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Foreword

Multivalued logical systems were studied from Lukasiewicz’s early papers but
they received much more attention after some infinitely-valued systems were
considered as the logical systems underlying Fuzzy Logic. These logics are known
as triangular norm based multivalued (residuated or fuzzy) logics because their
semantics are defined over the real unit interval by a triangular norm and its
residuum. The first step in this development was the definition of Product Logic,
which completed the three basic continuous triangular norm based logics (with
the previously studied Lukasiewicz and Godel-Dummett logics). Later, Hajek’s
BL logic and, finally, MTL logic completed the framework of triangular norm
based logics. From then a lot of papers have been devoted to the study of these
systems and their algebraic counterparts, the corresponding varieties. Until now
a lot of work has been done in the study of subvarieties of the variety of BL-
algebras but not so much is studied regarding subvarieties of MTL-algebras. The
first part of this monograph contains a number of deep results towards the study
of these subvarieties. Even though there is not a full description of the lattice of
subvarieties, there are different approaches to the problem and deep results in
each of them. On the other hand and taking into account that in applications
the basic notion is that of partial truth, the second part contains a new method
to study multivalued logical systems obtained when adding truth constants in
the language corresponding to a subalgebra of truth values (following Pavelka’s
approach). That part combines the interest from the applicative point of view
with good and deep theoretical results.

Carles’ personality, always cooperative and open minded, has been proven
by the fact that the published papers are coauthored by different authors from
different institutions. He has obtained the award for students of Mathematics
given by the Institut d’Estudis Catalans with a monograph entitled Logiques
borroses (Fuzzy logics) where he described the relation between triangular norm
based logics and Fuzzy Logic together with some results presented in the first
part of this monograph. His solid logic and algebraic background has been
decisive for the development of the work, for the collaborations and for the
elaboration and readability of the monograph you have in your hands.

We hope that this work will give the readers a deep understanding of trian-
gular norm based logics and stimulate them to a further study on the topic.

Prof. Francesc Esteva and Prof. Joan Gispert
Bellaterra and Barcelona, Catalonia, July 2007
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Abstract

According to the Zadeh’s famous distinction, Fuzzy Logic in narrow sense, as
opposed to Fuzzy Logic in broad sense, is the study of logical systems aiming
at a formalization of approximate reasoning. In the systems commonly used the
strong conjunction connective is interpreted by a triangular norm (t-norm, for
short) while the implication connective is interpreted by its residuum. Therefore,
the usual logical systems for Fuzzy Logic are based on t-norms with a residuum.
The necessary and sufficient condition for a t-norm to have a residuum is the
left-continuity. In order to define the based t-norm based fuzzy logic, Esteva and
Godo introduced the system MTL, which was indeed proved to be complete with
respect to the semantics given by all left-continuous t-norms and their residua.

In the first part of this dissertation we have carried out an attempt to describe
the axiomatic extensions of MTL, paying special attention to those which are also
t-norm based. We have done it from an algebraic point of view, by exploiting the
fact that these logics are algebraizable by varieties of MTL-algebras. Therefore,
our study has resulted in an algebraic study of such varieties, where the final
aim would be to obtain a description of the structure of their lattice and their
relevant properties. Although this description has not been achieved yet, we
have done several significant advances in this direction that can be classified in
two groups: (a) those that spread some light over the amazing complexity of the
lattice, and (b) those that describe some well-behaved parts of the lattice. More
precisely:

e By considering the connected rotation-annihilation method proposed to
build involutive left-continuous continuous t-norm, we have proposed a
possible way to decompose MTL-chains and we have studied some partic-
ular cases of this decomposition. This has resulted in an extension of the
theory of perfect, local and bipartite algebras formerly used in varieties of
MYV and BL-algebras, to the variety of all MTL-algebras.

e Perfect IMTL-algebras have been proved to be exactly (module isomor-
phism) the disconnected rotations of prelinear semihoops (a particular case
of the decomposition as connected rotation-annihilation).

e The lattice of varieties generated by perfect IMTL-algebras has been
proved to be isomorphic to the lattice of varieties of prelinear semihoops.

xiii
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A decomposition theorem of every MTL-chain as an ordinal sum of inde-
composable prelinear semihoops has been obtained. Since all IMTL-chains
are indecomposable and, as the previous item states, we have the complex-
ity of all the lattice of varieties inside the involutive part, the description
of all indecomposable prelinear semihoops seems to be a hopeless task.

A particular class of indecomposable MTL-chains has been studied, namely
weakly cancellative chains. We have studied the logics associated to these
chains.

We have studied the varieties of MTL-chains where a weak form of con-
traction, the so-called n-contraction law, holds. This condition yields a
global form of Deduction Detachment Theorem and allows to prove sev-
eral properties of their related logics.

We have focused on a particular subvariety of 3-contractive MTL-algebras,
namely Weak Nilpotent Minimum algebras, obtaining a number of results
on axiomatization of their subvarieties, local finiteness, generic chains and
standard completeness.

In the second part of the dissertation we consider another significant question
of Fuzzy Logic: which should be the use of the intermediate truth-values? In
MTL and its extensions, these truth-values for partial truth do not seem to be
used in a deep way, since in the algebraization of the logics the only distinguished
value is the top element. Following Pavelka’s idea, we consider expansions of t-
norm based logics with constants for the intermediate truth-values, allowing
them to play an explicit role in the language. The originality of our proposal
lies in carrying out an algebraic approach to these expansions and studying their
standard completeness properties.



Acknowledgements /
Agraiments:

Aquest treball no hauria estat possible sense el mestratge, la col-laboracié,
I’amistat o, simplement, la preseéncia d’'un munt de persones. En primer lloc,
i principalment, he d’agrair als meus directors, Francesc Esteva i Massaguer
i Joan Gispert i Brasd, haver-me guiat i ajudat activament en tot moment al
llarg de la investigacié, sempre amb paciencia, immediatesa i un entusiasme con-
tagids; a tots els companys de I'Institut d’Investigacio en Intel-ligencia Artificial
del CSIC, la seva acollida i 'ambient excel-lent que s’hi respira; a Lluis Godo,
els innumerables consells i cops de ma; a Josep Puyol, haver-me posat a punt el
programa QMORPH de José Antonio Reyes, que ens ha fornit molts exemples
d’algebres finites; als membres del Grup de Recerca en Logiques No-Classiques
de Barcelona i, en general, a tots els professors del programa de doctorat en
Logica i Fonaments de la Matematica de la Universitat de Barcelona, haver-me
ensenyat la mateéria (alguns d’ells ja durant la llicenciatura) i haver-me transmes
la vocacid; i als companys doctorands (especialment Félix Bou, Neus Castells,
Angel Garcia Cerdanya, David Gracia, José Gil, Rodrigo Peldez i Jip Veldman),
tantes discussions enriquidores, estones d’oci, i grups de treball al llarg d’aquests
anys. A Angel Garcia Cerdanya li he d’agrair, a més, Iatenta lectura i els co-
mentaris a les versions preliminars de la tesi.

This work would not have been possible without several people from abroad
as well. First of all, I am in debt with the coauthors of the works that are included
in this dissertation: Roberto Cignoli, Rostislav Horéik, Franco Montagna and
Petr Savicky; professor Petr Hajek for his kind hospitality in Prague, Antonio
Di Nola for the same thing in Salerno, and all the young researchers I had the
pleasure to share mathematics, logic and leisure time with, during conferences
and stages abroad (Libor Béhounek, Agata Ciabattoni, Cristina Coppola, Petr
Cintula, Martina Dankova, Daniel Donato, Tommaso Flaminio, Brunella Gerla,
Rostislav Horc¢ik, Tomas Kroupa, Enrico Marchioni, George Metcalfe, Tiziana
Pacelli, Mildn Petrik and others). I also thank Petr Cintula, Rostislav Horcik
and Libor Béhounek for their helpful comments to the preliminar version of the
thesis.

He d’agrair el seu suport constant a la Jessica, als meus pares Francesc i
Teresa, als meus germans Aniol i Laia; a en Joan i en Jordi, ’amistat i el suport

XV



xvi

tecnic, aixi com també a les bandes Fetitxe i Bandarra i a tots els amics per
haver-me ajudat a trobar el contrapunt ludic a aquests anys d’estudi.

Durant tota l’elaboracié de la tesi he gaudit d’'una beca FPI del minis-
teri espanyol d’Educacié i Ciéncia associada als projectes de recerca LOGFAC
TICC2001-1577-C03-01 i MULOG TIN2004-07933-C03-01.

This thesis has been written by using only free software: Kubuntu
GNU/Linux as operative system, Kile as text editor and pfdeTex as KTEX com-
piler.



xvii

A la Jéssica,

tot esperant que algun dia
la nostra petita patria
esdevingui lliure 1 completa






Chapter 1

Introduction

Since it was founded by Aristotle, Logic has been the science devoted to the laws
of the correct reasoning. Traditionally, one of the fundamental laws has been
the Bivalence Principle, which states that every proposition is either true or
false, independently how difficult might be in some cases to determine its truth
value. This traditional logic under the Bivalence Principle, that we call Classical
Logic, turned out to be an excellent tool for the mathematical work, specially
after Mathematical Logic was born in the nineteenth century with Augustus de
Morgan, George Boole and Gottlob Frege among others. It is not strange, since
Mathematics do use precise concepts and always works with statements that are
intended to be either true or false.

Nevertheless, Aristotle already noticed that many of the concepts that are
commonly used outside the strict mathematical discourse are far from being
precise; on the contrary they refer to qualities that admit degrees. In Categories
8, 10b 26-32 he writes:

Qualifications admit of a more and a less; for one thing is called more pale or less pale than
another, and more just than another. Moreover, it itself sustains increase (for what is pale can
still become paler) — not in all cases though, but in most. It might be questioned whether one
justice is called more a justice than another, and similarly for the other conditions. !

Some lines below (Categories 8, 11a 2-5) he adds:

At any rate things spoken of in virtue of these unquestionably admit of a more and a less:
one man is called more grammatical than another, juster, healthier, and so on. Triangle and
square do not seem to admit of a more, nor does any other shape.

This kind of predicates appear in propositions that often do not seem neither
completely true nor completely false. This is the vagueness phenomenon and it
becomes a real challenge for Logic when one considers some reasonings that
involve vague predicates, such as the so called Sorites Paradoz:

Premises:

(1) A man who has twenty thousand hairs on his head is not bald.

I'We cite from the English translation in [6].
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(2) If a man who is not bald loses one hair, he is still not bald.
Conclusion:
(3) A man with no hair on his head is not bald.

This reasoning is a paradox because it seems to be correct (one can derive
the conclusion from the premisses by using Modus Ponens twenty thounsand
times), and it derives a clearly false conclusion from (apparently) true premisses
(we have no doubt that (1) is true, and (2) seems also true); something that can
never happen in a correct reasoning.

Several solutions to cope with the vagueness phenomena have been proposed
(see e.g. [139]). One of them is Fuzzy Logic. As other non-classical logics, it
rejects the Bivalence Principle and proposes infinitely-valued logics to substitute
Classical Logic. Historically this idea comes from the theory of Fuzzy Sets
proposed in 1965 by Lotfi Zadeh in [140]. His idea consisted on modeling vague
predicates with fuzzy sets, i.e. sets where the objects can belong in a greater
or lesser degree. Formally, a fuzzy set is a pair (X, u) where X is a set (in the
classical sense) and p : X — [0,1] is a function (called membership function)
that maps every object z € X to a real number pu(z) between 0 and 1, that
is interpreted as the degree of membership of the object in the fuzzy set. For
instance, given the vague predicate tall, one can define a fuzzy set by considering:
X :=[0.3,2.4] (set of possible heights in meters) and the membership function:

0 if z < 1.2,
px)=3 2z—2 if1.2<z<18,
1 if z > 1.8.

This fuzzy set models the predicate tall in such a way that people whose
height is more than 1.8 meters are definitely tall, people with less than 1.2
meters of height are definitely not tall and people with an intermediate height is
given the quality tall in an intermediate degree according to a linear function.?
This interpretation amounts to a certain use of infinitely-many truth-values in
the following way: if some individual a in our universe of discourse has a height
x € X, then we say that the sentence ’a is tall’ is true at degree u(x).

However, if one wants to model vague predicates in terms of fuzzy sets, some
way to combine them is required, since one will want to consider propositions
where vague predicates are combined in disjunctions, conjunctions, negations
and other usual logical connectives. For instance, to model in a truth-functional
way the conjunction of two vague predicates one can consider their corresponding
fuzzy sets and provide some binary function such that, given any object and its
membership degrees to the fuzzy sets, returns the membership degree to the
intersection. In the same way, a binary function is needed for the union of
fuzzy sets, and a unary function for the complement. In his foundational papers

20f course, the choice of the membership function must depend on the context in which
one wants to model the vague predicate. For instance, the meaning of tall is not the same
when the universe of individuals are basketball players or just ordinary people.



Zadeh proposed the functions min{z,y}, max{z,y} and 1 — x respectively for
the intersection, the union and the complement of fuzzy sets.

In 1969 Goguen proposes in [75] a solution to the Sorites Paradox in terms of
fuzzy sets, but using some other functions to combine them, namely the truth-
functions introduced by Lukasiewicz for some infinitely-valued logics. Therefore,
a few words on the origin of many-valued logics are needed here.

The first many-valued logic was introduced in 1918 by Jan Lukasiewicz. It
was a three-valued logic proposed to deal with the problem of future contingents.
According to Lukasiewicz, the Bivalence Principle implies a kind of determinism,
since it forces all propositions to be either true or false, including those that state
some facts about the future.® He believes that it is more intuitive to claim that
these propositions are still neither true nor false, and thus he introduces a new
truth-value for them that he calls possible. If {0, %, 1} is the set formed by his
three truth-values, Lukasiewicz defines the logical connectives of implication and
negation by means of the following tables:

—»‘O%l
01 1 1
1 |1
13 11
1jo § 1
01
11
2 | 2
1]0

Therefore, he is using the Principle of Extensionality to compute the truth-
value of every complex proposition from the truth-values of its parts by means of
the tables. The meaning of the tables can be almost explained in the following
way. Suppose that {T, F'} are the classical truth-values, true and false. Then,
the three Lukasiewicz’s truth-values can be interpreted as sets of these classical
truth-values: 0 = {F}, 1 = {T} and § = {T, F}, since the value 3 is given to
those proposition about future facts which still we do not know whether they will
be true or false. Almost all the values in the tables are obtained by operating all
the elements in these sets according to the classical connectives of implication
and negation. For instance, {T,F'} — {T} = {T'}, because according to the
classical implication we have T' — T' =T and ' — T = T. There is only one
exception which is not compatible with this interpretation: % — % should be %,
but it is 1. The obvious reason seems to be that Lukasiewicz wanted to preserve
the validity of the Identity Law, ¢ — .

In 1922 Lukasiewicz generalizes the three-valued logic to an n-valued logic
for every m > 4 finite, where the set of truth-values is {0, ﬁ, cee Z—j, 1}, and

the logical operations are defined by x — y := min{l,1—z+y} and -z := 1 —=z.

3The problem of future contingents can be also traced back to Aristotle; viz. his famous
naval battle example.
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Finally, in 1930, with Alfred Tarski in [110], they generalize it to an infinitely-
valued logic where the set of truth-values is the real unit interval and the truth-
functions are defined as in the finitely-valued case. Several additional connectives
are defined in the following way: z&y := - (z — —y), zVy:= (x — y) — y and
x Ay := —(—z V —y). Then, some properties of the classical conjunction split
between & and A:

1. For every a,b,c, a&b < ¢ iff a < b — ¢ (residuation law)
2. For every a,b,a - b=1iff aAb=a iff a <b (A = min)

By using these truth-functions, Goguen was able to propose a solution to the
sorites paradox. Indeed, he considered that bald is a vague predicate and thus it
must be interpreted by a fuzzy set. (1) can be given the minimum truth-value,
since a man with twenty thousand hairs on his head is not bald, i.e. he belongs
to the set of bald men at degree 0. However, (2) is not absolutely true. Consider
that its truth-value is égggg, almost 1. Let v; be the truth-value of ’A man with
1 hairs in his head is not bald’. Then, we have voggp0 = 1 and v; — v;_1 = égggg.
Interpreting — with Lukasiewicz implication and after an easy computation, it
comes out that vg = 0, hence the paradox disappears.

Afterwards, following the truth-functional setting of Zadeh, some other func-
tions were proposed to model the combination of fuzzy sets. They were required
to satisfy certain conditions. For instance, the functions for disjunction and con-
junction were required to be associative and commutative. Alsina, Trillas and
Valverde (see e.g. [4]) proposed a class of functions taken from the theory of
probabilistic metric spaces (see [133, 134]), the triangular norms (t-norms, for
short), to model the intersection of fuzzy sets, their dual functions, the t-conorms
for the unions, and the so-called weak negation functions for the complement
(see [136, 48]). T-norms are binary operations defined on the real unit interval
which are associative, commutative, monotonic and have 1 as neutral element.
As regards to implication, mainly two kinds were proposed:

S-implications: those satisfying that for every a,b, a — b= —a V b, and
R-implications: those satisfying the residuation law.

In [137] R-implications were chosen in order to deal with the Modus Ponens
rule. For every continuous t-norm there is an associated R-implication, which is
called its residuum. Although the continuity was not required in the definition
of t-norm, the majority of the known examples were actually continuous, for
instance the minimum (the original interpretation for the intersection of fuzzy
sets in Zadeh’s seminal paper), the Lukasiewicz interpretation of the connective
& (we will call it Lukasiewicz t-norm) and the product of reals (we will call
it product t-norm). Moreover, all continuous t-norms can be represented as an
ordinal sum of these three examples, as proved in [118] and in [108].

Interestingly, two of the three basic continuous t-norms and their residua
had been used in the semantics of some infinitely-valued logics before fuzzy sets
were defined. On the one hand, the Lukasiewicz t-norm, as we have already
explained, appeared in the semantics of Lukasiewicz’s infinitely-valued logic. He
also defined a Hilbert-style calculus whose axioms were:




k1) ¢ = (W —¢)

12) (p =) = (¥ = x) = (¢ = X))
L3) (p—= ) =) = (¥ = ¢) = )
(14) (¢ = —p) = (¢ = ¥)

L5) (¢ =) = W — ) = (¥ — )

and Modus Ponens was the only inference rule. Let A be the algebra defined
over [0, 1] by the Lukasiewicz truth-functions. He conjectured that the tautolo-
gies of the infinitely-valued logic given by the matrix (A, {1}) coincide with the
theorems of this Hilbert-style calculus. However, he was not able to prove it.
In 1935 Mordchaj Wajsberg claimed that he had found a proof, but he never
gave it. The conjecture was finally proved by syntactical means in 1958 by Rose
and Rosser [131] and algebraically in 1959 by Chang [25, 26]. It is important
to remark that Meredith showed in [113] the redundancy of the axiom (L5) and
that Hay improved the result in 1963 (in [86]) by proving that the Hilbert-style
calculus in fact coincides with the finitary fragment of Lukasiewicz logic.

On the other hand, the minimum t-norm also corresponds to the semantical
interpretation of the conjunction in a many-valued logic. Indeed, Godel used it
in [74] to study some linearly ordered matrix semantics for superintuitionistic
logics. Dummett gave in [47] a sound and complete Hilbert-style calculus for
the infinitely-valued logic corresponding to the matrix defined over [0, 1] by the
minimum t-norm and its residuated implication.

These two examples suggested that, with the usage of t-norms and their
residua, Fuzzy Logic was very close to the apparently independent field of many-
valued logics. The next step in approaching both fields was done in [83] when
Héjek, Godo and Esteva gave also a Hilbert-style calculus for the remaining
prominent example of continuous t-norm: the product t-norm.

Therefore, it became clear that at least some part of Fuzzy Logic was directly
related to the study of some many-valued logics. This led to the distinction by
the founder of the field, Zadeh, between a wide and a narrow sense of 'Fuzzy
Logic’. In [141] he writes:

The term ’Fuzzy Logic’ has two different meanings: wide and narrow. In a narrow sense,
fuzzy logic, FLn, is a logical system which aims at a formalization of approximate reasoning.
In this sense, FLn is an extension of multivalued logic. However, the agenda of FLn is quite
different from that of traditional multivalued logics. In particular, such key concepts in FLn
as the concept of a linguistic variable, canonical form, fuzzy if-then rule, fuzzy quantification
and defuzzification, predicate modification, truth qualification, the extension principle, the
compositional rule of inference and interpolative reasoning, among others, are not addressed
in traditional systems. This is the reason why FLn has a much wider range of applications
than traditional systems. In its wide sense, fuzzy logic, FLw, is fuzzily synonymous with the
fuzzy set theory, FST, which is the theory of classes with unsharp boundaries. FST is much
broader than FLn and includes the latter as one of its branches.

Once it was shown that the logics defined by the three main continuous t-
norms and their residua enjoyed a syntactical calculus, Hajek proposed in [79] a
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new logical system, that he called Basic Fuzzy Logic (BL, for short) to capture
the logic given by the class of all continuous t-norms.* His conjecture was
proved in [80, 30]. Nevertheless, Esteva and Godo noticed that the necessary and
sufficient condition for a t-norm to have a residuum was not the continuity, but
the left-continuity. Thus, they wanted to find the fuzzy logic corresponding to
the bigger class of all left-continuous t-norms. To fulfil this aim, they proposed
a new Hilbert-style calculus in [51] called Monoidal T-norm based Logic (MTL,
for short). MTL was proved to be indeed the logic of all left-continuous t-
norms and their residua by Jenei and Montagna in [100]. Thus, in a sense MTL
can be considered the real basic fuzzy logic, since it is the weakest logic which
is complete with respect to a semantics given by a class of t-norms and their
residua (this kind of logics are called t-norm based fuzzy logics or just t-norm
based logics). The word 'Monoidal’ in the name is due to the fact that MTL is
an axiomatic extension of another many-valued logic proposed by Hohle in [87]
called Monoidal Logic (ML, for short). ML has been proved to be equivalent
to a contraction-less substructural logic, namely the system Hpcx (also called
FLcy) of Ono and Komori (see [127, 126]). Therefore, since MTL enjoys neither
the contraction rule, it can be regarded not only as a fuzzy logic and as a many-
valued logic, but also as a substructural logic.

In this dissertation, that pertains to Fuzzy Logic in narrow sense, we study
MTL (and its axiomatic extensions) from the two first points of view of the
previous list: as a fuzzy logic and as a many-valued logic. More than that, we
study MTL as an algebraizable many-valued logic. Indeed, traditionally many
algebraic counterparts have been used in the research on many-valued logics. For
instance, Chang introduced MV-algebras to study Lukasiewicz logic®, a subclass
of Heyting algebras called G-algebras have been introduced for Gédel-Dummett
logic, residuated lattices (in the sense of [43]) for ML and so on. Hijek gave
an algebraic semantics for BL, namely the variety of BL-algebras, a subclass of
residuated lattices. A bigger variety of residuated lattices has been used to alge-
braize MTL by Esteva and Godo, the variety of MTL-algebras MTL. Actually,
MTL is algebraizable in the sense of Blok and Pigozzi (see [19]) and MTL is
its equivalent quasivariety semantics. Therefore, all its finitary extensions are
also algebraizable and their algebraic semantics are the corresponding subquasi-
varieties of MTIL. When we restrict to axiomatic extensions, the corresponding
algebraic semantics are the subvarieties of MTIL. Moreover, the algebraizability
implies a number of results connecting algebraic properties of the semantics with
logical properties, the so-called bridge theorems of Abstract Algebraic Logic (see
[62]). A relevant subclass of MTL-algebras are those defined over the real unit
interval, which are exactly those where the conjunction & is interpreted by a
left-continuous t-norm. These algebras are called standard. For every finitary
extension of MTL a crucial question, from the Fuzzy Logic point of view, is
whether it is complete w.r.t. the standard algebras of its corresponding quasi-

4Lukasiewicz, Gédel-Dummett and Product logics were proved to be axiomatic extensions
of BL.

5A polinomially equivalent algebraic semantics for Lukasiewicz logic, the class of Wajsberg
algebras, has been proposed in [130, 63].



variety. This kind of result is called standard completeness.

Many investigations in the algebraic direction for MTL and its finitary ex-
tensions have been already carried out (see e.g. [30, 100, 49, 53, 3, 32, 33,
81, 71, 72, 116, 88, 89, 90, 69, 91]). Thanks to these works (and others) some
parts of the lattice of subvarieties of MITL are already known, namely all vari-
eties of MV-algebras (see [103]), all varieties of G-algebras (see e.g. [76]), many
varieties of BL-algebras (see [3, 53]) and some other parts of the lattice (see
e.g. [71, 72]). The results obtained in BL strongly relied on the knowledge on
its linearly ordered algebras, since all BL-algebras (in fact, all MTL-algebras)
are representable as subdirect product of linearly ordered ones, and linearly
ordered BL-algebras were well described in terms of ordinal sums of some ba-
sic components (generalizing the corresponding result for continuous t-norms).
Unfortunately, such a representation is not known for linearly ordered MTL-
algebras (also called MTL-chains). Thus, the structure of the lattice of varieties
of MTL-algebras was very far from being known.

With this dissertation we want to contribute to the task of describing ax-
iomatic extensions of t-norm based fuzzy logics, or equivalently, varieties of
MTL-algebras and their properties. On the one hand, we try to describe the
structure of MTL-chains. Our first attempt consists in using the decomposi-
tion as ordinal sum of indecomposable semihoops. However, although we prove
that for every chain exists a maximum decomposition in this sense, we show
that the class of indecomposable semihoops is really huge and it seems too dif-
ficult to describe. Nevertheless, we study a significant class of indecomposable
semihoops: those satisfying a weak form of cancellation. The second attempt
uses one of the methods proposed by Jenei to built left-continuous t-norms, the
so-called connected rotation-annihilation construction. We show that for every
chain there is also a maximal decomposition as connected rotation-annihilation.
The task of describing the indecomposable chains seems also too far away, but
we can still study some cases of this decomposition, which leads to the theory
of perfect and bipartite MTL-algebras. On the other hand, we focus on several
varieties of MTL-algebras satisfying some nice properties, namely the varieties
of n-contractive algebras. They seem a good choice because they correspond to
the axiomatic extensions of MTL satisfying the global Deduction-Detachment
Theorem, and they contain all the locally finite varieties of MTL-algebras, in
particular the weak nilpotent minimum algebras (a subvariety that we study
in a greater detail). For all the varieties of MTL-algebras defined in the the-
sis we study several relevant logical and algebraic properties, mainly standard
completeness properties, local finiteness, finite embedding property, finite model
property and decidability.

SThe logics studied in this thesis belong to another interesting class of logics studied by
general methods, namely the class of Weakly Implicative fuzzy logics (see [38]). This class
is claimed to be the right class of fuzzy logics (in narrow sense) in [12]. Using the general
results mentioned above the authors obtain completeness w.r.t. linearly ordered algebras,
local Deduction-Detachment Theorem, subdirect decomposition theorem, etc. Moreover, we
also would like to point out that axiomatic extensions of MTL are core fuzzy logics in the sense
of [82].
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Finally, we consider another aspect of Fuzzy Logic in narrow sense: which
should be the use of the intermediate truth-values? In MTL and its finitary
extensions, these truth-values do not seem to be used in a deep way, since in
their algebraization the only distinguished value is the top element, as in classi-
cal logic. For this reason, following Pavelka’s idea in [128] for Lukasiewicz logic,
we consider expansions of t-norm based logics with constants for the interme-
diate truth-values, allowing them to play an explicit role in the language. The
originality of our proposal lies in carrying out an algebraic approach to these
expansions, i.e. studying them also as algebraizable logics.

The thesis is structured in eleven chapters. After this introduction, a first
group of chapters (from the second till the fifth) are introductory, with necessary
preliminaries, sometimes interpreted from our point of view; the rest contains
our contributions to the field.

1. In the second chapter we introduce the basic notions and notation that will
be used throughout all the dissertation on Universal Algebra and Algebraic
Logic.

2. In the third chapter the logic MTL, the main subject of the study, is
formally introduced. The three perspectives (as a substructural logic, as
an algebraizable many-valued logic and as a t-norm based fuzzy logic) for
MTL are also formally discussed.

3. In the fourth chapter we present the basic results and definitions for MTL-
algebras that we will need to study their varieties. In particular, the de-
composition of every algebra as a sudirect product of chains is proved and
some useful methods to build new IMTL-algebras are introduced, namely
Jenei’s rotation and rotation-annihilation methods. We prove a decompo-
sition theorem of every chain as an ordinal sum of indecomposable 0-free
subreducts (totally ordered semihoops) and we discuss another possible
decomposition of chains in terms of connected rotation-annihilation.

4. In the fifth chapter we concentrate on the significant properties of the
varieties, or equivalently of the logics, that we intend to study: three ver-
sions of standard completeness (for each of them we prove useful algebraic
equivalencies), local finiteness, finite embeddability property, finite model
property and decidability.

5. In the sixth chapter, we study some particular cases of the decomposition
in connected rotation-annihilation, obtaining an extension of the theory
of perfect, local and bipartite algebras (originally studied in the context
of MV and BL-algebras) to MTL-algebras. Perfect IMTL-algebras are
proved to be exactly (module isomorphism) the disconnected rotations of
prelinear semihoops. This is used to prove that the lattice of varieties of
bipartite IMTL-algebras is isomorphic to the lattice of varieties of prelinear
semihoops. The results of this chapter are already published by the author
in two joint works with F. Esteva and J. Gispert in [119, 120].
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In the seventh chapter we study a class of indecomposable MTL-chains
(w.r.t. ordinal sums), namely those chains satisfying a weak form of the
cancellation law. We study their corresponding logics and their standard
completeness and other algebraic properties. The results of this chapter
are already published by the author in a joint work with F. Montagna and
R. Horé¢ik in [117].

In the eighth chapter we study the axiomatic extensions of t-norm based
fuzzy logics that enjoy the global Deduction-Detachment Theorem. They
are characterized by satisfying a weak form of contraction, that we call
n-contraction. Their corresponding logics, standard completeness and al-
gebraic properties are discussed. There is a preliminary short paper with
the results of this chapter by the author in a joint work with F. Esteva
and J. Gispert in [122].

In the ninth chapter we focus on a proper subvariety of 3-contractive MTL-
algebras, the so-called Weak Nilpotent Minimum algebras (WNM-algebras,
for short). Local finiteness is proved for all varieties of WNM-algebras, so
the study reduces to the knowledge of finite chains. It enables us to give
some criteria to compare varieties generated by WNM-chains. We ax-
iomatize varieties generated by WNM-chains and discuss their standard
completeness properties. A preliminar version of this results (with a mis-
take that is corrected in this chapter) is already published in a short paper
by the author in a joint work with F. Esteva and J. Gispert in [121].

In the tenth chapter we move to a more expressive language by consid-
ering expansions of t-norm based logics with additional truth-constants.
The motivation of such logics, which is explained in the introduction of
the chapter, is mainly related to the interest in being able to exploit in a
deep way the fuzziness of the logic by putting the intermediate truth-values
explicitly in the language. Several distinctions in the standard complete-
ness properties of these logics are made and then they are discussed. The
results of this chapter are already published (or submitted for publication)
in a series of joint papers with R. Cignoli, F. Esteva, J. Gispert, L. Godo
and P. Savicky in [55, 132, 50, 56].

Finally, an eleventh chapter collects the main results obtained in the thesis
and the problems that remain open for a future research.






Chapter 2

Universal Algebra and
Algebraic Logic
preliminaries

In this chapter we introduce the basic definitions and notation that will be used
throughout the dissertation. Since this is an algebraic investigation of a certain
family of logics, it is necessary to introduce both several concepts from two fields:
Universal Algebra and Algebraic Logic.

2.1 Universal Algebra

As regards to Universal Algebra, it will be for us a language and a tool, rather
than a topic of research. Therefore, instead of doing an extensive presentation
of its main contents, we will just assume some acquaintance of the reader with
the topic (a pair of good reference textbooks are [24] and [78]) and set the main
definitions and results, and the notation as it will used in the dissertation.

An algebraic language is a pair L = (F,7), where F is a set of functional
symbols and 7 is a mapping 7 : F' — w (where w denotes the set of the natural
numbers). For every f € F, 7(f) is called the arity of the functional symbol f.

Example 1. As an example we may cite the main language that will appear
all along the dissertation. Consider the pair L = ({&,—,A,V,0,1},7), where
(&) = 7(=) = 7(A) = 7(V) = 2 and 7(0) = 7(1) = 0. This definition will be
sometimes simplified just by saying that L = {&,—,A,V,0,1} is a language of
type (2,2,2,2,0,0).

Given an algebraic language £ = (F, 1), an algebra A of type L is a pair
(A, {fA: f € F}), where A is a non-empty set called the universe or the carrier
of A and for every f € F, if 7(f) = n, then f* is an n-ary operation in A (a
0-ary operation in A is just an element of A). When the number of functionals

11
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is finite, say {f1,..., fn}, we write A = (A, f{A,..., f), and we say that it is
an algebra of type (7(f1),...,7(fn)). The superscripts in the functions will be
often omitted when they are clear from the context.

Example 2. An important example of algebra is the algebra of formulae. Let
L be a countable algebraic language and let X be an infinite countable set. The
set Fme(X) of L-formulae (or L-terms) over X is inductively defined as:

1. For everyx € X, x € Fmg(X).
2. For every ¢ € F with arity 0, ¢c € Fm(X).

3. For every f € F with arity n > 0, if v1,...,0n € Fmg(X), then
f(solv"'ason) GFm[;(X)

X is called the set of variables. The algebra of formulae, Fm,(X) =
(Fme(X),{fFme(X) . f € FY), is defined by:

e For every c € F with arity 0, F™e(X) .= ¢,

o for every f € F with arity n > 0 and every ¢1,...,0n € Fmg(X),
meL(X)(@lv"w@n) = f(@l»a‘ﬂn)

Given another infinite countable set Y of variables, the resulting algebra of
formulae, Fm,(Y) is isomorphic to Fm,(X), thus to simplify the notation the
set of formulae will be denoted as Fmyp. Notice that Fmy is also countable.

The algebra of formulae is defined in the same way when the set of variables is
uncountable, but since the number of variables occurring in a formula is always
finite, in general it is enough to consider algebras of formulae built over an
infinite countable set of variables.

We write (1, ..., xy,) to indicate that the variables occurring in the formula
¢ are among {x1,...,%n}.

Example 3. Let A = (A,/\A,\/A,GA,TA) be an algebra of type (2,2,0,0). It
is a bounded lattice if, and only if, the operations A and VA are associative,
commutative and idempotent, and for every a,b € A it holds:

e aNAD =07

o a VAT =T
e arN(avAb) =a
e aVvA(antb)=a

A is a distributive lattice iff it is a lattice such that for every a,b,c € A it
holds:

e a A (bVAc) = (a A b) VA (a A2 c)
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In every lattice A it is possible to define a partial order in the following way:
for every a,b € A, a < b iff a AMYb = a (or, equivalently, a VA b =1b). In this
partial order every set of two elements {a,b} has an infimum (namely a A b)
and a supremum (namely a VA b). A lattice is called complete if, and only if,
every subset of the carrier (even the infinite ones) has supremum and infimum.

Let A= (A {fA: fe F}) and B = (B,{f?: f € F}) be two algebras of
the same type. We say that A is a subalgebra of B, and we write A C B, if and
only if:

e ACB,
e for every ¢ € F with arity 0, ¢* = 5, and
o for every f € F with arity n > 0, f4 = 8 A",

The universe of a subalgebra of A is called a subuniverse. Since the set of
subuniverses of A is closed under arbitrary intersections, for every non-empty
B C A, one can define the subalgebra generated by B as the subalgebra (B) 4
whose universe is (|{C C A : C is a subuniverse of A and B C C}.

A mapping h : A — B is a homomorphism from A to B if and only if:

o for every ¢ € F with arity 0, h(c?) = &, and

o for every f € F with arity n > 0 and for every aq,...,a, € A,

h(fA(ar, ... an)) = fB(h(ar),. .., h(ay)).

B is homomorphic image of A if, and only if, there is a surjective homomor-
phism from A to B. A one-to-one homomorphism is called an embedding and a
one-to-one surjective homomorphism is called an isomorphism. We say that A
and B are isomorphic and we write A = B if, and only if, there is an isomorphism
from A to B.

Given an algebra A = (A, {fA: f € F}), aset § C A? is a congruence of A
if, and only if, it is an equivalence relation on A and for every f € F with arity
n > 0,if (a1,b1),..., (an,by) € 6, then (fA(a1,...,a,), fA(b1,...,b,)) € 0. The
set of all congruences of A is denoted as Con(A) and it is closed under arbitrary
intersections, hence it forms a bounded complete lattice ordered by the inclusion:
Con(A) = (Con(A),N,V,A4,Va), where \/;.;0; = ({0 : U;c;0: CO}, Aa =
{{a,a) :a € A} and V4 = A2. Since this is a complete lattice, it makes sense to
consider the notion of generated congruence, i.e. given B C A2 there exists the
minimum congruence containing B, which is denoted as ©(B). The congruences
of the form O({(a,b)}), are called principal congruences. Given 01,05 € Con(A),
the composition of #; with 05 is defined as the binary relation 6, o 65 := {{(a, b) :
there is ¢ € A such that (a,c) € 0; and (c,b) € 65}. We say that A is simple if,
and only if, Con(A) = {A4,V.a}.

Let A= (A, {f4: f € F}) be an algebra and 0 € Con(A). Given a € A, its
equivalence class with respect to 0 is denote as a/6. The quotient algebra of A
by 6 is defined as A/6 = (A/0,{fA/? . f € F}) where:
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e A/ ={a/l:ac€b},
e for every ¢ € F with arity 0, ¢cA/? = ¢4/6, and

e for every f € F with arity n > 0 and for every aq,...,a, € A,
fA%a1/0,. .. 0,/0) = fA(ay,...,a,)/0.

Given a family {A; : ¢ € I} of algebras of the same type, we define the product
algebra (or direct product algebra) [T;c; Ai = (1,  Ai, {fTlics At f € F}) by:

o [[;c; As is the Cartesian product of the universes,
e for every ¢ € F with arity 0, cllier4i = (¢4 .5 € I), and

e for every f € F with arity n > 0 and for every ay,...,dn € [[;c; 4i,
fLier Ai(dy, . dy) (i) = fAi (G (3), . .., dn(i)), for every i € I, where b(i)
denotes the i-th component of b € [[,.; A;.

If j € I, the j-th projection is the homomorphism m; : [[,.; Ai — A; defined as
() = a(j).

A filter F on a set [ is a family of subsets of I such that:

o [ € F,

o if XY € F, then XNY € F, and

eif XeFand X CY C I, thenY € F.

F is proper if, and only if, § ¢ F (i.e. F # P(I)).

Given a family {A; : ¢ € I} of algebras of the same type and a proper
filtker 7 on I, the following binary relation is defined on [],.; A;: for every
a,b € [Ty Ais @ ~7 b if, and only if, {i € I : a(i) = b(i)} € F. ~r is a
congruence of [[;.; A;. The reduced product algebra of {A; :i € I} wat. Fis
the algebra [[,.; Ai/F = ([Lic; Ai/F, {fllict A/% . f € F}) defined by:

o [[;c; Ai/F is the quotient by ~ of the Cartesian product [[,.; A,

iel
e for every ¢ € F with arity 0, cllicr Ai/7 = cllic1 Ai /7 and

o for every f € F with arity n > 0 and for every ay/F,...,d,/F €
[Lics Ai/F, fHliet A/ 5(d@y ) F, o dn ) F) = fHlierAi(dy, ... a) [ F.

For the sake of simpler notation, the reduced product will be also denoted
as H; A,.

Let F be a proper filter on I. F is an ultrafilter if, and only if, satisfies any
of the following equivalent conditions:

e Forevery X CI, X € Fif and only if, I\ X ¢ F.

e Forevery X, Y C I, XUY € Fif,and only if, X € ForY € F.
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e F is maximal in the set of proper filters on I ordered by the inclusion.

The reduced product w.r.t. an ultrafilter is called ultraproduct.
Given a family {A; : i € I} U {A} of algebras of the same type, we say that
A is a subdirect product of {A; : i € I} if, and only if:

1. AC ;s Ais and

2. for every j € I, the restriction on A of the j-th projection of []..;.A4; is

surjective.

i€l

A is representable as a subdirect product of {A; : i € I} if, and only if it is
isomorphic to a subdirect product of {A; : i € I}, i.e. there exists an embedding
a: A< [[,c; Ai such that for every j € J, m; o« is surjective. In this case «a is
called a subdirect representation of A. We say that the subdirect representation
is finite when I is finite.

An algebra A is (finitely) subdirectly irreducible if, and only if, for every
(finite) representation c : A — [[,.; A; there exists j € J such that 7; o« is an
isomorphism.

el

Proposition 2.1. Let A be an algebra and take 8 € Con(A) \ {Va}. The
following are equivalent:

(i) A/ is subdirectly irreducible.
(i1) 6 is N-completely irreducible.

(iii) 0 is mazimal relatively to a pair, i.e. there is a pair (a,b) € A? such that
0 is mazimal in the set of proper congruences not containing {a,b).

Corollary 2.2. Let A be an algebra. The following are equivalent:

(i) A is subdirectly irreducible.

(i) Con(A)\ {A4} has a minimum element.

Theorem 2.3 ([15]). Every algebra A is representable as a subdirect product of
subdirectly irreducible algebras (which are homomorphic images of A).

Given a class of algebras K, we denote the class of its subdirectly irreducible
members by Kg; and the class if its finitely subdirectly irreducible members by
Krs;.

Notice that simple algebras are subdirectly irreducible. An algebra is called
semisimple if, and only if, it is representable as a subdirect product of simple
algebras.

The operators over classes of algebras that give their isomorphic images, sub-
algebras, homomorphic images, products, reduced products and ultraproducts
are respectively denoted as I, S, H, P, Py, Py.

Given a class of algebras K of the same type and an operator O €
{I,S,H,P,Pg, Py}, the following hold:
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1. O(K) C IO(K),
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K) C THS(K), and
. ISP x(K) = ISPP(K).
IfK={A,...,A,}, we write O(A4,...,A,) instead of O({Ay,..., A,}).

Moreover, K is said to be a wvariety if, and only if, it is closed under H, S
and P. We denote as V(K) the variety generated by K, i.e. the smallest variety
containing K. It is clear that V(K) = HSP(K).

Given a formula ¢(z1,...,2,) € Fm, and an algebra A of type L, we define
inductively a function o4 : A” — A by:

1. If ¢ is a variable x;, p*(a1,...,a,) := a;, for every ay,...,a, € A.

2. If ¢ is a functional ¢, with arity 0, @*(a1,...,a,) = c*, for every

al,...,aneA.

3. Ifpisof the form f(@1 (1, Tn)s ey @m(T1,- s x0)), @A (ar, ..., an) :=
fAef(ar, .. an), ..., oA (a1, ..., a,)), for every ai,...,a, € A.

An L-equation is an expression of the form:
prY

where ¢, € Fm,. The set of all equations is denoted as Fq,. Given an L-
equation ¢(x1,...,x,) = ¥(x1,...,o,) and an algebra A of type L, we say that
A satisfies (or verifies) the equation if, and ouly if, for every ai,...,a, € A,
©A(a1,...,a,) = YA(ay,...,a,). It is denoted as A = ¢ ~ . A class of
algebras K of type L satisfies an equation ¢ &~ ¢ € Eq, if, and only if, A = p &~ ¢
for every A € K. It is denoted as K = ¢ & 1. K satisfies a set of equations
A C Eq, if, and only if, K = ¢ & ¢ for every ¢ &~ ¢ € A. It is denoted as
K | A.

Theorem 2.4 ([14]). Let L be an algebraic language and let K be a class of
algebras of type L. K is a variety if, and only if, it is an equational class (i.e.
there exists a set of equations A C Eqp such that K ={A: AkE A}).

We say that an algebra A is congruent permutable if, and only if, for every
01,02 € Con(A), 01 060y = 0306;,. A variety K is congruent permutable if, and
only if, for every A € K, A is congruent permutable. A variety K is congruent
distributive if, and only if, for every A € K, Con(A) is a distributive lattice. A
variety is arithmetic if, and only if, it is congruent distributive and congruent
permutable.

The finitely subdirectly irreducible members of a congruent distributive va-
riety have a useful description, as the following result states.



2.1. UNIVERSAL ALGEBRA 17

Theorem 2.5 (Jénsson’s Lemma). Let K be a class of algebras of the same type
such that V(K) is congruent distributive. If an algebra A € V(K) is finitely
subdirectly irreducible, then A € HSPy (K).

A class of algebras K is said to be a quasivariety if, and only if, it is closed
under I, S and Pr. We denote as Q(K) the quasivariety generated by K, i.e.
the smallest quasivariety containing K. It is clear that Q(K) = ISPy (K).

An L-quasiequation is an expression of the form:

@0%¢0&~~&<ﬂn—1%¢n71 :>S0nz¢n

where ¢;,1; € Fmg for every i < n. The set of all quasiequations is denoted
as QFEq,. Notice that Eqr C QFEq,, since an equation is a quasiequation with
n = 0. Given an L-quasiequation ¢g =~ Y& ... &pn_1 = Vn_1 = pn =~ U,

such that its variables are in {z1,...,z,,} and an algebra A of type L, we say
that A satisfies the quasiequation if, and only if, for every ai,...,a,, € A,
oMar, ... am) = Va1, ..., am), whenever pi(ay,... am) = ¥it(ay,...,am)

for every i < n. It is denoted as A = ¢ =~ Yo& ... &ppn—1 ~ Vp_1 = ©n = Y.
The extension of this definition to classes of algebras and sets of quasiequations
is done in the obvious way, as in the case of equations.

Theorem 2.6 ([111]). Let L be an algebraic language and let K be a class of
algebras of type L. K is a quasivariety if, and only if, it is a quasiequational class
(i.e. there exists a set of quasiequations A C QEq, such that K= {A: A= A}).

Since Eqr C QFEq., the last theorem implies that every variety is a quasiva-
riety.

Let now F'm, be a set formulae buit over a set of variables with arbitrary
length. A generalized L-quasiequation is an expression of the form:

&i<ﬁ90i ~ 1/)1 = P = 1/%

where ;,9; € Fmg for every ¢ < k, where « is a cardinal number. The set of all
generalized equations is denoted as GQEq,. Of course, QEq; C GQFEqs. The
satisfaction relations of generalized quasiequations are the obvious generalization
of the corresponding notions for quasiequations.

Generalized quasiequations determine a kind of generalized quasivarieties,
namely classes of algebras closed under isomorphic images, subalgebras and
products, as the following theorem states (cf. [78], page 380).

Theorem 2.7. Let L be an algebraic language and let K be a class of algebras
of type L. K is closed under I, S and P if, and only if, there exists a set of
generalized quasiequations A C GQEq, such that K ={A: A E A}).

A variety K has the equationally definable principal congruences property
(EDPC, for short) if, and only if, there exists a finite set of equations in 4
variables

{oi(z,y, z,w) =~ 7;(x,y, z,w) : i < n}
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such that for every A € K and every a,b,c,d € A: {¢,d) € O({{a,b)}) if, and
only if, 0/(a, b, c,d) = 77*(a, b, ¢, d) for every i < n.

A variety K has the congruence extension property (CEP, for short) if, only
if, for every A,B € K such that B C A and every § € Con(B), there exists
0’ € Con(A) such that ' N B2 = 0.

A class K of algebras is locally finite (LF, for short) if, and only if, for every
A € K and for every finite set B C A, the subalgebra generated by B is also
finite. Notice that this property is inherited by the subclasses of K.

Let £ be an algebraic language, let A = (A, {f* : f € F}) be an algebra of
type £ and let B C A be an non-empty set. The partial subalgebra B of A with
domain B is the partial algebra (B, {f? : f € F'}), where for every f € F n-ary,
and every by,...,b, € B,

fB(b b)* fA(bla"'vbn) iffA(bl”"’bn)er
Lo P/ = undefined otherwise.

We denote it by B C,, A.

Given two algebras A and B of the same language we say that A is partially
embeddable into B when every finite partial subalgebra of A is embeddable into
B. Generalizing this notion to classes of algebras, we say that a class K of
algebras is partially embeddable into a class M if every finite partial subalgebra
of a member of K is embeddable into a member of M.

If the language is finite, this turns out to be equivalent to say that K belongs
to the universal class generated by M (see for instance [76]). That is, by recall-
ing Los’ theorem (see [24]) of characterization of universal classes, we have the
following equivalence.

Proposition 2.8 ([76],Th. 1.2.2). Let K and M be classes of algebras of the
same finite language. Then the following conditions are equivalent:

o K is partially embeddable into M
e K C ISPy (M)

Given a class K of algebras, K¢;,, will denote the class of its finite members.

A class K of algebras has the finite embeddability property (FEP, for short)
if, and only if, it is partially embeddable into Ky,.

A class K of algebras of the same type has the strong finite model property
(SFMP, for short) if, and only if, every quasiequation that fails to hold in K can
be refuted in some member of Ky;;,.

A class K of algebras of the same type has the finite model property (FMP,
for short) if, and only if, every equation that fails to hold in K can be refuted in
some member of Kyg,.

It is clear that a variety has the FMP if, and only if, it is generated by its
finite members and a quasivariety has the SFMP if, and only if, it is generated
(as a quasivariety) by its finite members.
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Theorem 2.9 ([22],Th. 3.1). Let L be a finite algebraic language and let K be
a class of algebras of type L closed under finite products. Then, K has the FEP
if, and only if, K has the SFMP.

Moreover, it is clear that for every class of algebras K, we have:

e If K is locally finite, then it has the FEP.
e If K has the FEP, then it has the SFMP.

e If K has the SFMP, then it has the FMP.

Theorem 2.10 ([22], Th. 3.3, cf. [18]). Let L be a finite algebraic language and
let K be a variety of algebras of type L enjoying the EDPC. Then, the following
are equivalent:

e K has the FEP,
o K has the SFMP,

e K has the FMP.

2.2 Algebraic Logic

Again, regarding to Algebraic Logic, we introduce only the definitions, basic
general facts, and notations that are needed in the dissertation. Nevertheless,
this is an already far developed subject. The interested reader can find a useful
introductory survey to its abstract theory in [62], and reference textbooks in [41]
and [61].

A propositional language L is an algebraic language. The functional sym-
bols of L are called propositional connectives. A propositional logic (also called
sentential logic) is a pair S= (L,Fg) where £ is a propositional language and
FsC P(Fmg) x Fm, satisfying the following conditions:

1. Consequence relation:

For every TUA U {p, ¢} C Fmg,

(a) If p €T, then I' Fg .

(b) ITFgpand I' C A, then A kg .

(¢c) If T' g ¢ and for every ¢» € I';, A kg v, then A kg .
2. Structural:

For every I'U {¢} C Fm, and every homomorphism ¢ : Fm,; — Fm,
(these homomorphisms are called substitutions), if T' kg ¢, then o[T] g

o(p).
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Given T'U {p} C Fm,, we write I' kg ¢ instead of (', ) €lg, and we write
I' Fs ¢ instead of (T, ) ¢ts.

A formula ¢ is a theorem of S if, and only if, § s . In such a case we write
"S @.

A propositional logic S= (L, tg) is finitary if, and only if, T U {p} C Fm,
such that I' kg ¢, there exists a finite subset IV C T" such that IV kg ¢.

A propositional logic S= (L, Fs) is decidable if, and only if, there is an efective
process that for every ¢ € F'm, decides whether Fg ¢ or g ¢.

Let £ be a propositional language and K a class of algebras of type £. The
equational consequence associated to K is defined in the following way: for every
AU{p =y} C Eqe, Ak ¢ = iff for every A € K and every homomorphism
h:Fm, — A, it holds:

if h(a) = h(PB) for every a ~ 3 € A, then h(p) = h(1)).
Then, the following facts can be proved:

e The pair (£, |=k) satisfies the conditions in the definition of propositional
logic, where Eq, plays the role of Fm,.

® ':K:':ISP(K)-
o If Py(K) CK, then (£, k) is finitary.

A Hilbert-style calculusis a triple H = (£, AX, I R), where L is a propositional
language, and the sets AX C Fm (the set of azioms) and IR C |J,,,(Fmg)"
(the set of inference rules) are closed under substitutions.! H defines a relation
FuC P(Fmg) x Fmg as follows:

Given T'U{p} C Fmg, T by ¢ iff there exists a finite sequence of formulae
(¢0,- -, pn) such that:

o on =g, and

o for every i < n, either ¢; € T'U AX or there is (¢g,..., %) € IR such
that 1, = ¢; and {o,...,Ym-1} € {p0,...,pi-1}.

In such a case we say that ¢ is derivable from I in the calculus H.
The pair (£,Fy) is a finitary propositional logic.

Theorem 2.11 ([109]). Let S = (L,ks) be a propositional logic. Then, S is
finitary if, and only if, there exists a Hilbert-style calculus H such that Fy=Fg.

A finitary logic is finitely axiomatizable if, and only if, it is equivalent to
a Hilbert-style calculus which can be presented by using a finite number of
schemata.

1Usually the sets AX and IR are presented by using schemata, i.e. by showing a particular
formula (or rule) and assuming that all its substitutions are also included in the set. For
instance, to say that the system has the Modus Ponens, we write that the schema (p,p — ¢, q)
is in IR, but this will actually mean that all the substitutions of this schema are also in IR.
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Given two propositional languages £ and £’ such that £ C £’ and two
propositional logics S = (L, Fg) and S’ = (L, Fg/), we say that S’ is an expansion
of S if, and only if, Fg CFg/. The expansion is conservative if, and only if, for
every DU {p} C Fmg, T'bg @ iff T Fg ; in this case we say that S is the
L-fragment of S’. We say that S’ is an eztension of S if, and only if, Fg Ctg
and L= L'.

Let H= (L, AX,IR) and H' = (L', AX',IR’) be two Hilbert-style calculi,
and let S and S’ be their corresponding sentential logics. We say that S’ is an
axiomatic extension (resp. expansion) of S if, and only if, AX C AX' IR=1IR'
and £ = L' (resp. LC L').

Let S = (£,Fg) be a finitary propositional logic and K a class of algebras of
type L. K is an algebraic semantics for S if, and only if, there is a finite set of
L-equations in one variable

d(z) me(x) = {di(z) = (x) : i < n},

which is called system of defining equations, such that for every TU{p} C Fm,
I'hs piff {0(y) = e(¥) 1 ¥ € T} Fx 6(0) = ep)

Proposition 2.12 ([19], Cor. 2.3). IfK is an algebraic semantics for a finitary
propositional logic S, then Q(K) is also an algebraic semantics for S and it has
the same system of defining equations.

Definition 2.13 ([19]). Let S = (L,Fs) be a finitary propositional logic and K
a class of algebras of type L. K is an equivalent algebraic semantics for S if, and
only if, it is an algebraic semantics for S and there is a finite set of formulae
in two variables A(z,y) = {Aj(x,y) : 7 < m}, which are called equivalence
formulae, such that for every ¢ =~ € Eqc it holds:

e v~ Y §(Alp,¥)) = e(A(p,¥)), and

* 5(A(p,¥)) = e(Alp, ¥)) Fr v = 9,

where § =~ ¢ is the system of defining equations of K and §(A(p,¢)) =~
e(A(p, 1)) is a shorthand for {0;(A;(p,¥)) = ei(Aj(p,¥)) 1i <n,j <m}.

A finitary propositional logic is algebraizable if, and only if, it has an equiv-
alent algebraic semantics.

Proposition 2.14 ([19], Cor. 2.11). Let K be an equivalent algebraic semantics
for a finitary propositional logic S. Then, K is an equivalent algebraic semantics
for S iff Q(K) is also an equivalent algebraic semantics for S.

Theorem 2.15 ([19], Th. 2.15). Let S = (L,Fg) be a finitary propositional logic.
If K and K’ are two equivalent algebraic semantics for S, then Q(K) = Q(K').

This quasivariety is called the equivalent quasivariety semantics of S. It can
be axiomatized as the following theorem describes.
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Theorem 2.16 ([19], Th. 2.17). Let S = (L,Fg) be an algebraizable logic and let
H = (L, AX,IR) be an equivalent Hilbert-style calculus. Let & ~ € be the system
of defining equations and A(x,y) the equivalence formulae. Then, the equivalent
quasivariety semantics is axiomatizable by the following quasiequations:

1. §(p) = e(yp), for each p € AX,
2. §(A(z,z)) = e(Ax, x)),

3. 8(po) ~ e(p0)& . &o(pnr) = e(pnr) = 8(on) & 2lpn), for cach
(001 @n) € IR, and

4. 0(A(z,y)) = e(Az,y) =z~ y.

Theorem 2.17 (cf. [19]). Let S = (L,Fg) be an algebraizable logic and let K
be its equivalent quasivariety semantics. Let § ~ € be the system of defining
equations and A(x,y) the equivalence formulae. Then, every finitary extension
of S is algebraizable (with the same defining equations and equivalence formu-
lae) and we have the following dual order isomorphism between the lattice of
subquasivarieties of K and the lattice of finitary extensions of S:

1. IfT'C Fmg, ¥ C U, <1 (Fmg)" are closed under substitutions and S’ is
the extension of S obtained by adding the formulae of I' as axioms and
adding ¥ as inference rules, then the equivalent algebraic semantics of S’
1s the subquasivariety of K axiomatized by the quasiequations

e i(p) =e(yp), for each ¢ €T, and

o 0(po) = e(po)& ... &d(pn-1) = e(Pn-1) = I(pn) = e(pn), for each
(0, -, pn) € X.

2. Let K C K be the subquasivariety aziomatized by a set of quasiequations
A. Then the logic associated to K' is the finitary extension of S given by
the rules {{A(v0,%0),- -, A(¢n,¥n)) : Yo = Yo&...&pn_1 ~ Yp_1 =
on =Y, € A}

When the equivalent algebraic semantics is a variety, by restricting the dual
order isomorphism of the last theorem, we also obtain a bijective correspondence
between axiomatic extensions and subvarieties.

On the one hand, it is clear that every fragment of an algebraizable logic
whose language contains all the connectives occurring in the defining equa-
tions and in the equivalence formulae, is also algebraizable. On the other hand,
some expansions of an algebraizable logic are algebraizable as well. Indeed, let
S = (L,Fs) be an algebraizable logic and let K be its equivalent quasivariety
semantics. Let § = & be the system of defining equations and A(z,y) the equiv-
alence formulae. Let £’ be a language extending £ and S’ = (£’,Fg/) be the
expansion of S obtained by adding some sets I as axioms and ¥ as inference
rules. Assume that for every new n-ary connective \ in the language £,

A(Z’l,yl) Uu...uU A(Qﬁn,yn) Fr A()\({L‘l, . ,:cn), )\(yl7 ... 7yn))
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Then, S’ is algebraizable and its equivalent quasivariety semantics K’ is ax-
iomatized by the axioms of K plus the quasiequations

o 5(p) = e(y), for each ¢ € T', and

o 0(po) = e(po)&...&é(pn-1) = e(pn-1) = 0(pn) = €(p,), for each
{poy---,pn) €X.

In general, S’ needs not be a conservative expansion of S.

Proposition 2.18 (cf. [19]). Under the previous hypothesis, S’ is a conservative
expansion of S if, and only if, every algebra of K is a subreduct of K'.

There is an intrinsic characterization of algebraizable logics, i.e. with no
reference to its semantics.

Theorem 2.19 ([19], Th. 4.7). A sentential logic S = (L,Fg) is algebraizable
if, and only if, there is a set of formulae in two variables A(z,y) C Fmg and
a system of equations in one variable 6 ~ ¢ C Eqr such that the following
conditions hold:

(i) Fs Az, z)
(i) Az, y) Fs Aly, z)
(1ii) Alx,y)UA(y, z) Fs Az, 2)
(iv) © kg A(0(x),e(x)) and A(d(z),e(x)) Fs x
For every n-ary X in the language L,

(v) Az, y1)U... UA(Zn, yn) Fs AN X1, 20)s A1, -+, Un))

In this case § = € is the system of defining equations and A(z,y) are the
equivalence formulae.

Using the equivalence formulae it is also possible to translate the axiomati-
zation of the equivalent quasivariety semantics into a Hilbert-style calculus for
the algebraizable logic. Therefore, we obtain the next result.

Theorem 2.20. Let S = (L,Fg) be an algebraizable logic and let K be its equiv-
alent quasivariety semantics. Then, S is finitely axiomatizable if, and only if, K
is finitely axiomatizable.

This kind of results, like the last one, connecting properties of the alge-
braizable logic with properties of its corresponding quasivariety are called bridge
theorems and show the power of Algebraic Logic. We will state the ones that
will be needed in the dissertation. For instance, notice that if K is the equivalent
quasivariety semantics of a logic S and K enjoys the FMP, then S is decidable.

Other logical properties which have their equivalent algebraic property are
the Deduction-Detachment Theorem and the Local Deduction-Detachment The-
orem.
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A finitary propositional logic S = (L£,Fs) has the Deduction-Detachment
Theorem (DDT, for short) if, and only if, there is a finite set of formulae in
two variables F(x,y) such that for every T'U {p, ¥} C Fmg, T U {p} kg ¢ iff

Theorem 2.21 ([21], Th. 5.4). Let S = (L,Fs) be an algebraizable logic and
let K be its equivalent algebraic semantics. Suppose that K is a variety. Then,
S has the DDT if, only if, K has the EDPC.

A finitary propositional logic S = (L,Fs) has the Local Deduction-
Detachment Theorem (LDDT, for short) if, and only if, there is a family of
finite sets of formulae in two variables {E;(x,y) : ¢ € I} such that for every
Fu{e,v} C Fmg, T'U{p} g ¢ iff there is i € I such that I' Fg E;(p, ).

Theorem 2.22 (cf. [20]). Let S = (L,Fg) be an algebraizable logic and let K be
its equivalent algebraic semantics. Suppose that K is a variety. Then, S has the

LDDT if, only if, K has the CEP.

2.3 Some results on ordered Abelian groups

In this section we list some results on ordered Abelian groups that are used in
the dissertation. Some of them are particular cases of most general results about
ordered Abelian groups but we give the results we need and some of the proofs
for the reader’s convenience.

For the first result we recall the definition of the ordered group obtained
as the lexicographic product of copies of the o.a.g of the positive real numbers
with the natural order and the product operation (RT,-, <). For any natural k,
we denote by (RT)F = ((RT)*, o, (1, %,1), <je) the linearly ordered Abelian
group defined on the Cartesian product of k copies of the positive reals RY,
with e being the coordinatewise multiplication and with <;., the lexicographic
order. Note that the = 4 operation in the II-algebra P(R*}.,), with (0, %.,0)
as bottom element, is defined as follows:

_ (1,...,1), if (al, ...,ak) Slex (bl, ...,bk)
(a1, -,ar) = o (b, be) = { (1,....1,b;/aj, ..., b /ax), otherwise

where j is the smallest index for which a; > b;.

The following result is a consequence of well-known Hahn’s theorem, which
is a more general result (see e.g. [73, Theorem 4.C]). However, a direct proof of
the next theorem can be found in [84, Theorem 7.3.15].

Theorem 2.23. If G is a finitely generated ordered Abelian group, then G is

isomorphic to a subgroup of (R+);€ez'

The second result is given in the following lemma.
Lemma 2.24. Let H be a subgroup of RY. Any function t : HN (0,1] — R

such that t(z-y) = t(z) - t(y) for all x,y in HN(0,1] may be extended to a group
homomorphism t' : H — RT.
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Proof: Define t' : H — R™ as follows:

’ t(x), ifz <1
tz) = { 1/t(1/z), if x> 1

For any z,y € H, one (and only one) of the identities

) = tx) ty)
) =
tx-y)-t(l/y) = t)
) = t(1/z-1/y) - t(x)
) = t(1/z-1/y)-t(y)
t(1/z)-t(1/y) = t(1/z-1/y)

is well defined and satisfied, and implies a corresponding identity with ¢’ instead
of t. Since for every z € H t'(1/2)-t'(z) = 1, we may derive t'(z-y) = t/(x) -t/ (y)
in each of the cases. |

Finally the third result is a consequence of the fact that an Abelian group is
injective 2 if and only if it is divisible, see e.g. [107, Prop. 3, Sect. 4.2]. Since RT
is abelian and divisible, the next lemma follows. For the reader’s convenience,
we provide a simple elementary proof of the particular case we need.

Lemma 2.25. Let H be a subgroup of RY, x € RY\ H and let H' be the subgroup
generated by H and x. Then every homomorphism t : H — R* may be extended
to a homomorphism t' : H' — R™T.

Proof: If there is no n > 1 such that 2™ € H, then define ¢'(z) arbitrarily. Every
element of H' has a unique decomposition as z’ - a, where i is an integer and
a € H, so we may define t'(z*-a) = #/(x)* - t(a) and this yields a homomorphism
on H'.

If there is some n > 1 such that ™ € H, denote by n the smallest natural
number with this property. For every integer i, we have x* € H iff n divides
i. For every integer i and every a € H define /(2% - a) = t(z™)"/™ - t(a). Let
us prove that this is a correct definition. If - a = z7 - b for integers 7, and
a,b € H, then there is a natural k such that j =i —k-nand b = a - z*". It
follows that t(z™)7/™ - t(b) = t(z™)/" % -t(a) - t(z™)* = t(z™)"/" - t(a). Moreover,
the mapping ¢’ is clearly a homomorphism on H'. O

2An algebra A (or more generally, an object in a category) is injective provided that if B
is an algebra of the same class, then every homomorphism from a subalgebra S of B into A
can be extended to a homomorphism from the whole B to A.
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Chapter 3

The Monoidal Triangular
norm based Logic (MTL)

The object of the present study is the logic MTL, whose name is a shorthand
for Monoidal T-norm based Logic. It was defined by Esteva and Godo in [51]
by means of a Hilbert-style calculus in the language £ = {&,—, A, 0} of type
(2,2,2,0). The only inference rule is Modus Ponens and the axiom schemata are
the following (taking — as the least binding connective):

(Al (p—=7) = (¥ = x) = (¢ = X))
) p&tp—
) ek — &y
) eAY—o
) AP YA
) &l =) — N
a)  (¢— (¥ —x)) = (P&t — X)
b)  (p&tp — x) = (¢ — (¥ = X))
) (=) —=x) = (¥ = ¢) = x) = X)
(A9) 00—
The usual defined connectives are introduced as follows:

VY=g =) = P)A (Y — @) — p);
= b= (p = P)&(Y — ¢);
= —0;

1:=-0.

MTL was defined in order to generalize an already defined logic, namely the
logic BL introduced by Petr Hdjek in [79]. It is also defined by a Hilbert style
calculus in the language {&,—,0} of type (2,2,0). The only inference rule is
again Modus Ponens and the axiom schemata! are the following:

'n [36] it is proved that the axiom (A3) and the axiom (B3) are redundant in the systems

29
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) (=) = (¥ —=x) = (p—X)

) P&y —

) P&y — &y

) P&l = 1p) = p&(P — p)

a) (¢ — (1 —x)— (P&t — x)

b)  (p& — x) = (¢ = (¥ — X))

) (p—=¥)=x) = (¥ —=9)—=Xx) =X
(B7) 00—

Now the conjunction A is a defined connective:

oAU = p&(p — ).

In [51] it is proved that BL is the extension of MTL obtained by adding the
divisibility axiom:

e AP — p&(p =) (Div)

Moreover, in [79] Hajek also proved that three well-known many-valued logics
can be presented as axiomatic extensions of BL. Indeed, Lukasiewicz logic L is
the extension obtained by adding the involution axiom:

= (Inv)

Godel-Dummett logic G is the extension obtained by adding the contraction
axiom:

¢ — &y (Con)

and Product logic IT is obtained by adding two axiom schemata; one for the
cancellation law:

—x = ((plex — Y&x) — (p — 7)) (I1),
and one for pseudocomplementation:
eAN-p—0  (II2) or (PC)

3.1 MTL as a substructural logic

MTL can be seen as an axiomatic extension of Monoidal Logic (ML, for short).
This logic was introduced by Hohle in [87].2 He gave a Hilbert-style calculus
for ML which consisted in 14 axiom schemata and Modus Ponens as the only
inference rule in the language £ with an additional binary connective for the
disjunction V. This axiomatics was simplified by Gottwald, Garcia-Cerdana and
Bou (see [76] and [77]), obtaining the following system:

for MTL and BL, respectively.

2The aim of this logic was to cope with what Hohle believed is the basic structure behind
many-valued logics: the lattice ordered residuated monoids (these structures are introduced in
the next section of this chapter).



3.1. MTL AS A SUBSTRUCTURAL LOGIC 31

(Axmrl) (o= 9) = (¥ = x) = (¢ — X))
(Axmr2)  p&t — @

(Axmr3)  p&tp — P&y

(Axmrd) (¢ — (¥ — X)) — (p&y — x)
(Axmr5)  (p&p — x) — (¢ — (¥ — X))
(AxmL6) @AY —p

(AxpL7)  pAY =Y Ag

(Axmr8) (¢ =) = (e —=x) = (¢ = ¥ AX))
(AXML9) O — (p

(AxMi10) ¢ — @V

(Axpmpll) o — oV

(Axyr12) (o= x) = (¥ = X) = (e VY = X))
and Modus Ponens as inference rule.
In fact, MTL is the axiomatic extension of ML obtained by adding the schema
of prelineality:

(p—=Y)V (W — )

On the other hand, ML turns out to be equivalent to one of the so-called
substructural logics, namely the logic Hgck of Ono and Komori ([127]), which
afterwards Ono has called FLg,, (see [126]).

Substructural logics are those where some of the following shemata are not

provable:
C) (= @W—=x)— @W—(p—x)) (Exchange)
K) ¢v—=(p—v) (Weakening)
(W) (p—=(p—=) = (p—1) (Contraction)

In ML, (K) and (C) are provable, but (W) is not a theorem. The same
situation holds in MTL, BL, IT and L. Therefore, these logics can be seen inside
the family of substructural logics without contraction. On the contrary, G does
prove all these formulae, hence it is not a substructural logic.

In substructural logics the language is richer than that of classical logic.
There is terminological distinction between two groups of connectives: additive
connectives and multiplicative connectives. In MTL (and its axiomatic exten-
sions) the distincion is the following

1. Multiplicative connectives: &, —, <, —,0,1
2. Additives connectives: A, V,0, 1.

Sometimes the multiplicative conjunction & is also called fusion.

Since in our approach finitary logics are presented by means of Hilbert-style
calculi, here we have not followed the usual definition of substructural logic,
but a rather indirect one. Indeed, substructural logics are usually presented
by using Gentzen-style calculi, in terms of sequents or hypersequents, where
some of the structural Gentzen rules (Exchange, Weakening or Contraction) are
not valid. For instance, FL., was introduced by means of a sequent calculus
extending the Full Lambek calculus with the rules of Exchange and Weakening.
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The extension of FL., with Contraction is the Intuitionistic logic. Therefore,
in our framework of axiomatic extensions of MTL the only structural logics
are those enjoying Contraction, equivalently those that extend the Intuitionistic
logic, i.e. Godel-Dummett logic and its axiomatic extensions.

Some works have been done for MTL and its extensions from the perspective
of substructural logics (which is strongly connected to Proof Theory); see for
instance [8, 9, 115]. However, in this dissertation we will not consider this aspect
of MTL.

3.2 MTL as an algebraizable many-valued logic

As mentioned in the Introduction, the study of many-valued logics began in
1918 and 1922 with the definition of Lukasiewicz’s n-valued logics. In 1930
Lukasiewicz and Tarski in [110] introduce also the infinitely-valued version.
Other pionnering examples of many-valued logics are introduced by Emil Post
(in 1921, [129]), Kleene (in 1938, [101]) and Bochvar (in 1939) with different
motivations.

Many-valued logics are usually semantically defined by means of some algebra
of truth-values with a set of distinguished elements. Sometimes this semantics is
enough to deal with the logic, but other times it is necessary to introduce an al-
ternative semantics. Lukasiewicz logic is an example of the latter; it was formerly
introduced in terms of an algebra defined over [0, 1] with 1 as distinguished ele-
ment, but afterwards some classes of algebras were introduced in order to prove
the completeness with respect to Lukasiewicz’s calculus: MV-algebras in [25, 26]
and their polinomially equivalent form of Wajsberg algebras in [130, 63]. In a
similar way, Godel-Dummett logic was given a semantics in terms of a variety
of Heyting algebras. In many cases (including Lukasiewicz and Gédel-Dummett
logics) the relation between the many-valued logic and its algebraic semantics is
very strong, i.e. they are sometimes algebraizable logics in the sense of Blok and
Pigozzi and the semantics is actually their equivalent quasivariety semantics. We
will show now that this is the case of MTL, because it is an axiomatic extension
of an algebraizable many-valued logic, the Monoidal Logic. To this end we need
to introduce the corresponding class of algebras, the residuated lattices.

Definition 3.1. An integral commutative bounded residuated lattice is an algebra
A= (A &4, —>“4,/\A,\/A76A,TA> of type (2,2,2,2,0,0) such that:

1. (A, /\A7\/A,6A7TA> is a bounded lattice.

2. (A, &A,TA> is a commutative monoid.

3. The operations &* and —* form an adjoint pair:
Va,b,c€ A, a&?b < ciffb<a—*c.

We call it residuated lattice for short. Usually an additional unary operation

A

. =A
is defined as —*a :=a —* 0" for every a € A.
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Krull was the first one to study these structures, in [106]. They were called
residuated lattices for the first time by Dilworth and Ward in [43]. Afterwards
they have been studied also under several names: integral commutative residu-
ated l-monoids (Birkhoff [16] and Hohle [87]), BCK-algebras with condition (S)
(Iseki [95]), BCK-lattices (Idziak [93, 94]), full BCK-algebras (Ono and Komori
[127]) and FLe,-algebras (Ono [126]).

We denote the class of all residuated lattices by RIL. It is a variety. For
instance, the following is an equational base for RL:

L (zAy)AzmaxA(yAz)
2. (zVy)VzrazV(yVz)

TANYy~yNx

-~ w

tVyryvae

o

TNANTRT

®© N o
&
>

—~~ o~~~
&

10. zV1Ix1
11. (2&y)&z = x&(y&z)
12, z&y ~ y&x
13. z&l ~x
14, z&(y V 2) = (z&y) V (2&2)
15. 2&y — 2z~ 2z — (y — 2)
16. (z&(x — y)) Ny =~ 2&(x — y)
17. 2 Ay —y=~1
Proposition 3.2. Let A € RL. Then:
(i) For everya,be A, a —b=1iff a<b.
(ii) For every a,b € A, a — b= max{c € A:a&c < b}.

(1ii) & is a left-continuous operation with respect to the order topology, thus for
every X C A such that there exists sup X in A, b&(sup X) = sup{b&a :
acX}.
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The algebraic counterpart of MTL logic is a class of algebraic structures
called MTL-algebras. They are defined as follows.

Definition 3.3 ([51]). Let A € RL. A is an MTL-algebra iff it satisfies the
prelinearity equation:

-y vy—a)=1
If the lattice order is total we say that A is an MTL-chain.

MTL will denote the class of all MTL-algebras, i.e. the subvariety of RL
defined by the prelinearity equation.

Adillon and Verdd prove in [1] that Hgck (and hence ML) is an algebraizable
logic whose equivalent algebraic semantics is RIL. Therefore, since MTL is the
axiomatic extension of ML obtained by adding the prelinearity axiom and after
Theorem 2.17, we obtain the following result:?

Theorem 3.4. MTL is an algebraizable logic and MTL is its equivalent al-
gebraic semantics with the same translations that Adillon and Verdi use for
Hpck. Furthermore, all axiomatic extensions of MTL are also algebraizable and
their equivalent algebraic semantics are the subvarieties of MTIL defined by the
translations of the axioms into equations. In particular, there is a dual order
isomorphism between ariomatic extensions of MTL and subvarieties of MTL:

1. If ¥ C Fmg and L is the extension of MTL obtained by adding the for-
mulae of ¥ as schemata, then the equivalent algebraic semantics of L is
the subvariety of MTL aziomatized by the equations {p ~1:p € X}. We
denote this variety by I and we call its members L-algebras. There are
two main exceptions to that rule: the algebras associated to L are called
MV-algebras* following the terminology of Chang in [25], and the alge-
bras associated to the Classical Propositional Calculus (CPC for short) are
called, of course, Boolean algebras (BA will denote the variety of Boolean
algebras).

2. Let L. C MITL be the subvariety axiomatized by a set of equations A. Then
the logic associated to L is the axiomatic extension L of MTL given by the
aziom schemata {p < 1 : p =1 € A}.

It will be useful later on to recall now the definition of some examples of
MTL-algebras:

e By and B, will be the Boolean algebras of two elements and four elements
respectively, with the usual definitions.

3 Actually, a much more general class of residuated lattices (satisfying neither commutativity
nor integrallity) is known to be the quasivariety semantics of the logic corresponding to the
Full Lambek calculus. Our study of axiomatic extensions of MTL can be seen as a part of the
study of algebraizable many-valued logics based on quasivarieties of residuated lattices in this
general sense (see e.g. [67], [11] and [68]).

4They are also called Wajsberg algebras in the polinomially equivalent definition of [130, 63].
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e For every n > 3, L, is the MV-algebra defined over the set

{0, ﬁ, e Z—j, 1}. The operations of strong conjunction and negation in
all these algebras have the following expressions: a&b = max{a+b— 1,0}
and —a = 1 — a. The remaining operations are defined from the for-

mer in the following way: a — b := =(a&-b), a A b := a&(a — b) and
aVb:=(a—0b)—b.

e Chang’s algebra C is another useful example of MV-algebra which is defined
by Chang in [25] (page 474). With our notation it can be defined in the
following way. Consider the set of rational numbers C' = {(3)" : n €
w}U{=(3)" : n € w}, endowed with the natural ordering and the following
monoidal operation:

ab if a,b>0
. min{l, -2} if a>0,b<0
akeb = —min{1,-%} if a<0,b>0
-1 if a,b<0

and its residuum.

e For every n > 3, G, is the G-algebra defined over the set
{0, ﬁ, e Z—j, 1}. the operations in all these algebras have the following
expressions: a&b = a A b= min{a,b}, a Vb= maz{a,b} and

p 1 ifa<b,
a 1 b otherwise.

3.3 MTL as a t-norm based fuzzy logic

Even though MTL turns out to be a substructural logic and also an algebraiz-
able many-valued logic, originally it was not introduced from these perspectives.
Indeed, it was proposed in the framework of triangular norm based fuzzy log-
ics, i.e. as a logic whose intended semantics is a set of algebras defined over
the real unit interval [0, 1] where the multiplicative conjunction & is interpreted
by a triangular norm (t-norm, for short) and the implication is its residuum.
More formally, a logic S= (£, Fg) is t-norm based if, and only if, there exists a
set of algebras K of type £ whose carrier is [0, 1], their interpretation of & is a
t-norm and their interpretation of — is its residuum, and such that it holds the
following standard completeness theorem: for every formula ¢ € Fm,, g ¢ iff
K E ¢ ~ 1. We will see in this section that MTL is in fact the weakest t-norm
based logic.

T-norms had appeared in the framework of probabilistic metric spaces (see
Schweizer and Sklar’s works [133, 134]) following the ideas of Menger exposed
in [112]. An extensive monography on t-norms can be found in [102].

Definition 3.5. A t-norm is a function T : [0,1]%> — [0,1] such that for every
a,b,c € [0,1]:
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o T'(a,T(b,c)) =T(T(a,b),c) (associativity)
e T(a,b) =T(b,a) (commutativity)
o Ifb<c, then T(a,b) < T(a,c) (monotony)
e T(a,1) = a (neutral element)
Some properties follow immediately from the definition.
Proposition 3.6. Let T : [0,1]*> — [0,1] be a t-norm. For every a,b € [0,1]:
e T(a,0)=0
e T(a,b) < min{a,b}

Since they are binary functions we will often use an operational notation,
such as a b, instead of T'(a,b). Sometimes we will generalize slightly the notion
of t-norm by considering also t-norms defined over other closed real intervals,
satisfying exactly the same conditions.

The residuum of a t-norm is introduced in order to model the implication in
fuzzy logics.

Definition 3.7. Let * be a t-norm. For every pair {(a,b) € [0,1]> we define the
pseudocomplement of a with respect to b as: a — b :=sup{c € [0,1] : a * ¢ < b}.

Proposition 3.8. Let * be a t-norm and consider the associated operation —.
* and — form an adjoint pair if, and only if, * is left-continuous. In this case,
— 15 called the residuum of *.

Proposition 3.9. If x is a left-continuous t-norm and — is its residuum, then
for every a,b € [0,1] the following hold:

(i) a —b=max{ce[0,1]:axc<b}.
(ii) a — b=1if, and only if, a < b.
(iii) (a — D)V (b— a) = 1.

(iv) max{a,b} = min{(a — b) — b, (b — a) — a}.

Therefore, given a left-continuous t-norm *, the algebra [0, 1]. = ([0, 1], %, —
,min, max, 0, 1) is an MTL-chain. Notice that [0, 1], is completely determined
by the t-norm. Moreover, it is obvious that in every MTL-chain A over [0, 1], the
operation & is a left-continuous t-norm. We call these chains defined over [0, 1]
standard algebras. Sometimes we will consider the isomorphic copy of a standard
chain [0, 1], over some other closed real interval [a,b] (being the isomorphism
the affine transformation from [0, 1] to [a,b]), and we will denote it as [a, b]..

The standard BL-chains, are those standard MTL-chains where the t-norm
and its residuum satisfy the divisibility condition, i.e. min{a,b} = a * (a — b)
for every a,b € [0,1]. It is well known the following characterization:
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Proposition 3.10. Let [0, 1], = ([0, 1], *, —, min, max, 0, 1) be a standard MTL-
chain. [0, 1], is a BL-algebra if, and only if, * is a continuous t-norm.

In general, a two-place function can be continuous in each argument without
being continuous, but, thanks to the monotony, this is not the case of t-norms.

Proposition 3.11. A t-norm is continuous if, and only if, it is continuous in
each argument.

Therefore, due to commutativity, the continuity of a t-norm is equivalent to
the continuity in its first argument.

It is interesting to remark that the stated equivalence between continuity
and divisibility in t-norms cannot be generalized to all MTL-chains. Actually,
Boixader, Esteva and Godo have proved the following:

Proposition 3.12 ([23]). In every BL-chain the monoidal operation is contin-
uous with respect to the order topology.

They give also a counterexample that shows that the inverse implication is
not true, i.e. an MTL-chain where the monoidal operation is continuous with
respect to the order topology and the divisibility does not hold. Nevertheless, the
equivalence between continuity and divisibility can still be slightly generalized:

Proposition 3.13 ([23]). Let A be an MTL-chain whose order is dense and
complete. Then & is continuous if, and only if, A is a BL-chain.

We recall now the definitions of several well known examples of continuous
t-norms and their associated standard BL-chains:

1. There is only one standard G-chain and it is the one defined by the mini-
mum t-norm, i.e. the t-norm: a *g b = min{a, b}. The residuum is:

b 1 ifa<hb,
@GP = ) b otherwise.

and the negation is:

1 ifa=o,
“ 1 0 otherwise.

which is called Gddel negation. Of course, xg is continuous. We denote
this algebra by [0,1]g. Notice that all the elements are idempotent and
that it satisfies the pseudocomplementation equation (z A -z = 0).

2. All the standard II-chains are isomorphic to the one defined by the product
of real numbers: a*1 b = ab. It is clearly a continuous t-norm as well, and
its residuum is Goguen implication:

L1 ifasy,
@nh= b/a  otherwise.
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and the negation is Godel negation. The algebra is denoted by [0, 1]. No-
tice that the only idempotent elements are 0 and 1 and the only nilpotent
elements is 0. Moreover, it satisfies the pseudocomplementation equation
and it is cancellative, i.e. for every a,b,c € [0,1],if c#£0 and axc=bxc,
then a = b.

. All the standard MV-chains are isomorphic to the one defined by

Lukasiewicz t-norm: a #f, b = max{0,a + b — 1}. Its residuum is:

N if a<b,
LY== 1-a+b otherwise.

and its negation is the standard involutive negation: —a = 1 — a. This t-
norm is also continuous and, interestingly, even its residuum is continuous.

The associated standard algebra is denoted by [0, 1],. Notice that the only
idempotent elements are 0 and 1. It safisfies the following weak form of
cancellation: for every a,b,c € [0,1], if a*xc=bx*c # 0, then a = b.

Theorem 3.14. MTL, BL, L, Il and G are t-norm based logics. In fact, they
enjoy the following standard completeness results:

. For every formula ¢ € Fm, and every set of formulae ' C Fm,, T Fyrr

© iff {w ~1:9¢ F} Fo1. © ~ 1 for every left-continuous t-norm *
([100]).

. For every formula ¢ € Fm, and every finite set of formulae I' C Fm,

DheL o iff {v=T1:9 €T} a1, ¢~ 1 for every continuous t-norm x
([30]).

. For every formula ¢ € Fm, and every finite set of formulae I' C Fmg,

Prppiff {v~1:9 €T} [, ¢~1 ((86]).

. For every formula ¢ € Fm, and every finite set of formulae T' C F'my,

Prne iff {=T:¢ €T} Epa, ¢~ 1 ([83]).

. For every formula ¢ € Fm, and every set of formulae ' C Fmg, I'Fg ¢

Wl =T1:9eTl} Fpuys v =1 ([47)).

Therefore, it is now clear that L, II and G are respectively the logics of the

three main continuous t-norms, BL is the logic of all continuous t-norms and
MTL is the logic of all left-continuous t-norms. Since a t-norm has a residuum
if, and only if, is left-continuous, MTL is the weakest t-norm based fuzzy logic
and thus, the basis for an investigation on such kind of logics.
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’ Axiom schema \ Name

T — e Involution (Inv)

~x = ((p&ex — &x) — (¢ — ¥)) Cancellation (II1)

© — &y Contraction (Con)

PNy — o&(p — o) Divisibility (Div)

©oA-p—0 Pseudocomplementation (PC)
©V - Excluded Middle (EM)
(&) — 0) V (p Ap — p&e)) Weak Nilpotent Minimum (WNM)

Table 3.1: Some usual axiom schemata in fuzzy logics.

’ Logic \ Additional axiom schemata ‘

SMTL (PC)
TIMTL (PC) and (II1)
IMTL (Inv)
WNM (WNM)

NM (Inv) and (WNM)
BL (Div)

SBL (Div) and (PC)
L (Div) and (Inv)
II (Div), (PC) and (II1)
G (Con)

CPC (EM)

Table 3.2: Some axiomatic extensions of MTL obtained by adding the corre-
sponding additional axiom schemata.

3.4 Axiomatic extensions of MTL

The topic of the dissertation is the algebraic study of axiomatic extensions of
MTL. As we have already mentioned, several well-known logics have been proved
to be axiomatizable by adding some schemata to the Hilbert-style calculus of
MTL. Besides, some other logics have been introduced in the literature by con-
sidering extensions of MTL with some relevant schemata. Table 3.1 and 3.2
collect some axiom schemata and the axiomatic extensions of MTL that they
define. The partially ordered set defined by them is depicted in Figure 3.1.

We have already explained how BL, L, G and II appeared. IMTL was in-
troduced in [51] as the involutive axiomatic extension of MTL, and it was con-
jectured to be the logic of involutive left-continuous t-norms, which was proved
in [49]. NM and WNM logics were also introduced in [51]; the first one was
intended to capture the logic of the only known example at that time of left-
continuous non-continuous t-norm, [0, 1]xy, while WNM was its non-involutive
generalization. Standard completeness theorems for both NM and WNM were
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MTL

Figure 3.1: Graphic of some axiomatic extensions of MTL.

already proved in [51]. As for SBL and SMTL, they were defined respectively in
[54] and [49] in order to capture the logic of continuous and left-continuous resp.
t-norms with a Godel negation; their standard completeness is proved in [30]
and in [49] respectively. Finally, IIMTL was introduced in [81] as the cancella-
tive extension of MTL (a non-divisible generalization of II), and its standard
completeness is proved in [88].



Chapter 4

Structure of MTL-algebras

The algebraization results presented in the previous chapter make clear that
the study of t-norm based fuzzy logics and their axiomatic extensions strongly
relies on the knowledge of MTL-algebras and their structure. In this chapter we
prove the well-known decomposition of MTL-algebras as a subdirect product of
MTL-chains. Therefore, a lot of general problems of MTL-algebras can be re-
duced to chains. In particular, the stucture of BL-chains has been fully described
by means of a generalization of the Ling and Mostert and Shields representa-
tion theorem for standard BL-chains. Unfortunately, a general representation
theorem for MTL-chains is far from being known. Nevertheless, we will give
some useful insight to the structure of MTL-chains by considering the notions
of filter, Archimedean classes, ordinal sums of totally ordered semihoops, and
some methods for constructing new classes of IMTL-chains (studied by Jenei in
[97, 98, 99]). Many of the results that we will give in this chapter are proved
or are straightforward from several foundational works in the subject; see for
instance [51, 104, 87].

4.1 Basic definitions and results

The first basic notions are the filters and the implicative filters.
Definition 4.1. Let A be an MTL-algebra. A filter is a set F' C A such that:
e T e F,
o Ifac Fanda<b, thenbe F, and
e Ifa,be F, then a&b € F.
A subset F' C A is an implicative filter iff it satisfies:
e T'eF
e Ifa,a—beF, thenbe F

41
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These two notions coincide:

Proposition 4.2. Let F be a subset of the carrier of an MTL-algebra. Then,
F is an implicative filter if, and only if, F is a filter.

Definition 4.3. Let F be a filter of an MTL-algebra. F is proper iff GA ¢ F.
F is a prime filter iff F' is proper and for every a,b € A ifavb € F, thena € F
orbe F.

Proposition 4.4. The family of all filters of an MTL-algebra A is a closure
system, i.e. it is a family of subsets of A closed under arbitrary intersections
and containing A.

Therefore, it makes sense to speak about the notion of generated filter.

Definition 4.5. Let A be an MTL-algebra and B C A an arbitrary subset.
The filter generated by B is the minimum filter of A containing B, i.e. the
intersection of all filters containing B. We denote it by Fi(B). When the filter
is generated only by an element a € A, we write F'* instead of Fi({a}), and we
call it a principal filter.

We will use the following notations:
1. Fi(A) denotes the set of proper filters of A.
2. Given a filter F € Fi(A), F denotes the set {a € A: —a € F}

Notice that if A is an IMTL-algebra, then F = —=F = {-a : a € F}.

Definition 4.6. If A is an MTL-algebra and a € A, we define a® := TA, 1

and for every natural number n > 1, a™ := a"" ! x a.

Definition 4.7. Given an MTL-algebra A, a € A is idempotent if, and only
if, a®> = a. Id(A) will be the set of all idempotent elements of A. Notice that

GA,TA € Id(A). a € A is nilpotent if, and only if, a® = o for somen > 1.

Proposition 4.8. Let A be an MTL-algebra and B C A an arbitrary subset.
Then the filter generated by B can be described as Fi(B) = {a € A : b]" x ...
bk < a for some k,ni,...,n; > 1 and some by, ...,b; € B}.

The last proposition has as a consequence the following form of LDDT for
MTL.

Theorem 4.9 ([51]). For every T U {p, v} C Fmg, T U{¢} Furn ¢ if, and
only if, there exists n > 1 such that T Fyrr, @™ — Y,
where " denotes p& ..." &p.

By Theorem 2.22 this implies that MITL, and hence all its subvarieties, enjoy
the CEP.
There is also a one-to-one correspondence between filters and congruences.
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Proposition 4.10. Let A be an MTL-algebra. For every filter F' C A we define
O(F) := {{a,b) € A% : a < b € F}, and for every congruence 0 of A we define
Fi(0) :={a € A:{(a,1) € 8}. Then, © is an order isomorphism from the set of
filters onto the set of congruences and Fi is its inverse.

By virtue of this correspondence, we will do a notational abuse by writing
A/F instead of A/O(F). Given an element a € A, [a]r will denote the equiva-
lence class of a w.r.t. to the congruence O(F).

Given an MTL-algebra A and an element a € A, we say that a is the fixpoint
of A if, and only if, a = —a. In [87] is proved that there exists at most one
fixpoint.'

Definition 4.11. Let A be an MTL-algebra. The sets of positive and negative
elements of A are respectively defined as:

Ay :={a€A:a>—a}

A_={a€A:a<—a}

Consider the terms p(x) := zV -z and n(x) := A —z. The next proposition
is an easy but useful result describing these sets.

Proposition 4.12. Let A be an MTL-agebra. Then:

o A, ={p(a):a € A,—~a # ——a}.

o A_={n(a):a€ A}

Notice that p(a) is the fizpoint if, and only if, ~a = ——a.
Definition 4.13. Let A be an MTL-algebra. An element a € A\{ﬁA} is a zero
divisor if, and only if, there exists b€ A\ {GA} such that a&*b = 0"

The residuation implies this property: for every a,b in an MTL-algebra A,

a < =Ab iff a&Ab = 0. Therefore, all negative elements (except for GA) are
zero divisors. The following proposition is also straightforward.

Proposition 4.14. Let A be an MTL-chain. The following are equivalent:
e A is an SMTL-chain.
e A has no zero divisors.

Using Zorn’s Lemma one can prove that for each proper filter F, there is a
maximal proper filter G containing F'. Moreover, every maximal filter is prime.
Mazx(A) will denote the set of all maximal filters. The radical of A is defined as
Rad(A) := (N Mazx(A). Note that in a chain the set of filters is totally ordered,
hence the radical is the maximum proper filter and Rad(A) C A;.

The following known characterization of the elements of a maximal filter will
be useful.

L Actually, Hohle states it for the involutive algebras, but the same proof gives the result
for the general non-involutive case.
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Proposition 4.15. Let A be an MTL-algebra and M C A a mazimal filter.
Then for every a € A, a ¢ M iff there is n such that —a™ € M.

The correspondence between filters and congruences entails immediately the
following proposition.

Proposition 4.16. Let A be an MTL-algebra and F C A a proper filter. The
following are equivalent:

(i) A/F is subdirectly irreducible.
(i1) F is N-completely irreducible.

(#ii) F is maximal relatively to an element, i.e. there is an element a € A such
that F is mazimal in the set of proper filters not containing a.

In particular, when F = {TA} we obtain:
Corollary 4.17. Let A be an MTL-algebra. The following are equivalent:
(i) A is subdirectly irreducible.
(i1) {TA} is N-completely irreducible.
(i1i) A has a minimum non-trivial filter.

More generally, the finitely subdirectly irreducible members of MTIL are char-
acterized by means of the following proposition.

Proposition 4.18 ([51]). Let A be an MTL-algebra and F C A a proper filter.
The following are equivalent:

(i) F is prime.

(i) A/F is finitely subdirectly irreducible.

(iii) A/F is a chain.
Corollary 4.19 ([51]). An MTL-algebra A is finitely subdirectly irreducible if,
and only if, for every a,b € A such that aV b = TA, a=1"orb=1"

Corollary 4.20 ([51]). An MTL-algebra A is finitely subdirectly irreducible if,
and only if, it is a chain.

Thus, we obtain the basic result of this section:

Theorem 4.21 ([51]). Each MTL-algebra is representable as a subdirect product
of MTL-chains.

This decomposition result has its equivalent logical form:

Theorem 4.22 ([51]). Given I'U {p} C Fmg, B
Lyt ¢ if, and only if, {¢ =1 :9 € T} EpurL—chains} ¢ = 1.
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The same decomposition result is true for every axiomatic extension of MTL
(i.e. for every subvariety of MITL). It can also be proved in the same way
for the 0-free subreducts of MTL-algebras. These algebras are called prelinear
semihoops and they are defined as follows.

Definition 4.23 ([52]). An algebra A = <A, &A, =4, /\A,TA> of type (2,2,2,0)

is a prelinear semihoop? iff:

o A= <A, /\A7TA> is an inf-semilattice with upper bound.

° <A,&A,TA> is a commutative monoid isotonic w.r.t. the inf-semilattice
order.

e For every a,b e A, agbiﬁaﬁb:IA‘
e For every a,b,c € A, a&™b —* c=a —* (b =" ¢).

An operation VA is defined as: a VA b = ((a —A b) =2 b) A ((b =4 a) =4
a). A is called prelinear iff for every a,b,c € A, (a =4 b) =4 ¢ < ((b =4
a) =4 ¢) =4 c. If A has a minimum element, then it is called a bounded
prelinear semihoop (i.e. an MTL-algebra).

A is a hoop iff A E 2&(z — y) ~ y&(y — z). A Wajsberg hoop is
a hoop satisfying (x — y) — y =~ (y — x) — x. A hoop A is cancellative
if a&cb < c&Ab implies a < ¢, for every a,b,c € A. In [52] is proved that
cancellative hoops coincide with unbounded Wajsberg hoops.

The class of all prelinear semihoops is a variety and, since 0 is not involved
neither in the defining equation nor in the equivalence formulae, the 0-free frag-
ments of MTL and its axiomatic extensions are still algebraizable with the same
defining equation nor in the equivalence formulae and the corresponding class
of prelinear semihoops as equivalent algebraic semantics. Prelinear hoops are
the O-free subreducts of BL-algebras, Wajsberg hoops are the 0-free subreducts
of MV-algebras and product hoops are the 0-free subreducts of IT-algebras (see
[58, 2, 3, 52]).% It is interesting to notice that filters of MTL-algebras coincide
with universes of prelinear semihoops.

We will finish the section with some final remarks on subdirectly irreducible
MTL-algebras. It has been proved that they form a subclass of MTL-chains.
Clearly it is proper subclass (just consider the chain [0, 1] where all the elements
are idempotent and hence there is not a minimum non-trivial filter). This class
has not been yet characterized by means of a nicer description, but we can easily
prove the following sufficient condition.

Proposition 4.24. If A is an MTL-chain with a coatom, then it is subdirectly
irreducible.

2These algebras are sometimes also called MTLH-algebras.

3 Although prelinear semihoops and prelinear hoops were originally called in the literature
basic semihoops and basic hoops, respectively, we prefer to refer them as prelinear since pre-
linearity is their real defining property.
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Proof: Let a = max A \ {TA} be the coatom. Then it is clear that F'* is the
minimum non-trivial filter. o

This condition is necessary. Indeed, [0, 1]y, is sudirectly irreducible but it has
no coatom.

An important subclass of subdirectly irreducible algebras is the class of simple
algebras, i.e. those without non-trivial congruences. They admit the following
general characterization.

Proposition 4.25. Let A be an MTL-algebra. A is simple if, and only if, for
every a € A\ {TA}, there is k > 1 such that a* = 0.

4.2 Archimedean classes

A very useful notion to study the structure of MTL-chains is that of Archimedean
class. It has been already used by Horcik in his Ph. D. dissertation ([89]) for
the description of IIMTL chains, but some of his results are actually valid for all
MTL-chains. In this section, we recall the definition of Archimedean class for
MTL-chains and totally ordered semihoops and state some of their properties.

Definition 4.26. Let A be an MTL-chain or a totally ordered semihoop. We
define a binary relation ~ on A by letting for every a,b € A, a ~ b if, and only
if, there is n > 1 such that a™ < b < a or ™ < a < b. It is easy to check
that ~ is an equivalence relation. Its equivalence classes are called Archimedean
classes. Given a € A, its Archimedean class is denoted as [a]~.

The following lemma is straightforward.

Lemma 4.27. Let A be an MTL-chain or a totally ordered semihoop and let
a,b € A. Then:

1. [a]~ s closed under &.
2. [a]~ is a convex subset of A.
—A —A
3. 1. ={1"}.
4. If A is an MTL-chain, then A_ C [GA]N.
5. la&bl. =[a Nb].

The next lemma and proposition show that Archimedean classes and filters
are related in an interesting way, as is described in [89] for the case of IIMTL-
chains, and generalized to MTL-chains in [91].

Lemma 4.28 ([91]). Let A be an MTL-chain. Then:

1. The set of filters of A is closed under unions.
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2. FEwvery filter of A is a union of principal filters.
3. If Con(A) is finite, then every filter of A is principal.

4. For every a € A, the principal filter generated by a, F'*, has a predecessor
in the set of all filters ordered by inclusion. It is denoted as F,.

Proposition 4.29 ([91]). Let A be an MTL-chain. There is a dual order iso-
morphism ® between the set of Archimedean classes of A and the set of its prin-
cipal filters. Actually, for every a € A, ®([a]~) = F%, and ®~1(F*) = F*\ F,.

Corollary 4.30 ([91]). An MTL-chain has a finite number of Archimedean
classes if, and only if, its lattice of congruences is finite.

4.3 The radical of MTL-algebras

The radical has been a useful notion in the study of MV-algebras and BL-
algebras. In [63] the following characterization of the radical is given for MV-
algebras (in the equivalent form of Wajsberg algebras):

If Ais an MV-algebra, then Rad(A) ={a € A:a" > —-a Vn>1}.

Moreover, the radical of BL-algebras has been studied by Sessa and Turunen
in [135], obtaining this description:

If A is a BL-algebra, then Rad(A) ={a € A:—-—a"™ > —-a Vn>1}.

Afterwards this result has been improved by Cignoli and Torrens in [33],
obtaining:

If A is a BL-algebra, then Rad(A) ={a € A:a" > -a Vn>1},

i.e. the same expression as in the involutive case. However, the property of
divisibility was used in the proofs of both characterizations for the radical of BL-
algebras. So it was not obvious how to generalize this result to MTL-algebras.
Here we present a new proof for the whole class of MTL-algebras.

First we do it for chains:

Lemma 4.31. Let A be an MTL-chain. Then,
Rad(A)={a€ A:a"”>—-a Vn>1}.

Proof: If a € Rad(A), then for every n > 1, a™ € Rad(A) C A,. Since a” < q,
we obtain —a < —a™ < a™. Conversely, take a € A such that for every n > 1,
a™ > —a. Then, in particular, for every n, a™ # 6A, so the filter generated by
a, F*, is proper. Thus, a € F* C Rad(A), since the set of filters of A is totally
ordered. |

In order to extend the characterization to all MTL-algebras we will need
some previous lemmata.

Lemma 4.32. Let A be an MTL-algebra and F a mazximal filter of A. Then
for any subalgebra B C A, F'N B is a mazimal filter of B.
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Proof: Tt is straightforward to check that F'N B is a filter of B. It is proper
because 07 ¢ F. Moreover, we know that for every a € A, a ¢ F iff 3n —a™ € F.
Therefore it is obvious that for every a € B, a ¢ FN B iff In —a™ € F N B.
Thus F'N B is also maximal. |

Lemma 4.33. Let A be an MTL-algebra. Then for any subalgebra B C A,
Max(B) ={MNB:M e Max(A)}. Therefore, Rad(BB) = Rad(A) N B.

Proof: We know by the previous lemma that for every M € Max(A), MNB €
Mazxz(B). Take F € Max(B). Then, by the CEP, there is a proper filter F’
of A such that F' = F' N B. But then there is a maximal filter M € Max(A)
containing F’, so F' N B C M N B. Hence, since F' is maximal in B, we obtain
F=MnB. m|

Next we will describe some maximal filters in direct products. To this end
we need some more notation. Given a set of MTL-algebras {A; : i € I}, a €
[lic; Ai, k€ I and b € Ay, we define oy (a,b) € [],c; Ai by:

~ o a; if ¢ 7& k},

ok(8,b); _{ bofi=k

Lemma 4.34. Let {A; : i € I} be a set of MTL-algebras and consider their

direct product [[,c; Ai. Then, for every k € I and every My, € Max(Ay), the
set My, x H#k A is a mazimal filter of [],c; Ai.

Proof: It is easy to check that My x []; ., A; is a proper filter of [],.; A;.
Moreover, for every a € [[,c; Ai, @ ¢ My x ﬁ#k A; iff ap, ¢ My, iff In —al € My,
iff In —a™ € My, x H#k A;. Thus, M; x H#k A; is a maximal filter. O

Lemma 4.35. Given any set of MTL-algebras {A; : i € I}, Rad(]],c; Ai) =
[I;c; Rad(A;).

Proof: By applying the definition of the radical and the previous lemma we ob-
tain:

Rad([[;c; Ai) = NMaz([[e; Ai) S WMk x [Lig4i + bk € I,M, €
Maa(A0)} = [lie; (| Maw(A;) = [T,e; Rad(A).

Conversely, take a € [],.; Rad(A;) and M € Max(]],c; As). We must prove
that a € M. Suppose not. Then, by the maximality of M, there is 7 € M such
a&m = 0, i.e. a;&m; = GAi, for every i € I. Therefore, m; < —a;, for every
i € I. Since each a; € Rad(A;), this implies m; € (A;)_, for every i € I, so
m? = 0, contradicting i € M. ]

Theorem 4.36. Let A be an MTL-algebra. Then:
Rad(A)={a€ A:a"™ > —-a VYn>1}.

Proof: A is representable as a subdirect product of some set of MTL-chains
{A; : i € I}. Using the previous lemmata we can compute the radical of A in
following way:

Rad(A) = Rad(]],c; Ai) N A = [[,e; Rad(A;) N A = [[;c {as € A 2 af >
-a; Yn>1}NA={a€Ad:a">-a VYn>1} O



4.4. STANDARD CHAINS 49

Corollary 4.37. For every MTL-algebra A, Rad(A) C A,.

Corollary 4.38. Let A be an MTL-algebra. Then:
A is a filter if, and only if, Ay = Rad(A).

Proof: Suppose that A, is a filter. We have to prove that Ay C Rad(A). Let
a € Ay, then for every n > 1 o™ € Ay. We have a" < a, hence —a < —a" <
a™ < a and this means that a € Rad(A). O

4.4 Standard chains

Standard MTL-chains have been already introduced in the previous chapter,
with some of their main properties. Since they form the intended semantics for
the logics that we study, a closer look to their structure is necessary.

Given a standard MTL-chain [0, 1], = ([0, 1], *, —, min, max, 0, 1) determined
by a left-continuous t-norm *, we can consider its negation operation which, as
in every MTL-algebra, is defined as: n(a) = a — 0, for each a € [0,1]. These
negation operations coincide with the so-called weak negation functions studied
in [136, 48].

Definition 4.39 ([48]). A function n : [0,1] — [0,1] is a weak negation function
if, and only if, it satisfies the following conditions:

1. n(1) =0.
2. If a < b, then n(b) < n(a).
3. a < n(n(a)), for every a € [0,1].

Proposition 4.40. A function n : [0,1] — [0,1] is the negation of a standard
MTL-chain if, and only if, it is a weak negation function.

Definition 4.41 ([48]). Two weak negation functions ny and ny are said to be
isomorphic if, and only if, there is an increasing homeomorphism f : [0,1] —
[0,1] such that f(ni(a)) =na(f(a)) for every a € [0,1].

Definition 4.42 ([48]). A weak negation function n is called involutive or strong
negation if, and only if a = n(n(a)) for every a € [0,1].

All the involutive negations are strictly increasing bijections of [0, 1] and are
isomorphic to the standard strong negation: n(a) = 1 — a. Therefore, strong
negations functions are continuous. However, weak negation functions in general
are only left-continuous.

A weak negation function has a kind of symmetry; roughly speaking: if we
complete its graphic by drawing vertical lines in the jumps, then the obtained
graphic is symmetric with respect to the diagonal x = y. Formally:

Definition 4.43. A decreasing function n : [0,1] — [0,1] 4s called symmetric
with respect to the diagonal if, and only if, it satisfies the following conditions:
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1. If a € n([0,1])) and n(a) = b, then a = n(b).
2. If a ¢ n([0,1]), then:

(i) n is constant in the interval [a,n(n(a))] with value n(a), and

(i1) for every b > n(a) we have n(b) < a, i.e. n(a) is a discontinuity
on the right with n(n(a)™) = n(n(a)) and n(n(a)*) = inf{c : n is
constant in [c,n(n(a))]} < a.

Proposition 4.44 ([48]). n : [0,1] — [0,1] is a weak negation function if, and
only if, it is decreasing, symmetric with respect to the diagonal and n(1) = 0.

The standard WNM-chains are defined by a weak negation function n and a
t-norm of the form:

[ min{a,b} if a > n(b),
@kn b= { 0 otherwise.

The residuum is:

b 1 if a <b,
@7 b= max{n(a),b} otherwise.

These t-norms are left-continuous but not continuous in general. Notice also
that this family includes [0, 1]¢ and all standard NM-chains. Actually, there is
only one standard NM-chain up to isomorphism: the one defined by the standard
involutive negation. We denote it by [0, 1]xy and its t-norm was first introduced
by Fodor in [59].

The minimum, the product and Lukasiewicz t-norms are the most prominent
examples of continuous t-norms (we will sometimes refer to them as the three
basic continuous t-norms) because it is possible to describe all continuous t-
norms in terms of these three distinguished ones by using the notion of ordinal
sum. This notion was born in the field of ordered semigroups (see [39, 40, 64]).
In the particular case of t-norms, the definition is the following:

Definition 4.45. Let {[a;,b;] : i € I} be a countable family of closed subintervals
of [0,1] such that their interiors are pairwise disjoint. For every i € I, let *; be
a t-norm defined on [a;,b;)?. The ordinal sum of this family of t-norms is the
operation defined as:

w4 THmY if Im € I'suchthat (z,y) € [am, bm)?,
y= min{z,y} otherwise.

It is straigthforward to prove that the ordinal sum of a family of continuous t-
norms is a continuous t-norm, and the ordinal sum of a family of left-continuous
t-norms is a left-continuous t-norm. In the following we sketch how (indepen-
dently) Mostert and Shields ([118]) and Ling ([108]) obtained a description of
continuous-torms in terms of ordinal sums of the three basic ones.
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Proposition 4.46. Let * be a continuous t-norm and u € [0,1] an idempotent
element. Then, for every a,b € [0,1] such that a < u < b, we have a x b =
a. Therefore, the restrictions of * to [0,u]? and to [u,1]? are isomorphic to
continuous t-norms and * is its ordinal sum.

Theorem 4.47 ([118, 108]). Let * be a continuous t-norm. Then, the set of
its idempotent elements is a closed subset of [0,1], and thus, its complement is
the union of a countable family of pairwise disjoint open intervals. Moreover, if
Z(x) denotes the family of the closures of these intervals, then:

(i) For every interval I € Z(x), the restriction of x to I? is isomorphic to
[0, 1]11 4f it does not have any nilpotent element, or to [0,1]f otherwise.

(ii) If a,b € [0,1] and there is no I € I(x) such that a,b € I, then a xb =
min{a,b}.

Thus, every continuous t-norm can be decomposed as an ordinal sum of the
three basic ones.

4.5 Decomposition in ordinal sums of semihoops

In the previous section we have presented the well-known result of Ling and
Mosterd and Shields that gives the decomposition of every continuous t-norm as
ordinal sum of the three basic ones. Although this result is very useful for many
purposes, it has a little problem: the t-norms that appear in the decomposition
do not form a subalgebra of the original one (they do not share the top and the
bottom element). This disadvantage has been overcome by using the notion of
ordinal sum of hoops (first introduced in [58] for ordinal sums of two hoops and
then generalized in [3] to sums of arbitrary families of hoops), which has resulted
in a deeper knowledge on the structure of all BL-chains, not only the standard
ones. Here we generalize it to our framework of MTL-chains by considering
ordinal sums of totally ordered semihoops.

Definition 4.48. Let (I, <) be a totally ordered set. For all i € I, let A; be
a totally ordered semihoop such that for i # j, A; N A; = {1}. Then @, A
(the ordinal sum of the family {A; : i € I1}) is the structure whose universe is
Uier Ai and whose operations are:

z&Aiy if x,y € A,

v&y =4y if € A; and y € A; \ {1} with i > j,
x if v € A;\ {1} and y € A; with i < j.
x_)A’iy if $7y€Ai>

T=Y=4Y if x € A; and y € A; with ¢ > j,
1 if z€ A;\ {1} and y € A; with i < j.

For every i € I, A; is called a component of the ordinal sum.
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If in addition I has a minimum, say io, and A;, is bounded, then the ordinal
sum @, ; Ai forms an MTL-chain.

Definition 4.49. A totally ordered semihoop is indecomposable if, and only
if, it is mot isomorphic to any ordinal sum of two mon-trivial totally ordered
semihoops.

Theorem 4.50 ([3]). Every totally ordered hoop (BL-algebra) is the ordinal sum
of a family of Wajsberg hoops (whose first component is an MV -algebra,).

Theorem 4.51 ([3]). Let A be a totally ordered basic hoop (BL-algebra). The
following are equivalent:

1. A is indecomposable.
2. A is a Wajsberg hoop (MV-algebra).

Therefore, all BL-chains are decomposable as ordinal of indecomposable pre-
linear hoops, i.e. Wajsberg hoops. Moreover, in the case of standard BL-chains,
this decomposition is given by the Archimedean classes. Unfortunately, this is
not true in general. For instance, Chang’s MV-algebra C is indecomposable, but
it has two non-trivial Archimedean components.

Using ordinal sums one can also describe the structure of all finite subdirectly
irreducible elements (that is all chains) of the variety generated by a standard
BL-algebra:

Theorem 4.52 ([3]). Let (A1,...,A,) be a sequence of the basic components
and let [0,1], = @;_, A; be their ordinal sum. Then, the class of finitely
subdirectly irreducible members of V([0,1].) is HSPy([0,1],) = HSPy(A;) U
(ISP (A1) @ HSPy (A2))U. ..U (ISP (A1) @ DI, ISPy (A;) @ HSPy(A,)),
where H, I, S, Py denote the operators homomorphic images, isomorphic im-
ages, subalgebras and ultraproducts in the language of BL-algebras while H, T,
S, Py denote the same operators in the language of Basic hoops (that is on the
0-free language).

Moreover, since for the three basic cases we have that ISPy ([0,1]y),
ISPy ([0, 1)), ISPy ([0,1]g) are respectively all MV-chains, all product chains
and all Godel chains [44, 58, 47], it follows that ZSPy ([0, 1],), ZSPu ([0, 1]),
ISPy ([0,1]g) are all 0-free subreducts of MV-chains, product chains and Godel
chains. Therefore, from the above Theorem 4.52 and the characterization of vari-
eties generated by a standard BL-algebra in [53], it follows that we can generalize
those results to any standard BL-algebra.

Corollary 4.53. Let [0,1], be a standard BL-algebra. Then the class of all
finite subdirectly irreducible algebras in V([0,1].) is ISPy ([0, 1].).

Now we generalize the decomposition theorem to all MTL-chains.

Theorem 4.54. For every MTL-chain A, there is a mazimum decomposition
as ordinal sum of indecomposable totally ordered semihoops, with the first one
bounded.
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Proof: First we need to define the set D of decompositions of A. For every
F CPA\ {TA}), F € D if, and only if, F is a partition of A\ {TA} such that
for every B€ F, BU {TA} is a subuniverse of the 0-free reduct of A (hence the
universe of a totally ordered semihoop B) and A = {B : B € F}. A partial
order = is defined in D in following way:

for every F,G € D, F < G if, and only if, for each B € G there is a B’ € F such
that B C B’, i.e. the decomposition G is finer than F'.

We will use Zorn’s Lemma to show that the partially ordered set (D, <) has

some maximal element. Suppose that C = {Dy : k € K} is a chain of (D, <).
Then, we define the following equivalence relation on A\ {17 }:
For every a,b € A\ {TA}, a = b if, and only if, a and b belong to the same class
of Dy, for every k € K. Let [a]= denote the equivalence class of a w.r.t =. We
will prove that {[a]=z :a € A\ {TA}} € D and it is an upper bound of C. Take
a€ A\ {TA}. It is straightforward to check that [a] U {TA} is closed under &
and —. Now take a,b € A\ {TA} such that a < b and [a]= # [b]=. Then, there
is some k € K such that a and b are not in the same component of Dy, thus
a&b = a. Therefore, {[a]z :a € A\ {TA}} € D. Now take arbitrary k € K and
a€ A\ {TA}. Then, by the definition of = all the elements of [a]= must be in
the same component of Dy, so D < {[a]l=:a € A\ {TA}}.

Therefore, by Zorn’s Lemma for every F' € D, there exists a maximal de-
composition M € D such that F' < M. Finally, we will prove that there is
a maximum one, i.e. there cannot be two different maximal decompositions.
Suppose that My, M, € D are two different maximal elements. Then there is
A € M; which is not included in any element of My. Moreover, A is indecom-
posable so it is not a union of elements of Ms, thus there is B € M5 such that
ANB # 0 and B € A. Then it is easy to see that A could be decomposed as
ordinal sum of AN B and A\ B, a contradiction. a

Corollary 4.55. Let A be an MTL-chain. If the partition {[a]~. : a € A\ {TA}}
given by the Archimedean classes gives a decomposition as ordinal sum, then it
is the mazimum one.

Proof: With the notation of the previous proof, take an arbitrary F' € D. For
every a € A\ {TA}, there is some B € F such that [a]. C B, since the elements
of F are closed under &. Therefore, F < {[a]. : a € A\ {TA}}. So if {[a]~ :a €
A\ {TA}} € D, then it is the maximum. O

Definition 4.56. An MTL-chain is totally decomposable if, and only if, the
partition given by its Archimedean classes gives a decomposition as ordinal sum.

Corollary 4.57. Fach standard BL-chain is totally decomposable.

The decomposition of each MTL-chain as an ordinal sum of indecomposable
totally ordered semihoops seems to give some representation theorem for MTL-
chains. Unfortunately, the class of indecomposable totally ordered semihoops
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is really big. For instance, as the following proposition proves, all involutive
MTL-chains are indecomposable.

Proposition 4.58. All IMTL-chains are indecomposable.

Proof: Let A be an IMTL-chain. If A = By, it is clearly indecomposable. Sup-
pose that A 2 Bs and it is decomposable as ordinal sum of two non-trivial totally

ordered semihoops, i.e. A2 Cy@Cy. Then, thereis a € Ca\ {TA} and it satisfies
——a = TA, but this contradicts the fact that the negation is involutive. ]

4.6 Jenei’s methods: rotation and rotation-
annihilation

In the development of Fuzzy Logic the continuous t-norms have played an im-
portant role for the reasons already mentioned in this dissertation. While they
were already well studied and classified still few examples of left-continuous and
non-continuous t-norms were known, although left-continuity had been proved
to be the necessary and sufficient condition for a t-norm to have a residuum and,
thus, to provide a suitable semantics for fuzzy logics. The first known example
of a left-continuous non-continuous t-norm was the Nilpotent Minimum t-norm
given by Fodor in [59], which defined the MTL-algebra that we have denoted
[0, 1]nym- It was defined by considering the minimum t-norm and ”annihilating”
it with the standard involutive negation n(x) = 1 —, i.e. defining the t-norm to
be 0 under the graph of such negation function. This construction was later on
generalized in [51] to define the class of Weak Nilpotent Minimum t-norms, by
considering the annihilation of the minimum by any weak negation function. It
was further generalized in [96] where Jenei studied the annihilation of any con-
tinuous t-norm by an involutive negation and, finally, in [29] where the authors
studied annihilations of any continuous t-norm by a weak negation function.

In addition, some other methods for obtaining involutive left-continuous non-
continuous t-norms have been introduced in the last years by Jenei in [98, 99].
Actually, these methods provide not only standard algebras, but also IMTL-
algebras in general. First we present the disconnected and connected rotation
constructions.

Definition 4.59. Let A be a prelinear semihoop. The disconnected rotation of A
is an algebra denoted A* and defined as follows. Let Ax {0} be a disjoint copy of
A. For every a € A we write ' instead of (a,0). Consider (A’ ={a' : a € A}, <)
with the inverse order and let A* := AU A’. We extend these orderings to an
order in A* by putting a’ < b for every a,b € A. Finally, we take the following
operations in A*:

™ = TA, o= (T7), A the minimum w.r.t. the ordering, VA~ the
mazximum w.r.t. the ordering,

4

4 | d i aceA
TOTN b i a=WeA
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a&Ab if a,beA
. —A(a—=A=AD) if acAbed
a&” b= A=A -Aw) if acAbeA

oA if a,be A

a—Ab if a,becA
" A" (a&A-ATb) if acAbe A

a — b:.= —A* .

1 if acAbeA

A A A i g be A

It is clear from this definition that Chang’s algebra C introduced in the
previous chapter is the disconnected rotation of the cancellative hoop subreduct
generated by % in [0, 1]q.

Definition 4.60. Let A be an MTL-algebra satisfying one of the following con-
ditions:

o A does not have zero divisors.

e Jc € A such that Ya € A zero divisor, —a = c.
Then, the connected rotation of A is denoted A* and defined as follows.
Take <A’ ={d:a€Aa# ﬁA}, §>, a disjoint copy ofA\{ﬁA} with the inverse
order, and define At =0t
rotation.

and all the operations as in the disconnected

As an example, one can check that the standard NM-chain [0, 1]ny is iso-
morphic to the connected rotation of [0,1]¢.

Proposition 4.61 ([97]). Disconnected rotations are IMTL-algebras without
fixpoint and connected rotations are IMTL-algebras with fixrpoint.

Jenei also introduced the disconnected and connected rotation-annihilation
constructions to produce new kinds of IMTL-algebras.

Definition 4.62. Let a A be a prelinear semihoop and B be an IMTL-algebra
such that AN B = (. An algebra C, the disconnected rotation-annihilation of
A and B, is defined as follows. Let (A’ ={a' : a € A}, <) be a disjoint copy of
A as above (disjoint also with B) endowed with inverse ordering and let C :=
AU A U B. The orderings are extended to C by letting a’ < b and b < ¢ for
every a,c € A and every b € B. Let CT := A, C° := B and C~ := A’. Finally,
the following operations are defined on C:

1°.= TA, o° = (T7Y, AC the minimum w. r. t. the order, V¢ the mazimum
w. r. t. the order,

a’ if ae A
~Ca:=¢ b if a=bed

-Bg if a€eB
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a&?b if a,beCTt
~Cla—A=Cb) if aeCtbeC~
~C(b —-A=Ca) if acC,becCt
0° if abeC-
a&Ch = 0° if a,beC®anda<-Ch
) a&?b if a,beC%anda £ b
b if acCt,beC®
a if acC%beCt
0° if acC-.be (O
0° if aeC®beC-
a—Ab it abeCt
~ClaxA=Ch) if acCtbeC
1 if acC,beCt
—€h—ALq if abeC™
c a—*p if a,bcC%anda£b
S & if abeC®anda<b
b if acCtbe”
1° if aeCObect
T if acC,be(C"
-Ca if acC%beC~

Definition 4.63. Let a A be a prelinear semihoop and B be an IMTL-algebra
such that AN B = (. An algebra C, the connected rotation-annihilation of A
and B, is defined as follows. Let (A" ={a’ :a € A}, <) be a disjoint copy of
A as above (disjoint also with B) endowed with inverse ordering and let C :=
AUA’UB\{@B,TB}. We extend the orderings to C by letting a’ < b and b < ¢ for
every a,c € A and everyb € B. Let Ct := A, C° := B\{GB,TB} and C~ = A'.
Finally, the operations C are defined as in the disconnected rotation-annihilation.
We will denote C as A® B.

Proposition 4.64 ([99]). Let A and B be a prelinear semihoop and an IMTL-
algebra respectively. Then, the disconnected and connected rotation-annihilations
of A and B are IMTL-algebras.

It is clear that in every connected rotation-annihilation A ® B the set A is a
proper filter of A ® B. Moreover, by using again Zorn’s Lemma, we can prove
that every IMTL-chain has a maximum decomposition as a connected rotation-
annihilation.

Proposition 4.65. Let A be an IMTL-chain. Then, there is a maximum proper
filter F' of A such that A= C® B, where C is the semihoop determined by A and

B is the IMTL-chain determined by (A\ (F'U—F))U {GA,TA}.

Notice that in the previous proposition, B is simple if, and only if, F =

Rad(A).



4.6. ROTATION AND ROTATION-ANNIHILATION 57

Proposition 4.66. Given an IMTL-chain A, a proper filter F € Fi(A) and
B:=(A\ (FU-F))U {GA,TA}, the following are equivalent:

(i) F and B give a decomposition of A as a connected rotation-annihilation.
(ii) B is a subuniverse and A/F = B.
(iii) For eacha € F andbe AL\ F, a&b=b.

(iv) B is a subuniverse and B\ {6A,TA} is convex w.r.t. the order of A.

Proof: (i) = (i4i) and (i) = (iv) are trivial.

(i) = (i4): On the one hand, from the definition of connected rotation-
annihilation we know that B is a subuniverse. On the other hand, given a pair
of elements a,b € B\ {GA,TA} such that a < b, we have b — a = max{c € A :
b&c < a} ¢ F; therefore a/F # b/F.

(#9) = (4): Assume (47). If F' and B do not give a decomposition, then there
are a € B\ {GA,TA} and b € F such that a&b < a. Then, a — a&b € F, and
hence (ad&eb)/F = x/F; a contradiction.

(#91) = (41): First let us check that B is a subuniverse. It is clear that it is
closed under —. To show that it is also closed under &, take a pair of elements
a,b € B such that a <b. If b € A_, then a&b = o, Suppose that b € A, and
-a < b. If a&b € —F, then 0 = —(a&b)&(b&a) = (—(a&b)&b)&a = b&a; a
contradiction. Now we show that A/F = B. If a,b € Ay \ F with a < b, then
b—a¢ F, hence a/F # b/F. If a,b € A_\ —F, then (—a)/F # (-b)/F, thus
a/F #b/F.

(tv) = (4i1): Take a € F'\ {TA} and b€ (BNAy)\ {TA} and we must show
a&b = b. Suppose that a&b < b. Then, by the convexity and since b < a&b < b,
we have a&b € B. Thus, b — a&b € B, but b — a&b > a, a contradiction. O

Unfortunately, the class of indecomposable IMTL-chains with respect to this
decomposition is again far away from being described. We know that it contains
all simple IMTL-chains as a proper subclass, but we do not have a general
description for it. However, some particular cases of this decomposition will be
studied in Chapter 6.






Chapter 5

Properties of varieties of
MTL-algebras

Since the logics studied in this dissertation are algebraizable we have all the
bridge theorems at our disposal, and hence we can study relevant logical prop-
erties of our axiomatic extensions of MTL by solving some algebraic problems of
the corresponding subvarieties of MTIL, and viceversa. In this chapter we focus
on the logical and algebraic properties that we will consider in the following
chapters.

5.1 Standard completeness. Methods and re-
sults.

In Chapter 3 left-continuous t-norms and their residua have been introduced in
order to provide suitable semantics for fuzzy logics. Therefore, we are interested
in completeness results with respect to the semantics given by the standard
algebras.

Definition 5.1. If a logic L is an algebraizable expansion of MTL in a language
L', we say that L has the property of the (finite) strong standard completeness,
(F)SSC for short, when for every (finite) set of formulae T C Fmyg and every
formula @ it holds that T b1, ¢ iff T EEa ¢ for every standard L-algebra A. We
say that L has the property of standard completeness, SC' for short, when the
equivalence is true for T = (.

Of course, the SSC implies the FSSC, and the FSSC implies the SC. On
the scope of algebraizable logics, these properties have their equivalent algebraic

property.

Theorem 5.2. Let L be an aziomatic extension (or algebraizable aziomatic
expansion) of MTL and let L be its equivalent variety semantics. Then:

59
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1. L has the SC if, and only if, L = V(Standy,), and
2. L has the FSSC if, and only if, L = Q(Standy,),

where Standy, is the class of all standard algebras in L.

Proof: Both statements are proved in an analogous way. Let us prove the first
one as a matter of example. Suppose first that L has the SC and take an arbitrary
equation in the language of L, ¢ ~ 1) € Eqy/. We have the following chain of
equivalences: = ¢ ~ ¢ iff L @ — = Tiff by < ¥ iff Esiang, ¢ < ¥~ 1
iff Fstana, ¢ = ¢ iff Ev(stana,) ¢ = ¥. Therefore, V(Standy) and L must
be the same variety since they satisfy the same equations. Conversely, suppose
@ € Fmy is such that I, . Then the equation ¢ ~ 1 is not valid in L, so it
also fails in Standr,. O

There are also some equivalencies for the strong standard completeness.

Theorem 5.3. Let L be an awiomatic extension (or algebraizable axiomatic
expansion) of MTL and let L be its equivalent variety semantics. Then the
following are equivalent:

(i) L has the SSC.
(ii) Every countable chain of L belongs to ISP (Standy,).

(iti) Every countable subdirectly irreducible chain of L is embeddable into a
standard L-chain.

Proof: (i) = (i1): Assume that (i¢) is false, i.e. there is a countable L-chain
A ¢ ISP(Standy). Then, there exists a generalized quasiequation such that
Standy, E &icwpi = ¢ = p = q and A £ &icwpi = ¢ = p = q. There might
be uncountably many variables occurring in the quasiequation but, since A is
countable, it can be arranged. Indeed, let {x; : i € A\} be the variables of the
quasiequation and consider a countable set of variables {y; : i € w}. Consider
an enumeration {a; : ¢ € w} of the elements of A and let e be any evaluation in
A such that it gives a countermodel of the generalized quasiequation. Now we
define a mapping o : {x; : i € \} — {y; :€ w} by letting o(x;) = y; if e(z;) = a;,
and we extend it to all formulae. It stills holds that Standy, = &icno(pi) =
o(qi) = o(p) = o(q) and A £ &icno(pi) = 0(q;) = o(p) = o(q). Therefore:
{o(p) = 0(@) : § € K} Fstana, o(p) — o(q) and {o() = ola) : § € £} Vi
o(p) < o(q), and hence the SSC does not hold.

(#3) = (i): Take arbitrary formulae I' U {¢} C Fmg in the language of L
such that T' Estandy, @, le. {Yp=1:¢eT} ':StanL a1 Then, {Y =1:9 €
F} ':LSP(StcmdL) p =1, and hence, lzy (“)7 {1;[) ~l:ye F} ':{Coun@ble L—chains}
¢ ~ 1. Therefore, we have {1) = 1 : 9 € '} {1 _chains} ¥ =~ 1, and hence
T l_L @.

(i) = (i4i): Let A be a non-trivial countable subdirectly irreducible L-chain.
Let F C A be its minimal non-trivial filter and take 2 € F \ {TA}. Consider a
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set of pairwise different variables {v, : a € A} and the following theory: T =
{AMvays -+, a,) < UaA(ay,....a,) : A M-aATY connective, ai, ..., a, € A}U{vr, g}
We have T I/1, v, (just take A with the evaluation e(v,) = a as a countermodel),
therefore, by the SSC, there is a standard L-chain [0, 1], and an evaluation e on
[0, 1], such that e[T] = {1} and e(v,) < 1. Consider the mapping f : A — [0, 1]
defined as f(a) = e(vy). It is clear that f gives a homomorphism from A to
[0, 1], and it is one-to-one because f(z) # 1 and = belongs to all the non-trivial
filters.!

(#91) = (¢): Assume (4i7) and take arbitrary formulae I' U {¢} C Fmgs in
the language of L such that T" I/, ¢. Then, there is a subdirectly irreducible
L-chain A and an evaluation e of the formulae on A such that e[l'] C {TA}

and e(p) # T, Let B be the homomorphic image of Fmg: by e. Of course, e
can be seen as an evaluation on B, so B (with e) is a countable countermodel
for the derivation. Consider its representation as subdirect product of chains,
B —sp Hiel B;. Of course, every B; is countable, and there is some j € I such

that m;(e(p)) # 1%, Now by (i¢i), B; is embeddable in some standard L-chain
[0,1].. Let f be the embedding. Then, [0, 1], with the evaluation fom;oeis a
standard countermodel for the derivation, so we obtain I' £ giand; @, as desired.
O

Standard completeness properties for axiomatic extensions of MTL has been
a matter of intensive research. Table 5.1 shows the results obtained for the logics
introduced in Chapter 3.

Table 5.1: Standard completeness properties of some axiomatic extensions of
MTL.

] Logic \ SC \ FSSC \ SSC ‘
MTL | Yes Yes Yes
IMTL | Yes Yes Yes
SMTL | Yes Yes Yes
IIMTL | Yes Yes No
BL Yes Yes No
SBL Yes | Yes No
L Yes Yes No
1I Yes Yes No
G Yes Yes Yes
WNM | Yes Yes Yes
NM Yes Yes Yes
CPC No No No

It is obvious that Classical Propositional Calculus CPC does not enjoy any of
the properties, because there are no standard algebras in its equivalent algebraic

IThis proof was found by Petr Cintula (private communication).
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semantics (in fact, there are only two linearly ordered Boolean algebras: the
trivial one and By). The FSSC is proved in [86] for Lukasiewicz logic, in [83]
for Product logic, in [47] for Gédel logic and in [30] for BL and SBL. In some
cases (see for instance [83, 30]), rather than using the equivalences stated above,
the result has been obtained by proving first that every chain of the equivalent
variety semantics is partially embeddable into a standard algebra. For a long
time, this condition was only known to be sufficient, but as we shall see, when
the language is finite it is actually equivalent to the FSSC.

Proposition 5.4. Let L be an aziomatic extension (or algebraizable axiomatic
expansion in a finite language) of MTL. Then L has the FSSC if, and only if,
every Li-chain is partially embeddable into Standy,.

Proof: If L satisfies the FSSC then, by Theorem 5.2, its equivalent variety se-
mantics L is such that L = Q(Standy,). It follows from [42, Lemma 1.5] that
every relative finitely subdirectly irreducible member of Q(Standy,) belongs to
ISPy (Standy,). Since Q(Standy,) is a variety, relative finitely subdirectly ir-
reducible members coincide with finitely subdirectly irreducible algebras in the
absolute sense, hence with L-chains. Therefore, if L satisfies the FSSC, then
every L-chain belongs to ISPy (Stand;,) which is equivalent to partial embed-
dability by Proposition 2.8.

If every L-chain is partially embeddable into Standy,, then by Proposition
2.8 every L-chain belongs to ISPy (Standy,). Now, since every L-algebra is
representable as subdirect product of L-chains we have that

L CIPsp(ISPy(Standy)) C Q(Standy,) C L.
Therefore by Theorem 5.2, L has the FSSC. a

Notice that the implication from right to left of the last proposition is true
even when the language is infinite.

Among all axiomatic extensions of BL, only G enjoys the SSC. As a matter
of example, let T' = {¢g — p" | n € N} and ¢ = (¢ — ¢°) V (p — p*) V (¢ — p&q),
and consider the following semantical deduction: T' |=jg1), . One can check
that this deduction holds for every continuous t-norm *, but I" 4, ¢, since
{Y~1:9 ey} 1. ¢ ~ 1, for every finite Ty C T’ when * # min.

The SSC has been proved for several axiomatic extensions of MTL, as we
can see in Table 5.1. But instead of using the equivalencies of Theorem 5.3, the
usual strategy has consisted on proving a stronger property, namely showing in a
constructive way that every countable chain is embeddable into a standard chain
of the same variety. This kind of construction was first introduced by Jenei and
Montagna in [100] in order to prove the SSC for MTL. We will sketch it now,
because it will be used in the following chapters.

Completion of countable MTL-chains:
Take an arbitrary countable MTL-chain A. A standard MTL-chain [0, 1], and
an embedding h : A — [0, 1], are built by following the next steps:
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e Consider the set B := {<6A, H3IU{{a,q):a€ A\ {GA},q e Qn(0,1]}.
e Consider the lexicographical order < on B.
e Define the following monoidal operation on B:

[ min<{(a,q), (b,7)} if a&?b = min{a,b}
a,q) o {b,7) := { (a&Ab, 1) otherwise.
e The ordered monoid <A,&A,TA, <) is embeddable into (B, o, (TA,1>, =)
by mapping every a € A to (a, 1).

e B = (B,o, <TA, 1), <) is a densely ordered countable monoid with maxi-
mum and minimum, so it is isomorphic to a monoid B’ = (QNJ0, 1],0’,1, =’
). Obviously, (A, &, TA, <) is also embeddable into B’. Let h be such em-
bedding. Moreover, restricted to h[A], the residuum of o’ exists, call it =,
and h(a) = h(b) = h(a —A b).

e B’ is completed to [0, 1] by defining:

Va,B€(0,1] axpf:=sup{zy:a<a,y<p, z,yeQn(01]}

o x is a left-continuous t-norm, so it defines a standard MTL-algebra [0, 1],
and h is the desired embedding. [0, 1], is called the completion of A.

Therefore, we obtain the following sufficient condition for the SSC:

Proposition 5.5. Let L be an aziomatic extension (or algebraizable axiomatic
expansion) of MTL. If for every countable L-chain, its completion given by Jenei
and Montagna construction is an L-chain, then L enjoys the SSC.

The SSC for MTL, SMTL, G and WNM can be proved by applying the
previous proposition. Nevertheless, it does not work for IMTL, NM and IIMTL.
In [49] the authors prove that the completion of Jenei and Montagna does not
preserve neither the involution nor the cancellation law in general. But the SSC
for IMTL can still be proved by modifying the construction. We skecth it again.

Completion of countable involutive MTL-chains:
Let A be a countable IMTL-chain. A standard IMTL-chain [0, 1]. and an em-
bedding h : A — [0, 1], are built by following the next steps:

e For every a € A, suc(a) is defined the successor of a in the order of A if it
exists, or suc(a) = a otherwise.

e B:={{(a,1):a€ A} U{{a,q) : Ja’ € A such that a # o' and suc(a’) = a,
q€Qn(0,1)}.

e Consider the lexicographical order < on B.
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o As before, we define the following monoidal operation on B:

[ min<{{a,q), (b,7)} if a&?b = min{a,b}
{a,q) o {b;r) = { (a&Ab, 1) otherwise.

but now the operation is modified in the following way:
—=A .
0,1) if a = sue(—b),q+r <1
b = < ) ’
{a,0) @ {b,r) { {a,q) o (b,7) otherwise.

e The ordered monoid (A, &A,TA, <) is embeddable into (B, ®, (TA, 1), =)
by mapping every a € A to (a, 1).

e B=(B,®, (TA, 1), <) is a densely ordered countable monoid with maxi-
mum and minimum, so it is isomorphic to a monoid B’ = (QN[0, 1], o', X).
Obviously, (A, &A,TA7 <) is also embeddable into B’. Let h be such em-
bedding. As before, restricted to h[A], the residuum of o exists, call it
=, and h(a) = h(b) = h(a —* b). Moreover, for every ¢ € QN [0,1], the
residuum of ¢ and 0, ¢ = 0, exists, and the operation n(¢) = ¢ = 0 is an
involutive negation on 5’

e B’ is completed to [0,1] by defining:

Vo, 3€[0,1] axfB:=supfzoy:z<a,y<p, z,ycQnl0,1]}.

e x is a left-continuous t-norm with an involutive negation, so it defines a
standard IMTL-algebra [0, 1]., and h is the desired embedding.

The SSC fails for IIMTL, as we will see in Chapter 7, but this logic still
enjoys the FSSC as it was proved in [88].

Sometimes standard completeness properties can be refined to some subclass
of standard algebras; sometimes even it is enough to consider only one standard
algebra. When the standard completeness can be proved with respect to a
particular standard algebra which is the intended semantics for the logic, we
call it canonical standard completeness. Notice that in theorems 5.2, 5.3 and
5.4, the equivalencies remain true when restricted to some subclass of standard
algebras. The canonical standard completeness is a matter of special interest
when one considers the logic of the variety generated by the algebra defined by
one particular t-norm, because then this t-norm gives the intended semantics for
the logic.

Definition 5.6. Let * be a left-continuous t-norm. L, will denote the axiomatic
extension of MTL whose equivalent algebraic semantics is V ([0, 1].), the variety
generated by [0,1],.

It is clear, by definition, that for every left-continuous t-norm x, the logic L,
enjoys the SC restricted to [0, 1], i.e. the canonical SC. Sometimes the standard
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completeness is stronger. As we have already mentioned, for instance, we have
canonical FSSC for L and II, and canonical SSC for G and NM.

Actually, given any continuous t-norm x, it follows from Corollary 4.53 that
all chains in V([0,1],) are partially embeddable into [0,1].. Therefore, after
Proposition 5.4 we obtain the following direct corollary.

Corollary 5.7. For every continuous t-norm x, the logic L, has the canonical

FSSC.

Nevertheless, this result cannot be improved to SSC. Among all the contin-
uous t-norm based logics, only G enjoys the SSC.

Proposition 5.8. For every axiomatic extension L of BL, L has the SSC if,
and only if, L = G.

Proof: Let T = {qg — p" |n € N} and ¢ = (¢ — ¢*) V (p — p°) V (¢ — p&q),
and consider the following semantical deduction: I' =g 4], ¢. One can check
that this deduction holds for every continuous t-norm *, but I /1, ¢, since
Lo #0,1). @, for every finite 'y C I' when * # min. a

To end up this section we show that if an axiomatic extension of MTL does
not enjoy the SC, the FSSC or the SSC, then any of its conservative expansions
neither does.

Proposition 5.9. Suppose that L.’ is a conservative expansion of L. Then:

o IfL’ enjoys the SC, then L enjoys the SC.
o If L’ enjoys the FSSC, then L enjoys the FSSC.
o If L’ enjoys the SSC, then L enjoys the SSC.

Proof: All the implications are proved in a similar way. Let us prove as an
example the first one. Suppose that L does not enjoy the SC. Then, there is a
formula ¢ € F'm, such that t/1, ¢ and =¢ ¢ for every standard L-chain C. Let
A be a standard L’-chain. Then, its £-reduct is a model of ¢, thus =4 ¢ and,
since L’ is a conservative expansion of L, we also have t, ¢. Therefore, L’ does
not enjoy the SC. m]

5.2 Other algebraic and logical properties

Regarding to other algebraic properties that will be used in the dissertation, in
the previous chapter we have seen that MTL and its subvarieties enjoy the CEP.
Moreover, it is easy to prove that all these varieties are also arithmetic. Actually,
one can check that RLL has the following 2/3-minority term: m(z,y, z) = ((x —
y) = 2)A((z—y) = 2) AV 2) (ct. [95]).

Other meaningful algebraic and logical properties for our logics and varieties
are not so easy to study and must be discussed in a more detailed basis. We
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will focus on the local finiteness, the FEP, the FMP and decidability. They have
been studied for several axiomatic extensions of MTL in the literature, but the
results are quite spread. We summarize all of them here.

As regards to local finiteness, it is trivial for CPC and G, proved for NM
in [71] and generalized to WNM in Chapter 9 of this dissertation. It is easy to
refute it for the rest of the logics so far considered. On the one hand, take any
a € (0,1) in the standard product algebra. The subalgebra of [0, 1] generated
by a is clearly infinite, therefore the following logics are not locally finite: II,
SBL, BL, IIMTL, SMTL and MTL. On the other hand, let a be a positive

element in Chang’s MV-algebra C such that ¢ # 1°. Then, the subalgebra of
C generated by a is again infinite, therefore local finiteness fails also for L and
IMTL.

Since the FEP follows from the local finiteness, we do not need to discuss
it for WNM and its axiomatic extensions. It has been proved for L (see [17]),
BL and SBL (see [2] and [116]). However, since there are no finite II-chains
and IIMTL-chains (except for the trivial one and Bs), the FMP (hence also the
FEP) fails for IMTL and II. The FEP also holds for MTL, IMTL and SMTL.
Actually, it was first proved for the Monoidal Logic by Blok and Van Alten in
[22], and then Ono? used the same construction for MTL, IMTL and SMTL.
The proof has been improved in [28].

Almost all of the so far considered logics are decidable because they enjoy
the FMP. We have seen that for only two of them the FMP fails: Product logic
and IIMTL. However, II is still decidable due to its connection to lattice ordered
Abelian groups (see [79]), and the decidability of IIMTL has been proved very
recently in [90]. All the results are gathered in Table 5.2.

Table 5.2: Some algebraic and logical properties.
’ Logic H LF \ FEP \ FMP \ Decidable

MTL No | Yes Yes Yes
IMTL No | Yes Yes Yes
SMTL || No | Yes Yes Yes
IIMTL || No No No Yes

BL No | Yes Yes Yes
SBL No | Yes Yes Yes
L No | Yes Yes Yes

1I No No No Yes

G Yes | Yes Yes Yes
WNM || Yes | Yes Yes Yes
NM Yes | Yes Yes Yes
CPC Yes | Yes Yes Yes

2His proof has never been published. We know it by private communication.



Chapter 6

Perfect, local and bipartite
MTL-algebras

In Chapter 4 we have presented Jenei’s methods to construct new families of
IMTL-algebras. This led us to some considerations on a possible representa-
tion theorem for IMTL-chains in terms of decomposition as connected rotation-
annihilation of some filter and a convex subalgebra, but we do not have a de-
scription of indecomposable chains yet. In this chapter we will generalize the
connected rotation-annihilation to MTL-chains and we will show that in some
cases the decomposition can be well described, namely those where the used fil-
ter is the radical and the convex subalgebra is Bs or the so-called drastic product
algebras. These kinds of chains will be studied in this chapter by generalizing
the notions of perfect, local and bipartite algebra that have been already used
for MV-algebras and BL-algebras (see [5, 13, 45, 46, 135]).

6.1 Perfect and bipartite M TL-algebras

We start with the notion of order of an element, which will allow us to define
the class of perfect algebras.

Definition 6.1. Let A be an MTL-algebra. We define the order of a € A as:

ord(a) = min{n : a" = GA} if it exists,
S otherwise.

Definition 6.2. An MTL-algebra A is perfect if, and only if, for every a € A,
ord(a) < oo iff ord(—a) = co.

Some easy examples of perfect MTL-algebras are By, Chang’s algebra C,
WNM-chains without negation fixpoint and all SMTL-chains. Notice that per-
fect algebras cannot have negation fixpoint.

67
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Proposition 6.3. Let I' C A be a filter of an MTL-algebra A. Then the
subuniverse of A generated by F is FFU F.

Definition 6.4. An MTL-algebra A is bipartite if, and only if, there is a maz-
imal filter F C A such that A = FUF. In this case we say that A is bipartite
by F.

Definition 6.5. Let A be an MTL-algebra. A € BPy if, and only if, for every
F € Max(A), A= FUF, i.e. A is bipartite by all mazimal filters. We also
define the corresponding class of IMTL-algebras as IBPy := BPy N IMTL.

As perfect algebras, bipartite algebras do not have negation fixpoint. Notice
that all the examples of perfect algebras mentioned before are also in BPy. B, is
an example of an algebra in IBPy which is not perfect. Besides, not all bipartite
algebras are in BPy; for instance, Lg x By and G3 x Bs are bipartite algebras
(involutive and non-involutive, respectively) that are not in BP,.

However, for MTL-chains, perfect and bipartite algebras and algebras from
BPPy turn out to be the same:

Theorem 6.6. Let A be an MTL-chain. The following are equivalent:

(1) A= Rad(A) U Rad(A).
(2) A is bipartite.
(3) A e BP,.
(4) Rad(A) = A, and A has no fizpoint.
(5) A is perfect.
(6) A Bp(z) ~ 1.
(7) AJRad(A) = By.
where Bp(x) = (=(-2)?)? < ~(-a?)?.

Proof: (1) = (2), (2) = (3), (3) = (4) and (4) = (5) are straightforward.

(5) = (6): If the chain is perfect, then one can check that for every a € Ay,
(~(=a)?)? = ~(=a?)? = T and for every a € A_, (~(=a)?)? = ~(=a%)? =0
(6) = (7): Suppose that A satisfies the equation. Notice that in this case the
set of positive elements is a proper filter. Indeed, if a € A, then —a € A_, so
(-a)? = 0. Therefore (=(=a)?)? = = —=(=a?)? and this implies a® € A, .
Now, take a,b € A, such that @ < b. Then a? < a&b and a2 € Ay, so
a&b € Ay. Thus Ay = Rad(A). Consider the algebra A/Rad(A) and take
a € A. If ais positive, thena — 17 =17 € Rad(A) and ™ sa=ac Rad(A),
so a/Rad(A) = TA/Rad(A). If a is negative, then a — 07 = —a € Rad(A) and
" —a=T1"¢ Rad(A), so a/Rad(A) = GA/Rad(.A). Therefore A/Rad(A) =
82.
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(7) = (1): Suppose that the quotient by the radical is the two element Boolean
algebra. Take an arbitrary a € A and suppose a ¢ Rad(A). Then a/Rad(A) #
TA/Rad(A), so a/Rad(A) = GA/Rad(A) and hence —a/Rad(A) = TA/Rad(A),
i.e. —a € Rad(A). ad

Theorem 6.7. Let A be an MTL-algebra. Then:
A is perfect if, and only if, A = Rad(A) U Rad(A).

Proof: Suppose that A is perfect. By Corollary 6.25 we know that Rad(A) =
{a € A : ord(a) = oo} and then the result follows immediately. Conversely,
if A = Rad(A)U Rad(A) then every a € Rad(A) has infinite order and every
a € Rad(A) has finite order, hence the algebra is perfect. a

Corollary 6.8. FEvery perfect algebra is bipartite.

Proof: If the algebra is perfect, then it is local, so the radical is the only maximal
filter and the result is obvious. O

Another easy consequence is the following proposition about perfect subal-
gebras:

Corollary 6.9. Given an MTL-algebra A, Rad(A) U Rad(A) is a perfect sub-
algebra and contains all perfect subalgebras.

Theorem 6.10. Let A be an MTL-algebra. Then the following are equivalent:
(1) A is perfect.
(2) A/Rad(A) = Bs.

Proposition 6.11. Let A be an MTL-algebra and let M C A be a prime filter.
Then the following are equivalent:

(1) Ay C M and A has no fizpoint.
(2) M is maximal and A= M UM.
(3) A/M = By.

Proof: (1) = (2): If a € A, then by Proposition 4.12, a V ~a € A, C M, but
since M is prime, a € M or —a € M.

(2) = (3): On one hand, M is prime, so A/M is a chain. On the other hand,
for every a € A, a/MV =(a/M) = (aV—-a)/M = TA/M, hence A/M is Boolean,
so it must be the two element Boolean algebra.

(3) = (1): Take any a V —a € Ay. (aV —a)/M = a/MV ~(a/M) = T /M,
soaV-ae M. o

Lemma 6.12. Let A be an MTL-algebra and let F' C A be a proper filter. Then:
A/F € BA if, and only if, {aV —-a:a € A} CF.
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Proof: Suppose that the quotient is a Boolean algebra and take a € A. Then
a/FV —=(a/F)=(aV —a)/F = TA/F. Thus: a = aV —a € F. Conversely, it is
straightforward to check that A/F satisfies the law of the excluded middle. O

Theorem 6.13. For cvery MTL-algebra A the following are equivalent:
(1) A e BPy.
(2) A/Rad(A) € BA.
(3) Rad(A) = Ay and A has no fizpoint.

Proof: (1) & (2): For every maximal filter M, A = M U M iff (by Theorem
6.11) Ay is contained in every maximal filter iff A} C Rad(A). By Lemma 6.12,
this is equivalent to .A/Rad(A) € BA.
(2) = (3): By Lemma 6.12, we obtain Ay C Rad(A) and the other inclusion
is always true.
(3) = (2): Also by Lemma 6.12.
O

From (2) of the last theorem and Theorem 6.10 we obviously obtain the
following result:

Corollary 6.14. FEvery perfect MTL-algebra is in BPy.

Theorem 6.15. BP, is a variety. One equational base is obtained by adding
the next set of equations to the usual axiomatization for MTL:

{(rz A=z) = (xV-2)"~1:n>1}

Proof: Let A be an MTL-algebra. A € BP, iff A, C Rad(A) and there is no
fixpoint iff for every a V —a € Ay and every n > 1, (aV —a)® > =(aV —a) =
—Qa /\ Q. O

Corollary 6.16. BP, is the variety generated by all perfect MTL-algebras.

Proof: Let K be the variety generated by all perfect MTL-algebras. By Corollary
6.14, K C BPy. The other inclusion follows from the subdirect representation
theorem and Theorem 6.6. a

Corollary 6.17. There is a simpler aziomatization for BPy obtained by adding
to the azioms of MTL only the equation Bp(x) ~ 1.

Proof: Let K be the variety of MTL-algebras satisfying this equation. We will
prove K = BPy. If A € K, then by the subdirect representation theorem A
is representable as a subdirect product of chains satisfying the equation. By
Theorem 6.6, these chains are in BPg, so A € BPy. Conversely, take A € BP,.
Then A is isomorphic to a subdirect product of MTL-chains in BPy, so it satisfies
the equation. O
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We can prove the following Glivenko-style theorem' for the logic BPy asso-
ciated to the variety BPy:

Theorem 6.18. Let Fcpc denote the relation of derivability in the classical
propositional calculus. Then, for every ¢ € Fmg, Fepc ¢ if, and only if,

Fep, (~(=0)?)%.

Proof: Suppose that Fepe ¢. It suffices to prove that for each chain A €
BPy, A | (=(—¢)?)? ~ 1. Let A be such a chain and v : Fm; — A an
evaluation. We know that A/Rad(A) = Ba, so v(p)/Rad(A) = TA/Rad(.A),
i.e. v(p) € Ay, hence (=(—v(p))?)? = T*. Conversely, if Fep, (m(—¢)?)?, then
By = (=(—¢)?)? ~ 1, ie. By = ¢~ 1, hence Fcpc ¢. a

Concerning the structure of the class of bipartite MTL-algebras, we obtain
the following results:

Proposition 6.19. The class of bipartite MTL-algebras is closed under subal-
gebras.

Theorem 6.20. Let {A; : i € I} be a set of MTL-algebras and take their direct
product A. If there is some j € I such that A; is bipartite, then A is bipartite.

Proof: Using the same reasoning as in Theorem 4.5 of [45]. 0

Corollary 6.21. The class of bipartite MTL-algebras is closed under direct
products.

Corollary 6.22. The variety generated by all bipartite MTL-algebras is MTL.

Proof: Let A be an arbitrary MTL-algebra. Consider A x By, that is a bipartite
MTL-algebra since Bs is bipartite. Thus, taking the projection over the first
component, we obtain A as a homomorphic image of a bipartite algebra. There-
fore, every MTL-algebra is in the variety generated by all bipartite algebras.
O

6.2 Local MTL-algebras

The definition of local algebras is also done in terms of the order of the elements.

Definition 6.23. An MTL-algebra A is local if, and only if, for every a € A
ord(a) < oo or ord(—a) < 0.

It is clear that all the chains are local algebras. Perfect algebras are local as
well. In fact, we have this characterization:

Proposition 6.24. An MTL-algebra is local if, and only if, it has a unique
maximal filter.

IFor a general study of this type of theorems in the framework of natural expansions of
BCK logic see [34]. See also some results in [33].
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Proof: Suppose that M is the unique maximal filter of A. If there is a € A
such that ord(a) = ord(—a) = oo then a,—a € M and this is a contradiction
since M is proper. Conversely, suppose that A is local and let M be a maximal
filter. Then it is easy to prove that M = {a € A : ord(a) = oo}. Clearly M is
contained in this set. If @ ¢ M and ord(a) = oo, then In such that —a™ € M,
so ord(—a™) = co. Hence ord(a™) < o0, so ord(a) < oo, a contradiction. O

Corollary 6.25. Let A be an MTL-algebra.
A is local if, and only if, Rad(A) = {a € A : ord(a) = o0}.

In order to state a classification theorem of local algebras, we define two new
classes of MTL-algebras.

Definition 6.26. An MTL-algebra A is locally finite® if, and only if, for every
a € A\{TA} ord(a) < co. A is peculiar iff is local and Ja,b € A\ {GA,TA} such
that ord(a) = oo, ord(b) < co and ord(—b) < co.

Theorem 6.27. Let A be a local MTL-algebra such that A 2 By. Then A
satisfies one, and only one, of the following:

o A is perfect.
o A is locally finite.
o A is peculiar.

We know that perfect algebras cannot have negation fixpoint but this is not
the case for the other types of local algebras. For instance, on the one hand,
[0,1], is a locally finite MTL-algebra and, on the other hand, [0,1]xm and in
general all WNM-chains with negation fixpoint are peculiar.

6.3 Perfect IMTL-algebras and disconnected ro-
tations of prelinear semihoops

In the involutive case, the notion of perfect algebra turns out to be an exact
description of the IMTL-chains obtained by means of the disconnected rotation
method presented in Chapter 4. Recall that the disconnected rotation of a
prelinear semihoop B is denoted as B*.

Theorem 6.28. Let A be an IMTL-algebra. Then the following are equivalent:
(1) A is perfect.
(2) A/Rad(A) = B,.

(8) A is isomorphic to the disconnected rotation of a prelinear semihoop.

2We follow here the nomenclature introduced by Chang for MV-algebras. Do not confuse
this with the general notion of locally finite algebra in Universal Algebra defined in Chapter
2.
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Proof: (1) = (2): If the algebra is perfect, then the radical is perfect and maxi-
mal, hence A/Rad(A) is simple and perfect, so it must be isomorphic to Bs.
(2) = (3): For every a € A, (a/Rad(A) = TA/Rad(A) = a € Rad(A)) and
(a/Rad(A) = 0" /Rad(A) = a € ~Rad(A)). So A = Rad(A)U—Rad(A). Then,
considering the prelinear semihoop B given by Rad(.A), we obtain that A4 2 B*.
(3) = (1): If A= B* for some prelinear semihoop B, then it is obvious that
all positive elements have infinite order and all negative elements have finite
order. a

Furthermore, we can prove that perfect MV-algebras are exactly the discon-
nected rotations of cancellative hoops.

Theorem 6.29. Let A be an IMTL-algebra. The following are equivalent:
(1) A is a perfect MV -algebra.
(2) A is isomorphic to the disconnected rotation of a cancellative hoop.

Proof: (1) = (2): It is clear that Rad(.A) is a Wajsberg hoop. We only need to
show that it has no minimum element and then it will be a cancellative hoop.
Suppose that a is the minimum of Rad(A) and take any = < a different from

0", Thena Az = x, but a&(a — z) = a&—(a&k—z) = =(a — a&—x) = =(a —
a) = GA, a contradiction with .4 being a MV-algebra.

(2) = (1): The rotation of a cancellative hoop is always an MV-algebra as it
is proved in Lemma 3.13 of [52] and by the last theorem it is perfect. O

6.4 Correspondence between varieties of pre-
linear semihoops and varieties of IMTL-
algebras

In this section we will prove that the lattice of subvarieties of IBP is really big
and complex. Indeed we show that it is isomorphic to the lattice of subvarieties
of prelinear semihoops.

We will need the next notation: given a class of prelinear semihoops K, we
define K* := {4* : A € K} C IMTL.

Lemma 6.30. IfK is a class of prelinear semihoops, then H(K*) = H(K)*.
Proof: Take A € K and B € H(A) and consider B*. We know that B is the
image of some homomorphism h : A — B. We must prove that B* € H(A*). Tt
suffices to consider the following homomorphism:
g : A* — B* defined by:
h(a) itae (A")+
9(a) —{ —h(—a) if a € (A%)_
Take now B € H(K*), i.e., B is the image of some homomorphism h : 4* — B,
where A € K. Then B = h[(A*),]*, so B € H(A)* C H(K)*. O
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Lemma 6.31. IfK is a class of prelinear semihoops, then S(K*) = S(K)*.

Proof: Take A € K and B € S(A*). Since B is a subalgebra of the disconnected
rotation of A, we have that By C (A4*)y = A and B_ C (A*)_. Actually, B}
is the universe of a subalgebra of A and B is the disconnected rotation of this
subalgebra. Therefore, A € S(K)*.

Conversely, if A € K and B € S(A)*, then B = C* for some C C A. It follows
that C* C A*, so B € S(A*) C S(K*). O

Lemma 6.32. IfK is a class of prelinear semihoops, then Py (K)* C ISPy (K*).

Proof: Take {A; : i € I} C K and consider an ultraproduct HZZ A;. Consider
also the ultraproduct of { A} : i € I} corresponding to the same index set and the
same ultrafilter, i.e., HZ{, A¥. It suffices to take the embedding o : (Hé A)f —
[T/, A: defined by:

o If a/Ul € ([T, A%, al@/U) = aju.

o It —(a/U) € (I, A, a(~(a/U)) = —a/U, where for every i € I
(ma)(z) = =(a(i)).
We obtain ([T, A;)* € IS([1}, A7) C ISPy (K*). 0

Lemma 6.33. If K is a class of prelinear semihoops, then Py(K*) C
IS(Py (K)").

Proof: Take {A; : i € I} C K and an ultraproduct Hz{{ Az, Given a € [[" A7,
we define j(a@) € []" A; as:

—a(i) otherwise.

@) = { a(i) if a(i) > —a(i),

In order to show that HZIJ Af e IS((HZ{, A;)*) CIS(Py(K)*) it is enough to
consider the embedding o : Hé Al — (HZ{, A;)* defined by:

o Ifa/U € H{l A¥ is such that {i € I : a(i) > —a(i)} € U, then a(a/U) =
j@)/u.

o If a/U € [}, Az is such that {i € I : a(i) < —a(i)} € U, then a(a/U) =
—a(—a/U).

O

Theorem 6.34. Let K and 1L be classes of totally ordered prelinear semihoops.
Then:

e V(K) C V(L) if, and only if, V(K*) C V(L*), and
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e V(K) = V(L) if, and only if, V(K*) = V(L*).

Proof: From Jénsson’s Lemma (see [24]) we deduce that given a class M of
prelinear semihoops or IMTL-algebras, HSPy (M) coincides with the class of
the chains in V(M). Therefore, due to the representation in subdirect products
of chains, we only need to prove: HSPy(K) C HSPy (L) iff HSPy(K*) C
HSP, (L")

Suppose first that HSPy (K) € HSPy(L). Therefore, K C HSPy (L), so
K* C (HSPy(L))* = HS(Py(L))* C HSISPy(L*) C HSPy(L*). Thus,
HSP (K*) C HSP (LY).

Suppose now that HSPy (K*) C HSPy(L*). Then, K* C HSPy(L*) C
HSIS(Py(L))* = (HSISPy(L))* C (HSPy(L))*. Therefore, K C HSPy ().

The other equivalence trivially follows from this one. ]

Corollary 6.35. Given any variety of prelinear semihoops K, define o(K) :=
V ({chains of K}*). Then, o is an isomorphism between the lattice of varieties
of prelinear semihoops and the lattice of subvarieties of IBP.

6.5 Adding the fixpoint to perfect MTL-
algebras. Logics BP™ and BP'”. Glivenko
theorems, standard completeness and other
properties

In this section we will use perfect MTL-algebras to construct new kinds of MTL-
algebras and we will study the varieties and the logics that they define.

First, we extend the construction of connected rotation-annihilation (see
Chapter 4) in such a way that it will not only produce IMTL-algebras, but
also non-involutive MTL-algebras.

Definition 6.36. Let A and B be MTL-algebras such that A is perfect. We
define a new MTL-algebra C, whose carrier is AU (B \ {GB,TB}), the orderings
in A and B are extended by letting a < b < ¢ for everya € A_, b € B\ {GB,TB}

and c € Ay, and the operations are defined as [ ﬁA, ° =14 and:

a&?b if a,bc A

o if a,beB\{ﬁB,TB} and a < =Bb

a&®Bb it a,be B\{0°,1°} and a £ —Bb
a&bi=1{ b if acA,beB\{0°,1°}

a if acB\{0,1°},be Ay

0" it aeB\{0°,T°},be A_

=A . =B B

0 if acA_beB\{0 ,1}
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a—Ab if abeA
T° if a,beB\{ﬁB,TB},aSb
a—Bb if a,beB\{ﬁB,TB},aﬁb
a—>cb:: b if aeA-‘r?beB\{ﬁB’TB}
T4 if aeB\{0°,1°}beA,
-Bqg if GEB\{GgyiB}abeA*
—A . =B =B
1 if acA ,beB\{0,1}

It is routine to check that C is indeed an MTL-algebra. Since this is a
generalization of the connected rotation-annihilation construction, we keep on
denoting it as A @ B. Therefore, we can also speak about decompositions of
MTL-chains in rotation-annihilation of a perfect MTL-chain and another MTL-
chain. Moreover, propositions 4.65 and 4.66 can be easily generalized to this
more general case. We will use this construction in some special cases, but first
we need to introduce a particular kind of WNM-chains.

Definition 6.37. For every natural number n > 1, we define a WNM-chain
W, = (Wn,&,—>,/\,\/,6W",TW"> by taking W, = {TW" >ag > a; > ... >
Ap—1 > 6W"} and —a; = ag for every i < m. As in every WNM-chain, the

operations & and — are defined as:

anb ifa>-b
&b:=4q — ’
“ { 0" otherwise.

™" ita<,
a—b:= .
—-a Vb otherwise.

for every a,b € W,.

Moreover, we define the WNM-chain W,, = (Ww,&7—>7/\7\/,ﬁww,iww> by
taking an infinite set {ay, : k < w}, letting W, = {TW‘” >a9>a1 > ... > ap >
Apy1 > ... > GW“} and defining the operations in the same way.

Notice that in these chains the product of any pair of elements different from
the top, is always the bottom. This is sometimes called the drastic product.
Moreover, all of them have negation fixpoint, namely ag. It is clear that L3 = W).

Definition 6.38. Let A be a perfect MTL-algebra and 1 <n < w, AOW, is
denoted as AT™™ and we call it a perfect algebra plus n points. Since ag is a
negation fizpoint, when n =1 we call At! a perfect algebra plus fixpoint.

We must be careful to avoid any misunderstanding here. Perfect algebras
cannot have fixpoint. Therefore, we are not saying that A™™ is a perfect algebra
with fixpoint; this would not make sense. On the contrary, we are just saying
that AT" is a perfect algebra plus n points, in the sense that it is obtained by
adding n new points to a given perfect algebra A. Thus, AT™ is not perfect and
it has negation fixpoint.
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Notice that if we start with an IMTL-algebra, this definition is only preserv-
ing the involution when n = 1. Moreover, the construction of A*! is canonical
in the sense that it is the only possible way to add the fixpoint to a perfect
algebra:

Theorem 6.39. Let A be an MTL-algebra with negation fixpoint such that A =
Ay UA_ and Rad(A) = Ay. Let a be the fizpoint. Then, a&b = a for every
be A, and a&b = o for everybe A_.

Proof: Take b > a. We know that a&b < a. Suppose a&b < a. Then, —(a&b) €
AL, hence b&—(a&b) € A,. This implies a > —(b&—(a&d)), in contradiction
with a&(b&—(ad&ed)) = (a&b)&—(a&bd) = 0" It b € A_, then —=b € Ay, so
a < —b and this is equivalent to a&b = 0" O

The class of perfect IMTL-algebras plus fixpoint coincides with the class of
all connected rotations of MTL-algebras without zero divisors:

Theorem 6.40. Let A be an IMTL-algebra. The following are equivalent:
(1) A is a perfect algebra plus fizpoint.

(2) A is isomorphic to the connected rotation of an MTL-algebra without zero
divisors.

Proof: (1) = (2): Let a be the fixpoint of the algebra. Consider the MTL-

algebra B defined by Rad(A) U {a} such that 0° = a. Since the radical is closed
under &, B is an MTL-algebra without zero divisors. Thus A & B*.

(2) = (1): If A= B* for some MTL-algebra B without zero divisors, then
is clear that all the positive elements have infinite order and all the negative
elements have finite order, so it is a perfect algebra plus the fixpoint. O

Proposition 6.41. Let A be a perfect MTL-algebra and n any ordinal number
such that 1 <n < w. Then, AT /Rad(AT") X W,.

Proof: Recall that Rad(A*™™) = Ay. So, on one hand, it is clear that

—_Atn _pt+n
1" JRad(A*") = A, and 0 /Rad(A*") = A_. On the other hand, for

every a,b € W, \ {07, 7"} such that a < b, we have b — a = ag & Rad(A*"),
thus a/Rad(A*™) # b/Rad(A™"). Therefore, the function defined by:

™ i =T
f(w/Rad(A*) = ¢ 0™ i 2 =0
T if zeW,\ {EW",TW"}
is an isomorphism from A™"/Rad(A™") to W,,. O

However, in this case the quotient by the radical does not characterize perfect
algebras plus fixpoint. This is false even for MV-algebras. Take for instance the
MV-algebra LY. Indeed, Ly /Rad(Ly) = W, but L§ is not a perfect algebra plus
fixpoint.
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Definition 6.42. For every 1 <n < w, let IB%IP’(')"" be the variety generated by all
perfect MTL-algebras plus n points, and define ]HBBIP’Sr1 = IB%IP’Sr1 N IMTL.

Obviously, IBP, C IBP{", since Lz € IBP{' \ IBP,.
It is also clear that we have the following chain of strict inclusions:
BP, C BP{' C ... CBP{" ¢ BPS ") C ... C BP¥.

Proposition 6.43. IB%IP’S' “ is the minimum variety containing IB%IP’(")" ™ for every
finite n, i.e. BPGY =\, ., ., BP;".

Proof: 1t is obvious that \/; ., BPg" C BP{*. To prove the other inclusion,
consider any equation ¢ ~ ¥ € Eq, such that is not verified by all algebras in
BPy“. We must show that ¢ & ¢ is not verified by all algebras in \/, ., . BP3".
Suppose that {x1,...,2,} is the set of variables appearing in ¢ = ). There is a
chain C € BPZ“ and an evaluation v in C such that v(¢) # v(1). If C is perfect or
C = A" for some k < w and some perfect algebra A, the proof finishes. Suppose
that C = A% for some perfect algebra .A. Then the subalgebra generated by
the set AL U Ay U{v(z1),...,v(z,)} is also not satisfying the equation and it
belongs to the variety IB%]P’SF(HH). 0

Theorem 6.44. We can obtain an equational base for IEB]P’S'“ by adding to the
axioms of MITL the following:

1. Bp(x)V (-2 < ——x) =~ 1

2. (xV-z—yV-y)V(yV-y—-yA-y) —yVoy)V((eV-ox)? —

yVvV-oy) —yVoy) =1
3. Bp(z) V (-y < =) V (v — z&p(y)) = 1

Proof: Let K be the variety of MTL-algebras where these equations are valid.
Let A be a perfect MTL-algebra plus w points. Omne can easily check that
A E (=(-2)*)? < —(-2%)?) V (-2 < ——z) ~ 1. Let us prove that also
the second equation is valid in A. Take a,b € A. If —a is the fixpoint, then
aV-a—bV-b= T and the equation is satisfied. Suppose now that —b is
the fixpoint and —a # —=a. aV —a > bV =b, so (aV —a)®> > bV —b. Thus,
(aV —=a)? — bV —b=>bV-band the equation is satisfied too. Finally, suppose
that neither —a nor —b are the fixpoint. Then bV b — —bA—-—b € A_,

hence (bV —b — =bA —=—=b) — bV b= T, Finally, let us prove that also the

third equation is valid in A. Take a,b € A. Suppose Bp(a) # T4 and ——b %+ —b
(otherwise the equation is clearly satisfied). Then, we have a ¢ Rad(A)URad(A)
and p(b) € Ay, so a&p(b) = a and the equation is also satisfied. Therefore,
BP{“” C K.

In order to prove the other inclusion and taking into account the represen-
tation theorem in subdirect products of chains, we only need to check that all
chains in K are either perfect or perfect plus some points. Let C be such a
chain and take a € C,; we will see that a> € C,. Suppose that it is not
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true. Then there are two possibilities: either a? is the fixpoint or it is smaller
than its negation. If a> = b = —b, then the second equation would imply
(@—=bV(b—ob) -bV(a®—b —=b=(@@—=bVbVb=a—b=T1",
so a < b, a contradiction. Suppose now, that a?> < —a?. By the first
equation —=(—a?)? = (=(-a)?)? = (—@A)2 = TA, so (—a?)? = GA, i e
—a? < —=—a?. This means that a® < —a? < —-a?, so ~a®> = ——a?. There-
fore —a? is the fixpoint. Using values a and —a? in the second equation we
obtain: (a — —a?)V ((ma* — —a?) — —a?)V ((a* - —a®) — —a?) = (a —
=a?) VvV =a? V ((a?> — —a?) — —a?) = (a — —a?) V ((a? — —a?) — —a?) = T,
so one of the two disjuncts must be 1. a > —a?, thus a® — —a? < —a?, but
this is absurd since a? — —a? = T4 Thus, given a,b € C, such that a < b, we
have a&b > a? € Cy; therefore, C is closed under &. If C' = Rad(C) U Rad(C),
the chain is perfect. Suppose not. Then for every a ¢ Rad(C) U Rad(C), we
have ¢ = ——a. Indeed, a < —a (because a ¢ Rad(C) = C4), and —a < =—a
(because —a ¢ Rad(C) = Cy). Thus, a < —a < =—a, and this implies ~a = ——a.
Moreover, given a ¢ Rad(C) U Rad(C), and b € C, the third equation implies
a&b = b, so C is perfect plus some points. O

Theorem 6.45. If 1 < n < w, we can obtain an equational base for BP{™ by
adding to the axioms of MTL the following:

1. Bp(z)V (mz < ——z)~ 1

2. (xv—|x—>y\/ﬂy)\/7((y\/ﬂy—>—|y/\—\—|y)—>y\/—|y)\/(((x\/—|3:)2—>
yvoy) —yVoy) Rl

3. Bp(x) V (~y < ~y) V (z — 2&p(y)) = 1
4 Vocicn Bp(@i) V Vcicjcn (@i & 25) = 1

Proof: Let K be the variety defined by these equations. Let AT" be a perfect
algebra plus n points. By the previous theorem the first three equations are
valid in this algebra. Let us check the fourth one. Consider ag,...,a, € AT™.

-  4+n
If there is some ¢ such that a; € Rad(AT™)U Rad(At™), then Bp(a;) = AR Fs
for every i a; ¢ Rad(A*™) U Rad(A*"), then there must be some 4, j such that

. . s —AtT
a; = a;, since there are only n elements in these conditions, so a; +» a; =1

and the equation is also satisfied. Therefore, IB%IF’EJ" "™ C K. Conversely, take any
chain C € K. On one hand, by the proof of the previous theorem we know that
C is perfect or perfect plus some points. On the other hand, the fourth equation
implies that there are at most n points not belonging to Rad(C) U Rad(C).
Therefore, we obtain C € BP{", hence K C BP{". O

Corollary 6.46. An equational base for ]IIB%IP’(‘)H is obtained by adding to the
axioms of IMTL the following:

1. Bp(z)V (z < —z)~ 1
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2. (xV-z — yV-y)V((yV-y — yAsy) — yVoy)V((aV-oa)? — yV-oy) —

Notice that the equation Bp(z) V (-y < —=y) V (x — 2&p(y)) ~ 1 of the
last two theorems is strictly necessary. Indeed, if A is any perfect MTL-algebra,
we can define an MTL-algebra B whose carrier is AU {a, b}, the ordering in A is
extended by letting x < b < a < y for every x € A_, y € Ay, and the operations

are defined as 0° = GA, 1% = 7" and:

&y if x,yeA

&5y = 0 if z,y€ {a,b}
’ bA if zeAq,ye{ab}
0 if ze€A_,ye{ab}

and — is its residuum. Then, B is neither in BPZ* nor in BPJ 2 and it does
not satisfy the equation Bp(z) V (-y < ——y) V (z — z&p(y)) ~ 1, even though
it satisfies the remaining equations.

If BPJ!, IBP!, BP{™ and W,, are respectively the logics associated to the
varieties BP{!, IBP{', BP{™ and V(W,) for every 2 < n < w, and Ls is the
three-valued logic of Lukasiewicz, i.e. the logic associated to the variety V(Ls),
we can prove the following Glivenko-style theorems for these logics:

Theorem 6.47. For every ¢ € Fmg, we have:
(i) Fry @ if, and only if, Fpp 1(9) V (H( = ~0)&0).
(ii) Fr, ¢ if, and only if, FIBP# t(o) V (tlp < —p)&ep).

(iii) Fw, ¢ if, and only if, }—BPOJrn t(o) V (t(—p — —p)&p), for every 2 <n <
w.

where t(z) = =(—z?)2.

Proof: We will prove the first case as an example. The remaining ones are
analogous. Suppose that Fr, ¢ and take any chain A € ]B%]P’a' ! 'We must prove
that A = t(¢) V t(p < —p)&p ~ 1. Let v : Fmz — A be an evaluation. We

know that A/Rad(A) = Ls, so v(y)/Rad(A) = TA/Rad(A), ie. v(p) € Ay =
Rad(A), hence t(v(p)) = T Conversely, if Fpp+ t(p) V (t(p < —p)&), then
in particular L3 = t(p) V (t(¢ < —¢)&p) ~ 1. Let v be any evaluation on L.
We have t(v(p)) V (t(v(p) < —v(p))&v(p)) = 1. The assumptions v(p) = 0 and
v(p) = % lead to contradiction, so it must be v(¢) = 1, and this finishes the
proof. |

Finally, we will discuss which of those varieties define new fuzzy logics with
strong standard completeness theorem. We will prove the theorem for IB%IP’S' v,
BPy, IBE;' and BPJ'. For BP{* the original method of Jenei and Montagna
[100], that we have sketched in Chapter 5, will be enough to prove it, while for
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BPy, IBP; ' and BP{' we will need some modifications of the method. For the
remaining varieties, BPZ"™ (for every 1 < n < w) and IBPy we will prove that
there is no standard completeness.

Theorem 6.48. The logic BP{“ enjoys the SSC.

Proof: Let A € BP{“ be a countable perfect chain plus infinitely many points.
Using the method of Jenei and Montagna we obtain an MTL-chain B over [0, 1]
and an embedding h : A — B. It is easy to check that Rad(B) = B4, so
B € BP“. |

Theorem 6.49. The logic BPy enjoys the SSC.

Proof: Let A € BPy be a countable chain. We know that A is perfect. If A_ has
no maximum, the method of Jenei and Montagna would not work. Indeed, the
resulting chain over [0, 1] would have a negation fixpoint, so it would not belong
to BPPy. To avoid this problem and make sure that A_ has a maximum element,
we add a couple of new elements a,b ¢ A requiring:

e g <z foreachx € Ay,

e b<a,

e x <bforeachxz € A_,

o —a =1,

e -b=aq,

o a&x = x&a = a for each x € Ay U {a},
o alx = z&a =07 for each z € A_ U {b},

o b&x = x&b = b for each x € Ay and
o b&x = &b =0" for each z € A_ U {b}.

A is a subalgebra of this extended chain. Therefore, we can suppose without
losing generality that A_ has a maximum, say b. Now we apply the usual
method of Jenei and Montagna. First we obtain a densely ordered countable
monoid B over the set {(0°*,1)} U{(a,q) : a € A\ {07}, ¢ € QN (0,1]}, with the
lexicographical order and the following monoidal operation:

| min{(a,q), (c,7)} if a&c = min{a,c}
{a,q) o {e,r) := { (a&ec, 1) otherwise.
Notice that for every (c,r) > (b,1) (i.e. ¢ > b) we have {(c,7)™ > (b,1)
for every n > 1. Notice also that given (c,r) < (b,1) we can define —(c,r) :=
mazx{{a,q) : {a,q) o {c,r) = <6A7 1)} and we get —(c,7) > (b, 1).
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B is isomorphic to a monoid over @ N [0,1] and it is completed to [0,1] by
defining a® 3 := sup{poq : p,q € Q,p < a, ¢ < f} and we obtain an MTL-chain
C over [0,1] and an embedding h : A — C. It is easy to check that C is perfect.
O

Theorem 6.50. The logic IBPSrl enjoys the SSC.

Proof: Let A € ]HB%IP’S' ! be a countable chain. As we have seen, A is either perfect
or perfect plus fixpoint. It is enough to suppose that A is a countable perfect
chain plus fixpoint and show that it can be embedded in a standard chain of
IBPS ' over [0,1]. Let a € A be the fixpoint. If we use the usual method we
first obtain an algebra over a densely ordered set B, as we have described in
the preliminaries. For every ¢ € Q N (0,1) the element (a,q) € B is such that
—(a,q) = {(a, 1), so the resulting standard chain will not be perfect plus fixpoint.

In order to solve this problem, we consider the construction of Jenei and
Montagna applied to the prelinear semihoop defined by Rad(A), but giving
an algebra C over [0.6,1] instead of being over [0,1] as usual. We have an
embedding h : Rad(A) — [0.6,1] such that is a homomorphism with respect to

&, is monotonic and h(TA) = 1. We extend h to h : A — [0,1] in the following
way:

>

(x) = h(x), if a € Rad(A),

>

(-z) =1— h(x), if ~a € =Rad(A), and
(a) = 3.

Consider now the algebra B over [0.5,1] given by the ordinal sum of the G-
chain over [0.5,0.6] and C. B is an MTL-algebra without zero divisors. Consider
its connected rotation B* defined over [0,1]. Then, B* € BP{ NIMTL and h is
an embedding from A into B*, so the theorem holds. ]

>

Theorem 6.51. The logic BPSrl enjoys the SSC.

Proof: Let A € IB%IP’S' ! be a countable perfect chain plus fixpoint. Let a € A be the
fixpoint. The usual method would produce the same problem as in the previous
proof, so we will modify it again. If A; has minimum or A_ \ {a} has maximum
we embed A into a new countable perfect chain plus fixpoint in the following
way. Let B be the disconnected rotation of a countable cancellative hoop such

that AN B = (. We will define a new chain over C' := (A \ {a}) U (B\ {GB,TB})
by extending the operations and the order of A and B in this way:

e z <y foreach z € B\ {GB,TB} and each y € A,
o 1 <yforeach z € A_\ {a} and each y € B\ {GB,TB},

o &y =y&x =y for each x € A, and each y € B\ {GB,TB},
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o &y = y&a = 2&By for each z,y € B\ {GB,TB} such that x > —y,
o &y = y&x = 0™ for each xz,y € B\ {GB,TB} such that x < -y, and
o &y = y&z = 0" for each z,y € A_\ {a}.

Let — be the residuum of &. With this order and these operations C is a
countable perfect MTL-algebra. Then, considering CT! we obtain a countable
perfect chain plus fixpoint where it is possible to embed A and with no minimum
in the set of positives and no maximum in the set of negatives minus the fixpoint.
Thus we can suppose without losing generality that A is such that A, has no
minimum and A_ \ {a} has no maximum.

Now we will use the construction of Jenei and Montagna slightly modified.
Indeed, we define a densely ordered countable monoid with the lexicographical
order and the usual operations, but over the set {<6A7 1), {a, 1)} U{(b,q) : b €

A\{ﬁA7 a},q € QN(0,1]}. To be sure that this also works we only need to check
the left-continuity of the monoidal operation on (a,1). Let {(b;,q;) : i € w}
be such that sup{(b;,q;) : i € w} = (a,1) and take an arbitrary element (c, p).
We must prove sup{(b;,q;) o {¢,p) : i € w} = (a,1) o (¢,p). If ¢ < a then
(a,1) o {c,p) = <6A, 1) and (b;, q;) o {c,p) = <6A, 1) for every i € w, so it holds.
Suppose that ¢ > a. (a,1) o {¢,p) = (a,1) and for every i € w we have:

(b i) o {erp) = { (bj&c,1)  otherwise.

Now using that sup{b;&c : i € w} = a&c the proof finishes. O

Finally, we prove that the remaining varieties do not define a logic with
standard completeness:

Theorem 6.52. The logic IBPy does not enjoy the SC.

Proof: This is clear because all IMTL-chains over [0, 1] have negation fixpoint,
so there are no perfect standard IMTL-chains. O

Theorem 6.53. For every 1 < n < w, the logic BP§"™ does not enjoy the SC.

Proof: Observe that the only standard chains in BP§™ are perfect chains plus
fixpoint, hence if the standard completeness was true we would have ]BS}P’(T "=
V({standard BP{"-chains}) = BP§ ', a contradiction. a

6.6 Conclusions

Even though a decomposition theorem in terms of connected rotation-
annihilation has not been achieved yet, in this chapter, we have generalized
the construction to the general non-involutive case and we have studied some
particular cases of this decomposition obtaining several meaningful results.
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Table 6.1: Standard completeness properties of fuzzy logics arising from perfect
algebras.

] Logic H SC \ FSSC \ SSC ‘
BPy Yes Yes Yes
IBP No No No
BP[)Irl Yes Yes Yes
IBP(T I Yes Yes Yes
BPi",1<n<w | No | No No
BPS’ “ Yes | Yes Yes

IMTL-chains which are decomposable as a connected rotation-annihilation
where the filter is its radical and the convex subalgebra is isomorphic to
B> (i.e. are the isomorphic to the disconnected rotation of its radical) have
been characterized as perfect chains.

IMTL-chains which are decomposable as a connected rotation-annihilation
where the filter is its radical and the convex subalgebra is isomorphic to the
drastic product algebra W, (i.e. are isomorphic to the disconnected rota-
tion of its radical) have been characterized as perfect chains plus fixpoint
and possibly some additional points.

The varieties generated by perfect IMTL-chains, perfect MTL-chains, per-
fect IMTL-chains plus fixpoint and perfect MTL-chains plus n points (BPy,
IBP,, IBPS L and BP;" respectively) have been finitely axiomatized.

We have discussed standard completeness properties (see Table 6.1) and
Glivenko-style theorems for the logics associated to these new varieties.

The lattice of subvarieties of IBPy has been proved to be isomorphic to the
lattice of varieties of prelinear semihoops, which shows a kind of fractal
structure in the lattice of all axiomatic extensions of MTL and suggests
its amazing complexity.



Chapter 7

Weakly cancellative
MTL-algebras

In Chapter 4 we have proved that every MTL-chain can be decomposed as an
ordinal sum of indecomposable totally ordered semihoops. Nevertheless, we also
have shown there that the class of all indecomposable totally ordered semihoops
seems to be hard to describe, since it contains all IMTL-chains and, as proved
in the previous chapter, the complexity of the lattice of varieties of involutive
MTL-chains contains at least all the complexity of the lattice of varieties of
prelinear semihoops. In this chapter we will study a different class of indecom-
posable semihoops that seems more accessible than the class of all IMTL-chains.
These semihoops are defined by considering a generalization of the property of
cancellation that we will call weak cancellation.

7.1 The property of weak cancellation

An MTL-chain A is said to be cancellative if, and only if, for every a,b,c € A if
a # 0" and a&b = a&c, then b = c. This property is typically satisfied by the
product of real numbers. The axiom (II1) was proposed to express the law of
cancellation in order to axiomatize the logic of the product t-norm. Nevertheless,
(T11) is proved to be equivalent to the property of cancellativity in the presence
of the axiom (PC), i.e. it is equivalent to the cancellativity for SMTL-chains.
Now we propose an alternative axiom that is equivalent to the cancellativity for
all MTL-chains:

V(¥ = p&y) =) (C)

Proposition 7.1. The variety generated by cancellative MTL-chains is axioma-
tized by the equation corresponding to aziom (C), i.e. ~yV((y — z&y) — z) ~ 1.

Proof: Let A be an MTL-chain. We have to prove that A = —yV ((y — z&y) —
x) ~ 1 if, and only if, A is cancellative. First, suppose that the equation is

85
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valid in A and take a,b,c € A such that a # GA and a&b = a&c. Then,
using the equation we have: (a — b&a) — b = (a — c&a) — ¢ = TA, hence
a — b&a = b and a — c&a = ¢, so b = ¢. Conversely, suppose that the chain
is cancellative and let us check that for any pair of elements a,b € A we have
=bV ((b — akb) — a) = T4 1 b = GA, it is obviously true. Otherwise, using
the cancellativity we obtain b — a&b = a, so the equation is also true. O

Therefore, in the axiomatization of Product logic and IIMTL we could re-
place the axiom (IT1) by (C). But, in fact, the law of cancellation implies the
pseudocomplementation as the following lemma shows.

Lemma 7.2. Let A be an MTL-chain. If A= —yV ((y — z&y) — x) ~ 1, then
AE 2z AN-z=0.

Proof: If there exists a € A such that a A —a # GA, then a,—a # 0. Thus,

applying cancellation, from a&—a = a&0™ we obtain —a = GA, a contradiction.
O

Corollary 7.3. II is the aziomatic extension of BL obtained by adding (C) and
IIMTL is the aziomatic extension of MTL obtained by adding (C).

In particular, we have found a new axiomatization for Product logic that is
also different from the one proposed! by Cintula in [35].

Therefore, cancellativity (C) is a very strong axiom for the axiomatization
of Product logic and IIMTL which makes (PC) superfluous. We may wonder if
there is an axiom which does not imply (C) but, added to SBL (resp. SMTL)
gives an axiomatization of I (resp. IIMTL). We will prove that the answer to
this question is provided by the following weaker form of cancellativity:

Definition 7.4. Let A be an MTL-chain. We say that A is weakly cancellative
if, and only if, for every a,b,c € A if a&b = a&c # GA, then b= c.

Analogously to Proposition 7.1 we can give an equivalent equation for this
property:

Proposition 7.5. Let A be an MTL-chain. Then, A E —(z&y)V((y — z&y) —
x) ~ 1 if, and only if, A is weakly cancellative.

We will refer to the corresponding axiom schema as axiom of weak cancella-
tion (WC):

(&) v (¢ — p&eyp) — ) (WC)

This axiom turns out to be the difference between pseudocomplementation
and cancellation that we were looking for:

1This axiomatization was also obtained by adding only one axiom with two variables to
BL. In fact, it was proved in the same paper that it cannot be done with one axiom in one
variable only.
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Proposition 7.6. Let A be an MTL-chain. Then the following are equivalent:
(i) AExzA-2~0 and A —(z&y) V ((y — z&y) — z) = 1
(i) AE-yV((y—o&y) »z)=1

Proof: (ii) = (i): It follows from lemma 7.2. (i) = (i7): Suppose that a&b =
a&c for some a,b,c € A with a # 0. I aked + ﬁA, then by weak cancellation
b = c. Suppose now that a&b = GA, ie. a < b Ifb # GA, then —b = 07"
(by pseudocomplementation), hence a = GA, a contradiction. Thus b = GA and
analogously ¢ =07, so b = c. ad

Another interesting fact about weak cancellation is that (WC) added to
IMTL axiomatizes Lukasiewicz logic. Recall that an MTL-algebra satisfying
xVy=(x—y)—yis already an MV-algebra.

Proposition 7.7. Let A be an IMTL-chain. Then, AE aVy=(z —y) —y
if, and only if, A = —(z&y) V ((y — z&y) — z) ~ 1.

Proof: One direction follows from the fact that all MV-algebras are weakly can-
cellative. For the other one, suppose that A is a weakly cancellative IMTL-
chain and take a pair of arbitrary elements a,b € A. We have to check that
aVb=(a—b)—b Ifa<b, it is obvious. Suppose a > b, i.e. ~b&a # 0.
Then, (¢ —» b) - b=-b— =(a — b) = b — a&k—-b =a = a VDb, by weak
cancellation. a

Corollary 7.8. Lukasiewicz logic is the ariomatic extension of IMTL obtained
by adding the axiom schema (WC).

Therefore, in the involutive case the property of weak cancellation is not
giving any new logic. But in the general case we obtain a new logic and a
new variety of MTL-algebras. Let WCMTL be the axiomatic extension of MTL
obtained by adding (WC). Of course its equivalent algebraic semantics is the
variety of weakly cancellative MTL-algebras, that are called WCMTL-algebras.
We will now axiomatize their O-free subreducts, the weakly cancellative prelinear
semihoops.

Proposition 7.9. The class of 0-free subreducts of WCMTL-algebras is the
variety of prelinear semihoops satisfying the equation:
(v&y = 2) V ((y — 2&y) — z) = L.

Proof: Let A be a totally ordered semihoop. We have to check that A = (z&y —
2)V ((y — z&y) — x) ~ 1 if, and only if, A is a O-free subreduct of some
WCMTL-chain C. First suppose that A = (z&y — 2) V ((y — z&y) — z) ~ 1.
If there is a minimum element in A4, say m, then we define C as the L-expansion of
A where 0 is interpreted as m. It is obvious that C satisfies the equation of weak
cancellation for MTL-algebras. If 4 has no minimum, then define C := By @ A.
It is clear that C is an MTL-chain and A is one of its 0-free subreducts. To
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check that it satisfies the equation of weak cancellation for MTL-algebras, take
an arbitrary pair of elements a,b € C such that a&b # 0° (hence a,b € A).
Then, since there is no minimum in A, there is some ¢ < a&b, hence a&b —
c # TA, which implies (b — a&b) — a = T Conversely, suppose that A is a
0-free subreduct of some WCMTL-chain C. Then for every a,b,c € A, we have
(a&b — ¢) V (b — a&b) — a) > (a&b — 0) V ((b — ald) — a) = T°. O

We will show now that this kind of semihoops gives some examples of inde-
composable totally ordered semihoops.

Proposition 7.10. Let A be a weakly cancellative totally ordered semihoop.
Then:

(1) If A is unbounded, then it is indecomposable.
(2) Suppose that A is bounded.

(2.1) If A has no zero divisors, then it is a IIMTL-chain and it is decom-
posable as A= By ®C, where C is the 0-free subreduct whose domain
. =A
is A\ {0 }.

(2.2) If A has zero divisors, then it is indecomposable.

Proof: First suppose that A is unbounded and decomposable as A = C; & Cs.
Then, take a € Cy \ {TA} and b € Cy \ {TA}. Since it is unbounded there is
some ¢ < a. Then, the equation of weakly cancellative semihoops would not hold
becausea&b—»c:aec;«éTA and (a—>a&b)—>b:(a—>a)—>b:b7éTA.
Now suppose that A is bounded and has no zero divisors. This means that it is
pseudocomplemented, hence, by Proposition 7.6 it is cancellative, i.e. a [IMTL-
chain. Clearly, it is decomposable as A = By @ C, where C = A\ {TA}. Suppose
that A is bounded, it has zero divisors and it is decomposable as A = Cy & Cs.
Then, the existence of zero divisors implies that C; % Bs. Take a € Cl\{ﬁA, TA}
and b € Cy \ {TA}. Then, a&b — " =a—0" # 1" and (a — a&b) — b =

(a—a)—b=b#1",s0 A cannot be weakly cancellative. a

Given an MTL-chain A and an element a € A, the truncation of A with
respect to a is the algebra Afa] = ({r € A:a <A 2 <A TA}, & —A <A a,TA>
where & is defined as z *2 y = (z ** y) V @, and — is its residuum (i. e. the
restriction of —A to {zr € A:a <A 2 <A TA}).

It can be easily checked that any truncation of a IMTL-chain is a WCMTL-
chain. It is well known (see [79]) that each MV-chain is isomorphic to a trun-
cation of some Il-chain, i.e. given an MV-chain A there is a II-chain B and
an element b € B such that A = B[b]. It seems natural to ask whether the
same kind of result is true in the general non-divisible case, i.e. whether each
WCMTL-chain is isomorphic to a truncation of some IIMTL-chain. We will end
the section giving a negative answer to this question by using an example of a
totally ordered monoid defined in [57].
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For any a,b,c,d € N, {a, b, ¢) will denote the submonoid of N generated by a,
b, ¢, and {(a, b, ¢) /d will denote the totally ordered monoid obtained by identifying
with oo all elements of {a,b, c) that are greater than or equal to d.

Let S = {32*} U (9,12,16)/30 denote the totally ordered monoid obtained
from (9,12,16)/30 by adding one additional element, denoted by 32*. This
element satisfies 16 + 16 = 32*, 32* 4+ z = oo for z # 0, and the whole monoid is
to be ordered as follows:

0<9<12<16<18<21<24<25<27T<28<32" <00.

All the relations that do not involve 32* are as in (9, 12,16)/30, so we have
to only check that x < y implies z + z < y + z when some of the terms attain
the value 32*. If z or y or z is equal to 32* then it is easy to see. If x 4+ z = 32*
and z,z # 32* then x = z = 16. Thus 32" =164+ 16 < y + 16 because if y > x
then y 4+ 16 = oo.

Now since we want to make from this monoid an MTL-chain A4, we reverse
the order:

0>9>12>16>18>21>24>25>27>28> 32" > .

It is clear that a residuum exists since A is finite and linearly ordered. Even
the weak cancellation is satisfied. Suppose that x + 2z = y + z # oo. Then if
T+ 2z =1y + z # 32" then you can cancel like in N. If x + 2z = y + z = 32*
then there are three possibilities: (1): z =y = z = 16; (2): z = 0, z = 32%,
and y = 0; (3): x =32%, 2 =0, and y = 32*. Thus A = (4,+,—,<,00,0) is a
WCMTL-chain.

Now let us introduce the following identity:

(1'1&21 — yl&ZQ) \Y (xg&ZQ — yQ&Zl) V (yl&yg — $1&£L’2) ~ T (71)
This identity is not valid in 4. Indeed, let

$1:16, y1:18, 21:16,
1'2:12, y2:9, 22:12.

Then we get the following:

rT1+2z1—y1+22 = 32 —>00=9,
Tot+ 20 > yYs+21 = 24—25=9,
Yy1+y2s w21 +x2 = 27T —28=09.

Thus
(T1+21 =y +22) V(v2+22 = Y2+ 21) V(Y1 +y2 — 71 +22) =9 #0.

On the other hand, we claim that given any IIMTL-chain B = (B, &, —, <
,0,1), every truncation Bla] = (B[a], &4, —a, <, a, 1), satisfies the identity (7.1).
There are four cases.
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1. It is clear that if one of the inequalities x1&q21 < y1&q22, T2&y20 <
yo&eaz1, Y1&aye2 < x1&qxo is valid then the identity (7.1) is obviously
valid.

2. Let y; or ys equals a. Then y1&,y2 = a < z1&,25.

3. Let z; or z9 equals a. Then either x1& 421 = a < y1&422 or T2&420 = a <
y2&q21

4. Suppose that £18&,21 > y1&az9, T28q20 > y2&uz1, and y1,ys2, 21, 22 > a.
Then we have x1&xo&21& 20 > y1 &y28c21& 25 in the original IIMTL-chain
B. By cancellativity of B we get x1&xs > y1&ys in L. After truncation
we obtain that z1&,xs > y1&,y2. Thus the identity (7.1) is valid in this
case as well.

Summing up, the identity is valid in all truncations of any IIMTL-chain, but
it is not valid in the WCMTL-chain A. Thus, A cannot be isomorphic to any
truncation of a IIMTL-chain.

7.2 The logics of weakly cancellative chains and
their ordinal sums

In the previous section we have defined the logic of weakly cancellative MTL-
chains, WCMTL. Now we will consider the logic of ordinal sums of weakly
cancellative totally ordered semihoops. This can be done with any axiomatic
extension of MTL, so it is worth formulating first this process in an abstract
way.

Definition 7.11. Let L be an axziomatic extension of MTL. We define Q(LL) as
the variety of MTL-algebras generated by all the ordinal sums of 0-free subreducts
of L-chains with the first bounded, and we denote by Q(L) its corresponding logic.

Some well known subvarieties of MTL are closed under this operator, for
instance:

G) =

Q(BL) =

Q

(

Q(SBL) = SBL

e Q(SMTL) = SMTL
o Q(MTL) = MTL

In some other cases they are not closed but we obtain an already known
variety:

o O(BA) =G
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o Q(MV) = BL

But sometimes the operator ) gives new varieties (and hence new fuzzy
logics) as we will show now for Q(WCMTL) and Q(IIMTL).

Definition 7.12. Let K be the variety of MTL-algebras such that letting x <
y=1x — x&y and I(x) = v — 2, satisfy the following conditions:

(1) (x Ny — a&ey) vV I(zy) V ((z — z&y) —y) =1

(2) (x <y)&(z = 2) <z <y

(3) (x < y)&(x — 2)&(z = y) < (2 <y) V(x < 2) VI(x&y)

We will prove that K = Q(WCMTL).

Note that < y = 1 if x < y and 2&y = z. In an ordinal sum of weakly
cancellative totally ordered semihoops, this happens if either x is the minimum
of the component which y belongs to or y = 1 or < y and z and y belong
to different components. Moreover I(z) = 1 iff z is an idempotent. Thus
the intuitive meaning of (1) is that either &y = z or z&y = y or z&y is an
idempotent or x and y belong to the same component and satisfy the cancellation
law. The intuitive meaning of (2) is the following: suppose that x < y, that x
and y are not in the same component and that z < z < y. Then z and y, are in
different components. The complementary property is true in all totally ordered
semihoops: if z < y < z and &y = x, then z&z > z&y = z, so &z = .
Finally (3) means that if &y = x and z is not an idempotent, then for any z
with z < z < y we must have either &z = x or z&y = z.

Lemma 7.13. FEquations (1), (2) and (3) hold in any ordinal sum of weakly
cancellative totally ordered semihoops whose first component is bounded.

Proof: This is not completely trivial because we have to verify that the equations
hold also when the lefthand side is not 1. In the sequel we write < y to mean
that x < y and z and y are not in the same component. We also write z = y to
mean that  and y are in the same component.

We start from equation (1). The equation clearly holds if « # y or if x&y is
an idempotent. If x = y and x&y is not an idempotent, then z&y must satisfy
the cancellation law and the third disjunct is 1.

Now consider equation (2). The equation clearly holds if z < y = 1, hence a
fortiori if z < y. The equation also holds if z < z and x < y = 1, because then
either z = z or z < y, and in both cases z < y = 1. The equation also holds if
x < z, because then (z — z&y)&(z — =) < z — z&y. It remains to consider
the case where z < x and either y < z or x = y. If 2z < x and y < « then
x <y =y, and (2) becomes y < z < y, which is clearly satisfied. Finally suppose
z < x and x = y. Without loss of generality we can also suppose z = = = v,
otherwise z < y and z < y = 1. Thus (2) becomes z < y < z < y. If z&y is not
an idempotent, then x < y = z < y = y and (2) holds. If z&y is an idempotent,
then z&y = z&y is the minimum m of the component which x,y, z belong to,
and (2) becomes z — m < z — m, which clearly holds as z < z. Finally if
z&y = m is an idempotent and z&y is not (so z&y > m), then z < y = y and
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z <y =z — m. Now from z&y = m by residuation we derive y < z — m and
the claim is proved.

We verify (3). Note that (3) holds (in any ordinal sum of WCMTL semi-
hoops) if either &y is an idempotent or z < y = 1 or 2 < z = 1 (thus in
particular if z < y or ¢ < z). Thus we suppose that none of the above condi-
tions holds. If y < z then z — y = y and (3) holds. If z < z then z — 2z = 2
and (3) holds. It remains to consider the case where x = z = y. In this case,
since we have excluded that z&y is an idempotent, we have x < y = y. Now
let C be the component which z,y, z belong to. If either C' has no minimum or
z&y is not the minimum of C, then z <y = z < y =y, and (3) is verified. If C
has a minimum m and 2&y = m, then ¢ <y =y < z — m = z < y and once
again (3) is verified. O

Lemma 7.14. Let A be an MTL-chain which satisfies (1), (2) and (3). Then
A is the ordinal sum of an ordered family of weakly cancellative totally ordered
semihoops, whose first component is bounded.

Proof: By Theorem 4.54 any linearly ordered MTL-algebra can be decomposed
as an ordinal sum of sum-indecomposable totally ordered semihoops, with the
first bounded. So it is sufficient to prove that a sum-indecomposable linearly
ordered semihoop satisfying (1), (2) and (3) is weakly cancellative. Let C be
such a semihoop. We claim that C has no idempotent elements except from its
maximum and its minimum (if such a minimum exists). Suppose by contradic-
tion that u is idempotent and that there are a,b € C with a < u < b. Then
x&u = u for all > wu, and by (2), for all z < u < v one has z&v = z. Then
C=C ®Cy where Co = {z:2>u} and C; = (C\ Co) U {TC}, contradicting
our assumption that C is sum-indecomposable. We now prove that if both « and
y are not idempotent, then z&y < x A y. The claim is obvious if x = y so we
can assume without loss of generality that z < y. The claim is also obvious if
x&y is the minimum m of C, because m is an idempotent and z,y are not such,
so m = &y < x Ay. Thus suppose by contradiction that there is z € C such
that z < &y = x Ay = ¢ < y. Since z&y is not an idempotent, by axiom
(3), for any u with < u < y we have either z&u = z or u&y = u. Now let

Cy ={u:u&y=u}U {TC} and Co = (C'\ C2) U{1}. Cy\ {14} is downwards
closed, so for all w € Cy and for all z € Cy \ {TA} we have z < w. We claim
that for all w € Cy and for all z € Cy \ {1{} we have z&w = z. This implies

that C = Cy @ Ca, which is impossible. Thus let w € Cy and z € C; \ {TC}. We

can assume without loss of generality that z is not an idempotent, otherwise z
is the minimum of C and the claim is trivial. Moreover by the definition of Cy
we have that z&y = z. So if w > y, we have z&w = z as desired. If w < y, then
since z&y = z is not an idempotent, by axiom (3) with = replaced by z we have
that either w&y = w or z&w = z. But w&y = w is excluded, because w € Cs.
So z&w = z and the proof is complete. m]
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Thus we obtain a finite axiomatization for the variety generated by those
ordinal sums:

Theorem 7.15. K is the variety generated by the ordinal sums of weakly
cancellative totally ordered semihoops (with the first bounded), i.e. K =
Q(WCMTL).

Now consider the variety Q(IIMTL). Adapting slightly the axiomatization
and the proof of the last theorem we obtain the following result.

Theorem 7.16. The variety Q(IIMTL) generated by ordinal sums of cancella-
tive semihoops (with the first bounded) is aziomatized by:

(1) (x Ay — a&y) VI(z) V(2 — 2&y) —y) = 1

2) (x<yl(z —z) <z <y

(3) (x < y)&(x = 2)&(z = y) < (z<y) V(x < 2) VI x&y)

Accordingly, we define the corresponding logics. The logic Q(WCMTL) is
the axiomatic extension of MTL obtained by adding the following schemata:

(a) (e AP — p&tb) V I(p&t)) V ((p — p&tp) — )
(b) (p=P)&(x —¢) = x <Y
(¢) (¢ =P)&(p — X)&(x = ¥) = (X <)V (p < X) V I(p&))

and the logic Q(IIMTL) is the axiomatic extension of MTL obtained by
adding the following schemata:

@) (AP — &) VI(p) V ((p — p&ip) — )
() (p=)&(x — @) = x <Y
(c) (p =V)&(p = x)&(x = ¥) = (X <) V(¢ < x) V I(p&))

Let (OS) be the conjunction of the schemata (a), (b) and (c), and let (OS’)
be the conjunction of the schemata (a’), (b) and (c¢). Adding combinations of the
schemata (WC), (PC), (0S), (0OS’), (Div) and (Inv) to MTL we obtain the hier-
archy of logics depicted in figure 7.1, where CPC is the Classical Propositional
Calculus and the following two new logics appear:

o SQ(WCMTL) is Q(WCMTL) plus (PC).
e WCBL is BL plus (WC).

7.3 LF, FEP and FMP in weakly cancellative
fuzzy logics

We will study some properties of these logics and their corresponding varieties
of MTL-algebras.
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Lemma 7.17. Let A be an MTL-chain. Then, A is a WCBL-chain if, and only
if, it is an MV -chain or a II-chain.

Proof: One direction is trivial. For the other one, let A be a WCBL-chain and
consider its decomposition as ordinal sum of Wajsberg hoops (with the first
bounded), A = @, ,C;. If |I| = 1, then A = C;, is an MV-chain. If |[I| > 1
it must be of the form A = By & C, with C cancellative (otherwise the weak
cancellation would not be satisfied), hence it is a II-chain. |

(WCMTL)

MTL

Figure 7.1: Graphic of axiomatic extensions of MTL obtained by adding combinations
of the schemata (WC), (PC), (OS), (Div) and (Inv). All the depicted inclusions are
proper.

Proposition 7.18. WCBL is the infimum of Il and L in the lattice of axiomatic
extensions of MTL. Thus, WCBL = V([0,1], [0,1]) and WCBL enjoys the
FSSC.
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Proof: It follows directly from the previous lemma. m|

Therefore, WCBL is the logic LII defined in [30] for which we have found
now an alternative axiomatization.

Corollary 7.19. WCBL does not have the finite model property.

Proof: Suppose WCBL has the FMP. Then, WCBL would be generated as
a variety by the finite WCBL-chains, but since there are no finite II-chains
with more than two elements, it would be generated by finite MV-algebras, so
WCBIL = MV, a contradiction. O

Thus WCBL lacks also the FEP. Nevertheless, WCBL logic is still decidable,
since it is the infimum of I and L. and those logics are decidable.

Proposition 7.20. Let A be an MTL-chain. Then, A is an SQ(WCMTL)-
chain if, and only if, it is an ordinal sum of totally ordered weakly cancellative
semihoops such that the first one is a IIMTL-chain.

Proof: One direction is trivial. For the other one, let A be an SQ(WCMTL)-
chain. In particular it is an Q(WCMTL)-chain, so it is decomposable as an
ordinal sum of totally ordered weakly cancellative semihoops with the first one
bounded. Then, it is obvious that the axiom (PC) implies that the first compo-
nent must be an SMTL-chain, hence a IIMTL-chain. |

Finally, we will prove that the FMP fails for all logics between Q(WCMTL)
and IIMTL (both included). First we need some lemmata.

Lemma 7.21. FEach finite WCMTL-chain A is Archimedean, i.e. for any ﬁA <
xr <y <1 there is n such that y™ < x.

Proof: Suppose not. Then & < y™ for all n. Since y" # 6A for all n, we
have y > y? > y3 > ... by weak cancellativity. Thus .4 must be infinite, a
contradiction. |

Lemma 7.22. Let A be an MTL-chain and p,q € A. If p — q = q then
q = max [q]pp)-

Proof: Assume that p — ¢ = ¢q. Suppose that z € [q]p¢). Then z — g € F(p).
Thus there exists n € w such that p™ < z — ¢g. By residuation we get z < p™ — gq.
Since we assume that p — ¢ = ¢, we have p" — q=p" ' - (p—q)=p" ! —

q = q. Thus we obtain that z < ¢q. Hence ¢ = max [q]p(p)- m]

Lemma 7.23. Let A be an Archimedean MTL-chain. Then A is either a BL-
chain or it has a co-atom.
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Proof: Suppose that there is no co-atom. Then we will show that the divisibility
condition, a A b = a&(a — b), holds in A. If a < b or a equals TA, then the
equality trivially holds. If a — b = 07 then b = 07 and the equality again holds.
Thus suppose that a > b, a,b # TA, and a — b > 0. By residuation we get
a&(a — b) < b. Suppose that a&(a — b) < b. Let M = A\ {TA}. Clearly

VM= 1" because there is no co-atom. Since A is Archimedean, we get that
for each r € M there exists k, € w (possibly 0) such that

phrtl <a—b< rkr.
Thus we obtain for all » € M:
a&ert T < ad(a — b) < b < akerr.

The last inequality holds since a — b is the maximal solution of the inequality
a&x < band a — b < rkr.

Further, from the existence of residuum we get \/, . ,,(b&r) = b&\/ M = b.
Hence there must be an s € M such that a&(a — b) < b&s. Thus we obtain

adeshstl < a&(a — b) < b&es < adeshstt
a contradiction. O

Lemma 7.24. In each Archimedean WCMTL-chain A the identity

(p—a9) —a?<pVagVv—g (7.2)
is valid.

Proof: If there is no co-atom, then by Lemma 7.23, A is a WCBL-chain hence
either a Il-chain or an MV-chain. But in any II-chain or MV-chain the identity
(7.2) is valid.

Thus suppose that there is a co-atom a. The only interesting case is for
™ > p>q > 0", We can also assume that p— q> 07" otherwise q= 0.
Since A is Archimedean, there is n € w such that

A"l <p—og<an.

Since a™ > p — ¢, we get a” — g < p (if p < a™ — ¢ then a” <p — q). It
follows that

(p—q) —qg<a™ sg=a—(a"—=q)<a—p.

Thus (p —¢) 2 g<a—p.
Now we claim that (p — q) — ¢ < a. If not then (p — q) — ¢ =17,
ie. p — ¢ = ¢ Thus by Lemma 7.22 we have ¢ = max [q]p(,). Since A

is Archimedean, F'(p) equals either to A or to A\ {GA}. Thus ¢ € F(p) and
¢ =T". But we assume that T > p > ¢ > 0. Hence (p—q) —q<a.
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Finally, we get

(p—q)—q?<a&l((p—q) —q) <a&kla—p) <p<pVqV—q.

Let ¢ = (¢ — (p&q)) — p, v =(p —q) — ¢, and x =pV qV —q.

Lemma 7.25. In any finite Q(WCMTL)-chain A the identity ¢ A * < x is
valid.

Proof: 1f p < g then v = ¢ and p A2 = ¢ A ¢®> < x. Thus let us suppose that
p>q.

First, let p,q belong to different components. Then ¢ = (¢ — ¢q) — p = p.
Thus ¢ AY? <o =p < x.

Second, let p,q be in the same component. This component is a O-free
subreduct of a finite WCMTL-chain W. By Lemma 7.21 we know that W
is Archimedean. Thus by Lemma 7.24 we get that 12 < y is valid in W. Since
W is a subalgebra of A, we get that ¢ A1)? < ? <y is valid in A. o

Lemma 7.26. There is a IIMTL-chain A such that ¢ A2 < x is not valid in
A.

Proof: Consider the algebra A defined as follows:
e The domain of A is {(0,0)} U ((0, 1] x (0, 1]).
e The lexicographic order <;., defines the lattice structure.
e Multiplication is defined componentwise.
o Implication = is defined as follows: if (a,

b)
(¢,d) = (1,1); if {a, b) # (0,0), then (a,b) = (0
and a > c and b > d, then (a,b) = (c, > (<,

(a,b) = (c,d) = (3, 1).

<iex (c,d), then (a,b) =
0) = (0,0); if a,b,¢,d > 0
)

% if a > cand b < d, then

It is readily seen that A is a IIMTL-algebra. For e(p) = (1, 3) and e(q) =
(3,1), we have e(p) = e(1) = {1,1) and e(x) # (1, 1). 0

Thus we get the following theorem.

Theorem 7.27. If K is a variety such that IMTL C K C Q(WCMTL), then
K has not the FMP (and hence also the FEP is false in K).

Proof: Let A be the chain defined in the previous lemma. Therefore, A is an
infinite chain of K where ¢ A ¢? < x fails, but by Lemma 7.25, the equation is
valid in all the finite chains of K. m|
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7.4 On standard completeness theorems

In this section we discuss the standard completeness of the logics introduced so
far and of their first-order extensions.

Theorem 7.28. WCMTL enjoys the FSSC.

Proof: We will prove it by following the method used in [88] and its modification
from [89] for the FSSC of IIMTL, so we will not check again the details that are
already done there. Take a finite set T U {¢} C Fm, such that T Ywomrr o
Then, there is a WCMTL-chain A = (A, &, —, A, \/,GA,TA> and an evaluation
e: Fmg — A such that e[T] C {TA} and e(p) # T, Consider the set G =
{e(y) : ¢ is a subformula of some formula of T'U {¢}}. G is finite because T is.

Let S be the submonoid of A generated by G. As in [88], S is residuated and
the residuum is given by: a — b = max{z € S : a&z < b}. Thus, the enriched

submonoid § = <S7&7—>,/\7\/,6A,TA> is a countable MTL-chain. Moreover,
since its monoidal operation is just the restriction of the monoidal operation of
A, it is clear that it is also weakly cancellative, hence a WCMTL-chain. Now we
consider the evaluation €’ : F'm; — S such that for every propositional variable

, e(v) if vappearsinsome formulaof T'U {p}
ev)=19 -a .
0 otherwise.

One can prove by induction that €'(y) = e(y) for every ¢ a subformula of
some formula of T'U {¢}. Furthermore, since S is generated from a finite set by
using the monoidal operation, then it has only a finite number of Archimedean
classes.

Now define a new chain over the set S’ := {(s,r) : s € S\ {GA}, re (0,1} U

{<6A, 1)}, with the lexicographical order <;., and the following operations:

—A . —A
&by =4 0.1 ifakd=07,
{a,2)&'(b, y) { (a&b, zy) otherwise.

, [ {a—b,1) if a&(a — b) < b,
(a,z) =" (byy) = { (a — b,min{l,y/x}) otherwise.

S =(5&", —, <ien, <6A, 1), (14,1)) is an MTL-chain with a finite number
of Archimedean classes, and there is an embedding ¥ : § — &’ defined by ¥(a) =
(a,1). Moreover &’ is weakly cancellative. Indeed, if {(a,z), (b,y), (¢c,2z) € S" are

such that (a,z)&'(b,y) = (a,2)&' (¢, z) # <0A, 1), then (a&bd, xy) = (akec, x2z) #
<6A71>. Thus, a&b = a&c # 0™ and zy = xz # 0 which, using the weak
cancellation of A and the cancellation of the product of reals, implies b = ¢ and
Yy = z.

Finally, as in [89] the set S’ is order isomorphic to the real unit interval [0, 1],
so there is a standard WCMTL-chain B and an isomorphism ® : &’ — B. This
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standard chain and the evaluation ®oWoe’ are a countermodel for the derivation
of ¢ from T. ]

Theorem 7.29. Q(WCMTL), SQ(WCMTL) and QAIMTL) enjoy the FSSC.

Proof: Consider first the Q(WCMTL) case. The first part of the proof runs
parallel to the previous one. Take a finite set T U {¢} C Fm, such
that T Vowcemrr)y - Then, there is a Q(WCMTL)-chain A = (A, &, —
,/\,\/,GA,TA> and an evaluation e : Fmg — A such that e[T] C {TA} and
e(p) # T*. Consider the set G := {e(y) : ¢ is a subformula of some for-
mula of T U {¢}}. G is finite because T is. Let S be the submonoid of A
generated by G. Again it is residuated, so we have an enriched submonoid
S = (8,&,—, A, \/,GA,TA> such that is a countable MTL-chain (with a finite
number of Archimedean classes). Moreover, since its monoidal operation is just
the restriction of the monoidal operation of A, it is clear that it is also an ordi-
nal sum of weakly cancellative totally ordered semihoops with the first bounded,
hence a Q(WCMTL)-chain. Since it is finitely generated, this ordinal sum must
have a finite number of components, say S = @, C; for some natural number .
Now we consider the evaluation e’ : Fm, — S such that for every propositional
variable v,

, e(v) if vappearsinsome formulaof U {p}
ew)=4 —a )
0 otherwise.

Again, by induction, it is provable that €’ (1)) = e(v)) for every 1 a subformula
of some formula of T'U {¢}.

Finally, applying to every weakly cancellative totally ordered semihoop of the
ordinal sum the construction of the proof of the previous theorem, we have for
every i < k an embedding C; — [0, 1]g, into a standard WCMTL-chain. There-
fore, there is an embedding f : S — €@, _.[0, 1]g,. It is clear that @,_,[0,1]., is
isomorphic to a standard Q(WCMTL)-chain. This standard Q(WCMTL)-chain
with the evaluation f oe’ gives the desired countermodel for the derivation of ¢
from T

For the cases of SQ(WCMTL) and Q(IIMTL) the proof is similar. For the
first one we only need to realize that the first component of the ordinal sum of
S now is a IIMTL-chain and it will be embedded into a standard IIMTL-chain,
so in the end we will get a standard SQ(WCMTL)-chain. For the second one,
notice that all the components of S are cancellative so they embed into standard
IIMTL-chains, so in the end a standard Q(IIMTL)-chain is obtained. a

Furthermore, taking into account that in the proofs of the last two theorems
the standard chains that are built have only finitely many Archimedean classes,
we can improve the finite standard completeness results by considering only the
semantics given by standard chains with a finite number of Archimedean classes.

Corollary 7.30. If L is a logic from the set {WCMTL, Q(WCMTL),
Q(IIMTL), SQ(WCMTL)}, then for every finite set of formulae TU{p} C Fm,
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we have:

T b1 @ if, and only if, T FEa ¢ for every standard L-chain A with finitely
many Archimedean classes.

Now we will prove that no logic between Q(WCMTL) and IT (both included)
enjoys the SSC. Consider the following set I' of sentences in a language whose
propositional variables are pq, ..., Pny ---, Dot

L pi = piyy (P € w).
2. —7Po.
3. pi — po (i €w).

Claim (A). For any standard Q(WCMTL)-algebra A one has:

I' =4 po — pu&po

Proof of Claim (A). Suppose that all formulas of T' are satisfied in A under
some evaluation e. Let, for k =0,1,...,n,...,w, ar = e(pr). Then by (2), ag # 0
and by (1) and (3), for all k € w we have aj | = ax and ai < a,. So all a; with
1 < w are in the same component.

If a,, = 1 the result is obvious. Suppose a,, < 1. Let a = sup{ay : k € w}
(such a supremum exists by the completeness of [0,1]). Then a < a,.
Moreover by the left-continuity of the monoidal operation -, we have a? =
sup{ai_s_1 ke w} = sup{ar : k €w} = a. So a is an idempotent, between
ag and ag,. It follows that a, and ag are in different components, therefore
ag - a, = ag, and the claim is proved.

Claim (B). There are a product algebra B and an evaluation e in B such
that e(A) =1 for all A €T and e(p, - po) < e(po)-

Proof of Claim (B). Let B = {(0,0)}U{(1,p) : 0 < p < 1}U((0,1) % (0, 4+00)),
ordered by the lexicographic order <;., (thus if 0 < a < b < 1 then for any
¢,d € (0,400), one has (a,c) <jey (b,d)) and having ordinary product (defined
componentwise) as monoidal operation. Thus our algebra consists of (0,0) plus
the negative cone of the multiplicative group (0, +00)? ordered lexicographically.
Here the identity is (1,1), therefore negative means less than (1,1). In other
words, it is a product algebra. Now define inductively e(pp) <2, >, e(pit+1)

< e(p:), 1> Further, define e(p,) = (1,%). It is immediate to verify that

e(A) = (1,1) for any A € I and that e(p, - po) = (3,3) <tew (3,1) = e(po).
This concludes the proof of Claim (B).

Theorem 7.31. No propositional logic between Q(WCMTL) and Product logic
IT (both included) enjoys the SSC.

Proof: Let L be such a logic and IL the corresponding variety. Then the standard
elements of IL are standard Q(WCMTL)-algebras and the algebra B in Claim B
isin L. Hence I' =4 po — puw&po holds in any standard algebra A in I, but not
in all algebras in L (B is a counterexample). It follows that T' I/, po — pw&po.O
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Table 7.1: Logical and algebraic properties of weakly cancellative fuzzy logics

Logic LF | FEP | FMP | Decidable | FSSC | SSC
Q(WCMTL) || No | No No ? Yes No
SQ(WCMTL) || No | No No ? Yes No
WCMTL No | No No ? Yes No
Q(IIMTL) No | No No ? Yes No
IIMTL No | No No Yes Yes No
WCBL No | No No Yes Yes No

1I No | No No Yes Yes No

L No | Yes Yes Yes Yes No

Corollary 7.32. The following logics do not enjoy the SSC: 11, WCBL, SBL,
BL, IIMTL, Q(IIMTL), WCMTL, SQ(WCMTL) and Q(WCMTL).

7.5

Conclusions

We have introduced and studied the property of weak cancellation and we have
obtained the following results:

In Chapter 4 we have proved a theorem of representation of MTL-chains
as ordinal sums of indecomposable totally ordered semihoops. A charac-
terization of such indecomposable semihoops is still not known, but weak
cancellation gives a big and interesting class of indecomposable totally
ordered semihoops.

Weak cancellation gives a new way to define Lukasiewicz logic from IMTL.

Weak cancellation is exactly the difference between cancellation and pseu-
docomplementation, so it gives an alternative axiomatization of IT and
IIMTL and allows to define a new hierarchy of fuzzy logics.

The ordinal sums of weakly cancellative totally ordered semihoops define
a new logic, Q(WCMTL), that it is analogous to BL, in the sense that
all BL-chains are decomposable as ordinal sums of Wajsberg hoops (hence
weakly cancellative).

We have studied some properties of these weakly cancellative fuzzy logics,
but the decidability problem remains open in general. It has been proved
true very recently for IIMTL in [90], but we do not whether this proof can
be extended to other weakly cancellative logics. The studied properties
are gathered in the Table 7.1.






Chapter 8

n-contractive MTL-algebras

8.1 The n-contraction

In [104] (it is an unpublished work, but all its results can be found in the mono-
graph [66]) Kowalski and Ono studied some varieties of bounded integral com-
mutative residuated lattices. In particular, they considered for every n > 2 the
varieties defined by the following equations:

" A xnfl (En)

(E2) corresponds, in fact, to the law of contraction, which defines the variety
of Heyting algebras. Therefore, for every n > 3 the equation (E,,) corresponds
to a weak form of contraction that we will call n-contraction.

In [27] Ciabattoni, Esteva and Godo brought the equations (E,,) to the frame-
work of fuzzy logics. Indeed, for each n > 2, they defined the n-contraction axiom
as:

(pn—l s QD” (Cn)

and they called C,, MTL (resp. C,IMTL) the extension of MTL (resp. IMTL)
obtained by adding this axiom.

Given n > 2, the equivalent algebraic semantics of C, MTL (resp. C,IMTL)
is the class of n-contractive MTL-algebras (resp. IMTL-algebras), i.e. the sub-
variety of MTL (resp. IMTL) defined by the equation:

Strong standard completeness for these logics was also proved in [27]:
Theorem 8.1 ([27]). For every n > 3, C,MTL and C,IMTL enjoy the SSC.

It is easy to see that CoMTL is Godel logic and CoIMTL is the classical
propositional calculus. Moreover, for every n > 3, WNM is a strict extension of
C,MTL, NM is a strict extension of C,,IMTL, C,MTL is a strict extension of
Cpn+1MTL and C,,IMTL is a strict extension of C,,11IMTL (see Figure 8.1).

103
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We say that an axiomatic extension of MTL L is n-contractive if, and only
if, Fr, (Cp,). Of course, given any L we can make it n-contractive by adding the
schema (C,,). We call the resulting logic C,,L.

For n-contractive logics it is easy to improve the Local Deduction-
Detachment Theorem to the following form of DDT:

Theorem 8.2. If L is an n-contractive axiomatic extension of MTL, then for
every ' U {p, v} C Fm, we have:
T, o by, 9 if, and only if, T Fy, o1 — 2.

C2IMTL = CPC
(Inv)
CMTL=G
(C)
(C,
CsIMTL
C3MTL C4MTL
|
|
CaMTL ' Cn+1IMTL
|
(Inv) |
Cn+1MTL :
| IMTL
|
| (Inv)
MTL

Figure 8.1: Graphic of axiomatic extensions of MTL obtained by adding all com-
binations of the schemata (Inv), (C,) and (WNM). All the depicted inclusions are
proper.

Moreover, in [104] Kowalski and Ono prove also the following result:

Proposition 8.3 (Prop 1.11, [104]). Let K be a variety of residuated lattices.
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Then, K has the property EDPC (equationally definable principal congruences)
if, and only if, K = (E,,), for some n > 2.

According to Theorem 2.21, an algebraizable logic has the DDT if, and only
if, its equivalent algebraic semantics has the EDPC. Therefore, in our framework
of fuzzy logics as axiomatic extensions of MTL, the contractive logics are a good
choice in the sense that they are the only finitary extensions of MTL enjoying
the global Deduction-Detachment Theorem.

Finally, in [104] the following equations where also considered for every n > 2:

V- ta1  (EM,)

Notice that (EFMs) is the algebraic form of the law of the excluded middle,
and for every n > 3 (EM,,) corresponds to a weak form of this law.

We will consider also the axioms corresponding to (EM,,):

eV "t (Sy)
Given any axiomatic extension L of MTL, S,,L will be its extension with

(Sn)-

8.2 n-contractive chains

In this section we will study some basic properties of the n-contractive chains.
First, observe that this is an important and big class of chains since it contains
all the finite MTL-chains.

Proposition 8.4. All finite MTL-chains are n-contractive for some n.

Proof: Let A be a finite MTL-chain with n elements. Take an arbitrary a €
A\ {TA}. For every i > 0, a’ < a’~1, thus necessarily "1 = a". O

Proposition 8.5. Let A be an MTL-algebra and a € Id(A). Then for every
b,ce A,

(1) If b,c > a, then bx ¢ > a.
(2) If b > a, then a*x b = a.

Proof: If b,c > a,thena=a*xa <bx*xc. If b > a, then a = a*a < ax*b, and the
other inequality is always true. O

The idempotent elements are easily described in n-contractive chains and, in
addition, their number can be expressed equationally as the following proposi-
tions show.

Proposition 8.6. Let A be an n-contractive MTL-algebra. Then, Id(A) =
{a"t:ae A}.

Proof: If a € A is idempotent, then a = a?> = ... = a"~'. Conversely, take any
a € A and consider a®!. Then, a” ' *a” ' =a"*a" 2 =a" 'xa" 2 =... =
a1 soa" ! € Id(A). O



106 CHAPTER 8. N-CONTRACTIVE MTL-ALGEBRAS

Definition 8.7. For everyn > 3 and k > 2, we define the next formula:
IMxo,...,x) == \/Kk(x?_1 — x;:ll).

Proposition 8.8. For every n > 3, every k > 2 and every n-contractive MTL-

chain A the following are equivalent:

(1) .A’:I]?(xo,...,l‘k)%T.
(2) | 1d(A) |[< E.

Proof: Suppose that | Id(A) |> k. Then we can take ag,...,a; € Id(A) such
that a9 > a; > ... > ag. Then for every i, a; = a?‘l and a;41 = a?;ll,
SO a?’_l — a:-:__ll #+ T and the equation is not satisfied. Conversely, suppose |
Id(A) |< k and take arbitrary elements ag, ...,a; € A. af~',...,a} "' € Id(A),
so there are ¢ < j < k such that a;“l = a;-“l. Hence there is a I < k such that
ap~t — a?gll -7 O

In n-contractive chains we can also give a nice description of Archimedean
classes:

Proposition 8.9. Let A be an n-contractive MTL-chain. Then, for every a,b €
A:

(i) a ~ b if, and only if, a™ 1 ="~ and
(ii) a" = = min[a]..

Proof: (i) One direction is obvious. For the other one, suppose that a ~ b
and, for instance, @ < b. Then there is ¢ > 1 such that b* < a < b, hence by
the n-contraction law "1 < ¢ < b. On one hand, we have a1l < pl
since a < b. On the other hand, since ™! is an idempotent smaller than
a using Proposition 8.5 we obtain "1 < "~ 1.

(ii) It is clear that a"~! € [a].. Take an arbitrary b € [a].. By (i), a"~! =
"~ ! hence b > b~ =g 1.
O

Corollary 8.10. Let A be an n-contractive MTL-chain and let a € A. If [a]~
has supremum, then it is the maximum.

Proof: Assume that b is the supremum of [a]~. Then, "~ ! = (sup{x € A |
=g = supf{anl e A"t =a" "t} =a" ! hence b € [a].. O

Therefore, Archimedean classes with supremum in n-contractive chains are
always intervals of the form [b"~! b]. Moreover, this implies that given a stan-
dard n-contractive chain A, in the set Id(A) none of the elements has neither
predecessor nor successor. In particular, 1 is an accumulation point of idempo-
tent elements.’

Next proposition characterizes the subdirectly irreducible n-contractive al-
gebras.

!These remarks on n-contractive left-continuous t-norms are already available in [114].
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Proposition 8.11. Let A be an n-contractive MTL-chain. Then:
A is subdirectly irreducible if, and only if, the set of idempotent elements has
a coatom.

Proof: First suppose that A is subdirectly irreducible and let F' be the minimum

non-trivial filter. Given any a € F \ {TA}, it is clear that a”~! is a coatom of
Id(A). Conversely, suppose a is the coatom in the set of idempotent elements.

Then for every b such that a < b < TA, we have 0"~ 1 = a, so [a,TA] is the least
non-trivial filter and A is subdirectly irreducible. a

Corollary 8.12. There are no subdirectly irreducible standard n-contractive
MTL-chains.

Nevertheless, notice that this does not contradict the fact that the varieties
C,MTL and C,IMTL are generated by their standard chains.

The generalized excluded middle equations (EM,,) describe exactly the sim-
ple n-contractive chains.

Proposition 8.13. Let A be an MTL-chain. The following are equivalent:

(i) Al (EMy).

(ii) A is n-contractive and simple.
Proof: (i) = (i) : If A | (EM,,), then for every a € A\ {TA}7 a1 =07
Therefore, for every a € A\{TA}, a" ! = a", and it is clearly simple. (ii) = (i) :
If A is n-contractive and simple, then for a € A, ™! is idempotent. Therefore,
if a # 17, then a”! = 0?, and hence A E (EM,). ]

Recall that an algebra is semisimple if, and only if, it is representable as a
subdirect product of simple algebras. For an MTL-algebra A this is equivalent

to Rad(A) = {T"}.

Corollary 8.14. For each n > 2, the class of semisimple n-contractive MTL-
algebras is the variety S,MTL.

For MV-algebras those varieties are easy to describe:
Lemma 8.15. Let A be an MV-chain. The following are equivalent:
(1) A= (En).
(ii) A€ I({L,...,L,}).

Corollary 8.16. For each n > 2, S,MTL N MV = C,MTL n MV =
V{{Z1,..., En}).
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However, in MTL and in IMTL the situation is not so easy. In the first level
the varieties corresponding to (E,,) and (EM,,) are still easy to compute. Indeed,
SoMTL = SoIMTL = CoIMTL = BA and CoMTL = G. For n = 3, we have
SsMTL C WNM, in fact, the SsMTL-chains are those where the product of two
non-one elements is always zero, i. e. the so-called drastic product. When n = 3,
we also have S3IMTL = V(L3z) = NM N MV C NM C C3IMTL. Therefore for
each n > 3, S,IMTL C C,IMTL and S,MTL C C,MTL. The variety S4IMTL
and its lattice of subvarieties have been studied in [72].

Now we will show that the varieties of semisimple n-contractive chains are
discriminator varieties.

n—1

Definition 8.17. For every n > 3 we define 6,(x,y) := (v < y)

Notice that if a,b are elements in a simple n-contractive MTL-chain, then:
o a=bif, and only if, 5, (a,b) = T".
o a#bif, and only if, §,(a,b) = 0.

With this term we can define a discriminator just by considering t(z,y, z) :=
(0(z, y)A2)V(=6(z, y)Ax). It is clear that t(z,y,2) =z ifz # y, and t(x,y,2) = 2z
otherwise. In fact, Kowalski has proved that the only discriminator varieties of
bounded integral commutative residuated lattice are those satisfying some of the
(EM,) equations:

Theorem 8.18 ([105]). For every variety K of bounded integral commutative
residuated lattices, the following are equivalent:

(i) K = (EM,) for somen > 2;

(i1) K is semisimple;

(11i) K is a discriminator variety.

Using 0 one can also give an equational definition of the class of algebras
without negation fixpoint:

Proposition 8.19. Let A be a simple n-contractive MTL-chain. Then, A has
not the negation fizpoint if, and only if, A = 6,(z, ~x) ~ 0.

Finally, we will study the existence of atoms and coatoms in n-contractive
chains.

Proposition 8.20. Let A be a simple n-contractive IMTL-chain and take
G1,...,0n_2 € A\{TA}. If a1& ... &ap_o # 6A, then a1& ... &Gn_2 =
minA \ {6A}.

Proof: Given any c¢ # 0 we must prove a1&...&a,_o < c¢. Take d :=

a1V ...Va, oV c # TA, so d"71 = GA. Then, a1& ... &a,_2 — ¢ =

—(a1& ... &ay,_2&—c) > —~d" 1 = T4, a
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Corollary 8.21. For every simple n-contractive non-trivial IMTL-chain A,
there is a € A such that a = maz A\ {TA} and —a = minA \ {GA}.

Proposition 8.22. Fvery simple n-contractive non-trivial MTL-chain A has a
coatom.

Proof: Suppose there is no coatom. Hence, \/a qAQ = T*. But then GA =
_ _ A

This implies that the n-contractive MTL-chains defined by a left-continuous
t-norm are not simple, i. e. there are no standard S, MTL-chains, which we
already knew from the fact that there are not even subdirectly irreducible n-
contractive standard chains.

8.3 Combining weakly cancellative and n-
contractive fuzzy logics

In Chapter 7 the variety WCMTL of weakly cancellative MTL-algebras was
defined to provide examples of indecomposable MTL-chains. Besides, the
operator gave rise to the variety Q(WCMTL) which was a kind of analog of BL
in the sense that here all the chains were also decomposable as ordinal sums of
weakly cancellative semihoops. Now it seems natural to consider the intersection
of these varieties with the classes of n-contractive algebras (or equivalently the
supremum of the corresponding logics) in order to obtain some new kinds of
algebras with a nice and simpler structure. Therefore, we will consider for every
n > 2 the logics S, WCMTL and C,, WCMTL.

Proposition 8.23. For every n > 2, {(WC),(Cp)} Fvrr (Sn).

Proof: Let A be an MTL-chain satisfying (WC) and (C),). We will prove that it
is simple. Take an arbitrary a € A\ {TA}. Then, a”~! is an idempotent element,
hence a”'&a"! = a"1&T* = ¢»1. Since the chain is weakly cancellative,
this implies a" ! = 0. Therefore, A is simple, i. e. satisfies (Sy,). m]

Corollary 8.24. Given any axiomatic extension L of WCMTL and n > 2, the
extensions obtained by (S,) and (Cy) coincide. In particular, S,WCMTL =
C,WCMTL.

It is straightforward to prove that the Q operator and the schemata (C},)
commute:

Proposition 8.25. Let L be an axiomatic extension of MTL. For everyn > 2,

Q(C,L) = C,Q(L).

Therefore, we have C,,Q(WCMTL) = Q(C, WCMTL) = Q(S, WCMTL).
Finally, we will consider for every n > 2 the logic Q(S,MTL) and we will
show that it is also finitely axiomatizable.
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Proposition 8.26. Let A be an n-contractive MTL-chain. The following are
equivalent:

(i) A is totally decomposable.
(ii) A is an ordinal sum of simple n-contractive chains.
(iii)) Ayt — 2) V (z — z&y) = 1.

Proof: (i) = (ii): If A is decomposable as the ordinal sum of its Archimedean
classes, then, by Proposition 8.9, it is decomposable as ordinal sum of simple
chains.

(i1) = (iii): Take arbitrary elements a,b € A. If b < a, then "~ ! < a, so they
satisfy the equation. Suppose a < b. If they are in different components of the
ordinal sum, then a — a&b = 1"". If they are in the same component, then, by
simplicity, "~ ! < a.

(#4i) = (i): Suppose that A satisfies the equation. Take a,b € A\{TA} such that
a < b and they belong to different Archimedean classes. Then b" ™' — a # 17,

so a — a&b = TA, i. e. a&b = a. Therefore, A is the ordinal sum of its
Archimedean classes. o

Corollary 8.27. Q(S,MTL) is the variety generated by the totally decomposable
n-contractive chains, and it is aziomatized by (y"~' — x) V (x — x&y) ~ 1.

8.4 Some properties of n-contractive fuzzy logics

In this section we will study some logical and algebraic properties of the consid-
ered logics. First we focus our attention on local finiteness. n-contractivity is a
necessary condition for local finiteness:

Proposition 8.28. Let K C MTL be a variety. If K is locally finite, then there
exists some n > 2 such that K |= 2" ~ "L

Proof: Suppose that for every n > 2, there is A4, € K and a, € A,
such that a? < a?~!'. Consider the algebra [], -, 4, and the element a =
(as,as,as,...,) € [1,55 An. Then for every n > 2, we have a” < a™~!, thus the
subalgebra generated by a is infinite. O

However, the sufficiency of this condition remains as an open problem, so
for each variety of n-contractive MTL-algebras we have to discuss whether it is
locally finite or not. It is straightforward that to show that G is locally finite.
The property has been proved true also for NM in [71], and we have generalized
the result to WNM in Chapter 9.

Theorem 8.29. Q(S3MTL) is locally finite. (This case is isomorphic to the
case of WNM).
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Finally, S4IMTL is also proved to be locally finite in [72]. The property is
still unknown for any variety of contractive MTL-algebras not contained in the
previous ones.

We turn now to the finite embedding property. Ono? and Montagna et al in
[28] proved it not only for MTL, IMTL and SMTL, but also for C,,MTL and
C,IMTL, for every n > 2. This allows us to prove the following result:

Proposition 8.30. MTL =\/,., C,MTL and IMTL =/, -, C,IMTL.

Proof: MTL and IMTL have the FEP, therefore they are generated by their finite
chains. Since all finite MTL-chains are n-contractive for some n, we obtain that
MTL is generated by the contractive MTL-chains and MTL is generated by the
contractive IMTL-chains. O

Theorem 8.31. For every n > 2, the following varieties have the FEP:
e S,MTL
e Q(S,MTL)
e C,WCMTL

o Q(C,WCMTL)

Proof: Let L be any variety from the class
{S,.MTL, Q(S,MTL), C,, WCMTL, Q(C,WCMTL) | n > 2}. Let A be an
arbitrary L-chain and B C A be a finite subset of its carrier. Consider the
monoid M generated by B U {GA,TA}, i. e. the submonoid of (A,&,TA>
obtained by closing B U {GAEA} under &. By the simplicity of A, M is finite,
so it is residuated. Expanding M with the residuum it becomes an MTL-chain.
Observe that, in fact, M is an L-chain, since the required properties are
preserved when we generate the monoid. Finally, it is clear that B can be
embedded in M, thus L has the FEP. o

Open problems: FEP, FMP and decidability for S, IMTL.

Finally, we consider the standard completeness of n-contractive fuzzy logics.
As mentioned above, the SSC was proved by Ciabattoni, Esteva and Godo in
[27] for C,MTL and C,IMTL for every n > 2.

Theorem 8.32. For every n > 2, we have:

(a) S,MTL, S,IMTL and S, WCMTL do not enjoy SC because there are no
standard algebras in the corresponding variety.

(b) Q(S,MTL) enjoys the SSC.

2Private communication.
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Proof: (a): Tt follows from Proposition 8.22.

(b): We will prove it by using the embedding method of Jenei and Montagna

(see [100]). Let A be a countable (S, MTL)-chain. Consider the following set:
X :={(s,q) : s € A;s # GA,q € QN (0,1} U {<6A,1>}, equiped with the

lexicographical order and the operation

;o[ min{(s,q),(s',¢)} if s&s’ = min{s, s}
(s,q) 0 (s',q) = { (s&s',1) otherwise.

Let (s,q), (s',¢') € X be such that (s,q) < (s',¢)"~!. We must prove that

(5,q) 0 (s',q') = (s,q).
We have:

| min{{s,q¢) if (s)?=¢

n—1
) _{ (")~ 1) otherwise.

(s',q'

Therefore, s < s'. If s&s’ = s, we are done. Suppose that s&s’ < s.
If s’&s’ = s, then, since A is totally decomposable, we have s&s’ = s; a
contradiction. If s'&s’ # s, then (s, ¢/)"~1 = ((s/)"71, 1), thus s < (s/)"~! and
this implies that s&s’ = s; a contradiction.

Consider now the completion of the operation in [0, 1]: for every a,b € [0,1],
define a ® b :=sup{qop:q¢<a,p<pf, q,p € Q}. Let a,b € [0,1] be such that
a < b"~1. We must prove that a ® b = a. It is clear that sup{gop:q < a,p <
b,qg <p" 1 q,p€Q}=a,so it is enough to proof:

Q}sup{q0p cq<a,p<b ¢peQ}=supf{gop:g<ap<bqg<p"t gpe

It is obvious that the second member of the equality is smaller or equal than
the first one. Let us prove the other inequality. Suppose ¢ < a,p < b, ¢,p € Q.
If ¢ < p" !, we are done. Suppose not. Then take b > p’ > p such that

q< (@)t O

Open problem: Standard completeness for Q(C, WCMTL).

8.5 Conclusions

A new hierarchy of fuzzy logics has been defined in this chapter by using the
axioms of n-contraction, the generalized excluded middle axioms, the weak can-
cellation axioms and the {2 operator. We have studied some of their logical and
algebraic properties. The obtained results are gathered in Table 8.1 where the
remaining open problems are also highlighted.
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Table 8.1: Logical and algebraic properties of n-contractive fuzzy logics
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y Logic [ LF | FEP | FMP | Decidable | SC | FSSC | SSC |
G Yes | Yes Yes Yes Yes Yes Yes
WNM Yes | Yes Yes Yes Yes Yes Yes
NM Yes | Yes Yes Yes Yes Yes Yes
C,MTL ? Yes Yes Yes Yes Yes Yes
C,IMTL ? Yes Yes Yes Yes | Yes Yes
S,MTL ? Yes Yes Yes No No No
S,IMTL ? ? ? ? No No No
Q(S,MTL) ? Yes | Yes Yes Yes | Yes | Yes
S, WCMTL ? Yes Yes Yes No No No
Q(C, WCMTL) ? Yes | Yes Yes ? ? ?







Chapter 9

The variety of Weak
Nilpotent Minimum
algebras

After the general results on varieties of n-contractive MTL-algebras given in
the previous chapter, now we focus on a particular kind of 3-contractive alge-
bras, namely the Weak Nilpotent Minimum algebras. The reason is that their
structure is quite simple and thus we are able to present several results on the
axiomatization of their subvarieties, local finiteness and standard completeness
properties. First, we survey the known results for their involutive members,
NM-algebras, and later we move to the more general case of WNM-algebras.

9.1 Varieties of NM-algebras

The lattice of subvarieties of NM has been completely described in [71]. We will
briefly present this description.

The structure of finite NM-chains is very simple. In fact, for every n > 1
there is exactly one, up to isomorphism, NM-chain with n elements. Therefore,
we can consider the following canonical finite NM-chains.

For every n > 1 the canonical NM-chain of 2n elements is defined as

Nopw = {{—n,—(n —1),...,—-1,1,...,n — 1,n},&,—,A,V,—n,n) and the
canonical NM-chain of 2n + 1 elements is defined as N, y1 = ({—n,—(n —
1),...,—-1,0,1,...,n—1,n},&,—,A,V, —n,n), where:

otherwise.

| min{a,b} if a> -b,
a&eb = { n

L if a <0,
“ " | max{—a,b} otherwise.

115
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a Ab:=min{a, b} and a V b := max{a, b}.

Recall also the definition of the unique (up to isomorphism) standard NM-
chain, [0, 1]xMm, given in Chapter 3.

Notice that all these chains, in fact all NM-chains, are perfect or perfect plus
the fixpoint. Therefore, NM C HIB%]P’E)H.

Given an NM-chain C with fixpoint, we denote by C~ the subalgebra obtained
by erasing the fixpoint. With this notation, it is clear that N5, = N, for
every n > 1.

Theorem 9.1 ([71]). A variety of NM-algebras is a proper subvariety of NM if,
and only if, it does not contain N,, for some n > 1.

Corollary 9.2 ([71]). If A is an infinite NM-chain with fizpoint, then V(A) =
NM.

Theorem 9.3 ([71]). NM is locally finite.

This fact, as already discussed, implies the FMP and the decidability of NM,
thus in particular we have that every variety of NM-chains is generated by its
finite chains. It leads to the following classification of the subvarieties of NM:

Theorem 9.4 ([71]). Every proper subvariety of NM is:

1. V([0,1]5y) = V{Nay, i n > 1}) or
2. V(Nany1) or

3. V(Nay,) o

4. V([0, 1qy Nans1) or

5. V(Nay, Nom1), with m < n.

Furthermore, equational bases for these varieties are obtained by means of
the following terms: Sy, (zo,...,7n) == A\;,,((zi = Zit1) — it1) = Ve Ti
for every n > 2.

Theorem 9.5 ([71]). Let A be an NM-chain. Then:
1. AE Sp(mo,...,x,) = 1 if, and only if, it has less than 2n + 2 elements.
2. A Bp(x) = 1 if, and only if, it has no fizpoint.

Corollary 9.6 ([71]). The proper subvarieties of NM admit the following az-
iomatizations (relative to NM):

1. V([0,1]q) is aziomatized by Bp(z) ~ 1.
2. V(Nanyi1) is aziomatized by Sy (o, ..., 2T,) ~ 1.
3. V(Na,) is aziomatized by S, (xo,...,7,) ~ 1 and Bp(x) ~ 1.
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4. V(0,150 Nont1) is aziomatized by Bp(x) V Sy(zo, ..., an) &~ 1.

5. V(Nop, Nopmy1) is  amiomatized by (Bp(z) A Sp(xo,...,Tn)) V
S (Toy .oy Tm) ~ 1.

Therefore, we have obtained a complete description of all axiomatic exten-
sions of NM. Let us denote by NM™ the logic corresponding to V ([0, 1]xy), by
NMn the logic corresponding to V(N,,), by NMnm the logic corresponding to
V (N, Ni), and by NMn,NM~ the logic corresponding to V (A, [0, 1]5y). The
lattice of all these logics is depicted in Figure 9.1.

M
Axiomatic extensions of NM )
NM2m+1
N . NM2n+1, NM-
N2nst NM2m3\\2n+1
_______ NM9, NM-
e
/9 \ __________ NM?7, NM-
NM8,7 -
NM7 —— \ _______________ NM5, NM-
NM8,5
__NmMe5— NM3, NM-
NM5 \
\ — NM83
__NM6,3 Nz -
L3 _— Nm43 \ N e m
\ \ __NM8 T
Ng — V6

Figure 9.1: Lattice of axiomatic extensions of NM.
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9.2 Weak nilpotent minimum algebras

Our aim now is to generalize the above results to the whole variety of WNM-
algebras.

The operations in WNM-chains are very simple as the following lemma states:

Lemma 9.7. Let A = (A,&,—,A,V,0,1) be a WNM-chain. Then for every
a,be A:

aNb ifa>-b
&b=1< _ ’
“ { 0™ otherwise.

_ T4 if a <0,
a—b= .
—a Vb otherwise.

Notice that the previous lemma generalizes the structure of standard WNM-
chains presented in Chapter 4. It turns out, that WNM-chains depend essentialy
on the negation operation, thus we need to recall some properties of such oper-
ations.

Lemma 9.8. Let A be a WNM-chain. Then for every a € A:
(i) ~a = ———a,
(ii) a < ——a,
(1ii) a = ——a if, and only if, there is b € A such that a = —b, and

(iv) =—a =min{b€ A:a <b and b = ——b}.
The last one gives rise to the following definition:

Definition 9.9. Let A be a WNM-chain and let a € A be an involutive element.
We define I* := {b € A : =b = =a} and we call it the interval associated to
a, where the negation function is constant with value —a. We say that a has a
trivial associated interval when I:* = {a}. When A is a standard WNM-chain
given by a t-norm *, we will sometimes write I instead of IA. We will write
just I, when the algebra is clear from the context.

Now we can define the finite partition property for WNM-chains.

Definition 9.10. Let A be a WNM-chain and consider its negation operation
—A. We say that A has a finite partition iff = is constant in a finite number
of intervals, i.e. the set {a € A: I, # {a}} is finite. Let I,,,...,1I,, be these
intervals. In such a case we define the associated finite partition P defined in
the following way:

o Ip,....1,, €P.
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o Consider the set X = A\ (I, U...Ul, ). Itis clear that all the elements in
X are involutive. For every connected component Y of X N A_, consider
the elements —a;, < ... < —a;, €Y, and then add every interval Y N
[0, —ai, ], (maiy, 2], - - (D, —as, ], Y N [—ai,, 1] to P. If there are no
elements of the form —a; inY, we add'Y to P. We do the same for every
connected component Y of X N Ay.

Notice that this partition yields two kinds of intervals: those where the nega-
tion takes a constant value, and those where all elements are involutive. As a
matter of nomenclature, we call them constant intervals and involutive intervals,
respectively. Figure 9.2 shows an example of a WNM t-norm with a fixpoint, ag,
and with a finite partition where the constant intervals are [a4, as] and [ag, az],
while the involutive intervals are [0,a1], (a1,a2], (a2,as), (as,a4), (as,as) and
(CL77 1]

1
X #y =min(x, y)
\
X *y=(
0 a a, a3 a, asds a 1

Figure 9.2: An example of WNM t-norm with a finite partition.

Figure 9.3 shows three families of WNM t-norms with finite partition
parametrized with a real number ¢: ¢ € [0,1) for ®,, ¢ € [1/2,1) for *. and
c € [1/2,1] for ®.. Notice that ®y = ©1 = min and %, = ©y 2 is the Nilpotent
Minimum t-norm. These families are actually the only WNM t-norms with a
finite partition of at most three intervals.

To refer to the class of WNM t-norms and those with a finite partition we
will use from now on the following notation:

WNM = {x is a weak nilpotent minimum t-norm}
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WNM-fin = {* € WNM | * has a finite partition}

1 1 1
Min Min
o |
0 : o
0 c 1 0 1-¢ c 1 0 1-¢ c 1
®c *c Oc

Figure 9.3: Three parametric families of WNM t-norms with finite partition.

Definition 9.11. Let A be a WNM-chain. N(A) will denote the set of involutive
elements of A, i.e. N(A)={-a:a¢€ A}.

Proposition 9.12. Let A be a WNM-chain. Then N(A) is the universe of the
mazimum NM-subalgebra of A. We denote it by N'(A).

Proof: We must prove that N(A) is closed under all operations. Obviously,
0=-1€ N(A)and 1 = -0 € N(A). Take —a,-b € N(A). Since A is linearly
ordered, —a A —b,—a V =b € N(A), hence —a&—b € N(A). Finally, if —a < —b,
then —a — —=b =1 € N(A); otherwise -a — —b = ——a V =b € N(A). O

Proposition 9.13. Let K C WNM be a variety. Then, KNNM = V({N(A4) : A
chain of K}).

Proof: The inclusion from right to left is clear, since for every chain of K, A,
we have that N (A) is an NM-chain and it is a subalgebra of an algebra in K,
so N(A) € KNNM. Conversely, if C is a chain of KN NM, then C = N(C) €
{N(A) : A chain of K}, and by the subdirect representation theorem, we obtain
the inclusion. a

Now we can prove that the variety of WNM-algebras is locally finite.

Lemma 9.14. Let A be a WNM-chain. Then, every finite subset of A generates
a finite WNM-chain.

Proof: Take a finite subset B = {by,...,b,} C A. Due to Lemma 9.7 and (i) of
Lemma 9.8 it is obvious that the universe of the subalgebra generated by B is

(04,7 0o, . .. by, =, . ., —by, ==y, - . ., ~=by }, S0 it is finite. 0
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Proposition 9.15. WNM is a locally finite variety.

Proof: Let A be a WNM-algebra and take a finite set B C A. Suppose that B =
{bo,...,b,}. We must prove that (B) 4 is also finite. If A is a chain, we apply
the previous lemma. Suppose that A is not a chain. Then, due to the theorem of
representation in subdirect products of chains, we have an embedding o : A —
[L;c; Ai, where for every i € I, A; is a WNM-chain. Consider the images of

the elements of B, a(b;) = (a'g)iej, for every j € {1,...,n}. We have seen that
for every ¢ € I, {a}, ...,a?} generates a finite chain C; C A; whose universe is

{07,177 al, ... a% —al,...,—al, ——al,...,—~—a?}. Notice that there is only a

finite number of such chains up to isomorphism, say {Co,...,Cph_1}, and (B) 4 €
V({C; : i < n}). Therefore, using that every variety generated by a finite number
of finite algebras is locally finite ([24], Theorem 10.16), we obtain that (B) 4 is
finite. m|

We have the following easy consequences:

e WNM has the FEP.

o WNM has the FMP.

o WNM = V(WNMy;,,) = Q(WNMy;,, ).

e Every subvariety of WNM is generated by its finite chains.
e WNM and all its axiomatic extensions are decidable.

Lemma 9.16. Let A be a WNM-chain, let F' € Fi(A) and consider the quotient
algebra A/F. Then:

o MYp=F

« [0)r=F
e For every a,b € A\ (FUF) such that a # b, we have [a|r # [b]F.

Proof: The first statement is trivial. As for the second, take an arbitrary a € A.

Then, a € [GA] riff a —LGA € F iff a € F. Now consider a pair of different
elements a,b € A\ (F U F). Suppose, for instance, that @ > b. Then, a — b =
-a Vb ¢ F, hence [a]lp # [b]p. O

Lemma 9.17. Let A and B be WNM-chains and let f : A — B a surjective
homomorphism. Then:

(i) If s = {1}, then B is embeddable in A.

(i3) If I;s # {TB}, then there is a € N(A) N Ay such that I, # {a} and B is
embeddable in A/F°.
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Proof: By the Homomorphism Theorem we know that A/Kerf = B, thus, after
the previous lemma, we can assume that the carrier of B is (A\(FUF))LJ{@A7 TA}.

(i) is obvious. Assume that I;s # {TB}. Take ¢ € I75 \ {TB}, then it is clear
that B is embeddable in A/F™7¢. O

Corollary 9.18. Let A be a WNM-chain. Then, H(A) = IS(A) UIS({A/F* :
a € N(A)NA; and I, # {a}}). Moreover, if there exists the mazimum positive
involutive element a such that for any other b € N(A)N Ay, | I |<| I, |, then
H(A) = IS(A) UTIS(A/F*).

Notice that for every standard WNM-chain [0, 1], whose t-norm is in
WNM-fin, there is a maximum positive involutive element a such that I, # {a}
and, since all the constant intervals have the cardinal of the continuum, we have
H([0,1],) = IS([0,1],)UIS([0,1]./F*). Actually, the algebra [0, 1]./F® can also
be seen as a standard WNM-chain since it is clearly isomorphic to a chain over
[0,1]. The reader can see an example of such situation in Figure 9.4.

[0, 1]* isomorphic to [0, 1]*/Fa

1 1

X *y = min(x, y) X *y = min(x, y)

\
S~
\ _—>
=0
x+y=0 Xy

0 a 1 0 1

Figure 9.4: A WNM t-norm with a finite partition such that Iy = {1} (left) and its
corresponding t-norm on the quotient algebra [0, 1], /F, (right).

Lemma 9.19. Let K be a class of WNM-chains closed under subalgebras. We
have: H(K) ¢in = H(Kyip).

Proof: One inclusion is trivial. As for the other one, take A € H(K) ¢, then A
is a finite chain and it is isomorphic to B/F for some B € K and some filter F’
of B. The subalgebra of B generated by B\ (FUF) is in K, thus A € H(Ky;,).
O

Lemma 9.20. Let A be a WNM-chain. Then ISPy (A)fin = IS(A)fin.
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Proof: One direction is obvious. Due to the local finiteness of WNM], to
prove the other one is equivalent to prove that ISPy (A) is partially embed-
dable into IS(A)y;,, which is equivalent by Proposition 2.8 to ISPy (A) C
ISPy (IS(A)n); finally the last inclusion is true because A € ISPy (IS(A) rir).
Od

Proposition 9.21. Let A be a WNM-chain. Then HSPy (A) fin, = IS(A) #in U
IS{A/F*:ae N(A)NAL and I, # {a}}) fin-

Proof: HSPy(A) i, = HISPy (A)) fin = [by Lemma 9.19] H(ISPy (A) fin) =
[by Lemma 9.20] H(IS(A)si,) = H(IS(A))fin = HS(A) i, = SH(A)fin =
SIS({A/F*:a=T"ora e N(A)NA, and I, # {a}}) jin = IS{A/Fo : a = T*
ora € N(A)N Ay and I, # {a}}) rin- |
Corollary 9.22. Let A be a WNM-chain such that it has the maximum positive

involutive element a with I, # {a}, and for any other b € N(A)N A4, | I |[<]
1, | Then, HSPU(A)fin = IS(.A)fm U IS(.A/Fa)fin.

The description of the classes HSPy (-) fin leads to the following criterion to
compare varieties generated by a finite family of chains.

Theorem 9.23. Let n,m > 1 be natural numbers and let Aq,..., A, and
Bi,..., B, be WNM-chains such that for every i there exists a; € A; and b; € B;,
positive involutive elements satisfying the conditions of the previous corollary.
The following are equivalent:

(i) V(Ay,..., A,) CV(By,...,B,)

(”) IS(Ala"'aAn;Al/Fala"'7An/Fan)fin g IS(Bl7~"7BM7Bl/Fb1a
s B JFY) i

(i) 1. For every i € {l,...,n}, there is j € {1,...,m} such that
IS(Ai)fm - IS(Bj)fm or IS(.Ai)fm - IS(Bj/Fbj)fm, and
2. for every i € {1,...,n}, there is k € {1,...,m} such that
IS(Ai/F) fin CIS(Bk)fin or IS(Ai/F*) pin € IS(Bi/F) fin.

Proof: First observe that V(Ai,...,A4,) C V(By,...,B,) if, and
only if, V(Ai,...,An)rs:r < V(Bi,...,Bn)rsi- By Joénsson’s
Lemma and being WNM locally finite, this 1is equivalent to
HSPy(Ai,...,An)fin © HSPy(Bi,...,Bn)fin. By the previous corol-
lary, this is equivalent to: IS(A4,...,An, Ai/F*, ..., Ay/F*)pin C
IS(Bi, ..., By, Bi/F", ..., By /F?) pin. Therefore, we have proved (i) < (ii).
(i4i) = (ii) is trivial.

(#9) = (4i7): Suppose that (iii) does not hold. Then, for instance, there exists
i € {1,...,n} such that for every j € {1,...,m}, IS(A;) fin Z IS(B;)ysin and
IS(Ai) fin € IS(B;/F%)in. Therefore, there exist Ci,...,Crm,D1,..., Dy €
IS(A;)fin such that for every j, C; is not embeddable in B; and D; is
not embeddable in B;/F b, Consider the subalgebra C C A; generated by
CiuU...uCn,uUDyU...UD,. Then, C is finite and it cannot belong to
IS(Bi,..., By, Bi/Fb ... By /Fb) tin, so (ii) does not hold. O
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Therefore, finite WNM-chains will play a central role in the task of classi-
fying varieties of WNM-algebras. Given a WNM-chain A, the negation in A
only depends on the negation in N'(A), due to the properties of Lemma 9.8.
Therefore, every WNM-chain is characterized by the NM-subalgebra defined by
its involutive elements and by the number of non-involutive elements in their
associated intervals.

As in the case of NM-chains, some canonical representatives could be defined
for the finite chains. Given n > 1, l1,...,l, > 0, A7,  will denote the
WNDM-chain that has n involutive elements and [; non-involutive elements in the
constant interval of the (i4 1)-th involutive element. It is clear that these chains
generate pairwise different varieties. We can see an example in Figure 9.5.

0 a b C d 1

Figure 9.5: Example of a canonical finite WNM-chain, A873_1.271. Squares rep-
resent involutive elements, while circles represent the non-involutive ones. b, c,d
and 1 have some associated non-involutive elements, while a (and, of course, 0)
has a trivial associated interval.

9.3 Generic WNM-chains

In this section we will study the WNM-chains that generate the variety WNM,
i.e. the generic chains.

Definition 9.24. Let A be a WNM-chain. A is generic if, and only if, V(A) =
WNM.

They can be characterized by using Proposition 9.21 in the following way.

Theorem 9.25. Let A be a WNM-chain. The following are equivalent:
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(1) A is generic.
(2) For every ¢ € Fmg, AE ¢ =1 if, and only if, —wNMm ©-

(8) For every finite WNM-chain C, either C is embeddable in A or there is
a € N(A)N Ay such that I, # {a} and C is embeddable in A/F*.

Some chains satisfy a condition stronger than (3), namely all finite chains are
embeddable into them. This situation is characterized in the next proposition.

Proposition 9.26. Let A be a WNM-chain. Then, all finite WNM-chains are
embeddable into A if, and only if, it satisfies the following conditions:

1. The set I is infinite,
2. A has a negation fixpoint f such that the set Iy is infinite, and

3. Either there is an increasing sequence (a, : n € w) of involutive elements
i A_ whose limit is not f such that for every n,k > 1 there is m > n
such that the sets I,, and I, have both more than k elements,
or there is an increasing sequence (a, : n € w) of involutive elements in
AL whose limit is not 1 such that for every n,k > 1 there is m > n such
that the sets I,,, and I-.,,, have both more than k elements.

Proof: If A satisfies the conditions, it is obvious that every finite WNM-chain
is embeddable into A. In order to prove that the conditions are also necessary
suppose that A satisfies the first and the second condition but not the third (if
the first or the second condition fail, then it is easy to produce a finite chain that
it is not embeddable into .A). Consider the set X = {a € A_ : a is involutive
and | I, |,| I, |> w}. This set must be finite (otherwise .4 would satisfy the
third condition); suppose that X has m elements. For each involutive element
a € A_, we define r(a) := min{| I, |,| I-o |}. I {n(a):a € A_\ X,a =—-—a}is
unbounded, we produce a sequence by choosing ay, € {a € A_\X : a = =—a and
r(a) = k} for every k € w such that {a € A_\ X : a = —=—a and r(a) = k} # 0.
But then we would have a sequence satisfying the third condition, contradicting
our assumption. Hence, there is an upper bound k of {r(a) :a € A_\ X,a =
——a}. Then, it is clear that the finite chain A2™ )41 is not embeddable

k41,k41,...,
into A. O

Figure 9.6 shows an example of a generic WNM-chain defined by a WNM-t-
norm satisfying this stronger condition.

Furthermore, we obtain the following characterization of generic standard
WNM-chains.

Theorem 9.27. Let A be a standard WNM-chain. Then, A is generic if, and
only if, it satisfies the following conditions:

1. A has a negation fizpoint f such that the set Iy is infinite, and



126 CHAPTER 9. WEAK NILPOTENT MINIMUM ALGEBRAS

S Min

Figure 9.6: Example of a generic chain A defined by a WNM-t-norm over the
real unit interval [0,1]. It has a decreasing sequence (a, : n € w) of involutive
elements in the negative part with a non-trivial associated interval, an increasing
sequence (b, : n € w) of involutive elements in the positive part with a non-trivial
associated interval, a fixpoint ¢ with I. # {c}, and I # {1}.

2. Either there is an increasing sequence (a, : n € w) of involutive elements
in A_ whose limit is not f such that for every n,k > 1 there is m > n
such that the sets 1, and I, have both more than k elements,
or there is an increasing sequence {(a, : n € w) of involutive elements in
Ay whose limit is not 1 such that for every n,k > 1 there is m > n such
that the sets I,, and I, have both more than k elements.

Proof: Assume that A is generic. If there is a maximum constant interval I,
(with possibly a = 1), then every finite WNM-chain is embeddable in A/F®.
Hence, by Proposition 9.26, A/F® satisfies the conditions, so also A satisfies
them. Suppose now that the maximum constant interval does not exist. Since
all finite chains are embeddable in A/F® for some suitable a, it is clear that A
has a negation fixpoint f and the set Iy is infinite. If it would not satisfy the
other condition, then the set {a € A_ : I, and I, are infinite} would be finite,
and then it would be possible to find a finite chain which we could not embed
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in any quotient of A; a contradiction.
Conversely, suppose that A satisfies the two conditions. Then it is clear that
every finite WNM-chain is embeddable in some quotient of A. m]

9.4 T-norm based axiomatic extensions of the
Weak Nilpotent Minimum logic and their
standard completeness properties

In this section we focus on varieties generated by t-norm-algebras, i.e. standard
WNM-chains.

Lemma 9.28. Let [0,1]. be a standard WNM-chain. If Iy # {1}, then
HSPy ([0, 1].) pin = IS([0, 1].) pin

Proof: Just apply the Corollary 9.22 with a = 1. m]

This gives the following criterion to compare varieties generated by standard
WNM-chains such that I; # {1}.

Corollary 9.29. Let A and B be standard WNM-chains such that I{* # {1}
and IB # {1}. Then the following are equivalent:

o V(A) CV(B)
o IS(A)sin CIS(B) in.
We can obtain similar results for t-norms satisfying the FPP.

Lemma 9.30. Let [0,1], be a standard WNM-chain. If + € WNM-fin and
I, is the mazimum constant interval, then HSPy ([0,1]4) rin = IS([0, 1]s) fin U
IS([0,1]./F®) fin.-

Proof: By Corollary 9.22. O

Corollary 9.31. Let A and B be standard WNM-chains with finite partition
such that I and IF are their mazimum constants intervals respectively. Then
the following are equivalent:

e V(A) CV(B)
° IS(.A)fm U IS(.A/F“)fm - IS(B)fm U IS(B/Fb)fm,

Notice that corollaries 9.29 and 9.31 give a classification of varieties gener-
ated by a standard WNM-chain (when the chains have I} # {1} or satisfy the
FPP). Indeed, if A and B are standard WNM-chains under these conditions,
the inclusion of the set of finite subalgebras of A into the of finite subalgebras
of B is easy to compute, since the possible finite subalgebras only depend on
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the partitions of A and B. The results can be easily generalized to varieties
generated by a family of standard WNM-chains.

Remark: It is easy to see that if * € WINM-fin, then all the chains in the
variety V([0,1],) enjoy the FPP. Indeed, we can equationally express the maxi-
mum number of constant intervals that these chains can have in their partitions.
Suppose, for instance, that [0, 1], is the standard WNM-chain depicted in Figure
9.3 and consider the following equations:

(Ey) ——n(z) = n(z)~1

(E2) (mmz0 < —wo) V (mow1 & —w1) V (20w < —x) V (mp(z0) —
p(20))V (==p(21) = p(21))V (7=p(22) = P(22))V (=p(T0) — —=p(21)) V

(==p(z1) — ==p(2)) ~ 1

It is not difficult to check that any WNM-chain satisfying (E;) has only
involutive elements in the negative part, and any WNM-chain satisfying (Es)
has at most 2 constant intervals in the positive part. Since these equations are
valid in [0, 1], they are also valid in all the chains in V([0, 1].), and hence all
of them enjoy the FPP.

Given any standard WNM-chain [0, 1], it is obvious that the logic L, i.e.
the logic corresponding to the variety V([0, 1].), enjoys the canonical SC with
respect to [0, 1].. Now we will study in which cases this standard completeness
result can be improved. We start with t-norms satisfying the FPP.

Proposition 9.32. Let x € WNM-fin, let I, be its mazimum constant interval
(with possibly a = 1) and let A be a countable L.-chain. Then:

o If I{}A = {TA}, then there exists an embedding from A into [0,1]..
o If I{}A + {TA}, then there exists an embedding from A into [0,1]./F®.

Proof: We are assuming that [0, 1], has a finite partition. Let r and s be the
number of intervals in the negative part, and respectively in the positive part, of
[0, 1]«. Suppose that I{}L\ = {TA}. By the last remark we know that the number
of intervals in the negative part (resp. in the positive part) of A is at most r
(resp. s). Take a finite WNM-subchain B satisfying the following construction
rules:

1. Every unitary interval belonging to the partition of A is in B.

2. For every non-unitary constant interval of the partition of A, one interior
element of this interval and its upper bound belong to B.

3. For every involutive non-unitary interval in the negative part of the parti-
tion of A, two different elements and their negations belong to B.
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It is clear see that such a chain exists and it is a finite WNM-chain, subalgebra
of A, with the same number of intervals in the partition. By Lemma 9.30, there
is an embedding g : B < [0, 1].. Observe now that two different non-unitary
intervals of the partition of B must be embedded into two different intervals of
the partition of [0, 1]. and also that as subalgebra two different intervals of the
partition of B are contained in two different intervals of the partition of A. Thus,
remembering that the non-unitary intervals of A are countable and the ones in
[0,1], are continuous, and using that A and B have the same partition, we can

define an embedding f : A — [0,1],. If 1{}4 # {TA}, the proof is analogous. O

Corollary 9.33. Let x € WNM-fin and let I, be its mazimum constant inter-
val. Then:

e Ifa =1, then the logic L, has the canonical SSC with respect to [0, 1]..
o Ifa # 1, then the logic L, has the SSC with respect to {[0, 1], [0, 1]./F*}.
Now we turn to t-norms with an infinite partition.

Proposition 9.34. Given * € WNM \ WNM-fin, an L.-chain C and a finite
partial subalgebra B C), C, we have:

o If IT # {1}, then B is partially embeddable in [0, 1],.

o If If = {1}, then B is partially embeddable in [0,1], or there is a posi-
tive involutive element a € [0,1] with I} # {a} such that B is partially
embeddable in [0,1],./F°.

Proof: Since WNM is locally finite, the subalgebra of C generated by B is also
finite. Then, Proposition 9.21 gives the result. O

Corollary 9.35. Given x € WNM \ WNM-fin, we have:
o IfIy # {1}, then the logic L. has the canonical FSSC with respect to [0,1],.

o If I = {1}, then the logic L. has the FSSC with respect to {[0,1].} U
{[0,1]./F* : a is positive, involutive and I, # {a}}.

Although in some cases the SSC holds for logics of WNM-t-norms with an
infinite partition (for instance, when [0, 1], is a generic WNM-chain), it is false
in general as the following examples show.

Example 4. Let [0,1]. a standard WNM-chain with an infinite partition such
that the number of positive constant intervals is finite, say I ,...,I; . Assume
that I # {1}. For every i, let X; be the set of these discontinuily points of
the negation between I; and I; — and let Y1 the set of accumulation points of
X; which are a limit of an increasing sequence of elements of X;, and let Y;o
the set of accumulation points of X; which are a limit of a decreasing sequence
of elements of X;. Take a € If \ {1} and let A be the countable subalgebra of
[0, 1]« generated by the rational numbers in [0,a]. It is clear that A is subdirectly
irreducible. Assume that there is i such that X; is infinite and Y;1 or Yo is
finite. Then:
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1. If Y;1 is finite, we can produce a new countable WNM-chain B by adding
to A a new accumulation point to Y.

2. If Yio is finite, we can produce a new countable WNM-chain B by adding
to A a new accumulation point to Y;s.

In both cases, B € V ([0, 1].), since every finite subalgebra of B is embeddable
in [0,1]., but clearly B is not embeddable in [0,1].. Therefore, L. has not the
SSC.

An analogous reasoning is possible when the number of negative constant
intervals is finite.

Example 5. Let [0,1], a standard WNM-chain with an infinite partition such
that 1 is the only accumulation point of positive constant intervals. Consider the
formula o< (x,y) = (y — ) A ((x — y) — y). The following claim is easy to
check.

Claim: For every WNM-chain A and every a,b € A we have:

02 (a,b) =14 iffa>b ora=b=T"

Using this formula, we can formulate an infinite semantical derivation,
{o> (o p(@it1), 7p(z:)) = i = 1} U {es(mp(ai),p(as) « @ > 1} U
{o> (mp(wo), ~p(:)) =i = 1} 0,13, 7 p(0) V —=p(21), but it is not valid if
we consider only a finite subset of the premisses, so L, has not the SSC.

An analogous reasoning is possible when the only accumulation point of pos-
itive constant intervals is the infimum of the positive elements.

9.5 Axiomatization of some t-norm based exten-
sions of the Weak Nilpotent Minimum logic

In this section we give finite equational bases for some varieties generated by
standard WNM-chains, or equivalently finite axiomatizations for some t-norm
based extensions of WNM. Since every variety is generated by its finite chains,
the equational base essentially has to describe these finite chains. More precisely:

Lemma 9.36. Given a WNM-chain A, the following statements are equivalent:

1. The variety V(A) is aziomatized by the equations ¥ C Eqr.
2. For every finite WNM-chain C, C € HSPy (A) iff C = X.

3. For every finite WNM-chain C, C € IS(A) UIS({A/F® :a € N(A)N A4
and I, # {a}}) iff C E X.

We will focus on the last condition, which is the most descriptive.

First, we consider some easy observations on the equations in the language
of MTL.

Lemma 9.37. Let A be an MTL-algebra, let p =~ € Eqr be an equation and
Y ={p; = i <n} C Eqe be a finite set of equations. Then:
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1. AE p = if, and only if, A= ¢ < ¢~ 1, and
2. AEX if, and only if, AE (po < Y0)& ... &(pp_1 < p_1) =~ 1.

Therefore, every finite equational base can be reduced to one single equation
whose second member is the constant for the neutral element of the monoid.
Using this and the following lemma we can produce an equational base for the
variety generated by a finite family of MTL-chains, whenever we have an equa-
tional base for the variety generated by each chain of the family.

Lemma 9.38. Let po(T0), - - -, pn(Tn) € Fmyg, where Ty, . . ., T, denote pairwise
disjoint sets of variables. Let A be an MTL-chain. Then, A = po(To) V ...V
pn(Tn) = 1 if, and only if, there exists i < n such that A |= p;(T;) ~ 1.

Corollary 9.39. Let {Cy,...,Cn} be a finite set of WNM-chains. Suppose that
for each i € {1,...,n}, p; ~ 1 is an equation aziomatizing V(C;), in such a
way that the sets of variables of these equations are pairwise disjoint. Then, the
equation p1 V ...V p, = 1 aziomatizes the variety V({Cy,...,Cn}).

In the following we provide some examples of t-norm based axiomatic ex-
tensions of WNM for which we are able to give efectively a finite axiomatization.

Examples: Let x be a WNM-t-norm, let [0, 1], be its corresponding standard
WNM-algebra and let L, be the axiomatic extension of WNM corresponding
to the variety V([0,1],). Our aim is to find a set of axiom schemata such
that, added to the Hilbert-style system for WNM, give a calculus for L, (or
equivalently, to find a set of equations such that, added to the equational base
for WNM], give an equational base for V([0,1].)).

1. If [0, 1]. is a generic WNM-t-norm (i.e. it satisfies the conditions of Theo-
rem 9.27), then L, is just WNM, and hence there is no need for additional
axioms.

2. Suppose that [0, 1], satisfies the following conditions:

e The partition of [0, 1], has no constant interval in the negative part.

e [0, 1], has a negation fixpoint.

e The partition of [0,1], has infinitely many constant intervals in the
positive part (i.e. x € WNM \ WNM-fin).

It is clear that for every finite WNM-chain C, C € IS([0,1].) U
IS({[0,1]./F® : a € N[0,1],)N([0,1]4)+ and I, # {a}}) iff all the negative
elements in C are involutive. Therefore, the variety generated by [0, 1], is
axiomatized by the following equation:!

——n(z) = n(zx)

Mts associated logic has been already studied in [69] under with a different name, MTL[DA],
and a different axiomatization. In particular, the authors proved the SSC for this logic.
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Notice that the symmetric situation (no constant intervals in the positive
part, while infinitely many in the negative part) is axiomatized by:

—p(x) = p(z)

Of course, the two equations together would give the variety generated by
[0, 1]nm, which can be axiomatized just by:

TR T

Suppose that [0, 1], satisfies the following condition:

e There is a sequence, either increasing or decreasing, (a, : n € w) of
involutive elements in A_ such that for every n > 0 there is m > n
such that the sets I, and I, are non-trivial.

i.e. just the second condition required for generic standard WNM-chains
in Theorem 9.27. On the one hand, it is clear that for every finite WNM-
chain C, C € IS([0,1].) UIS({[0,1])./F* : a € NJ[0,1],) N ([0,1]4)+ and
I, # {a}}) iff C has no negation fixpoint. On the other hand, from the
results in Chapter 6, we know that a WNM-chain is perfect iff it has no
negation fixpoint. Therefore, the equation for perfect MTL-chains will be
enough to obtain an equational base for the variety we are considering
now:

(=(72)*)? ~ =(=a?)?

Take * € WNM-fin such that the partition of [0, 1], has no involutive
intervals. Let r and s be respectively the number of constant intervals
in the negative and in the positive part. Then, due to the symmetry
properties of negation functions, we obtain that:

e If [0, 1], has no negation fixpoint, then s = r + 1.
e If [0, 1]« has negation fixpoint, then s = r.
Observe that these chains (we can see two examples in Figure 9.7) have

a finite number of involutive elements: 0 and the right extreme of each
constant interval:

e If [0, 1], has no negation fixpoint, then it has 2r + 2 involutive ele-
ments.

e If [0, 1], has negation fixpoint, then it has 2r 4+ 1 involutive elements.

Therefore, in order to axiomatize this kind of varieties we only need an
equation giving an upper bound to the number of involutive elements. It
is easy to check that a WNM-chain A has at most k involutive elements
if, and only if, the following equation is valid in A:

\/(—Lxlv — —\JC,H_l) =~ T
i<k



9.5. AXIOMATIZATION OF SOME T-NORM BASED EXTENSIONS

1 1
0 0
0 1 0 1

133

Figure 9.7: Two examples of standard WNM-chains satisfying the FPP with no
involutive intervals. The chain on the left hand side has no negation point, while

the chain on the right hand side has it.

For instance, to axiomatize the varieties corresponding to the chains in
Figure 9.7, we would take the equation with k = 6 (for the chain on the
left hand side) and the equation with k = 7 (for the chain on the right
hand side).

. Finally, assume that + € WINM-fin and the partition of [0, 1], has some
involutive intervals. We have not found an equational for every WNM-t-
norm under these conditions. However, we will illustrate with some ex-
ample how it could be done when the partition has a small number of
intervals. For instance, suppose that * is the t-norm depicted in Figure
9.2. In this case the equational base only needs to force the chains to have
no constant intervals in the negative part and at most 2 in the positive
part. Thus we take the equations:

——n(z) = n(zx)

and
V (52 & ==z v \/ (==p(2:) = p(@:)) vV \/ (5p(@:) = ~=p(@ii1)) = T
<3 1<3 <2

Consider now the chain in Figure 9.8 where some more restrictions must
be described in the equations.

In this case we take the following equational base:
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Figure 9.8: An example of a standard WNM-chain satisfying the FPP with
involutive intervals.

Vies(tm(zi) — n(2i) V Vo (on(zi) = ~n(ziga)) = 1

(there are at most two constant intervals in the negative part)

Vica(m@i & =723) V Vo (mmp(2i) — p(24)) V (m=p(20) — =p(21)) & 1
(there is at most one constant interval in the positive part)
Vica(0m(@i) — n(xi)) V Vo (oon(zi) — —on(@ipa)) V (-nly) —
_\_\’I’L(xl)) \V (—|—|n(,]jo) — —\—\’n(y)) ~1

(if there are two constant intervals in the negative part, then there are no

involutive elements between them)

Vico(m (@) — n(x:)) V Vico(mn(z) — == n(zig1)) V (m—n(xo) <

-n(zg)) ~ 1
(if there are two constant intervals in the negative part, then the right
extreme of the second one is the negation fixpoint)

(m=n(wo) — n(z0)) V (-n(yo) = ==n(y1)) V (mn(yr) — ~-n(zo)) ~ T

(if there is a constant interval in the negative part, then there is at most
one negative involutive element above it)

(mxo < —mxo) V (mmw(z0) — p(20)) V (myo < —yo) V (mp(To) —
—p(yo)) ~ 1

(if there is a constant interval in the positive part, then there are no positive
involutive elements below it)

9.6 Conclusions

In this chapter we have studied a particular variety of MTL-algebras, WNM,
which is a proper subvariety of the intersection of the varieties C3sMTL and
]B%IP’S' “, introduced in previous chapters. After presenting the description and
axiomatization of the varieties formed by the involutive members obtained in
[71], we have achieved the following new results:
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e WNM is a locally finite variety, so it has the FEP and the FMP and the
corresponding logic is decidable. Obviously, these properties are inherited
by all the subvarieties and axiomatic extensions, respectively.

e We have studied WNM-t-norms. In particular, we have characterized the
generic t-norms, we have given criteria to compare their generated varieties
and we have studied their standard completeness properties.

e We have given equational bases for some varieties generated by a finite
family of standard WNM-chains.
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Partial truth in triangular
norm based logics






Chapter 10

Expansions with
truth-constants

T-norm based fuzzy logics are basically logics of comparative truth. In fact, the
residuum = of a (left-continuous) t-norm * satisfies for every z,y € [0, 1] the
condition z = y = 1 if, and only if, z < y. This means that a formula ¢ — 1 is
a logical consequence of a theory if the truth-degree of ¢ is at most as high as the
truth degree of ¢ in any interpretation which is a model of the theory. In fact
the logic of continuous t-norms as it is presented in Héjek’s seminal book [79],
only deals with valid formulae and deductions using 1 as the only designated
truth-value. This line is followed by the majority of logical papers written from
then in the setting of many-valued fuzzy logics.

But, in general, these systems do not exploit in depth neither the idea of
comparative truth nor the potentiality of dealing with explicit partial truth that
a many-valued logic setting offers. On the one hand, for instance, a logic which
is based exclusively on the idea of comparative truth is the system LS (see [60])
where a deduction is valid if, and only if, the degre of truth of the premises
is less or equal than the degree of truth of conclusion . The system developed
there is based on Lukasiewicz infinitely-valued logic L. but it could be defined
over any t-norm based logic. Actually, since Godel logic G is the only t-norm
based logic enjoying the classical deduction-detachment theorem, it is the only
case in which the usual G logic coincides with GX,.

On the other hand, in some situations one might be also interested to explic-
itly represent and reason with partial degrees of truth. To do so, one convenient
and elegant way is introducing truth-constants into the language. This approach
actually goes back to Pavelka [128] who built a propositional many-valued logical
system which turned out to be equivalent to the expansion of Lukasiewicz Logic
L by adding into the language a truth-constant 7 for each real r € [0, 1], together
with a number of additional axioms. Although the resulting logic is not strongly
complete with respect to the intended semantics defined by the Lukasiewicz t-
norm, (like the original Lukasiewicz logic), Pavelka proved that his logic, denoted

139
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here PL, is complete in a different sense. Namely, he defined the truth-degree of
a formula ¢ in a theory T as ||¢||r = inf{e(¢) | e is a PL-evaluation model of T'},
and the provability degree of ¢ in T as || = sup{r | T Fp1, T — ¢} and proved
that these two degrees coincide. This kind of completeness is usually known as
Pavelka-style completeness, and strongly relies on the continuity of Lukasiewicz
truth functions. Novak extended Pavelka’s approach to Lukasiewicz first-order
logic [123]. Furthermore, Lukasiewicz logic extended with truth-constants has
been extensively developed by Névak and colleagues in the frame of the so-called
fuzzy logic with evaluated syntax (see e.g. [124]).

Later, H4jek [79] showed that the logic PL could be significantly simplified
while keeping the Pavelka-style completeness results. Indeed he showed that it is
enough to extend the language only by a countable number of truth-constants,
one constant 7 for each rational in r € [0,1], and by adding to the logic the two
following additional axiom schemata, called book-keeping axioms:

T&S T %, 8
(F—5)oT=L3

where %, and =, are the Lukasiewicz t-norm and its residuum respectively. He
called this new system Rational Pavelka Logic, RPL for short. Moreover, he
proved that RPL is strongly complete (in the usual sense) for finite theories.

Similar rational expansions for other continuous t-norm based fuzzy logics can
be analogously defined, but Pavelka-style completeness cannot be obtained since
Lukasiewicz Logic is the only fuzzy logic whose truth-functions are a continuous
t-norm and a continuous residuum.?

However, several expansions with truth-constants of fuzzy logics different
from Lukasiewicz have been studied, mainly related to the other two outstand-
ing continuous t-norm based logics, namely Gddel and Product logic. We may
cite [79] where an expansion of Ga (the expansion of Gédel Logic G with Baaz’s
projection connective A) with a finite number of rational truth-constants is
studied, [54] where the authors define logical systems obtained by adding (ra-
tional) truth-constants to G. (Gédel Logic with an involutive negation) and to
IT (Product Logic) and II.. (Product Logic with an involutive negation). In the
case of the rational expansions of II and II. an infinitary inference rule (from
{p = 7:7€Qn(0,1]} infer p — 0) is introduced in order to obtain Pavelka-
style completeness. Rational truth-constants have been also considered in some

LAn easy argument shows that for logics based on other continuous t-norms Pavelka-style
completeness does not hold. Let L. be the logic of a continuous t-norm * (not isomorphic
to Lukasiewicz t-norm) and its residuum = (as defined in [53]). Then it is known that the
induced negation —x = « = 0 is not continuous in = 0, i.e. sup{—z |z >0} < -0 = 1.

Let p be a propositional variable and let 7 = {p — 7 | » > 0}. One can show that
lp — 0|l # |p — O|7. Indeed, ||[p — O|l7 = inf{e(p) = 0 | e(p) < rforallr >0} =0=0=1,
and we show that |p — O|r < 1. For this, it is enough to prove that T I/ 7g — (p — 0) for any
ro < 1 such that rg > sup{—x | > 0} (such an element exists because * is not isomorphic to
Lukasiewicz t-norm). Suppose not. In such a case, there would exist a finite theory Ty C T
such that Tp 75 — (p — 0). Then, by soundness, it should be 7o < —e(p) for any evaluation
e such that e(p) < s, where s = min{r | 7 — p € Ty}, which is a contradiction (e.g. take

e(p) = s)-



141

stronger logics like in the logic LH% [53], a logic that combines the connectives

from both Lukasiewicz and Product logics plus the truth-constant 17/2, and in
the logic PL [92], a logic which combines Lukasiewicz Logic connectives plus an
additional conjunction, as well as in some closely related logics.

Following this line, Cintula gives in [37] a definition of what he calls Pavelka-
style extension of a particular fuzzy logic. He considers the Pavelka-style exten-
sions of the most popular fuzzy logics, and for each one of them he defines an
axiomatic system with infinitary rules (to overcome discontinuities like in the
case of II explained above) which is proved to be Pavelka-style complete. More-
over he also considers the first-order versions of these extensions and provides
necessary conditions for them to satisfy Pavelka-style completeness.

In this chapter, the approach based on traditional algebraic semantics will be
considered in order to study completeness results (in the usual sense) for expan-
sions of t-norm based logics with truth-constants. Indeed, as already mentioned,
only the case of Lukasiewicz logic was known after [79]. Now we will provide a
full description of completeness results for the expansions of logics of t-norms
with a set of truth-constants {7 | r € C}, for a suitable countable C' C [0, 1],
when (i) the t-norm is either a finite ordinal sum of Lukasiewicz, Godel and
Product components or a WNM that has a finite partition and (ii) the set of
truth-constants covers all the unit interval in the sense that each component
(for continuous case) or interval of the partition (for the WNM case) contains
at least one value of C' in its interior.

All the results included in this chapter have been obtained in a long-term
cooperation of the author with several researchers and they have been already
published (or submitted for publication) in form of several papers. More pre-
cisely, the expansion of Godel (and of some t-norm based logic related to the
Nilpotent Minimum t-norm) with rational truth-constants and the expansion of
Product logic with countable sets of truth-constants have been studied in [55]
and in [132]. Later on, the basic cases of Lukasiewicz, Gédel and Product logics
have been recently extended in [50] to the more general case of logics of con-
tinuous t-norms which are finite ordinal sums of the three basic components.
Finally, in [56] some other completeness results corresponding to the expansions
with truth-constants of logics of WNM t-norms with a finite partition have been
added. In these papers, the issue of canonical standard completeness (that is,
completeness with respect to the standard algebra where the truth-constants
are interpreted as their own values) for these logics has been determined. Also,
special attention has been paid to the fragment of formulae of the kind 7 — ¢,
where ¢ is a formula without additional truth-constants. Actually, this kind
of formulae have been extensively considered in other frameworks for reasoning
with partial degrees of truth, like in Novak’s evaluated syntax formalism based
on Lukasiewicz Logic (see e.g. [125]), in Gerla’s framework of abstract fuzzy
logics [70] or in fuzzy logic programming (see e.g. [138]).
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10.1 Adding truth-constants

In this section we introduce the basic definitions and first general results re-
garding the expansions with truth-constants for those extensions of MTL which
are the logic of a given left-continuous t-norm. In the following, for any left-
continuous t-norm *, [0,1]. = ([0, 1], %,=, min, max,0,1) is its corresponding
standard MTL-chain and L, will denote its corresponding axiomatic extension
of MTL.

Definition 10.1 (logic L.(C)). Let = be a left-continuous t-norm, and let
C = (C,*,=,min, max, 0,1) C [0,1], be a countable subalgebra. Consider the
expanded language Lo = LU{T : r € C\ {0,1}} where we introduce a new
constant for every element in C'\ {0,1}. We define L.(C) as the expansion of
L. in the language Lo obtained by adding the so-called book-keeping axioms:

T&S — T*S
T—3) =3

for every r,s € C.

Notice that in this definition the book-keeping axioms 7 AS < min{r, s} that
would correspond to the other primitive connective in MTL, A, are not present,
since they are easily derivable in L, (C) as actually defined.

The algebraic counterparts of the L, (C) logics are defined in the natural way.

Definition 10.2. Let * be a left-continuous t-norm and let C be a countable
subalgebra of [0,1].. An L.(C)-algebra is a structure

A= (A &* AN VA FA re )

such that:
1. (A,&A,HA,/\A,\/A,ﬁA,TA> is an L,-algebra, and
2. for every r,s € C the following identities hold:
FALATA = 7w s
7 A A = F=A,
The canonical standard L, (C)-chain is the algebra

[07 1]L*(C) = <[Oa l]a *, =, min, max, {T HEMRS O}>a

i. e. the Lo-expansion of [0,1]. where the truth-constants are interpreted by
themselves.

Since the additional symbols added to the language are 0-ary, the condition
of algebraizability given in Chapter 2 is trivially fulfilled. Therefore, L.(C) is
also an algebraizable logic and its equivalent algebraic semantics is the variety
of L.(C)-algebras, denoted as L,(C). In particular this means that the logics
L.(C) are strongly complete with respect to the variety of L, (C)-algebras. Fur-
thermore, reasoning as in the MTL case, we can prove that all L,(C)-algebras
are representable as a subdirect product of L, (C)-chains, hence we also have
completeness of L. (C) with respect to L, (C)-chains.
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Theorem 10.3. For any TU{p} C Fmg., Tly (c) ¢ if, and only if, {{ ~ 1
'(/) € F} ':{L*(C)fchains} p=1.

This general completeness with respect to chains, can be refined by using
[35, Lemma 3.4.4], where Cintula proves a very general result for expansions of
fuzzy logics with rational truth-constants. Adapted to our framework, it reads
as follows.

Theorem 10.4 ([37]). Let  be a left-continuous t-norm such that L is strongly
complete with respect to a class K of Li-chains. Then L, (C) is strongly complete
with respect to the class of L.(C)-chains whose L-reducts are in K.

Notice that when K is the class of all L,-chains, then this theorem does not
provide anything new other than the result of Theorem 10.3. If K is the class of
standard L,-chains, the condition that L, should be strongly complete is very
demanding. For instance if we restrict ourselves to continuous t-norm based
logics, then only Godel logic G satisfies this condition (SSC). If we consider
logics of genuine left-continuous t-norms, then so far we can only additionally
consider the NM logic and some WNM logics (see previous section).

Since all the logics L,(C) are expansions of MTL, sharing Modus Ponens as
the only inference rule, they have the same local deduction-detachment theorem
as MTL has. In fact, the proof for MTL or BL also applies here.

Theorem 10.5. For every I' U{p, v} C Fmc., I',o b, ) ¥ if, and only if,
there is a natural k > 1 such that T' by, (c) oF — .

One can also show the following general result about the conservativity of
L.(C) w.r.t. L.

Proposition 10.6. L.(C) is a conservative expansion of L.

Proof: Let ' U{p} C F'm. be arbitrary formulae and suppose that I" -, (¢ .
Then, there is a finite I'g C T" such that I'g F, ¢y . By the above deduction
theorem, there exists a natural & such that I-,_(c) (To)* — ¢, identifying the set
I'p with the strong conjunction of all its formulae. By soundness, this implies that
F0.10, ) (To)¥ — . Since the new truth-constants do not occur in 'y U {p},
we have =g 1], (To)* — ¢, and by SC of Ly, ., (I'g)* — ¢, and hence I b, ¢
as well. |

In the rest of the chapter we will study the SC, FSSC and SSC properties for
the logics with truth-constants L, (C), and also canonical standard completeness
properties, i.e. SC, FSSC and SSC restricted to the canonical standard algebra.

10.2 Structure of L,(C)-chains

We have seen in Theorem 10.5 that the logics L.(C) are complete with respect
to the L, (C)-chains. To study standard completeness results for L,(C) we need
to obtain a deeper insight into L,(C)-chains. This is done in this section.
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Next we assume * is a left-continuous t-norm and C is a countable subalgebra
of [0,1]..

Lemma 10.7. For any L,(C)-chain A = (A, &, —,\,V,{FA : r € C}), let
Fe(A)={reC:7 = TA} and Fe(A)={r e C:-r € Fe(A)}. Then:

(i) Fc(A) is a filter of C.

(ii) The set {7 :r € C} forms an L-subalgebra of A, denoted as C*, isomor-
phic to C/Fe(A), through the mapping 7 — [r] 4, in such a way that

[1]a = Fe(A) and [0]4 = Fc(A),

where [r] 4 denotes the equivalence class of r € C' w.r.t. to the congruence
defined by the filter Fe(A).

Proof: (1) If r € F¢(A) and s € C with s > r, then s € F¢(A) because by the

. . _ —A A —A .
book-keeping axioms we have 54 = max(r,s) = 7 v 54 =17, Moreover if

r,s € Fo(A) then 7% s € Fe(A) since 754 = 7A&sA = T*. Therefore Fe(A)
is a filter.

(ii) Consider the function f : C — CA defined by f(r) = 7. It is clear that f is
a surjective homomorphism and Kerf = Fg(A), so C/Fe(A) = CA. ad

In general, the equivalence classes of C with respect to a filter F, i.e. the
elements of C/F, are difficult to describe, but some interesting cases can be
indeed fully described. The next lemma refers to these cases, where we use the
following notation:

CONT = {x is a continuous t-norm}

CONT-fin = {* € CONT | * is a finite ordinal sum of the basic
components}

Lemma 10.8. Let x €¢ CONT U WNM and C be a countable subalgebra of
[0,1].. For any F' € Fi(C) we have:

(Z) fO’f’ anyr,s ¢ FUF, [T‘]F = [S]F Zﬁ’f’ = s;
(ii) moreover, if x € CONT then F = {0}.

Proof: If x € WNM, it follows from the description of quotients in WNM-chains
given in Chapter 9. Suppose that * € CONT and assume that r < s ¢ FUF
and [r]p = [s]p. Then s — r € F, but this is a contradiction since:

If ;s € (a;,b;) and [a;, b;] is a Lukasiewicz component, then s — r is a nilpo-
tent element belonging to F' which implies that the minimum of the component
belongs to F' and therefore [a;,b;] C F, a contradiction.

If r,s € (a;,b;) and [a;,b;] is a Product component, then s — r € F which
implies: If » = 0, then 0 € F', a contradiction; and if r» # 0 then there exists n
such that r > (s — r)™ and thus r, s € F, a contradiction.

Finally if r * s = min{r, s} then s — r = r € F, a contradiction.

(ii) follows easily from the structure of the negation in standard BL-chains. O
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This lemma shows that the interpretation of the constants over a L, (C)-chain
A depends only on the filter F¢(A). Roughly speaking, if i : C — {74 : 7 € C}
denotes that interpretation, i.e. i(r) = 7 for all » € C, then i maps truth-values
rto T or 07 depending on whether r € F¢(A) or r € F¢(A) respectively, and
over the rest of the elements of C, i.e. those in C'\ (F¢(A) U Fe(A)), i is a
one-to-one mapping.

The standard chains of the variety L.(C), i.e. the L,(C)-algebras over [0,1],
are the key to obtain standard completeness results for the logic L.(C) when
using the technique of partially embedding L, (C)-chains into standard ones. In
order to know when such embeddings are possible, it is necessary to study the
standard L, (C)-chains in more detail. This question is in fact related to describe
the ways the truth-constants from C' can be interpreted in [0, 1] respecting the
book-keeping axioms. We have seen in Lemmas 10.7 and 10.8 some necessary
conditions showing the preeminent role of the set F'i(C) of proper filters of C
plays in this question. Observe that each proper filter of C is either of type
F*={ze€C:x>a}orof type F7* ={x € C:z > a} for some a € C.

One can wonder whether, given a filter F' € Fi(C), there always exists a
standard L, (C)-chain A such that F¢(A) = F. Obviously, the simplest thing to
look at is whether the algebra

[0, l]f*(c) = ([0,1], %, =, min, max, {ip(r) : r € C}),

where the mapping ip : C — [0, 1] is defined as

1, ifre F
ip(r)=¢ 0, ifrekF (10.1)
r, otherwise

)

is always an L, (C)-algebra over [0, 1], or in other words, whether the mapping i
is always a proper interpretation of the truth-constants, in the sense of satisfying
the book-keeping axioms.

It is easy to check that this is actually the case when x € CONT, and in
such a case [0, 1}5 © will be called standard algebra of type F. Moreover, when
* € CONT-fin, one can show that these are all the standard chains over [0, 1],
one can define, in the sense that there are as many L, (C)-algebras over [0, 1],
(up to isomorphism) as proper filters of C. To this end, first we need a technical
lemma, which is related to the so-called Hion’s Lemma (see e.g. [73, Lemma
4.1.6)).

Lemma 10.9. Let C be a subset of [0,1] containing 0 and 1 and closed under
the product of real numbers. Let g : C — [0,1] satisfy g(x - y) = g(x) - g(y) for
all z,y € C and g(x) < g(y) for all x,y € C such that © < y. Then there exists
a € RY such that g(r) = r* for allr € C.

Proof: By the assumptions on g, we have for all r,s € C, r,s > 0 and for all
1,7 € N:
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(i) if r* < s then g(r)* < g(s)
(ii) if 7* > 7 then g(r)* > g(s)’

Using logarithms in statements (i) and (ii) we obtain the following equivalent
statements for all i, j € N:

() ifi-Inr—j-Ins<0theni-lng(r)—j -Ing(s) <0
(i) ifi-Inr —j-lns >0 theni-lng(r) —j-Ing(s) >0

or equivalently,

(") if & > 18 then & > [nole)

7 = Inr 7 = Ing(r
(ii”) if £ < IB5 then I < (29()
7 — Inr j — Ing(r)

The fact that these inequalities hold for all natural numbers 4, j implies that

Ins  Ing(s)

Inr  Ing(r)

Indeed, if {22 > }Z 523, then there is a rational number % such that {22 > % >

igggig This contradicts (ii”). Similarly, {22 < igzgig contradicts (i”).

Finally, taking an arbitrary strictly positive r € C and letting a =
Ing(r)/Inr, the above equality leads to

g(s) =s
for each s € C. This ends the proof. a

Proposition 10.10. Let x € CONT-fin. Then:

For any F € Fi(C), the algebra [0, 1]5*(@ is an L, (C)-algebra. Conversely, any
standard L, (C)-chain whose L-reduct is [0, 1], is (up to isomorphism) an algebra
[0, 1]5*(@, for some F € Fi(C).

More precisely: Let X = {[A] : A standard L.(C)-algebra over [0,1].} be the
set of isomorphism classes of L.(C)-algebras over [0,1].. Then, the function
D : X — Fi(C) defined by ®([A]) = Fe(A) for every [A] € X is a bijection.

Proof: Given F € Fi(C), an easy computation shows that the algebra [0, 1]{ ©
is an L, (C)-algebra. ® is well-defined: if A = B, then it is clear that C* = C5,
so F¢(A) = Fe(B).

® is clearly onto because @([0,1]5*(@) = F. We must prove that ® is also
injective. Suppose that ®(A) = ®(B), i. e. F¢(A) = Fe(B). Then, we have
CA=C/Fe(A) =C/Fc(B) = CB, and we want to conclude that A = B.

1. If * is the Lukasiewicz t-norm, the only proper filter of C is {1}. Thus,
CA = CB(= C). Let h denote this isomorphism. If h # Id, then there is
a # h(a). Let b = h(a). Taking the restricition of h, it is clear that the
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~

generated subalgebras are also isomorphic, i. e. (a) = (b), so a and b are
either both rational or either both irrational (otherwise, the rational one
would generate a finite subalgebra, and the irrational one would generate
an infinite subalgebra). If ¢ and b are irrational, then by [65, Proposition 2
and Theorem 3] a = 1—b. Therefore one of them must be positive; suppose
that it is a. Then 2a = 1, so 2(1 — b) = 1. But, due to the isomorphism,
we also have 2b = 1, a contradiction. If a and b are rational we reason
analogously.

2. If % is the minimum t-norm and F¢(A) = F¢(B) is any proper filter and
CA = C/Fe(A) = C/Fz(B) = C®, then we can define a function h such
that for every r € C'\ Fe(A), h(74) = 75, and then we extend it to an
isomorphism from A to B.

3. If x is the product t-norm there are only two proper filters, {1} and C'\ {0}
and thus we have two types of II(C)-chains over [0, 1|1 corresponding to
the cases that F' = {1} (the corresponding type of II(C)-chains are the ones
such that for each pair r < s in C, then 74 < 54) and the case C'\ {0} (the

corresponding type of IT(C)-chains are such that 74 = T for all # 0).
If Fe(A) = Fe(B) = {1}, then C* = CB =~ C. By Lemma 10.9, there exist
positive reals a and § such that 74 = r* and 72 = P for each r € C.
Therefore, the mapping A : [0,1] — [0,1] defined as h(z) = 2%/ defines
an isomorphism from A to B. If F¢(A) = Fe(B) = C \ {0}, the result is
trivial.

4. If % is any continuous t-norm, then all possible proper filters are either of
the form [a, 1] where a is either in a Gédel component, or the minimum of
a Lukasiewicz component or the minimum of a product component, or of
the form (a, 1] where a is either in a Gédel component or the minimum of
a product component. The result is proved by applying the previous cases
to each component of its decomposition not included in the filter.

O

For the case of L.(C) logics where x € WNM-fin the situation is not so
simple. We illustrate the problem with an example. Let * be the WNM t-
norm represented at left hand side of Figure 9.4 and take C = QN [0,1]. Let a
be a positive involutive element such that I # {a} and let F, be the principal
filter generated by a. Then the mapping ig, : C' — [0, 1], defined as in expression
(10.1), is not a proper interpretation of the truth-constants since for each b € I},
—i(b) = =b = —a and i(-b) = i(—a) = 0, i.e. the book-keeping axioms are not
satisfied and hence the algebra [0, 1]{ () is not an L,(C)-algebra. Thus the
mapping (10.1) used to interpret the truth-constants in the case of continuous
t-norms does not always work in the case of a WNM t-norm.

In fact, for the case * € WINM-fin, if we want to associate to each filter
F € Fi(C) a standard chain of L, (C) such that F¢(A) = F', we need to proceed
in a different way. We will divide the job by cases.
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1. If the classes of C/F satisfy the condition that —[r]p = [0]F implies [r]F =
[1]F, then the interpretation used in the case of continuous t-norms works
well and the chain [0, 1]5*(@ is an L, (C)-chain like in the continuous case.

2. If in C/F there are classes such that

[r]F # [1]F (that is, r ¢ F) and =[r]p = [0]F,

then the mapping i : C — [0, 1] defined by expression (10.1) is not, in
general, an interpretation as the example above proves.

Thus in this case, we consider two further subcases:

(a)

If [0,1]. is such that IT7 # {1} (i.e. =2 =0 for some = < 1), then the
mapping i : C' — [0,1] defined by,

1, ifreF

y )0, ifreF

7p(r) = f(r), if-r=0andr¢ (FUF) (10-2)
T, otherwise

where f : {r € C' | -r =0,r ¢ (FUF)} — Ij is an (arbitrary) one-
to-one increasing mapping, is an interpretation which satisfies the
book-keeping axioms. Then the algebra

[0, 1]{1(0) := ([0, 1], *, =, min, max, {i’%=(r) : r € C})

is an L, (C)-chain over [0, 1],. chain of type F'.

If [0, 1], is such that IT = {1} (i.e. -z = 0 implies = 1), then the
mapping i : C — [0, 1] defined in the previous case does not apply
here since having I7 = {1} makes impossible to define a one-to-one
mapping f as required there. In this case we take as initial chain,
not the standard chain [0, 1],, but the chain ([0, 1],)/F, (which still
belongs to the variety L) where a € C' is the greatest element in the
constant intervals of [0,1].. Notice that [1]r, = [a,1], [0]F, = [0, a]
and [r]p, = {r} for any r € (—a,a). Hence, ([0, 1].)/F, is isomorphic
to an L,-chain [—a,a]. by identifying [1]p, with a, [0]F, with —a,
and [r]p, with r for all 7 € (—a,a), and by taking " as the obvious
adaptation to the interval [—a, a] of the original *. Now it is clear that
[—a, a), is such that I # {1} and therefore we can define a mapping
i% : C' — [—a, a] analogously to (10.2) which makes the algebra

{[~a, a], ', =, min, max, {i%(r) : r € C})

an L, (C)-chain. Finally, by means of an increasing linear transforma-
tion h : [-a,a] — [0, 1], it is easy to obtain an isomorphic L. (C)-chain
over [0, 1]

[0, 1]5*(0) :=([0,1], 0, =, min, max, {jr(r) : r € C})
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where zoy = h(h™!(z) ¥ h=1(y)) and jp(r) = h(i%t(r)) for all r € C.
Notice that o needs not coincide with *.

Thus, we have the following corollary.

Corollary 10.11. Let * € CONT-fin U WNM-fin and let C be a countable
subalgebra of [0,1].. Then, for any filter F € Fi(C), there exists a standard
L.(C)-chain A such that Fe(A) = F, namely A =0, 1]5*(C)'

Any standard L,(C)-chain A such that F¢(A) = F will be called from now
on standard L, (C)-chain of type F.

10.3 Completeness results

In this section we will give completeness results for the logics L. (C) in the fol-
lowing particular cases:

1. When % € CONT-fin and C is a countable subalgebra of [0, 1] such that
C' has elements in the interior of each component of the t-norm *, and in
addition every r € C belonging to a Lukasiewicz component generates a
finite MV-chain.

2. When x € WNM-fin and C is a countable subalgebra of [0, 1], such that
has elements in the interior of each interval of the partition.

Thus, from now on we will assume that the algebra C satisfies these conditions.

In the following subsection we will focus on strong and finite strong standard
results while in the second subsection we will focus on the issue of canonical
standard completeness.

10.3.1 About SSC and FSSC results

We start with a general result on strong standard completeness when * €
WNM-fin which is consequence of Theorem 10.4 and the SSC results given
in Corollary 9.33.

Theorem 10.12. For every x € WNM-fin and every suitable C, the logic L. (C)
enjoys the SSC restricted to the family {[0,1]f ) F e Fi(C)}.

As particular cases of the above theorem we obtain that the logics G(C) and
NM(C) enjoy the SSC restricted to the corresponding family {]0, 1]5*(@ :F e

Notice that these results can never be improved to canonical SSC, as the
following example shows.

Example 6. For every non-trivial filter F (that exists in all these cases) and
every r € F\ {1}, the derivation

(r—=y)=TEy—=w

is valid in [0, 1]y, ¢y but not in [0, 1}5*(@.
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Observe that by Proposition 5.8 and Theorem 5.9 and being L..(C) a conser-
vative expansion of L,, the SSC is false for the logics L, (C) for each * € CONT
when * # min.

Since there is no result relating the FSSC for logics without truth-constants
to the FSSC for the corresponding expanded logic with truth-constants, in order
to study the FSSC we need to use the bridge result given in Theorem 5.4 i.e. we
have to study partial embeddability for algebras with truth-constants.

Definition 10.13. The logic L.(C) has the partial embeddability property if,
and only if, for every filter F € Fi(C) and every subdirectly irreducible L, (C)-
chain A of type F, A is partially embeddable into [0, 1]5 ©)-

Obviously, the logics with truth-constants that enjoy the SSC restricted to
the family of standard chains of type F', being F' a proper filter of C, enjoy the
partial embeddability property as well. Thus in the next theorem we consider
cases that in general do not enjoy the SSC. For Lukasiewicz logic with rational
truth-constants the problem has been already solved by Hajek.

Theorem 10.14 ([79]). For every countable subalgebra C C [0, 1]z of rational
numbers, the logic L(C) enjoys the canonical FSSC.

Open problem: In the previous theorem, is the condition C C Q N [0, 1]
necessary?

The proof of the partial embeddability property for II(C) will take a lot of
work. Let us denote by [0, 1]E(C) the standard II(C)-chain corresponding to the
filter (0,1]. First, we will show that the variety generated by the II(C)-algebras
on [0,1]is V([0, 1]ri(c)). Therefore, we need to show that [0, 1] ) belongs to the
variety generated by [0, 1]r(c). In order to prove this in Theorem 10.17, we need
a method to convert a nonsatisfying evaluation e of a II(C)-formula in [0, 1],
to a nonsatisfying evaluation e’ of the same formula in [0, 1]r(¢). This is achieved
in the following paragraphs concluded by the specific result in Proposition 10.16.

Let e be an evaluation of II(C)-formulae on the type II algebra |0, 1]1*1(0). In
particular, for every r € C'\ {0}, we have e(7) = 1. Consider the following set
of evaluations e} on the canonical standard algebra [0, 1]y, parametrized by
positive real numbers ¢t € R*, defined as follows.

e ¢,(T) = r for every truth-constant symbol 7,
e ¢,(z) = (e(x))! for every propositional variable z,
e composite formulae are evaluated according to the operations in [0, 1]r(c)-

We are going to prove that if e(¢) < 1, then ej(¢) < 1 for every ¢ large
enough. We start by making the following remarks.

The set [0, 1]%" of all functions from RT into [0, 1] becomes a IT-algebra with
the operations - and =1 defined pointwise and with the constant function 0 as
bottom and the constant function 1 as top.

Let F C [0, I]RJr be the set of all functions f : Rt — [0,1] satisfying the
following condition:
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(E) There are 0 < ¢ <1 and ¢y > 0 such that ¢ < f(¢) for all ¢ > ¢.

It is immediate to verify that F is a filter of the II-algebra [0, 1]%" (sce e.g. [32,
Lemma 1.5]). Hence the congruence relation defined by F on [0, 1%, f ~ g iff
f=ngeFand g=p f€F, turns out to be defined as

f ~ g iff there are 0 < ¢,d < 1 and o > 0 such that ¢- f(t) < g(¢t) < f(t)/d for
all t > to,

Indeed, if ¢ < f(t) = g(t) for t > t1, then c- f(t) < g(¢), and if d < g(t) =
f(t), then d - g(t) < f(t), for t > to. Therefore c- f(t) < g(t) < f(t)/d, for
t > max(tl,tg).

Lemma 10.15. The congruence relation ~ satisfies:
(i) f ~ O iff there exists to such that f(t) =0 for all t > tg
(i) If f ~ g then lim;_, o0 g(t) = 0 4ff im0 f(t) =

Proof: Both statements are straightforward using the above equivalence. a
Proposition 10.16. Let e and e, be defined as above. For every formula ¢ let
gs(t) = (e(@))t and fy(t) = ej(¢). Then we have fy ~ gs. In particular, if
e(p) < 1, then lim;_, o €}(¢) = 0.

Proof: Let us proceed by induction on the complexity of ¢.

1. Constants.

r=0. g5(t) = e(0)" =0 and f5(t) = €,(0) =0, and 0 ~ 0.
r>0. gr=(t) = (e(T))! = 1* =1 and f=(t) = €}(T) = r, and obviously r ~ 1.

2. Variables.
Direct consequence of the definition (f,(t) = g.(t)).

3. ¢ = (Yr&rpa).
Guntes (1) = e(h1&p2)t = e(11)" - e(1h2)" = gy, (t) - gy, (1)
Foigeps () = €y (V1&rha) = €; (Y1) - €4 (2) = fy, (t) - fi (1)
Since ~ is a congruence, if we suppose that fy, ~ gy, and fy, ~ gy,, we
can conclude that fy, &, ~ Gu&s-

4. ¢ = (Y1 — ).
G-y (1) = e(1 — P2)t = (e(P1) = e(¥2))' = e(¥1)" = e(¥o)’ =
Gy (t) = Gy (t)
Fior—ua () = €i(h1 = ¥2) = €; (1) = €f(th2) = fy, () = Fu, (D)
Using again the fact that ~ is a congruence, from the hypothesis fy, ~ gy,
and fy, ~ gy,, We obtain fy, .y, ~ Gy —ys-
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The first statement of the proposition is proved. The second statement follows
from the first statement and (ii) of Lemma 10.15. 0

Theorem 10.17. [0,1]fc) € V([0,1]n(c)), hence the variety generated by the
class of T1(C)-algebras over the unit real interval [0,1] is V ([0, 1]c)).

Proof: Let ¢ be not valid in [0, l]lf[(c). There exists an evaluation e on [0, I]I*'I(C)
such that e(y) < 1. By the above proposition, lim; . €;(¢) = 0 as well, hence
for every large enough ¢, e;(p) < 1. Since e} is an evaluation on [0, 1]y(c), ¢ is
not valid in [0, 1r(c)- O

To show that the logic II(C) has the partial embedding property we introduce
some notation. Given a linearly ordered II(C)-algebra A and a finite subset E of
A, denote by Cg the set {r € C' |7 € E}. Let Cr be the Tl-algebra generated
by Cg. Note that the IT-algebra generated by F is naturally a H(é};)—algebra.

Let 5;;* be CA'; without 0.

In the proof of the next proposition we make use of the ordered Abelian group
(R"’)fem obtained as the lexicographic product of k copies of the multiplicative
groups of positive reals.

Proposition 10.18. Let A be a linearly ordered I1(C)-algebra of type I and let
E be a finite subset of A. Let Ag be the linearly ordered 11(Cg)-algebra generated

by E. Then Ag is isomorphic to a H(@)—algebm D such that the following is
satisfied:

e D =P(G) with G being a subgroup of (R*)E_, where k is an integer.

e there is an integer | and a real number o > 0 such that for every r € @*,
we have TP = wy 1 (r®),

where, for any x € (0,1] and natural 1 <1 <k, wii(z) = (1,..,1,2,1,...,1) €
(RT)* with x being at coordinate with index .

Proof: Taking Ag as a Il-algebra, there is a linearly ordered Abelian group G’
such that Ag = P(G’), i.e. Ag \ {0} is the negative cone of a linearly ordered
group G’. Since Ag is finitely generated, so is G’. Hence, applying Theorem 2.23
there is a natural k such that G’ is isomorphic to a subgroup G of (RT)F (see
Chapter 2 for the definition of (R*)F  and the result).

Then Ag is also isomorphic (through a mapping ¢) to P(G) as Il-algebras.
For every r € Cg define 729 = ((74). Using this, P(G) is a II(Cp)-algebra
isomorphic to Ag. Therefore, for simplicity, we may assume from now that
Ap = P(Q

Since Cg is an Archimedean II-algebra, there is a unique ! < k such that for
each element 74, r < 1 and r € Cﬂ'jg*, we have 74 = (1,...,1,ay, ..., ax) with a; <
1. Indeed, suppose r, s € @* such that s <7 < 1 and 74 = (1,..., 1, a, ..., ax)
and 54 = (1,...,1,bj,...,bx) with @ > j. There is a natural m such that r™ < s,
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but obviously (7)™ = (1,..,1, (a;))™, ..., (ax)™) >iex (1,..,1,b5,....,bx) = 54,
contradiction. . .

Let fi,...,fx : Cg — RT be functions such that for each r € Cr we have
74 = (f1(r), ..., fr(r)). Due to the validity of the book-keeping axioms, for each

i, fi: @ — RT is a homomorphism for the product. According to the above
paragraph, f; is the first of the functions f; which is not the constant 1. Since
the algebra Ag is a II(Cg)-algebra of type I and, by the previous paragraph,
fi(r) < 1 for every r < 1, r € 6’7;*, fi is one-to-one and preserves the order
(indeed if fi(r) = fi(s) for some r > s, then f;(r = s) = 1). Hence, by Lemma
10.9, f; is a power and we have

TA= (L Loy 7 figa (7)o (1) (%)

for some real o > 0.

Now let M = {x; | (21, ..., %1, 141, ..., Tk) € G} be the set of all [-components
of elements of G. By its definition, M with the multiplication is a subgroup of
R+ which is generated by the set of r®’s, for r € C,;TE*, and additionally by a
finite number of values z; coming from the elements of . Now, define mappings
Jiat, - gk * M — RT as follows:

1. put g;(r*) = f;(r) for all r € Cr
2. using Lemma 2.24, extend g¢; to the subgroup generated by CTE*

3. finally, applying Lemma 2.25 for the [-component of each element of F,
which is not an interpretation of an element of Cg, extend g; to the whole
M.

As a result, we obtain a homomorphism g; from M to Rt for each j € {l +
1., k}.
Finally, define a new mapping h : G — (R*)* by putting

h((l'l» vy Ly TP4-1, "'7xk)) = (xla "'axlvxl+1/gl+1(xl)a "'axk/gk(xl))~

We claim that, so defined, h is a monomorphism. Indeed, since the g;’s are
homomorphisms for the product on M, h is a homomorphism for the product
on G as well. If two elements of G differ in x; for ¢« < [, then their images are
ordered in the same way, since the first [ coordinates are not changed by h. If two
elements of G agree in the first [ coordinates and the first different coordinate is
x; for i > [, then their images are ordered in the same way, since z; is again the
first differing coordinate and z; is divided by the same number in both images.

Therefore, h(G) is a subgroup of (R*)¥  which is isomorphic to G. Consider

lex

the T-algebra D = P(h(G)). By construction of h, we have h(74) = wy,;(r®) for

every r € Cp . Hence, by defining 72 = h(74) = wy,;(r®) for every r € CT;*, D
becomes a II(Cg)-algebra, and moreover, D is isomorphic to Ag. This ends the
proof of Proposition 10.18. m]
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In the following we show that there is a partial isomorphism of any H(é};)—
algebra of the special form guaranteed by Proposition 10.18 into the canonical
standard II(C)-algebra.

Proposition 10.19. Let G be subgroup of (RT)E_ such that D = P(G) is a

lex
I1(C)-algebra, with X = wy 1 (r®) for every r € C*, for some natural | and

positive real o, and 0” = (0, 5.,0). Then for every finite subset E of D there is
a mapping q : E — [0,1] satisfying the following four conditions

(i) q preserves the order,

(ii) q(FP) = r for allr € Ck,

(ii) If x,y,x *y € E then q(x) - q(y) = q(x * y).

(iv) If v,y,x =y € E then q(x) =n q(y) = q(z = y).

Proof: The candidates for ¢ are restrictions to E of functions g : G — R of the
form
g((z1, @, .ymy)) = (25 - 252 - ... ;1:2’“)5,

where ¢;, 5 > 0. Each of these functions is a homomorphism w.r.t. the product
of G. Hence, for every choice of €; and 3, the restriction of g to E satisfies (iii).
By the assumption, for every r € C* 7P = wy,;(r®). Hence, for every choice of
g; and B, we have g(77) = r*='8_ where a-£;- 8 > 0. By choosing 8 = 1/(a-¢;),
we obtain that the restriction of g to E satisfies (ii).

Let us prove that it is possible to choose the ¢; in such a way that the
restriction of g to F satisfies (i). Let us classify the pairs of distinct values in E
according to the first index ig, where the values differ. Pairs which satisfy ig = &
are ordered correctly for any positive value of €. Pairs satisfying ig = k — 1
may be put into the right order by choosing €,_1 = 1 and ¢ small enough to
guarantee that the difference (measured as a ratio) in the (k — 1)-th coordinate is
always larger than the difference in the k-th coordinate. In fact, if the exponents
€x_1 = 1, guarantee the right order of the pairs with ig = k — 1, then the
exponents €,_1 = t,t - g, for any positive ¢, guarantee the order as well. Hence,
when it is necessary to put the pairs with ig = k — 2 into the right order, we
choose €2 = 1 and t small enough so that the difference in the (k — 2)-th
coordinate is always larger than the differences contributed by (k — 1)-th and
k-th coordinates. Since we preserve the ratio between ¢;_1 and ¢, we do not
destroy the already correct order of pairs with ig = k£ — 1. We proceed in a
similar way for pairs with smaller and smaller .

The condition (iv), the preservation of existing implications in F, is a conse-
quence of h being order preserving (i) and the preservation of existing products
(iii). m]
Theorem 10.20. Let A be a linearly ordered I1(C)-algebra and let E be a finite
subset of A. Then there exists a one-to-one mapping h : E — [0,1] satisfying
the following conditions:

(i) h preserves the order,

(i) h(7A) = for all 7 € Cg,

(iii) If x,y,z € E and z = x xy then h(z) - h(y) = h(z).

() If x,y,z € E and z =z = y then h(x) =n h(y) = h(z).
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’ [ G(C) [TI(C) | E(C) | L.(C), for other x € CONT-fin |

SC Yes Yes Yes Yes

FSSC Yes Yes Yes Yes

SSC Yes No No No
Canonical FSSC No No Yes No
Canonical SSC No No No No

Table 10.1: (Finite) strong standard completeness results for logics of a t-norm
from CONT-fin.

Proof: Let D be the algebra guaranteed by Proposition 10.18 applied to Ag.
Let E’ be the image of E under the isomorphism between Ag and D. Applying
Proposition 10.19 to D and E’ with C' = Cg, we obtain an embedding ¢, whose
composition with the above isomorphism has the required properties of h. O

Now we can finally prove the partial embeddability property for every L. (C),
when * € CONT-fin and C satisfies the conditions required at the beginning of
the section.

Theorem 10.21. For every * € CONT-fin and every suitable C, the logic
L.(C) enjoys the partial embeddability property, and therefore it has the FSSC
restricted to the family {[0, 1]5*(@ : F e Fi(C)}.

Proof: Suppose that [0,1]. = @ ;A;. By Theorem 4.52 we know that
the subdirectly irreducible chains of V([0,1].) are members of HSPy(A;) U
(ISPU(Al) ) HSPU(.AQ)) U...u (@7:_11 ISPU(.Az) ©® HSPU(.An)) Knowing
this structure of A as ordinal sum of the three basic components and taking
into account that for every Lukasiewicz component A;, the condition that every
r € C N A; generates a finite MV-chain amounts to say that in the isomorphic
copy of this component as [0, 1]y, every r € C' N A; is isomorphically mapped
to a rational number, the partial embeddability property for the three basic
components gives the result. |

Observe that in the Lukasiewicz case the subalgebra of constants C has a
unique proper filter F' = {1} and thus the logic enjoys the canonical FSSC.
Moreover, the Example 6 also shows that the rest of the logics do not enjoy the
canonical FSSC.

All these results are collected in Tables 10.1 and 10.2.

10.3.2 About canonical standard completeness

From the results of the last sections, we already know that all the considered
logics enjoy the SC restricted to the family of standard chains associated to
proper filters of C, i.e, their theorems are exactly the common tautologies of
the chains of the family {[071]111((2) : F € Fi(C)}. But although the logics
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y [ G(€) [ NM(C) [ L.(C), for other x € WNM-fin |

SC Yes Yes Yes

FSSC Yes Yes Yes

SSC Yes Yes Yes
Canonical FSSC No No No
Canonical SSC No No No

Table 10.2: (Finite) strong standard completeness results for logics of a t-norm
from WNM-fin.

considered in the last sections have not in general the canonical SSC or the
canonical FSSC (only L(C) when C' C QN [0, 1] enjoys it), some of them still
enjoy the canonical SC, i. e. their theorems are exactly the tautologies of their
corresponding canonical standard algebra. In order to prove it, we need to show
that tautologies of the canonical standard chain are a subset of the tautologies
of each one of the standard chains associated to each proper filter of C. Of
course, this is the case of L(C) since it has the canonical FSSC. We will study
this problem by cases in next subsections.

The case of WNM-fin t-norms

The question for the canonical SC for WNM-fin t-norms is fully answered.
Some cases are proved to be canonical standard complete, while in the other
cases we provide a counterexample showing that they are not canonical standard
complete. In fact in [55] it is proved that the expansions of Godel logic, NM
logic and the logics corresponding to the t-norms ®. and . depicted in Figure
9.3 enjoy the canonical SC2. Here we give a new unified and simpler proof.

Theorem 10.22. If + € WNM-fin s such that its negation on the set of
positive elements is either both involutive and continuous, or it is identically 0O,
then L. (C) enjoys the canonical SC

Proof: Suppose ¢ is a tautology with respect to [0, 1]y, (¢y. We will prove that ¢
is also a tautology with respect to [0, 1]{ (c) for each F' € Fi(C), which implies
that -1,_(c) ¢. Let e be an interpretation over the chain [0, 1]5 ©)- Suppose that
A is the finite algebra generated by {e(%)) | 1 subformula of ¢} and o = min{r €
F | 7 occurs in ¢}. Suppose that f : (-, a) — (0,1) is a bijection such that
f(r) =7 for all r ¢ FUF such that ¥ occurs in ¢ and f is a homomorphism
from A to the canonical standard chain. Then define an evaluation ¢’ on the
canonical standard chain defined by €’(p) = f~!(e(p)) if p is a propositional
variable that appears in ¢ and ¢/(p) = 1 otherwise. Since ¢ is a tautology for
the canonical standard chain, €’(¢) = 1. Take the algebra [0, 1]../F, where F,
is the principal filter generated by «. By hypothesis this algebra is isomorphic

2In [55] it is wrongly claimed that the expansions L. (C) for * = ®. (see Figure 9.3) were
also canonical standard complete, in Example 7 we provide a counter-example.
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to [0, 1].. Define the evaluation e’ on the quotient algebra obtained from e’ and
it obviously satisfies ¢”(¢) = [1]F,. But a simple computation shows that the
algebra B generated by {e”(¢) | ¥ subformula of ¢} is isomorphic to A and
e’ (¢) over the quotient algebra corresponds to e(y¢) over the chain [0, l]i(c)
and thus e(p) = 1. O

Actually, the only expansions of logics L, with x € WNM-fin that enjoy
the canonical SC are those falling under the hypotheses of last theorem. This is
proved below by showing counterexamples for the remaining cases, where p(x)

and n(z) denote the terms x V -2 and x A —z respectively, as defined in Chapter
4.

Example 7. Let + € WNM-fin not falling under the hypotheses of last theorem.
We distinguish the following three cases:

o Suppose the negation is continuous on the set of positive elements and the
only constant interval formed by positive elements is I;. In such a case,
there is an interval I of involutive positive elements, followed by I,. Take
a truth-constant b in the interior of I. Then the formula,

(==p(@) = p(x)) V (b — p(=))

is a tautology for [0, 1]y, ¢y and it is not a tautology for [0, 1]5*(6) for any
F containing b. Take into account that in [0,1]1, () a positive element is
either involutive or greater than b.

e Suppose the negation is continuous on the set of positive elements and
there is some constant interval formed by positive elements different from
Iy (this is the case of the family of t-norms ©. in Figure 9.3). Let b be the
minimum involutive positive element with a non-trivial associated interval.
Then the formula,

(~p(2) = p(x)) V (p(x) — —b)

is a tautology for [0, 1]y, ¢y and it is not a tautology for [0, l]f () Jor any

F containing b. Notice that in this case [0, 1}5*(0) is such that either a
positive element is involutive or its negation is not greater than —b.

e Suppose the negation is continuous on the set of positive elements. Let b
be the minimum discontinuity point of the negation function in the set of
positive elements. Then 1y, is the greatest constant interval in the negative
part with biggest element —b and not containing the fizpoint. Then take

(~n(z) = n(x)) V (+n(z) — —=n(2)) V (n(z) = =b)

is a tautology for [0,1]y, ¢y and it is not a tautology for [0, 1]5*(@ for
any F containing b. Notice that in [0,1] () a negative element is either
involutive or belongs to a constant interval whose greatest element is the
fizpoint (if it exists) or it is less or equal than —b.
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These three examples prove that a rather large family of expansions of the
logic of a t-norm from WINM-fin with truth-constants do not enjoy the canoni-
cal SC. In fact, only the following cases are not included in the previous examples:

e when the set of positive elements defines an involutive interval of the par-
tition (NM, *. of Figure 9.3).

e when the set of positive elements defines a constant interval of the partition
(G, ®, of Figure 9.3).

The case of continuous t-norms

For the case of expansions Lukasiewicz logic with truth-contrants, Hajek’s result
in [79] can be put as follows.

Theorem 10.23 ([79]). L(C) has the canonical SC.

For the expansions of Gdodel logic it has been already proved in Theorem
10.22.

Theorem 10.24. II(C) has the canonical SC.

Proof: Let ¢ be a II(C) formula such that 7y ¢. We can further assume ¢
contains some truth constant 7 with 0 < r < 1 as subformula, otherwise the
standard completeness of Product Logic does the job. By general completeness,
there is a linearly ordered II(C)-algebra A and an evaluation e on A such that

e(p) < T%. The task is to find an evaluation ¢/ on the canonical standard II(C)-
algebra [0, 1]ry(cy such that €'(p) < 1. Let E = {e() | ¢ is a subformula of

o} U {6A, TA}. We consider the following cases:

Case 1: Fe(A) = {1}.

By applying Theorem 10.20 we obtain a partial embedding h of E into
[0,1]. Now define a [0, 1]iy(¢)-evaluation e’ by putting

¢ (z) = h(e(p)), if x is a prop. variable in ¢
| arbitrary, otherwise

It is easy to check then, by the properties of h, that e’'(¢) = h(e(p)) < 1.
Case 2: F¢(A) = (0,1].

By the well-known results of IT-algebras (see [31]), there is a partial em-
bedding f of E into the standard II-algebra [0, 1];; and the evaluation e’
on [0, 1] defined as follows
¢ (p) = fle(p)), if p is a propositional variable in ¢

p)= arbitrary, otherwise

is such that e¢/(p*) < 1, where ¢* is the II-formula obtained from ¢ by
replacing all truth-constants 7 with 0 < r by 1. Now, the evaluation ¢’ on
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[0, 1]f;¢)» such that €”(p) = €'(p) for all propositional variables p satisfies
e'(¢*) = €”(p) < 1. Then, by Theorem 10.17, there is also an evaluation
¢’ on the canonical standard IT(C)-algebra [0, 1]i(¢) such that e’ (¢) < 1.
This ends the proof of Case 2 and hence of the theorem as well.

0O

But the canonical SC is not valid in general for any logic L,(C) with x €
CONT-fin. It will be shown by providing counterexamples, i. e. by exhibiting
in each case a suitable formula ¢ that is a tautology of the canonical standard
algebra [0, 1]y, ¢y but not of the algebra [0, 1]5 (c) for some proper filter F of C.
Suppose that the first component of [0, 1], is defined on the interval [0, a].

1. If [0,1), = [0,a]f, & A and a € C, then an easy computation shows that
the formula
a— (- —x)

is valid in the canonical standard algebra but it is not valid in the standard
chain [0, 1]111(0) defined by the filter F' = [a,1] N C' (where @ is interpreted
as 1).

2. If [0,1]« = [0,a]p @ A, take b € C'N (0,a). Then an easy computation
shows that the formula

b— -2V ((z— z&x) — 1)

is valid in the canonical standard algebra but it is not valid in the standard
chain [0, 1]5*(6) defined by the filter F' = (0,1] N C' (where b is interpreted
as 1).

3. If [0,1]). = [0, a)c B A, take b as any element of CN (0, a). Then the formula
b — (v — z&x)

is valid in the canonical standard algebra but it is not valid in the standard
chain [0, l}f () defined by the filter F' = [b,1] N C' (where b is interpreted
as 1).

Observe that for a t-norm whose decomposition begins with two copies of
Lukasiewicz t-norm, the idempotent element a separating them has to belong to
the truth-constants subalgebra C. Indeed, take into account that, by assumption,
C must contain a non idempotent element ¢ of the second component and for
this element there exists a natural number n such that ¢ = a and thus a € C.
Hence this case is subsumed in the above first item.

The remaining cases (when the first component is Lukasiewicz but its upper
bound a does not belong to C) are studied by cases:
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(1) If [0,1]« = [0, a]y, @ [a, 1]g or [0,1]« = [0, a]y, @ [a, 1], then the logic L. (C)

has the canonical SC. Actually, in that case the filters of C are the same
as the filters of C'N [a,1]g or C' N [a, 1] respectively, and thus modified
versions of the proofs of the canonical SC for G(C) and II(C) apply here.

Theorem 10.25. If [0,1]. = [0,a]z @ [a,1]q, the logic L.(C) has the
canonical SC if, and only if, a ¢ C.

Proof: If a € C we have proved that the logic L.(C) has not the canonical
SC. Now we will prove the canonical standard completeness in the case
that a ¢ C.

The proof is analogous (with adequate changes) to the one given for the
expansion of Godel logic with truth-constants. We will sketch it. We know
that the logic enjoys the FSSC and thus we have to prove that tautologies
of the canonical standard chain are contained in the tautologies of any
other standard chain. The proof is by contraposition. Suppose that there
is a formula ¢ and an evaluation e over a standard chain defined by a
proper filter F' such that e(¢) < 1 and we have to prove that there is an
evaluation €’ over the canonical standard chain such that €'(¢) < 1.

Take X = {e() | ¢ subformula of ¢} U {0,1} and let « = min{r € F |
7 appears in ¢}. Now, define f : X — [0,a] by stipulating that its
restriction over X N[0, a] is the identity function and its restriction over
X N Ja, 1] is an increasing function with f(a) = a and f(1) = a.

Then define €’ as the evaluation over the canonical standard algebra such
that

f(e(zx)), if = propositional variable in ¢
ex) =14 1, if « propositional variable not in ¢
T, ifx=7

By induction we can prove that for each subformula v of ¢ we have:

- (W) > a,ife(y) =1

-a<e@W) <o ifa<e(y) <1

- ¢/ (¢) = e(v), if either e(y)) € [0,a] or e(y) = e(x) for some x which
is a propositional variable or truth-constant appearing in ¢.

In particular, from these properties, we see that the evaluation e’ over the
canonical standard chain is such that e’(¢) < 1, which ends the proof. O

Theorem 10.26. If [0,1], = [0,a]lz & [a,1]u, the logic L.(C) has the
canonical SC if, and only if, a ¢ C.

Proof: The proof is rather analogous (with the adequate changes) to the
proof of canonical standard completeness for the expansion of Product logic
with truth-constants. If a € C' we have proved (by a counterexample) that
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L.(C) has not the canonical SC. We will prove that if a ¢ C, then L,(C)
has the canonical SC. In such a case it is obvious that there are only two
proper filters of C defining two chains over [0, 1]: the canonical one (defined
by the trivial filter) where each element of C' is interpreted as itself, and
the chain defined by the filter ' = (a,1] N C where each element of C
is interpreted as itself if it belongs to the first component and as 1 if it
belongs to F'.

Take an arbitrary formula ¢ € F'm,. and suppose that /1, ) ¢. We want
to show that [~ 1], ., ¢ By the FSSC we know that [~ o 13, . 0,117

i, so what we have to prove is the following:
I Fo,ur o) % then Fo), ) #-

To this end, we first need to prove four claims.

Ly (C)}

Let the restriction of t-norm * on the interval [a, 1] be defined by
uxv=h"t(h(u) - h(v))

for some increasing bijection A : [a,1] — [0,1]. Let ¢ > 0 and define
ks :[0,1] — [0,1] by

N if z € [0,a],
ke(2) —{ h=1((h(z))!) otherwise.

Furthermore, for any evaluation e into [0, 1]{ L.(c) We consider:

(i) e} as the evaluation over the canonical standard chain [0, 1]y, (¢ defined
for any propositional variable x by,

(ii) ef as the mapping defined by ef(¢) = ki(e(y)).

Claim 1. For any formulae v,
(i) e; (p&) = ef () * e (¥)
(i) ef (¢ — ¥) = e; (p) = e (¥)

Proof:

(i.1) If e} (p&) > a then ef(p),ef(¥) > a, and hence e(p),e(v)) > a
as well. In this case, e} (p&y) = h=1((h(e ( w)))) h=Y((h(e(p) *
e()))") = b= ((h(h~ (h(e(9)) - h(e(®))") = b= ((h(e(9) - hle()))}) =
h=t(h(e(0))" - he(¥))') = € (v) * €; (V)

(1.2) If ef (p&1p) < a, then ef (&) = e(p&)) = e(p) * e(vp), and hence
e(p) < a or e(vp) < a. W.lo.g., assume e(p) = min(e(p),e(?¥)) < a,
and hence ef(¢) = e(p). Then, if e(y)) > a then ef(y) > a and
e(p) x e(v) = e(p) = e*(¢) * ef(¢p). Otherwise, if e(y)) < a, then
et (1) = e().

(ii) It follows from (i). O
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Claim 2. For any formula v,
if e(v) € (a,1], then ei(vy) € (a,1],
if e(v) € [0,a], then e,(¢) = e(v).

Proof: The proof is by induction:

— If ¢ is a propositional variable, the statement is obviously true by
definition of e}.

— If ¢ is a truth-constant 7, either r > a and then e(7) = 1 and €}(T) =
r>a,or r < aand then e(F) = r = e}(7).
— If b = 0&~y, then we have two cases:

1.- If e()) € (a, 1] then it is so for e(d), e(7y). and thus for e}(d), €} (7)
and, as a consequence, for e}(v)).

2.-If e(y)) € [0, al, then at least one of e(d), e(y) must belong to [0, a.
Suppose that e(d) € [0, a], hence by hypothesis e}(d) € [0,a] as well,
hence e} (¢) = e}(d) x e} (v) < a.

— If ¢p = — =, then we have several cases:
1.- If e(v) = 1, then e(d) < e(7y) and we have two cases:

1.1.- If e(d),e(y) belong to the same subinterval the statement is
obvious.

1.2.- If e(d), e(y) belong to different subintervals, the statement also
holds true by the induction hypothesis.

2.- If e(y) < 1 then e(d) > e(ry) and we have also two cases:
2.1.- If e(¢)) > a, then e(d) > e(y) > @ and thus €}(¢) € (a, 1].

2.2.- If e(y) < a, then e(§) > e(y) € [0, a] and we have two possibil-
ities depending on which component e(y) belongs. But, in any case,
the induction hypothesis proves easily that e} (1)) = e(¢)).

O

Remark that the set [0,1)%" of all functions from R into [0,1] becomes
an L,-algebra with the operations * and =, defined pointwise and with
the constant function 0 as bottom and the constant function 1 as top.
Let F C [0, 1]]1{{4r be the set of all functions f : RT™ — [0,1] satisfying the
following condition:

(E) There exists ¢ such that a < ¢ <1 and ¢, > 0 such that ¢ < f(¢) for
all ¢ > t().

It is immediate to verify that F is an implicative filter (as defined in [33,
Lemma 1.5]) on the L,-algebra [0,1]®". The congruence relation defined
by F on [O,l]ﬂw,f~giﬁf:>g€Fandgz>f€F, is defined by

f ~ g iff there exist ¢,d € (a,1] and ¢y > 0 such that
cxg(t) < f(t) <d= g(t) for all t > 1.
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Then, one can check that ~ satisfies the following properties, where f,
stands for the constant function with value a.

Claim 3. The congruence relation ~ satisfies:
(i) f ~ fa if, and only if, there exists ty such that f(t) = a for all t > 1.
(ii) Suppose f ~ g. Thenlim;_, g(t) = a if, and only if, lim;_,, f(t) = a.

Proof: Just recall that, if ¢,d € (a,1], then cxa =d = a = a. O

Claim 4. Let e and €} as above be given. For every formula ¢ such that

a<e(p) <1, let gs(t) = ef(¢) and fy(t) = e (p). Then we have fy ~ gg.
In particular, lim;_, o €;($) = a.

Proof: Let us proceed by induction on the complexity of ¢.

1. ¢ is a constant 7. Then it must be r > a, hence e(F) = 1, and then
g7 (t) = ki(e(T)) = k(1) = 1 and f#(t) = e}(F) = r, and obviously
r~ 1.

2. ¢ is a propositional variable. Then it is a direct consequence of the
definition (f,(t) = g.(t)).

3. ¢ = (Vi&ha). If e(1&ipo) > a then e(vh1),e(pa) > a, hence
1> Gibas foprs fwo € F. Then:

G gews (1) = €5 (V1&h2) = €7 (1) * €7 (h2) = gy, (1) * gy, (1)

Jireps (t) = e (r1d&enhe) = e (V1) x €y (v2) = fy, (t) * fy, (1)

Since ~ is a congruence, if we suppose that fy, ~ gy, and fy, ~ gy,,
we can conclude that fy,gp, ~ Gy &

4. ¢ = (Y1 — o). If a < e(yp1 — ¥2) < 1 then e(¢n),e(2) > a, hence
1> Gibas fopr s fs € F. Then:

G-y () = €f (Y1 — ¥2)) = €7 (Y1) = €7 (Y2) = gy, (1) = gy (1).
fr—p (8) = €(h1 — ¥2) = e (Y1) = e1(¥2) = fu, (1) = fy (1)
Using again the fact that ~ is a congruence, from the hypothesis
fur ~ gy, and fy, ~ gy,, We obtain fy, .y, ~ Gyy—sipy-

The first statement of the proposition is proved. The second statement
follows from the first statement and (ii) of Claim 3. O

Now we can obtain the result we are looking for:

Let ¢ be not valid in [0, 1]5* (c)- There exists an evaluation e such that
e(p) < 1. By last lemma, lim; . €;(¢) = a as well, hence for some large
enough t, e;(¢) < 1. Thus ¢ is not valid in the canonical standard chain.
O

If [0,1]. is an ordinal sum of three or more components, then L,(C) has
not the canonical SC as the following examples show:
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[0, 1]« | Canonical SC for L, (C) |
[0, 1]y, Yes
[0,1]c Yes
[0, 1] Yes
[0, a]c; e A No
[0,alp ® A No
[0,aly, ® A, a€eC No
0,aly, ® [a, 1], agC Yes
0, aly, ® [a, 1], agC Yes
[0, aly, @ [a,blc B A, agC No
[0,aly, ® [a,blu @ A, adgC No
[0, 1]NM Yes
[0,1]g, Yes
[0, 1], Yes
[0, 1], for other x € WNM-fin No

Table 10.3: Canonical standard completeness results for logics L.(C) when
* € CONT-fin U WNM-fin. Recall that ®,. and x. are those WNM t-norms
depicted in Figure 9.3.

2.1.-If [0, 1], = [0,a]g, @ [a,b]c ® A, take d € F' = (a,b] N C in the second
component. Then the formula,

d— (—z —2)V (v — 2&x)
is a tautology of the canonical standard algebra but not of [0, 1]{ ©
2.2.-1f [0,1). = [0, al,  [a,b]n @ A, take d € F = (a,b] N C' in the second
component. Then the formula,
d — (—2&——y&((z — 2&y) — Y)&(y — 2)&(x — &) — 2)
is a tautology of the canonical standard algebra and not of [0, 1]5*(6).

Summarizing (see Table 10.3) the canonical SC holds for the expansion of
the logic of a continuous t-norm * which is a finite ordinal sum of the three
basic ones by a set of truth-constants if, and only if, [0, 1], is either one of the
three basic algebras ([0, 1]y, [0,1]g or [0,1]n) or [0,1]. = [0,a]y, @ [a,1]n or
[0,1]. = [0,a]g, ® [a,1]g (with a & C).

All the results on the canonical SC are gathered in Table 10.3.

10.4 Completeness results for evaluated formu-
lae

This section deals with completeness results when we restrict to what we call
evaluated formulae, formulae of type 7 — ¢, where ¢ is a formula without
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new truth-constants (different from 0 and 1). These formulae can be seen as
a special kind of Novék’s evaluated formulae, which are expressions a/A where
a is a truth value (from a given algebra) and A is a formula that may contain
truth-constants again, and whose interpretation is that the truth-value of A is
at least a. Hence our formulae 7 — ¢ would be expressed as r/¢p in Novdk’s
evaluated syntax. On the other hand, formulae 7 — ¢ when ¢ is a Horn-like rule
of the form b;1&...&b,, — h also correspond to typical fuzzy logic programming
rules (b1&...&b, — h,r), where r specifies a lower bound for the validity of the
rule.

From the previous sections we know that the FSSC is true for the expansion
of L, with a suitable subalgebra of truth-constants (not only for evaluated for-
mulae), but the canonical FSSC is only true for expansions of Lukasiewicz logic.
Restricting the language to evaluated formulae these results can be improved.
To describe them we divide the subject by cases.

10.4.1 The case of continuous t-norms

Next theorems state the canonical FSSC restricted to evaluated formulae for the
expansions of Godel and Product logics with truth-constants.

Lemma 10.27. Let a € (0,1] and define a mapping f, : [0,1] — [0, 1] as follows:

1, ifz>a
x, otherwise

fule) = {

Then f, is a homomorphism with respect to the standard Gédel truth functions.
Therefore, if e is a evaluation of the formulae, then e, = f, o e is another
evaluation.

Proof: We have to prove: (1) fa(O) =0, (11) fa(min(xay)) = min(fa(x)a fa(y))»
and (iii) fo(z =¢ y) = fo(z) = fu(y). (i) is obvious and (ii) is also easy
immediate since f, is a non-decreasing function. So let us prove (iii). We
consider two cases:

Case A : 2z <y, z =g y = 1. In this case, f,(z) < f.(y) as well, hence
fa@=cy)=f1)=1= fa(z) =c faly).
Case B:z >y, x =g y = y. Now we distinguish the following three sub-cases:
Bl:a<y<u, fole =g y) = 1. In this case f,(z) = fu(y) = 1 and
hence f,(z) =¢ foly) =1;
B2:y<a<u folr =¢ y) =y. In this case f,(z) =1, fo(y) = y and
hence fo(2) =c fa(y) = y;
B3 :y<x<a, fo(r =¢ y) =y. In this case f,(y) =y, fo(z) = z, and
hence fa(x) =G fa(y) =Y.

So, in any of the subcases, fo(x =q y) = fo(r) =a fa(y)-
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This ends the proof. m|

Theorem 10.28. G(C) has the canonical FSSC if we restrict the language to
evaluated formulae, i.e. for any finite index set I we have:

{Fi = gitierFae)y s = ¢ iff {Ti = pitier Epaee 5 — -

where ¥, o; € Fmg.

Proof: Suppose that I = {1,...,n}. One direction is easy. As for the difficult
one, by the Deduction-detachment Theorem, it is enough to prove that if there
is an evaluation e which is not a model of (A]_,(F; — ¢) — (3 — 1), then we
can find another evaluation e’ which is model of {7; — ¢;};cr and not of 3 — .

So let e be such that e(A[_, (7; — ¢) — (5 — ¢)) < 1. If e is a model of every
T; — ;, then we can take ¢/ = e and the problem is solved. Otherwise, there
exists some 1 < j < n for which r; > e(y;) and thus e(7; — ¢;) = e(p;) < 1.
Let J = {j | r; > e(p;)} and let a = e(\;_; 7 — ¢;) = min{e(yp;) | j € J}.
Then the evaluation ¢’ such that ¢ = e, over the propositional variables does
the job. Namely, by Lemma 10.27, over Godel formulae we have ¢/ = e, >
e, so € is still a model of 7; — ¢; for every ¢ € {1,...,n} \ J. But now,
e (pj) = 1 for every j € J, so ¢ is also a model of {F; — ¢;}icr. On the
other hand, since e(A_,(F; — ¢) — (5 — ¥)) < 1, it must be s > e(t) and
0= (N (Ti — 91)) > e(1). Now, by Lemma 10.27, ¢/($) = ea(s)) = e(¥),
hence €/'(s — ¢) = e(3 — 9) < 1. Therefore we have proved the theorem. O

Theorem 10.29. TI(C) has the canonical FSSC if we restrict the language to
evaluated formulae, i.e. for any finite index set I we have:

{Fl — @i}ie[ }_H(C) s — w Zﬁ {?z - Spi}iEI ):[O,I]H(c) 55— ¢

where ¥, p; € Fm.

Proof: Actually, as always, one direction (soundness) is easy due to the book-
keeping axioms. To prove the converse direction it is enough to combine the
FSSC with the following result.

Claim: If {7; — ¢; | i € I} ':[071]1_[(6) 5 — 4 then {T; — ¢;}ier ':[071];1(@
55—

Proof: Without loss of generality we may assume r; > 0 for all 4 and s > 0.
Suppose {F; — ¢; }ier [#[071]1*_[(@ 5 — 1. Assume also I = {1,...,n}. Then there
exists a [0, 1]fy ¢ -evaluation e such that e(T1 — 1) = ... = e(Ty — ¢n) =1
and e(5 — ¢) < 1. Since e(r;) = e(s) = 1 for all i, we also have e(p;) = ... =
e(pn) =1 and e(y) < 1.

Assume e(¢)) = 0. Then, letting ¢’ be the [0, 1](cy-evaluation defined by
e'(p) = e(p) for any propositional variable p, we have €'(7f7 — 1) = ... =
¢/ (Tn — ¢n) = Land €/(¢) = 0, hence {F1 — ¢1,...,Tn = ¥n} F0,1]ne, 5 — ¥-

Assume e()) > 0. Let a € RT such that (e(¢))* < s. Then the [0, 1]rc)-
evaluation €', where €'(p) = (e(p))® for any propositional variable p, is such
that e'(7; — ¢;) = 1 for all ¢ but /(3 — ¥) < 1, hence {F1 — ¢1,...,Tp —
@”} %[Oal]n(c) 5 — 1. g
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Finally, as a direct consequence of the FSSC and the above claim we obtain
the desired result. |

Now, we will study the canonical SC and the canonical FSSC restricted to
evaluated formulae for other logics. Take any * € CONT-fin which is an ordinal
sum of more than one basic component and suppose that the first component is
defined on the interval [0,a]. In the following cases we can refute the canonical
SC (and hence the canonical FSSC as well):

1. The first component of the t-norm * is a copy of Lukasiewicz t-norm and

a€C.
2. The first component of the t-norm * is a copy of product t-norm.
3. The first component of the t-norm * is a copy of minimum t-norm.

4. There are more than two components and the second component is a copy
of minimum t-norm.

5. There are more than two components and the second component is a copy
of product t-norm.

Indeed, for all these cases we can use the same counterexample that was given
in the previous section to show that the corresponding logics do not enjoy the
canonical SC, because the counterexamples were actually evaluated formulae.

The following theorem deals with the remaining case of ordinal sums of two
basic components. The case [0, 1]. = [0, a]y, @ [a, 1]y, is not considered here since
in such a situation, under the working hypothesis that there exists b € (a, 1] such
that b € C, necessarily a € C' as well.

Theorem 10.30. The restriction to evaluated formulae of the logic L.(C) when
either [0,1], = [0,a]g @ [a, 1] or [0,1]« = [0,a]lg @ [a, 1], and a ¢ C has the
canonical FSSC.

Proof: The proof is an easy modification of the proofs given for G(C) and II(C).
Here we only sketch the proof for [0,1]. = [0, a]g, @ [a, 1]m.
What we want to prove is:

{Fi — ©Y; |Z= 1,...7n} l_L*(C)g_)w
if, and only if,
Fi—eili=1....ntFou, e 5= ¢
where @; and 1 are L, (C)-formulae, i.e., formulae not containing truth-constants

different from 0 and 1. Actually, as always, one direction (soundness) is obvious.
To prove the converse direction

{7 —ili=1..n} Fo, e 5 — ¥ then
{?,‘ — Y; | 1 =1, ..,n} l_L*(C) 55—

it is enough to combine the FSSC of L, (C) with the following result:
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Claim 5. If{7; — @i | i=1,...n} Fjo1),, ) 8 — ¢ then {T1 — ¢1,...,Tn —
on} Fpr . 85— being F' = (a,1]NC

L (C)

To prove it and without loss of generality we may assume r; > 0 for all ¢ and
s > 0. Suppose {1 — ¥1,...,Tn — @n} %[0’1]5 P 1. Then there exists

a [0, 1]5*(C)—evaluation e such that e(fT — ¢1) = ... = e(T, — ¢,) = 1 and
e(s — ) < 1.

(i) If s € (0,a], and hence e(3) = s and e(y)) < s, then take the evaluation e’
over the canonical standard chain defined by e'(p) = e(p) for any propositional
variable p. Notice that, since e(7) > €'(7) and e(¢) = €’(y), it is easy to compute
that e/(TT > 1) = ... =€ (T = pn)=1land /(5 > ) = e(5 — ¢) < 1.

(ii) If s € (a,1], and hence e(5) = 1 and e(y)) < 1, we can assume e()) >
s, otherwise the above evaluation ¢’ does the job. Then take the family of
evaluations e} over the canonical standard chain defined by e}(p) = ki(e(p)) for
any propositional variable p, where k; : [0,1] — [0,1] is the mapping defined in
the proof of Theorem 10.26, i.e.

P if z €10,al,
ki(z) = { h=1((h(2))!) otherwise.

By definition of k; it is easy to find a large enough ¢ such that a < e}(¢) < s,
and hence ¢,(5 — < 1. Moreover, it is easy to check that we still have
er(T1 — p1) = ... = €4(T, — ¢n) = 1. Indeed, if 7; € (a,1], then e(r;) = 1 and
e(p) = 1, hence e}j(p) = 1 as well. If r; € (0,al, then €,(7;) = e(77) = r; and
e(p;) > r;. Now, if e(v;) < a then e;(¢;) = e(p;), otherwise, if e(¢;) > a then
er(¢i) > a as well. In any case, €}(¢;) > r;, hence e}(7; — ¢;) = 1. O

All these results are summarized in Table 10.4, where interestingly enough it
turns out that both standard completeness properties (SC and FSSC) restricted
to evaluated formulae are equivalent, for each * € CONT-fin.

10.4.2 The case of WNM-fin t-norms

For t-norms from WINM-fin we must restrict to evaluated formulae of the kind
T — ¢ where r is a positive constant. We will call them positively evaluated
formulae. The next example shows that the restriction to this kind of evaluated
formulae is indeed necessary.

Example 8. Let x be a WNM t-norm different from the minimum t-norm and
let C be a countable subalgebra of [0,1], such that C_ \ {0} # 0. Take any
r € C_\ {0}. Then, we have:

7 — —|(;c — y) ):[Ovl]L*(C) y—x

and

T — =z —y) Pé[o,ufj(”c) y—x
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hence, L.(C) does not enjoy the canonical FSSC restricted to evaluated for-
mulae when we allow negative constants.

We obtain a positive result in the next theorem and several negative results
as a consequence of the examples given in the subsection 10.3.2. The positive
one corresponds to the three families of t-norms in Figure 9.3 and it is proved
analogously to the case of G(C), using now this analogous lemma:

Lemma 10.31. For every x € {®,x,0}, let a € (¢,1] and define a mapping
f*:10,1] — [0,1] as follows:

1, ifzx>a
fix)=1¢ 0, if 2z <n,(a)
x, otherwise

3

Then f* is a morphism with respect to the operations of the algebra [0,1] .
Therefore, if e is a evaluation on [0, l]L*C(C), then e* = f* o e is another evalu-
ation on [0, 1]y, (c)-

Theorem 10.32. If x is one of the three WNM t-norms depicted in Figure
9.3 then L.(C) has the canonical FSSC if we restrict the language to evaluated
formulae. More precisely, given a finite index set I, we have:

{Fi = @itier Fr.c) 3 = ¥ f {Ti — witier Fpa, e 5 — ¥
where ¥, p; € Fmg and r; € (¢, 1].

Notice that in all these logics, the positive constants coincide with the interval
(¢,1] N C, except for the logics corresponding to ®. with ¢ > 1/2 where the
positive constants are those in (1 — ¢, 1] N C. The case L. = NM appears above
when * = x; /5 = ©1/2, and then the condition for the constants is r; € (%, 1]).

For x € WINM-fin other than ®,. and %, the canonical FSSC restricted to

positively evaluated formulae does not hold as the following counterexamples
show.

Example 9. Let x = ©, with ¢ > 1/2. Let r € C such that 1 —c <r < c. Then
the semantical deduction

—p(z) — p(z) ET — p(a)
is valid in [0, 1]r,, ) but not in [0, 1]5*(0) for any F containing r. Obviously, in
[0,1]1, ¢y any involutive and positive element is greater than r.

Example 10. Let x € WNM-fin be such that the first interval I of the partition
associated to * formed by positive elements is involutive and there is a constant
interval on the right of it. In such a case, take a truth-constant r in the interior
of I. Then the semantical deduction,

(==p(z) — p(x)) — p(z) =T — p(2)
is walid in [0, 1]y, ) but not in [0, 1]5 © for any F containing r. Observe that

in [0,1]y,, ¢y the premise is true if, and only if, p(x) is not involutive or 1, and
for these cases p(x) is greater than r.
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Example 11. Let «+ € WNM-fin such that the first interval of the partition
associated to x formed by positive elements is a constant interval with respect to
the negation (I. being c the biggest element of the interval). Additionally suppose
that there is another interval of positive elements that is also a constant interval
with respect to the negation. In such a case, take a truth-constant r € I.. Then
the formula,

is a tautology for [0, 1]y, ¢y and it is not a tautology for [0, 1]5* () for any F con-
taining r. Obviously in [0, 1]y, (cy any involutive and positive element is greater
than r.

Example 12. Let x € WNM-fin be such that there is a positive element which
is a discontinuity point of the megation function. Then, due to symmetry of
negation functions, there is a constant interval whose elements are negative and
whose greatest element is not the fizrpoint. Denote by I the greatest constant
interval formed by negative elements whose greatest element is different from the
fixpoint and take v as the greatest element of I, i.e. I = I,.. Then the semantical
deduction,

{ ——n(x) — =(~-n(z) = n(x)), } = — —n(z)

—n(z) = ~(-n(z) — —-n(z))

is valid deduction in [0, 1]y, ¢y but it is not in [0, 1}5*(0) for any F' containing r.
Observe that the first premise is true if, and only if, n(x) is either not involutive
or n(xz) = 0 and the second premise is true if and only if n(x) does not belong
to a constant interval whose greatest element is the fixpoint. Thus, if T satisfies
the premises, it is clear that n(x) belongs to a constant interval which does not
contain the fixrpoint, thus it is less or equal to v, and hence the conclusion is also
satisfied.

This four examples, as in the case of general SC studied in the last section,
prove that a rather large family of expansions of the logic of a WNM t-norm
with truth constants do not enjoy canonical FSSC even when we restrict the
language to positively evaluated formulae.

The reader can see a summary of all these completeness results in Table 10.4.
Notice that the canonical SC restricted to positively evaluated formulae remains
an open problem when * € WINM-fin is not one the t-norms ®, or *. in Figure
9.3. In fact, in the cases considered in Example 11, the canonical SC does not
hold, but we still do not know whether it is true in other cases.

Furthermore, comparing this table with Table 10.3 we realise that for a logic
L.(C) where x € CONT-fin U WNM-fin (except for the case which remains
open), the canonical SC turns out to be equivalent to the canonical SC (and to
the canonical FSSC) restricted to positively evaluated formulae.

Open problem: Are these equivalencies valid for wider classes of L, (C) logics?
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Restricted to pos. evaluated formulae of L, (C)

[0, 1]. [ Canonical SC |  Canonical FSSC |
[0,1]y, Yes Yes
0,1]q Yes Yes
0,1 Yes Yes
[0,a]lc & A No No
[0,aln & A No No
[0,alt, ® A, a€eC No No
[0,al, @ [a,1]c, agC Yes Yes
[0, aly, @ [a, 1], agC Yes Yes
[0,alg, ® [a,blc @ A, agC No No
[0, al, @ [a, bln ® A, a¢gC No No
[0, 1]nm Yes Yes
[0,1], Yes Yes
[0, 1], Yes Yes
[0, 1], for other * € WNM-fin ? No

Table 10.4: Canonical SC and FSSC results restricted to positively evaluated
formulae for logics L.(C) when * € CONT-fin U WNM-fin.

10.5 Adding truth-constants to expansions with
A connective

Some algebraizable expansions of MTL have been introduced in the literature.
Among them, a remarkable set of expansions are those obtained by enriching
the language with the projection connective A (see [7]). Namely, given any
axiomatic extension L of MTL, the expansion La is defined by adding to the
language a unary connective A, and adding to the Hilbert-style system of L the
following axiom schemata:

Al) ApV -Agp
(V) = (ApV AY)

Y@

(A1)
(A2) A
(A3) A
(A4)
(A5)

A4) Ap — AAp

AB) A(p — ) — (Ap — Av)

and the rule of necessitation: o

Ap
This logic is algebraizable and its equivalent algebraic semantics is the variety
of La-algebras, i. e. expansions with A of L-algebras satisfying the translation
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of the axioms (Al),...,(A5) and the equation AT ~ 1. It is easy to prove
that all La-algebras are representable as subdirect products of La-chains. The
interpretation of the A connective in these chains is very simple, namely if A is
an La-chain, then AA(TA) =T" and AA(a) = 0" for every a € A\ {TA}.

Proposition 10.33. For every axiomatic extension L of MTL, LA is a conser-
vative expansion of L.

Proof: Tt is obvious that every L-chain is the reduct of an La-chain (just take
the same chain and define A in the only possible way for chains), thus we can
apply Proposition 2.18. |

Since there is a one-to-one correspondence between L-chains and L a-chains,
we obtain the following result for the SSC and the FSSC of these logics.

Theorem 10.34. For every algebraizable expansion L of MTL, we have:

L has the SSC (resp. FSSC) with respect to a class of standard L-chains K if,
and only if, La has the SSC (resp. FSSC) with respect to the class of standard
La-chains Ka, where Ka denotes the class of A-expansions of chains in K.

Proof: Tt is an easy consequence of Theorems 5.3 and 5.2. ]

Now we will consider expansions with truth-constants for logics with A.
Given a left-continuous t-norm * and a countable subalgebra C C [0, 1]., we
define the logic L.a (C) as the expansion of L, in the language L obtained by

adding the following book-keeping axioms:

T&S — T*S

for every r,s € C.

Again, using the general facts mentioned in the preliminaries we know that
L.a(C) is an algebraizable logic and we can axiomatize its equivalent algebraic
semantics, the variety of L.a(C)-algebras. Moreover, it can be easily checked
that L. (C)-algebras are representable as subdirect product of chains.

Proposition 10.35. For every left-continuous t-norm * and every countable
subalgebra C C [0,1]., the logic L.a(C) is a conservative expansion of Li.a,
whenever L. has the FSSC.

Proof: Let us denote by S is the class of standard L.a-chains and by S(C) is the
class of standard L.a(C)-chains. Let I' U {¢} be arbitrary formulae of L.a and
suppose that I' Fr,_, ¢y ». Then, there is a finite I'g C I" such that I'g Fy,_ . (c) ¢,
and this implies that I'g |=g(c) ¢. Since the new truth-constants do not occur
in Ty U {¢}, we have I'y |=s ¢, and by FSSC of L.a, I'g Fr,. ¢, and hence
'k e 0O
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Hence, for all *x € CONT U WNM, L.A(C) is a conservative expansion of
Lin.

Since L, a-chains are simple, adding A to L, (C)-chains simplifies significantly
their structure as next lemma shows.

Lemma 10.36. Let A be a non-trivial L.a(C)-chain, x be a left-continuous t-
norm and C C [0, 1], be a countable subalgebra. Then, for every r,s € C such
that r < s, we have A < 4.

_ _ — A _
Proof: Suppose 7 = 54, Then, = AT = A5 =74 = A(s —>t) = OA; a
contradiction. m|

Therefore, in the variety of L. (C)-algebras there is only one (up to isom-
porphism) standard chain over [0, 1]., the canonical one that we denote by
[0,1]1,,,(c)- This has several nice consequences, which generalize the results
for the continuous case given in [50].

Theorem 10.37. Let *+ € CONT-fin U WNM-fin and let C C [0,1], be a
suitable countable subalgebra. Then:

1. Lia(C) has the canonical FSSC.

2. L.a(C) is a conservative expansion of L,(C) iff L«(C) has the canonical
FSSC, i.e. iff x is Lukasiewicz t-norm.

3. Lia(C) has the canonical SSC iff ¥ € WNM-fin.

In Figure 10.1 we show which of the considered expansions of L, are always
conservative (the ones represented by bold arrows).

10.6 Conclusions

In this chapter we have focused on an algebraic approach to study expansions of
propositional logics of a left-continuous t-norm with truth-constants. Specially.
we have surveyed in detail completeness results for the expansions of logics of
left-continuous t-norms with a set of truth-constants {7 | » € C'}, for a suitable
countable C' C [0, 1], when (i) the t-norm is a finite ordinal sum of basic compo-
nents or is WNM t-norm with finite partition, and (ii) the set of truth-constants
covers all the unit interval in the sense that the interior of each basic component
of the t-norm (in the case of continuous t-norms) or of each interval of the par-
tition (in the case of the WNM t-norms) contains at least one value of C. From
a practical point of view, this latter condition seems to correspond to the most
interesting case for fuzzy logic-based systems, since they usually consider a set
of truth values spread all over the real unit interval, and hence it is natural to
assume there are elements of C in each component or partition of the t-norm.

Of course a lot of expansions with truth-contansts remain to be studied,
among them:
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L.(O)

— : conservative expansion

L.

Figure 10.1: Diagram of expansions for x € CONT-fin U WNM-fin.

e the case of a logic of a t-norm with a Lukasiewicz component containing
some 7 € C' which generates an infinite MV-chain (in other words, when r
corresponds to an irrational value in the isomorphic copy of the component
over [0, 1]);

e the case when the set of truth-constants does not cover the unit interval;

e the case of continuous t-norms which are the ordinal sum of infinitely many
components;

e the case of any other left-continuous t-norm, in particular WNM t-norms
with infinite partition.

It seems that for the cases when either the t-norm has infinite components
or the set C' does not cover [0,1], a methodology similar to the one used in
this chapter could be applied. But in fact there is an explosion of cases to be
considered and the need of new definitions and tools seems unavoidable. Let us
show a couple of illustrative examples, the first when the set C' does not cover
[0,1] and the second when the t-norm has infinite components.

Ezample 1. Let [0,1]. = [0,a]n @ [a,1]n and let C' = {0,1} U {d" | n € N}
for some b < a. Obviously, there are only two proper filters of C'; F; = {1} and
F, = C '\ {0} but there are (up to isomorphism) three standard L. (C)-chains.
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One, of type Fy in the sense used in this chapter, is the L.(C)-chain over
[0,1], where the constants different from 0 are interpreted as 1 and 0 is
interpreted as 0. The other two are of type Fy. They are both L, (C)-chains
over [0,1], where all constants are interpreted as different elements, either
as powers of an element of the first product component or as powers of an
element of the second product component. Of course, these two algebras are
not isomorphic. This example shows that in general there is not a bijection
between proper filters and standard algebras and, even though it seems possible
to have the partial embedding property, the notion and treatment of stan-
dard chains should be modified in the case that C' does not cover all components.

Ezample 2. Let [0,1]. = @, cylan, @ni1ly, where a, = n/(n + 1), be an
infinite ordinal sum of Lukasiewicz components where the idempotent elements
form an increasing sequence with limit 1. For a given & > 2, let C; the
carrier of the k-element MV-subalgebra of [a;, a;11];, and denote its elements as
Tl = Qiy T2y, Thi = @j41. Take C' = U;enC; U {1}. Tt is clear that C' covers
all the components but there are standard algebras where the interpretations
of the truth-constants do not cover all the components. Indeed, let f be any
strictly increasing mapping f : N — N such that f(1) = 1. One standard
L.(C)-algebra is the chain over [0,1]. where 75; is interpreted as 7¢;y;. An
easy computation shows that this interpretation defines a standard L, (C)-chain
where the interpretations of truth-constants do not cover the real unit interval.
In fact, if f(i + 1) is not the successor of f(i) (there are some natural numbers
in between), the corresponding components contain no interpretations of
truth-constants.

We conjecture that the study of completeness results for the expansions of
the remaining logics of continuous t-norms, like the ones in the above examples,
will be more in a case-by-case basis rather than by means of a new general
theory. Another important issue to be addressed is the predicate calculi of these
expanded logics. All these issues are matters for future research.






Chapter 11

Final conclusions and open
problems

In this dissertation we have carried out an attempt to describe the axiomatic
extensions of the basic t-norm based logic, MTL. We have done it from an al-
gebraic point of view, by exploiting the fact that these logics are algebraizable
by varieties of MTL-algebras. Therefore, our study has resulted in an algebraic
study of subvarieties of MTIL, where the final aim would be to obtain a de-
scription of the structure of the lattice of these subvarieties and their relevant
properties. Although this description has not been achieved yet, we have done
several significant advances in this direction that can be classified in two groups:
(a) those that spread some light over the amazing complexity of the lattice, and
(b) those that describe some well-behaved parts of the lattice. More precisely:

e By considering the connected rotation-annihilation method used to build
involutive left-continuous continuous t-norm, we have proposed a possible
way to decompose MTL-chains and we have studied some particular cases
of this decomposition. This has resulted in an extension of the theory of
perfect, local and bipartite algebras formerly used in varieties of MV and
BL-algebras, to the variety of all MTL-algebras.

e Perfect IMTL-algebras have been proved to be exactly (modulo isomor-
phism) the disconnected rotations of prelinear semihoops (a particular case
of the decomposition as connected rotation-annihilation).

e The lattice of varieties generated by perfect IMTL-algebras has been
proved to be isomorphic to the lattice of varieties of prelinear semihoops.

e A decomposition theorem of every MTL-chain as an ordinal sum of inde-
composable prelinear semihoops has been proved. Since all IMTL-chains
are indecomposable and, as the previous item states, we have the complex-
ity of all the lattice of varieties inside the involutive part, the description
of all indecomposable prelinear semihoops seems to be a hopeless task.
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A particular class of indecomposable MTL-chains has been studied, namely
weakly cancellative chains. We have studied the logics associated to these
chains.

We have studied the varieties of MTL-chains where a weak form of con-
traction, the so-called n-contraction law, holds. This condition yields a
global form of Deduction Detachment Theorem and allows to prove sev-
eral properties of their related logics.

We have focused on a particular subvariety of 3-contractive MTL-algebras,
namely Weak Nilpotent Minimum, obtaining a number of results on axiom-
atization of their subvarieties, local finiteness, generic chains and standard
completeness.

Finally, we have studied the expansions of t-norm based logics with truth-
constants and their standard completeness properties.

During the investigation many interesting problems have arised. Some of
them are still open and will be the object of future research:

1.

® N oo

The characterization of chains which are indecomposable as ordinal sum
seems to be a hopeless task, but maybe some advances can be done re-
garding indecomposable chains w.r.t. the connected rotation-annihilation
construction.

The decidability of IT and IIMTL has been solved, but for the rest of weakly
cancellative fuzzy logics remains open.

Is the canonical FSSC true for expansions of Lukasiewicz logic with irra-
tional truth-constants?

In Chapter 10 we have proved that for almost all the t-norms in
CONT-fin U WNM-fin (except for one case that remains open), the
canonical SC turns out to be equivalent to the canonical SC restricted to
evaluated formulae, and to the canonical FSSC restricted to positively eval-
uated formulae. Can this be extended to a bigger class of left-continuous
t-norms?

Are all varieties of n-contractive MTL-algebras locally finite?
FEP, FMP and decidability for S,,IMTL.
Standard completeness for Q(C, WCMTL).

For all the axiomatic expansions of MTL considered so far there are two
standard completeness properties that turn out to be equivalent: the SC
and the FSSC. Is this true in general in the scope of algebraizable axiomatic
expansions of MTL?

Another pair of properties has revealed to be equivalent for all the consid-
ered varieties: the FEP and the FMP. Is this true in general in the scope
of algebraizable axiomatic expansions of MTL?
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