Metadata, citation and similar papers at core.ac.uk

Provided by Repositério Institucional da Universidade de Aveiro

N Universidade de Aveiro Departamento de Matematica
1 2009

Jacinta Rodrigues Hierarquia de Leibniz
Pocas
Leibniz Hierarchy


https://core.ac.uk/display/15563134?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

€ Universidade de Aveiro Departamento de Matematica
=171 2009

Jacinta Rodrigues Hierarquia de Leibniz
Pocas

Dissertacao apresentada a Universidade de Aveiro para cumprimento dos
requisitos necessarios a obtengao do grau de Mestre em Matematica, realizada
sob a orientagdo cientifica do Doutor Manuel Anténio Gongalves Martins,
Professor Auxiliar do Departamento de Matematica da Universidade de Aveiro.



€ Universidade de Aveiro Departamento de Matematica
=171 2009

Jacinta Rodrigues Leibniz Hierarchy
Pocas

Dissertation presented to the University of Aveiro to fulfil the necessary
requirements for obtaining a Master’s Degree in Mathematics, written under the
scientific orientation of Prof. Manuel Anténio Gongalves Martins, Professor in
the Mathematics Department at the University of Aveiro.



Dedico este trabalho aos meus pais e ao meu marido.



| dedicate this work at my parents and husband.



O jari / the jury

presidente / president

vogais / examiners committee

Prof. Doutor Helmuth Robert Malonek

Professor Catedratico da Universidade de Aveiro

Prof. Doutor Carlos Manuel Costa Lourengo Caleiro
Professor Auxiliar do Instituto Superior Técnico da Universidade Técnica de Lisboa

Prof. Doutor Manuel Antonio Gongalves Martins
Professor Auxiliar da Universidade de Aveiro (Orientador)



Agradecimentos

-Ao meu orientador Prof. Doutor Manuel Martins por me ter transmitido o gosto
desta area da matematica que desconhecia e pelo apoio incondicional. Foi um
privilégio trabalhar com tanta humanidade e conhecimentos.

-Aos participantes do grupo de légica, em especial, aos meus colegas
Alexandre Madeira e Nilde Barreto. Nem sempre temos a oportunidade de
poder apresentar e assistir a varios assuntos ligados a essa area, afim de
poder discutir e melhorar o nosso trabalho.

-Aos meus pais, pelo apoio financeiro e moral.

-Aos meus familiares e amigos pelo apoio e incentivo.

-Ao meu marido por tudo...

J. P.



Acknowledgements

-My supervisor Prof. Manuel Martins for transmitting the taste of this unknown
area of Mathematics to me and for his unconditional support. It has been a
privilege to work with so much humanity and knowledge.

-Members of the logistic’'s group and especially my colleagues Alexandre
Madeira e Nilde Barreto. We do not often have the opportunity to present and
learn about several topics related to this area, in order to discuss and improve
our work.

-My parents for their financial support and moral motivation.

-My friends and family to their support and encouragement.

-My husband for everything...

J.P.



Palavras-chave
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Logica; consequéncia equacional; matriz semantica; semantica algébrica
equivalente; operador de Leibniz; I6gica protoalgébrica; l6gica equivalencial;
I6gica algebrizavel; l6gica nao-protoalgébrica; I6gica multigénero; operador de
Leibniz comportamental.

A Ldgica Algébrica Abstracta estuda o processo pelo qual uma classe de
algebras pode ser associada a uma logica. Nesta dissertagao, analisamos este
processo agrupando logicas partilhando certas propriedades em classes. O
conceito central neste estudo é a congruéncia de Leibniz que assume o papel
desempenhado pela equivaléncia no processo tradicional de Lindenbaum-
Tarski.

Apresentamos uma hierarquia entre essas classes que € designada por
hierarquia de Leibniz, caracterizando as logicas de cada classe por
propriedades meta-légicas, por exemplo propriedades do operador de Leibniz.

Estudamos também a recente abordagem comportamental que usa logicas
multigénero, légica equacional comportamental e, consequentemente, uma
versdo comportamental do operador de Leibniz. Neste contexto, apresentamos
alguns exemplos, aos quais aplicamos esta nova teoria, capturando alguns
fendmenos de algebrizagdo que n&o era possivel formalizar com a abordagem
standard.
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Abstract

Logic; equational consequence; matrix semantics; equivalent algebraic
semantics; Leibniz operator; protoalgebraic logic; equivalential logic;
algebraizable logic; non-protoalgebraic logic; many-sorted logic; behavioral
Leibniz operator.

Abstract Algebraic logic studies the process by which a class of algebras can
be associated with a logic. In this dissertation, we analyse this process by
grouping logics sharing certain properties into classes. The central concept in
this study is the Leibniz Congruence that assumes the role developed by the
equivalence in the traditional Lindenbaum-Tarski process.

We show a hierarchy between these classes, designated by Leibniz hierarchy,
by characterizing logics in each class by meta-logical properties, for example
properties of the Leibniz operator.

We also study a recent behavioral approach which uses many-sorted logics,
behavioral equational logic and, consequently, a behavioral version of the
Leibniz operator. In this context, we provide some examples, to which we apply
this new theory, capturing some phenomena of algebraization that are not
possible to formalize using the standard approach.
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Chapter 1
Introduction

The general theory of Abstract Algebraic Logic (AAL) studies the mechanism by which
a class of algebras can be associated with a given logic. This theory provides a general
context in which bridge theorems, relating metalogical properties of a logic to algebraic
properties of its algebraic counterpart, can be formulated precisely. These contrast to
the study of algebraic logic whose main setting is to examine the class of algebras that
are canonically associated with a logic. The strong connection between a logic and
its associated class of algebras can be very useful for metalogical investigation. The
paradigm of the Lindenbaum-Tarski process is the way by which the class of Boolean
Algebras (BA) appears from the Classical Propositional Logic (CPL). Actually, given
a theory T, the Lindenbaum-Tarski algebra induced by T for CPL, is the quotient
algebra Fm;/ =r, where = is the congruence on the formula algebra defined by
p =r q if and only if (iff) p and ¢ are logically equivalent in T, that is, p < ¢ € T
(the connective < denotes the usual classical propositional equivalence). This quotient
algebra is a Boolean algebra. Conversely, every countable Boolean algebra is isomorphic
to an algebra Fm,/ =r for some theory 7' of CPL. In this way, the class BA is
associated with CPL. A similar phenomena occurs in the Intuitionistic Propositional
Logic (IPL) with the class of Heyting Algebras (HA). In order to generalize this
process to other logics, the role played by the congruence =7 is substituted by the

Leibniz congruence and the equivalence connective by a system of equivalence formulas.

Logics with some identical properties have been grouped by classes which can be
characterized by Leibniz operator properties, parameterized system of equivalence for-
mulas and closure properties of the class of reduced matrix models. In this dissertation,

we study these classes for propositional logics and we generalize for many-sorted logics
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using properties of the behavioral Leibniz operator. This generalization can capture
logics that are not algebraizable in the standard approach but are behaviorally alge-
braizable. Nevertheless, this generalization does not trivialize the notion of algebraiza-

tion because there are again logics which are not algebraizable in any way.

In Chapter 2l we introduce some important concepts and results around the central
notions of logic and algebra. A logic is defined as a pair (£,F) where £ is a language
and F is a binary relation between sets of formulas and individual formulas satisfying
reflexivity, cut, weakening and structurality conditions. We present other alternative
definitions, in some concrete case for (finitary) logic (c.f. [BP89] and [Gon08§]). We also
introduce the notion of matrix and the notions of Leibniz and Suszko operators, which
are central in a semantical approach. We conclude this chapter by defining equational
logic, which is an important tool in the study of equivalent (algebraic) semantics for a
logic.

In Chapter [3 we consider a wide class of logics which is the class of protoalgebraic
logics. Blok and Pigozzi proved that this class of logics is exactly the class of non-
pathological defined by Czelakowski. We give some characterizations of protoalgebraic
logics using the Leibniz and the Suszko operators. We also show that a logic is pro-
toalgebraic iff it has a parameterized system of equivalence formulas, or equivalently, if
it has the parameterized local deduction-detachment theorem. We illustrate this latter
result, with BCK logic. We also study the relationship between the structural proper-
ties of the class of reduced matrix models and metalogical properties of protoalgebraic
logics. We prove that a logic is protoalgebraic iff the class of reduced matrix models
is closed under subdirect products. As we work with logics for which the finitariness

condition does not hold, we emphasize some results about finitary protoalgebraic logics.

In Chapter [, we study the class of equivalential logics which are logics that have
a (possibly infinite) system of equivalence formulas. These logics were introduced by
Prucnal and Wroniski in [PWT74] and extensively studied by Czelakowski in [Cze81],
[Cze01l Chapter 3] and [Cze04]. They form a proper subclass of the class of protoalge-
braic logics. We prove a useful theorem, called Herrmann’s Test, which provides some
conditions that a set of formulas built up in two variables must satisfy in order for a
protoalgebraic logic to become equivalential. We also study finitely equivalential logics
which are equivalential logics that have a finite system of equivalence formulas. We
give a characterization of (finitely) equivalential logics by means of the Leibniz operator

properties. The class of equivalential logics is also characterized by closure properties
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of the class of reduced matrix models which is closed under submatrices and direct
products. Furthermore, as we did for protoalgebraic logics, we focus on the finitary
(finitely) equivalential logics. We prove that a logic is finitary and finitely equivalential
iff the class of reduced matrix models is a quasivariety. We conclude this chapter with
the presentation of some examples of modal logics which show that the class of finitely

equivalential logics is a proper subclass of equivalential logics (c.f. [Mal89]).

In Chapter B, we study the algebraization phenomena in a broad sense. In literature
there are several notions of algebraization. In this Chapter, we will present some of
them. First we define the notion of algebraic semantics. Roughly speaking, a class K
of algebras can be considered as an algebraic semantics of a logic S if the consequence
relation g can be interpreted in the equational consequence relation |:K in a natural
way. We show that a logic can has (if any) many algebraic semantics. In addition,
if there exists an inverse interpretation of ):K in g, then K is called an equivalent
algebraic semantics for S. It is unique up to a quasivariety. If S is finitary then the
equivalent algebraic semantics K is a quasivariety. We consider weakly algebraizable
logics which are logics that have a pair of interpretations which commute with surjective
substitutions and are mutually inverse. We also give a characterization of weakly
algebraizable logics using the Leibniz operator. We define algebraizable logics as logics
which have an equivalent algebraic semantics. The most of familiar deductive systems
have equivalent algebraic semantics. The process of algebraization is related to the
famous Lindenbaum-Tarski method. For instance, this establishes the relationship
between CPL and the class BA. The central idea is to look at the set of formulas as
an algebra with operations induced by the logical connectives. Tarski observed that
logical equivalence is a congruence on the formula algebra, and therefore a quotient
algebra could be built. Many other logics are algebraizable, namely IPL. We give
some characterizations of the class of algebraizable logics. Among them, we have that
K is an equivalent algebraic semantics for a logic S iff there exists an isomorphism
between the theory lattice of S and the equational theory lattice of K that commutes
with inverse substitution. We finalize this chapter by giving some examples of logics
which show that the inclusion among the different classes of algebraizable logics are
proper.

In Chapter [0, we go behind protoalgebraic logics studying the class of truth-

equational logics, which includes the class of weakly algebraizable logics and has been

recently studied by Raftery (c.f. [Raf06b]). We characterize this class of logics by
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properties of the Suszko operator. A logic is truth equational iff the Suszko operator is
injective on the lattice filters for every algebra. We give examples of logics which are
non-protoalgebraic or truth equational, e.g. Intuitionistic Propositional Logic without
implication IPL".

In Chapter [7, we study the generalization of the theory of standard AAL to many-
sorted setting. This generalization is important since propositional logics are not
enough expressive when we want to reason about complex systems. Thus we need
logics over rich languages where elements can be distinguished by sorts. For instance,
the First-Order Logic (FOL) is a logic with two sorts (a sort for terms and a sort for
formulas). The predicates can be naturally seen as operations that transform terms
in formulas and the connectives as operations over formulas. A many-sorted logic is
introduced as logic whose language is obtained from a many-sorted signature with a
distinguished sort ¢ of formulas, and satisfies structurality condition. The notion of
hidden many-sorted signature is a many-sorted signature which is divided in a visible
and in a hidden part. In a hidden algebra, the elements are naturally split into the
visible and the hidden data. Since we cannot access immediately to the hidden data,
it is not possible to reason directly about the equality of two hidden values. Hence,
equational logic needs to be replaced by behavioral equational logic, also called hidden
equational logic, based on the notion of behavioral equivalence. Two values are consider
[-behaviorally equivalent if they cannot be distinguished by any experiments (visible
output) that can be built with the operations in the subsignature I". The I'-behavioral
equivalence is the largest equivalence relation compatible with the operations in I’
whose visible part is the identity relation. Thus there is a natural connection with
the Leibniz congruence. Actually, in the many-sorted AAL approach, the theory was
developed by replacing the role of unsorted equational logic by many-sorted behavioral
equational logic over the same signature and taking as unique visible sort, the sort ¢
of formulas. Since the sort ¢ is considered visible, we have equational reasoning about
formulas, which compels every connective to be congruent. The standard notion of al-
gebraization is a particular case of many-sorted algebraization (we have a unique sort ¢
of the signature ). And this former is a particular case of behaviorally algebraization
by considering I' = Y. At the end of this chapter we give some examples of logics
which are not algebraizable in the standard sense but are behaviorally algebraizable,
e.g. the paraconsistent logic C; of da Costa (c.f. |[Gon08, Chapter 5]). However, there

are many logics that are not algebraizable in any way.



Chapter 2
Preliminaries

In this chapter, we introduce some important concepts and results around the central
notions of logic and algebra that will be necessary throughout this thesis. For the in-
terested reader, we suggest [ANSO1, Chapter 4], [Cze01] and [Wj88] for more on these
subjects and for the proofs of the results presented herein. We assume that the reader
is familiar with some notions of universal algebra, as the notions of homomorphism,
equivalence relation, etc (c.f. [BS81]). We allow the reader to become acquainted with
our notations, terminology, conventions and mathematical language. The expression
“iff” is used as an abbreviation for “if and only if”. We describe four alternative ways of
defining a logic which are showing to be equivalent under some conditions (c.f. [BP89)
and |[Gon08]). We also define the notion of matrix and the notions of Leibniz and
Suszko operators, which we need for a semantical approach of our subject. We con-
clude this chapter by defining equational logic, which is an important tool in the study

of equivalent (algebraic) semantics for a logic.

2.1 Propositional Language and L-algebra

A propositional (or sentential) language L is a set of propositional connectives (or fun-
damental operations in algebraic context), for each one it is associated a finite natural
number called rank (or arity). We define L-constants as usual, they are connectives
(if any) of £ that have rank 0. Given a propositional language £, Fm, denotes the set
of propositional L-formulas, also called L-sentences (or L-terms in algebraic context)
built in the usual recursive way from the countably infinite set Var = {pg, p1,...} of

propositional variables (or atomic formulas) using the connectives in L: all variables
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and constants are formulas, and if ¢, ..., ¢,_1 are formulas and w is a connective of
rank n, then w(po, ..., ,_1) is a formula. Let ¢ be a formula, we write ¢(po, ..., Pn_1)
to indicate that the variables occurring in ¢ are all included in the list pg, ..., pn_1.

We denote by Var(p) the finite set of variables that actually occur in ¢. If I' C Fmyg,
then Var(T') = | J{Var(¢) : ¢ € T'}. In the sequel, the letters p,q, ... denote variables
and X,Y, Z, ... represent arbitrary sets of variables. We represent formulas by lower
case Greek letters and sets of formulas by upper case Greek letters.

By an algebra of type £ (an £-algebra for short) we mean a structure A = (A, (W :
w € L)) where A is a non-empty set called the universe of A and w? is an operation on
A of arity k for each connective w of rank %, i.e., a mapping w® : A¥ — A. We represent
L-algebras by boldface roman letters and their universes by the corresponding lightface
letters. We assume that the reader is familiar with notions of universal algebra, as the
notions of subalgebra, direct product of family of algebras, etc. Let A = (A, (w” :
w € L)) be an L-algebra and L' a sublanguage of L, ie., L' C L. The L'-algebra
(A, (wh : w € L)) is called the L'-reduct of A. The algebra of L-formulas is the
absolutely free algebra Fm, (or Te.(Var)) of type £ over the set of generators Var.

For any set X of variables, Fm,(X) denotes the set of formulas in which only variables

from X occur, and we denote by Fm,(X) the corresponding subalgebra of Fm,.

Let A be an L-algebra and ¢ € Fm,. Depending on the values in A that variables
of ¢ are assigned, the formula ¢ has a unique interpretation in A. Since Fm/, is
absolutely freely generated by the set of variables, any mapping h : Var — A can be
uniquely extended to a homomorphism % : Fm; — A, called assignment (also named
valuation or evaluation). Conversely, if we have a homomorphism ¢ : Fm, — A
then there exists a homomorphism h : Var — A such that A = g. Indeed, we can
always consider h := gjvar. In the sequel, we also write h for h. Let A be an algebra,
©(po, -, pn1) € Fm, and ao, . .., a,_1 € A. We write p?(ag, ..., a,_1) = h(p), i.e., it
is the interpretation of ¢ in A when h(p;) = a; fori =0,...,n— 1. An endomorphism
e: Fm; — Fm, is called a substitution. By a substitution instance of a formula ¢ we
mean a formula of the form e(y) where e is any substitution.

A congruence on an algebra A is an equivalence relation that is compatible with
the operations on A (c.f. [BS81, Definition 5.1 in Chapter II]). Let A be an algebra
and ai,...,a, € A. We denote by 0(as,...,a,) the congruence generated by {(a;,a;) :
1 <4,j < n}, which is the smallest congruence such that as,...,a, are in the same

equivalence class. The congruence generated by the pair (ai,as), 0(ai,az), is called



11

principal congruence. The set of all congruences on an L-algebra A is denoted by
CoA. This set is always closed under arbitrary intersections and unions of directed
sets. Thus, it forms a lattice with set-theoretical inclusion, where the meet operation is
the intersection of congruences and the join operation is defined in the following way:
01V Oy =0,U(l06)U(0oby060;)U... (cf. [BS81, Theorem 4.6 in Chapter I]).
Let K be a class of L-algebras. We say that 6 is a K-congruence of A if § € CoA and
A /0 € K. The set of all K-congruences of A is denoted by CogA. Given any R C A?,
the intersection of all K-congruences on A that includes R is denoted by #& R and is
called the K-congruence generated by R. If R = {(a,b)}, we simply write 0 (a,b) for
the smallest congruence 6 of A such that a = b(f) and A /6 € K.

2.2 Logic and Deductive System

A logic S (or logical system) over a propositional language L is defined as a pair
S = (L,Fg), where g is a relation between set of formulas and individual formulas,
called the consequence relation of S, which satisfies the following conditions, for all

A CFm, and ¢,9 € Fmyg:

pel=Ttgp (Reflexivity)

F'Fspand P CA=Abgop (Cut)

s pand Abg forevery v €e ' = Abg o (Weakening)
['Fs o = e[l'] ks e(p) for every substitution e (Structurality)

where I' Fg ¢ abbreviates that (I',p) € S and reads I' entails ¢ in S or ¢ is a
consequence of I' in S. Note that reflexivity and weakening conditions together imply
cut condition. Let I'’ A C Fm,, we write ' Fg A for I' kg 0 for all § € A, and we
write I' 4-g A when I' ¢ A and A kg I" hold. In the later case, we say that I' and A
are interderivable.

A very important property of a logic is the finitariness. Indeed, there are logicians

(e.g. Blok and Pigozzi) that defined logic being finitary. We say that Fg is finitary if
I'ks o = T" kg ¢ for some finite I' C T.

With this extra property, we obtain stronger results that we will emphasize throughout

the text.
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A formula is called a theorem of S (an S-theorem for short) if ) g ¢ (we write Fg ¢
for short). The set of all theorems is denoted by Thm(S). By the structurality of S,
Thm(S) is closed under substitutions. A set T" of formulas is called a theory of S (an
S-theory for short) if it is closed under the consequence relation g, that is, if, for every
v € Fmg, T Fg ¢ implies ¢ € T. We represent theories by uppercase Latin letters.
The set of all S-theories is denoted by Th(S) and is closed under inverse substitutions.
Indeed, let e be a substitution, 7' € Th(S) and ¢ € Fmg. Suppose e '[T] g .
By structurality of S, e[e™'[T]] Fs e(p). Since we always have that e[e ![T]] C T,
by cut condition, T kg e(p). As T is a theory, e(p) € T, i.e., ¢ € e '[T]. Thus
e 1[T] € Th(S). Observe that the theorems of S belong to every S-theory and it is
not required that this set be nonempty. We say that a theory is consistent if it is not
the set of all formulas. Otherwise, it is called inconsistent. The set Th(S) forms a
complete lattice Th(S) = (Th(S),N, vV5), where the meet operation is the intersection
of an arbitrary family of theories and the join operation is defined in the following way:
for any T, T" € Th(S), T VS T' = N{R € Th(S) : TUT" C R}. The largest theory is
the set Fm, and the smallest theory is the set Thm(S). For any I' C Fm,, we denote
by CngI' the smallest S-theory including I, i.e., Cngl' = {¢ € Fm, : T' kg5 ¢} and we
said that T' generates Cngl'. Tt is not difficult to see that TV T" = Cng(T' UT"), i.e.,
T vS T is the theory generated by T'UT’. An S-theory T is finitely axiomatized or
finitely generated if T'= Cngl’ for some finite I' C Fm,.

Let T U {¢} € Fmy. We have that I' Fg ¢ iff, for all substitutions e and T €
Th(S) such that e[I'] C T we have e(p) € T. Indeed, suppose that I' Fg . Let
e be a substitution and 7" € Th(S) such that e[I'] € T. By structurality condition,
ell'] Fs e(p). And by cut condition, T Fg e(p). Since T is a theory, e(p) € T.
Conversely, let I' U {¢} € Fm, and consider the substitution e = idpy,,. Thus, for
every T € Th(S) such that e[I']| C T, we have that e(¢) € T. Let T := Cng(I"). Since
e[l'l =T C Cng(I") =T, we have that ¢ = e(¢) € T. We conclude that I Fg .

Let S be a logic. We can see Cng as a function on the power set of Fm, into itself,
usually called the consequence operator of S. This operator satisfies the following

conditions, for all I'; A C Fmyg:

I' C Cngl’ (Reflexivity)
I' C A = Cngl' C CngA (Monotonicity)

CngCngl’ C Cngl’ (Idempotency)
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e[Cngl'] C Cng(e[l']) for every substitution e (Structurality)

In addition, if S is finitary then Cng is finitary in the sense
Cngl’ C U{Cnsf" for all finite set IV C I'}.

Conversely, any function C from power set of Fm, into itself satisfying reflexivity,
monotonicity, idempotency and structurality conditions, give rise to a logic S. Indeed,
we defined the relation kg in the following way: for all ' U {¢} C Fm,, I' b5 ¢
iff o € C(I'). It is not difficult to see that the relation Fg satisfies reflexivity, cut,
weakening and structurality conditions. Thus, we obtain a logic over £, which can be

proved finitary whenever C is finitary.

Theorem 2.2.1. Let C be a set of subsets of Fm,. C is the set of theories of some
logic iff the following conditions hold:
(i) C is closed under arbitrary intersection, i.e., (X € C for every X C C;

(ii) C is closed under inverse images of substitutions, i.e., if T € C then e [T] € C

for every substitution e.

Proof. Suppose that C is a set of theories of a logic S, i.e., C = Th(S). Since Th(S) is
always closed under arbitrary intersection and inverse images of substitutions, condi-
tions (7) and (iz) hold.

Conversely, assume conditions (i) and (i7). We define a relation k¢ between set
of formulas and individual formulas as follows, for all I' U {¢} C Fmg, I' k¢ ¢ iff
pe({TI'eC:I' CT}:=Cne(l'). It is not difficult to see that reflexivity, cut and
weakening conditions hold. Let I' U {¢} C Fm,. Suppose I' ¢ ¢, ie., ¢ € Cnel.
Let e be a substitution. Thus e(p) € e[Cne(T)]. We always have I' C e~![e[[']]. Since
e[l'] € Cne(e[l]), we have that e [e[l']] € e ![Cne(e[l])]. Thus ' C e [Cne(e[l])].
By condition (ii), e '[Cne(e[l])] € C. Thus Cnel' C e [Cne(e[l'])], which implies that
e[Cnel] C ele™[Cne(e[l])]]. Since we always have ele™![Cne(e[l])]] € Cne(e[l]), we
deduce that e[Cncl'| € Cne(e[l']). Ase(yp) € e[Cne(I')], we have that e(¢) € Cne(e[l)),
ie., e[I'] k¢ e(p). Thus structurality condition holds. We conclude that (L,F¢) is a
logic. It only remains to show that C = Th(S). Suppose T' € Th(S), then T ¢ ¢
implies ¢ € T, i.e., CneT C T and as T C Cn¢T' always holds, we have CneT = T.
Since C is closed under intersection, 1" € C. Conversely, assume 7' € C, i.e., CneT =1T.

If TFe ¢ then p € CneT' =T, s0 T € Th(S). O
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If S is a finitary logic then we have the following theorem.

Theorem 2.2.2. Let C be a set of subsets of Fm,. C is the set of theories of some
finitary logic iff the following conditions hold:

(i) C is closed under arbitrary intersection;
(ii) C is closed under inverse images of substitutions;

(iii) C is closed under directed unions, i.e., |JX € C for every X C C that is
upward-directed in the sense that, for every pair T,T" € X, there is an R € C
such that T,T" C R.

Moreover, condition (it) can be replaced by

(it') C is closed under inverse images of surjective substitutions.

Proof. Suppose that C is a set of theories of a finitary logic S, i.e., C = Th(S). We
see the proof of Theorem 2.2.1] for conditions (i) and (iéi). Let {T; : i € I} be an
upward-directed subset of Th(S). Suppose |J;c;Ti Fs ¢. Since S is finitary, there
exists a finite IV C Uie ; T; such that I'" Fg ¢. As the set of T} s is upward-directed,
there is a j € I such that I C T;. By cut condition, T Fg ¢, ie., p € T; C |J;; T
Hence | J,.; T; € Th(S).

Conversely, assume conditions (i), (7i') and (#77) hold. We define the relation ¢ as

in the proof of Theorem 221l It is not difficult to see that the relation k¢ satisfies

el

reflexivity, cut and weakening conditions. Let I' U {9} C Fm,. Suppose I' k¢ ¢
For each finite IV C I', we consider Cncl” = (J{R € C : I" C R}. Since C is closed
under intersection, Cnel” € C. The set {Cnel” : TV finite and IV C I'} is obviously
upward-directed. By condition (iii), U = |J{CncI” : I finite and IV C I'} € C. Since
' = J{T” : TV finite and T C T'} C U, by cut condition, U k¢ ¢, i.e., ¢ € U. Hence,
¢ € Cnel” for some finite IV C T, i.e., I'" F¢ ¢. Thus finitary condition holds. Now, let
F'U{e} € Fm,. Suppose I' k¢ ¢. By finitary condition, there exists a finite IV C T’
such that IV Fg ¢, i.e, ¢ € Cnel”. Let e be substitution. Thus e(p) € e[Cnc(I")]. Since
there are only finitely many variables in IV U {p}, there exists a surjective substitution
¢’ such that €'(¢)) = e(v) for every ¢ € I"U {p}. Thus €'(¢p) € €[Cne(I")]. We
always have IV C ¢ ~![¢/[I"]]. Since €/[I"] C Cne(€'[I"]), we have that e ~'[e/[I"]] C

'r
¢ [Cne(e'[T"])]. Thus I" C ¢~ [Cne(e'[T7])]. By condition (i7'), ¢! {Cne(e'[IV])] € C.
Thus Cnel” C €7 [Cne(€/[T7])], which implies that €/[Cnel”] C €'[¢'~H[Cne(e'[I7])]]. By
surjectivity of €/, ¢'[¢/"[Cne(e/[IV])]] = Cne(e'[T7]). Thus ¢'[Cnel”] C Cne(e'[T7]). Since

¢ (¢) € €[Cne(IV)], we have that €'(¢) € Cne(e'[I]), ie., €¢[I'] Fe €'(p). AsT" C T,
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we have that ¢'[I"] C ¢[I']. By cut condition, ¢'[I'] F¢ €'(¢), i.e., e[l'] F¢ e(p). Thus
structurality condition holds. We conclude that (£, F¢) is a finitary logic. To show
that C = Th(S), we see the end of the proof of Theorem 2.2.1] O

These two last theorems show that the consequence operator Cng, and hence also
the consequence relation g, can be defined in terms of the lattice Th(S). Therefore a
logic may be characterized by the properties of its set of theories, i.e, S = (£, Th(S)).

In the following lemma, we give some properties of Th(S) whenever S is a finitary

logic.

Lemma 2.2.3. [BP89, Lemma 1.1] Let S be a logic. The following conditions are

equivalent:
(i) Fg is finitary;
(i) The compact elements of Th(S) coincide with the finitely generated S-theories;

(#ii) ThS is closed under directed unions;

(iv) The lattice Th(S) is algebraic.

Another way of defining a finitary logic is by a set of axioms and a set of inference
rules in the so called Hilbert style. By an inference rule, we mean any pair (I, ¢) (also
denoted by E) where I' is a finite set of formulas (the premises of the rule) and ¢
is a single formula (the conclusion of the rule). An aziom, is an inference rule with
' =0, ie., a pair (), ¢), usually just denoted by ¢. The rules of this type are called
Hilbert-style rules of inference, or H-rules for short.

Let AX be a set of axioms and IR a set of inference rules. We say that a formula
@ is directly derivable from a set I' of formulas by the inference rule (A, 1)) if there is
a substitution e such that e(¢)) = ¢ and e[A] C I'. An S-derivation of ¢ from I' is a
finite sequence ¥y, ..., ¥, 1 of formulas such that 9,1 = ¢ and, for each i < n, ¥9; is
either a member of I, a substitution instance of an axiom, or is directly derivable from
{¥o,...,9_1}. An S-derivation from () is called an S-proof. We can defined a relation
Faxr between set of formulas and individual formulas such that I' Fax i ¢ iff ¢ is
contained in the smallest set of formulas that includes I' together with all substitution
instances of the axioms of S and is closed under direct derivability by the inference
rules of S. Clearly, I' Fax r ¢ iff there is an S-derivation of ¢ from I', and Faxr ¢
iff there is an S-proof of ¢. It is not difficult to see that the relation Fax g satisfies

reflexivity, cut, weakening, structurality and finitary conditions. Thus (£,Faxr) is
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a finitary logic, called the deductive system with the set of axioms AX and the set
of inference rules IR. Conversely, let S = (L£,Fg) be a finitary logic. By defining
AX :={p:0ts ¢} and IR := {(I',¢) : I' kg ¢ and T is finite}, it is not difficult to
see that Faxr and g coincide. The set of axioms and inference rules, (AX,IR), is
called an aziomatization (or a presentation) of S. Of course, a deductive system may
have several axiomatizations. If both the set of axioms and the set of inference rules
are finite then (AX,IR) is called a finite aziomatization.

A logic S is trivial if for all T' # (), T g ¢ for every ¢ € Fm,. There are exactly
two trivial logics for each language £: one has the empty set of theorems, called almost
inconsistent logic, where () and Fm, are the only theories, and the other has every
formulas as theorems, called inconsistent logic, where Fm, is the only theory. To any
logic we can associate several expansions, extensions, subsystems and fragments. By
an ezpansion of a logic S we mean any system S’ = (L' g ) such that £ C £ and
ks o =T kg pforallT U{p} € Fm,y. An expansion is called an extension if
L = L. In this case, S is called a subsystem of S’. A deductive system S’ is an
axiomatic extension of S if it is obtained by adjoining new axioms but leaving the
inference rules invariant. Let £’ be a sublanguage of £, and g the restriction of Fg
to £’ in the sense that, for all U {¢} C Fmg, I' b @ iff T' Fg . It is not difficult
to see that S" = (L', Fg/) is a logic over £'. S is called the L'-fragment of S and S is

called a conservative expansion of S’.

2.3 Matrix with Leibniz and Suszko Operators

An L-matriz (or a logical matriz) is a pair M = (A, D) where A is an L-algebra and
D is an arbitrary subset of A. The elements of D are called designated elements (or
designated values) of M. If D = A or A is a trivial algebra (that is, A has only one
element), then the matrix M is called trivial. If M is a matrix, )=M is the consequence
relation defined between a (possibly infinite) set I' of formulas and individual formulas

v, in the following way;
r |:M ¢ iff, for every homomorphism h : Fm, — A, h[I'] C D implies h(p) € D.

Furthermore, the consequence relation ):M satisfies reflexivity, cut, weakening and
structurality conditions. Thus (E,)=M) is a logic.

If M is a class of matrices, |= v 1s the consequence relation between a (possibly
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infinite) set I' of formulas and a single formula ¢ defined as follows;
r )=M p iff, for every M € M, T’ |=M ©.

A matrix M is called a matriz model of S (or an S-matriz for short) if, for all
Fru{e¢} € Fmg, I' Fg ¢ implies T |:M ¢. The class of all matrix models of a logic S is
denoted by Mod(S). A subset D of A is called a deductive filter or an S-filter (simply
a filter when S is clear from context), if the matrix (A, D) is an S-matrix. Usually we
denote the S-filter of an S-matrix by the letters F', D and G. If S is a deductive system,
F is an S-filter iff F' contains all interpretations of the logical axioms and is closed under
all inference rules of S. More precisely, for every homomorphism h : Fm, — A, we
have h(p) € F for each axiom ¢ of S and A[I'] C F implies h(p) € F for each inference
rule (I', ) of S. Given an L-algebra A, the set of all S-filters of A, which is denoted
by Fig(A), is closed under arbitrary intersection. Thus it is a complete lattice, denoted
by Fig(A) = (Fis(A), M, V), where \/ F; = (|{G € Fis(A) : | JF; € G}. Therefore,

iel iel
given any subset X of A there is always the least S-filter of A that contains X; it

is called the S-filter of A generated by X which we denote by Fig(X). If X is the
singleton {a}, we write Fig (a) instead of Fi5({a}) and it is called principal filter. The
S-filters on the formula algebra are exactly the S-theories and the corresponding matrix
models (Fm,,T) are called formula matriz models or Lindenbaum matriz models of
S. The class of all Lindenbaum matrix models of a logic S is denoted by L(S). An
S-filter of an S-matrix M = (A, D) is an S-filter on the algebra A that includes D.
We denote by Fig(M) = {F : E € Fig(A) and D C E} the set of all S-filters of M
which forms a complete sublattice of Fig(A).

A logic S over the language L is said to be complete relative to a class of S-matrices
Mifforall TU{p} CFm;, I'Fgp & T |:M ©; when this holds, we say that M is a
matrixz semantics for S or that M is strongly adequate for S. The next theorem says

that every logic has a matrix semantics.

Theorem 2.3.1 (Completeness Theorem). Let S be a logic. The class of all matric
models of S forms a matriz semantics for S. Furthermore, the class of all Lindenbaum

matriz models of S is also a matriz semantics for S.

Proof. Let I' U {¢} C Fm, and M € Mod(S). By definition of matrix model of S,
ks =T ):M ®.
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Conversely, assume I’ ):Mod(s) ¢. Let T'= Cng(I") € Th(S). Thus M = (Fm,,T) €
Mod(S). Consider h = idpy,, (the identity homomorphism on Fmg), then A[l'] =" C
Cng(I") =T. Hence h(¢) = ¢ € T. Since T'= Cng(I"), ' g . O

We may consider an L-matrix (A, D) as a structure over the first order language
without equality containing the operation connectives of £ and one unary predicate. If
we consider the matrix model (A, D) as a first order structure, the unary predicate is
interpreted as D. It admits the intuitive interpretation “it is true that” and it is often
called the truth predicate (c.f. [BP89]).

Let A be an algebra and D C A. A (matriz) congruence on a matrix M = (A, D)
(also called strict congruence of the matrix M) is a congruence on A that is compatible
with D in the sense that, if, for all a,b € A, a € D and (a,b) € 0 then b € D . For
any family (6;);e; of congruences on A compatible with D, we have that \/6’1- is also
a congruence on A compatible with D (c.f. [BP92l Lemma 5.2]). “
Definition 2.3.2. Let (A, D) be a matriz. Then there is the largest matriz congruence
(i.e., the largest congruence on A compatible with D) called the Leibniz congruence of

D on A and denoted by QaD.

Observe that the definition of Leibniz congruence is completely independent of any
logic; it is intrinsic to A and D. The Leibniz congruence is the largest congruence 6
of A such that for all @ € A we have either a/0 C D or a/6 N D = (). In other words,
the Leibniz congruence does not identify elements inside D with elements outside D.

In the following theorem, we give a characterization of the Leibniz congruence.

Theorem 2.3.3. Let (A, D) be a matriz. Then,
QaD = {(a,b) € A®: p*(a,cy, ..., cr1) € D iff ¢*(b,co, ..., ch1) €D,
for all (p,qo,---,qu—1) € Fmg, k < w, and all ¢y, ..., cp_1 € A}.

This definition justifies the term “Leibniz congruence” for {25 D since it formalizes
the Leibniz second order criterion of equality according to which two objects of a
domain are equal iff they share exactly the same properties expressed in the language
of the discourse. For the Leibniz congruence on the formula algebra Fm, we simply
write €2 instead of Qpy,..

The Leibniz operator on A is a function Q2 : P(A) — Co(A), which for any
D C A associates Q5 D, the largest congruence of A compatible with D. In [Her96],
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Herrmann considered only the Leibniz operator over the formula algebra Fm,. For
any T' € Th(S), he called QT the relation of indiscernibility with respect to T" given
by:

a = pB(QT) iff for all ¢ € Fmg,p € Var, p(p/a) € T < p(p/B) € T,

where p(p/a) is the formula that results from ¢ replacing p by «.

There are some properties of the Leibniz operator that we need for our study.

Lemma 2.3.4. [BP92, Lemma 5.4] Let A and B be L-algebras, and h : A — B a
surjective homomorphism. Then, for every F € Fig(B), Qa(h™[F]) = A [QpF].

Let A be an algebra. We say that the Leibniz operator is monotone on Fig(A)
(also called compatibility property in [BP86l Definition 2.2] or order-preserving), if, for
all F,G € Fig(A) such that FF C G we have Qo F C QaG. The Leibniz operator is
said to be commute with inverse substitutions on Fig(A), if, for all F' € Fig(A) and all
substitutions e, we have e [Qa F| = Q4 (e71[F]). If the Leibniz operator 2 is monotone
and commutes with inverse substitutions on Th(S), then e[Q2T] C Q(Cng(e[T])) for
all substitutions e and T' € Th(S). Indeed, let T' € Th(S) and e a substitution. Since
e[T] C Cng(e[T]), we have T C e ![Cng(e[T])] and e~} [Cng(e[T])] € Th(S). Hence, by
monotonicity of the Leibniz operator, QT C Q(e~![Cng(e[T])]). Since © commutes with
inverse substitution, Q(e™'[Cng(e[T])]) = e '[Q(Cng(e[T]))] which gives that QT C
e 1 [Q(Cng(e[T]))]. Therefore, e[QT] C Q(Cng(e[T])). We say that the Leibniz operator
is meet-continuous on Fig(A), if, for every family (F});e; of Fig(A), Qa(({E i €
I}) = N{QaF; : i € I'}. And we say that it is continuous on Fig(A), if, for every
directed family (F;);es of Fig(A) such that J{F; : i € I} € Fig(A), Qa(U{F; : i €
I}) = U{QaF; : i € I}. The Leibniz operator is said to be injective on Fig(A), if, for
all F,G € Fig(A), QaF = QG implies F' = G.

Lemma 2.3.5. [Raf06b, Lemma 5] If a logic S has no theorem then its Leibniz operator

is non-injective on Fig(A) for every algebra A.

There is another important operator, 2, called the Suszko operator of S which
maps each S-filter F' of an algebra A to the intersection of the Leibniz congruences of
all S-filters containing F'. The Suszko operator of S on A is a function with domain
Fig(A) that maps each S-filter F' of A to the congruence on A compatible with D
(not necessary the largest) such that QaF := ({QaG : F C G € Fig(A)} which
is called the Suszko congruence. Note that QaF C QuF, for every S-filter F of an
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algebra A and it is not difficult to see that Q4 is always monotone on Fig(A) for every
algebra A. We can characterize the Suszko congruence by the following condition: for
all a,b € A, (a,b) € QaF iff for all o(p,qoy -+ qr—1) € Fmg and ¢, ..., cp_1 € A,
Fig(F U {¢*(a,co,...,cr1)}) = Fig(F U {e*(b,co,...,cr-1)}). Observe that the
Suszko congruence does not only depend on A and F but also on S through the
operator Fi‘g‘ of S-filter generation on A. In the case of theories, the Suszko operator

is simply characterized in the following way: for all p,1, « € Fm, and p € Var(a),

o =(QT) i TU{a(p/p)} 45 T U {a(p/¥)}.

Given a matrix M = (A, D) and a matrix congruence # of M, the quotient of M
by 6 is the matrix (A /0, D/0), called the quotient matriz of M by 0, where A/0
is the quotient algebra and D/6 is the set of equivalence classes of the elements in
D. There is only one matrix congruence on the quotient of a matrix by its Leibniz
congruence, which is the identity relation, denoted by A (whereas Va denotes the
totally relation). A matrix (A, D) is said to be reduced (or Leibniz-reduced or simple)
if QoD = Aa. To each matrix M = (A, D) corresponds (A/QaD,D/QaD) the
reduced matriz (also called the reduction of M), denoted by M/QM or M*. We denote
by Mod*(S) the class of all reduced matrix models of S and by L*(S) the class of all
reduced Lindenbaum matrix models of S.

The class of algebras that is traditionally associated with a logic S is the class

of algebraic reducts (or algebraic Leibniz-reducts) of the reduced matrix models of S,
denoted by Alg*(5), i.e.,

Alg*(S) = {A : there exists ' € Fig(A) such that (A, F') € Mod™(S5)}.
The class of algebraic reducts of the matrices in L* is denoted by LAlg"(S):
LAIg*(S) = {Fm, : there exists T € Th(S) such that (Fm,,T) € L*(5)}.

The elements of LAlIg*(S) are called the Lindenbaum algebras of S.

We have the corresponding notation for the Suszko operator. A matrix (A, D) is
said to be Suszko-reduced if QoD = Ax. Thus to each matrix M = (A, D) corresponds
the Suszko-reduced matrix (A /QxD, D/QaD). Obviously, every Leibniz-reduced ma-
trix of S is Suszko-reduced, but the converse is false. We denote by Modg,(.5), L%, (.S),
Algy, (S) and LAlgg,(S) the class of Suszko-reduced matrix models of S, the class of

Suszko-reduced Lindenbaum matrix models of S, the class of algebraic Suszko-reducts
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of the Suszko-reduced matrix models of S and the class of algebraic Suszko-reducts of
the Suszko-reduced Lindenbaum matrix models of S, respectively. Actually, the class
of algebras that AAL canonically associates to a logic S is the class Algg, (S). How-
ever, this class coincides with Alg*(.S) for the protoalgebraic logics which are defined
in the following chapter.

A submatriz of a matrix (A, D) is a matrix of the form (B, E), where B is a
subalgebra of A and F = DNB. The direct product of a family of matrices ((A;, D;))ier
is defined by <H A, H D;), where H A, is the usual direct product of the family of

iel iel iel

L-algebras (A;);e; and HDZ' is the cartesian product of the family of sets (D;);c;.
i€l

A submatrix (A, D) of this direct product is called a subdirect product of the family

of matrices if A is a subdirect product of the family of algebras (A;);cs, that is, if

mi|A] = A; for each projection function m; : A C HAi — A,
i€l
Let F be a filter over I and ({(A;, D;))ic;r a family of matrices. We define on the

direct product H A, the binary relation 6z by the condition: for all a,b € H A,
iel iel

a=b0p) iff {i €1 :a(i)=b)} € F.

The relation 0 is a congruence relation on the algebra H A;. The quotient algebra

iel
H A;/F is called a reduced product of the family of algebras (A;);c;. The set H D;/F
icl i€l
of designated elements is defined as follows: for all a € H A,
i€l

a/FeD/Fift {iel:a(i)e D;}eF.

We denote by (_)r the class of the congruence 0. The reduced product of a family
of matrices ((A;, D;))ier is the matrix (H A,/F, HDZ/F) If F' consists on the set

iel iel
I only, the reduced product is isomorphic with the direct product of the family of

matrices ((A;, D;))icr. We say that F' is an wltrafilter over I, if F is a filter over [
such that for all X € P(I), X € Fiff I\ X ¢ F. If F is an ultrafilter over I, then
<H A;/F, H D;/F) is called an ultraproduct of the family of matrices ((A;, D;))icr-

i€l 1€l
2.4 Quasivariety

By an L-equation (or simply an equation), we mean a formal expression ¢ ~ 1), with

©,% € Fmg. Sometimes it is useful to see an equation as a pair of formulas (¢, v).
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We denote by Eq, the set of all L-equations. A quasi-equation is a formal expression
§o Mo A N1 R o1 — @ = Y with o, 61,0, - a1, 0,0 € Fmg
Similarly, we can see quasi-equation as a pair (I'; \), where I is a finite set of equations
and \ is an equation. Equations can be seen as special case of quasi-equations.

Let ¢ = 1 be an equation, I' a set of equations and A an algebra. We write

r |: A » ~ ¢ if, for every homomorphism h : Fm,; — A,
h(§) = h(n) for every & ~n € T implies h(p) = h(v).

IfT' = (), we write ):A ¢ = 1) instead of () IZA © = 1). An equation ¢ = 1 is an identity
of A if |=A @ &~ 1. Similarly, a quasi-equation &g = ng A A1 R Npo1 — @ XY is
a quasi-identity of A if {& ~no, ..., &1 R M1} IZA Y =P,

Let K be a class of L-algebras. The (semantic) equational consequence relation )=K
determined by K is the relation between a set I' of equations and a single equation

@ =~ 1, denoted by I' IZK ¢ =~ 1) and defined in the following way:
F):Kgo%w iff, for every A € K we haveF):Agozw.

In this case we say that ¢ = ¢ is a K-consequence of I'. We write IZK » =~ 1 instead
of () ):K . If [TV are sets of equations, then we write I' ):K IV for I’ |:K oY
for all p ~ ¢ € T’, and T ==, T" when T'}= T" and " = T hold. If K is the class
of the L-algebras that satisfy a given set of equations then it is called a variety and
if they satisfy a set of quasi-equations then it is called a quasivariety. A variety or a
quasivariety is trivial if it contains, up to isomorphism, only the one-element algebra.
Since the intersection of a class of varieties of type L is again a variety and the class
of all L-algebras forms a variety, we can conclude that for every class K of algebras
of a same type there is a smallest variety containing K, denoted by V(K) and called
the wvariety generated by K. If K has a single member A, we write simply V(A). A
variety V is finitely generated if V = V(K) for some finite set K of algebras. We can
defined the same notions for quasivariety. For example, there is a smallest quasivariety
containing K and denoted by Q(K).

We assume that the reader is familiar with notions of universal algebra, as homo-
morphism, isomorphism, direct product, etc. We introduce the following operators

mapping classes of algebras to classes of algebras (all of the same type):

A € [(K) iff A is isomorphic to some member of K;
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A € S(K) iff A is an isomorphic copy of subalgebra of some member of K;
A € HK) iff A is a homomorphic image of some member of K;

A € P(K) iff A is an isomorphic copy of direct product of a nonempty family of
algebras in K;

A € Pg(K) iff A is an isomorphic copy of subdirect product of a nonempty family of
algebras in K;

A € Pr(K) iff A is an isomorphic copy of reduced product of a nonempty family of
algebras in K;

A € Py(K) iff A is an isomorphic copy of ultraproduct of a nonempty family of
algebras in K.

A variety can be characterized as a nonempty class K of L-algebras which is closed

under homomorphic images, subalgebras and direct products.

Theorem 2.4.1. [BS81, Chatper II, Theorem 9.5] Let K be a class of algebras. Then,
V(K) = HSP(K)

Theorem 2.4.2. [BS81, Chapter V, Theorem 2.25] Let K be a class of algebras. Then

the following are equivalent:

(i) K can be axiomatized by quasi-identities;

(i) K is a quasivariety;

(1ii) K is closed under 1,S,P and Py and contains a trivial algebra;
(iv) K is closed under ISP and contains a trivial algebra;

(v) K is closed under ISPPy and contains a trivial algebra.

2.5 Equational Logic
The equational consequence relation |:K satisfies the following conditions:
prpel =T IZK oY (Reflexivity)

Fe o~vandT CA= A px ¢ (Cut)

F)=K<p%wandA|=K§%nfora11£%n€F:>A|=K<p%¢ (Weakening)
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r ):K w1 =ell] IZK e(p) =~ e(1) for all substitution e (Structurality)

The relation |=K is called finitary if
r ):K © =~ 1) implies T |=K ¢ =~ 1) for some finite IV C T".

The equational consequence relation |:K associated with a quasivariety K is an ex-
ample of a 2-deductive system. For more information about k-deductive systems (in a
general case), we point out to [BP92, Chapter 1], [CP99, Definition 2.1] and [CP04a,
Definition 1]. In this context, we deal with an equation ¢ ~ v as a 2-formula (¢, 1).
We denote by (L, )=K) the equational logic associated to K. All notions applicable
to deductive systems, which are 1-deductive systems, transfer naturally to 2-deductive
systems, and in particular to equational logic.

A set of equations I' is called an equational theory of K ( ):K—theory or K-theory
for short) if I" |=K p ~ 1 implies p &~ 1 € I', i.e., if I" is closed under K-consequence.
The set of all K-theories is denoted by Th(K). It is closed under arbitrary intersection.
It forms a complete lattice Th(K) = (Th(K), N, V) where the largest theory is the set
Eq, and the smallest is the set of identities of K. Let I' be a set of equations. We
denote by CngI' = {p ~ ¢ € Eq, : T ):K ¢ ~ 1} the smallest K-theory containing I".
The notion of generators of a K-theory is defined in the obvious way. We note that the
theories of an equational logic are exactly the K-congruences on the formula algebra

Fmg.

Lemma 2.5.1. Let K be a class of algebras. If K is closed under ultraproducts, then
|=K is finitary.

Proof. Assume that IZK is closed under ultraproducts. Suppose ):K is not finitary.
Let T U{¢ =~ 9} € Eq,. Consider ' |:K @ &~ 1. Thus for all finite set IV C T,
["Fkx ¢ =~ 1. Let I be the set of all indices i such that I'; is a finite subset of T, i.e.,
I = {i : T; is a finite subset of I'}. Consider the set i* := {j € [ : ['; C I';}, for all
i € I. Tt is not difficult to see that the family (i*);c; have a finite intersection property,

in the sense that for all I’ C I, m i* # 0 (because the propositional language have
i€l
a countably infinite set of variables). Thus there exists a proper filter which contains

the family (i*);c;. This proper filter can be extended to an ultrafilter, i.e., there exists
an ultrafilter U such that (i*);e; € U. By hypothesis, we have that for each i € I,
there exists an L-algebra A; of K such that I'; ¥, ¢ ~ 1. Thus, for each i € I, there
exists a homomorphism h; : Fm; — A; such that h;(§) = h;(n), for all ¢ ~n € I'; and
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hi(p) # hi(v). Let A = H A, /U be the ultraproducts of the family (A;);e;. Since K
icl

is closed under ultraproducts, we have that A € K. Let h:= (h; :i € I)p : Fm; — A.

For all ¢ = n € I, if h(§) = h(n) then h;(§) = hi(n) for all « € I. Which implies that

hi(p) # hi(¥) for all i € I, i.e., h(p) # h(¢). Thus, A € K and " F5 ¢ =~ 1. Hence

we have a contradiction with the hypothesis. Therefore IZK is finitary. O

We can also show that if a logic S is finitary then the class Mod(SS) is closed under
ultraproducts.
In the following lemma, we give some properties of Th(K) whenever |:K is a finitary

equational logic.

Lemma 2.5.2. [BP89, Lemma 3.1] Let K be a class of algebras. Then the following

conditions are equivalent:
(i) )=K is finitary;
(ii) i coincides with =g ;

(ii) The compact elements of Th(K) coincide with the finitely generated K-

theories;
(iv) Th(K) is closed under directed unions;

(v) The lattice Th(K) is algebraic.

An equational logic ):K can be viewed in several ways. Indeed, it can be also
defined by the consequence operator Cnk or by the theory lattice ThK.

If K is a quasivariety axiomatized by a set I' of identities and quasi-identities, then
IZK can be viewed as an equational consequence relation over the set of L-equations
defined by axioms and inference rules as follows: for axioms, we have,

p=p

p ~ 1, for every equation p ~ ¢ € '

And for inference rules,

p=q

q=p

p=q,qg=rT
pRT

{pimq:i<m}
f(p0>"'apm—1) ~ f(q()a"'an—l)

for every f € L with arity m
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{pi= i <n}

=Y
Y el.

for every quasi-equation (pg &= g A+ A @p1 R Pp_q) — p =

For each homomorphism h : Fm,; — A, the set of equations {¢ = ¢ : h(p) = h(¢)}
is a congruence called the relation-kernel of h. The relation-kernel of the natural
mapping of Fm, onto Fm, /60 is 0 itself. For any homomorphism h of Fm/, into
a member of K, the relation-kernel 6 of h is a K-theory. More generally, for any
I' C Eq,, the K-theory CnklI" generated by I' can be characterized as the intersection
of the relation-kernels # of all homomorphisms of Fm, into members of K such that
h(§) = h(n) for all £ =~ n € T'. If K is a quasivariety then a set of equations I is a K-
theory iff 0 = {(p,9) : ¢ = ¢ € I'} is a K-congruence on Fmy, i.e., # is a congruence
on Fm; and Fm,/0 € K. A matrizc homomorphism (a strict homomorphism) from
M = (A, D) to N = (B, E) is an h € Hom(A, B) such that D C h™'[E] (D = h™'[E]
respectively). We denote by Hom(M, N) the set of all matrix homomorphisms from
M to N, and by Homg(M, N) the set of all strict homomorphisms from M to N. The
kernel of a strict homomorphism from M to N is a matrix congruence on M, and every
matrix congruence 6 of a matrix (A, D) can be obtained as the kernel of the projection
of (A, D) onto (A/6,D/0).

The class Mod(S) is closed under strict homomorphic pre-image, strict homomor-
phic image, submatrices and direct products (c.f. [Cze0ll, Corollary 0.3.10]). Moreover,
if S is finitary then Mod(S) is closed under reduced products (c.f. [Cze01l Corollary
0.3.10]). We say that a class of matrices is a matriz-quasivariety if it is closed under

submatrices, direct products and ultraproducts.



Chapter 3
Protoalgebraic Logics

In this chapter, we consider a wide class of logics called protoalgebraic logics. We
give some characterizations of this class using two operators, namely the Leibniz
and the Suszko operators. We show that a logic S is protoalgebraic iff it has an
k-parameterized system of equivalence formulas, or equivalently, if it has the param-
eterized local deduction-detachment theorem (PLDDT for short). We also study the
relationship between the structural properties of the class of reduced matrix models
and metalogical properties of protoalgebraic logics. As we have pointed out in the
introduction, we emphasize some results about finitary protoalgebraic logics. We give
examples to illustrate some results. For more details about protoalgebraic logics, we

suggest [BP86] and |Cze01, Chapter 1 and 2].

3.1 Definitions

Let S be alogic and T" an S-theory. Two formulas o and 3 are said to be T-indiscernible
relative to S (or T-equivalent relative to S in [BP86]) if for every formula ¢ € Fm,
and every variable p occurring in ¢, T Fg p(p/a) iff T g ©(p/3), where ¢(p/a) is the
formula that results from ¢ replacing the variable p by a. Equivalently, o and 3 are
T-indiscernible iff o and 3 are congruent modulo the Leibniz congruence Q7" on Fm,.

We say that two formulas o and [ are T-interderivable relative to S (or inferentially
equivalent in [Mal89]) if T, a kg B and T, B Fg o where T, a =g f means T'U{a} g 5.
The notion of protoalgebraic logic was defined by Blok and Pigozzi in [BP86], Definition
2.1].



28

Definition 3.1.1. A logic S is called protoalgebraic if, for every S-theory T, any two
formulas which are T-indiscernible relative to S are T-interderivable relative to S, i.e.,
for all T € Th(S) and o, f € Fmg,

a = B(QT) implies T,a ks B and T, B Fg a.
Moreover, if the reverse implication holds, the logic is called selfextensional.

Any conservative expansion of a protoalgebraic logic is also protoalgebraic ([BP8&6),
Theorem 2.11]).

A logic S is called non-pathological by Czelakowski (c.f. [Her96]) if there is a set
A(p, q) of formulas in two variables p and ¢ such that

Fs A(p,p) (Reflexivity)

{p} UA(p,q) Fsq (Modus Ponens)

The set A is called a system of implication formulas or a protoequivalence system for

S.

The set Ty :== {@(p,¢,71,...,r0) : Fs @(@,p,71,...,75)} is a set of all formulas
©(p,q,r1,...,r,) which become theorems of S after the identification of the variables
p and ¢ in ¢. We often use this set because if a logic is protoalgebraic then T, is a

protoequivalence system and also an k-parameterized system of equivalence formulas.

Lemma 3.1.2. Let S be a logic. Then,
(i) The setT,, is closed under any substitution e such that (e(p))(q/p) = (e(q))(q/p)-

(1) p= q(QT,).

Proof. (i) Let ¢ € T, and e a substitution such that (e(p))(q¢/p) = (e(q))(¢/p). We
have that Fg ¢(q/p). By structurality of S, kg e(¢(q/p)). Note that e(¢(q/p)) =

(e((q/p))(a/p). Thus kg e(¢(q/p))(q/p). This prove that e(p) € Tp,.
(7i) Let ¢ € Fm, and r € Var. We have that (¢(r/p))(¢/p) = (¢(r/q))(q/p). Thus

Fs (e(r/p)(q/p) iff Fs (©(r/q))(q/p), ie., ©(r/p) € Ty iff @(r/q) € T, Which
means that p = q(Q27},,). O

Blok and Pigozzi proved that the protoalgebraic logics are exactly the non-pathological

ones.
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Theorem 3.1.3. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;

(i) S is non-pathological.

Proof. Assume S is protoalgebraic. Let e be a substitution such that e(p) = p, e(q) = ¢
and e(r;) = p for all i € I. Consider A(p, q) = e[T,,]. Since (e(p))(¢/p) = (e(q))(¢/p),
by Lemma B.T.2l A(p,q) C T,,. Thus reflexivity condition holds. Again, by Lemma
B.I2 p = q(Q7,,). Since S is protoalgebraic, we have that T}, p s ¢ and T, ¢ Fs p.
Thus T, satisfies modus ponens condition. Obviously, A(p,q) also satisfies modus
ponens condition. We conclude that A(p, q) is a protoequivalence system for S.
Conversely, assume S is non-pathological. There exists A(p, q) a protoequivalence
system for S. Let o, § € Fm, and T' € Th(S). Suppose o = S(2T). Then ¢(a, ) =
o(a, B)(QT) for every formula ¢(p,q) € A(p,q). By compatibility, A(a,«) C T iff
A(a, ) C T. Since A(p,q) is reflexive, ¢ A(«, @), which implies that A(a,a) C T
Thus A(a, 8) C T'. Since A(a, f) U {a} C T U {a}, by modus ponens, T,a g 5. In

an analogous way we have T, § Fg a. O

Whenever a logic S has a binary connective — for which p — p is a theorem and
modus ponens is an inference rule, then S is protoalgebraic with A(p,q) = {p — q} as
a protoequivalence system. The set A may be empty and in this case the logic have
the rule p g ¢ for all p,q € Fmg, i.e., S is inconsistent or almost inconsistent.

Moreover, if S is a finitary and protoalgebraic logic, then the protoequivalence
system A can be taken to be finite. Indeed, since {p} U A(p,q) b5 ¢, the finitariness
of S implies {p} U A'(p, q) Fs ¢ for some finite A" C A. Trivially, g A(p,p) implies
Fs A'(p,p). Thus A’ is also a protoequivalence system for S.

Example 3.2 (Orthologic [Mal89]). An algebra A = (A, A, V, ) is called an ortholat-
tice if the reduct (A, A, V) is a lattice, 0 := x A =z and 1 := 2 V -z are distinguished
constant terms in A interpreted as the least and the greatest element of the lattice
(A A, V), and if A satisfies the identities =(z A y) ~ -z V -y and -—z ~ z. We
denote by OL the class of all ortholattices. Each ortholattice A can be identified with
the matrix (A, {1}), where the unit element of the lattice is the only one designated
element.

Let Sor be the minimal orthologic defined in the language £ = {A,V,—} by the

structural consequence relation F-g,, determined by the class OL in the following way:
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for all ' U {p} C Fmy,,

[tg,, ¢iff, forall A€ OL, T hA ay @

Let p — ¢ := =-pVq. Since p — p = —-pV p = 1, we have that Fg,, p — p.
By lattices properties, we also have p,p — ¢ Fs,, ¢. Thus A(p,q) = {p — ¢} is a
protoequivalence system for S. By Theorem B.1.3] Sp;, is protoalgebraic. O

3.3 Leibniz Operator

In this section, we give theorems that characterized the class of protoalgebraic logics

using the Leibniz operator defined in the Chapter 2l and other properties.

Theorem 3.3.1. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;
(ii) The Leibniz operator Qa is monotone on Fig(A) for every algebra A;
(iii) The Leibniz operator € is monotone on Th(S).

Proof. (i) = (ii) Assume S is protoalgebraic. Let A be an L-algebra and E, F €
Fig(A). Suppose E C F. To prove that Qo E C QaF, it suffices to show that Qa F
is compatible with F'. Let a,b € A. Suppose a € F and a = b(QaFE). Since S is
protoalgebraic, by Theorem B.1.3], there exists a protoequivalence system A(p, ¢) for S.
Let 6(p,q) € A. Then §(a,a) = §(a,b)(QaE). By compatibility with E, A%(a,a) C E
iff A%(a,b) C E. Since A(p, q) is reflexive, A%(a,a) C E. Hence, A%(a,b) C E. Since
a € Fand E C F, we have that {a} U A*(a,b) C F. By Modus Ponens, we conclude
that b € F,ie., QaF CQAF.

(7i) = (7i1) Assume the Leibniz operator {24 is monotone on Fig(A), for every
algebra A. Since Th(S) C Fig(A), Q is monotone on Th(S5).

(7i1) = (1) Assume the Leibniz operator €2 is monotone on Th(S). Let T" € Th(S)
and a, 0 € Fm,. Suppose o = 5(2T"). Since T C T'U {a}, by monotonicity of €2, we
have QT C Q(Cng(TU{a})). Thus a = B(Q(Cng(TU{a}))). Since a € Cng(TU{a}),
by compatibility, 8 € Cng(T U {a}), i.e., T,a g f. In an analogous way, we obtain
T, B Fs a. Therefore S is protoalgebraic. O

In the next theorem, we give another characterization of protoalgebraic logics using

again the Leibniz operator.
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Theorem 3.3.2. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;
(i) The Leibniz operator Qa is meet-continuous on Fig(A) for every algebra A ;

(i1i) The Leibniz operator € is meet-continuous on Th(S).

Proof. (i) = (i1) Assume S is protoalgebraic. Let A be an L-algebra. The inclusion
({QaF; i € I} C Qa((N{F; : i € I}) always holds. Indeed, let a = b((N{QaF; :
i€l})and a € (\{F,:i€ I}. Thus, foralli € I, a = b(QaF;) and a € F;. By
compatibility, for all i € I, b € Fj, ie., b€ ({F, :i € I}. Hence, {QaF;, :i € 1} C
Qa (N {F; : i € I}). For the reverse inclusion, we have ({F; : i € I} C F; for all
i € I. Since S is protoalgebraic, by Theorem B3], 24 is monotone on Fig(A). Thus,
QA(ﬂ{Fi (i€ [}) CQpaF;foralliel, ie., QA(ﬂ{Fi (1€ [}) C({QaF; i€ I}.
We conclude that €2, is meet-continuous on Fig(A).

(74) = (4i7) It is obvious.

(it1) = (i) Let Ty, T> € Th(S). Suppose Ty C Ty. By assumption, Q(T; N 1T3) =
QT N QT,. Since Ty N1y = Ti, we have QT = Q(Tl N T2) = Q17 N Q1. Thus
QTy C QT,. By Theorem [3.3.1] S is protoalgebraic. 0J

A logic S has the correspondence property if, for every strict homomorphism h :
M — N between matrix models of S and every filter F' € Fig(M), we have F =
h=t[h[F]]. We say that S has the compatibility property if, for every algebra A, any
0 € CoA which is compatible with an S-filter F' of A, is also compatible with every S-
filter that includes F'. In the next theorem, we give a characterization of protoalgebraic

logics using these properties.

Theorem 3.3.3. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;

(i) S has the compatibility property;

(iii) S has the correspondence property.
Proof. (i) = (ii) Assume S is protoalgebraic. Let A be an S-algebra, F' € Fig(A)
and # € CoA which is compatible with F'. Let G € Fig(A) such that F' C G, and
a,b € A such that a = b(0) and a € G. Since S is protoalgebraic, by Theorem [B.37]

0 C QaF C QaG. Thus a = b(QaG) and by compatibility, b € G. Therefore 0 is
compatible with G.
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(ii) = (i) Let F,G € Fig(A). Suppose F' C G. Since Q4 F' is compatible with F,
by the compatibility property, (24 F' is also compatible with G. Thus Qa F C QaG.
By Theorem [B.3.1], S is protoalgebraic.

(1) = (#4i) Since S is protoalgebraic, by Theorem BI.3 there exists a protoequiv-
alence system A(p,q) for S. Let M = (A, D) and N = (B, E) be matrix models of
S, h a strict homomorphism of M into N and F' € Fig(M). We always have that
F C h™[h[F]]. For the reverse inclusion, assume a € h™'h[F], i.e, h(a) € h[F]. Then,
there exists ¢ € F' such that h(a) = h(c). Since E € Fig(B), AB(h(c),h(a)) C E. As
h is a homomorphism, h(A*(c,a)) = AB(h(c), h(a)). Thus h(A*(c,a)) C E. Since h
is strict, A%(c,a) C h™'[E] = D C F. So {c} UA%(c,a) C F and by modus ponens
a € F. We conclude that F = h™'h[F].

(7i1) = (i) Assume S has the correspondence property. Let Ti,75 € Th(S). Sup-
pose T7 C T. The canonical mapping h : Fm; — Fm,/QT; is a strict homomorphism
from M := (Fmg,T}) onto N := (Fm,/QTy,T,/QT}). Since T, € Fig(M), by as-
sumption, Ty = h7'[h[Ty]]. Thus h is a strict homomorphism from (Fm,,7T5) onto
(Fm,/QTy, h[T3]) = (Fmg/QT,,T5/QT)) which implies that 277 is compatible with
T,. Thus QT C QT,. By Theorem [B.3.1] S is protoalgebraic. O

3.4 Parameterized System of Equivalence Formulas

We say that E(p,q,r) = {€(p,q,r) : i € I} is an k-parameterized system of formulas
if it is a set of formulas of S built up from the variables p, ¢ and possibly other variables
r=11,Tq,... called parameters with k the length of the string r. Note that E(p,q,r)
may be infinite; hence the length of the string r could be w. In order to define the
notion of parameterized system of equivalence formulas, we need to introduce some
notations. Let ¢, 1 € Fm,, we denote by E({p, 1)) the set of all substitution instances

e(€;(p,q,r)) where i ranges over I and e over all substitutions such that e(p) = ¢ and

e(q) =1, ie.,
E((p,¥)) = {ei(p/p,a/,1/7) i € I,y € (Fmg)*}.

We extend this notation to L-algebras. If A is an L-algebra and a,b € A, we denote
by E2({a,b)) the set of all elements of A of the form h(e;(p, g, 7)) where i ranges over
I and h over all homomorphisms h : Fm; — A such that h(p) = a and h(q) = b, i.e.,

E*((a,b)) == {e*(p/a,q/b,r/c) : i € I,c € A*}
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where ¢ := h(e;). If (A, D) is an S-matrix, then Ea(D) is a binary relation on

A called the (universally parameterized) analytical relation in (A, D) determined by

E(p,q,r), and is defined in the following way:
a = b(Ea(D)) iff E*((a,b)) C D.
In general, Eo (D) need not be an equivalence relation on A.

Definition 3.4.1. Let S be a logic. A set E(p,q,r) is called an k-parameterized system
of equivalence formulas for S (an k-parameterized equivalence for S for short) if the

following conditions hold:

p-(R) Fs E((p,p)) (Reflexivity)
p-(S) E((p,q)) Fs E({q,p)) (Symmetry)
p-(T) E((p,q)) UE((g, 1)) Fs E({p, 1)) (Transitivity)
p-(MP) E((p,q)) U{p} Fsq (Modus Ponens)
p-(RP,;,,) for each connective f of rank n > 0 (Simple Replacement)

E((p1,q1)) U+ UE((pn, qn)) s E((f 1o 0n) fl@r, - an)))

Symmetry and transitivity conditions are derivable from the remaining ones and
thus they are redundant (c.f. [Cze01l, Corollary 1.2.5]).

A parameterized system of equivalence formulas for S may be empty. In this case
the logic have the rule p Fg ¢ for all p,q € Fmg, i.e., S is inconsistent or almost
inconsistent.

Simple replacement condition can be substituted by single replacement condition,

that is, for each ¢ € Fmg,

E((p,q)) bs E({(¢(p),¢(q))).

Indeed, suppose that simple replacement condition holds. We prove by induction on
formulas. If o is a constant, then single replacement condition holds. Let ¢ = f (apl(p),

. gon(p)) € Fm,, where f is a connective of rank n. By hypothesis of induction, for
every i = 1...n we have that E((p,q)) Fs E((¢i(p), ¢i(q))). Since simple replacement
condition holds, by structurality condition, we have that E({¢x1(p),¥1(¢))) U---U
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E((en(p); en(0))) Fs E((f(e1(p),---,en(p)), f(©1();---.¢n(g)))). Thus by consid-
ering ¢ = f(p1(p), - .. ¥a(p)), we have that E((p,q)) Fs E((¢(p), ¥(q))), Le., single

replacement condition holds. Conversely, suppose that single replacement condition
holds. Let f be a connective of rank n and py,...,pn, q1,-..,q, € Var. By hypothesi
E((p1,q1)) s E((f(p1s---spn)s f(@1, D2, ,p0))) and E({(p2, ¢2)) bs E((f(q1,p2,- -,
Pn)s (@1, G2, 03, - - -, Pn))). Since E(p, q,r) is transitive, we have that E({f(p1,...,Dn),
flaispa, - oopn)) U EWf(qp2, - p0)s (@1, @0, 03, -, 00))) Fs ECf(P1s- - p0),
fq1,q2,p3,---,pn))). And by cut condition, E({p1,q1)) U E({p2, ¢2)) Fs E({f(p1,---,

Pn)s f(q1, @2, 03, .., pn))). In a similar way, we can substitute the variables ps,...,p,

by g3, ..., qn. Therefore we obtain simple replacement condition.

Theorem 3.4.2. Let S be a logic and E(p, q,r) an k-parameterized system of formulas.
The following conditions are equivalent:

(i) E(p,q,r) is an k-parameterized system of equivalence formulas for S;
(i1)) Ea(D) =QaD for all (A, D) € Mod(S);
(iii) Ea(D) = Ap for all (A, D) € Mod™(S5).

Proof. (i) = (i1). Suppose E(p,q,r) is an k-parameterized system of equivalence
formulas for S. Let M = (A, D) be an S-matrix. Reflexivity, symmetry, transitivity
and simple replacement conditions guarantee that the relation E (D) is a congruence
relation on A and modus ponens condition guarantees that Fa (D) is compatible with
D. Thus Ea(D) C QaD. For the reverse inclusion, let a,b € A. Assume a = b(Qa D).
Let €(p,q,7) € E(p,q,7) and ¢ € A*. We have that €*(a,a,c) = e*(a,b,c)(QaD). By
reflexivity condition, €A (a,a,c) € D. Since Qa D is compatible with D, ¢*(a, b, c) € D,
i.e., EA({a,b)) C D. Thus a = b(Es(D)).

(73) = (i). Suppose that Fa (D) = Qa D for all (A, D) € Mod(S). Let ¢,v € Fm,
and T € Th(S). Since ¢ = p(2T), we have that E({(p,¢)) C T, i.e., reflexivity
condition holds. Now suppose E({p,9)) C T. Then ¢ = ¢(QT"). Hence ¢ = ¢(QT)
and consequently E ({1, ¢)) C T. Since this holds for every T' € Th(S) and all ¢, ¢ €
Fm/, symmetry condition holds. The transitivity and simple replacement conditions
can be shown in a similar way. Now, assume {¢} U E((p, %)) C T. Then ¢ = (QT)
and ¢ € T. Since QT is compatible with T, ¢» € T. Thus modus ponens condition
holds.

Therefore, E(p,q,r) is an k-parameterized system of equivalence formulas for S.

(#4) = (¢it). This is obvious.
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(7ii) = (i1). Let M = (A, D) be an S-matrix and a,b € A. We denote by [d]
the equivalence class of a relative to QaD. We have a = b(Q2a D) iff [a] = [b] iff (by
assumption) EAP({[a],[b])) € D/QaD iff EA((a,b)) C D iff a = b(Ea(D)). Thus
Ea(D) =QaD for all (A, D) € Mod(S). O

We say that a non-empty k-parameterized system E(p, q,r) defines the leibniz con-
gruences in a logic S if, for every (A, D) € Mod(S), Qo F = {(a,b) € A% : EA({a,b)) C
F}. We can reformulate Theorem saying that E(p,q,r) is an k-parameterized
system of equivalence formulas for S iff E(p, q,r) defines the Leibniz congruences in S.

In the following theorem, we give a characterization of protoalgebraic logics as the

ones which have an k-parameterized system of equivalence formulas.

Theorem 3.4.3. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;
(ii) S has an k-parameterized system of equivalence formulas.

Proof. Let S be a protoalgebraic logic. We can represent T),, as the k-parameterized
system T'(p, q, r) with r the string of all variables distinct from p, q. Let 6(p, q, 71, ..., 7%)
€ Ty, and 71, . .., y, a string of formulas. Consider the substitution e such that e(p) = p,
e(q) = q and e(ry) = 71,...,e(rr) = . Since e satisfies the condition (e(p))(q/p) =
(e(q))(q/p), by Lemma B2, we have 0(p,q,V1,-.-,7%) = e(0(p,q,71,...,7%)) € Ty
Hence, T'(p,q,7) € T(p,q,r) for every string v of length k of formulas of S. It is
not difficult to see that T'(p, q,r) satisfies reflexivity condition. Now we verify single
replacement condition. Let §(p,q,71,...,7) € T'(p, q,r) and e a substitution such that
e(p) = ¢(p), e(q) = ¢(q), where ¢ € Fmg, and e(r1) = n,...,e(ry) = 7). Since
(e(p))(q/p) = (e(q))(q/p), by Lemma 312 we obtain that d(¢(p), v(q), V1, ---,7k) =
e(6(p,q,r1,...,7k)) € Tpy, ie., T(p(p), ¢(q),7) € T(p,q,r) for any formula ¢ and any
string 7 of formulas. Thus single replacement condition holds. Moreover, by Lemma
BI2 p = q(QT(p,q,r)). We always have that Cng(T'(p,q,r)) C Cng(T(p,q,r) U{p}).
Since S is protoalgebraic, by Theorem B.3.1] the Leibniz operator is monotone on
Th(S). Thus, Q(Cns(T(p,q,1))) € UCns(T(p,q,r) U{p})). We deduce that p =
q(Q2(Cng(T(p,q,r) U{p})). By compatibility, ¢ € Cng(T(p,q,r) U {p}), i.e., modus
ponens condition holds. We conclude that the set T'(p,q,r) is an k-parameterized
system of equivalence formulas for S.

Conversely, suppose that F(p,q,r) is an k-parameterized system of equivalence

formulas for S. It is not difficult to see that E(p,q,p,p,p,p,...) (the set of formulas
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obtained by replacing every parameter by p) is a protoequivalence system for S. By

Theorem B.1.3] S is protoalgebraic. O

This proof is constructive in the sense that it produces an k-parameterized system
of equivalence formulas for any protoalgebraic logic, namely the set T},,.

Suppose that E(p,q,r) and E'(p,q,s) are respectively k and [-parameterized sys-
tems of equivalence formulas for a logic S. Then, E(p,q,r) and E'(p,q,s) are inter-
derivable. Conversely, if E(p, q,r) and E’(p, q, s) are respectively k and [-parameterized
systems of formulas, which are interderivable, then E(p,q,r) is an k-parameterized
system of equivalence formulas for S iff E'(p, ¢, s) is also an [-parameterized system of
equivalence formulas for S.

In Chapter B we have defined the Suszko operator and seen that QT C QT for
every T € Th(S). When the Suszko operator coincides with the Leibniz operator in a
logic S then S is protoalgebraic.

Theorem 3.4.4. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;

(i) The Leibniz operator coincide with the Suszko operator on Th(S), i.e., QT =
QT for every T € Th(S).

Proof. Assume S is protoalgebraic. By Theorem [3.4.3] there exists an k-parameterized
system of equivalence formulas E(p, q,r) for S. Let T' € Th(S) and «, 5 € Fm,. Sup-
pose a = F(QT). Then p(p/a) = p(p/B)(QT) for all ¢ € Fm, and p € Var(p). Thus
E({¢(p/a), ¢(p/B))) C T. By modus ponens condition, we have E({¢(p/a), ¢(p/3)))

U{p(p/a)} Fs ¢@(p/B). And by cut condition, T'U {¢(p/a)} Fs ¢(p/F). Furthermore,
by symmetry condition, E({¢(p/8), ¢(p/a))) € T. And again by modus ponens, we

obtain T'U {¢(p/B)} Fs ¢(p/a). Hence QT C QT. Since the reverse inclusion always
holds, we conclude that QT = QT for every T € Th(S).

Conversely, assume Q7T = QT for every T' € Th(S). Let o, 8 € Fmy and Ty, T €
Th(S). Suppose that 7; C T, and a = $(Q7}). By definition of Suszko congruence we
have T U{p(p/a)} -5 T1 U{p(p/B)} for all ¢ € Fm, and p € Var(y). Since T} C T,
we have To U {p(p/a)} Fs ¢(p/B) and T U {p(p/5)} Fs w(p/a) for all ¢ € Fm, and
p € Var(p). Thus a = B(QT%). Therefore the Suszko operator is monotone on Th(S).
Since QT = QT for every T' € Th(S), the Leibniz operator is also monotone on Th(S).
By Theorem [B.3.1], S is protoalgebraic. O
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3.5 Reduced Matrix Models

Herein, we study the relationship between the structural properties of the class of

reduced matrix models and metalogical properties of protoalgebraic logics.

Theorem 3.5.1. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;

(i) The class Mod*(S) is closed under subdirect products.

Proof. Assume S is protoalgebraic. By Theorem [3.4.3] there exists an k-parameterized
system E(p, q,r) of equivalence formulas for S. Let M = (A, D) be a subdirect products
of the family (M; = (A;, D;));er of reduced matrix models of S and a,b € A. Since the
class Mod(95) is closed under submatrices and direct products, it is also closed under
subdirect products. Thus M € Mod(S). Suppose a = b(24D). By Theorem B.4.2]
a =b(Ea(D)), i.e., EA({a,b)) C D. Then,

E*i(a(i),b(i),c(i)) C D, for all i € I and all ¢ € A
Since the projection m; : A — A; is surjective, we have
Ei(a(i),b(i),d) C Dy, for all i € I and all string d € A

That is, a(i) = b(i)(Ea,(D;)), for all © € I. Since each M; is reduced, by Theorem
B.42 Ea,(D;) = Aa,. Thus a(i) = b(i) for all i € I. Hence a = b, which implies that
M is reduced. Therefore the class Mod*(S) is closed under subdirect products.
Conversely, let A be an L-algebra and F,G € Fig(A). Suppose FF C G. Let
f:A— A/F and g : A — A/G be natural homomorphisms and O := Qs F N QAG.
Consider M := (A/O, F/O), M := (A/QAF, F/QaF) and My := (A/QaAG, G/QAG).
It is not difficult to see that M is isomorphic to a subdirect product of M; and M,
(via the mapping h([ale) := (f(a), g(a)), for every a € A). The matrices M; and M,
are reduced and hence members of Mod™(S). Since by hypothesis Mod*(S) is closed
under subdirect products, M is reduced as well. This means that © is the largest
congruence of A compatible with F', i.e., © = QaF. Therefore Qo F C Q4G. By
Theorem B.3.1] S is protoalgebraic. O

It follows from the above theorem that the class of reduced matrix models of a

protoalgebraic logic is closed under direct products.
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3.6 Parameterized Local Deduction - Detachment

Theorem

For the Classical Propositional Logic CPL, the Deduction-Detachment Theorem (DDT
for short) has been studied by many logicians. They have proved that for all T'U{«, 5} €
Fm,,

I'u{a}bepr Biff I' FepL a — B

where the binary connective — is the usual propositional implication. We can gen-
eralize this notion for logics that does not have an implication connective. It still
is possible to find a family of sets of formulas that play the same role of the bi-
nary connective —. This generalization of DDT has been called Parameterized Local
Deduction-Detachment Theorem (PLDDT for short). It was shown that a logic S has
this property iff it is protoalgebraic.

We illustrate this result giving an example, namely the BCK logic, that has the
Local Deduction-Detachment Theorem (LDDT for short), and consequently it is pro-
toalgebraic. We point out to [Cze01l Chapter 2], [CP04a] and [CP04b] for more details
about the relation between the various kinds of DDT and properties of protoalgebraic

logics.

Definition 3.6.1. A logic S has the Parameterized Local Deduction-Detachment The-
orem, PLDDT, with respect to a family of sets of formulas ®, if, for allT' U {«, 5} C

Fmg,
I'u{a} s B iff there exists V(p,q,1) € ®, and exists v € (Fmg)*, T kg Ve, 3,7).

The implication from right to left in the above equivalence is called detachment
property, and the implication in the opposite direction is called the deduction property.
Moreover, if S is finitary then for each V' € ®, we can choose a finite subset Vy C V
such that the family &y = {V; : V; C V and V € ®} also determines PLDDT for S.
The only logics that have the PLDDT with respect to the family {(} are the trivial
logics.

We say that a logic has the Local Deduction-Detachment Theorem if it has the
PLDDT with an empty set of parameters. More precisely, if there is a family of sets
of formulas ® in two variables such that for all I' U {«, 6} C Fm,, I' U {a} kg 5 iff
there exists V(p,q) € ®, I' kg V(a, ). And we say that a logic has the Deduction-
Detachment Theorem if it has the LDDT such that ® is the family of a single set of
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finite formulas, i.e., if there is a finite set of formulas ® := V'(p, ¢) in two variables such
that for all ' U {«, 5} C Fmg, TU{a} g fiff ' Fg V(a, B). If the set ® is unitary
then we say that the logic has the Uniterm Deduction-Detachment Theorem (UDDT for
short). The general case is simply referred as DDT or Multiterm Deduction-Detachment
Theorem (MDDT for short). For more information about these kinds of DDT, the
reader can see [CP04a] and [CP04b], where Czelakowski and Pigozzi described the
MDDT for k-deductive systems in general, and [Cze01l, Chapter 2], where Czelakowski
examined in detail the properties of protoalgebraic logics for which the DDT holds.

Theorem 3.6.2. Let S be a logic. The following conditions are equivalent:

(i) S is protoalgebraic;

(ii) S has the PLDDT with respect to the family ®.

Proof. Assume S is protoalgebraic. If S is a logic without theorems then we consider
¢ := {0}. Let S be a logic with Thm(S) # 0 and p,q € Var. Consider & = {T €
Th(S) : TU{p} Fs q}. The family & is non-empty because the set {¢ : ¢ Fg ¢} € ®.
Since Thm(S) is non-empty, p,q € Var(T) for every T € Th(S). We show that &
determines PLDDT for S. Let 'U{«, 8} € Fm,. Suppose 'U{a} g . There exists a
surjective substitution e such that e(p) = a and e(q) = . Let T := e {Cng(T)], M :=
(Fmg,T) and N := (Fm,, Cng(I")). Since Th(S) is closed under inverse substitution,
T € Th(S). It is not difficult to see that e is a strict homomorphism from M onto
N and Cng(T'U {p}) € Fig(M). As S is protoalgebraic, by Theorem B33, S has
the correspondence property and hence Cng(T U {p}) = e ![e[Cng(T U {p})]]. By
surjectivity of e, e[T] = e[e™'[Cng(T)]] = Cng(T"). We have that Cng(T' U {a}) =
Cng(Cng(I') U {a}) = Cng(e[T) U {e(p)}) = Cng(e[T' U {p}]) and it is not difficult
to prove that Cng(e[l' U {p}]) = e[Cng(T" U {p})]. Since Cng(I' U {a}) € Fig(N),
e[Cng(T'U{p})] € Fig(N). Thus e is a strict homomorphism from (Fm,, Cng(T'U{p}))
onto (Fmg, Cng(I'U{a})). Ase(q) = € Cng(I'U{a}), we have ¢ € Cng(T'U{p}). So
T =T(p,q,r) € ®. Furthermore T'(a, B,¢e(r)) = e[T] = Cng(I'). Consider V := T, we
have that VU{a} -5 8 implies I' -5 V' (c, 3, 7) for some string of formulas v € (Fmg)*.
The reverse implication is obvious by the definition of the family ®. Therefore S has
the PLDDT with respect to the family ®.

Conversely, assume that some family ® determines PLDDT for a logic S. Thus the
sets in ® have the detachment property, i.e., VU {p} kg ¢ for all V' € ®. Since p kg p,
by PLDDT, there exists a set V(p,q,7) € ® and a string vy of formulas of S such that
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0 Fs V(p,p,7). Let e be a substitution such that e(p) = p, e(q) = ¢, e(r) = p and

e(y) = p. Consider A(p, q) := e[V (p,q,r)]. Since V(p,q,7) U{p} Fs ¢, by structurality
of S, we have V(p,q,p) U {p} Fs ¢, i.e., A(p,q) U {p} s ¢ modus ponens condition
holds. Moreover, since g V(p,p,7), we have g A(p,p), i.e., reflexivity condition

holds. Hence the set A(p, q) is a protoequivalence system for S. By Theorem B.1.3 S

is protoalgebraic. O

In the following example, we show that the logic BCK is protoalgebraic since the
LDDT holds.

Example 3.7 (BCK Logic [Cze01]). Let BCK the deductive system defined in the

language £ = {—}, where — is a binary connective, by the following axioms:

p—=a)—(g—r)—=®—r1)) (B)
p—=(g—=r)—=(@—={@—r1)) (C)
p—(q—p) (K)

and the only inference rule,
p,pq—> a (Modus Ponens)

Let @ := ({p —» q})nen, where p —¢ q:=¢q, and p —,11 ¢ :=p — (p —, q) for all
n € IN. The (one-element) sets of ® do not involve parametric variables. We have that

BCK has the LDDT with respect to the family @, i.e., for any I' U {p, ¥} C Fm,
F'u{¢} Feck ¥ iff, T Feok ¢ —n ¢ for some n € IN.

Indeed, suppose that 'U{p} Feck ¥. We show by induction on the length of the proof
of ¢ from I"U {p}. If ¥ is an axiom or ¢ = ¢ then I' Fgck ¥ — (¢ — ) since axiom
(K)) holds. By modus ponens, we have 'U{¢} Feck ¢ — 1, i.e., detachment property
holds for n = 1. If ¥ belongs to I' U {¢} then I' Fgck ¥, i.e., detachment property
holds for n = 0. If ¢ is obtained by modus ponens then there exists a formula £ such
that applying modus ponens to £ and & — 1 we have ¢. By inductive hypothesis, there
exist ¢ € IN such that I' Fgex ¢ — € and j € IN such that I' Fgeck ¢ —; (£ — ¢). By

induction on i + 7, we can show that

Feek (P —iq) = (p—j (@ —71)) = (p —ig; 7))
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Thus, T Fpox (9 = €) = (= (€ = ©)) = (9 =iy ©). Since T Fpox @ — &,
by modus ponens, we obtain I' Fgek (¢ —; (£ — ¥)) — (¢ —it; ¥). And since
I' Feek ¢ —; (£ — ), by modus ponens, I' Fgck ¢ —i4+; ¥. Thus, detachment
property holds for n =17+ j.

Conversely, if I' Fgcx ¢ —, ¥ for some n € IN, applying modus ponens n times we
have that I' U {¢} Fck ¥.

Therefore BCK has the LDDT with respect to the family ®. By Theorem [B.6.2]
BCK is protoalgebraic. &

3.8 Finitary and Protoalgebraic Logics

In this section we only present some results of finitary protoalgebraic logics without

their proofs.

Theorem 3.8.1. |[CzeOll, Theorem 1.4.1] Let S be a finitary and protoalgebraic logic.
Then the following conditions are equivalent:

(i) The class Mod*(S) is closed under ultraproducts;

(ii) Every k-parameterized system of equivalence formulas for S contains a finite

k-parameterized system of equivalence formulas for S;

(iii) There exists a finite k-parameterized system of equivalence formulas for S.

The class Mod*(S) need not be closed under ultraproducts for a finitary and pro-
toalgebraic logic S. Indeed, let S be a deductive system defined as the expansion of the
Intuitionistic Propositional Logic IPL, by adjoining the unary connective O and two
axioms OT and O(p — ¢q) — (Op — Og). The only inference rule is modus ponens. It
is not difficult to see that the set A(p,q) = {p — ¢} is a protoequivalence system for
S. By Theorem B.1.3] S is protoalgebraic. However, the class Mod*(S) is not closed
under ultraproducts (c.f. [BP92]).

In this chapter, we have seen some theorems in which properties of the Leibniz
operator defined on Th(S) can be transfer on Fig(A) for every algebra A. Indeed,
in Theorem B3] the fact that the Leibniz operator is monotone on Th(S) transfer
on Fig(A) for every algebra A. The same happens for the property of being meet-
continuous in Theorem [3.3.2] . Furthermore, in Chapters dl and [l we will see others

properties on Th(S) of the Leibniz operator that can be transfer on Fig(A) for every
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algebra A. This phenomena can be formalized as a so called transfer principle which

is stated in the following theorem.

Theorem 3.8.2. |[CzeO1l, Theorem 1.7.1] Let S be a finitary and protoalgebraic logic.
A property expressible by a universal formula of elementary lattice theory holds in ThS

iff it holds in FigA for every algebra A.

A class M of matrix models of a logic S is said to have the S-filter extension
property (FEP for short) if for all M = (A, D) € M, every S-filter F' on an arbitrary
submatrix N = (B, G) of M can be extend to an S-filter on M, i.e., if F' € Fig(N)
then there exists an S-filter £ € Fig(M) such that F N B = F. For a finitary and
protoalgebraic logic S, the class Mod(S) has the FEP iff the class Mod*(S) also has
the FEP iff S has the LDDT (c.f. [Cze01l, Theorem 2.3.5]).



Chapter 4
Equivalential Logics

Equivalential logics have been introduced by Prucnal and Wronski in [PWT74] and ex-
tensively studied by Czelakowski in [Cze81], [Cze0l, Chapter 3] and [Cze04]. In this
chapter we define equivalential and finitely equivalential logics, and we give some char-
acterizations using the Leibniz operator. We also study the relationship between the
structural properties of the class of reduced matrix models and metalogical properties
of equivalential logics. Moreover, as we did for protoalgebraic logics we focus on the
finitary logics. We conclude, this chapter, by discussing some examples of logics which
show that the class of finitely equivalential logic is a proper subclass of equivalential

logics and the latter is a proper subclass of protoalgebraic logics.

4.1 Definitions and Characterizations

Equivalential logics are logics which have a system of equivalence formulas without

parameters. Thus, they constitute a subclass of protoalgebraic logics.

Definition 4.1.1. Let S be a logic. A set E(p,q) of formulas of S built-up in two
variables p and q is called a system of equivalence formulas for S (an equivalence for

S for short) if the following conditions are satisfied:

(R) ks E(p,p) (Reflexivity)
(S) E(p,q) s E(q,p) (Symmetry)
(T) E(p,q)UE(q,7)Fs E(p,7) (Transitivity)

(MP) E(p,q)U{p}Fsq (Modus Ponens)
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(RPgin) for each connective f of rankn > 0 (Simple Replacement)
E(plvql) U---u E(men) l_S E(f(plv s 7pn)7 f(Qh s 7qn))

This definition of system of equivalence formulas is the original definition due to
Prucnal and Wronski (c.f. [PWT74]). However, Wéjcicki has pointed out that symmetry
and transitivity conditions are derivable from the remaining ones and thus redundant
(c.f. [W4j88, Lemma 3.4.3] and [Cze0l, Corollary 3.1.4]). Therefore, when we need
to prove that a set E(p,q) is a system of equivalence formulas for S, it is enough to
verify reflexivity, modus ponens and simple replacement conditions. Moreover, we can
substitute simple replacement condition by single replacement condition that is, for

each ¢ € Fm,,
E(p,q) Fs E(p(p), ¢(q))-

Definition 4.1.2. A [ogic S is called equivalential (finitely equivalential) if it has a

system (a finite system, respectively) of equivalence formulas.

Every equivalential logic S is protoalgebraic, since any system of equivalence for-
mulas for S is a free parameterized system of equivalence formulas for S. Furthermore,
the system of equivalence formulas E(p, q¢) may be empty. Indeed, it is not difficult to
see that a logic S has the empty system of equivalence formulas iff S is trivial, i.e., S
is inconsistent or almost inconsistent.

Any extension of (finitely) equivalential logic is also (finitely) equivalential with the
same system of equivalence formulas.

If a logic S is equivalential and F(p,q) is a system of equivalence formulas for S,
then, by Theorem [B.4.2] the Leibniz congruence Q7 for any theory 7" € Th(S) has a

simple characterization in terms of F(p,q) that is, for any ¢, € Fmg,
o = V(OT) it E(p,¥) C T.

If we have two systems of equivalence formulas E(p, q) and E’(p, q) for an equiv-
alential logic S, then E(p, q) and E’(p, q) are interderivable relative to S; moreover, if
two sets F(p,q) and E'(p, q) are interderivable relative to S then, E(p, q) is a system of
equivalence formulas for S iff E'(p, q) is a system of equivalence formulas for S. Indeed,
since E(p,q) € Cns(E(p,q)), we have p = ¢(Cns(E(p,q)))). Let ¢ € E'(p,q).
Thus ¢(p,p) = ¢(p,q9)(ACns(E(p,q)))). By compatibility, ¢(p,p) € Cng(E(p,q))
iff o(p,q) € Cns(E(p,q)). Since kg E(p,p), we have that ¢(p,q) € Cns(E(p,q)).
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Thus E(p,q) Fs E'(p,q). Analogously, we can show that E'(p,q) Fs E(p,q). Con-
versely, suppose that E(p,q) and E’(p,q) are sets which are interderivable relative
to a logic S and E(p,q) is a system of equivalence formulas for S. Since E'(p,p) C
Cns(E'(p,p)) = Cns(E(p,p)), we have kg E’'(p, p), i.e., reflexivity condition holds. As
E'(p,q) € Cns(E'(p.q)) = Cns(E(p,q)) and E(p,q) € Cns(E(q,p)) = Cns(E'(q,p)),
we have E'(p,q) C Cng(E'(q,p)), i.e., symmetry condition is satisfied. In an analogous
way, we show for the remaining conditions.

In the following theorem, we give some conditions that a set F(p,q) must satisfied

in order for a protoalgebraic logic to become equivalential.

Theorem 4.1.3 (Herrmann’s Test). Let S be a protoalgebraic logic. The following
conditions are equivalent:

(i) S is equivalential;
(ii) There exists some set E(p,q) that satisfies the following conditions:

s E(p,p) and p = q(UCns(E(p,q))))

Proof. Assume S is equivalential. Then there exists a system of equivalence formulas
E(p,q) for S. By reflexivity, we have g FE(p,p). Since E(p,q) € Cng(E(p,q)).
By the characterization of the Leibniz congruence in terms of F(p,q), we have p =
9((Cns(E(p.q))))-

Conversely, assume that there is some set E(p,q) such that g E(p,p) and p =
q(Q(Cns (E(p, q)))) Since Fg E(p,p), reflexivity condition holds. We always have
E(p,q) C E(p,q)U{p}. As S is protoalgebraic, by Theorem [3.3.1] Q(C’ns (E(p, q))) C
Q(C’ns(E(p, q) U {p})) Thus p = q(Q(C’nS(E(p, q) U {p}))), i.e., modus ponens
condition holds. In order to show that single replacement condition is satisfied, we
claim that Cng(7,, N Fm,({p,q})) = Cns(E(p, q)). By reflexivity of E(p,q), we have
E(p.q) C Tpe N Fme({p,q}). Thus Cng(E(p,q)) € Cns(Tp, NFme({p,q})). For the
reverse inclusion, let ¢ € T,, N Fm,({p,q}). Since p = q(Q(CnS( E(p, q)))), we
have o(p,p) = ¢(p,q)((Cns(E(p,q)))). By compatibility, ¢(p,p) € Cng(E(p,q))
iff p(p,q) € Cns(E(p,q)). By reflexivity, ¢(p,p) € Cns(E(p,q)). Thus ¢(p,q) €
Cng(E(p,q)). Now, let ¢ € Fm, and e a substitution such that e(p) = ¢(p) and
e(q) = ¢(q). Since (e(p))(a/p) = (e(q))(¢/p), by Lemma B.L2A E(p(p),¢(q)) =
E(e(p).e(q)) = e(E(p,q)) S Tpg N Fme({p,q}). Thus, E(e(p),¢(q)) S Cns(Tp, N
Fmg({p,q})) = Cns(E(p, q)), i-e., E(p,q) Fs E(¢(p), ¢(q)). We conclude that E(p, q)

is a system of equivalence formulas for S. Therefore S is equivalential. O
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With this proof, it is not difficult to show the following result.

Corollary 4.1.4. Let S be a logic. The following conditions are equivalent:

(i) S is equivalential;
(ii) Ty N Fms({p,q}) is a system of equivalence formulas for S.

Proof. Suppose that S is equivalential. Thus S is protoalgebraic. By Theorem [£1.3],
there exists a set E(p,q) such that kg F(p,p) and p = q(Q(CnS(E(p, q)))) In the
second part of the proof of Theorem 1.3 we show that Cng(E(p,q)) = Cng(T,, N
Fm,({p,q})) and that E(p,q) is a system of equivalence formulas for S. Therefore
Tpe N Fmg({p, q}) is a system of equivalence formulas for S.

The converse is obvious. O

The following theorems give characterizations of equivalential and finitely equiv-

alential logics using the Leibniz operator.

Theorem 4.1.5. Let S be a logic. The following conditions are equivalent:

(i) S is equivalential;

(ii) The Leibniz operator S is monotone and commutes with inverse substitutions
on Th(S).

Proof. Assume S is equivalential. Thus S is protoalgebraic and by Theorem B.3.1] the
Leibniz operator 2 is monotone on Th(S). On the other hand, since S is equivalen-
tial, there exists a system of equivalence formulas F(p,q) for S. Let T € Th(S) and
e a substitution. As Th(S) is closed under inverse substitutions, e [T € Th(S )
Let ¢,7 € Fmg,. Suppose that ¢ = ¥(e QT]). Thus e(p) = e(¥)(QT), i
E(e(p),e(y)) C T. Since E(e(p),e(v))) = e[E(p, )], we have that e[E(p,v)] C T,
Le., E(p,¢) C e HT|. Therefore ¢ = (Qe T)).

Conversely, assume the Leibniz operator is monotone and commutes with inverse
substitutions on Th(S). Let e be a substitution such that e(p) = p, e(q) = ¢ and
e(r) = p for the remaining variables r. Consider E(p,q) = e[T},,]. By Lemma B.1.2]
T, is closed with respect to e, i.e, E(p,q) C T,, which means that ¢ E(p,p). Again
by Lemma BT p = q(UT},,)). Thus e(p) = e(q)(e[Tyy)]), ie., p = q(e[UT}q)])-
By hypothesis, e[Q(T),)] € Q(Cng(e[Iy,])). Thus p = ¢(QCng(e[T},,]))), ie., p =
q(2(Cns(E(p,q)))). By Theorem EI3, S is equivalential. O

Theorem 4.1.6. Let S be a logic. The following conditions are equivalent:
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(i) S is finitely equivalential;
(i) Qa is continuous on Fig(A) for every algebra A ;

(i11) 2 is continuous on Th(S).

Proof. (i) = (ii). Assume S is finitely equivalential. Let E(p,q) be a finite system of
equivalence formulas for S, A an L-algebra and (D;);c; an upward directed family of
Fig(A) such that (J{D; : i € I} € Fig(A). We have, D; C|J{D;:i € I} foralli e I.
Since S is also protoalgebraic, by Theorem B3], Q4 (D;) C Qa(U{D; : i € I}), for
all i € I. Hence, [J{Qa(D;) :i € I} C Qa(U{D; : i € I}). For the reverse inclusion,
suppose that a = b(Qa (U{D; : i € I})), i.e., EA(a,b) CU{D; : i € I}. Since (D;)ies
is upward directed and E(p, q) is finite, there exists an i € I such that E4(a,b) C D;.
Thus, a = b(Qa(D;)) and therefore Qa (U{D; : i € I}) C U{Qa(D;) : 1 € I}.

(74) = (4i7). This is obvious.

(731) = (7). Assume  is continuous on Th(S). First, we show that {2 is monotone
on Th(S) and the theory T, is finitely axiomatizable. Let 77,75 € Th(S). Suppose
that 77 C T5. The family (77, 7T3) is upward directed and 77 U Ty = Ty € Th(S). By
hypothesis, QTy, = Q(Ty U Ty) = QT U QT,. Thus Q77 C QT;. By Theorem [B.3.7]
S is protoalgebraic. Now, let (7});c; be the family of all finitely axiomatizable closed
subtheories of T,,. Thus each 7; is of the form T; = Cng(X;) with X; a finite subset
of Tp,. The family (7});e; is upward directed and T,, = |J{7; : i« € I}. By Lemma
B.I2 p = q(2(7},,)). Since the Leibniz operator is continuous, p = ¢(€2(7;)) for some
i € I. We have seen that T}, is an k-parameterized system of equivalence formulas for
S. Thus, Tp,(p, q,9) C T; for every string ¢ of formulas. In particular, 7,, C T;. Hence,
Ty, = T; = Cng(X;) with X finite, i.e., T}, is finitely axiomatizable.

In order to proved that S is finitely equivalential, we show that T}, = Cngs(E(p, q))
for some finite set E(p, q) of formulas. We fix an infinite set V' = {uy, us, ...} of vari-
ables disjoint from the variables in Var(X;) U {p,q} and we consider a substitution e
such that e(p) = p, e(q) = q, e(r) = p for every variable r € Var(X;) \ {p, ¢} and
e(u) = u for every u € V. Let E(p,q) = e(X;). By Lemma B.1.2] we have e(T,,) =
Cng(e(X;)) = Cns(E(p,q)) € Tp,. For the reverse inclusion, let ¢(p, q,71,...,7mn) € Ty
where all the variables of ¢ are displayed. If we substitute in ¢ all the variables
T1,...,Tp, by arbitrary formulas, we obtain a formula which belongs to 7},,. In par-

ticular, p(p,q,u1,...,u,) € Ty, ie., ©(p,q, u1,...,u,) € Cng(X;). Hence by struc-
turality, ©(p,q,u1,...,u,) = ©(e(p),e(q),e(ur),... e(u,)) = e(e(p,q,uq,...,u,)) €
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Cng(e(X;)) = Cng(E(p,q)). Replacing the variables uy, ..., u, by ri,...,r,, we have
o(p,q,r1,...,rn) € Cng(E(p,q)). We conclude that T,, = Cngs(E(p,q)). Now, we
prove that E(p, q) is a finite system of equivalence formulas for S. Since E(p, q) C T,
reflexivity condition holds. As T, is an k-parameterized system of equivalence for-
mulas for S, modus ponens condition holds. Thus, E(p,q) satisfies modus ponens
condition. To prove single replacement condition, we can use the same argument as in
proof of Theorem Hence E(p,q) is a finite system of equivalence formulas for S.
Therefore S is finitely equivalential. O

In the following theorem, we characterize equivalential logics by closure properties

of the class Mod™(S).

Theorem 4.1.7. Let S be a logic. The following conditions are equivalent:

(i) S is equivalential;

(ii) The class Mod™(S) is closed under submatrices and direct products.

Proof. Let S be an equivalential logic. Thus S is protoalgebraic and, by Theorem
B.5.1, Mod*(S) is closed under subdirect products. Then it is also closed under direct
products. Let N = (B, FE) be a submatrix of a matrix M = (A, D) € Mod*(5).
Since Mod(S) is closed under submatrix, N € Mod(S). As S is equivalential, there
exists F(p,q) a system of equivalence formulas for S. Let a,b € B. We prove by
contraposition that if a = b(QgFE) then a = b(Q2a D). Suppose that (a,b) & Qa D, i.e.,
EA(a,b) € D. Since EB(a,b) C E*(a,b), EB(a,b) ¢ D. Thus EB(a,b) ¢ D N B,
ie., (a,b) ¢ Qg(DNB). As E = DNB, QpE = Qg(BN D). So (a,b) ¢ Qp(E).
Now suppose that a = b(QgFE). Then a = b(Qa D). Since QoD = Aa, a = b. Thus
QpE = Ap.

Conversely, assume that Mod*(.9) is closed under submatrices and direct products.
Thus Mod*(S) is closed under subdirect products and by Theorem B.5.1], S is pro-
toalgebraic. By Theorem B.4.3], there exists an k-parameterized system of equivalence
formulas E(p,q,r) = {ei(p,q,r) : i € I} for S. Let E'(p,q) be the set of all formu-
las of the form ¢ (p,q, v1(p,q),- .., ¢k (P, q)), where i € I and ¢1(p,q), ...,k (P, q)
range over all formulas that contain only the variables p,q. Let (A, F) € Mod(S)
and a,b € A. Consider B the subalgebra of A generated by a and b. Thus, each
elements of B is of the form @A (a,b) for some ¢(p,q) € Fmg({p,q}). The matrix
(A/QAF, F/QaF) € Mod*(95), since it is the reduction of the matrix (A, F'). As the
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matrix (B/(Qa FNB?), (FNB)/(QaFNB?)) is isomorphic to a submatrix of (A, F), by
hypothesis, it is reduced. Hence, 24 F'N B? is the largest congruence on B compatible

with F' N B, ie., Qg(F N B) = QaF N B2 We have that:

a=bQaF) iff a=0QaF N B?) iff a=b(Qs(FNB))

iff €B(a,b,c) € FNBforalliec I, and ¢ € Bk

iff € (a,b, 0P (p,q),---,0p(p,q)) € FNBforalli € I, and ¢y, ..., ¢k € Fms({p,¢})
iff €2(a,b, 0t (p,q), ..., ¢p(p,q)) € Fforalli eI, and ¢y, ..., ¢ € Fme({p, q})

iff £"*(a,b) C F

By Theorem B4.2, F’'(p,q) is a system of equivalence formulas (without parameters)

for S. Therefore, S is equivalential. O

As expected, the class of equivalential logics is a proper subclass of the class of

protoalgebraic logics. The next example illustrate this result.

Example 4.2 (Orthologic [Mal89]). In Example B2 we have seen that the minimal
orthologic Spy, is protoalgebraic. Now we prove that this logic is not equivalential using
the fact that the class Mod™(Sp) is not closed under submatrices. It is not difficult to
prove that if the matrix (A, D) € Mod"(Spr) then A is an ortholattice and D = {1},
where 1 is the unit element of A. An orthomodular lattice is an ortholattice which
satisfies the orthomodularity law: y ~ (z Ay) V (y A (=(z Ay))). The Benzene Ring
Bg is an ortholattice which is not orthomodular because the orthomodularity law does

not hold. Indeed, a <bbut aV (bA—-a)=aV0=a#b.

1
YN

1 —|b

N,

0

Figure 4.1: The Benzene Ring Bg

As, we have seen that any class of ortholattices K can be identified with the class
of matrices {(A,{1}) : A € K}, we have that Bg can be identified with the matrix
(Bg, {1}). As Qp,({1}) = A, U{(a,b), (b,a), (—a,—b), (—b,~a)}, the matrix (Bg, {1})

is not reduced. Since Spp is an orthologic which is not orthomodular, there exists a
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matrix (A, {1}) € Mod"(Spr) such that the ortholattice A is not orthomodular. Mali-
nowski proved in [Mal89, Theorem 3.3.1] that if an ortholattice A is not orthomodular
then it contains the Benzene Ring Bg as a subortholattice. Thus Bg is a subalgebra
of A and consequently (Bg,{1}) is a submatrix of (A, {1}). Since (Bg, {1}) is not
reduced, Mod*(Spy) is not closed under submatrices. By Theorem 1.7, Spr, is not
equivalential. The reader can see [Mal89, Section 3.3, [Mal90] and [CJ00, Chapter
6] for more information about orthologic and orthomodular logic; for instance, in the

class of orthomodular logics, the DDT fails. &

4.3 Finitary and (Finitely) Equivalential Logics

In this section, we focus on some results related to finitary logics.

Theorem 4.3.1. Let S be a logic. The following conditions are equivalent:

(i) S is finitary and finitely equivalential;
(1) Mod*(S) is a matriz-quasivariety.

Proof. Assume S is finitary and finitely equivalential. There exists a finite system of
equivalence formulas F(p, q) for S. Since S is finitary and also protoalgebraic, by Theo-
rem 3.8.1] Mod*(.9) is closed under ultraproducts. Moreover S is also equivalential, by
Theorem .17, Mod*(S) is closed under submatrices and direct products. Therefore,
Mod*(S) is a matrix-quasivariety.

Conversely, assume Mod™(S) is a matrix-quasivariety, i.e., Mod"(S) is closed un-
der submatrices, direct products and ultraproducts. Since Mod*(S) is closed under
ultraproducts, S is a finitary logic. By Theorem [£.1.7], S is equivalential. Thus, there
exists a (possibly infinite) system of equivalence formulas F(p,q) for S. As S is a
finitary protoalgebraic logic and Mod*(S) is closed under ultraproducts, by Theorem
B8], F(p,q) contains a finite subsystem of equivalence formulas for S. Therefore S is

finitely equivalential. O

4.4 Examples

Herein, we study some examples of modal logics with respect to the existence of system
of equivalence formulas. We also discuss the finitariness of the system of equivalence

formulas.
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We begin by defining a large class of logics which are called implicative logics and
which are finitely equivalential. This class of implicative logics have been extensively
studied by Rasiowa (c.f. [Ras74]) and Sikorski.

Definition 4.4.1. A logic S is called implicative if the language only contains a finite
number of connectives of rank at most 2 and if there exists a formula ¢(p,q), called

implication of S, such that:
(i) s (p,p)

(i) qFs o(p,q)
(ii1) {p(p,q)} U{p(q, )} s w(p,7)

(iv) {p(p,q)} U{p} Fsq

(v) for each connective f of rank n > 0,
{e(pr, a1), (g1, p1) YU -U{@(Pns @n), 0(Gns pn)} s o(f(prs - opn), flar, - - Gn))

It is not difficult to see that every implicative logic is finitely equivalential. More-
over, if ¢(p,q) is an implication for a logic S then S is finitely equivalential with
{o(p,q), p(q,p)} its system of equivalence formulas.

Among modal logics, we can find a variety of logics which show that the class
of finitely equivalential logics is a proper subclass of equivalential logics. We present
examples without proof and we give references where the reader can find detailed

discussions.

Example 4.5 (Modal Logic [Mal89]). Let £ = {A,V,—,0} be the language of Modal
Logics, where A, V, — are the familiar connectives of conjunction, disjunction and nega-
tion, and O is a unary connective representing the logical necessity (O reads: “It is
necessary that 7). The notation 0"p is defined recursively, for all n € IN, by: 0% = p
and O""'p = O(O"p). We adopt the usual notation: the formula ¢ — ) is an abbre-
viation for —¢ V ¢, and ¢ < @ is an abbreviation for (¢ — ¥) A (¢ — ), for any
0, € Fmy. We denote by Sb(X,r,...,r,) the least invariant set of modal formulas
that includes the set X C Fm, and is closed under the inference rules r,...,r,. We

list some axioms and inference rules that we need to define some modal systems.

(MP) bp—4q (Modus Ponens)
q
(RE) Ana (Extensionality)

Op <« Qg
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(NR) L (Necessitation)
Op

(Kr) O(p — q) — (Op — Oq)
(T)Cp —p
(S4,) O"p — Oy for allm € N

We also defined C'L as the least invariant set in Fm, containing all classical tautolo-
gies. By a Modal System we mean an invariant set of Fm, that contains all classical
tautologies and is closed under modus ponens. In the sequel, we define some interesting

modal systems:
E = Sb(CL,(MP),(RE)) is the least classical modal system;

Kr = Sb(E, (Kr),(MP),(NR)) is the least normal classical modal system, called
Kripke system,;

T =Sb(K,(T),(MP),(NR));
S4, = Sb(T, (54,),(MP),(NR)) for n € IN.

If L is a modal system, we denote by L the Modal Logic defined in the language Fm,
by the set of axioms L and the inference rule modus ponens. All modal logics are

protoalgebraic because the DDT holds: for any I' U {¢, ¥} C Fm,,
ru{e} Pflpiﬂ?FI—IwPqu

Malinowski has shown, in [Mal89 Corollary 2.1.3] and in [Mal86), Corollary II.3], that
the logic E is not equivalential. But the Kripke logic Kris finitary and equivalential
with the set of equivalence formulas E(p,q) := {O0"(p < ¢q) : n € IN}. Since the
modal logic T is an axiomatic extension of ﬁ, it is also equivalential. Malinowski has
also shown, in [Mal89, Theorem 2.2.1] and in [Mal86, Theorem III.1], that T is not
finitely equivalential. We deduced that K7 is not finitely equivalential. Furthermore,
the modal logic @ is finitely equivalential, for all n € IN with E(p,q) = {0"(p < q)}

as the finite system of equivalence formulas. &



Chapter 5
Algebraizable Logics

The general theory of AAL studies the mechanism by which a class of algebras can be
associated with a given logic. This contrasts to the study of algebraic logic where the
main setting is to examine the class of algebras that are canonically associated with
a logic. Boole could be considered as the first logician who studied the relationship
between CPL and the class BA. The paradigm of the Lindenbaum-Tarski process is
the way by which the class BA appears from CPL. In [BP89], Blok and Pigozzi give
a precise meaning of the notion of finitary finitely algebraizable logics which are logics
that have equivalent algebraic semantics with a finite set of equivalence formulas and

a finite set of defining equations.

In this chapter, we study the algebraization phenomena in a wide sense. First we
define the notion of algebraic semantics. Roughly speaking, a class K of algebras can
be considered as an algebraic semantics of a logic S if the consequence relation Fg can
be interpreted in the equational consequence relation ):K in a natural way. In addition,
if there exists an inverse interpretation of |=K in Fg, then K is called an equivalent
algebraic semantics for S (it is unique up to a quasivariety). We study the class of
weakly algebraizable logics which are logics that have a pair of interpretations that
commute with surjective substitutions and are mutually inverse. We characterized this
class using Leibniz operator properties. We also define algebraizable logics as logics
which have an equivalent algebraic semantics and give some characterizations. Among
them, we have that K is an equivalent algebraic semantics for S iff there exists an
isomorphism between the theory lattice of S and the equational theory lattice of K
that commutes with inverse substitution. We finalize by giving examples of logics which

show that the inclusion among different classes of algebraizable logics are proper.
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5.1 Algebraic Semantics

The reader should not confuse the notion of algebraic semantics presented in this
chapter with the notion of matrix semantics defined in Chapter 2l Although every
logic has a matrix semantics, it can does not have an algebraic semantics. We give
an example to illustrate this result. Furthermore, if the logic is finitary, then it has
(if any) a quasivariety semantics which can be axiomatized by a set of axioms and
a set of inference rules. We point out to [BRO3], where Blok and Rebagliato have
studied sufficient conditions for a logic to have an algebraic semantics and presented

some examples that illustrate their results.

Definition 5.1.1. Let S be a logic and K a class of L-algebras. We say that g is
interpretable in )=K if there exists a mapping T : Fm, — P(Eq,) such that for all
ru{a} C Fmg,

kg aiff T[T |=K 7()

The mapping T 1s called an interpretation of Fg in ):K

We say that A(p,v) = {0:i(p,v) =~ €;(p,v) : i € I} is an [-parameterized system of
equations if it is a set of equations in a single variable p and possibly other variables
v = vy, vy,... called parameters with [ the length of the string v. Note that A(p,v)
may be infinite; hence the length of the string v, could be w. Let a € Fm,, we denote
by A({c)) the set of all substitution instances e(d;(p,v)) =~ e(€;(p,v)) where i ranges

over I and e over all substitutions such that e(p) = «, i.e.,

A((a)) = {di(p/a,v/€) = ei(p/a,v/€) i € 1,€ € (Fmg)'}.

We extend this notation to L-algebras. If A is an L-algebra and a,b € A, we denote
by A% ((a)) the set of all elements of A of the form h(d;(p,v)) ~ h(e(p,v)) where i

ranges over [ and h over all homomorphisms h : Fm,; — A such that h(p) = a, i.e.,
A*((a) == {0*(p/a,v/c) = e*(p/a,v/c) i € I,c € A'},

where €2 := h(g;) and 62 = h(5;).
In the following propositions, the mapping 7 can be represented, with some as-

sumptions, by a particular set of equations.

Proposition 5.1.2. Let 7 : Fm; — P(Eq,) be an arbitrary mapping. The following

conditions are equivalent:
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(i) T commutes with surjective substitutions;

(i) There exists an l-parameterized system of equations A(p,v) such that for all
a € Fmg, 7(a) = A({a)).

Proof. Assume 7 commutes with surjective substitutions. We fix a variable p and
define A(p,v) := 7(p). Let [ be the length of v. Clearly, 7(p) C {d(p,§) =~ €(p,§) :
6(p,v) = e(p,v) € A(p,v),€ € (Fmg)'}. For the reverse inclusion, let £ € (Fm,)" and
e a surjective substitution such that e(p) = p, e(v) = . For all §(p,v) ~ €(p,v) €
A(p,v), we have that d(e(p), e(v)) ~ €(e(p), e(v)) € e[r(p)]. By hypothesis, e[r(p)] =
7(e(p)) = 7(p). Thus for all 6(p,v) ~ e(p,v) € A(p,v), 6(p,§) =~ €(p,§) € 7(p), ie.,
{6(p,&) =~ €. &) : 6(p,v) = elp,v) € Alp,v),§ € (Fmg)'} C 7(p). We conclude
that 7(p) = {6(p,§) =~ e(p,§) : d(p,v) =~ elp,v) € A(p,v),§ € (Fmg)'}. Now, let
a € Fm, and e a surjective substitution such that e(p) = a. We have that 7(«a) =
He(p) = elr(p)] = el{8(p,€) ~ e(p.€) : 6(p,v) ~ e(p,0) € Alp,v),€ € (Fmg)}] =
{0(e(p), e(€)) ~ e(e(p),e(€)) : 6(p,v) = e(p,v) € A(p,v),€ € (Fmg)'} = {5(a,e(€)) ~
(o, e(§) : d(p,v) = e(p,v) € Alp,v),§ € (Fmg)'}. Since e is surjective, 7(a) =
{0(cr,n) = e(a,m) = 6(p, ) ~ €(p,v) € Alp,v),n € (Fmg)'} = A({a)).

Conversely, let e be a surjective substitution and av € Fm,. We have that e[r(a)] =

e[A({a)] = A((e(a))) = {di(e(a),e(§)) ~ ele(a),e(§)) =i € 1,§ € (Fmg)'}. By

surjectivity of e, e[T(a)] = {6;(e(a),n) ~ e;(e(a),n) i € I,n € (Fmg)'} = 7(e(e)). O

Proposition 5.1.3. Let 7 : Fm; — P(Eq,) be an arbitrary mapping. The following
conditions are equivalent:

(i) T commutes with arbitrary substitutions;

(i) There exists a set A(p) = {6;(p) = €;(p) : i € I} of equations in a single
variable p such that for all « € Fmg, 7(a) = A(a).

Proof. Assume 7 commutes with arbitrary substitutions. We fix a variable p and
define A(p) := 7(p). Suppose Var(A(p)) C {p,71,72,...}. Let e be a substitution
such that for every ¢ € Var(A(p)), e(q) = p. Then {6(p,p,p,...) = e(p,p,p,...) :
o(p,v) ~ e(p,v) € A(p)} = e[{d(p) = €(p) : 6(p) = e(p) € A(p)}] = e[r(p)] =
T(e(p)) =71(p) = {0(p,r1,72,...) = €(p,71,72,...) : 6(p,v) ~ €(p,v) € A(p)}. Hence,
{r1,7r9,...} € {p}. Thus Var(A(p)) C {p}. Now, let @« € Fm, and e a substitution
such that e(p) = a. Then 7(a) = 7(e(p)) = e[r(p)] = e[A(p)] = A(e(p)) = A(a).

The converse is obvious. O
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In [Cze01l Definition 4.2.1], Czelakowski defined the notion of interpretation in
more general sense (between two arbitrary logics) and used the term “transformer”.
When an interpretation commutes with arbitrary substitutions and is defined by a finite
set of equations then it coincides with the notion of “translation” introduced by Blok
and Pigozzi in [BP01, Definition 4.1]. There are others logicians that study mappings
between logic (Feitosa and Ottaviano have described in [FDO1l Definition 1.10] a more
general notion of translation. They have studied the conservative translation and
established some logical properties that may be preserved via translations).

The following definition of algebraic semantics is due to Blok and Pigozzi in [BP89),
definition 2.2] but with the requirement that the set of equations is finite and the logic

is finitary.

Definition 5.1.4. Let S be a logic and K a class of L-algebras. We say that K is
an algebraic semantics of S if Fg is interpretable in ):K in the following sense: there

exists A(p) a set of equations such that for all ' U {a} C Fmg,
kg a iff A(T) Ey A@)

where A(I') = {6i(p/~) = ei(p/v) i€ I,y € I'}.
The equations in A(p) are called the defining equations for kg and IZK

In other words, K is an algebraic semantics of S iff there exists an interpretation
7 : Fm; — P(Eq,) of kg in ):K that commutes with arbitrary substitutions. The
algebraic semantics K is also called 7-algebraic semantics of S by Raftery in [Raf06b),
Definition 1].

If 7 is an interpretation of Fg in )=K, that commutes with arbitrary substitutions,

then for every algebra A € K, we write Fj := {a € A : 6*(a) = e®(a),i € I}.

Theorem 5.1.5. Let S be a logic, K a class of L-algebras and T : Fm; — P(Eq,)
an arbitrary mapping that commutes with arbitrary substitutions. Then the following

conditions are equivalent:

(i) K is an algebraic semantics of S with the set of defining equations T(p);

(i) The class M = {(A, F%) : A € K} is a matriz semantics of S.

Proof. Let M = {(A, F}) : A € K} be a class of matrices and I'U {a} C Fm,. We
have that
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T, o iff, for all M= (A, F§) € M, T = a iff, for all A €

K and all homomorphism h : Fm,; — A, h[['] C F} implies h(a) € F§

iff, for all A € K, all homomorphism h : Fm; — A and all i € I; §2(y) =

eA () for all v € T implies 64 (a) = e2(a) iff, for all A € K, all homomorphism A :
Fm,; — A and all i € I; h(5;(7y)) = h(e;(y)) for all v € T implies h(d;(a)) = h(e;(a))
iff, for all A € K, A(D) }=, A(e) iff A(D) = Al

Now, assume that the class K is an algebraic semantics of S. Let I' U {a} C Fmg.
We have that I' |= v o iff AT )=K . By assumption, A )=K )iff T' Fg a.
Thus M is a matrix semantics of S.

Conversely, assume that the class M is a matrix semantics of S. Let FU{a} C Fmg.
By assumption, I' Fg o iff T’ |=M «. Since, I’ |=M a iff A[l |=K ), we have that

K is an algebraic semantics of S. O
We give an example of logic that has an algebraic semantics.

Example 5.2 (Classical Propositional Logic [BP01]). Let CPL be the Classical Propo-
sitional Logic defined in the language £ = {—, A, V,—, L, T} by the following axioms:

A p—(q¢g—0p)

A7 p—(pVq)
A p—=@—r)—((—9—Dm—r)

As ¢ — (pVq)
Az (—qg— —p) — (p—q)

Ag (p—71)—=(g—7r)—=((pVq) — 1))
Ay (pANq) —p

Ay L—p
As (pNq) —q

App—T
As (r—p) = ((r—q) — (r—(pNq))

and the inference rule:

b,p—dq

(Modus Ponens)
q

We define Boolean algebra as an L-algebra A = (A, —A A& VA A 1A TA)Y quch
that (A, A2 VA —A | A TA) is a bounded, complemented, distributive lattice with

A

smallest element 1A, largest element T and complementation —=*, while —# is rel-

ative complementation (¢ —* b = —%a VA b). We denote by BA the class of all
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Boolean algebras. Since {(A,{T#}): A € BA} is a matrix semantics of CPL, by
Theorem B.1.5] the class BA is an algebraic semantics of CPL with the set of defining
equation {p &~ T}. Therefore, for all TU{p} C Fm,, I'Fepr g iff I~ T IZBA po~T.
However, the logic CPL has another algebraic semantics which is the class of Heyting

algebras (HA) with the defining equation {——p ~ T} (c.f. [BR0O3| Proposition 2.6]).$
We say that an algebra A is a 7-model of a logic S if for all ' U {a} C Fmg,
I'Fg « implies 7[['] A 7(a).

We denote by K(S, 1) the class of all 7-models of S.
With the above example, we can note that if a logic has an algebraic semantics then
it is not unique. Nevertheless, in the following proposition, we prove that if a logic has

an algebraic semantics then it has the largest one.

Proposition 5.2.1. Let S be a logic and 7 : Fm, — P(Eq,) an arbitrary mapping
that commutes with arbitrary substitutions. If S has an algebraic semantics with the

set of defining equations 7(p), then K(S,T) is the largest algebraic semantics.

Proof. Let K be an algebraic semantics of S with the set of defining equations 7(p)
and I' U {a} € Fm,. By the definition of K(S,7), we have that I' ¢ « implies

I |=K(S’T) 7(a). Since K is an algebraic semantics, all the algebras A € K are 7-
models. Thus K C K(S, 7). Hence 7[I'] ):K(SJ) 7(ev) implies 7[I" |:K . Since K is
an algebraic semantics of S, I' Fg a. We conclude that K (S, 7) is an algebralc semantics
of S. It is not difficult to see that for all K algebraic semantics of S, K C K(S, 7).
Thus K(5, 7) is the largest algebraic semantics of S. O

Moreover, if S is a deductive system, i.e, is axiomatized by a set of axioms and a

set of inference rules, then the largest algebraic semantics is also axiomatized.

Proposition 5.2.2. [BR03| Proposition 2.9] Let S be a deductive system aziomatized
by a set AX of azioms and a set IR of inference rules, and 7 : Fmy; — P(Eq,)
an arbitrary mapping that commutes with arbitrary substitutions which is defined by
a finite set of defining equations. Then, the algebraic 2-deductive system IZK(S,T) is

axiomatized by the axioms,
(i) p~p
(ii) T(a) i.e., 6;(a) =€), foralli € I, and all « € AX

and the inference rules,
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(iii) T~
. p=qg,q=T
(i) pRT
(1}) {pi%%’:'é<m}
f(p07---7pm—1> %f(QOw--aCIm—l)
(vi) U{7(a;) : 7 <n} . {6i(oj) m€i(aj)riel,j<n}

7(8) 5:(8) ~ (D)
j<mn},B)€IR and n € N.

, for all connectives f of rank m

, forallie I, all ({a; :

If a finitary logic S has an algebraic semantics K with the set of defining equations
A(p) then it has a quasivariety semantics Q(K) with the same set of defining equations.

We give an example of logic that has a quasivariety semantics.

Example 5.3 (Classical Propositional Logic [BP01]). Let 2 = ({0,1}, =2 A%, V2 =2,
12/ T2) be the two-element Boolean algebra where 12 = 0 and T2 = 1 denote respec-
tively “false” and “true”, and —2, A2, Vv2 : {0,1}*> — {0,1} and =2 : {0,1} — {0, 1} are
given by the usual truth tables. We have that, for all 'U{¢} C Fm,, ' Fcpy, @ iff ' =~
T )22 @ ~ T. Thus the class of two-element Boolean algebras is an algebraic semantics
for CPL with the set of defining equations A(p) = {p &~ T}. The variety of Boolean
algebras is generated by the two-element Boolean algebra, i.e., BA = HSP(2). We

also have that the variety of Boolean algebras is generated by 2 as a quasivariety, i.e.,
BA = SP(2). &

If a logic S has an algebraic semantics, then any fragment of S, whose language
includes the connectives occurring in the set of defining equations, has an algebraic
semantics; and any extension of S, also has an algebraic semantics with the same set
of defining equations. Blok and Pigozzi proved this result, in [BP89, Corollary 2.5], for

finitary logic and finite set of defining equations.

Theorem 5.3.1. Let S be a logic, 7 : Fm; — P(Eq,) an arbitrary mapping that
commutes with arbitrary substitutions, K an algebraic semantics of S with the set
of defining equations T(p) and L' a sublanguage of L that contains all the primitive
connectives occurring in T(p). Then the class K' of all L -reducts of members of K
is an algebraic semantics of any L'-fragment S' of S. Furthermore, if K(S,7) is a

quasivariety, then K'(S’,T) is a quasivariety semantics for S'.

In order to prove that any extension of logic, which has an algebraic semantics, also

has an algebraic semantics, we need the following lemmas.
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Let 7sk : ThS — ThK be the mapping defined by 75k [I] = Cnk(7[T]), for all
T € ThS.

Lemma 5.3.2. Let S be a logic, 7 : Fm; — P(Eq,) an arbitrary mapping that com-
mutes with arbitrary substitutions and K C K(S,7) a class of T-models of S. Then the
following conditions are equivalent:

(i) K is an algebraic semantics of S with the set of defining equations T(p).
(i1) Tsx is injective.

Proof. Let Ty,T, € ThS. Suppose Tsk[T1] = Tsk[T2]. Let a € Ty. We have that
() C 7[Th] € 15x[T1] = Tsk[13]. Hence, 7[13] |:K 7(a). Since K is an algebraic
semantics of S, we have Ty g «, i.e., a € T. In an analogous way, we can prove that
T, C Ti. Therefore 7¢ k is injective.

Conversely, let I' U {a} € Fmg. Since K is a class of 7-models of S, we have
that I' kg a implies 7[I] |:K 7(cw). Now, suppose 7[[] ):K 7(a). Thus, Cnk(7[I']) =
Cnk (7[I'U{a}]). Since I' C Cng(I'), we have that 7[['] C 7[Cng(I")]. So, Cnk(7[I']) C
Cnk (7[Cng(I")]) = 75k [Cng(I')]. For the reverse inclusion, let o = 8 € 75k [Cng(I")],
i.e., 7[Cng(I)] IZK a~x (. Thus{7(¢) : T'Fg &} ):K a~ 3. As K is a class of 7-models
of S, for all £ € Fm, we have that I' kg £ implies 7[T'] )=K 7(§). Therefore, 7[I'] )=K
ar f, ie, ax € Cng(r[[']). We conclude that for all I' € Fm,, 7¢x[Cng(')] =
Cngk (7[I']). By these results, we have that 75k [Cng(I')] = Tsx[Cng(I' U {a})]. Since
Tsk 1s injective, Cng(I') = Cng(I' U {a}) and so, I' Fg . O

Lemma 5.3.3. Let S be a deductive system and 7 : Fm, — P(Eq,) an arbitrary
mapping that commutes with arbitrary substitutions. Suppose that K = K(S,7) is
an algebraic semantics of S with the finite set of defining equations T(p). If S" is an

extension of S and K' = K'(S’, 1) then Ts x equals sk restricted to ThS'.

Proof. Let T € ThS’. Since S’ is an extension of S, K' C K, so )=K, is an extension
of ):K Hence Cnk(7[T]) C Cng/(7[T)), ie., 7sk[I| C 7o x/[T]. For the reverse
inclusion, by Proposition [5.2.2] K’ can be axiomatized by a set of axioms and a set
of inference rules. It is not difficult to see that Cnk(7[7]) contains all substitution
instances of the axioms of ):K, and is closed under the inference rules of IZK,. Indeed,
it is obvious that Cng (7[T]) contains all substitution instances of the axiom (i) and is
closed under the inference rules (7i) and (iv) of Proposition 5.2.21 . Let o € Thm(.S”)

and e a substitution. Since Thm(S’) is closed under substitutions, g e(a). Thus for
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all T € ThS’, we have that e(o) € T. As 7 commutes with arbitrary substitutions,
e[r(a)] = 7le(a)] € 7[T] C Cng(7[T]). Thus Cnk(7[T]) contains all substitution
instances of axioms of K'. Now, let {a; : i < n} Fg¢ (3 be an inference rule of S’
and e a substitution such that {e[7(;)] : i < n} C Cnk(7[T]), i.e., T[T )=K

for all ¢ < n. Since 7 commutes with arbitrary substitutions, e[r(a;)] = T[e(a-)] for
all i < n, e, 7[T )=K | for all i < n. As K is an algebraic semantics of S,
it follows that T g e(a;) for all i < mn, ie., {e(a) : i < n} CT. By structurality
of &', {e(a;) : i < n} kg e(B). Since T' € ThS’, we have that e(5) € T. Thus
el[r(B)] = 7le(B)] € 7[T] C Cnk(7[T]). Therefore Cnk(7[T]) is closed under the
inference rules of K’. By the characterization of a theory in a deductive system, we
have proved that Cnk(7[T]) € Th(K’). Since 7[T] C Cnk(7[T]) and Cng/(7[T]) is
the least S’-theory that contains 7[7T"], we have that Cnk/(7[T]) C Cnk(7[T]), i.e.,
ok [T] C s x[T]. O

Theorem 5.3.4. Let S be a deductive system. If S has an algebraic semantics, then
any extension of S also has an algebraic semantics with the same set of defining equa-

tions.

Proof. Assume that S has an algebraic semantics K with the set of defining equations
7(p). Let S’ be an extension of S and K' = K(S5’,7). By Proposition [5.2.1] the
class K(S,7) is an algebraic semantics of S with the set of defining equations 7(p).
Since, by Lemma [5.3.2, the mapping 7gk is injective, we have, by Lemma [5.3.3], that
the mapping 7¢ ks is also injective. Again by Lemma [£.3.2] we have that K’ is an

algebraic semantics of S” with the set of defining equations 7(p). O

In Example [5.2] we see that a logic can have several algebraic semantics. Now, we

give an example of logic which does not have any algebraic semantics.

Example 5.4. [BR03, Theorem 2.19] Let £ = {—} be the language with just one

binary connective and S the deductive system over £ with the single axiom,
p—Dp
and the single inference rule, Modus Ponens,
p,p—4q

q
The set A(p,q) = {p — q} is a protoequivalence system for S. By Theorem B3] S

is protoalgebraic. In order to prove that S does not have an algebraic semantics, we

argue by contradiction and we need the following Lemmas.
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Lemma 5.4.1. [BR03, Theorem 2.16] Let S be a deductive system which has an al-
gebraic semantics with the set of defining equations A(p) = {0;(p) = €(p) : i < n}.
Then

{pv 7(52(29)’ ,QDOa s >wk—1)} }_S 7(62(29)’ ,QDOa s >wk—1) fOT alli <n

and

{p,v(e:(p), Yo, -, Ye—1)} Fs v(5:(p), Yo, ..., Yx_1) for alli <n

for every o, ..., k—1,7(P; o, - - -, qe-1) € Fmg, where k < w.

Lemma 5.4.2. [BR03, Lemma 2.18] Let p,q be distinct variables and ¢, € Fmg.
Then {p,q — ¢} Fs ¥ iff ¥ € {p,q = p}U{y = v:v € Fm,}.

Suppose that S has an algebraic semantics, denoted by K, with the set of defining
equations A(p) = {0;(p) = €(p) : i < n}. Let ¢ € Var such that ¢ # p. By Lemma
AT {p,q — 0:i(p)} Fs ¢ — €i(p) for all i <n. By Lemma 542, ¢ — €(p) € {p,q —
di(p)yU{y — ~v:v € Fmg}. Since A(p) is a set in only one variable p, ¢ # €;(p) and
since ¢ # p, ¢ — €;(p) # p. Thus, ¢ — €(p) = g — ;(p). Hence §;(p) is equal to €;(p)
for all i < n, i.e., |=K A(p) for all ¢ € Fm,. As K is an algebraic semantics of S,

Fs @ for all ¢ € Fm,. Therefore S is a trivial logic which is a contradiction. &

This example prove that not every logic has an algebraic semantics. There are
many other examples of logics which have no algebraic semantics, for instance the
deducibility relation of the formal system from relevance logic, denoted by P — W (c.f.
[Raf06b, Proposition 38]).

5.5 Equivalent Algebraic Semantics

Herein, we define the notion of equivalent algebraic semantics of a logic which is a

useful tool for the study of the class of algebraizable logics.

Definition 5.5.1. Let S be a logic and K a class of L-algebras. We say that g is
equivalent to |=K iff

1. kg is interpretable in IZK, i.e., there exists an interpretation 7 : Fm, — P(Eq,)

such that for allT'U{a} C Fmg,

(i) T ks a iff 7[0] = 7(a)
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2. IZK is interpretable in g, that is, there exists a mapping p : Eq, — P(Fm.),
called interpretation of |=K in kg, such that for all XU {p =~} C Eq,,

(ii) S o =0 iff p[%] Fs p(p = )

3. and, the interpretations T and p are mutually inverse, that is,

(iii) o~ == T

(iv) a g plr(a)]

Let S be a logic, K a class of L-algebras and 7 : Fm, — P(Eq,) and p : Eq, —
P(Fm,) arbitrary mappings. Conditions (i) and (#4i) are equivalent to conditions (i7)
and (iv). Indeed, assume conditions (z) and (m) hold. Let ¥ U {p ~ ¢} C Eq,.
We have that ¥ IZK o ~ ¢ iff (by (iid)) T[p ):K plp = )| iff (by (i) p[X] s
p(p ~ ). Thus (m) holds. Now let a € Fmﬁ. Applying (m) to 7(a) C Eq,, we
have 7(« :| |:K . Since T[p[r(a)]] IZK T(a), by (i), p[r(a)] Fs a. And since

)=K by ( ) atg p[r(a)]. Thus (iv) holds. In an analogous way we can
prove the converse.

Like for the mapping 7, we can represent the mapping p, with some assumptions,

by a particular set of formulas.

Proposition 5.5.2. Let p : Eq, — P(Fmg) be an arbitrary mapping. The following
conditions are equivalent:

(i) p commutes with surjective substitutions;

(ii) There ezists an k-parameterized system of formulas E(p, q,r) such that for all
p~ v € Eqe, ple =) =E({p 1))

Proof. Assume p commutes with surjective substitutions. We fix two variables p, ¢ and
define E(p,q,r) := p(p =~ q). Let k be the length of r. Clearly, p(p ~ q) C {e(p,q,7) :
e(p,q,7) € E(p,q,1),7 € (Fmz)*}. For the reverse inclusion, let y € (Fmg)" and e a
surjective substitution such that e(p) = p, e(q) = ¢, e(r) = 7. We have that for all
e(p,q,r) € E(p,q,1), €(e(p),e(q),e(r)) € elp(p = q)]. By assumption, e[p(p ~ ¢)] =
ple(p) = e(q)) = p(p =~ q). Thus, for all e(p,q,7) € E(p,q,7), €(p,4,7) € p(p = q),
ie., {ep,¢,7) : €(p,q,r) € E(p,q,r),v € (Fme)*} C p(p ~ q). Hence, p(p ~ q) =
{ep.q,7) : elp,q,r) € E(p,q,r),y € (Fmg)*}. Now, let ¢ = ¢ € Eq, and e a
surjective substitution such that e(p) = ¢ and e(q) = ¥. We have thatp(p ~ ¢) =
ple(p) = e(q)) = elplp = q)) = e({e(p.a,7) : e(p.q,r) € E(p,q,1),7 € (Fmg)*}) =
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{e(e(p),e(q). e(7)) : e(p,q,1) € E(p.q.r),y € (Fme)*} = {e(p, ¥, e(7)) : e(p, q,1)
E(p,q,r),y € (Fmg)*}. Since e is surjective, p(¢ ~ ) = {e(@,1,€) : €(p, q,r)
E(p,q,r),€ € (Fme)*} = E({p,9)).

Conversely, let e be a surjective substitution and ¢ ~ ¥ € Eq,. We have that
elplp ~ ¥)] = elB((, )] = B((elg), e(¥)). By surjectivity of e, elo(p ~ 1)) =
{ei(e(p),e(¥),§) =i € I,€ € (Fmg)*} = ple(p) ~ e(¥)). Thus, p commutes with

surjective substitutions. ]

S
S

If the consequence relation of a logic is equivalent to an equational consequence
relation of a class of algebras then, with some conditions on the interpretations, the

logic is protoalgebraic.

Proposition 5.5.3. Let S be a logic and K a class of L-algebras. Suppose that )=K
s equivalent to g by means of interpretations T and p which commute with surjec-
tive substitutions and are determined, respectively, by an l-parameterized system of
equations A(p,v) and by an k-parameterized system of formulas E(p,q,r). Then S is

protoalgebraic and E(p, q,r) is an k-parameterized system of equivalence formulas for

S.

Proof. We show that E(p, q,r) satisfies reflexivity, modus ponens, and simple replace-
ment conditions. Since ):K p /& p, by condition (ii) of Definition 5.5.1] Fg p(p = p),
ie., Fg E({(p,p)). Thus reflexivity condition holds.

Since A(p,v) U {p = q} IZK A(q,v) is satisfied by any equational consequence
relation, by condition (ii) of Definition B.51] p[A(p,v)] U p(p = q) Fs p[A(g,v)], i.e,
E((A(p,v))) UE((p.q)) Fs E((A(g,v))). And by condition (iv) of Definition .51,
{p} U E((p,q)) Fs q. Thus modus ponens condition holds.

Let f be a connective of S of rank n. Since {p1 =~ 1} U---U{p, = ¢} ):K
fp1,.-son) = f(q1,---,qn), by condition (ii) of Definition 551l p(p1 =~ ¢1) U --- U
p(pn = qn) Fs p(f(p1, - on) = flar, - qn)), L, E((pr,@1)) U+~ U E((pn. gn)) Fs
E({(f(p1,---,pn) f(q1,--.,qn))). Thus simple replacement condition holds.

We conclude that F(p,q,r) is an k-parameterized system of equivalence formulas

for S. By Theorem [3.4.3] S is protoalgebraic. O

Proposition 5.5.4. Let p : Eq, — P(Fm,) be an arbitrary mapping. The following
conditions are equivalent:

(i) p commutes with arbitrary substitutions;
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(ii) There exists a set E(p,q) of formulas in two variables p, q such that for all
p~ v €Eq, ple=v)=E(p,v).

Proof. Assume p commutes with arbitrary substitutions. We fix p, ¢ distinct variables
and define E(p,q) := p(p ~ q). Suppose Var(E(p,q)) € {p,q,7m1,79,...}. Let e
be a substitution such that e(p) = p, e(q) = ¢q and e(r;) = p for all i € I. By
assumption, E(p,q,p,...) = e(E(p,q)) = e(p(p = q)) = p(e(p) = e(q)) = p(p = q) =
E(p,q,r1,72,...). Hence, {ry,rqe,...} C {p,q}. Thus Var(E(p,q)) C {p,q}. Now, let
¢ ~ 1 € Eq, and e a substitution such that e(p) = ¢ and e(q) = 1. We have that
plo =) = plelp) = e(q)) = e(plp = q)) = e(E(p, q)) = E(e(p),e(q)) = E(e,9).

The converse is obvious. O

If the consequence relation of a logic is equivalent to an equational consequence
relation of a class of algebras then, with some conditions on the interpretations, the

logic is equivalential.

Proposition 5.5.5. Let S be a logic and K a class of L-algebras. Suppose that )=K
15 equivalent to g by means of interpretations T and p which commute with arbitrary
substitutions and are determined, respectively, by set of equations A(p) and a set of for-

mulas E(p,q). Then S is equivalential and E(p, q) is a system of equivalence formulas

for S.

Proof. We show that E(p, q) satisfies reflexivity, modus ponens, and simple replacement
conditions. Since IZK p =~ p, by condition (7i) of Definition 551, Fg p(p = p), i.e.,
Fs E(p,p). Thus reflexivity condition holds.

Since A(p) U {p ~ ¢} ):K A(q) is satisfied by any equational consequence relation,
by condition (i) of Definition 55T p[A(p)] U p(p =~ q) Fs plA(q)], ie, E(A(p)) U
E(p, q) Fg E(A(q)) And by condition (iv) of Definition E.5.1] {p} U E(p, q) Fs q.
Thus modus ponens condition holds.

Let f be a connective of S of rank n. Since {p1 =~ ¢} U - U {py =~ ¢} ):K
f(p1,---pn) = f(q1,-..,qn), by condition (iz) of Definition E5Tl p(p1 ~ ¢1) U --- U
p(Pn = @) Fs p(f(p1,---.p0) = flar,-. ), Le, E(pr,q) U+ U E(pa,¢a) bs
E(f(p1,---,pn), f(q1,---,qn)). Thus simple replacement condition holds.

We conclude that E(p, q) is a system of equivalence formulas for S. By Theorem
11 S is equivalential. O

Now, we define the notion of equivalent algebraic semantics.
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Definition 5.5.6. Let S be a logic and K a class of L-algebras. We say that K is an
equivalent algebraic semantics for S if Fg is equivalent to |=K in the following sense:
there exist A(p) a set of equation in a single variable and E(p,q) a set of formulas in

two variables such that, for every ' U{a} C Fm, and ¥ U {p ~ ¢} C Eq,,
(i) Tk o iff A(D) = Ala)
(ii) Sy ¢ ~ v iff B(S) Fs E(p,¢)
(iii) ¢ ~ ¥ = A(E(p,))
(iv) o 4Fs E(A())

The set E(p,q) is called a set of equivalence formulas and A(p) a set of defining
equations for S and K.

In other words, K is an equivalent algebraic semantics for S iff there exists a
pair of interpretations 7 : Fm, — P(Eq,) and p : Eq, — P(Fm,) that commute
with arbitrary substitutions and are mutually inverse. It is not difficult to see that
conditions (i) and (7iz) are equivalent to conditions (ii) and (iv).

We have seen, in Example [5.2] that the class BA is an algebraic semantics of CPL.

Now, we show that it is an equivalent algebraic semantics.

Example 5.6 (Classical Propositional Logic [BP01]). The interpretation 7 of Fcpr
in |:B A commutes with arbitrary substitutions and is defined in the following way:
for all & € Fmg, 7(a) = {a &= T}. There exists an interpretation p of |:BA in Fepr,
that commutes with arbitrary substitutions and is defined in the following way: for
all ¢ = ¢ € Eq,, ple = ) = {¢ — 1,9 — p}. We can prove that conditions (%)
and (ii7) hold. Therefore, the class of BA forms an equivalent algebraic semantics for
CPL, A(p) = {p =~ T} is the set of defining equations and E(p,q) = {p — q,q — p}
the set of equivalence formulas for CPL and BA. &

5.7 Weakly Algebraizable Logics

In this section, we define the class of weakly algebraizable logics which is a proper
subclass of the class of protoalgebraic logics. We also characterized weakly algebraizable
logics using the Leibniz operator. We point out to [CJ00] for more details about these

logics.
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Definition 5.7.1. A logic S is called weakly algebraizable if there exist a class K of L-
algebras, an l-parameterized system of equations A(p,v) and an k-parameterized system
of formulas E(p, q,r) such that the following conditions hold, for every 'U{a} C Fm,
and XU{p =1y} C Eq,:

(i) T ks o iff A(D) e All));

(ii) g o 0 iff E(E) Fs B, 9)):

(iii) ¢ = S ACE(e, )

(iv) o 4s E({(A(())))-

In other words, a logic S is weakly algebraizable iff there exists an equational
consequence relation |=K on Eq, equivalent to =g, and the equivalence between g and
|:K is established by means of interpretations 7 and p that commute with surjective
substitutions and are mutually inverse.

In order to prove the theorem that gives a characterization of weakly algebraizable

logics using the Leibniz operator, we need the following lemma.

Lemma 5.7.2. [Cze0l, Lemma 1.6.2] Let S be a protoalgebraic logic and E(p,q,r) an
k-parameterized system of equivalence formulas for S. Then the following conditions
are equivalent:

(i) 2 is injective on Th(S);

(i) p A= {E{p.¥)) : ¢ = ¥(Q(Cns(p)))};

(iii) There ezists a set A(p) of equations in a single variable p such that p 4Fg

ULE((p.¥) o =4 € Ap)}-
Theorem 5.7.3. Let S be a logic. The following conditions are equivalent:

(i) S is weakly algebraizable;

(i) The Leibniz operator € is monotone and injective on Th(S);

(iii) The Leibniz operator Qa is monotone and injective on Fig(A) for every

algebra A.

Proof. (i) = (i1) Assume S is weakly algebraizable. There exists a class K of £-
algebras, an [-parameterized system of equations A(p,v) and an k-parameterized sys-
tem of formulas E(p,q,r) such that they satisfy conditions in Definition .71 By
Proposition [.5.3] S is protoalgebraic and E(p,q,r) is an k-parameterized system of
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equivalence formulas for S. By Theorem [B.3.1] the Leibniz operator €2 is monotone on
Th(S). Now, let T}, Ty € Th(S). Suppose Q17 = QT5. Let a € T}, i.e, T} Fg . By
condition (7v) of Definition .71l o g E((A({(«)))). Hence T1 Fg E((A({)))), i.e.,
E({A({a)))) € Cns(E({(A({a))))) € T1. Thus, for all ¢ ~ ¢ € A({e)), p = »(QT1).
Since Q(T7) = Q(T3); for all p = ¢ € A({a)), ¢ = Y(QTy), i.e., E((A({a)))) C Ts. So,
Ty Fs E((A({c)))). By condition (iv) of Definition 5.7 T3 Fg «, i.e., & € Ty, In an
analogous way, we can prove that T, C Tj. Therefore T = T.

(74) = (i7i) Since the Leibniz operator is monotone on Th(S), by Theorem [B.3.1],
it is also monotone on Fig(A) for every algebra A. Now let A be an algebra and
F\,F, € Fig(A). Suppose that QuF} = QaF,. Let a € F;. Then Fig(a) C F.
Since the Leibniz operator is monotone on Th(S), by Theorem B3], S is protoalge-
braic. By Theorem B.4.3] S has an k-parameterized system of equivalence formulas
E(p,q,r). As Q is injective on Th(S), by Lemma 572 there exists a set A(p) of
equations in a single variable p such that p 4+¢ U{E((p,¥)) : ¢ = ¢ € A(p)}.
We fixe o(p) ~ ¥(p) € A(p). We have that EA((p*(a),v*(a))) C Fig(a). Hence,
Fif (U{E2((p™(a),v™(a))) : ¢ = ¢ € A(p)}) C Fi5(a). We also have that for every
homomorphism A : Fm; — A such that h(p) = a, a € Fig (J{EA((h(), h(¥))) : p =
Y € Ap)}), ie., a € Fig(U{EA{p*(a),vA(a))) : ¢ =1 € Alp)}). Thus Fi%(a) C
Fi& (U{BA (92 (0), 42(0))) : ¢ ~ ¥ € A(p)}). Therefore Fi2(a) = Fi& (U{EA (¢ (a),
A(a) s o =P € A(p)}).

a € Fy iff Fif(a) C Fy iff EA((0*(a),v™(a))) C F for all o =~ ¢ € A(p)
iff p*(a) = ™ (a)(QaFy) for all p =¥ € A(p)
iff p2(a) = Y2(a)(QaFy) for all p =1 € A(p)

ﬁEﬂ@N)w()»CBﬂmﬂw ¥ e Ap)
iff Fi& (U{EA (0™ (a), v (a))) : ¢ ~ 0 € Alp)}) C Fy iff Fit(a) C Fy iff a € Fy.

Hence F| = F.

(791) = (1) Assume that the Leibniz operator is monotone and injective on Fig(A)
for every algebra A. By Theorem B.3.1] S is protoalgebraic. And by Theorem [3.4.3],
there exists F(p, q,r) an k-parameterized system of equivalence formulas for S. On the
other hand, since the Leibniz operator is injective on Fig(A) for every algebra A, it
is also injective on Th(S). By Lemma and structurality of S, there exists a set
A(p) of equations such that for all « € Fmg, o 4-g U{E({(p,¥)) : ¢ = ¢ € Aa)},
ile., a 4Fg E({(A(a))). Let K be the class of L-algebras. We define the relation )=K
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on P(Eq,) as follows: for all ¥ C Eq,, X IZK e iff E((X)) Fs E({p,¥)). It is not
difficult to see that )=K is an equational consequence relation on Eq,. Therefore S is

weakly algebraizable. O

A class M of matrices has its filters equationally definable by a set of equations
A(p) = {0:(p) = €(p) : i € I} in a single variable p, if for any matrix (A, F) € M and
any a € A; a € F iff §*(a) = ¢2(a). We say that a class of matrices M has its filters
implicitly definable if; for any algebra A if (A, F), (A, G) € M then F = G, i.e., the
matrices in M are uniquely determined by their algebraic reducts. Obviously, if the
filters are equationally definable in M by a set of equations A(p) then they are also
implicitly definable.

Theorem 5.7.4. Let S be a logic. The following conditions are equivalent:

(i) S is weakly algebraizable;

(ii) the Leibniz operator is monotone on Fig(A) for every algebra A and the class

Mod*(S) has its filters equationally definable;

(i11) the Leibniz operator is monotone on Th(S) and the class L*(S) has its filters
equationally definable;

(iv) the Leibniz operator is monotone on Fig(A) for every algebra A and the class

Mod*(S) has its filters implicitly definable;

(v) the Leibniz operator is monotone on Th(S) and the class L*(S) has its filters
implicitly definable.

Proof. (i) = (i) Assume S is weakly algebraizable. By Theorem [(.7.3] the Leibniz
operator is monotone on Fig(A) for every algebra A. And by Theorem B3] S is
protoalgebraic. Thus by Theorem [B.4.3] there exists E(p,q,r) an k-parameterized
system of equivalence formulas for S. Since S is weakly algebraizable, by Theorem [5.7.3]
the Leibniz operator is injective on Th(S). And so, by Lemma [5.7.2] there exists a set
of equations A(p) in a single variable such that p 4+g (J{E({(p,¥)) : ¢ = ¢ € A(p)},
ie., p-s E((A(p))). Let (A, F) € Mod"(S) and a € F'. Since, p 45 E({(A(p))), we
have that EA((A(a))) C F. Thus J{EA((p?(a),v2(a)) : o =9 € A(p)}) C F, ie.,
o™ (a) = Y2 (a)(QaF) for all p ~ ¢ € A(p). Since (A, F) € Mod*(S), QaF = Aj.
Hence for all ¢ ~ ¢ € A(p), p*(a) = v™(a).
(17) = (i4i) It is obvious, since L*(S) C Mod*(95).
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(7i) = (iv) It is obvious, since the property equationally definable implies the
property implicitly definable.

(7i1) = (v) It is obvious.

(iv) = (v) It is obvious.

(v) = (i) Let T1,T5 € Th(S). Suppose that QT} = QT5. The respective reduction
matrices (Fm,/QTy,T,/QT)) and (Fm,/QT,, T, /) are in L*(S). Since QT =
QT5, we have that Fm,/QT) = Fm,/QT;. By assumption, 171 /QT) = T5/QT5, ie.,
T1/QT, = Ty /QT;. Thus, by compatibility, ) = T,. Hence the Leibniz operator is
injective on Th(S). Since the Leibniz operator is monotone on Th(S), by Theorem
B3, S is weakly algebraizable. O

In the Examples and (4.2, we have seen that the minimal orthologic Sor, is
protoalgebraic but not equivalential. Now, we prove that Sp;, is weakly algebraizable
using Theorem [5.7.4] .

Example 5.8 (Orthologic [Mal89]). Since So, is protoalgebraic, by Theorem B.3.1] the
Leibniz operator is monotone on Th(Spy). Consider a set of equation A(p) = {p ~ 1},
where 1 denotes an arbitrary but fixed theorem of Sp, (e.g., 1 := pV —p). If we prove
that for any T € Th(Spy) and any o € Fm, o € T iff « = 1(QT); then we have shown
that the class L*(S) has its filters equationally definable by the set A(p).

Let T € Th(S) and a € Fmg. Suppose that & € T. Let ¢ € Fmg,. Since
1 € Thm(S), 1 € T. As a,¢(a) Fs,, ©(1) (because it is an inference rule of Sor),
we have that p(«) € T implies (1) € T. Since a, (1) Fg,, p(a) (because it is also
an inference rules of Spr), we have that ¢(1) € T implies p(a) € T. Therefore for
all p € Fmg, p(a) € T iff (1) € T. Thus a = 1(QT). Conversely, suppose that
a = 1(QT). Since 1 € Thm(S), 1 € T. By compatibility, o € T'.

Since the class L*(S) has its filters equationally definable by the set A(p) and the
Leibniz operator is monotone on Th(Spy), by Theorem [5.7.4] the minimal orthologic
Sor, is weakly algebraizable. &

5.9 Algebraizable Logics

In [BP89|, Blok and Pigozzi have defined the notion of “algebraizable logic” for finitary
logic. They are logics that have an equivalent algebraic semantics. The idea underlying

the definition is the following: a logic is algebraizable if there exists a class of algebras
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that can be associated to the logic in the same way as the class of BA has been

associated to CPL.

Definition 5.9.1. A logic S is called algebraizable (also called possibly infinitely
algebraizable in [Her96]) if there exist a class K of L-algebras, a set of equations
A(p) and a set of formulas E(p,q) such that the following conditions hold, for every
F'u{a} CFmg and XU{p ~ 1} C Eq,:

(i) T ks o iff A(T) g AQ);

(ii) £y o = % iff B(S) Fs B(p,v);

(iii) ¢ = ¥ Sy AE(p,¥));

(iv) o 4Fg E(A()).
The class K is called an equivalent algebraic semantics; and F(p, q) the set of equiv-

alence formulas and A(p) the set of defining equations for S and K.

In other words, a logic S is algebraizable iff there exists an equational consequence
relation ):K on Eq, equivalent to g, and the equivalence between g and ):K is
established by means of interpretations 7 and p that commute with arbitrary substi-
tutions and are mutually inverse. That is, if there exists a class K of L-algebras that
is an equivalent algebraic semantics for S with 7(p) the set of defining equations and
p(p = q) the set of equivalence formulas for S and K.

We note that the difference between weakly algebraizable logic and algebraizable
logic is that in the latter, the set of equations and the set of formulas do not have

parameters. Thus, if a logic S is algebraizable, then it is weakly algebraizable.

Theorem 5.9.2. Let S be a logic. The following conditions are equivalent:

(i) S is algebraizable;

(i) The Leibniz operator Q) is monotone, injective and commutes with inverse

substitutions on Th(S).

Proof. Assume S is algebraizable. Hence S is weakly algebraizable and by Theorem
(.73 the Leibniz operator €2 is monotone and injective on Th(S). Let K be a class of
L-algebras, A(p) a set of equations and E(p, q) a set of formulas such that conditions of
Definition 57T hold. By Proposition 555, S is equivalential and E(p, q) is a system of
equivalence formulas for S. And by Theorem [.1.5] the Leibniz operator {2 commutes

with inverse substitutions on Th(S).
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Conversely, suppose {2 is monotone, injective and commutes with inverse substi-
tutions on Th(S). By Theorem I5] S is equivalential. There exists a system of
equivalence formulas E(p,q) for S. Consider the class of algebras K = {Fm,/QT :
T € Th(S)}. It is not difficult to see that for every ¥ U {¢ =~ ¢} C Eq,, & |=K o=
iff £(X) Fs E(p,1). Let T = Cng(p) and e a substitution such that e(r) = p for
every r € Var. Consider A(p) = ¢[Q2T]. As we can see pair of formulas as equations,
A(p) is a set of equations. Let ¢, € Fm,z. We have that ¢ = ¢ (Q(Cng(E(QT)))) iff
E(p,¢) C Cng(E(QT)) iff B(QT) s E(p, ) iff QT =y ¢ ~ 0 iff o = ¢(QT). Thus
Q(Cng(E(QT))) = QT'. Since the Leibniz operator is injective, Cng(E(QT)) = T. As
T = Cng(p), p 4ts T. Thus p 4Fg E(QT). By structurality of S, e(p) g e[E(QT)].
Since e[E(QT)] = E(e[QT]) = E(A(p)) and e(p) = p, we have that p 45 E(A(p)).
Thus S is algebraizable. O

By the above characterization of algebraizable logics, it is not difficult to prove the

following Corollary.

Corollary 5.9.3. The class of algebraizable logics is the intersection of the class of

equivalential logics and the class of weakly algebraizable logics.

If a deductive system is algebraizable then any fragment, whose language includes
the connectives occurring in the set of defining equations and the set of equivalence
formulas; and any extension are algebraizable with the same set of defining equations

and set of equivalence formulas.

Corollary 5.9.4. Let S be a deductive system. If S is algebraizable, then any extension
of S is itself algebraizable with the same set of equivalence formulas and set of defining

equations.

Thus, any axiomatic extension of an algebraizable deductive system is itself alge-

braizable.

Corollary 5.9.5. Let S be an algebraizable deductive system. Then any L'-fragment
of S, where L' contains all primitive connectives that occur in the set of equivalence
formulas and set of defining equations, is algebraizable with the same set of equivalence

formulas and set of defining equation.

A logic may have (if any) many algebraic semantics, but the equivalent algebraic

semantics associated with an algebraizable logic is unique in a following sense.
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Theorem 5.9.6. Let S be an algebraizable logic, K and K' two equivalent algebraic
semantics for S such that E(p,q) is the set of equivalence formulas and A(p) the set
of defining equations for S and K, and similarly E'(p/, q’) and A'(p') for S and K'.

Then )=K )=K,, q) I+s E'(p',q') and A(p =H=K Al (p

Therefore, there is (if any) one equivalent algebraic semantics that can be canoni-
cally associated with the logic. We write the equivalent algebraic semantics when we
want to refer to the largest equivalent algebraic semantics.

The duality of this result fails to hold. There are distinct logics with the same
equivalent algebraic semantics. In [BP89, Theorem 5.12], Blok and Pigozzi have given
an example of two distinct finitely algebraizable deductive systems with the same

equivalent quasivariety semantics.

Theorem 5.9.7. Let S be a logic. A sufficient condition for S to be algebraizable is
that is equivalential with a set of equivalence formulas E(p,q) that satisfies:

p.qts Ep,q) (G-rule)

In this case F(p,q) and A(p) = {p =~ E(p,p)} are, respectively, the set of equiva-
lence formulas and the set of defining equations. If the sufficient condition of the above
theorem is satisfied the logic is said to be reqularly algebraizable (or 1-equivalential in
[Her96]). That is, a logic is regularly algebraizable if there exists a set E(p,q) of for-
mulas such that conditions of reflexivity, symmetry, transitivity, simple replacement,
modus ponens and G-rule hold (c.f. [CP04bl, Definition 2.3]). Moreover, if the set of
equivalence formulas is finite then we say that the logic is finitely reqularly algebraiz-
able. Thus, every (finitely) regularly algebraizable logic is (finitely) algebraizable. We
point out to [Cze01l, Chapter 5] and [CP04a] for a detailed study of this class of logics.

5.10 Finitely Algebraizable Logics

In this section, we study the class of finitely algebraizable logics that is a proper subclass

of algebraizable logics.

Definition 5.10.1. A logic S is said to be finitely algebraizable if there exist a class
K of L-algebras, a finite set of equations A(p) and a finite set of formulas E(p, q) such
that the following conditions hold, for every 'U{a} CFm; and U {p ~ ¢} C Eq,:

(i) I'ts a iff AT ):K
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(ii) Sy o~ 0 iff B(S) bs E(p, ¥);
(iii)  ~ =\ [Fr A(E(p,1));
(iv) a 4Fg E(A()).

The class K is called an equivalent algebraic semantics; and F(p,q) the set of equiv-

alence formulas and A(p) the set of defining equations for S and K.

In other words, a finitely algebraizable logic is an algebraizable logic where the set
of defining equations and the set of equivalence formulas are finite.
In the following theorem, we give a characterization of this class of logics using the

Leibniz operator.

Theorem 5.10.2. Let S be a logic. The following conditions are equivalent:

(i) S is finitely algebraizable;

(i) The Leibniz operator Qa is injective and continuous on Fig(A) for every

algebra A.

(iii) The Leibniz operator € is injective and continuous on Th(S).

Proof. (i) = (i) Assume S is finitely algebraizable. There exist a class K of L-
algebras, a finite set of equations A(p) and a finite set of formulas E(p, q) that satisfy
conditions of Definition B.10.1l Thus S is weakly algebraizable. By Theorem [5.7.3]
the Leibniz operator is injective on Fig(A) for every algebra A. And by Theorem
(.50 S is equivalential and E(p,q) is a system of equivalence formulas for S. Since
E(p, q) is finite, S is finitely equivalential. By Theorem 1.6 the Leibniz operator
is continuous on Fig(A) for every algebra A.

(74) = (di7) It is obvious.

(7i1) = (7) Since the Leibniz operator is continuous on Th(S), by Theorem [£.1.6],
S is finitely equivalential. Thus S is equivalential and by Theorem .15 the Leibniz
operator is monotone and commutes with inverse substitutions on Th(S). By assump-
tion, the Leibniz operator is also injective on Th(S). Thus by Theorem [5.9.2] S is
algebraizable, i.e, there exists a class K of L-algebras which is an equivalent alge-
braic semantics for S with A(p) the set of defining equations and F(p,q) the set of
equivalence formulas. By Theorem [B.5.5] S is equivalential with E(p, q) the system of
equivalence formulas for S. Since S is finitely equivalential, the set E(p, q) must be

finite. Thus the set A(p) must be also finite. Therefore S is finitely algebraizable. O
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We prove that if a finitely algebraizable logic S is finitary then the equational

consequence relation which is equivalent to g is also finitary.

Proposition 5.10.3. Let S be a finitely algebraizable logic with the correspondent

equivalent algebraic semantics K. If S is finitary, then |:K s also finitary.

Proof. Assume S is a finitary finitely algebraizable logic. Let K be the equivalent
algebraic semantics for S; and A(p) the finite set of defining equations and E(p, q) the
finite set of equivalence formulas for S and K. Let ¥ U {¢ ~ ¢/} C Eq,. By condition
(4) of Definition 5.5.1], 3 ):K p =it E(Y) Fg E(p,1). Since S is finitary and E(p, q)
is finite, there exists a finite ¥y C ¥ such that E(X) Fg E(p, ) iff E(Xf) Fg E(p, ).
And by condition (i) of Definition 550} E(X;) Fs E(p, ) iff Bf 5 ¢ ~ . Thus
by |:K o~ iff Xy |:K ¢ =~ 1) for some finite Xy C ¥. Therefore |:K is finitary. O

Now, we define the notion of algebraization as Blok and Pigozzi have studied in
[BP8&9].

Definition 5.10.4. A logic S is said to be algebraizable in the sense of Blok and
Pigozzi if it is finitary and has an equivalent algebraic semantics K with A(p) the
finite set of defining equations and E(p, q) the finite set of equivalence formulas for S
and K.

Le., S is algebraizable in the sense of Blok and Pigozzi iff S is finitary and finitely

algebraizable.

We show that there is (if any) an equivalent algebraic semantics which is a quasi-

variety for algebraizable in the sense of Blok and Pigozzi logic.

Theorem 5.10.5. Let S be an algebraizable in the sense of Blok and Pigozzi logic; and
K and K’ two equivalent algebraic semantics for S. Then Q(K) = Q(K'), i.e., K and
K’ generate the same quasivariety, and Q(K) is also an equivalent algebraic seman-
tics called equivalent quasivariety semantics (it is unique and is the largest equivalent

algebraic semantics for S).

If S is an algebraizable logic whose algebraic counterpart is a variety, we say that
S is strongly algebraizable.
In the following theorem, we give a characterization for logics which are algebraiz-

able in the sense of Blok and Pigozzi.



76

Theorem 5.10.6. [Cze0l, Theorem 4.6.5] Let S be a finitary logic and K a quasivariety

of L-algebras. The following conditions are equivalent:

(i) S is finitely algebraizable with equivalent quasivariety semantics K;

(i) For every L-algebra A, not necessarily in K, the Leibniz operator Qa estab-
lished an isomorphism between the lattices Fig(A) of S-filters and Cox(A) of

K-congruences of A.

Corollary 5.10.7. Let S be an algebraizable in the sense of Blok and Pigozzi logic and

K the equivalent quasivariety semantics. Then K is the class of all algebraic reducts
of Mod*(S), i.e., K= Alg'(95).

Proof. Let M = (A, D) € Mod*(S). By assumption and Theorem E.I0.6, QaD €
Cok(A). Thus A/QaD € K. Since M is reduced, Qa D = A . Therefore A € K.

For the reverse inclusion, suppose that A € K. Thus Ax € Cok(A). By Theorem
(.10.6, there exists a unique D € Fig(A) such that Ax = Qa D. Therefore the matrix
(A, D) € Mod*(5). O

An expansion S’ of an algebraizable in the sense of Blok and Pigozzi logic S is
not necessarily finitely algebraizable. In [Cai04, Example 1], Caicedo has given an
example of an expansion of the IPL that is not finitely algebraizable. Nevertheless,
if an expansion of S is finitely algebraizable, then it is not necessarily with the same
set of equivalence formulas and set of defining equations as S. Indeed, in [Cai04]
Example 2|, we can find an expansion of the CPL that is finitely algebraizable with
the set of equivalence formulas E(p,q) = {O(p — ¢),0(q¢ — p)} and the set of defining
equations A(p) = {—=—p =~ T} which are different that the ones for CPL. However,
if the axioms and inference rules of S’ define implicitly the new connectives then S’
is finitely algebraizable with the same set of equivalence formulas and set of defining
equations as S and its equivalent quasivariety semantics is the class of algebras that is
increased algebras of Alg*(S) (c.f. [Cai04, Theorem 1]).

We have seen that we can characterized all the classes of logics until studied by
properties of the Leibniz operator. Thus, in the following figure, we present the relation

between these different classes which is called the Leibniz hierarchy.
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Figure 5.1: A view of the Leibniz Hierarchy

5.10.1 Bridge Theorems

The relationship between the class of algebras that we associate to algebraizable logic
and a logic itself is very strong. We can find in the literature, several relations between
properties of finitary finitely algebraizable logic S and its equivalent quasivariety se-
mantics Alg*(S). These relations are important because sometimes it is easier to
understand a problem concerning logic .S by translating it to correspondent property
of the algebra in Alg*(S). In this section, we only enunciate some bridge theorems

without their proofs.

A class K of algebras has the amalgamation property if for any pair of embedding
mappings f : C — A and g : C — B with A, B, C € K, there exists D € K and
embedding mappings h : A — D and k : B — D such that ho f = ko g. A logic
S has the Craig ‘s interpolation property if for any two formulas ¢ and ¢ such that
© Fg 1, there exists a third formula «, called an interpolant, such that every variable
in a occurs both in ¢ and 1, and we have that ¢ Fg o and a kg 1. A finitary
finitely algebraizable logic S has the Craig s interpolation property iff Alg*(.S) has the
amalgamation property (c.f. [ANSO1, Theorem 6.15] and [CP99, Theorem 3.5]).

A logic S has the Beth “s definability property if implicit definability equals explicit
definability (c.f. [BHO6l Definition 3.3]). Let K be a class of algebras and A, B € K.
A morphism h : A — B is called an epimorphism of K if; for every C € K and
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every f,g € Hom(B, C), we have that foh = goh implies f = g. A finitary finitely
algebraizable logic S has the Beth s definability property iff all the epimorphisms of
Alg*(S) are surjective (c.f. [ANSOI, Theorem 6.11] and [BHO6, Theorem 3.17}).

We can state that CPL has the Craig’s interpolation property and the Beth’s
definability property. Thus the class BA has the amalgamation property and all epi-
morphisms in BA are surjective.

We say that a class of algebras K has equationally definable principal relative con-
gruence (EDPRC for short) if there is a finite set of equations in at most four variables
{ei(z0, 1, Y0, Y1) = di(To,x1,%0,¥1) : ¢ < n} such that for every algebra A € K and
all a,b,c,d € A, ¢ = d(@ﬁ(a, b)) iff e2(a,b,c,d) = 6*(a,b,c,d) for all i < n. A fini-
tary finitely algebraizable logic S has the DDT iff its equivalent quasivariety semantics
Alg*(S) has the EDPRC property (c.f. [BP01, Theorem 5.5]). We have a generaliza-
tion of this result in [CP04b, Theorem 3.3|, where Czelakowski and Pigozzi described
the relation between the MDDT and the EDPRC property.

5.11 Examples

Example 5.12 (Classical Propositional Logic [BP01]). In Example [5.6] we have seen
that CPL has an equivalent algebraic semantics, which is the class BA, with A(p) =
{p =~ T} the set of defining equation and E(p,q) = {p — ¢,q — p} the set of equiva-
lence formulas for CPL and BA. Thus CPL is finitary and finitely algebraizable.
Furthermore, CPL has the DDT, that is, for every I'U{¢, %} C Fm,, we have that

Fu{e}FepL ¥ iff I' Fepr ¢ — 2.

Thus the class BA has the EDPRC property (c.f. [BP01, Theorem 5.6]). Indeed, for
every A € BA and a,b,c,d € A, we have that

c=d(05a(a, b)) iff (a < b) Ac= (a b)Ad,
where a < b abbreviates (a — b) A (b — a). &

Example 5.13 (Intuitionistic Propositional Logic [BP01]). The Intuitionistic Propo-
sitional Logic, IPL, has the same language as CPL. It is defined by the following
axioms: (A1),(Az),(As) — (A1), together with

(A2) p— (p— 1)
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(Aiz) (p— L) — p

and by the only inference rule, modus ponens.

A Heyting algebra is an algebra A = (A, —A AA VA A A TAY guch that
(A, AR VA LA TAY is a bounded (where L is the minimum and T the maximum),
distributive lattice and for a,b € A, a —* b is the largest element ¢ (with respect to
the lattice order) such that a AA ¢ < band =*a = a —* TA. Thus —* is a binary
operation with the property, for all a,b,c € A; ¢ < a —* biff aA®c < b. The operation
—A s called relative pseudo-complementation. Each finite distributive lattice admits
a unique relative pseudo-complementation operation. Hence every finite distributive
lattice is the reduct of a unique Heyting algebra. In contrast with the class of Boolean
algebras, the variety of Heyting algebras, HA, is not generated by a finite algebra.

The class HA forms an equivalent algebraic semantics for IPL with the same set
of defining equations and set of equivalence formulas as for CPL, i.e., A(p) = {p~ T}
and E(p,q) = {p — ¢,q — p}. Thus IPL is finitary and finitely algebraizable.

Furthermore, IPL has the DDT. Indeed, for every I'U{p, 1} C Fm,, we have that

F'u{e} L ¢ ff T Fpr ¢ — 9.

Thus the class HA has the EDPRC property (c.f. [BP01, Example 5.2.2]). Actually,
for every A € HA and a,b,c,d € A, we have that

c=d(0AA(a,b)) iff (a = b) Ac=(a b)Ad,
where a < b abbreviates (a — b) A (b — a). &

The various implication fragments of CPL and IPL are all finitely algebraizable.
Since the equivalent algebraic semantics of CPL and IPL are the varieties BA and
HA, respectively, the equivalent algebraic semantics of each fragment of CPL or IPL
that contains either — or < is the class of all subalgebras of the appropriate reducts
of Boolean or Heyting algebras, respectively. In particular, the equivalent algebraic
semantics of the {A, —}, the {A, <}, the {—}, and the {<} fragments are called
the varieties of Brouwerian semilattices, Skolem semilattices, Hilbert algebras, and

equivalential algebras.

Example 5.14 (Logic of Andréka and Németi [CJ00]). The finitary logic of Andréka

and Németi, denoted by San, is defined in the language £ = {«,*} (where < is a
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binary connective and * is unary), by the axioms:
#p and p < p

and the infinite family of inference rules:
(i) p,p < qFan ¢
(1)) pFan ¢ < @(p/ *p), for each ¢ € Fmg;
(iit) pFan @(p/ *p) < @, for each ¢ € Fm.

Theorem 5.14.1. San is weakly algebraizable but not algebraizable.

Proof. We show that the Leibniz operator is monotone on Th(San) and the class
L*(San) has its filters equationally definable. Let A(p,q) = {p < ¢}. Since p < p
is an axiom and modus ponens can be deduce by the inference rules, A(p,q) is a
protoequivalence system for San. By Theorem [3.1.3] San is protoalgebraic. And by
Theorem B.31] the Leibniz operator is monotone on Th(San). Now, let {p ~ *p} be
a set of equation in a single variable p. We have that for every T' € Th(San), « € T
iff @ = *xa(QT"). Indeed, let o € T. By the inference rules (ii) and (iii), we have
that p(p/a) < p(p/ * ) € T and p(p/ * a) < p(p/a) € T, for all ¢ € Fm, and
p € Var. And, by the inference rule (i), p(p/a) € T iff p(p/ * ) € T, for all p € Fm,
and p € Var. Thus a = xa(Q7T"). Conversely, suppose that o = x«(QT"). Since QT
is a congruence, a < a = *xa < «a(QT). By the second axiom, a < a € T. And
by compatibility, *a < « € T. Moreover, by the first axiom, xa € T. And by the
inference rule (i), we have that a € T. Therefore L*(San) has its filters equationally
definable by {p =~ xp}. By Theorem (5.7.4] San is weakly algebraizable.

Finally, we show that the class Mod"(S4n) is not closed under submatrices. Let
M = (A, F) be the matrix where F' = {1,2} and A is a four-element algebra, A =
{0,1,2,3} with <4 given by the table

<410 1 2 3
0 1 0 0 O
1 01 10
2 01 2 3
3 0 0 3 2

A

The operation ** is defined, for every a € A, by *%a := a «<* a. It is not difficult to

prove that the matrix M € Mod*(San). Let N = (B, BNF') be a submatrix of M where
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B = {0,1,2}. Since Mod(San) is closed under submatrices, N € Mod(San). And
as 1 =2(Qs(BNF)), N is not reduced. By Theorem [LT.7, San is not equivalential.

Therefore San is not algebraizable. O

%

Example 5.15 (Last Judgement [Her96]). The finitary logic Last Judgement, denoted
by LJ, is defined in the modal language £ = {—, -, A, Vv, O}, where —, A, V are binary
connectives and —, O are unary, by the following axioms:

(i) all classical tautologies;

(i) O"¢ for all intuitionistic tautologies ¢ and n > 0;
(117) O™(O(p — q) — (Op — Oq)), for all n > 0;

(iv) (p— q) = B"(=qg — —p), for alln = 0.

and the inference rule modus ponens.
Theorem 5.15.1. LJ is algebraizable but not finitely algebraizable.

Proof. We show that E(p,q) = {O0"(p — ¢q) : n > 0} U{0"(¢ — p) : n > 0}
is a system of equivalence formulas for LJ. We prove by induction on n > 0 that
O"(p — q) Fpy O"p — O"q. If n =0, then p — g kL3 p — ¢, which is always true.
Now assume that it is true for n and we show for n+1. Let e be a substitution such that
e(p) = O(p — ¢) and e(q) = Op — Oq. By structurality of LJ and induction hypothesi,
e(0"(p — q)) Fry e(O"p — O"q), ie., O"(e(p) — e(q)) Fry O"e(p) — O"e(q). Thus,
0"Op — ¢) — (Bp — B¢)) Fuy 0"Op — ¢)) — 0"(0p — Hg). By axiom
(i17), we have that Fpy O*(O(p — ¢)) — O0%(Op — Og). And by modus ponens,
0" (p — ¢) Fry O0*(0p — Oq). Let ¢’ be another substitution such that ¢'(p) = Op
and €'(q) = Ogq. By structurality of LJ and induction hypothesi, ¢/(0"(p — q)) Fry
¢(0"p — O%), ie, O™ (p) — €(q)) Fry O"e'(p) — O%(g). Thus, O"(Op —
Og) by O"0Op — O"Oq. Since we have proved that 0" (p — ¢) by O"(Op — Og),
we obtain that 0" (p — ¢) Fry O"0Op — O"g, i.e., the hypothesi is true for n + 1.
Now, we proved that the set E(p, q) satisfies the conditions of Definition ATl From
axiom (i7), we have that reflexivity condition holds and by the inference rule, modus
ponens condition is satisfied. We verify simple replacement condition for all connectives

in the language L.

For O : We proved above that O""(p — ¢) Fpry O%(Op — Og). Thus we have
E(p,q) Fry E(Bp, Og).
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For = : We have by axiom (iv) that E(p,q) Fry E(—p, q).

For —, A,V : It suffices to show that 0" (p; — ¢1), 0" (1 — p1), O™ (p2 — ¢2), 0" (g2 —
p2) Fry O%(p1 - p2 — q - q2) for each n > 0 where - € {—,A,V}. Since
P11 — Q1,1 — P1,P2 — G2,q2 — P2 FrpL P P2 — 1 - @2, we have that

E(plaQ1)a E(p2,CI2) Ly E(pl “P2,q1 - Q2)-

Therefore E(p, q) is a system of equivalence formulas for LJ. Then LJ is equivalential.

We show that L*(LJ) has its filters equationally definable. Let A(p) = {—p =~ 0},
where 0 := =(p — p). Since p — (¢ — p) is an intuitionistic tautology, by axiom (i7),
Fry O%(p — (p — p)) for all n > 0. And by axiom (iv), (p — p) — p vy O"(—p —
(=(p — p))) for all n > 0. Thus p Fry O"(—p — (=(p — p))) for all n > 0, i.e.,
p Fry O"(—p — 0) for all n > 0. Since =(p — p) — —p is an intuitionistic tautology,
by axiom (i7), Fry O"(=(p — p) — —p) for all n > 0. So p Fry O"(0 — —p) for all
n > 0. We have proved that p Fry E(—p,0). As (-p — —(p — p)) — p is a classical
tautology, by axiom (i), Fry (-p — —(p — p)) — p, i.e., Fry (-p — 0) — p. By modus
ponens, we have that -p — 0 vy p, i.e., E(—p,0) Fry p. Therefore p "4Fry E(—p,0).
Thus L*(LJ) has its filters equationally definable. Since we have proved that LJ is
equivalential, by Theorem 1.5 the Leibniz operator is monotone on Th(LJ). And
by Theorem B.7.4l LJ is weakly algebraizable. As the intersection of the classes of
equivalential and weakly algebraizable logics is the class of algebraizable logics, we
have that LJ is algebraizable.

Now, we show by contradiction that LJ is not finitely equivalential. Suppose that
LJ is finitely equivalential, i.e., there exists a finite set of equivalence formulas E(p, q).
Since two systems of equivalence formulas are interderivable, we have that E¢(p, q) Frj
E(p,q). Let 1 := p — p and e a substitution such that e(p) = 1 and e(q) = p.
By structurality, e[Ef(p, q)] Fry e[E(p, q)], i-e., Ef(e(p),e(q)) Fry E(e(p),e(q)). Thus
E;(1,p) Fry E(1,p), e, {p,0p,...,0" 1p} by O"p for some n. Let A = ({0,...,n+
1}, —, A, V,—,0) be the (n + 2)-element linearly ordered Heyting algebra, where 0 is
the smallest element and n + 1 the largest element. The operation O satisfies the
following conditions: 00 = 0, On+1) =n+1and Ok =k —1for 1 < k < n.
Let D :={1,...,n+ 1}. It is not difficult to see that (A, D) € Mod"*(LJ). Let h :
Fm; — A be a homomorphism such that h(p) = n. Then h[{p,Op,..., 0" p}] C D
while A(O"p) = 0 ¢ D. Hence, p,Op,...,0%" p¥py 0" and we have a contradiction.
Therefore LJ is not finitely equivalential. O
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Example 5.16 (Relevance [FR94]). The Relevance logic R is defined in the language
L = {—,—,A}, where — A are binary connectives and — is unary. We admit that
the formula ¢ V v is an abbreviation for =(—p A =), ¢ < 1 an abbreviation for
(p = ) A (Y — @), and ¢ x 1) an abbreviation for =(¢ — =), for any ¢,¢ € Fm,.
The binary connective * is commonly called intensional conjunction or fusion. The

Relevance logic is defined by the following axioms,
Rip—yp
Rs o — (p V)
Ry (¢ =) = ((¥ = n) — (¢ —n))
Ry ¥ — (p V)
Ry ¢ — ((p =) — )
Rig ((p =) A —mn) — ((pVi) —n)
Ry (p— (p—=¢) = (¢ = ¢)
Riy (¢ AW Vn) = ((pAw) V)
Rs (o ANY) — ¢
Rz (¢ = ) = (¥ — —p)
Rs (pANY) — o
Riz =~ — ¢
Ry (=) Alp—m) — (¢ = (¥ AN)

and inference rules,

o,V FROAY (Adjunction)

0,0 = YR Y (Modus Ponens)

An algebra A = (A, -, —, A) is a De Morgan semigroup when the following condi-
tions hold, for any a,b,c € A:
(i) (A, N, =) is a De Morgan lattice, whose ordering relation is denoted by < and

the supremum operation is a Vb = —(—a A —b);
(i) a — (b—¢c) <b—(a—c);
(i) a < ((a —b) Ac) — b;
(v) a — —a < —a;

(v) a —b<-b— —a.
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We say that an algebra A is an R-algebra if A = (A, =, —, A) is a De Morgan semigroup
such that, for any a,b,c € A, ((a — a) A (b — b)) — ¢ < c. The class of all R-algebras

constitute a variety denoted by R.

Theorem 5.16.1. The Relevance logic R is finitely algebraizable with the class R as
the equivalent algebraic semantics, E(p,q) = {p — q,p — q} the set of equivalence
formulas and A(p) = {p A (p — p) = (p — p)} the set of defining equation for R and
R.

Proof. By the axioms R; and Rs, the inference rule of modus ponens and the defini-
tion of E(p, q), conditions of reflexivity, transitivity, modus ponens and symmetry are
satisfied, respectively. It is not difficult to see that simple replacement condition holds.
Thus E(p,q) is a system of equivalence formulas for R.

Now, we show that p #+r E(A(p)). By axiom R3, Fr p — ((p — p) — p). And
by modus ponens, we have that p Fr (p — p) — p. On the other hand, by axiom
Ry, Fr (p — p) — (p — p). And by the inference rule adjunction, we have that
pFr ((p —p) = p)A((p — p) — (p — p)). Which gives, by axiom R; and modus
ponens, p Fr (p — p) — (p A (p — p)). Thus we obtain that p Fr F(A(p)). For
the inference in the other direction, by axiom R; and modus ponens, we have that
(p—=p — (pAN(p —p) Fr pA(p — p). And by axiom Rs and modus ponens,
pA(p — p) Fr p. Thus E(A(p)) Fr p. We can conclude that the logic R is finitely
algebraizable. O

Furthermore, since the logic RM is an axiomatic extension of R (by the mingle
axiom p — (p — p)), it is also algebraizable with the same set of equivalence formulas

and defining equation (c.f. [BP89, Theorem 5.8]). &

Example 5.17 (BCK Logic [BP01]). In Example 3.7, we have defined the logic BCK.
We say that A = (A, *, 1, <) is a partially ordered monoid if A = (A, *,1) is a monoid,
< is a partially order on A and for all z,y,z € A; if z < y then z % z < y *x 2z and
zxx < zx*xy. A structure A is called integral if z < 1, for all z € A, and is called
residuated if; for all z,y € A, the set {z : x * z < y} contains a largest element called
the residual of x relative to y and denoted by x — y. Since the partial order < can
be recovered via x < y iff + — y = 1, a partially ordered commutative, residuated and
integral monoid (A, x,1, <) can be treated as an algebra (A, x, —, 1), called pocrim.

The class PO of all procrims is a quasivariety definable by:
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(PO1) zxl=~zx (PO5) (z—x2)—= (z—y) —(z—y)~1
(PO2) zxy~yxzx (PO6) v — (y — 2) ~ (v *y) — 2
(PO3) x —-1~1 (POT) z »y=~landy —zzr1=x~xy

(PO4) 1 mzx=~z

A BCK algebra is defined as an algebras A = (A, —, 1) satisfying PO3, PO4, PO5
and POT together with

(PO8) x - x~1
(PO9) z— (y—2)my— (v —2)
We denoted by BCK, the class of all BCK algebras.

Theorem 5.17.1. The logic BCK s finitely algebraizable with BCK the equivalent
algebraic semantics, E(p,q) = {p — q,q — p} the set of equivalence formulas and

A(p) = {p =~ p — p} the set of defining equations for BCK and BCK.

Proof. By axiom (B), modus ponens and the definition of F(p,q); reflexivity, transi-
tivity, modus ponens and symmetry conditions are satisfied, respectively. We verify
simple replacement condition for the connective —. By axiom (B), we have that
Feek (P11 — @1) — ((@1 — p2) — (p1 — p2)) and Feex (1 — p1) — (1 — p2) —
(1 — p2)). And by modus ponens, E(p1,q1) Feck E(p1 — p2, 1 — p2). Thus
E(p1,q1), E(p2; ¢2) FBOk E(p1 — P2, @1 — ¢2). Therefore E(p, q) is a system of equiv-
alence formulas for BCK. Now, we show that p 4Fpck E(A(p)). By axiom (K),
pFBck p — (p — p). Since Fpck p — p, by modus ponens and axiom (B), we have
that Fgck (p — p) — (p — p). Using axiom (C), Fpck p — ((p — p) — p) and by
modus ponens, we have that p Fgck (p — p) — p. Thus, p Fek F(A(p)). For the
inference in the other direction, we have that Fgck ((p — p) — p) — ((p — p) — p).
By axiom (C') and modus ponens, we have p — p Fpck ((p — p) — p) — p. Again by
modus ponens, (p — p) — p Feck p- Thus E(A(p)) Feck p. We can conclude that
the logic BCK is finitely algebraizable. O

%






Chapter 6
Non-Protoalgebraic Logics

Protoalgebraic logics have been considered by logicians as the largest class of logics
for which an interesting algebraic theory can be evolved. We have seen, in previous
chapters, that some meta-properties of a logic, can be characterized intrinsically by
properties of the Leibniz operator, obtaining, by this way, a hierarchy of classes of
logics called “Leibniz hierarchy”. When S is not protoalgebraic, its Suszko operator
still monotone on Th(S) and the class Modg, (S) play the role of Mod*(S). Some
non-protoalgebraic logics have been investigated individually. In this chapter, we will
provide some well known examples of non-protoalgebraic logics. We study the class of
truth-equational logics which contains the class of weakly algebraizable logics and some
non-protoalgebraic logics by discussing some examples and presenting its introductory

theory. This class has been investigated by Raftery (c.f. [Raf06b]).

Definition 6.0.2. A logic S is truth-equational if the class L, (S) has its filters
equationally definable.

By Theorem [5.7.4] we note that the class of truth-equational logics encompass the
class of weakly algebraizable logics. Indeed, the latter is the intersection of the class

of truth-equational logics and the class of protoalgebraic logics.

Theorem 6.0.3. [Raf06b, Theorem 28] Let S be a logic. The following conditions are
equivalent:

(i) S is truth-equational;
(i) The class Modg, (S) has its filters equationally definable;

(iii) The Suszko operator is injective on Fig(A) for every algebra A.
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It is not difficult to see that if the Suszko operator is injective on Fig(A) for every
algebra A then the Leibniz operator is also injective, but the converse is false [Raf06b),
example 2|. Thus truth-equational logics do not encompass all logics which Leibniz
operator is injective on Fig(A) for every algebra A. The Leibniz operator ‘s injectivity
by itself was investigated in [DMO5].

In this thesis, when the logic is finitary, we use the Hilbert systems (defined in
Chapter 2]). However, a logic can be also defined in a Gentzen style, which informally
consist on an axiomatization of the consequence relation. These two systems tend to
serve different purposes. In spite of this difference, there exists a relation between
Gentzen and Hilbert systems that we do not explain here. Nevertheless, the reader
can see [Raf06a], where Raftery proved that a logic described in Hilbert system, can
be always seen as Gentzen system (c.f. [Raf06a]). But if a logic is defined by Gentzen
system, it may not have a Hilbert system (c.f. [Raf06a]). He also defined analogous
classes of logics studied in this thesis using Gentzen system. Obviously, these new
classes are different from ours, but the main idea is the same. Furthermore, he proved
that if a logic is algebraizable with Hilbert system (i.e., algebraizable in our sense)
then it is also algebraizable as a Gentzen system (called Gentzen algebraizable), but
the converse is false. We also refer to [GR06], where Gil and Rebagliato give more

details about finitely equivalential Gentzen system, and [Pig97].

Example 6.1 (Intuitionistic Propositional Logic without Implication [BP89]). Intu-
itionistic Propositional Logic without Implication, denoted by IPL", is the {V, A, =, T,
1 }-fragment of IPL.

In example [5.13, we have defined a Heyting algebra A = (A, =4 A& VA A | A
TA). The binary operation, which for all pair of elements x,y correspond the ele-
ment x — y, is called implication. A pseudocomplementation is an operation which
for all x associates x* = x — 0; the element x is called pseudocomplemented. Let
A= {{T,a,b, L}, V,A\,—, T, L) be the four-element chain pseudocomplemented lat-
tice: L <b<a< T, T =-a=-b=1,and -L = T. Let F; = {T} and
Fy, = {T,a}. The algebra A is the reduct of the four-element chain Heyting algebra,
and I} and F, are filters of the Heyting algebra. Since the class HA is an equivalent
algebraic semantics for IPL, we have that F; and F, are IPL-filters. Thus, they are
also IPL*-filters of A. It is not difficult to see that QaF; = Aa U{(a,b), (b,a)} and
QaFy = AaU{(a, T),(T,a)}. Although Fy C Fy, we have that Qo F) € QaF>. By
Theorem B.3.1], IPL" is not protoalgebraic.
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Furthermore, it is not difficult to prove that IPL" is truth-equational (c.f. [Raf0Gb),
Example 7]). Since IPL" is not protoalgebraic, it is also not algebraizable. However,

Font, Jansana and Pigozzi have proved in [F'JP03] that IPL* is Gentzen algebraizable.
¢

Example 6.2 ({A, V}-fragment of Classical Propositional Logic [FV91]). The {A, V}-
fragment of Classical Propositional Logic, denoted by {A, V}-CPL, is defined in the

usual Hilbert-style with no axioms and with the following inference rules:

Ry o AN Favy—cpL ¢ R: oV (W VE) Favi—cpL (9 V) VE

Ry o Nppavy—cpL ¥ A Rg (V) VEFavi—cpL ¢ V (¥ V)

Ry {¢, ¢} Fiavi—cpL @ A Ry oV (Y ANE) Fiavi—cpr (VYY) A(pVE)
Ry pFavi—cpL @ VY Rig (V) A (o VE) Fiavy-cpL ¢V (Y AE)
Rs oV liavy—cpL ¥ Vo Riy o AW VE) Fiavi—cpL (@A) V (0 AE)
Re oV (o V) Fiavi—cpL ¢ VY Ry oV obavi—cpL ¢

We note that rules (Rg), (Rg) and (Ry1) are derivable from the remaining ones (c.f.
[FGV9I1]). We denote by Dy the two-element distributive lattice on the set Dy = {0, 1}.
It is well-know that (D, {1}) is a matrix model for {A, V}-CPL. Consider the algebra
D,, there are three {A, V}-filters on it, namely 0, {1} and {0,1}. It is not difficult
to see that Qp,(0) = Vp, and Qp,({1}) = Ap,. Thus we have ) C {1} while
Op,(0) € Op,({1}). By Theorem B3] {A, V}-CPL is not protoalgebraic.

Moreover, the Leibniz operator is non-injective on Fig(A) for every algebra A.
Indeed, it is not difficult to see that Qp,({0,1}) = Vp,. And we have Qp,(0) =
Qp,({0,1}), while ) # {0, 1}. Thus the Suszko operator is non-injective on Fig(A) for
every algebra A. By Theorem [6.0.3] the logic {A, V}-CPL is not truth-equational.

Since {A, V}-CPL is not protoalgebraic, it is not algebraizable. However, in [F'JP03],
Font, Jansana and Pigozzi have shown that {A, V}-CPL is Gentzen algebraizable. ¢

Example 6.3 (Minimum System of Positive Modal Logic [Jan02]). The minimum
system of Positive Modal logic, denoted by PML, is the restriction of the minimum
normal modal logic K with the local consequence relation to the positive, or negation-
free, modal language with connectives A,V, T, L, 0 and ¢. The reader can find a

representation of the Gentzen system of this logic in [Jan(02, Chapter 3].
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A positive modal algebra A = (A, A, V,0,0,0,1) is an algebra such that (A, A, V,0,1)

is a bounded distributive lattice and for any a,b € A,

O(aAb) =Oa A Ob O(aVb) <OaVob
o(aVb) =oaVob O1=1
Oa A ob < o(a A b) o0 =0

The class of positive modal algebras forms a variety. Consider the four element
chain distributive lattice with universe A = {0,b,a,1} ordered by 0 < b < a < 1. We

define the operations O and ¢ by:

Op=pifpe{01} op=pifpe{0,1}

Op =bifp € {a,b} op=uaifp € {a,b}

The sets {1} and {1,a} are PML-Ailters. It is not difficult to see that Qa({1}) =
Ida U {{(a,b), (b,a), {a,0),(0,a),(0,b),(b,0)} and Qa({1,a}) = Ida U {(1,a),{a,1)}.
Although {1} C {1,a}, we have Qa({1}) € Qa({1,a}). By Theorem B3I, PML is
not protoalgebraic.

Thus it is not algebraizable in our sense. However, Jansana proved in [Jan02)
Theorem 26| that the logic PML is Gentzen algebraizable and its equivalent algebraic
semantics is the variety of positive modal algebras. Moreover, he proved in [Jan02|
Theorem 10] that the variety of positive modal algebras is not the equivalent algebraic

semantics, in our sense, of any algebraizable logic. &

Example 6.4 (Belnap’s four valued logic [Fon97]). Belnap’s four valued logic, denoted
by B is a finitary logic B = (Fmg,Fg) which has no axioms and is defined by the

following inference rules:

Ri pNdpFpe R oV olpo

Ry o N g R oV (V) ks (V) Vn

Ry o, Fgp Ay Rg oV Fp—=p Vi

Ry ooV Ry oV (U An) s (V) A(eVn)

Rs VgtV Rig (V) A (V) s eV (b An)
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Riy =(e V) Vnls (me A=1h) Vi Ryy (me A=p) Vi kg =(o Vi) Vi
Ry =(p A)Vitp (mp V=)V Ry (V=) Vi kg (e AY) Vi
Riz =@V FgeoVy
A De Morgan lattice is an algebra A = (A, A, V, =) such that:
(DM1) the reduct (A, A, V) is a distributive lattice;

(DM2) The unary operation — satisfies the following equations:
pr-p, 2(pVa) = (mpA-g), =(pAg)=(-pV—q)

The variety of De Morgan lattices, denote by DM, is generated, as a variety, by the
four-element De Morgan lattice My with the universe My = {f,n,b,t} and with the

algebraic structure specified by the Hasse diagram and negation table as follows:

Figure 6.1: Hasse Diagram and Negation Table

It can be proved that the sets () and F,, = {t,n} are B-filters (c.f. [Fon97, Theorem
2.11]). It is not difficult to see that Qu,0 = Vo, and Qa, F, = Ay, Although
0 C F,, we have that Qu,0 € Quq, Fr,. By Theorem B3] B is not protoalgebraic.

Thus it is not algebraizable in our sense. However, Font proved in [Fon97, Theorem
4.11] that B is Gentzen algebraizable and its equivalent algebraic semantics is the
variety DM of De Morgan lattices. The reader can see [F.J96, Chapter 5] for more

information about the relation between the logic B and the four-element De Morgan

lattice M. &

Example 6.5 (Weaker Relevance Logic [FR94]). The Weaker Relevance Logic, de-
noted by WR, is defined in the same language as the logic R (c.f. Example [5.10), i.e,

L = {N,—,—}. The consequence relation, Fwr, is defined in the following way: for
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any I' U{¢} C Fmg,
' Fwr ¢ iff there are 1, ..., ¢, € ' such that Fr (o1 A+ A p,) — @.

Thus WR is finitary, has no theorems and for every ¢, p1,..., ¢, € Fmg, {©1,..., 00}
Fwr ¢ iff Fr (p1 A -+ A w,) — . By Lemma 2.3 the Leibniz operator is non-
injective on Fig(A) for every algebra A. Thus the Suszko operator is non-injective on
Fis(A) for every algebra A. And by Theorem [6.0.3] WR is not truth-equational.
Since the only protoalgebraic logic without theorems are the trivial logic, we have
that WR is not protoalgebraic (c.f. [FR94, Proposition 3.7]). Indeed, the set of
theorems of R is nonempty and constitutes a proper theory of WR. Thus WR is
neither inconsistent nor almost inconsistent, i.e., it is not a trivial logic. For more
information about the logic WR, the reader can see [FJ96, Chapter 5] and [FR94,
Chapter 3]. &



Chapter 7

Generalizations with Many-Sorted

Logic

In this chapter, we study the generalization of the theory of standard AAL to many-
sorted setting. This generalization is important since propositional logics are not
enough expressive when we want to reason about complex systems. Thus we need
logics over rich languages where elements can be distinguished by sorts. Herein, we
study the theory in which logics that lack an algebraic counterpart become algebraiz-
able in a behavior context. Actually, in the many-sorted AAL approach, the theory was
developed by replacing the role of unsorted equational logic by many-sorted behavioral
equational logic over the same signature and taking as unique visible sort, the sort ¢
of formulas. The paradigmatic examples are the Paraconsistent logic C of da Costa
and the Carnap-style presentation of modal logic S5 which are not algebraizable in the
standard sense but they are behaviorally algebraizable. However, there are many logics
that are not algebraizable in any way. All the notations, notions, proofs and examples
can be found in [Gon0§], [CGMO09] or in [CGOT].

7.1 Basic Notions

Given a set A, we denote by A*, the set of all finite strings with elements in A. If S
is a set, A = {As}ses is an S-sorted or S-indexed set. Given w = $183...8, € S*,
we denote by A, the product A, x Ag, X -+ X Ag,. A many-sorted signature is a
pair ¥ = (S, F') where S is a set of sorts and F' = {Fi,s}uwes ses Is an indexed family

of sets of operations. We say that a many-sorted signature ¥ = (S, F') is n-sorted if
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n = |S]. We write f : s1...s, — s € F for an element f of F, , . We denote
by T5(X) = {Txs(X)}ses the S-indexed family of carrier sets of the free ¥-algebra
Ty (X) with generators taken from a sorted family X = {X;},cs of variable sets. We
write z: s for x € X;. An element of T% (X)) is called a X-term of sort s (an s-term
for short). A term without variables is called a closed term. A many-sorted signature

Y = (S, F) is called standard if, for every s € S, there exists a closed s-term. If the

set of variables of a terms is finite then we often write ¢t € Tx(xy : s1,..., 2, : 8,) (or
simply t(x1 : 81,...,%, 1 Sy)). Moreover, if T is a set whose elements are all terms of
this form, we write T'(x1: 81, ..., %, Sp).

Given a many-sorted signature ¥ = (S, I'), a substitution over ¥ is an S-indexed
family of functions e = {e; : Xy — T%(X)}ses. As usual, e(t) denotes the term
obtained by uniformly applying e to each variable in t. Given a term t(xy:s1,..., T, :
sp) and terms t; € T 5, (X), ..., 6, € T, (X), if e is a substitution such that e, (z1) =
t1,...,¢es, (x,) = t, then we write e(t) = t(t1,...,t,). We extend this notion to any
set, given T'(xy :S1,..., &, :8p) and U € Ts 5, (X) x -+ X Ty, (X), we write T[U] =
Utr, tmyer Tty tn), where T'(ty, ... tn) i= {t(ts, ..., t,) 1 t € T}

A derived operation of type sy, ...,s, — sover ¥ is a term in Ts ({x1:51,..., 25"
sp}) for some n. We denote by Dery g, s,s the set of all derived operations of type
S1y--+y8n — S. A general many-sorted subsignature of ¥ = (S, F') is a many-sorted
signature I' = (S, ) such that, for each w € S*, F C Dery,,,. Let I' be a subsignature
of ¥, we say that ¥ is ['-standard if, for every s € S there exists a closed I'-term of

sort s, that is, a I'-term of sort s without variables.

We assume fixed a signature ¥ = (S, F') with a distinguished sort ¢ for formulas and
a set of variables X. We define the induced set of formulas Ly (X)) to be the carrier set of
sort ¢ of the free algebra Ty (X) with generators taken from X. We define a structural
many-sorted logic as a pair £ = (X, ) where X is a many-sorted signature and F is a
consequence relation, such that (Ly(X),F) is a logic (i.e., F satisfies reflexivity, cut and
weakening conditions) that satisfies, for every I'U{p} C Lx(X) and every substitution
e: if I' F ¢ then e[l'] F e(yp) (c.f. [Gon08, Examples 2.1.1.5]). Propositional logics are
a particular case of many-sorted logics which are called single-sorted logics, that is,
logics over one sorted signature (i.e., ¥ = (S, F)) with S = {¢}).

The notion of standard universal algebra is the same for many sorted signatures.
However, we describe some definitions to remind the reader. Given a many-sorted

signature ¥ = (S, F), a Y-algebra is a pair A = ({As}ses, _a) where each Ay is a
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non-empty set, the carrier of sorts s, and _, assigns to each symbol f :s;...5, — s
of ¥ a function i Al Ay x - x A;, — A;. The set of all ¥-algebras is denoted by
Algs,. When the signature is clear from the context we just write algebra instead of
Y-algebra. A Y-algebra is trivial if each of its carriers contains exactly one element.
A Y-algebra B is a subalgebra of A, in symbols B C A if B is non-empty subuniverse
of A and for each operation f:s;...s, — s and every by € By,,...,b, € B,, we have
that f5(b1,...,0n) = f,(b1,...,by). Given a subsignature I' of ¥ and a -algebra A =
((As)ses,_a), the reduct of A to T', denoted by Ar, is a I'-algebra Ar = ((As)ses, _ap)
where _, . is the restriction of _, to the operations in I'. We can defined as usual
direct product, subdirect product, reduced product, ultraproduct, etc (c.f. [MT92]).
A homomorphism h : A — B from the Y-algebra A to the X-algebra B is
an S-sorted set {hs : Ay — Bs}ses, such that for all f € Fy, 4 s we have that
hs(fy(a1,. .. an)) = [g(hs (a1), ..., hs,(an)). We can defined as usual epimorphism,
embedding, isomorphism, etc. An assignment of X over a Y-algebra A is a family
h = {hs}ses such that, for every s € S, hy : X, — A,. The interpretation of terms

(or denotation of terms) is the free extension of h to Tx(X), that we also denote by

h. Given a term t(zq:81,...,%,:8,) and (ay,...,a,) € Ag, X -+ X A, we denote by
ta(ay,...,a,) the denotation of ¢t in A when the variables z1, .., x,, are interpreted by
aiy, ..., an, respectively. Algebraically, ta (a1, ...,a,) = h(t), where h is any assignment

such that h(x;) = a; for all i <n.

Now, we define all the notions that we need to describe many-sorted equational
logic. Given a many-sorted signature X, we denote an equation over ¥ by t; ~ ty
where t1, 1y € Ty (X)) for some s € S. The sets Eqy (X) = {t1 = ta: t1,t2 € Ty (X)},
Eqn(X) = {t1 =ty : t1,ts € Tx 4(X) and s € S} and QFEqx(X) denote, respectively,
the set of all equations over X of sort s, the set of all equations over > and the set of all
quasi-equations (or conditional equations) over 3. Given a Y-algebra A, an assignment
h over A and t; = ty € Eqx(X), we write A, h Ik ¢, = ty if h(t;) = h(ty). We say
that A satisfies (or, is a model of) t; = to if A IF t; = to, that is, if AJh It ~ 1o
for every assignment h over A. We have similar notions for quasi-equations. Given a
class K of Y-algebras, the equational consequence relation associated with K, denoted
by ):I;g 2Fe=(X) » Fgsy(X) is defined by ¥ IZI; t, &t if, for every A € K and every
assignment h over A, we have that A, h IF ry = ry for every ry =~ ry € ¥ implies

A,h”‘ tl %tg.

Contrary to many-sorted equational logic, in many-sorted behavioral logic, the
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set of sorts is explicitly divided in the visible sorts and the hidden sorts. A hidden
many-sorted signature is a tuple (X, V) where ¥ = (5, F') is a many-sorted signature
and V C S, called the set of wisible sorts. The subset of hidden sorts is denoted
by H =S\ V. A hidden subsignature of a hidden many-sorted signature (¥,V) is a
hidden signature (I', V') such that I is a many-sorted subsignature of 3. Given a hidden
subsignature I' of ¥, a I'-context for sorts sisaterm t(z: 8,21 :81,. .., T : Sm) € Tr(X),
with a distinguished variable x of sort s and parametric variables zq, ..., x,, of sorts
S1,. .., 8y respectively. We denote by Ck[x:s], the set of all ['-contexts for sort s, and
by EL[z : 5], the set of all [-experiments, which are the I'-contexts of visible sort. When
I' is clear from the context we just write context and experiment instead of I'-context
and I'-experiment. Given ¢ € C§ /[z: s] (this set denotes the set of I-contexts of sort s’
for sort s) and ¢ € Ty, 4(X), we denote by c[t] the term obtained from ¢ by substituting
x by t.

Let A be a Y-algebra, I" a hidden subsignature of X and s € S. We say that a,b € A,
are I'-behaviorally equivalent, in symbols a =r b, if for every e(x:s,x1:81,...,Ty:8,) €
ELlx : s] and for all {ay,...,a,) € A, x --- x A, , we have that ex(a,ay,...,a,) =
ea(b,aq,...,a,). Equivalently, two objects are behaviorally equivalent if they cannot
be distinguished by any experiment. Given a Y-algebra A, an assignment h over A
and an equation t; = ty of sort s € S, we say that A and h I'-behaviorally satisfy the
equation t; & ty, in symbols A, h llFp ¢ & to if h(ty) =r h(tz). And we say that A
behaviorally satisfies t1 = to, in symbols A llFp t; &~ t5 if A h llFp t; =~ ty for every
assignment h over A. We define similar notions for quasi-equations. Given a class K
of Y-algebras, the behavioral consequence relation over ¥ associated with K and I,
IEI;FQ 2Fa=(X) x Egs(X) is defined by W ’EI;F t1 = ty if, for every A € K and every
assignment h over A, A, hllFr u; = uy for every u; ~ uy € ¥ implies A, h llFp ¢t = t5.
Let W(x:s) be a set of equations with a distinguished variable x of sort s, then we say
that W is a compatible set of equations for IEI;F, if {x; ~ 2} UW(xq) IEI;F U(zy). We
denote by Compg’F(Y) the set of all compatible sets of equations for the consequence

K,I . ) .
relation ’EE whose variables are contained in Y C X.

Given a hidden signature (3, V), a class K of Y-algebras is a hidden variety if
there exists a set £ C FEgs(X) of equations such that K contains exactly the X-
algebras that behaviorally satisfy all equations in E. Given a class K of »-algebras,
the hidden variety generated by K is the smallest hidden variety containing K and it
is denoted by HV (K). We can similarly define the notion for hidden quasivariety by
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considering quasi-equations instead of equations.
Given a many-sorted signature ¥ = (S, F'), we defined an extended signature 3° =
(S°, F°) such that S° = S W {v}, where v is to be considered the sort of observations

of formulas. The indexed set of operations > = {F?_ },e(s0)+ scse is such that:
o [0 = F,if ws e S
o I, ={o};
o 0. =0 otherwise.

Roughly speaking, we extend the signature with a new sort v for the observations
that we can perform on formulas using operation o. The extended hidden signature
obtained from X, that we also denote by 3°, is the pair (3°, {v}), where v is intended
to represent the only visible sort of the extended hidden signature. Given a signature
¥ = (S, F), a subsignature I' of ¥ and a class K of 3°-algebras, Bhvg T designates
the logic (quo,)EI;F), where IEI;F is the behavioral consequence relation over X
associated with K and I'. We can define the logic BEanZ{’F = (qu,lzg’bl;w% where
IZI;;M is just the restriction of EI;F to X. The set of theories of BEgny" is denoted
by Thy'.

Now we define some notions of matrix semantics to the behavioral setting. Thus, a
many-sorted logical matriz over a many-sorted signature ¥ is a tuple M = (A, D) where
A is a Y-algebra and D C Ay is the set of designated values. We define a consequence
relation over 3, denoted by Fy, in the following way, for every T'U {¢} C Ly(X);
T o iff for every assignment h over A, we have that h[T] C D implies h(p) € D.
We say that a matrix M is a model of a logic L if, for every TU{¢} C Lx(X), T F. ¢
implies I Fy; . In this case, D is called an L-filter of A. The set of all L-filters of A
is denoted by Fiz(A) and the class of all matrix models of £ is denoted by Mod(L).

A congruence on a Y-algebra A is an S-sorted set {0;}scs such that, for every
s € S and every 05 is an equivalence relation on A and, for each f € Fj, ;. s and
each (ar,...,a,),(b1,...,by) € Ay, X -+ x A, , we have a; = b1(0y,),...,a, = b,(0s,)
implies f, (a1,...,a,) = f,(b1,...,0a)(0s). Let I' a subsignature of the signature
Y = (S, F) then a I'-congruence over a ¥-algebra A is an equivalence relation 6 over
A such that, for every a; = b1(0s,),...,a, = b(0s,) and f : s1...8, — s € T', we
have that fa(ay,...,a,) = fa(by,...,b,)(0;). We denote by Con¥(A) the set of all

['-congruences over a -algebra A. It is a complete sublattice of the complete lattice of
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equivalence relations on A, Equ¥(A). We note that the difference between this notion
and the standard notion of congruence over A is that a I'-congruence is assumed to
satisfy the congruence property just for contexts generated from the subsignature I'.
A T'-congruence 6 over a X-algebra A is compatible with a set ® C A, if for every
aj,as € Ay, a1 = az(b,) and @y € ® implies ay € ®. A matriz I'-congruence over
a matrix M is a I'-congruence # over A compatible with D, i.e., # is a ['-congruence
over A and for every a,b € Ay, if @ € D and a = b(f,) then b € D. A T'y-congruence
over a Y-algebra A is a ¢-reduct of a I'-congruence over A. It is always an equivalence
relation 6 over A, which satisfies the condition: if a1 = b1(0),...,a, = b,(f) and f :
¢" — ¢ € Derpgng then fa(ar,...,an) = fa(b, ..., b,)(0). We denote by Cong 4(A)
the set of all I'y-congruences of A. A matrix I'y-congruence over a matrix M is the
¢-restriction of a matrix I'-congruence.

For each T' € Th(L), there is the largest I-congruence compatible with 7" denoted
by QY%(T) which we call behavioral Leibniz congruence. Obviously, we can defined
the behavioral Leibniz operator on the term algebra has a function Q¥ whose domain
is the set Th(L£) and it associates to each T' € Th(L), the largest I'-congruence over
Ty (X) compatible with 7. We also define a I'-behavioral Leibniz congruence of M
as the largest matrix I'-congruence over M, which we denote by Q{lh}i(D) . Given a
matrix M = (A, D) over ¥, we have that, for every s € S, a = b(Q)'% (D)), iff for
every (a8, @1 81,..., &, 8n) € Cy gz 2 5] and every (ay,...,an,) € Ay X --- X Ay,
we have that ca(a,ai,...,a,) € D iff ca(b,a1,...,a,) € D. We denote by Q"3 (D)
the restriction of Q{lh}i(D) to the sort ¢. As we cannot perform quotients, since the
behavioral Leibniz congruence is not a congruence (in general), we extend the signature
and the algebras over the extended signature. Given a matrix I'y-congruence ¢ over a
matrix M, consider the X-algebra A such that Agy = A, (Af), = Ay/0 = {lals: a €
Ay} and oag(a) = [a]g. Thus, we use the visible part (A7), to simulate the quotient.

A T'y-congruence 6 over A is said to be a K-I'y-congruence if Ay € K and we denote

by Conf(A) the set of all K-T'y-congruence over A.

7.2 The Behavioral Leibniz Hierarchy

We do not describe the Leibniz hierarchy for many-sorted logics because it is a particu-
lar case of the behavioral Leibniz hierarchy taking the subsignature I' as the signature

Y, ie, I' = X. We follow the same order as we have done for the standard case,
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i.e., first we study the class of behaviorally protoalgebraic logics, then the behaviorally
equivalential logics and we finish with the class of behaviorally weakly algebraizable

and behaviorally (finitely) algebraizable logics.

Definition 7.2.1. Let £ = (X, ) be a many-sorted logic and I’ a subsignature of 3. We
say that L is I'-behaviorally protoalgebraic if, for every T' € Th(L) and p,v € Lx(X),

we have
o = (QL(T)) implies T U {p} =4 and T U {4} - o.

We say that a logic L = (3,F) is behaviorally protoalgebraic if there exists a subsig-
nature I' of ¥ such that L is I'-behaviorally protoalgebraic.

A set A(&1,&,2) € Lr({&,62,2}), where z = (21 : s1,22 : S9,...) is a set of
parametric variables with sort different from ¢ and at most one variable of each sort, is

said a ['-protoequivalence system for a many-sorted logic L if it satisfies the following

conditions:
- A(é-v 57 g) (Reﬂex1v1ty)
{&H VA&, &) & (Modus Ponens)

where A((&1,&2)) == {0i(&1,62,2) i € I,z € Lp(X)}. Note that there are no para-
metric variables in protoequivalence system for a single-sorted logic (defined at the
beginning of the Chapter [3). Here we cannot remove parametric variables because
substitutions must respect each sort. However, if a behaviorally protoalgebraic logic is
standard then we obtain a ['-protoequivalence system without parameters.

A set A(&,&,2) € Lr({&1,&,2}), where z = (21 : 81,22 © So,...) is a set of
parametric variables, is said a parameterized I'-equivalence system for a many-sorted

logic L if it satisfies the following conditions:

(i) F A€ 2) (Reflexivity)
(1) A((61,&2)) B A&, &1)) (Symmetry)
(iii) A({61,€2)) U A((&, &) F A1, €5)) (Transitivity)
() {&} VA&, &) F & (Modus Ponens)

(v) A((61,6)) F A((cl&], cléa])) for every c € C5 4[€: @) (Single Replacement)
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In the following theorem, we give a characterization of behaviorally protoalgebraic

logics as we have seen in the case of single-sorted logic, in Chapter 3]

Theorem 7.2.2. [Gon08, Theorem 3.2.9] Let £ = (3,F) be a many-sorted logic and
I' a subsignature of X. The following conditions are equivalent:

(i) L is I'-behaviorally protoalgebraic;
(it) The behavioral Leibniz operator Q" is monotone on Th(L);
(i1i) There exists a I'-protoequivalence system for L;

(iv) There ezists a parameterized I'-equivalence system for L.

The proof of the above theorem is similar as in the case of single-sorted logic.

Now, we define behaviorally equivalential logics.

Definition 7.2.3. Let L = (3,F) be a many-sorted logic and I a subsignature of ¥.
We say that L is I'-behaviorally equivalential if there exists a I'-behavioral equivalence

set of formulas, that is, a set A(&1,&) C Lr({&1,&}) of formulas such that for every
(pv,lvz)>5a(pla-'~>Q0na¢la-">wn € LZ(X)

(i) F Alp, ) (Reflexivity)
(16) A, ) = AW, @) (Symmetry)
(ii) A, ) UA(, ) F Alp, 0) (Transitivity)
(iv) Alp,¥) U{p} o (Modus Ponens)
(v) Alpr, v1)U- - UA(pn, n) B A(clpr, - onl cltn, .o n]) for every c: ¢ —
¢ € Derr (Replacement)

We say that a logic L = (X,F) is behaviorally equivalential if there exists a subsigna-
ture I' of ¥ such that L is I'-behaviorally equivalential.

Note that the main difference between this behavioral version of equivalential logic
and the standard notion is that in the former the set A is not assumed to define a
congruence, i.e, an equivalence relation compatible with all operations.

We define the set T}, ., = {@(&1,&2,2) - 0 F @(&1,&1, 2)} as the set of formulas that
becomes theorems of £ after the identification of the variables & and & in . In the
following proposition and theorem, we give a characterization of class of logics as we

have seen for single-sorted logic (c.f. Chapter @).
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Proposition 7.2.4. [Gon08, Proposition 3.2.16] Let £ = (3,F) be a many-sorted logic,
I a subsignature of ¥ and A(&1,&) € Lr({&1,&}) a set of formulas. Then,

(i) if A(&1, &) is a I'-behavioral equivalence set for L then, for every T € Th(L)
and @, € Ly (X), we have that

o =¢(Q(T)) iff Alp,v) CT.

(ii) Herrmann “s Test: suppose L is '-behaviorally protoalgebraic. Then, A(&1, &) C
Lr({&1,&}) is a T'-behavioral equivalence set for L iff it satisfies,

A(61,&) C T} ¢, and & = & (" (Cne(A(&,£2)))).

Theorem 7.2.5. [Gon08, Theorem 3.2.17] Let £ = (¥,F) be a many-sorted logic and
I' a subsignature of 2. If L is I'-standard then the following conditions are equivalent:
(i) L is I'-behaviorally equivalential;

(ii) The behavioral Leibniz operator Qlllh; is monotone and commutes with inverse

substitutions on Th(L).

Herein, we study the class of behaviorally weakly algebraizable logics and the class

of behaviorally (finitely) algebraizable logics.

Definition 7.2.6. Let £L = (X, ) be a many-sorted logic and I’ a subsignature of 3. We
say that L is I'-behaviorally weakly algebraizable if there exist a class K of ¥:°-algebras,
a set O(&, z) C C’ompg’F(X) of ¢p-equations and a set A(&1, &, w) C Lr({&1, &, w}) of
formulas such that, for every T U {p} C Lx(X) and for every set ® U{p; ~ po} of
p-equations,

Kl

(i) T+ iff OUT)] Fpy oy ©U)):

(i) @ Fg o 01 ~ 02 iff AU®)] F A{ipr, 02)):
(iii) ¢ 4 A[O((p)));

(iv) o1~ o2 g, OUA(e1, 02))]

We say that a logic L = (X,F) is behaviorally weakly algebraizable if there exists a
subsignature I' of ¥ such that L is I'-behaviorally weakly algebraizable.

As in standard AAL, conditions (i) and (iv) jointly imply (77) and (#ii), and vice-

versa.
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Theorem 7.2.7. [Gon08, Theorem 3.2.15] Let £ = (X,F) be a many-sorted logic and

I' a subsignature of . The following conditions are equivalent:

(i) L is I'-behaviorally weakly algebraizable;

(ii) The behavioral Leibniz operator Q"¢ is monotone and injective on Th(L).

Definition 7.2.8. Let L = (3,F) be a many-sorted logic and I a subsignature of ¥.
We say that L is I'-behaviorally algebraizable if there exist a class K of 3°-algebras, a

set ©(&) C Compy" ({€}) of ¢-equations and a set A(E1, &) C Lr({&,&Y) of formulas
such that, for every T U{p} C Lx(X) and every set ® U {1 =~ o} of ¢-equations,

K,

(i) T+ o iff OT] g, ©(2):
(ii) ® o, 21 % 2 iff D] Ay, 0);

(iii) ¢ - A[O()];
(iv) o1 ~ @ = %E e OLA (1, 2)].-

We say that a logic £ = (X,F) is behaviorally algebraizable if there exists a subsigna-
ture I' of ¥ such that L is I'-behaviorally algebraizable.

As in standard AAL, © is called the set of defining equations, A the set of equiv-
alence formulas and K a behaviorally equivalent algebraic semantics for L. If the set
of defining equations and the set of equivalence formulas are finite and without pa-
rameters, we say that L is finitely I'-behaviorally algebraizable. The difference between
behaviorally weakly algebraizable logic and behaviorally algebraizable logic is that in
the former both the set of equivalence formulas and the set of defining equations may

have parametric variables.

Theorem 7.2.9. [Gon08, Theorem 3.2.18] Let L = (X,F) be a many-sorted logic and

I’ a subsignature of ¥2. If L is I'-standard, then the following conditions are equivalent:

(i) L is I'-behaviorally algebraizable;

(i) The behavioral Leibniz operator Qbh” is monotone, injective and commutes

with inverse substitutions on Th(L).

As in the Chapter B, we give a sufficient condition on the behavioral equivalence

set for a behaviorally equivalential logic becomes behaviorally algebraizable.



103

Corollary 7.2.10. [Gon08, Corollary 3.3.2] Let £ = (3,F) be a many-sorted logic and
I' a subsignature of ¥. A sufficient condition for L to be I'-behaviorally algebraizable
is that it is I'-behaviorally equivalential with I'-behavioral equivalence set A(&y,&s) that

also satisfies:

{6, & F A6 &) (G-rule)
In this case, A(&1, &) is the set of equivalence formulas and ©(§) = {{ ~ 0(£,£) : 0 €
A} the set of defining equations for L.

In the behavioral algebraization process we cannot have a uniqueness result because
it is parameterized by the choice of the subsignature I'. Nevertheless, it is interesting
to note that, once the subsignature I' is fixed, we can prove the uniqueness result as

Blok and Pigozzi have proved in [BP89, Theorem 2.15].

Theorem 7.2.11. [Gon08, Theorem 4.1.2] Let L = (X,F) be a I'-behaviorally alge-
braizable many-sorted logic, where I' is a subsignature of X, and let K and K’ be two
[-behaviorally equivalent algebraic semantics for L such that A(&1,&2) and ©(&) are the
equivalence formulas and defining equations for K, and similarly A'(&, 52) and ©'(§)

KT K',l
for K. Then, g, ;= Fs s A&, &2) A A&, &) and ©(E :“:thv

Thus we can consider the largest I'-behaviorally equivalent algebraic semantics,
denoted by KL. But contrarily to the case of standard AAL, in this approach KL
is not the class of algebras that should be canonically associated with £. Indeed, it
is a subclass of KL that will allow us to generalize the standard results of AAL (c.f.
[Gon08g]).

Moreover, if £ = (3,F) is a many-sorted finitary and finitely I'-behaviorally alge-
braizable logic for some subsignature I' of ¥ and if K and K’ are two I’-behaviorally
equivalent algebraic semantics for £ then K and K’ generate the same I'-hidden qua-
sivariety, i.e., K and K’ I'-behaviorally satisfy the same quasi-equations. Therefore,
this I'-hidden quasivariety is also a I'-behaviorally equivalent algebraic semantics for £
and we can construct a basis for the quasi-equations of this unique equivalent I'-hidden

quasivariety semantics given an axiomatization of L, in the following theorem.

Theorem 7.2.12. |[Gon08, Theorem 4.1.3]
Let L = (X,F) be a finitary many-sorted logic defined by a set of axioms AX and
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a set of inference rules IR and consider I' a subsignature of ¥. If L is finitely I'-
behaviorally algebraizable with the set of defining equations O(§) and the set of equiv-
alence formulas A(&1, &), then the unique equivalent I'-hidden quasivariety semantics

for L is axiomatized by the following equations and quasi-equations:

(i) ©(p), for every theorem ¢ of L;
(i) BA(E, &)
(11i) O(1) A+ ANO(h,) — O(p) for every (i1,..., 0, ¢) € IR;

(iv) O[A(&1,&2)] — & =~ &.

The following theorem is a semantic characterization of behaviorally algebraizable

logics.

Theorem 7.2.13. [Gon08, Theorem 4.2.8|

Let L = (3,F) be a many-sorted logic, I' a subsignature of ¥ and K a class of
>°-algebras.

1. The following conditions are equivalent:

(i) L is T'-behaviorally algebraizable and K is the T'-behaviorally equivalent al-

gebraic semantics;

(i1) For every Y-algebra A we have that Q%}f}i’qﬁ s an isomorphism between the
lattices of L-filters and K-I',-congruences of A, that commutes with inverse

substitutions.

2. Assume L is I'-behaviorally algebraizable with K the I'-behaviorally equivalent
algebraic semantics. Let ©(&) be the set of defining equations for K. For each
Y-algebra A and I'y-congruence 0 of A define:

Hp(0) ={a€ A, :va(a) =da(a)(B), for everyy~ 4§ € 6}.

Then Ha restricted to the K-T'y-congruences of A is the inverse of Q"% ;.

We have seen that all the classes of logics can be characterized by properties of the
Leibniz operator. Thus, we present, in the following figure (c.f. |Gon08, figure 3.2]),

the behavioral Leibniz hierarchy.
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Figure 7.1: A view of the Behavioral Leibniz Hierarchy
7.3 Examples

Herein, we only present some examples of behaviorally algebraizable logics which ap-

pear in [Gon08, Chapter 5].

Example 7.4 (First Order Classical Logic). The problem of algebraizing predicate
logic is of a different character than the problem for propositional logics because the
standard deductive systems for predicate logic are not structural. Indeed, the individual
variables may be free or bound variables and it is due to the process of substituting
terms for the free occurrences of an individual variables in a formula. Thus, there are
different approaches to the algebraization of First Order Logic (FOL). One give rise
to the variety of cylindric algebras (c.f [BP86, Appendix C] and [CGOT]) and the other
to polyadic algebras. In the cylindric approach, FOL is view as a single-sorted logic
(i.e., as a structural propositional logic), called PR, where atomic formulas of FOL
have to be represented as propositional variables in PR and PR is algebraizable with
the variety of cylindric algebras has an equivalent algebraic semantics. But we can
see FOL as a two-sorted logic, with a sort for terms and a sort for formulas. Thus,
FOL can be shown many-sorted algebraizable with the variety of two-sorted version of

cylindric algebras as equivalent algebraic semantics. &

Example 7.5 (Paraconsistent Logic C; of da Costa). The logic C; = (¥¢,, e, ), where
the single-sorted signature ¢, = ({¢}, F) is such that F, = {t, f}, Fyps = {—},
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Fopo = {N\,V,—} and F,; = () otherwise; is the paraconsistent logic of da Costa. A
logic is said to be paraconsistent if its consequence relation is not ezplosive with respect
to a negation connective = (that is, if for all formulas ¢ and v, {¢, ¢} F ¥). More-
over, C; is a non-truth-functional logic, namely it lacks congruence for paraconsistent
negation connective with respect to the equivalence < that algebraizes the Classi-
cal Propositional logic fragment. In general, it may happen that ke, (p < ) but
Fe, (mp < —p). It was proved in [LMS9I1] that this logic is not algebraizable in the
standard sense (it lack congruence for paraconsistent negation) but it is behaviorally al-
gebraizable by taking as subsignature I" all connectives without paraconsistent negation
(c.f. [Gon08, Example 2.3.26] and [CGM09, Theorem 19]). The algebraic counterpart
is the class of the so-called da Costa algebras. &

Example 7.6 (Carnap-style presentation of modal logic S5). The logic S5 = (£, Fs.)
where the single-sorted signature Xg, = ({¢}, F) is such that Fyy = {—, 0O}, Fypp =
{N\,V,—} and F,, = () otherwise; is the modal logic S5. This logic can be seen
as an extension of CPL, with the modality O. Although S5 is non-algebraizable in
the standard sense (it lack congruence of its modal operator O), we can identify an
algebraizable fragment of it, namely CPL. The logic S5 is I"-behaviorally algebraizable
with a subsignature I' that does not contain the modal operator O and the behaviorally
equivalent algebraic semantics is a class of algebras based on Boolean algebras which

is the algebraic counterpart of CPL. &

Since the class of behaviorally protoalgebraic logics coincides with the class of pro-
toalgebraic logics, we have that the {A, V}-fragment of CPL (c.f. Example [6.2) is not
behaviorally protoalgebraic. Consequently, it is not behaviorally algebraizable. Thus,

this generalization does not trivialize the notion of algebraization.



Chapter 8
Conclusion

In this dissertation, we studied several classes of logics. We initiated with the wider
class of protoalgebraic logics which coincides with the class of non-pathological logics
defined by Czelakowski. This class admits various characterizations, namely by Leibniz
operator properties, by the existence of a parameterized system of equivalence formu-
las, by properties of the class of reduced matrices models and by the existence of a
parameterized local deduction-detachment theorem. Another characterization of this
class is when the Suszko operator coincides with the Leibniz operator. Since, for us,
a logic (Fm,,Fg) is not necessarily finitary, we examine, throughout this thesis, some
properties concerning finitary logics.

Afterwards, we examined the class of equivalential logics defined as the logics having
a system of equivalence formulas. Obviously, it is a proper subclass of protoalgebraic
logics. Herrmann “s test gives conditions for a protoalgebraic logic becomes equivalen-
tial. When the system of equivalence formulas can be taken finite, we have finitely
equivalential logics. The class of finitely equivalential logics is a proper subclass of
equivalential logics. For both classes, we also have characterizations using properties

of the Leibniz operator and properties of the class of reduced matrix models.

We also analyzed the class of weakly algebraizable logics which contains the class
of algebraizable logics and the class of finitely algebraizable logics. As in the other
classes, we can give a characterization using properties of the Leibniz operator. A
paradigmatic example of finitely algebraizable logic is the CPL for which the class
BA can be associated with a meaningful relationship.

Although, most of the classes investigated in the literature are protoalgebraic logics,

there are many others logics which are non-protoalgebraic. Among them, we have some
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logics which belong to the class of truth-equational logics. This latter class is consti-
tuted by logics for which the class L%, (S) has its filters equationally definable. Thus
it contains some non-protoalgebraic logics and the class of weakly algebraizable logics.
Besides, we have seen logics which are neither protoalgebraic nor truth-equational.
All classes of logics that we have studied, can be characterized by properties of the

Leibniz Operator. This common point, enables the elaboration of a Leibniz Hierarchy.

{r.v}- CPL
WR Truth-Equational
PML

PL*
Protoalgebraic

Weakly Algebraizable

SOI,
Equivalential .

Algebraizable

Finitely CPL o LI

Equivalential

=l

Finitely

_ Algebraizable
54 IPL

BCK

e

Figure 8.1: Leibniz Hierarchy and some Examples

We have examined each class for single-sorted logics. However, we have seen that
this study of classes can be generalized for many-sorted logics. In order to capture some
phenomena of behaviorally algebraization, we use the behavioral Leibniz operator for
characterizing each new class. For instance, the Paraconsistent logic of da Costa is not

algebraizable in a standard sense but it is behaviorally algebraizable.

8.0.1 Future work

There are still many open problems in this area: some classic ones and many others
that have emerged through the behavioral approach. For example, we have seen that

a logic S is finitary and finitely equivalential iff the class Mod*(S) of reduced matrix
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models is a matrix-quasivariety (Theorem [£31]). Consequently, the class Alg*(S) of
algebraic reducts of the reduced matrix models is also a quasivariety. But the fact that
the class Alg*(S) is a quasivariety does not imply that the logic S is finitary and finitely
equivalential. As a counter-example, we have that ﬁ" is a finitary equivalential logic
which is not finitely equivalential (c.f. Example [.3]); however, the class Alg*(ﬁ“)
is a variety, namely the class of modal algebras (c.f. [W3j88, Theorem 3.6.5]). We
may investigate conditions, weaker than finitely equivalential, which Alg*(S) must
be a quasivariety. Obviously, this new class includes the class of finitary and finitely
equivalential logics.

In the behavioral approach, the class of behaviorally finitely equivalential logics has
not been considered yet. However, we have already obtained similar results to the ones
on the standard case, namely the class of behaviorally finitely algebraizable logics can
be characterized by the property of Behavioral Leibniz operator being continuous on

Fis(A) for every algebra A. This class can capture some phenomena occurred within
modal logics (c.f. [Mal89] and [BM]).
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