UNIVERSITA DEGLI STUDI DI TRENTO

FACOLTA DI SCIENZE MATEMATICHE, FISICHE E NATURALI

DOTTORATO DI RICERCA IN MATEMATICA XXV CICLO

PhD Thesis

Maria Emilia Della Stella

Extended-order algebras
and

some applications

Supervisor:
Ch.mo Prof. Cosimo Guido

Mathematics Subject Classifications (2010): 03B50; 03G10; 03G25; 06B23; 06F99




Contents

Introduction

1

Preliminary classical notions and results

1.1 Preliminaries on order and lattices . . ... ... ...............
1.2 Galois connections and conjugated pairs . . . . .. ... ... L.
1.3 MacNeille completion of posets . . . ... ... ... ... ... ..
1.4 Classical binary relations and powerset operators . ... ..........

Extended-order algebras and the implicators

2.1 Extended-order algebras . . ... ... ... .. ... ... ... ... ...
2.1.1 Basic definition and results . . . ... ... ... ... ... ..
2.1.2  The adjoint product and the idempotency conditions . . . . . . . .
2.1.3 Symmetrical extended-order algebras . .. ... ...........
2.1.4  The negation and the disjunction connectives . .. ... ... ...
2.1.5  Commutativity and associativity of w-eo algebras . . . . ... ...
2.1.6  Some remarks on extended-order algebras . .. ... ... ... ..

2.2 Implicators . . . . . . . . . e
2.2.1 Fuzzy implicators and the conditional implication . . . . . . . . ..
2.2.2  The conditional conjunction . . . . . ... ... ... ... ......

Many-valued relations

3.1 Lerelations . . . . . . . ...
3.1.1 Algebras of L-relations . . . . ... ... ... ... ... .......
3.1.2 Compositions of L-relations . . . . ... ... .. ...........

3.2 L-relations and associated operators on L-sets . . . ... ... .......
3.2.1 L-order, subsethood and intersection degree . . .. ... ... ...
3.2.2  L-powerset operators . . . . . . .. ...
3.2.3 Powerset operators as compositions . . . . ... ...

3.3 Functorial many-valued relations . . .. ... ... ... ... ........
3.3.1 Functionality by cuts . . . . ... .. ... o oo
3.3.2 Functionality by composition . . . ... ... ... ... . ......
3.3.3 Power-functionality . . . ... ... .. ... . ... L.
3.3.4 Some remarks on functorial L-relations . . .. ... ... ... ...

10
10
15
17
18

24
24
24
28
31
37
48
54
99
59
64



CONTENTS

4 Galois and Tarski connections
4.1 Lower and upper hulls in preordered sets . . . . ... ... .........
4.2 Equivalences and connections . . . . . ... ... ... ...
4.3 Galois connections . . . . . . . . ..
4.4 Tarski connections . . . . . . . . . . . . e e
4.5 Some remarks on connections . . . . . . ... ...

5 The structure of many-valued relations
5.1 Relational triangles . . . ... .. ... ...
5.1.1 Relational triangles and cdeo algebras . . . ... ... ... ... ..
5.1.2 Relational triangles and many-valued relations . . . . . ... .. ..
5.2 Double relational triangles . . . . .. .. ... oo oL
5.2.1 Double relational triangles and cdeo algebras . ... ... ... ..
5.2.2  Double relational triangles and many-valued relations . . ... ..
5.3 Relational triangles, connections and powerset operators . . . . ... ...

6 Structures for many-valued relations
6.1 Pseudo-categories. . . . . . ...
6.1.1 Reversible and ordered pseudo-categories . . . . . . ... ... ...
6.1.2 Relational pseudo-categories . . . . . .. ... ... L.
6.1.3 Pseudo-n-categories . . . . . . . ... oo
6.1.4 Special elements in relational pseudo-categories . . . ... ... ..
6.1.5 Examples and remarks . . .. ... ... .o Lo
6.2 Composition graphs and connections . . . . ... ... ... .........
6.3 Relational systems . . . . . .. .. L
6.4 Tied relational systems . . . . .. .. ... Lo

Appendix

Bibliography

109
109
115
119
126
135

140
140
144
154
168
171
180
188

194
194
195
200
202
207
211
217
225
231

241

249



Introduction

In recent years there has been a big development of many-valued logic, and more
generally, of many-valued mathematics, encouraged by their usefulness for the applica-
tions in the context of different scientific disciplines.

The growing interest for the reasoning under uncertainty and partial knowledge condi-
tions [10, 45, 74] urged producing a considerable variety of approaches to non-classical
logics and to related mathematics; the in-depth study of algebraic structures associated
to logic, that has led to various modifications, settlements and evolutions, is due to the
fact that these algebras are strictly related to fundamental aspects of mathematics, like
set theory and topology [59].

The algebras that occur in classical logic essentially depend on the notion of order
and on the related operations that characterize various types of lattices, including the
well-known boolean and Heyting algebras, whose structure is, in fact, determined by
operations strongly connected with the connectives of classical and intuitionistic logic.
Considerable work has been done to investigate in detail the algebraic operations directly
or indirectly connected with the logical connectives and with the lattice structures and
to study interrelationships between these different operations; moreover, the possibility
to deduce all the operations from one or some of them has been exploited and it de-
pends on the properties of these and on the underlying lattice structure. The main tools
allowing to clarify interrelations and to construct new binary operations from old ones
are undoubtedly isotone and antitone classical Galois connections.

The connective generally used as a starting point is the logical conjunction, whose al-
gebraic counterpart provides a monoidal structure, that has interesting connections and
similarities with analogous structures, related to several mathematical contexts: impor-
tant examples are residuated lattices and quantales, originally considered in relation
with the ideals of rings of operators [28, 29, 68, 75], and t-norms, originally connected
to the theory of probabilistic metric spaces [63, 64]. Moreover, this kind of structures
has been moved into the context of category theory, to build a categorical approach to
logic (see [65]).

In such monoidal structures it has become usual to drop the commutativity, besides the
idempotency of the operation, though for applications of logics in the classical context
these are fundamental conditions.

On the other hand the associativity condition, whose motivations are not clear enough,
in our opinion, seems to cannot be given up, due to its permanent use in logics and in
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INTRODUCTION 4

various other contexts. The unique exception, to our knowledge, is the trend, devel-
oped recently, to consider semi-quantales (actually, quantales without associativity and
distributivity conditions) or arbitrary varieties of algebras as reference structures for cat-
egories of L-sets, L-topological spaces and topological systems (see [21, 23, 79, 81]); this
trend however seems to aim essentially the goal of generality. The monoidal associative,
and distributive as well, structures have been explicitly considered as fundamental by J.
A. Goguen, one of the pioneers of fuzzy sets theory [44].

The second connective most frequently used as a reference and starting point to build
algebras for many-valued logics is the implication: so called implication algebras, among
which the Hilbert algebras, have been studied since the fifties (see [26]) and they are
widely described in [74], in their algebraic aspects and in their application to non-classical
logics; however, the “implication” operation that characterizes these structures turns out
to be the one connected, by classical adjunction, to the meet operation A, whenever the
underlying structure is also a complete lattice with respect to the induced order, which
strongly reduces the application fields.

Nowadays, residuated lattices (a kind of lattice ordered, both monoidal and implicative
structure) first considered in [28, 29] are commonly used (see [9, 58]); they have two
operations (the multiplication-conjunction and the implication) that form an adjunc-
tion (i.e. an isotonic Galois connection). An equivalent approach to these structures
and to implication algebras, as well, is preferred by those moving in the universe of
(pseudo-) BCK algebras (an extensive approach and a detailed description can be found
in [56, 57]). However, these structures, based on a pair of operations, are partially
justified in absence of completeness of the underlying ordered set, whose assumption,
instead, would allow to obtain either operation from the other one by the quite standard
procedures of residuation and deresiduation. What is important to us is to note that the
multiplication is always assumed to be associative and if it is not commutative then the
existence of two implications, both connected, though in two symmetrical ways, with
the multiplication, is assumed.

This approach includes structures that satisfy additional conditions of the two opera-
tions, such as the prelinearity or the divisibility, or the double negation principle (see
[12, 52, 56, 57]).

Recently it has been proposed by C. Guido and P. Toto in [50] an order-theoretic ap-
proach to residuated structures, going from the implicative structures of lower level
(implicative algebras in [74], w-eo algebras in [50]) to various kinds of residuated al-
gebras, in particular to integral residuated lattices, that, in theirs turn, include most
algebras used in logic, either classical or not.

The basic idea is rather suggestive, even if simple: once considered that every lattice
structure is completely determined by the underlying (crisp) order relation (so that a
fixed partially ordered set either is or is not a lattice of some kind) one can believe that
any extension (not necessarily crisp) of an order relation can determine completely the
algebraic structures mostly used in logics, including many-valued logic.

More explicitly, given any ordered set L with a greatest element T, (L, <, T), an extension
of < is a function
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> L xL -1
such that
a—>b=T<a<b, forall a,be L.

The structure (L,—,T), that is an implicative algebra according to the terminology of
[74], is called weak extended-order algebra in [50], due to its motivating idea.

The first part of this thesis, mainly Chapter 2, describes in details the study of weak
extended-order algebras started in [50], continued in my master thesis and fully developed
in the first year of my PhD studies, including some applications of weak extended-order
algebras to the theory of fuzzy implicators; the obtained results have been published in
[13, 14]. This approach to the algebras of logics produces a clear framework to under-
stand which are the fundamental conditions that allow to define and study the various
operations and the associated algebraic structures related to logics.

First of all, in a weak extended-order algebra the following two axioms are considered:
(05) a=b=T=(¢c—>a)—> (c—b)=T (weak isotonic condition in the second variable);
(of) a=>b=T=(b—c)— (a—c)=T (weak antitonic condition in the first variable).
If these axioms are satisfied, the algebra is called extended-order algebra.

Such conditions on — are needed to obtain an embedding of the algebra (L, —, T) into its
Dedekind-MacNeille completion, which, moreover, preserves further properties possibly
assumed on L. Hence, this result allows to consider the completeness requirement not
restrictive for extended-order algebras.

Properties stronger than those expressed by the axioms (05) and (of) are the right-
distributivity, the left-distributivity and the distributivity. The results of [50] and our
studies lead to consider the right-distributivity as a key-condition: in fact, it allows to
define on L, by using the adjoint functor theorem, an operation ® : L x L. — L, called
adjoint product of L, that can be viewed as a logical connective of conjunction.

This multiplication has good properties, usually asked to classical conjunction, except
the idempotency, the commutativity and the associativity, which are not obtained, in
general. On the contrary, it is proved in [50] that the associativity of the multiplication
is characterized in a quite general context by a condition that is, actually, a second order
formula, which shows its weakness and its unpleasant character.

Furthermore, the distributivity condition allows to build further operations, starting
from ® and using the implication — that can be interpreted as disjunction connectives.
Also these operations, as well as the negation, which we have defined and studied, have
a good behavior in a quite general context of distributive extended-order algebras; we
prove further good properties by adding on L assumptions like the double negation prin-
ciple.

The algebras considered, unlike residuated lattices and (pseudo-) BC'K algebras, are not
necessarily symmetrical, since the product has not the same properties on both argu-
ments; this is in fact one of the main motivations of [50].

We investigate the question of symmetry by considering algebras that are not symmetri-
cal and characterize those which are. More precisely, we say that a weak extended-order
algebra (L,—,T) is symmetrical if there exists a binary operation «»: L x L — L, called
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dual implication, such that (L,-,T) is a weak extended-order algebra, — and +» induce
the same order and a <bv c< b<a—c, for all a,b,ce L.

The introduction of the dual implication allows to define a dual negation and, if the
distributivity is assumed, the dual product and the dual disjunctions. In the context
of symmetrical extended-order algebras, the various operations introduced undergo im-
provements, without assuming commutativity and associativity. We note also, that the
symmetry condition is a weakening of the commutativity; in fact, (L, —, T) is commuta-
tive if and only if it is symmetrical and w»=—.

Particular attention has been devoted to the possibility of dropping the associativity
assumption, which is instead a well established requirement in all the approaches to
structures related to logical connectives, including residuated lattices [9, 28, 29, 52, 58],
(pseudo-) BCK algebras [56, 57], quantales [75], t-norms [30, 52, 63, 64] and (monoidal)
closed categories [32, 65, 68, 89]. The effective power of associativity turns out rather to
allow the strong version of several properties, provided that those are satisfied in their
weak version. For instance, if L is symmetrical, the associativity is equivalent to the
equality a - (b~ ¢) =a ~» (b — ¢), for all a,b,c € L, that is the strong version of that
Galois connection which is the required link between the two implications considered
(see further details in Subsections 2.1.5 and 2.1.6).

An immediate application of weak extended-order algebras occurs in the study of impli-
cators; we have reconsidered the notion as it is presented in the literature, taking into
account the point of view of extended-order algebras.

Usually, an implicator is defined as a map Z : [0,1] x [0,1] — [0,1] that extends the
classical logic implication; in fact an implicator has to satisfy the boundary conditions

(b) Z(0,0) = Z(0,1) = Z(1,1) = 1 and Z(1,0) = 0.

As already explained, the implication of a weak extended-order algebra satisfies the
equivalence a < b < a - b =T, for all a,b € L; this criterion states exactly when the
implication a — b has value “true” (the top element T), but it says almost nothing, in
general, on when the implication is false, even if the existence of the value “false” (the
least element 1) is assumed in the algebra. Moreover, to obtain the condition Z(T, 1) = 1
it is necessary to assume the symmetry condition on (L,—,T).

Hence, we have proposed an alternative definition of implicator and a different arrange-
ment of the axioms usually assumed on it. The obtained results are described in Section
2.2 and have been published in [14].

Starting from the second year of the Doctoral School we have directed our work to-
ward the study of the fundamental mathematical tool of binary relations between sets,
exploiting in this field the effect of using extended-order algebras as the range for the
evaluation of the relationships between related elements.

Though non-classical logics give the main motivation for our work, our study is devel-
oped essentially in the framework of classical mathematics being, in this respect, in the
line of abstract algebraic logic. This is quite usual also for fuzzy logic (see [52]), and even
when a purely logical-theoretic approach on relations in fuzzy class theory is developed
(see [4]), a corresponding description of the results in classical mathematical terms is
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explained, to allow an easier reading and a more effective usefulness in their possible
applications.

Our interest for (many-valued) binary relations has a twofold link with the first part of
our work. On one hand, it is natural to start using the structure we propose for the
algebra of the truth values in one of the most basic tools useful to develop a qualitative
approach to mathematics and its applications. On the other hand, binary relations have
a fundamental role, both in the origin of extended-order algebras, in particular for the
order-theoretic approach, and in their development, based essentially on Galois connec-
tions.

So, most of our work is devoted to evaluate the application of extended-order algebras in
the context of both homogeneous and heterogeneous binary relations, either in the clas-
sical case or in the many-valued one; binary relations are fundamental tools to describe
any kind of situations under uncertain and incomplete knowledge and their treatment
involves their composition and the powerset operators they generate (see also [4]).

In Chapter 3 it is developed a non-commutative and non-associative approach to many-
valued relations taking values in some kind of extended-order algebras; most considered
notions in the algebras of relations are already known and well developed (see for in-
stance [4, 6, 87]), but our framework is more general than the usual ones; hence it has
been highlighted the advantages to consider weaker structures in order to describe the
manifold aspects of algebras of relations with values in extended-order algebras. In par-
ticular, in Section 3.3, we have considered some extensions of the notion of function
among many-valued relations and we have checked under which conditions the consid-
ered generalizations characterize, in fact, functions. These notions are related to the
structure of the underlying algebra: in fact, a first notion is given in the context of
complete lattices, without assuming the existence of other structures on it, while the
second is studied enriching the lattice with the structure of distributive extended-order
algebra and the third involves symmetrical, possibly associative, algebras.

As already remarked, fundamental tools in the context of residuated structures are the
isotone and antitone Galois connections. These have been first introduced while studying
the properties of the powerset operators, now also called Birkhoff operators, associated
to binary relations, in particular to functions (see [8]). Then, Galois connections have
reached a wider framework within posets [70] and, more generally, in category theory
where they, in fact, correspond to adjunctions [1, 51]. Meanwhile, the notion of con-
jugated pairs (of functions) have been introduced, once more dealing with powerset
operators, by Tarski [83] and formalized in the framework of boolean algebras [60, 61].
This latter notion, being related by a sort of duality to Galois connections in the classical
framework of boolean algebras, have received not much attention until the big develop-
ment of Galois connections within fuzzy set theory, seemed to have broken the above
mentioned duality. Then, G. Georgescu and A. Popescu considered in [42] fuzzy Galois
connections and fuzzy conjugated pairs, looking for a possible duality that they could
not find, as the title of their paper (Non dual fuzzy connections) suggests.

In Chapter 4 we restore a perfect duality between Galois connections and conjugated
pairs, thanks to a quite general approach and a new, more appropriate view of the topic.
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In fact, we have considered an approach to global and relative connections between
weakly structured sets, giving a unified and elegant framework for Galois connections
and conjugated pairs, which we have called Tarski connections. This common frame-
work allows to clarify the interrelationships between these notions, which find out to be
order-dual.

In order to understand the sense of these notions, it is useful to eliminate what seems
to be redundant in the considered context, leaving only the (pre)order structure in the
right place.

Even more, looking only at the essence of the structure, it is possible to observe that
both Galois and Tarski connections are connections of the same type. We remark that,
once more, binary many-valued relations have a fundamental role in Chapter 4.
Having in our hands a unified approach to all types of connections, which have important
roles both for algebraic residuated structures and for the algebras of binary relations,
in Chapter 5 we introduce a quite simple, but very effective tool, consisting in suitable
diagrams, namely relational and double relational triangles of relations. These have been
used to describe and characterize the structure of the extended-order algebras using the
implication — and its derived operations. Moreover, these triangles give information on
the algebra of many-valued relations, involving not only the algebraic operations lifted
from the algebra of truth values, but also the richer structure given by the compositions
of many-valued relations. As just remarked, connections, in particular Galois and Tarski
connections, described in Chapter 4 have a fundamental role in this context, too.

We note, moreover, that thanks to this particular constructions we can synthesize also
the properties of powerset operators associated to many-valued relations, considered up
to now in less general contexts than the symmetrical distributive extended-order alge-
bras we use.

In Chapter 6 we present a categorical accommodation of the main topics we have treated
that involve binary, possibly many-valued, relations, moving into two directions. In both
directions we fall into the need to weaken the requirements usually asked to categorical
structures.

First, as previously noted, the lack of associativity has highlighted that the notion of
category may be not appropriate to describe the class of relations taking values in some
kind of extended-order algebras. So, we have proposed the notion of pseudo-category
that misses the associativity of the composition of morphisms and the existence of iden-
tity morphisms, too. This might be useful to construct abstract models for algebras and
categories of many-valued relations, more general than Dedekind categories [37, 69] and
MV-relation algebras [71, 72].

The second followed direction leads to devote considerable attention to some kinds of
relational systems, in particular of tied relational systems and to their morphisms. These
notions are closely related to most concepts we have developed in the previous Chapters,
since many objects we have considered, among which weak extended-order algebras, are
particular types of relational systems, while connections considered in Chapter 4 are
special types of morphisms of suitable relational systems.

A comprehensive view of these aspects of the topics we have treated leads to a de-
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scription of a class of relational systems largely used in several contexts, including for-
mal concept analysis [39, 40, 85], Chu spaces [73], topological and interchange systems
[23, 24, 25, 79, 81, 82] and, more closely related to our work, implicative groupoids and
extended-order algebras [13, 49, 50]. Doing this we can provide meaningful examples of
semicategories and precategories, which have been introduced and studied in [53, 54, 76]
as particular multiplicative graphs in the sense of C. Ehresman [31].

We note, in particular, that tied relational systems considered in Section 6.4 are gen-
eralizations of weak extended-order algebras; looking at the semicategory having those
as objects, one can see that morphisms between them are not functions, in the style of
universal algebra as they have been considered in [49, 80], but pairs of functions which
form global connections. We have not exploited the usefulness of this kind of morphisms,
which are also mentioned in [49] and would be the topic of our future researches.
Summing up, one could say that the path gone along the last three Sections of Chapter
6 closes the circle including the whole content of this thesis in a coherent and compre-
hensive framework.



Chapter 1

Preliminary classical notions and
results

1.1 Preliminaries on order and lattices

To fix notation, which is slightly different from the usual one, we recall some notions
and properties of classical binary relations (a classical reference is [67]) and, in particular
of order and preorder relations and the lattice structures determined by them (for these
topics we refer to [8, 34, 43, 59].

Let X, Y be two sets. A binary relation from X to Y, denoted by r: X — Y, is a subset
of the cartesian product, that is 7 € X xY; if (z,y) € r, then we also write xry. The
empty subset of X xY is called empty relation from X to Y and it is denoted by 1 xvy;
X xY is the universal relation denoted by T xy.

A function (or map) from X to Y, denoted by f: X — Y, is a relation from X to Y
such that for any x € X, a unique y € Y exists such that (x,y) € f; in this case we write
(z)f =y. Y is the set of all functions from X to Y. We shall identify a subset A c X
with its characteristic function, that we shall denote by A : X - 2 (2 = {1, T} is the
trivial boolean algebra), where (z)A =T <> x € A. Thus, the powerset P(X) of a set X
is also denoted by 2%,

We shall identify the binary relation r : X — Y, as a subset, with its characteristic
function, that we shall denote by r: X xY — 2; so, (z,y) € r, zry and (z,y)r = T are
equivalent notations.

The identity relation ix : X — X is defined by (z,2')ix = T if and only if x = 2/, for all
x,2" € X (of course, iy is a function). The opposite or reverse relation of ris r_: Y — X
defined by (y,x)r- = (z,y)r. Obviously (r-)_- =r.

A preorder relation in X is a function <: X xX — 2 such that z =y = (x,y)< = (y,2)<=T
and (z,y)< = (y,2)< = T = (x,2)< = T, while an order relation requires the converse
implication (z,y)< = (y,x)< =T = z =y, too.

A set with a preorder relation is called preordered set and it is denoted by (L,<); an
ordered set is also called poset, which stands for partially ordered set.

The elements a and b in a preordered set are called comparable if either a < b or b < a.

10



CHAPTER 1. PRELIMINARY CLASSICAL NOTIONS AND RESULTS 11

An ordered set (L,<) in which all elements are comparable is called totally ordered or
linearly ordered or it is said to be a chain and < is a total order relation.

An equivalence relation on X is a function =: X x X — 2 such that (z,z)= =T, (x,y)==
T=(y,z)==Tand (z,y)= = (y,2)==T= (1,2)==T.

For every E ¢ X, we denote by (E)_ = {z € X|Ja € E:x = a} the saturation of E with
respect to =. We note that the map

().:2% = 2%, Ew(E)

is a topological closure operator, that, moreover, commutes with arbitrary unions and
intersections. The fixed points of such operator are the saturated subsets of L.
If (L,<) is a preordered set, the binary relation = on L, defined, for all z,y € L, by

T=y<=r<yAry<cx

is an equivalence relation on L which is said to be induced by <.
The map
x> (x)_€L=

is the canonical surjection of L onto the quotient set L=. Obviously, for all x,z’,y,y’ € L,
it follows from z = ',y = 3/, x <y that 2’ < y; hence, the relation < on L induces on L-
an order relation < defined, for all 2,y € L, by (z)_ < (y). < = < y. The relation < on
L= is called the order relation induced on L= by the preorder < and (L=, <) is called the
induced ordered set by (L,<).

Let (L,<) be a preordered set and X ¢ L. An element a € L is a lower bound for X if
the following implication is true

reX =>a<zx.

We denote by LbX the set of all lower bounds of X.
a € L is a greatest lower bound or an infimum for X if a € LbX and the following
implication holds

a' e LbX = d <a.

We denote by InfX or by AX the set of all infima of X. If A X # &, one says that X
has infimum.

Moreover, a € L is a minimum for X if a € X n LbX. We denote by MinX = X n LbX
the set of all minima for X. If MinX # @&, one says that X has minimum.

An element a € L is an upper bound for X if the following implication is true

reX =>zx<a.

We denote by UbX the set of all upper bounds of X.
a € L is a least upper bound or a supremum for X if a € UbX and the following implication
holds

a eUbX =a<d.

We denote by SupX or by V X the set of all suprema of X. If \V X # &, one says that
X has supremum.
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Moreover, a € L is a mazimum for X if a € X nUbX. We denote by MaxX = X nUbX
the set of all maxima for X. If MaxX # @, one says that X has maximum.

Remark 1.1.1. 1. For any subset X ¢ L, UbX, LbX, A X and VX are saturated,
while MinX and MaxX need not to be so, unless X itself is saturated. The
elements of A X and those of V X, MinX, MaxX, as well, are equivalent to each
other.

2. Elements equivalent to a minimum or to a maximum of X need not to be minima
or maxima, since they might not be in X but, clearly, X has a minimum if and
only if (X)_n LbX # @ and X has a maximum if and only if (X)_nUbX # @.

3. For X ¢ L one has AX = Max(LbX) and VX = Min(UbX), while MazX =
XnVX and MinX = X n A X. In particular, we note that Ubg = Lb@ = L and,
hence, VV @ is non-empty if and only if MinL is non-empty and they coincide;
similarly, A @ is non-empty if and only if MaxL is non-empty and they coincide.

4. If (L, <) is an ordered set, there exist at most one infimum and at most one supre-
mum for X ¢ L. Similarly, there exist at most one minimum and one maximum
for X c L.

Even more, the uniqueness of infimum, or supremum, characterizes orders among
preorders, by the equivalent statements:

(a) < is an order relation;
(b) for every X c L: |[AX|<1;
(c) for every X c L: |V X|<1.

Definition 1.1.2. A preordered set (L,<) is a bounded prelattice (in the sequel only
prelattice) if, for all finite subsets F ¢ L, \/ F' and A\ F are non-empty. If < is an order
relation, (L,<) is called bounded lattice.

In the sequel we omit the attribute bounded for bounded lattice.
In case of a lattice, it is well known that the operations v and A defined by

avb=V{a,b} and anb=A{a,b}

are associative, commutative, idempotent, satisfy the absorption conditions and have 1
and T as units, respectively; conversely, these properties characterize a lattice among the
algebras (L, Vv, A, 1,T) of signature (2,2,0,0).

From the above definition it follows that, in every lattice (L,<), there exist 1L = V@ =
MinL and T =A@ = MaxL. Of course, |L| > 2 if and only if T # 1.

If T =1 the lattice is said to be inconsistent; otherwise it is consistent.

Definition 1.1.3. A preordered (ordered) set (L,<) is a complete prelattice (lattice) if,
for all subsets F'€ L, \/ F and \ F are non-empty.
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Definition 1.1.4. A lattice (L,<) is distributive if the following equalities hold (which
are equivalent to each other)

(D1) an(zvy)=(anz)v(any), forall a,z,yecL;

(D2) av(zry)=(avz)a(avy), for all a,z,y€ L.

Definition 1.1.5. A (complete) distributive lattice (L,<) is a boolean lattice, usually
called (complete) boolean algebra, if there is a unary operation —: L — L, a —» a~ such
that a™ Aa =1 and a™ v a =T, for every a € L. The function [-]” (uniquely determined
by the order relation <) is called complementation and a™ is the complement of a.

Proposition 1.1.6. If (L,<) is a boolean lattice, then the following hold.
1. [-]7 is an involution;
2. [-]” reverses order. O

Of course, as for every order reversing involution, the De Morgan laws are satisfied,
then in particular [-]” satisfies the De Morgan laws, both in the finite and in the infinite
form, the latter in case of complete boolean lattices.

Definition 1.1.7. A (complete) lattice (L,<) is an Heyting lattice, usually called (com-
plete) Heyting algebra, if, for all a,be L, max {x € Llx Ana < b} exists.

The binary operation — that can be defined in an Heyting lattice as follows
—>:LxL—L, (a,b)~»a—>b=max{xeLllrrna<b},
is called implication.

Remark 1.1.8. An Heyting lattice may be defined as a lattice with a binary operation
— that satisfies the condition

r<a—-b<anxz<b, forall a,b,xe L.

Proposition 1.1.9. If (L,<) is an Heyting lattice, then, for all a,b,c € L, the following
hold

1.a—»a=T;

2. an(a—>Db)=anb;

3. bAa(a—Db)=b;

4. a—>(brc)y=(a—=b)r(a—c). O

Proposition 1.1.10. If (L,<) is a lattice with a binary operation —: L x L — L that
satisfies the properties (1), (2), (3) and (4) of Proposition 1.1.9, then the following hold

1.b<b =a—-b<a—-0V, forallacL;

2. b<a—0b. O
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Proposition 1.1.11. A lattice (L,<) with a binary operation — is an Heyting lattice if
and only if — satisfies the conditions (1)-(4) of Proposition 1.1.9. O

Proposition 1.1.12. FEvery Heyting lattice is distributive. O

Corollary 1.1.13. If (L,<) is an Heyting lattice, then the following properties hold, for
all a,a’,be L

1. (ava)—=b=(a—>b)A(d = D);
2. a<a'=d -b<a—b. O

Proposition 1.1.14. Every boolean lattice L is an Heyting lattice, whose implication is
defined by a - b=a"Vvb, for alla,be L. O

Definition 1.1.15. Let (L,<) be an Heyting lattice. The unary operation
[ :*L->L,a~»a" =a—1
18 called pseudo-complementation or negation.

Proposition 1.1.16. In any Heyting lattice (L,<) the negation satisfies the following
properties, for all a,be L:

1. ana” =1;
2. []” reverses order;
3. (avb)y"=a"nb";
4. 17=Tand T"=1. O
Proposition 1.1.17. Let (L,<) be an Heyting lattice and [-]” its negation. Then
(L,<) is a boolean lattice < [-]” is an involution. O

Definition 1.1.18. Let (L,<) be a complete lattice.

(L, <) satisfies the first infinite distributivity law if it satisfies the condition

(1DLoo) an(VS)=V{ans|seS}, forallae L and S < L.

(L, <) satisfies the second infinite distributivity law if it satisfies the condition

(2DLoo) av (AS)=A{avs|seS}, forallae L and S < L.

A complete lattice that wverifies (1DLoo), ((2DLoo), respectively), is called frame,
(coframe, respectively).

Proposition 1.1.19. FEvery complete Heyting lattice is a frame. O
Proposition 1.1.20. If (L,<) is a frame, then it is an Heyting lattice. O

Proposition 1.1.21. If (L,<) is a complete boolean lattice, then it is a frame and a
coframe. O
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1.2 Galois connections and conjugated pairs

In this Section we describe, in their classical version, the notion of Galois connections
and conjugated pairs that are fundamental tools for the study of residuated structures,
within which are framed the algebras studied in this thesis.

Galois connections, also known as adjunctions, have been considered, with a different
terminology by G. Birkhoff already in 1940 in the first edition of [8] and by O. Ore [70];
the conjugated pairs have been introduced by A. Tarski in [83] and subsequently studied
by B. Jénsson and A. Tarski in [61].

An unitary and more general study of these notions has been developed in [18, 19].

Definition 1.2.1. An adjuction, also called isotonic Galois connection, between partially
ordered sets L and M, denoted by f - g: (L,<) - (M,<) or simply by f — g, is a pair
of maps f: L - M and g: M — L satisfying the condition

VeeLyeM: x<(y)g< (x)f <y.
The map f s called left adjoint of g and g right adjoint of f.

Remark 1.2.2. Equivalently, f 4 g if and only if f and ¢ are isotonic and satisfy the
adjoint inequalities:
(AD1) z < ((z)f)g, for any z € L;

(AD2) ((y)g)f <y, for any y e M.
In the following we denote (A)f ={(a)f e M| aec A} and (B)f~ ={ac€ L| (a)f € B}, for
every function f: L — M and subsets Ac L, B< M.

Proposition 1.2.3. (Adjoint functor theorem) Let (L,<) and (M,<) be posets. If
f:L—> M and g: M — L are maps such that f < g, then the following hold:

1. for any Ac L, if \V A exists, then (VA)f=V(A)f;

2. for any B < M, if A B exists, then (A B)g=NA\(B)g;

3. foranyxeL, (x)f =AN{ye M| z<(y)g} and f is the unique left adjoint of g;

4. foranyye M, (y)g=VA{xeL| (z)f <y} and g is the unique right adjoint of f. O
Proposition 1.2.4. Let (L,<) and (M, <) be posets.

1. If (L,<) is a complete lattice and f: L - M preserves \/, then the function

g:M— L,y (y)g=Vi{zell (z)f <y}
is the unique right adjoint of f.

2. If (M, <) is a complete lattice and g : M — L preserves \, then the function

fiL—> M,z (x)f=AN{yeM|z<(y)g}
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is the unique left adjoint of g. O

Definition 1.2.5. A Galois connection, also called antitonic Galois connection, between
two posets (L,<) and (M,<), denoted by [f,g]: (L,<) < (M,<) or simply by [f,q], is
a pair of maps f: L —- M and g: M — L satisfying the condition

VeeLyeM: x<(y)g<y<(z)f.

Remark 1.2.6. Equivalently, [ f, g] if and only if f and g are antitonic and satisfy the
inequalities:
(GC1) x < ((x)f)g, for any x € L;

(GC2) y<((y)9) [, for any y e M.
Of course [g, f] is a Galois connection if and only if [ f, g] is.

Proposition 1.2.7. Let [f,g] be a Galois connection between the posets (L,<) and
(M,<). Then, for every A c L the following hold:

1. if V A exists, then (V A)f = N(A)f;
2. if NA exists, then (NA)f e Ub((A)f);

3. foranyye M, (y)g=V{zeLly<(z)f} and g is the unique function such that
[f,g] is a Galois connection. O

Proposition 1.2.8. Let (L,<) be a complete lattice, (M,<) a poset and f: L - M a
function such that (\VV A)f = N(A)f, for every A c L. The function g: M — L defined by

(y)g=V{zeLly<(x)f}, for anyyeM,
is the unique function such that [ f,g] is a Galois connection. O

Let X and Y be two sets and f : X — Y be a function. The following are two classical
and important examples of Galois connection and adjunction.

1. Denoting by Lb:P(X) — P(X) the function that to each subset S € X associates
LbS and the function Ub: P(X) - P(X) the function that to each subset S ¢ X
associates UbS, we have that

[Lb,Ub]: (P(X),<) « (P(Y),c) for any X,Y.

2. Denoting again with f the function that to each subset A ¢ X associates its image
by f and with f~ the function that to each subset B €Y associates its reciprocal
image, we have that

fAf :(P(X),c)—> (P(Y),c) forany X,Y, f: X > Y.

Now we consider an boolean algebra (A, +,0,-,1) and the notion of conjugated pair
introduced in [83].
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Definition 1.2.9. Let A= (A,+,0,-,1) be a boolean algebra. Two functions f,g: A — A
form a conjugated pair, denoted by (f,qg) if, for all a,b € A, the following equivalence
holds:

(a)f-b=0<(b)g-a=0.

If, in particular, a function f is a conjugated of itself, then we call f self-conjugated.
Theorem 1.2.10. Let A= (A,+,0,-,1) be a boolean algebra.
1. If f and g are two functions from A to A such that (f,qg), then (g, f).

2. Let f: A— A be a function. Then there exists at most one g : A - A such that
(g, f). If such g exists, it can be determined, for every y € A, by the formula

(y)g = V{7 ()f-y=0}.

3. Let f: A— A be a function. There exists g: A - A such that (g, f) if and only if
(VS)f=V(Sf), for every Sc A. O

1.3 MacNeille completion of posets

In [66], MacNeille presents a completion process of ordered sets that generalizes the
Dedekind completion of rational numbers, by using the sections or cuts of ordered set,
after adding to it a maximum and a minimum, if it is devoid of them.

In this Section, we recall the MacNeille completion of a poset with a greatest element
as it has been described in [50]. This process is a variant of the Dedekind-MacNeille
completion proposed in [66] which requires only the existence of the maximum in the
ordered set and which allows to build a completion that is isomorphic to that of Mac-
Neille.

Let (L,<,T) be a partially ordered set with greatest element T.

Define in P(L) the equivalence relation

Aw A" if Lb(A) = Lb(A"), for all A, A’ L

P(L)

and denote by K the quotient set, i.e. K = , and by [A] the equivalence class of

A c L; [a] stands for [{a}], if a € L.
Lemma 1.3.1. [50]
1. If a=[A;], for every i€ I, then a = [User 4i;
2. if a=[A], then Ub(Lb(A)) =U{X| [X]=a} is the largest representative of c;

3. if a= N\NAce€L exists, then [A] =[a] = [t a];

:R

if [a] =[d'], then a=a’;

R

for every o € K there exists A+ @: a=[A]. O
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Consider the binary relation in K defined, for all o, 8 € K, a = [A], 5 =[B], by
a < pif and only if Lb(A) c Lb(B).
We note that

- [A] <k [B] if B € A; moreover, if B is the largest representative of (3, then
a<g < BcA.

- The map ¢: L - K, a~ (a)¢ = [a] is an embedding of posets.

- (K,<k) is a complete lattice with greatest element T = [T], least element 1y = [L]
and, moreover, for any S ¢ K,

Vi S =[N{Ub(Lb(A))| [A] € S}]
and
Ak S =[U(N{Lb(A)| [A] € S})].

- It is clear that (K,<f) is isomorphic to the MacNeille completion of the poset
(L,<) as it is described in [66].

Remark 1.3.2. [50]

1. If B ¢ K, then it follows from the properties of the Galois connection [Lb, Ub] that
4{\3 = [Ub(Lb(UA{ Al [A] e B}))] = [U{A| [A] € B}]

and

>(/B = [Ub(U{Lb(A)| [A] e B})].

2. If Ac L, then Ag(A)p= Ak {[a]] ae A} = [Ub(Lb(A))] =[A].
Hence A A=Ak A" if and only if [A] =[A"].
Similarly, if B ¢ L, then Vi (B)p = [N{Ub(Lb(b))| be B}] = [N{Ub(b)| be B}] =
[Ub(U{{b}| be B})] = [Ub(B)].

1.4 Classical binary relations and powerset operators

As just recalled in the previous Section, a binary relation from the set X to the set
Y, denoted by r : X — Y, is a subset of their cartesian product, that is r ¢ X xY =
{(z,y)| v e X, yeY}
We can give an alternative definition, by considering the set {0,1} that is generally de-
noted by 2. It is well known that 2 is a boolean algebra, with respect to the obvious
order relation < such that 0 < 1.
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Let X,Y € |Set|. The binary relation r from X to Y is a map r : X xY — 2 such
that, for all z € X,y e Y:
1 if zry

(z,y)r= {

0 otherwise

As usual, for all sets X,Y, we define:
1. the identity relation ix : X — X: (z,2")ix =1 if and only if x = 2/, for all z, 2’ € X;
2. the universal relation Txy: X —Y: (z,y)Txy=1,forallz e X,y eY;
3. the zero or empty relation lLxy: X —Y: (z,y)llxy=0, forall z e X,y eY.

We note that the empty relation is the unique relation from X to Y if and only if
either X or Y is empty, that is if and only if 1l xy=@. Moreover, we note that for every
X €|Set| Txx=ix if and only if X = {x}.

In the following we consider the class of all binary relations between two arbitrary sets
and we denote it by Rg = {r: X — Y| VX,Y € |Set|}. Moreover, for all X,Y € |Set| we
denote by Ra(X,Y) = {r: X — Y} the set of all binary relation from X to Y.

Let X,Y €|Set| and let r € Ra(X,Y’). The opposite relation of r is r_ : Y — X defined
by (y,z)r- = (z,y)r. Obviously (r_)_ =r.

Let X € |Set|. A binary relation r € Ra(X,X) is called preorder if it satisfies the
following conditions:

1. (z,z)r =1, for every x € X (reflexivity condition);

2. if (z,y)r = 1 and (y,z)r = 1, then (x,z)r = 1, for all z,y,z € X (transitivity
condition).

An order relation r € Ra(X, X) is a preorder that verifies the following condition: if
(z,y)r=1and (y,x)r =1, then x = y, for all z,y € X (antisymmetry condition).

An equivalence relation r € Ro(X, X) is a preorder that verifies the following condition:
if (z,y)r =1 then (y,z)r =1, for all z,y € X (symmetry condition).

Remark 1.4.1. 1. The opposite relation of an order relation is an order, too.

2. Every symmetrical relation, and hence every equivalence, coincides with its oppo-
site.

3. The identity is the unique relation that is both an order and an equivalence.

4. The empty relation @ from X to X is an order and an equivalence if and only if
X=0.

Definition 1.4.2. Let X,Y € |Set| and let r € Ra(X,Y). For all Ac X,BcY we
define the set
Ar={yeY|3zx e A: (z,y)r=1}
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as the direct cone or image of A with respect to r and the set
rB={zxeX|IyeB: (z,y)r=1}

as the inverse cone or inverse image of B with respect to r.
In particular, for all {z} ¢ X,{y} €Y we define the set

{zpr=ar={yeY| (z,y)r =1}

as the direct cone or image of x with respect to r and the set

r{y} =ry={ze X[ (z,y)r =1}
as the inverse cone or inverse image of y with respect to r.

Note that rB = Br_ and Ar={yeY|ryn A+ g}.
Moreover, their characteristic functions are (y)Ar = Viex(z,y)r A (x)A and (z)rB =

\/er(xa y)?“ A (y)B

Definition 1.4.3. Let X,Y € |Set| and let r e Ro(X,Y). We say that:

1. 7 is left total if and only if for every x e X: xr + &;
r 18 right total or surjective if and only if for every yeY: ry + &;
r is left univocal if and only if for all x,2" € X, v #x': arna’r = @;
r 18 right uniwocal if and only if for all y,y' €Y, y+y': rynry’ = a;
is injective if and only if for all x,x" € X, v # x': ar + 2'r;
r 18 back injective if and only if for all y,y' €Y, y =y’ : ry+ry’;

r is bijective if and only if r is injective and surjective.

S S N R
=

r is function if and only if r is right univocal and left total (in this case we denote
rbyr: X ->Y);

9. r is biunivocal if and only if r is an injective function.
Proposition 1.4.4. Let X,Y € |Set| and let r € Ra(X,Y). The following hold:
1. 7 is left univocal if and only if r—_ is Tight univocal;
2. r is left total if and only if r_ is right total;
3. 1 is back injective if and only if r_ is injective;

4. if ris a function, then r_ is function if and only if r is injective and surjective (in
this case we denote r_ by r1);
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5. if r is a function, then r is injective if and only if r is left univocal. O
Remark 1.4.5. 1. The biunivocality is not equivalent to the bijectivity.

2. The identity relation is bijective.

There are different ways to compose two relations (see [4, 6]).

Definition 1.4.6. Let X,Y,Z € |Set|; let r € Ra(X,Y) and s € Ra2(Y,Z). For all
xe X,zeZ, we define the following relations compositions:

1. z(r-s)z < zrnsz +J;
2. x(r@s)z < xrcsz;
3. x(ros)z < xr2sz;
4. x(res)z < ar=sz.

Remark 1.4.7. 1. The relations compositions @ and © are related by the following
equality r© s=(s-@r_)_.

2. If re Ra(X,Y) and s € Ra(Y, Z) are functions, then r-s=7@ s.

Proposition 1.4.8. Let XY, Z, W € |Set| and let r € Ro(X,Y), s € Ra(Y, Z) and
t e Ra(Z,W). The following hold.

1. ix-r=r-iy =r;
re(s-t)y=(r-s)-t;
. llyz=Ixy s=lxz;

. s 1s right total if and only if Txy-s=Txyz;

2

3

4

5. 1 is left total if and only if r-Tyz=Txz;

6. ris right (left, respectively) univocal if and only if r—-r < iy (r-r_ <ix, respectively);
7. ris right (left, respectively) total if and only if r—-r > iy (r-r_ >ix, respectively);
8. 1 is a function if and only if r-r_>1x and r—-r<iy. O

Remark 1.4.9. The Proposition 1.4.8 allows to say that the triple Ry = (|Set|,Ra,)
where the objects are the sets, the morphisms are the binary relations, - is the composi-
tion above defined and the identity morphisms are the identity relations, is a category.

Since r© s = (s-@r_)_, for all X,Y,Z € [Set|, r ¢ R2(X,Y) and s € Ra(Y, Z), we

list the properties involving the composition @, from which are deduced those of .

Proposition 1.4.10. Let X,Y,Z ¢ |Set|; let r € Ra(X,Y) and s € Ra(Y,Z). The
following hold.
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1. ixQr=r;

2. 1@ Myz=Txz;

Ixy ©s=Txz;

Txy@s = Txz if and only if s =Ty z;

rQ@ lyz= Txz if and only if r =llxy;

ST I

Txxr<r;

Txy Y ={y}

7 Txy @iy = { Lxy otherwise

8. 1 is right (left, respectively) univocal if and only if r <r @iy (r <ix @r, respec-
tively);

9. 7 is left total if and only if r© lyz=llxz;
10. r is a function if and only if r@ lyz=llxz and r <rQ@iy. O

Proposition 1.4.11. Let X,Y,Z € |Set|; let r € Ra(X,Y) and s € Rao(Y,Z). The
following hold.

1. 16 Tyz=Txz if and only if r =T xy;

2. lxy ©s=Txgz if and only if s =Tyz;

3. re lyz= Txz if and only if r =llxy;
4. ILxy©6s=Txyz if and only if s =1y y;
5. 1 is right (left, respectively) univocal if and only if r ©iy =1 (ix ©r =1, respec-

tively);

6. r is right (left, respectively) total if and only if Llzx ©r =lzy (r& lyz=lxz,
respectively);

7. ris a function if and only if r© Ly z=lxz and rSiy =r. O
We note that @, © and © are not associative, in general.

Definition 1.4.12. The correspondence mapping any subset A € X to its direct image
is a function called weak (or existential or angelic) forward powerset operator, which we
denote by 1" : 2% - 2V hence (A)r" = Ar.

The strong (or universal or demonic) left forward powerset operators *r may be de-
fined by (y)(A)*r = Npex((2)A, (z,y)r)<.  In more usual, classical terms, (A)Sr =
{yeY| Acry}.

The strong (or universal or demonic) right forward powerset operators r= may be de-
fined by (y)(A)rs = Agex((z,y)r, (x)A)<.  In more usual, classical terms, (A)rs =
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{yeY|rycA}.
The backward powerset operators of r are the corresponding forward powerset operators

of r_.

We recall that it is possible to characterize functions among binary relations by
means of their backward powerset operators as follows.

Proposition 1.4.13. Letr: X — Y. Then r is a function if and only if r =r=. O



Chapter 2

Extended-order algebras and the
implicators

2.1 Extended-order algebras

In this Section we develop the study of extended-order algebras, recently introduced
by C. Guido and P. Toto, which are implication algebras that generalize all the widely
considered integral residuated structures. Particular care is devoted to the requirement
of completeness that can be obtained by the MacNeille completion process. Associativity,
commutativity and symmetry assumptions are characterized and their role is discussed
toward the structure of the algebra and of its completion. As an application, further
operations corresponding to the logical connectives of conjunction, negation and disjunc-
tion are considered and their properties are investigated, either assuming or excluding
the additional conditions of associativity, commutativity and symmetry. An overlook is
also devoted to the relationship with other similar structures already considered such as
implication algebras (in particular Heyting algebras), BC'K algebras, quantales, residu-
ated lattices and closed categories.

2.1.1 Basic definition and results

In this Subsection we give the basic definitions, examples and results concerning
the algebraic structures we shall deal with all along this thesis. In fact, for the sake
of completeness we recall the basic notions from [50] where extended-order algebras
have been first considered: we only change slightly the approach to the distributivity
conditions, which allows to strengthen most results of [50] related to distributivity.

Definition 2.1.1. [50] Let L be a non-empty set, »: Lx L — L a binary operation and T
a fized element of L. The triple (L,—,T) is a weak extended-order algebra, shortly
w-eo algebra, if for all a,b,c e L the following conditions are satisfied:

(01) a—> T =T (upper bound condition);

(02) a = a=T (reflexivity condition);

24
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(03) a=>b=T and b—a=T=a=0b (antisymmetry condition);
(04) a=b=Tandb—c=T=a—c=T (weak transitivity condition).

Proposition 2.1.2. [50] For every w-eo algebra (L,—,T) the relation determined by the
operation —, by means of the equivalence

a<bifand only ifa—>b="T, for all a,be L

is an order relation in L. Moreover T is the greatest element in (L,<). This order rela-
tion is called the natural ordering in L.

Conversely, if (L,<,T) is a partially ordered set with a greatest element T and
—>:LxL— L extends <, i.e. a >b=T< a<b, foral a,b € L, then (L,—,T) is a
w-eo algebra. O

Weak extended-order algebras are called implicative algebras in [74].
The next two stronger axioms on L have been also considered in [50]:
(05) a=b=T=(c—>a)— (c—0b) =T (weak isotonic condition in the second variable);
(of)a—-b=T= (b—c)— (a—c)=T (weak antitonic condition in the first variable).

We note that in a w-eo algebra (05) and (o) are independent of each other and that
(04) does not imply any of them, even if (01), (02) and (03) are also assumed. It is easy
to show that (05) and (of) imply (o4), if (01) and (03) are assumed (see [50] and the
structures 24, 25 and 26 of Appendix).

Definition 2.1.3. [50] (L,—,T) is a right w-eo algebra if it satisfies the axioms (o1),
(02), (03) and (o5).

(L,—,T) is a left w-eo algebra if it satisfies the axioms (01), (02), (03) and (0f).
(L,—,T) is an extended-order algebra, shortly eo algebra, if it is a right and a left
w-eo algebra.

In the following we denote P - Q ={p —¢q| pe P,qe Q}, for any P,Q c L.

Definition 2.1.4. Let (L,—,T) be a w-eo algebra.

(L,—,T) is right-distributive if it satisfies the right distributivity condition:

(dy) for any ae L,B,B"c L, if Lb(B) = Lb(B") then Lb(a - B) = Lb(a - B').
(L,—,T) is left-distributive if it satisfies the left distributivity condition:

(dy) for any A,A"c L,be L, if Ub(A) =Ub(A") then Lb(A - b) = Lb(A" - b).

(L,—,T) is distributive if it satisfies the distributivity condition:

(d) for any A, A", B,B"c L, if Ub(A) = Ub(A") and Lb(B) = Lb(B") then Lb(A - B) =
Lb(A" - B).

We also say that the operation — is (right-)(left-)distributive if (d,)(d;)d is satisfied.
We adopt the short notation deo for distributive extended-order algebras.
Of course (L, —, T) is distributive if and only if it is left-distributive and right-distributive.
Moreover it is easily seen that a right-distributive (left-distributive) w-eo algebra is a
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right (left) w-eo algebra hence a deo algebra is an eo algebra. All the above defined
and the subsequently considered algebras (L,— T) are said to be complete if L with
the natural ordering < induced by — is a complete lattice; so we shall consider, with a
short obvious notation, w-ceo algebras, ceo algebras and cdeo algebras. The result below
extends Proposition 21 of [50] and has a similar proof.

Proposition 2.1.5. Let (L,— T) be a w-ceo algebra. Then

- the condition (d,) is equivalent to
(d.) for anyae L,Bc L: a—> AB=A(a—~ B);

- the condition (dy) is equivalent to
(d)) for anybe L,AcL: (VA) »>b=A(A—b);

- the condition (d) is equivalent to
(d") for any AABcL: VA->AB=A(A-B). O

Remark 2.1.6. We note that in any w-ceo algebra (L —,T) the condition (d), or
equivalently (d'), can be expressed by means of the two conditions (d;.) and (d}).

The inception of fuzzy set theory and the consequent incredible development of theory
and applications of lattice-valued mathematics and logics have produced a big interest in
several kinds of lattice-ordered algebraic structures. Our work, following [50], proposes
an approach to these structures based on the notion of order and its extension to the
many-valued case: such an extension, described as an implication operator, completely
determines the algebraic structure, in a similar way as the order determines completely
the lattice structure.

It is quite evident that in many-valued mathematics the underlying lattice structure and
its completeness are fundamental requirements for most applications; so eo algebras have
been studied since [50] in connection with the completeness condition of their natural
ordering. The Dedekind-MacNeille completion process has turned out to suit well for
getting the completeness requirement of eo algebras.

The next results we present in this Subsection come from [50] except for a few of them
on right-distributive eo algebras.

Definition 2.1.7. [50] Let (L,—,T) be a w-eo algebra and let (K,<k) be the MacNeille
completion of (L,<). For all « =[A],B =[B] € K, define

o i = [Lb(A) > UB(Lb(B))].

Proposition 2.1.8. [50] With the above notation the following hold.
1. > is an extension of <g, i.e. foralla,fe K a>g f=Tg < a<g [.
2. (K,—»k,Tk) is a complete w-eo algebra. O

We call (K, -k, Tg) the MacNeille completion of the w-eo algebra (L, —,T).
The next lemma and proposition are extensions of similar results obtained in [50].
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Lemma 2.1.9. Let (L,—,T) be a w-eo algebra. With the above notation the following
hold.

1. If a« = [A],B = [B] € K and B s the largest representative of 3, then o > =
[Lb(A) - B].

2. If (L,—,T) is right-distributive, then for all « = [A], 5 = [B] € K one has o > =
[Lb(A) - B].

3. If (L,~,T) is an eo algebra, then -k 1is an extension of —, i.e. [a] —x [b] =

[a > b], for all a,be L.

Proof. We only prove item (2) since (1) is trivial and (3) is proved in [50].
In fact, it follows by the assumption and by the equality Lb(Ub(Lb(B))) = Lb(B) that
Lb(Lb(A) - Ub(Lb(B))) = Lb(Lb(A) — B) which proves (2). O

It is shown in [50] that the assumption that (L, —, T) be a left or a right w-eo algebra
would be not enough to prove that —x is an extension of — (see the structure 27 of
Appendix).

Proposition 2.1.10. Let (L,—,T) be an eo algebra. Then, assuming the above notation,
the following hold.

1. (K,-k,TK) is a complete eo algebra and the map ¢ : L — K defined by ¢(a) = [a]
is an embedding of eo algebras;

2. (L,—,T) is right-distributive if and only if (K, >, k) is right-distributive;
3. (L,—,T) is left-distributive if and only if (K,—>k,Tr) is left-distributive;
4. (L,—~,T) is distributive if and only if (K,—>k,Tx) is distributive.

Proof. 1. It is proved in [50].

2. Assume (L,—,T) to be right-distributive and let a = [A],T ¢ K.
It follows from A T = [U{B| [B] € T'}] and from Lemma 2.1.9 that o »x Ax T =
[Lb(A) - U{B| [B]€T}]. On the other hand @ »x T = {a -k [B]| [B] €T} =
{[Lb(A) - B]| [B] €T}. Therefore Ag(a »x T) =[U{Lb(A) - B| [B]T}].
Clearly U{Lb(A) - B| [B] €T} = Lb(A) - U{B| [B] €T}, hence a« »x AT =
/\K(Oé K T).
The converse follows by (1) and the equivalence (d,) <> (d.) in (K,—>g,Tk).

3. Assume now that (L, —, T) be left-distributive. For all 5 =[B] € K, S ¢ K, we now

prove that Vg S - 8= Axg(S =k B).

Assume that B is the largest representative of 5.

Since V. S = [Ub(U{Lb(A)| [A] € S})], then, by Lemma 2.1.9, one has that:
Vi S =k B=[Lo(Ub(U{Lb(A)| [A]eS})) ~ B].

On the other hand S —x 5 ={[A] -k 8| [A] € S} = {[Lb(A) — B]| [A] € S}.
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Thence Ag (S =k 8) =[U{Lb(A) - B| [A] € S}].

Since Ub(Lb(Ub(U{Lb(A)| [A]€S}))) = Ub(U{Lb(A)| [A] €S}), it follows by
the distributivity assumption on L that:

Vic S~ B = [LH(UB(U{Lb(A)| [A] € $})) ~ B = [U{Lb(A)| [A] € S}~ B] -
[U{Lb(4) > BI[A] € 8}] = Arc(S —xc ).

The converse follows by (1) and the equivalence (d;) < (d;) in (K, >k, Tk).

4. Tt follows trivially from (2) and (3).

2.1.2 The adjoint product and the idempotency conditions

The algebras we consider in this thesis correspond to an approach to many-valued
logic based on the fundamental connective of implication which can generate other con-
nectives, more precisely other operations in our algebraic context.

In other approaches, more frequently addressed, a multiplication corresponding to con-
junction is the basic tool, for instance in t-norm based logics (see [45] and [52]).

The implication-based approach to non-classical logics, however, goes back to long time
ago (see [74]) but it has been developed by means of quite strong assumptions that
characterize (positive) implication algebras and lead to the meet operation as the only
possible conjunction.

Our approach, instead, though starting from the common base of implicative algebras,
i.e. w-eo algebras described in the previous Subsection, produces a big variety of al-
gebras for many-valued logics, having as a main tool the isotonic and antitonic Galois
connections.

In this Subsection we define, following once more [50], a product which is the left adjoint
of the implication. The results proved in the previous Subsection allow to consider the
completeness condition a not too strong requirement for eo algebras thanks to the em-
bedding described in Proposition 2.1.10 and to realize that the right-distributivity and
the left-distributivity conditions of eo algebras are not invalidated by the completion
process leading to the completeness condition.

However, we remark that for w-eo algebras the completeness assumption has to be con-
sidered quite restrictive. This is why we shall devote our interest in (right-)distributive
ceo algebras that one can see as the algebraic counterpart of a logical system.
Nevertheless some of our constructions only need to assume (L,—,T) to be a right-
distributive w-ceo algebra; stronger assumptions will be specified when they will be
necessary.

Let (L,—,T) be a right-distributive w-ceo algebra. Thus, by adjunction applied to
the function

go:L—>L,y~ (y)ga=a—y
that preserves A, we consider the left adjoint f, and define the product ® : L x L - L by
a®r=(x)fa=N{teL|x<a—t}.
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Then ® and — form an adjoint pair, i.e. for all x,y, z € L:
rQY<z<ey<r —> 2.

This operation ® is called adjoint product of the right-distributive w-ceo algebra; the
properties listed in the following Proposition have been already proved in [50], where the
stronger distributivity condition (d) is assumed; their proof in the more general case we
consider is similar, hence it is omitted.

Proposition 2.1.11. Let (L,—,T) be a right-distributive w-ceo algebra and let ® be the
adjoint product. The following properties hold, for all a,b,ce€ L, A, B ¢ L.

1. a®b<a;

2. a®T =a;

3. a®L=1;

4. L®a=1;

5. T®a<aif and only if T >a>a;

6. T®a>aif and only if (Ve eL:T—>xz>a=x>a);
7. T®@a=aifand only if (VexeL:T>x>a< x>a);
8 a®(VB)=V(a® B);

9. ifb<c, thena®b<a®c;

~
S

a®(a—>b)<b<a—(a®b).

If, moreover, L is a ceo algebra, then
11. ifa<b, thena®c<b®c;
12. (VA)®b>V(A®b). O

Remark 2.1.12. We note that the equivalence Vx € L : T - x > a < x > a considered
in the item (7) of the Proposition 2.1.11 is equivalent to the equality Vz e L: T —» x = z.
This statement is an easy consequence of the criterion for which, for all x,y e L x =y if
and only if Vae L, x > a <y > a.

The above results enlighten the main differences between (right-)distributive com-
plete weak extended-order algebras and complete residuated lattices.
We recall from [9, 58] that a complete integral residuated lattice is a complete lattice L
with additional binary operations ®, —, ~» such that ® gives a monoidal structure whose
unit is the top element T and such that, for all a,b,c € L:

a<bwrcea®b<cebLa—ec.
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If ® is commutative, then clearly — and «» coincide.
As it is well known the product ® is distributive over arbitrary joins (and hence isotonic)
in both arguments in every complete residuated lattice. So this product has a symmetri-
cal character (the same properties on both arguments) even when it is not commutative.
We are not aware of good motivations for the strong assumptions of associativity and
symmetry of the product; on the contrary, our results show that (right-)distributive
(w-)ceo algebras are a well motivated framework where such conditions do not necessar-
ily occur.
We shall discuss the symmetrical character of our algebras in the next Subsection.
Associativity and commutativity conditions will be considered in Subsection 2.1.5.
Now we approach the idempotency condition in eo algebras.

Definition 2.1.13. A w-eo algebra (L,—,T) is idempotent if the following equivalence
holds, for all a,be L:

a->b=T<a—->(a—>b)=T.

Note that the implication a - b =T = a - (a - b) = T is trivially satisfied, so the
above definition consists, in fact, in requiring the converse implication.

Proposition 2.1.14. 1. The MacNeille completion of an idempotent w-eo algebra is
idempotent.

2. An eo-algebra is idempotent if and only if its MacNeille completion is idempotent.

Proof. 1. Let (L,—,T) be an idempotent w-eo algebra, (K,—k,Tg) its MacNeille
completion. We need to prove that for all o, € K: a < a > = a <k (3, i.e.
that for all non-empty subsets A, B < L, B = Ub(Lb(B)) the implication

Lb(A) ¢ Lb(Lb(A) » B) = Lb(A) < Lb(B)

is true.
So, let x € Lb(A). Then x <a’ - b,Va' € Lb(A),be B, hence z <x — b, Vb e B and,
by assumption, = < b,Vbe B, i.e. x € Lb(B).

2. We only need to prove that (L,—,T) is idempotent if its MacNeille completion is
idempotent, which follows easily from Proposition 2.1.10 (1).
O

The following result explains why we have used the attribute “idempotent” in Defi-
nition 2.1.13.

Proposition 2.1.15. A right-distributive w-ceo algebra is idempotent if and only if its
adjoint product is idempotent.

Proof. Let (L,—,T) be a right-distributive w-ceo algebra and ® the adjoint product.
If the algebra is idempotent, then the following equalities are true, for every a € L:
a®a=AN{tella<a—-t}=AN{tel|la<t}=a.

Conversely, if ® is idempotent, then, for all a,b € L, one has the following equivalences:
T=a—-(a->b)ea<a-beoa®a<besa<beT=a—Db O
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Now we consider the strong idempotency condition, i.e. a > (a = b) =a — b, for
all a,b e L; then the following holds.

Proposition 2.1.16. Let (L,—,T) be a right-distributive eo algebra and (K,—g,Tk)
its MacNeille completion. Assuming that (L,<) is a \/-semilattice with respect to the
natural ordering in L, then the following are equivalent:

1.a->(a—b)=a—b, foralla,be L;
2. a-g (a—>g PB)=a—-g B, forall a, B € K.

Proof. “(1) = (2)”. Let o, € K and let A, B € L be representatives of o and (3, i.e.
a=[A] and B =[B]. We prove that [Lb(A) — (Lb(A) - B)] = [Lb(A) - B].

Let 2 € Lb(Lb(A) — (Lb(A) - B)); then z <a — (a’ - b), for all a,a’ € Lb(A),b e B and
in particular, z <a — (a = b), for all a € Lb(A),b e B. By assumption x < a — b, for all
aeLb(A),be B, hence z € Lb(Lb(A) - B).

Conversely, let x € Lb(Lb(A) - B); then z <t — b, for all t € Lb(A),b e B.

By assumption z <t — (¢t - b), for all t € Lb(A),b € B. Now for all a,a’ € Lb(A),
ava' € Lb(A) hence z < (ava') - ((ava’) - b) <a— (a' - b) for all a,a’ € Lb(A),be B.
Thus, x € Lb(Lb(A) — (Lb(A) - B)).

“(2) = (1)”. (1) follows trivially from (2), thanks to Proposition 2.1.10 (1), taking
a=[a] and B = [b]. O

2.1.3 Symmetrical extended-order algebras

In this Subsection we shall see that the symmetrical character of the adjoint product

partially bridges the gap between cdeo algebras and complete residuated lattice, as
already remarked in the previous Subsection.
However we shall approach the symmetry condition in the quite general context of w-eo
algebras and give an internal characterization of symmetrical w-ceo algebras in terms
of the implication only; the behavior toward the MacNeille completion will be discussed,
too.

Definition 2.1.17. A w-eo algebra (L,—,T) is called symmetrical if there exists a
binary operation «»: L x L - L such that (L,-,T) is a w-eo algebra, » and «» induce the
same order and y < x » b < x <y —>b, for all b,x,y € L. The w-eo algebras (L,—,T),
(L,~,T) and their implications —, «~ are said to be dual to each other and they form a
Galois pair [-,].

The above Definition has a symmetrical character, so, with the above notation,
(L,~,T) is symmetrical if and only if (L, —, T) is symmetrical.

Lemma 2.1.18. If (L,—,T) is a symmetrical w-eo algebra and - is the dual implication,
then for all a,be L one has:

a<(aw»b)—>banda<(a—0b)»b.
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Proof. The inequalities are equivalent to the obvious inequalities ¢ v b < a ~» b and
a — b<a—b, respectively. ]

Proposition 2.1.19. Let (L,—,T) and (L,~,T) be symmetrical w-eo algebras dual to
each other. Then:

1. each of them is left-distributive;
2. foralla,xreL:a<To>r<ar<=a<T»ur;
3. if one of them is a right w-eo algebra then each of them is an eo algebra;

4. if one of them 1is right-distributive then each of them is distributive.

Proof. 1. Let A, A" be subsets of L, be L and Ub(A) = Ub(A").
Then z € Lb(A»b) < VacA:x<awb<eVacA:a<x>bsx->beUb(A) =
Ub(A"Y = Va eA:d <e>beoVadeA :x<ad »b< xeLb(A »b). It can be
proved similarly that (L, —,T) is left-distributive.

2. Since (L,~,T) is a w-eo algebra it follows from the equivalence y < z «» b <
r<y—>>b,forall byr,ye L,that a<T>x < T<awx<a<uz, forall a,z € L.
The second equivalence can be proved similarly.

3. Assume (L,—,T) to be a right w-eo algebra and let z,y € L, x <y. Then for every
aeLonehasa<(awz)—>x<(aw»x)—>y; hence aw» x<awy.
The statement then follows by also considering (1), since (d;) = (of).

4. Assume (L,—,T) to be a right-distributive w-eo algebra and prove that (L, T)
is right-distributive.
Let a € L and B, B’ be subsets of L and assume Lb(B) = Lb(B").
Then z € Lb(a~» B) < VbeB:z<awb< VbeB:a<zr—>b< acLb(z - B) =
Lz - B)Y<VVeB :a<x—b <V eB :x<aw»b < xelblar B).
O

Since — and « form a Galois pair, each of them is uniquely determined by the other
one. So one gets the following, by also considering item (3) of the above Proposition.

Corollary 2.1.20. A w-eo algebra (eo algebra, respectively) (L,—,T) is symmetrical
if and only if there exists a unique symmetrical w-eo algebra (eo algebra, respectively)
(L,~,T) such that - and «» induce the same order and y < x «» b < x <y — b, for all
b,r,ye L. O

The following Theorem gives an internal characterization of symmetrical w-ceo alge-
bras.

Theorem 2.1.21. Let (L,—,T) be a w-ceo algebra. L is symmetrical if and only if it is
left-distributive and the following equality T — x = x holds, for every x € L.
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Proof. Assume (L,—,T) to be a symmetrical w-ceo algebra. By Proposition 2.1.19
(1) and (2) and by Remark 2.1.12 it follows trivially that the required conditions are
necessary.

Conversely, assume (L, —,T) to be a left-distributive w-ceo algebra such that T — = = x,
for every x € L, that is equivalent, by Remark 2.1.12, to the equivalence a < T - x <
a < x, for all a,x € L.

From Proposition 1.2.8 applied to the function defined by (y)hy = y — b, there exists a
unique function g such that [hy, gp] is a Galois connection; denote (x)gy =~ b.

Then the equivalence y < x ~» b < x <y — b holds, for all b,z,y € L.

Moreover, by the assumption that (L,—,T) be a w-ceo algebra and from the equivalence
a<T—-x<a<z, for all a,z € L, it follows that «» is an extension of the partial order
<, since the equivalence T <a v» b < a < T - b < a <b holds, for all a,b € L. This
proves that (L,-,T) is a complete weak extended-order algebra, hence the assertion
follows. O

We observe that in the above Theorem we need the completeness condition only to
prove that the required conditions are sufficient.

Theorem 2.1.22. Let (L,—,T) be a w-eo algebra. If (L,—,T) is symmetrical, then its
MacNeille completion (K, —g,Tk) is symmetrical, too.

Proof. Assume (L,—,T) to be a symmetrical w-eo algebra. By definition, there exists
w1 Lx L - L such that (L,~, T) is a w-eo algebra, - and «» induce the same order < and
y<xwbe x<y—b, forall x,y,be L. Then from Proposition 2.1.8 (2) (K,wg,Tk) is
a w-eo algebra. Since «» extends < then «» g extends <x as - does. So we only need
to prove that y<g a g < a<g v -k B, for all a,B,v¢€ K.

Let X,Y be representatives of o and =, respectively, and let B be the largest represen-
tative of 3, i.e. a=[X], B=[B] and v =[Y].

Suppose [Y] <k [X] »x [B], i.e. Lb(Y') < Lb(Lb(X) ~» B) and prove the inequality:
[X] <k [Y] -k [B],i e. Lb(X)<c Lb(Lb(Y) - B).

Let p e Lb(X); then, for all g€ Lb(Y'),b e B one has that ¢ <p - b. Hence p < ¢ — b, for
all ge Lb(Y),be B. Then p e Lb(Lb(Y') — B).

Conversely, assuming that Lb(X) ¢ Lb(Lb(Y) — B) it can be proved in a similar way
that Lb(Y') ¢ Lb(Lb(X) «~» B). Ol

We are not able to prove the converse of the implication in the above Theorem even
restricting to the case of eo algebras. Nevertheless we can characterize those eo algebras
whose MacNeille completion is symmetrical. First we prove the following.

Lemma 2.1.23. Let (L,—,T) be an eo algebra and (K,—g,Tr) its MacNeille comple-
tion. Then the following are equivalent:

1.a<T-ozxz<a<x, Ya,xel;

2. as<g Tk > gy a<gy, Va,ve K.
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Proof. “(1) = (2)”. Let o = [A] and let X be the largest representative of 7; then
Tk =k 7 =[L — X]. By the assumptions the following holds, for every a € L:
aeLb(L—>X)<a<t-x, VieLVxeX oa<T >z, VzeX<oa<z VeeX <
a € Lb(X).

Hence Lb(L - X)) = Lb(X) and (2) is true since Lb(A) € Lb(L - X) < Lb(A) ¢ Lb(X).
“(2) = (1)”. (1) follows trivially from (2), thanks to Proposition 2.1.10 (1), taking
a=[a] and v = [z]. O

Proposition 2.1.24. An eo algebra (L,—,T) has a symmetrical MacNeille completion if
and only if it is left-distributive and satisfies the condition a < T —x < a<z,Va,r € L.

Proof. 1t follows easily from Proposition 2.1.10, Theorem 2.1.21 and Lemma 2.1.23. [

Corollary 2.1.25. If (L,—,T) is a symmetrical eo algebra, then it is left-distributive
and the following equivalence holds a < T - x < a <z, for all a,z € L.

Proof. It follows from the above Theorem 2.1.22 that the MacNeille completion
(K, K, Tk) is symmetrical. Then the assertion follows from Proposition 2.1.24. O

Proposition 2.1.26. If (L,—,T) is a symmetrical right-distributive w-ceo algebra, -«
the dual implication and ® the adjoint product then:

1. (L,—,T) is a cdeo algebra;

2. (L,~,T) is a cdeo algebra;

3. T®a=a for every a € L;

4. (WB)®a=V(B®a), forallae L,Bc L.

Proof. (1) and (2) These follow by the assumption and from Proposition 2.1.19 (4).

(3) It is a trivial consequence of Propositions 2.1.19 and 2.1.11 (7).

(4) By symmetry and by the adjunction between ® and —, the following equivalences
hold: z<awy<=a<zr—->y<=ax®a<y, forall a,z,yec L.

In particular x < a » y < z®a <y, for all a,z,y € L; from this equivalence it follows
that the functions defined by (z)f, = z®a and (y)g, = a ~» y form an adjunction f, = g,.
By this adjunction it follows that the map f, preserves sups, i. e. (VB)®a=V(B®a),
forallae L,Bc L . O

Remark 2.1.27. With the assumption of the above Proposition, the adjoint product
of the cdeo algebra (L, T) is the opposite ®P of ®, i. e. a®Pb=b® a. Of course ®
and « are related by the equivalence a <bw»c<a®b<ec.

One cannot say that the cdeo algebras are symmetrical. However the structures
described in 17 and 18 of Appendix and subsequent results show that what cdeo algebras
miss is that T is a left unit of the adjoint product.

Proposition 2.1.28. If (L,—~,T) is a cdeo algebra and ® is the adjoint product, then
(VB)®a=V(B®a), forallae L,B< L.
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Proof. By left-distributivity, from Proposition 1.2.8 applied to the function h; defined
by (y)hy =y — b, there exists a function g, such that [hy, gy]. Then the binary operation
«» defined by (x)gp =x ~» bis such that x <y » b< y <z > b, for all b,z,y € L.

Since the adjoint product is such that a® x <y < x <a -y, for all a,z,y € L, then the
following equivalences hold r <awy<a<r->y<x®a<y, for all a,x,y € L.

So the function f, defined by (z)f, = 2 ® a is left adjoint to the function g/, defined by
(y)gl, = a ~ y and hence it preserves V. Then, (V B)®a = (V B) fa = V(B)fa = V(B®a),
forallae L,Bc L. O

The following Proposition characterizes the symmetrical cdeo algebras in terms of
the adjoint product.

Proposition 2.1.29. Let (L,—,T) be a right-distributive w-ceo algebra and let ® be
the adjoint product. Then L is a symmetrical cdeo algebra if and only if the following
conditions hold:

(s1) (VB)®a=V(B®a), forallac L,B<cL;

(s2) T®b=0, for allbe L.

Proof. Assume that (L,—,T) be a symmetrical cdeo algebra. Then, (s1) follows from
Proposition 2.1.28.
From Theorem 2.1.21 the following equivalence holds

b<T—oz<x>b forall byrel

which is equivalent to (s2), by Proposition 2.1.11 (7).
Conversely, assume that (L,—,T) be a right-distributive w-ceo algebra such that (s7)
and (s2) hold. From Proposition 2.1.11 (7), (s2) is equivalent to the equivalence

b<T-oxz< x>0, forall bx e L.

Moreover, from (s1) it follows that the map f, defined by (x)f, = * ® a preserves V.
Then there exists a right adjoint g, that determines a binary operation «», defined by
(y)ga = a ~» y, such that x <a » y < x®a <y, for all a,z,y € L. By also considering
the adjunction between ® and — the following equivalences hold x <y » b < x®y <
b< y<ax—b forall byz,y € L. Thus, the maps defined by (y)g, = y ~ b and
(x)hy = © - b form a Galois connection [g,’),hb]. Therefore, from Proposition 1.2.7 it
follows that (VA) = b= (VA)hy = A(A)hy = AN(A = b), forany be L, Ac L, ie. —is
left-distributive. From Theorem 2.1.21 and Proposition 2.1.26 it follows that (L,—,T)
is a symmetrical cdeo algebra. O

As already claimed in the Introduction and in the previous Subsections, we are inter-
ested in right-distributive w-ceo algebras, where an adjoint product can be defined. So,
the above Proposition 2.1.26 shows that the symmetry condition, when needed, has to
be considered directly in cdeo algebras. The possible further assumption of associativity
condition, that will be discussed in Subsection 2.1.5, would produce exactly the structure
of an integral residuated lattice as it is defined in [9, 58].
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The results of this Subsection also show that the completeness assumption in residu-
ated lattices is not a too strong restriction, by also considering that the associativity is
preserved by the MacNeille completion as it is shown in [50] (see also Subsection 2.1.6
below for further details).

Proposition 2.1.30. Let (L,—,T) be a symmetrical cdeo algebra, <~ the dual implication
and ® the adjoint product. Then, for all a,b,c € L, the following properties hold.

1. a®b<b;
2. a®b<and;

3. (aw»b)®a<b<aw (b®a);

-.L\

(aw»b)®a<and;

R

b<a—b;
b<awb;

T—>a=a;

o RS

Twa=a;
9. a<(a—0b)w»b;
10. a<(a~b) - b;
11. a=»(b—c)=T<bw(awc)=T;
12. aw(b->c)=Teb->(awc)=T.
Proof. 1. From (o02) it follows that a <b+ b, hence a ® b < b.
2. From (1) and Proposition 2.1.11 (1) the inequality trivially follows.

3. From a v b < a -« b it follows (a v» b) ® a < b; from b®a < b®a it follows that
b<aw (b®a).

4. It follows easily by (1) and (3).
5. It follows from (1) by adjunction, according to Remark 2.1.27.
6. It follows from Proposition 2.1.11 (1) by adjunction.

7. From (5) a < T - a; moreover the following equivalences hold T - a < T - a <
T®(T—a)<a<eT—>a<la.

8. Similarly to (7).

9. See Lemma 2.1.18.
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10. See Lemma 2.1.18.
11. It follows easily by the equivalence a <b - c<b<a - c.

12. Similarly to (11).
O

Remark 2.1.31. Let (L, —, T) be a w-ceo algebra. Consider the coimplication operation
defined as follows, for all a,be L: a < b= (a - b)A(b—a). If (L,—,T) is a symmetrical
cdeo algebra and ® is its adjoint product, then, for all a,b € L, the following equivalence
holds:

a®b<a<b<sarbla<b

In fact, by Proposition 2.1.30 (2), we have that aAb<a < b=>a®b<arb<a< b, for
all a,be L.
Conversely, by Proposition 2.1.30 (5), for alla,be L: anb<a<b—aand arnb<b<a—b.

One can see, by means of the above Proposition, that symmetrical cdeo algebras

have the main properties of residuated lattices, except the associativity of the product.
As we shall see in Subsection 2.1.5, the assumption of associativity (and commutativity,
as well) will add not so much to our investigations.
So we argue that the associativity and commutativity assumptions in residuated lattices
have to be considered restrictive and, maybe, not necessary; in any case we have not
found good motivations for associativity and commutativity coming from the structure
of the algebra we consider, as we have done instead for the symmetry condition, naturally
arising by means of Galois connections. Nevertheless the role and the strength of the
associativity condition will be discussed in Subsections 2.1.5 and 2.1.6.

2.1.4 The negation and the disjunction connectives

It is quite natural to define a negation - in a bounded implicative structure (L, -, T)
by setting —a = a — L. This of course can be done in any w-ceo algebra but, taking into
account the symmetry condition and the consequent topics discussed in the previous
Subsection we state the following definition and notation.

Definition 2.1.32. Let (L,—,T) a w-ceo algebra. We define the following unary oper-
ation

[ :L->Lx—ax =x— L.
If (L,—,T) is a symmetrical w-ceo algebra, then we can define a further unary operation
[-]N:L—>L,5L‘r—>xN:xvsJ_

Both these operations are called negations and they are said to be dual to each other.
The negation [-]” ([-]7, respectively) is involutive if x™~ =z (x™ = x, respectively), for
every x € L.

The negations [-]” and [-]7, and the symmetrical w-ceo algebra as well, are said to be
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cross-tnvolutive if x°~ =2~ =z, for every x € L.
A symmetrical w-ceo algebra is said to be good if x™~ = x~", for every x € L.

Notation and the term “good” in the above Definition are borrowed from [12, 56, 57]

where, indeed, the cross-involutivity condition is expressed in terms of the so called
“double negation properties” =~ =z and 27" = .
The following Proposition states basic properties of the negation in a quite general
context; all the properties we shall state for a negation also hold for the dual negation,
under the assumption of symmetry, in a dual form which consists in interchanging [-]”
with [-]7, - with «» and each term of the product ® with the other one.

Proposition 2.1.33. Let (L,—,T) be a left w-ceo algebra. Then the following hold, for
all z,ye L,{z;},.; S L.

1. 17 =T;

2. x<y=>y <x;

Co

- (Vier i)™ < Nier 7 5

BN

- (Nier i)™ 2 Vierxy ;

v

. if (L,—,T) is a ceo algebra, then =~ <x —y.

If the negation [-]” is involutive, then:

6. T~ =1;

<

- (Vier i)™ = Nier @7 5
- (Nier i)™ =Vier ;.

Co

Proof. 1. From (01) L™ =1L—> L =T.
2. Let @ <y; from (of) it follows that y > L <x — L.

3. From (of) it follows that (Veyzi)™ = (Viesxi) > L <x; — L, for any i € I. Then
(Vier i)™ < Nier(zi = L) = Nier ;-

4. From (of) it follows that (Ajeszi)™ = (Ajesxi) > L > x; - L, for any ¢ € I. Then
(Nier i)™ 2 Vier(wi > 1) = Vier ;.-

5. From (o05) it follows that 2~ =2 - L <x - y.
6. By assumption 17~ = 1; from (1) it follows that 1 =17"=(17)" =T".

7. From (2), (4) and by the assumption one has Aje; 27 = ((Aies 7)) < (Vier ;7)™ =
(Vier @i)™-
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8. From (2), (3) and by the assumption it follows that Ve z; = ((Vierx;)™)” 2
(Nier ;7)™ = (Nier i)™
O

It is clear that the properties of the negation depend essentially on the behavior of
the implication with respect to the first argument; so the left-distributivity condition
has further effects on the negation.

We exploit such effects by also assuming the right-distributivity condition, which pro-
vides the adjoint product, in the next Proposition; of course this means that we consider
cdeo algebras.

Proposition 2.1.34. If (L,—~,T) is a cdeo algebra, then the following hold, for all
xz,yeL,{z;},; L.

1. xQ@x” =1,
2. xLy Sy =1;
3. (Vier i)™ = Nier 75 -
Proof. 1. From Proposition 2.1.11 (10) it follows that * ® (z - 1) < 1.
2. It follows by adjunction.

3. From (dl) it follows that (\/iEI l‘i)_ = (Vie[ I‘Z) - 1= /\Z'E](l‘i - J_) = Nie1 T; -
O

Eventually, we list and prove further properties involving the pair of dual negations
of a symmetrical cdeo algebra, by omitting the dual version of those already considered
in Propositions 2.1.33 and 2.1.34.

Proposition 2.1.35. Let (L,—,T) be a symmetrical cdeo algebra. Then the following
hold, for all x,y € L.

2. x<x ", x<ax;
3. xsy ey<a;
4. x<x »wy, x <" >y,
b.x™ =T, " =27,

Proof. 1. It follows from Proposition 2.1.30 (7) and (8).

2. From adjunction and from Proposition 2.1.34 (1), the equivalences = < =7~ <
x<x” w 1< x®x” <1 hold; hence the first part of (2) is true and the second
part follows by duality.
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3. Since — and « form a Galois connection the following equivalence z < y » 1 <
y <x — 1 holds.

4. The first part follows from the true equivalence r <2~ » y <= x®x” =1 <y. The
second part is dual.

5. From (4) and Proposition 2.1.33 (2) it follows that 2=~ < x~. Moreover the
inequality (z~ «» 1)®xz~ < 1 is true, by Proposition 2.1.30 (3); hence by adjunction
7 < (7 » 1) > 1. So 7" =x~. The second equality follows by duality.

]

Proposition 2.1.36. Let (L,—,T) be a symmetrical cdeo algebra and assume that it is
good.

1. If the negation [-]” is involutive, then the dual negations are cross-involutive.
2. If the negation [-]” is involutive, then the dual negations are cross-involutive.
3. If both the dual negations are involutive, then they coincide.

Proof. 1. By assumption it follows from Proposition 2.1.35 (5) that z°~ = 27~ =
(z77)" =(x7"7) =z, for every x € L.

2. It follows similarly from Proposition 2.1.35 (5).

3. By assumption and Proposition 2.1.35 (5), the following implications hold z~
r=x"" =1 "=x""" =" =" =>a =x", for every z € L.

O

The disjunction connective @ in the algebras frequently used in many-valued logics
is usually derived from the conjunction ® and the negation - by means of the formula

a@b:—'(ﬂa@)ﬂb)

as it is done for instance in M V-algebras (see [10] and [52]). Something similar has been
done in pseudo-MT'L algebras, that are, in our terminology, symmetrical associative
(see Subsection 2.1.5 for the notion of associativity) cdeo algebras with the pseudo-
prelinearity condition (see [12]). In fact the disjunction operation is defined in [12] by

a®b=(b"®a")"
under the additional property of goodness, i.e. assuming a~~ =a™".
The above formulas are motivated by the classical equality, in a boolean algebra,
AvB=-(-AA-B)

that, indeed, holds thanks to the double negation property — — A = A.

In this sense we find correct what is done in M V-algebras where, in fact, the double
negation law holds; on the contrary we think that the definition of disjunction given in
[12] is not well motivated.

We prefer to consider the classical equivalences
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AcBUC <= ANBc(C = AN-BcC <= -BNAcC

whose first and forth terms form indeed an adjunction (considering fp = -BN[-] and
g = BUJ-], the equivalence becomes A ¢ (C)gp < (A)fp ¢ C), as a motivating
suggestion to get disjunction connectives through conjunction and negation.

In fact, this can be done in quite general algebras (right-distributive w-ceo algebras)
by simply applying the adjoint condition (in particular Proposition 1.2.4); this can be
done in several, different but closely related ways, mainly when the symmetry condition
is assumed.

Doing so, we shall not need to assume the algebra to be either commutative or
associative: only the symmetry assumption and the involutive and cross-involutive
conditions will be useful to prove that the disjunction connectives have quite good
properties, resembling those which are satisfied in the classical context.

Let (L,—,T) be a right-distributive w-ceo algebra.
Then we can consider the operator a” ®[-]; it preserves V so it has a unique right adjoint
that is
(h, =V{zrella®@zx<y}=V{rellx<a »y}=a -y
which can be meant as disjunction either of a and y or of y and a.

Definition 2.1.37. Let (L,—,T) be a right-distributive w-ceo algebra. The following
binary operations

o) LxL L, (a,b)HaLﬂ(;)b=b_—>a;
Cw,:LxL->L, (a,b)»aDw_b=a b

are called disjunction operations or simply disjunctions.
Remark 2.1.38. With the above notation, for all a,b € L the following equality holds:
aD e, b= btd(_,_) a.

So we shall say that these operations are opposite to each other. We devote our
investigation mainly to one of the two disjunctions, namely to L’:J(; ); corresponding results

will hold for ()w_,, that we shall not list explicitly.

Proposition 2.1.39. Let (L,—,T) be a right-distributive w-ceo algebra. The following
properties hold, for all a,b,ce L,{b;},; < L.

1. Ltﬂ(_f)aza”;

2. aw(_,_)

3. Tw(_:)a:T;

1=T—a;,

4. a‘w(_,_)a:T;
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. aw(j)a‘=T©a"£a;

6. ifa<b, thenatd(_,_)cgbtd(_,_)c;
7. (/\z’e[ bz) U(_:) a= /\id(bi BJ(_:) a);

8. (Vier b)) w85 a > Ve (b w5 a).

If the negation [-]” is involutive, then:

9. Lw(_f)a:a;

10. aw) b>b;

11. awl) =1

12 aw a =1,

Proof. We note that L satisfies the axiom (05).

1. By definition 1 trJ(_,_) a=a - l=a".

2. From Proposition 2.1.33 (1) it follows easily that a o) l=1">a=T>a.

3. From (o1) T

4. From (02) a~ o) a

a=a —T=T.

=a —a =T.

5. From Proposition 2.1.2 it follows trivially that a td(_:) a =a —a=T<a <La.
6. Let a <b; from (05) it follows that awe=csa<e »b=bw e

7. From (d,) it follows that (Ajcsb;) wa=a - (Nier bi) = Nier(a™ = b;) =
/\ie[(bi Lﬂ(—:) a)'

8. From (o05) it follows that (Ve b;) wDa=a > (Vierbi) >a™ — b;, for every i € I.
Then (Vierbi) w5 a2 Vier(a™ > bi) = Vier (b 0 ).

9. It follows trivially by assumption and from (1).
10. It follows from (6) and (9) that a w0 b> 1w b=0.
11. From Proposition 2.1.33 (6) it follows that a o) T=T" >a=1-a=T.

12. By assumption it follows that a L+J(_,_) a =a —>a=a—->a=T.
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Proposition 2.1.40. Let (L,—,T) be a m’ght-distributive ceo algebra. The following
properties hold, for all a,b,c e L,{b;}

zEI =

ifa <, thencu(_,)a<cu( )b
2. aw, )(/\zdb)</\zd(au—>)b)
3. aw, )(\/zdb)>\/zd(au—>)b)

Proof. 1. Let a <b; from (of) and from Proposition 2.1.33 (2) it follows that cwa =

a —>c<b —>c—cu( )b

2. It follows easily from (1).

3. It follows easily from (1).
Ul

Proposition 2.1.41. Let (L,—,T) be a cdeo algebra. If the negation [-]” is involutive,
then the following property holds, for all a € L,{b;}

zel =
au_>) (/\zelb ) /\iel(a U(—:) bz)

Proof. By assumption and left-distributivity of L, it follows that a ) (ANier bi) =
(/\iel bz)_ —>a= (\/id bz_) —a= /\ze](bz_ - CL) = /\iel(a U—>) bz)

Let (L,—,T) be a symmetrical cdeo algebra. Then, in addition to the disjunction
operations already defined, the above discussed motivation allows to consider three fur-
ther pairs of such operations as follows.

We consider the operator [-] ® b™; since, by Proposition 2.1.29, ® preserves \/ on the left
side, we can consider its right adjoint

W)gy =Vizellzab <yl =V{rellz<b wy}=b =y

Similarly, we consider the operator [-] ® b~ which preserves \/ and then its right
adjoint

(y)gy =V{zellz@b <y}=V{reLllz<b” »y}=b"»y.
If we consider the operator a” ® [-] then, it preserves \ and its right adjoint is
(h,=V{zella®zr<y}=V{zellz<a” »y}=a"—y.

We list all the disjunction operations that can be considered in a symmetrical cdeo
algebra, including those already considered in Definition 2.1.37.

Definition 2.1.42. Let (L,—,T) be a symmetrical right-distributive w-ceo algebra. The
following binary operations
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Lﬂ(;):LxL—>L, (a,b)HaLﬂE:)b=b_v»a;
Cw,:LxL—L, (a,b)»aDw,b=a »b;
Lﬂ(_:):LXL—>L, (a,b)»aw(_:)bzb‘»a;
e, :LxL-L, (a,b)»aDw. b=a" —b;
w&):LxLeL, (a,b)»awg:)b=b“vsa;
Mw,:LxL—L, (a,b) »aMw.b=a"b;
L+J(_:):L><L—>L, (a,b)HaLﬂ(_:)bsz%a;
e, :LxL—L, (a,b) »aP e b=0a">b

are called disjunction operations or simply disjunctions of the algebra (L,—,T).
Remark 2.1.43. With the above notation, the following equalities hold, for all a,b € L
1. aOw.b=bw) a
2. aw, b= btd(;) a;
3. aM e, b= bthE:) a;
4. a™ e b=be) a.

The above equalities and the already discussed symmetry of — and « allows clearly
to get quite similar, or at least related, properties of these operations: in this sense one
would not need to list all of them, but only one of each pair of opposite disjunctions. It

has to be expected, by the symmetrical character of - and -+, that +(_,_ ) and +S: ) have

similar properties; HJ(_: ) and LﬂS: ) have similar properties to each other, too.
So, one could say in some sense that in a symmetrical cdeo algebra there are two types

of disjunctions, said the linear disjunctions (which are td(_,_), LTJS:), e, and (N)L’dw)

and the cross disjunctions (which are +(;), thE:), e, and Ow.,).
Our choice is to list and prove the properties of the linear disjunction ltJ(_: ) (partly already

considered in Propositions 2.1.39, 2.1.40 and 2.1.41) and those of the cross disjunction

thE: ). Tt would be an easy exercise to express and prove corresponding properties of the
other disjunctions.

Proposition 2.1.44. Let (L,—~,T) be a symmetrical cdeo algebra. The following prop-
erties hold, for all a,b,ce L,{b;},; < L.

1. alﬂ&_)bZa;
2. augf)bzb;
3. awgi)bzavb;
4. aLﬂS:

. Ltdg:) a=a"";

) = a;
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6. atﬂg_)

7. TEJE:)

T=T;
a=T;
8. a_LﬂE:)CL:T;
(=)

9. awl’a =T<a  <a;

10. aNLﬂE:)azTc»aSa";

11. augf)aN:Tc»a <a;

12. ifa <b, thenatﬂ&_)csbw&_)c;
13. ifa < b, thenctd(;)aScLﬂg:)b;
14 a o) (Nier bi) < Aier(a e by);
15. (Nier i) 057 a = Aer(bi 5 a);
16. a0 (Vierbi) 2 Vier(aw$) by);

17 (Vier b)) w5 a > Vi (b 85 a).

If the negations [-]” and [-]” are cross-involutive, then:
18. LLtJE:)aza;

19. atdg:)aNzT.

If the negation [-]” is involutive, then:

20. CLUS:) (/\ig[ bl) = /\iEI(a EJE:) bl),

21. aw&) a” =T,
22, a”w'a=T.

Proof. We note that, from Proposition 2.1.26 (2) it follows that (L, -+, T) is distributive.
Then (L, -, T) satisfies the axioms (05) and (o).

1. From Proposition 2.1.30 (6) it follows trivially that a W b=b"wa>a.

2. From Proposition 2.1.35 (4) it follows trivially that a D b=b" wa>b.

3. It follows easily from (1) and (2).
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4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

. By definition Lw,'a=a" v L=a"".

. From Proposition 2.1.2 it follows trivially that a w

From Propositions 2.1.33 (1) and 2.1.30 (8) it follows that a w1l =1" »a=
Twa=a.

(=)

(=)

. From Proposition 2.1.35 (1) it follows easily that aws,’ T=T" wa=1wa=T.

From (o01) it follows that T wa=a »T=T.

(-)

. From (03) it follows that a” wi,’ a=a" v a” =T.

(=)

a =a wa=T<a <a.

From Proposition 2.1.2 and Definition 2.1.17 the following equivalences hold:
awaza wa =T a <a”oa <awloa<a >l a<a.

From Proposition 2.1.2 it follows trivially that a e =a"ma=Tea <a

Let a < b; from (o5) it follows that a oD e=cwa<e wb=bu) e

Let a <b; from (o5) and from Proposition 2.1.33 (2) it follows that:
coDa=awe<h we=co)b.

From distributivity, (o) and from Proposition 2.1.33 (4) it follows that:

a Lﬂg:) (/\ie[ bl) = (/\ie[ bl)_ > a< (Vie[ bz_) > a = /\ze[(bz_ e a) = /\ie[(a Ug:) bz)
From (d,) it follows that (Aserbi) ) a = a= = (Ajerbi) = Aver(a™ = b;) =
Nier (b; 05 a).

From Proposition 2.1.34 (3) and (o) it follows that:

aw') (Vier bi) = (Vier bi)™ v a = (Nier ;) ~» a > b; » a, for every i € I.

Then a ') (Vier br) 2 Vier (b7 - a) = Vier(a ) b;).

From (o05) it follows that (Ve b;) oD a=a = (Vierbi) 2a™ » b;, for any i€ I.
Then (Vier bi) 85 a > Vier(a™ = b;) = Vier (b o5 a).
By assumption and from (5), it follows trivially.

By assumption and from (11) it follows that a o =a" wa=awa=T.

By assumption and left-distributivity of L, it follows that:
a©) (Nierbi) = (Nier )™ = a = (Vier b7) » a = Nier (0 = a) = Aier(a s ;).

By assumption it follows that a wa =a"waz=awa=T.

By assumption and from (10) it follows trivially.
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We note that the properties of the operator Lﬂ(j ) already listed in Propositions 2.1.39,

2.1.40 and 2.1.41 hold, obviously, in a symmetrical cdeo algebra.
Now we list and prove the additional properties that we can obtain, by assumption of
symmetry.

Proposition 2.1.45. Let (L,—~,T) be a symmetrical cdeo algebra. The following prop-
erties hold, for all a,be L.

1. aLﬂ(_:)bza;
2. aw(_:)iza;
3. aw(_f)TzT;
4. a“w(_,_)

5. aw(_,_)

a=T<=ala ;

<a;

a” =T a” ;

(=)

6. if the negation [-]” is involutive, then a™ w3’ a=T;

7. if the negations [-]” and [-]” are cross-involutive, then a o) a =T

Proof. 1. From Proposition 2.1.30 (5) it follows trivially that a 0 b=t >axa.

2. From Propositions 2.1.33 (1) and 2.1.30 (7) it follows that a o) 1=1"5a=
T—a=a.

3. From Proposition 2.1.35 (1) it follows that a o) T=T"5a=1-a=T.

4. From Proposition 2.1.2 and Definition 2.1.17 the following equivalences hold:
aNLﬂ(_:)a:a‘eaN:TQa_SaN@a‘ga»L©a£a_—>i©aSa“.

5. From Proposition 2.1.2 it follows trivially that a o e =a" sa=Tea <a.

6. It follows trivially by assumption and from (4).

7. Tt follows trivially by assumption and from (5).
O

Remark 2.1.46. 1. We have already quoted, at the beginning of this Subsection,

a different approach to disjunction done in [12]; the associativity condition there
assumed on the product allows to prove that the (unique defined there) disjunction
® is associative too.
We remark that the associativity is the only property of @ proved in [12] that we
cannot obtain for our disjunctions; all the other properties of @& are satisfied by
our types of disjunctions under suitable involutivity assumptions on the negations:
nevertheless we do not need either associativity or pseudo-prelinearity which are
assumed in [12].
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2. Tt is also relevant that the disjunction @ considered in [12], under the conditions
there assumed on the algebra, can be expressed also by the equalities

x@y:vasy7~:yw—>x7~

which shows that @ coincides with two of our cross disjunctions in case the nega-
tions are cross-involutive.

3. If all the involutivity conditions are satisfied in a symmetrical cdeo algebra, then
by Proposition 2.1.36 there is a unique negation, whose basic properties can be
deduced by the above Propositions.

2.1.5 Commutativity and associativity of w-eo algebras

In this Subsection we shall deal with the commutativity and associativity condi-

tions of the various kinds of w-eo algebras we have considered, in a more general setting
than in [50]; we shall slightly improve most results given in [50] so, in fact, we restate all
of those replacing the distributivity condition, assumed there, by the right-distributivity
condition. We omit the proofs of these results since they are similar to those given in
[50]. New results will be stated and proved mainly in connection with the symmetry
condition.
What we are mainly interested to note is that the commutativity and the associativity
assumptions do not allow much better results than those obtained under the symmetry
assumption: commutativity adds essentially the equality a~ ® a = 1L while associativity
adds a lot of technical but somehow unessential results. Nevertheless it will become evi-
dent which is the fundamental role of associativity, that we shall discuss in the concluding
Subsection.

Definition 2.1.47. [50] A w-eo algebra (L,—,T) is commutative if and only if it
satisfies the weak exchange condition:
(c)a->(b—c)=T<=b—>(a—c)=T, for all a,b,ce L.

Proposition 2.1.48. The MacNeille completion of a commutative and right-distributive
w-eo algebra is commutative. O

Corollary 2.1.49. If (L,—,T) is a right-distributive eo algebra, then (L,—,T) is com-
mutative if and only if its MacNeille completion (K, -k, Tx) is. O

Proof. 1t follows trivially by the embedding described in Proposition 2.1.10 and by the
above Proposition. O

Proposition 2.1.50. A right-distributive w-ceo algebra (L,—,T) is commutative if and
only if its adjoint product ® is commutative. O

Proposition 2.1.51. Let (L,—,T) be a right-distributive w-ceo algebra. If it is commu-
tative the following hold.
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1. (L,—,T) is symmetrical;
2. » coincides with —.
Proof. Assume that (L,—,T) to be a right-distributive commutative w-ceo algebra.

1. From Proposition 2.1.11 (2),(8) and by assumption it follows that:
(s1) (VB)®a=a®(VB)=V(a®B)=V(B®a), forallae L,Bc L;
(s2) T®¥b=a®T=0b, forall be L.

Then, from Proposition 2.1.29 (L, —, T) is symmetrical.

2. We consider the map f,(z) =  ® a; its right adjoint is he(y) = a ~» y. The map
fi(z) = a ® z has right adjoint g,(y) = a — y. By commutativity, f, = f, and,
hence, by uniqueness of adjoint, g, = hq-

O]

Corollary 2.1.52. If (L,—,T) is a right-distributive commutative w-ceo algebra, then
it is a commutative cdeo algebra.

Proof. From Proposition 2.1.51 (L, —, T) is symmetrical. Hence, from Proposition 2.1.26
(1) it is a commutative cdeo algebra. O

From the previous results it follows that the commutative cdeo algebras and the
related connectives have all the properties that are satisfied in symmetrical cdeo algebras,
in particular those we have obtained in the previous Subsections.

We can obtain only a few additional properties that we list below, among which the
commutativity condition itself.

Proposition 2.1.53. If (L,—,T) is a commutative cdeo algebra, then the following hold,
for all a,be L:

1. a®b=0®a;
2.0 ®a=1.

Proof. (1) is a trivial consequence of Proposition 2.1.50. Thence (2) follows by also using
Proposition 2.1.34 (1). O

Definition 2.1.54. [50] A w-eo algebra (L,—,T) is associative if and only if it satisfies
the following condition:

(a) LH(Lb(A) — (Lb(B) — C)) = Lb(Lb({z| Lb(A) € Lb(LH(B) — z)}) - C), for all
A,B,CcL.

Lemma 2.1.55. If (L,—,T) is a right-distributive w-ceo algebra, then the condition (a)
can be formulated in the following equivalent way:
(ya->(b->c)=(AN{z|]a—> (b->z)=T})—>¢, for all a,b,ce L. O
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Proposition 2.1.56. Let (L,—,T) be a right-distributive w-eo algebra and let
(K,—k,TK) be its MacNeille completion, with the above notation. Then K is asso-
ciative if and only if L is associative.

Proof. Tt is proved in [50], Proposition 38, that the associativity condition is preserved
by the MacNeille completion under the assumption of distributivity of L; however, such
a proof only needs the right-distributivity.

The converse is also claimed in [50], Corollary 44, without any proof, once more assuming
distributivity. Now, we give a proof in our case. So, let (K, >, Tx) be associative, let
A,B,C c L and assume Lb(A), Lb(B),C be non-empty (otherwise, the proof is trivial).
By Lemma 2.1.55 the assumption implies that:

[A] =k ([B] =k [C]) = (A {[D]| D L, [A] <k [B] >k [D]}) =k [D]
hence, by Remark 1.3.2 and Lemma 2.1.9 (2)

[Lb(A) > (Lb(B) - C)]

[U{D < L| Lb(A) € Lb(Lb(B) - D)}] -k [C]
[{z € L| Lb(A) ¢ Lb(Lb(B) - z)}] = [C]
[Lb({z € L| Lb(A) c LB(Lb(B) - z)} - C].

So the condition of Definition 2.1.54 is satisfied. O

Remark 2.1.57. Let (L,—,T) be a right-distributive w-ceo algebra. If ® denotes the
adjoint product, then the associativity condition (a) is equivalent to:
(a"ya—-(b—c)=(b®a)—>c, for all a,b,ce L.

Proposition 2.1.58. Let (L,—,T) be a right-distributive w-ceo algebra. Its adjoint
product ® is associative if and only if L is associative. O

Corollary 2.1.59. Let (L,—,T) be a symmetrical cdeo algebra and ~ the dual implica-
tion. Then (L,—,T) is associative if and only if (L,~,T) is associative. O

Proposition 2.1.60. Let (L,—,T) be a cdeo algebra and let ® be its adjoint product. If
L is associative, then, for all a,b,c€ L:

1. (a->b)e(b—>c)<a—c;
2. (b—c)<(a—b)—>(a—c);
3. a—-b =(b®a)’;

4oam e b= (a®b)".

Proof. (1) and (2) are proved in [50], Proposition 42.
(3) From (a") it follows that a >b" =a—> (b—> 1) =(b®a) > 1=(b®a)".
(4) It follows easily from (3).
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Proposition 2.1.61. Let (L,—,T) be a symmetrical cdeo algebra. If it is associative,
then the following properties hold, for all a,b,c € L.

Lo D M~

B

5.

. (beco)®(awnb)<awc
(bwe)<(awb)» (awc);
.aw»(bwe)=(a®b) »c;
.awb’=(a®b)”;

a” ) b= (b>®a)".

Proof. 1. By associativity it follows from Proposition 2.1.30 (3) that:

[(bwc)®(awb)]®a=(bwc)®[(awb)®a]<(bwsc)®@b<e.
Then the statement follows by adjunction.

. It is clearly equivalent to (1).

. The first inequality is true since the following equivalence holds:
a»(brc)<(a®b)wee(an(bne))o(a®d)<e
In fact, by assumption and from Proposition 2.1.30(3) we have that:
(aw»(bwc)®(a®b)=[(aw» (brc))®a]ebs(bw»c)®b<ec.
The second inequality (a ® b) v ¢ < a «» (b« c¢) follows from the equivalences
(a®b)wc<aw (bwne)e[(avb) »c]®a<bwsce {[(a®b) »c]®at®@b<ec.
In fact, by assumption and from Proposition 2.1.30 (3) {[(a®b) » c]®a} ®b =
[(a®b) »c]®(a®b) <c.

. From (3), it follows that a » b~ =(a®b)" <= a~» (b» L)=(a®b) -~ L.

. From (4) it follows that a~ o) b=b = (b"®a)".
O

Proposition 2.1.62. Let (L,—,T) be a symmetrical cdeo algebra. If it is associative,
then the following properties hold, for all a,b,c€ L.

1.

2.

v S

)

a»b<b”>a",a->b<b »a;

avw»b =b—-a",a->b"=bwa;

av»a =a—>a”;

b >a"=a"»b"=a»b",b»a =a">b"=a->b";
a»(b—>c)=b—-(a~c);

a->b<(b—>c)»(a—c);

7. a»b =b"—>a"=a" »b;
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8. a=b"=b"wa =a"->b";
9. (ar»b") " =aw»b", (a=>b") " =a>b";

10. if the negations [-]” and [-]” are cross-involutive, then b™ - a~ =a b, b~ » a” =
a—b.

Proof. 1. From Proposition 2.1.61 (1) the following equivalence holds:
a»bsb »a"<=as»b<(brl)->(an )= (b 1)®(awb)<a L.
From Proposition 2.1.60 (1) it follows that:
a->bsb wa wa->b<(b>1)w(a—>1)=(a>b)o(b—>1)<a— 1.

2. The first inequality a «~» b~ < b — @™ holds since this equivalence is true a «» b~ <
b>a"=awb <b->(awl)ebe(awb)<awl=bo(a»b)]®ac<l.
In fact, from Propositions 2.1.30 (3) and 2.1.34 (1) and by assumption it follows
that [b®@ (av»b7)]®a=b®[(a»b")®a]<b®b = L.

The second inequality b - a™ < a «» b~ holds since this equivalence is true
b-a"<a»b->1)e(b-a)®a<b->1<obe[(b>a")®a] <1 In
fact, from Propositions 2.1.11(10) and 2.1.34(1) and by assumption it follows that
be[(b—-a")®a]l=[b®(b—>a")]®a<a”®a= 1. It follows from the first equality,
changing a with b.

3. From (2), with a = b.

4. From (2) it follows that b™ - a” = a ~» b”~. From (2) and from Proposition 2.1.35
(5) a™ » b =b">a"""=b"—>a". From (2) b~ »a” =a - b". From (2) and
from Proposition 2.1.35 (5) ™~ > b~ =b"wa " =b" wa .

5. The first inequality a «» (b - ¢) < b — (a +» ¢) holds since this equivalence is true
a»(b->c)<b>(awc)e=bllaw(b->c)]<avwce{belaw (b—c)]}®ac<ec.
In fact, by assumption and from Propositions 2.1.11 (10) and 2.1.30 (3) it follows
that {b®@[a» (b—c)]}®a=b®{[law» (b—c)]®a}<b®(b—>c)<ec.

The second inequality b - (a ~» ¢) < a ~» (b - ¢) holds since the following
equivalence is true b - (a » ¢) <aw» (b—¢) e [b>(av»c)]®a<b—>c <
b {[b—-(aw»c)|®a}<c.

In fact, by assumption and from Propositions 2.1.11 (10) and 2.1.30 (3) it follows
that b@ {[b > (a»¢)]®a} ={b®[b—>(a» )]} ®a<(awc)®a<ec.

6. It follows from Proposition 2.1.60 (2) by symmetry.

7. From Proposition 2.1.35 (5) and from (4) (b7)" = a" =a™ » (b7)" " =a"" » b =
a» (b)) =awb.

8. From (4) and from Proposition 2.1.35 (5) (") wa =a™ - (b") " =a" > b" =
a—>(b")"=a->"b".
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9. From Proposition 2.1.35 (2) it follows that a v» b~ < (a ~» b~~)~". The inequality
(a» b)) <aw b~ follows from (5), (8) and the following equalities:
T=(a»b7)>(a»b")=aw[(a»b")=>b"]=a»[(a»b")">b"]=
(a»b7)" > (am»b).

From Proposition 2.1.35 (2) it follows that a - 0™~ < (a - b™7)™".

The inequality (a - b™7)"" < a — b™~ follows from (8), (10) and the follow-
ing equalities: T = (a = 07) » (a > b7) =a - [(a=>b7")»b"] =a -
[(a=>07)" » b7 ]=(a=>b")" » (a=b7).

10. Tt follows trivially from (4) and by assumption. It follows trivially from (4) and
by assumption.
U

The property (5) of the above Proposition, which is the “strong” version of the sym-
metry condition of Definition 2.1.17, has a very important feature, in fact it characterizes
the associativity condition of symmetrical cdeo algebras, as follows.

Proposition 2.1.63. Let (L,—,T) be a symmetrical cdeo algebra. Then it is associative
if and only if for all a,b,c € L one has

a»(b—>c)=b- (a~c).

Proof. Of course, we only have to prove that the given condition is sufficient.

So, let a,b,c € L. Clearly, a® (b®c) < (a®b)®@c<=>b<cw» (a—- ((a®d)®c)) <
b<a— (¢~ ((a®b)®c)) and the latter inequality is true thanks to Propositions 2.1.11
(10) and 2.1.30 (3); in fact a > (¢~ ((a®b)®c)) >a—~> (a®b) > b.

The inequality (a®b) ® c<a® (b® ¢) can be proved similarly. O

Corollary 2.1.64. A commutative cdeo algebra satisfies the strong exchange condition
if and only if it is associative. O

Proposition 2.1.65. Let (L,—,T) be a symmetrical cdeo algebra. If it is associative,
then the following properties hold, for all a,be L.

1. a_bﬂ(_:)bz(a@)bN)_;

2. a” Lﬂ&_)b:(b’@)a)“;

3. aN&J(;)bzavsb";

4. a” &J(_:)b:aw‘vsb“:a»b“;
5. a0 b=a" 5b " =a>b;
6. a‘wgf)b:a»b“”;

7. if the negation [-]” is involutive, then a™ w ) b=aw b;
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8. if the negation [-]” is involutive, then a~ v b=a—b.

If the negations [-]” and [-]” are cross-involutive, then:
9. aNtrJ(;)bzav»b;
10. a6 b=a 0.
Proof. 1. From Proposition 2.1.60 (3) it follows that a~ W b=b" > a = (a®b™)".
2. From Proposition 2.1.61 (4) it follows that a~ o b=b»a” = (b"®a)".

3. From Proposition 2.1.62 (5) it follows that a™ o b=b"5a"=b > (a»1)=
a» (b »>1)=aw»b".

4. From Proposition 2.1.62 (4) it follows easily that a™ 0 b=b" s a =a s b =
a~ b,

5. From Proposition 2.1.62 (4) it follows easily that a~ o b=bwa =a" >b" =
a—b".

6. From Proposition 2.1.62 (5) it follows easily that a~ 0 b=bma b - (a —
=a->b"»1)=a->0b".

7. It follows easily by assumption and from (3).

8. It follows easily by assumption and from (6).

9. It follows easily by assumption and from (4).

()

10. It follows easily by assumption and from (5).
O

Remark 2.1.66. Of course, all the statements we have proved that involve the dual im-
plications and negations and the conjunction in a symmetrical associative cdeo algebra
still hold in any commutative and associative cdeo algebra with respect to the (unique)
implication, the conjunction and the (unique) negation: these are already known proper-
ties in commutative complete residuated lattices. The results involving the disjunctions
are new, though in good pseudo-MTL algebras these lead to similar results as in [12].

2.1.6 Some remarks on extended-order algebras

Lattice ordered, in particular residuated structures have been introduced and con-
sidered in several kinds of contexts that have determined different approaches giving
motivation for various sets of axioms. The point of view of implicative algebras is moti-
vated by the study of algebraic aspects of logics, in particular of deductive systems, and
it has also been put into the context of category theory to develop a categorical approach
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to logic. The detailed study of extended-order algebras aims to motivate and justify or to
critically discuss basic requirements of residuated structures and further conditions such
as order-completeness, associativity, commutativity and symmetry frequently assumed
within lattice valued mathematics and logics.

It is noteworthy that just like every lattice-structure on a set L is completely deter-
mined by the underlying order relation < in L, it can be seen, since [50], that the prop-
erties and even the existence of an integral residuated structure on the upper bounded
poset (L,<,T) are determined by the way of the order relation is extended to get an
implication in L with true value T.

The fundamental result that every extended-order algebra (w-eo algebra whose impli-
cation is antitonic in the first and isotonic in the second argument) can be embedded
into its MacNeille completion allows to consider the completeness condition a not too
strong assumption, which is very important in most applications. Moreover it is possi-
ble to recognize since the first step of extending the order relation of (L, <, T) whether
the obtained implication — originates a complete residuated structure, in particular an
adjoint product ®, and which properties they have. Particular attention is devoted to
associativity, commutativity and symmetry (as a good substitute of commutativity) of
the product with a critical view of their motivation.

Relevant discussion and results aimed to exploit the possibility of dropping the associa-
tivity assumption, which is instead a well established requirement in all the approaches
to structures related to logical connectives, including residuated lattices, (pseudo-) BCK
algebras, quantales, t-norms and (monoidal) closed categories.

The effective power of associativity turns out rather to allow the “strong” version
of several properties, provided that those are satisfied in their “weak” version: ex-
amples are given in [50], in the previous Subsections (see, for instance, Proposi-
tions 2.1.60, 2.1.61 and 2.1.63) and in the next Claim, where we observe that the
strong idempotency condition is a consequence of the weak idempotency condition
under the assumption of associativity, as follows.

Claim 2.1.67. Let (L,—,T) be an idempotent right-distributive w-ceo algebra. If it is
associative, then it satisfies the strong idempotency condition.

In fact, by assumption the following equalities hold:
a—>(a—>b)=V{teLla®t<a—b}
=V{tella® (a®t)<b}
=V{teLla®t<b}
ZV{tEL’ tSa—>b}=a—>b.
As further most relevant examples, if (L, —, T) is complete with a distributive impli-
cation, the adjoint product ® and, possibly, the dual implication «» are related to — by
“weak” conditions expressed by the equivalences

(i)a->((b-c)=T & (b®a)—>c=T;

(ii)) aw(b—>c)=T < b>(awc)=T.
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Then it can be seen that the associativity assumption is equivalent to ask that the
“strong” version of (i) and (ii) are satisfied; more precisely:

Claim 2.1.68. The following are equivalent for a right-distributive, possibly symmetri-
cal, ceo algebra

1. (L,—,T) is associative;

2. foralla,b,ce L: a—> (b—>c)=(b®a)—c¢;
3. for all a,b,ce L: a~ (b—c)=b— (a~c).
As a consequence the following is true.

Claim 2.1.69. A right distributive eo algebra is associative and commutative if and only
if it satisfies the strong exchange condition: a — (b —c¢) =b— (a — ¢).

In fact it has been shown in [50] that the condition is necessary. Conversely, the
strong exchange condition implies commutativity (hence symmetry) and, by Proposition
2.1.63, associativity, too.

We close this Subsection with a few remarks that relate some of our results with

other residuated structures.
We have already explained that w-eo algebras are exactly the implicative algebras con-
sidered in [74] that have been specialized to get positive implication algebras, also called
Hilbert algebras; so our results on idempotency allow to characterize eo algebras whose
MacNeille completion are Heyting algebras as follows.

Claim 2.1.70. A right-distributive eo algebra (L,—,T) is symmetrical and idempotent
if and only if its MacNeille completion (K, -k, Tx) is a complete Heyting algebra.

In fact if K is a complete Heyting algebra, then it is idempotent and commutative,
so by Proposition 2.1.14 and Corollary 2.1.49 L is idempotent and commutative, hence
symmetrical. Conversely, if L is idempotent and symmetrical then the adjoint product ®
in its MacNeille completion is the meet operation A since clearly anb = (aAb)® (anb) <
a®band a®b<anb (see Proposition 2.1.30).

As a special case of closed categories (see [32]) implication structures (L,e,—) have
been considered in [89] assuming that L is a poset (ordered category), e is an element
of L and for all a,b, c € L the following conditions are satisfied

l.a=b<a—c ifb<q

2. a—>c<b—-c ifa>b;
3.a->b<(c—>a)—(c—b);
4. e<a—-b<=a<b;

5. e—>a<a.
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Also, a structure of adjoint implications (L,e,—,), where — and « are implications
related to the same order in L and form a Galois pair, has been considered in [89]. Such
a structure is said to be symmetric if — and - coincide.

It is evident that this approach, which is closely related to ordered categories and
to quantales as well, is quite similar to ours. Nevertheless there are fundamental and
important differences (which concern quantale and closed category theory, too) that can
be summarized as follows.

On one hand, the closed-category and quantale-like approach is more general than
extended-order algebras approach since the former does not assume that the identity
(or unit) e is necessarily the greatest element of L. Such an assumption, i.e. consider-
ing integral structures, would render (adjoint) implication structures a special kind of
(symmetrical) eo algebras. Also, note that the integral symmetric (in the sense of [89])
adjoint implication structures are commutative eo algebras.

On the other hand, taking into consideration the integral structures, w-eo algebras
are by far more general since these reduce to assuming the above condition (4) of impli-
cation structures only; eo algebras would add conditions (1) and (2).

But what is most relevant is that all along the development of the study of (w-)eo alge-
bras, since [50] through our works [13, 14] and the present thesis, we have not assumed
conditions of the “strong-type” such as the above condition (3) that correspond to the
composition law of closed categories; this is called “strong isotonic condition” in [50],
where it is shown to be a consequence of the “weak isotonic condition” (1) under the
assumption of associativity (see the above discussion about this feature of the associa-
tivity axiom, that allows the extension of most conditions assumed in a “weak” form to
their “strong” version).

These remarks confirm that, roughly speaking, the associativity condition of the product-
conjunction allows the strong version of conditions once these are satisfied in their weak
version and moreover it seems to be required as a fundamental tool within the context
of category theory. A new evidence comes from [33], where it is shown that fuzzy Galois
connections (in fact, “strong versions” of the classical Galois connections) and functorial
conditions of powerset operators, determined by cdeo algebra-valued relations, require
associativity, and from [48], where good examples of cdeo algebra-valued categories ben-
efit of the associativity assumption.

Our last comment concerns residuated lattices (see [9, 58]), that are ordered algebraic
structures (L, A, V, -, e,—, ) such that

1. (L,A,v) is a lattice;
2. (L,-,e) is a monoid;

3. — and «» are binary operations for which the equivalences a-b<c<=a<bw c <
b<a— chold, for all a,b,ce L.

If we reduce, once more, to the integral case, then the following is trivially true.

Claim 2.1.71. The complete integral residuated lattices are exactly the symmetrical
associative cdeo algebras.
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Hence also the relationship in the non-complete case can be stated.
Claim 2.1.72. FEvery integral residuated lattice is a symmetrical associative deo algebra.

In fact, if (L,A,v,-,T,—,~) is a residuated lattice, then clearly (L,—,T) is a
symmetrical, hence left-distributive eo algebra (see Proposition 2.1.19); moreover, if
a€L, B,B'c L and Lb(B) = Lb(B'"), then the right-distributivity follows by the equiv-
alences x € Lb(a - B) < a®x € Lb(B)=Lb(B'") < weLb(a— B').

Now, the MacNeille completion (K, -, Tg) of (L,—,T) is symmetrical, with dual im-
plication », and it is associative since for all a = [A],8 = [B],y = [X] € K it is true
that

a—g (Bk7y)=[Lb(A) = (Lb(B) » X)]
= [Lb(B) » (Lb(A) ~ X)]

=B =k (@ =K 7).

In fact, by the associativity of the product -, we have that:

t e Lb(Lb(A) - (LW(B) » X)) < (a'-t)-bV <z,Va' € Lb(A),b € Lb(B),x ¢ X <
a - (t-b)<x, Va' € Lb(A),b € Lb(B),zr€ X < te Lb(Lb(B) ~» (Lb(A) - X)).
As a conclusion (L,—,T) is associative, by Proposition 2.1.56.

Eventually, we remark that assuming the completeness condition (and consequently
the distributivity of the product over joins on both arguments) for integral residuated
lattices is not a strong restriction since the following holds, which justify the use of such
a condition in most applications to lattice-valued mathematics and logics.

Claim 2.1.73. 1. The MacNeille completion of an integral residuated lattice
(LyA, Vv, T,—,~) is a complete integral residuated lattice.

2. (LA, V- e,—, ) is embedded in its MacNeille completion.

In fact, under the given assumptions, (L,—,T) is a symmetrical associative deo
algebra then it is embedded in its MacNeille completion (K, -, Tx ) that has a structure
of a symmetrical associative cdeo algebra, i.e. is a complete integral residuated lattice
and the dual implication v extends . Eventually, it can be seen that the product
®f in K extends the one given in L. In fact, for all a,b € L:

[a-b]=[A{teLlb<a—t}]=[{teL|b<a—t}],

[a] ®x [b] = 4{\{7 € K| [b] <k [a] >k 7}

=X cL| lbcLb(la—X)}]
=[(W{XcLlb<a—>zVreX}]

and since clearly {t e L|b<a >t} =U{X S L|b<a -z, Vx e X}, then [a-b] = [a]®x [b].
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2.2 Implicators

This Section deals with a first application of extended-order algebras in connection
with the fundamental concepts of implicators and conjunctors largely used and studied
in many contexts (see, for instance, [2, 3, 30, 77, 78]).

The notion of implicator will be reconsidered in the light of the conditions that the
implication of an extended-order algebra satisfies, and the notion of relative implication
is also introduced.

Moreover, we introduce and study the notion of conditional conjunction, which is
strictly related to the divisibility condition of BL-algebras.

2.2.1 Fuzzy implicators and the conditional implication

In the literature the term fuzzy implication operator, shortly fuzzy implicator, usually
is meant as an extension of the implication defined in classical logic; in fact in the most
general sense it is defined as a map Z: [0,1] x [0,1] — [0, 1] that satisfies the boundary
conditions

() (0,0)Z = (0,1)Z = (1,1)Z =1 and (1,0)Z = 0.

Further properties are considered and assumed on Z in different theoretical approaches
and applications; a detailed list of the most important (some of which imply the
equalities in the boundary condition (b)) is given in [78] as follows:

(fi1) a<b= (b,¢)I < (a,c)Z, for all a,b,ce[0,1];

(fiz) a<b= (¢,a)Z < (¢,b)Z, for all a,b,ce[0,1];

(fi3) (0,b)Z =1, for every be [0,1];

(fiq) (a,1)Z =1, for every a € [0,1];

(fis) (1,0)Z = 0;

(fig) (1,b)Z = b, for every be [0,1];

(fi7) (a,(b,e)I)T = (b, (a,c)I)Z, for all a,b,ce[0,1];

(fis) (a,b)I: 1< a<hb, forall a,be[0,1];

(fig) the map N', defined as (a)N' = (a,0)Z, for every a € [0,1], is an involutive fuzzy
negation;

(fi10) (a,b)Z > b, for all a,be[0,1];

(fi11) (a,a)Z =1, for every a € [0,1];

(fi12) (a,b)T = ((b)N,(a)N)Z, for every a € [0,1], where N is an involutive fuzzy
negation;

(fi13) I is a continuous mapping.

/\/‘\/\/\

Evidently there are several interrelationships among these axioms. In [78] there is
a complete view of these: there, taking (fi1)-(fis) as the basic system of axioms for a
fuzzy implicator the authors investigate the dependence and independence of the other
axioms, given the first five that, in their turn, implies the boundary condition (b).
In this Subsection we reconsider the above conditions and we give a definition of an
internal implicator in a complete lattice L, taking into account the point of view of the
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implication operation of extended-order algebras.

This leads to a different arrangement and grouping of the basic requirements a fuzzy
implicator should satisfy, according to the interpretation of the implication operation in
the semantic of many-valued logic that motivated the introduction [50] and development
of extended-order algebras, strictly related to implicative algebras considered in [74].
We recalled in Section 2.1 that the implication of a w-eo algebra (i.e. implicative algebra)
is any internal extension of the order relation of any poset with a greatest element (true
value T), as stated in Proposition 2.1.2. This criterion states exactly in which cases the
implication @ — b is true saying nothing, in general, on when the implication is false,
even if the existence of the value “false” (the least element 1) in the algebra is assumed.
So our feeling is that we should agree with the requirement (0,0)Z = (0,1)Z = (1,1)Z=1
without asking to (1,0)Z nothing but to be different from T, in general, which makes
the implication of a w-ceo algebra a bounded implicator, as we shall see. Nevertheless,
we shall weaken further the requirements of an implicator, making it more general than
the implication operation of a w-ceo algebra.

Definition 2.2.1. Let (L,<) be a complete lattice, with greatest element T and least
element L. A map Z: L x L — L is an implicator in L if it satisfies the axiom:
(i) (a,b)I=T=a<b= (b,a)Z <(a,b)Z, for all a,be L.

The implicator T is bounded if it satisfies the following axioms:

(i1) (L,0)Z =T, for every be L;

(i2) (a,T)I =T, for every ae L.

The implicator T is weak-ordered if it satisfies the axiom:

(i3) (a,b)I=T<a<b, for all a,be L.

The implicator T is isotonic if it satisfies the following axioms:

(ig) a<b= (c¢,a)Z < (¢,b)Z, for all a,b,ce L;

(i5) a<b= (b,c)I < (a,c)Z, for all a,b,ce L .

The implicator I is crisp-bounded if it satisfies the axiom:

(b) (L, )Z=(L,1)Z=(T,T)Z=T and (T,1)T = 1.

The implicator I is ordered if it satisfies the axioms (i3), (i4) and (is).

The implicator T is distributive if it satisfies the following axioms:

(i6) (a, Aier bi)T = Nier((a, b)), for all a € L, {b;};c; € L;

(i) (Vier @i, b)T = Nier((ai, b)I), for allbe L,{a;};.; € L.

The implicator T is continuous if it satisfies (i), (i) and the following axioms:
(i7) (a,Vier b:)I = Vier((a,b;)I), for all a e L,{b;};,.; € L;

(47) (Aier @i, b)Z = Vier((ai, b)I), for allbe L,{a;};.; € L.

The implicator I is commutative or interchanging if it satisfies the axiom:
(ig) (a,(b,c)I)T =T < (b,(a,c)I)Z =T, for all a,b,c€ L.

The implicator T is involutive if it satisfies the axiom:

(i9) the map N, defined by (a)N = (a,L1)Z, for every a € L, is an order reversing
involution.

The implicator I is contrapositive if it satisfies the axiom:
(i10) (a,b)Z = ((b)N,(a)N)Z, for all a,be L.
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Eventually we list the other axioms for a fuzzy implicator considered in [78].
(i11) (T,b)Z < b, for every b e L;
(i12) (T,b)Z > b, for every b e L;
(i13) (a,b)Z > b, for all a,be L.

Some examples of implicators can be found in Appendix of this thesis.
The following Proposition shows in the item (1) that the implication of every one of the
complete algebras we have considered in Section 2.1 is a weak-ordered, hence bounded,
implicator; the subsequent statements (2)-(11) only state the further properties it satis-
fies depending on which kind of w-ceo algebra is considered.

Proposition 2.2.2. 1. If (L,—,T) is a w-ceo algebra, then the operation — is a
bounded weak-ordered implicator.

2. If (L,—,T) is a right w-ceo algebra, then the implicator — satisfies the axiom (i4),
too.

3. If (L,—,T) is a left w-ceo algebra, then the implicator — satisfies the axiom (is),
too.

4. If (L,~,T) is a ceo algebra, then — is an ordered implicator, too.

5. If (L,—,T) is a right-distributive w-ceo algebra, then the implicator — satisfies the
azioms (i4) and (ig), too.

6. If (L,~,T) is a left-distributive w-ceo algebra, then the implicator — satisfies the
azioms (i5) and (ig), too.

7. If (L,~,T) is a cdeo algebra, then — is an ordered distributive implicator, too.

8. If (L,~,T) is a symmetrical cdeo algebra, then both — and ~ are ordered, distribu-
tive and crisp-bounded implicators that satisfy the axioms (i11), (i12) and (i13).

9. If (L,—,T) is an involutive left w-ceo algebra, then — is an involutive implicator,
too.

10. If (L,—,T) is a commutative cdeo algebra, then — is an ordered, distributive, crisp-
bounded and commutative implicator that satisfies the axioms (i11), (i12) and (i13).

11. If (L,—~,T) is a commutative, associative and involutive cdeo algebra, then — is
an ordered, distributive, crisp-bounded, commutative and contrapositive implicator
that satisfies (i11), (i12) and (i13).

Proof. 1. From Proposition 2.1.2 — satisfies the following equivalence a - b =T <
a < b and, in particular, it follows trivially that a > b=T < a<b=b—>a<a — b,
for all a,be L . Hence it satisfies the axioms (i) and (i3).

Moreover the following equivalences are true L <b< 1 —>b=T,a<T<a—->T=T,
for all a,b e L. Therefore, — satisfies (i1) and (i2).
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2. From (o03) it follows that a <b<a—>b=T=c—>a<c—b, forall a,b,ce L. Then
— satisfies (i4).

3. From (o) it follows that a<b<=a—->b=T=>b—>c<a— ¢, forall a,b,ce L. Then
— satisfies (i5).

4. Tt follows easily from (2) and (3).

5. Since (d,) implies (05), it follows that (L,—,T) is right w-ceo algebra.
Then from (2) one has that — satisfies (i4). From (d,) it follows that a — (Aser b;) =
Aicr(a = b;); hence — satisfies (ig).

6. Since (d;) implies (of) it follows that (L,—,T) is left w-ceo algebra. Then from
(3) one has that — satisfies (i5).
From (d;) it follows that (Ve bi) = a = Ajer(a — b;); hence — satisfies (ig).

7. Since (d) implies (05) and (of), it follows that (L, —,T) is a ceo algebra. Then the
statement follows from (4), (5) and (6).

8. By assumption and from Proposition 2.1.26 it follows that (L,—,T) and (L,~,T)
are cdeo algebras. Hence, from (7) — and ~ are ordered and distributive implica-
tors.

From Proposition 2.1.30 (5) it follows that — and ~ satisfy (i11), (i12) and (b).
Moreover, from Proposition 2.1.30 (4) it follows that — and ~ satisfy (i13).

9. It follows trivially from Definitions 2.1.32, 2.2.1 and Proposition 2.1.33 (2).

10. From Proposition 2.1.50 it follows that (L,—,T) is a symmetrical cdeo algebra.
Then from (8) — is an ordered, distributive and crisp-bounded implicator that
satisfies (i11), (i12) and (i13). Moreover it is commutative by Definition 2.2.1.

11. From (10) it follows that — is an ordered, distributive, commutative and crisp-
bounded implicator that satisfies (i11), (i12) and (i13). Moreover, by assumption
and from Propositions 2.1.50 and 2.1.62 (4) it follows that — is a contrapositive
implicator.

Ol

The above Proposition explains and suggests the possibility to think of an implicator
as nothing but the implication operation of some w-ceo algebra. In particular, if L is a
complete lattice and Z: L x L - L, then

- T is a weak-ordered implicator if and only if (L,Z,T) is a w-ceo algebra;
- T is an ordered implicator if and only if (L,Z,T) is a ceo algebra.

Fuzzy implicators have been mostly considered, since [3], to express and to evaluate
the inclusion between fuzzy sets. Classically, crisp inclusion between fuzzy (or lattice-
valued) sets has been considered to be the order relation point-wisely induced by the
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lattice-order of L in the L-powerset LX of any set X.

In order to determine the inclusion degree between two L-sets A, B with respect to
an implicator — in L it seems reasonable, of course, to evaluate the extended-order
relationship between A and B; this is usually done by means of the so called subsethood
degree (A, B)S = \p(x)A — (z)B, that extends to the many-valued context the following
classical equivalence:

VA BcL:AcB<« (ac A=acB).

Here we further propose the possibility to evaluate the inclusion of A in B by seeing to
which extent A is included in the conjunction of A and B (or how much of A is in B).
In terms of the right-distributive (w-)ceo algebra structure this purpose can be realized
using the relative implication given by the following Definition; this operator extends to
the many-valued context the following classical equivalence:

VA, BcL:AcB< (acA=acAnB).

Definition 2.2.3. Let (L,—,T) be a right-distributive w-ceo algebra. The relative im-
plication is the binary operation

g LxL—>1L
(a,b) ra—gb=a—(a®b),

where ® is the adjoint product of L.

Lemma 2.2.4. If (L,—,T) is a right-distributive w-ceo algebra, then the relative impli-
cation satisfies the axioms (i1), (i2), (i4) and (i12).

Proof. From (o02) and Proposition 2.1.11 (3) it follows that L -g b =1 - (L®b) =
1l—=>1=T.

From (02) and Proposition 2.1.11 (2) one has that a g T=a—> (a®T)=a—>a=T.
From (o05) and Proposition 2.1.11 (6) it follows that a <b=c®a<c®b=c— (¢®a) <
¢— (c®b); hence c »g a<c—ghb.

From Proposition 2.1.11 (7) one has that T g b=T - (T®b) > b.

Hence —g satisfies the axioms (i1), (i2), (i4) and (i12). O

Proposition 2.2.5. If (L,—,T) is a symmetrical cdeo algebra that satisfies the condition
a<b=>b®a<a®b, then the relative tmplications —g and ~g are bounded and crisp-
bounded implicators that satisfy the axioms (i4), (i11) (412).

Proof. From Proposition 2.1.30 (2), (05) and the assumption it follows that a —¢ b =
Teoa<a®b<b=>a<b=0b->ga<a—>gb Hence »g is an implicator; trivially, by
the above Lemma —g is bounded and satisfies (i4) and (i12).

Moreover, from Propositions 2.1.29 and 2.1.30 (5) it follows that T >g b=T > (T®b) =
T —b="0, for every b € L and, in particular, T »g 1 =T > (T® L) =T - 1L = 1. Hence —¢
satisfies the axioms (i11) and (b). Similarly for ~g. O
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Clearly a commutative cdeo algebra satisfies the assumption of Proposition 2.2.5;
but even the symmetry condition, and hence the commutativity are not necessary for
—g to be an implicator, as the structure 22 of Appendix shows.

Proposition 2.2.6. Let (L,—,T) be a cdeo algebra. Then —g is a weak-ordered impli-
cator if and only if the equivalence a <b <= a=a®b holds, for all a,be L.

Proof. Assume —g to be a weak-ordered implicator. Then it follows from a < b that
a—(a®b) =T, hence a <a®b<a. Conversely, from a =a®b one has a »g b =T, hence
a < b. Now assume the stated equivalence.

Then the equivalence a g b=T < a < a®b < a < a < b proves that —¢ is a weak-ordered
implicator. O

Corollary 2.2.7. If (L,—,T) is a symmetrical cdeo algebra, then the dual relative im-
plication ~g defined by

a~gb=a~(b®a), for all a,be L

18 a weak-ordered implicator if and only if the equivalence a <b < a=b® a holds, for
all a,be L.

Proof. Tt follows trivially by the above Proposition since, under the assumption, (L, ~,T)
is a cdeo algebra with adjoint product ® defined by a®b=b® a. O

Corollary 2.2.8. If (L,—,T) is a symmetrical cdeo algebra and ® is idempotent, then
—g and ~g are weak-ordered implicators.

Proof. Under the assumption, for all @ < b in L one has ¢ = a®a < a®b < a and
a=a®a<b®a<a Conversely, it follows from a = a® b that a = a ® b < b and from
a=b®a that a=b®a<b.

Now the statement follows from Proposition 2.2.6 and Corollary 2.2.7. O

Remark 2.2.9. The idempotency condition is necessary for each of »g and ~g to be
a weak-ordered implicator. In fact, if this is the case it follows from either Proposition
2.2.6 or Corollary 2.2.7 and from a < a that a = a ® a, for every a € L.

However idempotency is not necessary for -g to be an implicator (see structure 22 of
Appendix) and the symmetry condition is not necessary for —g to be a weak-ordered
implicator, as the structure 23 of Appendix shows.

2.2.2 The conditional conjunction

In this last Subsection we consider a new binary operator that can be read as: “a”

and “b, given a” which motivates the term we have chosen to denote it.

Definition 2.2.10. Let (L,—,T) be a right-distributive w-ceo algebra. The related con-
ditional conjunction is the binary operation
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Q.:LxL—>L
(a,b) »a®,b=a® (a—D),
where ® is the adjoint product of L.

Proposition 2.2.11. Let (L,—,T) be a right-distributive w-ceo algebra. The conditional
conjunction has the following properties, for all a,be L,{b;} < L.

1. a<b=>2Q®,a<x®.,b, VYxelL;
1®.,b=1;
b®, 1=1;

a®.,T=a;

S

a®,r<b®,x,VrelL =a<b;
T®,b<b;
a®, a=a;

a®,b<anb;

IS S R

a<bea®sb=a;

10. a®_z<b® x,VrelL=>a®_ . b=b®_ a=a;
11. a®,b=T<=a=b=T;

12. (a®b)®,a=a®b;

13. a®, (a®b)=a®b;

14. a®, (a®,b)=a®.b;

15. (a®-.b)®.b=a®_0b.

If moreover (L,—,T) is a right-distributive ceo algebra, then:
16. Toz>z,Veel=>a®b<a®.b;

17. if ® is distributive over A\ on the right side, then a ®_ (Nier bi) = Nier(a ®- b;).

If (L,—,T) is a symmetrical cdeo algebra, then:
18. T®.,b=0;
19. a®b<a®.b;

20. a<ber®,a<zc®,b Vrel.

If — satisfies the axiom (i7), then:
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21.

a®. (Vierbi) = Vier(a ®. b;).

Proof. 1. Let a <b; from (05) * - a <z — b. Then from Proposition 2.1.11 (6) one

L

o N = o

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

hasz®@,a=2®(x>a)<z®(x—>b)=2&.,b.

From Proposition 2.1.11 (3) it follows that L®_,b=1® (L —>b) = L.

From Proposition 2.1.11 (7) one has that b®_, 1 =b® (b—> 1) < 1.

From (01) and Proposition 2.1.11 (2) it follows that a® ., T=a®(a > T) =a®T = a.
Taking = = T, the assumption gives a < b by (4).

From Proposition 2.1.11 (7) one has that T®_ b=T® (T > b) <b.

From Proposition 2.1.11 (2) and (02) it follows that a®_a=a®(a - a) =a®T = a.

From Proposition 2.1.11 (1) a ®_ b < a; moreover, from Proposition 2.1.11 (9)
a®,b<b Hencea®_,b<anb.

. Let a <b. Then a - b =T and hence, from Proposition 2.1.11 (2) a®_b=a® (a >

b) =a® T =a. Conversely, from Proposition 2.1.11 (7) a=a®-, b=a® (a - b) <b.

The assumption gives a < b by (5); then a ®_, b=a by (9).
Moreover, taking x = a, by the assumption, (7) and (8) one has a <b®_, a < a.

Assume a ®_, b =T; from (8) it follows that T <a Ab and hence a =b=T.
Conversely, it is clear that T®_, T=T.

From Proposition 2.1.11 (1),(2) one has that (a®b)®_a=(a®b)®[(a®b) > a] =
(a®b)®T=(a®b).

From Proposition 2.1.11 (7) a - (a ® b) > b; hence, from Proposition 2.1.11 (6)
a®., (a®b)=a®[a— (a®b)] >a®b. The converse inequality follows from (8),
soa®, (a®b)=a®b.

From Proposition 2.1.11 (6),(7) one has that a®_, (a®-b) = a®[a - (a ® (a = b))] >
a® (a—b)=a®.b. The converse inequality follows from (8).

By (8) a®_ b<b, hence by (9) (a®.b)®.b=a®_b.

From (of) and Proposition 2.1.11 (6) and by assumption the following inequality
holds a®,b=a®(a—b0)>2a®(T—>b)>a®b.

By assumption and condition (d,) it follows that a®_, (Aje; b;) = a®[a = (Aser bi)] =
a® [Nier(a—=bi)] = Nier[a® (a = ;)] = Nier(a ®-, ;).

From Propositions 2.1.29 and 2.1.30 (5) it follows that T® ,b=T®(T - b) = T®b = b.

By assumption the equality T — = =z, Y € L, follows from Proposition 2.1.30 (5),
hence the statement follows by (16).
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3

20. The implication “ =" comes from (1); the converse implication follows by (7) and
(8), in fact by the assumption for x =a one hasa=a®_,a<a®_, b<b.

21. By assumption and Proposition 2.1.11 (5) it follows that:

a®, (Vierbi)=a®[a—> (Vierbi)] =a® [Vier(a = b;)] = Vier(a ®- b;).
O

The properties listed in the above Proposition show that ®_, satisfies most conditions
usually asked to a conjunction operator and moreover it is well related to the operator ®,
the main conjunction operator of a right-distributive w-ceo algebra, and to the classical
conjunction operator A; in fact x®_, y < x Ay in any case and if (L, —, T) is a symmetrical
cdeo algebra then

rQyY<xrQ,y<xAy, forall z,ye L.

We also recall that the equality x Ay = x ®_, y, for all x,y € L is just the so called

divisibility condition that is assumed in BL-algebras and in M V-algebras, as well (see
for instance [52]).
We can show that whenever L is a chain the divisibility condition is necessary for the
conditional conjunction ®_, to be isotonic in the first argument; more precisely the only
conditional conjunction in a right-distributive w-ceo chain that is isotonic in the first
argument is the meet operation. In fact, the following holds.

Proposition 2.2.12. Let (L,—,T) be a right-distributive w-ceo algebra and let L be a
chain in the natural ordering. If the related conditional conjunction is isotonic in the
first argument, then a ®, b=aAb, for all a,be L.

Proof. Consider a,b € L and assume a Ab =a. Then a < b and by the assumption the
inequality a ®_, x <b®_, x, for every z € L, holds.
Then from Proposition 2.2.11 (10) a®.,b=b®_.a=a=aAb. O

Corollary 2.2.13. A right-distributive w-ceo chain is a BL-algebra if and only if the
related conditional conjunction is isotonic in the first argument. O



Chapter 3

Many-valued relations

3.1 L-relations

In Chapter 1 we have recalled some basic notions concerning binary relations in the
classical mathematical context.
Now we approach the study of binary many-valued relations taking values in some kind
of extended-order algebras.
Though the considered notions are already known and well developed, our framework,
based on extended-order algebras, is more general than the usual ones and allows a non-
commutative and non-associative approach, which has been already considered only in
[33] where, however, the structure of symmetrical cdeo algebras has not been exploited
in its full power.

3.1.1 Algebras of L-relations

For any complete lattice (L,<), and any set X, L-sets on X, or L-subsets of X, are
maps from X to L (see [44]), which generalize Zadeh’s fuzzy sets; L~ has the complete
lattice structure pointwisely induced by L; we follow notation of [35, 44], in particular,
for any subset Y € X we denote by ay the L-set on X that takes value € L on Y and
value L elsewhere; o, stands for ay,, and it is called L-point with support z and value
.

The binary many-valued relations from a set X to a set Y taking values in L are
functions R: X xY — L, i.e. L-sets on X xY. The opposite or reverse R_:Y x X — L
of R is defined by (y,z)R- = (z,y)R, for all x € X,y € Y. An L-relation is crisp if T
and 1L are the only values it may take.

Most researchers using L-valued relations for several kinds of applications (for instance
[4, 6, 11, 20, 35]) assume L to be a “complete residuated lattice”, which is a simplified
notation for “complete, integral, commutative residuated lattice”, that is a commutative,
associative cdeo algebra, as shown in Subsection 2.1. In particular, [37] and [87] deal
with complete Heyting algebras which are idempotent, commutative, associative cdeo
algebras.

68
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In this chapter, we shall assume L to be, in any case, a complete lattice, possibly with
a w-ceo algebra structure (L,—,T) with further specified properties; in this last case,
the set LX*Y of L-valued relations has a w-ceo algebra structure of the same kind as
(L,—,T), getting all the needed elements and properties pointwisely from L, as we shall
specify below.

We start considering Ry,, the class of all L-relations between two sets taking values in a
w-ceo algebra (L,—,T):

Ry ={R:XxY - L| X,Y €[Set|};

sometimes we denote R: X xY - L by R: X — Y and (z,y)R by 2Ry, for all x € X,
yeY.

We recall the following notation and pointwise definitions in Rr..

Definition 3.1.1. Let (L,—,T) be a w-ceo algebra. For all X,Y €|Set|, R, R': X - Y,
{Rj: X =Y}, and for all z,2" € X,y €Y one has:

1. R<R < (z,y)R<(z,y)R';
2. lxy: X =Y : (z,y)Lxy=1L;
3 Mxy: X =Y (z,y) Mxy=T;

T ifx=a'
1 otherwise

4. Ix: X =X : (z,2")Ix :{
5. VjesRj: X = Y: (2,9)(Vjes Rj) = Vjes (7, y)R;j;

6. NjesRj: X = Y: (2,9)(Njes Rj) = Njes (7, 9)R;;
7.R->R:X=-Y: (.’I},y)(R - RI) = R(I’,y) - (w7y)Rl;
8 R™: X =Y: (z,y)R™ =R(z,y) > L.

If we consider Rp,(X,Y"), the set of all L-relations between two arbitrary fixed sets
X,Y, then the triple (Ry,(X,Y),—,Txy) is a w-ceo algebra, with respect to the impli-
cation — defined above, which has as a top element the constant relation T xy .
Indeed, this algebra of L-relations inherits all the properties which (L,—,T) has. More
precisely, the following hold.

Proposition 3.1.2. The following equivalences are true.

1. (L,—,T) is a w-ceo algebra if and only if (RL(X,Y),>,Mxy) is a w-ceo algebra,
for all X,Y € |Set|;

2. (L,—,T) is a (right)(left)(w-)ceo algebra if and only if (RL(X,Y),—>,Txy) is a
(right)(left)(w-)ceo algebra, for all X,Y € |Set|;
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3. (L,—>,T) s a (right-)(left-) distributive (w-)ceo algebra if and only if
(RL(X,Y),—>,Txy) is a (right-)(left-) distributive (w-)ceo algebra, for all X,Y €
Set];

4. (L,—~,T) is a symmetrical w-ceo algebra if and only if (RL(X,Y),—>,MTxy) is a
symmetrical w-ceo algebra, for all X,Y €|Set|;

5. (L,~,T) is a symmetrical cdeo algebra if and only if (RL(X,Y),»> Txy) is a
symmetrical cdeo algebra, for all X,Y € |Set|;

6. (L,~,T) is a commutative w-ceo algebra if and only if (RL(X,Y),—> T xy) is a
commutative w-ceo algebra, for all X,Y € |Set|;

7. (L,—,T) is an associative w-ceo algebra if and only if (Ry(X,Y),—>,Mxy) is an
associative w-ceo algebra, for all X, Y €|Set|. O

Remark 3.1.3. If either X = @ or Y = @, then there is only the empty relation from
X to Y, that is the inclusion function @ < L; hence Ry, (X,Y") = {@} is the inconsistent
order algebra. In previous works any kind of w-eo algebra has been assumed to be
consistent, i.e. such that the carrier L has at least two elements; now we do not exclude
to consider the trivial case ({T},—,T), in order to cover the algebra of L-relations from
X to Y in case either X or Y is the empty set @&, that is, in fact the inconsistent w-eo
algebra ({2}, —, ).

Note that, for all X,Y, the w-ceo algebra of L-relations from X to Y is inconsistent if
L is.

Obviously, the properties stated in the Subsection 2.1 (see also [13, 50]) hold in the
algebra of L-relations.
3.1.2 Compositions of L-relations

Let X,Y,Z L be sets and let x : L x L > L be an operation on L. Starting from y it
is possible to consider the following partial compositions, forall R: X - Y, S:Y — Z:

1. the universal (L, x)-composition RxS : X — Z, defined by

(2,9)(RXS) = /}/((:v,y)R, (y,2)S)x, Vre X, z€Z;

2. the existential (L, x)-composition RS : X — Z, defined by

(z,y)(RXS) = V ((z,y)R, (y,2)S)x, Vre X,z € Z.

yeY

In the context of w-ceo algebras, we can introduce in Ry, the following partial com-
positions (that are particular universal or existential (L, x)-compositions) between L-
relations in a similar way as it has been done in [4, 6]. We adopt specific notations.
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Definition 3.1.4. Let (L,—,T) be a w-ceo algebra. For all X,Y,Z €|Set|, R: X - Y,
S:Y — Z define:

1. R-S: X —=Z: (2,y)(R-S) =Vyey (2, y)RA (y,2)S, Ve e X, z€ Z;
2. RoS: X —Z: (2,2)(ROS) = Ayev (2, )R = (y,2)S, Ve e X,z € Z;
3. ROS: X —~Z: (2,2)(ROS) = Nyey (¥, 2)S = (2,y)R, Vo e X,z € Z;

4. ReS: X - Z: (2,2)(ROS) = Nyey (2,y)R < (y,2)S, Vo e X,z € Z.

Remark 3.1.5. It is easy to show that, for all X,Y,Z € |Set|, R: X =Y, S:Y - Z:
(ReS) = (RoS)A(RSS). Hence the properties of © can be deduced fro the properties
of @ and ©.

Proposition 3.1.6. Let (L,—,T) be a ceo algebra.

X, Y, Z¢e|Set], RR' : X -Y and §,S§":Y — Z.

1.

2.

10.

11.

12.

13.

(R-)-=TR;
if R<R', then R_<R';

(R>R)_=R_—->TR.;

.Ro Myz=Txgz;

MTxydS=TxzeS=Tyz;
Ixy@S = TMxz;

RO Lyz= MTxz<= R=1Lxy;
iR <R, then ROS<R' @ S;
ifS<S thnROS<R®S:
ROR->1Ix;

R-©OR>1y;
ROS=(S.0R.);

if T>a=a, for everyaelL, then Ty QR=R =R ZLy.

Proof. 1. VxeX,yeY: (z,y)((R-)-) = (y,2)R_ = (z,y)R.

2.

3.V e X,y e Y: (y,2)(R - R)- = (z,y)(R - R') = (z,y)R - (z,y)R’

VeeX,yeY: (y,2)R- = (x,y)R < (z,y)R' = (y,x)R".

(y,2)R- = (y,2)RL = (2,y)(R- - RL).

Then the following hold, for all



CHAPTER 3. MANY-VALUED RELATIONS 72

4. Vo e X,zeZ: (2,2)(RO Myz) = Nyey (2, )R =(y,2) Ty z= Nyey (z,9)R = T =
/\er T=T :(l',Z)Trxz.
5. Yz e X,z e Z, we have that:
(z,2)(Txy @S) = (2,2)Txz = N\ (2,9)Txy > (y,2)S = (,2)Txz
yeY

> ANT->(y,2)S=T
yeY

< VyeY,zeZ T (y,2)S=T
< VyeY,zeZ (y,2)S=T
had Ver,zeZ (y,Z)S: (y7z)T|—YZ~

6. Vo € X,Z € Z: (ZL',Z)(J.I.XY@S) = Aer(xvy)lLXY_) (y,Z)S = /\erJ- - (y,Z)S =
/\er T=T :($7Z)T|—XZ-

7. Yxe X,z e Z, one has that:
(,2)(RO Lyz)=(2,2)Txz = VreX,zeZ N\(z,y)R~> (y,2)Llyz=T
yeY

<>VeeX,zeZ N(z,y)R->1=T
yeY

oVeeXyeY (z,y)R—>L1=T
< VreX,yeY (z,y)R=1
< VeeX,yeY (z,y)R=(x,y)lLxy

8. If R"<R, then Vz e X,yeY (z,y)R’ < (x,y)R. Hence, from (of) it follows that
Ve X,Z €7 (.I',Z)(R@S) = /\er(x7y)R - (y,Z)S < /\er(x7y)R, - (yVZ)S =
(z,2)(R"@S).

9. f S <8, then Vy e Y,z € Z (y,2)S < (y,2)S’. Hence, from (o05) it follows that
VeeX,zeZ (2,2)(ROS) = Nyey (2,9)R = (¥,2)S < Nyey (2, 9)R — (y,2)8" =
(z,2)(ROS").

10. For every x € X we have that: (z,2)(R @ R-) = Ayev(z,¥)R - (y,2)R-
Ayey (2, 9)R = (x,y)R = T = (x,2)Lx; moreover, if x # 2’ (z,2")(R @ R-)
L= (z,2")Tx.

v

11. This proof is similar to (10).

12. Ve e X, ze Z: (2,2)(ROS) = Ayey (1, 2)S = (2,9)R = Ayey (2,4)S- = (y,2)R_
(z,2)(S-0R-) = (2,2)(S-@R-)-.

13. Vo € X,y € Y, one has that: (x,y)(Zx @ R) = Apex(z,2")Ix - (2',y)R
(Arzzex L = (@, y)R) A (T > (2,9)R) = T A (2,9)R = (x,y)R. Similarly, we
can prove that R =R Zy.

O
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Remark 3.1.7. We note that in the above Proposition the assumption on L to satisfy
(05) and (0f) is needed only to prove the properties (7) and (8), respectively.

Now we consider on L the right-distributivity condition, that allows to define the
adjoint product and the disjunction connectives in L, as it is done in the previous
Chapter.

By using these, we can give pointwisely further operations on Ry,.

Definition 3.1.8. Let (L,—,T) be a right-distributive ceo algebra. For all X,Y € |Set,
R,R': X =Y, define:

1. ROR": X =Y: (z,y)(ROR") = (z,y)R® (z,y)R', x e X,y eY;
2. ReIR X Vi (2,9) (RS R = (2,9)R 65 (2,9)R, e X, yeY;
2 ROw,R X -Y: (2,9) (RO w, R) = (z,y) RO w_, (z,y)R, ze X,yeY.

Also in this case the properties satisfied in L are inherited by the pointwise operations

defined in Ry,. For instance, the constant relation T xy is a right unit with respect to

® and the reverse operation []_ commutes with ®, 0 and Q..

The adjoint product of L allows to define as follows another partial composition that
has also been considered by Bélohldvek in [6], in the less general context of commutative
integral residuated lattices.

Definition 3.1.9. Let (L,—,T) be a right-distributive ceo algebra. For all X,Y, Z €|Set,
R:X=Y,S8:Y —Z, we can define the following composition:

1. ROS: X = Z: (2,2)(ROS) =Vyey (z,y)R® (y,2)S, x e X, 2€ Z;
2. ROPS: X = Z: (2,2)(ROPS) =Vyey (2, y)ROP (y,2)S, ve X,2€ Z.

These compositions have good properties, even if the associativity and commutativity
conditions are not assumed on L.

Proposition 3.1.10. Assume (L,—,T) to be a right-distributive ceo algebra. The fol-
lowing hold, for all X,Y,Z,W € |Set|, R,R",R;: X =Y, S8,8.,8:Y -2, T:X -2,
Q:Z —W and for every iel.

1. ROy =R;

2. Rollyz =llxy;

3. Uxy@S=1ILxz;

fR<R, thenROS<R' ©S;

AR

ifS<S, then ROS<ROS';

6. RO (Nier Si) < Niet (RO S;);
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7. (Nier Ri) ©S < Nier (Ri © S);

8 RO (VierSi) =Vier(ROS));

9. T<ROS<=R_-OT<LS;
10. if moreover L is left-distributive, then (Vier Ri) © S = Vier(Ri ©8S);
11. if moreover L is associative, then RO (S© Q) =(RO®S)© 9;
12. if moreover L is associative and commutative, then the following hold:

(a) ( RORN)O(S®S)<(ROS)® (R ©S);
(b)) (ReRNO(S®S)<(RoS)®(ReS).
Proof. L. VeeX,yeY, (2,y)(ROZLy) = Vyey (2, 9)R' ® (¥, y)Iy = (2,y)R®T =
(7, y)R.
2. Vo € XaZ € Za (I‘,Z)(R@JJ_YZ)Z \/er(xay)R®(y7Z)ll-YZ: \/er(xay)lR’(8 1
\/er =1 :($7Z)J-|-XZ-

3. Vu € X,Z € Z, (Z,Z)(J.LXYQS) = \/er(%y)JJ-XY@(Z/aZ)S = VyEYJ- ® (y,Z)S
\/yeyl = J_:(a?,Z)JJ_Xz.

4. Let R<R';thenforallz e X,yeY (z,y)R < (z,y)R’. So,forallz e X,yeY,z€ Z
we have that (2,2)(R © 8) = Vyer(5:0)R ® (1,2)S < (2,)R' ® (5,2)S
Vyey (2,9)R' ® (y,2)S = (2,2)(R' © ).

IN

5. This proof is similar to above.

6. Vo € X,z € Zyi € I, (2,2) (RO (NierSi)) = Vyev (2,9)R ® (y,2)(Nier Si) =
\/er(x7y)R®(/\i€I(y7z)Si) < Ver(xvy)/R’®(y’Z)Si' Then (x7z)(R®(/\i€I Sl)) <
/\iEI(VyGY('rvy)R@ (yaz)SZ) = Aie[($7 Z)(RQSI)

7. This proof is similar to (6).

8. Vx e X,z e Z, we have that:
(z,2)(RO(VS)) = \4($,y)73® [(y,2)(V Si)]

iel iel
= \/ (xvy)/R’ ® [\/(y) Z)SZ]

yeY iel

= \/ \/(I‘,y)R@ (y’z)Si

yeY iel

=V V(@ y)Re(y,2)S;

el yeY
=V(z,2)(ROS)
iel

= (z,2)(V(ROS)).

1el
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9. Vx e X,z € Z, we have that:

(2,2)T < (2,y)(ROS) = Vre X,Vze Z (2,2)T < \ (2,y)R > (y,2)S
yeY
< VeeX,VyeY,VzeZ (2,2)T < (x,y)R - (y,2)S
e VreX,VyeY,VzeZ (2,y)R® (2,2)T < (y,2)S
<> VreX VyeY VzeZ (y,2)R-® (2,2)T < (y,2)S
e VyeYvzeZ \/ (na)R @ (2, 2)T < (1, 2)S
reX

= VyeY,VzeZ (y,2)(R-OT) < (y,2)S.

10. This proof is similar to (8).

11. Vo ¢ X,w € W: (z,w)(RO (SO Q)) = Vyey(z,9)R ® (y,w)(S © Q)=
\/er(mvy)R ® VzeZ(yaZ)S ® (va)Q = Ver VzeZ(xay)R ® [(va)S(X’ (Z’w)Q] =
\/er Viez [(1’, y)R ® (y7 Z)S]@(Z, w)Q =Vzez \/yEY [(ajv y)R ® (y7 Z)S]@(Z, w)Q =
Viez(2,2)(ROS) @ (2,w)Q = (z,0)((ROS) © Q).

12. (a) Vx e X,z e Z, one has that:

(z,2) [(R@ RHYo(Se S')] = \{/(:U,y)(R RN ® (y,2)(S®S)

_ \{/ [(z, )R (z, )R] & [(y,2)S ® (y,2)S]
ye

=V (@yRe [(z,9)R ® (y,2)S] ® (y,2)S’

< \4(96, YR [ Vy(x,y')R’ ® (y',2)S]® (y,2)S’
= \{/(a:, YR (z,2) (R o8)® (y,2)S

=V (z,2)(R'©8)®(z,y)R & (y,2)S’
yeY

=(z,2)(R'©8)® \4(:L‘,y)72® (y,2)S’
ye

=(2,2) (R ©8)®(z2,2)(ROS")
=(z,2)[(R'oS)e(ReS)].

(b) This follows from (a) and commutativity of ®.
O

Now we consider the L-relations taking values in a symmetrical cdeo algebra. So,
we consider Ry, the class of binary L-valued relations, where (L,—, T) is a symmetrical
cdeo algebra. Then, in Ry, we can define further pointwise operations.

Definition 3.1.11. Let (L,—,T) be a symmetrical cdeo algebra. For all X,Y € |Set,
R,R': X =Y, define:
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I. R R :X=Y: (z,y)(R»R')=(2,y) R~ (z,y)R', Ve e X,yeY;

2. ROR' : X = Y: (z,y)(ROR') = (z,y)R&(x,y)R', Ve e X,y eY;

3. ReIR X ~V: (2,9) (RS R) = (2,9)R ) (2,y)R', Vo e X,yeY;

4. ROw,R X —Y: (2,9) (RO wls R = (2,9) R we, (2,y)R, Ve e X,yeY;
5 RS R X = Vi(a,y) (R R = (2,y)Re) (2,y)R, Vo e X,yeY;

6. ROw,: X - Y: (2,y)(ROw.R) = (2,y) RO w., (z,y)R', Vr e X,yeY;

7. RO R X -V (2,9) (RS R = (2,9)R ) (2,9)R, Vo e X,yeY;

8 ROw, R : X =Y: (z,9)(RP e, R = (2,y) R w., (z,9)R, Ve e X,yeY.

Also in this case all the properties proved on L in Section 2.1 hold for the pointwise
operations defined on Ry,. For example, the constant relation T yy become also a left

unit with respect to ® and the reverse operation []_ commutes with ®, +(:), (N)L’:Jv», w&_),

(7)L’:J”, +(_:) and (Mw_,.

Moreover, the symmetry assumption on L allows to define further partial composi-
tions.

Definition 3.1.12. Let (L,—,T) be a symmetrical cdeo algebra. For all X,Y € |Set,
R:X-=Y,S8:Y —Z, define:

1. ROS: X — Z: (2,2)(ROS) = Nyey (2,y)R » (y,2)S, Ve e X,z € Z;
ROS: X — Z: (2,2)(RAS) = Nyey (y,2)S » (z,y)R, Vo e X,z € Z;
ROES: X — Z: (2,2)(RES) = Nyey (2, y)R > (y,2)S, Ve e X,z € Z;
ROS: X — Z: (2,2)(ROS) = Vyey (2, y)R&(y, 2)S, Ve e X,z € Z;

S

ROPS: X — Z: (2,2)(ROPS) = Vyey (y,2)S®(2,y)R, Vo e X,z € Z.

Remark 3.1.13. Under symmetry assumption on (L,—,T), an immediate verification
allows to show that ®” = ® and ®” = ® Moreover, we recall that (L, T) is a
symmetrical cdeo algebra if and only if (L,—,T) is and that ® is the adjoint product
of (L,~,T). So +» and ® have exactly the same properties as - and ®. This allow to
extend most result we have considered up to now for the algebra of L-relations.

Proposition 3.1.14. Consider a symmetrical cdeo algebra (L,—,T). The following
hold, for all X,Y,Z €|Set|, R R\ R;: X =Y ,S8,8.,8:Y—-Z, T:X-2Z,Q:Z—-W
and iel.

1. ROy =R, IxOR =R and Zx O R =R;
2. ROlyz =llxy and Lxy®S =l xz;
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3. RO(Nier Si) < Nier(ROS;) and (Aier Ri)OS < Nier(Ri®S);
4. RO(Vier Si) = Vier(ROS;) and (Vier Ri)OS = Vie1(RiOS):
5. (ROS).=S_.OR_ and (ROS)_.=S_.OR_;
6. T<ROS < R_OT <S;
7. T<ROS ©R<TOS. and T<ROS = R<TOS_;
8. RS =(S_.OR_)_;
9. if moreover L is associative, then the following hold:

(a) RO(SGQ) = (ROS)OQ;

() Ro(S©Q)=(ROS)0 Q;

(¢) Ro(S2Q) = (RO S)0Q;

() (ROS)ST =llxze (TOS-)®R =1l xy.

Proof. Most items are immediate consequences of corresponding results already listed
in previous statements, by means of Remark 3.1.13. So, we only verify explicitly the
remaining items.

(5) Vx e X,z € Z, we have that: (2,2)(ROS)- = (2,2)(ROS) = Vyey (2,¥)R&(y,2)S =
Vyey (4, 2)R-®(2,y)S- = Vyey (2,4)S-®(y, )R- = (2,2)(S-OR-). The second equality
can be similarly proved.

(7) Vz e X,z € Z, we have that:

(2,2)T < (2,2)(ROS) = Vo e X,ze Z (x,2)T < /§/(x,y)7?, - (y,2)S

eVreX,yeY,zeZ (2,2)T < (x,y)R - (y,2)S
<VreeX,yeY,zeZ (z,y)R< (x,2)T = (y,2)S
<>VreeX,yeY,zeZ (z,y)R< (x,2)T = (2,y)S-

eVeeX,yeY (z,y)R< A (2,2)T = (2,y)S-
zeZ

eVreX,yeY (z,y)R<(z,y)(T @S-).

The second equivalence can be similarly proved.
(8) Va € X,z € Z: (2,2)(RES) = Ayey (1 2)S = (@.9)R = Ayey (2 9)S- = (y,2)R- =
(2.2)(S-OR) = (,2)(S.GR)..
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(9)(b) Yz e X,w e W, one has that:
(z,w)(R2(§29Q)) = A\ (,9)R = (y,w)(S© Q)

yeY

= N@R > (A ,2)S > (2,w)Q)
yeY zeZ

= A\ A@ R~ [(y,2)S > (z,0)Q]
yeY zeZ

= A\ Al,2)S & (z,9)R] ~ (z,w)Q
yeY zeZ

= A\ A (@ 9)R&(y, 2)S] — (2,w)Q
yeY zeZ

=N\ A [(z,9)R&(y,2)8] - (z,w)Q
zeZ yeY

= AV (z,9)R&(y,2)8) ~ (2,w)Q
zeZ yeY

= /\Z(x,z)(R©S) - (z,w)Q

= (z,w)((ROS) @ Q).

(9)(¢) The proof is similar to the above.
(9)(d) Yz € X,Vz e Z, we have that:

(2,2)[(ROS)®T]=(z,2)ixz <= VreX,zeZ (2,2)(ROS)® (x,2)T =1L

oVeeX,zeZ [\ (2,y)R® (y,2)S]® (2,2)T =L
yeY

=VreX,zeZ \{/{[(m,y)R@ (y,2)S]®(z,2)T}=1
ye

sVreX,yeY,zeZ [(2,y)R® (y,2)S] ® (2,2)T =1L
sVreX,yeY,zeZ (2,y)) R [(y,2)S® (2,2)T] =1
<VreX,yeY,ze Z (z,y)R®[(2,2)T®(y,2)S] =1L
<VreX,yeY,ze Z [(x,2)T®(y,2)S]®(z,y)R = 1L

<VreXyeY,zeZ [(x,2)T®(2,y)S-]&(z,y)R = L

oVeeX,yeY [V (2,2)Te(z,y)S-]1®(z,y)R =1
zeZ

s VreX,yeY (2,9)(TOS.)®(x,y)R =1L
= VrzeX,yeY (z,y)[(TOS-)®R] = (z,y)lxy-

3.2 L-relations and associated operators on L-sets

In this Section we reconsider well known concepts concerning L-relations and some
operators they induce, either directly or by means of the algebraic structure on L, in the
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L-powersets of involved sets. First we introduce the notion of many-valued (pre)order,
based on extended-order algebras; however, its weakest version may be simply based on
(pre)ordered sets.

3.2.1 L-order, subsethood and intersection degree

L-preorder and L-order on X have been approached usually assuming L to have some
kind of lattice ordered algebraic structure and assuming X to be a set equipped with an
L-equality (possibly the usual crisp equality, which will be the case we shall consider).
In the spirit of weak extended-order algebras and of the more general implicative
groupoids considered in [49] and described later in Section 6.4, we begin with a weak
notion of L-preorder and of L-order on a set X based on an ordered set (L, <), though
a preordered set could be enough.

Definition 3.2.1. Let (L,<) be an ordered set, X a set, F € L an upperset. An L-
relation a : X x X — L is a weak (L,F)-preorder if the following conditions are
satisfied, for all x,y,z€ X:

(r)r (z,z)a e F;

(wt)p (z,y)ae F, (y,z)ae F = (r,z)a e F;

a is a weak (L,F)-order if, moreover, the following holds, for all x,y e X:

(as)p (z,y)ae F, (y,x)ae F =z =y.

Of course, if the top element T exists in (L,<), then {T} is an upperset and we
may consider the above conditions (7)r, (wt); and (as); in the specific case F' = {T},
speaking of weak (L, T)-preorder and weak (L, T)-order.

In fact, one can say that « is a weak (L, F')-(pre)order if and only if it induces on X a
(pre)order < by means of the equivalence

rzy< (r,y)acF

as it happens for relational groupoids (see Section 6.4) and, in case F' = {T}, for weak
extended-order algebras (see Subsection 2.1.1).
Stronger versions of L-(pre)order require stronger assumptions on L.

Definition 3.2.2. Let (L,<) be an A-semilattice, X a set and av: X x X — L. Then «
1s a strong L-preorder if the following hold, for all x,y,z¢€ X:

(r) (z,x)a=T;

O a (z,y)an (y,2)a < (z,2)a;

« is a strong L-order if, moreover, it satisfies the condition, for all T,y e X:

(as) (x,y)a=(y,x)a=T=>x=y.

Definition 3.2.3. Let (L,—,T) be a right-distributive w-ceo algebra, X a set and « :
X xX - L. Then « is an (L,®)-preorder if it satisfies (r) and the following, for all
z,y,z€X:

(t)® ([IZ,y)Oz ® (y,Z)Oé < (.73,2’)0(;

a is a (L,®)-order if it satisfies (1), (t)g and (as).
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Remark 3.2.4. The attributes “weak” and “strong” are only partially motivated by
the relationships between the above Definitions. In fact, despite the attribute “weak”,
the condition (as)p is stronger than (as), whenever F # {T}.

However, the following results restore the right meaning of the above attributes.

Proposition 3.2.5. Let X be any set, (L,<) an A-semilattice and ov: X x X — L. Then
1. if « is a strong L-order, then « is an (L, T)-order;

2. ais a strong L-preorder if and only if « is a (L, F')-preorder, for every filter F in
L;

3. if (L,—~,T) is a symmetrical cdeo algebra and o is a strong L-(pre)order, then «
is an (L,®)-(pre)order.

Proof. 1. Clearly (r)r and (as); are exactly (r) and (as). From (t), follows easily

(wt)r.

2. If « is a strong L-preorder and F' is a filter of L, then, for every x € X, (z,z)a =
Tel.
Moreover, if (z,y)a € F and (y,z)a € F, then (z,2)a > (z,y)a A (y,z)a € F =
(z,z)aeF.

Conversely, since {T} is a filter, (r) holds since (r)r holds. Now, let x,y,z € X
and consider the filter F = ((z,y)a A (v, z)a)!); evidently, (z,9)a, (y, 2)a € F so,
by assumption, (z,z2)a € F, ie. (z,y)aA (y,2)a < (x,2)a.

3. The proof follows easily by the inequality a ® b < a A b, which holds for all a,b € L.
O

Remark 3.2.6. The notion of ®-filter has been sometimes used in connection with
many-valued order; we recall that a ®-filter F' in a right-distributive w-ceo algebra L is
an upperset F' ¢ L which is closed under ®.

Now, if a is an (L, ®)-(pre)order and F' is a ®-filter in L, then « is an (L, F')-(pre)order,
which can be proved in a similar way as in the first part of the proof in the item (2) of
the above proposition.

Consider, now, the following L-relations, defined by using an operation on L.

Definition 3.2.7. Let L be a set and let x : L x L - L an operation on it. For ev-
ery set X, we call universal (L,x)-aggregation the L-relation RX" : LX x LX - L
defined by (A, BYRX" = Apex ((2)A, (x)B)x, for all A,B e L~ and ezxistential (L,x)-
aggregation the L-relation R;‘gv : LX x LY = L defined, for all A,B ¢ LX, by
(A BYRX = Vyex ((2)A, (1) B)x.

Particular (L, x)-aggregations have already been considered in the literature; the

following definition recall the one, well known, used to evaluate the inclusion between
L-sets.
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Definition 3.2.8. Let X be a set and let (L,—,T) be a w-ceo algebra. We consider the
L-relation Sx : LX x L — L, called subsethood L-relation and defined by (A, B)Sx =
/\meX(:p)A — (2)B, for all A,B e L~ ; (A, B)Sx is called subsethood degree of A and

If (L,— T) is a symmetrical cdeo algebra, we also consider the dual subsethood L-
relation, Sx : LX x LY - L such that (A, B)Sx = Agex(z)A » (2)B, for all A,B e L~

Of course, Sy = Ry and we shall denote 8§ = Ry’ and, if L is symmetrical,
Sx =Ry" and Sy =Ry,
We note that Sy is not frequently used, since it is trivial in some cases; for instance,

we have that it is sufficient that there is at least & € X such that (z)A - (z)B =T, i.e.
(z)A < (z)B, to conclude that (A, B)Sy =T.

Proposition 3.2.9. The following statements are true.
1. If (L,—,T) is a w-ceo algebra, then the following hold, for all A, B,C e L~ :
(a) (A, A)Sx =T;
(b) (A,B)SX = (B,A)SX =T=A= B,’
(C) (A,B)SX = (B,C)SX =T = (A,C)SX =T.

2. If L is a right-distributive ceo algebra, then (A,B)Sx = T = (C,A)Sx —
(C,B)Sx = (B,C)Sx —» (A,0)Sx =T, for all A,B,C ¢ LX.

3. If L is a symmetrical cdeo algebra, then the following hold, for all A,B,C e LX:

(a) (A, A)Sx =T;

(b) (A,B)Sx = (B,A)Sx =T= A= B;

(c) (A,B)Sx =(B,C)Sx =T=(A4,0)Sx =T.

(d) (AvB)SX =T= (CaA)SX e (C7B)‘§X = (Bv C)SX - (Av C)SX =T.

4. If L is an associative and right-distributive ceo algebra, then the following hold, for

all A,B,C e L*:

(a) (A,B)Sx ® (B,C)Sx < (A,C)Sx and (B,C)Sx < (A,B)Sx — (A,C)Sx;
(b) if, moreover, L is symmetrical, then (B,C)Sx ® (A, B)Sx < (A,C)Sx.

Proof. 1. Let (L,—,T) be a w-ceo algebra and let A, B,C ¢ L.

(a) From (02) it follows easily that (A, A)Sx = Azex(z)A - (x)A=T.

(b) By assumption (A,B)Sx = Agex(z)A — (2)B = T and (B,A)Sx =
Azex(z)B — (x)A = T; hence, for every z € X (x)A - (z)B=(z)B - (z)A =
T that implies, thanks to the antisymmetry condition (o03) that (z)A = (x)B
for every x € X, i.e. A=D.
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(¢) By assumption (A4,B)Sx = Azex(x)A - (x)B = T and (B,C)Sx =
Azex(z)B = (x)C =T; so, for every x € X (z)A - (x)B = (x)B - (2)C =T.
Hence, from the weak transitivity condition (o4) it follows that, for every
xeX, (x)A - (2)C =T and then (A,C)Sx = Npex(2)A - (2)C =T, ie.
(A, C)SX =T.

2. Let (L,—,T) be a right-distributive ceo algebra and let A, B,C € L* such that
(A, B)Sx = T. By using the right-distributivity assumption and the axioms (o02),
(05) and (05)" we can deduce the following:

(C,A)8x = (C,B)Sx = ( /}(1’)0 ~ (2)A) —( /\X(x’)C ~ (2')B)

A (A (2)C = (2)A) > ((2")C ~ (') B))

r’eX xeX

A (2)C = (2)A) » ((=")C > («') B))

z'eX
=T.

v

So, the first statement is proved.
Similarly, we can prove that (B,C)Sxy - (A,C)Sx =T.

3. By Proposition 2.1.19 we have that (L,+,T) is a cdeo algebra, too. So the items
(a), (b), (c) (d) of (3) follow from the items (1) and (2).

4. Let (L,—,T) be an associative and right-distributive ceo algebra and let A, B,C' €
L.

(a) By Propositions 2.1.11 (9), (10) and 2.1.60 (1), the following holds:
(A,B)Sx ® (B,C)Sx = (Awex(2)A > (2)B) ® (Apex(2')B > (2')C) <
((z)A - (z)B) @ ((z)B —~ (2)C) < (z)A > (x)C.

Hence, (A,B)Sx ® (B,C)Sx < Azex(z)A - (2)C = (A, C)Sx.
The second inequality is equivalent to the first one.

(b) The proof is similar to the above and it can be given recalling that ® = ®°P
and by using the Proposition 2.1.61 (1).

O

Corollary 3.2.10. 1. If (L,~,T) is a w-ceo algebra, then — is an (L,T)-order in L
and Sx is a weak (L, T)-order in LX. Under symmetry assumption, ~ and Sx
are weak (L, T)-orders, too.

2. If (L,—,T) is an associative cdeo algebra, then — is an (L,®)-order in L and Sx is
an (L, ®)—0rd~er in LX ; moreover, if L is symmetrical and associative cdeo algebra,
then «» and Sx are (L, ®)-orders, too. O

In the following definition we recall a further particular (L, x)-aggregations used in
many-valued mathematics to evaluate the intersection between L-sets.
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Definition 3.2.11. Let X be a set and let (L,—~,T) be a w-ceo algebra. The intersec-

tion L-relation Ty : L~ x LX — L is defined by (A, B)Tx = Vaex(2)A® (2)B, for all

A BeLX.

If (L,~,T) is a symmetrical cdeo algebra, we can define the dual intersection L-

relation Tx : LX x LY - L such that (A, B)Tx = Vaex (2)A®(z) B, for all A, B e L.
Of course Tx = R?}’v and we use the notation 7¢ = ’R?}’A and, if L is symmetrical,

we denote Ty = RYY, T4 = RY" and we call T3 and T4 overlap and dual overlap
L-relation, respectively.

We note that 7y is not frequently used, since it is trivial in some cases; in fact, for
instance, we have that (A, B)T¢ =T < (z)A=(2)B=T, Vo e X.

Proposition 3.2.12. Let (L,—,T) be a symmetrical cdeo algebra. Then the following
hold, for all A,B,C e L.

1. (A,B)Tx = (B, A)Tx;

2. (A LLx)Tx = (Ux,A)Tx = 1;

3. (Alx)Tx = (Lx, A)Tx = L;

4. L is associative if and only if one of the following conditions holds:

(a) (A,BC)Tx =(A®C,B)Tx, VX €|Set|;
(b) (A, BeC)Tx =(A®C,B)Tx, VX |Set|;
(C) (AvBé)C)TX = (AécaB)TXy VX e |Set|7
(d) (A, BEC)Tx = (CHA, B)Tx, VX € |Set);
(e) (A,B&C)Tx = (B,A®C)Tx, VX €|Set|;
(f) (A, Be®C)Tx = (C® A, B)Tx, VX €|Set|;
Proof. 1. The equality follows easily from the definition of Tx and Tx and recalling
that ® = ®P.

The items (2) and (3) follows from Proposition 2.1.11 (2), (3) and by ® = ®°. 4. We
prove the equivalence between the associativity of L and the equality of item (a); the
other equivalences can be similarly proved, recalling ® = ®°P.

Assuming L to be associative, let A, B,C e L~; then the following holds:
(A, B®C)T =Vaex(2)A® ((2)B® (2)C) = Vaex ((2)A® (2)B) ® (2)C = (A® B,C)T.
The converse implication can be easily proved considering a singleton X = {z}. O

3.2.2 [L-powerset operators

L-powerset operators associated to functions or to L-valued relations are somehow
defined in [4, 6, 16, 22, 25, 33, 35, 45, 90] assuming in any case that L is a complete
lattice, sometimes with a lattice ordered algebraic structure. We adopt notation similar
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to those of [33, 35], omitting the attribute “powerset”, with weaker assumptions on the
algebraic structure of L.

Definition 3.2.13. [35] Let (L,—,T) be a right-distributive ceo algebra and R: X —Y
be an L-relation, with XY €|Set|.

The right forward weak operator of R is R® : LX - LY, such that, for every A e L*
and yeY:

W(AR® =V (z,y)R @ (x)A.
reX

The left forward weak operator of R is ®R : LX — LY, such that, for every A e L~
andyeY:

(1(A)*R = \é(w)A ® (z,y)R.

Y such that, for every

The right forward strong operator of R is R™ : LX - L
AeLX andyeY:
(Y (AR = /}((wvy)R — (z)A.
Te
The left forward strong operator of R is "R : L~ - LY, such that, for every A e L~

and yeY:

(y)(A)"R = /}((SC)A - (z,9)R.

If R_ is the reverse L-relation of R, we denote the backward operators of R by the
following notation.

The right backward weak operator of R is R® = (R_)®: LY — L*, such that,
for every Be LY and x € X :

(#)(B)RZ = \4(2/796)73— ® (y)B.

The left backward weak operator of R is ®R_ =% (R_): LY — LX, such that,
for every Be LY and € X :

(2)(B)*R- = \/Y(y)B ® (y, )R-

The right backward strong operator of R is R” = (R_)~ : LY — L%, such
that, for every Be LY and z e X :

(z)(B)R” = N\ (y,2)R- - (y)B.
yeY

The left backward strong operator of R is "R_ =" (R_): LY - L~ such that,
for every Be LY and € X :

(@)(B)"R-= A (¥)B ~ (y,2)R-.
yeY
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With further assumption on L we can define more powerset operators as follows.

Definition 3.2.14. Let (L,—,T) be a symmetrical cdeo algebra and R : X — Y be an
L-relation, with X,Y €|Set|.
The dual right forward weak operator of R is R®:LX > LY, such that, for every
AelX andyeY: )

(y)(A)R® = \é{(:r,y)Ré(:v)A-
The dual left forward weak operator of R is OR: L¥ - LY, such that, for every

AeLlX andyeY: )
(y)(A)°R = \é{(ﬁ?)Aé’(fB,y)R

The dual right forward strong operator of R is R” : LX — LY, such that, for every
AeLX andyeY:

(WAR” = /}((:v,y)R - (2)A.

The dual left forward strong operator of R is "R : L~ - LY, such that, for every
AeLX andyeY:

(1(A)"R = /}((w)A > (2, 9)R.

If R_ is the reverse L-relation of R, we denote the dual backward operators of R by
the following notation.

The dual right backward weak operator of R is RS = (R,)@’ :LY - LY, such
that, for every Be LY and z e X :

(z)(B)R® = V (5,2)R-8(y)B.

The dual left backward weak operator of R is ®R_ = (R_): LY - L, such
that, for every Be LY and x € X :

(2)(B)®R- = \/ (y)B&(y,2)R-.
yeY

The dual right backward strong operator of R is R” = (R_)” : LY — L,
such that, for every Be LY and x € X :

(2)(B)RZ = /\Y(va)R— - (y)B.

The dual left backward strong operator of R is "R_ =~ (R_) : LY - L%,
such that, for every Be LY and z € X :

(@)(B)"R-= A (¥)B » (y,2)R-.
yeY
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Remark 3.2.15. It is easy to show that in case of a symmetrical cdeo algebra, R®~=® R
and ®R = R®. Hence, the results proved for ®R and R® can be restated for R® and
oR.
Clearly, if L is a commutative cdeo algebra, then »=— and ® = ®; hence R® = R® =@
R=R,R>=R” and "R="R.

The following extends some results of [33].

Proposition 3.2.16. 1. Let (L,—,T) be a right-distributive ceo algebra. The follow-
ing hold, for every R: X —Y for all A,B e L~.
(a) R®, ®R and R~ are isotonic;
(b) 7R is antitonic.
2. Let (L,—~,T) be a symmetrical right-distributive ceo algebra. The following hold,
for every R: X —Y for all A,BeLX.
(a) RE, ®R and R™ are isotonic;
(b) 7R is antitonic.

Proof. 1. Let (L,—,T) be a right-distributive ceo algebra, R: X — Y and A, B ¢ L~
such that A c B, i.e. (x)A< (z)B, for every = € X.

(a) By Proposition 2.1.11 (9), (10) and by assumption, for every y € Y, we have
that (y)(A)R® = Vaex (7, Y)R ® (7)A < Veex (z,9)R ® (2)B = (v)(B)R?;
similarly we can prove that ®R is isotonic.

From (o05) and by assumption, it follows that:
(AR = Vex(2,y)R ~> (X)A < Vaex (2,9)R ~ (X)B = (y)(B)R™.

(b) From (05)" and by assumption, it follows that:

() (A)"R = Vaex () A > (2,9)R 2 Vyex (2) B > (2,y)R = (y) (B)"R.

2. The proof of the item (a) and (b) of (2) is similar to above.
O

Proposition 3.2.17. 1. Let (L,—,T) be a right-distributive ceo algebra. For every
R:X =Y, the following hold.

(a) R® 4R
(b) R® 4 R™.

2. Let (L,—~,T) be a symmetrical right-distributive ceo algebra. For every R : X =Y,
the following hold.

(a) R®E 4R”>;
(b) R® 4R".
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Proof. 1. Let (L, -, T) be a symmetrical right-distributive ceo algebra and let A € LX
and Be LY.

(a) Let x € X; by Proposition 2.1.11 (11) and from (o05), the follow-
ing hold: (2)((A)°R)RZ = Ayey ((z,¥)R = (Vwex ((z",y)R ® (z')A)) >
/\er(x7y)R - ((xvy)R ® (‘T)A) 2 (x)A
Now, let y € Y'; by Proposition 2.1.11 (9) (11), we have that (y)((B)RZ)R® =
E/:Jc)eg(xv y)R ® (/\y’EY(xvy,)R - (y,)B) < VmeX(xa y)R ® ((x,y)R - (y)B) <

y)B.

(b) This statement follows by applying the item (a) to the reverse L-relation R_.

2. The items (a) and (b) of (2) can be proved similarly.
O

The equalities stated in Remark 3.2.15 allow to prove the following.

Corollary 3.2.18. If (L,—,T) is a symmetrical cdeo algebra and R : X xY — L, then
one has the following adjunctions:

1. ®R 4R”;
2. ®R4R”. O

Proposition 3.2.19. Let (L,—,T) be a symmetrical cdeo algebra and let R : X xY — L.
The following hold.

1 ["R7R;
2. ["R,”°R_].

Proof. 1.Let A e LX and z ¢ X; by Propositions 2.1.26 (2) and
2.1.30 (9) and by applying (o05)’, we have that (2)((A)"R)"R- =
Ay (ex(&)4= () = (2 0R) 2 M ()4 = () = ()R

x)A.

Now, let B € LY and y € Y'; by Propositions 2.1.26 (2) and 2.1.30 (10) and by (os5)’,
similarly we can prove that (y)((B)”R-)"R > (y)B. So, by Proposition 3.2.16, we
have that ”R and ~R_ are antitonic and satisfy the inequalities A < ((A)"R)"R_
and B < ((B)”R-)"R. Hence, by Remark 1.2.6 it follows that [TR,” R_].

2. The proof is similar to above.
O

We note that, if (L, —, T) is a commutative cdeo algebra (and hence, —=+), we have
also that ["R,” R_]. Moreover, this condition characterizes the commutativity of cdeo
algebra, as the following result shows.

Proposition 3.2.20. Let (L,—,T) be a right-distributive ceo algebra. The following are
equivalent.
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(i) L is commutative;
(i1) for all X,Y non-empty sets and for every R: X —Y: [TR,”R_].

Proof. (i) = (ii) Thanks to commutativity assumption, we have that —=v»; hence (ii)
follows from Proposition 3.2.19.

(ii) = (i) If [TR,” R-], then ~R is uniquely determined by “R_ and hence, by Propo-
sition 3.2.19 we have that "R =" R.

Consider now the set X = {z}, the L-point A = ax and the L-relation R : X — Y defined
by (z,z)R = b, for some b € L. Then, we have that a - b=""R =" R =a « b, for all
a,be L. Hence »=», i.e. L is commutative. ]

Proposition 3.2.21. 1. If (L,—,T) is a cdeo algebra, then, for every set X :
®IX = ILX .

2. If (L,—,T) is a symmetrical cdeo algebra, for every set X :

(a‘) ISG;' = ILX ;
(b) ®Ix =T x;
(c) IS =T, x.

Proof. 1. Let (L,—,T) be a cdeo algebra; for all A ¢ LX and x € X, the following
equalities hold: (z)(A)®Zx = Vyex(2)A® (2/,2)T = (2)A® T = (z)A.

2. Let (L,—,T) be a symmetrical cdeo algebra.

(a) Since T is left neutral with respect to the adjoint product ®, for all A € LX
and z € X, the following equalities hold: (2)(A)I$ = Vyex(z,2")I® (')A =
T® (x)A=(2)A.

The items (b) and (c¢) of (2) follows easily recalling that ® = 7.
O

Lemma 3.2.22. 1. Let (L,—,T) be a cdeo algebra. L is associative if and only if
*ROS)=°R®S, forallR: X xY > L and S:Y x Z - L.

2. Let (L,—~,T) be a symmetrical cdeo algebra. L is associative if and only if

S(ROS)=®R-8S, for al R: X xY > L and S:Y x Z — L.

Proof. 1. “ = 7 By Propositions 2.1.11 (8) and 2.1.28, applying the associativity

condition, the following equalities hold, for all R : X xY - L, S: Y xZ - L,
Aer¥ and z € Z: ()AP(ROS) = Vaex ()4 ® (Vyey (z.9)R @ (4,2)S) =
Vizex Ver(x)A ® ((‘T7y)R ® (y,z)S) = \/er \/:1:€X((37)A ® (xay)R) ® (y,z)S =
Vyey (Vaex (2)A® (2,5)R) ® (y,2)S) = (2)(A)(°R-® S).
“ <7 Consider now the L-point A = ax, with a € L, R: X xY — L defined by
(z,y)R=0b,forallze X,yeY, withbe Land §:Y xZ — L defined by (y,2)S =c,
for all y e Y,z € Z, with ¢ € L. By assumption, the following hold, for every z € Z:
(2)(A)2(ROS)=(2)(A)(PRES)=>a® (b®c)=(a®b)®cC.
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2. The proof of the equivalence is similar to above, recalling that ® = ®°P.
Ol

Proposition 3.2.23. If (L,—,T) is an associative and symmetrical cdeo algebra, then

1. the maps
X ¢|Set| — (X)®[]=L*

ReRL(X,Y) (R)®[]=°R:L* - LV
define a functor ®[-] between the categories R = (|Set|,Ry,,®) and \/ ~CSLat.

2. the maps )
X ¢|Set| — (X)®[]=L*

ReRL(X,Y) > (R)®[]=®*R: LY > LY
define a functor ©[-] between the categories R% = (|Set|,Ry,®) and \V —~CSLat.

Proof. First we note that, if (L,—, T)~ is an associative and symmetrical cdeo algebra,
then both Ry = (|Set|, Ry, ®) and R = (|Set|, Ry, ®) are categories, by Propositions
3.1.10 and 3.1.14. The statement of both items follows from Lemma 3.2.22. ]

We note that, in general, (R ® 8)® # R®-S® and (ROS)® + R®-S®. But, the
following results hold.

Lemma 3.2.24. Let (L,—,T) be a cdeo algebra and R: X xY - L and §:Y x Z — L.
(ROS)®=R®-8% if and only if (a®b)®c=b® (c®a), for all a,b,ce L.

Proof. The proof can be given with the similar arguments of Lemma 3.2.22. 0

Proposition 3.2.25. If (L,—,T) is an associative and symmetrical cdeo algebra, the
following are equivalent:

1. the maps
X e|Set] » (X)[-]® = LX

ReRL(X,Y)» (R)[]®=R®: L% - LY
define a functor [-]® between the categories RS = (|Set|, Ry, ®) and \/ ~CSLat;
2. (a®b)®c=b®(c®a), for all a,b,ce L;
3. L is commutative;
4. °L1=T1°.

Proof. “(1) = (2)” This implication follows from Lemma 3.2.24.

“(2) = (3)” The commutativity of ® follows easily from (2), choosing ¢ = T.

“(3) = (4)” This implication follows easily from Remark 3.2.15.

“(4) = (1)” It follows from Proposition 3.2.23. O
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Lemma 3.2.26. Let (L,~,T) be a symmetrical cdeo algebra and R : X xY — L and
S:YxZ L. (ROS)® =R®-8% if and only if (a®b)®c=(a®c)®b, for all a,b,ce L.

Proof. The proof is an immediate consequence of Remark 3.1.13 and Lemma 3.2.22. []

Proposition 3.2.27. If (L,—,T) is an associative and symmetrical cdeo algebra, the
following are equivalent:

1. the maps )
X ¢|Set| —» (X)[]®=L*
ReRL(X,Y) > (R)[]®=R®: LY > LV
define a functor [-]® between the categories RY = (|Set|,Ry,,®) and V -CSLat;
2. a®(b®c)=(a®c)®Db, for all a,b,ce L;

3. L is commutative;

4. °L1=T1°.
Proof. The equivalences follow soon by Remark 3.1.13 and Proposition 3.2.25. O

Proposition 3.2.28. If (L,—,T) is a symmetrical cdeo algebra, then, for every non-
empty set X, the following hold.

1. I)_E =ILX,'
2. I;; :ILX.

Proof. 1. Let X be a non-empty set and let A € LX. Then, for every z € X, by
Proposition 2.1.30 (7), the following hold: (2)(A)Zy = Awex (2’ 2)Ix - (')A =
(Awrzzex L > () A) A (T = (2)A) =T~ (z)A = (z) A.

2. The proof is similar, by using Proposition 2.1.30 (8).
O

Lemma 3.2.29. 1. Let (L,—,T) be a cdeo algebra. L is associative if and only if
(ROS)”"=R”-8, forallR: X xY - L and S:Y xZ - L.

2. Let (L,~,T) be a symmetrical cdeo algebra. L is associative if and only if
(ROS)>=R>-87, forallR: X xY - L and S:Y x Z — L.

Proof. 1. “ = 7 By distributivity and associativity conditions, for every z € Z,

the following hold: (2)(A)(R-8)™ = Azex (Vyey (2,9)R ® (y,2)S) > (2)A) =
Avex Ayey (@, 9)R® (5, 2)8) = (2)A = Auex Aoy ((3,2)S = (2. y)R — (2)4)) =
ey (1,2)8 = (Agex (2, )R ~ (2)A) = (2)(A)(R™ - S7).
“ <7 Consider now the L-point A = cx, the L-relations R : X xY — L defined by
(x,y)R=a, forall z € X,y eY and S : Y x Z - L defined by(y, 2)S = b, for all
yeY,zeZ, where a,b,ce L. Then, for all non-empty sets X,Y, Z, by assumption
the following hold: (2)(A)(R®S)™ =(2)(A)(R™-87) = (a®b) > c=b— (a - ¢).
Hence ® is associative, i.e. L is associative, too.
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2. The proof is similar, by using Proposition 2.1.61 (3).
O

Proposition 3.2.30. If (L,—,T) is an associative and symmetrical cdeo algebra, the
maps

X ¢|Set| » (X)[]” = L*
ReRL(X,Y)» (R)[]”=R”:L* - L
define a functor [-]” between the categories RS = (|Set|, Ry, ®) and \-CSLat.
Proof. Since (L,—,T) is an associative and symmetrical cdeo algebra, R% =

(|Set|,Ryr,®) is a category, by Propositions 3.1.10 and 3.1.14. The statement follows
from Lemma 3.2.29. O

Proposition 3.2.31. If (L,—,T) is an associative and symmetrical cdeo algebra, the
maps

X e|Set] » (X)[-]” =L
ReRL(X,Y)» (R)[]”=R™:L* - L
define a functor [-]” between the categories R = (|Set|, Ry, ®) and A-CSLat.

Proof. Similarly to the above Proposition. O

3.2.3 Powerset operators as compositions

Developing an original hint, which can be found in [44], the authors of [4] show
how the composition of many-valued relations may be used to express many concepts
involving L-sets. In fact, one can represent L-sets as L-relations and, then, the powerset
operators can be expressed using the compositions considered in the Subsection 3.1.2.
For this goal, let (L,—,T) be a right-distributive w-ceo algebra and consider an L-set
A, ie. A: X — L, for any set X. Fixing an element p, consider the singleton P = {p};
then we can see an L-set on X A: X — L as an L-relation A: P x X — L from P to X,
identifying them by means of the following bijective correspondence:

LY > Ry (P, X)

A: X >Lw~A:P— X, suchthat (x)A=(p,x)A, for everyxe X.

In this way it is possible to express the powerset operators in terms of compositions
between L-relations. More precisely, the following results hold, which show that notation
adopted in [33] for powerset operators anticipated their link with the compositions of
relations.

Proposition 3.2.32. Let (L,—,T) be a right-distributive ceo algebra, R : X — Y be an
L-relation and A an L-set on X, with X,Y € |Set|. The following equalities hold:

1. (A)R®=(R_.OA)_;
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2. (A)PR=AOR;
3. (AR™ = (R@A);
4. (A)"R=A0OR.

Proof. 1. ForeveryyeY, (y)(A)R® = Viyex (2, y) RO (2)A = Vayex (2, y) R (i,2) A =
Vaex (4, 2)R-® (2,p)A- = (4,p)(R- 0 A-) = (p,y) (R-0A-)-) = (y)(R-OA-)-.

2. For every y € Y, (y)(A)®R = VxeX('r)A ® (x,y)T\’, = VxEX(pa:C)A ® (.I‘,y)R
(ry)(AOR) = (¥)(AOR).

3. For every y € Y, (y)(A)R™ = Apex(z,y)R = (2)A = Npex(z,y)R - (p,z)A
Naex (Y, )R- = (z,p)A- = (y,p)(R-@A-) = (p,y) (R-0A-)-) = (y)(R-©A-)-.

4. For every y € Y, (y)(A)"R = Ngex(2)A = (2,9)R = Agex (0, 2)A = (,y)R =
(p.y)(A2R) = (y)(AOR).

O

Proposition 3.2.33. Let (L,—,T) be a symmetrical cdeo algebra, R : X — Y be an
L-relation and A an L-set on X, with X,Y €|Set|. The following equalities hold:

1. (AR® = (R.OA)_=AOR;
2. (A)®R = AOR;
3. (AR” = (R-©A-);
4. (A)”"R =A0R.
Proof. This proof is similar to above. Ol

We shall consider again this notation for powerset operators in a more general view
of the algebra of L-relations, their compositions and properties in Chapter 5.

3.3 Functorial many-valued relations

Since the inception of fuzzy set theory [90] and, more generally, of lattice-valued
mathematics, through the big development of many-valued logic there have been several
attempts to present and study suitable generalizations of the concept of function within
the universe of many-valued relations.

In the many-valued setting it is useful to recognize whether the involved many-valued
relations are, or at least resemble functions, for instance, in case one has to check whether
a predicate transformer is deterministic or not (see [27]); as another example, functional
relations are used to characterize the points that allow a representation of Dedekind
categories as categories of relations [37].

It is not the purpose of this thesis to discuss and compare the numerous generalizations
of functions and to present a list of them, even; we only quote some papers where this
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topic has been addressed, mainly [6, 11, 20, 35, 37, 45, 87, 89].

Our purpose is to present some generalizations of functions, among many-valued relations
and to check under which conditions these generalizations characterize, in fact, functions.
This is done in classical mathematical terms, using nothing but sets, whose elements are
related, and extended-order algebras (in the first step, simply complete lattices), where
the relations take their values. We shall obtain different results, depending on the
properties the extended-order algebra satisfies.

3.3.1 Functionality by cuts

In this Subsection we consider L-relations taking values in a complete lattice L.

Let R: X xY — L be an L-relation. If x € X,y €Y, € L denote
R = {y e Y| (2,9)R 2 a}
2R ={yeY| (v,y)R £ a};
R[O‘]y ={z e X| (z,y)R > a};
Ry ={zeX| (z,y)R ¢ a}.

The above described sets are widely used types of a-cuts of the R-cone of x € X
that is the L-set (z,—)R on Y, and of the R-cone of y € Y, that is the L-set (—,y)R on
X.

Definition 3.3.1. With the above notation, we state the following:
1. R is left [a]-univocal ((«)-univocal) if yeY = ’R[O‘]y‘ <1 (]R(a)y‘ <1);
2. R is right [a]-univocal ((«)-univocal) if x € X = ‘xR[a]‘ <1 de(o‘)‘ <1);
3. R is left [a]-total ((a)-total) if x € X = 2R + g @R + »);
4. R is right [a]-total ((a)-total) if ye Y = Ry + o ROy = z).

From now on, we use the term function to denote any crisp L-relation R : X xY — L
that satisfies the condition:

xeX =3lyeY such that (x,y)R =T.

In case L = 2, this means that we identify a function, as a subset R ¢ X x Y, with
its characteristic function.

Remark 3.3.2. It can be easily seen that an L-relation R is a function if and only if it
is right (1)-univocal and left [T]-total.
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Since we are interested in functions and their generalizations, we simplify notation of
the above Definition dropping the attribute right for right [a]-(or («)-)univocal relations
and the attribute left for left [a]-(or («)-) total relations; also, we may avoid speaking
at all of left univocality and right totality, since R is left [a]-(or («)-)univocal (right
[a]-(or («)-)total, respectively) if and only if its reverse relation R_ is right [a]-(or
(a)-)univocal (left [a]-(or («)-)total, respectively).

An easy inspection shows how the above defined notions depend on the considered value
o € L. First we note that, for z € X, 2R(7) = g and 2R = Y, so, it is clear that R
is [L]-univocal if and only if [Y] <1 and it is (T)-total if and only if X = @. Moreover,
every R is (T)-univocal and it is [1]-total, unless Y = @ and X # @.

For arbitrary sets X and Y, the following results hold.

Lemma 3.3.3. Let R : X xY — L be an L-relation. With the above motation, the
following is true:

1. R is (@)-univocal ([a]-univocal) if and only if R is (B)-univocal ([]-univocal) for
every B > a;

2. R is (a)-total ([a]-total) if and only if R is (y)-total ([y]-total) for every v < «;
3. if R is (a)-univocal, then R is [a']-univocal for every o £ «;
4. if R is [a]-total, then R is ()-total for every a £ o .

Proof. 1. The sufficiency is trivial. Conversely, if X # @ and 8 > «, then clearly
zeX = 2R® c 2R and 2R c 2RI, So, by assumption, the implication
reX = ‘xR(B)‘ < ‘azR(o‘)‘ <1 (|wR[5]‘ < ‘a:R[O‘]‘ <1, respectively) is true.

2. Once more, the sufficiency is trivial. Conversely, by the same argument used in
the proof of the item (1), it follows from the assumption that the implication
zeX =R 2R £ & (asz o Rl + &, respectively) is true, which proves
the stated assertion.

3. If z € X and o' £ «, then the inclusion aRI¥T c 2 R(@) g easily proved. Then, by
assumption, the implication x € X = |x7€[°"]‘ < |xR(°‘)‘ <1 is true.

4. The assumption and the inclusion considered in the item (3) show that the impli-
cation z € X = 2R 2 2RI + & is true.
O

As a consequence we can remark that if R is a function then it is («)-univocal and
[a]-total, for every «v € L, [y]-univocal for every v # 1L and (/3)-total, for every [ # T.
It is easy to see that in case L is a chain every [a]-univocal L-relation is («)-univocal
and every («)-total L-relation is [«]-total, while the converse need not be true. In the
general case, («)-univocality ((«)-totality, respectively) and [a]-univocality ([« ]-totality,
respectively) are independent of each other, as the following Example 3.3.4 shows.
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Example 3.3.4. Let XY be non-empty sets, assume «, € L be incomparable and
consider the L-relation R from X to Y with the constant value a. Then, clearly, R is
[a]-total and (3)-total but it is neither («)-total nor [S]-total.

If Y has at least two elements, then R is («)-univocal and [5]-univocal, but it is neither
[a]-univocal nor (/3)-univocal.

There are several ways to extend the concept of function within the context of re-

lations between two sets X and Y, with values in a complete lattice L, which depend
either on some additional tools on the sets X and Y or on some lattice-ordered algebraic
structure on L. We shall consider only the case when X and Y are nothing but simply
sets, while L is a complete lattice, possibly with a structure (L, —, T) of right distributive
ceo algebra.
The first extension of functions we consider in this Subsection, is based on the above
generalizations of univocality and totality and requires only the lattice structure on L.
In the next subsections we shall consider further possibilities assuming (L,—, T) to be a
right-distributive ceo algebra.

Definition 3.3.5. Let R : X xY — L be an L-relation and let o€ L.
1. R is (a)-functional, o # T, if it is (a)-univocal and («)-total.
2. R is [a]-functional, o + 1, if it is [a]-univocal and [«]-total.

We note that L-functional and T-functional L-relations considered in [35] are, in
fact, (1)-functional and [T]-functional, respectively. (L)-functional L-relations are called
simply functional in [45], a term that we shall use for a different notion in the next
Subsection.

Example 3.3.6. No relationship between (a)-functionality and [«]-functionality exists
in general. In fact, for X non-empty set and «, 3 € L incomparable, the L-relation R
from X to Y defined by R = axxx A Zx is [a]-functional and (f3)-functional but it is
neither (a)-functional nor [3]-functional.

It is clear that for every L-relation R and for all a # T, # # 1, if R is a function,
then it is (a)-functional and [S3]-functional; so, the latter notions are more general than
functions. For crisp L-relations, each of («)-functionality, « # T, and [3]-functionality,
B # 1, characterizes functions but, in general, there is no « € L such that either («a)-
functional or [a]-functional L-relations need to be functions. In fact, assuming X # &,
L+{1,T}and L #a# T, axxx ALy is [a]-functional while axyx VZx is («)-functional,
but none of them is a function.

Even more, the case |L| = 3 shows easily that R may be («)-functional, for every o # T,
and [S]-functional, for every 8 # L without being a function.

So, the notion of function cannot be gotten as a particular case of any of the notions con-
sidered in Definition 3.3.5, unless L = {1, T}. It seems that a better suited approximate
notion of function is provided by the following Definition.
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Definition 3.3.7. Let X,Y be arbitrary sets and o, € L, 8 £ a. The L-relation
R:X xY - L is a-f functional if it is (a)-univocal and [B]-total.

Of course functions are just L-T functional relations; so, the above Definition gives a
generalization of functions which, moreover, is proper; in fact, the L-relation axxx AZx
of Example 3.3.6 is 8-« functional but not a function. Also note that every a-3 functional
L-relation is (a)-functional and [J]-functional, as a consequence of Lemma 3.3.3.

The following results give further explanation of the feature of a-f functionality.

Proposition 3.3.8. Let us consider R : X xY — L. Then:
1. If R is a-B functional, a < o', 3" < 3,8 £/, then R is o'-B" functional.
2. If R is a function, § £ «, then R is a-f3 functional.

3. For every (a, ) € L2\{(L1,T)}, B £ «, there exist a-f functional L-relations that
are not functions.

Proof. Ttem (1) follows easily from Lemma 3.3.3 and consequently (2) holds, too, since
a function is 1-T functional.

As for (3), if X #+ @ and 8 # T, then Bxxx A Zx is a-f functional but not a function,
while, in case a # 1, axxx V Zx is, once more, a-3 functional but not a function. ]

The functionality conditions considered in this Subsection characterize L-relations
having a suitable approximation that is a function, as follows.

Definition 3.3.9. Let a,8€ L, B£a, R: X xY — L. The (a)-approximation R(a)s
the [B]-approzimation R(g) and the a-B approzimation R, g of R are defined by

L if(r,y)R<a
T otherwise

(37, y)R(a) = {

T i (@y)R2B
(x’y)R[B] - { 1 otherwise
1 if (33’ y)R sa
(2,9)Ra-p=1 T i (@yR2p

(z,y)R otherwise

It is easy to prove how the above defined approximations are related to the considered
functionality conditions.

Proposition 3.3.10. For any R : X xY — L the following equivalences hold, for all
a,fel, B¢a:

1. R is (a)-functional if and only if R,y is a function;
2. R is [B]-functional if and only if Ry is a function;

3. R is a-f functional if and only if Ro-p s a function. O
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3.3.2 Functionality by composition

The characterization of classical relations that are functions, by means of composi-
tion (see Proposition 1.4.8), motivates another way to generalize the notion of function
(we explain details in Definition 3.3.11, below). To this extent, in this Subsection we
consider L-relations taking values in a right-distributive ceo algebra. Further conditions
considered on L, when needed, will be explicitly marked.

Definition 3.3.11. Let R: X xY — L be an L-relation.
1. R is (right) univocal if R- @ R < Iy.
2. R is (left) total if ROR->Ix.
3. R is functional if it is (right) univocal and (left) total.

Left univocal and right total L-relations can be defined interchanging R and R_;
for the use of the attributes left and right, or, rather, for their omission, we refer to the
discussion expressed after Definition 3.3.1.

Functional L-relations above defined, as particular morphisms of Dedekind or Goguen
categories, are called functions in [37, 87]; as remarked soon after Definition 3.3.1, we
do not follow such a terminology.

Lemma 3.3.12. Let R: X xY — L be an L-relation.

1. R is univocal if and only if the implication
reX,yy eYyzy = (z,y) Re (z,y)R=1
1S true;
2. R is total if and only if the implication
reX = Vyey(z,y) R (z,y)R=T

18 true.

Proof. We note that an L-relation R from X to Y, including the trivial cases when
either X or Y is empty, is univocal if and only if the implication

vy eYyzy' = (y,y)(R-OR) =1
is true, while R is total if and only if the implication
reX=>(r,z)(ROR-)=T

is true.
Hence, the stated conditions follow easily since (y,4')(R-OR) = Viex (2, y)R® (2,9 )R,
for all y,9" €Y and (z,2)(ROR-) = Vyey (2, y)R ® (x,y)R, for every z € X. O
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Similar characterizations as in Lemma 3.3.12 can be proved for right totality and left
univocality, switching the above conditions from R to R_.

Remark 3.3.13. Of course, every function is a functional L-relation and every func-
tional crisp L-relation is a function, but there are functional L-relations that are not
functions as the following Example 3.3.14 shows.

Example 3.3.14. Consider the sets X = {z1,22}, Y = {y1,y2} and the boolean algebra
L={1,a,b,T}. Let R: X xY — L be the L-relation described as follows: (z1,y1)R =
(x2,92)R = a, (z1,y2)R = (z2,y1)R = b. R is a functional L-relation, but it is neither
[T]-total nor (1)-univocal. This example also shows that a functional L-relation need
not be either (1)-univocal or [T]-total.

To give a characterization of functions, involving functional L-relations, we prove the
following results, for any L-relation R: X xY — L.

Lemma 3.3.15. R is (L)-univocal = R is univocal = for every a € L, a® a # 1, R is
[a]-univocal.

Proof. From (1)-univocality of R, if y,y" € Y, y # 4/, then, in case X # @, for every z € X,
either (z,9)R =1 or (2,5 )R =1, (4,4 ) (R-OR) = Veex(z,9)R® (z,y )R = L; in
case X =&, (4,4 )(R-OR) = Vaeg(y,2)R- ® (2,9 )R = V@ = 1. Hence in any case
R_ORL Iy.

Assuming R to be not [a@]-univocal, for some & € L, there exist T € X, y,y' €Y, y ¢/,
such that (Z,y)R A (Z,y")R > &; then, since R is univocal, 1 = (y,y)(R- O R) >
(Z,y)R® (Z,y )R > a® @. So, the second implication holds, too. O

Example 3.3.16. 1. Let L = [0,1] be the Lukasievicz algebra (i.e. o - 8 = max{a +
B-1,0}, and a® 8 =min{l-a+fF,1}, for all a, 5 €[0,1]), X #+ @ and |Y| > 1. Consider
the L-relation R : X xY — L with the constant value % ‘R is univocal, but it is not
(1)-univocal. We note, moreover, that R is [«]-univocal, for every a € L, a ® a # 1 (i.e.
for every o> 3), but it is not [a/]-univocal, if o/ < 3.
2. Let L be the Lukasievicz algebra, X = {x1,22},Y = {y1,y2}. Consider the L-relation
R:X xY — L such that (z1,y1)R = (22,y2)R =T and (x1,y2)R = (z2,y1)R = % R is

[av]-univocal, for every awe L, a ® a # 1, but it is not univocal.
Lemma 3.3.17. R is [T]-total = R is total = for every a # T, R is («)-total.

Proof. For the first implication, note that, by assumption, if z € X, then there exists
Yz € Y such that (x,y,)R = T; then one has that: (z,2)ROR- = Vyey (2,y)R(y, 2)R- >
(,y2)R ® (,yz)R = T; hence R is total.

Now, in case R is not (@)-total, for some @& € L, one can find € X such that (Z,y)R < a,
for every y € Y. As a consequence, by assumption one has T = (Z,Z)(R © R-)
Vyey (Z,y)R ® (Z,y)R < a® & < a. So, the second implication is true.

[T
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Example 3.3.18. 1. Let X = {z}, Y = N and L = [0,1] with the product algebra

1

structure (i.e. a - 3 = { 3 if o Sé and a® =« S, for all a, 5 €[0,1]). Consider
P otherwise

the L-relation R : X x Y — L defined by (z,n)R = -5, for n e N.

One has Vyen(2,7)R ® (2,7)R = Vyen 747 * 757 = 1, hence R is total, by Lemma 3.3.12.

R is not [1]-total, since {n € N| (z,n)R >1} = {n eN| 5 > 1} = .

2. Let X ={z}, Y ={y1,y2} and let L = {1,a,b, T} be the right-distributive ceo algebra
with implication and product described in 19 of Appendix. Consider the L-relation
R:X xY — L such that (z,y1)R =a and (z,y2)R =b. R is («)-total, for every a # T,
but it is not total.

Remark 3.3.19. A necessary condition for an L-relation R : X xY — L, with X and
Y non-empty, to be («)-total, for every ave L, a # T, is the following

VeeX:\/(z,y)R=T;
yeY

in fact, if x € X, no a € L, a # T, can be an upper bound for the set {(z,y)R|yeY},
since, by the assumption, y, o exists such that (z,y,.)R ¢ o; note also that, to the
same extent, the equality \/ L\{T} = T is needed, under the further assumption for R to
be not [T]-total.

If the lattice L satisfies the implication

ScL, \/S=T=\a®a=T,
aeS
the second implication in Lemma 3.3.17 is reversible; in such a case in fact, for every
x € X, one has Vyey (2,y)R = T = Vyey (2,9)R ® (,y)R = T, which implies that R is
total, if it is («)-total, for every ave L, o # T.

Now, the following characterization is an immediate consequence.
Proposition 3.3.20. For any L-relation R : X xY — L, the following are equivalent.
(i) R is a function;
(i) R is univocal and [T]-total;
(i4i) R is (L)-univocal and total.

Proof. Since (i) clearly implies both (ii) and (iii), we only need to prove the converse
implications; in both cases, by Remark 3.3.13 and the first implication of Lemmas 3.3.15
and 3.3.17 it is enough to prove that R is crisp, whenever X # &.

So, assume R univocal and [T]-total, hence for every x € X there exists y, € Y such
that (z,y;)R = T; then, for every v € Y, ¢ # y,, it follows from R_ ® R < Zy that
L=Vuex (2, y YR®(2',y.)R > (z,y )R&(2,y:)R = (2,4 )R®T = (x,y")R; so, (xz,y)R €
{1,T},forallze X,yeY.

Now assume R (1)-univocal and total and let = € X; then it follows from (z,2)(ROR-) =
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T that Y # @&; now consider y € Y and assume (x,y)R # L; since R is (L)-univocal,
(z,y")R = 1, for every 3y’ # y, and, by R ® R_ > Zx, one gets T = (z,2)(ROR-) =
[(l’,y)R ® (CL’,y)R] v [Vyiy’EY(xay,)R® (l’,y,)R] = (‘T7y)R ® (l’,y)R < (:I:ay)R Hence
R is crisp. ]

Remark 3.3.21. The first implication in Lemma 3.3.15 and in Lemma 3.3.17, as well,
still hold under the weaker assumption for L to be a right-distributive w-ceo algebra.

Now, we consider a further composition of relations, just defined in Subsection
3.1.2, according to what is given in the context of Dedekind Categories in [37], with
respect to the L-relations taking values in a complete Heyting algebra. However, such
a composition can be considered in case L is any complete lattice. Recall its definition.

Definition 3.3.22. Let L be a complete lattice. For all R: X xY - L, §:Y xZ - L
define R-S: X — Z by setting (2,2)(R-S) = Vyey (z,y)R A (y,2)S, for all x € X,y €
Y, zeZ.

All the notions and statements of this Subsection can be rephrased with respect

to the composition -; in fact one can call R A-univocal or A-total if R_-R < Zy or
R -R_ > Ly, respectively, and say that R is A-functional if it is A-univocal and A-
total.
All the results already obtained in this Subsection by means of the composition ® still
hold for these new notions for any complete lattice L; even more, the restriction on « in
Lemma 3.3.15 can be relaxed to a # 1. In particular, we note that if L is any complete
lattice, the following holds.

Proposition 3.3.23. If L is a complete lattice, for any L-relation R the following are
equivalent

1. R is a function;
2. R is A-univocal and [T]-total;
3. R is (L)-univocal and A-total. O

For relations with values in a right-distributive w-ceo algebra, univocality, totality,
functionality can be considered together with their A-related versions . Of course, in
case of relations with values in a complete Heyting algebra, the compositions - and ©®
coincide (we get new notions only when ® # A). We clarify relationships of these different
notions.

First we note that, since a ® a < a, for every a € L, in any right-distributive w-ceo
algebra L, one has that if R is total, then R is A-total, for every R: X xY — L.
Moreover, if L is a symmetrical cdeo algebra, then the inequality a® 8 < aA 8 holds, for
all a, 8 € L, which implies clearly that if R is A-univocal then R is univocal, for every
R:XxY — L.

However, in general, there is no relationship between functionality and A-functionality.
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Example 3.3.24. 1. Example 3.3.18 (2) provides an L-relation that is A-functional
but not functional.

2. A functional L-relation that is not A-functional can be obtained as follows.
Consider L = {L,a,b,c,T} with the structure of right-distributive w-ceo algebra
described in 20 of Appendix and consider X = {x}, Y = {y1,y2}. It is easy to
check, by means of Lemma 3.3.12, that the L-relation R : X xY — L such that
(z,y1)R = b and (x,y2)R = ¢ is functional; instead, it is not A-functional since
(z,y1)R A (x,y2)R = a # L, though it is A-total.

The above discussion allows to slightly improve the results of Propositions 3.3.20 and
3.3.23.

Proposition 3.3.25. If L is a right-distributive ceo algebra, for any L-relation R the
following are equivalent

1. R is a function;
2. R is univocal and [T]-total;

3. R is (L)-univocal and A-total. O

3.3.3 Power-functionality

In this Subsection we consider L-relations taking values in a symmetrical cdeo alge-
bra, unless otherwise stated. Further conditions on L, when needed, will be explicitly
marked.

In fact, we need two adjoint operations ® and —, possibly with the properties they have
in a symmetrical cdeo algebra. So, the notions treated in this Subsection, unlike the cor-
responding one considered in Subsections 3.3.1 and 3.3.2, cannot be expressed in terms of
the complete lattice structure only, unless the meet operation distributes over arbitrary
joins; in this last case, the complete lattice is a frame (according to the terminology of
[59]) and the residual implication — of the meet operation A gives a structure of Heyting
algebra, i.e. of a commutative (hence symmetrical) cdeo algebra, with adjoint product
A, which is, moreover, associative and idempotent.

Most result we shall obtain, however, do not require either idempotency or associativity,
which motivates the more general framework we consider.

The following result for crisp L-relations, which can be found in [35], motivate a further
generalization of the notions of univocality, totality and functionality.

Proposition 3.3.26. [35] Let (L, —,T) be a symmetrical cdeo algebra. If R : X xY — L
1$ a crisp L-relation, then the following equivalences hold.

1. R is univocal if and only if R® < R”;
2. R is total if and only if R® >R ;

3. R is a function if and only if R® =R”. O
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Hence, taking into account the above results, we give the following definition.
Definition 3.3.27. Let R: X xY — L be an L-relation.

1. R is right (left) power-univocal if R® <R” (R® <R”).

2. R is left (right) power-total if R® >R~ (R® >R™).

3. R is power-functional if R® = R_.

Once more, we are interested and may reduce to consider only right power-univocal
and left power-total L-relations, for which, as stated after Definition 3.3.1, we shall also
omit the attributes right and left.

We shall see that these notions play the same role as those introduced in Definition
3.3.11, to which they are somehow related, in the characterization of functions among
L-relations. We start showing a general relationship.

Proposition 3.3.28. Let R: X xY — L be an L-relation.
1. If R is power-univocal, then R is univocal.
2. If R is power-total, then R is total.
3. If R is power-functional, then R is functional.

Proof. 1. Ifze X, y1,y2 €Y, y1 # y2, then applying the assumption R® < R™ to the
crisp L-point T,,, one has the following:
(z,92)R = VyEY(x’y)R ® (y)TyZ < /\yEY(xvy)R - (y)TyZ < (z,y1)R —~ (yl)TyQ =
(z,y1)R — L; hence (z,y1)R ® (z,y2)R = 1 and it follows by arbitrariness of
x,y1,y2 and Lemma 3.3.12 that R is univocal.

2. If R is power-total, then for all B LY, x € X, one has that: ey (z,y)R® (y)B >
/\er(x7y)R - (y)B
If, in particular, for every = € X, we consider the L-set B, : Y — L de-
fined by: (y)B, = (x,y)R, for every y € Y, then Vv (2,9)R ® (y)B; >
Nyey (2, y)R = (y) Bz, that is Vyey (z,9)R @ (2,)R > Ayey (z,4)R — (2,9)R;
hence Vyey (z,y)R ® (x,y)R > T for every x € X and then, from Lemma 3.3.12, it
follows that R is total.

3. The stated implication follows trivially from (1) and (2).
O

Note that the statement and the proof of the above Proposition do not require the
symmetry assumption, but only require that L be a right-distributive ceo algebra. Under
such an assumption, the converse implication of that given in the item (3) of the above
Proposition does not hold, as the following example shows.
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Example 3.3.29. Let (L,—,T) be the right-distributive ceo algebra with the set L =
{1,b1,b2,b3,c1,c2,d, T}, implication and adjoint product described in 21 of Appendix;
consider X ={z}, Y ={y1,y2}. The L-relation R : X xY — L such that (z,y1)R = b
and (x,y2)R = bz is functional, but it is not power-functional; in fact, for B € LY,
(yl)B = (yg)B = by, one has (CE)(B)R? = (b1 ®b2)V(b3®b2) =byvbs =T and (CC)(B)R:) =
(by = b2) A (bg = ba) = b3 Aby = 1, hence R is not power-univocal.

The following statement strengthens some results of [35] and of Lemmas 3.3.15,
3.3.17.

Lemma 3.3.30. With the above notation, the following results hold:

1. R is (L)-univocal = R is power-univocal = R is univocal = for every o« € L,
a®a#l, R is [a]-univocal.

2. R is [T]-total = R is power-total = R is total = for every o« € L, a #+ T, R is
(a)-total.

Proof. 1. The first implication is Proposition 8.5 in [35]; the second implication is
Proposition 3.3.28(1); the third implication is in Lemma 3.3.15.

2. The first implication is Proposition 8.11 in [35]; the second implication is Propo-
sition 3.3.28(2); the third implication is in Lemma 3.3.17.
O

Remark 3.3.31. The results of Proposition 3.3.26 and pieces of Lemma 3.3.30 are
proved in [35] assuming L to be a complete residuated lattice (i.e. a commutative,
associative cdeo algebra); however, their proofs do not need associativity, while symmetry
replaces commutativity.

Now a similar result as in Proposition 3.3.20 holds trivially, using Propositions 3.3.26,
3.3.28; recall that, now, L is assumed to be symmetrical.

Corollary 3.3.32. For any L-relation R: X xY — L, the following are equivalent.
1. R is a function;
2. R is (L)-univocal and power-total;
3. R is power-univocal and [T]-total. O

If L is an associative symmetrical cdeo algebra, the reciprocal relationships of those
described in Proposition 3.3.28 hold, too.

Proposition 3.3.33. Let L be an associative symmetrical cdeo algebra, R : X xY — L
an L-relation. The following hold:

1. if R is univocal, then R is power-univocal;
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2. if R is total, then R is power-total.

Proof. 1. In order to prove that, for all z € X, Be LY, (2)(B)R® < (z)(B)R” it is
enough to verify that for all z € X, y,y" €Y (2,y)R® (y)B < (x,y' )R = (y")B. If
y =19, then for every z € X the inequality (z,y)R®(y)B < (z,y)R — (y)B follows
from Proposition 2.1.30 (1). If y # ', by adjunction the following equivalence
(z,y)R® (y)B<(z,y )R~ (y')B <= (2, )R ((z,y)R® (y)B) < (y')B is true,
for every x € X.
Under associativity assumption on L and univocality of R, it follows from Lemma
3.3.12 (1) that (z,y )Re((z,y)R&(y)B) = ((z,y" )R (x,y)R)®(y)B = 1&(y)B =
1L < (y")B, for every x € X, thence the assertion follows.

2. To prove that forallz € X, Be LY, (2)(B)RZ < (x)(B)R®, we verify that if z € X,
BelLY, kelL, then k< (z)(B)YR” = k < (2)(B)R®. So, let ke L and Be LY;
for every x € X one has that k£ < (z)(B)RZ < k < (x,y)R — (y)B, for every
yeY < (z,y)R®k < (y)B, for every y € Y; then, by associativity and symmetry
of L and totality of R, from Lemma 3.3.12 (2) one has, for every z € X: (2)(B)R® =
\/er(x7 y)R® (y)B P4 VyEY(x7 y)R® [(1‘, y)R ® k] = [ver(xv y)R ® ('% y)R] ®k=
T®k=kF.

O

Of course, every functional L-relation is power-functional, if L is an associative,
symmetrical cdeo algebra, as a consequence of the above Proposition. Nevertheless, we
give an alternative, more elegant proof of this relationship, using directly the properties
of powerset operators described in Section 3.2; this makes the proof holds in an abstract
approach to relations as in [37, 87].

Proposition 3.3.34. Let L be an associative symmetrical cdeo algebra, R : X xY — L
an L-relation. If R is functional, then ®R_=R” and ®R_=R_.

Proof. By Proposition 3.2.22 and the inequalities RO R_ > Zx and R_- ® R < Zy, for
every Ae LX, B e LY one has (*R 0® R_)(A) > A and (|*R_ ©® R)(B) < B. Then,
since both ®R and ®R_ are isotonic, it is easy to check that ®R + ®R_. On the other
hand, by Corollary 3.2.18, ®R 4 R~ and, by uniqueness of right adjoint, it follows that
®R_=R". The second equality can be proved in a similar way. O

The short discussion after Definitions 3.2.13 and 3.2.14 allows to state the following
consequence.

Corollary 3.3.35. Let L be an associative symmetrical cdeo algebra, R : X xY — L
an L-relation. If R is functional, then R® = R~, R® = R”™ and, in particular, R is
power-functional. O

We can further clarify relationships between the considered notions, under suitable
assumptions on the lattice or on the algebraic structure of L.
To this extent we need to extend classical notions usually considered in complete lattices,
as follows.



CHAPTER 3. MANY-VALUED RELATIONS 105

Definition 3.3.36. Let (L,—,T) be a right-distributive ceo algebra, a,be L. Then

- a is @-prime if, for all x,y € L such that t®y =y®x = a, one has either x = a or
y=a;

- b is completely ®-coprime if, for every S ¢ L such that \/s3ess® s=b=0b¢e S
(recall that we assume T # 1).

Note that for ® = A the above Definition gives classical, well known notions in
(completely) distributive lattices. These generalizations are motivated by the following
results.

Proposition 3.3.37. Let R: X xY — L be an L-relation. If 1 is ®-prime, the following
are equivalent:

1. R s univocal;
2. R is (L)-univocal;
3. R is power-univocal.

Proof. By Lemma 3.3.30 (1) and Proposition 3.3.28 (1) we only need to prove the impli-
cation “(1) = (2)”. If R is univocal, then, by Lemma 3.3.12 (2) the implication z € X,
v,y eYyxy = (2,y)R® (2,y" )R = (2,4 )R ® (z,y)R = 1 is true. Since 1 is ®-prime,
it follows that, for all z € X, y,v' € Y, y # ¢/ either (z,y)R = L or (z,y")R = L. Hence,
for every z € X: [R(Wy| <1, that is R is (1)-univocal. O

Proposition 3.3.38. Let R: X xY — L be an L-relation. If T is completely ®-coprime,
the following are equivalent:

1. R is total;
2. R is [T]-total;
3. R is power-total.

Proof. By Lemma 3.3.30 (2) and Proposition 3.3.28 (2) it is enough to prove “(1) = (2)”.
By assumption, from Lemma 3.3.30 (2) one has that R is («)-total, Va € L, a # T;
moreover, Vyey (2,y)R ® (z,y)R =T, for every x € X. Since T is completely ®-coprime,
for every x € X there exists y, € Y such that (x,y,)R = T; so the set 2R is non-empty
and hence R is [T]-total. O

Combining the above Propositions 3.3.37 and 3.3.38 with previous results one can
obtain sufficient conditions on L under which power-functional and, possibly, functional
L-relations are functions (for instance requiring either | to be ®-prime or T to be com-
pletely ®-coprime and, possibly, L to be associative). However, better results can be
obtained by means of the following Lemma (recall that an element a in a lattice L is
said to be v-irreducible or coprime, if for all x,y € L, if x vy > a, then either x > a or

y>a).
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Lemma 3.3.39. Let R: X xY — L be an L-relation. If T is coprime, then the following
implication holds:

R is power-functional = R is a crisp L-relation.

Proof. Excluding the trivial cases, let us assume X,Y to be non-empty sets and R to
be power-functional. Let (Z,5)R = b # T for some Z € X, € Y. Then by Remark 3.3.19,
Lemma 3.3.30 (2) and by assumption that T is coprime, X has at least two elements
and T = Vyey (Z,9)R = (Z,9)R V Vyeyey (T,y)R; since T is coprime, it follows that
ngter(iH y)R =T.

Now consider the crisp L-point Ty; then

(2)(T))R® =V (Z,9)R® (y)T; = (Z,))R®T =b

yeY
and
(@) (TR = N (@R~ )T =(@,7))R~>T)r A (@,y)R 1)
yeY y#+yeY
=TA ((7vy(§:,y)7€) > 1)=TA(T—>1)=L.
By the assumption, b= 1. O

Proposition 3.3.40. Let R : X xY — L be an L-relation. If either 1 is ®-prime or T
18 coprime, then

R is power-functional < R is a function.
Proof. In the first case, by Corollary 3.3.32 and Proposition 3.3.37

R is power-functional <> R is (1)-univocal and power-total <> R is a function.

In the second case, the stated equivalence follows by Proposition 3.3.26 (3), Definition
3.3.27 (3) and Lemma 3.3.39. O

The above results allow to prove easily the following.

Corollary 3.3.41. Let R : X xY — L be an L-relation. If 1 is ®-prime and T is
completely ®-coprime, then the following are equivalent:

1. R is a function;
2. R is functional;
3. R is power-functional.

Proof. The implications “(1) = (2)” and “(1) = (3)” are obvious.
The converse implications “(2) = (1)” and “(3) = (1)” follows easily by Remark 3.3.2
and Propositions 3.3.37, 3.3.38. O
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Corollary 3.3.42. Let R: X xY — L be an L-relation, L an associative symmetrical
cdeo algebra. If either 1 is ®-prime or T is coprime, then the following are equivalent:

1. R is a function;
2. R is functional;
3. R is power-functional.

Proof. “(1) = (2)” Obvious.
“(2) = (3)” See Corollary 3.3.35.
“(3) = (1)” See Corollary 3.3.40. O

3.3.4 Some remarks on functorial L-relations

To illustrate the usefulness of the characterizations stated in Corollary 3.3.42 we
remark that the conditions there required are satisfied by all the so called fuzzy relations
(i.e. relations with values in the unit interval [0,1]). In particular, we note the following.

- Every complete chain L is completely distributive hence, in particular, it is a
complete Heyting algebra, i.e. an associative and commutative cdeo algebra. Such
a structure is in fact the so called Gddel algebra in case L = [0, 1], with implication

1 ifa<od

b otherwise

and 1 is coprime.

a—-gb= and adjoint product a®ab = anb. Evidently 0 is ® g-prime

- The product algebra has the same carrier [0,1]; the implication a —-p b =
1 ifac<b . .. :
b if as ) gives a structure of associative and commutative cdeo algebra
. otherwise
whose adjoint product ® p is the ordinary product. This is not an Heyting algebra,
but 0 is ® p-prime and 1 is coprime in this case, too.

- The Lukasievicz algebra on L = [0,1], with implication a -1, b = maz{a+b-1,0},
and adjoint product a ® b = min{l —a+ b, 1}, for all a, 8 € [0, 1], is, once more,
an associative and commutative cdeo algebra, not an Heyting algebra. Of course,
1 is coprime though 0 is not ®-prime, in this case.

These are the algebraic structures frequently used for fuzzy relations; in all the three
cases, functional and power-functional fuzzy relations are functions.
The equivalences of Proposition 3.3.37 are not true for relations taking values in the
Lukasievicz algebra while, independently of which of the three algebraic structures is
considered, total fuzzy relations need not be [T]-total. Indeed, we can prove the following
results, assuming (L, —, T) to be a symmetrical cdeo algebra.

Remark 3.3.43. The implication

R:X xY - L, R power-univocal = R (1)-univocal
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forces L to be ®-prime.

In fact, let o,f e L, a® B =0®a=1; consider X ={x},Y ={y,y’'} and the L-relation
R:X xY — L defined by (z,y)R = a, (z,y" )R = B.

Obviously, (z,y)R® (y)B < (z,y)R — (y)B and (z,y )R ® (y')B < (2,4 )R - (v')B,
for every B e LY. Since B ® o = 1, one has that a < 3 — L.

So, for every B e LY it follows that (z,9)R® (y)B=a®(y)B<a<f—->1<f - (y)B=
(z,y")R = (y")B; from the equivalence a ® = 1 < < a — L, it follows that, for every
BeLY, (z,y)yRe(y)B<Be(y)B<B<a—Ll<a~(y)B=(x,y)R ~ (y)B. Hence
R® < RZ, ie. R is power-univocal; by assumption R is (1)-univocal and then either
a=1lor =1

Remark 3.3.44. Of course, by Proposition 3.3.28 (1), one can argue easily that the
implication

R:X xY - L, R univocal = R (1)-univocal
forces 1 to be ®-prime, too.

Up to now, we are not able to prove a similar result as in Remark 3.3.43 for the
notions of power-totality and [T]-totality; however, the weaker version, as in Remark
3.3.44, holds.

Remark 3.3.45. The implication
R:X xY - L, R total = R [T]-total

forces T to be completely ®-coprime.

In fact, let S € L, Veess®s = T; then S # &, since V@ = L # T. Consider the sets
X ={x},Y = S and the L-relation R : X xY — L, defined by (x,5)R =s,Vse S. It
follows from Lemma 3.3.12 that R is total and then, by assumption, R is [T]-total, that
is R + @. Hence, there exists s € S such that s = (x,8)R = T; by arbitrariness of S,
T is completely ®-coprime.



Chapter 4

Galois and Tarski connections

4.1 Lower and upper hulls in preordered sets

In this Section we recall basic notions on preordered sets and, in particular, on order
filters and ideals. In fact we wish to give a detailed description of the folklore on these
topics, which are only seldom found in textbooks and monographs; we do this taking
into account the concepts and results needed in the sequel of our work. We refer to
Section 1.1 for preliminary notions and notation.

Definition 4.1.1. Let (L, <) be a preordered set and X a subset of L. X is an upperset
(lowerset, respectively) or preorder filter (preorder ideal, respectively) of L if, for
all x,y € L, the following implication is true:

reXrz<y=>yeX (xe X,y<x=yeX, respectively).

The set of all uppersets (lowersets, respectively) of a preordered set (L,<) is denoted by
F(L) (Z(L), respectively).

In the following X~ stands for L\X, for any X c L.

Proposition 4.1.2. Let (L,<) be a preordered set and X a subset of L. The following
equivalences hold.

X is an upperset (lowerset) of L if and only if X~ is a lowerset (upperset) of L.

Proof. Assume X to be an upperset and let x € X~, y e L,y <x. Then y € X~. In fact,
if we suppose by contradiction that y ¢ X, we have that y € X and, since y < x and X
is an upperset, it follows that x € X, which contradicts the assumption x ¢ X.

The other part of the statement can be similarly proved. O

Proposition 4.1.3. Let (L,<) be a preordered set and X; € L, for every i € I. The
following hold.

1. If X; is an upperset of L, for every i€ I, then U;er X; and Nier X; are uppersets of
L.

109
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2. If X; is a lowerset of L, for every i € I, then U;er X; and Nier X; are lowersets of
L.

Proof. 1. The proof is trivial for I = @, since @ and L are uppersets and lowersets in
L. Assume every X; to be an upperset of L. If x € U;e; X;,y € L and x <y, then,
there exists j € I such that x € X;, x <y. Hence, by assumption, y € X; € U;er X;.
If £ €My Xi,y € L and x <y, then, for every i € I, x € X;, x <y. By assumption,
y € X;, for every i € I and hence y € M;er X;.

2. Similarly to item (1).

The above Proposition allows to give the following Definition.
Definition 4.1.4. Let (L,<) be a preordered set and E a subset of L.

1. The including upper (lower, respectively) hull of E, denoted by Elt (E[”,
respectively) is the smallest upperset (lowerset, respectively) containing E.

2. The excluding upper (lower, respectively) hull of E, denoted by EM (E(l),
respectively) is the largest upperset (lowerset, respectively) disjoint from E.

Remark 4.1.5. Let (L, <) be a preordered set.
- For any E ¢ L one has UbE < E" and LbE c BNV,

- The operators ['][T] and [-]U] are isotonic, while the operators [-](T) and [-](U are
antitonic.

- For any A ¢ L one has that A is an upperset if and only if A = A", hence for any
EcL: E® = (EM)M ang 1 = (B[,

- The notions of including (excluding) upper and lower hull of E ¢ L are order-dual
to each other. So, the properties which can be proved for (1] (E(T)) have a dual
version for EIY (EW)| too.

- In case of singletons, it is useful to consider the following notation and equalities,
for every e € L:

e =fzelle<a}; e ={zeL|la<e};eM={aecLlate; eV ={zecLleta}.
Proposition 4.1.6. Let (L,<) be a preordered set and I any, possibly empty, set. Then
for all subsets B, F and F;, 1€ I, of L one has:

1. EcF = ElcFl,
2. EcBll;
3. (E[T])[T] = gl
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4. (Uier BN = Uses Eim-

Proof. 1. See Remark 4.1.5.
2. By definition, it follows trivially that E c E.
3. See Remark 4.1.5.

4. From item (2) we have that E; € U Ei, Vi € I = EZ.[T] ¢ (Uir BN Viel >
User El.m C (User Ei)m. Furthermore, by definition, (U;cr E,-)m is the small-
est upperset containing U;er F; and, so, it is an upperset containing F;, Vi € I.
Moreover, Ujer El.ﬂ is an upperset, since it is the join of the uppersets Ez.m and
FE;c Eim C User Ei[ﬂ, Viel. So User EZ.[T] is an upperset containing J;.; F;; hence,

by definition, (U;es Ez')m € Uier Ez‘m'
O

Corollary 4.1.7. If (L,<) is a preordered set, the maps
[ 28 5 2b B EM and [ 28 - 28 B BV

are topological closure operators. The fixzed points of each of such operators, i.e. the
uppersets of L in the first case and the lowersets in the second case, are the closed sets
of an Alexandroff topological space on L.

Corollary 4.1.8. Let (L,<) be a preordered set and E < L. The following equalities
hold:

1. E[T] = Uecr e[ﬂ ’
2. EM = U,ep el

Proof. 1t is an easy consequence of Proposition 4.1.6 (4) and of its dual version, since
FE = UeGE {6} ]

Corollary 4.1.9. Let (L,<) be a preordered set and E C L.
1. BN ={zel|FeeE: e<a);

2. EM ={zel|3ecE: z<e}.

Proof. 1. Since E!M = U.epel'l, one has that Yy € Fll dey e E 5 y e 675” =
deyeEdey<y<=ye{rel|JecE: e<ua}.

2. Dual to item (1).
O

Lemma 4.1.10. Let (L,<) be a preordered set and X,E ¢ L. If X is a lowerset (up-
perset) such that X nE =@, then X nEMN =g (X nEM = ).
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Proof. Suppose, by contradiction, that there exists z € X nEl']: then, 7 € X and z ¢ El'],
S0, there exists ez € E/ such that ez < Z. Since X is a lowerset, it follows that ez € X,
that is in contradiction with the assumption X n E = @&. O

Proposition 4.1.11. Let (L,<) be a preordered set and E < L.

1. EW and B are complement of each other, that is [E](l) = [E][T]ﬁ and [E][T] =
[E](i)ﬂ;

2. EM and EM are complement of each other, that is [E](T) = [E][l]ﬁ and [E][l] =
[E](T)ﬂ_

Proof. 1 We prove that (E )“ is the largest lowerset disjoint from E. In fact,
(E’ )ﬁ is a lowerset disjoint from F, since it is the complement of the upperset
E!) that contains E. If, moreover, B € L is a lowerset of L such that B ﬂ E =0,

then by the above Lemma 4.1.10, it follows that B n El'l = &; so B ¢ (B[]~

2. Dual to item (1).

Corollary 4.1.12. Let (L,<) be a preordered set and E ¢ L.
1. EM={zecl|VeeE: x¢e};
2. EW ={zecL|VeeE: etz

Proof. 1. Since EM = (B~ 4 ¢ EM o ¢y ¢ EM o Ve e E: y ¢ e
ye{reLlVee E: x£e}.

2. Dual to item (1).

Proposition 4.1.13. Let (L,<) be a preordered set and E < L.
1. EG® =NpeM) = Ueestt eVl
2. EM =, pe = Ueestt et

Proof. 1. By the Propositions 4. 1 1(1 ) and 4. 1 8 (1), the following equalities hold:
B = (E[T]y (Ue EE el ) (e NecE e(i)
Moreover, E®) = (B~ = ((EL ) YU U Bl el

2. Dual to item (1).

Proposition 4.1.14. Let (L,<) be a preordered set, E < L. Then, for all e,d € L:

1. ee (MinE)_ < el = gl
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2. de(MazE)_ < d¥ = EU,

Proof. 1. “=7 Let ee (MinE)_ = (FE)_n LbE, i.e. there exists € € F such that e=¢&
and e < ¢/, for every ¢’ € E. Then:
— xeelll :>eéa::>é§az<:>erm;
—zeEM =3 cEyd<o=e<e <ax=aeelll
“ <7 Since e € ell = EY there exists € € F: ¢’ <e. Moreover, ¢’ € E c El'] = ¢l1]
implies that e < €’; so, e € (F)_. Furthermore, z € E ¢ Eltl = eltl = ¢ < 72, ie.
ee LbE.

2. Dual to item (1).
O

The uppersets and the lowersets of L, which are the fixed points of the operators
[-][T] and [-]M, respectively, can be also characterized as follows.

Proposition 4.1.15. Let (L,<) be a preordered set and E € L. The following are
equivalent.

1. E 1is an upperset;
2. E=(E")M;
3. (B = (EO)~,

Proof. “(1) = (2)” Since E is an upperset, then E~ is a lowerset, so (E") = E~.
Then, by Proposition 4.1.11, (E°)(" = (E")M)- = (E")~ = E.

“(2) = (3)” It follows by assumption and Proposition 4.1.11 that ((E))~ = El] =
((E"YHI = (7).

“(3) = (1)” Of course, E ¢ Bl Conversely, it follows by assumption and by Proposition
4.1.11 that EMN = (EWY- = (BN c E. O

Proposition 4.1.16. Let (L,<) be a preordered set and E ¢ L. The following are
equivalent.

1. E is a lowerset;

2. BE=(E")W);

3. (E~)W = (EM)~,
Proof. Dual to Proposition 4.1.15. 0
Corollary 4.1.17. Let (L,<) be a preordered set and E € L. Then

1. EM = (B)H™,

9 gl = (E(i))(T)}.

3 EW) - (E[T])(i)’.
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4. BN = (E(T))(i).

Proof. Since E(") is an upperset, by Propositions 4.1.11 and 4.1.15 E(M = ((E(M)~)(1) =
(EBDM | then (1) is true. Similarly, since El'! is an upperset, Ef = ((BI1)~)1) =
(EM)YM | then (2) is true.

(3) and (4) can be proved by duality. O

Remark 4.1.18. - The item (2) of Propositions 4.1.15 and 4.1.16 show that every
upperset (lowerset) is an excluding upper (lower) hull. As a consequence, the
operators [-](T) and [-](D have the same image as [,][T] and [-]m, respectively;
more explicitly one has

F(L)={EM E 2"} = {BD| Be2t}

and

F(L)={EW Be2!} = {EW| Be2t}.

- Of course, there are subsets of (L, <) which are both uppersets and lowersets: @
and L are among these subsets.
However, in quite general situations @ and L are the only uppersets that are
lowersets, too. The following example describes two cases.

Example 4.1.19. If (L, <) satisfies one of the following conditions:
(i) there exists either a minimum or a maximum in L;
(ii) for all x,y € L, either xvy+ @ or x Ay + @ in L,

then @ and L are the only subsets that are both lowersets and uppersets.

In fact, assume @ #+ X € L to be both a lowerset and an upperset. If L has a minimum
L, then 1 € X, hence L = 1Me xl = X; dually, if L has a maximum, then X = L, too.
If (i7) holds, consider a fixed element x € X and any y € L. If z € x v y exists in L, then
ze X and y < z hence y € X; dually, y € X if t € z Ay exists. By arbitrariness of y, X = L.

Remark 4.1.20. - As already remarked, the uppersets of a preordered set (L, <)
are the closed sets of a topology on L, which we call lower Alexandroff topology
of (L, <), since its open sets are the lowersets.

Dually, the upper Alexandroff topology of (L, <) can be defined, whose closed
sets are the lowersets.

The statements we list below concern the lower Alexandroff topology and each of
them has a dual statement for the upper Alexandroff topology.

- Since the closed sets of the lower Alexandroff topological space on (L,<) are the
uppersets of L, one has, by Proposition 4.1.11, that the open sets are the excluding
lower hulls EW, for every E ¢ L, i.e. the lowersets of L. Then, by Remark 4.1.18
and Corollary 4.1.8, E ¢ L is an open set if and only if E = BN = U,pelt). So,
the family of subsets {e[i]| ee E} is a basis of the lower Alexandroff space.
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- It is clear that the closure operator of the lower Alexandroff topology is ¢l [] =
[-]m; hence, by Proposition 4.1.11, the interior operator is [-]ﬁmﬁ = [-]ﬁ(i).
As a consequence, by Corollary 4.1.8 and Proposition 4.1.13, it is possible to express
the closure and the interior of any subset X € L as follows:

- cllX:U{x[T” xeX};
- inth:ﬂ{y(l)\ y¢X} zu{z[l” Z¢Xﬁ[ﬂ} zu{z[i]’ L[4 gx}_

4.2 Equivalences and connections

Let L be a set and let = be an equivalence relation on L.

For any set Z we consider in L? the equivalence induced pointwisely by =, i.e. we recall
that the functions h,k : Z — L are equivalent with respect to = and write h = k if
(z)h = (2)k, for every z € Z.

We may also specify that in such a case h and k are globally equivalent, or that there is a
global equivalence between them. However, we also consider much weaker equivalences,
namely relative equivalences in LZ, with respect to a subset of L; these notions will
allow to give a unified presentation of all types of Galois connections considered up
to now (see [35, 42, 51]) together with their dual forms, which we shall call Tarski
connections, since they extend conjugated pairs introduced by Tarski in [83] and also
studied in [42, 61].

Definition 4.2.1. Let Z,L be two sets, h,k : Z — L two functions, = an equivalence
relation on L and E <€ L. We say that h and k are E-equivalent and write h =g k if
for every z € Z, the following equivalence holds:

(2)he(E). < (2)k e (F)_.

If ae L, we write h =, k for h =,y k.
Of course, h =g k if and only if (E)_h_ = (E)_k_. Note also that h =g k if and only if
h =(gy_k, by the idempotency of the closure operator (-)

Proposition 4.2.2. Let Z be a set, h,k:Z — L be functions.
Then the following are equivalent:

1. h=k;
2. h=gk, VECL;
8. h=4k, YaelL.

Proof. “(1) = (2)” Assume h =k, i.e. (2)h = (2)k, for every z € Z. Then for all Ec L
and z € Z one has (2)he (E). < Jaec F:a=(2)h=(2)k < (2)k e (E)_.
“(2) = (3)” Obvious.

“(3) = (1)” For every z € Z it follows that (z)h € ({(2)h})_, hence, by assumption,

(2)k e ({(2)h})_, i.e. (2)h=(2)k. O
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Remark 4.2.3. We note that every subset F € L determines, by means of Definition
4.2.1, an equivalence =g in LZ which is coarser than =, in the sense that, as subsets of
L? x L?, = ¢ =p; moreover, Proposition 4.2.2 states that = = Ngcr =g = Nael Za-
Sometimes we shall call = the global equivalence and each of =g the equivalence relative
to E; more generally, we say that ~ is a relative equivalence (with respect to =) if there
is F ¢ L such that ~ = =g.

Note also that = coincides with the (global) equivalence pointwisely induced in L? by
the equivalence on L whose classes are either E or L\E.

We shall deal mostly with a preordered set (L,<), in which case we consider the
equivalence relation = induced by < on L, which is the equality if < is an order.
In this case, with the above notation, we give the following definitions.

Definition 4.2.4. Let (L,<) be a preordered set, E ¢ L and let h,k : Z — L be two
functions.

— h and k are upper (lower) equivalent with respect to = if there exists an upperset
Fc L (alowerset I <L) such that h=p k (h=rk).

— h and k are E-including (E-excluding) upper equivalent with respect to = if for
every z € Z one has (z)h e BN < (2)k e B! (2)he EM < (2)ke EM).

— Dually, h and k are E-including (E-excluding) lower equivalent with respect to
= if for every z € Z one has (z)h e EM < (2)k e EM (2)he EW o (2)ke EW).

Remark 4.2.5. Definitions 4.2.1 and 4.2.4 do not exclude the trivial cases when E is
either empty or the whole set L.

However, one can note that if T' € {@, L} then each of (I')_, T[] T Tl and 0
belongs to {@, L}.

As a consequence, for I" € {@, L}, any two functions h, k : Z — L are trivially I'-equivalent,
T'-including and I'-excluding upper and lower equivalent.

In the subsequent discussions, statements and proofs we may consider these trivial cases
without mentioning.

Remark 4.2.6. 1. Since every upperset and every lowerset set is saturated, it is clear
that E-including or E-excluding, upper or lower equivalences may be denoted by
one of the symbols =11, =g, =gn) and =5(), among which the right one can be
easily understood.

2. If F is an upperset, then F = FI1 = (F~)(). So any upper equivalence is both an
E-including and E’-excluding upper equivalence, for suitable E, E' ¢ L; then, by
Corollary 4.1.17, it is an E®-excluding and an E'(D-including upper equivalence,
too.

The dual statement for lower equivalences hold, too.

3. As a consequence of Lemma 4.1.14, if £ ¢ L and either e € (MinE)_ or d €
<M(Z:L’E> y then either =R ==t OY =gL1==401-

Looking at the proof of Proposition 4.2.2, it is easy to realize the following.
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Proposition 4.2.7. Let (L,<) be a preordered set and let h,k : Z — L be functions.
With the above notation, the following statements are equivalent:

1. h=k;
2. VECL:h=gmk;
2. YeeL:h=k. O
Dually, the following proposition holds.

Proposition 4.2.8. Let (L,<) be a preordered set and let h,k : Z — L be functions.
With the above notation, the following statements are equivalent:

1. h=k;
2. VECL:h=guyk;
2. ¥deL:h=y4k. O

On the base of equivalences of functions with values in a preordered set (L <), in
particular of L-relations, we shall present a quite general approach to Galois connec-
tions, including their classification in four types, related to each other by analogies and
dualities, as in [42, 51]. Our general approach will further allow to include the classical
notion of conjugated pairs of functions introduced by Tarski in [83] and developed in
[61]; this will be the topic of Section 4.3 where, not only the notion of conjugated pairs
(also considered recently in [30, 33, 42]) will be extended, but it will be also obtained
their classification into four types (we shall call them Tarski connections) that are
perfectly order-dual to Galois connections.

Both Galois and Tarski connections will be defined by considering two special cases, dual
to each other, of the relative connections we consider below.

Let (L, <) be a preordered set, (X, a), (Y, ) be two sets, each equipped with a fixed
binary L-relation on it and f: X - Y, g : Y — X be two functions. Consider the
L-relations from X to Y defined as follows:

Rpp: X xY = L, (z,y) = (2,9)Rpss = (v, (2) f)5;
Rpg: X xY > L, (z,y) = (z,y)Ryss = ((z) f,y)5;
Rag: X xY = L, (z,y) = (2,9)Rag = (2, (y)9);
Rga: X xY > L, (z,y) = (2,9)Rga = ((y)g, ).
Remark 4.2.9. Note that

- (Rgg)-=Ryp.;

- (Ryp)-=Ra_g;

- (Rag)- =Rya_;
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- (Rga)-=Ra_g-
With the above notations, we state the following.

Definition 4.2.10. - f and g form a type I (global) connection from (X,«a) to
(}/7 ﬁ); denoted by [f_g] : (X’a) - (YMB)} ZfRﬂf = 7?'ocg-

- f and g form a type II (global) connection from (X,«a) to (Y,(), denoted by
]f'g[: (X,Oé) - (}/75)7 lfRf,B = Rga-

- f and g form a type III (global) connection from (X,a) to (Y,3), denoted by
(f,g) : (X,Oé) e (Kﬁ)7 7'f,Rffﬁ = Rag-

- f and g form a type IV (global) connection from (X,«) to (Y,f), denoted by
)29 (X, a) = (Y, 8), if Rgr = Rya-

Proposition 4.2.11. With the above notation, the following are equivalent:
f-9]: (X, 0) = (Y, B);

9-f1: (Y. ) > (X,a);

f9l: (X,00) = (Y, 8-);

g-fl: (V. 82) = (X, a2);

(f,9): (X, ) > (Y, -);

(9. f): (Y. 8) = (X,a-);

)f,9(G (X an) > (Y, B);

)9, F(: (Y, =) = (X, ).

Proof. The equivalence between all the items can be obtained by the following equiva-
lences, that are true thanks to Remark 4.2.9 and the symmetry of =, for all considered
elements: Rgf = 'Rag < Rag = Rgf < Rf@_ = Rgaf < /R,gaf = ng_ < ng_ = Rag <
Rga- =Rpr < Rpf =Rga. < Rag=Rys.. =

1.
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Relative connections from (X, «) to (Y, ) can be also considered as follows using,
once more, the above notation, with respect to any subset E ¢ L.

Definition 4.2.12. - f and g form a type I E-connection from (X, «) to (Y, f3),
denoted by [f-glp < (X,a) > (Y, ), if Ry =& Rag-

- f and g form a type II E-connection from (X,a) to (Y,3), denoted by
]f'g[E: (X,Ck) - (Y76)7 ZfRf,B =E Rga-

- f and g form a type III E-connection from (X,«a) to (Y,53), denoted by
(f,9)e: (X,a) > (Y, B), if Rfp =g Rag-
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- f and g form a type IV E-connection from (X,«a) to (Y,53), denoted by
)f?g(E: (X,Oé) - (Y718)7 ZfRBf =FE Rga-

Roughly speaking, a pair of maps is a relative connection of one of the four types if
there exists F ¢ L such that those maps form an E-connection of that type.
It is clear that the properties proved in Proposition 4.2.11 hold for all types of (relative)
FE-connections; in fact, the equivalences proved for global connections only depend on
the symmetry of the considered equivalence relation on L and on the links between the
L-relations Rgy, Ryg, Rag and Ry, and their opposite observed in Remark 4.2.9.
Also note that we shall sometimes simplify notation into [ f-g] g, 1f-9(e, (f.9)E, ) f.9(&
if the two connected sets (X, «), (Y, ) are clearly meant.

Proposition 4.2.13. With the above notation, the following are equivalent:
[f-9]lp: (X,0) > (Y. B);
No-flg (V. 8) = (X, a);
A fgle (X an) » (Y. B2);
Ng-fle (Y, 8-) = (X, a-);
(f.9)p: (X,a) > (Y,5-);
(9: e (Y, B) > (X,a-);
)f9(e: (X an) > (Y, B);
)9, (52 (Y, 8-) = (X, ).

Proof. The proof uses the same equivalences as Proposition 4.2.11. O

1.
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The classification of connections of Definitions 4.2.10 and 4.2.12 has been arranged
in such a way as to agree with a similar classification done in [51] for fuzzy Galois
connections, to which our notions are closely related, as will be clear going on with the
development of the next Sections.

4.3 Galois connections

In this Section we define Galois connections between (possibly structured) sets as
upper connections, i.e. connections considered in Definition 4.2.12, relative to uppersets;
we apply, as well, the classification there considered.

According to the discussion already done for upper equivalences in Section 4.2, every
Galois connection is both an FE-including and an E’-excluding upper connection, for
suitable subsets E/, B’ € L.

Conversely, every subset E ¢ L determines two classes of Galois connections by means
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of the upper hulls E!'] and E(M. To involve explicitly the interrelation between a Galois
connection and any subset may determine it, we give the following Definition in a form
that may seem redundant but will give practical advantages.

Definition 4.3.1. Let E ¢ L be a subset of the preordered set (L,<), (X,a), (Y,3) be
two possibly structured sets, each with a fixed binary L-relation on it and f: X - Y,
g:Y = X be two functions.

- f and g form a type I E-including (E-excluding) Galois connection from
(X,Oé) to (Yvﬁ)7 denoted by [f_g]E[T]: (X,O() - (Y7IB) ([f_g]E(T) : (X,O[) - (K ﬁ))}
if Rgy =gt Rag (Rpr =2pm Rag)-

- f and g form a type II E-including (E-excluding) Galois connection from
(X, ) to (Y, B), denoted by ]f-g[gn: (X, a) > (Y, 8) (1f-9[pm: (X,e) = (Y. 8)),
if Rys =gt Rya (Rys =5yt Rga)-

- f and g form a type III E-including (E-excluding) Galois connection from

(X,a) to (Y, B), denoted by (f,g) pm: (X, a) = (Y, B8) ((f,9)pm: (X, a) = (Y,5)),
if R =gt Rag (Rys =pt Rag)-

- f and g form a type IV E-including (E-excluding) Galois connection from

(X7a) to (Y7ﬁ)7 denoted by )f7g(E[ﬂ: (X,Oé) - (KB) ()fﬂg(E(T): (X,O[) - (K/B))f
Zf Rﬂf =gt Rga (Rﬁf =pM Rga)'

If F ¢ L is an upperset, we shall call F-Galois connection (of any of the four types)
any upper connection relative to F'.
As already remarked in the previous Section, the classification of connections of Defini-
tion 4.2.10, and of Definition 4.3.1 as well, has been arranged in such a way as to agree
with a similar classification done in [51] for fuzzy Galois connections.
Of course, most statements concerning relative upper equivalences and connections in
Section 4.2 might be restated now for Galois connections, including those listed in Propo-
sitions 4.2.11 and 4.2.13.
Among Galois connections, we highlight those that can be determined by singletons in
L and that we call point-including or point-excluding depending on whether they
are relative to el'l or to e(M | for some e € L.
Some results stated in Section 4.1 allow to realize when a Galois connection is point-
including or point-excluding, as follows.

Proposition 4.3.2. With the above notation and terminology, the following hold, for
any type of Galois connections.

1. If E has a minimum, then any E-including Galois connection is point-including.
2. If EW has a mazimum, then any E-including Galois connection is point-ezcluding.
3. If EM has a minimum, any E-excluding Galois connection is point-including.

4. If E has a maximum, then any E-excluding Galois connection is point-excluding.
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Proof. 1. If E has a minimum, then there exists e € (MinE)_; so, by Proposi-
tion 4.1.14, eltl = El] and hence, every FE-including Galois connection is point-
including, in particular it is e-including.

2. It EW has a maximum, then there exists e € MazEWY) = (MaxE(i))_; so, by

Proposition 4.1.14 and since E® is a lower hull, we have that el*] = (W)l = p(4),
Moreover, by Corollary 4.1.17, it follows that Elfl = (EM)(1) = (el = (1),
Hence, any E-including Galois connection is point-excluding, more precisely, it is
e-excluding.

3. If EM has a minimum, then there exists e € MinE®M = (Mz'nE(T)>E; so, by Propo-

sition 4.1.14 el = (E(T))m = EM . Hence, every E-excluding Galois connection is
point-including, more precisely, it is e-including.

4. If F has a maximum, then there exists e € (MazE)_; so, by Proposition 4.1.14,
el = EL. Moreover, by Corollary 4.1.17, it follows that E( = (ENM)(M -
(e[i])(T) = e, Hence, any F-excluding Galois connection is point-excluding, more
precisely, it is e-excluding.

O]

Remark 4.3.3. We note that if e € L, then the type I e-including and e-excluding Galois
connections can be expressed as follows, with the above notation.

- [f-gl.m, if and only if for all x e X,y e Y (2,y)Rpr > e < (2,y)Rag > €;
- [f-9]cny, if and only if for all z € X,y e Y (z,y)Rps £ e < (2,y)Rya £ €.
The other types can be expressed similarly.

Our approach to Galois connections and to their dual Tarski connections takes its
main motivations from a more general reading of the conditions expressed in the above
Remark and of the corresponding dual conditions.

Galois connections arise in several, different contexts and we believe that the algebraic
structure of logic is the one which motivates and illustrates all their fundamental aspects;
the implicative structure of logic and, in particular, their order-theoretic approach de-
veloped in [13, 50] give a suitable framework to explain details of our viewpoint.

In the classical approaches to Galois connections (X, ) and (Y, 3) are posets, possibly
complete, and L = 2. However, it appears clearly from our general approach that Galois
connections from (X, a) to (Y, ) do not require o and § to be order (or preorder) rela-
tions but, rather, they require a (pre)order in the set L of evaluation of such connections
(which is ensured in the classical case, where L = 2).

Classical Galois connections are, in our terminology, 1-including Galois connections be-
tween posets; more precisely, antitonic Galois connections are 1-including Galois con-
nections of type I while isotonic Galois connections are 1l-including Galois connections
of type III (the above Propositions show that those of type II and IV are closely related
to the ones of type I and III, respectively).
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More generally, the classical formulation of Galois connections can be obtained assum-
ing (L, <) to be a preordered set and «, [ binary L-relations on X and Y, respectively,
under the following notations.

Let F ¢ L be a non-empty upperset of L and let (X,«) and (Y,3) be sets, each
equipped with an L-relation and consider the relations <, r and <gr defined, for all
x1,22 € X,y1,y2 €Y, by 21 <o.p 22 < (21, 22)a € F and y1 <g r y2 < (y1,y2)B € F.
Under such assumptions, the four types of F-Galois connections from (X, «) to (Y, )
can be expressed as follows.

Proposition 4.3.4. With the above notation, forall f : X =Y, g:Y — X, the following
hold:

- fglr i (X,0) > (Y. B) o Vo e X,ye YV y<gp (2)f <z <ar (y)g;
- 1fglr (X,0) > (Y. 8) & Vo e X,yeY: (2)f <gpy = (Y)g <ar z;
- (L9 (X)) > (Y, B) = VeeX,yeY: (2)f <pry <z <ar (Y)g;
-)f9(p (X,0) > (Y, B) = Ve e X,yeY: y<gp (2)f < (y)g <arz. O

In the classical case <, and <gp are (pre)order relations; in such a case the four
types of Galois connections may be characterized as pairs of “functors” that form “ad-
junctions” (as in [51]), i.e. as isotonic or antitonic maps that satisfy suitable adjoint
inequalities. However, the only assumption needed to characterize Galois connections
by means of such kind of inequalities is the transitivity of the relations <, r and <g p.
One may think of such an assumption and extend the usual notation saying that a
function f: (X,<q) = (Y, <p) is isotonic if f preserves relations, i.e.

Ve,ye X x<ay= (2)f <p (y)f.

Similarly, f is said to be antitonic if f reverses relations, i.e.

Va,ye X: x<ay=(y)f <p (2)f.
Then one has easily the following characterization.

Proposition 4.3.5. With the above notation, assuming <. r and <g p to be transitive
relations, the following hold.

1. [f-9]r: (X,a) = (Y,B) if and only if f, g are antitonic and satisfy the following
Galois conditions:
(GCY) <o r ((x)f)g, for every x € X;
(GC2) y<pr ((Y)g)f, for everyyeY.

2. 1f-9lr: (X,a) = (Y,B) if and only if f, g are antitonic and satisfy the following
Galois conditions:
(GCY?) ((2)f)g Sa,r x, for every x € X ;
(GCP) ((W)9)f <pry, for everyyeY.
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3. (f,9)r: (X,a) = (Y,B) if and only if f, g are isotonic and satisfy the following
Galois conditions:
(GCh) <4 r ((x)f)g, for every x € X;
(GCP) (9 f <pry, for everyyeY.

4. ) 9(pr (X,a) = (Y, B) if and only if f, g are isotonic and satisfy the following
Galois conditions:
(GC?) (%) f)g Sa,F x, for every x e X ;
(GC2) y <r ((y)9) [, for every yeY.
Proof. (1) “="71f [f-g]F, from Proposition 4.3.4 the following hold:
(GCh) (2)f <pr (x)f = 2 <0 ((2)f)g, for every z € X;

(GC2) ()9 <a,r (¥)g =y <sr ((y)g)f, for every yeY.
Moreover, let a,be X be such that a <, r b; by (GC1), we have that:

a<a,rb<ar ((0)f)g= (0)f <pr (a)f.

Similarly, we can prove that ¢ is antitonic, too.

“«<7 Let f,g: L - L be two antitonic functions that satisfy (GC7) and (GC3).
So, for all x € X,y €Y the following implications hold:

y<pr () f = ((2)f)g<ar (¥)g= 7 <ar ((2)f)g<ar (¥)9= 7 <ar (¥)g

r<ar (Y)9= ((9)9)f <pr (@) f =y<sr ((¥)9)f <pr (@) f=y<sr (x)f

Hence, for all ze X,y e Y :y<gp (2)f <z <o r (y)g, i.e. [f-g]F.
The items (2), (3) and (4) are proved dually by using Proposition 4.2.13. O

With the above notation and assuming <, r and <g r to be preorders, each term of
a Galois connection can be determined by the other one, up to equivalence in X or in
Y, as follows.

Proposition 4.3.6. With the above notation, assuming <, r and <gp to be preorder
relations, the following hold, if the needed sups and infs are non-empty.

1 If[f-glr: (X,a) > (Y, 3), then

VeeX,yeY: (y)geV{aly<sr (2)f} and (x)f e V{yl z <ar (y)9}-
2. If 1f-glp: (X, ) > (Y, 8), then

VeeX,yeY:(y)ge A{z| (2)f <gry} and (z)f € A{y| ()9 <a,r =}
3. 1f (f,9)r : (X,a) » (Y, B), then

VeeX,yeY:(y)geV{zl (2)f <pry} and (x)f € ANyl  <ar (¥)g}-

4. ) f9(p (X, a) > (Y, B8), then
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VeeX,yeY :(y)ge /\{x| Y <B.F (m)f} and (z)f eV {yl (v)g <a.r z}.

Proof. (1) If [f-g9]r : (X,a) - (Y,), then Vo ¢ X,y ¢ Y: (y,(z)f)8 ¢ F <
(z,(y)g)aeF, ie YreX,yeY: y<gp (z)f = z<qr (¥)g.
Hence, for every y e Y: (y)ge Ub {:c| Y <g.F (x)f} Moreover, let 2’ € X,z <o F @/,
for every x € X such that y <g p (x)f, i.e. such that x <, r (y)g. In particular, for
z = (y)g, we have that (y)g =z <, r 2’ and hence (y)g eV {z| y <g p ()f}. Simi-
larly, or recalling Proposition 4.2.13, we can prove that (z)f e V{y| = <o.,r (y)g}.

(2) T 1f-glr (X, ) > (¥ B), then Var € X,y € Y2 ((2)f,9)f € F < ((y)g,2)ar € F,
ie. VeeX,yeY: (2)f<gry < (y)g<aF .

Hence, for every y € Y (y)g € Lb {:c| (z)f <a,F y} Moreover, let ' € X, 2" <, p =,

for every x € X such that (z)f <g p v, i.e. such that (y)g <, r . In particular, for

x = (y)g, we have that 2’ <, p x = (y)g and hence (y)g € A {x| (z)f <a,F y} Simi-

larly, or recalling Proposition 4.2.13, we can prove that (z)f e A {y| (v)g <a,F :z}

The items (3) and (4) are proved dually or by using Proposition 4.2.13. O

From Corollary 4.1.17, we have that E!] = (EMYM and hence f and g form a (type
I, 1T, IIT or IV) E-including Galois connection if and only if f and g form a (type I, 11,
ITI or IV) EM-excluding Galois connection.
Moreover, since EM is an upperset and hence EM = (E(T))m, we have that f and g
form a (type I, II, IIT or IV) E-excluding Galois connection if and only if f and g form
a (type I, II, IIT or IV) EM_including Galois connection.
With the above notations and thanks to these properties we can extend the results of
Proposition 4.3.6 to E-including (E-excluding, respectively) Galois connections, assum-
ing that the relations <, p and <g g <5a,E(T) and <z pa), respectively), defined as
above, are preorders.
With the same assumptions as in Proposition 4.3.6, functions that may be terms of Ga-
lois connections can be characterized by their behavior with respect to infs and sups as
stated in the following Proposition, which extends well known results of classical Galois
connections. To simplify notation and proofs, we add the completeness assumption and
denote both <, r and <g r by < and their infs and sups by A and V.

Proposition 4.3.7. With the above notation and assumptions, let f: X —Y be a map
and let (X, <) be a complete prelattice.

1. There exists a map g:Y — X such that [f-glp : (X,a) - (Y, ) if and only if
(VS)fcA(SS), for every S c X.

2. There exists a map g : Y — X such that |f-g[r: (X,a) = (Y,5) if and only if
(AS)fcV(Sf), for every S c X.

3. There exists a map g : Y — X such that (f,g9)r : (X,a) = (Y, ) if and only if
(VS)fcV(Sf), for every Sc X.

4. There exists a map g : Y — X such that )f,g(r: (X,a) = (Y,B) if and only if
(AS)fcA(SYS), for every S c X.



CHAPTER 4. GALOIS AND TARSKI CONNECTIONS 125

Proof. (1) “="7 Let a€VS; hence (a)f € (VS)f and b < a, for every b € S. Since

[f-g]F, by Proposition 4.3.5, we have that f is antitonic and then (a)f < (b) f, for
every be S. So, (a)f € Lb(Sf). In order to see that (a)f € A(Sf), we prove the
following implication z < (b)f,Vbe S = z < (a)f. Let z < (b)f; since [f-g]r the
following holds: z < (b)f < b< (2)g,Vbe S. Hence (z)g € UbS; since a € \V S, we
have that a < (2)g, hence z < (a)f.

“<«< 7 For any y € Y, chose (y)g in V{t| y < (t)f}. By definition of g, we have
easily that, for all x € X,y e Y : y < (2)f = x < (y)g. Moreover, by the assumed
condition saying that f is antitonic, we have that = < (y)g = ((y)g)f < (x)f, for
all x € X,y € Y. Since (y)g € V{t| y<(t)f}, for every y € Y and f maps sups
into infs by assumption, it is clear that ((y)g)f € A{(t)f| y < (t)f} and hence,

y<((y)g)f, for every yeY. So, < (y)g =y < ((y)9)f < (2)f =y < (z)f, for all
reX,yeY. Hence, forall ze X,y e Y :y<(2)f <z < (y)g, ie [f-g]F.

Items (2), (3) and (4) can be proved by using Proposition 4.2.13 and taking into
account that <, p= (<o r)- and <g_p= (<8,7)-. O

Proposition 4.3.8. With the same notation and assumptions recalled in Proposition
4.3.7, let g:Y - X be a map and let (Y,<) be a complete prelattice.

1.

There exists a map f: X - Y such that [f-g]r : (X,a) - (Y, ) if and only if
(VS)gc A(Sg), for every S c L.

There exists a map f : X - Y such that |f-g[r: (X,a) = (Y,B) if and only
(AS)gcV(Sg), for every S c L.

There exists a map f: X =Y such that (f,g9)r : (X,a) = (Y,B) if and only if
(AS)g < A(Sg), for every S c L.

There exists a map f: X = Y such that )f,g(p: (X,a) = (Y,B) if and only if
(VS)g<V(Sg), for every S c L.

Proof. (1) Since by Proposition 4.2.13 the equivalence [f-g]r : (X,a) — (Y,5) <

[9-flr : (Y,B) = (X, ) is true, the stated assertion follows easily by Proposition
4.3.7 interchanging f and g.

Items (2), (3) and (4) can be proved similarly by using Propositions 4.2.13 and

4.3.7.

O]

We can give, as an example, a quite general framework where the conditions required
in the Propositions 4.3.6 and 4.3.7 are satisfied, considering a w-ceo algebra.
Let (L,—,T) be a w-ceo algebra and let e € L be an element that satisfies the following
condition:

(n)x<yee<r—y, Yo,yel.

We note that T is such an element and, moreover, the following characterization holds.
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Lemma 4.3.9. If L is right-distributive and ® is its adjoint product, then e € L satisfies
(n) if and only if x ® e = x, for every x € L (i.e. e is a right-unit with respect to the
adgjoint product of L).

Proof. Assuming (n) one has that for every z € L: z<zrx®e <= e<z - (r®¢) <
r®e < x®e, which is true. The inequality x ® e < x follows from Proposition 2.1.11.
Conversely, assume z ® ¢ = x, for every x € L. Then a < b = a - b =T > e and
e<a—-b=>a®e<b=>ac<b. O

Of course, in a symmetrical cdeo algebra, T is a unit, hence it is the only element
satisfying (n).
Now, if e € L satisfies (n) it is an easy exercise to express the conditions listed in Remark
4.3.3 for e-including Galois connections, assuming X =Y = L and « = § =—, exactly in
the classical form, with respect to the natural ordering < of (L,—,T). Moreover, we can
restate easily all the properties seen in the general case, getting, in fact, the main classical
results. For example, the following holds, for type I e-including Galois connections.

Proposition 4.3.10. Let (L,—,T) be a w-ceo algebra and let e € L satisfy (n). The
following hold.

1. f,g: L — L are two functions such that [f,gl.m : (L,~) = (L,—) if and only if f,
g are antitonic and satisfy the following Galois conditions:
(GCy) < ((z)f)g, for every x € X;
(GC2) y<((y)g) [, for every yeY.

2. If f,g + L - L are two functions such that [f,g].m : (L,—») — (L,—), then
(@)f =V {yl = <(y)g} and (y)g = V{z[y < (z)f}.

3. Let f + L - L be a function. There exists a map g : L — L such that
(f, 9] : (L,—) = (L,—) if and only if (VS)f=N(Sf), for every S c L.

4. Let g : L - L be a function. There exists a map f : L — L such that
[f,9]on : (L,=) = (L,—) if and only if (V.S)g = A(Sg), for every Sc L. O

Similar results can be stated for the other types of e-including Galois connections.

4.4 Tarski connections

In this Section we consider the notion which is the order-dual of Galois connections,

by means of relative lower equivalences. We call the new notion Tarski connection
because in some special cases, that we shall describe below, they become conjugated
pairs introduced by Tarski in [83] and studied in [61].
Most discussions already done in the preceding Section for Galois connections with
respect to the more general notion of global and relative connections are still appropriate
for Tarski connections, for which, moreover, technical results dual to those proved for
Galois connections hold.
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What will be completely new is the way Tarski connections are related to the classical
notion of conjugated pairs.

Definition 4.4.1. Let E ¢ L be a subset of the preordered set (L,<), (X,a), (Y,3) be
two sets, each with a fized binary L-relation on it and f: X - Y, g:Y - X be two
functions.

- f and g form a type I E-including (E-excluding) Tarski connection from
(X,Oé) to (Yvﬁ)f denoted by [f_g]E[l]: (X,Oé) - (K B) ([f_g]E(l): (X,O[) - (K 5))}
if Rgy =gt Rag (Rpr 2pw) Rag)-

- f and g form a type II E-including (E-excluding) Tarski connection from
(X,Cl) to (Y7IB)7 denoted by ]f_g[E[l]: (X,O[) - (}/7 6) (]f_g[E(i): (X,O[) g (YJ ﬁ))}
if Ryp =gt Rga (Rfp =pw) Rga)-

- f and g form a type III E-including (E-excluding) Tarski connection from

(X,Oé) to (Y76)7 denoted by (f?g)E[U: (X,Oé) e (}/’ B) ((fag)E(l): (X,Oé) g (Ya B))7
if Rip =pu) Rag (Rfp =pw Rag)-

- f and g form a type IV E-including (E-excluding) Tarski connection from

(X,Oé) to (Yaﬁ)y denoted by )fvg(E[i]: (X,Oé) e (K B) ()fag(E(l): (Xaa) - ()/a B))y
if Rof =pt1 Rga (Raf =pw) Rga)-

If I ¢ L is a lowerset, we shall call I-Tarski connection (of any of the four types)
any, of course lower, connection relative to 1.
Of course, most statements concerning relative lower equivalences and connections in
Section 4.2 might be restated now for Tarski connections, including those listed in Propo-
sitions 4.2.11 and, in particular, 4.2.13.
From Corollary 4.1.17, we have that EM = (EM)Y1): g0, f and ¢ form a (type I, II, III
or IV) E-including Tarski connection if and only if f and g form a (type I, II, IIT or IV)
E (T)—excluding Tarski connection.
Moreover, since E®) is a lowerset, we have that E() = (E(l))[l], hence f and ¢ form a
(type I, II, III or IV) E-excluding Tarski connection if and only if f and ¢ form a (type
I, IL, I1I or IV) EM-including Tarski connection.
Among Tarski connections, similarly to what has been done for Galois connections in
the previous Section, we underline those determined by singletons in L, which we call
point-including or point-excluding depending on whether they are relative to dlv]
or to d(l), for some d € L.

Some results stated in Section 4.1 allow to realize when a given Tarski connection is
point-including or point-excluding, as follows.

Proposition 4.4.2. With the above notation and terminology, the following hold, for
any type of Tarski connection.

1. If E has a mazimum, then any E-including Tarski connection is point-including.

2. If EW has a mazimum, then any E-excluding Tarski connection is point-including.



CHAPTER 4. GALOIS AND TARSKI CONNECTIONS 128

3. If EM has a minimum, then any E-including Tarski connection is point-excluding.
4. If E has a minimum, then any E-excluding Tarski connection is point-excluding.
Proof. 1t is easy to dualize the proof of Proposition 4.3.2. O

Remark 4.4.3. We note that if E = d¥ or E = dV), d € L, the definition of type I
Tarski connections can be restated in this way.

- [f-g]4m, if and only if for all x € X,y e Y (z,y)Rg <d < (2,y)Rga < d;
- [f-9lqw, if and only if for all x e X,y e Y d £ (2,y)Rpr = d £ (2,y)Rag-
The other types can be described similarly.

As already claimed, Tarski connections generalize conjugated pairs whose classical

formulation in [60, 61, 83| required (L, <) to be a boolean algebra, (X,«a) = (Y, 3) = (L, )
and I = {1}. In fact, Tarski’s conjugated pairs are L-including Tarski connections from
a boolean algebra equipped with the meet operation to itself.
To give more details of this relationship we consider now Tarski connections in a
quite general context where most results on conjugated pairs in [61] can be extended.
Eventually, such a context is shown to be provided by symmetrical cdeo algebras,
making these algebras the most general framework where the main features of both
Galois connection (as shown in the previous Section) and conjugated pairs hold.

With the general notation already used, consider the preordered set (L,<), a non-
empty lower set I ¢ L, the pairs (X, «), (V,8), witha: XxX - L, 3: Y xY — L; assume
each of X and Y to be equipped with a bijection onto itself, in both cases denoted by
[-]7, while both the inverse bijections are denoted by [-]”; eventually, assume that for all
r1,T2 € X,y1,y2 € Y the following equivalences hold:

(z1,75)a el < (x5, 21)a el

and
(y1,y2)B €I <= (y5,y1)B¢€l.

With respect to the fixed pairs of bijections ([-]7,[]7), both in X and in Y, define binary
relations in X and in Y denoted by <, ; and <g ; as follows:

21 <ot 2 (21,29)ae ] < (25,21)ael, Vo, zoe X

and
y1<g1Y2 < (y1,y2)8€l < (y3,y1)Bel, Yy, y2€Y.

Remark 4.4.4. 1. Under the stated assumptions, it is easy to prove that [-]” and
[-]” are antiisomorphisms inverse of each other both in (X, <, ) and (Y,<s 7). In
fact, by definition and since [-]” and [-]” are inverse of each other, we have that
x1 <o T2 & (21,25)a e ] < (277, 25)a el < x5 <oy a7, forall z1,290€ X. Ina
similar way, we can prove that [-]” reverses <, ; and the same happens in Y.
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2. It is also useful to note that the following equivalences hold, for all z1,z9 € X:

- 21 <o 1 T2 = (1,25)0- € I < (25,21)a- € I;

- X1 Lo 1 Ty < T2 <o 17
Similar equivalences hold in Y with respect to 3,3-,<a ;.

Under such notations and assumptions, the four types of E-including Tarski con-
nections from (X, «) to (Y, ) may be characterized as follows (note that, despite the
notation resembling that used for orderings, <, r and <g; are nothing but binary rela-
tions).

Proposition 4.4.5. With the above notation and assumptions, the following are equiv-
alent.

1. [f-g]r: (X, ) > (Y, B).
Forallze X,yeY: (2)f<pry < (y)g<ara .
Forallze X,yeY: (2)f<pry = x<ar1 (¥)g".

Forallze X,yeY:y<gr(z)f~ < x<01(y)g" .

Gvo e e

Forallze X,yeY:y<gr(z)f” < (y)g<arz.

Proof. With the above notation, [ f-g];: (X,«a) - (Y, ) if and only if forall z € X,y € Y
(y, () f)B el < (x,(y)g)a e l. Then the statement follows easily from the equivalences

@) f <1y = (W, (@)f)Bel o y<pr (v)f and (y)g <ag 2~ = (2,(y)g9)a e | <
z<a1 (Y)g~. O

Proposition 4.4.6. With the above notation, the following are equivalent.
1. 1f-glr (X,0) > (V).

Forallze X,yeY:y<gr(x)f~ o x<a1 ()9 .

Forallze X,yeY: y<gr(z)f~ = (y)g <o x”.

Forallze X,yeY: (2)f<g1y” < (¥)g <ar1z”.

AR N

Forallze X,yeY: (2)f<pr1y” <= x<a1(y)g .
Proof. The proof of these equivalences is similar to that of Proposition 4.4.5. O
Proposition 4.4.7. With the above notation, the following are equivalent.

1. (f,9)1: (X, ) > (Y, ).

2. Forallze X,yeY:y<gr(x)f~ < (y)g<arz.

3. Forallze X,yeY:y<gr(x)f = x<a1(y)g".
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4
5

Forallze X,yeY: (z)f <1y = x<a1 (¥)g".

Forallze X,yeY: (2)f <gr1y” < (y)g <agx .

Proof. The proof of these equivalences is similar to that of Proposition 4.4.5. O

Proposition 4.4.8. With the above notation, the following are equivalent.

~

4
5

(e (Xe0) = (V.).
ForallzeX,yeY: (x)f<pry” < x<a1(Y)g™ .
ForallzeX,yeY: (2)f<pry” < (¥)g <ar1z”.
Forallze X,yeY: y<gr(2)f” < (y)g <aqx”.

D Forallze X, yeY:y<gr(x)f e x<a1 (y)g .

Proof. The proof of these equivalences is similar to that of Proposition 4.4.5. O

Proposition 4.4.9. With the above notation and assumptions, if <, and <gp are
transitive, the following hold.

1

2.

- f-9lr: (X,@) = (Y, B) if and only if f, g are isotonic and they satisfy the following
Tarski conditions:
(TCT) <o ((z)f7)g™, for every x e X;
(TC5™) y<p1 ((y)g™) [, for every y e Y.

1f-gl1: (X, ) = (Y, B) if and only if f, g are isotonic and they satisfy the following
Tarski conditions:

(TCT™) x < ((x)f7)g™, for every xz e X;

(TCy7) y<p1 ((y)g ) f~, for everyyeY.

(fy9)r: (X,a) = (Y,B) if and only if f, g are isotonic and they satisfy the following
Tarski conditions:

(TCT™) <o ((2)f7)g", for every x e X;

(TC37) y<pr ((y)g™) [, for everyy €Y.

) fo9(r: (X, ) = (Y, B) if and only if f, g are isotonic and they satisfy the following
Tarski conditions:

(TCT™) x <o ((z)f7)g™, for every x e X;

(TC57) y<pr ((W)g )", for every yeY.

Proof. (1) “ = 7 By assumptions and the Proposition 4.4.5 (3), for every z € X:

(z)f = (2)f =z <o1 ((x)f7)g", i.e. (T'CT™). Similarly, by Proposition 4.4.5

(5), for every y e Y: (y)g=(y)9" =y <p1 ((¥)g7)f", i.e. (TC3").
Now, let a,be X,a <41 b; then a <o 1 b <o ((0)f7)g” = (a)f <1 (b)f~ =(b)f.

Similarly, (a)g <a.1 (b)g.
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“«<7 Let f,g: L - L be isotonic functions that satisfy (T'C7~) and (T'C5~). Then
f~ and ¢~ are antitonic and, for all x € X,y € Y the following implications hold:

@) f<pry =y<(@)f =x<((2)f)g" <(W)g™ =z <01 (Y)g”

<1 (V)9 =y <1 (W) <pr (@) f" =y <pr (@) = (2)f <pry™
Hence, for all z e X,y e Y : (2)f <gry” =z <ar1 (v)9~, ie. [f-g]1.
The items (2), (3) and (4) can be proved in a similar way. O

The following results generalize those proved in [61]. In these results we assume <, f
and <g 1 to be preorders and denote both of them by < to simplify notation. V and A
are referred to the appropriate preorder and are assumed to be non-empty, when this is
needed.

Proposition 4.4.10. With the above notation and specified assumptions, the following
hold, if the needed infs and sups are non-empty.

1 If [f-9]1: (X, ) > (Y, B), then
VeeX,yeY:(x)f e Ny [ (y)g <z} and (y)g e A{a™| (2)f <y}
2. If 1f-g[1: (X,a) = (Y, B), then
VeeX,yeY :(x)f e AM{y™| (y)g <™} and (y)g € A{z"| (2)f <y™}.
3. If (f,9)r: (X,a) = (Y, B), then
VeeX,yeY:(x)f e N{y"| (y)g<a™} and (y)g e A{z"| (z)f <y}
4' )f7g(l: (X7a) - (Yvﬁ)f then
VeeX,yeY:(x)f e Ny | (y)g<a™} and (y)g e N{a"| () f <y}
Proof. (1) If [f-g]r : (X,a) = (V,B), then Vo € X,y € Y: (y,(x)f)5 € [ <
(z,(y)g)a € I, ie. (x)f <y < (y)g<z. So, Ve e X,y €Y (y)g is a lower
bound of the set {z7| (x)f <y~ }. Let 2’ € X, such that 2’ <27, for every z € X,
such that (x)f < y~, i.e. such that z < (y)g~. For = = (y)g~, we have that
' < ((y)g™)” = (y)g. So, (y)g € AM{z"| (x)f <y~ }. Similarly, we can prove that

(@) f e Ny | (y)g<a™}, VeeX,yeY.
The items (2), (3) and (4) can be proved similarly. O

Proposition 4.4.11. With the notation and assumption already recalled in Proposition
4.4.10, let f: X =Y be a map and (X,<) a complete prelattice. Then the following
hold.
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. There exists a map g : Y — X such that [f-g]; : (X,a) — (Y,5) if and only if

(VS)fcV(SS), for every Sc X.

There exists a map g : Y — X such that |f-g[;: (X,a) — (Y,B) if and only if
(VS)fcV(SS), for every Sc X.

There exists a map g =Y — X such that (f,g); : (X,«) = (Y,5) if and only if
(VS)fcV(Sf), for every S c X.

There exists a map g : Y — X such that )f,g(;: (X,a) = (Y,B) if and only if
(VS)fcV(SS), for every Sc X.

Proof. (1) “ =" Let x € \V/S. For any s € S one has s < z and (s)f < (z)f, so

(z)f € Ub((S)f). Now, let y € Y belongs to Ub((S)f). Then, for every s € S,
(s)f<pry=y""; hence s<(y”)g". So, (y7)g~ € Ub(S) and since z € \/ S, we have
that < (y~)g~ and hence, by Proposition 4.4.5 (3), forevery y e Y, (z)f <y~ =y.
“<«<7 For any y € Y, chose (y)g in A{a”| (a)f <y~ }. By definition of g, we have
easily that, for all x € X,y e Y : (z)f <y~ = (y)g < z~. Moreover, it can be
seen that f is isotonic. In fact, for all x1,z9 € X, it follows by assumption that
r1 < w2 = w3 € V{zy, 22} = (22)f € V{(21) /[, (x2)f} = (21)f < (22)f. Now
assume (y)g <z, i.e. x < (y)g™; then (2)f < ((y)g™)f, forall ze X,yeY.

Since (y)g € A{a”| (a)f <y}, for every y € Y, by Remark 4.4.4 we have that
(v)g~eV{a™| (a)f <y } =V{a| (a)f <y}, for every y € Y. So, by the assump-
tion, ((y)g™)f eV {(a)f| (a)f <y~ } and then ((y)g~)f <y~, for every y € Y, since
y eUb{(a)fl (a)f <y }. Hence, (y)g<z™ = (2)f <((y)g")f <y = (2)f <y,
forallze X,yeY. So, forall ze X,yeY : (2)f <y < (y)g<a,ie [f-g]

Items (2), (3) and (4) can be proved similarly. O

Proposition 4.4.12. With the notation and assumptions already recalled in Proposi-
tions 4.4.10 and 4.4.11, let g: Y — X be a map and let (Y,<) be a complete prelattice.

1.

There exists a map f: X — Y such that [f-g]r : (X,a) = (Y,B) if and only if
(VS)g<V(Sg), for every ScY.

There exists a map f : X - Y such that |f-g[r: (X,a) - (Y,5) if and only
(VS)g<V(Sg), for every ScY.

There exists a map f: X =Y such that (f,g); : (X,a) = (Y, ) if and only if
(VS)g<V(Sg), for every ScY.

There exists a map f : X - Y such that )f,g9(;: (X,a) - (Y,3) if and only if
(VS)g<V(Sg), for every ScY.

Proof. For items (1) and (2), note that, by Propositions 4.2.13, 4.4.11, there is a map f
such that [f-g];: (X, «a) = (Y, B) or |f-g[r: (X,a) - (Y, ) if and only if there is a map
f such that [g-f]7: (Y, ) = (X,«) or Jg-f[1: (Y, ) = (X, a), respectively, which holds
if and only if (VV S)g € V(Sg), for every ScY.
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For items (3) and (4) consider that, by Proposition 4.2.13, the statements hold if and
only if there is a map f such that (g, f);: (Y, 5-) > (X,a-) or )g, f(;: (V,8-) = (X, a-),
respectively.

Now, it can be seen that the pair of bijections ([-]™,[-]7), both in X and in Y, has the
same role with respect to a_ and (- as the pair([-]7,[-]”) has with respect to a and S.
In fact, the following equivalences hold, for all x1,x9 € X, y1,y2 € Y:

(z1,25)a_ e [ < (v5,x1)ael < (v1,75)a €l < (vy,71)a€1;

(y1,y2)B-€l = (y3,y1)Bel = (y1,y5)B €l = (y3,y1)pB-€l.

So, the binary relations <, ; and <g; may be characterized as follows, for all x1,23 €
X, Y1,Y2 € Y:
21 <o, 1 T2 < (21,25)a- € [ < (x5, z1)a- €l

and

y1<81 Y2 < (Y1,93)B- €I < (y5,y1)B- € 1.

With the simplified notation of Proposition 4.4.11, one gets a map f such that
(9,f)r:(Y,5-) > (X,a-) if and only if (V.S)g < V(Sg), for every ScY. O

As for Galois connections, extended-order algebras give a context where the require-
ments are satisfied, which allows to extend the classical results of conjugated pairs to
Tarski connections. We generalize the notion of negation, just introduced in Section
2.1, speaking of d-negation, i.e. of negation relative to an element d of the considered
algebra.

In the following Definition we list and explain terms and symbols most of which are
widely used by people working with algebraic aspects of many-valued logics.

Definition 4.4.13. Let (L,—,T) a w-eo algebra. For every d € L the d-negation is the
unary operation [-]*: L — L, x » 274 =x - d, for every x € L.

If L is symmetrical, we can define a dual d-negation [-]" : L - L, v — ™% =z « d,
for every x € L.

The d-negation [-]™* ([-]7*, respectively) is said to be tnvolutive if x™47 4 = x (x™4"d =),
for every x € L.

The d-negations [-]"* and [-]™* are said to be cross-involutive if x™¢7d = x4%d = x_ for
every x € L.

An element d € L that determines cross-involutive d-negations, i.e. that satisfies the
condition x~4"d = x74%d = ¢ for every x € L, is called dualizing (see also [51]). A
symmetrical w-eo algebra is said to be d-good if x~4 "¢ = 4% for every x € L.

Remark 4.4.14. 1. We recall that, if L has the minimum 1, the L-negations [-]™*
and [-]™ are simply called negations and are denoted by [-]” and [-]".
A symmetrical w-eo algebra is called good if 2~ = 27", for every x € L and it is
called cross-involutive if the negations [-]” and [-]™ are.
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2. In the classical case of boolean algebras, the involutivity of the complementation
is equivalent to require that the element 1 is dualizing with respect to the 1-
negation (the usual complementation), that is self-dual, due to the commutativity
assumption which implies —»=v».

Now consider a symmetrical cdeo algebra (L,—,T) and let d € L be a dualizing
element. Looking at notation used above for Tarski connections, let us reduce to the
case where (L, <) has the natural ordering of the algebra, X =Y = L and a = 8 = ®.
The d-negations [-]™* and [-]"* are bijections inverse of each other, thanks to the cross-
involutivity assumption. Moreover, for all x1,xs € L the following equivalences hold:
(xl,acgd)®edm o ®r<deor®(@>d<deori<(rp->d) »deos <o
1< (12w d) »d e it er <d e (257, 21)® € d¥). Eventually, the binary relation
induced on L by ® and dl*1 is the natural ordering <; in fact it is determined, for all
x1,T9 € L, by:

Ty Sg gl T2 < (xl,acg)@edm <110 (e >d)<dex<(rg>d) »d<e 11 <29

So, all the requirements needed to let the statements of Propositions 4.4.5-4.4.12 be true
are satisfied. Moreover, with the above notation, all the results proved in the general case
can be proved for Tarski connections between symmetrical cdeo algebras, now involving
the adjoint product which corresponds to the boolean product of the classical case. We
only give as an example, the following statement, which is expressed in the shape of a
similar result in [61].

Proposition 4.4.15. Let (L,—,T) be a symmetrical cdeo algebra, with adjoint product
® and let d be a dualizing element of L.

1. If f,g: L - L are two functions such that [f, g, : (L,®) - (L,®), then

(y)g=N\{=z"(=x)fey<d}=(\/{zl(z)f <y™})™
and

(2)f = Ny il(y)g ez <d} = (\ {ylz < ()g~4})".

2. If f + L - L is any function, then there exists a map g : L — L such that
[f, 940 (L,®) = (L,®) if and only if f preserves \/. O

Remark 4.4.16. Assuming (L, —, T) to be a symmetrical cross-involutive cdeo algebra,
the 1-including Tarski connections from (L, ®) to (L, ®) generalize the conjugated pairs
considered in [61] and recalled in Definition 1.2.9.

Nevertheless, unlike in the classical case of boolean algebras, there are the following four
types of l-including Tarski connections from (L, ®) to (L, ®):

- [fag]l[l]:(La®)_)(Lv®): y®($)f:J_<=>.Z'®(y)g=J_, for all l‘,ZJEL;
- ]fvg[l[l]:(L7®)_)(La®): (IL‘)f@y:J_@ (y)g®x:J-a for all :E7y€L;

- (fg)w (L,e) » (L,8): (z)fey=Leze(y)g=1,foralzyel;
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- )f?g(l[i]:(L7®)_)(La®): y®($)f=lc>(y)g®l‘=J_, for all z,y € L.

These four types of Tarski connections coincide if ® is commutative. Moreover the four
equivalent characterizations of each type described in Propositions 4.4.5-4.4.8 coincide
if the negation is involutive. For instance, reducing to refer to Proposition 4.4.5, the
following equivalent characterizations of [ f,g] u1: (L,®) = (L, ®):

-(o)f<y < (y)g<a, for all z,y e L;

(z)f <y <= x<(y)g™, for all z,y € L;

y<(z)f~<x<(y)g, forall x,ye L;

-y<(2)f” e (y)g<a, forall w,y e L;

coincide under involutivity assumption of negation, which, in fact, implies that
()f<y e y<(z)f and (y)g<z” <= x<(y)g, for all z,y € L.
So, for instance, conjugated pairs behave in MV -algebras just like in boolean algebras.

4.5 Some remarks on connections

In the classical mathematical context Galois connections (two types, the one isotonic
and the other antitonic) and conjugated pairs (one type only) have been considered in
quite specific contexts (see Section 1.2 for these classical notions). The original moti-
vating framework for both concepts is related to the powerset operators (various types
of image and preimage operators) determined by functions or, more generally, by binary
relations [8, 83]. These operators are functions between the powersets of the domain
and of the codomain of the relation originating them, i.e. are functions between boolean
algebras. It is well known how, in such a framework, each Galois connection determines
a Galois connection of the other type or a conjugated pair and how to proceed conversely,
by means of the complementation in the boolean algebras (see details, for instance, in
42).

In fact, let X,Y two sets and consider the functions f:2% — 2¥ and ¢g:2Y - 2%, As-
sume that f and g form an antitonic Galois connection; the condition that characterizes
it, that is

VAe2¥ Be2¥: Ac(B)ge= Bc(A)f

is equivalent to the following
VA€2X,B€2Y: An(B)g =@« Bn(A)f" =a.

So the functions h : 2% - 2Y A (A)h = (A)f~ and k:2Y - 2X: Bw (B)k = (B)g"
form a conjugated pair.
Furthermore, if f and ¢ form an isotonic Galois connection, the functions
h:2X 5 2Y A (A)h=(A)f" and k : 2¥ - 2% : B (B)k = (B7)g form an anti-
tonic Galois connection.



CHAPTER 4. GALOIS AND TARSKI CONNECTIONS 136

This process establishes a bijection between the classes of the two types of Galois con-
nections and between each of them and the class of conjugated pairs.
Also, the class of any type of connections as well as the class of conjugated pairs, in this
framework, is in a bijective correspondence with the class of binary relations.
In fact, the correspondence

re2™ e (f,g,)

where f,: 2% - 2Y and g, : 2" - 2% are defined by
VAe2X: (A)f,={y|VzeX:ze A= zry}

VBe2Y: (B)g,={z| VyeY :ye B= zry}

is a bijection between the class of binary relations and the class of antitonic Galois
connections.
Moreover, the correspondence

re2™ Y e (f],97)
where f/:2% - 2Y and ¢/ : 2¥ - 2% are defined by
VAe2X: (A)f ={y| 3z e X :zecA, zry}

VBe2": (B)g.={z| YyeY: zry=yecB}

is a bijection between the class of binary relations and the class of isotonic Galois con-
nections.

Similarly, the correspondence
re2%Y o (b, k)

where h, : 2%X > 2Y and k, : 2¥ - 2% are defined by
VAe2X: (A)h,={y| Jxe Xz e A, zry}

VBe2Y: (B)k,={z| JyeY :xeB, zry}

is a bijection between the class of binary relations and the class of conjugated pairs.
The development of fuzzy set theory and lattice-valued mathematics has changed the
algebraic feature of the main framework where connections are considered, moving from
classical logic to many-valued logics and, consequently, from boolean algebras to more
general lattice-ordered algebras. This has not only changed the algebraic aspects of the
framework but has also led to a more general formulation of the concepts, which are
widely known as fuzzy Galois connections.

In the classical approach we have recalled in Section 1.2, which extends that briefly dis-
cussed above, Galois connections, unlike conjugated pairs, have been described as pairs
of maps between posets.

This general framework of posets or, as one should say, of preordered sets clearly re-
lates Galois connections to the important mathematical concept of adjunctions between
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categories and, in fact, isotonic Galois connections are also called adjunctions, since the
isotonic maps that form such connections are functors that form an adjunction between
the skeletal categories determined by the involved posets. Antitonic Galois connections
may be reduced to the same framework, by means of opposite categories (see also [1]).

This point of view has been further developed in the fuzzy version in [51] where the
authors introduce and classify Galois connections as adjunctions between some trivial
kinds of categories enriched over suitable monoidal-closed categories. This and that
considered in [33] are the only approaches to Galois connections which use explicitly
some kinds of lattice-ordered implicative structure: we do the same to relate our general
approach to the classical frameworks (see the last part of Sections 4.3 and 4.4).

Among the so many approaches to Galois connections, [33, 35, 42] are the only, to our
knowledge, that consider also conjugated pairs, without clarifying, however, how these
are related to Galois connections. Even if G. Georgescu and A. Popescu have arranged in
[42] a common framework for both concepts, they claim that such a framework is rather
“artificious” and does not establish any “duality” or, as they should say, any “triality”
linking the apparently different notions of isotonic Galois connections, antitonic ones
and conjugated pairs.

It seems that G. Georgescu and A. Popescu tried to find such a duality without success,
as the title of their paper (Non-dual fuzzy connections) proves. Our general approach,
instead, shows clearly how the whole of conjugated pairs (Tarski connections, in our
terminology) is perfectly order-dual to the whole of Galois connections.

Even more, we can say that the essence of both Galois and Tarski connections is the
same, not only because in their global versions both are nothing else than global connec-
tions but also because, yet in their relative versions, each Galois connection is a Tarski
connection, too, and conversely, as the following result shows.

Proposition 4.5.1. Let E ¢ L be a subset of the preordered set (L,<), (X,«), (Y,5)
be two possibly structured sets, each with a fived binary L-relation on it and f: X =Y,
g:Y - X be two functions. Then, for any T e {I,II,III1, IV}, f and g form a type T'
E-including (E-excluding) Galois connection from (X, «) to (Y,B) if and only if f and
g form a type T E-excluding (E-including) Tarski connection from (X, «) to (Y, [3).

Proof. Considering only the case I' = I, the statement follows from the equivalences
[f’g]E[T] : (X,a) - (Kﬁ) had Rﬁf =gl Rag And (RﬁfEE[ﬂ g RoagEE[ﬂ) hnd
(Rgy ¢ BN = R, ¢ B) o (Rgpe (BN o Ryy e (BN)) & (Rpp e EV =
Rag € BV) < [f-g]pw i (X,0) > (Y, 5).

Similarly we can prove the second equivalence. O

Here, we have to remark that the above equivalence is due to the classical-mathematical
character of relative connections, for which for any two elements, both belong to a subset
if and only if none of them belongs to the complement of that subset.

However, to restore the meaningful distinction between Galois and Tarski connections,
we remark that it is also important for each of them the way it is related to a subset
that may determine it. In this respect we have to note that with respect to a subset
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FE c L, arelative E-connection cannot be, in general, both a Galois and a Tarski connec-
tion and cannot be simultaneously E-including or F-excluding since, in general, there is
no non-trivial subset which is both a lowerset and an upperset (see Remark 4.1.18 and
Example 4.1.19).

Another important aspect of Galois and Tarski connections that has to be clarified is
the two-fold approach to their classical, or “crisp”, and their “fuzzy” version: the latter
have been seen, up to now, as nothing but generalizations of the former, on the base of
a point of view that is not-appropriate, in our opinion.

The distinction between Galois connections and conjugated pairs has been focused on
the structures in the sets related by the considered connections: the order relation (inclu-
sion) in the powersets, for Galois connection, the meet operation in the boolean algebra,
for conjugated pairs. The structure of the set of the truth values of the order relation
and of the meet operation, in both cases a boolean algebra, has not been considered;
even more, the peculiarity of the subsets that determine Galois connections (the single-
ton {T}) and conjugated pairs (the singleton {L}) has not been enlightened.

This inappropriate point of view is confirmed by the main steps of the generalization
of the framework in the big development of Galois connections: since [70], these have
been extended from powersets to ordered sets and, in their so called “fuzzy” approach
the classical powersets with the inclusion relation have been replaced by the L-powersets
with the subsethood L-relation which, as seen in Subsection 3.2.1, is an L-(pre)order
relation.

The recent approach based on enriched categories moves from posets to special kinds
of enriched categories and from order preserving, or reversing, maps to functors that
form adjunctions. This includes and generalizes the case of the so called fuzzy Galois
connections most widely considered between the L-powersets of two sets equipped with
the subsethood degree relations, where L is usually assumed to be a commutative com-
plete integral residuated lattice, i.e. an associative and commutative cdeo algebra (see
[6, 37]); the non-commutative case is considered in [32, 33, 41, 42, 50].

Fuzzy conjugated pairs are only considered in [33, 36, 42] between L-powersets equipped
with the intersection degree relation, which, evidently, extend to the L-powersets the
meet operation of boolean algebras (see Subsection 3.2.1).

In our approach, both fuzzy Galois connections and fuzzy conjugated pairs are global
connections.

Moreover, in our approach to connections, we have remarked that no special kinds of
relations are needed in the sets (X, ) and (Y, 3) linked by the connections; the notion
of Galois and Tarski connections and their distinctive character depend simply on the
existence of a (pre)order relation in the set L of truth values for the relations a and S.
Even this weak structure in L is not needed for global connections.

We remark that one can consider connections, in the shape we have defined those, be-
tween any kind of structures that are characterized by binary relations taking values in
a fixed (either preordered or not) set L; these include metric spaces, measurable spaces,
probability spaces, Hilbert spaces, Riemannian manifolds and others.

As well known example we may consider two vector spaces (V;-) and (W;-) with
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their scalar product and homomorphisms between those spaces. Two homomorphisms
f:V—>Wandg: W — V are adjoint (or transpose) to each other if, for all x € V,y e W
the equality (x)f -y = - (y)g holds, ie. (f,g): (V;:) - (W;-) is a global connec-
tion of type III; in particular, it is well known that an endomorphism h of (V;-) is
said to be symmetric if, for all z,y € V, the equality (z)h-y = x - (y)h holds, i.e.
(h,h):(V;+) = (V;-) is a type III (global) connection or, equivalently, h is self adjoint.
We close this discussion remarking that we have developed in this Chapter an approach
to global and relative connections, hence to Galois and Tarski connections, too, that is
fixed basis (we consider the preordered set (L, <) as the basis in question). Moreover, we
have looked at properties of each single connection, without relating two of them either
of the same or of different types.

In the last Chapter, Section 6.2, we shall see how connections can be considered as mor-
phisms of suitable categories and of more general semicategories and precategories.

It will be also the case that a variable basis approach to connections is closely related
to special kinds of relational systems and morphisms between them, which form once
more suitable categories and semicategories.



Chapter 5

The structure of many-valued
relations

In Chapter 3 we have approached the study of binary relations with values in a w-ceo
algebra (L,—,T), possibly with further properties. We have already remarked that the
structure on L can be lifted, pointwisely, on each set Ry, (X,Y), for each pair (X,Y") of
sets. Moreover, we have started to look at the structure of the whole class of L-valued
binary relations Ry,, in particular recalling several compositions that the operations of
the algebra (L, —,T), possibly symmetrical, allow to define.

In this chapter we shall see how the structure of the algebra (L,—,T), including the
interconnections of the operation — and the derived further operations, can be lifted in
the class of binary L-relations.

To this extent, we introduce a quite simple, but very effective tool, consisting in suitable
triangles. On one hand such triangles characterize the structure of the algebra (L, —, T),
including the derived operations, on the other hand they describe fundamental aspects
of the class of binary L-relations involving not only the algebraic operations lifted on
each Ry, (X,Y) by L but also the composite structure given by the compositions of L-
relations.

Connections, in particular Galois and Tarski connections, described in Chapter 4 will
have a fundamental role.

Further details on the description of structures for many-valued relations will be given
in Chapter 6, where suitable generalizations of categories, some of which already well
known, will be considered.

5.1 Relational triangles

Definition 5.1.1. Let L be a possibly structured set and (A,«), (B,3) and (C,v) be
sets, each equipped with a fived binary L-relation on it. The diagram

140
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(C,7)
PN

(A,0) . (B.5)

with ¢ € Re(A, B), i.e. ¢ is a C-valued binary relation from A to B, v € Rg(A,C) and
X € Ra(C, B), is called triangle of L-relations or L-triangle.

Definition 5.1.2. Let L be a set equipped with an equivalence relation = on it. The
triangle of L-relations

(C,7)
>N

(A,0) . (B.5)

1s called relational L-triangle if for alla € A,be B,c e C the following conditions hold:

(a, (¢, b)x)er = ((a, €)1, b) 3 = (¢, (a, b))

Remark 5.1.3. It is clear that the equivalences of the above Definition can be expressed,
forallae A, be B, ce C, as follows

((¢,0)x; a)a- = (b, (a,))B- = ((a,b)p, ¢)7-.

Proposition 5.1.4. Let L be a set and assume = to be an equivalence relation on it.
Each of the following triangles of L-relations is a relational L-triangle if and only if any
one of them is.

1. (C,v)
>N

(A,0) _ (B.5)
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4- (B, f-)

(B,B.) - (€

Proof. Consider the equivalences:

L. (a,(c;b)x)a = ((a,c)¥,b)B = (¢, (a,b)p)7;

2. (b, (c,a))B- = ((b,c)x-,a)a- = (¢, (b,a)p-)7;
- (¢, (a,b)p)y = ((¢,a)yp-,b) B = (a, (¢, b)x)
- (e, (b;a)p-)y = ((e,b)x; a)a- = (b, (c,a)p-)B-;
- (a, (b, c)x-)a = ((a,b)p, c)v- = (b, (a, c)) B-;
6. (b, (a,c)¥)B- = ((b,a)p-,c)v- = (a, (b, c)x-)a,

ot = W
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that in each item characterize the relational L-triangle described in the corresponding
item. Then, it is easily seen that the equivalences in the item (1) hold if and only if the
equivalences in each of the other items (2), (3), (4), (5), and (6) hold, too, by using the

obvious equalities
- (a, (¢,b)x)a = (a, (b,c)x-)a = ((¢,b)x; a)a- = ((b,c)x-, a)o;
- ((a,0)9,0)B = ((c,a)y-,b) B = (b, (a,c)¥) B- = (b, (¢, a)¥-) B-;
- (e, (a,b)¢)y = (¢, (b,a)p-)y = ((a,b)p, c)v- = ((b,a)p-, c)7-.

O]

Definition 5.1.5. Let L be a set equipped with an equivalence relation = and let E be a

subset of L. The triangle of L-relations
(C.7)
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is called E& relational L-triangle or relational L-triangle relative to E, if for all
a€A,be B,ceC the following conditions hold:

(CL, (Cv b)X)a =K ((a’7 CW? b)/B =K (C, (a’ b)@)’y

Of course, the E relational L-triangles of the above Definition may be expressed in
six equivalent forms, according to Proposition 5.1.4.
The whole terminology we have introduced in Chapter 4 for equivalences and, in particu-
lar, for connections may be borrowed for relational L-triangles; so, assuming the needed
requirements on L, we shall speak of

relative relational L-triangles (E relational L-triangles, for some E ¢ L);

upper or lower relational L-triangles (relational L-triangles relative to some

upperset or to some lowerset);

F-including and F-excluding upper or lower relational L-triangles;

point-including and point-excluding upper or lower relational L-triangles.

We shall also call every kind of upper relational L-triangle Galois L-triangle of
that kind and every kind of lower relational L-triangle Tarski L-triangle of that kind.
One can restate for L-relational triangles most results proved for equivalences and for
connections in Sections 4.2, 4.3 and 4.4 , except those involving the classification into
four types of connections. In fact, relational L-triangles have the feature to gather all
together the four types of connections as the following results shows. To give details of
this feature we note that each arrow of a triangle of L-relations determines two families
of maps from each of the two vertices adjacent to the arrow into the opposite vertex; so,
with notation of Definition 5.1.2, for any a € A,b e B,c e C we consider

va=(a,-)p:B—-C, ¥g=(a,-):C - B;
op=(=0)p: A= C, xp=(=0)x:C — 4
te=(—c)p:A—> B, xc=(c,-)x:B— A.

Then in case of relational L-triangles one has four families of connections of the four
different types; in fact, the assumed equivalences of Definition 5.1.2 give soon

{)ea,ba(: (B,8) = (C,7)| a € A};

{lev-xp] : (A, ) = (C,7)| be B}
{(Ves xe) : (A, @) = (B, B)] ce C}

and the forth family of connections comes from Remark 5.1.3 (of course, Proposition
4.2.11 could be invoked, too)

{Iev-xol: (A;0-) > (C,7-)| be B}
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Similarly, every FE relational L-triangle, or every I Galois L-triangle, F ¢ L any
upperset, or every I Tarski L-triangle, I ¢ L any lowerset, gives four families of relative
or Galois or Tarski L-connections of the four different types.

The results of Section 4.2 on equivalences allow to state the following result, where
we assume, for items (3), (3%), (4), (4’) that = is induced by a preorder relation in L.

Proposition 5.1.6. With the already stated notation, for the triangle of L-relations
(C.7)

TN

(A.0) . (B.3)

the following are equivalent:
(1) it is a relational L-triangle;
(2) it is an E relational L-triangle, for every E C L;
(2°) it is an {x} relational L-triangle, for every x € L;
(8) it is an F Galois L-triangle, for every upper set F' ¢ L;
(8°) it is an xz-including Galois L-triangle, for every x € L;
(4) it is an I Tarski L-triangle, for every lower set I € L;

(4°) it is an xz-including Tarski L-triangle, for every x € L.

5.1.1 Relational triangles and cdeo algebras

In this Subsection we show how the crucial properties of distributivity, symmetry,
associativity and commutativity for w-ceo algebras may be characterized by suitable
relational triangles.

In order to clarify the results and their proofs that we present in the following, we make
a few preliminary comments.

Consider the structured sets (X, «) and (X, ), where o, : X x X - L, L is a poset
with the equality = and maximum and minimum T and 1, respectively.

- If (ix,ix)m : (X, ) = (X, B) is a type III T-including Galois connection, then
T<(z,y)a<T<(x,y)b, for all z,ye X;

- If (iX,iX)l(l) ((X,a) = (X, ) is a type IIT 1-excluding Tarski connection, then
(z,y)a+ 1< (x,y)B + 1, for all z,y € X;

(ix,ix): (X,a) > (X,p) is a type III global connection, then (z,y)a = (x,y)0,
forall z,y e X, i.e. a=p.
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Proposition 5.1.7. Let L = (L,—,T) be a w-ceo algebra. L is distributive if and only
if there exist and are unique ¢, x : L x L — L such that, for all aq,9,a3 : L x L - L
such that (ir,ir)m ¢ (L,=) = (L,a;) is a type III T-including Galois connection, for
7=1,2,3, the diagram

(L, a3)
PN

(L,al) = (L7a2)

is a T-including Galois L-triangle.

Proof. “

= " From right-distributivity of L, it follows that there exists the (unique)
adjoint product ®; so, fixing a € L we can define ¢, : L > L, (¢) = (¢)tg = a® ¢ and we
have that c<a - b < (¢)¢, <, for all b,ce L.

Moreover, from left-distributivity of L, fixing b € L, there exists (a unique) xp : L - L
such that c<a - b < a < (¢)xp, for all a,ce L.

Now consider the functions ¢ : LxL — L, (a,b) = (b)), and x : LxL — L, (a,b) — (a)Xs-
Hence, by arbitrariness of a,b € L we have the following equivalences: ¢ < a - b <
(a,e)p <b<=a<(c,b)x, for all a,b,ce L.

This equivalences can be rewritten in this way T < (¢, (a,b) =) < T < ((a,c),b) ><=
T < (a,(c,b)x) —, for all a,b,c € L and, hence, by assumption on o, for j = 1,2,3, we
have that T < (¢, (a,b) »)ag < T < ((a,¢),b)ay < T < (a,(c,b)x)ay, for all a,b,c € L,
i.e. the diagram

(L,as)
(L,a1) = (L, )

is a T-including Galois L-triangle.
“<«<" Consider aj = ag = ag == L x L - L; obviously, (ir,ir): (L,~) = (L,—) and
hence, by assumption there exist and are unique v,y : L x L - L such that the diagram

(L, =)

TN

(L, ) (L, =)

is a T-including Galois L-triangle. Then, by definition, we have that for all a,b,c € L:
T < (a,(c,b)x) =< T < ((a,¢)1h,b) »<= T < (¢, (a,b) -») ». Fixing a € L, the following
equivalence holds: ¢<a — b < (a,c)y <b.

So, the functions ¢z : L - L,c ~ (¢)¢z = (a,¢)y and pg : L - L,b— (b)pg =a - b
form an adjunction and, hence, @5 preserves infs, i.e. — is right-distributive. Similarly,
fixing b € L, we have that, for all a,c € L the following holds: a < (¢)x; < ¢ < (a)pp,
where ¢p: L — L,a+ (a)gp=a —band x;: L — L,c~ (¢)x; = (¢,b)x; so the functions



CHAPTER 5. THE STRUCTURE OF MANY-VALUED RELATIONS 146

¢y and x; form a Galois connection and hence ¢y transforms infs into sups, i.e. — is
left-distributive. O

Remark 5.1.8. 1. Let (L,—~,T) be a w-ceo algebra.
The requirement (ir,ir).m * (L,—) = (L,a) can be rewritten by means of the
equivalence T <a — b < T < (a,b)a, for all a,be L. Hence, a <b < T < (a,b)a,
for all a,b € L, i.e. «, just like —, is an extension of the natural ordering of the
algebra (L,—,T).

2. Since, obviously, (ir,ir)m : (L,—) = (L,—), by Proposition 5.1.7, the diagram
(L,~)

TN

(L, =) (L, =)

is a T-including Galois L-triangle if and only if (L, —,T) is a cdeo algebra.

3. If (L, —,T) is a symmetrical cdeo algebra, then, by definition, the dual implication
w: L x L - L induces the same order as —, i.e. (ir,ir).m : (L,=) = (L,~).
Hence, by Proposition 5.1.7, in the diagram of the above item (2), in each vertex
of the triangle — may be replaced by «; moreover, y =+, so further T-including
Galois triangles can be obtained, among which the following

(L,~)

P

(L,~) (L,~)

It is possible to characterize the symmetry of cdeo algebra by means of the following
result.

Proposition 5.1.9. Let L = (L,—,T) be a w-ceo algebra. L is a symmetrical cdeo
algebra if and only if there exist and are unique ¥,x : L x L - L such that, for all
aj,o,a3 2 Lx L - L such that (ig,ir);m ¢ (L,—~) = (L,a;) is type III T-including
Galois connection, for j =1,2,3, the diagram

/L’ag)\
P X

(L,a1) = (L,a2)

is a T-including Galois L-triangle and (ir,ir);m : (L,—~) = (L,x) is a type III
T-including Galois connection.
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Proof. “ =7 Since, by assumption, L is a symmetrical cdeo algebra, then there exists
®:LxL — L and ~»: Lx L — L such that the following equivalences hold, for all a, b, c € L:
c<a-bea®c<bea<scwb ie T<(¢(a,b) ») - T< ((a,0)®,b) >
T < (a,(c,b) ») —.

Hence, for all a1, a2, a3 : L x L - L such that (ir,ir),m : (L,—) > (L, ;) are type III
T-including Galois connections, for j = 1,2,3, by Remark 5.1.8 (1), it follows that:
T<(¢,(a,b) »)as < T < ((a,0)®,b)ag < T < (a,(c,b) »)ay, for all a,b,ce L.
Therefore, the diagram

(L,a3)
ST

(L,a1) = (L,a2)

is a T-including Galois L-triangle and, by Remark 5.1.8 (1), (ir,ir);m ¢ (L, =) = (L,~)
is a type III T-including Galois connection, since «» induces the same order as —.

“ <7 By Proposition 5.1.7, it follows that L is a cdeo algebra; in particular, we have
that, for all a,b,ce L: c<a—b< (a,c)p <b<a<(cb)x.

By assumption (ir,ir).;m : (L,—) = (L,x) and by using the Remark 5.1.8 (1), the
following equivalences hold, for all b,ce L: ¢< T —>b < T < (¢,b)x < b < ¢; hence, for
allb,ce L: c<T—>b<eb<c ie. L is symmetrical. O

Proposition 5.1.10. Let L = (L,—,T) be a w-ceo algebra. L is an associative cdeo
algebra if and only if there exist and are unique ,x : L x L - L such that, for all
aj,o,a3 2 Lx L - L such that (ig,ir);m : (L,—) = (L,a;) is type III T-including
Galois connection, for j =1,2,3, the diagram

/L’ag)\
P X

(L,a1) = (L,a2)

1s a T-including Galois L-triangle and, for every b € L, the functions v : L — L,
ar (a)y =(a,b)p and =y L - L,ya — (a)—>p= b — a form a type III global connec-
tion (wbaéb) : (L7_)) e (L7_>)

Proof. “ =" If L is an associative cdeo algebra, then, from Proposition 5.1.7, it follows
that there exist and are unique 1,y : L x L - L such that, for all a1, a0, a3: Lx L — L
such that (ip,ip)m : (L,—) = (L,qa;) is type III T-including Galois connection, for
7 =1,2,3, the diagram

(L,a3)
PN

(L,a1) = (L,a2)
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is a T-including Galois L-triangle and, in particular, 1 = ®.

Moreover, from associativity condition, the following equality holds, for all a,b,c € L:
(b®a)»c=a—-(b—c).

Fixing b € L, the equality becomes: ((a)®p,¢) == (a,(c) =) =, where —: L —» L,
cr(c)»p=b->cand ®,: L - L,a~ (a)®, =b®a. Hence the functions 1, = ®;, and —
form a type III global connection from (L,—) to (L,—).

“ <7 By Proposition 5.1.7, it follows that L is a cdeo algebra and v = ®. Moreover,
since, by assumption, (®;, =) : (L, —~) = (L, —) is a type III global connection, for every
b e L, we have that, for all a,ce L ((a)®y,c) »= (a,(c) =) —». Hence, for all a,b,c € L,
(b®a) > c=a— (b— c), that is equivalent to the associativity for cdeo algebras, by
Remark 2.1.57. O

As a consequence of the above propositions, we state the following result.

Corollary 5.1.11. Let L = (L,—,T) be a w-ceo algebra. L is an associative symmetrical
cdeo algebra if and only if there exist and are unique ¥, x : L x L > L such that, for all
ai,o,a3 0 Lx L - L such that (ip,ip)m ¢ (L, =) = (L, ) is a type III T-including
Galois connection, for j =1,2,3, the diagram

(L,a3)
PN

(L,a1) = (L,a2)

s a T-including Galois L-triangle and the following conditions hold:
(a) for every be L, (¢Yp,—p): (L,—) - (L,—) is a type III global connection;
(b) (ip,ir).m : (L,—) = (L,x) is a type III T-including Galois connection. O

Moreover, we can give an alternative characterizations of associative symmetrical
cdeo algebras. In fact, the following hold.

Proposition 5.1.12. Let L = (L,—,T) be a w-ceo algebra. L is an associative symmet-
rical cdeo algebra if and only if there exist and are unique ¥, x : L x L - L such that, for
all aq, 9,03 Lx L - L such that (ir,ir).m : (L,~) = (L, ) is a type III T-including
Galois connection, for j =1,2,3, the diagram

(L, a3)
PN

(L,al) = (L;a2)

is a T-including Galois L-triangle and the following conditions hold:

(a) for everybe L, [-p -xp]: (L,x) = (L,—) is a type I global connection from (L, x)
to (L,~);
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(b) (ir,ir).m = (L,=) = (L,x) is a type III T-including Galois connection.

Proof. “ =7 By Proposition 5.1.9, there exist and are unique ¥,y : L x L. - L such
that, for all aj, 9,3 : L x L — L such that (ip,iz).m : (L,~) = (L, ;) is a type III
T-including Galois connections, for j = 1,2, 3, the diagram

/ﬁLm)\
Y X

(L,a1) = (L,a2)

is a T-including Galois L-triangle, ¢ = ®, x =~ and (ir,i);m : (L,—) = (L,~) is a
type III T-including Galois connection.

Moreover, by Proposition 2.1.62 the associativity of a symmetrical cdeo algebra is equiv-
alent to the following equality: ¢ - (a «» b) =a ~» (¢ = b), for all a,b, c € L, which, fixing
b € L, can be rewritten as follows: (c,(a) ») == (a,(c) =) «», for all a,c € L, i. e.
[=p-p]: (Ly,») > (L,—), for all be L.

“ <7 By Proposition 5.1.9, L is a symmetrical cdeo algebra and, in particular, y =;
hence, for every b e L «,= xyp.

Moreover, by assumption, we have [—> - »4]: (L, ) — (L, —), for every b € L. So it fol-
lows that (a, (¢,b) ») == (¢,(a,b) =) «, for all a,b,ce L, i.e. a—> (c»b) =c - (a = b),
for all a,b, c € L, that is equivalent to the associativity of a symmetrical cdeo algebra L,
by Proposition 2.1.62. O

Now we shall see that turning from the T-including Galois connection in the charac-
terization of symmetrical cdeo algebras of Proposition 5.1.9 to the corresponding global
connection we get a characterization of commutative cdeo algebras. To this intent it will
be useful the following remark.

Remark 5.1.13. Let L = (L, —, T) be a w-ceo algebra. We note that for any o : LxL — L
the requirement (ir,ir) : (L,—) — (L,a) is a type III global connection forces a to
coincide with —. In fact, (i1,i7) is a type III global connection from (L,—) to (L, «) if
and only if, for all a,be L, ((a)ir,b)a = (a,(b)iy) —, i.e. aab=a — b, for all a,be L.

Proposition 5.1.14. Let L = (L,—,T) be a w-ceo algebra. L is a commutative cdeo
algebra if and only if there exist and are unique ,x : L x L. - L such that, for all
ai,o,a3 0 Lx L - L such that (ip,ip)m ¢ (L,—) = (L, ) is a type III T-including
Galois connection, for j =1,2,3, the diagram

/(Lag\
Y X

(L,al) = (L7a2)

is a T-including Galois L-triangle and (ip,ip) : (L,—~) = (L,x) is a type III global
connection.
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Proof. The proof is an easy consequence of Proposition 5.1.9 if one considers that the
L-relation y has to coincide with -, hence the assumption on of the type III global
connection (ip,ir) : (L,—) = (L,x) is equivalent to the equality a - b = a » b, for all
a,b e L, which, in turn, is equivalent to commutativity in symmetrical cdeo algebras. [

Now, the following result is an immediate consequence of Corollary 5.1.11 and Propo-
sition 5.1.14.

Corollary 5.1.15. Let L = (L,—,T) be a w-ceo algebra. L is an associative commutative
cdeo algebra if and only if there exist and are unique ¥, x : L x L - L such that, for all
ai,az,a3 2 Lx L — L such that (ig,ir).m : (L,—) = (L, ) is a type III T-including
Galois connection, for j =1,2,3, the diagram

(L, a3)
PN

(L,a1) = (L, a2)

is a T-including Galois L-triangle and the following conditions hold:
(a) for everybe L, (¢¥p-—p): (L,—) = (L,—) is a type I global connection;
(b) (ir,ip): (L,—) — (L,x) is a type III global connection. O

Similarly, Proposition 5.1.12 can be modified to have yet another characterization of
associative, commutative cdeo algebras.

Corollary 5.1.16. Let L = (L,—,T) be a w-ceo algebra. L is an associative, commuta-
tive cdeo algebra if and only if there exist and are unique ¥, x : L x L - L such that, for
all v, 00,03 1 Lx L - L such that (ig,ir).m ¢ (L, —) = (L, o) is a type III T-including
Galois connection, for j =1,2,3, the diagram

(L,a3)
PN

(L,a1) = (L,a2)

s a T-including Galois L-triangle and the following conditions hold:
(a) for everybe L, [—p -xp]: (L,—) = (L,—) is a type I global connection;
(b) (ip,ip): (L,—) — (L,x) is a type III global connection. O

The following result shows that commutativity and associativity of w-ceo algebra
(L,—,T) can be characterized by a suitable relational L-triangle.

Proposition 5.1.17. Let L = (L,—,T) be a w-ceo algebra. L is an associative, com-
mutative cdeo algebra if and only if there exist a unique ¢ : L x L - L such that the
diagram
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(L, =)

PR

(L, =) (L, =)

—

1s a relational L-triangle.

Proof. “ =" The results in Subsection 2.1.5 allow to verify easily that the diagram

(L, =)

SN

(L,~) (L, =)

—

is a relational L-triangle.
“ <=7 If there exists ¢ : L x L - L such that the diagram

(L,~)

PR

(L,~) (L, =)

—

is a relational L-triangle, we have, in particular, that it is a T-including Galois L-triangle.
Hence, by Proposition 5.1.7, L is a cdeo algebra and i = ®. Then, the relational L-
triangle gives the equality ¢ - (a - b) = (a®c¢) > band ¢ > (a > b) =a - (c - b),
for all a,b, c € L; therefore L is associative and commutative, as remarked in Subsection
2.1.5. O

Further relational L-triangles (either relative or global) can be obtained, which in-
volve the product of a right-distributive w-ceo algebra; also, these triangles can be used
to characterize further properties of the algebra.

Proposition 5.1.18. Let (L,—,T) be a right-distributive ceo algebra.

1. If (L,—,T) is a symmetrical cdeo algebra, for all ay,as,a3: L x L - L such that
(ir,ir)m ¢ (L, ®) = (L,ay), for j =1,2,3, the triangle of L-relations

(L7a3)

ST

(L, al) (L, ag)

®

is both a T-including Galois L-triangle and a T-excluding Tarski L-triangle.

2. If L is an element ®-irreducible of L, for all aq,cs,a3 : L x L - L such that
(irin), m : (L,®) = (L, o), for j =1,2,3, the triangle of L-relations
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(L,Oég)

ST

(L, 041) (L, 042)

®

is L-including Tarski L-triangle and a 1-excluding Galois L triangle.

3. (L,~,T) is an associative and commutative cdeo algebra if and only if for all
at,o,a3 + Lx L - L such that (ig,ir) @ (L,®) - (L, ), for j = 1,2,3, the
triangle of L-relations

(L,a3)
PN

(L, 011) ® (L, OtQ)

s a relational L-triangle.

Proof. 1. Let a1,9,003 : L x L - L be such that (ir,ir).m : (L,®) = (L, ), for
J=1,2,3; hence, for all a,be L: T< (a,b)a; = T<a®b.
Since, under symmetry assumption on the cdeo algebra, one has that z® (2 ®y) =
T<xr=T,y=T,z=T, for all z,y,2 € L, it follows that T<2® (2 ®y) < T <
(z®2)®y < T<20®(z®y), for all z,y, z € L. By assumption on «;, for j =1,2,3,
we have that T < (z,((z,y)®)a1 < T < ((z,2)®,y)as < T < (2, (z,y)®)as, for all
x,y,z € L, i.e. the diagram in the statement is a T-including Galois L-triangle.
As already seen in Section 4.5, this is equivalent to say that the triangle is a
T-excluding Tarski L-triangle.

2. Let a1, a0,a3: L x L - L be such that (ir,ir), ) : (L,®) = (L,a;), for j=1,2,3;
hence, for all a,be L: (a,b)aj# L= a®b# L.
Since 1 is ®-irreducible, one has that 1 ® (2 ® y) + L < x # 1,y # 1,z # 1, for all
x,y,z € L. So, by assumption on «;, for j = 1,2,3, we have the equivalences:
(z,((z,9)®)a1 # L < ((2,2)®,y)as + L < (2, (x,y)®)as # L, for all x,y,z € L, i.e.
the diagram in the statement is a L-excluding Galois L-triangle and, consequently,
it is a l-including Tarski L-triangle, too.

”

3. “ = 7 Assuming L to be an associative and commutative cdeo algebra, let
aj,az,a3 + Lx L - L be such that (ip,ir) : (L,®) - (L, ), for j = 1,2,3;
hence, for all a,be L: (a,b)co; = (a,b)®. So, the assumed condition forces a; = ®.
Moreover, if L is associative and commutative z® (2 ®y) =yQ(z®2) = 20 (z®y),
for all z,y,z € L and hence, by assumption on «;, we have that (z,(z,y)®)a; =
(y, (z,2)®)as = (2, (z,y)®)as, for all z,y,z € L, i.e. the diagram in the statement
is a relational L-triangle.

“ < 7 If the diagram is a relational L-triangle, since, by assumption, a; = ®, for
j=1,2,3, we have that, for all z,z e L: 2®2=2® (2®T7)=20 (z®7T) = 29z,
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hence ® is commutative; moreover, by using the assumption on the L-triangle, we
have that, for all z,y,z€ L: z® (2 ®y) = (z®2) ®y, i.e. ® is associative. So, L is
an associative and commutative cdeo algebra.

O

Remark 5.1.19. 1. The assumptions (ir,ir);m : (L,®) - (L,o5) and
(ir,iL),m : (L,®) = (L, ) are equivalent to (ir,ir).m : (L,a;) - (L,®) and
(ir,ir),m : (L) = (L,®) and they are satisfied in case a; = ® and, if (L, -, T)
is symmetrical, in case a;j = ®, too.

The assumption (ir,ir) : (L,®) - (L,a;) which is equivalent to
(ir,ir): (L,05) = (L, ®), is satisfied only in case o = ®.

2. Under symmetry assumption, the diagram

(L,®)

is
- both a T-including Galois L-triangle and a T-excluding Tarski L-triangle;
- both a L-including Tarski L-triangle and a L-excluding Galois L triangle, if 1
is ®-irreducible (equivalently, ®-irreducible);

- a relational L-triangle if and only if (L, —, T) is an associative and commuta-
tive cdeo algebra;

in fact, similarly to ®, ® satisfies the equivalences r®(y®z) =Tz =T,y=T,2=T
and x®(y®z) # L+ L,y+ 1,2 # L.

3. Since 2®(y®z2) =T 2x®(Y®z) =T r=T,y=T,z=T and 20(y® 2) * L <
r®(y®z) # L <z # 1,y # 1,2 # L, taking into account the above item (1) one can
realize that all the diagrams that can be obtained considering arbitrarily either
(L,®) or (L,®) in each vertex and either ® or ® on each side, are

- both a T-including Galois L-triangle and a T-excluding Tarski L-triangle;

- both a L-including Tarski L-triangle and a l-excluding Galois L triangle, if 1
is ®-irreducible (equivalently, ®-irreducible);

- a relational L-triangle if and only if (L,—,T) is an associative and commu-
tative cdeo algebra (in fact, under commutativity assumption, ® = ®, i.e.

(iL7iL) : (L7®) - (L7®))



CHAPTER 5. THE STRUCTURE OF MANY-VALUED RELATIONS 154

5.1.2 Relational triangles and many-valued relations

In this Subsection we shall see how to obtain relational L-triangles, either relative
or global, involving relations and their compositions; these L-triangles may be used to
characterize the structure of L and, moreover, give informations on the more composite
structures of the class of L-relations may have.

Let X,Y, Z be sets, (L,—,T) be a symmetrical cdeo algebra and let R: X xY — L,
S:Y xZ - L be L-relations. We recall the compositions between L-relations we have
defined in Section 3.1 as follows, Vo e X,z € Z:

L ROS: X —Z: (2,y)(R-8) = Vyey (2, ) R ® (y,2)S;
2. ROS: X — Z: (x,2)(ROS) = Vyey (2, 4)R&(y, 2)S;

3. ROS: X — Z: (2,2)(R@S) = Ayey (2,9)R ~ (y,2)S;
4. ROS: X — Z: (2,2)(ROS) = Ayey (#,9)R + (y,2)S;
5 ROS: X - Z: (2,2)(ROS) = Ayey (9, 2)S = (2,9)R;
6. ROS: X — Z: (2,2)(ROS) = Ayey (¥, 2)S » (z,y)R.

Moreover, we recall that, starting from an arbitrary operation on L, xr: L x L — L, we
have defined in Section 3.1 the universal and the existential (L, y)-compositions
of L-relations defined, respectively, as follows, Vz e X,z € Z:

L. R)ZLS X = Z (:Ca y)(Rf(LS) = /\er((xvy)Rv (ya Z)S)XLa
2. Rx1S: X — Z: (2,y)(RXLS) = Vyey (7, 9)R, (y, 2)S) xL-

Conversely, if x : RpL(X,Y) x R(Y,Z) - Ry(X,Z) is a composition be-
tween L-relations, we can induce an operation on L, xr : L x L. - L, defined by
(a,b)xr = axxyXxbyxz, where axyy € Rp(X,Y),byxz € RL(Y,Z) are the constant
L-relations, with values a, b € L, respectively, provided that the result does not depend
on the choice of the triple of sets.

Moreover, let X be a set and let (L,—,T) be a w-ceo algebra.

From Section 3.2, we recall that the subsethood relation Sx : LX x LX — L is defined
by (A, B)Sx = Agex (2)A — (2)B, for all A, B e LX.

More generally, we have considered in Section 3.2 the (L,yx)-relation
SXE": L¥ x LY — L defined by (A, B)SY" = Awex ((2)A, (z)B)xr, for all A, B e LX.
In particular S;’A = Sx is the dual subsethood relation determined by the dual
implication of a symmetrical cdeo algebra.

Proposition 5.1.20. Let L = (L,—,T) be a w-ceo algebra.

L is distributive if and only if for any triple of sets (X,Y, Z) there exist and are unique
Y RL(Z,X) x RL(X,Y) - R,(Y,Z), x : RL(X,Y) xRL(Y,Z) > RL(Z,X) such
that, for all S' : RL(Z,X) x Rp(Z,X) —» L, S? : RL(Y,Z) x R(Y,Z) — L and
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S3:RL(X,Y) xRL(X,Y) - L such that:

- (Tre(z.x) IRy (2.x)) 00 - (RL(Z,X), Szxx) = (RL(Z, X),SY);
- (IRL(YZ)?IRL(Y,Z))TW : (RL(Y’ Z)?‘SYXZ) - (RL(Y7Z)a‘S‘2);

- (Tre(xv)y IRy (X)) (RL(X,Y), Sxuy) = (RL(X,Y), S8?),

are type I1I T-including Galois connections, the diagram

(RL(X7Y)7S3)

T T

(RL(ZaX)a‘Sl) (RL(KZ)a‘Sz)

P

where ¢ : Ry, (Z,X) x RL(Y,Z) —» Ry (X,Y) is defined by (p,0)p = p- @ o, for all
peRL(Z,X),0 e R(Y,Z), is a T-including Galois L-triangle.

Proof. “ =" Assume L to be a cdeo algebra and let (X,Y,Z) be a triple of sets.
The assumed conditions on S, S? and S* imply that, for all p,p’ € Ry(Z,X),0,0" €
Ry(Y,Z), 7,7 e Rp(X,Y):

(a) T<(p,p")S" = T<(p,p")Szxx;
(b) T<(0,0")S* & 1< (0,0")Syxz;
(¢) T<(1,7)8% = 1< (1,7)Sxxv

From distributivity assumption on L, similarly to Proposition 5.1.7, it follows that there
exist the adjoint product ® and a function yr : L x L - L such that c<a—->b<=a®c<
b<a<(c,b)xr, for all a,b,ce L.

Hence, for all z € X,y €Y,z € Z and for all pe Ry, (Z,X),0 e Ry, (Y, Z),7 € Rp,(X,Y),
the following equivalences hold: (z,y)T < (z,2)p - (y,z)0 < (z,2)p ® (z,y)T <
(1.2)0 = (52)p < (2,9)7, (4,2)0)xs, that is T < (2,9)7 > ((2,2)p ~ (3, 2)0) <
T<((z2)p® (2,y)7) > (y,2)0 = T < (2,2)p > ((2,9)7, (¥, 2)0) XL

Hence, by arbitrariness of x,y, z:

T< /\zeXerzeZ ((.%',y)T - ((Z,:E)p - (yv Z)U)) hnd

T< /\:peXerZEZ (((27‘73)/) ® ($7y)7—) - (y7 Z)U) hnd

T< /\zeXerzeZ ((z,x)p - ((SL‘, y)Tv (ya z)U)XL)'

By the distributivity of L, it follows that:

T < Azexyey ((z,9)7 = (Nzez(z,2)p ~ (y,2)0)) =

T< /\erzeZ (VmeX((zax)p ® (x7y)T) - (y7 Z)O') =

T < Azexzez ((Za r)p—> /\er((xa y)7, (Y, Z)U)XL)

that is

T < Azexyey ((2,y)7 = ((2,9)(p- @ 0-)) <

T < Nyevzez ((4,2)(pOT)- = (y,2)0) <

T < Azexzez ((2,2)p =~ ((z,2)((Tx0)-)) = T.

Hence, denoting (7,0)x = (7x0)-, (p,0)p = p- @ o- and (p, 7)Y = (p © 7)-, we have
that, for all pe Rp(Z,X),0 e R(Y, Z), 7 € R, (X,Y"), the following equivalences hold:

T< (T’ (p,O’)QD)SXXY = T< ((P77)¢,U)5sz <= T< (P, (T’U)X)SZXX~
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Thanks to the conditions (a), (b) and (¢) we have for all pe Rp,(Z,X),0 e R (Y, Z), 7 €
Ry (X,Y), the following equivalences:

T<(7,(p,0)p)S* = T < ((p,7),0)S* < T < (p, (1,0)x)S",
i.e. the diagram

(RL(X,Y),S?)

/\

(Ri(Z, X),SY) (RL(Y,2),8%)

is a T-including Galois L-triangle.
“«<=" Let (X,Y, Z) be atriple of sets and consider ¢ : Ry, (Z, X )xRp(X,Y) - Rp(Y, 2),
X:Rp(X,Y)xRL(Y,Z) > Ry (Z, X) that gives the T-including Galois L-triangle

(RL(X,Y),S?)

/\

(Rr(Z,X),8h) (RL(Y, Z),5?)

where ¢ : Rp(Z,X) x R, (Y, Z) - Rp(X,Y) is defined by (p,0)p = p- @ o_, for all
peRL(Z,X),0 e R(Y,Z) and S!, 8%, S? satisfy the assumed requirements. So, the
following conditions hold, for all p,p' € Rp,(Z,X),0,0' e R, (Y, Z), 7,7 e RL(X,Y):

- T<(1,(p,0)9)S = T < ((p,7)1,0)8* = T < (p, (1,0)x)S";

- 1< (p,p)S" < T<(p,p)Szxx;

IN

- T7<(0,0')8% & T7<(0,0")Syxz;

IN

-T<

(
(
(
(1,78 = T < (1,7")Sxxy-

Hence, for all pe Ry, (Z,X),0 e R (Y, Z), 7 e R,(X,Y)

T< (Ta (P7U)@)SXxY = T< ((P77)¢,U)5sz <= T< (p’ (T’U)X)SXXY'

Choosing for any a,b,c € L the constant L-relations defined by (z,2)p = a, (y,2)o =b
and (z,y)T =¢, for all z € X,y €Y,z € Z, we have that the following equivalences hold:
T<c—>(a—-b) o T<(g,0)p >b=T<a— (c,b)y, le c<a—-b<e (a,0)p<beac<
(¢,b)x. So, there exist ¥, xr : L x L - L induced from v and x, respectively, such that
c<a—be (a,0)Yp <b<a<(c,b)xy, for all a,b,c e L. Then, as in Proposition 5.1.7,
we can prove the distributivity of L and, in particular, one has that 1 is the adjoint
product ® of L.

Note that ¢, (i.e. ®) and x do not depend on the chosen sets X,Y, Z, being uniquely
determined by —. O
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Remark 5.1.21. 1. Let (L,—,T) be a w-ceo algebra, X,Y be two sets and let
S: LYY 5« LX*Y L [ be an L-relation. )
If (IRL(X,Y),IRL(X,Y))T[T] : (RL(X,Y),Sxxy) — (RL(X,Y),S) is type III
T-including Galois connection, we have that, for all o, o’ € Ry, (X,Y):
T< (Oé,O/)SXXy < TK< (Ot,O/)SXXy.
Moreover, the following equivalences, for all a, o’ € R, (X,Y") hold:
T < (0,0 )Sxxy © T < Npexyey (2, 9)a = (2,9)0 < T < (2,y)a - (r,y)a,Vr €
X,yeY < (z,y)a<(r,y)d e a<ad VreX yeY.
Hence, T < (o, /)8 < a <a, i.e. S induce the same order as Sxyy on Ry(X,Y),
that is the natural ordering of the w-ceo algebra (Ry,(X,Y),—, T xy).

2. Let (L,—,T) be a w-ceo algebra.

Obviously, (Zr, (x,v), Zry(x,v))rn  (RL(X,Y),Sxxy) = (RL(X,Y),Sxxy) is
type III T-including Galois connection, for all X,Y and then the diagram

(RL(X,Y),Sxxv)

T T

(Rr(Z,X),Szxx) (RL(Y,Z),Svxz)

©

with ¢, 1, y determined as in the proof of Proposition 5.1.20, is a T-including Galois
L-triangle if and only if L is distributive.

3. If (L,—,T) is a symmetrical cdeo algebra, the dual implication «» induces the
same order as —. Let X,Y be two sets and let a,a’ € Rp(X,Y) be two L-
relations; hence for all x € X,y ¢ Y: T < (z,y)a » (z,y)d/ < T < (z,y)a »
(a:,y)o/. So T < /\xeXer(xvy)a - (%y)a’ < T< /\zeXer(x7y)a v (x,y)o/, Le.
T < (a,0)Sxxy < T < (a,a)Sxxy, for all @, e Rp,(X,Y). )
Therefore, (IRL(X,Y)vl—RL(X,Y))T[T] : (RL(X,Y),SXXy) d (RL(X,Y),SXXy) is a
type III T-including Galois connection.

Hence, the diagram

(RL(X,Y),Sxxy)
/ \

(Ri(Z,X),S2xx) (RL(Y,Z),Syxz)

)

with ¢, 1, y determined as in the proof of Proposition 5.1.20 and all the diagrams
that can be obtained by considering, arbitrarily, in each vertex either the subset-
hood degree L-relation or the dual subsethood degree L-relation are T-including
Galois L-triangle.

The symmetrical cdeo algebras can be characterized as follows.
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Proposition 5.1.22. Let L = (L,—,T) be a w-ceo algebra. L is a symmetrical
cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are unique
V:RL(Z,X) xRy (X,)Y)->Rp(Y,Z), x : Ru(X,Y) xRp(Y,Z) - Rp(Z,X) such
that, for all S' : Ry (Z,X) x Rp(Z,X) - L, S? : R(Y,Z) x Rp(Y, Z) - L and
S3:RL(X,Y) xRL(X,Y) - L such that:

- (Try(z.x) Iy (2.x)) 100 - (RL(Z,X), Szxx) = (RL(Z, X),SY);

- (IRL(Y,Z)’IRL(Y,Z))TW F(RL(Y,2),Svxz) ~ (RL(Y7Z)’S2);

- (Tre(xv)y Iry (X)) (RL(X,Y), Sxuy) = (RL(X,Y), S8?),

are type I1I T-including Galois connections, the diagram

(RL(X,Y),S?)

T T

(RL(ZvX)vsl) (RL(KZ)7$2)

)

where ¢ : RL,(Z, X) xRy, (Y, Z) - Ry (X,Y) is defined by (p,0)p = p- @ o_, for all p €
Ry (Z,X),0 e R(Y, Z), is a T-including Galois L-triangle and the following condition
holds:

(a’) VX7Y € |S€t| (IRL(X,Y)7ZRL(X,Y))T[T] : (RL(X7Y)78X><Y) - (RL(X7Y)78§(LXY)7
where X1 : xL - L, (a,b) =~ (a,b)xr = (axxy, byxz)X-

2

Proof. “ =7 The T-including Galois L-triangle may be determined as in the proof of
Proposition 5.1.20; moreover one can see that x is defined, for any o € Ry (Y, Z),7 ¢
RL(X,Y), by (1,0)x = (7@0)- and, if pe R,(Z,X), (p, 7)) = (p®7)-. In fact, xp, =~
and consequently S;‘(LXY = Sxyy. Now, since - and + induce the same order on L, the
following hold, for all @,/ e R, (X,Y): T < (z,9)a - (z,y)a’ < T < (z,y)a ~» (z,y)d/,
forall ze X,yeY.

Hence, T < Agexyey (2, ) = (2,y)0" < T < Agexyey (2,y)a v (2,y)d’, that is equiva-
lent to T < (o, " )Sxxy < T < (o, 0" )Sxxy- )

S0, (Try,(x,v)» IRy (x,v)) 10+ (RL(X,Y), Sxxy) = (RL(X,Y), Sxxy).

“ <7 As in the proof of Proposition 5.1.20, v and x induce on L two operations )y,
and xr such that, for all a,b,c € L: ¢ <a - b < (a,¢)Yp <b < a< (¢,b)xr. In
fact, L is a cdeo algebra and ¢y = ® Now, the condition (a) gives the equivalence
T < (7,7)8%y < T < (7,7")Sxxy, as in Remark 5.1.21. Then, for any b, ¢ € L choosing
(z,y)T=cand (z,y)7' =b,forall z e X,y €Y, we have T< (¢,b)xy < T<c—>b< c<b.
Using the above equivalences, for a = T and for all b,c¢ € L, the following hold:
c<T—>b< T<(c,b)xy < ¢ <b So, by Remark 2.1.12 and Theorem 2.1.21, it
follows that L is symmetrical. O

Proposition 5.1.23. Let L = (L,—,T) be a w-ceo algebra. L is an associative
cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are unique
V:RL(Z,X)xRy(X,)Y)->Rp(Y,Z), x : Ru(X,Y) xR (Y,Z) - Rp(Z,X) such
that, for all S' : Ry (Z,X) x Rp(Z,X) - L, S? : R (Y, Z) x Rp(Y, Z) - L and
S3:RL(X,Y) xRL(X,Y) - L such that:
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- (Try,(z,x) Iry(z.x)) 7 (RL(Z,X),82.x) > (RL(Z, X),S");
- (Try(v.2) Ire(v,2)) 0 (RL(Y, Z),Sywz) = (RL(Y, Z),8%);

- (Try,(xy) IRy (x)) it (RL(X,Y), Sxxy) = (RL(X,Y),8?),
are type I1I T-including Galois connections, the diagram

(RL(X)Y)’S3)

T T

(RL(ZvX)v‘Sl) (RL(KZ)v‘SZ)

)

where ¢ : Ry (Z,X) x RL(Y,Z) —» Ry (X,Y) is defined by (p,o)p = p- @ o_, for all
peRL(Z,X),0 e RL(Y, Z), is a T-including Galois L-triangle and the following condi-
tion holds:

(b) Vp € RL(Z,X): (Yp-gp) + (RL(X)Y),Syuz) - (RL(Y,Z),Sxxy) is a type
IIT global connection, where v, : RL(X,Y) - RL(Y,Z),7 » (7)Y, = (p,7)¢ and
¢p:RL(Y, Z) > RL(X,Y), 0~ (0)p, = (p,0)ep.

Proof. “ =" The proof runs as in Proposition 5.1.20 to get the required triangle, where,
forall pe Rp(Z,X),0 e R(Y, Z2), 7« R,(X,Y) ¢ : R(Z,X) x Rp(Y,Z) - Ry, (X,Y)
is defined by (p,0)p = p- @0o_ and ¢ : R, (Z,X) x R,(X,Y) —» Rp(Z,Y) is defined
by (p,7)Y = (p @ 7)-, is a T-including Galois L-triangle. Since L is an associative
cdeo algebra, for all p € Ry, (Z,X),0 € R(Y,Z2),7 € R,(X,Y), 2z €e X,y e Y,z € Z,
((Z7x)p® (‘T?y)T) = (y,2)0 = (2,9)7 > ((2,2)p > (y,Z)O').

Hence, we have that:

/\xeXerzeZ((za LL’)p ® (IB, y)T) - (y7 Z)U = AwEXyEYZEZ(x7y)T - ((z,x)p - (y7 Z)O').

By using the distributivity assumption, the following equality holds:
/\erzeZ(VxeX(Z7x)p ® (xvy)T) - (y,z)a = /\zeXer(x7y)T - (/\zeZ(zvx)p - (ya Z)U),
Le. /\erzeZ(ya 2)(pOT)- ~ (y,2)0 = /\$€Xy€Y(x’y)T = (z,y)(p-@0-).

Fixing p € Ry,(Z, X) and considering ¢, : R,(X,Y) - R (Y, Z), 7 = (7)Y, = (p, )¢ =
(pOT)-and ¢, : Rp(Y,Z) - RL(X,Y),0 = (o)X, = (p,0)p = p- @ 0_, we have the
following, for all 0 € Ry, (Y,Z),7 € Rp(X,Y) ((7))¢p,0)Syxz = (7,(0)¢,)Sxxy, ie.
(Vo-p) + (RL(X,Y),Sxxy) = (RL(Y, Z),Syxz).

“ «< 7 By Proposition 5.1.20, it follows that L is a cdeo algebra and in particular
the operation v induced from 1 is the adjoint product. Since, by assumption,
(Vpmp) + (RL(X,Y),Syxz) = (RL(Y,Z),Sxxy), for all p € Ry(Z,X), choosing, in
particular, the constant L-relations p,o,7 defined by (z,2)p = b, (x,y)7 = a,(y,2)o = ¢,
with a,b,ce L, for all z € X,y €Y,z € Z we have that (b® a) - c=a — (b > ¢). Hence,
by arbitrariness of a, b, c € L, it follows that L is associative. ]

The following result is an easy consequence of the above propositions.

Corollary 5.1.24. Let L = (L,—,T) be a w-ceo algebra. L is an associative sym-
metrical cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are
unique ¥ : Ry, (Z, X)) x R, (X,Y) - Rp(Y,Z2), x : Rp(X,Y) x Rp(Y, Z) - Ry (Z, X)
such that, for all S' : Rp(Z,X) x RL(Z,X) - L, S? : Rp(Y, Z) x R (Y, Z) — L and



CHAPTER 5. THE STRUCTURE OF MANY-VALUED RELATIONS 160

S3:RL(X,Y) xRL(X,Y) - L such that:

- (Tre(z.x) IRy (2.x)) 00 - (RL(Z,X), Szxx) = (RL(Z, X),SY);
- (IRL(YZ)?IRL(Y,Z))TW : (RL(Y’ Z)?‘SYXZ) - (RL(Y7Z)a‘S‘2);

- (Tre(xv)y IRy (X)) (RL(X,Y), Sxuy) = (RL(X,Y), S8?),

are type I1I T-including Galois connections, the diagram

(RL(X)Y)’S?))

T T

(RL(ZvX)v‘Sl) (RL(}/’Z)sz)

)

where p : RL(Z,X) xRy (Y, Z) - RL(X,Y) is defined by (p,0)p=p-@o_, for all p e
Ry(Z,X),0 e Rp(Y,Z), is a T-including Galois L-triangle and the following conditions
hold:

(a) VX,Y €|Set]: (Iry(x,v), Iry(x,v))-m : (RL(X,Y), Sxxy) = (RL(X,Y), 8%y ).
(b) Vp € RL(ZaX)7 (¢p'¢p) : (RL(XaY)a‘SYXZ) - (RL(}/’ Z)7$X><Y)'

Proof. The statement is an easy consequence of Propositions 5.1.22 and 5.1.23. O

Moreover, it is possible to characterize the associative symmetrical cdeo algebras as
follows.

Proposition 5.1.25. Let L = (L,—,T) be a w-ceo algebra. L is an associative sym-
metrical cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are
unique ¥ : Ry, (Z, X)) x R,(X,Y) - R, (Y, Z2), x : Rp(X,Y) x Rp(Y, Z) - Ry (Z, X)
such that, for all St : Rp(Z,X) x Rp(Z,X) - L, S* : RL(Y,Z) x R,(Y, Z) - L and
S3:RL(X,Y) xRL(X,Y) - L such that:

- (Try(z.x)s TRy (2.x) )10 - (RL(Z, X), Szxx) = (RL(Z, X),S");

- (Try(v.2) Ire(vi2))rin - (RL(Y, Z), Syxz) = (RL(Y, Z),S8%);

- (Zry(xv) Iy (xv))rin P (RL(X,Y), Sxxy) = (RL(X,Y), S?),

are type Il T-including Galois connections, the diagram

(RL(X7Y)7S3)

T T

(RL(ZaX)a‘Sl) (RL(KZ)v‘Sz)

P

where ¢ : R, (Z, X) xRy, (Y, Z) - Ry, (X,Y) is defined by (p,0)p = p- @ o_, for all p €
Ry(Z,X),0 e Rp(Y, Z), is a T-including Galois L-triangle and the following conditions
hold:

(a) VX,Y €|Set]: (Iry(x,v), Iry(x,v))-m : (RL(X,Y), Sxuy) = (RL(X,Y), 8%, ).

(C) Vo e RL(}/’Z) [@U'XU] : (RL(Z,X),SZXX) - (RL(XaY)aS;C(I;Y) s a type
I global connection, where ¢, : RL(Z,X) - RL(X,Y),p ~» (p)ps = (p,0)p,
Xo * RL(XvY) e RL(ZvX)7T = (T)XO' = (T,O')X.
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Proof. By Propositions 5.1.20 and 5.1.22 the symmetry and distributivity of L is equiva-
lent to the existence of the T-including Galois L-triangle described in the statement and
to the condition (a). So, we only need to prove that the associativity of L is equivalent
to the condition (c).

“ =" If L is associative, then, for all a,b,ce L: a - (b~ ¢) =b -~ (a - ¢). Then, for
all sets X, Y, Z, for all L-relations p € R, (Z,X),0 e R(Y, Z), 7 € Ry, (X,Y) and for all
rzeX,yeY, zeZ, the following equality holds:

(z,2)p — (2, )7~ (y,2)0) = (z,9)7 ~» ((z,2)p ~ (2,9)0).

So, /\zeXerzeZ(va)p - ((‘T’y)T Mg (y> Z)U) = /\EEXy€Yz€Z($7y)T e ((Z, :L‘)p - (z,y)a).
From distributivity, we have that:

/\xeXzeZ(Zax)p - (/\er(xvy)T:A (y,Z)O') = /\:v€Xer(x7y)T e (/\zEZ(Zax)p - (Z7y)0)7
Le. /\xeXzeZ(Zv IL‘),O e ((Z, :L‘)(T®U)*) = /\xeXer(xay)T - ((l’, y)(p* @ O-*)'

Hence, for all 0 € RL(Y,2), [¢o-xo] @ (RL(Z,X),Szxx) — (RL(X,Y),Sxxy) is a
type I global connection, where ¢, : RL(Z,X) - RL(X,Y),p = (p)ps = p- @ 0,
Xo :RL(X,Y) > RL(Z,X), 7+ (T)xo = (100)_ and Sxxy : RL(X,Y)xRL(X,Y) > L
is the dual subsethood degree.

“ <7 The symmetry of L assures the existence and uniqueness of «»; hence x =~ and
Sty = Sxxy. By assumption (¢), choosing the constant L-relations p € Ry, (Z, X),0 €
Ry (Y, Z),7 € RL(X,Y) defined as follows (z,2)p = a, (y,2)o =b and (z,y)7 = ¢, with
a,b,ce L, we have that a — (b~ ¢) =b+ (a — ¢). By arbitrariness of elements a,b,c € L,
it follows that L is associative. O

Remark 5.1.26. We note that the condition (a) of Proposition 5.1.25 can be replaced
by an equivalent condition, to characterize the symmetry condition.

In fact, by definition, if (L, —, T) is symmetrical cdeo algebra, there exists «»: L x L — L
such that (L,-,T) is a w-ceo algebra, —» and ~» form a Galois connection and they
induce the same order; more explicitly, the latter condition is the following: a < b < T <
a—->b<eT<awb, forallabel.

Consider a triple of sets (X,Y,Z) and the L-relation p € Ry, (Z,X),0 € Ry, (Y, Z).

Then the following equivalence hold, for all z € X,y eY,z€ Z: T< (z,2)p > (y,2)0 <
T<(z,2)p (y,2)0,ie. T ((z,2)p—=> (y,2)0)=T<=>T-> ((z,2)p~» (y,2)0) =T.

S0, Awexyeyzez T = ((2,2)p = (4,2)0) =T & Npexyeyzez T = ((2,2)p = (y,2)0) = T.
Thanks to right-distributivity, one has that:

/\:ceXerT - (/\zeZ(zafE)p - (y,z)a) =T <= /\xEXerT - (Azez(Z,ZE)p > (y>z)0) =T,
that is equivalent to

Naexyey T = (2,9)(p- @ 0-) =T = Ngexyey T = (2,9)(p-00-) = T.

Hence, it follows that:

Neexyey (2,9)Txy = (2,9)(p- ©0-) = T < Agexyey (2,9)Txy — (z,y)(p-00-) =T,
which means (Txy,p- @ 0-)Sxxy =T < (Txy,p-Q0_)Sxxy =T.

Now we see that we can characterize commutativity of a cdeo algebra replacing the
Galois connection of the condition (a) of Proposition 5.1.22 by the corresponding global
connection.
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Proposition 5.1.27. Let L = (L,—,T) be a w-ceo algebra. L is a commutative
cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are unique
V:RL(Z,X)xRy(X,)Y)->Rp(Y,Z), x : Ru(X,Y) x Rp(Y,Z) - Rp(Z,X) such
that, for all S' : Ry(Z,X) x Rp(Z,X) - L, S? : R (Y, Z) x Rp(Y, Z) - L and
S3:RL(X,Y) xRL(X,Y) - L such that:

- (Try(z.x) Iy (2.x)) 100 - (RL(Z,X), Szxx) = (RL(Z, X),SY);

- (IRL(Y,Z)’IRL(Y,Z))TW F(RL(Y,2),Svxz) ~ (RL(Y7Z)’S2);

- (Tre(xv)y Iry (X)) (RL(X,Y), Sxuy) = (RL(X,Y), S8?),

are type I1I T-including Galois connections, the diagram

(RL(X)Y)’S3)

T T

(RL(ZvX)v‘Sl) (RL(KZ)v‘Sz)

)

where ¢ : R, (Z, X) xRy, (Y, Z) - Ry, (X,Y) is defined by (p,0)p = p- @ o-, for all p €
Ry(Z,X),0 e RL(Y,Z), is a T-including Galois L-triangle and the following condition
holds:

(a/) VX7Y € |S€t‘ (IRL(X,Y)7IRL(X,Y)) : (RL(X7Y)7SX><Y) - (RL(X7Y)7S§(LXY)7
where XL+ xL — La (a)b) = (CL, ba )XL = (aXxY)beZ)X'

Proof. Taking into account the proof of Proposition 5.1.22 we only need to prove that
the stronger requirement here assumed is equivalent to the equality =+, where «»= x.
In fact, it follows from this equality that for all 7,7’ € Rp,(X,Y") and for all z € X,y e Y
(2.0)7 > (£9)7 = @y)7 = ()7 = (@y)rx(ey)rs whence (r,7)Sxar =
(1, 7)S¥5 -

Conversely, the latter equality applied to the constant relations 7,7’ with values a,b € L,
gives the equality a > b=a «» b, for all a,be L. ]

Corollary 5.1.28. Let L = (L,—,T) be a w-ceo algebra. L is an associative commu-
tative cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are
unique ¥ : Ry, (Z, X)) x R,(X,Y) - R (Y, Z2), x : Rp(X,Y) x Rp(Y, Z) - Ry (Z, X)
such that, for all S* : Rp(Z,X) x Rp(Z,X) - L, S* : RL(Y,Z) x R.(Y, Z) - L and
S3:RL(X,Y)xRL(X,Y) — L such that:

- (Zry(z.x)s TRy (2.x))700 - (RL(Z, X), Szxx) = (RL(Z, X),S");

- (Tro(v.z) I (viz))rin - (RL(Y, Z), Syxz) = (RL(Y, Z),S8%);

- (Try(xy) IR (x,v))rin + (RL(X,Y), Sxxy) = (RL(X,Y),S?),

are type I1I T-including Galois connections, the diagram

(RL(X7Y)7‘S3)

T T

(Ri(Z,X),SY) (RL(Y, 2),8%)
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where ¢ : R,(Z, X) xRy, (Y, Z) - Ry (X,Y) is defined by (p,0)p = p- @ o-, for all p €
Ry(Z,X),0 e Rp(Y, Z), is a T-including Galois L-triangle and the following conditions
hold:

() VX,Y €[Set]: (Ir, (x,v), Iry(x,y)) : (RL(X,Y),Sxuy) = (RL(X,Y),SY5y)-
(b) Vp € RL(Z7X) (wp_(pp) : (RL(va)v‘SYXZ) - (RL(Y7 Z)v‘SXXY)' d

Corollary 5.1.29. Let L = (L,—,T) be a w-ceo algebra. L is an associative commu-
tative cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and are
unique ¥ : Rp(Z,X) x Ry(X,Y) > Rp(Y, Z), x : Ru(X,Y) x Rp(Y, Z) -~ Ri(Z, X)
such that, for all S' : Ry,(Z,X) x Rp(Z,X) - L, 82 : RL(Y, Z) x R(Y, Z) - L and
S3:RL(X,Y) xRL(X,Y) - L such that:

- (Try(z.x) Iy (2.x)) 00 - (RL(Z,X), Szxx) = (RL(Z, X),SY);

- (IRL(KZ)’IRL(Y,Z))TW F(RL(Y,2),Svxz) ~ (RL(Y7Z)’82);

- (Tre(xv)y Iry (X)) (RL(X,Y), Sxuy) = (RL(X,Y), S8?),

are type I1I T-including Galois connections, the diagram

(RL(X,Y),S%)

T T

(Ri(Z,X),SY) (RL(Y, 2),8?%)

P

where ¢ : R, (Z, X) xRy, (Y, Z) - Ry, (X,Y) is defined by (p,0)p = p- @ o_, for all p €
Ry (Z,X),0 e Ry(Y, Z), is a T-including Galois L-triangle and the following conditions
hold:

(a’7) VX7Y € |Set| (IRL(X,Y)?IRL(X,Y)) : (RL(XaY)asXXY) - (RL(X7Y)7S§(L><Y)
(b) Vo e RL(Y7 Z) [SOO'_XO'] : (RL(Z)X)a‘SZXX) - (RL(X)Y))S;<(LY‘ O

X

Remark 5.1.30. We note that the condition required in the above proposition
(Zryxy) Iryxy)) @ (RL(X,Y),Sxxy) — (RL(X,Y),S8%%, ) is equivalent to

(8,8)Sxxy = (B,8")5%:y, for all 8,8 € Ry(X,Y). Hence, choosing, in particular,
the constant L-relations 3 = bxxy ' = by, and for all z € X,y € Y, we have that:
Awexyey b = b" = Agexyey (b,0")xp < b= = (b,b")xr. By arbitrariness of b,b" € L, it
follow that —= xr.

Hence, the global connection contained in the condition (a’) of the above proposition

forces xr, to be equal to —.

Proposition 5.1.31. Let L = (L,—,T) be a w-ceo algebra. L is an associative and
commutative cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist and
are unique ¢ : Rp,(Z, X) xRy (X,Y) > R (Y, Z), x : RL(X,Y)xRp (Y, Z) - RL(Z, X)
such that, for all S': Ry(Z, X) x Rp(Z,X) - L, S : RL(Y,Z) x Rp(Y, Z) - L and
S3:RL(X,Y) xRy(X,Y) - L such that:

- (IRL(Z,X)vIRL(Z,X)) F(RL(Z,X),Szxx) > (RL(Z7X)a81);
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- (Try(viz) Iy (v.zy) : (RL(Y, Z),Syxz) > (RL(Y, Z2),8%);
- (Try(xy) IRy () P (RL(X,Y), Sxxy) > (RL(X,Y),8?),

are type I1I global connections, the diagram

(RL(X,Y),S?)

T T

(RL(ZvX)vsl) (RL(KZ)7$2)

)

where ¢ : Ry (Z,X) x R (Y, Z) —» Ry (X,Y) is defined by (p,o)p = p- @ o, for all
peRL(Z,X),0 e R(Y,Z), is a relational L-triangle and the following condition holds:
(a") for all sets X,Y: (Iry(x,v) Iry(x,y)) t (RL(X,Y),Sxxy) = (RL(X,Y),SY5y ).

Proof. We note that the relational L-triangle in the statement is equivalent to the global
connections of conditions (b) and (¢) of Corollaries 5.1.28 and 5.1.29.
Then, the proof of the statement follows easily from such Corollaries. O

Corollary 5.1.32. Let (L,—,T) be a right-distributive w-ceo algebra. (L,—,T) is asso-
ciative and commutative if and only if, for any triple of sets (X,Y,Z), the diagram

(RL(X,Y),Sxxv)

/ \

(RL(Z,X),Szxx) (RL(Y,Z),Syxz)

")
where @, 1, x are defined, for all pe Ry, (Z,X),0 e R, (Y, Z), 7 e R, (X,Y) by:
- (po)p=p-0o0-;
- (pm)=(pOT)-;
-(r,o)x=(r0o)-
1$ a relational L-triangle. O

Further examples of the above defined L-triangles can be obtained involving the
intersection and the overlap degree L-relations defined in Section 3.2 instead of the
subsethood degree L-relations.

We recall from Section 3.2 that given a set X, a rigth-distributive w-ceo algebra (L, —,T)
with adjoint product ®, the intersection L-relation Tx : LX x LX — L is defined by
(A,B)Tx = Vaex(2)A ® (2)B, for all A,B e L*. If (L,—~,T) is a symmetrical cdeo
algebra, we can also consider the dual intersection L-relation Tx : LX x LX - L
such that (A4, B)Tx = Vaex(2)A®(z)B, for all A, B € LX. We notice that the equality

(A,B)Tx = (B, A)Tx holds for all A, B e L.
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Remark 5.1.33. 1. Let X,Y be two sets and consider the L-relation from Ry, (X,Y")
to itself Ty, : RL(X,Y) x RL(X,Y) — L such that:
(Zryxyys Iruxyy)en - (RL(X,Y), T,y ) = (RL(X,Y), Txxy) is a type III
T-including Galois connection.
Hence, for all a, o’ e R, (X,Y): T< (o, )Ty < T < (o, ") Txxy-
Moreover, if (Zry(x,v), IRy (x.v)) 10 ¢ (RL(X,Y), Ti.y) = (RL(X,Y), Txuy),
we have that for all a,a’ e Rp,(X,Y): (o, /)Ty .y # L < (a, /) Txxy # L.
If (Zry,(xy), Irp(xy))  (RL(X,)Y), T,y ) = (RL(X,Y), Tx«y) is a global con-
nection, then, obviously, for all o,a’ e R,(X,Y): (a,a/) T,y = (o, &) Txxy, and
hence, T,y = Txxy-

2. Let X,Y be two sets and consider 7;?5})/ RL(X,Y) xRy (X,Y) - L such that
(Zry (x.v) IRy (x )00 ¢ (RL(X,Y), Txxy) = (RL(X,Y), T¢L)) is a type III
T-including Galois connection.

Hence, for all a,a/ e Rp,(X,Y): T<(a,a)T¢5 < T< (o, ) Txxy-

Choosing, in particular, the constant L-relations a = axxy and o’ = bxyy, it is
easy to seen that T < (a,b)y < T < a®b; by arbitrariness of a,b € L, we have that
T<(a,b)Yp <= T<a®b, for all a,b,e L.

If (Zry(x,v), Iy (x,v)) : (RL(X,Y), Txxy) = (RL(X,Y), T¢L) is a global con-
nection, then, obviously, (a,b)1r, =a ®b, for all a,b,e L and hence, this condition
forces ¢, to be ®.

Proposition 5.1.34. Let L = (L,—,T) be a cdeo algebra.

1. If 1 is an element ®-irreducible of L, for any triple of sets (X,Y,Z) there exist
V:RL(Z, X)xRp(X,Y) > Rp(Y,Z), x: RL(X,Y)xRL(Y,Z) - Ry (Z, X) such
that, for all T' : Rp(Z,X) x Rp(Z,X) - L, T?:RL(Y, Z) x R(Y, Z) —» L and
T3 :RL(X,Y) xRL(X,Y) - L such that:

- (Try (2.x) DRy (2.)) 10t RL(Z,X), Tzxx) = (RL(Z,X), TY);
- (Irp(v.2), IR (v,2)) 10+ (RL(Y, 2), Tyxz) - (RL(Y, 2),T%);

- (Zry (xv) Tre(xv)) o (RL(X,Y), Txxy) = (RL(X,Y), T%),
are type 111 1-excluding Tarski connections, the diagram

(RL(X.Y),T?)
/ \

(RL(ZvX)7T1) (RL(Y7Z)7TQ)

)

where ¢ : Ry, (Z,X) x R, (Y, Z) - Ry(X,Y) is defined by (p,o)p = p- ®o_,
for all p e Rp(Z,X),0 € Ry(Y,Z), is both a L-including Tarski L-triangle and
L-excluding Galois L-triangle.

2. (L,—,T) is an associative and commutative cdeo algebra if and only if for any
triple of sets (X,Y,Z) there exist v : Rp(Z,X) x Rp(X,Y) —» Ryp(Y,Z2),
X:Rp(X,)Y)xRp(Y,Z) - Ry (Z,X) such that the diagram



CHAPTER 5. THE STRUCTURE OF MANY-VALUED RELATIONS 166

(Rp(X,Y), Txxy)

/ \

(RL(ZvX)>7—Z><X) (RL(}/’Z)vTYxZ)

©

where ¢ : Ry, (Z, X) x RL(Y, Z) > RL(X,Y) is defined by (p,0)p = p- ®o_, for
all pe R, (Z,X),0 e R, (Y, Z), is a relational L-triangle.

Proof. 1. If 1 is ®-irreducible, one has that a® (¢c®b) =L < a=1,b=1,c= 1, for all
a,b,ce L. Hence the following equivalences hold, for all a,b,c € L:

a®(c®b)=1<=(a®c)®b=1<=c®(a®b) = L.

So, for all pe Ry, (Z,X),0 e R,(Y, Z), 7e R, (X,Y) and for all z € X,y e Y,z € Z:
(z,2)p® ((z,y)T @ (y,2)0) = L <

((z,2)p® (2,y)7)® (y,2)0 = L <

(z,y)Te((z,2)p@ (y,2)0) = L.

Hence, for all pe R,(Z,X),0 e R (Y, Z2), 7 e R, (X, Y):
VxeX,er,ZEZ(zvx)p ® ((ZC,y)T ® (y7 Z)J) =l
VxeX,er,zeZ((z7x)p ® (:1:7y)7-) ® (y7 z)o=1<
VxeX,er,zeZ(xa YT ((2,2)p® (y,2)0) = L.

From distributivity condition on L,it follows that:
\/xeX,zeZ(za T)p® (\/er(xvy)T ® (y,2)0) =L <=
\/er,zeZ(\/a:eX(zv .’13),0 ® (1’, y)T) ® (y7 Z)U =l
\/xeX,er(ma y)T ® (VzGZ(Za l’)p ® (ya Z)U) =1

Then, we have that:

VzeX,zeZ(Za x)p ® (Z,:E)(T © U)— =l<=

Ver,zEZ(% Z)(p © T)— ® (y7 Z)U =l

\/xeX,er(xa y)T ® (l‘)y)(p— © U—)U) =1

that is

(0, ((T0©0))Tzxx =1 ((pOT)-,0)Tyxz = L <= (7,(p- ©0-)Txxy = L.

Hence, for all T': Ry, (Z,X)xRy(Z,X) - L, T?:Rp(Y, Z) x Rp(Y, Z) - L and
T3 :RL(X,Y) x RL(X,Y) - L such that:

- (Try(z.x) Ire(z.x) 10 (RL(Z, X), Tzxx) » (RL(Z,X), T);

- (Try(v,2) Ire (v,2) o0 - (RL(Y, Z), Tywz) = (RL(Y, 2), T?);

- (Try (x,v) Tre(x)) 0 (RL(X,Y), Taxy) = (RL(X,Y), T,

by Remark 5.1.33 we have that

(0, ((T00) )T =1 ((pOT)-,0)TH =1L (r,(p-00 )T = L.

Hence the diagram in the statement, where 1) €e R(RL(Y, 2))(R(Z,X),R(X,Y))
and x € R(Rp(Z,X))(R(Y,Z),R(X,Y)) are defined, for all p € Rp(Z,X),0 €
Rp(Y,Z), 7 e RL(X,Y) by:
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- () =(pOT)-;
-(ryo)x=(T1G0)-

is a L-including Tarski L-triangle. As already seen in Section 4.5, this is equivalent
to say that the diagram is a l-excluding Galois L-triangle, too.

2. Associativity and commutativity of L are equivalent to the equality, for all a, b, c €
Lia®(c®b)=(a®c)®b=c®(a®b). So, we can prove easily the statement,
with the similar arguments used in the item (1) and in Proposition 5.1.18, using
Remark 5.1.33.

Ol

Remark 5.1.35. We note that the result in the item (1) of Proposition 5.1.18 cannot be
extended to many-valued relations in the shape of the item (1) of the above Proposition,
even if L is symmetrical.

In fact, on one side we have that, for all a,b,c € L:

a®(c®b) =T (a®c)®b=T<=c®(a®b)=T

and, hence, for all pe Rp,(Z,X),0 e R, (Y, Z),7e Rp,(X,Y) and for all x € X,y e Y,z €
Z we have that: (z,2)p® ((z,y)7® (y,2)0) =T < ((z,2)p® (,y)T) @ (y,2)0 = T <
(@, )T ((z,2)p@ (y,2)0) =T.

On the other side, however the equivalences:

Viex zez(2,2)p® (Vyey (2,y)7 ® (y,2)0) =T =

\/yEY,ZGZ(VmGX(z’ ﬂi)p ® (xa y)T) ® (y7 Z)U =T <

vxeX,er(xa YT (Veez(2,2)p® (y,2)0) =T

need not be satisfied, for all pe R, (Z,X),0 e Rp(Y,Z),7 € R,(X,Y), unless T is com-
pletely v-irreducible.

Nevertheless, we remark that under the stronger assumption of associativity and com-
mutativity of (L, —, T), the diagram of the item (2) of the above Proposition is, of course,
an [-Galois L-triangle, for every upperset F' ¢ L, so, in particular, a T-including and
L-excluding Galois L-triangle.

Remark 5.1.36. Of course, under symmetry assumption we can consider the dual
intersection degree L-relation Tx; recalling the equality (A, B)Tx = (B, A)Tx, for all
A, B e L, we have that the diagram

/(Rf(X,Y)j‘Xxy)\
P X

(RL(Z,X), Tzxx) 7 (RL(Y, Z), Tyxz)

where @, 1, x are defined for all p e Ry, (Z,X),0 e Ry, (Y, Z), 7 e RL(X,Y) by:

- (p.o)p=(00p) =p-©0;
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- (p ) =T-Op-=(pOT);
- (ro)x=0-0m-=(T100)_,

is both a l-including Tarski L-triangle and a l-excluding Galois L triangle, if 1 is
®-irreducible (equivalently, ®-irreducible), since Tx have the similar properties of Ty,
as ® has the similar properties of ®.

Moreover, all the diagrams that can be obtained considering arbitrarily the intersec-
tion L-relation and the dual intersection in the vertices and %, x, @ or LZ,)Z,@ on the
sides, are both L-including Tarski L-triangles and 1-excluding Galois L triangles, if 1 is
®-irreducible (equivalently, ®-irreducible).

5.2 Double relational triangles

The results of Propositions 5.1.17, 5.1.18, 5.1.31 and 5.1.34 show how relational L-
triangles may be used to characterize the simultaneous occurrence of associativity and
commutativity of the algebra (L,—,T).

To deal with the symmetrical non-commutative case it is more convenient to consider
double L-triangles, as we shall see in this Section.

Definition 5.2.1. Let L be a possibly structured set and let (A, aq,a9), (B, p1,52) and
(C,y1,72) be sets, each equipped with two fized binary L-relations on it. The diagram

(C,71,72)
A B
( ,041,0[2) (50795) ( aﬁlaﬁ?)

with ¢, € Re(A, B), 1,19 € Rg(A,C) and x, X € Ra(C, B) is called double triangle
of L-relations or, simply, double L-triangle.

Definition 5.2.2. Let L be a set and let = be an equivalence relation on it. The double
triangle of L-relations

) (C,’Yl,’m)
A B
(A, a1, a2) o7 (B, 51, 52)

is called double relational L-triangle if for all a € A,b € B,c € C the following
equivalences hold:

1. ((a’ C)sz)v b)/Bl = (C’ (av b)90)71"
2. ((CL, C)sz)v b)ﬂ2 = (Ca (av b)@)’h;
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3. (a,(c,b)x)ar = ((a,¢)¢h,b)B1;
4. (a,(e,b)0)az = ((a, ), b) Bo;
5. (a, (¢, b)X) a1 = (¢, (a,0)p)72;
6. (a,(c,b)x)az = (¢, (a,b)@)y-

Double relational L-triangles are an enrichment of relational L-triangles. In fact,
there is no choice of the relation in each vertex and of the relation on each side that give
rise to a relational L-triangle; so, a double relational L-triangle cannot be obtained by
merging two relational L-triangles.

Conversely, the class of relational L-triangles may be embedded in that of double ones;
in fact, to any given relational L-triangle as in Definition 5.1.2 one can associate the
following

(Civ,7)
o2
(A7a7a) ( (B71676)
®, ¥)

which is a double relational L-triangle.

Remark 5.2.3. In a similar way as in Remark 5.1.3 and Proposition 5.1.4, one can get
several equivalent descriptions of the double relational L-triangle of Definition 5.2.2 as
well as of those of the Definition 5.2.4 below.

Definition 5.2.4. With the above notation, the double triangle of L-relations

~ (Ca’}/lv’m)
A B
(A, a1, a2) 7 (B, 51, 52)

is called double E relational L-triangle if for all a € A,b € B,c € C the following
equalities hold:

- ((a,0)¥,0)B1 =k (e, (a;b)p)71;
- ((a,0)9,b) B2 =p (e, (a,0))2;
- (a, (e,)x)a1 = ((a,¢),b)Bi;
- (a,(e,b)X)a2 =k ((a,c)1p,b)Ba;

. (a,(e,b)X)a1 =g (¢, (a,b)@)V2;

~

S O A L

: (CL, (C7 b)X)a2 =E (C7 (CL, b)@)')/l-
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Of course, also in this case, the terminology introduced in Chapter 4 on equivalences
and connections may be borrowed for double relational L-triangles; so, assuming the
needed requirements on L, we shall speak of

- relative double relational L-triangles;

upper and lower double relational L-triangles;

FE-including and E-excluding upper or lower double relational L-triangles;

point-including and point-excluding upper or lower double relational L-
triangles.

We shall also call every kind of upper double relational L-triangle Galois double

L-triangle of that kind and every kind of lower double relational L-triangle Tarski
double L-triangle of that kind.
One can restate for double relational L-triangles most results proved for equivalences and
connections in Sections 4.2, 4.3 and 4.4 , except those involving the classification into
four types of equivalences and connections. In fact, double relational L-triangles have the
feature to gather all together the four types of connections as the following results shows.
To give details of this feature, we note that each arrow of a double triangle of L-relations
determines four maps defined on the vertices adjacent to the arrow and taking values in
the opposite vertex; so, with notation of Definition 5.2.2, for any a € A,b € B,c € C we
consider

Yo = (a,=)p: B~ C, ¢y = (a,~):C — B;
$a=(a,-)¢: B~ C, o =(a,~)):C ~ B;
op=(=b)p: A= C, xp=(=,b)x:C - A;
= (=b)p: A=>C, Xp=(=0)x:C > 4
Ye=(=c)p: A= B, xc=(¢,-)x: B~ A
be= (=) A>B, Xc=(c,-)x: B~ A

Then, in case of a double relational L-triangle, one has four families of connections
of the four different types; in fact, the assumed equivalences give soon

{(&CaXC) : (A,Oél) - (B7ﬁl)| ce C}
{)f(cawc(: (B>ﬁ2) - (Aon)l ce C} )
{[Xb-pp] : (C,72) > (A, )| be B}
and the forth family comes from Proposition 4.2.11 and from Remark 5.2.3
{IXe-ou[: (C, (12)-) = (A, (a1)-)[ be B}

Similarly, every F double relational L-triangle, or every F' double Galois L-triangle,
F c L any upperset, or every I double Tarski L-triangle, I € L any lowerset, gives four
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families of corresponding connections of the four different types.

The results of Section 4.2 on equivalences allow to state the following result, where
we assume, for items (3), (37), (4), (4’) that = is induced by a preorder relation in L.

Proposition 5.2.5. With the already stated notation, for the double triangle of L-
relations

~ (0771772)
W W
(A, a1,a2) . (B, 51, 52)
(¢ @)

the following are equivalent:

(1) it is a double relational L-triangle;

(2) it is a double E relational L-triangle, for every E € L;

(2°) it is a double {x} relational L-triangle, for every x € L;

(8) it is a double F' relational L-triangle, for every upper set F ¢ L;
(3°) it is a double 21 relational L-triangle, for every x € L;

(4) it is a double I relational L-triangle, for every lower set I € L;

(4’) it is a double 1M relational L-triangle, for every x € L.

5.2.1 Double relational triangles and cdeo algebras

Proposition 5.2.6. Let L =(L,—,T) be a w-ceo algebra.

L is distributive if and only if there exist @,X,)Z,qﬁ,vf) : L x L — L such that,
for all ai,00,p1,62,71,72 + L x L - L such that (ip,ir).m : (L,—») = (L,q5),
(iL’iL)T[T] : (Laﬁ) - (Laﬁj)’ (iLviL)T[T] : (Lv_)) - (Lv’Yj)’ forj = 1a2) the diagram

~ (L7717’72)
(L, 00, az) . (L, B1,B2)
(=, 9)

s a Tm—z’ncludmg double Galois L-triangle.

Proof. *“ =" As in Proposition 5.1.7, if L is distributive, then there exist ¢ : L x L - L
and ® : L x L > L such that c<a—>b<a®c<b< a<(c¢b)g, for all a,b,ce L.
Thanks to these equivalences, we can deduce the following conditions, which hold for all
a,b,ce L:
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—_

d.
6.

. T<((a,0)®,b) > 1< (c¢,(a,b) ) —;
. T<((c,0)®,b) > T < (¢,(a,b)p) —;
. T<(a,(c,b) ») > T<((c,a)®,b) —;

. T<(a,(e,b)@) »<= T < ((a,¢)®,b) —;

T < (a,(c,b)@) =< T < (¢, (a,b) —») —;

T< (. (e,b) =) > T < (e, (0,0))
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Hence, for all oy, a9, 51, 52,71,72 + L x L - L such that (ir,ip).m : (L,—~) = (L, q5),
(iL,iL)TNm : (L,=) = (L,By), (ir,iv)m : (L,=) = (L,7v;), for j = 1,2, there exist
X, X, ¥, : L x L > L determined uniquely, for all a,b,c € L, by:

(e,b)x =c—b;
(C> b)f( = (Ca b)@v
(a,0)Y=a®c;

(a,0)p=c®a=a®”c

such that the following conditions hold:

1.
2.
3.
4.
d.
6.

Hence, the diagram in the statement is a T"-including double Galois L-triangle.

T < ((a,0)1h,b)B1 < T < (¢, (a,b)p)n;
T < ((a,0)1h,b)B2 < T < (¢, (a,b)$)y2;
T < (a, (¢, b)x)ar < T < ((a,¢),b)B1;
T< (4, (¢, b)X) a2 < T < ((a,¢)¢h,b)Ba;
T < (a, (e, b)X) a1 < T < (¢, (a,b))y;

T < (a,(e,b)x)as < T < (¢, (a,b)@)1.

“ <7 By assumption that the diagram in the statement is a Tm—including double Galois
L-triangle and by the conditions (1) and (5) of Definition 5.2.4, it follows that, for all
a,b,ce L:

T<((a,e),b)B1 < T < (¢,(a,b) =)v1;

T < (a,(e,b)X)a1 < T < (¢, (a,b)p)o.

Since, by assumption, (iLviL)T[T] : (L7_>) - (L,Oéj), (iLaiL)T[T] : (La_>) - (Laﬂj)a
(i i) (L, =) = (L,v;), for j = 1,2, we have that, for all a,b,c e L:

(a,c)p <b<=c<a—b;
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-a<(gb)y = c<a—b.

So, as in Proposition 5.1.7, we can deduce that L is distributive. ]

Remark 5.2.7. 1. As in Remark 5.1.8, wusing the type III connection
(ir,ir).m ¢ (L,—) = (L,—), by Proposition 5.2.6 one can deduce that the

diagram
L)
0o R
L. —. - L.—, -
( ) ? ) (_)7 4)5) ( 9 ) )

is a T[M-including double Galois L-triangle if and only if (L,—,T) is a cdeo algebra.

2. If (L,—,T) is a symmetrical cdeo algebra, «»: L x L. - L is the dual implication,
hence it induces the same order as —, then (ir,ir).m : (L,~) = (L,~), and
c<a—->b<sa<cwb, forall a,b,ce L. Hence, by Proposition 5.2.6, the diagram

(L,~,~)

o

L, », L. -
(L) e (L)

is a T(M-including double Galois L-triangle.
Further L-triangles of the same kind can be obtained from this one by a free choice,
between — and , of the two operations (e.g. L-relations) in each vertex.

Proposition 5.2.8. Let L =(L,—,T) be a w-ceo algebra.

L is a symmetrical cdeo algebra if and only if there exist @,X,X,w,d; :Lx L — L such
that, for all ar,az,B1, B2, 71,72 + Lx L — L such that (ir,ir).m : (L,~>) > (L, ay),
(irsir)m = (L, =) = (L, B5), (ivyic)m : (L, =) = (L,7;), for j =1,2, the diagram

~ (L7’71772)
L L
(L, 00, az) o) (L, B1,B2)

s a T[ﬂ—mcluding double Galois L-triangle and the following condition holds:

(a) (ip.in)em = (L, =) = (L, X).

Proof. “=-" Asin Proposition 5.1.9, if L is a symmetrical cdeo algebra, then there exist
p=»LxL—->L ®®&:LxL—Lsuchthatc<a—-b<a®c<b< a<cwb, forall
a,b,ce L, - and » induce the same order, i.e.(ir,ir)m : (L,~) = (L,~) and ® and ®
are opposite to each other.

Thanks to these properties, we can deduce the following conditions, which hold for all
a,b,ce L:
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1.

2.

3.

4.

D.

6.

T< ((a,¢)®,b) »<= T< (¢, (a,b) ») —;
T<((a,¢)®,b) »<= T < (¢, (a,b) ») —;
T < (a,(c,b) =) »<=> T < ((a,0)®,b) —;
T < (a,(¢,b) ») > T < ((a,0)®,b) —;
T<(a,(c,b) ») »<=T<(c,(a,b) =) —;
)

T<(a,(¢,b) =) > T< (¢, (a,b) ») —>.
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Hence, for all oy, an, 51, 82,v1,72 + L x L - L such that (irp,ip).m ¢ (L,—) = (L,q5),
(iLviL)Tp] : (L7_)) - (L76])7 (iLaiL)T[T] : (La_)) - (Laf)/])a for .7 = 1727 there exist
X, X, ¥, : L x L - L determined uniquely, for all a,b,c € L, by:

(e,b)x =c—b;
(c,b)x =c~b;
(a,c)p=a®c;

(a,0))h = c®a=ad¢

such that the following conditions hold:

1.

2.

3.

4.

D.

6.

Hence, the diagram in the statement is a T"-including double Galois L-triangle.

T < ((a,0)¥,b)p1 = T < (¢, (a,b)p)71;
T < ((a,0)9,b)B2 = T < (¢, (a,0)@)r2;
T < (a,(e;b)x)an = T < ((a,)9,0)Bs;
T < (a,(¢,b)x)az = T < ((a,¢)9h,b)fa;
T<(a, (¢,;b)x)ar = T < (¢, (a,0))72;

T < (a,(¢,b)x)ag <= T < (¢,(a,b)@)7-

“ <7 By assumption that the diagram in the statement is a Tm—including double Galois
L-triangle and by Proposition 5.2.6, we can deduce that L is distributive. Moreover, as
in Proposition 5.1.9, we can prove that the condition (ir,ir).r : (L, —~) = (L, x) implies
that L is symmetrical.

Proposition 5.2.9. Let L =(L,—,T) be a w-ceo algebra.
L is an associative cdeo algebra if and only if there exist @yX,f(ﬂ/)ﬂ»E :Lx L — L such
that, for all on,aa, b1, B2, 71,72 * L x L - L such that (ip,ir)m : (L,—=) = (L,q5),
(iL,iL)T[T] : (L7_)) - (L7/Bj)7 (iL7iL)T[T] : (L7_>) - (L77j)7 Jor j = 1,2, there exist
X, X, U, 1]} :Lx L — L, the diagram

O]



CHAPTER 5. THE STRUCTURE OF MANY-VALUED RELATIONS 175

~ (L7’71772)
L L
(L, 00, a2) -~ (L, B1,B2)

15 a T[T]-including double Galois L-triangle and the following condition holds:
(b) for every be L, (¢p- =) : (L, ) = (L, ).

Proof. By Proposition 5.2.6, the distributivity of L is equivalent to all the conditions
required in the statement, except the type I connection (- =) : (L,—~) = (L, ).

As in Proposition 5.1.10, we can prove that the associativity of L is equivalent to the
condition (b). O

Corollary 5.2.10. Let L = (L,—,T) be a w-ceo algebra. L is an associative sym-
metrical cdeo algebra if and only if there exist gé,x,)z,zb,& : L x L - L such that,
for all ai,00,p1,62,71,72 + L x L - L such that (ip,ir).m * (L,—») = (L,q5),
(iryir)m = (L, =) = (L, B5), (ir,ir)m ¢ (L, =) = (L,v;), for j =1,2, the diagram

~ (L7'71772)
L L
(L, 0, az) -~ (L, B, B2)

is a TM-including double Galois L-triangle and the following conditions hold:
(a) (ir,ip)m : (L, =) = (L, X);
(b) for every be L, (- ) : (L) — (L, ~).
Proof. The statement is an easy consequence of Propositions 5.2.8 and 5.2.9. O

An alternative characterization of associative symmetrical cdeo algebra can be given
as follows.

Proposition 5.2.11. Let L = (L,—,T) be a w-ceo algebra. L is an associative sym-
metrical cdeo algebra if and only if there exist g&,x,f(,@b?q; : L x L - L such that,
for all ai,00,B1,62,71,72 + L x L - L such that (ip,ir).m : (L,—») = (L,q5),
(iL,iL)T[T] : (L’%) - (Lvﬁj)f (’iL7iL)T[1] : (Lv_)) - (Lv’Yj)7 for j =1,2, the diagram

(L7/71572)
W &5{)‘\
L L
( ,061,0{2) (_)7¢) ( )/81’52)

s a T[T]—mcluding double Galois L-triangle and the following conditions hold:
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((l) (Z.LaiL)T[T] : (La_>) - (L7>~()7
(c) for everybe L, [ -Xp]: (L, X) > (L, ).
Proof. The proof is similar to that of Proposition 5.1.12. O

Proposition 5.2.12. Let L = (L,—,T) be a w-ceo algebra.

L is a commutative cdeo algebra if and only if there exist @,X,S(,@/;,q; : L x L — L such
that, for all oy, 00, B1,B2,71,72 + L x L - L such that (ir,ip).m : (L,~) = (L, ),
(ipsin)pmn (L, =) = (L, B5), (iryic)m < (L, =) = (L,;), for j=1,2, the diagram

~ (L)fylu’}/?)
W m
L L
(L,a1,00) = (L, B1,B2)

s a Tm—mcludmg double Galois L-triangle and the following condition holds:
(a') (iryir) (L, =) = (L, X)-

Proof. The proof is similar to that of Proposition 5.1.14. O

Corollary 5.2.13. Let L = (L,—~,T) be a w-ceo algebra. L is an associative and
commutative cdeo algebra if and only if there exist @,X,f(,w,q[) : Lx L - L such
that, for all o, s, B1,B2, 1,72 * L x L - L such that (ir,ir).m * (L,—~) = (L,q5),
(i in)m (L, =) = (L, B5), (ir,ir)m ¢ (L, =) = (L,v;), for j =1,2, the diagram

_ (L771772)
(. ¥) N
(L, 00, a2) . (L, B, B2)
(=, %)

is a TM-including double Galois L-triangle and the following conditions hold:
(a’) (ip,ir): (L, =) = (L,X);
(b) for every be L, (¢p-—p): (L, =) = (L, ).

Proof. The statement is an easy consequence of Corollary 5.2.10 and Proposition 5.2.12.
O

Proposition 5.2.14. Let L = (L,—,T) be a w-ceo algebra. L is an associative com-
mutative cdeo algebra if and only if there exist gb,)@f(,@b,vf) : L x L - L such that
for all ai,o0,p1,62,71,72 + L x L - L such that (ip,ir).m : (L,—») = (L,q5),
(ir,ir)m : (L,=) = (L, B5), (ir,in).m : (L, =) = (L,~;), for j = 1,2, the diagram
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~ (L7’71772)
L L
(L, 00, a2) -~ (L, B1,B2)

15 a T[T]-mcluding double Galois L-triangle and the following conditions hold:
(a’) (ip,ir): (L, =) = (L,X);
(b) for every be L, [—y -xs]: (L, x) =~ (L, ~).

Proof. The statement is an easy consequence of Corollary 5.1.12 and Proposition 5.2.12.
O

As anticipated in the introduction to this section, unlike what happens with L-
triangles, it is possible to characterize associativity of symmetrical cdeo algebra by means
of the existence of a particular double relational L-triangle, without getting the commu-
tativity condition. In fact, the following holds.

Proposition 5.2.15. Let L = (L,—,T) be a symmetrical cdeo algebra. L is associative
if and only if the diagram

(L,=,~)

o e

L.—. - L N
(B 2) e (L)

18 a double relational L-triangle.

Proof. “ =7 If L is a symmetrical associative cdeo algebra, then it has been proved in
Subsection 2.1.5 that the following equalities hold, for all a,b,c€ L:

1. ((a,c)®,b) == (c, (a,b) =) —;
2. ((a,0)8,b) == (c, (a,b) »)
- (a,(e,b) =) == ((a,)®,b) =
4. (a,(c,b) =) == ((a,c)®,b)
- (a,(e,0) ») == (¢, (a,0) =) =
- (a,(c,b) =) == (c, (a,b) =) —.

w

o Ot

So, the diagram in the statement is a double relational L-triangle.
“ <" Tt has been seen in Subsection 2.1.5 how the first condition (1) that, by Definition
5.2.2, characterize the double relational L-triangles implies that L is associative. O

Proposition 5.2.16. Let (L,—,T) be a right-distributive w-ceo algebra.
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1. If (L,—,T) is a symmetrical cdeo algebra, for all aq, s, B1,B2,71,72: Lx L — L
such that (ip,ic)rm = (L,®) - (Lyoy), (ir,ic)yn : (L,®) — (L)),
(ir,ir)m ¢ (L, ®) = (L,vj), for j =1,2, the triangle of L-relations

(LarylerQ)
y W\
(L7a15a2) (®7®) (L’/BLB?)

is both a T-including double Galois L-triangle and a T-excluding double Tarski
L-triangle.

2. If 1 is ®-irreducible, for all oi,09,81,82,71,72 : L x L — L such
that (iL)Z'L)L(l) : (L7®) g (L,O[j), (iL)iL)L(l) : (L7®) - (Lvﬁj)r
(ir,ir), ) : (L,®) = (L, ), for j=1,2, the triangle of L-relations

(L,71,72)
(L, o1, 0a0) .9 (L, B1, B2)

is L-including double Tarski L-triangle and a L-excluding double Galois L triangle.

3. (L,~,T) is an associative and commutative cdeo algebra if and only if for
all a1, 00,01,P2,71,72 : L x L - L such that (ir,ir) : (L,®) - (L,q; ),
(i0,1) : (L,®) — (L, By), (ir,i)  (L,®) - (L), for j = 1,2, the triangle of
L-relations

(L,71,72)
W w
(L,Oél,OéQ) (®, ®) (L7515ﬁ2)

1s a double relational L-triangle. O

Remark 5.2.17. Of course, under symmetry assumption, the diagram

(L,®,®)
0o
(L,®,®) o (L,®,®)

is
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1. both a T-including double Galois L-triangle and a T-excluding double Tarski L-
triangle;

2. both a l-including double Tarski L-triangle and a l-excluding double Galois L
triangle, if 1 is ®-irreducible (equivalently, ®-irreducible);

3. a double relational L-triangle if and only if (L, —, T) is an associative and commu-
tative cdeo algebra.

Moreover, all the diagrams that can be obtained considering arbitrarily (L,®,®) or
(L,®,®) in the vertices and (®,®) or (®,®) on the sides, are

1. both a T-including double Galois L-triangle and a T-excluding double Tarski L-
triangle;

2. both a l-including double Tarski L-triangle and a l-excluding double Galois L
triangle, if 1 is ®-irreducible (equivalently, ®-irreducible);

3. a double relational L-triangle if and only if (L,—,T) is an associative and com-
mutative cdeo algebra (in fact, under commutativity assumption, ® = ®, i.e.

(ip,ip): (L,®) > (L,®)).

Proposition 5.2.18. Let (L,—,T) be a symmetrical cdeo algebra. L is associative if
and only if the triangle of L-relations

(L,®,®)
o
(L, ®,®) ©.) (L, ®,®)

18 a double relational L-triangle.

Proof. The statement is equivalent to the following equalities that hold, for all a,b,c € L,
if and only if L is an associative symmetrical cdeo algebra:

1. (a®c)®b=c® (a®b);
2. (a®c)®b=c®(ad®b);

3. a®(c®b)=(a®c)®b;
4. a®(c®b) = (a®c)®b;

5. a® (c®b) = c®(a ® b);

6. a®(c®b) = c® (a®D).
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5.2.2 Double relational triangles and many-valued relations

Results similar to those viewed for relational L-triangles can be given for double
relational L-triangles. The proof of the following propositions use similar arguments as
in Subsection 5.1.2.

Proposition 5.2.19. Let L = (L,—,T) be a w-ceo algebra. L is distributive if and only
if for any triple of sets (X,Y,Z) there exist ¢ : Rp,(Z,X) x Rp(Y,Z) - Rp(X,Y),
U, RL(Z, X)xR(X,Y) = RL(Y, Z), x, X : RL(X,Y) xR (Y, Z) - Ri(Z, X) such
that, for all S}  : RL(Z,X) xRL(Z,X) - L, %, : RL(Z,X) xRn(Z,X) - L,
Sy 7 RL(Y, Z) xR (Y, Z) > L, 82, , : RL(Y, Z) xRL(Y, Z) » L, Sy : RL(X,Y) x
Ry(X,Y) > L and §% ., : RL(X,Y) x RL(X,Y) - L such that:

- (Try(2.x), IRy (2,x) )1t ¢ (RL(Z, X), Szxx) = (RL(Z, X), 87, x);

- (Tryv,iz) Ire(viz)) i - (RL(Y, Z), Syxz) — (RL(KZ)aS{/XZ);

- (Try(xv) Iry (x,v)) i (RL(X,Y), Sxxy) = (RL(X,Y), 8%y ),

for 7 =1,2, are type Il T-including Galois connections, the diagram

(RL(Xa Y)7 S}(XY’ SJZ{XY)

(RL(Z7X)’Sé><X’S%xX) (RL(sz)v‘S‘}l/xZ’S}Z/XZ)

(¢, @)

where ¢ : Ry (Z,X) x RL(Y,Z) —» Ry (X,Y) is defined by (p,o)p = p- @ o_, for all
peRL(Z,X),0 e RL(Y,Z), is a T-including double Galois L-triangle.

Proof. The proof runs as in Proposition 5.1.20, after defining the functions
¢:RL(Z7X)XRL(Y7Z)_)RL(X7Y)7 ¢7¢ : RL(ZaX) x RL(X>Y) - RL(YaZ)a
X>X:RL(X,Y)xRL(Y, Z) - R(Z, X) as follows:

- (p,a)gﬁzp-cﬁa_;
(0,1 =(pOT)-;
- (p =T = (pO7 )

(r.o)x=(r00);

- (r,0)x = (T0)-

by using the operations ®, ¢y, : L x L - L such that c<a—-b<a®c<b<a< (¢, b)dr,
for all a,b,c € L, whose existence is equivalent to the distributivity of L. O

Remark 5.2.20. 1. The conditions assumed in the above Proposition such as
(Try(x,y)s Iry(x,y))«n  (RL(X,Y), Sxxy) = (RL(X,Y),S%.y)

mean that each of Sg(xy and the other L-relations in the vertices of the L-triangle
induce on the set where they are defined, e.g. Ry, (X,Y") or Ry,(Z, X) or Ry, (Y, Z2),
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the same order as the corresponding subsethood degree does, i.e. the natural or-
dering of the w-ceo algebra pointwisely induced by (L, —,T).

This means that each of SJZ>< X S{,X 75 ngxy is a weak L-order which is compatible
with the subsethood L-relation.

Of course, each of the subsethood L-relation, and the dual subsethood L-relation,
in case of a symmetrical cdeo algebra, as well, satisfies the above condition, so
each of them may replace each of the L-relation in the vertices of the L-triangle in
Proposition 5.2.19.

Moreover, we remark that the statement of such Proposition holds if and only if
it is true for any single, free choice of the L-orders in each vertex of the double
L-triangle, so we shall formulate next statements only using either the subsethood
or the dual subsethood L-relation.

It has to be meant, however, that in the subsequent statements, except in Propo-
sitions 5.2.28 and 5.2.29, each of the subsethood or dual subsethood L-relation in
the vertices of the double L-triangles may be replaced by corresponding relations
that, in fact, induce the same order as the subsethood L-relation does, i.e. by
corresponding compatible weak L-order on the appropriate set.

2. Now, we also restate the above Proposition, according to item (1) of this remark.
Let (L,—,T) be a w-ceo algebra. L is distributive if and only if the diagram

(RL(X,Y),Sxxy,Sxxy)

y m

(RL(Z,X),S2xx,Szxx) (RL(Y,Z),Syxz,Syxz)

(¢, @)

is a T-including Galois L-triangle, where ¢, o : Ry (Z, X) xRy (Y, Z) - Rp(X,Y),
0,0 RL(Z, X)xRL(X,Y) - R(Y, Z), x, X : RL(X,Y) xR(Y, Z) - Ri(Z, X)
are defined as in the above Proposition.

We also remark that, if L is a symmetrical cdeo algebra, all the diagrams that can
be obtained by the one above described, considering, arbitrarily, in each vertex one
of the corresponding pairs (S,S), (S,S), (S,S) are T-including Galois L-triangles.

Proposition 5.2.21. Let L = (L,—,T) be a w-ceo algebra.

L is symmetrical cdeo algebra if and only if for any triple of sets (X,Y,Z) there exist
P RL(Z7X) X RL(Y7Z) - RL(Xay); (LR RL(Z7X) X RL(XaY) - RL(KZ) ’
XX :RL(X,Y)xRL(Y,Z) - Ry (Z, X) such that the diagram

(RL(X,Y),Sxxy,Sxxy)

yw

(RL(Z,X),S82xx,Szxx) (RL(Y,Z2),Syxz,Syxz)

(¢: @)

where o : RL(Z,X) xR, (Y, Z) - RL(X,Y) is defined by (p,0)p=p-@o_, for all p e
Ry(Z,X),0 e R(Y, Z), is a T-including Galois L-triangle and the following condition
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holds:
(a) VX,Y € |Set]: (Zry(x,v) Iry(x,v))-im ¢ (RL(X,Y),Sxxy) = (RL(X,Y), S5V, ),
where xp : Lx L - L,(a,b) = (a,b,)Xr = (axxy,byxz)X-

Proof. The proof runs as in Proposition 5.1.22, after defining the functions
Sé:RL(ZaX)XRL(YvZ)%RL(X’Y)? ¢7¢ : RL(Z’X) x RL(va) - RL(KZ)v
XX RL(X,)Y) xRL(Y,Z) - Ry, (Z, X) as follows:

- (po)p=p-0o-;
- (p,o)p=p-0o;

(o) =(pOT)=;
(p,7) = (pOT)-;

(ro)x=(r00);

(r,0)x = (TQ0)_.

O]

Proposition 5.2.22. Let L = (L,—,T) be a w-ceo algebra.

L is an associative cdeo algebra if and only if for any triple of sets (X,Y,Z) there
exists ¢: RL(Z, X) x R(Y, Z) = Ru(X,Y), ¥,¢ : R (Z, X) x Ry, (X,Y) - Ri(Y, Z),
XX RL(X,Y) xRL(Y, Z) - Ry (Z, X) such that the diagram

(RL(X,Y),Sxxy,Sxxy)

y m

(RL(Z,X),S2xx,Szxx) (RL(Y,Z),Syxz,Syxz)

(¢, )

where ¢ : Ry (Z,X) x RL(Y,Z) —» Ry (X,Y) is defined by (p,o)p = p- @ o, for all
peRL(Z,X),0 e RL(Y,Z), is a T-including Galois L-triangle and the following condi-
tion hold:

(b) Vp € RL(Z,X): (dp-pp) + (RL(X,Y),Syuz) - (RL(Y,Z),Sxxy) is a type
I global connection, where ¢, : R(X,Y) - Rp(Y,Z),7 = (1)¢, = (p,7)¢ and
¢p:RL(Y, Z) > RL(X,Y), 0~ (0)p, = (p,0)ep.

Proof. The proof runs as in Proposition 5.1.23, after defining the functions
@zRL(ZaX)XRL(sz)QRL(X’Y)’ lbﬂ/J : RL(ZaX) X RL(va) - RL(KZ)v
X, X RL(X,Y) xRL(Y,Z) - Ry, (Z, X) as in Proposition 5.2.19. O

Corollary 5.2.23. Let L = (L,—,T) be a w-ceo algebra. L is a symmetrical
associative cdeo algebra if and only if for any triple of sets (X,Y,Z) there ex-
ist ¢:RL(Z,X) xRe(Y,2Z) > RL(X,Y), ¢,¢ : RL(Z, X) x RL(X,Y) - Ri(Y,2),
XX RL(X,Y) xRL(Y, Z) - Ry (Z, X) such that the diagram
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(RL(X7Y)78X><Y78X><Y)

(RL(Z7X)1‘SZ><X7SZ><X) (RL(Y7Z)>SY><Z7SY><Z)

(p, @)

where p : RL(Z,X) xRy, (Y, Z) » RL(X,Y) is defined by (p,0)p =p-@o_, for all p e
Ri(Z,X),0 e RL(Y,Z), is a T-including Galois L-triangle and the following conditions
hold:

(a) VX,Y €[Set]: (Tr,(x,v)> IRy (x.v))+0 F (RL(X,Y), Sxxy) = (RL(X,Y), Sy );
(b) Vpe RL(Z, X): (¥p-pp) : (RL(X,Y),Syxz) = (RL(Y, Z), Sxxv).

Proof. The statement is an easy consequence of the Proposition 5.2.21 and 5.2.22. [

Proposition 5.2.24. Let L = (L,—,T) be a w-ceo algebra. L is symmetrical as-
sociative cdeo algebra if and only if for any triple of sets (X,Y,Z) there exists
(ﬁ:RL(ZvX) XRL(Yaz) _)RL(X7Y)7 (LRI RL(ZvX) X RL(va) - RL(Y>Z);
X, X :RL(X,Y) xRL(Y,Z) > Rr(Z, X) such that the diagram

(RL(X,Y),Sxxyv,Sxxy)

(RL(Z,X),S52xx,52xx) (RL(Y,Z),Svxz,Syxz)

(¢, &)

where ¢ : Ry, (Z,X) x R,(Y,Z) - Ry (X,Y) is defined by (p,0)p = p- @ o—, for all
peRL(Z,X),0 e RL(Y,Z), is a T-including Galois L-triangle and the following condi-
tions hold: )

(a) VXY €|Set]: (Iry (x.v): IRy (x.v)) 70 (RL(X,Y), Sxxv) = (RL(X,Y), S35y )
(C) Vo e RL(Y’ Z)" [900'5(0] : (RL(ZvX)>SZ><X) - (RL(va)vsgc(];Y) s a type
I global connection, where ¢, : RpL(Z,X) - RpL(X,Y),p = (p)vs = (p,0)p,
>20’ : RL(va) - RL(ZaX)vT — (T)XU = (TaU)X-

Proof. The proof runs as in Proposition 5.1.25, after defining the functions
O:Rp(Z,X)xRp(Y,Z) - Rp(X,Y), ¥,v : Rp(Z,X) x R,(X,Y) - Rp(Y,2),
X, X RL(X,Y) xRL(Y,Z) - R, (Z, X) as in Proposition 5.2.21. O

Proposition 5.2.25. Let L = (L,—,T) be a w-ceo algebra.

L is commutative cdeo algebra if and only if for any triple of sets (X,Y,Z) there ex-
ist ¢ : Ry(Z,X) x Ry(Y, Z) > RL(X,Y), ¢,9 : RL(Z,X) x RL(X,Y) - RL(Y,2),
X, X RL(X,Y) xRL(Y, Z) - Ri(Z, X) such that the diagram

(RL(Xay)asXxY7SX><Y)

y m

(RL(Z7X)aSZ><X7$Z><X) (RL(Y7Z)>SY><Z7SY><Z)

(¢, @)
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where ¢ : R,(Z, X) xRy, (Y, Z) - Ry (X,Y) is defined by (p,0)p = p- @ o-, for all p €
Ry(Z,X),0 e RL(Y, Z), is a T-including Galois L-triangle and the following condition
holds:

(a/) VX7Y € |S€t‘ (IRL(X,Y)7IRL(X,Y)) : (RL(X7Y)7SX><Y) - (RL(X7Y)7S§(LXY)7
where xr : xL - L, (a,b) = (a,b,)XL = (axxy,byxz)X-

Proof. The proof runs as in Proposition 5.1.27, after defining the functions
Sé:RL(ZaX)XRL(YvZ)%RL(X’Y)? ¢7¢ : RL(Z’X) x RL(va) - RL(KZ)v
XX :RL(X,Y) xRL(Y,Z) - Ry, (Z, X) as in Proposition 5.2.19. O

Corollary 5.2.26. Let L = (L,—,T) be a w-ceo algebra. L is an associative
commutative cdeo algebra if and only if for any triple of sets (X,Y,Z) ther ex-
ists ¢:RL(Z, X) xRL(Y,Z) > RL(X,Y), ¢,¢ : RL(Z, X) x RL(X,Y) - RL(Y,2),
X, X :RL(X,Y) xRL(Y, Z) > Ry(Z, X) such that the diagram

(RL(X7 Y): S}(xyﬂ S?(XY)

(RL(ZVX)aSévaS%xX) (RL(Y7Z)’S§1/><Z7S)2/><Z)

(p, &)

where ¢ : RL,(Z, X) xRy, (Y, Z) - Ry (X,Y) is defined by (p,0)p = p- @ o_, for all p €
Ry(Z,X),0 e RL(Y, Z), is a T-including Galois L-triangle and the following conditions
hold:

(CL,) VX7Y € |S€t| (IRL(X,Y)7IRL(X,Y)) : (RL(X7Y)7SX><Y) - (RL(X7Y)78§(€<Y)7
where xp : xL > L, (a,b) = (a,b,)XL = (axxy,byxz)X-

(b) Vp € RL(ZaX) (wp'gpp) : (RL(X7Y)7SY><Z) - (RL(Y7Z)7SX><Y)'

Proof. The statement is an easy consequence of the Propositions 5.2.22 and 5.2.25. [

Corollary 5.2.27. Let L = (L,—,T) be a w-ceo algebra. L is an associative
commutative cdeo algebra if and only if for any triple of sets (X,Y,Z) there ex-
ist 3¢ Ri,(Z,X) x RL(Y, Z) » Ry(X.Y), .9 : Rp(Z X) x Rp(X,Y) —» Ry(Y.2),
X, X RL(X,)Y) xRy (Y, Z) > RL(Z, X) such that the diagram

(RL(X,Y),Sxxv,Sxxy)

y w

(RL(Z,X),S82xx,Szxx) (RL(Y,Z),Syxz,Syxz)

(¢, )

where ¢ : Ry, (Z,X) x R(Y,Z) —» Ry (X,Y) is defined by (p,0)p = p- @ o, for all
peRL(Z,X),0 e RL(Y, Z), is a T-including Galois L-triangle and the following condi-
tions hold: i

(CL’) VX,Y € |Set|: (IRL(X,Y)’IRL(X,Y)) (RL(X,Y), Sxxy) — (RL(XaY)v‘S;((ny)z
where xp : xL — L, (a,b) — (a,b,)xr = (axxy,byxz)X-

(C) Vo e RL(Yv Z)7 [@U‘f{a] : (RL(Z’X)vSZxX) - (RL(X7Y)78§(LY is a type

X
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I global connection, where ¢, : RL(Z,X) - RL(X,Y),p » (p)vs = (p,0)p,
Xo ' RL(X,Y) > RL(Z,X), 7~ (T)xo = (1,0) .

Proof. The statement is an easy consequence of the Propositions 5.2.24 and 5.2.25,
recalling that a commutative cdeo algebra is, of course, symmetrical. O

Proposition 5.2.28. Let L = (L,—,T) be a symmetrical cdeo algebra. L is associative
if and only if for any triple of sets (X,Y,Z) the diagram

(RL(X,Y),Sxxy,Sxxv)

y m

(RL(Z,X),82xx,Szvx) (RL(Y,Z),Syvz,Syxz)

(¢, @)

where  the  functions ¢, ¢ : Ry (Z,X) x Rp(Y,Z2) - RL(X,Y),
¥, ¢ :RL(Z, X) xRL(X,Y) » RL(Y, Z), x, X : RL(X,Y) x RL(Y, Z) - RL(Z,X) are
defined as follows, for all pe Ry (Z,X),0 e R, (Y, Z), 7€ R, (X,Y):

- (po)p=p-00-;
- (p.0)p = p-0o_;
- (o) =(pOT)-;
- (p 7)Y = (pOT)-;
- (ro)x=(r@o)-;
- (r,0)x = (700)-
1s a double relational L-triangle. O

Proposition 5.2.29. Let L = (L,—,T) be a w-ceo algebra. L is an associative
commutative cdeo algebra if and only if for any triple of sets (X,Y,Z) there ex-
ist @:RL(Z,X)xRe(Y,Z) > Ru(X,Y), ¢,¢ : Ru(Z,X) x RL(X,Y) - RL(Y,2),
> X :RL(X,Y) xRL(Y, Z) > Ry(Z, X) such that the diagram

(RL(X,Y),Sxxy,Sxxy)

yw)

(RL(Z,X),S52xx,52xx) (RL(Y,Z),Svxz,Syxz)

(%))

where ¢ : Ry, (Z,X) x R(Y,Z) - Ry (X,Y) is defined by (p,0)p = p- @ o_, for all
peRL(Z,X),0 e R(Y, Z), is a double relational L-triangle and the following condition
hold:

(a") YX,Y € [Set]: (Zry(xv) Iry(xy)) @ (RL(X,Y),Sxxy) = (RL(X,Y),S¥y ),
where xr : xL - L, (a,b) = (a,b,)Xr = (axxy,byxz)X-
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Proof. The proof runs as in Proposition 5.1.31, after defining the functions
QZ):RL(ZvX)XRL(Yaz)_)RL(X7Y)7 1/17"¢ : RL(ZaX) X RL(X7Y) - RL(Y72)7
XX RL(X,Y) xRL(Y, Z) - Ry(Z, X) as in Proposition 5.2.19. O

Proposition 5.2.30. Let L = (L,—,T) be a cdeo algebra.

1. If 1 is ®-irreducible, for any triple of sets (X,Y,Z) and for all T},  : RL(Z, X) x
RL(Z,X) > L, T2 x RL(Z,X)xRL(Z,X) > L, Ty, : RL(Y, Z) xR (Y, Z) -
L, T3,  Ru(Y,Z) xRpL(Y,Z) » L, T,y : RL(X,Y) x RL(X,Y) > L and
T2y RL(X,Y)xRL(X,Y) - L such that:

- (Try(z.x) IRy (2.))) 100 (RL(Z, X), Tzux) = (RL(Z, X), T, )
- (Try(v,2) Ire(vi2) 0 (RL(Y, Z), Tyz) = RL(Y, 2), T}, );

- (Try(xvys Irp(xy)) o (RL(X,Y), Txxy) = (RL(X,Y), T, y),
for j=1,2, are type Il T-including Galois connections, the diagram

(RL(X7 Y)7 T)%XYW 7_)%><Y)

(RL(Z,X), T} s Tex) RL(Y,2), T z: Ty z)

(p, @)

where  the functions ¢, : RyL(Z,X) x Ru(Y,Z) - Ru(X)Y),
¥, RL(Z,X) xRL(X,Y) > RL(Y, Z), x, X : RL(X,Y)xRe(Y, Z) > Ri(Z, X)
are defined as follows, for all pe Ry (Z,X),0c e Ry (Y, Z), 7 e R(X,Y):

- (p,o)p=p-©o;

- (p,0)p=(00Op)-;

- (pT)p=T-0p-;

- (p )= (poT)-;

-(r,o)x=(r00)-

-(ryo)x=0-0OT1

is a L-including double Tarski L-triangle and a Ll-excluding double Galois L-
triangle.

2. L is an associative cdeo algebra if and only if for any triple of sets (X,Y,Z), the
diagram

(RL(X,Y), Txxy, Txxy)

(RL(Z, X)), Tzxx, Taxx) (RL(Y, Z), Tyxz, Ty«z)

(p, @)
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where the functions ¢, : Rp(Z,X) x RpL(Y,Z) - Ru(X)Y),
wvw:RL(ZWX)XRL(X7Y)_>RL(Y7Z)7Xv)ZZRL(va)XRL(Yaz)_)RL(Z7X)

are defined as in item (1) is a double relational L-triangle.

Proof. The proof runs as in Proposition 5.1.34 using the same equalities as in Proposition
5.2.18, taking into account ® = ®°P. O

Remark 5.2.31. Under symmetry assumption, the diagram

(RL(Xay)ati-XXY77~—XXY)

(RL(Z, X)), Tzxx, Tzxx) (RL(Y, Z), Ty«z,Tyxz)

(¢, @)

where  the functions ¢, ¢ : Rr(Z,X) x Ryp(Y,Z2) - Ry (X,Y),
T/Jﬂﬂ : RL(ZaX) X RL(X7Y) g RL(Y7 Z)7 X7>~< : RL(X7Y) X RL(K Z) g RL(ZaX) are
defined as follows, for all pe Ry, (Z, X),0 e Ry, (Y, Z),7 € R, (X, Y):

- (po)p=p-©o-;
- (po)p=p-Go;
(o) =(pOT)=;
(0,70 = (pOT);
- (ro)x=(T00);
(1,0)x = (700)-

is
1. both a I-including Tarski L-triangle and a l-excluding Galois L triangle, if 1 is

®-irreducible (equivalently, ®-irreducible);

2. a relational L-triangle if and only if (L,—,T) is an associative and commutative
cdeo algebra,

since Tx have the similar properties of T, as ® has the similar properties of ®.
Moreover, the diagram

(RL(X,Y), Txxy, Txcxy')

yw)

(RL(Z,X), Tzxx, Tzxx) (RL(Y, Z), Tyxz,Tyxz)

(¢, #)
where  the functions ¢, 9 : Rp(Z4,X) x Rp(Y,2) - Ry (X,Y),
1/}7w : RL(ZvX) x RL(X7Y) g RL(Y7 Z)7 Xv)Z : RL(X7Y) X RL(K Z) - RL(ZaX) are
defined as follows, for all pe Ry, (Z, X),0 e R, (Y, Z),7 € R, (X, Y):



CHAPTER 5. THE STRUCTURE OF MANY-VALUED RELATIONS 188

(po)p=p-©o;
(p,0)p=p-Go_;

(p, 7)Y = (pOT)-;
(P =(pOT);
(ry,0)x=(100)-

- (r,0)x = (100)_

is

1. both a L-including Tarski L-triangle and a 1-excluding Galois L-triangle, if 1 is
®-irreducible (equivalently, ®-irreducible);

2. a relational L-triangle if and only if (L, —, T) is an associative cdeo algebra.

5.3 Relational triangles, connections and powerset opera-
tors

In this Section we show how the relational L-triangles contain all the informations
on powerset operators and related notions considered in other works (see, in particular,
[33, 35, 42]).

We recall that powerset operators of an L-relation have been considered and some of
their properties have been studied in Section 3.2, where, after identifying the L-sets
with particular L-relations, we have described the possibility of expressing the powerset
operators by means of the compositions between L-relations considered in Subsection
3.1.2.

So we shall follow notation already introduced, identifying an L-set of X A : X — L with
the L-relation A : {p} x X — L, by setting (p,z)A = (x)A, for every x ¢ X. We shall
consider the singleton P = {p} fixed, from now on, and identify P x X, with X and L~
with L7,

First we consider relations with values in a symmetrical cdeo algebra assuming subse-
quently associativity and/or commutativity of such algebra.

So, let (L,—,T) be a symmetrical cdeo algebra and consider the T-including double
Galois L-triangle of Proposition 5.2.21

(RL(X,Y),Sxxy,Sxxy)

(RL(Z,X),S2xx,52xx) (RL(Y,Z),Syxz,Svxz)

(¢, @)

where XY, Z are sets and for all A € Ry(Z,X),B € Rp(Y,7),C € R(X,Y) the
following equalities hold:
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- (AB)p=A_0 B = ((B)A™) = (A)"B_;

- (A,B)p=A_GB. = (B)A™)_ = (A_)"B.;

- (A,C)p=(A0C)- = ((A)°C)- = (C-)®A;

- (A,C) = (ABC)- = ((A)®C)- = (C-)®A;

- (C,B)x=(C@B)-=(B)C= = ((C)B);

- (C,B)Y = (CBB)- = (B.)C” = ((C)"B)-.

We note that in the third and forth columns we assume, in turn, that:

- either X is the singleton P and then A_ and C are L-sets on Z and Y, respectively;
- or Y is the singleton P and then B and C_ are L-sets on Z and X, respectively;
- or Z is the singleton P and then A and B_ are L-sets on X and Y, respectively.

Now, recalling Definition 5.2.4 and taking into account that for any set D the sub-
sethood L-relation Sp on L satisfies the equivalence (H, K)Sp = T < H < K, for all
H,K ¢ LP we get the equivalences, for A, B,C as above,

L. ((Aa C)waB)SYxZ =T < (C, (AaB)(P)SXxY =T;
2. ((Aa C)Q;7B)SY><Z =T 07 (AaB)(/B)SXxY =T;

w

. (Av (CaB)X)SZxX =T <= (A>C)@,B)5sz =T;

ot

(

(
4. (A, (C,B)X)Szxx =T = ((A,C)h, B)Sywz = T;
. (A, (C,B)X)Szxx =T < (C, (A, B)¢)Sxxy = T;
(

(@)

- (A, (C,B)X)Szxx =T (C,(A,B)P)Sxxy = T.

Assuming Y to be the singleton P and considering B and C_ as L-sets on Z and X,
respectively, we get the following type III T-including Galois connections, made by the

weak left backward operators and the strong right forward operators on any L-relation
A,

(BA_, A7) s (L5, Sx) = (L7,82) and (PA_, A™ )1+ (LY, Sx) - (L7, 82);

in fact, from (1) and (2) we get the equivalences (C_)®A_ < B < C_ < (B)A~ and
(C.)PA_<B<C_<(B)A”.

Assuming Z to be the singleton P and considering A and B_ as L-sets on X and Y,
respectively, we get the following type III T-including Galois connections, made by the

weak left forward operators and the strong right backward operators of any L-relation
c,

(°C,C2 )y (LY, 8x) = (LY, Sy) and (°C,C7 )y : (LY, Sy) » (L¥,8x);
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in fact, from (3) and (4) we get the equivalences (A)®C < B_ < A < (B_)C~ and
(A)®C<B. < A< (B)C”.

Assuming X to be the singleton P and considering C' and A_ as L-sets on Y and Z,
respectively, we get the following type I T-including Galois connections, made by the

strong left forward operators and the strong left backward operators on any L-relation
B

[”B?_> B—]T[T] : (LY7SY) - (LZ,SZ) and |:_)B7V§ B—]T[T] : (LY78Y) - (LZ,SZ);

in fact, from (5) and (6) we get the equivalences A_ < (C)”B < C < (A-)”B- and
A_<(C)"B<C<(A)”B-.

Remark 5.3.1. The above obtained T-including Galois connections of type I and III, of
course, determine corresponding T-including connections of type II and IV, respectively,
according to Proposition 4.2.11. )

We note also that the equalities ®*R = R® and ®R = R® allow to express all the above
type III connections using the suitable weak right operators instead of the corresponding
left operators.

Moreover, we remark that in each pair of connections we have obtained, the second one
is the dual to the first one and that the connections of first pair are essentially the same
as those of the second pair.

Consider now a symmetrical and associative cdeo algebra and the double relational
L-triangle of Proposition 5.2.28

(RL(X,Y),Sxxy,Sxxv)

(RL(Z,X),Szxx,S7xx) (RL(Y, Z),Syxz,Syxz)

(¢, @)

where X,Y, Z are sets and ¢, Gy, X, ¥, ¢ are defined as above, for all A ¢ Ry(Z,X),Be¢
R,L(}/7 Z), Ce RL(X,Y).

Now, recalling Definition 5.2.2 and considering, for any set D, the dual subsethood
L-relation Sp on LP, we get the following equivalences, for A, B,C' as above,

L. ((A,.C),B)Syxz = (C, (A, B)@)Sxv
2. ((A,C)h, B)Syz = (C, (A, B)F)Sxy;
- (A,(C, B)X)Szxx = ((A,C)ih, B)Syz;
- (A (C,B))Szxx = ((A,C), B)Syzi
- (A.(C.B)X)Szxx = (C. (A, B)@)Sx v
- (A, (C,B)X)Szxx = (C, (A, B)@)Sxy-

w

S

ot

(@)
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Assuming Y to be the singleton P and considering B and C_ as L-sets on Z and X,
respectively, from the equalities (1) and (2) we deduce the following type III global
connections, made by the weak left backward operators and the strong right forward
operators on any L-relation A,

(®A_, A7) (LX,Sx) = (L?,82) and (®A_,A”): (LX,Sx) » (L%, Sy).

Assuming Z to be the singleton P and considering A and B_ as L-sets on X and Y,
respectively, from the equalities (3) and (4) we deduce the following type III global
connections, made by the weak left forward operators and the strong right backward
operators of any L-relation C,

(®C,C7): (L%, Sx) » (LY, Sy) and (®C,C7): (LY, Sy) - (L¥, Sx).

Assuming X to be the singleton P and considering C' and A_ as L-sets on Y and
Z, respectively, from the equalities (5) and (6) we deduce the following type I global
connections, made by the strong left forward operators and the strong left backward
operators on any L-relation B,

["B,” B_]: (LY,Sy) - (L?,S;) and ["B,” B_]: (LY ,Sy) - (L?,Sy).

Remark 5.3.2. 1. Similarly to what was observed in Remark 5.3.1, the above ob-
tained global connections of type I and III, of course, determine corresponding
global connections of type II and IV, respectively. i
Obviously, also in this case the equalities ®R = R® and ®R = R® allow to express
all the above type III global connections using the suitable weak right operators
instead of the corresponding left operators.

We note, moreover, that each second term of the pairs of the global connections
obtained is the dual of the corresponding first term. Note that unlike in the com-
mutative case mostly considered dealing with fuzzy Galois connection (the only
exceptions are [33, 51]) both powerset operators and their dual, as well as both the
subsethood and the dual subsethood L-relations are involved in the above obtained
connections.

In [51] and elsewhere, the isotonic connections are also called axialities while the
antitonic ones are also called polarities.

2. Of course, the double relational L-triangle is a 1-including double Tarski L-triangle,
too; hence, from the above considered diagram we can deduce type I, II, III
and IV 1l-including Tarki connections. In particular, we note that if A, B € LX:
(A, B)Sx = 1 if there exists T € X such that (£)A =T and (Z)B =L, i.e. A¢ B.
So, the equality (A, B)Sx = 1 is useful to state the “non-inclusion” A ¢ B between
L-sets, considering that, in the classical case, A ¢ B < (A, B)Sx =0.

3. Clearly, if L is a commutative cdeo algebra, then »=«, ® = ® and Sp = SD, for any
set D; hence, we obtain, from the above double relational L-triangle the following
connections between the powerset operators:
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- (®A*3A_>) : (LX7SX) - (LZaSZ);
- (®Cv Cj) : (LX7$X) - (LY78Y)§
- ["B,” B-]: (LY, Sy) = (L7, 82).

By using Proposition 5.2.30 and Remark 5.2.31, and, hence, by assuming that 1 is
®-irreducible, we can deduce the corresponding L-including Tarski, or equivalently the
1-excluding Galois connections between appropriate L-powersets L” equipped with the
intersection L-relation 7p.

So, in general, we can not obtain the results corresponding to those made using the
subsethood L-relations.

Nevertheless, assuming associativity and symmetry on L, we could drop in Proposition
5.2.30 the condition on L and we could obtain global connections involving the intersec-
tion L-relation an its dual. Obviously, starting from these global connections, we can
deduce, in particular, L-including Tarski and T-excluding Galois connections.

We recall the result of Proposition 5.2.30, using both compositions ® and ® and
considering the equality a®f = (- ® a_)_ for any composable relation a, 3. So the
diagram

(RL(X,Y), Txxys Txxy)

y’m}

(RL(Z,X), Tzxx, Tzxx) (RL(Y,Z), Ty«z,Tyxz)

(¢ @)

where X,Y, Z are sets and ¢, px, X, ¥, are defined as follows, for all A € Ry,(Z,X),B €
Ry (Y, Z),C e RL(X,Y):

- (AvB)(p:A—QB—;

(A,B)p=A_OB_;
- (A, 0) = (AOC)-;
(4,00 = (A0 0);
(C,B)x=(CoB)-;
- (C,B)x = (COB)_

is a double relational L-triangle.

Then, we deduce the following equalities:
L. ((A’ C)w?B)TYXZ = (Cv (AvB)SO)TXXY?
2. ((A’ C)QZZ?B)ﬁ/XZ = (Ca (AvB)SE)i—XXYv
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3. (4,(C, B)X)Tzxx = ((A,C), B) Ty xz;
4. (A, (C,B)V)Tzxx = ((A,C)¢, B)Tyxz;
5. (4, (C,B)X)Tzxx = (C, (A, B)) Txxy:
6. (A, (C,B)X)Tzxx = (C, (A, B)@)Txxv;

Assuming Y to be the singleton P and considering B and C_ as L-sets on Z and X,
respectively, we deduce from the equalities (1) and (2) the following type III (global)
connections made by the weak operators of any L-relation A

(PA_BA): (LY, Tx) > (L7, Ty) and (PA_2 A): (LY, Tx) = (L7, T2).

In fact, from (1) and (2) we get the equivalences:

- ((AGC)_,B)T = (C,A- © B))T < (C- 0 A_,B)T = (C_,(BGA).)T <
(CL)BAL, B)T = (C-, (B)® AYT;

- (A® 0)-,B)T = (C_,(A_®B_)))T <« (C-®A_,B)T = (C_,B 0 A)T <
((C2)®A_,B)T =(C_,(B)®A)T.

Assuming Z to be the singleton P and considering A and B_ as L-sets on X and Y,
respectively, we deduce from the equalities (3) and (4) the following type III (global)
connections made by the weak operators of any L-relation C'

(BC2 L) (LY, Tx) — (LY, Ty) and (°C,2 CL) : (L, Tx) - (LY, Tv).

In fact, from (3) and (4) we get the following equivalences:

- (A(CoOB)I)T = (A C).,B)T < (AB.OC)T = (A6 CB)T <
(A, (B)PC)T = ((A)°C,B)T: ] N

- (A(COB))T = ((AGC)-,B)T < (A,B- 0 C)T = (AGC,B)T <
(A,(B-)?C)T =((A)®C,B-)T.

Assuming X to be the singleton P and considering A_ and C' as L-sets on Z and Y,
respectively, we deduce from the equalities (5) and (6) the following type I (global)
connections made by the weak operators of any L-relation B

B2 B.]: (LY, Ty) > (L%, T7) and [®*B2 B_]: (LY, Ty) —» (L%, T%).

In fact, from (5) and (6) we get the following equivalences: i
-(A,(COB) )T =(C,A_0B.)T < (A_,COB)T = (C,A_®@B_)T < (A_,(C)®B)T =
(C,(A)®B)T; i i
“(A,(COB) )T = (C,A-GB)T < (A_,COB)T = (C,A-OB)T < (A, (C)°B)T
(C,(A)®B)T.

We close this discussion observing that we can deduce many other connections, start-
ing from the previous ones; this is due to the link between the adjoint product ® and the
dual one ® of a symmetrical cdeo algebra (L,—,T) (a®b=b® a, for all a,b € L) and to
the consequent connection between the intersection and the dual intersection L-relations

T and T.



Chapter 6

Structures for many-valued
relations

In this Chapter we will be interested in a categorical accommodation of the main
topics we have treated that involve binary, possibly many-valued, relations. We shall
move into two directions.

The first involves directly the class of binary relations, between sets, taking values in a
w-ceo algebra, which may satisfy further conditions; the obtained results are described
in Section 6.1 and its subsections.

The second concerns some class of relational systems which are closely related to most
concepts we have developed, from the algebras described in Chapter 2 up to the connec-
tions introduced and studied in Chapter 4; the results obtained in this direction are the
main context of Sections 6.2, 6.3 and 6.4.

In any case it will be clear that, unless in the corresponding classical cases, dealing with
many-valued relations, the classical notion of category has too strong requirements that
need to be weakened according to the objects and morphisms to be considered. The
categorical-like structures we shall consider either are already known (in which case we
provide new, relevant examples) or are quite similar to other already considered struc-
tures, with some new and important aspects.

The structure of extended-order algebras, described in Chapter 2, the general approach
to connections introduced in Chapter 4 and the relational triangles defined in Chapter
5 will have a crucial role.

6.1 Pseudo-categories

We have started in Chapter 3 the study of the structure of the class of binary rela-
tions assuming that these take values in a w-ceo algebra, possibly right-distributive and,
may be, symmetrical; moreover, we have seen how (double) relational triangles, which
may be used to characterize various classes of w-ceo algebras, give plenty of information
on the class of relations and their associated operators, all of which may be obtained by
means of suitable compositions.

194
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A categorical accommodation of this matter, where binary many-valued relations are
morphisms and the associated operators depend on various compositions defined be-
tween relations has to take into account that none of those compositions is associative,
in general. In fact, the unique composition of binary relations that is associative in any
case, namely the one denoted by - in Definition 3.1.4, is not relevant in case of relations
taking values in a w-ceo algebra; the main composition that corresponds to the usual
composition of binary relations in the classical case, i.e. the one denoted ® in Definition
3.1.9, is associative if and only if the algebra is associative.

So, categorical structures for many-valued relations should drop the requirement of as-
sociativity on the composition and, moreover, might be equipped with more that one
composition only.

In the present section we propose an extended notion of category, called pseudo-
category, which misses associativity and identities but may have additional tools that
are useful to deal with categories of relations.

6.1.1 Reversible and ordered pseudo-categories

Definition 6.1.1. A pseudo-category C = (06j( C),Mor(C),0) consists in the follow-
g data:

1. a class of objects 06j( C), also denoted by |C|;

2. for each pair of objects (X,Y), a class C(X,Y), whose elements, denoted by

XiY or by f : X - Y are called morphisms from X (domain) to Y
(codomain); mor(C) is the disjoint union of such classes of morphisms;

3. a partial morphisms composition, shortly composition, that is a univocal
relation o : Mor(C) x Mor(C) — Mor(C) that assigns to each f € C(X,Y) and
ge C(Y,Z), their composition foge C(X,Z).

Definition 6.1.2. A pseudo-category C = (06i(C),Mor(C),0) is said to be right (left,
respectively) if for every X € 06j(C) there exists a unique rx € C(X,X) (a unique
Ix € C(X, X), respectively), called right (left, respectively) identity morphism on X,
such that, for every fe C(X,Y) one has fory = f (Ix o f = f, respectively).

Of course, if the pseudo-category C is right and left, then the right and the left
identity morphisms coincide, for each object of C. So, we give a further definition.

Definition 6.1.3. A pseudo-category C = (06i(C), Mor(C),0) is called unital if for
every X € 06j(C) there exists ix € C(X,X), called identity morphism on X, such
that, for every f e C(X,Y) one hasixo f=foiy=f.

We observe that, with respect to the well-known notion of category, a pseudo-category
misses the existence of the identity morphisms, unless it is unital, and the associativity
of partial composition.
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Definition 6.1.4. The pseudo-category C = (06j( C),Mor(C),0) is said to be associa-
tive if the partial morphisms composition is associative.

Of course, an associative unital pseudo-category is a category in the usual sense.
The notions of (full) pseudo-subcategory and pseudo-functor are obvious exten-
sions of the corresponding notions for categories.

Definition 6.1.5. A pseudo-subcategory D = (06j(D),Mor(D),op) of the pseudo-
category C = (06i(C), Mor(C),0) , denoted by D c C is a pseudo-category such that

1. 06j(D) < 04 (C);
2. for all X,Y € 06j(D), D(X,Y)c C(X,Y);

3. °D = Olaor(D);

4. for every X € 06i(D), if rx (Ix, ix, respectively) is the right identity (left identity,
identity, respectively) morphism in C, then it is in D(X,X).

The pseudo-subcategory D is said to be full if D(X,Y) = C(X,Y), for all X,Y € 06j(D).

The following are examples of pseudo-categories; we shall specify which of them are
categories.

Example 6.1.6. 1. The triple ({X},N,exp) is a right pseudo-category where the
only object is X, the set of morphism is the set of natural numbers, the composition
is defined by nom = exp(n,m) =n™ and the right unit is 1.

2. The triple Ry = (|Set|, Rz, ), where the objects are the sets, the morphisms are the
binary relations and - is the composition defined in Section 1.4, is an associative,
unital pseudo-category, hence it is a category in the usual sense; of course, the
identity morphism on X is the equality Zx.

3. The triple R = (|Set|, Ra,®) where the objects are the sets, the morphisms are
the binary relations and @ is the composition defined in the Section 1.4, is a left
pseudo-category; the left unit of Rg(X ,X) is Ix.

4. The triple RS = (|Set|, Ra,®) where the objects are the sets, the morphisms are
the binary relations and © is the composition defined in Section 1.4, is a right
pseudo-category; Zx is the right unit of RS (X, X).

5. The triple R = (|Set|, R2,©) where the objects are the sets, the morphisms are
the binary relations and © is the composition defined in Section 1.4, is a pseudo-
category, without left or right identity morphism, for most X € |Set|; in fact ix is
neither a left nor a right unit, unless X is a singleton or the empty set.

6. Of course, a pseudo-subcategory D of a category C is a category, too; moreover,
a pseudo-subcategory of a pseudo-category C may be a category, even when C is
not, as the following example shows (trivial examples may also be produced).
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Consider the pseudo-subcategory of Rg that have the class |Set| as objects and
the injective functions as morphisms. The identity relation ix on X is, of course,
an injective function and it is the unit, for every non-empty set X; in fact, for
every r € Ro(X,Y) and for all z € X,y €Y, we have that:

- x(roiy)y < ar=iyy < xr = {y} < ory;
- z(ixO)y < vix =ry < {x} =ry < xry.
Moreover, for all non-empty sets X,Y, Z, r € R?(X, Y)and s e R?(Y, Z), if r and

s are injective functions, then r © s € R?(X, Z) is an injective function, too. In
fact, for all z,2" € X, z,2" € Z, the following hold:

- since r and s are functions, x € X = Iy e Y :ar={y} = Iz € Z:ys = {2}
and, since s is injective, {y} = sz. Then z € X = Jz:xr = {y} = sz = 2r o sz;
so, 7 © s is left total.

- (x(res)z and z(r6s)z’') < (zr = sz and ar = s2’); hence sz = sz’ and then,
since s is a function, we have that z = 2’; so, r © s is right univocal;

- (z(res)z and 2'(res)z) < (zr = sz and 2'r = s2); hence zr = z’r and then,
since r is injective, it follows that x = x’; so, r © s is left univocal;.

So, r © s is an injective function; moreover, for such relations, the composition
induced by © is associative.

In the next Section we shall consider the notion of multiplicative graph [69], which
is more general than that of pseudo-category, and that of composition graph [76].

Definition 6.1.7. Let C= (06i(C),Mor(C),o¢) and D = (06j(D), Mor(D),op) be two
pseudo-categories. A pseudo-functor F : C — D from C to D is a pair of maps
F = (Fy, Fy) such that:

1. Fy: OEj(C) - OBj(D) and Fy : Mor(C) - Mor(D),‘
2. for all X,Y € 06i(C), if fe C(X,Y), then (f)F> e D((X)F1,(Y)F1);

3. for all X,Y,Z € 06;(C), if f € C(X,Y) and g € C(Y,Z), then (f oc g)Fs =
(f)F2op (9)F> € D((X)F1, (Z)FY).

Definition 6.1.8. A pseudo-functor F': C — D between two pseudo-categories C and
D is said to be a functor if the following conditions hold, for every X € 06j(C):

1. if there emists the right identity morphism rx € C(X,X) on X, then r(xp =
(rx)Fy is a right identity morphism on (X)Fy in D;

2. if there exists the left identity morphism lx € C(X, X) on X, then l(x)p, = (Ix)F»
is a left identity morphism on (X)Fy in D.
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Of course, if F': C - D is a functor and if there exists the identity morphism
ix € C(X,X), then i x)p, = (ix)F2 is the identity morphism of (X)F} in D.
If F: C - D is a functor between two pseudo-categories C and D and C is a right (left,
unital, respectively) pseudo-category, or a category, then the full pseudo-subcategory
of D with class of objects {(X)F1| X e oﬁj(C)} is a right (left, unital, respectively)
pseudo-category, or a category, too.

The following are trivial examples of functors and pseudo-functors.

Example 6.1.9. 1. For every pseudo-category C the identity pseudo-functor
Idc = (ioﬁj(C); iMor(C)) is a functor.

2. Let C and D be two pseudo-categories; if there exist D € 04j(D) and kp € D(D, D)
such that kpokp = kp, we can consider the constant pseudo-functor kp = (kp, kp)
defined as follows

- kp:06i(C) = 06/(D): X » (X)kp = D;
- kp: ,‘Mar(C) —> fMor(D): fe C(X,Y) > (f)kD =kp ¢ D(D,D)

The composition - of pseudo-functors is obviously defined by component-wise com-
position of functions.

Definition 6.1.10. A pseudo-functor F : C — D between two pseudo-categories C
and D is an isomorphism if there exists a pseudo-functor F~' : D - C such that
F-F'=Idc and F'-F = Idp.

It is easily seen the following.

- A pseudo-functor F' = (Fy, F3) : C — D is an isomorphism if and only if F} and F
are bijective;

- the identity functor Idc of a pseudo-category C is an isomorphism;
- every isomorphism is a functor.

Definition 6.1.11. Let C = (04j(C),Mor(C),0) be a pseudo-category. The opposite
pseudo-category C°P = (06j(CP), Mor(C),0P) of C consists in the following data:

1. 06i(C?) = 05j( C).
2. Mor(CP) = aor(C) and, for all X,Y € 05i(C), CP(X,Y) = C(Y, X).
3. For all X,Y,Z € 06j(C) and for all f € CP(X,Y), ge CP(Y,Z): foPg=go f.

As usual, a morphism in C(X,Y) is denoted f° whenever it is considered as a
morphism, f ¢ C?(Y,X) in C°, and conversely, so that (fP)°? = f; this allows
to denote by o the composition of C, so that if f o g exists in C or in C° then
(fog)? =g°o fP. Note that if C is a right (left, unital, respectively) pseudo-category,
then C is a left (right, unital, respectively) pseudo-category and the obvious notation
(rQ)P =1$7, (19)P =r$", (i$)P =i can be used, for every X € 04i(C).
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Definition 6.1.12. An ordered pseudo-category is a pair (C;<), where C is a
pseudo-category and < is an order relation in the class Mor(C), called natural order
of C, such that:

(i) for all f,g € mor(C), if f < g, then there exist X,Y € 06i(C) such that f,g €
C(X,Y);

(i7) for all X,Y € 06(C): (C(X,Y),<) is a non-empty ordered set;

(iii) the composition is isotonic in the second argument, i.e. for all f e C(X,Y),
9,9 € C(Y,Z), if g< g', then one has fog< fog .

Moreover, we speak of bounded ordered, lattice ordered, complete ordered pseudo-
category in case when, for all X,Y € 06i(C), (C(X,Y),<) is a bounded poset or a
lattice or a complete lattice, respectively, in the natural order of C. In these cases the
top element is denoted by T xy and the bottom element is denoted by 1l xy .

Txy and Il xy need not be distinct.

If |C(X,Y)| =1, for all X,Y € 06i(C), then C is said to be degenerate.

In a non-degenerate ordered pseudo-category C, an object X is said to be empty if
|C(X, X)|=1.

Example 6.1.13. 1. (Ry;<) and (RY;<) are complete ordered pseudo-categories
with respect to the order relation induced pointwisely on Ra, since - and @ are
isotonic in the second argument. The top element and the bottom element in the
set of morphisms from X to Y are, respectively, the universal relation T x.y and
the zero relation 1l x.y.

2. (Rg; <) and (Rg; <) are not ordered, since © and ©, in general, are not isotonic
in the second argument.

Definition 6.1.14. A reversible pseudo-category is a pair (C;[-]_), where C is
a pseudo-category and [-]_ : Mor(C) — Mor(C) is an involution such that for every
feCX)Y), (f)[].=f-€CY,X). f_ is the reverse morphism of f. fe C(X,X) is
symmetric if - =f.

Definition 6.1.15. The reverse pseudo-category of a reversible pseudo-category
(C;[-].) is the reversible pseudo-category C- = (C-;[-]_), where C- has the same ob-
jects and morphisms as C, in particular C-(X,Y) = C(Y, X), for all X,Y € 05j( C), the
same involution [-]_: Mor(C-) - Mor(C-) and the composition o_ defined by

fo_g=(g-of)- forall fe C.(X,Y), ge C-(Y.Z).

C and C_ are said to be reverse to each other.
C is self-reverse if C_ = C, i.e. if (9o f-)_=fog, forall fe C(X,Y),ge C(Y,Z).

The following are examples of reversible pseudo-categories.
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Example 6.1.16. 1. (Ry;['].), (RS;[].), (RY;[].) and (RS;[-].) are reversible
pseudo-categories, since the function [-]_ : Ra — Ra, 7 ~ r_ is an involution,
mapping relations from X to Y into relations from Y to X.

2. (RZ;[].) and (R$;[]_) are reverse of each other.
3. (RS;[].) is self-reverse.
Proposition 6.1.17. Let (C;[-]_) be a reversible pseudo-category. Then:

1. (Ci[-].) is the reverse pseudo-category of (C-;[-]_);

2. leaving fixed the objects and mapping any morphism f to its reverse f_ one obtains
an isomorphism

Reve = (idoﬁj(C)> [1):C~C?*
whose inverse, Reveer : C¥ — C'is determined by the same maps;

3. ifrx (Ix, respectively) is the right (left, respectively) identity morphism in C, then
(rx)- ((Ix)-, respectively) is the left (right, respectively) identity in C-.

Proof. 1. Obviously, (C_;[-]_) is reversible and its reverse is ((C_-)_;[-]_) = (C;[-].).
In fact, by definition, ((C-)_;[-]_) has the same objects, morphism and involution
as (C_;[-]_) and hence the same as (C;[-]_). Moreover, for all X,Y € 05;(C) one
has (C_)_(X,Y)=C_(Y,X)=C(X,Y) and, for all feC(X,Y), ge C(Y,Z) one
has f(o-)-g=(g-o- f-)-=[(f-)-c(g-)-]-=Ffey.

2. Clearly, Revco Revger = (idos(c)idos(corys []-0[1]-) = (idosi(c)» idaor(c)) = Idc
Similarly Revger o Reve = Idger.

3. For every X € 06j(C), let rx be the right identity morphism in C. Then, for every
f € mor(C), it follows from definition of o_ that (rx)_o_ f- = (forx)-=f_, ie.
(rx)- is the left identity morphism in C_.

O

6.1.2 Relational pseudo-categories

Definition 6.1.18. A relational pseudo-category is a reversible ordered pseudo-
category (C;<,[-]_) such that:

1. the involution [-]_ preserves the order of morphisms;
2. all the existing (right, left) identity morphisms coincide and are symmetric.

Definition 6.1.19. A relational pseudo-category is called multiplicative (implicative,
respectively) if the composition is isotonic (antitonic, respectively) in the first argument.
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Of course, the involution [-]_ also reflects the order, hence for all f, f" ¢ C(X,Y):
f < f'if and only if f_ < f’.
It follows from the definition of o_ that the isotonic (antitonic) conditions of the composi-
tion turn from one side in C to the other side in C_. Then, the reverse of a multiplicative
relational pseudo-category is a multiplicative relational pseudo-category, but a similar
result does not hold for implicative relational pseudo-category whose reverse need not
be a relational pseudo-category.

Example 6.1.20. 1. From Proposition 1.4.10 it follows that Ry is a relational mul-
tiplicative category.

2. R?, Rg and Rg are not categories, since they miss the associativity of partial
compositions and the existence of identity morphisms. In particular, Rg is a
relational implicative pseudo-category, Rg and Rg are pseudo-categories, but not
relational pseudo-category, since they are not ordered. Nevertheless, we note that
® is antitonic in the first and in the second argument and & is antitonic in the
first argument.

Proposition 6.1.21. Let F': C— D be an isomorphism of pseudo-categories. Then the
following hold.

1. If (C;[-].) is reversible, then a unique involution [-]_p, in Mor(D) exists such that
(D;[-]_p) is reversible and F' preserves and reflects the involution.

2. If (C;<) is ordered, then a unique order <p in Mor(D) exists such that (D;<p) is
ordered and F preserves and reflects the order.

3. If (C;<,[].) is an implicative (multiplicative, respectively) relational pseudo-
category, then (D;<p,[-]_p) is, too.

Proof. 1. Map any he D(X,Y) to h_p = (((h)F™1)_)F e D(Y,X). Then (h_.p)_p =
(((h-p)F ) )F = (((MF ) )F)FH))F = (WF)-)F o FH))F =
(W F)-))F = ((h)F™)F =h.

If [-]. is an involution in aor(D) that commutes with F' and [-]_, then, for any
heator(D), he = ((W)F)F). = (W F™)-)F = (((h)F)F)-p = h-p.

2. For all h,k e D(X,Y), define h<p k < (h)F~! < (k)F
Then, for all A € 05/(D) and g € D(A, X) one has h <p k= (h)F~ ' < (k)F! =
()F Lo (W)F < (9)F to(k)F = (goh)F 1 <(gok)F'=goh<pgok.
If < is an order relation and F preserves and reflects < and <, then h <p k <
(WF1'<(E)F'eh<k.

3. (D;<p,[-]_p) is an ordered reversible pseudo-category by items (1) and (2).
Then, for all b,k € D(X,Y), we have that h <p k = (h)F™ < (k)F! =
(MF)- < (()F ). = hp = (W) )F < ())F)))F =k p.

If X € 05/(D) and rx is a right identity, then (rx)F~! is a right identity, hence
(rx) D = (((rx)F~1) ) F = ((rx) 1) F = .



CHAPTER 6. STRUCTURES FOR MANY-VALUED RELATIONS 202

That the implicative or multiplicative character is inherited by D(X,Y") can be
shown with a similar argument as in item (2).
O

Of course, since any reversible pseudo-category is isomorphic to the opposite of its
reverse (see Proposition 6.1.17 (2)), one has that the opposite of the reverse of a relational
pseudo-category of some kind is a relational pseudo-category of the same kind.

Proposition 6.1.22. Let (C;[-]_) be a relational pseudo-category. The following hold:
1. for all X,Y € 06i(C), (Mxy)-=Tyx, if C(Y,X) has the top;
2. for all X,Y € 06(C), (Lxy)-=llyx, if C(Y,X) has the bottom.

Proof. To prove the first item, let X,Y € 04(C) and let f € C(Y, X); then f_ e C(X,Y)
and hence f_ < T xy, since T xy is the top element. So, f = (f-)- < (Mxy)-, since [-]_
is an involution that preserves the order. For the uniqueness of maximum, it follows
that (T xy)- =TTy x. The proof of the second item is similar. O

We note that, in the above Proposition, we use only the compatibility of the involu-
tion [-]_ with the order, required in the definition of relational pseudo-category; in fact,
the condition (2) of Definition 6.1.18 is not used.

Proposition 6.1.23. Let C be a bounded ordered pseudo-category and assume C(X, X),
C(X,Y), C(Y,Y) have their top element.

1. If C is a right, ordered pseudo-category, then M xy =T xyoTyy.
2. If C is a left, multiplicative relational pseudo-category, then T xy =T xxoTl xv.

Proof. 1. Mxy>Txyollyy, since Tl xy is the top element.
Conversely, T xy=T xyory <M xyoIlyy, since o is isotonic in the second argu-
ment, by assumption.

2. Mxy2TxxoT xy, since T xy is a top element.
Conversely, Mxy=lxoTl xx<T xxoT xy, since o is isotonic in the first argument,
by assumption.
O

6.1.3 Pseudo-n-categories

To describe the structure of the class of many-valued relations, it will be also useful
to consider altogether some of the many partial compositions we have defined in Section
3.1. So, we arrange the following Definitions that will be useful in Subsection 6.1.5.

Definition 6.1.24. For n € N, a pseudo-n-category is a tuple
C= (Oﬁj( C)a Mor( C)v 01,02 -+ on)

such that, for every i € {1,2,....n}, (06i( C),Mor(C),0;) is a pseudo-category.
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Hence, a pseudo-category above defined is a pseudo-1-category; a pseudo-2-category
and a pseudo-3-category are also called pseudo-bicategory and pseudo-tricategory.

Of course, it is meaningful to consider pseudo-n-categories when suitable relation-
ships between (some of) the partial compositions of morphisms are satisfied, or required.
Quite typical are, in case an involution and an order are assigned in the class of mor-
phisms, the requirement of some kinds of connections that extend typical conditions of
residuated algebraic structures. The following Definition includes a few types of pseudo-
n-categories.

Definition 6.1.25. A pseudo-bicategory C = ((06j(C), Mor(C),o0,*);<,[-]_), with an
order < and an involution [-]_ in the class of morphisms, is said to be residuated
if C° = ((06i(C),Mor(C),0);<,[].) and C* = ((06i(C),mor(C),*);<,[].) are rela-
tional pseudo-categories such that for all X,Y,Z € 06j(C) and for all f € C(Z,X),qg €
C(Z,Y),he C(X,Y), the equivalence h < f_o g <> f* h<g holds.

Remark 6.1.26. 1. The required condition that for all X,Y,Z € 04j(C) and for all
feC(Z,X),geC(Z,Y),he C(X,Y): h< foog< f*h<g is satisfied, means
that for every f e C(Z,X), the functions h— f * h and g~ f_ o g form a type III
T-including Galois connection (f « [-], f- o [-]);i11: (C(X,Y),<) - (C(Z,Y),<).

2. Since the order < is a 2-relation, we have that, the relative connection of item (1) is
indeed a type III global connection (f *[-], f-o[]): (C(X,Y),<) - (C(Z,Y),<).

Proposition 6.1.27. Let C = ((06i(C),Mor(C),0,%);<,[-]_) be a residuated pseudo-
bicategory. With the above notation, the following hold.

1. lx 1is the left identity of the object X in C* if and only if it is the left identity of
the object X in C°.

2. C” is left if and only if C° is left.

Proof. 1. Let [x be the left identity of the object X of C*; then (lx)- =lx and, for
all X, Y € 05j(C) and for every g € C(X,Y), one has that [x * g = g. Since C is
residuated, by definition it follows that [y *g<g < g<lxogandlxog<lxog <
Ix *(Ixog) <g<lxog<g. Hencelxog=g. The converse implication can be
similarly proved.

2. It is an easy consequence of the item (1) and of the assumption on C* and C°.
Ol

Definition 6.1.28. A pseudo-bicategory C = ((06i( C),Mor(C),0,0);<,[-] ), with an
order < and an involution [-]_ in the class of morphisms, is said to be symmetrical if
C° = ((06i(C),mor(C),0);<,[].) and C* = ((06(C),Mor(C),e);<,[].) are relational
pseudo-categories such that for all X,Y,Z € 06j(C) and and for all f € C(X,Z),q €
C(Z,Y),he C(X,Y), the equivalence h< fog < f<heg_ holds.
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Remark 6.1.29. 1. As observed in Remark 6.1.26, the condition requiring that for
all X,Y,Z € 04(C) and for all f € C(X,Z),g¢ C(Z,Y),h e C(X,Y) the equiv-
alence h < fog < f < heg_ is satisfied, means that, for every g € C(Z,Y") the
functions f — fog and h —» heg_ form a type I T-including Galois connection

[[] °9g, [] .g—]T[T] : (C(XaZ)’S) - (C(X,Y),S).

2. As noted for a residuated pseudo-bicategory in Remark 6.1.26, the Galois connec-
tion [[-]og,[-]®g-];m : (C(X,Z),<) - (C(X,Y),<) is indeed a type I global
connection [l:] °g, [] ® g—] : (C(X7 Z)a S) - (C(X7Y)7 S)

Proposition 6.1.30. Let C = ((06(C),Mor(C),0,0):<.[-].) be a pseudo-
bicategory. If C is symmetrical, then both C° = ((06i(C),Mor(C),0);<,[].) and
C* = ((06i(C),m0r(C),0);<,[].) are implicative relational pseudo-categories.

Proof. Since C is a symmetrical pseudo-bicategory, then h < fog < f < heg_, for
all X,Y,Z € 04(C) and for all f € C(X,Z),g € C(Z,Y),h € C(X,Y). This means
that the functions [-] o g and [-] e g- form a (classical) Galois connection and hence
they are antitonic. So, the composition of morphisms o and e are antitonic in the first
argument; then C° = ((04(C), Mor(C),0);<,[]_) and C* = ((05i(C), Mor(C),®);<,[])
are implicative relational pseudo-categories. O

Definition 6.1.31. Let C be a symmetrical pseudo-bicategory and let he C(X,Z). We
say that h is crisp in C if it satisfies the condition:
(ecr)y h< fog<h< feg, forall fe C(X,Y),ge C(Y,Z).

Remark 6.1.32. Clearly, all morphisms of a symmetrical pseudo-bicategory
C = ((06(C),Mor(C),o0,0);<,[-]_) are crisp if and only if o = e. In fact, if o = e,
obviously h < fog<«< h< feg, forall fe C(X,Y),ge C(Y,Z). Conversely, if for all
heC(X,Z), feC(X,Y),ge C(Y,Z) we have that h< fog< h< feg, then o=,

Example 6.1.33. 1. In each bounded symmetrical pseudo-bicategory
C = ((06/(C),am0r(C),0,0);<,[-].), lxy is a crisp morphisms, for all
X,Y € 06j(C); in fact, since it is the bottom element, Il xy< fog <l xy< feg,
forall f: X > Z g:Z->Y.

2. In (R$;<,[].) all (crisp) relations are crisp morphism, obviously.

Proposition 6.1.34. Let C= ((04j(C),Mor(C),0,0),<,[]_) be a symmetrical pseudo-
bicategory. If C has left identity lx for one of the compositions o and e, then lx is a
left identity for the other composition if and only if it is a crisp element.

Proof. Let lx € C(X,X) be left identity for both compositions o and e.

So, for all f e C(X,Y),ge C(Y,X), one has that [x < fog< f<lxeg. < f<g. <
f<lxog- < lx < feg. Hence, [x is crisp.

Conversely, suppose that [x is a crisp left identity morphism for o, that is Ix < fog <
Ix < fegandlixog_ =g, forall feC(X,Y),geC(Y,X). By assumption the following
is true: g- <lxog. =>lIlx <g-eg=1Ix <g_og= g_ <lx eg; moreover, we have that
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Ixeg-<lxeg =Ix<(lxeg-)og=Ix<(Ixeg-)eg=Ixeg <lxog =Ixeg <g.
So lx e g- = g- and hence lx is a left identity with respect to the composition e. O

Remark 6.1.35. By the above proposition if [x is a left identity both for C° and C°,
the it is a crisp morphism.

The converse does not hold, in general; in fact, in (R?;S, [-].) all relations are crisp
morphism, but not all are left identities, of course.

Definition 6.1.36. A pseudo-tricategory C = ((06i(C),Mor(C),0,%,0);<,[-]), with
an order < and an involution [-]_ in the class of morphisms, is said to be trian-
gular if € = ((05(C),er(C),0):<,[1.), C = ((05(C),5or(C),#);,[[].) and
C* = ((06i(C),Mor(C),0);<,[-].) are relational pseudo-categories such that, for all
X,Y,Z € 05i(C), the diagram

(C(X,Y),<)
/ \

(C(Z,X),<) (C(Y, 2),<)

)

where p: C(Z,X) > C(Y,Z), x: C(X,Y) - C(Y,Z) and ¢ : C(Z,X) - C(X,Y) are
defined as follows, for all fe C(Z,X), ge C(Y,Z) and he C(X,Y):

- (f,9)p=Ff-09-:
- (h,g)x=(heg)-;
- (i) = (f »h)-
is a T-including Galois 2-triangle.

Remark 6.1.37. 1. Comments similar to those made in Remarks 6.1.26 and 6.1.29
allows to say that, in the above definition, requiring that the diagram is a
T-including Galois 2-triangle is equivalent to require that it is a relational 2-
triangle.

2. The diagram in the above definition is a T-including Galois 2-triangle if and only
if for all X,Y,Z € 06j(C) and for all f € C(Z,X), ge C(Y,Z) and h e C(X,Y)
the following equivalences hold: f<(heg)_- < (f*h)_-<g< h< f.og_.

Proposition 6.1.38. Let C= ((06i(C), Mor(C),o0,*,0);<,[-]_) be a pseudo-tricategory,
with an order < and an involution [-]_ that preserves the order in the class of morphisms.

1. C is triangular if and only if C** = ((06j(C),Mor(C),0,%);<,[-].) is a residu-
ated pseudo-bicategory and C** = ((06i(C), Mor(C),0,0);<,[-]_) is a symmetrical
pseudo-bicategory.

2. If C is triangular, then C**~ = ((06j(C),Mor(C),e,%_);<,[-]_) is a residuated
pseudo-bicategory.
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Proof. 1. “=" Let C = ((06j(C),Mor(C),0,%,0);<,[-]_) be a triangular pseudo-

tricategory. For all X,Y,Z € 04(C) and for all f € C(Z,X), g € C(Y,Z) and
h e C(X,Y) the equivalences: f < (heg)- < (f*h)_-<g< h< f_ og_ are true.
Hence, the following hold, for all considered elements:

(a) (h< foog- < (f*h)-<g) < (h< fog < frh<g );so, forall feC(Z,X),
g =9g-€C(Z,Y)and he C(X,Y), one has that h< f_og < fxh<g ie.
C°” is a residuated pseudo-category.

(b) (f <(heg)- = h< fog )< (f<heg < h< f og.); so, for all
f'=f e C(X,Z), ¢ =g € C(Z,Y) and h € C(X,Y), one has that
f'<heg < h<flog ie C**isasymmetrical pseudo-category.

“<«<7 Assume that C** = ((06i(C), Mor(C),0,*);<,[-]_) is a residuated pseudo-
bicategory and C>* = ((06j(C),Mor(C),0,0);<,[-]_) is a symmetrical pseudo-
bicategory. Then, for all X,Y,Z € 04(C) and for all f € C(Z,X), g € C(Z,Y)
and h e C(X,Y) the following equivalences hold:

-h<f oge fxh<yg;
-h<foge f<heg..

Then, for all f € C(Z,X), g€ C(Y,Z) and h e C(X,Y) one has that h< f og’ <
f*h<g < fo<heg; since the involution [-]_ preserves the order, it follows
that h < foog’ < (f*h)- < g < f < (heg')_. Hence the pseudo-tricategory
C = ((06/(C),Mor(C),0,*,0);<,[-]_) is triangular.

. By assumption, for all f € C(Z,X), g C(Y,Z) and h € C(X,Y), we have that:
((f<(heg)- = (f*rh)-<g) = (f-<heg< fxh<g);so forall i =f e
C(X,Z),f =h_eC(Y,X)and ge C(Y,Z),one has (W' < ffeg<=h' xf <g. )<
(W<flege (f'+_h)_<g)= (W <flege flx_h <g), ie C* isa
residuated pseudo-bicategory.

O

Proposition 6.1.39. Let C= ((06i(C),Mor(C),0,%,0);<,[-]_) be a triangular pseudo-
tricategory. Then, the following hold, for every X € 06i(C):

1

2

Co

[ T

. Ix is a left identity in C* if and only if it is the left identity in C°.
. lx is a left identity in C*~ if and only if lx is a left identity in C°.

. If lx is a left identity for one of the compositions o and e, then lx is a left identity
for the other composition if and only if it is a crisp morphism.

. Ix is a left identity in C° and in C® if and only if lx is an identity in C*.

. If lx is an identity in C*, then it is a crisp morphism.
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Proof. The proof of the items (1), (2) and (3) is an easy consequence of Propositions
6.1.27, 6.1.34 and 6.1.38.

(4) If Ix is a left identity of the object X in C° and C®, then, by item (1), Ix is a left
identity of the object X of C*; moreover, by item (2) we have that [x is a left identity
in C*-, i.e. lx is a right identity in C*. Hence, lx is an identity of C*.

Conversely, if Ix is an identity in C*, in particular is a left identity and hence, by item
(1) it is a left identity in C°. Moreover, if [x is an identity, in particular a right identity
in C*, then it is a left identity in C*~; hence, by item (2), Ix is a left identity in C°.
(5) By item (4) if [x is an identity in C*, then [y is a left identity in C° and C°. Hence,
by Proposition 6.1.34, [x is a crisp morphism. ]

Proposition 6.1.40. Let C= ((04i(C),Mor(C),o0,%,0);<,[-]_) be a bounded triangular
pseudo-tricategory. Then Wl xy and T xy are crisp morphisms.

Proof. The statement for the bottom element 1l xy is already stated in Example 6.1.33.
For the top morphism, by Remark 6.1.37 the following equivalences hold, for all
[ X>2,9:Z-Y: TTxy<foge (f+xTTxy)-<g-<Txy< feog. O

6.1.4 Special elements in relational pseudo-categories

In this Subsection we introduce, in the more general framework of relational pseudo-
categories, a few notions, which have been already considered for Dedekind categories
in [37, 87|, where they have been revealed to be particularly useful for many purposes,
among which the characterization of those Dedekind categories that are isomorphic to
the category of binary relations with values in a Heyting algebra.

We note that notions corresponding to those considered for Dedekind categories have
been used in the context of MV -algebras by A. Popescu in [71, 72] in order to describe
and characterize MV-relation algebras that are an abstract model for homogeneous
many-valued relations taking values in a MV -algebra.

We start recalling the definition of Dedekind category.

Definition 6.1.41. [37] A Dedekind category D = (Obj(D), Mor(D), *) is a category
such that:

(D) D(X,Y) = (D(X,Y),c,u,n,=,0xy,Vxy), is an Heyting algebra, VX,Y €
Obj(D), where

1. acfea=anfe f=auf;
2. a = f is a pseudo-complementation of o relatively to 5 i.e.
yEa= B anycpf;

3. Oxy and Vxy are respectively the minimum and the maximum of the lattice.

(D3) There exists an unary operation # : D(X,Y) - D(X,Y) such that, Va,o' : X =Y,
VB:Y — Z the following hold:
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1. (ax B)* = % % a¥;
2. ()" = a;
3. ifacal, then o c /%,
(Ds) Va: X =Y,8:Y — Z,v: X — Z the Dedekind formula or modular law holds:

axfBnycasx(Bnal +y).

(Dy) Va: X =Y, B:Y — Z the residual composition ao : X — Z is such that:
fcaofewa’+dcB,Vi:X — Z
It is easy to see that (Obj(D),Mor(D),*,0):<,[-]7) is a residuated pseudo-
bicategory.
Example 6.1.42. The bicategory R;’O is a Dedekind category.
In this context, fundamental tools are the following.
Definition 6.1.43. [37] Let D be a Dedekind category.

1. An object J is called unit if it satisfies the following condition:

(a) Vyj=idy#0yy;
(b) Vxj*Vyx =Vxx, for every X e Obj(D).

2. A morphism a: X — Y is called ideal if Vxy * a* Vyy = a.

Remark 6.1.44. 1. if J is a unit of a Dedekind category D and « € D(J,J), then
« satisfies the condition « € id; and it called partial identity in [37, 87] and a
subdiagonal morphism in [71, 72].

2. For all X,Y € Obj(D): Vxj*Vjy =Vxy.

3. Units are abstract versions of singleton sets, that are the objects of the Dedekind
category Rel of sets and crisp binary heterogeneous relations and, also, of the
Dedekind category Rely, of sets and L-valued binary heterogeneous relations taking
values in a Heyting algebra.

In [37] the notions of ideals, introduced by B. Jénsson and A. Tarski in [61], has been
revised and the one that has been proposed is useful to characterize the set L of truth
values that allows a representation of Dedekind categories as categories of L-relations.
For instance, the least element Oxy and the greatest one Vxy are the unique ideals of
R.°. Moreover, in the Dedekind category Rely,, the sublattice of ideals in each hom-
lattice Relp(X,Y") is isomorphic to the Heyting lattice L. In particular, it is easy to
prove that an L-relation a: X — Y is an ideal of Rely, if and only if « is constant.
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In the more general context of pseudo-categories the existence of (right, left) identity
morphism is not assumed; moreover, since the associativity of morphisms composition
is not required, the condition Vxy * a * Vyy = a which characterizes the ideals of a
Dedekind category is susceptible of to two different readings: Vyy * (o * Vyy) = @ and
(Vxy *a) * Vyy = a.

Nevertheless, in a Dedekind category, thanks to the associativity of composition, the
equality Vxy * a* Vyy =« is equivalent to Vxy * = a * Vyy = a.

So, taking into account the above comments, we propose the following definition in the
context of pseudo-categories.

Definition 6.1.45. Let C= ((06j( C),Mor(C),0);<,[]_) be a bounded ordered pseudo-
category. A morphism f: X =Y is called

- right ideal if Mxxof = f;
- left ideal if foTlyy=f;
- tdeal if it is a right and left ideal.
For all X,Y € 06j( C) we denote by I(X,Y") the set of all ideals from X to Y.

Remark 6.1.46. In any bounded ordered reversible pseudo-category C, if f € C(X,Y)
is an ideal, then the equality T xxofolyy= f is consistent and true since clearly
(Txxof)oMyy=Txxo(foTlyy) = f.

Under associativity of the composition we get similar results as in Dedekind cate-
gories.

Proposition 6.1.47. Let C = ((06i( C),Mor(C),0);<,[-]_) be a bounded ordered asso-
ciative pseudo-category. Then

1. fe C(X,Y) is an ideal if and only if MxxofoTyy= f;
2. if feI(X,Y) and ge I(Y,Z) , then foge I(X,Z).

Proof. 1. The necessity of the condition is stated in the above remark.
As for the sufficiency, by Proposition 6.1.23 and by assumption we have that:

Txxof =TT xxo(TMxxofellyy)=(TMTxxolxx)o follyy=TxxofoTl xx= f; sim-
ilarly, foT xx=f.

2. Let f e I(X,Y) and g € I(Y,Z). By assumption, the following equalities hold:
Txxo(fog)oMyy=(TMxxof)o(geTzz) = fog. Hence, by item (1), fog e I(X, 7).
O

Definition 6.1.48. Let C = ((06j( C),Mor(C),0);<) be a left (right, unital) bounded
ordered pseudo-category. An object J of C is called singleton if:

1. Myg=ly#llyy (Myg=ry#lyy, Moy=iy#1,5);
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2. MxyoTMyx=Txx, for every X € 06j( C).

Proposition 6.1.49. Let J be a singleton of a left (right, unital) bounded ordered
pseudo-category C. The followings hold.

1. If f € C(J,J) then f is subdiagonal.
2. If C is associative, then T xy =T x joT sy, for all X, Y € 06i( C).

Proof. 1. Assuming [ to be the left (right, unital) identity of J; since J is a singleton,
from definition we have that T ;y=1[;; obviously f <1; =T s, because T ;s is the
top element.

2. Mxy2Mx ol sy, since T xy is the top element.
Conversely, by Proposition 6.1.23 we have that:

Txy=TxyoTlyy=Txyo(Ty oM jv)=( MxyoTy )oT sy < x0T sy.
O

It follows clearly from Proposition 6.1.23 that in some bounded pseudo-categories
the top morphisms are left or right ideals. Moreover, the following hold.

Proposition 6.1.50. Let C be a bounded ordered reversible pseudo-category.
1. If C is a unital multiplicative relational pseudo-category, then T xye I(X,Y).
2. If C is a left implicative relational pseudo-category, then 1l xy is right ideal.

3. If Cis a unital bounded ordered pseudo-category and J is a singleton of C, then
C(J,J)=1I(J,J).

Proof. 1. The proof follows easily by Proposition 6.1.23.

2. WLxy<Txxoll xy, since 1L xy is the bottom element. Moreover, since T x x is a top
element and C is left and implicative, we have that T x xoll xy<Ixoll xy=1xy.
Hence llxyeI(X,Y).

3. Let C be a unital relational pseudo-category. Trivially, C(J,J) 2 I(J,J). Let
feC(J,J); we have T jjof =ijo f=f and foTl j5= foij=f.
O

The following notion, introduced by H. Furusawa in [36] and also considered by M.
Winter in [86, 87, 88|, has been used before the concept of that of ideal were defined.

Definition 6.1.51. [37] Let D be a Dedekind category. A morphism k: X — X is called
scalar if Kk Cidx and Mxx*k=r*1 xx.

It is easy to prove that if a: X — X is an ideal, then x = anidx is a scalar morphism.
Conversely, if k: X — X is a scalar, then « = k* Tl x x is an ideal.
In the Dedekind category Relr, an L-relation o : X — X is a scalar if and only if
(z,2")a =0, if x # 2’ and there exists p € L such that (z,z)a = p, for every z € X. Also
in our context, we can define the corresponding notion of scalar.
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Definition 6.1.52. Let C be a left (right, unital) bounded ordered pseudo-category. For
every X € 06i(C), a morphism f € C(X,X) is called scalar if it satisfies the following
conditions:

1. f<rx (f<lx, f<ix);
2. Mxxof=fo-Txx.

Finally, we recall that in a Dedekind category a notion has been considered that is
an abstract description of element of an object; in fact, an element can be determined by
mapping the element of a singleton to that element. This idea is formalized as follows.

Definition 6.1.53. [37] Let D be a Dedekind category and X,J € 06j(D) such that J
is a unit. A morphism o : J — X s called J-point of X if it satisfies the conditions
a v aCidy and idy € o a”.

The condition 0 # id; € axa® assures that every J-point is non-zero. Hence, every
empty object X, i.e. an object X such that Vxx = Oxx, has no J-point. Moreover,
note that id; is the only J-point of J. In the context of a pseudo-category, we give the
following.

Definition 6.1.54. Let C be a left (right, unital, respectively) bounded ordered pseudo-
category and X, J € 06i( C) such that J is a singleton. A morphism f e C(J,X) is called
J-point if (f-o f<lx and fof->1;)(f-of<rx and fof_>ry), (f-of<ix and
fofo>1y), respectively).

In the complete ordered unital pseudo-category (RS ;<) of binary relations with

values in a symmetrical cdeo algebra (L,—,T), the J-points of X are the functional
relations from J to X, according to the definition given in Subsection 3.3.2.

6.1.5 Examples and remarks

At this point, we have the data and the informations necessary to summarize the
categorical aspects of the class Ry, of relations with values in some kind of extended-order
algebra. In fact, we can consider Ry"""*" = (04 (R"°"), Mor(Ry777"), 01,...,04),
where 06j(R{"°") = |Set|, aror(Ry""7°") = Ry, and o; is one of partial compositions
defined in Section 3.1, for i =1,...,n.

The properties just listed and proved allow to obtain these results.

Proposition 6.1.55. 1. If (L,—,T) is a w-ceo algebra, then:

(a) R%, R% and R% are pseudo-categories, neither right nor left, in general;

(b) (RZ;[]-) and (RY;[-]-) are reversible pseudo-categories, one the reverse of
the other, where the involution is the unary operation of opposite L-relation.

2. If (L,—,T) is a w-ceo algebra such that T — a = a, for every a € L, then:
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(a) R% 1s a left pseudo-category, where the identity morphisms are the identity
L-relations Iy, for every X € |Set|;

(b) R% 18 a right pseudo-category, where the identity morphisms are the identity
L-relations Tx, for every X € |Set|.

3. If (L,~,T) is a right w-ceo algebra, then (R9;<) is a complete ordered pseudo-
category, where the top and the bottom element are M xy and Wl xy, for all X,Y €
|Set].

4. If (L,—,T) is a ceo algebra, then: (R?;<, [-]-) is a complete implicative relational
pseudo-category.

5. If (L,—,T) is a right-distributive w-ceo algebra, then:

(a) (R%;[]2), (R%Op; [-]-) are respectively right and left reversible pseudo-
categories where the identity morphisms are the identity L-relations and where
the involution is the unary operation of opposite L-relation; moreover, they
are reverse of the other;

(b) (R%; <) is a complete ordered pseudo-category, where the top and the bottom
element are Mxy and WL xy, for all X,Y €|Set|;

(c) (R;<,[]-) is a multiplicative relational pseudo-category;
(d) (R%@; <, [[]2) is a residuated pseudo-bicategory;
(e) if, moreover, T — a = a, for every a € L, then R% is a unital pseudo-category.

6. If (L,—~,T) is a right-distributive ceo algebra, then:

(a) (R%Op; <) is a complete ordered pseudo-category, where the top and the bottom
element are Mxy and Wl xy, for all X,Y €|Set|;

(b) (R%Dp; <, []2) is a multiplicative relational pseudo-category.
7. If (L,—,T) is a symmetrical cdeo algebra, then:

(a) (R?:<,[-]-) and (Ré; <, []-) are complete implicative relational left pseudo-
categories; their reverse (R$:;<,[-]-) and (R$;<,[]-) are right reversible
pseudo-categories;

(b) (R%’é;s, [-]-) is a symmetrical pseudo-bicategory;

(¢c) (RY;<,[1]-) and (RY; <, [-]-) are complete multiplicative relational unital
pseudo-categories, the one reverse of the other;

(d) (R%’Q’é; <, [-]2) is a triangular pseudo-tricategory.

8. If (L,—,T) is a symmetrical associative cdeo algebra, then R% and R% are cate-
gories.
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Proof. The proof of all statements is an easy consequence of properties proved in Propo-
sitions 3.1.6, 3.1.10 and 3.1.14. ]

Proposition 6.1.56. Let (L,~—>, T) be a symmetrical cdeo algebra. All crisp L-relations

are crisp morphisms in (R%@;S, [-]-). In particular, llxy and Txy are crisp mor-
phisms, for all X,Y €|Set|.

Proof. Let r e Ry, (X, Z), r crisp, i.e. (z,2)re{l,T}, for all x € X,z € Z. Obviously, if
(z,2)r = L, the equivalence (z,2)r < (z,2)(R@S) < (z,2)r < (x,2)(R@S) is true, for
all R e Ri(X,Y),S € Ry, (Y, Z).

Moreover, recalling that — and «» satisfy the condition T<a - b < T <a «» b, for all
a,be L if (x,2)r =T, we have that:

T<(2,2)(ROS) & T < Nyey(2,9)R = (4,2)S < T < (2,y)R = (y,2)S,Vy e Y=
T<(2,9)R» (4,2)S,Vy e Y < T < Ayey (2, y)R » (y,2)S < T < (2,2)(RDS). Hence,
the statement is proved. O

Proposition 6.1.57. Let (L,—,T) be a w-ceo algebra. The following hold.

1. Mxy is an ideal of the bounded ordered reversible pseudo-category (R?;<,[]-).
2. If T > a=a, for every a € L, then:

(a) the constant L-relations in the left bounded ordered reversible pseudo-category
(R%;<,[-].) are right ideals. In particular, 1L xy is a right ideal.

(b) The singletons of (R%; <, []-) are the singletons sets.

(c) A relation R :{j}xX — L is a {j}-point if and only if (j,z)R - (j,2")R = 1,
for all z,x' e X,z + x'.

Proof. Let (L,—,T) be a w-ceo algebra.

1. Let X,Y € |Set|; for all z € X,y € Y, we have that: (z,y)(MTxx@Txy) =
Narex (2,2 ) Txx— (2", ) Txy= Aprex T=>T=T= (2,9) Txy.
Similarly we can prove M xyQTyy=T xy.

2. Assume that T — a = a, for every a € L. By Proposition 6.1.55, (R?;<,[-]-) is a
left bounded ordered reversible pseudo-category.

(a) Let X,Y € |Set| and let R : X xY — L be a relation such that, for all
reX,yeY (z,y)R=a, ac L.
Hence (2,y)(MTxx@R) = Apex T = a=Apexa=a=(x,y)R.

(b) Let J = {j}; hence (j,7)Mss< (4,7)Zs. Moreover, it is clear that for all
X e|Set|,z,2" € X: (z,2")( Mx,;0Myx) = (z,2")Txx.
Conversely, if J is a singleton object, then, for all z,2’ € J one has T =
(z,2")T jy< (2, 2") Ly = 2 = ', hence J has to be a singleton set.

(c) Let R:{j} x X - L be an L-relation such that (j,2)R — (j,z')R = 1, for all
.2’ e X, x+a.
For all z,z" € X, the following hold:
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- (:le‘,)(R* ®R) = /\jeJ(xaj),R’* - (]733,)7?’ = (],l‘)R - (]7 :LJ)R; ifx= :L'la
(4,2)R - (j4,2')R = T, while, by assumption, if z # 2', (j,z)R —
(4,2 )R = 1.

In any case, we have that (z,2")(R-©@R) < Zx.

- (]7])(R®R—) = /\xéX(jvx)R - (l‘,j)R_ = /\xeX(j7$)R - (]vx)R =T2

(4,5)L;-
Hence R is a J-point.
The converse can be easily proved.

O

Proposition 6.1.58. Let (L,—,T) be a right-distributive ceo algebra. The following

hold.

1.

L xy and T xy are ideals of the right bounded ordered reversible pseudo-category
(RT:<,[1-)-

The constant relations are left ideals of the right bounded ordered reversible pseudo-
category (RY;<,[]-).

If T—>a=a, for every a € L, then:
(a) the constant L-relation of the wunital bounded ordered reversible pseudo-
category (RS;<,[-]-) are ideals.
(b) The singleton of (RY;<,[]-) are the singleton sets.

(c) A relation R : {j} x X - L is a {j}-point if (j,2)R® (4,2 )R = L, for all
xz,x' € X,x + 2’ and there exists T € X such that (j,Z)R=T.

Proof. Let (L,—,T) be a right-distributive ceo algebra.

1.

Let X,Y € [Set|; for all z € X,y € Y we have that: (2,y)(TxxOTxy) =
Varex (2, 2T xx®(2,y) T xy=Vaex T®T =T = (x,y) MTxy. So, Mxy is a right
ideal; similarly we can prove that T xy is a left ideal, too.

Moreover, (z,y)(TxxOLxy) = Vorex(z,2) Txx®(2,y) Lxy=Voex T® L= 1=
(z,y)llxy. So, llxy is a right ideal; similarly, we can prove that 1l xy is a left
ideal, too.

. Let X,Y €[Set| and let R: X xY — L be a relation such that, for all z € X,y eY

(z,9)R = a, a € L. Hence (z,y)(ROTyy) = Vyey a® T = Apexa = a = (z,y)R.
Similarly, we can prove the other equality that characterizes the left ideal, recalling
that a reverse of constant relation is constant, too.

. Assume that the T — a = a is satisfied for every a € L. This is equivalent to say that

T is a left and right neutral with respect to the adjoint product. By Proposition
6.1.55, (RY;<,[-]-) is a unital bounded ordered reversible pseudo-category.
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(a) Let X,Y € |Set| and let R : X xY — L be a relation such that, for all z €
X,yeY (z,y)R=a, ae L. Hence (2,y)(MxxOR) = Aprex T® @ = Aprex @ =
a = (z,y)R. Similarly, we can prove the other equality that characterizes the
ideal.

(b) Let J = {j}; hence (4,7)Tss< (j,7)Z;. Moreover, it is clear that for every
X €|Set|,z,2" € X: (z,2")( Tx;0Msx) = (x,2")Mxx.

(c) Let R:{j} x X - L be an L-relation such that (j,2)R ® (j,2")R = 1, for all
x,2' € X,x + 2’ and there exists T € X such that (j,Z)R =T. For all z,2" € X,
the following hold:

- (:U?:E,)(R* QR) = vjeJ(xaj)R* ® (]al‘,)R = (],IL‘)R ® (]7$,)R
Ifz=2', (j,£)R — (4,2')R < T, while, by assumption, if z # 2', (j,2)R®
(4,2")R = 1. In any case, we have that (z,2')(R-®R) < Zx.

- By assumption, we have that:
(]7])(R © R—) = va:eX(j7x)R ® (%,j)R_ = VzeX(jvx)R ® (],LE)R 2
(j,{f‘)R@ (]7j)R =T2 (jaj)IJ-

Hence R is a J-point.
O

Remark 6.1.59. By using one of the equivalences that characterize the T-including
Galois L-triangle of the Proposition 5.1.7, we can deduce the property (Dy4) of Dedekind
categories with respect to the partial compositions ® and @. In fact, since the diagram
of Definition 6.1.36 is a T-including Galois L-triangle, then the following equivalence
holds, for all pe Rp,(Z,X),0 e Rp(Y,Z), 7 e RL(X,Y):

(1,p-00-)Sxxy =T <= ((pOT)-,0)Syxz =T
that is equivalent to
T<p-Qo-<(pOT)-<o0.
So, for all pe Ry, (Z,X),0 e R, (Y, Z), 7 e RL(X,Y):

TSp-Qo_<=>pOTLo-
that can be rewritten, considering o = p_, 5 =0_ and v = 7 in this way
Yy<aQf<ea Oy<p.

Remark 6.1.60. We recall the notions of fuzzy-relation algebra and MV-relation
algebra, as defined in [71, 72].

A fuzzy-relation algebra (FRA) is a structure (A, Vv, A, ®,—,0,1,;,~,A) such that:
(Ao) (A,v,A,©,—,0,1)is a BL-algebra;

(A1) (A,;,A) is a monoid;

(As2) the cycle law holds: Vz,y,z€ A, (2;y)02=0< (z7;2)0y=0< (z;y7)0x =0.
Moreover, an MV-relation algebra (MVRA) is a structure (4,®,©,7,0,1,;,~,A) such
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that:

(Ao) (A,®,0,7,0,1) is an MV-algebra;

(A1) (A,;,A) is a monoid;

(As2) the cycle law holds: Vz,y,z€ A, (z;y)02=0< (27;2)0y=0< (z;y7)0x =0;
(A3) (z@y) =2 @y

(A4) (@@ z); (boy) < (a;d) © (z3y);

(As5) Ao A=A.

Assuming that | is ®-irreducible, by means of the equivalences that characterize the
L-including Tarski L-triangle of the Proposition 5.1.18 (2), we can deduce the generaliza-
tion of the cycle law required in an M V-relation algebra and in a fuzzy-relation algebra.
In fact, since the previous diagram is a L-including Tarski L-triangle, the following hold,
forall pe Rp,(Z,X),0 e RL(Y, Z), 7 e R(X,Y):

(P, (100) )Tzxx =L = ((pOT)-,0)Tyxz =L < (T,p- O 0 )Txxy = L.
Hence, for all pe R,(Z,X),0 e R(Y, Z), 7 e R (X,Y):
pR(TOO)- =1 (pOT)-Qo=1=T0(p-O0o_)=1
that are equivalent to the following, for all p € Ry, (Z,X),0 e R, (Y, Z),7 e R, (X,Y):
p-®(T00)=1= (T-0p_)®c=1L=T7®(p-O0_) = 1.

So, considering o = 7, 8 = ¢ and v = p- the following equivalences hold, for all v €
RL(X7 Z))ﬁ € RL(Ya Z)aa € RL(va):

78 (a0f)=1e (a-07)®f=1=as(y04) =1

The algebra of relation traditionally depends on the principle of the logics involved
in the underlying set (or class) theory and reflects the structures assumed in the set of
the corresponding truth values. In classical logic, relation algebras have been studied
and characterized as algebras of binary homogeneous relations, that are boolean algebras
with operators (see [61]). An approach that deals directly with heterogeneous binary
relations has also developed starting from [69]. Of course, the big development of many-
valued logics and mathematics in the last decades and the relevance of relations in pure
and applied sciences have favored and increased new appropriate approaches to many-
valued binary relations, their algebra and theirs structures including the corresponding
operators (see [6, 87]). An abstract approach to algebras of homogeneous relations
taking values in MV-algebras is developed in [71, 72], while an abstract approach to
heterogeneous relation with values in Heyting algebras is developed in [37, 87]. More
generally, the algebra of relations, their compositions and corresponding operators have
been approached in more general contexts dealing with complete residuated lattices
[6, 4, 35]. This thesis extends the framework to the more general context of w-eo algebras,
which is intended as a first step toward a characterization of algebras and categories of
binary relations in such more general context.
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As we have already remarked, the concept introduced and studied in this Chapter are
intended as a general framework where we would like to develop an abstract approach
to categories of relations with values in some kind of extended-order algebra; this would
be the topic of our future work.

6.2 Composition graphs and connections

Structures made up of objects, morphisms and composition operation that in general
are neither categories nor pseudo-categories are studied, among others, by C. Ehrsmann
[31], H. Herrlich and L. Schéder [53, 54, 76]. In the following we recall the basic notions
of these structures considered in the works of these authors. Now, we recall the basic
notions according to the approach and terminology considered in [76].

Definition 6.2.1. A composition graph is a triple € = (06 (€), Mor(€),-) defined by
the following.

1. 06j(€) is a class of objects denoted by capital letters A, B, ...;

2. Mor(€) is a class of morphism and there exist a function € : 06j(€) x 06i(€) —
P(Mor(€)) that maps every pair of objects (A, B) into a set €(A,B), whose
elements are called morphisms and are denoted by f : A — B; then the object
A =domf is called domain of f and the object B = codomf is called codomain of
f. Moreover, {%(A,B)|A,B € 06j(€¢), ¢ (A,B) + @} is a partition of Mor(€).

3. A function id : 06i(€) - Mor(€) that associates to each object A a morphism
in€b(AA).

4. A subclass K of Mor(€) x Mor(€) and an operation of composition - : KA —
Mor(€) that maps any pair (f,g) € H into f-g € Mor(€). Moreover, the following
implication holds: (f,g) € & = domg = codomf, domf -g = domf, codomf-g =
codomyg.

We note that in a category, the converse implication of the last condition (4) holds
too.
We observe that no axiom concerning the identity law and the associativity law are
assumed, in general, in a composition graph, but some of the following conditions may
be considered.

Definition 6.2.2. Let € be a composition graph. Then the following conditions may be
satisfied.

(wi) If f e €(A,B), f-ip and iy - f are defined in € , then f-ip=ia-f=f (weak
identity law).

(si) If f € €(A,B), then both f-ipg and ia- f are defined in € and f-ig=ia-f=f
(strong identity law).

(wa) If f,g,h € Mor(€), f-g and g-h are defined in € and if one of the compositions
f-(g-h) or (f-g)-h is defined in €, then there exists also the other one and (f-g)-h =
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f-(g-h) (weak associativity law).
(sa) If f,g,h € Mor(€), f-g and g-h are defined in €, then both f-(g-h) and (f-g)-h
are defined in € and (f-g)-h=f-(g-h) (strong associativity law).

Remark 6.2.3. 1. It is possible to consider two weaker versions of the weak associa-
tivity law; in fact, we may speak of right weak associativity law, if we consider
the condition:

(wa), if f,g,h € Mor(€) and f-g, g-h and f-(g-h) are defined in %, then there
exists (f-g)-hand (f-g)-h=f(g9-h)

and of left weak associativity law if we consider the condition:

(wa); if f,g,h € Mor(€) and f-g, g-h and (f-g) - h are defined in €, then there

exists f-(g-h)and f-(g-h)=(f-g)-h.

2. A composition graph that satisfies the strong identity law is a multiplicative
graph considered by Ehresmann [31].

3. Each of the strong versions of the condition considered in Definition 6.2.2 implies
its weak version.

Proposition 6.2.4. A composition graph is a category if and only if it satisfies (si) and

(sa).

Proof. The conditions (si) and (sa) are clearly necessary. Conversely, assume that those
are satisfied. Then, for f: A - B and g: B - C, consider ip € ¥(B,B). By (si), both
fripandip-gexist and f-ig = f and ig-g =g. Then, by (sa), (f-ig)-g=f-g exists.
Now, it becomes clear that the composition is associative and every identity morphism
is neutral for the composition. O

Definition 6.2.5. [76] A composition graph is called precategory if it satisfies the
strong identity law and the weak associativity law and it is called semicategory if it
satisfy the weak identity law and the strong associativity law.

Both precategories and semicategories are proper generalizations of categories, as
subsequent examples we shall describe show.
First, we recall some of the examples described in [76].

Example 6.2.6. 1. Let A and B two partial algebras of the same signature; a ho-
momorphism f: A — B is called full if, for every operation o of arity n in the
signature, the definedness of ((x1)f,...,(xn)f)o = (x)f in B implies that there
exist z},...,x, and z’ such that (zi,...,2],)o = 2 is defined in A, (2')f = (2)f
and («})f = (z;)f, for i = 1,...,n. We note that in [76] it is shown that the com-
position of full homomorphisms need not be full. The structure where the objects
are the partial algebras, the morphisms are the full homomorphisms equipped with
the composition of functions is a precategory.

2. Let p and o be two n-ary relations on sets X and Y, respectively. A relation
morphism f : (X,p) - (Y,0) is called full if, whenever (z1,...,z,)f € o, there
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exists (x7,...,2,) € p such that (2})f = (x;)f, for i = 1,...,n. The structure,
denoted by fRel(n), whose objects are the structured sets (X, p), for every set X
and every p € X", whose morphisms are the full relation morphisms and whose
composition is the composition of functions is a precategory.

3. Let X and Y be two probability spaces; a function f: X — Y is called probability
presentation morphism if P([B]f™') = P(B|[X]f), for every B c Y where P
denotes the probability measure on X as well as on Y. The structure Prob
where the objects are the probability spaces, the morphisms are the probability
presentation morphisms with the composition of functions is a precategory.

4. Let C be a category and let ~ be a congruence on A (i.e. if f ~ g, for f: A - B and
g:C > D, then A~C and B~ D, and if f ~ ', g~¢' and fg and f’g" are both
defined, then fg ~ f’g’). Then the equivalence classes modulo ~ equipped with the
induced domain and codomain assignments and the induced composition form a
composition graph, that, in general, is neither a precategory nor a semicategory.

Now, we reconsider the notions of global and relative connections introduced in Sec-
tion 4.2, to obtain new, meaningful examples of precategories and semicategories.
First of all, we note that if one considers the set L with an equivalence = and the
structured set (X, ), where X is a set and « is an L-relation on X, then the follow-
ing connections (ix,ix) : (X,a) - (X,a) and )ix,ix(: (X,a) - (X,«a) are obtained.
Moreover, if « is a symmetrical L-relation (i.e. for every xz,z" € X, (z,2")a = (2',2)a),
then further connections [ix-ix] : (X,a) - (X,«a) and Jix-ix[: (X,a) - (X,a) are
obtained, too.
In fact, for every z,2’ € X: ((x)ix,z")a = (z,2")a = (z,(2')ix)a, i.e. one has (ix,ix)
and (2/, (z)ix)a = (2',2)a = ((2")ix, x)«, which implies )ix,ix (; moreover, the equal-
ities (2, (x)ix)a = (x,(2")ix)a and ((2)ix,z")a = ((2')ix,z)a, for all z,2" € X, can
be obtained, if « is symmetrical, which provides the connections [ix-ix ] and ]ix-ix][,
respectively.
Clearly, similar statements hold for relative connections; hence, for every E ¢ L,
(ix,ix)p: (X,a) > (X,a) and )ix,ix (g (X,a) > (X, ), while [ix-ix]g: (X, o) =
(X,a) and Jix-ix[p: (X,a) > (X, «), if a is symmetrical.
Now we consider, for a fixed set (L,=) with an equivalence relation, the class of pairs
06(Con) = {(X,a)| X €[Set|, ae LX**}  whose elements we consider as objects.
Connections may be considered as morphisms between such a kind of objects; denote
Mor(Con) the class of such morphisms and Con((X, ), (Y, 3)) the set of connections
of any kind which are suitable pairs of functions satisfying the required conditions.
To proceed, we approach the composition between connections. For this goal, we con-
sider the usual composition of functions. It is clear that given three structured sets
(X,a), (Y,B8) and (Z,7v), f: X > Y and ¢g: Y — X maps that form a connection from
(X, ) to (Y, ) of some kind and h: Y — Z and k: Z — Y maps that form a connection
from (Y, () to (Z,) of some kind, we can compose f with h and k with g, but the pair
(f - h,k-g) is not necessarily a connection of any kind.
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In the following Propositions we describe all the compositions that lead surely to some
kind of connection by means of component-wise composition of functions.

Proposition 6.2.7. With the above notation, assuming [f-g] : (Xa) - (Y,B), the
following hold.

1. If h-k[: (Y,B) — (Z,7), then there exists [f-glo]h-k[: (X,a) - (Z,7) and
[f-gle]h-k[= (f-h,k-g) € Con((X,),(Z,7))-

2. If Yh,k(: (Y,B) - (Z,7), then there exists [f-glo)h,k(: (X,a) - (Z,7v) and
[f-g1e)h, k(= [f - h, k- g] € Con((X, ), (Z,7))-

Proof. These statements can be easily proved, but we shall give an explicit verification
in the general case of relational systems in the next Section. O

Similarly, the following results can be stated.

Proposition 6.2.8. With the above notation, assuming |f-g[: (Xa) — (Y, ), the fol-
lowing hold.

1. If [h-k] = (Y,B) = (Z,7), then there exists |f-g[o[h-k] : (Xa) - (Z,7) and
17-gle[h-k]=)f - h, k- g(e Con((X, ), (Z,7))-

2. If (hyk) : (Y,B) - (Z,7), then there exists |f-g[o(h,k) : (Xa) - (Z,7) and
17-glo(h, k) =1f - h, k- g[e Con((X, @), (Z,7)). O

Proposition 6.2.9. With the above notation, assuming (f-g) : (Xa) - (Y,5), the
following hold.

1. If [h-k] - (Y,B) = (Z,7), then there exists (f,g) o [h-k] : (X&) - (Z,7) and
(f,9) o [h-k]=[f-h,k-g] e Con((X,),(Z,7)).

2. If (hyk) - (Y,5) = (Z,7), then there exists (f,g) o (h,k) : (Xa) - (Z,7) and
(fag) ° (h7k) = (fhakg) € COH((X,O&),(Z,’}/)). u

Proposition 6.2.10. With the above notation, assuming )f-g(: (Xa) — (Y,5), the
following hold.

1. If Jh-k[: (Y,B) = (Z,7), then there exists )f,g(o]h-k[: (Xa) - (Z,7) and
)fag(o]h_k[:]fhvkg[e COI’I((X,O(),(Z,’}/)).

2. If Yh,k(: (Y,B8) — (Z,7), then there exists )f,g(c)h,k(: (Xa) — (Z,7) and
)f9()h, k(=) f - h, k- g(e Con((X,a),(Z,7)). O

Clearly, the same results hold for relative F-connections, for any E ¢ L, with respect
to the same componet-wise composition of pairs of functions.
Hence, the composition is a partial operation in the class of global and relative connec-
tions.
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Remark 6.2.11. We note that given (Xa), (Y,3), (Z,7) and two pairs of functions
< f,g > and < h,k > that form connections of any type from (Xa) to (Y,3) and from
(Y,B) to (Z,7), respectively, the pair < f-h,k-g > may be a connection of some type
even if the condition of the above Propositions 6.2.7-6.2.10 do not occur; in fact, such
Propositions give sufficient conditions that are not necessary, in general, to let two
connections be composed.

Now the triple Con = (06/(Con),Mor(Con),o) with the class of objects and
of morphisms and composition above defined is a composition graph, for which the
function id : 06j(Con) — aor(Con) is defined by (X, «)id = (ix,ix).

Similarly, the composition graph E-Con = (04j(E-Con),or(E-Con),o)
of  connections relative to any subset F c L can be de-
fined, where 04 (E-Con) = 06j(Con), E-Con((X,a),(Y,3)) =

{f,9)| f: X =Y, g:Y > X form an E — connection of any type}, o is  the
component-wise composition and ¢d is defined as for Con.

It is clear that for any (X, a) € 06(Con) the pair of functions (iy,ix) is both a type
IIT and a type IV connection.

Unlike the case of arbitrary morphisms, the composition of all types of connections
having (X, «) either as domain or as codomain with the pair of identities functions
(ix,ix) is still a connection of the same type.

More precisely, if the pair (f, g) is a connection of some kind from (X, «) to (Y, 3), then
the composition of such pair either on the left with the pair (ix,ix) or on the right
with the pair (iy,iy) give the pair (f,g) itself, hence exactly the same connection.
Clearly, the same results hold for relative E-connections, for any E ¢ L.

Hence, for all types of global and relative connections each pair of identity functions on
any set is neutral with respect to the partial composition, so the strong identity law is
satisfied.

Now, it is easy to show that the strong associativity law is not satisfied in Con. In
fact, if we consider the connections [ f-g]: (X, ) = (Y, ), (iy,iy) : (Y, 3) = (Y, 3) and
[h-k]: (Y,B) = (Z,7), we have that [f-g] o (iy,iy) = [f-g] and (iy,iy) o [h-k] = [h-k]
are defined, but neither [ f-g]o ((iy,iy)o[h-k]) nor ([f-g]o (iy,iy)) o [h-k] are defined,
in general. Similarly, E-Con does not satisfy the strong associativity law.

Instead, the weak associativity law holds.

To prove this, let us denote by (f, g) any connection, either global or relative, of some kind
from (X, a) to (Y, ), where f e YX, ge XY evidently satisfy the required conditions.
Then the following holds.

Proposition 6.2.12. With the above notation, let (f,g9) : (X,a) — (Y,0),
(h,k): (Y, 8) = (Z,7), {Il,m): (Z,7) = (W,0) be connections of any kind.

If one of the compositions ((f,g) o (h,k)) o (l,m) and (f,qg) o ({(h,k) o (I,m)) exists in
Mor(Con), then the other also exists and both compositions are equal to each other.

Proof. Assuming that ((f,g) o (h,k)) o (I, m) exists means that the functions (f-h) -1
and m- (k- g) form a connection ((f-h)-l,m-(k-g)) of some kind; by the associativity
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of the composition of functions this is equivalent to saying that f-(h-1) and (m-k)-g
form the same connection, which is the composition (f, g) o ({h, k) o (l,m)). O

Corollary 6.2.13. Con satisfies the (wa) condition.

Proof. 1t (f,g) o (h,k) and (h,k) o (l,m) exist, then the codomain of (f,g), say (Y,0),
coincides with the domain of (h, k) and the codomain of < h,k >, say (Z,7), coincides
with the domain of (I, m).

Denoting by (X, «) the domain of (f,g) and by (W, ¢) the codomain of (I, m), the above
Proposition gives the assertion. O

Clearly, the same results hold for relative E-connections, for any F < L.
The above results show that Con = (04j(Con), #or(Con),o) is a composition graph
that satisfies the strong identity law and the weak associativity law; hence ¢ is a
precategory.
Similarly, for any fixed F ¢ L, the triple E-Con = (04j(E-Con), #or (E-Con), o), that
has the same objects and the same composition of Con, but whose morphisms are the
pairs of maps that are relative E-connections of any type, as in Definition 4.2.12, is a
precategory.
We can consider, moreover, Conzp = (06j(Conszg), Mor(Consg), o),
where 06j(Conzg) = 06;(Con) is the «class of all structured sets
{(X,a)|VX €|Set|,a e RL(X,X)}, aor(Conzg) is the class of pairs of functions
that are relative E-connections of some type between two structured sets, for some
E c L and o is the partial composition above considered.
Clearly, two of their morphisms can be composed according to the rule stated in
Propositions 6.2.7-6.2.10, provided that subsets FE,E’ ¢ L exist such that those
morphisms are a relative F-connection and a relative E’-connection, respectively, and
E and E’ satisfy the following condition, for all X € [Set|,a € Ry (X, X),z,2" € X:
(z,2")ae E < (v,2")ae E.
Then, it can be proved that Consg is a precategory and that Con and every E-Con,
with F ¢ L, are subprecategories of Conzg.
Now, we proceed in the opposite direction, restricting the class of morphisms. First
we consider the class of objects 06j(Con) and restrict the class of morphisms to
the connections of type III, then the restriction of the partial composition o of Con
determines a subprecategory that we denote by Conyr;. By Proposition 6.2.8 (2) it is
clear that Conj;; = (Ob(Conyyy), Mor(Conyyr),0) is a category.
Similarly, by Proposition 6.2.9 (2) the subprecategory of Con whose morphisms are the
connections of type IV is a category Conjy = (Ob(Conyy ), Mor(Conyy ), o).
Similar categories of relative F-connections of type III and categories of relative
FE-connections of type IV can be considered, for any fixed F ¢ L.

Remark 6.2.14. A special instance of the category E-Conjj; has been already con-
structed in [79], where type III Galois connections between posets have been considered.

A different arrangement of the structure of connections, either global or relative,
allows to give interesting examples of semicategories.
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Now, we need to consider connections not simply as pairs of functions satisfying suit-
able conditions, but as labeled pairs of functions whose label, running from I to IV,
corresponds to a type of connection and requires the corresponding conditions on the
functions of the labeled pairs. So, with obvious notation, we denote type I" connections
by (f,g)r and type I' E-connections by E-(f,g)p, where I' € {I,II,III,IV} and E ¢ L.
To compose connections (f,g)p : (X, ) - (Y, ) and (h, k) : (Y, 8) = (Z,7) we require
the condition (arising from Propositions 6.2.7-6.2.10)

(T,T") e {(I,1I),(I,IV),(I1,1),(II,I1I),(II1,1),(II1,1IT),(IV,II),(IV,IV)}

then we compose the function f by h and the function k£ by ¢ getting a connection of
appropriate type, according to the table below, where ¢ is the symbol to denote the
obtained composition of labeled connections.

- <f,g>16<hk>r=<f-hk-g>r;
-<fig>ro<hk>y=<f-hk-g>r;
-<fig>mro<h,k>=<f-hk-g>rv;

- <fig>mo<hk>p=<f-hk-g>;
-<fig>rro<hk>r=<f-hk-g>r;

- <fog>rr 6 <h,k>r=<f-hk-g>mrr;
- <fig>rvo<h,k>r=<f-hk-g>r;

<f,g>rvo<hk>y=<f-hk-g>m.

One can have a sample of the different behavior of the compositions o of Con and the
composition 6 noting that <ix,ix >r7;r and <ix,ix >y cannot be composed by 6 with
all types of connections, as, instead, it happens for the composition o previously consid-
ered. The following Proposition list all the possible compositions with the connections
made by the identity functions.

Proposition 6.2.15. With the above notation, the following holds.
1. < fig>rd<iy,iy >rv=<f,g>r;

< fyg>11 6 <iy,iy >rr=< f,9 >11;

< f,g>111 6 <iy,iy >11r=< f, 9 >111;

< f,g>rv o <iy,iy >rv=<f,g>1v;

A

<ix,ix >rr10< fog>1=<f,9>1;

)

<ix,ix >111 < f,9>111=< f,9 >111;
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7. <ix,ix >1v o< f,g>11=<f,9>rr1;

8. <ix,ix >v o< f,g>v=</f,g>v.

Proof. The proof of all statements follows easily by definition of 6. O

Obviously, similar results hold for relative E-connections, £ ¢ L.

Of course, to obtain a composition graph whose morphisms are the labeled connec-
tions we need to fix, for every object (X,«), the identity (X,a)id. We have two
alternative choices, the one assigning (X,«)id =< ix,ix >77, the other assigning
(X,)id =< ix,ix >rv: denote by LCon3 the composition graph obtained in the first
case and by LCon4 the composition graph obtained in the second case. We shall see
that both these composition graphs are semicategories, as a consequence of the following
results.

Proposition 6.2.16. The weak identity condition (wi) holds in LCon3 and in LCon4.

Proof. We prove the statement in LCon3; the other case will be similar.

Let (f,g)p: (X,a) = (Y, ) be any connection from (X, «a) to (Y, f).

If ' e {I,1I,IV}, then either <ix,ix >777 6(f,g)p or (f,g)po <iy,iy >rrr or both are
not defined.

Ifr= III, then < ix,iX >IIT 6<f,g>111 = (f79)1116 < iy,iy >Irr= (f’g)lll' SO7 in any
case (wi) is satisfied. O

Proposition 6.2.17. The strong associativity condition (sa) holds in LCon3 and in
LCon4.

Proof. The proof is the same in both cases, since it does not depend on the choice of
the identity morphism; so, we consider only LCon3.

Let (f,g)p o (h, k)p, and (h, k) 6 ([, m)p, be defined.

Then (X,a),(Y,B),(Z,7),(W,d) € [LCon3| exist such that (f,g)p : (X,a) - (Y,5),
(h.k)p = (Y,8) = (Z,7), (L m)pw : (Z,7) - (W,0). Moreover, (I',T"),(I",T") €
{(L,I1),(1,IV),(I1,1),(I1,I1I),(II1,I),(I11,1II),(IV,II),(IV,IV)}. Hence

(0,0 1"y e{ (I,II,1),(I,I1,1I1),(I,IV,II),(I,IV,IV),
(I1,1,I1),(I1,1,IV),(II,III,I),(II,III,III),
(I11,1,11),(II1,1,IV),(II1,I1I,1),(III,III,IIT),

IV, 1L, 1), (IV,II,IIT),(IV, IV, II),(IV,IV,IV) }.
Using Propositions 6.2.7-6.2.10, it is easy to check that, in any case, both
(f,g)po(h,k)yp)e(l,m)pn and (f,g)p 6({h, k) 6(l,m)p,) are defined, have the same

type and, of course, coincide being in both case determined by the functions f-h-l and
m-k-g. O

Similar conclusions can be drawn for the relative E-connections, for any E ¢ L, so
obtaining the semicategories E-LCon3, E-LCon4, with obvious notations.
Of course, the category Conjyy is isomorphic to a subsemicategory of LCon3 and the
category Conjy is isomorphic to a subsemicategory of LCon4.
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Remark 6.2.18. Semicategories are the main topic of the papers [53, 54|, where, in-
deed, only artificious examples are considered. Composition graphs, precategories and
semicategories are also the considered in [76] but, even there, there is no meaningful
example of semicategories, since examples of composition graphs there considered are
not semicategories. So LCon and E-LCon give a relevant contribution as interesting
examples of precategories.

6.3 Relational systems

Toward the end of the present thesis we have a look at some of the fundamental ideas
we have developed.
It should be quite clear the relevance of binary, possibly many-valued, relations in all
the topics we have treated. On one side we have tried to enlighten the role of extended-
order algebras in the study of (many valued) binary relations. Conversely, we have seen
that the structure itself of such algebras is essentially based on binary relations, either
directly or not; in fact, the primitive operation of implication is defined as an extension
of an order relation and, moreover, the fundamental tools that allow to enrich the struc-
ture of the algebra, namely isotone and antitone Galois connections, have been shown
in Chapter 4 to be properly described and studied by means of (many-valued) relations.
An overall view of the interconnection of most topics we have considered suggests the
opportunity of gathering all together such topics getting considerable advantage in the
comprehension of the whole matter and improvements of the results already obtained.
The last Sections of this thesis are thus devoted to the description of suitable relational
systems that summarize and widen in a unified framework most topics we have ap-
proached and developed.
Of course, relational systems are very general structures largely used in mathematics,
logics and their applications and it will be not surprising that the systems we shall de-
scribe are closely related to some of those well established and studied in quite different
contexts.
We think, in particular, of the formal contexts of formal concept analysis [85], of the
Chu spaces [38, 73] and of the topological systems and the closely related attachment
structures [46, 47].
A unified view of these different contexts, approached by quite similar relational sys-
tems, has been favored by the development of their many-valued version and by their
categorical-theoretic description [82].
We start recalling some basic notions to describe already known relational systems.
Formal concept analysis (FCA) has been introduced by R. Wille [85] and it consists
of many methods for data analysis and knowledge representation; (FCA) is developed
by means of Galois connections between powersets, determined by relations between
underlying sets of objects and of attributes which the objects can have.

Definition 6.3.1. [25] Let X and Y be two sets and r: X xY — 2 be a (crisp) binary
relation from X to Y. The triple ¢ = (X,Y,r) is called formal context, X the set of
objects and Y the set of attributes.
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We note that the notion of Chu space over 2 [73] is equivalent to that of formal
context.

Definition 6.3.2. [73] A Chu space over 2 is defined as a triple A = (X,r,Y),
consisting of a set X of points, a set Y of states and a functionr: X xY — 2.

Though identical in their formulation and requirements, these two notions have been

independently considered in different contexts and with different purposes. The different
terminology chosen depends on the primary intended field of application. Chu spaces are
usually represented as matrices with rows and columns made by sequences of terms 0 and
1, whose interrelations describe the structure of the space; in this way most mathematical
structures, either geometrical or algebraic or topological, may be represented as Chu
spaces (see [73], Chapters 2 and 3).
It is quite well known the motivation of (FCA), taking its original idea from the study
of concepts in the sense of Port-Royal logic, which requires to lift the formal context
(X,Y,r) to the second order level getting a Galois connection between the powersets
of both the objects and the attributes sets; this connection is given by the Birkhoff
operators [8] of r, which are the strong forward and backward left operators we have
described in Section 3.2. Similar structures, which are triples with suitable restrictions
on the second and third terms, were introduced by S. Vickers in 19809.

Definition 6.3.3. [84] A topological system is a triple (X,Y,r), where X is a set, Y
is a frame and r: X xY — 2 is a binary relation from X toY such that (z,")r:Y — 2
18 a frame map, for every x € X.

One of the motivations for the introduction of topological systems has been the
possibility they offer to put in a unified framework topological spaces and locales, so
merging point set and point free topology. Similar structures, with the different purpose
of providing topological transformations, have been introduced by C. Guido [47] as
follows.

Definition 6.3.4. [47] An attachment in a frame L is a triple (L,L,A), where
A:L— QFrm(L, 2) is a function which associates to any x € L a quasi-frame map
(i.e. a function that preserves arbitrary joins and finite non-empty meets) from L to 2.

We also remark that the notion of interchange system is considered in [25], which,
however, coincides with that of Chu space being, in fact, a “topological” system “made”
by two sets and one relation without restrictions.

Morphisms of Chu spaces (called Chu transforms in [73]), of their equivalent interchange
systems and of topological systems (called continuous maps in [84]) have been considered
as follows (we have unified different notations already used)

(f,g) : (X1,Y1,1m) = (X2,Y2,72)

where f € Set(X1, X2), g € Set®”(Y1,Y>2) (for Chu spaces and for interchange systems)
or g°? € Loc(Y7,Y2) = Frm“ (Y1, Ys) (for topological systems) satisfy the condition

(z1,(y2)g)r1 = ((x1) f,y2)r2, for all z1 € Xy, y2 €Ya.
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The corresponding categories have been denoted Chugz, IntSys and TopSys (see
[25, 73, 82, 84]).
Morphisms of Chus and of IntSys, as well, have been also considered, without any
categorical-theoretic settlement, in [38] where they are described as generalized Galois
connections, which have also been further generalized to get the notion of relational
Galois connection as follows.

Definition 6.3.5. [38] A relational Galois connection from an interchange system
(X1,Y1,7r1) to another one (Xa,Ya,13) is a pair (p, 1) of binary relations p : X1xYy — 2,
1 Xo xY] = 2 that satisfy the conditions:

1. for all 1 € X1,20 € Xo: Toth) <x17r] < X100 < TaTo;

2. 0f ¢+ X1 xYy > 2, ¢+ XoxY] - 2 are binary relations such that, for all
Tl € Xl,xg € XQ.'

- xoth < a1 < 11" < T9TY;

- 2oy’ <171 & L1 < a7,
then ¢’ <@ and )’ <.

It is quite clear that the full subcategory of both Chug and IntSys whose objects

are of the form (X, X, ), is isomorphic to the category LCon3 of global 2-connections
of type III we have described in Section 6.2. Reducing to the case when r is an order
relation, one obtains a full subcategory which is denoted GalCon in [82] having posets
as objects and classical isotonic Galois connections as morphisms.
Note that classical isotonic Galois connections, which are type III T-including Galois con-
nections in our terminology, may be, indeed, identified with type III global 2-connections.
As already stated in Definition 6.3.1, the formal contexts of formal concept analysis are,
in fact, interchange systems, but categories arranged in such a framework are quite dif-
ferent from IntSys since they involve the Galois connections determined by each formal
context. A description of a category FCI is given in [25], whose objects are formal con-
texts but a morphisms from (X1,Y7,71) to (X2, Ys,79) is a pair of maps f: 2% — 2%2,
g:2"2 - 21 guch that the diagrams

2X1 —f> 2X2

m| |

2% EEE— 2Y2

2X1 —f> 2X2

| |

2Y1 - 2Y2

g
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commute, where H; and K; are the Birkhoff operators determined by the binary rela-
tions r;.

The extension to the L-valued case, where L is a, possibly structured, fixed set is almost
straightforward and has been considered as well. Moreover, in [82] the variable basis
case, where L is not fixed but runs in the category Quant of quantales is considered; we
recall that a quantale is a complete lattice with a structure of monoid, whose product
distributes on arbitrary sups or both sides.

Dropping any structure on X and Y, any condition on the L-relation n: X xY — L and
assuming, at most, an equivalence = in L, we call any quadruple (X,Y, L,n) relational
system. Morphisms between relational systems are generalized L-connections which
can be defined in several different ways, two of which have been considered in the frame-
work of the variable basis approach of [82] to L-interchange systems, i.e. L-topological
systems free of any structure in their context.

In [82], among others, the following categories are defined, all of which have the
same objects, that are relational systems, but the morphisms from (X1,Y1,L1,m1) to
(Xo,Ys, Lo, m2) are differently defined:

1. S-FCY: the morphisms are triples (f,g,¢) € Set(Xy,X3) x Set®(Y;,Ys) x
Set® (L1, Lz) such that (1, (y2)9”)m = (((x1)f, y2)n2)™, for all z1 € X1,y €
Ya;

2. S-FCY¢: the morphisms are triples (f,g,¢) € Set(Xy,Xs) x Set®(Y1,Ys) x
Set (L1, L) such that ((z1, (y2)9”)m)e = (1) f,y2)n2, for all 21 € X1,y € 5.

Here, we propose a comprehensive approach that, on one side, takes into account
all the four types of connections, so enlarging the framework considered in [82], on the
other side, it unifies the two alternative choices of [82] in one context only, considering
as the third term of any morphism a binary relation that need not be a function.

We consider as morphisms from Sy = (X1, Y7, L1,m1) to So = (Xa,Ya, Lo, 12) the triples
(f,9,¢) which are morphisms of Set x Set x Ra such that ¢ € Ra(L1, L2) and at least
one of the following conditions is satisfied.

1. f:X1-5Y5 g:Xo—> Y] and, for all x1 € X1, 29 € Xo: (22, (x1) f)n2p(21, (22)g)m1-
In this case, the triple (f, g, ) is said to be a type I morphism from S; to Sy
and it may be labeled and denoted by < f, g, >1: S1 = Ss.

2. f:Y1 > Xo, g: Yo » Xy and, for all yy € Y1,y0 € Yo: ((y1)f,y2)m20((y2)g,y1)m-
In this case, the triple (f,g,¢) is said to be a type II morphism from S; to Sy
and it may be labeled and denoted by < f, g, >r1: S1 = So.

3. f: X1 > Xg, g: Y2 > Yy and, for all 21 € X1,y2 € Yo ((21)f,y2)mee (21, (y2)9)m.
In this case, the triple (f, g, ) is said to be a type III morphism from S; to Sy
and it may be labeled and denoted by < f, g, >rr1: S1 = So.

4. f:Y1 > Y, g: Xy > Xy and, for all x5 € Xo,y1 € Y1 (22, (y1) f)mee((22)g,y1)m.
In this case, the triple (f, g, ) is said to be a type IV morphism from S; to Sy
and it may be labeled and denoted by < f, g, >ry: 51 = Ss.
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We remark that a labeled triple has to be considered as a morphism of one type only
(the one corresponding to the label), while a triple (f, g, ) may be a morphism of more
that one type. For instance, consider a relational system S = (X, X, L,n), the identity
function ix : X — X and the equality relation iy, € L x L. The triple (ix,ix,iz) is a
morphism from S to itself, both of type III and of type IV; in fact, the following hold:

- Va,ye X, ((2)ix,y)nin(z, (y)ix)n,
- Voye X, (2, (y)ix)nis((@)ix, y)n.

Moreover, (ix,ix,ir) is a morphism of type I and of type II, too, from S to itself if and
only if n is symmetrical. In fact, in this case, the following conditions hold:

- Va,y e X, (x, (y)ix)nin(y, (€)ix)n,

- Va,ye X, ((2)ix, y)min((y)ix,x)n,

if and only if n is symmetrical.

Now we consider the class of relational systems
{S =(X,Y,L,n)| X,Y,Le|Set|, ne LXXY}, the class of labeled relational systems
morphisms and define the composition between relational systems morphisms; for this
goal, we consider the usual composition of functions, according to the following rules.
Let S1 = (X1,Y1,L1,m), So = (Xo,Ys,Lo,m2) and S3 = (X3,Y3, L3, n3) be relational
systems; if < f, g, >p: (X1,Y1, L1,m) —» (X2, Y2, La,m2), < h,k, ¢ >a: (Xo, Y2, La,12) —
(X3,Ys, L3,n3) are morphisms of type I' and A, respectively, then we define the
composition < f,g,0 >p o < h,k,¢ >a=< f-h,k-g,0 -1 >y whenever (I';)A,¥) €
{(L,IL,I11),(I, IV, 1), (LI, 1,1V ), (LI, II1,IT),(I1I,1,I),(I1I,III,III),(IV,II,II),
(IV,IV,IV)}. In fact, it can be easily checked that for any triple (', A, ) included in
the above list, the needed compositions of maps and relations can be done and give a
triple which is a morphism of type X.
The following results say that, for any relational system S = (X,Y, L,n) both the type
III morphism < ix,iy,ir, > S — S and the type IV morphism < iy,ix,i;, > S = S
satisfy the weak identity law (wi).

Proposition 6.3.6. With the above notation, the following hold.
1. Assuming < f, g, >r: S1 — So, one has the compositions

(a) < f,9,9>10<iy,,ix,,iL, >1v=<[, 9, >1;
(b) <UXy50yy, 0L, >101 © < [,9,0>10=<f,g,0>r.
2. Assuming < f,qg,¢ >r1: S1 = Sa, one has the compositions

(a) < f,g,0>110<ix,,0vy,00, >111=< f,9,0 >11;

(b) <ix,,iv,,irL, >1v o< f,g,0>11=< f, 9,0 >11.
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3. Assuming < f, g, >rr1: S1 = Sa, one has the compositions

(a) < f,g,0>111 0 <ix,,0vy, 0L, >111=< f, 9,0 >111;

(b) <ix,,iv,,ir, >1v o< f,g,¢ >111=< f, 9,0 >111-

4. Assuming < f,g,p >rv: S1 = Sa, one has the compositions

(G) < f797‘/7 >jv o< iYQviX27iL2 >1v=< fa.%‘P >IV

(b) <ix,,ivi,ir, >rv o< f,g,9>rv=<f,g,>rv. O

Now, we consider the class of all relational systems as the class of objects and the

class of all labeled morphisms of any type as morphisms. We also consider the compo-
sition of morphisms above defined. We have two choices for identities: the one given by
(X,Y,L,n)ids =<ix,iy,ir >111, the other given by (X,Y, L,n)idy =< iy,ix,ir >rv, for
any relational system.
We denote by LRelSys3 the composition graph obtained in the first case and by
LRelSys4 the composition graph that can be obtain in the second case. Similarly
to the composition graph of connections between structured sets considered in Section
6.2, we can prove the following results.

Proposition 6.3.7. The weak identity law (wi) hold in LRelSys3 and in LRelSys4.
i

Proposition 6.3.8. The strong associativity law (sa) hold in LRelSys3 and in
LRelSys4. O

Hence, LRelSys3 and LRelSys4 are semicategories.

Of course, the subsemicategories RelSys;;; and RelSys;y,, obtained restricting the class
of morphisms to those of type III and of type IV, respectively, and leaving unchanged
the objects, are categories.

One can restrict the class of morphisms between relational systems to those whose third
term is a relation ¢ that is a function or to those for which it is the opposite of a function.
We call functional and co-functional, respectively, these two kinds of morphisms. In
this case, all types of relational system morphisms can be described as a triple of functions
and the conditions that they have to satisfy can be reformulated as follows (we describe
only morphisms of type I; the others may be described similarly).

1. With the above notation, if f: X1 - Y5, g: Xo = Y7 and h: L1 — Lo are functions,
the triple (f,g,h) is a type I functional morphism from S; to Sy and it is
denoted by < f,g,h >;: S; — So if, for all x1 € Xq,29 € Xo: ((x1,(x2)g)m)h =
(z2, (1) )n2.

2. With the above notation, if f: X; - Ys, g: Xo - Y] and k: Ly - L are functions,
the triple (f,g,k) is a type I co-functional morphism from S; to Sy and it
is denoted by < f,g,k >5: S1 — So if, for all x1 € X1,29 € Xo: ((w2, (x1)f)n2)k =
(21, (z2)g)m-
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It is clear that the composition of functional (co-functional, respectively) relational
system morphisms are still functional (co-functional, respectively) and that all the iden-
tity morphisms are both functional and co-functional. So, these two classes determine
subsemicategories of both LRelSys3 and LRelSys4 that we denote, with clearly meant
symbols, FLRelSys3, FLRelSys4, co-FLRelSys3 and co-FLRelSys4.

Similarly, we can get the subcategories FRelSys;;;, co-FRelSys;;;, FRelSys;y,
co-FRelSys;y .

We note, in particular, that the subsemicategory FLRelSys3 generalizes the cat-
egory S-FCY considered in [82] and above recalled, which is, in fact, isomorphic to
FRelSys;;;.

Similarly, the subsemicategory co-FLRelSys3 generalize the category S-FCTCn of [82],
which is isomorphic to co-FRelSys;;;.

Remark 6.3.9. We note that the structured set (X, a), where X is a set and « is an
L-relation on X can be viewed as a relational system (X, X, L,«a), with X =Y.

The conditions that define the four types of morphisms between relational systems are
exactly those used to define, in the previous Section, the global and relative connections
if and only if L = L' and ¢ == is a fixed equivalence.

Hence, the relational systems and their morphisms can be viewed as a variable basis
generalization of the structured sets and of the global connections.

Hence the semicategory LCon is isomorphic to the subsemicategory (L,=)-LRelSys of
LRelSys, whose objects are the relational systems (X, X, L,n), with L fixed, and the
morphisms are the triples < f,g,=>p, I' € {[,I1,111,IV}, that are labeled relational
morphisms.

Similarly, the categories Conjy, isomorphic to a subsemicategory of LCon3, and
Conjy, isomorphic to a subsemicategory of LCon4, are isomorphic to the fixed-
basis subsemicategories (L,=)-LRelSys3 and (L,=)-LRelSys4, of LRelSys3 and
LRelSys4, respectively.

6.4 Tied relational systems

The relational systems we have considered in the previous Section and the semicat-
egories and categories having those as objects give the most general unified framework
for a variable basis and many-valued approach to the basic structures for formal concept
analysis, i.e. formal contexts, for Chu spaces, for interchange systems and for topological
systems. Within their objects, apart from the more composite structures that consider
the Galois connections determined by formal contexts, our framework includes the one
developed in [82], as we have remarked in the previous Section. We have also shown that
our framework constitutes a comprehensive, variable basis approach to Galois connec-
tions and to conjugated pairs, which are the morphisms of the semicategory of relational
systems; more precisely, these morphisms are variable basis global connections.
However, all the many-valued versions of the above listed basic structures, already con-
sidered in [24, 25, 39, 40] and the more general variable basis approaches considered in
[79, 81, 82] and in the previous Section may be considered simply as generalizations of
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the corresponding classical contexts, which occur as special cases of the corresponding
more general situations.

In the variable basis cases, of course, the many-valued and the classical (corresponding
to 2-valued) contexts are related to each other within the framework of the quite general
categories or semicategories where they have been included as objects; nevertheless, the
link relating the many-valued and the classical systems lies outside each of them.

In the lattice-valued case there is a natural way to determine uniquely a classical rela-
tional system (i.e. a formal context) from a relational system (X,Y, L,n), where L is a
bounded lattice (possibly with a richer structure), taking the so called crisp counterpart
of the structure: a formal context (X,Y,r,) may be determined by zr,y < (z,y)n =T,
for all z € X,y € Y. Something similar may be done by means of a-cuts: xr,y <
(x,y)n>a, forall ze X,yeY.

In the general case we remark that any subset F ¢ L determines a formal context
(X,Y,ry) by arpy <= (z,y)ne E, forall ze X,yeY.

If we think of a relational system as a description of an uncertain relationship between
elements of a set X of objects and elements of a set Y of attributes, giving an evaluation
of the relationship between any object and any attribute, within a set L of values, then
in the above construction of the binary relation r,, E' may be meant as the set of values
“true”.

This point of view is particularly interesting to us. In fact the main topic of this thesis,
i.e. the structure of extended-order algebra, may be seen as a special case of the general
situation above described; it has been the original motivation for the introduction of
such algebras in [50] to describe a context where both terms of the context coincide
with the set of the values that the statements in a logical system may have and the
investigated relationship is the implication between two statements, which of course has
to be evaluated in the same set of values.

The most basic structure of many-valued logics, namely w-eo algebra (L, —, T), which is
called implicative algebra in [74], consists in fact in a relational system (L, L, L, —) that,
with respect to a singleton {T} € L determines, in the above described way, a formal
context (L, L,r.), where r_, is an order relation in L, with maximum T. Conversely,
as explained in Section 2.1, the implication of w-eo algebra is an extension of an order
relation.

The work of H. Rasiowa [74] and the results we have described in Chapter 2 (see also
[13]) show the relevant role of these algebras in many-valued logics. In particular, we
have seen how the class of such algebras includes all the integral residuated lattices.
Not all residuated lattices are w-eo algebras, but this seems to be not so relevant from
the viewpoint of many-valued logics, since most algebras of such logics are, basically,
integral residuated lattices. Instead, this seems to be a gap of w-eo algebras from the
mathematical point of view, if one looks at the original context where residuated lattices
have been considered, which was related to the study of ideals of rings [29].

To close this gap, a more general approach to implicative and, subsequently, to residu-
ated structures has been developed in [49], which involves the approach to tied relational
systems we are going to describe in this Section; we mean relational systems, as defined
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in the previous Section, enriched by the addiction of a subset that has the role to allow
a formal context to be uniquely determined as a basic background.
We start giving the main definition.

Definition 6.4.1. Let X,Y and L be sets, n: X xY — L an L-relation from X toY
and let E be a subset of L. The quintuple S = (X,Y,L,n, E) is called tied relational
system.

The pair (X,Y) is called context of the system S, where X and Y are said to be,
respectively, the first and the second term of the context (X,Y).

L is called set of values and its elements are called truth values. The function n is
called evaluation. The subset E € L is called true set and its elements true values.

From a tied relational system S we can define uniquely a formal context associated
to it. In fact, let S = (X,Y,L,n, E) be a tied relational system and define the crisp
binary relation rg € X x Y by means of the following equivalence:

Vee X, yeY xrgy < (z,y)ne E.

cs = (X,Y,rg) is called natural context of the tied relational system S or formal
context induced by S and rg is called natural relation E-induced by 7.

Of course, it is possible to build, not uniquely, a tied relational system from a formal
context (X,Y,r). In fact, considering the set L and a subset E of L, we can define an
L-relation 7, : X xY — L which satisfies the following equivalence:

VeeX,yeY, (z,y)n € E < xry.

S=(X,Y,L,n,, E) is a tied relational system associated to the formal context (X,Y,r)
and it is called E-extension to L of the formal context (X,Y,r); 7, is called
FE-extension to L of the binary relation r.

Obviously, any tied relational system is an E-extension of its natural context.

Definition 6.4.2. If X =Y = L, we denote S = (L, L, L,n, E) simply by the triple G =
(L,n, E) which we call relational groupoid and we may specify that it is E-extended;
its natural context is denoted by (L,rg). Moreover:

1. if the natural relation rg E-induced by n is a (pre)order, G = (L,n, E) is called
(pre)implicative groupoid;

2. if the natural relation rq E-induced by n satisfies the conditions:

(a) there exists an element i in L, such that irgi;
(b) for all x,y € L, if xrqy then yrgx (symmetry condition);
(c) for all x,y,z € L, if xrgy and yrgz, then x = z (univocality condition),

then G = (L,n, E) is called quasi-group.
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Example 6.4.3. 1. Any w-eo algebra (L, —, T) is an implicative groupoid. Its natu-
ral context is a partially ordered set (L,<) with maximum T.

2. Let M = (M,®,1) be a commutative monoid. It is a relational groupoid and its
natural relation can be determined as follows: zryy < z0y =1 < y = 27

Clearly, the following hold:

(a) 1rpl, since 101 =1;

(b) zryy e rzoy=1yor=1< yry;

(¢) xryy,yrypz <y = z 2=y lez=yl= (95_1)_1 =z.

Hence, M is a quasi-group.

3. Let L = (L,—,T) be a right-distributive w-ceo algebra and let ® be its adjoint
product; (L,®,T) is a relational groupoid, but in general it is not a quasi-group.
If L is a symmetrical cdeo algebra, then a® b=T <> a =b=T; hence r;, = {(T,T)}
and (L,®,T) is a quasi-group.

The relational groupoids are a generalizations of the extended-order algebras, which
are the main topic of this thesis. A detailed study of some class of relational groupoids,
which are defined below, and of their properties is developed in [49], where, among
others, the main result shows that the class of implicative groupoids contains the class
of residuated lattices.

Definition 6.4.4. [49] A  (pre)implicative  groupoid (X,n,E), is called
(pre)implicative ubE-extended groupoid, if E < MaxL; (pre)implicative
uskE-extended groupoid, if E is an upperset.

Definition 6.4.5. Let S1 = (X1,Y1,L1,m1, E1) and Sz = (X2,Ya, Lo, n2, E2) be two tied
relational systems. S and S' are said to be correlated if they have the same natural
relation E-induced by 1.

Remark 6.4.6. Clearly, if the tied relational systems Sy = (X1,Y1, L1,n1, E1) and S =
(X2,Ya, Lo, ma, Ey) are correlated, ie. rg, = rg,, then X; = Xo, Y1 = Y2 and for all
xeX,yeY) (z,y)m € By < arg,y < zrg,y < (x,y)n2 € Ey. Hence, S; and Sy are
correlated if and only they have the same context and the following equivalence holds,
for all x € X1,y € Yy: (z,y)n € E1 < (x,y)ns € Es.

Example 6.4.7. Any symmetrical w-eo algebra (L,—,T) and its dual (L,-,T) are
correlated implicative groupoid. In fact, by Definition 2.1.17, the two implications induce
the same order relation on L.

Definition 6.4.8. Let S = (X1,Y1,L1,m1, E1) and Sy = (X2, Y, Lo, n2, E2) be tied rela-
tional systems. S1 and So are said to be equivalent if they are correlated and have the
same evaluation, that is n1 =no.

Remark 6.4.9. The previous Definitions of correlated and equivalent tied relational
systems determine two equivalence relations in the class of tied relational systems.
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Remark 6.4.10. Clearly, if the tied relational systems S7 = (X1,Y1,Lq1,m,E1) and
Sy = (X9,Y2, La,m9, Ey) are equivalent, then X7 = Xo, Y7 = Y5, Ly = Ly; moreover, for
all x € X1,y € Y] the equality (z,y)n = (z,y)n2 holds and rg, = rg,, though in general
FEq + Es.

Moreover, in this case, for all x € X1,y € Y] we have the following equivalences: zrg,y <
(z,y)m € E1 < (x,y)n2 € By and zrg,y < (z,y)n2 € B2 < (z,y)n1 € Ea.

Hence, S; and S; are equivalent systems if and only if they have the same context (X,Y),
the same set of values, the same evaluation function n and the following equivalence hold,
forall ze X,yeY: (z,y)ne E1 < (z,y)n € Es.

In particular, two relational groupoids Gy = (L1,n1, F1) and Go = (Lo, 19, E3) are
equivalent if and only if L; = Lg = L, n1 = 12 and the equivalence (z,y)n € By < (z,y)n €
FE5 is true, for all z,y € L; in this case we also say that £ and F, are equivalent, with
respect to n.

Definition 6.4.11. Let ¢ = (X,Y,r) be a formal context and let L be a set. We say that
c is extendible to L if there exist EC L and n: X xY — L such that S = (X,Y,L,n, F)
1s a tied relational system whose natural context is c. Moreover, n is called extension
to L of r or, more explicitly, an E-extension to L of r. Also, (X,Y,L,n, E) is said to
be an L-extension of c.

Remark 6.4.12. Let ¢ = (X,Y,r) be a formal context and let L be a set. If |L| > 2,
then c is surely extendible to L. If |L| = 1, then c is extendible to L if and only if either
r=XxY orr=@. If L=g, then cis extendible to L if and only if X xY =g@.

Definition 6.4.13. Let ¢ = (X,Y,r) be a formal context and let L be a set. We denote
by S(c; L) the class of all tied relational systems that are E-extensions to L of ¢, for
some E ¢ L, that is

S(e; L) = {(X,Y,L,n,E)\ EcLye XYy VweX,er:(a:,y)neEéxry}.

Moreover, let E ¢ L; we denote by S(c; L, E) the class of all tied relational systems that
are E-extension to L of ¢, that is

S(;L,E)={(X,Y,L,n,E)ne LY 5’ Vae X,yeY : (z,y)ne E < ary}.
Similarly, let n e LX*Y ; we denote by S(c;n) the class of all tied relational systems that
are E-extension to L of ¢, for some E ¢ L, that have n as evaluation function, i.e.

S(e;n) ={(X,Y,L,n,E)JEc L' Ve e X,yeY : (z,y)ne E < zry}.
Remark 6.4.14. It is easy to see that

S(g;L)=J S(¢L.E)= U S(gn).

EcL neLXxY

The tied relational systems contained in S(c¢; L) are all correlated to each other, so
S(c; L) is the equivalence class with respect to the correlation relation between tied
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relational systems.
The tied relational systems contained in S(c¢; L,n) are all equivalent to each other, so
S(c; L,m) is the equivalence class with respect to the equivalence relation between tied
relational systems.

Remark 6.4.15. Let ¢ = (X,Y,r) be any fixed context. It follows clearly from Remark
6.4.12 that S(¢; L) is empty if and only if either |L| =1, r #+ @ and r #TTxy , or L = &
and X xY # @.

If |L| < 2, then |S(c; L)| = 1 so there exist a unique £ € L and a unique n € LX*Y such
that (X,Y,L,n, F) is an L-extension of c.

Definition 6.4.16. Let ¢ = (X,Y,r) be a formal context and let L be a set. A function
n: X xY — L is said to be c-compatible if there exists E ¢ L such that (X,Y,L,n, E)
18 an E-extension to L of c.

We denote by V(c; L) the set of all the c-compatible extensions to L of r, that is

V(L) ={n: X =xY > L3Ec Ly VreX,yeY :(x,y)ne E < ary}.

Definition 6.4.17. Let ¢ = (X,Y,r) be a formal context, L be a set and E ¢ L. A
functionn : XxY — L is said to be (¢; E)-compatible if (X,Y, L,n, FE) is an E-extension
to L of c.

We denote by V(c; L, E) the class of all E-extension to L of r, i.e.

V(e;L,E)={ne LY Ve e X, yeY :n(z,y) € E < xry}.
Remark 6.4.18. 1. V(¢;L) =Ugc V(¢ L, E).

2. Two L-relations that belong to V(c; L) are also said to be c-compatible to each
other.

3. Two L-relations that belong to V(c; L, E') are also said to be (¢, E)-compatible
to each other.

Definition 6.4.19. Let ¢ = (X,Y,r)be a formal context and L be a set. A subset E of
L is said to be c-compatible if there exists n: X xY — L such that n is an E-extension
to L of r.
We denote by E(c; L) the set of all the subsets of L trough which ¢ can be extended to
L, that is

E(;L)={EcLIne LY sy Vee X, yeY: (z,y)neE < zry}.

Definition 6.4.20. Let ¢ = (X,Y,r) be a formal context, L a set andn: X xY — L. A
subset E of L is said to be (¢;n)-compatible if n is an E-extension to L of r.
We denote by E(c;n) the set of all the subsets of L trough which n extends r to L, i.e.

E(gn) ={EcLVzeX,yeY:(z,y)neE < xry}.

If, moreover, L is a (pre)ordered set, we denote by usE(c;n) the set of all the uppersets
of L trough which n extends r to L, that is

us€(e;n) ={E € E(¢;n)|E upperset of L}.
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Remark 6.4.21. 1. It is easy to prove that £(c; L) = U,cpxxv E(c;n).

2. Let ¢ = (X,Y,r) be a formal context, L be a set, E be a subset of L and consider
n: X xY — L. Hence, one has that: ne€V(¢;L,F) < (X,Y,L,n,E)eS(¢;L,FE) <
(X,Y,L,n, E) € S(¢;n) <= Ee&(cm).

Remark 6.4.22. 1. Let ¢ = (X,Y,r) be a formal context, L a set, E a subset of
Land n: X xY - L. &(¢;n) is closed for non-empty unions and non-empty
intersections. In fact, let U € E(¢;n), U + @. For every x € X, y € Y we have
(x,y)n e UU <= FE € U : (x,y)n € E < xry. Moreover, for all x € X,y € YV:
n(x,y) e NU = VE el : (z,y)n € E = FE ¢ U,(x,y)n € E = xry; conversely,
xry = VE eU,n(x,y) € E= (x,y)n e NU. Hence, UU, NU € E(c;n).

This means that for any tied relational system (X,Y,L,n, FE), the subset F may
be replaced by any other subset varying in the interval [N E(¢;n),UE(c;n)] of the
powerset P (L), allowing an equivalent system.

2. A similar discussion may be done to show that us€(c;n) is an interval in the
complete lattice of the uppersets of L. For further details we refer to [49].

Tied relational systems are many-valued extensions of a formal context to which
they are intrinsically connected by means of a subset of true values. Truth values of two
tied relational systems may vary in different sets, but morphisms between them need
not include any morphism between the sets of the respective truth values sets. So the
variable basis machinery is not necessary.

Nevertheless, one gets again a semicategory structure as in the case we have already
described dealing with (global) connections (see Section 6.2) and with their variable
basis extensions given by morphisms of relational systems (see Section 6.3).

We propose the following definition.

Definition 6.4.23. Let S = (Xl,}/i,Ll,nl,El) and Sy = (XQ,}/Q,LQ,TIQ,EQ) be tied
relational systems. We define morphism from Sy to Sa any pair of maps (f,g) such
that at least one of the following conditions hold. More precisely:

1. f : X1 - Yg, qg - X2 d Y1 and, fOT’ all Tl € Xl,xg € X2: (.I‘Q,(l’l)f)?]g € EQ Al
(1, (22)g)m € Ey. In this case, the pair (f,g) is said to be a type I morphism
from S1 to Sy and it may be labeled and denoted by < f,g >r: S1 — 9.

2. [ Y1 = Xo, g:Ys — Xy and, for all y1 € Y1,52 € Ya: ((y1)f,y2)n2 € B2 <
((y2)g,y1)m € E1. In this case the pair (f,g) is said to be a type II morphism
from Sy to So and it may be labeled and denoted by < f,g >rr: S1 — So.

3. f: X1 > Xo, g:Ys =Y, and, for all x1 € X1,y2 € Yo: ((x1)f,92)n2 € B2 <
(1, (y2)g)m € E1. In this case the pair (f,g) is said to be a type III morphism
from S1 to Sy and it may be labeled and denoted by < f,g >rrr: S1 — So.

4. [ Y1 > Y, g: X9 - Xy and, for all xo € Xo,y1 € Yo: (w2,(y1)f)n2 € B2 <
((z2)g,y1)m € E1. In this case the pair (f,g) is said to be a type IV morphism
from Sy to So and it may be labeled and denoted by < f,g >ry:S1 — Ss.
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Remark 6.4.24. The morphisms above defined may be seen as generalizations of the
relative connections described in Section 4.2. In fact, let us consider the particular
relational systems, where the first and the second terms of the contexts coincide, i.e.
X1 =Y and X9 = Y5, the truth sets are the same in each system, i.e. L; = Lo =
L; moreover, let us assume the true sets coincide, i.e. FE; = Fo = E and they are
saturated. Under this assumption, a type I morphism < f,g >; from (X1, X1, L,m, F)
to (Xg, X9, L,m2, ) is characterized by the conditions f: X; - Xs, g: Xo - X and for
all x1 € X1,29 € Xo: (x2,(21)f)B € E < (x1,(22)g)a € E. This is equivalent to say that
we have the type I E-connection [ f-g]g: (X,a) = (Y, 3), where X = X1, Y = Xy, a =1
and 3 = na.

The others types of morphisms can are similarly related to the corresponding relative
connections considered in Section 4.2.

Remark 6.4.25. The definition of tied relational systems and of their morphisms sug-
gests an intermediate generalization of relative connections between structured sets.

In fact, we can consider the following extension.

Consider the sets L, Fq, Es € L and the pairs (X, «), (Y, ), where X,Y are sets and
«, B are L-relations, respectively, on X and Y. Let f: X - Y and g: Y — X be two
functions.

1. f and g form a type I (FE1, Es)-connection from (X, «) to (Y, 3), denoted by
[f-9]e ., + (X 0) = (V. 8) if, Vo e X,y e YV (y,(2)f)B € By < (2, (y)g)a € Er.

2. f and g form a type II (E;, F3)-connection from (X, «) to (Y, /), denoted by
1/-9lE) (X, 0) = (Y, B), if, Ve e X,y e Ve ((2)f,y)B € B2 < ((y)g,2)a € Ey.

3. f and g form a type III (Ei, F3)-connection from (X, a) to (Y, ), denoted by
(f,9) BB, - (X,0) > (Y, B), if, Ve e X,y e Y: ((2)f,y)B € B2 < (z,(y)g)a € Er.

4. f and g form a type IV (E1, E3)-connection from (X, a) to (Y, 3), denoted by
)f)g(EhEz: (X,Oé) - (K B)v 1fa Va e Xay ey: (yv (‘T)f)/ﬁ € E2 - ((y)g,m)a € E1~

Consider the class of tied relational systems and the class of tied relational system
morphisms.
As for relational system morphisms, the composition between tied relational system
morphisms is defined by using the usual composition of functions. Also in this case, it
is not possible to compose each other all types considered of morphisms; in fact, we can
define the composition using similar rules as in the previous Section.
If < f,g >r (Xl,Yl,Ll,le) - (XQ,}/Q,LQ,T]Q), < h,k‘ >A: (XQ,YQ,LQ,?]Q) -
(X3,Ys,L3,n3) are morphisms of type I' and A, respectively, then we may de-
fine the composition < f,g >p o < h,k >a=< f-h,k-g >y whenever (I',AX) €
{(I,II,1II),(L,IV,I),(II,1,IV), (LI, I1I,I1),(I11,1,I),(I11,I11,I1I),(IV,II,IT),
(IV,IV,IV)}. In fact, it can be easily checked that for any triple (I, A, X)) included in
the above list, the above compositions of maps can be done and give a pair which is a
morphism of type X.
Now, we consider the relational system S = (X,Y,L,n, E) and the identity functions
ix: X - X and iy : Y - Y. We have that:
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1. forallze X,y eY: ((n)ix,y)ne E < (z,y)ne E < (z,(y)iy)n € E;
2. forallze X,yeY: (z,(y)iy)ne E< (z,yne E < ((v)ix,y)neE.

Hence, the pair (ix,iy) is a type III morphism from S to itself and the pair (iy,ix) is
a type IV morphism from S to itself.

Clearly, if X =Y and 7 is symmetrical, the pair (ix,ix) is a type I and a type II
morphism from (X, X, L,n, E) to itself, too.

The following results say that, for any tied relational system S = (X,Y, L, n, E') both the
type III morphism < ix,7y >777: S — S and the type IV morphism < iy,ix >ry: 5 = S
satisfy the weak identity law (wi).

Proposition 6.4.26. With the above notation, the following hold.

1. Assuming < f,g >r: S1 = Sa, one has the compositions

(a) < f,g>10<iyy,ix, >rv=<[f,9>1;

(b) <ixy,ivi >rrro< fig>ro=<f,g>.

2. Assuming < f, g >rr: S1 — Sa, one has the compositions

(a) < f,g>110<ix,, iy, >111=< f,9 >11;

(b) <ix,,iy; >1rv o< f,g>11=<f,9>11.

3. Assuming < f, g >rrr: S1 — Se2, one has the compositions

(a) < f,g>r110<ix,, iy, >111=<f,9>111;

(b) <ix,, iy, >1v o< f,9>111=<f,9>111.

4. Assuming < f,g >ry: S1 = Sa, one has the compositions

(a) < f,g>1vo<iyy,ix, >rv=<[f,9>1v;:

(b) <ix, iy, >rv o< f,g>rv=<f,g>rv. O

Now, we consider the class of all tied relational systems as the class of objects and

the class of all labeled morphisms of any type between them as morphisms. We also
consider the composition of morphisms above defined. Also in this case, we have two
choices for identities: the one given by (X,Y, L,n, E)ids =< ix,iy >r77, the other given
by (X,Y,L,n, E)idy =<iy,ix >y, for any tied relational system.
We denote by LTRelSys3 the composition graph obtained in the first case and by
LTRelSys4 the composition graph that can be obtain in the second case. Similarly to
composition graph of connections between structured sets considered in Section 6.2 and
similar to the relational system case discussed in the previous Section, we can prove the
following results.

Proposition 6.4.27. The weak identity law (wi) hold in LTRelSys3 and in
LTRelSys4. O
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Proposition 6.4.28. The strong associativity law (sa) hold in LTRelSys3 and in
LTRelSys4. O

Hence, LTRelSys3 and LTRelSys4 are semicategories.

Of course, the subsemicategories LTRelSys;;; and LTRelSys;,, obtained restricting
the class of morphisms to those of type III and of type IV, respectively, and leaving
unchanged the objects, are categories.

We have to remark that while composing two morphisms < f, g >p: (X31,Y7, L1,m, Eq) -
(X2,Y2, Lo,ma, Eo), < hyk >a: (Xo,Ya, Lo, n2, E9) - (X3,Y5, L3, 03, E3) the requirement
that the domain of the second morphism coincides with the codomain of the first may
be considerably relaxed. In fact, any two subset Ef, EY of L that belong to E(c2;n2),
where ¢y is the natural context of (Xo,Ya, Lo, m2, E2), may replace Fo, respectively, in
the codomain of < f, g >r and in the domain of < h, k >A.

Such replacements do not invalidate the conditions the morphisms have to satisfy, since
for all x9 € X9,y € Yo one has (z2,y2)n2 € Ey < (22,y2)n2 € E) < (x2,y2)n2 € EY;
moreover, the compositions f-h and k-g do not depend at all on the subsets Es, Ef, EY.



Appendix

In this Appendix we summarize a description of the algebras involved in examples
and remarks all along this thesis, recalling the conditions they satisfy.

Algebra 1. Let L = [0,1] be the real unit interval equipped with the implication,
called Kleene-Dienes implicator, defined by a -1 b = maxz(1 - a,b), for all a,b € L.
(L,—1,1) is not a w-eo algebra, since the reflexivity condition does not hold. In fact,
a—>1a=max(l-a,a)#1,if a+ 1 and a # 0. Moreover, —; is an implicator, in the sense
of the Definition 2.2.1 and it is an implicator in the usual sense.

Algebra 2. Let L = [0,1] be the real unit interval equipped with the implication, called
Reichenbach implicator, defined by a -2 b=1-a+ab, for all a,be L. (L,—3,1) is not
a w-eo algebra, since the reflexivity condition does not hold. In fact, a -9 a = 1-a+a® # 1,
if a #1 and a # 0. Moreover, —5 is a bounded implicator, in the sense of the Definition
2.2.1.

Algebra 3. Let L =[0,1] be the real unit interval equipped with the implication, called
1 ifa=0 (L, >3,1)

most strict implicator, defined, for all a,be L by a »3b = ]
b otherwise
is not a w-eo algebra, since the reflexivity condition does not hold. In fact, a -3 a # 1,
if a #0 and a # 1. Moreover, —3 is an isotonic implicator, in the sense of the Definition

2.2.1.

Algebra 4. Let L = [0,1] be the real unit interval equipped with the implication, called
b ifa=1

1 otherwise (L, ~4,1)
is not a w-eo algebra, since the antisymmetry condition does not hold. In fact, for
instance, 0,2 -4 0,3 =0,3 -4 0,2 =1, but 0,2 # 0,3. —4 is not an implicator in the
sense of Definition 2.2.1, but it is an implicator in the usual sense.

least strict implicator, defined, for all a,be L by a >4 b=

Algebra 5. Let L = [0, 1] be the real unit interval equipped with the implication defined,

1 ifa<b .
for all L = here N: L - L N
orall a,be L by a =5 { maz((2)N,y)  otherwise where - L,a~ (a)N is
an involutive unary operation that reverses the order of L. (L,—5,1) is a ceo algebra.
Moreover, —5 is an implicator in the sense of Definition 2.2.1, but it is not an implicator
in the usual sense.

241
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Algebra 6. Let L = [0,1] be the unit real interval equipped with the implication,
1 ifac<d

b otherwise

Godel implication, defined, for all a,be L by a »g b= { . (L,>¢,1)is a

cdeo algebra and its adjoint product is exactly the meet operation. So, (L,—g,1) is an
associative and commutative cdeo algebra. Moreover, —¢ is a distributive implicator, in
the sense of the Definition 2.2.1.

Algebra 7. Let L = [0,1] be the unit real interval equipped with the implication, called
1 .
Goguen implicator, defined, for all a,be L by a -7 b = { ) ifa<b

. . (L,»7,1)isa
. otherwise

cdeo algebra and its adjoint product is exactly the usual product on L. So, (L,—7,1) is
an associative and commutative cdeo algebra. Moreover, -7 is a commutative implicator,

in the sense of the Definition 2.2.1.

Algebra 8. Let L = [0,1] be the unit real interval equipped with the implication, called
early Zadeh implicator, defined by a —»g b = maz(1 — a,min(a,b)), for all a,b € L.
(L,—sg,1) is not a w-ceo algebra, since misses, for instance, the upper bound condition;
in fact,a -3 1 = maz(l -a,min(a,1)) =maz(l-a,a)) #1,if a # 0 and a # 1. Moreover,
—g is an involutive implicator, in the sense of the Definition 2.2.1, that satisfies the
axioms (ill)y (i12) and (ilg).

Algebra 9. Let L = [0,1] be the unit real interval equipped with the implication, called
Klir and Yuan 1 implicator, defined by a —9 b = 1 - a + a®a®b, for all a,b € L.
(L,—9,1) is not a w-ceo algebra, since misses, for instance, the upper bound condition;
in fact,a >9 1 =1-a+a®#1,if a #0 and a # 1. Moreover, —g is not an implicator in
the usual sense.

Algebra 10. Let L = [0,1] be the unit real interval equipped with the implication,

called Klir and Yuan 2 implicator, defined, for all a,b € L by for all a,b € L by
b ifa=1

a >190b=131-a ifa+landb=1 . (L,>10,1) is not a w-eo algebra, since the
1 ifarlandb=1

reflexivity condition not holds. In fact, a 19 a # 1, if a #+ 1 and a # 0. Moreover, —1g

is a contrapositive implicator that satisfies (i11) and (i12), in the sense of the Definition

2.2.1.

Algebra 11. Let L = [0,1] be the unit real interval equipped with the implication
defined, for all a,be L by a >y b= 0 a-tandb=0

. (L,—11,1) is not a w-ceo
1 otherwise ( » 11 )

algebra, since the antisymmetry condition not holds. In fact, for instance, 0,1 -1 0,2 =

0,2 —->110,1=1, but 0,2 #0,1. Moreover, —1; is not an implicator in the usual sense.

Algebra 12. Let L = [0,1] be the unit real interval equipped with the implication
1 j b

defined, for all a,be L by a =12 b = { e Zihifwise . (L,—12,1) is an cdeo

algebra with adjoint product defined, for all a,b € L by a ®12 b = maz(a — V1 -0%,0).
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We note that (L, —>12,1) is neither associative nor commutative. Moreover, -2 is not a
commutative implicator, in the sense of the Definition 2.2.1.

Algebra 13. Let L = [0,1] be the unit real interval equipped with the implication
1 if a<b
defined, f Il a,b e L b b = . (L 1) i d
etned, ot at G, y a3 { m otherwise ( TS ) 15 & cdeo
algebra with adjoint product defined, for all a,b € L by a®3 = maz(b* + a —1,0). We
note that (L,—13,1) is neither associative nor commutative. Moreover, —13 is a not
contrapositive implicator, in the sense of the Definition 2.2.1.

Algebra 14. Let L = [0,1] be the unit real interval equipped with the implication

1 if a®<b
defined, for all a,be L by a -14 b = Lo a?+b  otherwise
algebra, since the antisymmetry condition not holds. In fact, for instance, 0,1 -4 0,2 =
0,2 >14 0,1 =1, but 0,2 # 0,1. Moreover, —14 is not an implicator in the sense of the
Definition 2.2.1, but it is an implicator in the usual sense.

. (L,—14,1) is not a w-ceo

Algebra 15. Let L = [0,1] be the unit real interval equipped with the implication de-
1 if a<b
w +vV1-a otherwise
algebra. Moreover, —15 is an implicator not commutative, involutive and contrapositive,
in the sense of the Definition 2.2.1.

fined, for all a,be L by a ->15 b= { . (L,—>15,1) is a w-ceo

Algebra 16. Let L ={a,b,c,d}, E ={b,c} and — be defined by

Qoo
S ST T W [~
QlIelojo|s
QIO
OO0 | & &

Then (02), (03), (05) and (05)’ hold, while (01) and (04) fail to be true.

Algebra 17. Let L = {1,a,b,T} and a and b be incomparable element; the operations
— defined as follows gives to L a structure of cdeo algebra that is not symmetrical (see

[33] for detail).

—H|l| ||
Hloe ||+
SRS RN R R
Q|| |d|o
— ]|

In fact, a < T - b though a £ b, hence the conditions of Theorem 2.1.21 are not
satisfied.
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Algebra 18. Let L = {1,a,b,7} and a and b be incomparable element; the operations
— defined as follows gives to L a structure of cdeo algebra that is not symmetrical (see
[33] for detail).

|||
Q|||+
Qle|(d|4d|e
Q|| |d|o
— ]|

In fact, @ < T — b though a £ b, hence the conditions of Theorem 2.1.21 are not
satisfied.

Algebra 19. Let L ={1,a,b, 7} and — defined by:

—H| |2 |-
oo ||+
SHUESH R RN ES]
Q|||
|||

(L,—,T) is a right-distributive ceo algebra and its adjoint product is described in
the following table:

Q|||
|||+

o2 |+-|®
===

S H R

Algebra 20. Let L ={1,a,b,¢,T} and — defined by:

Q|| dd|O

SIS IS,
=]

oo+
S o | S|+

ISERES RSN IECE SN S

(L,—,T) is a right-distributive w-ceo algebra and its adjoint product is described in
the following table:
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Algebra 21. Let L ={1,b1,bs,b3,¢1,c2,d, T} and — defined by:

o[+

il =]

Q|||+ |2

S| S H | H| S

(SRS H N BN e

Ao | |~]4

- 1 | by | by b3 Cc1 | C2 d | T
1 T T T T T T T T
by | bg | T | by | b3 |bg | T T T
by | b |ba | T [ b | T | T | T|T
bs | b1 | b1 | b1 | T T by | b1 | T
C1 1 1 b1 b2 T b1 b1 T
co | L by b3 | L |b3| T |T|T
d L by |bg| L |bg]|c T T
Tl L | L] L | L]bg| L |b|T
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(L,—,T) is a right-distributive ceo algebra and its adjoint product is described in

the following table:

® | L |by | by|bg|c1 || d T
L] L1 1 1 1 1 1 1
b1 1 b1 bl 1 b1 bl bl b1
bg 1 bg 1 bQ b2 bg bg bQ
bs | L | L | by | bg|bsg| bg|bg|bs
cr | L]by|bg|leci ||| | a
co | L | co b1 bg Cy | Co | Co | C2
d | L d b1 bz Co d d d
T|L|d|T|ea|T|T|T|T

Algebra 22. Let L = {1,a,b,T}, a < b, and — the binary operation in L described in

the table below.

—Hl |2 |-

Hle|e|Al-

S SHH | R

SR IS

I Al
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It is easily seen that (L,—,T) is a non-symmetrical cdeo algebra, with ® and —g
described below

@|L|la|b]|T g | L]la|b|T
S I I R R A L T|T|T]|T
a 1 1 a a a a a T T
blL|L]|alb b lala|b|T
TlLl|lalal|T T |L|b|b]|T

We note that it is easily seen that —g is an implicator in the sense of the Definition
2.2.1.

Algebra 23. Let L ={1,a,b,¢,T}, a <¢,b< cand — the binary operation in L described
in the table below.

—Hlo ||+
HFIEQ ||
e[|
S| S| o
|4 d]e
I I

It is easily seen that (L,—,T) is a non-symmetrical cdeo algebra, with ® and —g
described below

@|L|la|blc|T g | L]lal|b|c|T
L L L L]jL1L]1 1 T| T | T | T|T
alllall|lal|a a |b|T|b|T|T
b|L|L|b|b|Db b |lala|T|T|T
clllal|blcl|ec c |[Lla|b|T|T
T|L|lc|lc|c|T T lL|lc|lc|c|T

Also, it can be seen that the condition of Proposition 2.2.6 is satisfied, hence —g is
a weak-ordered implicator in the sense of the Definition 2.2.1.
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Algebra 24. Let L = {a,b,c,T} be the partially ordered set with top element T and
a < b. Let the binary operation — be defined as follows:

—H|lo|o|elld
STRS NN IR R
e |H| ]| o
—|H|o ||
— |||

(L,—,T) is a w-eo algebra that does not satisfy either (05) and (o).

Algebra 25. Let L = {a,b,c,d, T} be the partially ordered set with top element T and
a <b, c<d. Let the binary operation — be defined as follows

SIS
||

S S| H | H | S
S H| S| SO

d|l|o |l
S| S| H R

L,—,T) is a w-eo algebra that satisfies (of) but it does not satisfy (05).
5

Algebra 26. Let L = {a,b,c,d, T} be the partially ordered set with top element T and
a < b, c<d. Let the binary operation — be defined as follows

SEESHEESHECRE NS
O[O | S| X

I I

ISERSEESEESEECRES]

H|lxlo |l
ole|d|o|elo

(L,—,T) is a w-eo algebra that satisfies (05) but it does not satisfy (o).
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Algebra 27. We describe the MacNeille completion of the left w-eo algebra L described
in 25 (something similar could be done by the w-eo algebra described in 26). The
elements of the completion are: Lx =[L]; a=[a]; B=[bl;y=[c];0=[d]; Tk =[T].

The operation — is described in the following table:

~K | lk | o B g 0 | Tk
lk | Tk | Tk | Tk | Tk | TK | TK
« « Tk | Tk « « TK
I} « 8 | Tk | « a | Ti
Yy | B B | B |Tk | Tk | Tk
6 | BB | B | B |Tk|Tk
Tk | « 15} I3 « a | Tk

One can see that 8 - v = «, while b - c=b.

Algebra 28. [12] Let L = {1,a,b,c, T} be the partially ordered set where 1 <a<b<c<T,
equipped with the implication described in the following table:

—H|lo |||
el ==
QI |||
|| Al Ao
al—|A[H]|4]o
|||

(L,—,T) is a (non commutative) symmetrical cdeo algebra and its adjoint product
® and its dual implication «~» are described by:

o | |H®
e i Ll il
QIR (|IH]|S
[Sal RS ESH RSNl RS
Qoo
|||
—H|lo |||+
e il Ll e
Qoo d|d| 2
||| Ao
oldl—|ld|H]|o
A A

We note, moreover, that (L,—,T) is not idempotent algebra.
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