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Chapter 1

Introduction

Over the last years, dealing with unsharp information and uncertainty has become an every
day issue in many areas of research and application. The well-known concept of fuzzy sets
and fuzzy relations, introduced by Zadeh in 1965 ([4]), constitutes the base to handle this
kind of information. The idea is, given an element of a fuzzy set/relation, to assign the
degree of membership to this element. In this first approach, the degree of membership is
a value taken out of the unit interval [0,1]. Thus, a fuzzy set or fuzzy relation where the
degree of membership takes only the value 0 or 1 can be seen as a conventional set/relation.
It then is called to be 0 — 1 crisp or simply crisp.

In 1967, Goguen generalized Zadeh’s concept. He realized that it often can be useful not
to express the degree of membership by an element of the unit interval. Thus, for example,
[0,1] x [0, 1] taking a tuple of two values out of [0,1] can be interesting for a customer to
rate a product due to two quality criteria. In his paper [6], Goguen introduced the notions
of L-fuzzy sets and L-fuzzy relations which use an arbitrary completely distributive lattice

L to express membership within a fuzzy set/fuzzy relation.

In real world applications, especially the concept of fuzzy relations and L-fuzzy relations is
used to develop fuzzy controllers [5][7][8] for steering technical processes. Thus, for example,
the air-conditioning of a building or certain safety systems within cars are regulated by such
controllers. Especially the second application shows that it would be useful to have an exact
theory to reason over L-fuzzy relations and, thus, over fuzzy controllers. One then could
prove certain properties of given fuzzy controllers and, hence, avoid an unexpected, safety
critical behavior.

A first approach was given in [10] by H. Furusawa. He used the theory of relational categories
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[9] and, especially, of Dedekind categories to model £-fuzzy relations. Unfortunately, he got
problems while expressing the notion of crispness within this theory. He gave two proposals
(I-crispness and s-crispness) which coincide with 0 —1 crispness only under some restrictions

on the entry lattice L.

Finally, Michael Winter in [11] showed that the theory of Dedekind categories is too weak
to express crispness in general. Hence, he introduced a new kind of relational category, the
so-called Goguen category. By providing new operations, he gave a convenient notion of
crispness and managed to show that the notions of [-crispness and s-crispness are subsumed

by this new definition.

In [12] a proposal was given how to model fuzzy controllers within the theory of Goguen
categories. This model constitutes the base to transfer the concepts of fuzzy control into
Goguen categories. But, it would also be nice to have a computer-aided framework based on
this model to construct fuzzy controllers and, just as important, to handle Goguen categories.
This is the main issue of this thesis. We aim at a collection of Haskell [19][20] modules which
allows a convenient handling of Goguen categories and, thus, of fuzzy controllers and £-fuzzy
relations.

There are already two Haskell libraries covering the treatment of relational categories and
relations. The RELVIEW system developed at the Christian-Albrechts-University of Kiel
allows to create and manipulate binary relations. The RATH system [17], developed at
the University of the Federal Armed Forces Munich, goes a step further by providing a
Haskell library to create, explore and test instances of relational categories. Hence, it is
more suitable for our purposes than the RELVIEW system. We will focus on an extension

of this module collection such that it covers Goguen categories.

In Chapter 2 we provide the mathematical background which is needed to understand this
thesis. First, it includes a brief introduction to sets and relations. After that, fuzzy sets and
fuzzy relations are introduced. Before we then introduce £-fuzzy sets and L-fuzzy relations,
we provide a comprehensive overview over the lattice theoretical concepts. The chapter is

concluded by an overview over relational categories and Goguen categories.

Chapter 3 then is dedicated to the extension of RATH. We first provide a module collection
for lattices which is the necessary base for all other modules. After that we introduce some
modules for Goguen categories matching all development criteria of RATH such that they
can easily be integrated. With these modules, we especially provide some test routines to

test instances of Goguen categories for correctness. Finally, a module for handling £-fuzzy



relations is implemented.

The last part of this thesis deals with fuzzy controllers. Chapter 4 is started by a com-
prehensive introduction to fuzzy controllers. After that, we introduce the relational model
of [12], extend it at some points and introduce operations on fuzzy controllers. All these
considerations are done on the abstract level of Goguen categories such that they can be
deducted fully mathematical. The introduced operations then are the mathematical base
for the module for fuzzy controllers. In this module we present suitable combinators to
construct them and test their behavior. At the end of this thesis we develop an example

controller which shows how the provided combinators can be used.






Chapter 2

Introduction of the Mathematical

Concepts

In this chapter we want to introduce the mathematical concepts used throughout this thesis.
We will often assume that the reader is familiar with the basic concepts and, therefore, give

only a sketch of the topic.

2.1 Sets and relations

In the following we introduce the basic set theoretic concepts and notation. Although it can
lead to contradictions, we will treat sets in a naive way. Due to space considerations, we
omit all proofs. They can be found in the various literature.

The set membership of an element x is expressed by the symbol €. We say z € M if z is an
element of M and = ¢ M if it is not. The empty set () has no elements. If a set N contains
at least the elements of another set M we write N O M (“N contains M”) or M C N (“M
is a subset of N”). Notice that every set M can uniquely be described by its characteristic
function xps : N — {0,1} mapping an element x of an arbitrary set N O M to one of the

boolean values 0 and 1 as follows :

1 jifzxeM

xu (@) = 0 ,ifx¢ M.

For the well known algebraic operations on sets we use the following denotation.
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Definition 2.1.1. Let M, N, and P be sets and M C P. Then we have

(1) MUN :={xz |z € Morxzée N} (union)
(2) MNN :={z|x € Mand x€ N} (intersection)
(3) M ={z |z ¢ M and z € P} (complement).

Some interactions between and properties of these operations are summarized in the follow-

ing lemma.

Lemma 2.1.1. Let M, N, P and Q be sets such that M, N C Q. Then we have

(1) MUN=NUM and MNN =NNM, (commutativity)
(2) (MUN)UP=MU(NUP) and (MNN)NP =DMnN(NNP), (associativity)
(3) (MUN)NP=(MNP)U(NNP), (distributivity)
(4) M =M,

(5) MNN=MUN and MUN =MnNN, (de Morgan)

(6) MCN & NCM.

The rule of de Morgan shown in (5) is essential because it shows how to obtain the union /

intersection operation if one only has the complement and the intersection/union operators.

We denote the infinitary variants of N resp. U by () M; resp. |J M; for an index set I and
iel il

arbitrary sets M;.

A special set is the set of all subsets of an arbitrary set M. Using set comprehension, it can

be expressed by

P(M):={X | X C M} (power set)

Throughout this thesis we will need two basic constructions — direct sums and cartesian
products. The direct sum M + N and the cartesian product M x N of two sets M and N

are defined as

M+ N :={0,z) |l re M}U{(1,y) | y € N}
Mx N :={(z,y) |z € Mandy € N}.

The direct sum M + N obviously concatenates M and N. Notice that M + N is isomorphic
to M U N for the case M N N = (). In contrast, the cartesian product gives us all tuples
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with the first component out of M and the second component out of N. Notice that n-
ary cartesian products can be built by iterating the construction for two sets. But, in the

following we focus on binary cartesian products.

In most cases not all pairs are of interest. Therefore, a mathematical characterization of
the needed tuples is necessary. This leads us directly to the notion of relations. A binary
relation R : M — N between two sets M and N is a subset of M x N, i.e., R is an element of
P(M x N). We call R homogeneous if M = N and, otherwise, heterogeneous. Throughout
this thesis we will write xRy for the fact that (z,y) € R holds and —zRy if it does not.
Furthermore, the set {x € M | 3y € N : xRy} is called the domain (dom(R)) and the set
{ye N |3z e M : zRy} is called the range (ran(R)) of R. As relations are only special
sets, the operations of Definition 2.1.1 are applicable and the properties shown in Lemma
2.1.1 hold.

We want to stress that a relation R C M x N in this manner can be represented as a
(|M| x | N|) matrix indexed by elements of M and N. The entry (x,y) then takes the value
1 if zRy and 0 if ~zRy. Hence, if we are dealing with the matrix representation, we write
R(z,y) for xRy resp. = R(x,y) for ~zRy. Later on, we will have to study relations that are
not representable in the intuitive way shown here.

To emphasize that we are dealing with relations, we introduce a new notation and write /L
instead of N/U and C instead of C. The operation symbol ~ stays unchanged. Furthermore,

we use the special relations

TyN =M x N, (full relation)
U =0, (empty relation)
Iy  =A{(z,x) | x € M}. (identical relation)

Notice that 1y, y E R and R C Ty hold for every relation R : M — N. The following

definition gives us a formal base to describe certain kinds of relations.

Definition 2.1.2. A relation R : M — N 1is called

(1) injective S Ve,ye M,ze N : xRz and yRz = x =y,
(2) surjective = Vye Ndx € M : xRy,

(3) bijective = R injective and surjective,

(4) total = Ve M3dye N : zRy,

(5) univalent = Vre M,y,ze€ N : xRy and xRz = y = z,

and, if it is homogeneous, i.e., M = N,



8 CHAPTER 2. INTRODUCTION OF THE MATHEMATICAL CONCEPTS

(6) reflexive & VeeM : xRz,
(7) irreflexive = VeeM : —zRx,
(8) transitive & Vao,y,z€ M : xRy and yRz = xRz,

(9) symmetric = Ve, ye M : zRy = yRx,
(10) antisymmetric:< Vo, y € M : xRy and yRr = = =y,
(11) asymmetric & Vo,y € M : zRy = —yRx.

As usual, we call a univalent relation a function, a total function a mapping and a bijective
mapping a bijection. Thus, a relation can be interpreted as a function R : M x N — {0, 1}.
Notice that an n-ary cartesian product M; X ... x M, for an index set I = {1,..,n} can be
interpreted as the set of all mappings f : I — MjUMyU---UM, with f(i) € M;. As shown

here, mappings and functions will be denoted by small letters like f.

Homogeneous relations characterized by (6)-(11) are of special interest in order theory and,
thus, in lattice theory. Notice that every asymmetric relation is antisymmetric. The opposite

is, in general, not true.

Definition 2.1.3. A homogeneous relation R over a set M is called a

(1) preorder & R reflexive and transitive
(2) order = R reflexive, transitive and antisymmetric
(3) linear order :& R is an order and Vx,y € M : xRy or yRx

(4) strict order :& R irreflezive and transitive

Notice that we defined a strict order as an irreflexive and transitive homogeneous relation.
This could equivalently be described by demanding the relation to be asymmetric and tran-
sitive.

Throughout this thesis we will call a tuple (P, <) a poset (partially ordered set), iff P is
a set with an order relation < on it. Often we will identify the tuple (P, <) only with P.
Obviously, C is an order relation and, thus, the power set P(M) of an arbitrary set M

together with C is a poset.

There are two essential operations that can (together with LJ, M, ™) be used for an algebraic

treatment of relations — conversion and composition.

Definition 2.1.4. Let R: M — N, and S : N — O be relations. Then we define

(1) R~

{(y,2) | (z,y) € R} (conversion)
(2) R; S ={(x,z) | Jye N : (z,y) € Rand (y,2) € S} (composition)
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Obviously, our definition of ; implies that we read the composition R;S from left to right,
ie, R: M — N and S : N — O implies R;S : M — O. Notice that, in general,
dom(R) # dom(R; S) and ran(S) # ran(R; S).

The following lemma summarizes some basic properties of conversion and composition.

Lemma 2.1.2. Let Q,R: M — N, and S : N — O be relations. Then we have

(1) (R7)” =R,
(2) (QMR)"=Q"MNR” and (QUR)"=Q UR",
(3) (R;S)” =S";R~.

If f: M — N is a function or mapping we will denote the converse relation f~ by f~'. It
is clear that f; f~! =T, if f is a bijection.

Now we are ready to express the characterizations of definition 2.1.2 in an algebraic manner.

Lemma 2.1.3. Let R : M — N be a relation. Then we have

(1) R injective < R;R™C Iy < R univalent,
(2) R surjective S INCER;R < R total & Tar,vy E Ty R,
(3) R total < Iy ER;RY & R surjective < Ty n T R; TN,
(4) univalent & R,RC Iy S R
and if R is homogeneous,
(5) R reflezive < Iy CR < Iy TR,
(6) irreflexive < RC Iy s IynNRCly < Iy CR,
(7) transitive & R*=R,RCR< R;RCR,
(8) symmetric < RC R~ < R=R~ & R symmetric,
(9) antisymmetric < RMR-Cly < Iy CRUR>,
(10) asymmetric & RMNR"CUypue Tum ERUR".

We will see some of these results again. They obviously constitute a component-free descrip-
tion of the underlying properties and, hence, are the basic characterizations within relational

categories. This more common approach will be introduced later on.

Lemma 2.1.3 already gives a short impression of component less computation and charac-
terization using relations. For a comprehensive introduction to relation algebras we refer to

[15].
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2.2  Fuzzy sets and fuzzy relations

In this section we want to give a short introduction to fuzzy sets. Fuzzy set theory is a wide
ranged area of research. Therefore, we will only introduce the intent and the basic notions.
Again we omit all proofs and exemplary refer to [5][4] and [7] for a comprehensive overview

and mathematical background.

In standard set theory one can only express whether an element x is a member of a set M
or it is not. But what if you have to express vague phrases like “warm”, “cold”, “big”, “small”
and so on 7 Consider, for instance, the set of warm temperatures. With the approach shown
in the last section, one would have to set an upper and a lower bound (e.g., 19°C and 27°C')
such that every temperature within these bounds is a member of the mentioned set. But,

when 27°C' is warm, why is 26,9°C not ? This motivates the following definition.

Definition 2.2.1. We call a structure F' := (U,vp) with an arbitrary set U (universe) and
a mapping v : U — [0,1] a fuzzy set over U. The application of yr to an element x € U

1s called fuzzification.

At this, [0,1] is the unit interval of all real numbers between 0 and 1. The mapping vp
can, therefore, be interpreted as the degree of membership of a certain element x € U in
F and, hence, we call it the membership function of F. We want to stress that there is
an own theory for finding adequate membership functions. As this is not important for
the general comprehension, we will not go into detail with it. Notice that vp = xp, iff
ran(yr) = {0,1}. Of course, there are other possible ranges for the degree of membership
than the unit interval. This is only a standard definition. Goguen, for example, in [6]
introduced L-fuzzy sets with  taking values from a certain lattice £. We will come back to
this later.

Often we will identify the tuple (U,yr) only with F' or with . Furthermore, we often use
the induced set {(z,yr(x)) | + € U} whereas tuples (z,0) are not listed explicitly.

In order to describe properties of fuzzy sets and certain interactions to usual sets, we intro-

duce some basic notions.

Definition 2.2.2. Let F' be a fuzzy set over U. Then we define

(1) the support supp(F) :={(z,1)| z € U,vyp(x) # 0}
(2) the a-cut cuty(F) = {(z,1)] x € U,yr(z) > a}
(3) the kernel ker(F) := {(x,1)| x € U,yr(z) = 1}
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(4) the cokernel coker(F) :={(z,1)| z € U,vyp(z) = 0}
(5) F is crisp :& F = cuti(F).

Obviously, F is a conventional set, iff it is crisp and, hence, vg is equal to xp. The a-cut
will play an important role within Goguen categories, later on. But, already here it should
be noticed that the a-cut for a given fuzzy set F' induces an antitone function o — cuty (F),

i.e., @ < o implies cuty (F) C cuty(F) for all o, € [0,1] and all fuzzy sets F'.

It is clear that UN,” and C cannot be transferred from conventional sets to fuzzy sets
without any adaptation. In fact, finding adequate definitions of U, N and ~  has costed re-
markable efforts up to now. Therefore, we first define fuzzy set inclusion and then separately

have a look at the union, intersection and negation operators for fuzzy sets.

Definition 2.2.3. Let F' and G be two fuzzy sets over U. Then

FCG:eVrelU:yr(z) <vyal(z).

Notice that we use the same inclusion symbol C for conventional and for fuzzy sets, respec-
tively. It will be clear from the context which one is meant. Obviously, C again is an order

relation, i.e.,

FCGand GCH=FCH, (transitive)
FCGand GCF = F =G, (antisymmetric)
F CF. (reflexive)

Now, we want to focus on fuzzy set union and fuzzy set intersection. If we recall the definition
of M UN and M N N for conventional sets, we see that they can equivalently be described
using the characteristic functions yps resp. xny of M resp. N, and the boolean functions

and,or : {0,1} x {0,1} — {0,1} as follows :

xmun () = xum(x) or xn(z)

Xmnn (2) == xam(x) and xn(x).

Definition 2.2.2 marks crisp fuzzy sets as a special case of fuzzy sets. As they are equivalent
to conventional sets, the operations U and N for crisp fuzzy sets have to be equivalent to
union and intersection of conventional sets. In fuzzy set theory, we have the notion of
t-norms resp. t-conorms (s-norms) as a synonym for fuzzy set intersection resp. fuzzy set

union. The following definition gives us an axiomatic base.
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Definition 2.2.4. Let 7,0 : [0,1] x [0,1] — [0,1] be two mappings. Then we call T a
t-norm, iff the following properties hold for all z,y,z, 2",y € [0,1]:

(1) 7(0,2) =0 and 7(1,z) =«

(2) <2’ andy <y = 7(x,y) < 7(2',y) (monotonic)
(3) T(x,y) = 7(y, ) (commutative)
(4) T(x,7(y,2)) = 7(7(,y), 2) (associative)

Furthermore we call o a t-conorm (s-norm), iff it satisfies the following for all x,y, z, z’, v/

€[0,1] :

(1) 0(0,z) =z and o(1l,z) =1

(2) x <2’ andy <y = o(x,y) <o(,y) (monotonic)
(3) o(x,y) = o(y, ) (commutative)
(4) o(z,0(y,2)) = o(o(z,y), 2) (associative)

Obviously, t-norms resp. t-conorms induce the algebraic structure of commutative semi-

groups with neutral element 1 resp. 0. Furthermore, we have

Thus, 7/0 reduced to {0, 1} is equivalent to the boolean function and/or.

Now, we want to switch to possible negation operators in fuzzy theory. Again, we can
express M for a conventional set M, using the boolean function not : {0,1} — {0,1} and

the characteristic function xs, by

X77(x) = not xu.

Thus, we give the following definition.

Definition 2.2.5. Let v : [0,1] — [0,1] be a mapping. Then we call v a fuzzy negation,
iff the following properties are satisfied for all x,y € [0,1] :

(1) v(0) =1andv(l)=0
(2) <y = v(y) <v(zr) (antitonic)
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Restriction (1) explicitly demands that v reduced to {0,1} is equivalent to the boolean
function not. The antitonic behavior demanded in (2) is the typical characterization of a

negation operator and, therefore, obviously necessary.

One can imagine that Definitions 2.2.4 and 2.2.5 enclose a big class of possible operations.
In the following we want to give some widely used examples for fuzzy set union, intersection
and negation. Notice that this is not a complete collection at all and, therefore, we refer to

the already cited literature for a more comprehensive overview.

Lemma 2.2.1.

The following operators are t-norms

(1) T(x,y) == min(z,y) (minimum conjunction)

(2) o(z,y) = max(0,z+y—1) (bold conjunction)

(3) p(x,y) ==y (product conjunction)
1,ifx=y=1

(4) Ta(z,y) = f Y (drastic conjunction).

0, otherwise

The following operators are t-conorms

(1) om(z,y) = max(z,y) (maximum disjunction)
(2) op(x,y) = min(l,z +y) (bold disjunction)
(3) op(z,y) =x+y—x-y (product disjunction)

0,ife=y=0

(drastic conjunction).

(4) oa(z,y)

1, otherwise

The following operators are negations

(1) y(z) =1—=x (Lukasiewicz negation)
1,ifx=0
(4) va(x) = ! (drastic negation).
0, otherwise
The operations 7,,, oy, and v; are the standard pendant to and, or, and not. We want to
mention that 7, is the greatest t-norm, i.e., 7,,(z,y) > 7'(x,y) for all other t-norms 7" and
all x,y € U. Furthermore, oy, is the least t-conorm, i.e., o, (z,y) < o'(x,y) for all other
t-conorms o’ and all z,y € U. We want to admit that the question which of the possible

t-norms/conorms resp. negations to choose strongly depends on the application.

According to Definition 2.2.4, the union and intersection of two fuzzy sets F' and G over U
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resp. the negation of F' can be computed as follows using a given t-norm 7, t-conorm ¢ and

negation v :

FNG :=Un"vrna) vrnc(@) = 1(vr(2),v¢(2))
FUG = (Un~rug) , vrua() == o(yr(x),va(x))
F = (Unr) op@)  =v(iyr().

Last but not least, we want to present an important result. To do so, we introduce an abbre-
viated notation. If we have a crisp fuzzy set M over U, we may obtain a new fuzzy set a-M by
(- M)(@) = (2,0 xu(2))

Since the a-cut of a given fuzzy set F'is crisp, we may represent F' as shown in the following

theorem.

Theorem 2.2.1 (a-cut Theorem for Fuzzy Sets). Let F' be a fuzzy set over U. Fur-

thermore, let U be the fuzzy union operator induced by oy, (maz disjunction). Then we have

F = U a - cuty(F).

We will see this result again in different variants since it is essential for the representation

of Goguen categories introduced in Section 2.6.

The extension of fuzzy sets to fuzzy relations is done quite intuitively. A fuzzy relation R
from U to V is a fuzzy set over U x V. This implies that vz is a mapping yg : U x V —
[0,1]. In the following we will identify vr with R. Again, this definition induces a matrix
representation whereas an entry R(z,y) can be interpreted as the degree to which the tuple
(z,y) is in R. We do not yet want to go into detail with fuzzy relations. Later on, we

introduce L-fuzzy relations and examine certain properties.

2.3 Lattices

In this section we want to give a short introduction to the lattice theoretical concepts used
throughout this thesis. Since we will have to provide a Haskell module for lattices, this
introduction is held pretty comprehensive. Nevertheless, we omit all proofs due to space
considerations. For further reading we refer to [1][3][2] and [12], for example. We start by

defining lattices and outlining some basic results.
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2.3.1 Definition and some first properties

Lattices are structures that allow us to compute in a more abstract way than, for example,
within the real numbers (R) or the natural numbers (N). The main difference is that we are

not necessarily dealing with linear orders. We first introduce the following operations.

Definition 2.3.1. Let P be a poset and x,y € P. Then we define

(1) x ANy :=inf(z,y) := z with z < x and z <y and for all 2" with
2 <z and 2 <y we have 2’ < z (meet)
(2) xVy = sup(x,y) := z with z > x and z >y and for all 2" with

2 >x and 2 >y we have 2/ > z (join)

The extension of (1)/(2) to sets of elements we denote by A /\/. Notice that A, V, A and

\/ are, in general, partial operations, i.e., inf(X) and sup(X) do not necessarily exist in P.

With these preparations, we are now ready to define lattices.

Definition 2.3.2. A structure L is called

(1) a lower semilattice < L 15 a poset and closed under meet

(2) an upper semilattice = L is a poset and closed under join

(3) a complete lower/upper semilattice <= \NM/\/ M exist in L for all
subsets M # () of L

(4) a lattice = L is an upper and a lower

semilattice.

For a lattice £ we will denote the corresponding upper/lower semilattice by £%/L;. If we
speak of either upper or lower semilattices, we will call them semilattices. If the underlying
order is linear, we call the (semi)lattice linear. Notice that every finite (semi)lattice is
complete because every subset M of L is finite and therefore /\ M, respectively \/ M, can be
computed by iterating the definition of meet and join. Furthermore, complete upper/lower
semilattices (and therefore all finite upper/lower semilattices) have the nice property shown

in the next lemma.

Lemma 2.3.1. Let L be a complete lower/upper semilattice. Then L has a least/greatest

element 0/1. Furthermore, we have

(1) L is an upper semilattice = 1 =\/ L,

15
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(2) L is a lower semilattice = 0= A\ L.

In the following we want to show that it suffices to demand that either the lower or the
upper semilattice of a lattice £ is complete to derive the completeness of £. We start with

the following lemma.

Lemma 2.3.2. Let L be a lower/upper semilattice. Then the set of upper/lower bounds

M to a set M C L is again a complete lower/upper semilattice with least/greatest element

VM/\M.

Now, we can connect completeness of upper and lower semilattices.

Theorem 2.3.1. Let L be a lattice. Then we have

L; is complete < L% is complete.

Obviously, Theorem 2.3.1 is a direct conclusion from Lemma 2.3.2. Hence, we have motivated

the definition of complete lattices.

Definition 2.3.3.
A lattice L is called complete iff £; or L% is complete.

Notice that the least resp. greatest element in a complete lattice £ can be computed by
0=AL=V0and1=A0=VL.
Lemma 2.3.2 indicates that in an upper/lower semilattice £ the set of lower /upper bounds to

a set M C L is somehow embedded into £. This leads us to the notion of a sub(semi)lattice.

Definition 2.3.4. Let L be a lattice. We call a subset L' C L

(1) an upper subsemilattice of L :< L' is closed under join,
(2) a lower subsemilattice of L < L' is closed under meet,

(3) a sublattice of L :&< L' is closed under join and meet.

Again, if we refer to either upper or lower subsemilattices, we will call them just subsemi-

lattices.

With Definitions 2.3.2, 2.3.3 and 2.3.4 we have the basic notions of lattice theory. Two
standard lattices are the unit interval [0,1] C R together with < and the powerset P(M)
of an arbitrary set M together with C. We want to stress that there is another (algebraic)

approach to lattices. Consider the following theorem.

Theorem 2.3.2. A structure L := (L,A,V) with a carrier set L and two operations

A,V i L x L — L is a lattice, iff the following properties hold for all x,y,z € L
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(1) (zVy)Vz=aV(yVz)and (xANy)Nz=zA(yAz), (associativity)
(2) xVy =yVax and x Ny =yAux, (commutativity)
(3) (xVy) Ne =z and (x \Ny) V= x. (absorption)

Notice that L and V resp. L and A induce the related upper resp. lower, semilattice. The
equivalence of the last theorem makes clear that, from a mathematical point of view, it plays
no role whether lattices are defined algebraically or via posets and sup/inf. But, we want
to provide a Haskell module for lattices later on. There we will have to consider these two

possibilities.

2.3.2 Order and lattice morphisms, Galois connections

In this section we want to focus on homomorphisms between structured sets (e.g., orders

and lattices). Hence, we have a mathematical concept to construct and compare them.

Definition 2.3.5. Let P; and Py be posets and f : Pp — P» be a mapping. Furthermore let
L1 and Lo be lattices and g : L1 — Lo be a mapping. Then we call f

(1) monotonic e r<y= f(z) < fly)

(2) antitionic s r<y= fly) < f(z)

(3) an order homomorphism & f is monotonic

(4) an order isomorphism & f s bijective and f and f~!

are order homomorphisms
and g
(5) a lower semilattice homomorphism gz ANy) =gz
(6) a lower co-semilattice homomorphism :& g(
(7) an upper semilattice homomorphism :& g(zVy
(8) an upper co-semilattice homomorphism:< g(z Vy) = g(z) A g
(9) a lattice homomorphism & g is a lower and an upper
semilattice homomorphism
(10) a co-lattice homomorphism & g is a lower and an upper
co-semilattice homomorphism
(11) a (semi)lattice isomorphism & g is bijective and g and g~ are

(semi)lattice homomorphisms.

17
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Furthermore, g is called complete, iff the underlying property can be extended to arbitrary

subsets M C L.

From (1) and (3) one can see that the order homomorphisms between two posets P; and
P, are just the monotone mappings, which we will denote by P; "=>" P,. Furthermore, we
denote all antitone mappings between P, and P, by P; angi P,. If we refer to the monotone
as well as to the antitone mappings we write P; = Py

If we speak of either lower or upper semilattice homomorphisms we will call them semilattice
homomorphisms. Notice that every (semi)lattice homomorphism is monotonic, i.e., an order
homomorphism. The other direction is, in general, not true. If there is an order/lattice
isomorphism between two orders/lattices, we call them isomorphic. Notice that we have
g(1) = g(AD) = A0 =1 resp. g(0) = g(\V0) = V0 = 0 for complete lower resp. upper
semilattice homomorphisms. Analogously, we have g(1) = g(A?) = /@ = 0 resp. g(0) =
g(\/0) = A\ D =1 for complete lower resp. upper co-semilattice homomorphisms. Later on,

complete upper co-semilattice homomorphisms will play an important role. Therefore, we

call them just antimorphisms in analogy to [11].

Unfortunately, not every bijective order homomorphism is an order isomorphism. Consider
the example in Figure 2.1 with two posets P = {a,b,¢,d} and P, = {d’,V',c/,d'} and a

bijective order homomorphism f : P; — P, between them.

Figure 2.1: Bijective order homomorphism, but no isomorphism

Obviously, f~! is no order homomorphism because ¥ < ¢ but f~'(t') £ f~(¢'). Thus,
f is no order isomorphism. It is clear that this behavior cannot occur if P; and P, are
linear. Hence, every bijective order homomorphism between two linear posets is an order

isomorphism.

Now the question arises in which case a bijective (semi)lattice homomorphism is a (semi)lattice

isomorphism.
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Theorem 2.3.3. Every bijective (semi) lattice homorphism f : L1 — Lo is a (semi) lattice

isomorphism.

The next theorem handles composition of (upper/lower semi)lattice homomorphisms.

Theorem 2.3.4. Let both f : L1 — Lo and g : Lo — L3 be (upper/lower semi)lattice
homomorphisms. Then h := f; g is an (upper/lower semi)lattice homomorphism between Lq

and Ls3.

Through the notion of (semi)lattice homomorphisms we now have a new (more algebraic)

possibility to describe sub(semi)lattices (cf. Definition 2.3.4).

Lemma 2.3.3. Let L be a (semi)lattice. A subset L of L is a sub(semi)lattice, if and only

if there is an injective (semi)lattice homomorphism f : L — L.

Finally, we want to examine a special construction dealing with pairs of functions between
posets. It was initialized by Galois and shows its whole strength if the underlying posets

are even lattices.

Definition 2.3.6. Let P; and Py be posets. Then a pair (f,g) of functions f : P, — Py and
g: Py, — Pp s called a

(1) monotone Galois connection, iff f(z) <y < = <g(y)
(2) antitone Galois connection, iff y < f(z) < z < g(y)

holds for all x € P, and y € P»

If we refer to either monotone or antitone Galois connections, we just speak of Galois con-
nections. The notions of monotone and antitone are motivated by the following lemma.

Furthermore, some basic properties are listed.

Lemma 2.3.4. Let P, and P be posets and f: P, — Py and g : Po — P; functions. Then

we have :

(1) If (f,g) constitutes a monotone Galois connection, then f and g are monotonic.

(2) If (f,g) constitutes an antitone Galois connection, then f and g are antitonic.
Furthermore, if (f,g) is a Galois connection, then

(3) x < g(f(x)) and y < f(g(y)),

(4) f(x) = f(g9(f(2))) and g(y) = 9(f(9(y)))

hold for all x € Py and y € Ps.
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We do not want to go into detail with this construction since we do not need more than the

provided results so far.

2.3.3 Special elements

Now, we want to introduce the definitions of special elements within certain lattices. As
we will see, they often play an important role since they may reflect the structure of the

underlying lattice. We start with irreducible elements.

Definition 2.3.7. Let L be a lattice and x € L. Then we define :

(1) If L has a least element 0 then x # 0 is join-irreducible =
yVz=uximpliesx =y orx ==z for ally,z € L.
(2) If L has a greatest element 1 then x # 1 is meet-irreducible :&

yAz=ux impliesx =y orx ==z forally,z € L.

Obviously, every element of a linear order is join- and meet-irreducible. The join irreducible
elements of the divisibility lattice with gcd and lem are the prime numbers. The first example
shows that irreducible elements can be in order relationship to each other. The second one
makes clear that they can be used to compute all other elements of the underlying lattice
under some circumstances.

In the following we provide a convenient theorem covering these circumstances for lattices
in which all ascending/descending chains are finite. Ascending/descending chains are tuples

of elements x1, ...,z, € L such that =1 < zo < ... < x,, resp. x1 > x2 > ... > x, holds.

Theorem 2.3.5. Let L be a lattice. We denote the set of join resp. meet irreducible elements

by M; resp. M,,. Then we have :

(1) If £ has a 0 and all descending chains are finite, then x =\/ Mj’ forallx € L
and a certain M]’ C M;.

(2) If L has a 1 and all ascending chains are finite, then x = \ M], for all x € L
and a certain M), C M,,.

Theorem 2.3.5 obviously gives sufficient conditions such that all elements of £ can be par-
titioned via A resp. V. We immediately conclude that this result is applicable for every
finite lattice. But, if we again consider linear orders, we see that this partition need not

necessarily be unique. Later on, we will see when this property is true.

A slightly stronger notion is introduced with the following definition.
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Definition 2.3.8. Let L be a lattice with least element 0. Then we define :
An element a # 0 is an atom < aAx =a oraAx =0 holds for all x € L.

Furthermore, L is called atomic iff all elements 0 # x € L can be computed by

\/{aelj | a atom, a < x}.

It is easy to see that every atom is join-irreducible. The opposite is, in general, not true.
This can already be seen from the fact that two different atoms cannot be in an order
relationship, i.e., a1 < ao implies a; = as. Atoms play an important role within Boolean

algebras as we will see later on.

Finally, we want to introduce linear elements.

Definition 2.3.9. Let L be a lattice. Then we define :
An element x € L is called linear <= x Ay = 0 implies y =0 for ally € L.

Notice that the fact that all elements of £ are linear does not imply that £ is linear, i.e.,
x < yory <z holds for all z,y € L. Linear elements will play a role for the algebraic

treatment of crisp L-fuzzy relations, later on.

2.3.4 Modular lattices

One can imagine that the lattice definitions given in Section 2.3.1 describe a very huge class
of structures which, in general, does not even guarantee distributivity. Therefore, we now

introduce some restricted lattices that provide a more comfortable algebraic environment.

Obviously, the weak modular laws

a<c=aV((bAc)<(aVDb)Ac,
(cAb)Va

v

a<c=cNA(bVa)

hold in every lattice. We even have the following.

Lemma 2.3.5. Let L be a lattice and a,b,c € L. Then we have

a<c = aV(bAc)=(aVb)Ac iff a<c = cAN(bVa)=(cAb)Va.

21
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This motivates the following definition.

Definition 2.3.10. A lattice L is called modular, if one of the modular laws holds for all
a,b,ce L.

To see the effect of this restriction, we give an example of a non modular lattice in Figure

2.2.

Figure 2.2: Non modular lattice £nxonrod

Obviously, we have a = aV (bAc¢) < (aVb) Ac = c. It can be shown that there is an injective
lattice homomorphism f from Lyonaroq to every non modular lattice £. Thus, Lyonimod
can be seen as the non modular lattice. The characteristic mark of £yonar0q is that it has
no uniform stratification. We, for example, have two pathes of different length from 0 to 1.

This observation is formally described in the next theorem.

Theorem 2.3.6 (Transposition principle of R. Dedekind). Let £ be a modular lattice and
a,b € L. Then the mappings

fi{z el <z<aVvb}—-{zxeLllanb<z<a b, fe)=xzANa
g: {xellanb<z<a }—={zeLllp <z<aVb},glyy=yVb

are lattice isomorphisms such that g = f~! and f = g~ .

Using this theorem, we are now ready to describe equality of two elements by means of V

and A.

Corollary 2.3.1. Let L be a modular lattice and a,b,c € L. Then we have

a<c,aVb=cVbaANb=cANb = a=c

Obviously, the resulting equality of @ and ¢ comes due to the fact that f and g in Theorem

2.3.6 are bijective.
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At the end of this section we want to admit that the modularity property is inherited, i.e.,
every sublattice of a modular lattice is modular.
The standard lattices [0,1] and P(M) are modular. Furthermore, every linear lattice is

modular.

2.3.5 Distributive lattices

In Corollary 2.3.1 we saw that in a modular lattice not every element can be uniquely
determined by V and A with respect to an element b € £. We needed the restriction a < ¢

to conclude a = ¢. Consider the lattice in Figure 2.3.
1
/ \
a b C
N7
0
Figure 2.3: Modular, but non distributive lattice £Lnxonpis

Obviously, Lnonpis is modular. But, 1l =aVb=cVband 0 =aAb=cAbdo not imply
a = c. This shows that the restriction a < c¢ is essential in modular lattices. Later on, we
need lattices in which certain elements are unique with respect to another element. These
elements are defined by means of V and A. Thus, we aim to define lattices in which the

restriction a < ¢ is no longer necessary. This can be achieved by demanding distributivity.

It is easy to see that the weak distributive laws

are valid in every lattice. But, analogous to modular lattices, we even have the following

result.

Lemma 2.3.6. Let L be a lattice and a,b,c € L. Then we have
aV(bNe)=(aVb)A(aVe) iff an(bVe)=(aAb)V(aAc).

This motivates the following definition.
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Definition 2.3.11. A lattice L is called distributive, if one of the distributive laws holds
for all a,b,c € L.

Hence, we have a class of lattices where an element can uniquely be determined by means

of V and A.

Theorem 2.3.7. Let L be a distributive lattice and a,b,c € L. Then we have

aVb=cVbaNnb=cNANb = a=c.

Furthermore, we have the following.

Lemma 2.3.7. Let L be a distributive lattice with least/greatest element 0/1. Then the

partition of an element x € L via the join/meet irreducible elements is unique if it exists.

The existential part of the last theorem is (according to Theorem 2.3.5) fulfilled if all de-
scending/ascending chains are finite.

Notice that the lattice shown in Figure 2.3 can be seen as the modular but non distributive
lattice since there is an injective lattice homomorphism f : Lyonpis — £ from Lyonpis to
any modular and non distributive lattice L.

Examples for distributive lattices are again the unit interval [0, 1] and the powerset P(M)
of an arbitrary set M. As a non standard distributive lattice we mention the set of all fuzzy
sets over a universe U (i.e., the set of all mappings v : U — [0, 1]) together with one of the

possible t-resp. t-conorms as meet resp. join.

2.3.6 Brouwerian lattices

Brouwerian lattices play an important role in the category theoretical approaches to rela-
tional structures. Before we can define them, some preparations have to be done.

First of all, distributivity can be extended to arbitrary subsets M of complete lattices. This
leads us to the notion of completely upwards/downwards distributive lattices which will play

an important role later on.

Definition 2.3.12. Let L be a complete distributive lattice. Then it is called

(1) completely upwards distributive Sz ANVM=\ (zAy)
yeM

forallz € L and M C L

(2) completely downwards distributive < zVAM = A (zVy)
yeM
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forallz € L and M C L
(8) completely distributive & it is completely upwards

and downwards distributive

Unfortunately, complete upwards distributivity does, in general, not imply complete down-
wards distributivity and vice versa. Thus, complete distributivity has to be demanded

explicitly if necessary. But, we have the following result for finite lattices.

Lemma 2.3.8. Let L be a finite lattice. Then L is completely upwards distributive iff it is

completely downwards distributive.

This lemma is important since we are only able to deal with finite lattices within our Haskell
module. The last lemma together with Lemma 2.3.6 implies that testing upwards distribu-
tivity suffices to conclude complete upwards distributivity and, hence, complete downwards

distributivity within finite lattices.

Now, we need the notion of relative pseudo complements.

Definition 2.3.13. Let L be a lattice and z,y € L. An element x : y € L is called a

relative pseudo complement of x in y, if and only if the equivalence
a<lz:y & xzNhaly

is valid for all a € L.

Obviously, the equivalence within the last definition implies that relative pseudo comple-
ments are unique if they exist. Hence, we can speak of the relative pseudo complement.

If we again have a look at the lattice Lyonpis in Figure 2.3, we see that a : 0 does not exist
in LyonDis- Seemingly, the non distributivity is to blame. This motivates the following

theorem in which we get an even stronger result.

Theorem 2.3.8. Let L be a complete lattice. Then the relative pseudo complement x : y

exists for all xz,y € L iff L is completely upwards distributive.

Thus, we can define Brouwerian lattices as follows.

Definition 2.3.14. A lattice L is called a Brouwerian lattice, if the pseudo complement
x : y exists for oll x,y € L. Furthermore, L is a complete Brouwerian lattice iff it is

completely upwards distributive.

A homomorphism between Brouwerian lattices is a lattice homomorphism preserving relative

pseudo complements. Obviously, all finite and distributive lattices are Brouwerian lattices.
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2.3.7 Boolean lattices

The last section was based on the notion of relative pseudo complements. Now, we want to

introduce an even stronger variant which leads to Boolean lattices.

Definition 2.3.15. Let L be a lattice with least element 0 and greatest element 1. Further-

more, let x € L be an element. Then we call T the complement of x, iff

(1) x VT =1 and
(2) x AT =0

holds.

Notice that complements are not necessarily unique. This can already be seen in Figure 2.3
where both b and ¢ are complements to a. But fortunately, we have the following.

Lemma 2.3.9. Let L be a distributive lattice with least element O and greatest element 1.

1

Furthermore, let x,T', > elements of L such that both T' and T> are complements to x.

Then T+ = 72.

Together with Definition 2.3.15, we see that the last lemma is a direct conclusion of Theorem

2.3.7. Hence, we have motivated the following definition.

Definition 2.3.16. Let L be a distributive lattice with least element 0 and greatest element
1. Then we call L a Boolean lattice (or Boolean algebra), iff the complement exists

forallz € L.

A homomorphism between Boolean lattices is a homomorphism between distributive lattices
preserving complements. Standard examples for Boolean lattices are the truth values with
or, and and negation and the powerset P(M) of an arbitrary set M together with N, U and
set complement. Notice that Boolean lattices need not necessarily be complete.

In the following we have summarized some properties of the complement operator.

Lemma 2.3.10. Let L be a Boolean lattice. Then we have

(1) T =z,
(2)1=0and0=1,
(3) zVy=TANygandz Ay=ZVy (de Morgan)

forall z,y € L.



2.3. LATTICES 27

Furthermore, there is an interesting interaction between Boolean and Brouwerian lattices.

Theorem 2.3.9. A Brouwerian lattice £ with least element 0 is a Boolean lattice iff

xVax:0=1 holds for all x € L.

As mentioned before, atoms play an important role within Boolean lattices. They are the
base from which every element of the underlying lattice can be constructed. This fact is

summarized in the following theorem.

Theorem 2.3.10. Let L be a Boolean lattice. Then we have the following :

(1) L is atomic.
(2) L is isomorphic to P(at(L)).

Especially property (2) is essential since the set of atoms fixes a Boolean algebra up to
isomorphism.

In the last section we saw that complete Brouwerian lattices are completely upwards distrib-
utive. Furthermore, we mentioned that complete upwards distributivity does, in general, not
imply complete downwards distributivity and vice versa. Hence, one can ask for complete

distributivity within complete Boolean lattices.

Theorem 2.3.11. Let L be a complete Boolean lattice. Then we have that

(1) the generalized distributive laws

ANV M= é/M(:c/\y), cVAM= é\M(:c\/y)

and

(2) the generalized rules of de Morgan

Vy=Az Ay=Vy7

yeM yeM yeM yeM

hold for all x € L and all subsets M of L.

Thus, complete Boolean lattices constitute a strong and comfortable algebraic structure.

2.3.8 Fixpoints

In Mathematics and Computer Science many operations can be described by fixpoints of

certain functions. Since we want to present a Haskell module for lattices, we want to provide
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the basic results concerning fixpoints and lattices in this section. We start with the following

definition.

Definition 2.3.17. Let f be a monotone endofunction on a given lattice L. Then an element

x € L is called

(1) a prefixpoint of f & f(z) < z,
(2) a fixpoint of f & f(r) =z,
(3) the least fixpoint of f greater or equal to a :& x is a fizpoint, a < x

and for all fizpoints y with a <y we have x < y.

In the following we want to provide two central fixpoint theorems which examine the exis-

tence of fixpoints resp. the induced structure of the set of all fixpoints. restriction we

Theorem 2.3.12 (Knaster and Tarski, Part 1). Let £ be a complete lattice and f a

monotone endofunction on L. Then

(1) f has a least fixzpoint — pr= Nz e L] f(z) <x},
(2) f has a greatest fizpoint vy =\/{x € L |z < f(x)}.

Notice that we need complete lattices to apply the last theorem. Property (1) obviously
shows that the least fixpoint can be computed as the infimum of all prefixpoints. Theorem

2.3.12 directly implies

(1) f(x) <2 = py <z and
(2) z < f(x) = o <y,

The next theorem is even more important.

Theorem 2.3.13 (Knaster and Tarski, Part 2). Let £ be a complete lattice, f be a
monotone endofunction on L and Fix(f) be the set of all fixpoints of f. Then Fix(f) is a
complete sublattice of L.

From Theorem 2.3.12 we know that Fix(f) # 0. Since Oz and 1, are not necessarily

fixpoints, we can only conclude Oz < Opjp(p) and 1z > 1pip(y)-

We do not want to undergo further investigations on fixpoint theory since it is not necessary
for this thesis. But, the last two theorems will be applied within our Haskell module for

lattices.
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2.4  [-fuzzy sets and L-fuzzy relations

J. A. Goguen in [6] generalized the concept of fuzzy sets and fuzzy relations. Instead of the
unit interval [0, 1] he used elements of arbitrary completely distributive lattices as entries.
The necessity of this extended approach to fuzzy theory can already be seen with every day
applications. If a customer, for example, wants to buy a new car, he could make the decision
due to certain quality criteria like price, maximum speed and age of the car. Furthermore,
he could use the phrases BAD, MEDIUM and GOOD to express the degree of fulfillment
of one of these parameters. Now, let C be the set of all cars. Suppose, the customer rates the
offered cars using the quality criteria above and the three phrases. This induces a fuzzy set
representing the degree of fulfillment of the customer’s wishes. According to our terminology,
C' is the universe of the resulting fuzzy set. This fuzzy set consists of tuples (¢, (v1,v2,v3))
whereas ¢ € C' and vy, v9,v3 € {BAD, MEDIUM,GOOD}. Obviously, the induced entry

lattice is no linear order and definitely not the unit interval.

After this motivating example, we want to provide the basic results for L-fuzzy relations.
We do not explicitly introduce L-fuzzy sets since the extension of fuzzy sets to L-fuzzy sets
is obvious. We want to go into detail with L-fuzzy relations as announced at the end of
Section 2.2. Again, all proofs are omitted due to space considerations. We refer to [6] and

especially [11],[13] for the interested reader.

Definition 2.4.1. Let L be a lattice and A, B be sets. Then an L-fuzzy relation R over
L from A to B is a mapping R: Ax B — L.

We say R has source A and target B. Furthermore, we identify the entry at position (z,y) by
R(z,y). The induced ordering is denoted by C. Again, we use R~ to identify the converse
relation of R. Although the last definition covers L-fuzzy relations over arbitrary lattices
L, we implicitly, unless otherwise stated, want to prerequire £ to be a complete Brouwerian
lattice throughout this section. Thus, we again have an identity relation (I4) on every set

A as well as a top resp. bottom relation (TM45/14p) between two sets A and B.

Because of the fact that L is a lattice, A and V automatically induce a set of componentwise
defined operations on L-fuzzy relations (join, meet, composition). But, we want to examine
derived operations analogous to t- and t-conorms with fuzzy sets and fuzzy relations. This

leads us to the following definition.

Definition 2.4.2. Let L be a distributive lattice with least element 0 and greatest element

1. Furthermore, let * : L X L — L be a binary operation on L and e,z be elements of L.

29
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Then we call the tuple (L,*,e,z) a lattice ordered operator set (loos), iff

(1) x is monotonic in both arguments,
(2) zxe=exx=ux forallx € L,
(8) xxz=zxx =2z forallxz e L

are satisfied, and a lattice ordered semi group (losg), iff additionally
(4) * is associative

holds. Furthermore, a loos/losg (L,*,e,z) fulfilling

a:*(\/M): \/(:U*y) and (\/M)*:r: \/(y*x)

yeM yeM

for nonempty subsets M of L is called a complete loos/losg (cloos/closg).

Obviously, e resp. z play the role of the unique neutral resp. zero element. Notice that we do
not explicitly demand * to be commutative. Hence, the structures defined above are called
commutative iff * is.

The connection between lattice ordered semi groups and t- resp. t-conorms is obvious. If
L =1[0,1], e =1, 2 = 0 and * is commutative, the tuple (L£,*,e,z) is a t-norm. Analogously,
(L,*,e,2) is a t-conorm, if e = 0, z = 1. In the following we often speak of loos-/losg-/cloos-
/closg-based operators * and omit the tuple if it is not necessary.

The next lemma summarizes some basic properties used later on.

Lemma 2.4.1. Let L be a distributive lattice with least element 0 and greatest element 1

and (L,*,e,z) be a loos. If e =1 we have :

(1) z=0,
(2) xxy <xAy forall x,y € L.

Analogously, the following is true if e =0 :

(1) z=1,
(2) xVy <zxy foralx,yeL.

Obviously, this lemma marks A as the greatest loos-based operator with neutral element 1

and V as the least loos-based operator with neutral element 0. We already mentioned this
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fact in Section 2.2. It is a very important result and will be used to show certain properties

of derived operations in Goguen categories, later on.

Hence, we are ready to define the following operations on L-fuzzy relations.

Definition 2.4.3. Let L be a distributive lattice with 0 and 1, and let (L,*,e,z) be a loos.
Then we define for L-fuzzy relations Q,Q" : A— B and R: B — C :

(1) (@M, Q@) (z,y):= Q(z,y) * Q' (x,y)
(2) Qi R)(x,2) =V (Q(x,y) * R(y, 2)).
yeB

If x = A we write N instead of M resp. ; instead of ;5. If x =V we use U for My,. We then
obviously obtain the standard meet, join and composition operators on L-fuzzy relations.
In the following we often write L, instead of M, to indicate that * has neutral element 0.
From Lemma 2.4.1 we immediately conclude that Q M, Q' C Q M Q' holds for all relations
Q,Q : A — B, if 1is the left and right neutral element of x. Analogously, QUQ' C QL. Q’,

if 0 is the neutral element of *.

The following lemma lists some intuitive properties of the standard operations.

Lemma 2.4.2. Let L be a complete Brouwerian lattice. Furthermore, let I be an index set
and Q,Q,Q;: A— B, RRR,:B—C,S:C—Dand T : A — C be L-fuzzy relations.

Then we have

(1) Q;I1p =Q and Ip; R = R,

(2) Q; Upg =g and lLgpp; R = Lo for all nonempty sets E,
(3) Q; (R; S) = (Q; R); S,

(4) (@NQ)"=Q " NQ",

(5) (@Q;R)” = R7Q7,

(6) (@7)” =Q,
(7) Q; ([ 1 R:) E [(Q; Ri) and
iel iel
([1Q:);RE [(Qi: R), (meet subdistributivity of ;)
iel icl
(8) Q; (] Ri) = ||(Q; R;) and
iel iel
(L] Q):R=|](Qi;R), (join distributivity of ;)
iel iel
(9) Q;RNTCQ;(RNQ™;T). (modular law)

Notice, that the prerequisite that £ is a complete Brouwerian lattice (and, hence, completely
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upwards distributive) is essential for properties (3),(7) and (8). The last lemma includes

many properties (e.g., (7)-(9)) that will be used to axiomatize relational categories, later on.

The possibility to derive operations based on lattice-ordered semi-groups is a characteristic
mark of L£-fuzzy relations. Since Goguen categories aim at a convenient algebraic surround-
ing for such relations, derived operations have to be modeled. Since only purely component
free methods are available within relational categories, one has to examine whether there is

a component free counterpart of Definition 2.4.3.

First, we have to find relations which reflect the underlying lattice £. The approach in [11]

uses scalars introduced in [10].

Definition 2.4.4. Let A be a nonempty set, and let L be a lattice with least element 0 and
greatest element 1. For an element u € L we define the corresponding scalar o' : A — A
on A by

u, if r=y

a(z,y) = ‘

0, otherwise
Obviously, llaa = a% and [4 = 04114 which marks the bottom relation as the least and the
identity relation as the greatest scalar on A. The relation a%; T 45 containing only entries u
will be denoted by T 5 in the following. It is easy to see that the set of scalars is isomorphic
to L.

Now, the question arises how a relation R can be computed using the scalars. To do so, we

need the following.

Definition 2.4.5. Let L be a lattice, R : A — B an L-fuzzy relation and uw € L. Then we
define the u-cut of R by

" L, if R(z,y) >u
R%(z,y) := ‘
0, otherwise

The crisp relation R* obviously marks all entries greater or equal to v by a 1. It is clear

intuitively that we can compute R: A — B by
R=||(a%: R")
uel

within complete Brouwerian lattices. But, this is still no component free representation

since R" is defined componentwise. A survey is to compute R" via residued operations.
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Definition 2.4.6. Let L be a lattice and Q : A — B, R: B— C and S : A — C be L-fuzzy

relations. Then we define

(1) ;Y TS < YLTQ\S, (right residual)
(2)Y;RC S < Y LCS/R. (left residual)

Notice that we need £ to be a complete Brouwerian lattice to guarantee the existence of the
residuals. This becomes clear with the following lemma, which shows how the resiudals can

be computed.

Lemma 2.4.3. Let L be a complete Brouwerian lattice and Q : A — B, R: B — C and
S :A— C be L-fuzzy relations. Then we have

(1) @\ (y,2) = N\ (S(z.2): Qa,y))

T€EA

(2) (S/R)(z,y) = [\ (S(z,2): R(y,=2)).

zeC

Obviously, complete Brouwerian lattices are essential since we need to compute relative
pseudo complements and the infimum of certain subsets of L.

Now, consider the relation o\ R for a given scalar on A and an £L-fuzzy relation R : A — B.
Obviously, this relation has a 1 at position (z,y), iff R(x,y) > u holds. All other entries are
lower then 1 or even 0. Hence, R is the greatest crisp relation, which o4\ R includes. This

motivates the following definition.

Definition 2.4.7. Let L be a lattice with least element O and greatest element 1. Further-

more, let R : A — B be an L-fuzzy relation. Then we define two operations as follows:

(1) R} is the greatest crisp relation which R includes.
(2) R is the least crisp relation R is included in.

It is easy to see that R' and R! for a given L-fuzzy relation R can be computed component-

wise by
1, if R(z,y)=1
Rl(r.y) = f R(z,y)
0, otherwise
1, +f R(z, 0
Rl(e.y) = if Rlz,y) #0
0, otherwise

Hence, we are able to provide the following theorem.
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Theorem 2.4.1 (a-cut Theorem). Let L be a complete Brouwerian lattice and R : A — B

an L-fuzzy relation. Then we have

R=| | (% (a%\R)").

ueLl

From the underlying definitions we see that we have a purely component-free representation

of R. With these remarks, the following characterization of derived operations is obvious.

Lemma 2.4.4. Let L be a complete Brouwerian lattice and Q,Q': A — B and R: B — C

be L-fuzzy relations. Furthermore, let (L,x,e,z) be a loos. Then we have :

QM.Q" = | (@i ((@i\@)' 1 (@i\@)h)

u,veL

QR =[] (a4 (a4\Q)% (aB\R))

u,veL

Finally, we want to list three essential properties of ! and T which will be used later on.

Lemma 2.4.5. Let L be a complete Brouwerian lattice. Furthermore, let Q : A — B be an

L-fuzzy relation and w € L. Then we have :

(1) (a%)" =14 iff u # 0.
(2) Q is crisp iff Q@ = Q1 iff Q = Q.

(38) (1,}) is a monotone Galois connection.

2.5 Category theoretical approach to relations

In this section we introduce a component free algebraic approach to relational structures
by means of category theory. Since category theory is dealing with objects and morphisms
between them, it is pretty well applicable for this purpose. Hence, the developed relational
categories provide a convenient surrounding to reason over relations. As we aim to extend
the RATH system, we combine the category theoretical introduction in this section with
a slight introduction to RATH. Thus, we directly show the practical realization of the
mentioned relational structures. As the RATH system is relatively complex, we only give
an overview of the most important data structures and test routines. For a comprehensive
description we refer to [17]. Furthermore, we assume that the reader is familiar with the
basic concepts of the pure functional programming language Haskell. For an easy to read

and comprehensive introduction we recommend [19] and [20]. As before, we omit all proofs
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of the category theoretical results introduced here and refer, for example, to [11],[17] and [9]

for the interested reader.

2.5.1 Categories

Categories constitute the weakest structure within the hierarchy of relational categories.

Their formal definition is given as follows.

Definition 2.5.1. A category C is a tuple (Objc, More, :  — ;1) with

(1) a class of objects Objc,
(2) a class of morphisms More,
(3) a ternary relation f: A — B mapping each morphism f € More
univalently to its source A and its destination B,
(4) the binary associative composition operator ; which maps each pair of morphisms
f:A— B, g: B— C tothe morphism f;g: A — C,
(5) the unary identity operator I which maps every object A € More to
a morphism 1o which is right and left neutral with respect to ;,
i.e., La; f = f and h;14 = h for all morphisms f in C[A, B] and
h in C[C, A] and all objects B, C,

whereas C[A, B] is the class of all morphisms from A to B.

Notice that we speak of classes of objects and morphisms. This does not imply that they are
representable as sets. Furthermore, we use the same symbol ; for the composition operator
as in the previous sections. This should not irritate, and it will be clear from the context
which one is meant. For clearness, the morphisms are often called relations in the following.
Typical categories are, for example, orders together with order homomorphisms, nonempty
sets together with all L-fuzzy relations between them and usual sets with all functions

between them. The underlying identity and composition operators then are obvious.

To express interactions between given categories, we have the notion of a functor.

Definition 2.5.2. A functor F between categories C1 and Cy is a tuple of mappings
(FObj : Obje, — Objey, Frior : More, — MOTCQ)

satisfying the following conditions :

(1) f: A— B implies Fror(f) : Fopj(A) — Fou;(B) for all objects A, B of C1 and
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all morhpisms f in C1[A, B].
(2) Faror preserves composition, i.€., Faror(f19) = Faror(f); Faror(g) for all
objects A, B,C of C1 and all morphisms f in C1[A, B], g in C1[B,C].
(3) Faror preserves identity, i.e., Faror(1a) = ]IFObj(A) for all
objects A of C1.

A functor is called faithful iff Fy,,. is injective. Furthermore, it is called full iff Fyro is

surjective on the image of Fop;.

A functor F such that Fpp; and Fj,, are bijective and F1 3:(F5b1j7F1\_4£r) is again a
functor, is called an isomorphism.

We do not want to go into detail with the theory of functors since we do not need it for this
thesis. Our attention goes to the implementation of these structures within RATH. Haskell
provides a type class system, which provides inheritance and, hence, makes a kind of object-
oriented programming possible. The implementation using type classes is straightforward
within RATH.

class Category cat obj mor | cat -> obj, cat -> mor where

isObj :: cat -> obj -> Bool

isMor :: cat -> obj -> obj -> mor -> Bool
objects :: cat -> [obj]

homset :: cat -> obj -> obj -> [mor]
source :: cat -> mor -> obj

target :: cat -> mor -> obj

idmor :: cat -> obj -> mor

comp :: cat -> mor -> mor -> mor

The function is0bj delivers, given an object, whether this object is a member of the under-
lying category or not. Analogously does isMor with morphisms. The objects of the category
are stored in the object list objects. The function homset delivers C[A, B] for two given
objects A and B. Source resp. target of a given morphism f can be computed using source
resp. target. Finally, the identity morphism of a given object and the composition opera-
tor are provided. This data structure is a direct realization of Definition 2.5.1, although it
includes some redundant parameters (e.g., isObj and isMor). But, this gives the user the
chance to provide more efficient functions than the standard implementations.

Unfortunately, the type class representation above has a great demerit. Obviously, it takes
three type parameters cat, obj and mor. Type classes of this form are called multi parameter
type classes. Since type inference of such constructs is not yet proven to be mathematically
correct, they are no Haskell 98 standard. Therefore, RATH provides a second approach

using record data structures.



2.5. CATEGORY THEORETICAL APPROACH TO RELATIONS

data Cat obj mor = Cat { cat_isObj :: obj -> Bool
,cat_isMor :: obj -> obj -> mor -> Bool
,cat_objects :: [obj]
,cat_homset :: obj -> obj -> [mor]
,cat_source :: mor -> obj
,cat_target :: mor -> obj
,cat_idmor :: obj -> mor
,cat_comp :: mor -> mor -> mor }

This variant provides the same functionality and is Haskell 98 standard. But, it has the
demerit that it does not allow to create instances and, hence, functionality cannot be in-
herited. This will become clear when we introduce the next data structures in the following

section.

These two variants imply that RATH deals with two different views — a type class view
(object oriented) and a view based on record data structures. They can be connected by
instantiating the multi parameter type classes with the corresponding record data structures

as follows.

instance Category (Cat obj mor) obj mor where

is0bj = cat_is0bj
isMor = cat_isMor
comp = cat_comp

Finally, the representation of a functor is straightforward.

data Fun obj2 mor2 objl morl = Fun { fun_obj :: objl -> obj2

,fun_mor :: morl -> mor2 }

The reversed order of the type signature comes due to comfortable typing while interacting

with other data structures and should not irritate.

The data structures introduced here are accompanied by comprehensive test routines to
check whether a certain implementation constitutes such a structure (e.g., a category). We

do not want to go into detail with it here and come back to it later.
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2.5.2  Allegories

Allegories provide two additional operations — meet and conversion. The axiomatic de-

scription is given as follows.

Definition 2.5.3. An allegory A is a tuple (Obja, Mora, :  — ;1 7. M) such that

(1) (Obja, Mora, :  — _,;,1) is the underlying category,
(2) A[A, B] together with M is a lower semilattice for all objects A and B in Obj4,
(3) s the total and monotonic conversion operator which suffices the following
rules for all relations Q,R: A— B and S: B — C:
(a) (R7)"=R, R~ : B — A,
(b) (R;S)” =57 R7,
(c) QMR- =Q~ MR,
(4) the meet subdistributivity law Q; (R S) C Q; RMQ; S is valid for all relations
Q:A—Band R,S: B — C,
(5) the modular law Q; RMS T Q; (RMQ™;.S) holds for all relations Q : A — B,
R:B—-CandS:A—C.

Thus, allegories with conversion and meet can be used to express interactions between given
relations using exclusivly componentfree methods. The induced inclusion operator is denoted
by C. Again, we use the same symbols for conversion, meet and inclusion as for £-fuzzy
relations. The context will make clear which one is meant. Furthermore, it is based on the
fact that nonempty sets with all £L-fuzzy relations between them together with ~ and M

(defined on L-fuzzy relations) constitute an allegory.

A functor between allegories is a functor preserving meet and conversion. This immediately
implies that a functor F on allegories A; and Ay is a lower semilattice homomorphism

between the classes A1[A, B] and Az[Fop;i(A), Foyi(B)).

As before, the RATH system provides a type class for allegories.

class Category all obj mor => Allegory all obj mor | all -> obj, all -> mor %%@

where
converse :: all -> mor -> mor
meet :: all -> mor -> mor -> mor
incl :: all -> mor -> mor -> Bool

The context Category all obj mor makes clear that the functionality of the type class
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Category is inherited. The additional operations should be clear. Again, the function incl
is redundant from a mathematical point of view, but allows a more efficient, user defined

operation.

The counterpart using record data structures is given as follows.

data All obj mor = All { all_cat :: Cat obj mor
,all_converse :: mor -> mor
,all_meet :: mor -> mor -> mor
,all_incl :: mor -> mor -> Bool }

Here we see that the underlying category has to be carried explicitly in the parameter
all_cat. Again, the advantage of type classes becomes clear with the following instantia-

tions.

instance Category (All obj mor) obj mor where

is0bj = cat_isObj . all_cat
isMor = cat_isMor . all_cat
comp = cat_comp . all_cat

instance Allegory (All obj mor) obj mor where
converse = all_converse

meet = all_meet

incl all_incl

Obviously, the structure A11 constitutes both — a category and an allegory. Together with

Cat we already have two instances of Category.

In the following lemma we want to summarize some first results within allegories.

Lemma 2.5.1. Let A be an allegory, A, B and C objects of Aand Q,R: A— B,S: B —C

relations. Then we have

(1) Iy =14,
(2) (QNR);SCEQ;STR;S,

(3) ; is monotonic in both arguments.

The provided operations within allegories allow to characterize special relations. This is

done by the following definition.

Definition 2.5.4. Let A be an allegory, A and B objects of A and QQ : A — B a relation.
Then we define :
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(1) Q is univalent iff Q7;Q C 1.

(2) Q is total iff 14 C Q; Q.

(3) Q is a mapping iff Q is total and univalent.
(4) Q is injective iff Q> is univalent.

(5) Q is surjective iff Q™ is total.

(6) Q is bijective iff Q and Q™ are mappings.

Confer these characterizations to Lemma 2.1.3. They obviously directly correspond to the

set theoretic counterparts.

Finally, we want to provide some important results which show when meet-subdistributivity

turns into meet-distributivity.

Lemma 2.5.2. Let A be an allegory, A, B,C and D objects of A and Q) : A — B, R, S :
B—-C,T:C—D,U:A— C relations such that T is injective. Then we have :

(1) If Q is univalent, then Q;(RMS)=Q; RMQ;S.
(2) (RS, T=R,TNS;T.
(3) If Q is injective, then Q; RNU = Q; (RNQ™;U).

2.5.3 Distributive allegories

The classes of morphisms within allegories form a lower semilattice. The next step is to

extend this structure to distributive lattices.

Definition 2.5.5. A distributive allegory A is a tuple
(Obj.A7 MOT.A?_ : i — _7;7]17 \_/7|—|7 |_|7J'L)
such that

(1) (Obja,Mora, : — 5,1, =, M) is the underlying allegory,

(2) for all objects A and B in Obja A[A, B] together with 1 and U is a distributive
lattice with least element,

(3) 1L maps A[A, B] to its least element 1L4 g,

(4) the join distributivity rule Q; (RUS) = Q; RU Q; S is valid for all relations
Q:A—Band R,S: B — C,

(5) the zero law Q; lLp o = 1 ¢ holds for all relations Q) : A — B and all objects
A, B and C.
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As before, a functor between distributive allegories is a functor between allegories preserving

LI and the bottom elements.

The realization of this data structure within RATH is straightforward by providing addi-
tional operations for LI and the determination of the bottom elements. Hence, we omit the

listing due to space considerations.

From Section 2.3 we know that distributive lattices constitute a relatively comfortable alge-
braic surrounding. Of course, all results presented there for distributive lattices are valid in
all morphism classes of distributive allegories. Again, the nonempty sets together with all

L-fuzzy relations between them constitute a distributive allegory.

The following lemma summarizes the interaction of Ll and L together with .

Lemma 2.5.3. Let A be a distributive allegory, A, B objects of A and Q,R : A — B

relations. Then we have

(1) WLyp =1lag,
(2) ( QUR)"=Q " UR".

From (1) and axiom (5) we can immediately conclude that Il 4p is also a left zero for all

relations Q : B — C and all objects A, C.

2.5.4 Division allegories

Residuals are provided with the next relational category.

Definition 2.5.6. A division allegory A is a tuple
(ObjA)MOT.Av_ : _ - _a;)Hv V,H,U,J_l_,/)
such that

(1) (Obja, Mory, :  — ;1 = N,U, 1) is the underlying distributive allegory,
(2) the left residual / fulfilling
Q;RCS & QLCS/R for all relations Q : A — B
exists in A[A, B] for all relations R: B — C and S: A — C.

Again, the residuals defined for £-fuzzy relations make the nonempty sets together with all

L-fuzzy relations between them constitute a division allegory.
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We again need an extended functor notion. As expected, a functor between division allegories

is a functor between distributive allegories preserving /.

Via conversion and the computation

QCS/Re Q;RES
& RQ7E ST
& Q- C RV\S~

we may conclude that there is also a right residual within division allegories and that
S/R = (R~\S~)~ holds.
Now, suppose we have two relations Q : A — B and R: A — C and a greatest solution
X : B — (C fulfilling
Q;XCRand X;RWC Q.

In the model provided by nonempty sets and L-fuzzy relations between them, X relates
columns of Q and R by their degree of equality. If the underlying entry lattice is the
Boolean lattice of truth values, only equal columns are related. We will often need this
property of X. The relation X is called the symmetric quotient of Q and R and is defined
by

yQ(Q, R) = (Q\R) 1 (Q~/R").

Within RATH, division allegories are again provided pretty intuitively. The only thing to
mention is that the data structures carry separate functions for the left and right residual

as well as for the symmetric quotient.

In the following we want to recall some basic results concerning residuals and symmetric

quotients. For a comprehensive study we refer to [16].

Lemma 2.5.4. Let A be a division allegory and A, B,C, D, E objects of A. Furthermore,
let Q,Q1,Q02:A— B, RR\,Re:B—C, 55,5 :A—-C, T:A—>D,F:D— A and
G : C — F be relations. Then we have

(1) (5111 82)/R = (51/R) 1 (S2/R) and Q\(51 11 52) = (Q\S1) M (Q\S2),
(2) S/(RiU Ry) = (S/R1) 11 (5/R2) and (Q1 U Q2)\S = (Q1\S5) M (Q2\5),
(3) S/Ic =T14\S =S,

(4) F:(S/R) C (F; 8)/R and (Q\8); G C Q\(S; G),

(5) equality holds in (4), if F' and G~ are mappings,

(6) S/RE (S;G)/(R; G) and Q\S & (F; Q)\(F};5),
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(7) equality holds in (6), if F~ and G are total and injective,
(8) F;syQ(Q,S) = syQ(Q; F~,S), if F is a function,

(9) syQ(Q, 5)~ = syQ(S,Q),

(10) syQ(Q, S); syQ(S, T) E syQ(Q, T).

Properties (1) and (2) of the last lemma include that / is monotonic in the first and antitonic
in the second argument. The opposite is true for \. Furthermore, we immediately can
conclude that sy is neither necessarily monotonic nor antitonic in any of its two arguments.
Especially properties (4)-(8) and (10) are important since they express the interaction of

the three operations and composition.

2.5.5 Dedekind categories

Now, we switch to a structure providing an additional greatest element within the morphism
classes.
Definition 2.5.7. A Dedekind category D is a tuple
(ObjD7 MOT’Da i T s a]Iv L, |—|7J-|—7 /7—“—)
such that

(1) (Objp, Morp, : «— ;. 1, = 1,U, 1L, /) is the underlying division allegory,
(2) D[A, B] is a complete Brouwerian lattice for all objects A, B in Objp,
(3) T maps D[A, B] to its greatest element T 4 p.

Dedekind categories have (because of their completeness) the big advantage that every class
of morphisms can be represented by sets. This type of category is called locally small.
The nonempty sets together with all £-fuzzy relations between them constitute a Dedekind
category. Furthermore, every complete Brouwerian lattice £ can be represented by a one-
objected Dedekind category. The elements of £ are the morphisms. Furthermore, we have
to take A as composition and meet, and V as join. Finally, 0 and 1 are the bottom and top
element, respectively, and the relative pseudo complement is taken as residual. Composition
is trivial since we only have one object. We denote the induced Dedekind category of £ by

Dy.

As usual, a functor F between two Dedekind categories D1 and Do is a functor between
division allegories preserving the top elements and completeness. This immediately im-

plies that Fys, is a complete Brouwerian lattice homomorphism between D;[A, B] and
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Ds[Fouj(A), Fop; (B)].

We again omit the listing of the RATH data structures. They are implemented straightfor-
ward by providing an additional function to determine the top element belonging to a given

morphism class.

In the following we have summarized some results needed later on.

Lemma 2.5.5. Let D be a Dedekind category, A, B,C objects and Q,Q; : A — B, R, R; :
B—C,S,S;: A— C relations with i € I for an index set I. Then we have

(1) g =Tga,
(2) Taa; Tap =T ap; Mpp = s,
(3) Q; (1 Ri) = U(Q; Ri) and (| Qi); R= |1 (Qs; R),

el el el el
() @ (T1R) E TT(Qi R and ([TQ)RE (@i B),
(5) (T 80/R = [1(S/B) and Q[ 5 = [1(Q\S),
(6) /(L) R) = [1(S/R:) and (L Q0\S = [1(Q0\S).

Properties (5) and (6) are the infinitary extensions for the results provided in Lemma 2.5.4.
They are (together with (3) and (4)) a direct consequence of the fact that Dedekind categories
are complete structures.

Unfortunately, the restrictions with property (2) of the last lemma have to be made since
it cannot be shown in general that T ap; Tec = T a¢ holds in a Dedekind category for all

objects A, B, C. Dedekind categories in which this law is valid are called uniform.

In the following we want to introduce the notions of l-crispness and s-crispness. They are
introduced in [10] by H. Furusawa and constitute the first approach to characterize crisp
relations within the theory of Dedekind categories. Later on we then can examine under

which circumstances these notions are covered within the theory of Goguen categories [11].

The approach in [10] uses scalars to characterize the underlying entry lattice. Hence, we

first have to define these elements within Dedekind categories.

Definition 2.5.8. Let D be a Dedekind category and A an object of D. A relation ap is

called a scalar on A A iff aa T4 and T ga;04 = aa; Taa holds.

In the following we denote the set of all scalars on A by Scp(A) whereas D is the underlying
Dedekind category.
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The following lemma indicates that this definition delivers the intended elements.

Lemma 2.5.6. Let D be a Dedekind category and A an object of D. Then Scp(A) is a

complete Brouwerian lattice.

The notions of 1-/s-crispness are introduced as follows.

Definition 2.5.9. Let D be a Dedekind category, A, B objects of D and R : A — B a
relation. Then R is l-crisp/s-crisp iff aq;Q T R implies Q T R for all linear/nonzero

scalars aq and all relations Q) : A — B.

Since @ C R implies a4; Q C R for all relations @, R : A — B and all scalars auy € Sep(A),
the definition above induces an equivalence.

It is easy to see that Tl 4p is both 1- and s-crisp for all objects A, B. But unfortunately,
1L Ap is not necessarily s-crisp. Let £ be a complete Brouwerian lattice and consider the one-
objected Dedekind category D,. For the object A, 1l 44 obviously corresponds to the least
element 0 of £. Furthermore, the scalars are given by the elements of £ since 1Az =z A1l
for all x € £. But, we do not necessarily have that x Ay C 0 implies y C 0 for all nonzero
elements x,y € L. This can only be guaranteed if all elements of £ are linear. This motivates

the following lemma.

Lemma 2.5.7. Let D be a Dedekind category and A, B objects of D. Then llLap is s-crisp

iff all nonzero scalars are linear.

In the next section we will see that these notions do not (and even cannot) cover crispness

within Dedekind categories.

Finally, we want to introduce three essential constructions within Dedekind categories that
we need for the mathematical treatment of fuzzy controllers later on. In Section 2.1 we
already mentioned the possibility to create the direct sum and cartesian product of given sets.
These constructions now shall be characterized with the language of Dedekind categories.

We start with the direct sum.
Definition 2.5.10. Let D be a Dedekind category and Ay, As be objects. Then a pair of

relations (called injections) 11 : Ay — Ay + Ag, 19 : Ay — Ay + Ag together with the object

Ay 4 As is called a relational sum of Ay and As iff the following conditions are satisfied :

(1) ¢; is total and injective, i.e., 50, =14, 1 <1< 2.
(2) 150y =a,a, and 150y = a,a,.

(8) 151Uty 50 =Ta,4a,.
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The last definition can easily be extended to relational sums of sets of objects. If the
relational sum exists in D for all sets of objects, we say D has relational sums. Definition
2.5.10 determines relational sums up to isomorphism. Hence, we can speak of the relational

sum for a given set of objects.

Cartesian products are provided as follows.

Definition 2.5.11. Let D be a Dedekind category and Ay, As objects of D. The a pair of
relations (called projections) m : A} X As — Ay, my @ Ay X Ay — Ag together with the

object A1 X As is called a relational product iff the following conditions are satisfied :

(1) m;” is total and injective, i.e., m, ;m; =14, 1 <1 < 2.
(2) mi;ma =T a4, and 7y ;71 = T Aya, -

(3) mismy Mgy my =14, xA,-

If the relational product exists for any two objects of a given Dedekind category D, we say D
has relational products. Notice that this is a slightly weaker prerequisite than for relational
sums.

Again, Definition 2.5.11 determines relational products up to isomorphism so that we can

speak of the relational product for two given objects A; and As.

Last but not least, we want to introduce an abstract counterpart of singleton sets which is

used to model sets within the theory of relational categories.

Definition 2.5.12. Let D be a Dedekind category. Then an object I of D is called a unit
if i =11 and T a7 is total for all objects A of D.

Units are also unique up to isomorphism with this definition. One even can show that I x I
is isomorphic to I. The characteristic mark of units delivers us directly that all relations
@ : A — I are univalent and all relations R : I — B are injective for all objects A, B.
Hence, sets over a given universe B can be modeled by relations R : I — B. This will be

used for the relational model of fuzzy controllers later on.

2.6 Goguen categories

M. Winter in [11] showed that Dedekind categories have an axiomatization which is too weak
to express crispness. To motivate the reader, we want to give the underlying counterexample

used in the proof. Let £ together with A and V be the lattice shown in Figure 2.4.
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N\
N

Figure 2.4: Boolean lattice with four elements

Now, let X := {z} and Y := {z,y} be twosetsand f: Y — Y, R: X — Y be two L-fuzzy

given as
a b
R:z(l 0), = )

Obviously, f is bijective since f; f~ = Iy. Furthermore, R is crisp. Now suppose there
is a formula ¢ which is valid for an L-fuzzy relation R if and only if R is crisp. Then
it can be shown within the theory of Dedekind categories that ¢ holds for every relation
S := g; R; f for given bijections g and f. Hence, it would have to be valid for Ix; R; f. But,

the computation

shows that R; f is not crisp. Thus, we have a contradiction.

This implies that an extended approach is necessary. In the following we want reproduce
the basic definitions and properties of Goguen categories needed for this thesis. The proofs

are again omitted.

2.6.1 Definition and properties

Goguen categories are based on a very intuitive approach. They use the two operations !
resp. + which map an £-fuzzy relation R to the smallest crisp relation it is included resp.
the greatest crisp relation it includes (cf. Definition 2.4.7). By means of these operations
one then can easily define crispness as shown in Lemma 2.4.5(2). The definition is given as

follows.
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Definition 2.6.1. A Goguen Category G is a tuple
g:= (ObjgvMOT‘g’, T s a]L v7|_|7 |—|7J-|—a—|-|—7 Ta l)

where

(1) (Objg, Morg, : <« ;LI = 1,U, 1, ) is the underlying Dedekind category
with UL ap # M ap for all objects A and B.
(2) 1 and | satisfy the following laws :
(2a) R',R' : A — B for all relations R: A — B.
(2b) (1,1) is a monotonic Galois correspondence.
(2¢) (R7;SHY!' =RI"; 8V forallR: B — A, S: B — C.
(2d) If aa # 1g 4 is a nonzero scalar then aL =14.
(2e) For all antimorphisms f in Scg(A) gt G[A, B] with f(aa)! = f(aa), for
all g € Scg(A) and all R : A — B the equivalence
RC || (aa;flaa)) e (aa\ R C flaa) for all as € Scg(A)

aps€Scg(A)

holds. G 1is called linear if all nonzero scalars are linear.

Part (2e) constitutes the key property of this definition. It assures that every morphism of
the respective Goguen category can be represented by its a-cut representation (cf. Theorem
2.6.2). Obviously, this property uses second order predicate logic by quantifying over all
antimorphisms. But, the example at the beginning of this section shows that first order

rules do not suffice.

As before, we need a suitable notion of homomorphisms between Goguen categories. Hence,
a homomorphism F between Dedekind categories is a homomorphism between Goguen cat-

egories if it preserves | and !.

We have already introduced ! and ! for £-fuzzy relations (cf. Section 2.4). This automatically

provides the standard model.

Theorem 2.6.1. Let £ be a complete Brouwerian lattice. Then L-Rel together with | and

Lis a Goguen category.

Hence, crispness is defined as expected.

Definition 2.6.2. A relation R: A — B is crisp iff R = R.
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In the following we sometimes need the class of all crisp relations between two given objects
A and B. Hence, we denote it by Crispg[A, B].

The next lemma summarizes some intuitive results.

Lemma 2.6.1. Let a Goguen category G and three objects A, B and C be given. Further-
more, let R,R; : A — B, (i € I), be relations. Then we have

(1) R is crisp, iff R* = R iff R* = RT,
(2) 14, Lo g and T4 g are crisp,
(3) (U R:)' = | R} and ([1R)* = [ R,
i€l = il il
Especially part (3) that | preserves join and ! preserves meet is important. Furthermore,
the fact that 1L 4p is crisp for all objects A and B is to mention since this is, in general, not
true for s-crispness.

Now, we reach the first central theorem.

Theorem 2.6.2 (a-cut Theorem). Let G be a Goguen category and R : A — B be a
relation. Then R can be computed by

R= || (aa(as\R).

ap€Scg (A)

Since (_\R)! : Scg(A) — Crispg[A, B] is an antimorphism for all objects A, B and relations
R : A — B, this result is nearly directly delivered by Definition 2.6.1(2e).

The next lemma summarizes some conclusions of the a-cut Theorem.

Lemma 2.6.2. Let G be a Goguen category, and let R : A — B be a relation.

(1) R'= |1 (aa\R),
ag€Scg(A)
ap#dlaa

(2) G is uniform, i.e. T ap; MTpc = T ac for all objects A, B, C,
(3) Tea; RY; TTpp = Tep for all objects C, D if R # 1lap,
(4) RRC R C R®.

With this, (2) is essential since this cannot be shown in general for Dedekind categories.
Furthermore, (4) confirms the respective result for Dedekind categories.
The equivalence of the three notions of crispness, [-crispness and s-crispness is covered by

the following theorem.

Theorem 2.6.3. Let G be a Goguen category. Then the following three statements are

equivalent:
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(1) G is linear.
(2) All crisp relations are s-crisp.

(3) All l-crisp relations are crisp.

Hence, these notions are equivalent in linear Goguen categories.

The following lemma collects some intuitive properties of crisp relations.

Lemma 2.6.3. Let G be a Goguen category and Q;,QQ : A — B, i€ I, R: A — C and
S : B — C be crisp relations. Then

(1) 1] Qs is erisp,

el

(2) [] Qi is crisp,

el
(3) Q~ is crisp,
(4) Q; S is crisp,
(5) R/S and Q\R are crisp.

The last lemma together with Lemma 2.6.1 are absolutely basic properties and will be used
without explicitly mentioning them.

We already admitted before that the set of scalars of a given object A is isomorphic to the
entry lattice £ of the underlying £-fuzzy relations. This is shown by the next theorem for

the abstract theory of Goguen categories.01

Theorem 2.6.4. Let G be a Goguen category and A and B objects. Then the complete

Brouwerian lattices Scg(A) and Scg(B) are isomorphic.

This theorem is essential for theory as well as for practice. As we will see, it plays a key role

for the definition and handling of derived operations within Goguen categories.

2.6.2 Derived operations

In this section we introduce a concept to model derived operations from lattice ordered semi
groups. Since the underlying lattice is represented by the set of scalars of a given object A
of the Goguen category, we can easily lift the definition of losg’s to a component free niveau.
Throughout this section let G be a Goguen category and (Sc[G],x,e,z) be a loos whereas
Sc|g] is the set of all scalars on all objects of G. Again, we often only speak of a loos- based
operation * and omit the induced tuple. Notice that we have a t-conorm like operation if

e =1l and a t-norm like operation if e = 1.
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The first thing we need is a basic operation ¢ from which we can create the derived operation
Ox. Two candidates for ROS are ; and M. More generally, ¢ shall satisfy the properties

introduced in the following definition.

Definition 2.6.3. Let G be a Goguen category, and let { an operation. Then ¢ is the base

for a derived operation if the following is satisfied :

(1) For all objects A ¢ is defined for all pairs of relations from G[A, A] . Furthermore,
its value is within G[B, B)] for a suitable object B.

(2) If QOR is defined for Q@ : A — B and R : C — D then § is defined for all pairs
of relations from G[A, B] and G[C, D).

(3) If QOR is defined for @ : A— B and R: C — D and is within G[E, F| then
QOlep = LapOR = lpF.

(4) If TapOTep is defined and within G[E, F] then Map0TTep = MEF.

(5) For an index set I and relations Q,Q;, R, R;, i € I we have

QO(L Ri) = LI (QOR;) and (|| Q:i)OR = | |(QiOR)

i€l icl icl i€l
whenever the application of { is defined.
(6) If QOR is defined for Q: A — B and R : C — D and within G[E, F], then we
have for all a, B € Sc[G]
(ap M BE); (ROR) = (aa; Q)0(Bc; R).
(7) For all crisp relations Q, R such that § is defined, QOR is crisp.

The prerequisites of the definition above are quite intuitive. We want to mention that (1)
implies that { has to be defined on the scalars. Furthermore (2) assures that ¢ is either
not defined for a given class of relations or it is defined for the whole class. Property (6)
regulates the interaction of the application of QO R and the scalars of the respective objects.
Notice that this prerequisite is only senseful since we have that the complete Brouwerian
lattices of the scalars of different objects A and B are isomorphic (cf. Theorem 2.6.4). Notice

furthermore, that ; and M fulfill Definition 2.6.3.

Now, we want to give the definition of a derived operation.
Definition 2.6.4. Let { be the base for a derived operation. Furthermore, let Q) : A — B
and R : C'— D be relations such that QOR is defined and within G[E, F|. Then the derived
operation Oy is defined by

QOR:= || (2*B)E(\Q'OB\R)).

a,BeScG]
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This definition obviously directly corresponds to the result shown in Lemma 2.4.4. Since
\ in the second argument and ¢ in both arguments are monotonic, the derived operation
QO 18 also monotonic. As one can see, this definition is rather inefficient with respect to
computational purposes. This will have to be considered with the parametrization for our
module for Goguen categories, later on.

Together with property (6) of Definition 2.6.3, the last definition obviously implies that

; =;m, which is an intuitive result. But, we have an even stronger result.

Lemma 2.6.4. Let { be the base of a derived operation such that it is defined on G[A, B|
and G[C, D]. Then we have

(1) QOxR=QOR for allQ: A— B and R: C — D iff x =1,

and, if O =1,

(2) Q0.Q' =QUQ for allQ,Q" : A — B iff x =1Ll.

In the following we want to summarize some basic results for the cases that * is a t-norm

like resp. t-conorm like operation (i.e., e = [ resp. e = 1l). We start with e = IL.

Lemma 2.6.5. Lete=TandQ : A — B, R: C — D be relations such that QOR is defined
and within G[E, F]. Then we have :

(1) If Q or R is crisp then QO.R = QOR.
(2) Q0«;lep = LapOsR = 1lEgp.

(3) QMi; Tap = Q and Tep My R = R.
(4) QO«R C QOnR.

Property (4) again marks M as the greatest t-norm like operation.

Now, the analogous results for e = L follow.

Lemma 2.6.6. Lete =1 and Q : A — B and R : C — D be relations such that QOR is
defined and within G[E, F]. Then we have :

(1) If Q or R is crisp then QO+R = (Q0Tep) U (TMapOR).
(2) Q0«;lep = LapQsR = 1lgp.

(3) Qs llap = Q and Llep My R = R.

(4) QOUR E QO.R.
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Hence, in the theory of Goguen categories we also have that LI is the least t-conorm like
operation. In the following we often use the denotation LI, instead of M, for a meet-based
derived operation to emphasize that * has neutral element L.

The last two lemmas will often be used later on. They are the basic properties and show
that derived operations in the abstract theory of Goguen categories can be handled quite

intuitively. This is again encouraged by the following theorems.

Theorem 2.6.5. Let { be the base for a derived operation. Then we have :

(1) If O is commutative then Q. is commutative iff * is.
(2) If § is associative and x is complete then Oy is associative iff * is.

(3) If x is cloos-based then
(L Q)O«R = I(Qi0«R) and QO«(L| Ri) = || (QO«R)

icl icl icl icl
for an index set I and relations Q, Q;, R, R; whenever the application of O is

defined.

Finally, we have the following important property concerning conversion.

Theorem 2.6.6. Let (Sc[G],x,e,z) be a closg. Then we have (Q;« R)” = R7;. Q™.

At the end we want to mention that the proofs of the results provided in this section demand
considerably more effort than shown here. For the interested reader we refer to [11] and [13]

for a full mathematical deduction.






Chapter 3

Extending RATH

In this chapter we want to extend the RATH library by providing a suitable structure
for Goguen categories. Since Goguen categories are made to handle L-fuzzy relations, we
additionally have to provide modules for lattices and L-fuzzy relations.

We first want to introduce suitable data structures and test routines for handling lattices.
After that, we provide a module collection for Goguen categories. This is strongly oriented
at the already existing modules of RATH. Finally, we introduce a Haskell module for £-fuzzy

relations and, hence, are able to deliver the standard model of Goguen categories.

3.1 A module collection for lattices

As we are going to treat L-fuzzy relations within the algebraic structure of Goguen categories,
we need a module collection for lattices. The representation of an L-fuzzy relation R by a
mapping R : A x B — L makes this even clearer. But, there is another connection. From
the definitions of the relational categories of Section 2.5 we see that the morphism classes
between two objects of a given relational category (except the pure category) form at least
a lower semilattice. Thus, the morphisms of a Dedekind category, for example, constitute
a complete Brouwerian lattice. We do not aim at a comprehensive package for lattices, but
provide the most necessary operations like the determination of the irreducible elements and
atoms, respectively. Another important point will be the consistency tests for lattices and
lattice morphisms. Always consider that we see this module collection as an “add on” to

RATH. Thus, many design decisions are made with respect to conformance. Nevertheless,
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we do not use any functionality of RATH within these modules so that they can be used as

a stand-alone package.

We give two different approaches. The first one uses multi parameter type classes which
allows an elegant parametrization and typing but has the drawback that it is no Haskell 98
standard. The second one uses record data structures (Haskell 98 standard) as a compen-
sation of Haskell’s relatively weak module system. Thus, we have consistency in using our

lattice modules together with RATH.

First, we want to have a look at the type classes for lattices. In accordance to Definition
2.3.2 and Theorem 2.3.2, two approaches are possible. We choose to provide a hierarchy
starting with partially ordered sets and then add lattice operations successively. Of course,
the induced ordering and join/meet can be mutually computed by standard operations, but

we let the user the chance to define more efficient operations.

module LatticeClass where

class POrderedSet set el where

isElem :: set -> el -> Bool
elements :: set -> [el]
1Eq :: set -> el -> el -> Bool

As we are going to use our lattice module together with RATH later on, we have to take
care of the name spaces to avoid longish qualified names. Thus, we speak of elements rather
than of objects. Furthermore, the ordering is denoted by “lower or equal” (1Eq) instead of

incl.

The next step is to provide the sup and inf operation, respectively. This results in upper

resp. lower semilattices.

class POrderedSet lat el => UpSemilattice lat el where
sup :: lat -> el -> el -> el

topEl i lat -> el

class POrderedSet lat el => LoSemilattice lat el where

inf :: lat -> el -> el -> el
botEl :: lat -> el
atomS i1 lat -> [el]

We aim to compute finite (thus, complete) lattices. According to Lemma 2.3.1 we therefore

have a least and a greatest element, respectivly, denoted by botEl and topEl, respectively.
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Furthermore, every non-trivial lower semilattice with least element contains at least one
atom. As the atoms reflect the whole structure in some kinds of lattices (e.g. Boolean, cf.

Section 2.3.7), they play an important role with the consistency tests later on.

The next step is a type class for (standard) lattices.

class (UpSemilattice lat el, LoSemilattice lat el) => Lattice lat el where
jIrredS :: lat -> [el]
mIrredS :: lat -> [ell

We do not have to provide any new operations. But, in a finite lattice, all elements can
be computed by the disjunction/conjunction of a finite number of join-/meet-irreducible ele-
ments (cf. Theorem 2.3.5, Definition 2.3.7). Thus, every non-trivial lattice with least /greatest
element contains at least one join-/meet-irreducible element. Again, irreducible elements will

play an important role with the consistency tests and several applications later on.

As we saw in the section about relational categories, Brouwerian lattices are essential.
Within this kind of lattice, we have a new operation for the computation of the relative

pseudo complements. Therefore, we define the following type class.

class (LoSemilattice lat el) => RelCompLattice lat el where

relComplem :: lat -> el -> el -> el

Notice, that we deliberately do not call the type class “BrouwerianLattice” or similar because
the operation relComplem can be interesting even if the relative pseudo complements do not
exist for every pair of elements. We even do not demand that lat and el form a lattice

because this is not necessary for the definition.

The even stronger notion of a complement (cf. Definition 2.3.15) is taken into account by

the next type class.

class Lattice compLat el => CompLattice complLat el where

complem :: complat -> el -> el

Again, we avoid designations like “BooleanLattice”.

Hence, we have the type class hierarchy shown in Figure 3.1.

The next step is to provide data structures which respect the Haskell 98 standard. We then
use them to parametrize our type classes so that the user is free to choose the variant he
prefers. Furthermore, several consistency tests and standard operations shall be available

within this module.



58 CHAPTER 3. EXTENDING RATH

CompLattice

RelCompLattice ‘ \ Lattice

LoSemiLattice UpSemilattice
POrderedSet

Figure 3.1: The hierarchy of the lattice type classes

module Lattice where

import List ((\\),nub,intersect,union)

We start with the explanation of the provided data structures in accordance to the type

classes. Again, the weakest structures are posets.

data PoSet el = PoSet { poSet_isElem :: el -> Bool
,poSet_elements :: [ell
,poSet_1Eq :: el -> el -> Bool }

As shown here, we parametrize all record data types by the type of the elements. The

functions are always analogous to the corresponding type class.

A particularity of this approach can be seen with the next data structure.

data USemilat el = USemilat { uSemilat_poSet :: PoSet el
,uSemilLat_sup el > el -> el
,uSemilLat_topEl el }

We do not have any inheritance as with the type classes. Thus, we have to carry the functions
of the underlying poset by an explicit function (uSemiLat_poSet). To avoid longish names

for accessing the poset functions, we (in analogy to RATH) introduce abbreviated notations.

uSemilat_isElem = poSet_isElem . uSemilat_poSet
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uSemilat_elements = poSet_elements . uSemilat_poSet

uSemilat_1lEq = poSet_lEq . uSemilLat_poSet

The following data structures are constructed analogously.

data LSemilat el = LSemilat { 1lSemilat_poSet : PoSet el
,1SemiLat_inf i el -> el -> el
,1SemiLat_botEl el
,1Semilat_atomS i [el] ¥

1Semilat_isElem = poSet_isElem 1Semilat_poSet
1Semilat_elements = poSet_elements . 1lSemilat_poSet
1Semilat_1Eq

= poSet_lEq 1Semilat_poSet

data RelCompLat el = RelCompLat { relCompLat_lSemilat :: LSemilat el
,relCompLat_relComplem :: el -> el -> el

relCompLat_poSet = 1Semilat_poSet . relCompLat_lSemilat

relCompLat_isElem = 1lSemilat_isElem . relCompLat_lSemilat

relCompLat_elements = 1Semilat_elements . relCompLat_lSemilat

relCompLat_1Eq = 1Semilat_1Eq . relCompLat_lSemilat
relCompLat_inf = 1Semilat_inf . relCompLat_lSemilat
relCompLat_botEl = 1SemiLat_botEl . relCompLat_lSemilat
relCompLat_atomS = 1SemiLat_atomS . relCompLat_lSemiLat
data CompLat el = CompLat { compLat_lat :: Lat el

,compLat_complem :: el -> el }

complLat_isElem = lat_isElem compLat_lat

compLat_elements = lat_elements . compLat_lat

compLat_1Eq = lat_1lEq compLat_lat
compLat_sup = lat_sup compLat_lat
compLat_inf = lat_inf complLat_lat
compLat_topEl = lat_topEl complLat_lat
compLat_botEl = lat_botEl compLat_lat
compLat_atomS = lat_atomS compLat_lat

compLat_jIrredS
compLat_mIrredS
compLat_poSet

lat_jIrredS
lat_mIrredS
lat_poSet

compLat_lat
complLat_lat

compLat_lat
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The construction of standard lattices using upper and lower semi lattices, respectively, can-
not be transferred that easily from the type classes. Obviously, we could get consistency
problems because the data structures LSemilat and USemilat each carry their own poset.

Therefore, we choose to redefine all functions explicitly.

data Lat el = Lat{ lat_poSet :: PoSet el
,lat_sup el > el -> el
,lat_inf trel -> el -> el
,lat_topEl el
,lat_botEl iroel
,lat_atomS 10 [el]

,lat_jIrredS :: [el]
,lat_mIrredS :: [el] }

Thus, the consistency problem is solved, but we have the new problem that the corresponding
upper and lower semilattice, respectively, cannot be extracted that comfortably. Hence, we

provide the functions

lat_uSemilat :: Lat el -> USemilat el

lat_uSemilat 1 = USemilat { uSemilat_poSet

-]

lat_poSet

,uSemiLat_sup lat_sup 1

lat_topEl 1 }

,uSemiLat_topEl

lat_1Semilat :: Lat el -> LSemilat el

lat_1Semilat 1 = LSemilat { lSemilat_poSet = lat_poSet 1
,1SemilLat_inf = lat_inf 1
,1SemiLat_botEl = lat_botEl 1
,1Semilat_atomS = lat_atomS 1 }

for the user. Notice, that the structure Lat carries the set of join and meet-irreducible
elements in addition to the functions for upper and lower semilattices, respectively. With

the abbreviations

lat_isElem

poSet_isElem . lat_poSet
lat_elements = poSet_elements . lat_poSet
lat_1lEq

poSet_1Eq . lat_poSet

the definition of our data structures is complete. Obviously, they directly correspond to the

type class hierarchy of Figure 3.1 so that we are able to provide suitable instances later on.

The definition of the record data types above automatically provides the projections from
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stronger structures to weaker ones (e.g., from Lat to LSemiLat). But, there are also embed-
dings from the weak structures into stronger ones. In the following we provide standard

implementations of these constructions. We first introduce some auxiliary functions.

partialExt f x [] X
partialExt f x (y:ys) = if f x y then partialExt f y ys

else partialExt f x ys

partialSupInf f els = \x y -> let bds = [ele<-els,f x e,f y el
in if null bds then x
else partialExt (flip f) (head bds) (tail bds)

First of all, partialExt determines the unique maximum/minimum of a given poset. With
this, the parameter f is the ordering on the elements given within the list y:ys. If £ is given
as <, the maximum is computed. If the reversed ordering > is given, partialExt determines
the minimum.

The function partialSupInf works analogously by computing the supremum/infimum of
all elements of els (if it exists) for the given ordering </>. Thus, partialSupInf already

delivers two standard constructions and can be used by the following routines.

poSet_uSemilat :: PoSet el -> USemilat el

poSet_uSemilat p@(PoSet isElem els 1Eq) =

USemilat { uSemilat_poSet = p

,uSemilLat_sup = partialSupInf 1Eq els

,uSemilLat_topEl = partialExt 1Eq (head els) (tail els) }

poSet_lSemilat :: PoSet el -> LSemilat el
poSet_lSemiLat p@(PoSet isElem els 1Eq) =
let 1SL = LSemilat {

1Semilat_poSet = p

partialSupInf (flip 1lEq) els

,1SemiLat_inf
,1SemiLat_botEl = partialExt (flip 1Eq) (head els) (tail els)

,1Semilat_atomS = atomSet 1SL }

in 1SL

uSemilat_lSemilat = poSet_lSemilat . uSemilat_poSet

1SemilLat_uSemilat = poSet_uSemilat . 1Semilat_poSet

1Semilat_relComplLat :: LSemilat el -> RelComplat el
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1Semilat_relCompLat 1@(LSemilat p@(PoSet
1

els 1Eq) inf _ _) =

RelCompLat { relCompLat_lSemilat

,relCompLat_relComplem
\x y -> let ok = [e|e<-els,1Eq (inf x e) y]
in if null ok then y
else partialExt 1Eq (head ok) (tail ok) }

poSet_relCompLat :: PoSet el -> RelCompLat el
poSet_relCompLat = 1Semilat_relComplLat . poSet_lSemilat

uSemilat_lat :: Eq el => USemilat el -> Lat el
uSemilat_lat (USemilat p@(PoSet _ els 1lEq) sup top) =

let lat = Lat { lat_poSet =rp
,lat_sup = sup
,lat_inf = partialSupInf (flip 1lEq) els
,lat_topEl = top
,lat_botEl = partialExt (flip 1Eq) (head els) (tail els)
,lat_atomS = atomSet $ lat_lSemilat lat

,lat_jIrredS = jIrredSet lat
,lat_mIrredS = mIrredSet lat }

in lat

1SemilLat_lat :: Eq el => LSemilat el -> Lat el
1Semilat_lat (LSemilat p@(PoSet _ els 1lEq) inf bot atomS) =

let lat = Lat { lat_poSet = p
,lat_sup = partialSupInf 1Eq els
,lat_inf = inf
,lat_topEl = partialExt 1Eq (head els) (tail els)
,lat_botEl = bot
,lat_atomS = atomS

,lat_jIrredS = jIrredSet lat
,lat_mIrredS = mIrredSet lat }

in lat

poSet_lat :: Eq el => PoSet el -> Lat el

poSet_lat = uSemilat_lat . poSet_uSemilat

relCompLat_lat :: Eq el => RelComplat el -> Lat el
relCompLat_lat = 1Semilat_lat . relCompLat_lSemilat



3.1. A MODULE COLLECTION FOR LATTICES 63

The implementation is straightforward. The only new construction is provided within
1Semilat_relCompLat. It is a direct realization of Definition 2.3.13.

Notice that these constructions strongly make use of the fact that we are dealing with fi-
nite, and, hence, complete structures. The correctness of the resulting data structures is no
question that is to answer here. It has to be tested using the test routines introduced below.

Finally, we remain to provide embeddings into complementary lattices.

lat_compLat :: Lat el -> CompLat el
lat_complLat 1 =
CompLat { compLat_lat =1
,compLat_complem = flip (relCompLat_relComplem
(1SemiLat_relCompLat $ lat_lSemilat 1)) $
lat_botEl 1 }

poSet_compLat :: Eq el => PoSet el -> ComplLat el
poSet_compLat = lat_complLat . poSet_lat

1Semilat_complat :: Eq el => LSemilLat el -> CompLat el

1Semilat_complLat = lat_complLat . lSemilat_lat

uSemilat_complLat :: Eq el => USemilat el -> CompLat el

uSemilat_compLat = lat_compLat . uSemilat_lat

relCompLat_compLat :: Eq el => RelCompLat el -> Complat el
relCompLat_compLat 1@(RelCompLat 1SL rc) =
CompLat { compLat_lat = relCompLat_lat 1
,compLat_complem = flip rc $ lSemilat_botEl 1SL }

Again, the implementation is straightforward. The embedding from RelCompLat into comple-
mentary lattices is trivial since we already have a function for determining relative pseudo
complements. With all other functions, we have to use the standard construction from

above.

Thus, we are ready to switch to operations on lattices and the test functions. As we are only
dealing with complete lattices, fixpoint operations become important. From Theorems 2.3.12
and 2.3.13 we know that the fixpoints of a monotone function f : £ — L over a complete
lattice £ form a sublattice of £. Furthermore, we know that f has at least one fixed point.

The applications using this fact are manyfold. Therefore, we provide the following functions.

leastFPA :: Eq a => a -> (Lat a) -> (a -> a) -> a
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leastFPA a 1 f = if lat_1Eq 1 a (f a) then leastFPA’ a
else leastFPA’ $ foldll (lat_inf 1) [x|x<-lat_elements 1,
lat_1Eq 1 a (f x)]
where
leastFPA’ b = if (f b) == b then b
else leastFPA’ (f b)

leastFP :: Eq a => (Lat a) -> (a -> a) -> a
leastFP 1 = leastFPA (lat_botEl 1) 1

latFPs :: Eq a => (Lat a) -> (a -> a) -> (Lat a)
latFPs 1 f = let els = [x | x <- lat_elements 1, f x == x ]

in Lat { lat_poSet = PoSet { poSet_isElem flip elem $ els

,poSet_elements = els
,poSet_1Eq = lat_1Eq 1 }
,lat_sup = lat_sup 1
,lat_inf = lat_inf 1
,lat_botEl = foldl (lat_inf 1) (lat_topEl 1) els
,lat_topEl = foldl (lat_sup 1) (lat_botEl 1) els
,lat_atomS = atomSetBy (lat_poSet 1) (lat_botEl 1)

(lat_inf 1) [
irredSetBy (lat_poSet 1) (lat_botEl 1)
(lat_sup 1) []
,lat_mIrredS = irredSetBy (lat_poSet 1) (lat_topEl 1)
(lat_inf 1) [1 }

,lat_jIrredS

First of all, 1leastFPA determines the least fixpoint of the monotone function £, which is
greater or equal to a given element a from the underlying lattice 1. Furthermore, leastFP
delivers the standard variant by computing the least fixpoint of £. The lattice of all fixpoints
of f is generated by latFPs. Notice that we cannot rely on the standard Prelude functions
minimum resp. maximum to determine the least resp. greatest element within the list of fixed
points since these elements do not necessarily exist. Obviously, the correct termination of
all these functions above strongly depends on whether £ is monotonic. This property can
be tested by the function testMonoFunc introduced later on. The routines for determining

the atoms and irreducible elements, respectively, are also explained later.

Now, our attention goes to the consistency tests. As we are dealing with potentially big
lattices, some special thoughts go to efficiency considerations. As mentioned above, in a finite

lattice every element can be computed (or partitioned) by a set of irreducible elements. In a
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distributive lattice this representation is even unique. Atoms play an analogous role within
Boolean lattices. The next lemma shows that all tests in a standard/Boolean lattice can be

reduced to the irreducible elements/atoms.

Lemma 3.1.1. Let L be a set. and V : L x L — L and its extension \/ be an operation on
L x L. If there is an inclusionminimal subset S of L such that every element x € L can be

computed by \/ S" for a subset S" of S, we have :

(1) If V reduced to S is commutative/associative/idempotent then
it 1s commutative/associative /idempotent in L.
(2) If V reduced to S is commutative and idempotent then

it 1s idempotent in L.

The proof is obvious and, therefore, omitted.

Since atoms are join-irreducible elements and in an atomic lattice these two notions are even
equivalent, it would suffice to provide a function that computes the irreducible elements.
But, atoms are defined via the meet operation and join-irreducible elements via the join

operation. One of these operations can be evidently more inefficient than the other.

Thus, we provide both — standard functions to compute the atoms and irreducible elements,

respectively. We start with the function atomSetBy.

atomSetBy :: PoSet el -> el -> (el -> el -> el) -> [el] -> [ell
atomSetBy p botEl inf els =
let
1i = if null els then atomSet’ [] (poSet_elements p) O
else atomSet’ [] els O
in [head el | el <- map (\x -> filter (\y -> (poSet_lEq p) y x) 1i) 1li,
null $ tail el]
where
atomSet’ at [] n = if n>0 then atomSet’ [] at 0 else at
atomSet’ at [a]l n = if n>0 then atomSet’ [] (a:at) 0 else (a:at)

atomSet’ at (al:(a2:els)) n

| (poSet_lEq p) al botEl = atomSet’ at (a2:els) (n+1)
| (poSet_lEq p) a2 botEl = atomSet’ at (al:els) (n+1)
| (poSet_lEq p) al a2 = atomSet’ (al:at) els (n+1)
| (poSet_lEq p) a2 al = atomSet’ (a2:at) els (n+1)

| (poSet_lEq p) (inf al a2) botEl = atomSet’ (al:(a2:at)) els n

| otherwise = atomSet’ at els (n+1)
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It is parametrized by the underlying poset p, the least element botEl, the meet operation
inf and a list els of elements to which the computation shall be reduced (e.g., a sublattice).
If els is empty, all atoms of the underlying poset are computed.

The parametrization comes due to the intent to make it comfortable for the user to compute
the atoms directly when he creates the data structure for the corresponding (lower semi)

lattice. Thus, a lower semilattice for the divisibility relation could be created by

divLat = let pS = PoSet { poSet_isElem flip elem $ [1,2,3,4,6,12]

[1,2,3,4,6,12]

,poSet_elements

,poSet_1lEq =\xy ->modyx==013
in LSemiLat { 1Semilat_poSet = pS
,1Semilat_inf = gcd
,1SemilLat_botEl = 1

,1Semilat_atomS = atomSetBy pS 1 gcd [] }

Alternatively, the user can assign the empty list to 1SemiLat_atomS. For this case, we provide

the standard function

atomSet :: LSemilat el -> [el]
atomSet 1 = atomSetBy (1Semilat_poSet 1) (1Semilat_botEl 1) (1Semilat_inf 1) []

which can be used later on to compute the atoms “on demand”. As shown here, the extended
parametrized variant of any function will be ended by By throughout the module.

Back to the function above, the atoms are computed by filtering out those elements # 0 that
have exactly one element in the lattice that is lower or equal to them. This computation
tends to be rather extensive. Hence, we reduce the list of possible atoms before we filter
them out. This is done by calling atomSet’ which establishes the key functionality. It
successively constructs the list of atoms at by local comparison of the first two elements in
the element list. The element list steadily becomes shorter. To detect when the element
list has been traversed without causing any changes in the atom list, we use the parameter
n. If it is zero and the list of remaining elements is empty, the computation is completed.
Obviously, the result of atomSet’ strongly depends on the arrangement of the elements
within the element list. Thus, it does not necessarily deliver the set of atoms so that
they have to be filtered out after atomSet’ is finished. Consider the following example
computation for the lattice induced by the powerset P({1,2,3}). If we, for example, have
the element list [[11,[1,2]1,[2],[2,3],[3],[1,3],[1,[1,2,3]] and the underlying poset pS,

calling atomSetBy pS [] intersect [] results in

atomSet’ [] (f11,r1,21,21,2,3]1,031,(1,3],01,[1,2,311 0
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atomSet’ [[1]] [[21,[2,3],[3],[1,3],[],[1,2,3]] 1 (guard 3)
atomSet’ [[1],[2]] [(31,01,3],01,[1,2,3]] 2 (guard 3)
atomSet’ [[11,[2],[311 [[I,[1,2,3]] 3 (guard 3)
atomSet’ [[11,[2],[3]1]1 [[1,2,3]] 4 (guard 1)
atomSet’ [] [[1,2,3]1[1],[2],[3]] 0 (since n>0)
atomSet’ [[1]] [[21,[3]] 1 (guard 4 )
atomSet’ [[1],[2],[31] [J 1 (guard 5 )

Since n is 1, the list is again traversed but no changes take place so that we omit these func-
tion calls. In this example, we use an arrangement of the elements such that atomSet’ does in-
deed deliver the atoms. But, consider the list [[1]1, [2,3]1,[2]1,[1,3],[3],[1,2],[],[1,2,3]].
Obviously, here only the least element [1 is taken out. Thus, the final filtering in atomSet is

necessary.

Now, we switch to the determination of the irreducible elements. Since their definition is

very inefficient for computational purposes, we take the detour over the reducible elements.

redSetBy :: (Eq el) => PoSet el -> (el -> el -> el) -> [el] -> [ell
redSetBy p sup_inf els =
let 1i = if null els then poSet_elements p
else els

in nub $ redSet’ [] (takeN 2 1i)

where
redSet’ red [] = red
redSet’ red (x:xs) = let hX = head x
1X = last x
s = sup_inf hX 1X

in if s==hX || s==1X then redSet’ red xs

else redSet’ (s : red) xs

The parametrization is analogous to atomSet, but we here have the opportunity to compute
either the join reducible or the meet reducible elements. Thus, we call the corresponding
parameter sup_inf. First, we compute all pairs of two elements by means of the function
takeN and then call redSet’.

takeN :: Int -> [a] -> [[al]

takeN _ [] =[]

takeN 1 list = [[x] | x<-list]
takeN n (1:1list)

[1:1i | li<-takeN (n-1) list]++takeN n list
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Here, the sup/inf of any pair of elements is computed and compared to these elements. If
it is not equal to any of these two elements, it is reducible (to these elements). Notice, that
takeN can only be used for commutative operations since it only delivers pairs of elements
without considering their arrangement. Calling takeN 2 [1,2,3], for instance, results in the
list [[1,2],[1,3],[2,3]]. If we have a non-commutative operation that shall be applied to

all pairs of elements, we thus have to use list comprehension or equivalent constructs.

With the reducible elements we automatically have the irreducible elements.

irredSetBy :: (Eq el) => PoSet el -> el -> (el -> el -> el) -> [el] -> [ell
irredSetBy p bot_topEl sup_inf els = let 1i = if null els then poSet_elements p
else els

in 1i \\ (bot_topEl:(redSetBy p sup_inf 1i))

The only thing we have to mind is to take out the least/greatest element since it is not
join/meet-irreducible by definition. Notice that we need the least element and the join
operation to compute the join-irreducible elements and the greatest element and the meet
operation to compute the meet-irreducible elements.

Again, we have standard versions for calling the functions above.

jRedSet ,mRedSet, jIrredSet,mIrredSet :: (Eq el) => Lat el -> [el]
jRedSet 1 = redSetBy (lat_poSet 1) (lat_sup 1) []
mRedSet 1 = redSetBy (lat_poSet 1) (lat_inf 1) []

jIrredSet 1 = irredSetBy (lat_poSet 1) (lat_botEl 1) (lat_sup 1) []

mIrredSet 1 = irredSetBy (lat_poSet 1) (lat_topEl 1) (lat_inf 1) []

Notice that the determination of the atoms and irreducible elements, respectively, causes
quadratic runtime costs in the worst case scenario. With atomSet it is possible that only
one element is taken out with every pass through the element list. With redSet we have to
generate all pairs of elements, which naturally results in quadratic computation times. But,
consider that the average case for atomSet should be evidently better than for irredSetBy
/ redSetBy (provided that join and meet have comparable computation times). This comes
due to the fact that with irredSetBy the worst case scenario is created a priori by computing

all pairs of elements.

Now, we can proceed with the test functions. Before we start, we want to mention that
the following data structures are already defined within the RATH module RelAlg to test
category theoretical properties. We redefine them so that we have both — conformance to

RATH and a stand alone module Lattice.
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Of course, we want to know when a test failed and why it failed. Thus, the result of a failed

test can be represented by the data structure
type Result el = (String, [el])

which holds the reason for the failure and a list of the affected elements. From the defini-
tions of the lattice data structures, extensive list operations (in particular, the concatenation
operator (++) to combine several tests) are to expect. As lists are defined recursively, their
concatenation is very slow. In accordance to RATH, we use the standard escape. We “in-
troduce” a new concatenation operator. Consider the lists 11=["A","B"] and 12=["C","D"].

If we represent them by the functions

11,12 :: [String] -> [String]

11 = let
£1 = ("A":)
£2 = ("B":)

in f1 . £2

12 = let
£3 = ("C":)
£4 = ("D":)

in £3 . f4

we have the composition operator (.) as our new list concatenation. The resulting list
11++12 then can be computed by (11.12) [1. This motivates the definition of

type TestRes el = [Result el] -> [Result el]

which represents a list of failed tests. Furthermore, we need to compute a list of test
results later on. This can be done by extending the predefined function foldr to foldF (fold

function)

foldF :: [a -> a] -> a -> a

foldF 1 r = foldr id r 1

which we here use at the type [TestRes el] -> TestRes el. Last but not least, we provide

a function testP (test predicate)

testP :: Bool -> [el] -> String -> TestRes el

testP p els s = \res -> if p then res else (s,els) : res

to generate a parametrized test result, if the predicate p is False. Thus, we have all necessary

data structures so that we now can proceed with the single consistency tests.
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First, the question arises which tests are needed and how to parametrize them. Because of
the two approaches to lattices, we provide order theoretical tests as well as algebraic ones.

The three functions

testRefl, testTrans :: PoSet el -> TestRes el
testRefl p = foldF [testP (poSet_lEq p o o) [o] "Reflexivity:"

| o <- poSet_elements p]

testTrans p = let incl = poSet_lEq p

els poSet_elements p
in foldF [testP (nmot (incl x1 x2 && incl x2 x3) || incl x1 x3)
[x1,x2,%x3] "Transitivity:"

| x1 <- els, x2 <- els, x3<-els]

testAntiSymm :: (Eq el) => PoSet el -> TestRes el
testAntiSymm p = let incl = poSet_lEq p
in foldF [let x1 = head els
x2 = last els
in testP (not (incl x1 x2 && incl x2 x1) || x1==x2)
[x1,x2] "Antisymmetry:"
| els <- takeN 2 $ poSet_elements p]

together with the all-in-one test

testPoSet :: (Eq el) => PoSet el -> TestRes el

testPoSet p = testRefl p . testTrans p . testAntiSymm p

constitute the order theoretical part by testing reflexivity, transitivity and antisymmetry of
a poset. Notice that testTrans does not use takeN because the arrangement of the three

elements in question is essential. In contrast, testAntiSymm can be supplied by takeN.

The algebraic tests are quite more extensive. Because of the symmetric definition of (al-
gebraic) lattices, we use an at first sight somehow unnatural parametrization. Let us have
a look at the first test, which verifies that a poset is closed under a binary operation (e.g.

join, meet, relative pseudo complement).

testConsBy :: (Eq el) => PoSet el -> (el -> el -> el) -> [el] -> [el] ->
TestRes el
testConsBy p op els targetEls =
foldF [testP ((flip elem $ targetEls)$op (head xs) (last xs)) xs "Consistency:"
| xs<-takeN 2 $ els]
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The function first of all needs the underlying poset p. Furthermore, the operation op that
shall be tested is necessary. The third parameter els can be used to reduce the test to the
elements given in it, i.e., to set the domain of op. In contrast to atomSetBy and irredSetBy,
els must not be empty. The tests then are not automatically applied to all elements of the
underlying poset. We prefer this variant to avoid longish if ... then phrases. Further-
more, we provide a standard variant for each test so that this approach should be acceptable.
But, notice that we have to use the elem function to determine whether an element is in
els. This can cause a loss in efficiency when membership within the lattice is decided by a
certain predicate and not by checking if it is in the element list. Thus, it is up to the user
to decide whether testConsBy can be used efficiently.

The last parameter can be used to set the range of op. Again, targetEls has no default
setting if an empty list is given as parameter. The following three examples show how

testConsBy can be used to achieve certain goals.

(1) If we want to test the join consistency of a lattice 1, we can reduce the test to the join-
irreducible elements whereas the range of the join operation is the set of all elements
of the lattice. Thus, we can use the function above by

testConsBy (lat_poSet 1) (lat_sup 1) (lat_jIrredS 1) (lat_elements 1).

(2) Suppose we want to test whether some elements form a sublattice of an arbitrary lat-
tice 1 with respect to the join operation. Then we can use testConsBy by

testConsBy (lat_poSet 1) (lat_sup 1) (<elements>) (<elements>).

(3) To test whether a lattice 1 is closed under join without reducing the test to any ele-
ments, one has to use the default call

testConsBy (lat_poSet 1) (lat_sup 1) (lat_elements 1) (lat_elements 1).

Consider that, if the order theoretic tests as well as the two consistency tests above succeed
for join and meet, all remaining algebraic tests for standard lattices are redundant. Nearly
the same is true for the opposite. If all algebraic tests (even without the join/meet consis-
tency) succeed, the induced order is indeed an order and, hence, the order theoretic tests
need not be performed.

To make the use of the test functions more comfortable, we introduce standard calls to check

join/ meet consistency as well as consistency with the relative pseudo complements.

testJCons :: (Eq el) => USemilat el -> TestRes el
testJCons 1 = testConsBy (uSemilat_poSet 1) (uSemilLat_sup 1)

(uSemilat_elements 1) (uSemilat_elements 1)
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testMCons :: (Eq el) => LSemilat el -> TestRes el
testMCons 1 = testConsBy (lSemilat_poSet 1) (1SemilLat_inf 1)
(1SemilLat_elements 1) (1Semilat_elements 1)

testRelCompCons :: (Eq el) => RelCompLat el -> TestRes el
testRelCompCons 1 = testConsBy (relCompLat_poSet 1) (relCompLat_relComplem 1)
(relCompLlat_elements 1) (relCompLat_elements 1)

The complement is a unary operation, so that testConsBy cannot be used. Thus, we intro-

duce a second variant together with a standard call.

testConsUnBy :: (Eq el) => PoSet el -> (el -> el) -> [el] -> [el] -> TestRes el
testConsUnBy p op els targetEls =
foldF [testP ((flip elem) targetEls $ op x) [x] "ConsistencyUn:"

| x<-els]
testCompCons :: (Eq el) => CompLat el -> TestRes el
testCompCons 1 = testConsUnBy (compLat_poSet 1) (compLat_complem 1)

(compLat_elements 1) (compLat_elements 1)

Commutativity, associativity, idempotency and the absorption laws of the join/meet opera-

tion can be verified by the following test routines.

testCommBy,testIdemBy, testAssBy :: (Eq el) =>
PoSet el -> (el -> el -> el) -> [el] -> TestRes el
testCommBy p op els = foldF [let ol = head os
02 = last os
in testP (op ol 02 == op 02 ol) os "Commutativity:"

| os<-takeN 2 els]

testIdemBy p op els = foldF [testP (op o o == 0) [0o] "Idempotency:"

| o<-els]

testAssBy p op els = foldF [let ol head os

02 head $ tail os

03 = last os
in testP ((op o1 $ op 02 03) == (op (op ol 02) 03))
os "Associativity:"
| os<-takeN 3 els]
testAbsBy :: (Eq el) => PoSet el -> (el -> el -> el) ->
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(el -> el -> el) -> [el] -> TestRes el
testAbsBy p opl op2 els = foldF [testP ((opl ol $ op2 ol 02)==01) [o01l,02]

"Absorption:" | ol<-els, o02<-els]

They are parametrized analogous to testConsBy. Obviously, the list targetEls can be left
out since it plays no role for these tests. Notice that testAbsBy cannot rely on takeN. Again,

the standard variants are provided by the following functions.

testJComm,testJIdem, testJAss :: (Eq el) => USemilat el -> TestRes el

testJComm 1= testCommBy (uSemilat_poSet 1) (uSemilat_sup 1) (uSemilat_elements 1)
testJIdem 1= testIdemBy (uSemilat_poSet 1) (uSemilat_sup 1) (uSemilat_elements 1)
testJAss 1= testAssBy (uSemilat_poSet 1) (uSemilat_sup 1) (uSemilat_elements 1)

testMComm,testMIdem, testMAss :: (Eq el) => LSemilat el -> TestRes el

testMComm 1= testCommBy (1lSemilat_poSet 1) (1SemiLat_inf 1) (1Semilat_elements 1)
testMIdem 1= testIdemBy (1SemilLat_poSet 1) (1SemilLat_inf 1) (1lSemilat_elements 1)
testMAss 1= testAssBy (1Semilat_poSet 1) (1Semilat_inf 1) (1lSemilat_elements 1)

testJAbs,testMAbs :: (Eq el) => Lat el -> TestRes el
testJAbs 1= testAbsBy (lat_poSet 1) (lat_sup 1) (lat_inf 1) (lat_elements 1)
testMAbs 1= testAbsBy (lat_poSet 1) (lat_inf 1) (lat_sup 1) (lat_elements 1)

Furthermore, we need two functions to verify the correctness of the greatest and least ele-

ment, respectively.

testTopElBy :: USemilat el -> [el] -> TestRes el
testTopElBy 1 els =
let top = uSemilat_topEl 1
in foldF ( testP (uSemilat_isElem 1 top) [top] "Top in List:"
[testP (uSemilat_1lEq 1 x top) [x] "Top element:" | x<- els] )

testBotE1By :: LSemilat el -> [el] -> TestRes el
testBotElBy 1 els =
let bot = 1Semilat_botEl 1
in foldF ( testP (1Semilat_isElem 1 bot) [bot] "Bot in List:"
[testP (1Semilat_lEq 1 bot x) [x] "Bottom element:" | x<- els] )

testTopEl :: USemilat el -> TestRes el
testTopEl 1 = testTopElBy 1 (uSemilat_elements 1)

testBotEl :: LSemilat el -> TestRes el
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testBotEl 1 = testBotElBy 1 (lSemilat_elements 1)

Hence, we have accomplished the pure consistency tests for standard (upper/lower semi)lattices.

Now, we remain to provide all-in-one tests. This is done by the following functions.

testUpSemilatticeBy :: (Eq el) => USemilat el -> [el] -> [el] -> TestRes el
testUpSemilLatticeBy 1 els targetEls =
let pS = uSemilat_poSet 1
s = uSemilat_sup 1
in testCommBy pS s els . testAssBy pS s els .
testIdemBy pS s els . testConsBy pS s els targetEls .
testTopElBy 1 els

testLoSemilatticeBy :: (Eq el) => LSemilat el -> [el] -> [el] -> TestRes el
testLoSemilLatticeBy 1 els targetEls =
let pS = 1Semilat_poSet 1

i 1Semilat_inf 1
in testCommBy pS i els . testAssBy pS i els .
testIdemBy pS i els . testConsBy pS i els targetEls .

testBotElBy 1 els

testLatticeBy :: (Eq el) => Lat el -> [el] -> [el] ->
[el] -> [el] -> TestRes el
testLatticeBy 1 elsl els2 els3 targetEls =
testUpSemilatticeBy (lat_uSemilat 1) elsl targetEls
testLoSemilatticeBy (lat_lSemilat 1) els2 targetEls
testAbsBy (lat_poSet 1) (lat_sup 1) (lat_inf 1) els3 .
testAbsBy (lat_poSet 1) (lat_inf 1) (lat_sup 1) els3

It should be clear from the previous explanations how the first two functions work. The
test for lattices is special in the sense that we have three parameters els1, els2 and els3,
respectively, to reduce the tests for upper and lower semilattices. Good examples for elsi
and els2 are the join resp. meet-irreducible elements. Notice that it makes no sense to

differentiate the parameter targetEls since we want to test a lattice structure.

The standard use of the function above is the following.

testUpSemilattice :: (Eq el) => USemilat el -> TestRes el
testUpSemilattice 1 = testUpSemilatticeBy 1

(uSemilat_elements 1) (uSemilat_elements 1)
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testLoSemilLattice :: (Eq el) => LSemilat el -> TestRes el
testLoSemilattice 1 = testLoSemilatticeBy 1

(1Semilat_elements 1) (1Semilat_elements 1)

testLattice :: (Eq el) => Lat el -> TestRes el
testLattice 1 = testLatticeBy 1 (lat_jIrredS 1) (lat_mIrredS 1)

(lat_elements 1) (lat_elements 1)

Notice that testLattice automatically reduces the test of the upper resp. lower semilattice
to the join resp. meet-irreducible elements. Of course, this presupposes that the lists are

not empty.

The next step is to check modularity, distributivity and atomicity. We start with modularity.

testModularBy :: (Eq el) => Lat el -> [el] -> TestRes el
testModularBy 1 els =

let sup = lat_sup 1

inf lat_inf 1

in foldF [testP (not (lat_1Eq 1 x1 x3) || (sup x1 $ inf x2 x3) ==
inf (sup x1 x2) x3) [x1,x2,x3] "Modularity:"

| x1<-els, x2<-els, x3<-els]

testModular :: (Eq el) => Lat el -> TestRes el
testModular 1 = testModularBy 1 (lat_elements 1)

From Lemma 2.3.6 we know that the validities of the modular laws imply each other. Thus,
we directly parametrize the function above by the underlying lattice 1. Notice that we can-
not use takeN to determine all combinations of any three elements out of 1, because the
arrangement of the three elements in question is essential (cf. Definition 2.3.10). Further-
more, the modularity test can, in general, not be reduced to the atoms or join-irreducible

elements, respectively.

The same is true for the following routine which can be used to check distributivity.

testDistrBy :: (Eq el) => PoSet el -> (el -> el -> el) ->
(el -> el -> el) -> [el] -> TestRes el
testDistrBy p opl op2 els =
foldF [let x1 = head xs

x2 = xs!!1
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x3 = last xs
in testP ((opl x1 $ op2 x2 x3) == op2 (opl x1 x2) (opl x1 x3))
xs "Distributivity:"

| xs<-takeN 3 els]

Again, the validity of one of the distributive laws implies the validity of the other (cf.
Lemma 2.3.6) so that the parametrization of this function by the two operations op1 and
op2 is redundant from a mathematical point of view. But, again efficiency considerations
with respect to the join and meet operations drove us to this decision. To determine join
distributivity, we use the join operation three times and the meet operation only twice. The
opposite is true for meet distributivity. The user now can decide which variant is the most

effective. Hence, we provide standard tests for join and meet distributivity, respectively.

testJDistr,testMDistr :: (Eq el) => Lat el -> TestRes el

testJDistr 1 = testDistrBy (lat_poSet 1) (lat_sup 1) (lat_inf 1) (lat_elements 1)

testMDistr 1 = testDistrBy (lat_poSet 1) (lat_inf 1) (lat_sup 1) (lat_elements 1)

From Theorem 2.3.8 we know that the notions of complete upwards distributivity and com-
plete Brouwerian lattices are equivalent. Furthermore, we can conclude the equivalence of
complete upwards and downwards distributivity within finite lattices. Thus, testing distrib-
utivity can be substituted by testing the existence of the relative pseudo complements for

all pairs of elements and vice versa.

testRelComplBy :: (Eq el) => RelCompLat el -> [el] -> TestRes el
testRelComplBy 1 els =
foldF [testP ((flip elem) els (relCompLat_relComplem 1
(head xs) (last xs))) xs "Rel.pseudo compl.:"
| xs <- takeN 2 els ]

testRelCompl :: (Eq el) => RelCompLat el -> TestRes el
testRelCompl 1 = testRelComplBy 1 (relCompLat_elements 1)

Now, we proceed with atomicity. This test tends to be rather costly with respect to effi-
ciency. Unfortunately, we have no general possibility to delimit it. One approach could be
to test whether all join-irreducible elements are atoms. But, the quadratic complexity of
determining the join-irreducible elements indicated by irredSetBy only permits a gain in
efficiency, if the user is able to provide a faster way to compute them. Thus, we deliver
two functions — one that tests the join-irreducible elements and one that directly checks

whether all elements can be computed by the disjunction of a certain number of atoms.
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testAtomicIrred :: (Eq el) => Lat el -> TestRes el
testAtomicIrred 1 =
let incl = lat_1lEq 1
in foldF [ let x1 = head xs
x2 = last xs
in testP (not (incl x1 x2 || incl x2 x1 ) || x1==x2)
xs "Atomicity(irr.el.):" | xs<-takeN 2 $ lat_jIrredS 1]

testAtomicBy :: (Eq el) => Lat el -> [el] -> TestRes el
testAtomicBy 1 els =
foldF [let as = [ a | a<-lat_atomS 1, (lat_lEq 1) a x ]
in if null as then id

else testP (x==foldll (lat_sup 1) as) (x:as) "Atomicity:"| x<-els]

testAtomic :: (Eq el) => Lat el -> TestRes el

testAtomic 1 = testAtomicBy 1 (lat_elements 1)

The parametrization of these two functions is a bit different. If the user, for example, wants
to test a sublattice of 1, he has to create a new data structure or to use testAtomicBy.

The atomicity test within testAtomicIrred is done by checking whether there are two (differ-
ent) elements such that they are in the underlying order relation. If not, all join-irreducible
elements are atoms.

Notice that we leave the user to check whether the atom set and set of irreducible elements,
respectively, are correct. This can, for example, be done by comparing them to the result

of atomSetBy and irredSetBy, respectively.

Now, only the complement operation is left. The check is done by the following functions.

testComplBy :: CompLat el -> [el] -> TestRes el
testComplBy 1 els =
let 1Eq = complLat_lEq 1
complem = complLat_complem 1
in foldF [testP (1Eq (compLat_topEl 1) (compLat_sup 1 x (complem x)) &&
1Eq (compLat_inf 1 x $ complem x) (compLat_botEl 1) &&
1Eq x (complem $ complem x) &&
1Eq (complem $ complem x) x ) [x] "Complement:"

| x <- els]

testCompl :: CompLat el -> TestRes el
testCompl 1 = testComplBy 1 (compLat_elements 1)

7
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Obviously, we test whether z VZ =1, x AT = 0 and T = z hold.

Thus, we can introduce all-in-one tests for Boolean lattices.

testBoolLatticeBy :: (Eq el)=>CompLat el->[el]l->[el]->[el]->[el]->TestRes el
testBoolLatticeBy 1 elsl els2 els3 targetEls =
testComplBy 1 elsl . testLatticeBy (compLat_lat 1) els2 els3 elsl targetEls

testBoolLattice :: (Eq el) => CompLat el -> TestRes el
testBoolLattice 1=
let els = complat_elements 1

in testBoolLatticeBy 1 els (compLat_atomS 1) (compLat_mIrredS 1) els

With the standard variant we again automatically reduce the tests to the atoms and meet-

irreducible elements, respectively, to test the lattice structure.

Finally, our attention goes to morphism tests. According to Definition 2.3.5, we differenti-
ate between (upper/lower semi) lattice and co-lattice morphisms, respectively. Furthermore,
morphisms between Brouwerian/Boolean lattices, which respect the relative pseudo comple-
ments/complements are of interest. Obviously, all kinds of morphisms have in common that
they respect unary or binary operations within their domain and range, respectively. Hence,

we can introduce two functions as follows.

testMorphBy :: (Eq el2) => PoSet ell -> PoSet el2 ->
(ell -> ell -> ell) ->
(el2 -> el2 -> el2) -> String -> (ell -> el2) -> TestRes ell
testMorphBy 11 12 opLl1l opl2 text f =
foldF [let x1 = head xs
x2

last xs
in testP ((f $ opLl x1 x2) == (opL2 (f x1) $f x2)) xs text
| xs <- takeN 2 $ poSet_elements 11]

testMorphUnBy :: (Eq el2) => PoSet ell -> PoSet el2 ->
(ell -> el1l) -> (el2 -> el2) ->
String -> (ell -> el2) -> TestRes ell
testMorphUnBy 11 12 opLl opL2 text f =
foldF [testP ((f $ opLl x) == (oplL2 $ f x)) [x] text | x <- poSet_elements 11]

In both functions £ is the morphism in question. The only difference is that testMorphBy
gets binary operations (e.g., sup, inf) and testMorphUnBy gets unary (e.g., complement).

The string text is used to generate an appropriate output when a test fails.
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With help of these two functions, we now can easily provide the required tests.

testUpSemilatMorph :: (Eq el2) =>

USemilat ell -> USemilat el2 -> (ell -> el2) -> TestRes ell
testUpSemilLatMorph 11 12 =
testMorphBy (uSemilat_poSet 11) (uSemilat_poSet 12)
(uSemilat_sup 11) (uSemilat_sup 12) "USemilatMorph:"

testLoSemiLatMorph :: (Eq el2) =>
LSemiLat ell -> LSemilat el2 -> (ell -> el2) -> TestRes ell
testLoSemilatMorph 11 12 =
testMorphBy (1Semilat_poSet 11) (1Semilat_poSet 12)
(1SemiLat_inf  11) (1Semilat_inf 12) "LSemiLatMorph:"

testLatMorph :: (Eq el2) =>
Lat ell -> Lat el2 -> (ell -> el2) -> TestRes ell
testLatMorph 11 12 £ =
testUpSemilatMorph (lat_uSemilat 11) (lat_uSemilat 12) f.
testLoSemilatMorph (lat_lSemilat 11) (lat_lSemilat 12) f

testUpCoSemiLatMorph :: (Eq el2) =>
USemilat ell -> LSemilat el2 -> (ell -> el2) -> TestRes ell
testUpCoSemilLatMorph 11 12 =
testMorphBy (uSemilat_poSet 11) (1Semilat_poSet 12)
(uSemilat_sup 11) (1Semilat_inf 12) "UCoSemilatMorph:"

testLoCoSemilatMorph :: (Eq el2) =>
LSemilat ell -> USemilat el2 -> (ell -> el2) -> TestRes ell
testLoCoSemiLatMorph 11 12 =
testMorphBy (1Semilat_poSet 11) (uSemilat_poSet 12)
(1Semilat_inf  11) (uSemilat_sup 12) "LCoSemilatMorph:"

testColLatMorph :: (Eq el2) => Lat ell -> Lat el2 -> (ell -> el2) -> TestRes ell
testCoLatMorph 11 12 £ =
testUpCoSemilatMorph (lat_uSemilat 11) (lat_lSemilat 12) f
testLoCoSemiLatMorph (lat_lSemilat 11) (lat_uSemilat 12) f

testBoolLatMorph :: (Eq el2) =>
CompLat ell -> CompLat el2 -> (ell -> el2) -> TestRes ell
testBoolLatMorph 11 12 £ =
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testLatMorph (compLlat_lat 11 ) (compLat_lat 12 ) £ .
testMorphUnBy (compLat_poSet 11 ) (compLat_poSet 12 )
(compLat_complem 11) (compLat_complem 12) "Complement:" f

Special endomorphisms, namely monotone and antitone functions, can be tested using the

following routines.

testMonoFunc, testAntiFunc :: PoSet el -> (el -> el) -> TestRes el
testMonoFunc 1 f = let 1Eq = poSet_lEq 1
in foldF [let x1 = head xs
x2 = last xs
in testP ((not (1Eq x1 x2) || 1lEq (f x1) (f x2)) &&
(not (1Eq x2 x1) || 1Eq (f x2) (f x1)) )

xs "Func.Mono :" | xs <- takeN 2 $ poSet_elements 1 ]

testAntiFunc 1 £ = let 1Eq = poSet_1lEq 1
in foldF [let x1 = head xs
x2 = last xs
in testP ((not (1lEq x1 x2) || 1lEq (f x2) (f x1)) &&
(not (1Eq x2 x1) || 1lEq (£ x1) (£ x2)) )

xs "Func.Anti :" | xs <- takeN 2 $ poSet_elements 1 ]

Obviously, the tests are done componentwise. Notice that the weakest structure in which

the two notions above make sense are posets.

Thus, our module Lattice is complete and should suffice for our purposes. The only thing
left to do, is to connect the class view and the module view by building suitable instances.

This is done within the module LatticeInstances. A listing can be found in Appendix A.

3.2 Using the lattice module

Now, we want to demonstrate how the module of the last section can be used to instantiate
some standard lattices. With these remarks it then should be clear how the module works.
Throughout this section, we only instantiate data structures that form lattices or comple-
mentary lattices. The corresponding (semi)lattice structures then can be extracted using

the standard routines of the last section.

module StandardLattices where

import Lattice
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import List (delete,nub,union)

import Sets

First, we want to create the complete Boolean lattice induced by the powerset of a given set.
To do so, we import the Sets module. Unfortunately, this module provides no Eq instance

for the Set data structure. Since we need this, we have to implement our own instance.

instance (Eq obj,0rd obj) => Eq (Set obj) where
(==) sl s2 = let 1lsl = sizeSet sl
in 1s1 == (sizeSet s2) &&
1s1 == (sizeSet $ intersectSet sl s2)

Furthermore, we need a function that, given a set, returns the powerset.

power :: [a]l -> [[all
power 1 = power’ id 1 []
where

power’ £ [1 = ((f [1):)

power’ f (x:xs) = power’ f xs . power’ (f . (x:)) xs

With this sets are represented by a simple element list. Hence, we are able to instantiate

the induced Boolean lattice using the Set data structure.

powerSetLat :: (Eq el,0rd el) => [el] -> CompLat (Set el)

powerSetlat els =

let els’ = map listToSet $ power els
map (listToSet.(:[1)) $ nub els
listToSet els

ats

tEl

in CompLat { compLat_lat =
Lat { lat_poSet =

PoSet { poSet_isElem flip elem $ els’

,poSet_elements = els’

,poSet_1lEq = \x y -> intersectSet
Xy ==2x1%
,lat_sup = joinSet
,lat_inf = intersectSet
,lat_topEl = tEl
,lat_botEl = zeroSet
,lat_atomS = ats

,lat_jIrredS = ats
,lat_mIrredS = map (diffSet tEl) ats }
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,compLat_complem = diffSet tEl }

The implementation is straightforward and mainly uses the predefined functions of the Sets
module. Notice that we explicitly provide the atoms and irreducible elements, respectively,
to avoid unnecessary computation times.

Now, we have to check whether the lattice is instantiated correctly. First, we exemplary
want to have a look at the created elements and the atoms of the powerset lattice induced
by the set {1,2,3,4}. The Hugs session

StandardLattices> compLat_elements $ powerSetLat [1..4]
[{}}{4},{3},{3’ 4}’{2}’{2, 4}’{2’ 3}’{2’ 3’ 4}’{1}’
{1, 43,{1, 3},{1, 3, 4},{1, 2},{1, 2, 4},{1, 2, 3},{1, 2, 3, 4}]

StandardLattices> compLat_atomS $ powerSetLat [1..4]
({1}, {2},{3},{4}]

shows that these elements are generated correctly. The same is true for all other parts of

the data structure. Calling the consistency tests

StandardLattices> testBoolLattice (powerSetlLat [1..4]) []
(]

StandardLattices> testAtomic (complat_lat $ powerSetLat [1..4]) []
(]

makes sure that we indeed have a correctly instantiated Boolean lattice.

The second standard Boolean lattice consists of the truth values with implication = as the
ordering and True resp. False as greatest resp. least element. It is the base for constructing

Boolean matrices using the LFuzzyRel module.

logicLat :: CompLat Bool
logicLat = let els = [True,False]
in CompLat { compLat_lat =
Lat { lat_poSet =

PoSet { poSet_isElem flip elem $ els

,poSet_elements els

,poSet_1Eq =\xy ->not x || y}
,lat_sup = (1D
,lat_inf = (&&)

,lat_topEl = True
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,lat_botEl = False
,lat_atomS = [Truel
,lat_jIrredS [Truel
,lat_mIrredS = [False] }

,compLat_complem = not }

Obviously, this definition is consistent.

Another important class are linear lattices (i.e., a < bor b < a holds for every two elements).

The unit interval [0, 1], for instance, constitutes such a lattice. We provide the function

linLat :: Ord el => [el] -> Lat el
linlLat els = let

minimum els

mi

I

ma maximum els

notMi = delete mi els

in Lat { lat_poSet = PoSet { poSet_isElem = flip elem $ els

,poSet_elements = els
,poSet_1Eq = (=) }

,lat_sup = max

,lat_inf = min

,lat_topEl = ma

,lat_botEl = mi

,lat_atomS = [minimum notMi]

,lat_jIrredS = notMi

,lat_mIrredS = delete ma els }

which instantiates the lattice in question. Notice that all elements except the least are
join-irreducible and all elements except the greatest are meet-irreducible. Again, typing, for

example

StandardlLattices> testlLattice (linlLat [1,2,3,4,6,12]) []
(]

assures the consistency.

The next construction is of a somehow mathematical nature. We provide the lattice induced

by the divisibility relation with 1cm and gcd as supremum resp. infimum operation.

divLat :: Int -> Int -> Lat Int
divLat 1B uB = let

83



84 CHAPTER 3. EXTENDING RATH

els = [ x | x<-[1B..uB],mod uB x == 0]
mi = minimum els
pS = PoSet { poSet_isElem = flip elem $ els
,poSet_elements = els
,poSet_1Eq =\xy ->modyx==01%
in Lat { lat_poSet = pS
,lat_sup = lcm
,lat_inf = gcd
,lat_topEl = uB
,lat_botEl = mi
,lat_atomS = atomSetBy pS mi gcd []

,lat_jIrredS = irredSetBy pS mi lcm []
,lat_mIrredS = irredSetBy pS uB gcd [] }

Since we are dealing with finite structures, the user has to give a lower and upper bound,
respectively, which delimit the possible elements of the lattice. We take uB as the greatest
element so that 1B is not necessarily the least element of the resulting lattice. It is the least
element, if and only if it is a divisor of uB. Notice that the atoms of the resulting lattice are

exactly the prime factors of uB if 1B is 1.

Finally, we want to implement the non-modular and non-distributive lattice. They are
interesting in the way that we can compare whether the modularity resp. distributivity
check fail.

nonModLat, nonDistrLat :: Lat String

nonModLat
let els = ["O","a","b","c","1"]
irr = ["a","b","c"]
in Lat { lat_poSet = PoSet { poSet_isElem = flip elem $ els
,poSet_elements = els
,poSet_lEq =\x y -> x=="0" || y=="1" ||
x==y || (x=="a" && y=="b") }
,lat_sup = \x y -> if x=="0" then y else
if y=="0" then x else
if x==y then x else
if (x=="a")&&(y=="b") ||
(x=="b")&&(y=="a") then "b" else "1"

,lat_inf \x y -> if x=="1" then y else
if y=="1" then x else

if x==y then x else
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if (X=="a")&&(y==llbll) | |
(x=="b")&&(y=="a") then "a" else "0"

,lat_topEl = "
,lat_botEl = "o"
,lat_atomS = ["a","c"]

,lat_jIrredS = irr

,lat_mIrredS = irr }

nonDistrlLat =
let els = [IIOII’Ilall,llbll’llcll’lllll]
ats = ["a","b","c"]

in Lat { lat_poSet = PoSet { poSet_isElem = flip elem $ els

,poSet_elements els

,poSet_1lEq \x y -> x=="0" || y=="1" ||
x==y }
,lat_sup = \x y -> if x=="0" then y else
if y=="0" then x else
if x==y then x else "1"
,lat_inf = \x y -> if x=="1" then y else
if y=="1" then x else

if x==y then x else "O"

,lat_topEl = "
,lat_botEl = "O"
,lat_atomS = ats
,lat_jIrredS = ats
,lat_mIrredS = ats }

The implementations directly correspond to the lattices shown in Figure 2.2 and 2.3. The

Hugs session

StandardLattices> testModular nonModLat []
[("Modularity: n , [Ilall , I|C|| , l|b|l] )]

StandardLattices> testModular nonDistrLat []

(]

StandardLattices> testJDistr nonDistrlLat []
[("Distributivity:",["a","b","c"])]

StandardLattices> testMDistr nonDistrLat []
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[("Distributivity:", ["a","b","c"])]

indeed shows that nonModLat is not modular and nonDistrLat is modular but not distribu-

tive.

3.3 A general extension for Goguen categories

In Section 2.6, we gave the definition of a Goguen category introduced in [11]. We aim
to provide a suitable computer-aided framework for this kind of category by extending the
RATH module system. Fortunately, Goguen categories do not make any changes within
the RATH modules necessary since the possibility to express crispness is not essential for
the hierarchical definition of relational categories. As mentioned before, RATH uses two
different views of relational categories — the class view and the module view (brought
about by record data structures). To guarantee consistency, we also differentiate here, and

provide the modules GoguenClass, Goguen and GoguenInstances

First, we introduce a new type class for Goguen categories
module GoguenClass where
import RelAlgClasses (DedCat)

class DedCat gog obj mor =>

GoguenCat gog loos obj mor | gog -> loos, gog -> obj, gog -> mor where

up 11 gog -> mor -> mor
down :: gog -> mor -> mor
derOp :: gog -> String -> loos -> mor -> mor -> mor

such that the new operations | and ! (cf. Section 2.6) are supported. Furthermore, derived
operations play an important role within Goguen categories to reason over and represent
fuzzy controllers. Hence, we provide the function derOp which makes it possible to use as
many user-defined operations as wanted. The certain operations are identified by a label
and are parametrized by a given loos and the two arguments. Notice that the loos data
structure is still an abstract parameter within this module. We will have to provide a proper
definition within our module for £-fuzzy relations later on.

Obviously, in conformance to the definition, our type class for Goguen categories is an
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extension of Dedekind categories. Thus, we have the new type class hierarchy shown in

Figure 3.2.

’ RelAlg

GoguenCat ‘

] DedCat |

’ DivisionAllegory ‘

] DistribAllegory ‘

’ Allegory ‘

’ Category ‘

Figure 3.2: Extended type class hierarchy of RATH

The next part is to provide a suitable record data structure as well as consistency tests.

This is done within the following module.

module Goguen where

import RelAlg
import Lattice
import List (intersect)

import LFuzzyRel

Later on, it will become clear why we make use of Lattice. The data structure

data Gog loos obj mor = Gog { gog_ded :: Ded obj mor
,gog_up :: mor -> mor
,gog_down :: mor -> mor
,gog_derOp :: String -> loos -> mor -> mor -> mor }

directly reflects our type class for Goguen categories. Notice, that standard definitions for '
and ! that are valid for all Goguen categories do not exist. Hence, the user has to provide

these functions. The opposite is true for derived operations. M. Winter in [11] gave a
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standard definition that operates on all scalars of a given object. This is rather inefficient,

and we think that a standard implementation can be omitted. Thus, the user has to provide

this routine himself. Later on, we will give an implementation for the standard model within

the LFuzzyRel module.

For abbreviated notations, we introduce the following functions.

gog_is0bj
gog_isMor
gog_objects
gog_homset
gog_source
gog_target
gog_idmor
gog_comp
gog_converse
gog_meet
gog_incl
gog_join
gog_bottom
gog_rres
gog_lres
g0g_syq
gog_top
gog_divAll
gog_distrAll
gog_all
gog_cat

ded_is0bj
ded_isMor
ded_objects
ded_homset
ded_source
ded_target
ded_idmor
ded_comp
ded_converse
ded_meet
ded_incl
ded_join
ded_bottom
ded_rres
ded_lres
ded_syq
ded_top
ded_divAll

.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded
.gog_ded

divAll_distrAll.gog_divAll

distrAll_all
all_cat

.gog_distrAll
.gog_all

Thus, the extension of RATH with respect to the new data structures is complete. Our

attention now goes to the consistency tests. Which checks are necessary, can directly be

inferred from Definition 2.6.1. For Property (1) we only have to check whether TMap # 1lap
holds for all objects A, B. The test for Dedekind categories is already provided by RATH.

With property (2) the parts (2a)-(2d) are essential with respect to the T and ! operation,

because they guarantee that our interpretation of these two operations is valid. Part (2e) is

fundamental for the a-cut Theorem (2.6.2) and, thus, plays a key role. But, unfortunately,

for any two objects A and B of the underlying Dedekind category, we need all antimorphisms

between Scg[A] and Crispg[A, B]. Obviously, this computation tends to be very inefficient.

The trivial implementation would be to compute all mappings and then test which one is an

EXTENDING RATH
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antimorphism. Of course, this is unacceptable. Therefore, our first thoughts go to possible

improvements.

It is clear that there will be no general function that delivers a certain computation formula
for every antimorphism. Furthermore, an approach to find certain structural interactions
between Scg[A] and Crispg[A, B] will fail. If we, for example, take the standard Goguen
category provided by Theorem 2.6.1, we see that the structure of Scg|[A] strongly depends
on the underlying lattice £. But, the structure of Crispg[A, B] only depends on the objects
A and B.

Thus, we have to go another way. Again, our rescue is that we are dealing with finite
structures. The scalars Scg[A] of an arbitrary object A within our Goguen category form
a lattice (cf. Lemma 2.5.6). Thus, every scalar can be determined by the corresponding

join-irreducible elements and, hence, any mapping f : £1 — Lo fulfilling

O/ M) = N fla)for M C Ly

zeM
can even uniquely be described by its reduction to the join-irreducible elements of £;. We
therefore only need to compute all (possible) images of f reduced to the join-irreducible
elements of £; such that the property above holds. To do so, we have to hold in mind
that there can be an order relationship between two irreducible elements. Let, for example,
1, T9 € L1 be join-irreducible elements such that x1 <1 x2 holds. Then we have to take care
that f(ze) <o f(z1) is true. In the case that x; and xy are incomparable, any combination
of f(x1) and f(z2) in respect to < is possible. Having computed the images of all join-

irreducible elements of L1, we can compute the image of any element of x € £; by

f(z) = /\{ f(y) | y <1z, y join-irreducible }. (3.1)

Notice the special role of the least element of £;. We have to guarantee f(0;) = f(12). This

follows immediately if we set M = () in the equation above.

Hence, we are able to provide a relatively efficient standard function for this purpose. But
first, we need some auxiliary functions. The explanations above indicate that we need our
Lattice module to compute the set of join-irreducible elements. Therefore, we introduce the

following functions

gog_poSet g src trg elements =

PoSet { poSet_isElem flip elem $ gog_homset g src trg

,poSet_elements = elements

,poSet_lEq gog_incl g }

89
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gog_lat g src trg elements = let pS
bE

gog_poSet g src trg elements

gog_bottom g src trg
tE = gog_top g src trg
m = gog_meet g

j = gog_join g
in Lat { lat_poSet = pS
,lat_sup =3
,lat_inf =m
,lat_topEl = gog_top g src trg
,lat_botEl = bE
,lat_atomS = atomSetBy pS bE m []

,lat_jIrredS = irredSetBy pS bE j []
,lat_mIrredS = irredSetBy pS tE m [] }

which create the according data structures for the morphisms between src and trg. Further-
more, we need two more functions for the determination of the scalars and crisp relations,

respectively.

scalars :: (Eq mor) => Ded obj mor -> obj -> [mor]
scalars d a = filter (\m -> ded_incl d m (ded_idmor d a) &&
ded_comp d m (ded_top d a a) ==
ded_comp d (ded_top d a a) m)
$ ded_homset d a a

crispRel :: (Eq mor) => Gog 1 obj mor -> obj -> obj -> [mor]
crispRel g a b = filter (\m -> gog_up g m == m) $ gog_homset g a b

Obviously, they are direct realizations of the underlying definitions. Having this, we can
compute the antimorphisms. Since extensive computations are to expect, we provide a
convenient parametrization such that the user is able to support our functions throughout
this module. For antimorphisms, we provide two routines that are parametrized analogous

to our Lattice module.

antiMorphBy :: (Eq mor) =>
Gog 1 obj mor -> (Ded obj mor -> obj -> [mor] ) >
(Gog 1 obj mor -> obj -> obj -> [mor]) ->
obj -> obj -> [mor -> mor]
antiMorphBy g sc crisp src trg =
[\x -> foldll (gog_meet g) [f_i | (i,f_i)<-m,gog_incl g i x]
| m <- anti (sc (gog_ded g) src) (crisp g src trg)]
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where
anti osl os2 =

let botG

gog_bottom g src src
irred = irredSetBy (gog_poSet g src src osl)
botG (gog_join g) []
in map ((botG, gog_top g src trg):) $ anti’ irred os2 []
anti’ [] 0s2 _ [l

anti’ (a:os) os2 morph = [ res:f | f<-anti’ os os2 morph,
res<-foldll intersect $ getPart f a os2]
getPart [] a os2 = [[(a,f_a)| f_a <- o0s2]]
getPart ((b,f_b):fs) a os2
| gog_incl g a b= [ (a,f_a)| f_a <- 0s2, gog_incl g £ b f_a]
: getPart fs a os2

| gog_incl gba=1[ (a,f_a)| f_a <- o0s2, gog_incl g f_a f_b]
: getPart fs a os2

| otherwise = getPart fs a os2

antiMorph :: (Eq mor) => Gog 1 obj mor -> obj -> obj -> [mor -> mor]

antiMorph g = antiMorphBy g scalars crispRel

The function antiMorphBy is, among others, parametrized by two functions to determine the
scalars and crisp relations, respectively. The standard variant then is delivered by antiMorph.
Obviously, we represent an antimorphism f as a list of tuples (z, f(z)). The computation
is divided into three steps.

The first one is done by the function getPart. It is called by anti’ and gets an (already
partially computed) antimorphism £, which shall be extended by all possible combinations
of an element a and its image f_a such that the new morphisms are still antimorphisms.
To guarantee this, getPart generates a list of possible tuples (a,f_a) for every single tuple
(b,£_b), which is already in the list representing £. The intersection of all these lists delivers
all possible extensions for £. The extension then is done in anti’ where a list of the resulting
new morphisms is generated.

The second step is to guarantee that f(01) = f(12) holds. This is made by the function anti,
which inserts the pair (gog_bottom g src src, gog_top g src trg) into every computed list
after anti’ is finished.

As we only have lists of tuples up to now, we finally have to provide suitable functions that
can be returned. This is done by antiMorphBy which makes use of Formula 3.1. Notice that

the computation in antiMorphBy definitely succeeds, even for the special case f(01).
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Now, we are ready to test Property (2e) of Definition 2.6.1. Notice that we (in analogy to
the Lattice module) prefer to extract this test so that the user has direct access and does

not necessarily need to perform the whole consistency check.

testAntiMorphBy :: (Eq obj, Eq mor) => Gog 1 obj mor ->
(Gog 1 obj mor -> obj -> obj -> [mor -> mor]) ->
(Ded  obj mor -> obj -> [mor]) ->
(Gog 1 obj mor -> obj -> obj -> [mor]) ->
obj -> obj -> TestResult obj mor

testAntiMorphBy g anti sc crisp src trg =

ffold [let scG = sc (gog_ded g) src
inclG = gog_incl g

supSc = foldll (gog_join g) [gog_comp g s (a s) | s<-scG]

in ffold [test (gog_incl g m supSc == foldll (&&)
[gog_incl g (gog_down g (gog_rres g s m)) (a s)ls<-scG]l)
[src] [m] "Antimorphisms:"]

| m <- gog_homset g src trg,

a <- anti g src trg]

testAntiMorphAl1By :: (Eq obj, Eq mor) => Gog 1 obj mor ->
(Gog 1 obj mor -> obj -> obj -> [mor -> mor]) ->
(Ded  obj mor -> obj -> [mor]) ->
(Gog 1 obj mor -> obj -> obj -> [mor]) ->
TestResult obj mor
testAntiMorphAllBy g anti sc crisp =
ffold [ testAntiMorphBy g anti sc crisp src trg | src <- gog_objects g,
trg <- gog_objects g]

>

testAntiMorph :: (Eq obj, Eq mor)
Gog 1 obj mor -> obj -> obj -> TestResult obj mor

testAntiMorph g = testAntiMorphBy g antiMorph scalars crispRel

testAntiMorphAll :: (Eq obj, Eq mor) => Gog 1 obj mor -> TestResult obj mor
testAntiMorphAll g = testAntiMorphAllBy g antiMorph scalars crispRel

Obviously, we separate the tests twofold. Thus, the user on the one hand has the chance
to provide its own functions for determining the needed antimorphisms, scalars and crisp
relations, respectively. On the other hand, he can decide whether he wants to test every
pair of objects of the underlying Goguen category or if he only wants to check one specific

combination of source and target. The tests themselves are a direct realization of Definition
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2.6.1(2e). Again, the standard variants are given by testAntiMorph and testAntiMorphAll,

respectively.

The all-in-one tests for I and ! are provided analogously.

testUpDownBy :: (Eq obj, Eq mor) => Gog 1 obj mor ->
(Gog 1 obj mor -> obj -> obj -> [mor -> mor]) ->
(Ded  obj mor -> obj -> [mor]) ->
(Gog 1 obj mor -> obj -> obj -> [mor]) ->
obj -> obj -> obj -> TestResult obj mor

testUpDownBy g anti sc crisp src trg trg2 =

let incl = gog_incl g; up = gog_up g
down = gog_down g; comp = gog_comp g
source = gog_source g; target = gog_target g
homset = gog_homset g; conv = gog_converse g
scG = sc (gog_ded g) src

in

testAntiMorphBy g anti sc crisp src trg .
ffold [test (s == gog_bottom g src src || up s == gog_idmor g src)
[src] [s] "Up(a) = I:" | s<-scG]
ffold [ffold [test (source (up m) == src && target (up m) == trg)
[src,trg] [m] "Domain/Range Up:"
test (source (down m) == src && target (down m) == trg)
[src,trg]l [m] "Domain/Range Down:"]
ffold [test (incl m (down m2) == incl (up m) m2)
[src,trg] [m,m2] "UpDown-Galois:"
| m2 <- homset src trg]
|  m <- homset src trg]
ffold [test (up (comp (conv m) (down m2)) ==
comp (conv $ up m) (down m2))
[src,trg,trg2] [m,m2] "Comp/Conv/UpDown:"
| m <- homset trg src,

m2 <- homset trg trg2]

testUpDownAllBy :: (Eq obj, Eq mor) => Gog 1 obj mor ->
(Gog 1 obj mor -> obj -> obj -> [mor -> mor]) ->
(Ded  obj mor -> obj -> [mor]) ->
(Gog 1 obj mor -> obj -> obj -> [mor]) ->
TestResult obj mor

testUpDownAllBy g anti sc crisp =
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ffold [ testUpDown g src trg trg2 | src <- gog_objects g,
trg <- gog_objects g,
trg2 <- gog_objects g]

testUpDown :: (Eq obj, Eq mor) =>
Gog 1 obj mor -> obj -> obj -> obj -> TestResult obj mor
testUpDown g = testUpDownBy g antiMorph scalars crispRel

testUpDownAll :: (Eq obj, Eq mor) => Gog 1 obj mor -> TestResult obj mor
testUpDownAll g = testUpDownAllBy g antiMorph scalars crispRel

Hence, we can test Goguen categories as follows.

gog_TESTBy :: (Eq obj, Eq mor) => Gog 1 obj mor ->
(Gog 1 obj mor -> obj -> obj -> [mor -> mor]) ->
(Ded obj mor -> obj -> [mor]) ->
(Gog 1 obj mor -> obj -> obj -> [mor]) ->
TestResult obj mor

gog_TESTBy g anti sc crisp =

gog_top g

bot = gog_bottom g

let top

in ffold [test (not (top src trg == bot src trg))
[src,trg]l [top src trg,bot src trg] "Top==Bot:"
| src <- gog_objects g, trg <- gog_objects g]
testUpDownAllBy g anti sc crisp .
ded_top_incl_TEST (gog_ded g)
divAll_lres_TEST (gog_divAll g)
distrAll1_TEST (gog_distrAll g)

gog_TEST :: (Eq obj, Eq mor) => Gog 1 obj mor -> TestResult obj mor
gog_TEST g = gog_TESTBy g antiMorph scalars crispRel

Linear Goguen categories are essential to get the equivalence of the three notions of crispness,
s-crispness and l-crispness (cf. Theorem 2.6.3). Thus, we provide predefined tests to check

linearity within a Goguen category.

testLinearBy :: Eq mor => Gog 1 obj mor -> (Ded obj mor -> obj -> [mor]) ->
TestResult obj mor

testLinearBy g sc =

ffold [ let scG = sc (gog_ded g) o
bG = gog_bottom g o o
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in ffold [test (sl == bG || gog_meet g sl s2 /= bG || s2 == bG)
[0] [s1,s2] "Linearity:"
|sl <- scG ,s2 <- scG]

| o <- gog_objects g]

testlinear :: (Eq mor) => Gog 1 obj mor -> TestResult obj mor

testlLinear g = testLinearBy g scalars

Obviously, the test is done by checking all scalars of all objects for the linearity property.

With all kinds of relational categories, functors (cf. Definition 2.5.2) are essential to express
interactions between them. Hence, we provide suitable tests to check whether a given functor
is a functor between Goguen categories. RATH already provides the data structure Fun
shown in Section 2.5.1. Unfortunately, suitable tests are only included up to the level of
allegories so that we cannot rely on a preimplemented test for functors between Dedekind

categories. Hence, we have to provide the missing test ourself.

gog_fun_TEST :: Eq mor2 => Gog 1 objl morl -> Gog 1 obj2 mor2 ->
Fun obj2 mor2 objl morl -> TestResult objl moril
gog_fun_TEST gl g2 f@(Fun fObj fMor) =
let os = gog_objects gl
in ffold [ test (fMor (gog_join gl ml m2)==gog_join g2 (fMor ml) (fMor m2))
[01,02] [ml,m2] "Join:" .
test (fMor (gog_lres gl ml m2)==gog_lres g2 (fMor ml) (fMor m2))
[01,02] [m1,m2] "LRes:"
| ol<-os, 02<-0s, ml<-gog_homset gl ol 02, m2<-gog_homset gl ol 02].
ffold [ test (fMor (gog_up gl m)==gog_up g2 (fMor m))
[01,02] [m] "Up:"
test (fMor (gog_down gl m)==gog_down g2 (fMor m))
[01,02] [m] "Down:"
| ol<-os, 02<-0s, m<-gog_homset gl ol 02]
ffold [ test (fMor (gog_bottom gl ol 02)==gog_bottom g2 (f0bj ol) (£0bj 02))
[01,02] [gog_bottom gl ol 02] "Bottom:" .
test (fMor (gog_top gl ol o02)==gog_top g2 (f0bj ol) (£0bj 02))
[01,02] [gog_top gl ol 02] "Top:"
| ol<-o0s, 02<-o0s]

allrepr_TEST (gog_all gil) (gog_all g2) f

We check whether a given functor £ between two given Goguen categories g1 and g2 respects

join and the left residual as well as the up/down operation and the top/bottom elements.
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The composition, conversion and meet operators are already tested by allrepf TEST.

Finally, we again have to connect the class and module view, respectively, by providing

suitable instances. A listing can be found in Appendix B.

3.4 A module for L-fuzzy relations

In this chapter we aim at a module to support the standard instantiation of Goguen cate-
gories using L-fuzzy relations. Thus, we first have to make ourselves clear what this module
shall be able to do and, just as important, what it does not have to.

Of course, we need a data structure representing an £-fuzzy relation. Furthermore, the user
shall be able to manipulate and construct a relation. To guarantee extendability, a very
important design rule with this is to hide the implementation. Thus, we have to provide
certain access routines to create an L-fuzzy relation starting from the top/bottom relation
between certain source and target. Furthermore, the standard matrix operations shall be
available. Within fuzzy control, new intersection and composition operators derived from
lattice-ordered operator sets (loos’) (cf. Definition 2.4.2) play an important role. Hence, we
have to provide an appropriate data structure as well as special functions for this purpose.

The export list

module LFuzzyRel (FRel(..),Loos(..),fZip,fIncl,fComp,fJoin,fMeet,fConv,fCompLoos,
f0pLoos,fUp,fDown,fTop,fBot,fLRes,fRRes,fSyQ,fLResLoos,
fRResLoos,fSyQLoos,fDer0Op,fScalar,fId,fUpd, fUpdUnBy,
fUpdAl11UnBy, fUpdBinBy,fEntryAt,fExtSrc,fExtTrg,getFRelsBy,
getFRels,getA11FRelsBy,getAl11FRels,lat_infLoos,lat_supLoos,

) where

shows the provided data structures FRel and Loos, the basic operations (join, meet, con-
version etc.), as well as their counterparts for derived operations (£fOpLoos and fCompLoos
etc.), the top and bottom relation, some functions for manipulating relations component-
wise (fUpd, fUpdUnBy, etc.) and different routines to compute all £-fuzzy relations fulfilling
a certain predicate between given source and target (getFRelsBy, getAl11FRelsBy, etc.). The

last functions become interesting when we instantiate relational categories later on.

This basic functionality suffices for our purposes and leaves space for future extensions.
These extensions could, for example, go into deep with L-fuzzy relations and provide an

implementation of special operations like fuzzy implication or fuzzy negation.
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Now, we are ready to switch to the implementation. Since the entries of our £-fuzzy relations
have to constitute a complete Brouwerian lattice, we obviously have to import the Lattice

module. Furthermore, some special list operations are needed later on.

import Lattice

import List (transpose,nub)

The next step is the FRel data structure. Several design decisions have to be made here.

data FRel e objl obj2 = FRel { lat :: Lat e
,SIC 1 [obj1]
,trg  :: [obj2]
,rel ;0 [[el]l }

An L-fuzzy relation consists of its underlying entry lattice lat, its source and target (src,
trg) and the real relation rel represented as a matrix.

Notice that we deliberately do not use the Set module to describe source and target, re-
spectively. The reason is that the interpretability of our relations would suffer because we
would not know how the rows and columns are labeled. Thus, src resp. trg can be seen as

the labeling of the given relation.

As mentioned above, we use the matrix representation for our L-fuzzy relations and im-
plement it by a list of lists of entries. Another possibility would have been to use the
preimplemented Array module, which has the advantage that we can rely on predefined
functions and have a comprehensive error detection. But, there are several drawbacks of
this approach. The first one is that the range of an array has to be indexable, i.e., any
type we would use for src and trg had to implement the Ix type class. For Double and
Rational values this is at least difficult. The second (even worse) drawback is that we could
only use coherent source and target ranges, respectively. Thus, the source {1,2,3,5} would
not be allowed. At least with the automated construction of relations this causes problems.
Consider, for example, two relations R : A — B and S : A — C with B := {1,2,3} and
C :=1{7,8,9,10}. Obviously, we have to represent them by

relR = { lat = relS = { lat =
,8TC = ... ,STC = ...
,trg = (1,3) ,trg = (7,10)
,rel = ... } ,rel = ... }

if we use the array implementation. But, if we want to construct the direct sum, we get

problems computing the trg parameter of the resulting injections. Obviously, (1,10) is not
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allowed. Since the construction of trg would only be possible with considerable efforts and
the interpretability of the resulting relations would suffer anyway, we use the list representa-
tion. Now, one could still use the Array module to represent the matrix by mapping source
and target to suitable array ranges (e.g., each element could be mapped to its list index).
But, tests showed that the Array module is slower than the list operations. All this drove
us to define FRel as shown above. Of course, several consistency tests for matrices have to

be provided with our approach.

Later on, we need Show and Eq instances of FRel.

instance (Show e,Show objl, Show obj2) => Show (FRel e objl obj2) where
show r = "Source: "++ (show $ src r) ++ "\n" ++
"Target: "++ (show $ trg r) ++ "\n" ++

"Rel : "++ "\n" ++ (show $ rel r)++"\n"

instance (Eq e, Eq objl, Eq obj2) => Eq (FRel e objl obj2) where
(==) rell rel2 = src rell == src rel2 &&
trg rell == trg rel2 &&

rel rell == rel rel2

The Eq instance again makes clear that two relations are only equal if they have equally

labeled rows and columns as well as equal matrix entries.

The data structure for loos’ is implemented as follows.

data Loos el = Loos { loos_lat :: Lat el

,loos_op :: el -> el -> el
,loos_e el
,loos_z :: el }

It is a direct realization of the underlying definition whereas e is the neutral and z the zero
element. This data structure induces some standard instantiations since conventional join

and meet, respectively, constitute a loos.

lat_infLoos,lat_suplLoos :: Lat el -> Loos el

1

lat_infLoos 1 = Loos { loos_lat

,loos_op = lat_inf 1

,loos_e = lat_topEl 1
lat_botEl 1 }

,loos_z

]
=

lat_supLoos 1 = Loos { loos_lat
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,loos_op = lat_sup 1
lat_botEl 1
lat_topEl 1 }

,loos_e

,loos_z

Obviously, the neutral and zero elements, respectively, are dual with lat_infLoos and

lat_supLoos.

In the following some auxiliary functions are defined. Notice, that they are not exported.
Later on, we want to provide different functions to access certain entries of £-fuzzy relations

and to set/update/read them. Thus, we provide the functions

updateAtBy :: (a -> a) -> Int -> Int -> [[al] -> [[al]
updateAtBy f i j mat = let
matSplitted = splitAt i mat

rowSplitted = splitAt j (head $ snd matSplitted)
in (fst matSplitted)++[(fst rowSplitted)++
(f (head $ snd rowSplitted) : tail(snd rowSplitted))]++
(tail $ snd matSplitted)

insertAt :: Int -> Int -> a -> [[a]] -> [[al]

insertAt i j el = updateAtBy (const el) i j

for this purpose. They are different in the manner that insertAt only inserts an element el
in a matrix mat at position (i,j), and updateAtBy updates the element in question using the

unary function f.

For error handling we provide the following error message to inform the user properly.

srcTrgError :: String

srcTrgError = "Underlying sources/targets not suitable !"

Hence, we are ready to implement the standard operations for £-fuzzy relations. To avoid
name space conflicts, all standard functions for £-fuzzy relations will be started by £.

The inclusion operation is delivered by the following function.

fIncl :: (Eq objl, Eq obj2) => FRel e objl obj2 -> FRel e objl obj2 -> Bool
fIncl rell rel2 = let 1 = lat rell
in if (src rell)==(src rel2) && (trg rell) == (trg rel2) then
fIncl’ 1 (rel rell) (rel rel2)
else error srcTrgError

where
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fIncl’ 1 [] (]
fIncl’ 1 ([J:r1s) ([]:r2s)
fIncl’ 1 ((x:xs):rils) ((y:ys):r2s)

True

fIncl’ 1 rls r2s
(lat_1Eq 1 x y) &&
fIncl’ 1 (xs:rils) (ys:r2s)

The inclusion check is done componentwise and immediately finished when two elements are
found that are not in the corresponding order relation. Notice that our error detection is
restricted to determining whether the matrices are compatible with respect to their sources
and targets. We do not test whether the matrix given in rel really corresponds to the given
source and target, respectively. This has to be done manually by the user after constructing
the L-fuzzy relation. To do so, the test functions introduced later on can be used. With

this restriction we are able to guarantee consistency and acceptable run times.

The next step is to provide join, meet and composition operations. We start with operations
derived from loos’. Since standard join and meet constitute a loos we then can rely on these

functions.

fZip :: (Eq objl, Eq obj2) =>
(e -> e -> e) -> FRel e objl obj2 -> FRel e objl obj2 -> FRel e objl obj2
fZip f rell rel2 = let 1 = lat rell
in
if (src rell)==(src rel2) && (trg rell) == (trg rel2) then
FRel 1 (src rell) (trg rel2) $
zipWith (zipWith f) (rel rell) (rel rel2)

else error srcTrgError

fOpLoos :: (Eq objl, Eq obj2) =>
Loos e -> FRel e objl obj2 -> FRel e objl obj2 -> FRel e objl obj2
fOpLoos loos = fZip (loos_op loos)

fCompLoos :: (Eq obj2) =>
Loos e -> FRel e objl obj2 -> FRel e obj2 obj3 -> FRel e objl obj3
fCompLoos loos rell rel2 =
let 1 = lat rell
in if (trg rell)==(src rel2)then
FRel 1 (src rell) (trg rel2)
[ [foldrl (lat_sup 1) $ zipWith (loos_op loos) x [y!!il|y<-rel rel2]
| i<-[0..length (head $ rel rel2)-1] ]
| x<-rel rell]

else error srcTrgError
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The key functionality for derived join/meet operations is established in £fZip which takes
two L-fuzzy relations and then concatenates them using a given binary function f. Hence,
fOpLoos can use fZip parametrized by the loos operator loos_op of loos. Finally, the derived

composition operator is delivered by fCompLoos.

Using lat_infLoos and lat_supLoos from above, we are now able to provide the standard

operations.

fJoin,fMeet :: (Eq objl, Eq obj2) =>
FRel e objl obj2 -> FRel e objl obj2 -> FRel e objl obj2

fJoin rell = fOpLoos (lat_supLoos $ lat rell) rell

fMeet rell

fOpLoos (lat_infLoos $ lat rell) rell

fComp :: (Eq obj2) => FRel e objl obj2 -> FRel e obj2 obj3 -> FRel e objl obj3
fComp rell = fCompLoos (lat_inflLoos $ lat rell) rell

Conversion and the up/down operators are implemented as follows.

fConv :: FRel e objl obj2 -> FRel e obj2 objl
fConv rell = FRel (lat rell) (trg rell) (src rell) (transpose $ rel rell)

fUp,fDown :: FRel e objl obj2 -> FRel e objl obj2
fUp rell = let 1 = lat rell
in FRel 1 (src rell) (trg rell) $
map (map (\x -> if lat_1Eq 1 x $ lat_botEl 1 then x
else lat_topEl 1 ) ) $ rel rell

fDown rell = let 1 = lat rell
in FRel 1 (src rell) (trg rell) $
map (map (\x -> if lat_1lEq 1 (lat_topEl 1) x then x
else lat_botEl 1 ) ) $ rel rell

Now, we want to introduce some standard relations which have to be used to construct any

other relation componentwise.

fScalar :: Lat e -> e -> [objl] -> FRel e objl objl
fScalar e el s = let 1S = length s
botEl = lat_botEl e
in FRel e s s [replicate i botEl ++
(el : replicate (length s-i-1) botEl)
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| i<-[0..length s-1]]

fId :: Lat e -> [objl] -> FRel e objl objl
fId e = fScalar e (lat_topEl e)

fTop,fBot :: Lat e -> [objl] -> [obj2] -> FRel e objl obj2

fTop e s t = FRel e s t $§ replicate (length s)
(replicate (length t) $ lat_topEl e)
fBot e s t = FRel e s t $ replicate (length s)

(replicate (length t) $ lat_botEl e)

From the function names it is obvious which kind of relation they implement. All routines
have to get the underlying lattice as well as the source and target object. Since source and
target are identical with the scalars and the identity relation, we need only one parameter.
Notice that the set of all scalars for a given source plays an important role within Goguen

categories since it is isomorphic to the elements of the entry lattice.

As indicated by the a-cut Theorem (cf. Theorem 2.6.2), the left and right residual as well
as the symmetric quotient of two given L-fuzzy relations are important operations within
Goguen categories. Before we can implement them, we have to undergo some efficiency
considerations. The following lemma characterizes the entries of the left residual. Notice that
the underlying definition @Q; R C S < @ C (S/R) indicates that new residued operations

can be derived from lattice-ordered semigroups. Hence, we consider the general case.

Lemma 3.4.1. Let R: B — C and S : A — C be two L-fuzzy relations over L. Fur-
thermore, let % be a loos based derived operation on L. Then the left residual S/ R can be

computed componentwise by (S/«R)(z,y) = \V{a € L |Vz:axR(y,z) < S(z,2)}.

Proof. We show
Va,z: (Qsx R)(2,2) < S(z,2) & Vo,y: Q(z,y) < V{a € L | Vz:ax R(y,2) < S(z,2)}

The assertion immediately follows from

Vo,y: Q(z,y) <\V{a€ L |Vz:a*xR(y,z) <S(x,z2)}
& Va,y,z: Q(z,y) * R(y, 2) < S(x, 2)
& Y,z \y/(Q(l‘,y) * R(y,2)) < S(x, 2)

& Vr,z: (@i R)(z,2) < S(x, 2).



34. A MODULE FOR L-FUZZY RELATIONS 103

Since Q\+S = (57/.Q~)~ we automatically have that (Q\.S)(y, z) can be computed by
Via € L] Va:axQ,y) < S, 2)}.

With the implementation, we again first introduce functions for derived operations and then

give the standard variants as a special case.

fLResLoos :: (Eq objl, Eq obj2, Eq obj3) => Loos e ->
FRel e objl obj3 -> FRel e obj2 obj3 -> FRel e objl obj2
fLResLoos loos t s =
let targ = src s

sour = src t

1 = lat t

sup = lat_sup 1
1Eq = lat_1Eq 1

£ = loos_op loos

in FRel { lat =1
,Src = sour

,trg = targ

,rel = part (length targ)
[let s1 = (rel s !! y)
tl = (rel t !'! x)
els = [ el | el<-lat_elements 1, and $
zipWith (\a b -> 1Eq (f el a) b) sl tl1]
in if length els>1 then foldll sup els
else head els

| x<-[0..length sour-1], y<-[0..length targ-1]] }

where

(]
part i xs = let (s1,s2) = splitAt i xs

part i []

in s1 : part i s2
fRResLoos,fSyQLoos :: (Eq objl, Eq obj2, Eq obj3) => Loos e ->
FRel e objl obj2 -> FRel e objl obj3 -> FRel e obj2 obj3
fRResLoos loos s t = fConv $ fLResLoos loos (fConv t) (fConv s)

fSyQLoos loos s t = fMeet (fRResLoos loos s t) $ fLResLoos loos (fConv s) (fConv t)

fLRes :: (Eq objl, Eq obj2, Eq obj3) =>
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FRel e objl obj3 -> FRel e obj2 obj3 -> FRel e objl obj2
fLRes t = fLResLoos (lat_infLoos $ lat t) t

fRRes,fSyQ :: (Eq objl, Eq obj2, Eq obj3) =>
FRel e objl obj2 -> FRel e objl obj3 -> FRel e obj2 obj3
fRRes s = fRResLoos (lat_inflLoos $ lat s) s

fSyQ s t = fMeet (fRRes s t) $ fLRes (fConv s) (fConv t)

Obviously, the realization of fLResLoos directly corresponds to Lemma 3.4.1. The other
functions can rely on it so that no separate implementations are necessary. Notice that with
fSyQLoos and £Syq we definitely have to use the fMeet function to concatenate the left resp.
right residual. This comes due to the fact that the and operator of the underlying definition
X CsyQ(Q,9), iff X C (Q\S) and X C (Q~/S™) has to be represented by fMeet.

As we saw in the Goguen module, we need a standard routine that generates certain derived

operations within Goguen categories. This is done by the following function.

fDerOp :: (Eq obj) => String -> Loos e ->
FRel e obj obj -> FRel e obj obj -> FRel e obj obj
fDerOp 1 =
case 1 of
"Meet" -> fOpLoos
"Comp" -> fCompLoos
"LRes" -> fLResLoos
"RRes" -> fRResLoos
"syQ" -> £SyQLoos

The label 1 indicates which kind of derived operation shall be generated. According to the
definition of gog_derOp, the user only has to provide the loos to have a derived operation

within Goguen categories.

Up to now, we are only able to handle given L£-fuzzy relations. But, we need some suitable
functions to construct them in a componentwise manner. The most simple operation is to

read an element at a given position in the relation.

fEntryAt :: FRel e objl obj2 -> (Int,Int) -> e
fEntryAt rell (i,j) = ((rel rell) !! i) 11 j

The user has to give the row i and the column j of the entry he wants to read. Obviously,
i and j have to describe the position in the matrix of the relation rell so that we can rely

on the !'! operator. Notice that the row and column count, respectively, start with 0.
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The following functions can be used to update given L-fuzzy relations. This can be done
threefold. First, the user can give a list of tuples, each tuple containing an index pair and
the element that shall be set. This is covered by fUpd which relies on the above defined

function insertAt.

fUpd :: FRel e objl obj2 -> [((Int,Int),e)] -> FRel e objl obj2
fUpd rell els = FRel (lat rell) (src rell) (trg rell) $ insertAll els (rel rell)
where
insertAll [] m=m

insertAll (((i,j),x):xs) m = insertAt i j x $ insertAll xs m

The second variant is to update an element in the matrix by a unary function £. Here we can
differentiate two cases. If one explicitly wants to give the indices that shall be updated, one
can use fUpdUnBy. If the whole matrix shall be updated, the function fUpdA11UnBy, which

makes use of the above defined function updateAtBy, is to use.

fUpdUnBy :: (e -> e) -> FRel e objl obj2 -> [(Int,Int)] -> FRel e objl obj2
fUpdUnBy f rell ixs = FRel (lat rell) (src rell) (trg rell) $
updateAllBy f ixs (rel rell)
where
updateAllBy _ [] m=m
updateAllBy f ((i,j):ixs) m = updateAtBy f i j $

updateAllBy f ixs m

fUpdA1lUnBy :: (e -> e) -> FRel e objl obj2 -> FRel e objl obj2
fUpdA11lUnBy f rell = FRel (lat rell) (src rell) (trg rell)
[[fy | y<-x] | x<-rel rell]

Notice that these three functions would suffice to construct and manipulate £-fuzzy relations
quite comfortably. But, one may want to update certain entries by a binary function applied
to the old entry and another (given) element. A typical scenario is the “partial join” operation
of two matrices where only some selected fields shall be joined. We support this kind of

operation by the function

fUpdBinBy :: (e -> e -> e) -> FRel e objl obj2 -> [((Int,Int),e)] ->
FRel e objl obj2
fUpdBinBy f rell els = FRel (lat rell) (src rell) (trg rell) $
updateAllBy f els (rel rell)
where
updateAllBy _ [] m=m
updateAllBy £ (((i,j),e):xs) m

updateAtBy (f e) i j $
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updateAllBy f xs m

which again makes use of updateAtBy. It takes a binary function together with a list of tuples,
each tuple containing an index pair and an element, and updates the entries in question.
Obviously, £UpdBinBy could be easily reduced to fUpdUnBy. But, for efficiency considerations,
we again implement updateAl1By with the only difference that £ here is a binary (instead of

unary) function.

Thus, we have the basic functionality. Later on, we want to instantiate different kinds of
relational categories using this module. From the underlying definitions we know that the
relations (morphisms) have to form certain kinds of structures. Hence, we can support these
instantiations by providing functions that automatically compute certain L£-fuzzy relations

between given source and target. The function

getFRelsBy :: (FRel e objl obj2 -> Bool) -> Lat e -> [objl] -> [obj2] ->
[FRel e objl obj2]
getFRelsBy pr e s t =
let 1S = length s
1T = length t-1
in filter pr [FRel e s t x | x <- map (split $ 1T+1)
(allocate (length s*length t-1) e)]
where
allocate 0 e = map (:[]) $ lat_elements e
allocate n e = [ o:m | o<-lat_elements e, m<-allocate (n-1) e]
split _ [1 = []

split i xs = let s

I

splitAt i xs
in fst s : split i (snd s)

takes a unary predicate pr on the set of all L-fuzzy relations between source s and target t
and an entry lattice e. It then returns a list of all £-fuzzy relations between s and t fulfilling
pr. This is done with the help of two functions. First, allocate constructs all possibilities
to combine length s * length t elements of the entry lattice. It returns a list for every
combination. Obviously, the length of such a list exactly corresponds to the number of
entries in a relation between s and t. To achieve our matrix representation, we then use the
split function to split the lists. The result then can be used to construct the final £-fuzzy
relations. At the end we filter out the relations fulfilling pr.

The standard variant of getFRelsBy returns all £-fuzzy relations.

getFRels :: Lat e -> [objl] -> [obj2] -> [FRel e objl obj2]
getFRels = getFRelsBy $ const True
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Good examples for a special predicates are “is crisp” or ‘“is total”.

The function

getAl1FRelsBy :: Eq obj =>
(FRel e obj obj -> Bool) -> Lat e -> [[obj]] -> [[FRel e obj objl]
getAl1FRelsBy pr entry objs = let os = nub objs

in [getFRelsBy pr entry src trg | src<-os,trg<-os]

goes a step further. It takes a list of sources and targets (objs) and computes all £-fuzzy
relations fulfilling the predicate pr between any two elements out of objs. With this it
relies on getFRelsBy. Later on, getA11FRelsBy can be used in quite a comfortable way to
instantiate certain relational categories. Furthermore, we see a little demerit of Haskell’s
strong typing. We can only use one type of sources/targets because we put them all together
into one list. The same is true for the resulting £-fuzzy relations.

Again, we provide a standard version that computes all relations.

getAllFRels :: Eq obj => Lat e -> [[obj]] -> [[FRel e obj objl]
getAl1FRels = getAl1FRelsBy $ const True

Before we come to the end, we want to provide two auxiliary functions which will be used

within our module for fuzzy controllers, later on.

|
\

fExtSrc,fExtTrg :: [[objl] -> FRel e obj obj -> [[obj]]
FRel e obj obj

fExtSrc usrcs r lsrcs = FRel (lat r) (concat usrcs++src r++concat lsrcs) (trg r)

(rel (fBot (lat r) (concat usrcs) $ trg r)++rel r++

rel (fBot (lat r) (concat lsrcs) $ trg r))

fExtTrg ltrgs r rtrgs

FRel (lat r) (src r) (concat ltrgs+t+trg r++concat rtrgs)
(zipWith (++) (rel $ fBot (lat r) (src r) $ concat ltrgs) $
zipWith (++) (rel r) (rel $ fBot (lat r) (src r) $ concat rtrgs))

Their manner of function shall be explained with an example. Suppose, R : Ay — B is a
relation and As is a set. If we want to extend R to be of type A1 + As — B, we have to use
the induced crisp injection ¢ : A; — A1+ As and compute ¢, ; R. But, this computation does
nothing more than to add |As| zero rows to R. Hence, we can avoid to use the composition
operator and, thus, can compute the term rather efficiently. This is exactly what is done by
fExtSrc. The parameter usrcs is a list of objects and causes fExtSrc to extend the given

relation r to the upper side. Analogously, 1srcs is used to extend r to the lower side. The
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function fExtTrg does exactly the same, but extends the target of r. This corresponds to

adding zero columns to the left resp. right side of r.

Last but not least, we provide a consistency check.

check :: FRel e objl obj2 -> Bool
check r = length (rel r) == length (src r) &%
and (map ((== length (trg r)).length) $ rel r)

We test whether the given matrix is consistent with the given source and target of the

L-fuzzy relation, respectively.

At this point the implemented functions are sufficient for our purposes. We are now ready

to provide suitable lattice instantiations as well as instantiations of the relational categories.

3.5 Lattices of L-fuzzy relations

In this section we deliver predefined functions to instantiate certain kinds of lattices of

L-fuzzy relations.

module LFuzzyRellattices (fRelPoSetBy ,fRelPoSet ,fRelPoSetList s
fRelUSemiLatBy,fRelUSemilat,fRelUSemilatList,
fRellLSemilLatBy,fRelLSemilat,fRelLSemilatList,
fRellLatBy ,fRellat ,fRelLatList ) where

import LFuzzyRel

import Lattice

The export list shows the structures that can be generated. To do so, we have to import
the modules shown above.

We start with the weakest structure PoSet.

fRelPoSetBy :: (Eq objl, Eq obj2) =>
(FRel e objl obj2 -> Bool) -> Lat e ->
[obj1] -> [obj2] -> PoSet (FRel e objl obj2)
fRelPoSetBy pr e s t = PoSet { poSet_isElem = \x -> src x==s && trg x==t && pr x
,poSet_elements = getFRelsBy pr e s t
,poSet_1Eq = fIncl }

fRelPoSet :: (Eq objl, Eq obj2) =>
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Lat e -> [obj1] -> [obj2] -> PoSet (FRel e objl obj2)
fRelPoSet = fRelPoSetBy $ const True

fRelPoSetList :: (Eq e, Eq objl, Eq obj2) =>
Lat e -> [FRel e objl obj2] -> PoSet (FRel e objl obj2)

fRelPoSetList e rs = PoSet { poSet_isElem flip elem $ rs

,poSet_elements

,poSet_1Eq = fIncl }

rs

As shown here, posets can be generated threefold. To get the poset of all relations between
source s and target t fulfilling a unary predicate pr, one can use the function fRelPoSetBy.
It relies on getFRelsBy to generate the requested L-fuzzy relations. The test whether a
certain relation belongs to this poset is done by checking source and target of the relation in
question as well as the predicate property. As another possibility, one could check whether
the relation is in the element list poSet_elements. But, we think testing a single predicate
is faster in the most general cases (e.g., for the crispness property). Furthermore, we avoid
a more detailed parametrization since a user can easily instantiate “special” posets himself.
The second variant then is the standard version. It delivers the poset of all £-fuzzy relations
between given source and target.

The last function fRelPoSetList takes a list of the relations that shall belong to the cre-
ated poset. It then delivers the requested structure. Notice that we do not perform any

consistency checks with the given relation list.

Having this, we can proceed with lattice structures. The construction of upper semilattices

is shown with the next three functions.

fRelUSemilLatBy :: (Eq objl, Eq obj2) =>
(FRel e objl obj2 -> Bool) -> Lat e ->
[obj1] -> [obj2] -> USemilat (FRel e objl obj2)
fRelUSemilatBy pr e s t = USemilat { uSemilat_poSet = fRelPoSetBy pr e s t
,uSemilat_sup = fJoin

,uSemiLat_topEl = fTop e s t }

fRelUSemilat :: (Eq objl, Eq obj2) =>
Lat e -> [obj1] -> [obj2] -> USemilat (FRel e objl obj2)
fRelUSemilat = fRelUSemilatBy $ const True

fRelUSemilatList :: (Eq e, Eq objl, Eq obj2) =>
Lat e -> [FRel e objl obj2] -> USemilat (FRel e objl obj2)
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fRelUSemilatlList e rs = let

s if null rs then [] else src $ head rs

if null rs then [] else trg $ head rs

t

in

USemiLat { uSemiLat_poSet = fRelPoSetList e rs

,uSemilat_sup = fJoin

,uSemilat_topEl = fTop e s t }

Notice that with fRelUSemiLatList we have to catch the case that the relation list is empty.
In this situation we take the empty list as source and target, respectively, to construct the

top element uSemilat_topEl.

From the definitions of the underlying data types we know that we need to compute the
atoms for lower semi lattices and lattices as well as the join resp. meet-irreducible elements
for lattices. To do so, we first have to make ourselves clear which L-fuzzy relations over a
certain lattice are irreducible and atoms, respectively. Obviously, an L-fuzzy relation is an
atom or irreducible, respectively, if and only if all occurrent entries are.

We support this by providing the auxiliary function specialEls.

specialEls :: Lat e -> FRel e objl obj2 -> [e] -> [FRel e objl obj2]
specialEls e bt xs = [fUpd bt [((i,3),x)]
| i<-[0..length (src bt)-1],j<-[0..length (trg bt)-1],x<-xs]

First it takes the entry lattice e. For efficiency reasons the parameter bt is useful. If we
consider the Boolean lattice with atoms a and b with least/greatest element 0/1, the lattice
of all L-fuzzy relations between source {1,2} and target {3,4} has the following atoms and

join-irreducible elements

o) o)l o) GO-G0) (o)) (63)

The meet-irreducible elements are given by

a 1 1 a 1 1 1 1 b 1 1 0 11 1 1

1t 1)\t 1) \a1) \1a) \11) ' \11)'\bp1) \10b)
Hence, for the atoms/join-irreducible elements it is useful to successively update the bottom
relation between given source and target. For the meet-irreducible elements it is better to
use the full relation. Which one to use is told by the parameter bt. Last but not least, the

atoms/join- resp. meet-irreducible elements of the entry lattice e have to be given in the

parameter xs so that the computation can be done.

The next functions generate lower semilattices in analogy to the poset functions above.
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fRelLSemilLatBy :: (Eq objl, Eq obj2) =>
(FRel e objl obj2 -> Bool) -> Lat e ->
[obj1] -> [obj2] -> LSemilat (FRel e objl obj2)

fRellSemilatBy pr e s t =

LSemiLat { 1lSemiLat_poSet = fRelPoSetBy pr e s t

,1SemiLat_inf = fMeet
,1SemiLat_botEl
,1S8emilat_atomS = filter pr (specialEls e (fBot e s t) $

fBot e s t

lat_atomS e) }

fRellLSemilat :: (Eq objl, Eq obj2) =>
Lat e -> [objl] -> [obj2] -> LSemilat (FRel e objl obj2)

fRelLSemiLat = fRelLSemilatBy $ const True

fRellLSemilatList :: (Eq e, Eq objl, Eq obj2) =>
Lat e -> [FRel e objl obj2] -> LSemilat (FRel e objl obj2)
fRellLSemilLatlist e rs =
let

S if null rs then [] else src $ head rs

t = if null rs then [] else trg $ head rs
in
LSemiLat { 1SemiLat_poSet = fRelPoSetList e rs
,1SemilLat_inf = fMeet
,1SemilLat_botEl = fBot e s t

,1Semilat_atomS = specialEls e (fBot e s t) $ lat_atomS e }

There is nothing special to mention except the fact that we have to take care with the
computation of the atoms with fRelLSemiLatBy. Since the L-fuzzy relations between given
source and target fulfilling a certain predicate may form a true sub(semi)lattice of the lattice

of all £L-fuzzy relations, we have to filter out the atoms fulfilling the predicate pr.

Analogously we provide standard routines to determine the lattice of certain L-fuzzy rela-

tions between given source and target.

fRellLatBy :: (Eq objl, Eq obj2) =>
(FRel e objl obj2 -> Bool) -> Lat e ->
[obj1] -> [obj2] -> Lat (FRel e objl obj2)
fRellLatBy pr e s t =

Lat { lat_poSet fRelPoSetBy pr e s t

fJoin

,lat_sup
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,lat_inf =
,lat_botEl =
,lat_topEl =
,lat_atomS =
,lat_jIrredS =
,lat_mIrredS =
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fMeet

fBot e s t

fTop e s t

filter pr (specialEls e (fBot e s t) $ lat_atomS e)
filter pr (specialEls e (fBot e s t) $ lat_jIrredS e)
filter pr (specialEls e (fTop e s t) $ lat_mIrredS e) }

fRellat :: (Eq objl, Eq obj2) =>
Lat e -> [obj1] -> [obj2] -> Lat (FRel e objl obj2)

fRellat = fRelLatBy $ const True

fRellatList :: (Eq e, Eq objl, Eq obj2) =>
Lat e -> [FRel e objl obj2] -> Lat (FRel e objl obj2)

fRelLatList e rs =
let

S

t

in Lat { lat_poSet
,lat_sup
,lat_inf
,lat_botEl
,lat_topEl

,lat_atomS

if null rs then [] else src $ head rs

if null rs then [] else trg $ head rs

= fRelPoSetList e rs
= fJoin

= fMeet

= fBot e s t

= fTop e s t

= specialEls e (fBot e s t) $ lat_atomS e

,lat_jIrredS = specialEls e (fBot e s t) $ lat_jIrredS e

,lat_mIrredS = specialEls e (fTop e s t) $ lat_mIrredS e }

3.6 Relational categories of L-fuzzy relations

In this section we provide suitable instances of certain relational categories using the module

LFuzzyRel. We then have the bridge to a component-free (i.e., algebraic) treatment of £-

fuzzy relations.

module LFuzzyRelCategories (fRelCat,fRelAll,fRelDistrAll,fRelDivAll,fRelDedCat,

import LFuzzyRel
import LFuzzyRellattices
import RelAlg

fRelGogCat,gogCatFromAnti) where
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import List (nub)
import Goguen

import Lattice

From the export list one can see the relational categories covered by this module. Further-
more, the function gogCatFromAnti is exported. It implements the standard construction of
a Goguen category from given antimorphisms between the set of scalars over an entry lattice

L and the lattice of all crisp £-fuzzy relations over L.

We start with categories.

fRelCat :: (Eq e, Eq obj) => Lat e -> [[FRel e obj objl]l ->
Cat [obj] (FRel e obj obj)
fRelCat entrylLat allMs =
let objs = nub $ foldr (\(rel:rels) -> (src rel:) . (trg rel :)) [1 $
filter (not.null) allMs
test ol 02 £ = if elem ol objs && elem o2 objs then f
else error "Illegal objects!"
in Cat { cat_isObj = flip elem $ objs
,cat_isMor = \ol 02 z -> test o1l 02 $
elem z (head $ dropWhile (\(m:ms) -> (src m/=o0l) ||
(trg m/=02)
) allMs)

,cat_objects objs

,cat_homset = \ol 02 -> test ol 02 §$

let 1 = dropWhile (\(m:ms) -> (src m/=ol) ||
(trg m/=02) ) allMs
in if null 1 then [] else head 1
,cat_source = src
,cat_target = trg
,cat_idmor = fId entryLat

,cat_comp = fComp }

From the typing we can see the step from the componentwise consideration to the algebraic
level. As we aim at standard routines, we avoid unnecessarily manifold parametrizations.
Obviously, we only need the entry lattice entryLat and all morphisms (i.e., all L-fuzzy
relations) allMs over entryLat that shall form the category. Notice that we demand the
morphisms of allMs to be ordered by source and target. Remember that the functions

getFRelsBy and getAl1FRelsBy (cf. Section 3.4), respectively, can be used to support the
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determination of allMs.
Finally, we are able to easily compute the list of objects objs and the remaining functions

of the data structure Cat.

The rest can be implemented analogously. The different allegories are provided by the next

three functions.

fRelAll :: (Eq e, Eq obj) => Lat e -> [[FRel e obj objll ->
A11 [obj] (FRel e obj obj)
fRelAll entrylLat allMs = All { all_cat

fRelCat entrylLat allMs

,all_converse = fConv

,all_meet = fMeet
fIncl }

,all_incl

fRelDistrAll :: (Eq e, Eq obj) => Lat e -> [[FRel e obj objl] ->
DistrAll [obj] (FRel e obj obj)
fRelDistrAll entrylLat allMs =

DistrAll { distrAll_all fRelAll entrylLat allMs

,distrAll_bottom fBot entrylat
,distrAll_join = fJoin

,distrAll_atomset = \s t -> lat_atomS $ fRellat entrylLat s t

,distrAll_atoms \m -> let fLat = fRellat entrylLat (src m) (trg m)
in filter (\y -> lat_lEq fLat y m) $

lat_atomS flLat }

fRelDivAll :: (Eq e, Eq obj) => Lat e -> [[FRel e obj objl]l ->
DivAll [obj] (FRel e obj obj)
fRelDivAll entrylat allMs =
DivAll { divAll_distrAll = fRelDistrAll entryLat allMs
,divAll_rres = fRRes
,divAll_lres = fLRes
,divAll_syq = £SyQ }

The implementations are straightforward. We use the standard functions of the module
LFuzzyRel to compute the resulting allegory. The same is true for the distributive allegory.
But, here we additionally need the Lattice and LFuzzyRelLattices modules to determine the
atom set of the given L-fuzzy relations between source and target (distrAll_atomset) resp.
the atoms that can be used to compute a given morphism (distrAll_atoms). For division
allegories we need the residual operations. Here we use the standard implementations fRRes,

fLRes and £SyQ, respectively, from the module LFuzzyRel.
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Finally, Dedekind and Goguen categories can be instantiated through the following functions.

They again only use standard routines of the module LFuzzyRel.

fRelDedCat :: (Eq e, Eq obj) => Lat e -> [[FRel e obj objl]l ->
Ded [obj] (FRel e obj obj)
fRelDedCat entryLat allMs = Ded { ded_divAll = fRelDivAll entryLat allMs

,ded_top = fTop entrylLat }

fRelGogCat :: (Eq e, Eq obj) => Lat e -> [[FRel e obj objl] ->
Gog (Loos e) [obj] (FRel e obj obj)

fRelGogCat entrylLat allMs = Gog { gog_ded = fRelDedCat entryLat allMs
,gog_up = fUp
,gog_down = fDown
,gog_derOp = fDerOp }

At the end we provide a function to generate a Goguen category G from given antimor-

phisms. For this construction we normally would have to use antimorhpisms f : Scg(A4) —

Crispg[A, B] for given objects A and B. For L-fuzzy relations this corresponds to the com-

putation R = |_|£ ay; f(aY) known from Section 2.4. This is rather inefficient. But, we
u€

know that the set of scalars of a given source is isomorphic to the set of elements of the

entry lattice. We use this fact to gain efficiency here. Consider the following lemma.

Lemma 3.6.1. Let L be a complete Brouwerian lattice, R : A — B be an L-fuzzy relation

and f : L — Crispg[A, B] be an antimorphism such that R = | | oY%; f(u). Then we have

ueL
R= Iglﬁ(Trfi,A M f(u)).
Proof. This is immediately seen by the computation
R(z,z) = | Elﬁ(a%; fw))(z, 2)
=V V (ef(z,y) A f(u)(y, 2)) (definition ;)
uelLycA
= \E/E(afg(x,af) A f(u)(z, z)) (definition o)
= \E/E(u A f(u)(z, 2)) (definition o)
= \e/ﬁ(—lT“le(x, 2) A f(u)(z, 2)) (definition T )
= Iglﬁ(WB M f(w)(z, 2).
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Notice that we do not need the antimorphism property of f in the proof. The lemma indeed
is true for arbitrary mappings. We used antimorphisms only for convenience.

Hence, we can finally compute a Goguen category given by certain antimorphisms.

gogCatFromAnti :: (Eq e, Eq obj) => Lat e ->
[[e -> FRel e obj objl] -> Gog (Loos e) [obj] (FRel e obj obj)
gogCatFromAnti e ms = fRelGogCat e $ map (computeRels $ lat_jIrredS e) ms

where
computeRels ir morphs = [foldll fJoin [fUpdAl1UnBy (lat_inf e irEl) (m irEl)

| irEl<-ir] | m<-morphs]



Chapter 4

Fuzzy Control Based on Goguen

Categories

In this chapter we want to examine a very important application of Goguen categories.
Fuzzy controllers have become a widespread interest of research over the last years. Their
applications in the real world are manyfold and reach from controllers for traffic lights
to washing machines. With these applications, fuzzy controllers often have to steer safety
sensitive devices. Hence, it would be nice to have an algebraic framework for such controllers
to make it possible to prove certain properties. M. Winter in [12] showed that the algebra
of Goguen categories is suitable for this purpose.

After an introduction to fuzzy control, we present an algebraic model for a certain kind of
fuzzy controller. Then we are ready to provide the mathematical base for the construction
of the Haskell module. We introduce certain operations on fuzzy controllers and show their
behavior. Finally, we provide a framework to construct and test such controllers within the

algebraic surrounding of Goguen categories.

4.1 Introduction to fuzzy controllers

In the following we want to have a look at fuzzy controllers based on the linguistic model
(explained below). We want to mention that there are also other approaches. But, they
are not suitable for our purposes and, hence, we refer to the generous literature for further
reading (e.g., [7]).

The linguistic model is interesting for us since it induces a kind of relational semantics.
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Hence, it can be represented by certain L£-fuzzy relations. In the following we explain general
controllers based on the linguistic model and then switch to so called Mamdan: controllers
which are of special interest in practice as we will see later on. The structure of a fuzzy

controller is shown in Figure 4.1. The controller has to get an input value (e.g. a velocity),

Rulebase

Preprocessing Fuzzification | ] [ pDefuzzificatio Postprocessing]

Inference

Figure 4.1: The general structure of a fuzzy controller

which often has to be extracted from a technical process. This is mostly done using certain
measuring devices. These devices then transform an analog signal into a digital one, which
can be interpreted by the controller. This whole procedure of generating an interpretable
input value is called preprocessing. With the linguistic model, the input variables are called
linguistic variables.

Having the input, the fuzzy controller has to transform the input value into an output
value, which then can be used to steer the technical process. To do so, linguistic entities are
used. They are fuzzy sets ranging over the input resp. output space of the controller. For
a controller that regulates the speed of a certain vehicle, one could, for example, introduce
the input entities LOW and HIGH. An entry in the corresponding fuzzy set then gives the
degree to which the vehicle is slow resp. fast. The table below shows exemplary how these
entities are interpreted.

v = 10 20 30 40 50 60 70 80 90 100 110

LOW = {09, 08, 07, 06, 05 04, 03, 02 01, 00, 0.0}
HIGH ={0.1, 02, 03, 04, 05 06, 07, 075 08, 085 0.9}

With the linguistic entities for the input, the controller is able to interprete given input
values. Mapping the input to the input entities is also called fuzzification.

The next step is to react on the input and generate appropriate steering signals. Again,
we need linguistic entities (output entities). In our example, this could be SLOW ER and
FASTER. Mapping the output entities to the output value then is called defuzzification.

But, we furthermore need some rules, which express when the vehicle should go slower or
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faster. For this purpose, we have to provide a rulebase, which includes a finite number of

rules of the form
If ; is Q; then y; is Sy

where z; resp. y; are linguistic variables for the input and output, respectively, and @; resp.
Sy are input resp. output entities.

Last but not least, the inference engine decides to which degree a certain rule is applicable.
Rulebase and inference engine together are often called the core of a controller. Obviously,
these two parts are the most important ones.

Finally, the output value has to be transformed into a steering signal, which the technical
process can understand. This part is summarized under the notion of postprocessing.

After this short overview we want to go into detail with the rulebase and inference engine.

Inference within the linguistic model

The main question to answer while constructing a fuzzy controller is how the input and
output entities, respectively, shall be connected so that the controller shows the intended
behavior. With this it is important to see that the “If ... then ...” rulebase does not
necessarily correspond to the mathematical implication =. We rather want to express a

causal connection like
If speed is HIGH then braking distance is LONG.

Using this expression we mean that high speed induces a long braking distance. Furthermore,
we want to model that the braking distance decreases with the speed. It is clear that this
fact cannot be expressed using =-. This becomes even clearer if we consider the equivalence
of x = y and ~z V y.

Our intention with this example can be expressed more generally by using the generalized
modus ponens introduced in [4]. A fuzzy controller has two inputs at any time — the
measured input value from the technical process and the rulebase. The inference of the

output using a certain input and a rule can be visualized by the following scheme :

If x is F then y is G
x is F”
yis G’

In the example above, the rule

If speed is HIGH then braking distance is HIGH
speed is LOW

braking distance is LOW
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shall be valid. In contrast, the following output shall not be inferred.

If speed is HIGH then braking distance is HIGH
speed is MIDDLE

braking distance is VERY HIGH

These examples show that the inference engine is a non-trivial construct and strongly de-
pends on the application. Furthermore, we see that after modeling at least one correctness

proof has to be brought about; the following shall hold for all rules in the rulebase :
If x is F then y is G

zis F
yis G

This formula obviously expresses the modus ponens. If it is true for a rule, the controller
is called to be locally correct for this rule. Analogously, it is totally correct if it is locally
correct for all rules.

We now want to describe how to model such a rule inference in the general case. The first
thing we need is a function to interprete the implicative meaning of the “If ... then ...”
phrase. This function can differ from rule to rule, and we do not yet want to restrict it to
be of a specific form. Let “If x is F' then y is G” be a rule, £ a lattice and F resp. G L-fuzzy
sets over given universes U resp. V. Furthermore, let ® : £ x £ — L be a function. Then

we can define the matrix

MEC(@,y) = F(z) © G(y)

which obviously fixes to which degree an element of the input fuzzy set F' shall be mapped to
an element of the output set G. This shows that ® really determines the implicative behavior
of the corresponding rule. Hence, we call it the implication function. Notice that ® induces
a crisp relation R on £ x £ with (aj,a2) € R < a1 ® ag # O¢. In the following we write
(a1,a2) € ® to express this fact. One often uses ® = A which seems to be counterintuitive
at first sight. But, consider the case where F' and G are crisp and ® is the min operator.
Then Mg’G is nothing more than the matrix representing the cross product F' x G.

Now, we can proceed with modeling the inference. Let the input F’ be an L-fuzzy set over
U. Using the rule from above, we want to deduce the corresponding output. An element
y € V shall be in the output set G, if there is an x € U such that z € F" and (z,y) € ®. In
other words : The element ¥ shall be in the output set, if there is an z in the input set such
that the fact that x is the input implies y is the output. In the theory of L-fuzzy relations,
this phrase can be expressed using a certain t-norm like loos (£,*,1.2,02) as “and” operator.

We define
G'(y) == \[{z € U|F'(z) » (F(z) © G(y))}
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The output G’ obviously directly corresponds to the composition F”;, Mg’G using the derived
operation ;.. The standard variant is given by * = A and, hence, ;. =;. With this approach,
one has to show F; Mg’G = G to prove partial correctness of the rule “If x is F' then y is G”.
Notice that others than the existence quantifier are thinkable in the formula above. But,

the existence quantifier is mostly used with actual applications.

The next step is to extend the rulebase such that it contains a finite number of rules. We

then have to examine how to connect these rules to a globel inference engine. Let

If x is Fj then y is G
If x is F5 then y is Ga

If x is F), then y is G,

be our new rulebase whereas F, ..., F, resp. Gy, ..., G, are L-fuzzy relations over U resp. V.

Due to the explanations above, this induces n matrices

Mgi’Gl (z,y) == Fi(z) ©1 G1(y)
ME2 (2 y) = Fy(x) @2 Ga(y)

ME " () 1= Fu(@) ©n Guly).

Now, let F’ be the input of our controller. It is clear that we have to combine this input
with every single rule to infer the output. This is done by combining (aggregating) all
interpretaions of the rules to a global matrix and then applying the input to this matrix.
The aggregation is done by a given function ¢ and the new interpretation matrix is defined

by
F1,G Fn,Gn
Mg (z,y) == (Mg (2, y), ... M " (2,y)).
In the following we denote the to matrices extended version of @ by 4. Notice that this
extension is well-defined since the rulebase (and, thus, the resulting matrix) is finite. Hence,

Mg can be computed by (4 Mng’

7
Finally, the output is inferred using the formula

G'(F') == F';, M. (4.1)
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Mamdani inference

The considerations of the last section show that rule inference based on fuzzy implication
induces a relational calculus to infer the output (cf. Formula 4.1) where we have to store the
additional relation Mg. The relational computation may cause problems in the case that
the input sets range over a non-discrete universe. This would induce that M has both non-
discrete source and target, respectively. Since the relational calculus is only applicable for
relations of discrete source and target, one would have to discretize the universe. This can
be critical for analytical considerations to show a specific behaviour of a given controller.

An escape can be found by restricting the implication and aggregation function (cf. [8])
which results in the Mamdani inference. Using the rulebase of the last section, the standard

Mamdani model is given by the following restrictions :

(1) @i = A,
2) &=V,
(3) x = A.

Hence, we have

M (z,y) = Fi(z) AGily)
My(z,y) =\ M%(z,y)
ie{l,...,n}

and finally can derive the output for a given input £’ by
G'(F')=F'; M,.

In the following we omit the indices and only write MG for M /}\7 0 G resp. M for My,. Now,
we want to consider the last formula on the level of components and show how the output

inference can be simplified. The little computation

G'(F')y) = (F;M)(y)
= VF@A( ) MC(y)
xzcU 1e{1,...,n}

=V V F@rMCiay)

zeU ie{l,...,n}

=\ V F@AFE@) AGy)

z€U ie{l,...,n}
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=V (V(F@) AFR@) AG())

€{l,..,n} z€U
=\ GirGiy)

1€{1,...,n}
shows that we can extract the supremum over all ¢ to the left and, hence, avoid to ex-
plicitly store the aggregation matrix M and to use the relational calculus. This implies
that a discretization of the universe is not necessary and one can use analytically defined
membership functions. Notice that 3; delivers the degree of fulfillment of rule i. The last
considerations have made Mamdani inference (often called maz-min-inference) popular in

real applications.

4.2 A relational model for fuzzy controllers

From the introduction to fuzzy controllers we see that the linguistic model is good to handle
by L-fuzzy relations and, thus, by Goguen categories. We aim at a module to support
creating and testing controllers. This module shall rely on a mathematical base. Hence, we
have to provide a suitable algebraic model. We will see that some restriction on the fuzzy
controllers allow nice handling.

Michael Winter in [12| gave a proposal how to model controllers based on the linguistic
model within Goguen categories. We want to take over this model and extend it at some
points. In this approach the linguistic entities for the input as well as for the output are
modelled by L-fuzzy relations @) : I — A where A is an arbitrary object of the underlying
Goguen category and I is a unit (i.e., I; = TT;; and T gy is total for all objects B). Hence,
the interpretation of a rule “If x is @) then y is S” in the general case corresponds to the
computation QQ~;o S using a derived composition-based operation. With the standard model
for Goguen categories this corresponds to the matrix Mg ¥ introduced in Section 4.1.

Now, we extend the rulebase to be of the form

if x is @)1 then y is Sy
if x is Q2 then y is So

if x is @y, then y is .S),.

whereas all rules are interpreted by their own interpretation function ;,. The aggregation

in this model corresponds to a M-based derived operation Mg. Since we want to restrict &
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to have neutral element L (i.e., to be t-conorm like), we denote the derived operation by
Llg. The extension to arbitrary sets is denoted by [#. Hence, the core of the controller can
be computed by
C:= i (@05 (4.2)
ie{1,..,n}
So far we can see that this model is a direct realization of the relational semantics of the
linguistic model introduced in the last section. We have only lifted all operations to a

component-free niveau.

If all interpretation functions are cloos-based (i.e., ®; preserves suprema, 1 < i < n), a
rulebase can be represented in quite a nice way using a crisp relation. If we, for example,
have three input entites Q1,Q2,Q3 : I — A and two output entities S1,52 : I — B, the

rules

if x is Q1 then y is Sy
if x is Q)2 then y is S
if x is Q3 then y is So

can be represented by the relation

=
I
o O =

0
1
1

Hence, R has source I + I + I (for the three input entities) and target I + I (for the output
entities). In an algebraic way R can be computed using the crisp injections ¢; : I — I+1+1
resp. kj : I — I + I of the corresponding input resp. output entities. We then have

R =] ;K1 Uty ;Ko Uty ko or, more generally,

R= |_| Ly 3Ky

4,3
if x is Q; then y is Sj
is a rule

Thus, the core of the respective controller can be computed by

= [ (Qu)e: (R (575 5)))) (4.3)
]'6217%](1')
where ¢ ranges over the input and j over the output entities. The following lemma shows

that Formulae 4.2 and 4.3 are equivalent if additionally I is a left and right neutral element

for ®; and ®; is associative for all 1 < i <mn, i.e., ®; is closg-based.
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Lemma 4.2.1. Let the rulebase and operations be given as above. Furthermore, 1 shall
be left and right neutral element for the closg-based operations ®1,...,On,. Then we have

c=cC.

Proof. Throughout the proof we will use * to refer to the fact that ¢;;¢,- = 1L if i # j for

a pair of crisp injections. Hence, the computation

W Q5 u)ie: (B (#5591))) = B (@ 5u)ies ( L (45 ,0); (575.55))) (definition R)

2% i,j k,l
JER(i) JER(i) lER(k)
= W (@5t ( I?I (tr357) (%)
jezﬁ(i) R(i)NR(k)#0
= ( U (Qu)e: (1;55)) (®; complete)
k

jeiig(i) R(i)NR(k)#0

= Efg ( IEI (Q; 50 ti)io, (430, 57))  (Lem. 2.6.5)
JER(i) R(i)NR(k)#D

= W ( U (@56 ey )ie:Si) (@ ass.)

i,j k
JER() R()NR(K)#£D

= W (U (@70 (i )io, 55)) (Lem. 2.6.5,%)
]eliaj(i) ki=
= L‘fJ (Q;%& 55)
Jezlg(i)
shows the result. O

We want this equation to be valid with our fuzzy controllers. Hence, we demand all inter-

pretation functions ®; to satisfy

(1) ®; is closg-based, 1 <i <mn,
(2) Iis left and right neutral element for ®;, 1 <1i <mn.

It is clear that Formula 4.2 is the more likely variant with respect to computational pur-
poses. Thus, it will be used within our module for fuzzy controllers later on. In contrast,
the second alternative is better to visualize the developed model. Hence, we use it in Figure

4.2 to show the model developed so far.

In the following we call a controller with a core corresponding to this model a simple con-

troller. We will give a formal definition later on.

Now, the question arises, how the output shall be inferred for a given input. Since we

are dealing with a component-free view, the input value is represented by a crisp function
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Q1 151
o T
A —i— R —l— B
Tt s,
I 1

Figure 4.2: The core of a fuzzy controller

x: I — A whereas A is the source of the given controller and [ is a unit. Thus, our input
value is already an L-fuzzy set so that 4 can be used as a special fuzzification function.
There are other operations thinkable (e.g., relational shifting, weakening or strenghtening).
The final decision which one to use strongly depends on the application. The fuzzification
function will be denoted by ® in the following.

The next step is to infer the output from the fuzzified input. This is, in general, done by

using a composition-based derived operation ;.
But, the inferred output is neither necessarily crisp nor univalent. Hence, we have to extend
the model so that a crisp output value is produced. In [11] the problem is divided into two

aspects :

(1) The output shall be crisp.
(2) The output shall be univalent.

Again, many defuzzification functions are thinkable to generate a crisp output. But, one
special possibility is delivered automatically by Goguen categories. If we take a function ©

which maps the input to a scalar ©(x) on I we can compute
D(U(x)) := (©(x)\U(x))’

which obviously delivers a crisp relation. Now, suppose U(x) = ®(x);, C with a closg-based
operation *. Furthermore, assume that ®(z) = z;Fg for a certain Fp. If additionally
x7;0(z) = Sa;x> holds for a partial identity S4 we have U(z) = x;(Fo;«C) and can
conclude

D(U(z)) = z; (Sa\(Fa;« C)).
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This shows that the resulting controller is a relational term whereas the inference of the
output is just done by the usual composition operator. A deduction of the formula above
can be found in [11]. It is furthermore shown there that constant functions © as well as the

function of maximal degree of membership ©(x) = U(x); T gy M1 fulfill the property above.

It is clear that this approach does not necessarily deliver a univalent function. Hence, we
have to dedicate some special thoughts to this property. The most general approach to
achieve the goal is based on symmetric quotients and relational powers (introduced in [18]).
Let X : A — B be a relation. If we compare the columns of X~ and ep, via syQ(X ™, ep,),
we map every a € A to its image under X if X is total. If we now apply a function f to

this result, we generate a univalent output. Thus, the final term is given by

D(U(x)) = syQ((O(@)\U ()", ep()); f

if we use the cut approach as defuzzification. If again © and ® fulfill the properties described
above, D(z) can be computed by

A(U() = syQ(O@)\U(2)), ep(s)); f
= syQ(z; (Sa\(Fa; C))', epm)); f
25 5yQ((Sa\(Foix C))', ep(p)); f-

At the end of this section we want to mention that the introduced approaches for fuzzification
and defuzzification are only special alternatives. In general, we have abstract functions.
Hence, the explanations above induce that a simple controller F'C' can be considered to be

a tupel of the following form.

Definition 4.2.1. Let I, A and B be objects of a Goguen category G such that I is a unit.
Then we call a 7-tupel

FC:=( ® :G[I,A] — g[I, 4] (fuzzification)
, I :G[I,A] — G[A, B] — G[I, B] (application)
, Lin : {G[1, A]} (ling. entities input)
, Lout: {G[1, B]} (ling. entities output)
, R {(GIA,I] — G[I, B]) — GA, B]) x Rule}  (rulebase)
, Ug : G[A, B] — G[A, B] — G[A, B] (aggregation)
, A :G[I,B]—(G[I,B]) (defuzzification)

a simple controller iff
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(1) A(y) is defined and crisp for ally € G[I, B],

(2) 11 is a derived operation ;. such that x is closg-based with left and right
neutral element 1,

(3) all interpretation functions in R are derived operations ;, such that
®; 1s closg-based and I is left and right neutral element for ©;,

(4) ® is a mapping,

(5) the induced core | (Q7;05) is total.

Ge:(Q:9))
ER

Obviously, the rulebase is represented by pairs consisting of an interpretation function ;g,
and the corresponding rule i. The other functions should be clear. Restriction (1) is a
direct conclusion from the explanations above. Property (3) assures that the interpretation
functions are t-norm-based and, hence, the rulebase of F'C can be represented by a crisp
relation (cf. Equation 4.3). Finally, (4) and (5) together with (1) assure that each input can
be interpreted by the controller.

Hence, we can compute C' using L;,, Loy, R and the to sets of arguments extended aggre-
gation function Ug. Furthermore, we can infer the output for a given input x using the

term

FC(z) = A(II(®(z))(C)) (4.4)
= AM(@@)( 1 (@709). (4.5)
(0(Q.9))

This implies that a simple controller in general constitutes a function F'C' : G[I, A] — G[I, B].
Definition 4.2.1 and the last considerations will be the base for our Haskell module. In the
following we often write F'C' and omit the induced tuple.

Finally, we want to mention that storing the linguistic entities within the tuple above is
not necessary for the following mathematical considerations. But, we use the representation
above as a data structure in the Haskell module later on. Hence, it seems advantageous to

make the reader get familiar with it as early as possible.

4.2.1 Operations on fuzzy controllers

The simple model for fuzzy controllers induces certain operations. In this section we want

to introduce suitable combinators which allow reasoning on the level of fuzzy controllers.
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They constitute the mathematical base for the Haskell module developed later on.

The following standard constructions are thinkable :

(1) derived join (Ug),
(2) derived direct sum (4 ea,),
(3) derived meet (F,),

and

(4) derived cross product (Xn, ).

In a first account, these operations shall be operations on fuzzy controllers (cf. Definition
4.2.1), i.e., on tuples of certain elements and not necessarily on terms of the underlying
Goguen category. We will examine conditions such that these operations are operations on
the core and, hence, on given terms of the Goguen category. If we mean an operation to
be on the level of fuzzy controllers, we designate it by an additional ~ (e.g., Ug). These
operations naturally induce an operation on the cores under some circumstances. On this
level we omit the ™ and only write Lg instead of Ug , for example.

The next definition gives us the prerequisites we need throughout this section.

Definition 4.2.2. Let FC) and FCs be two simple controllers of a Goguen category. We
call FC1 and FCs combinable, if the following holds :

(1) U}, = L2,

(2) All rules of FCy and FCq are interpreted by the same ;-based derived operation
-

(3) R; (M) x;) = W(R;x;) if R is crisp and univalent, and

(Hxi); R =(xs; R) if R is crisp and injective.

(4) (Hz:) No (Wyj) = W(xi Ne y;), i.e., Ug distributes together with Mg .
i j irj

(5) QMo Q)60 (STe S') = Q0 SMe Qe S' for all Q,Q": A— 1
and S,S" : I — B whereas I is a unit.

(6) L is left and right neutral element for @.

Notice that the fact that F'C'y and F'Cy are simple controllers implies that ® is closg-based.
Property (1) demands F'C; and FCy to have the same aggregation function. Otherwise
the respective function for the resulting controller could not be determined properly. The
necessity of restrictions (2)-(6) will become clear with the following explanations. But,

already notice that Llg = L, Mg = M and ;¢ =; fulfill these properties. That (3),(4) and (6)



130 CHAPTER 4. FUZZY CONTROL BASED ON GOGUEN CATEGORIES

are satisfied should be clear and (5) is shown by the following lemma.

Lemma 4.2.2. Let Q,Q' : A — I and S, S’ : I — B be relations such that I is a unit. Then

we have

(QNQN);(SNs)=;5nQ" s

Proof. From Q7;Q C T = I; and S;5~ C T = I we know that @ and @ (thus,
Q M Q') are univalent and S and S’ (thus, S M S’) are injective. Using this fact we can

compute

Q;5NQS CQR(SNQ™;Q,S) (modular law)
CQ; (SN S
=Q;(SNlpS) (I unit)
=Q;SNQ; s (@ univalent)

QLS MEQ;SC QL (S MQ™;Q;S) (modular law)
C Qs (S" My S)
= Q5 (5 NI S) (I unit)
=Q,;9'nQ;s. (@' univalent)

Finally, we have
Q:SNQ:S" =Q;SNQ;S'MQ;8NQ";S (above)
=Q;(SNS)NQ;(sSns) (@, Q" univalent)
=(QNEH;SnNs). (SMS injective)

Hence, we conclude that Mamdani inference is covered by the following considerations and

all results for the examined operations can be applied.

The following definition connects combinable controllers and operations on them.

Definition 4.2.3. Let F'Cy and FCy be two combinable fuzzy controllers with aggregation
function Ug and interpretation function ®. Furthermore, let Op := (@,@,ﬁ:,x/m\*) be a
4-tupel of binary operations on fuzzy controllers. Then Op combines F'Cy and FCy If the

conditions

(1) Ugy = Ug, i.e., & =P
(2) =0
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are satisfied.

Throughout this section let G be a Goguen category, F'C7; and F'Cy be two combinable
controllers and Op a tupel of operations such that Op combines F'Cy and FCy. If we use
components that are equal with FCy and FCy (e.g., 1), we automatically omit the index.

The to finite sets of elements extended variant of Llg is again denoted by 4.

The derived join operation

To apply the join operation the two controllers need to have the same source and target
as well as the same fuzzification, defuzzification and application functions. Hence, we ad-
ditionally suppose both F'C; and FCj to be of the form G[I, A] — G[I, B] with ®; = ®o,
Ay = Ao, II; = Il5. In the following we omit the indices for the respective functions. Notice
that a join operation on two fuzzy controllers after defuzzification makes no sense since we
need to have the same output with both controllers to make the joined output univalent.
This induces that this operation can only be an operation on the core resp. on the linguistic

entities and the rulebase. We first define Ug on the level of the rulebase.

Definition 4.2.4. Let FCy and FCy be two combinable controllers. Then we define

FC g FCy := (®,11, Lin, U Liny, Lout; U Loutys R1 U R, Ug, A).

We denote the respective elements of the resulting controller by the subscript < (e.g., Rmze
for the rulebase).

The little computation

Ce = M @509
Ge:(Q,9)
E€ER1URy

= W (@weNHue W @068

Gor(@.5) Gor(@,8")
€ERq €Roy

= Ug Cy

shows that (g induces an operation Llg on the cores. Obviously, prerequisites (1) of Defi-
nition 4.2.3 and (1),(2) of Definition 4.2.2 from above are the key properties that this can
hold.
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The derived direct sum

The next step is to provide separate input/output spaces for separate input and output
entities, respectively. We can omit the additional restrictions of the last section, i.e., the
fuzzification, defuzzification and application functions of F'Cy and F'C5 need not necessarily
be identical. Michael Winter in his example in [11], for example, provided some output
entities for regulating a temperature and a seperate output entity for an alert signal. In the

general case this corresponds to the model shown in Figure 4.3.

Q1 1 Si
I I
+ Toogp 7 +
+ + '
* Qr St "
m+ +R
QQ I I 52
Ap, + + B,
'\anir +5,
I I

Figure 4.3: The direct sum of the cores of two controllers

One could say that these controllers can equivalently be described by controllers with only
one range for the input resp. output entities using the crisp injections ¢; : A; — A1 + ... +
Ap,1 <i<mresp. kj : Bj — B+ ... + By, 1 < j < n. But, we aim at a comfortable
treatment of fuzzy controllers with our module. Hence, we support the user with automatic
computations where it is possible. A controller of the form shown in Figure 4.3 will be called
sum controller in the following.

Now, we define the derived direct sum operation on the level of fuzzy controllers.

Definition 4.2.5. Let F'Cy : G[I, A1] — G[I,B1] and FCs : G[I,As] — G[I, Ba] be two
combinable controllers. Furthermore, let v; : A; — A1+ As, ki : Bi — B1+ B, 1 <1 <2,

be the induced crisp injections. Then we define :

FCl—@FCQ = ((I)Q@’HQ@’
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{(Q;11)7 1 Q € Lin, } U{(Q515)7 | @ € Liny },

{S; K1 | S e Loutl} U {S,; K92 | Sl S Loth},

{(;Q ) (Qa Ll’S; Kl)) | (;Q ) (QvS)) € Rl} U

{<§® ) (Q/; L2, Sl; HQ)) ‘ (;G ) (Qla S/)) S R2}7

I—l@7A_ig®)
whereas (I)Q@ , HJ’geB and AQ@ are defined elementwise for a given input x : I — A1 + Ao
and output y : I — B1 + By as follows :

<I>Jr(§|EB (x) = Dy (x50 ); 01 Ug Pa(z5y )52
M (2)(C) := (a(se)(n; Csky))i w1 U (a(505) (02 C5 iy))s w2
B () = Balyiry)s kn Ue Da(yi kg ); Ro.

The —fu\@ operator is defined pretty intuitively by connecting the linguistic entities with the
respective injections and lifting the rulebase to the new defined entities. The resulting fuzzi-
fication, defuzzification and application functions are lifted analogously. In the following we
denote the respective elements of the resulting controller by the subscript <

Again, we want to examine whether this operation is an operation on the cores. We abbre-

viate

1:=1{Go,(@;t1,58:k1)) | Go,(Q,5)) € Ri}
5 = {Go, (@52, k2)) | Go,(Q',S")) € Ra}

and compute

C’Q@
= W (@709 (definition CQ@)

Ge:(Q,R))
€R{UR/

= i @5eSUs W (@795
(e,(@,9)) Ge-(Q",8")
€R) €R/

= W (@u)e(Sik)Ue (@) e (5 k) (Definition 4.2.5)

G®,(@Q,9)) Go.(Q",S")
€ERy €Roy

= W (@eou)e(Sem)ls W  (Qet2)70 (50 k2)) (Lemma 2.6.5)
Ge,(@,9)) Ge.(Q",8")
€Ry ERg
= W (0@ ekr)Us B (40 (@509 )0k2) (O closg-based)
(6-(Q,9)) Go-(Q,5")
€ERy €Ry
= W (5@%eS)k)Us W (1;(Q7508); k) (Lemma 2.6.5)
G@-(Q,9)) Go-(Q,58")
€ERy €Rg
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=150 W (@5e9))imUsy;:( H  (Q75609)); ke (Definition 4.2.2(3))
Ge,(Q,9)) Go,(Q,87)
E€ERy ERy
= (11 ; C1; k1) Ug (153 Ca; Ka) (definition)
=: C1 +1, Co.

Hence, we see that our prerequisites suffice to induce the operation +_, on the cores.
In particular, we need prerequisites (1)-(3) of Definition 4.2.2 to make this computation
possible.

To show the convenience of the _f;@ operator we want to study how the input-output
behavior of the resulting controller is affected by the lifted fuzzification, defuzzification and

application function. This is shown by the following theorem.

Theorem 4.2.1. Let F'C1 and FCy be two combinable simple controllers such that
FC’HTH\@FCQ is defined. Then we have

(FC1Hug FCo)(x) = (FCL(w;07)); k1 Ugs (FCh(w;05)); k2

whereas v; and k;, 1 <1 <2, are the induced crisp injections.

Proof. First, we have

(I)Q@ ()5t = (Pi(z5eq )50 Ug Palz;eq);02)50 (definition (I)QGB)
= (507 )13y Ue Pax; iy )23t (Definition 4.2.2(3))
= Oy(x;0) (Definition 4.2.2(6))

d 1 sly @ ity = Po(x;0,).
and analogously .y ()5 tq 2(x; )
Furhtermore, the following is true
11; CJQ!B iy =015 ((e7 3 Crs k1) U (195 C;3K2)); Ky (definition CJ@!B)
= (115013 C15 k1367 ) Ug (L1565 3 Caskoyky ) (Definition 4.2.2(3))

and analogously t2; C) g o; ky = Cb, so that we can compute
[&2)

(FO U FCs) ()
= AQ® (HJ,gﬁB (‘I)J,gea (55))(0@@ ) (definition)
= AQ@ ((Hl(‘l’J,g@ (@); 01 )(e; Cot s k1)) k1le
(M2 (@ ey (@);15) (123 O 372 )); 2) (definition 1 ¢y )
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= A (M(®1(w;07))(C1)); i1 U (Ta(@2(x315))(C2))s k2)  (above)

= Ay (1 (1 (w301 ))(C1)); Fas iy )i kbl

Ao ((Ma(Pa(x;15))(C2)); K2; Ky ); K (definition A*‘E‘@)
= Ar(IL (@1 (w5 017)(C1))); k1 e A (Ila(Pa(x; 15 )(C2))); K2
= (FCi(z;¢7)); k1 U (FCo(z31y)); K. (definition)

O

This shows that F C’l—ﬂ_,\@F (5 infers the output in the intuitively expected way. If the input
set x : I — Ay + Ay is an element of G[I, A1], the output is inferred by FC7. Otherwise, it
is inferred by FCj.

Now, we want to introduce two modifications of the qfu\e) operator.

Definition 4.2.6. Let FC, and FCy be two combinable controllers. Then we define

—
(1) FCl"i'LI@ FCQ = ((I),H,Linl ULinz; LO“t%E’@’

{G, (@, 8561)) | G+, (Q,9)) € Ra}U
{6 (@51 62)) | G+, (Q',5)) € Ra},
U, Ayt );
iff FC1:G[I, Al — G[I, By], FCy: G[I,A] — G[I,Bs|, 1 = &3 =: ¢ and
I, = Iy =: I,
(2) FC1+ug FCy = (¢Q®,HQ@,LM%, Lout, U Louts
{6+ (@11,9)) | (+,(Q,9)) € R1}U
{Gi, (@502,9) | G+, (@, 5")) € Ra},
U, A),
iff FC1:G[I, A1l — G[I,B|, FCy : G[I, A3] — G[I,B] and Ay = Ay =: A,

whereas v; and k;, 1 <1 <2, are the induced crisp injections.

Obviously, —Fu\@t only creates the direct sum of the targets of the cores of FC; and F(Cs.
This is indicated by the superscript t. To let this operation be well defined, both controllers
must have the same source. In contrast, —fu\@s computes the direct sum of the sources and
lets the target of both cores unchanged. Hence, both controllers must have the same target.
Notice that letting both source and target unchanged leads to the derived join operation

(cf. Definition 4.2.4). With these remarks and Theorem 4.2.1 it is easy to see that

(FC T, FCo)(z) = (FCi(x)); k1 Us (FCo(2)); k2

135
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(FCiHi, FCo)(2') = A (P1(w;e]))(Cr) Ug Ma(Po(w;5))(Ca))
(FC1UaFCo)(x) = A(II(®(2))(C1) Ug II(®(2))(Ca))

holds for given inputs  : A — By + Bg resp. 2’ : A1 + Ay — B and controllers FC; and

FC5 on which the operations are defined.

At the end we want to show a special behavior of a meet-based derived operation Llg together
with crisp injections if @ has neutral element L. Since we prerequired this property of &,

the result is applicable for —fu\@.

Lemma 4.2.3. Let G be a Goguen category and Ry : A1 — B, Ry : A3 — B be two relations.
Furthermore, let 1; : A; — A1+ Az, 1 < i <2, be a pair of crisp injections. Then we have

L s RilUg g Ro =1 RiUty; Ro

if 1L is the neutral element of &.

Proof. First, let aw # 1l and (3 # 1L be two scalars on A1 + As. Then we have

(@ ® B); ((a\ey's Ri)F 1 (B\eg's Ra)!)
C (@@ B); ((e2;0\t2; 73 R 1 (115 B\e1; ty; R2)b) (Lemma 2.5.4, } monotonic)
= (a® B); ((t2;&\LLa,5)' 11 (11; B\1La, B)}) (Definition 2.5.10)
= (a® f); L4, +4.)B (o, B # 1)
= (a+45)B

With this preparation, we now can compute

1 ;R Ug Ly s Ry = 5Ls| [g](a @ B); ((a\eg; R M (B\ey; R2)Y)  (Definition 2.6.4)
a,pbesc
- u . (@@ B); ((a\ey; R1)' M (B\ty s R2)!) (above)

a=1 or pg=1

= L] (U B); ((a\ey; R1)F M (B\ty; R2)') (UL neutral element)

a,B€Sclg]
a=1 or B=1

= U (auB);(@\e;R) N (B\iys Ra)t)  (above)

a,B€Sc[F]
=11 ;R Uty Re. (definition)



4.2. A RELATIONAL MODEL FOR FUZZY CONTROLLERS

The result indicates that the function fExtSrc (cf. Section 3.4) is applicable. Since the
similar result

S1501 Ug So2;5t0 = St1;01 U So5 00

follows by transposition for suitable relations S7 and Sy, we also can use fExtTrg. Hence,
we can efficiently compute the extended linguistic entities within our module for fuzzy con-

trollers later on.

The derived meet operation

As with derived join, we again need F'Cy and F'Cs to have same source and target to apply
the derived meet operation. Furthermore, we need ®1 = &5, II; = Il and A; = A, so that
we can omit the indices of these functions in the following. Now, we define M, on the level

of simple controllers.

Definition 4.2.7. Let FCy and FCy be two combinable fuzzy controllers. Then we define :

FC\AoFCy = (®,1I,

{Q |_|@ Q/ ‘ Q € Linlu Q/ € Linz}a
{S |_|® S, ’ S € Lout17 S, S Loutg}v

{60, (Q@Me Q,5M5 8") | Go,(Q,5)) € Ri, (o,(@Q,5")) € Ra}
U@,A)

This operation seems not to be as intuitive as the other ones. We have to compute a com-
pletely new set of linguistic entites for both input and output and, hence, a new rulebase.
Again, we identify the respective elements of the resulting controller by the additional sub-
script -

In the following we want to show that Definition 4.2.7 also induces an operation on the cores

of FCq and F'Cy. We conclude

Cg= W (@709) (definition)

(o+(Q,5))
ERlN%Q

= O] (RMe Q)70 (STe S")) (definition Rr.%)
G, (Q,8))ER,
Ge.(Q',5")ERy

= W (@709 M (@50 5)) (Definition 4.2.2(5))
Ge,(Q,9))ERy
Ge.(Q',8")ERy

=( ¥ @9 W (@S (Definition 4.2.2(4))
(;Qa(st))eRl (;®7(Q/7S,))€R2
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= C1 Mg Oy

which shows the assertion. As one can see, prerequisites (4) and (5) of Definition 4.2.2 are
essential for the equality. We again want to mention that | | and M provide these properties.
With the operation above we are able to model extended rulebases. If we take the standard

case Llg = U and Mg = M, we can represent rules of the form

if xis @, and ... and x is @);, then y is S;; and ... and y is Sj,,
whereas we only could express rules of the form

if x is Q;, or ... or x is @4, then y is S;, or ... or y is 5j,,

before.

The derived cross product

Although we have already extended the amount of expressable rules by the derived meet
operation, we are up to now only able to model controllers with one linguistic variable
for input and output, respectively. But, in practice one often wants to make the output
variable(s) dependent from several input variables or vice versa. This, in general, corresponds

to rules of the form
if 1 is Q;;, and ... and x,, is Q;, then y; is §; and ... and y,, is Sj,,.

These rules can be modeled by relational products (cf. Definition 2.5.11), and more generally,

by derived relational products.
Definition 4.2.8. Let F'Cy : G[I, A1] — G[I,B1]| and FCsy : G[I,As] — G[I, Bs] be two
combinable fuzzy controllers. Furthermore, let m; : Ay x Ay — A; and p; : By X By — B;,1 <
1 < 2 be the induced crisp projections. Then we define :
FCixn FCy = (Pt e

{(@:im) Mo (Q's73) | @ € Liny, @ € Liny},

{(S5p1) Mo (S"5p3) | S € Louts, S" € Lout, },

{Go, (@) Mo (Q57m3), (S51) Mo (5507)));

| o, (@.9) € R, (o, (Q,5)) € Ra},

Ug, AQ@)
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whereas ® o , I, and A g are defined elementwise for a given input x : I — Ay x A
© © ©
and output y : I — B1 X By as follows :

<I>>Q® (x) = Oy (x;m);my Mo Po(x;m2); 7y,
La (2)(C) = (i (w3 m1) (7505 p1)); p1 Mo (Ha(25m2) (755 C; p2)); pg
A@@ (y) = A1(y; p1); p1 Mo Da(ys p2); py -

We again have that Definition 4.2.8 induces an operation on the cores of FIC; and FCs.

This is shown by the computation

Ca = W (@S9 (definition)
© G (@.9))
631@62
= W ((@im) Mo (Q73)) 750 ((S5p1) Mo (S'507))) (def. Ry, 5)
Ge,(Q,8))ERY ©
Ge-(Q',8"))eRy

= U] (((Q;7) 750 (S507)) Mo ((Q375) 50 (875 05))) (Def. 4.2.2(5))
Ge,(Q,8))ER
Go.(Q',8")ERy

=( ¥ (@S MNe (W ((m;Q7)e(S5p,y))) (Def. 4.2.2(4))

Ge:(Q,9)) Ge:(Q,8")
ERy €Ry
=( W ((m50Q )0 (Ser))Ne
(5+(@,5)
€ERy
(U (meQ )6 (860))) (Lem. 2.6.5)
(0:(Q,8")
€Ry
=( U (me@508)5e )Mo W (1250 (@505 )0pr)) (© ass.)
(6:(Q,5) (0:(Q,87))
€ERy E€Roy
=m;( W (Q@5e9))ip Noms( W (Q75095);0y (Def. 4.2.2(3))
(6(@,5)) Go(@,8")
€ERy E€Rgy
= (713015 p1 ) No (723 C23 p5) (definition)
:201 ><|—|® CQ.

This implies that the xr_ operation with the restrictions in Definition 4.2.2 and 4.2.3 is

equivalent to having separate controllers for each pair of input/output variables.

With this result we are able to treat derived products of fuzzy controllers on the level of the
cores. The corresponding model is shown in Figure 4.4. Controllers of this form are called

product controllers in the following.

The next step is to examine the input-output behavior of product controllers. Unfortunately,
we are not be able to show an analogous equality as in Theorem 4.2.1. This comes due to the

fact that we cannot even guarantee Mg subdistributivity for a M-based derivded operation.
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Q1 1 Si
- +
A /: Ry : \
1 V\Q}ﬂ—k +Sgl/v By
I I
X X
* Q' P St *
+ +\
@' ¢ R =
Am +— + By

4 ‘
1.
4
n
3

Figure 4.4: The core of the relational product of simple controllers

But, we want to provide a theorem which delivers a convenient result for the standard case

of Mamdani inference. To do so, we first need the following lemma.

Lemma 4.2.4. Let G be a Goguen category, A, B,C objects of G and Q,Q’' : A — B and
R : B — C relations such that R is crisp. Furthermore, let Mg be a meet-based derived

operation. Then we have

(QMe Q);REQ; RN Qs R
Proof. We immediately compute

QMo @Q)xR=( U (@0f);(a\Q)'n(B\Q));R  (Definition 2.6.4)

a,B€Sc[F]

= U (@op);(@\Q'nB\Q)h);R (Lemma 2.5.5(3))
a,B€Sc[F]

= U (@0f);(@\Q)!n\Q)} ;R (R crisp)
a,BeSc[F]

C [ («20B);(e\Q); R n(B\Q)Y; RY) (M subdistributivity)
o,BeSc[G]

C U (@0f)i((@\@R)!N(A\Q;R)!)  (Lemma 2.5.4(4),} mon.)
o, BeSc[F]

=@Q;RMNe Q' R. (Definition 2.6.4)

Hence, the following can be deducted from our prerequisites.
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Theorem 4.2.2. Let F'C1 and FCy be two combinable simple controllers such that
FCy ></|—|\®FCQ is defined. Then we have

La (2.q (2))(Ciq ) E (Mi(P1(z;m1))(C1); o1 Mo (H2(Pa(252))(C2)); py

whereas m; and p;, 1 <1 < 2, are the induced crisp projections.

Proof. First we have

(@, ;m)(7175 O 5 1)
= IL((((@r(a;m))im) Mo ((Pa(asm2))imy));m)(m75 Coy so1) - (def. @y )
C L (@1 (s m))imsm) Mo (P22 7m2));my 3 m)) (113 O 5o1) - (Lemma 4.2.4)
= I (®1(z;m1) Mo ((‘1)2(55;Wz));WAgAl))(Wf;CQG;Pl)
T IL(®@(asm) Mo Tra ) (7 O 1)
= @iz m)(m75 o 1) (Lemma 2.6.5)
= I (®1(z;m)) (7 ((m15 C15p1) Mo (725 Ca3 p5)); 1) (def. Ccn )
C I (@1 (z;m))((my 5715 Crs py s p1) Mo (mq 325 C23 p5 '3 1) (Lemma 4.2.4)
C T (P1(z;m1))(Cr Mo (TTa, 4,5 C2; By B,))
C Ii(®1(z;m))(C1L Mo TaB,)
= II1(®Py1(z;m1))(Ch) (Lemma 2.6.5)

(L (2, (2))(Con)
= (I (@, im) (1 O 501))i 01 Moo

(I (P, 372) (53 Ot 5 92))i P3 (definition Il,cy )
C (I (1 (z;m))(C1)); o1 Mo (Ha(Po(z;7m2))(C2)); py - (above, Mg mon.)

Notice that an analogous result including the defuzzification part Ax‘;’ can, in general, not
©

be deducted since we did not prerequire the defuzzification function to be monotonic.

Considering the cases where only subequality holds in the last theorem motivates the fol-

lowing corollary.
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Corollary 4.2.1. Let FCi7 and FCy be two combinable simple controllers such that
FCyxnFCy is defined. Furthermore, suppose both FCi and FCy use identity as fuzzifi-
cation, ; as application and U as aggregation function. If additionally C’ll # 1l and C’2l # 1L

holds, we have

(FCiXnFCy)(x) = A g (T (@1 (23 m)) (C1) M TTa(®a (w3 m2)) (Ca)).-

Thus, Mamdani inference with two further restrictions on the fuzzification function and the
cores is covered in quite a nice way by this operation. Before defuzzification we can apply
the input separately to F'C7 and F'Cy without changing the behavior of F'Cy >/<\mF (5. Notice
that the prerequisites Cll # 1l and C’2l Z# 1l are essential to conclude

;0T 30T
=TT, CllT;—ﬂ—
=T (Lemma 2.6.2)

and analogously TT; Co; 7 = . The restriction should not be too limitating since already
one crisp entry within Cy and Cb, respectively, suffices. This means that the rulebase of
FC1/FC5 has to connect at least one element of the domain of FC;/FC5 to an element of
the range of F'Cy/FCs with degree 1.

Now, we again want to introduce two modifications of xr_ (cf. Definition 4.2.6). Imagine

the special situations that

(1) the cores of F'C and F'C5 have the same source or

(2) the cores of F'C1 and FC5 have the same target.

Case (1) obviously makes it possible to “melt” the controllers in the way that different output
variables are controlled by a single input variable. The second case represents the dual
situation that separate input variables control only one output variable. These operations

are provided with the next definition.

Definition 4.2.9. Let FCi and FCy be two combinable controllers. Then we define

(1) FCyxmy, FCy = ( ®,11,
{QNe Q@ | Q € Lin,, Q € Lin, },

Lout xﬁ|® ’

{Go, (@M @), (S;p1) Ma (5% 02)))
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| Go,(@,9)) € R, (0, (Q,5") € Ra},
U@»Aggl@):
iff FCy : G[I, A] — G[I, By, FCy : G[I, A] — G[I, Ba], &, = &y =: @
and I1; = 1Iy, =: 11,
(2) FCy1xp, FCy := (ot et
Lm@.@;
{STe S" | S € Lout,, S € Lout, }»
{Go, (@) Ne (@5 my), 5T 5))
| Go.(@,9)) € R, (0,(Q,5")) € Ra},
Ug, A),
iff FCy : G[I, A1] — G[I,B|, FCy : G[I,As] — G[I, B], and A1 = Ag =: A,

whereas m; and p;, 1 <1 < 2, are the induced crisp projections.

From these operations we see that melting both source and target of the cores of F'C and
FC5 results in the derived meet operation. Hence, we see from Theorem 4.2.2 that the

input-output behavior of the modified operation ></r|\®s is given as follows

L (@, (@) (Coq ) & i(®i(z;m))(C1) Mo Ma(P2(:7m1))(Co)-

But, in contrast, we only can conclude

T (@ (@) Cq ) & I(2@)(C)):pr Mo (HE(2))(C2)): py

©

g (P (2))(Crgg) C TH(R(2))(Ch) Mo TH(2(2))(C2)

if the fuzzification part ® delivers crisp values for all inputs z. Again, equality holds in the

formulae above if we are dealing with Mamdani inference.

4.3 A module for fuzzy controllers

With the relational model and the operations on fuzzy controllers developed in the last
section, we are now able to provide a module for handling controllers. With this we aim
at suitable combinators to construct them and test their behavior in an algebraic (i.e.,
essentially component-free) manner. We then have the necessary background to develop a

graphical user interface (GUI) to make the module
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module FContr where

import LFuzzyRel

import LFuzzyRelCategories
import LFuzzyRelLattices
import Goguen

import Lattice

import List (elemIndex,nub,intersect, (\\))

comfortable to use.

The data structures

Essentially, we need two data structures — one for linguistic entities and one for fuzzy
controllers. Since linguistic entities are single morphisms of the underlying Goguen category
and it plays no role how they were created (by ordering-based weakening/strengthening,

shifting etc.), the most simple variant to represent them is chosen.

data LingEntity mor = LingEntity { entLabel :: String

,entRel :: mor }

The only thing we have to add is a label for each entity. These labels are important to model
the rulebase later on. Throughout this module we will use instances of type LingEntity
(FRel e obj obj) of the data structure above.

Furthermore, the function

entTrg :: LingEntity (FRel e objl obj2) -> [obj2]
entTrg = trg . entRel

which obviously gives back the target object of the linguistic entity, is useful.

The Eq and Show instances are implemented as follows.

instance Eq (LingEntity mor) where

x1 == x2 = entlLabel x1 == entLabel x2

instance (Show mor) => Show (LingEntity mor) where
show le = "ENTITY NAME : "++entLabel le++"\n"++
"ENTITY RELATION : "++"\n" ++ show (entRel le)

Notice that the user has to take care to avoid duplicate entity names since they are the only

equality criteria of the Eq instance. We prefer this variant due to efficiency considerations.
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From Definition 4.2.1 we know that a simple controller includes a fuzzification, application,
aggregation and defuzzification function. Some of these parameters are restricted to be equal
with two fuzzy controllers that shall be put together by one of the introduced operations.
This implies that we will have to check them for equality at some point. Hence, they have

to be labeled analogously to the linguistic entities.

data UnFunc mor UnFunc { unlabel :: String,

unFunc :: mor -> mor }
data BinFunc mor = BinFunc { binLabel :: String,
binFunc :: mor -> mor -> mor }

data DerOp e DerOp { opLabel :: String,

opLoos :: Loos e,
comm :: Bool,
idem :: Bool }

Obviously, we have structures for unary functions UnFunc (fuzzification, defuzzification),
binary functions BinFunc (application) and derived operations DerOp (aggregation). The
structure for derived operations carries two additional flags to determine whether the loos
is commutative (comm) and idempotent (idem), respectively. This helps to compute the
rulebase more efficiently, later on. Notice that we also restricted the application function
to be a composition-based derived operation. But, we have to generate a new application
function, if we apply one of the operations ‘@ resp. >?r|\® to given controllers. Hence, DerOp
would not suffice to model this.

The induced Show and Eq instances are implemented as follows.

instance Eq (DerOp e) where

opl == op2 = oplLabel opl == opLabel op2
instance Eq (UnFunc mor) where

f1 == £f2 = unlabel f1 == unlabel £f2
instance Eq (BinFunc mor) where

f1 == f2 = binLabel f1 == binLabel £f2

instance Show (Der0Op e) where
show = show . opLabel

instance Show (UnFunc mor) where
show = show . unLabel

instance Show (BinFunc mor) where

show = show . binLabel

Now, we are ready to focus on the controller data structure. Our target is a GUI for a

comfortable creation of fuzzy controllers. Therefore, it is essential that the data structures
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make some kind of rollback possible. It has to carry the history of creation so that the user

can step back to a previous state without losing information. This induces a recursive data

structure. From Figures 4.3 and 4.4 we know that a fuzzy controller may form the sum or

the product of several subcontrollers. Hence, we need a variant record covering three cases

— a simple controller, a sum controller and a product controller.

type Rule e

data Header

e obj mor = Header { contrLabel ::

,unitObj
,entryLat
,fuzz

»appl
,defuzz

data FuzContr e obj = SimpleContr { header

| SumContr

,aggr
,rules

,lingEntIn

,1ingEntQOut ::
: Header e obj (FRel e obj obj)
:: Bool
:: Bool

{ header
, sSrcSum
,trgSum
,derJoin

,subContrs

| ProdContr { header

,srcProd
,trgProd
,derMeet

,subContrs

: DerOp e

(DerOp e, (String, [String]))

String -- controller label
[obj] -- unit object

:: Lat e -- entry lattice

:: UnFunc mor -- fuzzification

: BinFunc mor -- application

:: UnFunc mor} -- defuzzification

:: Header e obj (FRel e obj obj)

-- aggregation
[Rule e]
[LingEntity (FRel e obj obj)]

[LingEntity (FRel e obj obj)]}

-- rulebase

:: DerOp e

[FuzContr e objl}

:: Header e obj (FRel e obj obj)
:: Bool

: Bool

:: DerOp e

[FuzContr e objl}

The data structures Rule (for a single rule ) and Header are pretty intuitive. A rule consists

of an interpretation function (DerOp), an input entity and a list of output entities it shall be

connected with. A list of such rules then forms the rulebase of a controller. For example,

the rulebase

if x is Q1 then y is Sy
if x is Q2 then y is S3 and Sy
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has to be represented by the list

[(<op1>,("Q1",["s1"1)), (<op2>, ("Q2", ["S3","S4"1))]
Notice that the arrangement of the list entries plays no role if the aggregation function is
commutative.
The header is, in wide areas, a realization of the needed functionality to infer the output.
Thus, the header is needed by all three kinds of controller. As an extension to Definition
4.2.1, the header includes a label for the controller (contrLabel), the underlying entry lattice
(entryLat) of the L-fuzzy relations and a unit object (unitObj). The last two parameters
are needed to automatically construct the underlying Goguen category, later on.
With these preparations, the FuzContr data structure is straightforward. The simple con-
troller SimpleContr, in addition to the header, gets all needed functions to create the core.
This includes an aggregation function aggr, a rulebase rules and the linguistic entities for
the input (lingEntIn) and output (lingEntOut), respectively. Notice that Header is instan-
tiated using FRel e obj obj for the type parameter. This implies that the modules FContr
and LFuzzyRel can only be used together. A more general approach seems not to be senseful
since too much specific functionality of LFuzzyRel is used.
The data structures SumContr and ProdContr are implemented equally. Besides the header,
they get two flags which indicate, whether the direct sum resp. cross product shall be gen-
erated with the source resp. target of the controller. The meaning of these two flags is

summarized in Table 4.3.

sS/sP tS/tP | Operation SumContr | Operation ProdContr
True True tue XUo
— S — S
True False tue XUo
False True +ug Xug
False False Ug Uo

Table 4.1: The meaning of the flags sS/tS and sP/tP

Furthermore, both SumContr and ProdContr carry a M-based derived operation derJoin resp.
derMeet. Notice, that the controllers in the subcontroller list subctrs have to be combin-
able (cf. Definition 4.2.2) and derJoin / derMeet have to fulfill Definition 4.2.3 to make all
operations of the table above applicable.

Finally, we want to mention that the information the header carries could be extracted form
the subcontroller list with SumContr and ProdContr. Hence, the header would not be neces-
sary for these structures. But, we prefer this variant to have quick access to the parameters.

Since no really high depth of the FuzContr data structure is to expect, the resulting overhead

147
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should be acceptable. Real applications will have to show whether this approach suffices
or changes have to be made. Furthermore, the variants SumContr and ProdContr could have
been put together to a single variant ExtendedContr or similar using an additional flag to
determine which operation is wanted. But again, we prefer to have separate structures for

convenience and clearness.

Again, we provide Eq and Show instances.

instance Eq (FuzContr e obj) where

fcl == fc2 = contrLabel (header fcl) == contrLabel (header fc2)

instance (Show obj, Show e) => Show (FuzContr e obj) where
show (SimpleContr (Header 1 u e f ap d) ag rs 1I 10) =

let presentEnt =

concat .
map (\x -> "\n"++" ENTITY NAME : "++ entLabel x++"\n"++
" RELATION ¢ "++ "\n"++ show (entRel x))
in
"CONTROLLER NAME D "++ 1 +H+"\n"++
"UNIT OBJECT : "++ show u ++ "\n" ++

"LING.ENTITUES INPUT : "++ presentEnt 1I ++
"LING.ENTITIES OUTPUT: "++ presentEnt 10 ++ "\n"++

"RULEBASE : "++ (concat $ map (\x -> show x++"\n"++
" ") rs )
show (SumContr (Header 1 uw _ _ _ _) _ _ _ subctrs) =
"CONTROLLER NAME D" 1 ++"\n"++
"UNIT OBJECT : "++ show u ++"\n"++
"SUBCONTROLLERS : "++ concat (map (contrLabel.header) subctrs)

show (ProdContr (Header 1 u e f ap d) dM sP tP subctrs) =
show (SumContr(Header 1 u e f ap d) dM sP tP subctrs)

As with LingEntity, equality of two controllers is reduced to label equality. If the user
explicitly wants to test whether the cores of two different controllers are equal, he has to

use the function core introduced later on.

Computing the core of a controller

Having the necessary data structures, we now aim at suitable auxiliary functions to make

the instantiation of fuzzy controllers and the computation of their cores comfortable for
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the user. With the next functions we want to support constructing the input resp. output
linguistic entites. We introduce ordering and residual-based strengthening/weakening as

well as shifting to build up linguistic entities that fit together.

greaterThan e m = fConv $§ fLRes (fConv e) m

lessThan em = fConv $§ fLRes e m
very xi m 1 = fLRes m xi
very xi m i = fLRes (very xi m $§ i-1) xi

N
I

roughly xi m fComp m xi

roughly xi m i = fComp (roughly xi m $ i-1) xi

shiftL m bij 1 = fComp m $ fConv bij
shiftL m bij i = fComp (shiftL m bij $ i-1) $ fConv bij

shiftR m bij 1 = fComp m bij
shiftR m bij i = fComp (shiftR m bij $ i-1) bij

These routines are direct realizations of the underlying definitions. Notice that we delibe-
rately do not yet use the Goguen module to compute the terms. Throughout this module
we differentiate between two different levels of abstraction. Everything that has to be done
to construct a controller is done on a level that is not pure algebraic. For these actions the
modules LFuzzyRel and Lattice are used. But, all operations on controllers themselves are
done using the underlying Goguen category, which is automatically generated. This has the

further advantage that the user does not have to instantiate it himself.

The following functions help to compute the underlying Goguen category of a fuzzy con-

troller.

contrDom, contrRan :: FuzContr e obj -> [obj]

contrDom (SimpleContr _ _ _ 1I _) = if null 1I then [] else entTrg $ head 1I
contrDom (SumContr _ sS _ _ subctrs) =

if sS then concat $ map contrDom subctrs
else contrDom (head subctrs)

contrDom (ProdContr _ sP _ _ subctrs) =
if sP then crossProd $ map contrDom subctrs
else contrDom (head subctrs)

contrRan (SimpleContr _ _ 10) = if null 10 then [] else entTrg $ head 10
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contrRan (SumContr _ _ tS _ subctrs) =
if tS then concat $ map contrRan subctrs
else contrRan (head subctrs)

contrRan (ProdContr _ _ tP _ subctrs) =
if tP then crossProd $ map contrRan subctrs

else contrRan (head subctrs)

catObjects :: (Eq obj) => FuzContr e obj -> [[obj]]
catObjects fc@(SimpleContr h _ _ _ _) =

nub $ [unitObj h,contrDom fc,contrRan fc]
catObjects fc =

nub $ contrDom fc : contrRan fc : map (concat . catObjects) (subContrs fc)

contrCat :: (Eq e, Eq obj) => FuzContr e obj ->
Gog (Loos e) [obj] (FRel e obj obj)

contrCat fc = let elat = entrylLat $ header fc in
fRelGogCat eLat (getAllFRels elat $ catObjects fc)

Obviously, contrDom resp. contrRan deliver the domain and range of the controller, respec-
tively. To do so in the SimpleContr case, they build up the direct sums by simple list
concatenation. In the ProdContr case, the function crossProd is used to compute the re-
lational products of the domains resp. ranges of all subcontrollers. The exact manner of
function of this routine is explained below.

The necessary objects to instantiate the underlying Goguen category are delivered by
catObjects. The simple case SimpleContr provides the unit object, the domain and range of
the controller and the targets of all input and output entities, respectively. With controllers
of type ProdContr we again have to add the products of the input resp. output spaces of the

subcontrollers.

To understand the computation of the core of a product controller later on, it is very

important to know how the function

crossProd :: [[objl] -> [obj]

crossProd xs = concat $ replicate (product $ map length (init xs)) (last xs)

works. Obviously, crossProd is parametrized by the list xs of the objects whichs cross

product shall be generated. But again, Haskell’s strong typing turns into a demerit. It

would be nice if we could represent the resulting cross product by a list of tuples. Thus, for

instance, the product {1,2} x {3,4} could be represented by the list
[(1,2),(1,4),(2,3),(2,4)].
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But, as shown above, we aim at an instance of a Goguen category (Gog) where all objects
have to be of the same type. Thus, the lists [1,2], [3,4] and [(1,2),(1,4),(2,3),(2,4)]
cannot be objects of the same Goguen category. The escape we use is to simply replicate
the elements of the last object of xs n times whereas n is the product of the lengths of
all objects out of xs except the last one. The resulting list then is isomorphic to the cross
product. In our example we get [3,4,3,4].

The interpretability suffers from this construction. Hence, we provide the function

getLabel :: Int -> [[objl]l -> [Int]
getLabel i srcs = getLabel’ i $ map length srcs
where
getlabel’ i [1] [i]
getlabel’ i (1:1s) = div i (product 1ls) : getLabel’ (mod i $ product 1ls) 1s

which delivers the interpretation of a position in the product of several lists. To do so it
has to get the position in question (i) and the sources srcs from which the cross product
was created. The result then is a list of positions — one for each list out of srcs. In our
example, typing getLabel 2 [[1,2],[3,4]] results in the output [1,0]. Notice that counting
the position starts with zero. Notice furthermore, that getLabel presupposes that the cross
product was created right associative (as shown with crossProd) whereas the arrangement
of the elements of srcs is decisive. This convention comes due to the fact that it allows a
relatively comfortable computation of the (crisp) projections, which is done by the following

function.

projections :: Gog (Loos e) [obj] (FRel e obj obj) ->
Lat e -> [[objl] -> [obj]l -> [FRel e obj objl
projections g e srcs trg = projs’ 1 srcs
where
projs’ _ [] =0
projs’ n (s:ss) =
let 11 = length s - 1
12

product (map length (ss)) - 1
in fUpd (gog_bottom g trg s) [( (kx(L1+1)*(12+1)+j*(12+1)+i,])
,lat_topEl e) | k<-[0..n-1],
i<-[0..12],
j<-[0..11]1]
: projs’ (nx(11+1)) ss

Consider, for example, the three sets {1,2,3}, {4,5} and {6,7}. The relational product of
{1,2,3} x ({5,6} x {8,9}) with the convention above then is computed by the projections
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shown in Figure 4.5.

src/trg 1 2 3 5 6 8 9
(1,5,8) 1 0 0 1 0 1 0
(1,5,9) 1 0 0 1 0 0 1
(1,6,8) 1 0 0 0 1 1 0
(1,6,9) 1 0 0 0 1 0 1
(2,5,8) 0 1 0 1 0 1 0
(2,5,9) 0 1 0 1 0 0 1
(2,6,8) 0 1 0 0 1 1 0
(2,6,9) 0 1 0 0 1 0 1
(3,5,8) 0 0 1 1 0 1 0
(3,5,9) 0 0 1 1 0 0 1
(3,6,8) 0 0 1 0 1 1 0
(3,6,9) 0 0 1 0 1 0 1
proj. P1 P2 P3

Figure 4.5: The projections for {1,2,3} x ({5,6} x {8,9})

With this, 1 and 0 are the greatest resp. least element of the underlying entry lattice of the
L-fuzzy relations. One can see the periodicity of the 1-entries which makes the computation
quite comfortable. In p; we have period 4, i.e., we have four 1-entries below each other in
every column. This comes due to the fact that 4 =| {5,6} | - | {8,9} |. Analogously, we
have period 2 =| {8,9} | with p2 and so on. With these remarks it should be clear how
projections works. It takes the underlying Goguen category g, the underlying entry lattice
e to have access to its least resp. greatest element, and the objects srcs from which the cross
product trg was created. The computation of the projections then is straightforward. Notice
that all terms are computed on the abstraction level of Goguen categories since projections

shall support the determination of the core of a controller.

The function

injections :: Gog (Loos e) [obj] (FRel e obj obj) ->
Lat e -> [[objl] -> [obj]l -> [FRel e obj obj]
injections g e srcs trg = inj’ srcs O
where
inj’ 1 =10
inj’(s:ss) n = fUpd (gog_bottom g s trg)

[((i,j),lat_topEl e) | i <- [0..length s-1],
j <- [i..length trg-1], i+n==j]

: inj’ ss (n+length s)
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delivers the counterpart of projections by computing the (crisp) injections for a direct sum
trg that was created out of the objects srcs. Again, the computation is straightforward

whereas the arrangement of srcs is decisive.

Now, we are ready to compute the core of a controller. To do so, we make use of the

underlying equations (cf. Section 4.2.1).

core :: (Eq obj, Eq e) => FuzContr e obj -> FRel e obj obj
core fc@(SimpleContr (Header _ _ _ _ _ _ ) agg rs 1EIn 1EQut) =
let g = contrCat fc
in foldl (gog_derOp g "Meet" (opLoos agg))
(gog_bottom g (contrDom fc) (contrRan fc)) $
map (\(intFun, (x,y)) -> gog_derOp g "Comp" (opLoos intFun)
(gog_converse g x) y)
(sortEnt 1EIn 1EOut rs)
where
getMor les s = let ents = filter ((== s).entLabel) les
in if null ents then error "No such entity !"
else head ents
sortEnt _ - 1 = (1

sortEnt lesI lesO ((iF,(s,[])):ss) sortEnt lesI lesO ss

sortEnt lesI lesO ((iF,(s,t:ts)):ss)
(iF, (entRel $ getMor lesI s,
entRel $ getMor lesO t)) : sortEnt lesI lesO0 ((iF,(s,ts)):ss)

core fc@(SumContr sS tS derJoin subctrs) =

let
g = contrCat fc;
doms = map contrDom subctrs; dom = concat doms
rans = map contrRan subctrs; ran = concat rans

subCores = case (sS,tS) of
(True,True) -> injR [] rans . injL [] doms
(True,False) -> injL [] doms
(False,True) -> injR [] rams
(False,False) -> id
in
foldll (gog_derOp g "Meet" (opLoos derJoin)) $ subCores $ map core subctrs

where

[fExtSrc us x []1]
fExtSrc us x 1ls : injL (us++[1]) 1s xs
[fExtTrg us x []]

injL us [1] (x:x8)

injL us (1:1s) (x:xs)

injR us [1] (x:xs)
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injR us (1:1s) (x:xs) = fExtTrg us x 1ls : injR (us++[1]) 1s xs

core fc@(ProdContr h sP tP derMeet subctrs) =

let
g = contrCat fc
compG = gog_comp g
doms = map contrDom subctrs; dom = crossProd doms
rans = map contrRan subctrs; ran = crossProd rans

projL xs = zipWith compG (projections g (entryLat h) doms dom)xs
projR xs = zipWith (\r p -> compG r $ gog_converse g p) xs $
projections g (entryLat h) rans ran
subCores = case (sP,tP) of
(True,True) -> projR . projL
(True,False) -> projL
(False,True) -> projR
(False,False) -> id
in foldll (gog_derOp g "Meet" (opLoos derMeet)) $ subCores $ map core subctrs

We again have to differentiate between the three cases SimpleContr, SumContr and ProdContr.
The computation for simple controllers is straightforward by reading out the rulebase and
interpreting the corresponding rules. With sum and product controllers we have to treat
the four different cases arising from the setting of the flags sS / tS resp. sP / tP. According
to their state, the cores of the subcontrollers have to be extended by the (automatically
generated) injections and projections, respectively. We want to mention a difference between
the computations for sum controllers and product controllers. From Lemma 4.2.3 we know
that a term ¢ Ry Ug ¢, R is equivalent to ¢; RiUwy Ry for relations Ry : A1 — B, Ry : Ay —
B and the induced crisp injections ¢; : A; — A+ A if Lg is a meet-based derived operation
with neutral element 1. Thus, applying the injections in this term corresponds to simply
extending the matrices Ry resp. Ra by zero rows such that the resulting matrices R} and R,
have source A + Ao and target B. This means that the operations fExtSrc and fExtTrg of
the LFuzzyRel module are applicable. An analogous computation for the relational product

is obviously not to expect.

Combinators for fuzzy controllers

After the basic routines on fuzzy controllers, we now want to provide suitable combinators

to construct them step by step. Furthermore, we then have the possibility to construct new



4.3. A MODULE FOR FUZZY CONTROLLERS

fuzzy controllers in a component-free manner. Building up a fuzzy controller always starts

with the empty controller.

emptyContr 1 unit elat = let emptyLoos = Loos { loos_lat = elat

,loos_op = comnst $ id
,loos_e = lat_botEl elLat
,loos_z = lat_botEl elLat}

emptyDerOp = DerOp "" emptyLoos True True

emptyFunc = UnFunc "" id

emptyBFunc = BinFunc "" (const $ id)

in if 1=="" then error ("Empty label!")

else SimpleContr (Header 1 unit elat emptyFunc
emptyBFunc emptyFunc)
emptyDerOp [1 [1 []

Obviously, emptyContr only takes a minimal set of parameters. The remaining part can
be set to default values. Notice that a controller of type SumContr or ProdContr with an
empty subContrs list is seen to be invalid. Furthermore, the empty label is not allowed for

a controller. The reason for this becomes clear later on.

An empty controller can be updated by new rules and linguistic entities, respectively. Fur-
thermore, the corresponding parts of the header can be set. This is covered by the following

routines.

hUpdFuzz f (Header 1 u e _ ap d)
hUpdAppl ap (Header 1 ue f _ d)
hUpdDefuzz d (Header 1 u e f ap _)

Header 1 u e f ap d

Header 1 ue f ap d

Header 1 ue f ap d

contrUpdFuzz f (SimpleContr h ag rs 1EIn 1EQut)
SimpleContr (hUpdFuzz f h) ag rs 1EIn 1EOut

contrUpdFuzz f (SumContr h sS tS dJ sC) =
SumContr (hUpdFuzz f h) sS tS dJ sC

contrUpdFuzz f (ProdContr h sP tP dM sC) =
ProdContr (hUpdFuzz f h) sP tP dM sC

contrUpdAppl ap (SimpleContr h ag rs 1EIn 1EOut) =
SimpleContr (hUpdAppl ap h) ag rs 1EIn 1EOut

contrUpdAppl ap (SumContr h sS tS dJ sC) =
SumContr (hUpdAppl ap h) sS tS dJ sC

contrUpdAppl ap (ProdContr h sP tP dM sC) =

155
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ProdContr (hUpdAppl ap h) sP tP dM sC

contrUpdAggr ag (SimpleContr h _ rs 1EIn 1EQut) =
SimpleContr h ag rs 1EIn 1EQut

contrUpdDefuzz d (SimpleContr h ag rs 1EIn 1EQut) =
SimpleContr (hUpdDefuzz d h) ag rs 1EIn 1EQOut

contrUpdDefuzz d (SumContr h sS tS dJ sC) =
SumContr (hUpdDefuzz d h) sS tS dJ sC

contrUpdDefuzz d (ProdContr h sP tP dM sC) =
ProdContr (hUpdDefuzz d h) sP tP dM sC

contrUpdRuleIn, contrUpdRuleQut ::

String -> [Rule e] -> FuzContr e obj -> FuzContr e obj

contrUpdRuleIn cLabel xs fc@(SimpleContr (Header 1 u e f ap d) ag rs 1I 10)
if cLabel == "" || 1 == cLabel then
SimpleContr (Header 1 u e f ap d) ag (xs++rs) 1I 10

else fc

contrUpdRuleIn cLabel xs (SumContr (Header 1 u e f ap d) dJ sS tS subctrs)
if cLabel == "" || 1 == cLabel then
error ("Label \""++cLabel++"\" specifies a sum controller"++
" or is invalid !'")
else SumContr (Header 1 u e f ap d) dJ sS tS §
map (contrUpdRuleIn cLabel xs) subctrs
contrUpdRuleIn cLabel xs (ProdContr (Header 1 u e f ap d) dM sP tP subctrs) =
if cLabel == "" || 1 == cLabel then
error ("Label \""++cLabel++"\" specifies a product controller"++
" or is invalid !")
else ProdContr (Header 1 u e f ap d) dM sP tP §
map (contrUpdRulelIn cLabel xs) subctrs

contrUpdRuleOut 1 xs =
contrUpdRuleIn 1 (concat $ map (\(iF, (t,ss)) -> [(iF,(s,[t])) | s<-ss]) xs)

contrUpdEntIn, contrUpdEntOut :: (Eq obj) =>
String -> [(DerOp e,
(LingEntity (FRel e obj obj), [Stringl))] ->
FuzContr e obj -> FuzContr e obj
contrUpdEntIn cLabel 1Es fc@(SimpleContr (Header 1 u e f ap d) ag rs 1I 10) =
if cLabel == "" || 1 == cLabel then
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SimpleContr (Header 1 u e f ap d) ag
(map (\(iF,(e,ts)) -> (iF, (entLabel e,ts))) 1lEs ++ rs)
(map (fst.snd) 1lEs ++ 1I)
10
else fc
contrUpdEntIn cLabel 1Es (SumContr (Header 1 u e f ap d) dJ sS tS subctrs) =
if cLabel == "" || 1 == cLabel then
error ("Label \""++cLabel++"\" specifies a sum controller"++
" or is invalid !")
else SumContr (Header 1 u e f ap d) dJ sS tS §
map (contrUpdEntIn cLabel 1Es) subctrs
contrUpdEntIn cLabel 1Es (ProdContr (Header 1 u e f ap d) dM sP tP subctrs) =
if clLabel == "" || 1 == cLabel then
error ("Label \""++cLabel++"\" specifies a product controller"++
" or is invalid !")
else ProdContr (Header 1 u e f ap d) dM sP tP §
map (contrUpdEntIn cLabel 1lEs) subctrs

contrUpdEntOut cLabel 1Es fc@ (SimpleContr (Header 1 u e f ap d) ag rs 1I 10) =
if cLabel == "" || 1 == cLabel then
SimpleContr (Header 1 u e f ap d) ag
(concat (map (\(iF,(e,ts)) -> [(iF, (t, [entLabel e]))
| t<-ts]) 1lEs) ++ rs)
1I
(map (fst.snd) 1lEs ++ 10)
else fc
contrUpdEntOut cLabel 1Es (SumContr (Header 1 u e f ap d) dJ sS tS subctrs) =
if cLabel == "" || 1 == cLabel then
error ("Label \""++cLabel++"\" specifies a sum controller"++
" or is invalid !")
else SumContr (Header 1 u e f ap d) dJ sS tS §
map (contrUpdEntOut cLabel 1Es) subctrs
contrUpdEntOut cLabel 1Es (ProdContr (Header 1 u e f ap d) dM sP tP subctrs) =
if clLabel == "" || 1 == cLabel then
error ("Label \""++cLabel++"\" specifies a product controller"++
" or is invalid !")
else ProdContr (Header 1 u e f ap d) dM sP tP §
map (contrUpdEntOut cLabel 1Es) subctrs
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The functions for the header should be clear. For updating the rulebase, we have
contrUpdRuleIn resp. contrUpdRuleOut. For the case that the rulebase of a subcontroller
within a sum or product controller is to update, we introduce the parameter cLabel. As
shown here, the SumContr and ProdContr parts of every function shown above are recursive.
The operation in question is then applied to every subcontroller having the name cLabel. If
cLabel specifies a sum or product controller, the functions above fail with an error message.
Notice again, that we demand the controller labels to be unique.

For simple controllers cLabel plays no role and, hence, the user can set it to "". Here we see
the reason why controllers with an empty label are not allowed.

Back to the functions for updating rules, the parameter xs specifies the new rules carrying
the list of new target entities a source entity shall be connected with. Notice that we have
a difference here between updating rules for input entities and updating them for output
entities. With contrUpdRuleIn the source entity is an input entity and the targets are output
entities. This exactly corresponds to our interpretation of the data type Rule. But, with
contrUpdRuleOut the source is an output entity. Hence, we have to modify the list in the
way shown above such that we can use contrUpdRuleIn to compute the resulting controller.
The functions for updating linguistic entities work analogously. The only interesting thing
is the structure of the new parameter 1Es. It consists of a list of tuples each carrying the
new linguistic entity and a list of entities it shall be connected with in the rulebase. Hence,
we are able to update the rulebase simultaneously without having to perform a separate

function call.

All these operations above are still somehow componentwise. The next constructions are
based on ready created fuzzy controllers. The product of two controllers can be build by

the function

contrProd, contrSum :: (Eq e, Eq obj) => Bool -> Bool -> FuzContr e obj ->
FuzContr e obj -> DerOp e -> FuzContr e obj

contrProd sP tP cl c2 derMeet =

let dummy = ProdContr (header cl) sP tP derMeet [c1,c2]
elat = entryLat $ header cl; g = contrCat dummy
compG = gog_comp g; convG = gog_converse g
dom1 = contrDom c1; dom2 = contrDom c2
ranl = contrRan ci; ran2 = contrRan c2
pI = projections g elLat [doml,dom2] $ crossProd [doml,dom2]
pO = projections g elLat [ranl,ran2] $ crossProd [ranl,ran2]

(newF ,newApp)
let f1 = fuzz (header c1); f2 = fuzz (header c2)
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appl (header c1)

apl = appl (header cl); ap2

al binFunc apil; a2 binFunc ap2
in
if not sP then (f1,apl)
else
(UnFunc (unLabel fl++"x*"++unLabel f2)
(\x -> foldll (gog_derOp g "Meet" (opLoos derMeet)) $
zipWith (\p £ -> compG (f $ compG x p) $ convG p)
pIl [unFunc f1,unFunc £2]),
BinFunc (binLabel apl++"#*"++binLabel ap2)
(\x y -> gog_derOp g "Meet" (opLoos derMeet)
(compG (al (compG x (head pI)) $
(compG (compG (convG $ head pI) y) $ head p0))
$ convG (head p0) )
(compG (a2 (compG x (last pI)) $
(compG (compG (convG $ last pI) y) $ last p0))
$ convG (last p0) ) ) )
newDF =
let df1l = defuzz (header cl1); df2 = defuzz (header c2) in
if not tP then dfl
else UnFunc (unLabel dfil++"**"++unLabel df2)
(\x -> foldll (gog_derOp g "Meet" (opLoos derMeet)) $
zipWith (\p f -> compG (f $ compG x p) $ convG p)
p0 [unFunc df1,unFunc df2])
in ProdContr (Header
(contrLabel (header cl)++"#x"++contrLabel (header c2))
(unitObj $ header cl) (entryLat $ header cl)
newF newApp newDF )
sP tP
derMeet
[c1,c2]

which is straightforward due to the explanations in Section 4.2.1. The only things that have
to be computed are the fuzzification, application and defuzzification functions in confor-
mance with the flags sP and tP. This is done by newF, newAppl and newDF, respectively. The
label of the resulting controller is simply created by connecting the labels of c1 and c2 with
an additional **. Notice that we do not have to differentiate between the three variants of
FuzContr since we only need parameters of the header of c1 and c2. But, notice that the

function is not associative in the sense that the resulting data structures are equal. But, for
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the mathematical interpretation (the core) this plays no role since the relational product
is associative. Furthermore, we use the labels of two controllers as the equality criteria in
our Eq instance. As one can see, the computation of the label of the resulting controller in
contrProd is associative. Notice that the operation above preserves only the properties both
c1l and c2 have, i.e., a rule of the product controller can only fire if this rule would cause c1
and c2 to fire. This is immediately seen by the fact that the loos derMeet is restricted to

have T as neutral element and, hence, 1L as zero.

The next construction is the relational sum of two controllers.

contrSum sS tS cl c2 derJoin =

let dummy = SumContr (header c1) sS tS derJoin [cl,c2]
elLat = entryLat $ header cl; g = contrCat dummy
compG = gog_comp g; convG = gog_converse g
dom1 = contrDom c1; dom2 = contrDom c2
ranl = contrRan cl; ran2 = contrRan c2
il = injections g eLat [doml,dom2] $ doml++dom2
i0 = injections g elat [ranl,ran2] $ ranl++ran2

(newF ,newApp)
let f1 = fuzz (header c1); f2

fuzz (header c2)

apl = appl (header cl); ap2 = appl (header cl)

al = binFunc apil; a2 binFunc ap2
in
if not sS then (f1,apl)
else
(UnFunc (unLabel fi++"++"++unLabel £2)
(\x -> foldll (gog_derOp g "Meet" (opLoos derJoin)) $
zipWith (\i £ -> compG (f $ compG x (convG 1)) i)
iI [unFunc f1,unFunc f2]),
BinFunc (binLabel apl++"++"++binLabel ap2)
(\x y -> gog_derOp g "Meet" (opLoos derJoin)
(compG (al (compG x $ convG (head iI)) $
(compG (compG (head iI) y) $ convG (head i0)))
$ head i0 )
(compG (a2 (compG x $ convG (last iI)) $
(compG (compG (last iI) y) $ convG (last i0)))
$ last i0 ) ) )
newDF =
let dfl = defuzz (header cl1); df2 = defuzz (header c2) in
if not tS then dfil
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else UnFunc (unLabel df1++"++"++unlabel df2)
(\x -> foldll (gog_derOp g "Meet" (opLoos derJoin)) $
zipWith (\i £ -> compG (f $ compG x (convG i)) i)
i0 [unFunc df1,unFunc df2])
in SumContr (Header
(contrLabel (header cl)++"++"++contrLabel (header c2))
(unit0bj $ header cl) (entrylLat $ header cl)
newF newApp newDF )
sS tS
derJoin

[c1,c2]

The implementation is analogous and a direct realization of the underlying operation. The
following two functions mark the derived meet resp. derived join operation on two fuzzy

controllers as special cases for the functions above.

contrJoin, contrMeet :: (Eq e, Eq obj) => FuzContr e obj -> FuzContr e obj ->

DerOp e -> FuzContr e obj

contrJoin = contrSum False False

contrMeet contrProd False False

Now, we want to switch to contrMelt. The main motivation for this function is the reduction
of the underlying data structure FuzContr and a gain in efficiency for several computations
(e.g., contrSum). The resulting controller shall be of type SimpleContr and contain at maxi-
mum one kind of linguistic entities for each input and output, i.e., all input/output entities
shall have the same target. But, notice that the history of creation of the underlying con-
troller is automatically deleted when using contrMelt and cannot be reconstructed. We start

with sum controllers.

contrMelt :: (Eq e, Eq obj) => FuzContr e obj -> FuzContr e obj
contrMelt fc@(SumContr h sS tS derJoin subctrs) =

let
subms = map contrMelt subctrs; ag = aggr $ head subms
doms = map contrDom subms; rans = map contrRan subms
1EIn = map lingEntIn subms; 1EQut = map lingEntOut subms
rs = concat $ map rules subms

extLab = case (sS,tS) of
(True,True) -> map (\(iF, (s,ts))->(iF, (s++"++" map (++"++") ts)))
(True,False) -> map (\(iF, (s,ts))->(iF, (s++"++",ts)))
(False,True) -> map (\(iF, (s,ts))->(iF, (s,map(++"++") ts)))
(False,False)-> id

161
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in SimpleContr h ag
(extLab $ meltRs (comm ag) (idem ag) (head rs) [] $ tail rs)
(nub $ concat $ if sS then injR [] doms 1lEIn else 1EIn)
(nub $ concat $ if tS then injR [] rans 1EOut else 1EQut)

where

injR us [1] (x:x8) [map (\le -> LingEntity (entLabel le++"++")
(fExtTrg us (entRel le) [1))x]

injR us (1:1s) (x:xs) = map (\le -> LingEntity (entLabel le++"++")

(fExtTrg us (entRel le)ls)) x
: injR (us++[1]) 1s xs

meltRs _ _ x [] 0 = [x]
meltRs c i x (r:rs) [] = x:meltRs c i r [] rs
meltRs c i x@(iF,(1l,trgs)) rs (t@(iF2, (12,trgs2)) :ts)=

if (1==12) && (opLabel iF==opLabel iF2) && c then
meltRs c¢ i (iF,(1,if i then nub $ trgs++trgs2
else trgs++trgs2)) rs ts

else meltRs ¢ i x (t:rs) ts

The header need not be computed again. This has already been done with the creation
of the data structure using contrSum. The aggregation function is delivered by the melted
subcontrollers (subms). Notice that we choose the first element of this list. Indeed, we could
choose an arbitrary element since we implicitly presuppose that the subcontrollers are com-
binable.

The computation of the new linguistic entities and rulebase is a straightforward realization
of Definitions 4.2.5 and 4.2.6. Notice that the resulting input and output entities get new
labels if they are extended to new targets. For the computation of the new rulebase we
explicitly consider whether the aggregation function is commutative (c) or idempotent (1i).
Idempotency implies that we can omit duplicate output entities within a rule, and commu-
tativity allows, presupposed equal interpretation functions, to put two rules together, which
have the same input entity. Finally, we again want to mention that this construction does
not affect the input-output behavior of the resulting controller (cf. Theorem 4.2.1).

Melting two product controllers is done analogously.

contrMelt fc@(ProdContr h sP tP derMeet subctrs) =

let g = contrCat fc; subms = map contrMelt subctrs
1EIn = map lingEntIn subms; 1EOut = map lingEntOut subms
compG = gog_comp g; convG = gog_converse g

concProj = zipWith (\p (LingEntity 1 r) ->
(LingEntity 1 (compG r $ convG p)))
extLab = case (sP,tP) of
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(True,True) -> map (\(s,ts) -> (s++"&&",map (++"&&") ts))
(True,False) -> map (\(s,ts) -> (s++"&&",ts))
(False,True) -> map (\(s,ts) -> (s,map(++"&&") ts))
(False,False) -> id
in SimpleContr h (aggr $ head subms)
(newRules $ map rules subms)
(nub $ prodEnts concProj g
1EIn (map contrDom subms) sP)
(nub $ prodEnts concProj g
1EQut (map contrRan subms) tP)

where

newRules [] =[]
newRules [rs] = rs
newRules (rs:ruls) = [(iF,(1 ++ (if sP then "*x" else "&&") ++ 12,

[n++ (if tP then "**" else "&&") ++ n2

| n<-1s,n2<-1s2]))

| (iF, (1,18)) <- rs, (iF2,(12,1s2)) <- newRules ruls]

prodEnts _ _ o_- - = error ("Empty entity list while "++

"computing the relational products!")

prodEnts f g ents trgs cP =

let es = prodEnts’ ents
cp = crossProd trgs
pr = projections g (entryLat h) trgs cp

(f’,t,conc) = if cP then (f pr,cp,"**")
else (id,head trgs,"&&")
in map (\en -> LingEntity (tail $ tail $ foldl (\x y -> x ++ conc ++
entLabel y) "" en)
(foldl (\x y -> gog_derOp g "Meet"
(opLoos derMeet) x (entRel y))
(gog_top g (unitObj h) t)
$ £2 en) ) es
prodEnts’ [] = error ("Empty entity list while computing " ++

"the relational products!")

prodEnts’ [es] map (:[]) es

prodEnts’ (es:ents) = let en = prodEnts’ ents

in concat [[el:es2 | es2<-en] | el<-es]

The key functionality is established by prodEnts and prodEnts’, respectively. The second
function creates all pairs of linguistic entities arising from the melted subcontrollers. These

pairs are represented by lists. The lists are the base for prodEnts to generate the projections,
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if necessary, and then compute the resulting linguistic entities (cf. Definitions 4.2.8, 4.2.9).
The entities of the melted controller also get new labels. If they are extended using the
projections (i.e., sP or tP are True), they are concatenated by **. Otherwise, we use &&.
This labeling is a good indicator if one wants to list the resulting controller using the show
function.
With product controllers we have to remember that the input-output behavior of the melted
controller is affected. This immediately follows from Theorem 4.2.2. But, we have in every
case that calling
core $ contrProd sProd tProd cl c2 derM

and

core (contrMelt $ contrProd sProd tProd cl c2 derM)
deliver the same result for given parameters sProd, tProd, c1, c2 and derM. The same is true

for contrSum.

The standard case of contrMelt (for simple controllers) is trivial.
contrMelt f = f

Finally, we want to introduce predefined functions to infer the output for a given controller

and a given input.

fuzzify fc x unFunc (fuzz $ header fc) x

apply fc x = binFunc (appl $ header fc) x $ core fc

defuzzify fc y = unFunc (defuzz $ header fc) y

infer fc defuzzify fc . apply fc . fuzzify fc

They can be used quite intuitively.

With these combinators a convenient use of the module should be possible. The user now
has the chance to manually and (in wide areas) automatically construct and manipulate

fuzzy controllers.

4.4 Example controller

In this section we want to provide the module

module FContrTest where
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import FContr

import Lattice

import LFuzzyRel

import LFuzzyRellattices

import List (elemIndex)

in which we develop a little example controller to show how to use FContr. With the example

we do not aim at a sophisticated controller, but try to involve as many operations as possible.

Suppose we have the crossroad shown in Figure 4.6 where the traffic is regulated by two

traffic lights “LL1” and “L2”. The signal flow of both traffic lights shall be dependent from

Street 2
VAN
-~
—_— Street 1

Figure 4.6: A crossroad controlled by a fuzzy controller

the amount of traffic on both streets. Our aim is to develop a controller steering both “L.1”
and “L2”. This can be achieved by creating two separate controllers and then applying the

cross product operation to them. This corresponds to a kind of “concurrent” modeling.

A first simple approach to control a single traffic light is the following. We want to make
the controller dependent from the amount of traffic on the two streets. Hence, we have to
get an input from two sensors each measuring the traffic of its street. We denote the output
domain of a sensor by A and, thus, have the input space A x A for the controllers. We

provide the linguistic input entities

LT :1— Ax A - low traffic,
MT - medium traffic,
HT - high traffic.

The output entities are the following :
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TR:I — B - turn red,
S - stay unchanged,
TG - turn green.

They obviously directly correspond to the possible actions a traffic light can do. The range
B includes the possible states of a traffic light. Normally, we would have red, yellow and
green. But, yellow is a time-dependent (and not traffic-dependent) state. Since we do not

have modeled time in our approach, we omit this state so that we have B := {red, green}.

Now, the question arises which entry lattice to choose. An entry in the input entities shall
express to which degree the traffic on street one and two, respectively, is low, medium or

high. Hence, we choose [0, 1] x [0, 1] as the underlying entry lattice.

At this point we have enough information to model the single controllers “L.1” and “L.2”.

First, we provide the entry lattice. It is clear that we have to use an approximation of

L

[0,1] x [0,1]. We use a granularity of 155.

(100: :Int)
elLat :: Lat (Int,Int)

gran

elat = let els = [ (x,y) | x<-[0..gran], y<-[0..gran]]
in Lat{lat_poSet = PoSet { poSet_isElem = flip elem $ els
,poSet_elements = els
,poSet_1Eq = \(x1,y1) (x2,y2)->x1<=x2 &&
yl<=y2 }

,lat_sup = \(x1,y1) (x2,y2) -> (max x1 x2,max yl y2)

,lat_inf = \(x1,y1) (x2,y2) -> (min x1 x2,min y1 y2)

,lat_botEl = (0,0)

,lat_topEl = (gran,gran)

,lat_atomS = [(1,0),(0,1)]

,lat_jIrredS [(0,x) |x<-[1..gran]]++[(x,0) |x<-[1..gran]]

,lat_mIrredS [(gran,x) |x<-[0..gran-1]]1++[(x,gran) |x<-[0..gran-111}
The parameter gran sets the granularity. The lattice then is instantiated quite intuitively.
The only thing to mention is that we use the componentwise ordering

(z1,y1) < (w2,y2) & 21 <z and y1 <y
on [0,1] x [0, 1] so that we cannot rely on the standard Prelude function (<=). The definition

above is consistent which is shown by the following session on Hugs or GHC.

FContrTest> lat_atomS elLat == atomSet (lat_lSemilat elLat)

True
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FContrTest> lat_mIrredS elLat == mIrredSet elat
True

FContrTest> lat_jIrredS elLat == jIrredSet elat
True

FContrTest> testLattice elat []

(]

Notice that checking both the join-irreducible and meet-irreducible elements before calling
testLattice iS necessary since testLattice automatically reduces the underlying tests to

these elements (cf. Section 3.1).

Now, we can start to model the linguistic entities. First, some parameters are introduced.

unit,trafficSrc,tLightTrg,trafficAB :: [Int]

unit = [1]
trafficSrc = [0..9]
tLightTrg = [20,21]

trafficAB = crossProd [trafficSrc,trafficSrc]

With this unit delivers the unit object which constitutes the source of the linguistic entities.
Furthermore, trafficSrc gives the range of the measuring devices for the traffic and can
be interpreted as the amount of cars at the crossroad on the respective street. Hence, it
corresponds to the set A introduced above. The target of the output entities (B from above)
is provided by the parameter tLightTrg. Since we have to type all lists equally, the entries
have to be interpreted as red (20) and green (21), respectively. Finally, the cross product
A x A is delivered by trafficAB.

We want to construct our linguistic input entities using the intensifying modifier “more or
less”. This corresponds to the application F;, = for a given fuzzy set F', modifier = and a
derived operation ;.. We exemplary explain the procedure while constructing the linguistic
entity HT. In the following we use ; for ;.. First, we introduce two given crisp fuzzy sets
Fy and F, over A x A expressing which amount of cars constitutes a high traffic on street
one resp. two. With this we suppose that street one is the main street and, hence, shall be

preferred with state green.

highA
highB

fUpd (fBot elLat [1::Int] trafficAB) [((0,80+i), (gran,0))|i<-[0..19]]
fUpd (fBot elLat [1::Int] trafficAB) [((0,i*10+9),(0,gran)) |i<-[0..9]]

Notice that trafficAB was created using the crossProd operation. Together with the ex-

planations of Section 4.3 it then should be clear that highA and highB are mathematically
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described by

1,0) ,ifz>8 0,1) ,ify=9
T D YO RO P s
(0,0) , otherwise (0,0) , otherwise

Obviously, already eight cars on street one are seen as high traffic whereas nine cars are
needed on street two. The starting fuzzy sets I} and F5 now have to be modified. Again,
we have to provide a granularity how sensitive the controller shall react on little changes
in the traffic amount. To avoid unnecessarily many state changes with the traffic lights, a
change in the traffic amount lower than two cars on one street shall not affect the behavior.

This is modeled by the fuzzy relation Z2: Ax A — A x A

E((z1,y1), (z2,92)) = ( min(1l,maz(0,1.2 - 0.2 |x1 — 22|)),

min(1l, max(0,1.2 — 0.2 - [yl — y2))). (4.6)

One can see that Tyxa T = holds. If we now compute Fi;=, the interpretation of “high
traffic” is preserved within Fj. But, everything that is “nearly high traffic” gets a weakened
entry. Thus, we, for example, have (F1;Z)(5,0) = (0.6,0). To achieve the overall fuzzy set
HT, we finally have to compute (F; U Fy); Z. With these remarks the Haskell code should

be understandable.

trAB :: [(Int,Int)]
trAB = [(x,y) | x<-trafficSrc,y<-trafficSrc]
mayBeVal (Just i) = 1
mayBeVal Nothing = 0
xi :: FRel (Int,Int) Int Int
xi = fUpd (fBot elat trafficAB trafficAB)
[((mayBeVal $ elemIndex (x1,yl) trAB, mayBeVal $ elemIndex (x2,y2) trAB),
(min gran $ max 0 $ gran+20-20*abs (x1-x2),
min gran $ max 0 $ gran+20-20*abs (yl-y2)) )
| (x1,y1)<-trAB, (x2,y2)<-trAB]

highT = LingEntity "HT" $ roughly xi (fJoin highA highB) 1

The function trAB represents A x A. It differs from trafficAB because it consists of tuples
and, hence, allows a comfortable creation of Z. Furthermore, getMayBeValue is an auxiliary
function which is also needed with xi. The implementation of xi then is a straightforward
realization of Formula 4.6. Finally, HT is computed by highT which makes use of the
predefined function roughly (cf. Section 4.3).

The linguistic entities MT and LT for medium resp. low traffic are provided analogously.
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upd1 = fUpd (fBot eLat unit trafficAB)
mediumA = updl [((0,30+i), (gran,0))|i<-[0..9]]
mediumB = updl [((0,i*10+4),(0,gran)) |i<-[0..9]]
lowA = updl [((0,i),(gran,0))|i<-[0..9]]

lowB = updl [((0,i*10),(0,gran)) |i<-[0..9]]

mediumT = LingEntity "MT" $ roughly xi (fJoin mediumA mediumB) 1

lowT = LingEntity "LT" $ roughly xi (fJoin lowA lowB) 1
Now, we switch to the output entities. They are realized as follows.
upd2 = fUpd (fBot elat unit tLightTrg)

tRed LingEntity "TR" $ upd2 [((0,0),lat_topEl eLat)]
tGreen = LingEntity "TG" $ upd2 [((0,1),lat_topEl eLat)]

stay LingEntity "S" $ upd2 [((0,0),(div gran 2,div gran 2)),

((0,1),(div gran 2,div gran 2))]

The entities TR and T'G, implemented by tRed resp. tGreen, are crisp whereas S is not.

This representation is chosen arbitrarily.

The input and output entities have to be connected within the rulebase. With the model

developed so far we choose a very intuitive variant.

If x is HT then y is TG
If x is MT then y is S
If x is LT then y is TR

The rulebase demands to turn red when there is only low traffic on the respective street.
Analogously, turning green is demanded with high traffic. Medium traffic shall cause the
traffic light to stay unchanged.

Now, we construct “L1” and “L2”. Throughout this example we want all rules to be inter-
preted by ;. The application function of the resulting controllers also shall be the common
composition operator. Furthermore, we use the identity operator as fuzzification, and join

is used as aggregation function. Hence, we introduce the following abbreviations.

infOp, supOp :: DerOp (Int,Int)

infOp DerOp "Inf" (lat_infLoos elLat) True True

supOp DerOp "Sup" (lat_supLoos elat) True True
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compBinFunc :: BinFunc (FRel (Int,Int) Int Int)

compBinFunc = BinFunc "Comp" fComp
The controller for street one is computed as follows.

deFuzz sc = UnFunc "Res" (fDown . fRRes sc)
tLightCtrA = contrUpdEntIn "" [(infOp, (1owT, ["TR"1)),

(inf0Op, (highT, ["TG"1)),

(infOp, (mediumT, ["S"]1))] $
contrUpdEntOut "" [(infOp, (tRed,[]1)),

(inf0p, (tGreen, [1)),

(infOp, (stay, [1))] $
contrUpdDefuzz (deFuzz $ fScalar elLat (80,0) unit) $
contrUpdAggr supOp $
contrUpdAppl compBinFunc $

emptyContr "TLA" unit elat

The construction is delivered as expected. Notice that we do not explicitly have to provide
the identity function as fuzzification since emptyContr uses it per definition (cf. Section 4.3).
The only things we have to set are the aggregation and defuzzification function as well as the
linguistic entities for input and output, respectively. As defuzzification we choose the cut
approach with the function A(y) := (ago's’o)\y)l. Of course, the parameter (0.8,0) strongly
affects the behavior of the resulting controller and has to be investigated properly. The

second component of this tuple is set to zero since we want to control street one.

The controller for the second street is implemented analogously.

tLightCtrB = contrUpdEntIn "" [(infOp, (lowT,["TR"]1)),

(inf0Op, (highT, ["TG"1)),

(infOp, (mediumT, ["S"]1))] $
contrUpdEntOut "" [(infOp, (tRed, [1)),

(infOp, (tGreen, [1)),

(infOp, (stay, [1))] $
contrUpdDefuzz (deFuzz $ fScalar elLat (0,80) unit) $
contrUpdAggr supOp $
contrUpdAppl compBinFunc $
emptyContr "TLB" unit elat

The only difference is the label and the defuzzification function. Here the first component

of the scalar for the cut computation is set to zero since we want to control street two.
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Finally, we have to put tLightCtrA and tLightCtrB together to one product controller. This

is done by the function

tLightCtr’ = contrProd False True tLightCtrA tLightCtrB infOp

which uses the standard cross product (indicated by inf0p). Notice that only the range of
the resulting controller has to be extended so that it steers two traffic lights. It is clear
that now the critical states (green,green) and (red,red) can occur. Hence, we modify the
defuzzification function of tLightCtr’ such that these states are excluded. We choose the
most simple variant by providing a function f: A x A — A x A that can be applied to the
defuzzified output of tLightCtr’. It shall be of the following form :

green,green) red,green),

)

)

red,green) red,green

( —
(green,red) + (green,red
( =
( —

)
)
)
)

red,red) green,red).

Obviously, the non-critical states are not changed. But, when both streets have green, we
decide to turn red on the main street and let the cars of street two pass. This is done due
to fairness considerations. Otherwise it would be possible that “L2” never turns green (e.g.,
during the peak time). The traffic flow on the main street should not be affected too strong
with this regulation since “L1” and “L2” are programmed to prefer street one with state
green if less than nine cars are waiting on street two.

Finally, the state (red,red) shall be turned into (green,red) which makes even clearer that

we prefer the main street with state green.

Since A x A is represented by the list [20,21,20,21] which can be thought as
[(red,red), (red, green), (green,red), (green, green)],

we can achieve the intended behavior by applying the matrix

=

Il
o O O O
_ o = O
o O O O

1
0
1
0

to the defuzzified output. If we denote the old defuzzification function of tLightCtr’ by
A’ we have the new defuzzification function A(y) := A’(y); R.

The following Haskell code realizes our intent.
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tLightCtr = let d4f’

defuzz $ header tLightCtr’

tLT = crossProd [tLightTrg,tLightTrg]
tEl = lat_topEl elat
r = fUpd (fBot elLat tLT tLT)

£((0,2),tE1), ((1,1),tELl), ((2,2),tEL), ((3,1),tEL)]
in contrUpdDefuzz (UnFunc (unLabel df’) $
\x -> fComp (unFunc df’ x) r) tLightCtr’

Now, we examplary want to have a look at the rulebase of tLightCtr to see the effect of the

contrProd operation. We compute the rulebase as follows.

FContrTest> rules $ contrMelt tLightCtr

[("Inf", ("LT&&LT", ["TR**TR"])), ("Inf", ("LT&&HT", ["TR**TG"]1)),
("Inf", ("LT&&MT", ["TR**S"1)), ("Inf", ("HT&&LT", ["TG**TR"])),
("Inf", ("HT&&HT", ["TG**TG"]1)), ("Inf", ("HT&&MT", ["TG**S"])),
("Inf", ("MT&LLT", ["S**TR"1)), ("Inf", ("MT&&HT", ["S**TG"])),
("Inf", ("MT&&MT", ["S**S"]1))]

Here we see that indeed only the output entities are extended (indicated by the concatenator
*x). This rulebase is the direct realization of our intended controller.
The effect of the extended defuzzification function of tLightTrg can be seen by the following

computations.

FContrTest>infer tLightCtr’ $ fUpd (fBot eLat unit $ contrDom tLightCtr’)
[((0,89),(100,100))]

Source: [1]

Target: [20,21,20,21]

Rel

[£c¢o,0,(0,0),(0,0),(100,100)11]

FContrTest>infer tLightCtr $ fUpd (fBot elLat unit $ contrDom tLightCtr)
[((0,89),(100,100))]

Source: [1]

Target: [20,21,20,21]

Rel

([(0,0),(100,100),(0,0),(0,0)1]

With the first call we compute the resulting state of the two traffic lights when we have
eight cars on the main street and nine cars on street two. The result indeed indicates that

this causes both “L.1” and “L2” to turn green if they are controlled by tLightCtr’.
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With the second call we use the modified controller tLightCtr. It computes state (red,green)

for the same amount of traffic.

Now, suppose we want to introduce an additional signal which causes the traffic lights to
go inactive (often indicated by a flashing yellow light). For this purpose we provide a new

controller as follows.

offSrc = unit
offCtr = let offEnt 1 = LingEntity 1 $ fTop eLat [1] offSrc
in contrUpdEntIn "" [(infOp, (offEnt "OffI",["0££0"]1))] $
contrUpdEntOut "" [(infOp, (offEnt "0ff0",[1))] $
contrUpdAppl compBinFunc $
emptyContr "Off" unit elat

It does nothing more than to react on a special input signal and generate the corresponding

output signal. If we combine this controller and tLightCtr by
extTLightCtr = contrSum True True tLightCtr offCtr supOp

the resulting controller can be turned off by a special signal. The following computation

makes this clear.

FContrTest> apply extTLightCtr $ fUpd (fBot elat unit $ contrDom extTLightCtr)
[((0,100), (100,100))]

Source: [1]

Target: [20,21,20,21,1]

Rel

(f¢o,0,(0,0),(0,0),(0,0),(100,100)1]

The domain of extTLightCtr is (A x A)+ I. Hence, we have 101 entries in the domain such
that the last entry represents the off signal. Using this fact, we create the crisp input fuzzy
set shown above and, hence, the lights are turned off after the application of this input to

the core of extTLightCtr.

The computation

FContrTest> infer extTLightCtr $ fUpd (fBot elat unit $ contrDom extTLightCtr)
[((0,90),(100,100))]

Source: [1]

Target: [20,21,20,21,1]

Rel

[[¢0,0),(0,0),(100,100),(0,0),(0,0)]1]
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shows that the controller does not generate the signal to turn off if we have an input
representing the amount of traffic. We choose position 90 of the domain which means
that we have nine cars on street one and zero cars on street two. Hence, the controller infers
the output shown above. It corresponds to the tuple (green,red), i.e., we have green on

street one and red on street two.



Chapter 5

Conclusion

In this thesis we, on the one hand, provided a collection of different Haskell modules to make
it possible to explore Goguen categories using the RATH system. For this purpose we had
to introduce suitable data structures and functions to create, manipulate and test different
lattice-structures. How these functions can be used properly was shown with the module
StandardLattices where we implemented some standard lattice constructions.

The Lattice module delivered the necessary auxiliary functions to implement the Goguen
module which provides the key functionality to include Goguen categories into RATH and
test their correct instantiation. The main effort with this module was to implement the
test routines efficiently. Especially the antimorphism property of the underlying definition

caused some problems which could be solved quite well.

On the other hand, this thesis covers a very important application of Goguen categories
— fuzzy controllers. We first introduced the module LFuzzyRel which constitutes a frame-
work for a comfortable handling of £-fuzzy relations. With this framework we also support
derived operations from lattice-ordered semigroups such that this important construction
can be applied. Furthermore, LFuzzyRel is used to create the standard model of Goguen
categories.

With these preparations we then were able to provide suitable combinators to create and
test fuzzy controllers within the abstract theory of Goguen categories. To do so, we mo-
tivated why the linguistic model (thus, Mamdani inference) is good to handle by L-fuzzy
relations and, hence, by Goguen categories. After that, we defined when two controllers
are combinable, introduced a set of operations on combinable controllers (e.g., derived di-

rect sum, derived cross product) and examined their influence on the input-output behavior
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of the resulting controller. We saw that the derived sum in the case that the controllers
are combinable and the derived cross product in the case of Mamdani inference affects the
input-output behavior in the expected way.

Thus, we had the mathematical base to provide the module FContr which implements these
operations as well as all necessary functionality to create and test fuzzy controllers based
on the linguistic model. In a final example where we implemented a fuzzy controller that

steers two traffic lights at a crossroad, we demonstrated how to use this module.

But, there are still many things to do.

The auxiliary modules Lattice and LFuzzyRel only provide the most necessary functionality
that was needed for the instantiation of Goguen categories and for the FContr module. In a
future work, these frameworks could be extended such that they provide functionality that
goes into deep with the respective topic. Thus, LFuzzyRel could, for example, support the
construction of fuzzy negation and fuzzy implication operators.

The more important issue of future extensions should be to provide a GUI for the FContr
module. Thus, the user would have the chance to create and test controllers in a comfortable
and clear way.

Finally, the efficiency of the provided algorithms could be improved. Especially with FContr
comprehensive computations are done. We think that a considerable gain in efficiency can

be achieved there if further investigation is done.
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Appendix A

Lattice Instances and Export of the

Functions

In the following we want to connect the type class view and the record data structures of

our lattice module provided in Section 3.1. We start by instantiating the type classes.

module Latticelnstances where
import Lattice

import LatticeClass

instance POrderedSet (PoSet el) el where
isElem = poSet_isElem
elements = poSet_elements

1Eq

poSet_1lEq

instance POrderedSet (LSemilat el) el where

isElem = 1Semilat_isElem

elements = 1lSemilat_elements

1Eq = 1Semilat_1Eq

instance POrderedSet (USemilat el) el where

uSemilat_isElem

isElem
elements = uSemilat_elements

1Eq

uSemilat_lEq

instance POrderedSet (RelComplLat el) el where

isElem = relCompLat_isElem
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elements = relComplLat_elements

1Eq

relCompLat_1Eq

instance POrderedSet (Lat el) el where

isElem lat_isElem
elements = lat_elements

1Eq

lat_1Eq

instance POrderedSet (CompLat el) el where

isElem = compLat_isElem

elements = complLat_elements

1Eq = compLat_lEq

instance LoSemilattice (LSemilat el) el where

1SemiLat_inf
botEl = 1SemilLat_botEl

inf

atomS = 1Semilat_atomS

instance LoSemilLattice (RelCompLat el) el where

inf = relComplLat_inf

botEl

relCompLat_botEl

atomS = relComplLat_atomS

instance LoSemilattice (Lat el) el where

inf = lat_inf
botEl = lat_botEl
atomS = lat_atomS

instance LoSemilattice (CompLat el) el where

inf compLat_inf

botEl

compLat_botEl

atomS = complLat_atomS

instance UpSemilLattice (USemilLat el) el where

sup uSemilLat_sup

topEl = uSemilat_topEl

instance UpSemilLattice (Lat el) el where

sup lat_sup

topEl = lat_topEl
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instance UpSemilattice (CompLat el) el where
sup = compLat_sup

topEl = complat_topEl

instance RelCompLattice (RelCompLat el) el where

relComplem = relCompLat_relComplem

instance Lattice (Lat el) el where

jIrredS = lat_jIrredS

mIrredS lat_mIrredS

instance Lattice (CompLat el) el where

jIrredS = complat_jIrredS

mIrredS compLat_mIrredS

instance CompLattice (CompLat el) el where

complem = compLat_complem

Furthermore, we need the reversed instances to export the tests and functions.

revPoSet :: (POrderedSet p el) => p -> PoSet el

revPoSet p = PoSet { poSet_isElem isElem p
,poSet_elements = elements p

1Eq p by

,poSet_1Eq

revLSemilat :: (LoSemilattice 1 el) => 1 -> LSemilat el

revLSemilat 1 = LSemiLat { 1Semilat_poSet = revPoSet 1
,1SemiLat_inf = inf 1
,1SemiLat_botEl = botEl 1
,1Semilat_atomS = atomS 1 }

revUSemilat :: (UpSemilattice 1 el) => 1 -> USemilat el
revUSemilat 1 = USemilat { uSemilat_poSet = revPoSet 1
,uSemilat_sup = sup 1

,uSemiLat_topEl = topEl 1 }

revRelCompLat :: (RelCompLattice r el) => r -> RelCompLat el
revRelCompLat r = RelCompLat { relCompLat_lSemilat = revLSemilat r
,relCompLat_relComplem = relComplem r }
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revlat :: (Lattice 1 el) => 1 -> Lat el

revlat 1 = Lat { lat_poSet = revPoSet 1
,lat_sup =sup 1
,lat_inf = inf 1
,lat_topEl = topEl 1
,lat_botEl = botEl 1
,lat_atomS = atomS 1

,lat_jIrredS = jIrredS 1
,lat_mIrredS = mIrredS 1 }

revCompLat :: (CompLlattice c el) => ¢ -> CompLat el
revCompLat ¢ = CompLat { compLat_lat = revlat c

,compLat_complem = complem ¢ }

Hence, we are able to transfer the functions to our type class view. To avoid name space

conflicts, we start all function names by t_.

t_leastFPA :: (Eq a, Lattice 1 a) =>a ->1 -> (a -> a) -> a
t_leastFPA a 1 = leastFPA a (revlLat 1)

t_leastFP :: (Eq a, Lattice 1 a) =>1 -> (a -> a) -> a
t_leastFP 1 = t_leastFPA (botEl 1) 1

t_latFPs :: (Eq a, Ord a, Lattice 1 a) => 1 -> (a -> a) -> (Lat a)
t_latFPs 1 = latFPs (revLat 1)

t_atomSetBy :: (POrderedSet p el) => p -> el -> (el -> el -> el) -> [el]l -> [el]
t_atomSetBy p = atomSetBy (revPoSet p)

t_redSetBy :: (Eq el,POrderedSet p el) => p -> (el -> el -> el) -> [el] -> [ell
t_redSetBy p = redSetBy (revPoSet p)

t_irredSetBy :: (Eq el,POrderedSet p el)=>p->el->(el -> el -> el)->[el]->[el]
t_irredSetBy p = irredSetBy (revPoSet p)

t_jRedSet,t_jIrredSet,t_mRedSet,t_mIrredSet :: (Eq el, Lattice 1 el) => 1 -> [el]
t_jRedSet 1 = redSetBy (revPoSet 1) (sup 1) []

t_jIrredSet 1 = irredSetBy (revPoSet 1) (botEl 1) (sup 1) []

t_mRedSet 1 = redSetBy (revPoSet 1) (inf 1) (]



t_mIrredSet 1 = irredSetBy (revPoSet 1) (topEl 1) (inf 1) []

t_testRefl, t_testTrans :: (POrderedSet p el) => p -> TestRes el
t_testRefl = testRefl . revPoSet

t_testTrans testTrans . revPoSet

t_testAntiSymm,t_testPoSet :: (Eq el, POrderedSet p el) => p -> TestRes el

t_testAntiSymm = testAntiSymm . revPoSet

t_testPoSet testPoSet . revPoSet

t_testConsBy :: (Eq el,POrderedSet p el) =>p -> (el -> el -> el) ->
[el] -> [el]l -> TestRes el

t_testConsBy p = testConsBy (revPoSet p)

t_testJCons :: (Eq el,UpSemilattice u el) => u -> TestRes el
t_testJCons = testJCons . revUSemilat

t_testMCons :: (Eq el,LoSemilattice 1 el) => 1 -> TestRes el

t_testMCons testMCons . revLSemilat

t_testRelCompCons :: (Eq el,RelCompLattice r el) => r -> TestRes el

t_testRelCompCons = testRelCompCons . revRelCompLat

t_testConsUnBy :: (Eq el,POrderedSet p el) => p -> (el -> el) ->
[el] -> [el] -> TestRes el
t_testConsUnBy p = testConsUnBy (revPoSet p)

t_testCompCons :: (Eq el,CompLattice c el) => c¢ -> TestRes el

t_testCompCons = testCompCons . revCompLat

t_testCommBy,t_testIdemBy,t_testAssBy :: (Eq el,POrderedSet p el) =>

p -> (el -> el -> el) -> [el] -> TestRes el
t_testCommBy p = testCommBy (revPoSet p)
t_testIdemBy p = testIdemBy (revPoSet p)

t_testAssBy p = testAssBy (revPoSet p)

t_testJComm,t_testJIdem,t_testJAss :: (Eq el,UpSemilattice u el)=>u->TestRes el

t_testJComm testJComm . revUSemilat

t_testJIdem testJIdem . revUSemilat

t_testJAss = testJAss . revUSemilat
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t_testMComm,t_testMIdem,t_testMAss :: (Eq el,LoSemilattice 1 el)=>1->TestRes el

t_testMComm testMComm . revLSemilLat

t_testMIdem = testMIdem . revLSemilat

testMAss . revLSemilat

t_testMAss

t_testTopElBy :: (UpSemilattice u el) => u -> [el] -> TestRes el
t_testTopElBy u = testTopElBy (revUSemilat u)

t_testBotElBy :: (LoSemilattice 1 el) => 1 -> [el] -> TestRes el
t_testBotElBy 1 = testBotElBy (revLSemilat 1)

t_testTopEl :: (UpSemilattice u el) => u -> TestRes el
t_testTopEl = testTopEl . revUSemilat

t_testBotEl :: (LoSemilattice 1 el) => 1 -> TestRes el

t_testBotEl testBotEl . revLSemilat
t_testUpSemilatticeBy :: (Eq el,UpSemilattice u el) =>
u -> [el] -> [el] -> TestRes el

t_testUpSemilatticeBy u = testUpSemilatticeBy (revUSemilat u)

t_testLoSemilatticeBy :: (Eq el,LoSemilattice 1 el) =>
1 -> [el] -> [el] -> TestRes el
t_testLoSemilatticeBy 1 = testLoSemilatticeBy (revLSemilat 1)

t_testLatticeBy :: (Eq el,Lattice 1 el) => 1 -> [el] -> [el] -> TestRes el
t_testLatticeBy 1 = testlatticeBy (revlLat 1)
t_testUpSemilattice :: (Eq el,UpSemilattice u el) => u -> TestRes el

t_testUpSemilattice = testUpSemilattice . revUSemilat

t_testLoSemilattice :: (Eq el,LoSemilattice 1 el) => 1 -> TestRes el

t_testLoSemilattice = testLoSemilattice . revLSemilat

t_testlLattice :: (Eq el,Lattice 1 el) => 1 -> TestRes el

t_testLattice = testlLattice . revlat

t_testModularBy :: (Eq el,Lattice 1 el) => 1 -> [el] -> TestRes el
t_testModularBy 1 = testModularBy (revLat 1)



t_testModular :: (Eq el,Lattice 1 el) => 1 -> TestRes el

t_testModular = testModular . revLat

t_testDistrBy :: (Eq el,POrderedSet p el) => p -> (el -> el -> el) ->
(el -> el -> el) -> [ell

t_testDistrBy p = testDistrBy (revPoSet p)

t_testJDistr,t_testMDistr ::

t_testJDistr = testJDistr . revLat

t_testMDistr = testMDistr . revLat

t_testRelComplBy :: (Eq el,RelCompLattice r el) => r -> [el] -> TestRes el

-> TestRes el

(Eq el,Lattice 1 el) => 1 -> TestRes el

t_testRelComplBy r = testRelComplBy (revRelCompLat r)

t_testRelCompl :: (Eq el,RelComplattice r el) => r -> TestRes el

t_testRelCompl = testRelCompl . revRelCompLat

t_testAtomicIrred :: (Eq el,Lattice 1 el) => 1 -> TestRes el

t_testAtomiclrred = testAtomicIrred . revlat

t_testAtomicBy :: (Eq el,Lattice 1 el) => 1 -> [el] -> TestRes el

t_testAtomicBy 1 = testAtomicBy (revLat 1)

t_testAtomic :: (Eq el,Lattice 1 el) => 1 -> TestRes el

t_testAtomic = testAtomic . revLat

t_testComplBy :: (CompLattice c el) => ¢ -> [el] -> TestRes el

t_testComplBy ¢ = testComplBy (revCompLat c)

t_testCompl :: (CompLattice c el) => c¢ -> TestRes el

t_testCompl = testComp

t_testBoolLatticeBy ::
t_testBoolLatticeBy c

t_testBoolLattice,t_testBoolLatticelrred ::

t_testBoolLattice

t_testBoolLatticelrred

1.

(Eq el,CompLattice c el)=>c -> [el] -> [el] -> TestRes el

revCompLat

testBoolLatticeBy (revCompLat c)

c -> TestRes el

(Eq el,CompLattice c el) =>

testBoolLattice . revCompLat

testBoolLatticelrred .

revCompLat
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t_testMorphBy :: (Eq el2,POrderedSet pl ell, POrderedSet p2 el2) => pl -> p2 ->
(ell -> ell -> ell) ->
(el2 -> el2 -> el2) -> String -> (ell -> el2) -> TestRes ell
t_testMorphBy pl p2 = testMorphBy (revPoSet pl) (revPoSet p2)

t_testMorphUnBy :: (Eq el2,POrderedSet pl ell, POrderedSet p2 el2) => pl -> p2 ->
(ell -> ell) -> (el2 -> el2) ->
String -> (ell -> el2) -> TestRes ell

t_testMorphUnBy pl p2 = testMorphUnBy (revPoSet pl) (revPoSet p2)

t_testUpSemilatMorph :: (Eq el2,UpSemilattice ul ell, UpSemilattice u2 el2) =>
ul -> u2 -> (ell -> el2) -> TestRes ell
t_testUpSemilatMorph ul u2 = testUpSemilatMorph (revUSemilat ul)
(revUSemilat u2)

Il
\Y

t_testLoSemiLatMorph :: (Eq el2,LoSemilattice 11 ell, LoSemilattice 12 el2)
11 -> 12 -> (ell -> el2) -> TestRes ell
t_testLoSemilLatMorph 11 12 = testLoSemilatMorph (revLSemilat 11)
(revLSemilat 12)

t_testLatMorph :: (Eq el2,Lattice 11 ell, Lattice 12 el2) =>
11 -> 12 -> (ell -> el2) -> TestRes ell
t_testLatMorph 11 12 = testLatMorph (revLat 11) (revlat 12)

t_testUpCoSemiLatMorph :: (Eq el2,UpSemilattice 11 ell, LoSemilattice 12 el2) =>
11 -> 12 -> (ell -> el2) -> TestRes ell
t_testUpCoSemiLatMorph 11 12 = testUpCoSemilatMorph (revUSemilat 11)
(revLSemilat 12)

t_testLoCoSemiLatMorph :: (Eq el2,LoSemilattice 11 ell, UpSemilattice 12 el2) =>
11 -> 12 -> (ell -> el2) -> TestRes ell
t_testLoCoSemiLatMorph 11 12 = testLoCoSemilatMorph (revLSemilat 11)
(revUSemilat 12)

t_testCoLatMorph :: (Eq el2,Lattice 11 ell ,Lattice 12 el2) =>
11 -> 12 -> (ell -> el2) -> TestRes ell

t_testCoLatMorph 11 12 = testCoLatMorph (revLat 11) (revLat 12)

t_testBoolLatMorph :: (Eq el2,CompLattice cl ell, CompLattice c2 el2) =>
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cl -> ¢c2 -> (ell -> el2) -> TestRes ell
t_testBoolLatMorph cl c2 = testBoolLatMorph (revCompLat cl) (revCompLat c2)

t_testMonoFunc, t_testAntiFunc :: (POrderedSet p el)=>p->(el -> el)->TestRes el
t_testMonoFunc p = testMonoFunc (revPoSet p)
t_testAntiFunc p = testAntiFunc (revPoSet p)






Appendix B

Goguen Instances and Export of the

Functions

In the following we want to provide instances for the class GoguenCat provided in Section 3.3.
Furthermore, the according test routines shall be exported. Thus, we connect our Goguen
module and the RATH system.

module GoguenlInstances where

import RelAlgClasses

import RelAlgInstances (dedDict)
import GoguenClass

import Goguen

import RelAlg

instance Category (Gog loos obj mor) obj mor where
is0bj = gog_is0bj
isMor = gog_isMor

objects = gog_objects
homset = gog_homset
source = gog_source

target = gog_target

idmor = gog_idmor
comp = gog_comp
instance Allegory (Gog loos obj mor) obj mor where

converse = gog_converse
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meet

incl

instance
join

botto

instance
rres

lres

syq

instance

top =

instance
up
down

derOp

APPENDIX B. GOGUEN INSTANCES AND EXPORT OF THE FUNCTIONS

= gog_meet

gog_incl

DistribAllegory (Gog loos

= gog_join
m = gog_bottom

DivisionAllegory (Gog loos
= gog_rres

= gog_lres

g0g_syq

DedCat (Gog loos
gog_top

GoguenCat (Gog loos

= gog-up
= gog_down

gog_derOp

obj

obj

obj

obj

mor)

mor)

mor)

mor)

obj mor where

obj mor where

obj mor where

loos obj mor where

Before we can export the tests, we need the reverse instance of the Goguen class.

gogDict ::

gogDict g

= Gog { gog_up up g

,gog_down = down g

,gog_derOp = der0Op g }

GoguenCat g 1 obj mor => g -> Gog 1 obj mor

Hence, the consistency tests and necessary functions are exported to be available within the

type class view. Notice that we cannot export those functions that are parametrized by

given functions to determine the scalars or crisp relations (e.g., antiMorphBy). To do so, we

would, for example, have to transform a function f of type

f::(DedCat d obj mor) => d -> obj -> [mor]

into a new function

f’:: Ded obj mor -> obj -> [mor]

which is, in general, not possible. Thus, we only export the tests using the standard functions

for the determination of the scalars and crisp relations, respectively.

t_antiMor

ph :: (Eq mor,GoguenCat g 1 obj mor)

t_antiMorph g = antiMorph $ gogDict g

=> g -> obj -> obj -> [mor -> mor]



t_testAntiMorph :: (Eq obj, Eq mor, GoguenCat g 1 obj mor) =>

g -> obj -> obj -> TestResult obj mor
t_testAntiMorph g = testAntiMorph $ gogDict g

t_testAntiMorphAll :: (Eq obj,Eq mor,GoguenCat g 1 obj mor) =>
g -> TestResult obj mor
t_testAntiMorphAll g = testAntiMorphAll $ gogDict g

t_testUpDown :: (Eq obj, Eq mor, GoguenCat g 1 obj mor) =>
g -> obj -> obj -> obj -> TestResult obj mor
t_testUpDown g = testUpDown $ gogDict g

t_testUpDownAll :: (Eq obj, Eq mor, GoguenCat g 1 obj mor) =>
g -> TestResult obj mor
t_testUpDownAll g = testUpDownAll $ gogDict g

goguen_TEST :: (Eq obj, Eq mor, GoguenCat g 1 obj mor) => g -> TestResult obj mor

goguen_TEST g = gog_TEST $ gogDict g

t_testLinear :: (Eq mor, GoguenCat g 1 obj mor) => g -> TestResult obj mor

t_testlinear g = testLinear $ gogDict g

goguen_fun_TEST :: (Eq mor2,GoguenCat gl 1 objl morl,GoguenCat g2 1 obj2 mor2)=>
gl -> g2 -> Fun obj2 mor2 objl morl -> TestResult objl morl

goguen_fun_TEST gl g2 = gog_fun_TEST (gogDict gl) $ gogDict g2
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