general phenomenon as we will see later.

((m—1)+n)!'

Theorem 10.9.2 |H(m")| = ( il
m-1)In!

Proof. The proof is left as Exercise 18. m

Note that this implies |H(m")| = |H((n+1)™"1)|. Actually, these De Mor-
gan algebras are isomorphic as we will see later.

The De Morgan algebra H(m") is in particular a finite distributive lattice.
As discussed in the preliminaries, its set of join irreducible elements is a poset
J(H(m")) under the induced order, and this poset determines the lattice
H(m"). We determine now the poset of join irreducible elements of H(m").
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Definition 10.9.3 For 1<i<n-1, an n-tuple in H(m") has a jump at i if
its i+ 1 entry is strictly less than its i-th entry. It has a jump at n if the n-th
entry is at least 2.

For example, the 5-tuple (5,5,5,3,1) has jumps at 3 and 4, the 6-tuple
(8,7,2,2,2,2) has jumps at 1 and 2 and 6, and the 6-tuple (5,5,5,5,1,1) has
a jump at 4. The only n-tuple with no jumps is (1,1,...,1), the zero of the
lattice H(m"™). The following is easy.

Theorem 10.9.4 The join irreducibles J(H(m™)) of the distributive lattice
H(m") are those n-tuples with exactly one jump.

Since the only element with no jumps is the n-tuple (1,1,...,1), the join
irreducible elements of H(m") are of the form (a,a,...,a,1,1,...,1), with
a > 1 and at least one a in the tuple. Thus with each non-zero join irreducible,
there is associated a pair of integers, the integer a and the index of the last a.
For example, we have the following associations.

(575’ 17 1’ 1) - (57 2)
(5,5,5,5,5) - (5,5)

This association gives a map from J(H(m")) to the poset (m —1)xn. (Here, we
are associating the poset {2,3,...,m} with the poset m—1.) This is rather ob-
viously a one-to-one mapping of the join irreducibles of H(m") onto the poset
(m—-1) x n, and preserves component-wise order. Thus we have the following.

Theorem 10.9.5 The poset of join irreducibles J(H(m™)) of H(m") is iso-
morphic to the poset (m—1) x n. (Note that the poset (m—-1) xn is actually a
bounded distributive lattice.)

The example below shows H(3%) and its poset of join irreducibles
J(H(3%)), which in this case is the product of a 2-element chain and a 3-
element chain.

333
\
332
RN 333
322 331 RN
SN S 222 331
222 321 NN\
NN\ 221 311
221 311 NS
NS 211
211
\
111

H(3%) J(H(3%))
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It is interesting to recall ([38], page 85) that the length of maximal
chains (length is one less than the number of elements in the chain) in a
finite distributive lattice is the same as the size of the set of join irreducible
elements. This gives the following, which can also be calculated directly.

Proposition 10.9.6 Mazimal chains in H(m") have length (m -1) x n.

Because of the categorical equivalence of finite distributive lattices and
finite posets, the lattice H(m") is isomorphic to the lattice H(p?) if and only
if the posets (m-1) xn and (p-1) x q are isomorphic. Further, it is clear that
the poset (m-1) x n has only the trivial automorphism unless m — 1 = n, in
which case it has exactly two automorphisms. Thus the lattice H(m"™) has only
the trivial automorphism unless m -1 = n, in which case it has exactly two
automorphisms, its poset of non-zero join irreducibles being the poset n xn.
Thus we get the following corollaries.

Corollary 10.9.7 The lattices H(m") and H(p?) are isomorphic if and only
ifm=pandn=q, orm-1=qandp-1=n.

Corollary 10.9.8 The automorphism group Aut(H(m")) of the lattice
H(m") has only one element unless m—1 =n, in which case it has exactly two
elements.

Since L(m") »~ H((2m-1)""1), the join irreducibles of L(m") are isomor-
phic to the poset (2m-2) x (n—-1). Thus we get the following corollary.

Corollary 10.9.9 The automorphism group Aut(L(m")) of the lattice L(m™)
has only one element unless 2m — 1 = n, in which case it has exactly two
elements.

Actually the following holds. We omit the proof, which is found in [114].

Corollary 10.9.10 The lattice autormorphisms of H(m™) are De Morgan au-
tomorphisms of H(m").

To conclude, we remark that there are Kleene subalgebras of H(m") cor-
responding to the Kleene subalgebras KL(m") of L(m") in Theorem 10.8.9.
We omit discussion of these subalgebras here, but refer to [114] for details.

10.10 Summary

This chapter has studied finite analogs m" of the algebra M. They inherit
many properties of M. They are De Morgan Birkhoff systems that, except in
small cases, generate the same variety as M.
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These algebras, like M, have two orders. The meet order £ is given by
the meet semilattice operation n, and the join order £, is given by the join
semilattice operation L. Unlike the case of M, both orders give lattice orders.
Algorithmic descriptions of the joins and meets in these orders were given.

As with M, the intersection of the join and meet orders of m" is a partial
order. Unlike M, this double order is a lattice order on the subalgebra of normal
functions. There is no intuitive reason why this should be true. Algorithmic
descriptions for join and meet in these lattices were given. This provides an
interesting class of non-distributive finite involutive lattices.

The irreducible elements of the algebras m" were described, and this was
used to show that the automorphism groups of these algebras are trivial.

The algebras m" have subalgebras of convex functions, of normal functions,
and of convex normal functions L(m"), among others. Several isomorphic real-
izations of the algebras L(m") were given based on the notion of straightening,.
These descriptions were used to develop formulas for their cardinalities and
heights.

Generalizations H(m") of the algebras L(m") were considered. These were
algebras of decreasing functions from the chain n to the chain m. Their posets
of join irreducibles were shown to be the lattices (m—1) x n. This was used
to determine the automorphism groups of the lattices H(m"), and when they
are isomorphic.

10.11 Exercises

1. Let X be a set and P(X) be its power set. What are the join irreducibles
in the lattice P(X)?

2. Any chain is a lattice. What elements of a chain are join irreducible?

3. The plane R x R is a lattice where (z1,y1) < (x2,92) if 21 < 29 and
y1 < y2. (Show this.) Prove that there are no join irreducible elements
in this lattice.

4. The following figure depicts a distributive lattice L. Sketch and label
its poset J(L) of join irreducible elements, and the distributive lattice
D(J(L)) of downsets of this poset.



10.

11.

12.

13.
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A poset P is shown below. Sketch and label its distributive lattice of
downsets D(P), and the poset J(D(P)) of its join irreducibles.

AN

Prove Proposition 10.1.9. Here, the main difficulty is in showing that
J(f)(4) is join irreducible in L. It is useful to first prove that J(f)(j)
is the smallest element of L that is mapped above j.

Let X be any finite set, and consider X as a poset where no two distinct
elements are comparable. Prove that the set of downsets of this poset
X is the lattice P(X), the power set of X. This leads to the result that
the category of finite Boolean algebras and the homomorphisms between
them is dually isomorphic to the category of finite sets and the functions
between them.

Show that for a natural number n, the algebra n is a Kleene algebra
whose underlying lattice is a chain.

Draw a diagram to indicate the join and meet orders of 32.

Use the algorithm of Section 10.4 to compute f ® g in 4% for f = 312143
and g =413232.

Prove the remainder of Proposition 10.5.2, namely, that the intersection
of two partial orderings on a set is a partial ordering on the set.

Prove that for any partial order < on a finite set X, there is a linear
order (a chain) € on X so that if © <y, then z cy.

Use the result of the previous exercise to prove that for any partial
ordering < on a finite set X, there is a family of linear orders on X
whose intersection is <. The fewest number of such linear orders whose
intersection is < is called the order dimension of the poset (X, <).
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14. Find the order dimension of the following poset.

15. Fill in details for the proof of Proposition 10.5.5.

16. Show that the mapping 1 of Theorem 10.8.3 is a one-to-one mapping
from L(m") onto Dy (m").

17. Prove that the mappings discussed in Theorem 10.8.5 preserve the op-
erations A, Vv, *,0,1 of the algebras involved.

18. Prove Theorem 10.9.2.
19. Prove Theorem 10.9.4.



Appendix A

Properties of the Operations on M

The following properties hold in M.

10.

11.
12.

13.
14.
15.
16.

17.
18.

Cfug=(FAd) VP ag) = (Fvg) a(ffagh)
Cfng=(FAd®)v(FEag) = (Fvg) a(fFagh)
fefrf<fm
f < g implies fL' < gl and ff < g%
fLL — fL§ fRR — fR
fEE = fBL and this is a constant function with value sup f
Py
fL* — f*R; fo— — fx—L

(frg) =f"ng5(fvg) =fvg"
(fvgt=rflvgh (fvg)f=flvgh

frugk=frug=fugh=flnagh

fEngft=flng=fnght=flagh

(fug)t=rfrugh
(fug)t=rfugh
(fng)f=fing®
(fng)t=rfrng*

fuf=fifnf=f
fug=guf; fng=gnf

219
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19. fu(guh)=(fug)uh; fn(gnh)=(fng)nh
20. fu(fng)=fn(fug)
21. lguf=f;L4unf=f
2. f=f
23. (fug) =f"ng (fng) =fug”

24. fcngif and only if fEAg< f<g®

25. fc, gif and only if fAgl <g< fL

26. fu(gvh)=(fug)v(fuh)
27. fr(gvh) = (frg)v (fnh)

28. fl‘—'"'l—'fn:(fl\/"'vfn)/\fll//\"'/\frg
29. f1|_|~~~|_|fn=(f1V~~~an)/\f1R/\'"/\f7If
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