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Chapter 1

Introduction

The scientific area this thesis belongs to is many-valued logics: this means
logics in which, from the semantical point of view, we have “intermediate”
truth-values, between 0 and 1 (which in turns are designated to represent,
respectively, the “false” and the “true”).

The classical logic (propositional, for simplicity) is based on the fact that
every statement is true or false: this is reflected by the excluded middle law

V-,

that is a theorem of this logic. However, there are many reasons that suggest
to reject this law: for example, intuitionistic logic does not satisfy it, since
this logic reflects a “constructive” conception of mathematics (see [Hey71,
Tro69]).

More in general, this formula cannot hold in every logic that “has more
than two truth-values”. In fact the excluded middle law is not a theorem,
in the logics studied in this thesis: however, as pointed out in section 4.6, it
is possible to study various interesting weakenings of this axiom.

As we have already said, the topic of this thesis will concerns many-
valued logics: there are many different methods to generalize classical logic
in this way. We will refer to the hierarchy of logics firstly introduced in
[H4j98b] and then extended in [EGO1]: in the course of the years the hier-
archy has been considerably expanded (see [CEG'09, CH10] for a survey).
A more informal presentation, about these logics can be found in [Got08]
and [H4jO6b]: an historical overview, about many-valued logics, is given
in [H4j98b, chapter 10]. Other useful references are [Got01], [MPN99] and
(Bel02].

The thesis is structured as follows: there are two parts and one appendix.

In the appendix all the necessaries notions of universal algebra are pre-
sented: for reader’s convenience some useful textbooks are also listed.

Part T is devoted to introduce the general notions of many-valued logics
and their semantics. There are four chapters: chapter 2 presents triangular
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norms and their residua (the book [KMPO0] is a reference monograph),
beginning to “justify” them as a semantics for some logical connectives. In
chapter 3 almost all the logics studied in this thesis are presented, from the
syntactical point of view; moreover, some (minor) new results are presented.
The algebraic semantics of our logics is introduced in chapter 4: Finally,
in chapter 5 we will introduce the first-order version (syntax, semantics,
completeness and incompleteness results) for the axiomatic extensions of the
Monoidal t-norm based logic MTL (informally, the logic of all left-continuous
t-norms and their residua): an interesting thing to point out is the fact that
in these logics the predicates are interpreted (from the semantical point of
view) as fuzzy relations (see chapter 5).

In part IT we dedicate to specific topics that have been developed during
the PhD career.

There are five chapters: each of them is devoted to a particular problem
about propositional or first-order logics. In particular, the first four chapters
are based on papers [ABM09a], [BM09], [BM10], [Bial0].

In chapter 6 a “modal like” semantics is introduced, for the logic BL
([H4;98b]), mimicking temporal logics: in this temporal semantics the logic
of every instant of time is Lukasiewicz with finitely or infinitely many truth-
values. A completeness theorem is showed, with respect to particular classes
of temporal flows. The reason to introduce this alternative semantics is to
furnish an alternative way to analyze and to understand what the logic
BL is (more in general, in my opinion, there is not necessarily “a” way to
characterize this logic, but many: hence the various perspectives furnished
by the alternative semantics can be useful to enlarge “the picture” of BL):
in particular with this semantics is showed the strong connection of BL with
Lukasiewicz logic.

However, there are also the first-order versions of MTL and its exten-
sions: in particular these logics are much less studied with respect to their
propositional versions and hence there are much more open problems. Even
about the definitions of the semantics, there is some criticism: in particular
about the concept of safe model (see chapter 5 for the definitions). In fact,
in first-order case soundness and completeness are defined by restricting to
safe models. But one can ask the following question: does the soundness
continue to holds if we work with models in which the truth value of a prov-
able formula is defined, but that are not necessarily safe ? This property is
called supersoundness and was firstly introduced by Petr Héjek and other
researchers, for the axiomatic extensions of (the first-order version of) BL.

In chapter 7, hence, we focus our attention on supersound logics, prop-
erty originally introduced in [HS01]: we will extend this analysis to various
axiomatic extension of MTLY, by using the MacNeille completions of MTL-
chains (as developed in [Lv08, vanl0]) and other techniques.

In the MTL hierarchy, there are also some logics that are not “t-norm
based” (a logic is t-norm based if it holds a completeness theorem with
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respect to some class of standard MTL-algebras, see chapter 4), for example
the n—contractive extensions (i.e. satisfying o™ — ¢"1) of BL: even if they
are not (for n > 1) t-norm based, these logics enjoy interesting properties.
For example, as shown in chapter 7, an axiomatic extension L of BLV is
supersound if and only if L is n—contractive, for some positive integer n.

For these reasons, in chapter 8 four families of n—contractive axiomatic
extensions of BL are studied, in the propositional and in the first-order
cases: we will analyze completeness, computational (and arithmetical, in
the first-order case) complexity and also amalgamation and interpolation
properties.

As it is well known, there are left-continuous but not continuous t-norms.
In [BEGY99, Boi98] it is shown that (see chapter 2) a t-norm has a residuum
if and only if it is left-continuous: hence this class of t-norms is particu-
larly important, since t-norms and residua are useful to give a semantics
for the conjunction and implication connectives (for the logics that are t-
norm based). The first example of left-continuous t-norm was the one of
Nilpotent Minimum, introduced in [Fod95]. This t-norm induces a standard
MTL-algebra that we will denote with [0, 1] as; the logic associated to this
algebra was introduced in [EG01] and was called Nilpotent Minimum (NM).
This logic has some interesting properties, both in the propositional and in
the first-order cases.

Hence chapters 9 and 10 are devoted to Nilpotent Minimum logic. In
chapter 9, on the lines of [BPZ07, BCF07], we will analyze the sets of first-
order tautologies of certain NM-chains (that are subalgebras of [0, 1]yas).
We will study the decidability (or the undecidability) of these sets as well
as the monadic fragments. We will also compare these results with the ones
of [BPZ07, BCF07]. Chapter 10, instead, is devoted to analyze some logical
and algebraic properties of the propositional version of NM.

Finally, in chapter 11 we will conclude with a discussion about the open
problems presented in the preceding chapters.

‘We conclude the introduction with some remarks on applications of many-
valued logics. Even if in this thesis we have discussed mainly mathematical
problems, there are many examples of uses of many-valued logics to solve
some practical problems.

An example is given by the “expert systems” to assist the diagnosis in in-
ternal medicine. In particular the system CADIAG-2 has been designed and
implemented at the Medical University of Vienna: as pointed out in [CR10]
CADIAG-2’s knowledge base contains more than 20.000 rules expressing
relationships between medical entities, i.e., patient’s symptoms, signs, lab-
oratory test results, clinical findings and diagnoses. In particular in [CR10]
a particular fragment (with an additional involutive negation connective) of
monadic first-order Gédel logic is used to formalize the rules of CADIAG-2.
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A (classical) satisfiability check of the resulting formulas allowed the detec-
tion of some errors in the rules of the system. Another useful paper about
this topic is [CV10].

These are examples of how the applications can benefit from a theoretical
insight.

Generally speaking, there is a very extensive literature about fuzzy sets
(introduced by L. A. Zadeh in [Zad65]), fuzzy systems, t-norms and residua
in “applicative contexts”: for example the scientific journal “Fuzzy Sets and
Systems” has been created to deal with these topics. Some useful mono-
graphs about fuzzy sets are, for example, [DP80] and [Nov89).

Finally, one can ask if there is some “foundational” study about fuzzy
set theory, in a mathematical sense, using many-valued logics (in particular,
first-order axiomatic extensions of MTL). The answer is positive: for exam-
ple in papers [HHO1] (see also [Han03]) and [HHO3] an axiomatic fuzzy set
theory is presented, developed as a theory of the first-order version of BL
(with an additional connective A).



Part 1

General background and
minor results



Chapter 2

Triangular Norms

Triangular norms are two variables functions whose behavior is particularly
adequate to play the role of semantical interpretation of a conjunction, in
a many-valued logic. Historically, triangular norms were introduced in the
context of probabilistic metric spaces: see the monograph [SS05] for further
details about this topic. A reference book concerning the themes of this
section is [KMP00] and most of the results will be taken from it.

Definition 2.0.1. A triangular norm (t-norm for short) is a function
t:[0,1] x [0,1] — [0, 1]

that satisfy the following properties, for every x,y,z € [0,1].

(t1) t(t(z, y), z) = t(x, t(y, 2))

(t2) ta,y) = t(y, z)

(t3) If x <y then t(z,z) < t(y,z)
(t4) t(x,1) = .

Note that an immediate consequence of (t3), (t4) is that
(t5) t(z,0) =0.

In the rest of the section, in place of ¢ we will use the symbol * with the
infix notation.

Remark 2.0.1. From the definition 2.0.1 it is easy to see that * behaves
like the classical conjunction, over {0,1}. Moreover also the conditions (t1)-
(t4) are quite reasonable for an operation that interprets a logical conjunc-
tion: this justifies the previous statement: “ ..whose behavior is particu-
larly adequate to play the role of semantical interpretation of a conjunction”.
Note even that, thanks to (t4),(t5), all t-norms coincide on the boundary of
[0,1] x [0,1].
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2.1 Continuous t-norms

As pointed out in [KMPO00], a real function of two variables e.g. with domain
[0,1] x [0,1] may be continuous in each variable without being continuous
on [0,1] x [0,1].

As regards to t-norms, thanks to monotonicity we have

Proposition 2.1.1 ([KMP00, proposition 1.19]). A ¢-norm is continuous
if and only if it is continuous in both its arguments, as a function over reals.

Moreover, thanks to the commutativity, we have that a t-norm * is
continuous if and only if its first component it is (i.e. - *y is continuous, for
every y € [0,1]).

We now list three examples of continuous t-norms

(Lukasiewicz t-norm) 2 xg, y = max(0,z +y — 1)

Figure 2.1: Lukasiewicz t-norm.

(Godel t-norm) T *G y = min(x,y)
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Figure 2.2: Godel t-norm.

(Product t-norm) TERIY =Ty

Figure 2.3: Product t-norm.

These three t-norms are very important, since any other continuous t-
norm is constructed using them:
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Remark 2.1.1 ([H4j98b, remark 2.1.15]). Observe that, for each contin-
uous t-norm, the set E of all its idempotents (i.e. the elements such that
xxx =) is a closed subset of [0,1] and hence its complement is a union
of a set Zopen(E) of countably many non-overlapping open intervals. Let
[a,b] € Z(E) iff (a,b) € Topen(E) (the corresponding closed intervals, con-
tact intervals of E). For I € T(E) let (x|I) be the restriction of * to I2.
The following theorem characterizes all continuous t-norms.

Theorem 2.1.1 ([H4j98b, theorem 2.1.16]). If *, E,Z(E) are as above, then

1. for each I € I(E), (x|I) is isomorphic either to product t-norm or to
Lukasiewicz t-norm.

2. if z,y € [0,1] are such that there is no I € Z(E) with x,y € I, then

zxy = min(z,y) (i.e. it is isomorphic to Godel t-norm).

2.2 Non continuous t-norms

Not all the t-norms are continuous: an example of left-continuous (but non
continuous) t-norm, presented in [Fod95], is the following

0 ife<l-—y

(Nilpotent Minimum t-norm) THANM Y = ) )
min(z,y) otherwise.

Figure 2.4: Nilpotent Minimum t-norm.

Definition 2.2.1. Let *, %' be two t-norms: we say that * is smaller than
« (written * < *) if, for every x,y € [0,1] we have that T xy < z ¥ y.
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«

Another example, that represents the “smallest” t-norm that can be

constructed is

0 if 7,y € [0,1)?

(Drastic Product t-norm) THpY = ) ;
min(z,y) otherwise.

Figure 2.5: Drastic Product t-norm.

More in general, we have
Lemma 2.2.1 ([SS60, SS63]). Let = be a t-norm. Then xp < x < *g.

A particular class of discontinuous t-norms in which we will be particu-
larly interested is given by left-continuous t-norms.

Definition 2.2.2. A t-norm * is called lower semicontinuous if for each
point {0,v0) € [0,1]% and each € > 0 there is a § > 0 such that

Txy>wxo*xyo—e whenever (x,y) € (xog— 0,20) X (yo — I, yo)-

Proposition 2.2.1 ([KMPO0O, proposition 1.22]). A t-norm * is lower semi-
continuous if and only if it is left-continuous in each component, i.e. for all
T0,90 € [0,1] and for all sequences (zn)nen, (Yn)nen € [0, 1]N we have

sup {5, * yo} = sup {zn|n € N} x yo,
sup {@o * yn} = @ * sup {yn|n € N}.
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Note that *xps is left continuous, whilst *p do not. However, it is possible
(as pointed out in [Jen02]; se also [Wan07]) to modify xp to obtain a family
of left-continuous t-norm:

0 if 7,y € [0,a)?

(Revised drastic Product t-norm) @ *{pp y = . )
min(z,y) otherwise.

With a € (0,1).

Figure 2.6: Revised Drastic Product t-norm: a = %

2.3 Residuum

In the beginning of the chapter we claimed that t-norms will be useful to
interpret semantically the conjunction, in many-valued logics. Another im-
portant connective, in a logic, is certainly the implication: the residuum
associated to a t-norm furnishes an interpretation for it.

Definition 2.3.1. Let x be a t-norm. For every z,y, z € [0,1] we define its
residuum as an operation = that satisfies

(R) zxx <y iff z<z=>y.

A question that immediately rises is “if and when” this residuum there
exists, for a t-norm.

An easy check shows that if this operation there exists, then it is unique.
The rest of the answer is

Proposition 2.3.1 ([Boi98, BEG99]). Let * be a t-norm. The pair (x,=>)
satisfies the residuation condition (R) if and only if x is left-continuous.
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Remark 2.3.1. [t is easy to check that for every left-continuous t-norm ,
the only operation = that satisfies (R) is

z=>y=max{z: zxz < y}.

Note that, over {0,1}, = behaves like the “classical” implication. Moreover,
an easy check shows that = is non-increasing in the first argument and
non-decreasing in the second one: this is adequate for the semantics of an
implication connective.

It follows that the left-continuity plays a central role for the existence of the
residuum: this is one of the reasons that render interesting the study of the
class of left-continuous t-norms.

Note that, for example, *p does not admit residuum.

We now list the residuum associated to the five left-continuous t-norms
previously introduced

(Lukasiewicz residuum) z=gy=min(l,1 —z+y)

Figure 2.7: Lukasiewicz residuum.

1 ifz<
(Gédel residuum) T=cy= T y
y otherwise.
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1 ifz<
(Product residuum) T oy = { ifo <y

otherwise.

Figure 2.9: Product residuum.

1 if x <
(Nilpotent Minimum residuum) z =y y = { =¥

max(l —x,y) otherwise.
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Figure 2.10: Nilpotent Minimum residuum.

1 ifx<y
(RDP residuum) r=kppy=13a ify<z<a
y ifx>a,z>y.

Figure 2.11: RDP residuum, a = %

Note that the only residuum continuous is the one associated to Lukasiewicz’s
t-norm.
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An important result, concerning the residuum of continuous t-norms is

Theorem 2.3.1 (see for example [BEG99)). Let * be a left continuous t-
norm. The pair (x,=>) satisfies the condition

(div) z % (2 = y) = min(z,y),
for all z,y € [0,1], if and only if the t-norm x is continuous.

This equation will be in strict connection with the axiomatization of Basic
Logic (BL), introduced chapter 3.

Given a left-continuous t-norm *, we can define a negation, ~,, by pseudo-
complementation: ~, x :=ax = 0, for every x € [0,1]. An easy check shows
that ~, is an order-reversing mapping (i.e. if z < y, then ~, x >~, vy, for
every x,y € [0,1]) with ~, 1 =0 and ~, 0 = 1. As regards to the previous
examples of left-continuous t-norms, we have:

(Lukasiewicz negation) ~pr=1-z
1 ifz=0
Godel negation ~Gg X =
( & ) ¢ {O otherwise.
1 ifz=0
Product negation ~ =
( 8 ) . {0 otherwise.
(Nilpotent Minimum negation) ~NmMz=1-—x
1 ifz=0
(RDP negation) ~gppr=1<a f0<z<a
0 ifz>a

As can be seen the only continuous negation functions are the ones associated
to Lukasiewicz and NM t-norms: moreover they are involutive, i.e. ~y (~
z) = z, for every x € [0,1] and with x € {L, NM}. Instead, ~g,~y are
discontinuous and are the “the smallest” negations that can be costructed
by pseudocomplementation.



Chapter 3

Monoidal t-norm based logic
and some axiomatic
extensions

3.1 Monoidal t-norm based logic

Monoidal t-norm based logic was introduced in [EGO01], essentially to cope
with the tautologies of left-continuous t-norms and their residua (see chap-
ters 2 and 4). Initially this logic was called Quasi Basic Logic (QBL, see
[EG99]) since it can be seen as a weakening of Basic Logic BL (we will define
it in section 3.2). The name MTL takes inspiration from the fact that it is
an extension of Hohle’s monoidal logic ([H5h95])!: it is obtained from this
last one by adding the prelinearity axiom, i.e. (¢ = ¥)V (¢ — ¢).

MTL is based over connectives {&, A, —, L} (the first three are binary,
whilst the last one is O-ary). The notion of formula is defined inductively
starting from the fact that all propositional variables (we will denote their
set with VAR) and L are formulas. The set of all formulas will be called
FORM.

Useful derived connectives are the following

(negation) - i=p — L

(disjunction) eV i=((p =) = P)A (P — @) = )
(top) Tzl

(equivalence) oo i=(p = V)& — @)

With the notation ¢™ we will indicate p & ... & .
~—

n times

!This logic is called FLey, in [GJKOOT7].

19
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MTL is axiomatized as follows:

(A1) (p=¢) = (¥ —=x) = (¢ —=x)

(A2) (p&y) = ¢

(A3) (p&etp) — (Y&op)

(Ad) (pn) =

(A5) (pAY) = WAy

(A6) (&l =) = (¥ A @)

(ATa) (o= (¥ = X)) = ((p&y) = x)

(ATb) ((p&t) = x) = (¢ = (¥ = X))

(A8) ((e=v)=x) = (¥ —=9) = x) = X)
(A9) L=

Some comments about the axioms
e (Al) indicates that the implication is transitive.

e (A2) says that the conjunction of two formulas implies one of them.

A3) says that & is commutative.

A4) and (A5) are the analogous of (A2) and (A3) for A.

A6) indicates the relation between A and &.

(
(
(
(
(
(

ATa) and (A7b) are the syntactical version of the semantical property
of residuation, that we have already seen in the context of t-norms and
that will be treated, in the next chapter, in section 4.1.

e (AB) is a sort of “proof by cases”.

e (A9) is the “ex falso quodlibet” axiom: from a contradiction, we can
derive everything.

As inference rule we have modus ponens:

(MP) $ ooy
)
A proof of a formula ¢ is a finite sequence {p1,...,p, = ¢} of formulas

where every ¢; is an axiom or it is obtained from preceding elements of the
sequence with modus ponens.

A theory is a set of formulas. Given a theory T and a formula ¢, the
notion T ¢ means that ¢ is provable from the axioms of the logic and the
formulas of T'.
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Another interesting inference rule is given by modus tollens

(MT) U i
P
However this rule is derivable in MTL, in fact

Lemma 3.1.1.
(¢, = ¥} Fure e

Proof. An easy consequence of the fact that (see [EGO1, proposition 1])
Fure (9 = ¥) = (¢ — —p).
O

Concerning the deduction theorem, the “classical” form does not hold,
for MTL. However it holds the following local form

Theorem 3.1.1 ([EG99, EGO01]). Let T, p,v be a theory and two formulas.
It holds that

TU{} byt ¢ iff there exists n € NV s.t. T Fyrp " — .

The term local is due to the fact that the value of n depends from the
formulas.
Now, if we define

Definition 3.1.1. A logic L is called axiomatic extension of MTL if it is
obtained (from the aziomatic point of view) by adding other azioms to (A1)-
(A9).

The previous local deduction theorem can be extended to every ax-
iomatic extension of MTL.

Theorem 3.1.2 ([Cin04]). Let L be an axiomatic extension of MTL and
T, ¢,v be a theory and two formulas. It holds that

TU{p} L o iff there exists n € Nt s.t. Ty ™ — .

3.2 Basic Logic and its extensions

Between the axiomatic extensions of MTL, one of the most important is
certainly the Basic Logic (BL). Historically it was introduced to create a
logical calculus that was complete with respect to a class of algebras deter-
mined (in a sense that will be explained later) by continuous t-norms and
their residua. This result was firstly conjectured in the monograph [H4j98b]
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and leaved as open problem in [H4j98a]: the (positive) answer was finally
given in [CEGTO00].

From the axiomatic point of view, BL is obtained - as pointed out in
[EG99, EG01] by adding to (A1)-(A9) the axiom

(1 Ap) = (p&(p = ¥)),
that is, the other side of the axiom A6. This means that
Far (b A ) < (&l = ¢)).

This axiom is called divisibility. As can be seen, the connective A is definable

in term of {&,—}: in fact, BL was originally defined over the connectives
{&, —, L} with the following axioms?:

(A1) (=)= (W —=x) = (p—=X)

(A2) (p&tp) — ¢

(A3) (p&rh) = (P&ep)

(A4) (p&(p = ) = (W& = )

(Aba) (p = (¥ = X)) = ((p&t) = x)

(A5b) ((p&t) = x) = (¢ = (¥ = X))

(A6) ((p—=v)=x) = (¥ = 9) = x) = X)
(A7) 1L =

The inference rule and the local deduction theorem are the same of MTL
(and clearly the modus tollens is a derivable rule).

3.2.1 Some axiomatic extensions of BL

We will analyze axiomatic extensions of Basic Logic: n-contractive logics,
Lukasiewicz logic, finite valued Lukasiewicz logics, Godel and Product logic.

n-contractive BL-logics

A family of axiomatic extensions of BL is given by the logics that satisfy
the axiom

() T

for some n € N, n > 0.

This formula is said n-contraction (or n-potence): this axiom, coming
from the wider framework of substructural logics, was introduced in the pa-
per [CEGO8] and systematically studied for wide varieties of MTL-algebras
in [HNPOT].

A deep analysis of n-contractive axiomatic extensions of BL will be done
in chapter 8.

2However, as pointed out in [Cin05], this set of axioms is redundant: in fact, the axiom
(A3) can be derived from the others.
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Lukasiewicz logic

Lukasiewicz infinite valued logic (L) is one of the earliest studied many-
valued logics: it was introduced, by the Polish logician Jan Lukasiewicz, for
the first time in (for reader’s convenience we cite an English translation)
[Bor70, Investigations into the sentential calculus].

The original axiomatization was

(L1) o= (Y =)

(L2) (p—=9) = (¥ —=x) = (¢ = x)
(L3) (= ) = (¥ = )

14 (=) =) = (¥ = ¢) =)

As can be noted, the only connectives used are {—, —}.
In [H&j98b] it is proved that it can be equivalently axiomatized, from
BL, by adding

(involution) e e

Finite valued Lukasiewicz logics

Finite valued Lukasiewicz logics were introduced in the thirties by Jan
Lukasiewicz ([Bor70, Investigations into the sentential calculus]). Here we
will present an axiomatization similar® to the one introduced in [Gri77]: in
chapter 8 we will describe an alternative one. For n € N, n > 1 with L,, we
mean the logic obtained from BL, by adding

(Cn) Pt — !

and, if n > 2

(ndiv) n(@? Y (b))
where

Y 1p = (mp&p),
1 < j < nand j does not divide n. Finally, by ny, we mean ¢ V- -- Y.
——

n times

3In [Gri77] the n-contraction is defined in a different way, from our: we have modified
consequently Grigolia’s axioms.
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Godel logic

Godel logic (G) was introduced in 1932 in [G6d01] and formally axioma-
tized in [Dum59] in 1959% As shown in [H4j98b] it can be equivalently
axiomatized as BL with

(idempotency) © = (p&p).

Moreover in [H4j02, lemma 1] it is proved that if we add the previous axiom
to MTL then we obtain again Godel logic.
Moreover G can be also obtained from intuitionistic logic by adding

(prelinearity) (=) V(Y= p).

Finally, as pointed out in [H4j98b], G satisfy the classical deduction
theorem, i.e.

Theorem 3.2.1 ([H4j98b, theorem 4.2.10]). Let T, ¢, 1) be a theory and two
formulas. It holds that

Tu{Ytrce iff Thay — .

Product logic

Product logic (II) was introduced in [EGH96] as an axiomatic extension of
BL with (see also the presentation given in [H&j98b, chapter 4])

(1) =x = (((pdex) = (P&ex)) = (¢ = ¥))
(I12) (e A=)

More recently C. Noguera proved in [Nog06] that these axioms can be sub-
stituted with the (in my opinion, more intuitive) axiom

(precancellativity) eV ((p = (0&t))) = ¢)

However, the original axiomatization keep an advantage with respect to
the last one. In fact, if we add (II2) to BL we obtain another logic, named
strict basic logic (SBL) and it is immediate to see that IT extends SBL.

3.3 Some proper axiomatic extensions of MTL

With “proper” axiomatic extension of MTL we mean a logic that is not an
extension of BL.

4To be precise Godel limited himself to present a finite totally ordered Heyting algebra
with its operations. In fact, the aim of the paper [G6d01] was only to show that intu-
itionistic logic cannot be seen as a many-valued logic with a finite number of truth values.
Various authors attribute this logic (calling it Gédel-Dummett or LC) - more correctly -
to Dummett. However, for brevity and to maintain the terminology of [H&j98b] (and of
many other papers), we will continue to call this logic G.
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3.3.1 Involutive monoidal t-norm logic
Involutive Monoidal t-norm logic, IMTL, was introduced in [EG01] and it
is obtained, from MTL, by adding

e = e

As can be seen IMTL is a “weakening” of L, obtained by removing the
divisibility axiom.

One can ask if IMTL and L are equivalent. The (negative) answer was
given in [EGO01]: in fact the formula (E4) is not a theorem of IMTL.

3.3.2 Product monoidal t-norm basic logic

The logic IIMTL was introduced in [H4j02] as an axiomatic extension of
MTL with

(Ir1) =x = (((pdex) — ($&ex)) = (0 = ¥))
(1r2) (e A )

Analogously to what happens for product logic, these axioms can be replaced
by

(precancellativity) V(¢ = (p&y)) = )

3.3.3 Strict monoidal t-norm based logic

Strict monoidal t-norm based logic, SMTL ([EGGMO02]), is obtained from
MTL by adding the axiom

(112) (e A—p)

As can be noted this is a weakening of IIMTL, obtained by removing the
axiom II1.

3.3.4 Weak cancellative monoidal t-norm based logic
WCMTL ([MNHO06]) is obtained from MTL by adding the axiom
(wemtl) (&) v ((p = (p&et)) = ¢)

Note that this axiom is a weakening of precancallativity: for this reason
the logic has taken that name.
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3.3.5 Nilpotent Minimum Logic

Nilpotent Minimum logic was introduced in [EG01] to create a logical cal-
culus that was complete with respect to the algebraic structure determined
by Nilpotent Minimum t-norm.

From the axiomatic point of view it is obtained, from MTL, by adding

(wnm) (&) v ((p A ) = (&)
(involution) - =

Moreover, as showed in [EGCNO03] it is possible to axiomatize NM by using
only the connectives {—, L}. In this thesis we will maintain the axiom-
atization of [EGO1], but this alternative axiomatization can be useful, for
example, to simplify an eventual proof by structural induction: in fact we
can restrict to — and L, as induction steps. Concerning the deduction the-
orem, for Nilpotent Minimum logic we obtain the following form (compare
this theorem with theorem 3.1.2)

Theorem 3.3.1 ([ABMO7, proposition 4.3]). Let T, ¢, be a theory and
two formulas. It holds that

TU{gtnm e iff Thyu v =

Moreover, by using theorem 3.1.2 it is easy to show that theorem 3.3.1
holds in every 2-contractive axiomatic extension L of MTL (i.e. b ¢? —

3
©°).
Other logical properties of NM will be studied in chapter 10.
3.3.6 Weak nilpotent minimum logic

Weak Nilpotent Minimum logic (WNM) was introduced in [EGO01] as a weak-
ening of Nilpotent Minimum logic. In fact it is obtained, from NM, by
removing the involution axiom, i.e. it is obtained from MTL, by adding

(wnm) (&) v ((p A1) = (0&et)))
Moreover, as previously noticed, theorem 3.3.1 holds also for WNM.

3.3.7 Revised drastic product

RDP logic was introduced, in [Wan07] to find a logical calculi complete with
respect to (the standard MTL-algebra induced by) Revised drastic product
t-norm. It is obtained, from MTL, by adding

(xdp) eV (p = )



Chapter 4

Algebraic semantics,
residuated lattices and
related structures

In this chapter we will introduce various algebraic structures that will be
useful to represent the semantics of the logics previously introduced. It is
important to remark that many of these algebras were initially introduced
and studied for different reasons from the logical ones.

4.1 Residuated lattices and algebraic semantics

Definition 4.1.1. A residuated lattice is an algebraic structure of the form
A= (A, x,=,M,U,0,1) such that

e (A,M,,0,1) is a bounded lattice, where O is the bottom and 1 the top
element.

o (A x,1) is a commutative monoid.
o (x,=) forms a residuated pair, i.e.
zxx <y iff z<x=y.
Remark 4.1.1. An easy check shows that, in every residuated lattice
z=>y=max{z: zxz < y}.

Compare this with remark 2.3.1. Note also that, in every totally ordered
residuated lattice, we have N = min and U = max.

We now begin to introduce various classes of residuated lattices that will
represent the semantics of the logic presented in previous chapter

27
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4.1.1 MTL-algebras
Definition 4.1.2. An MTL algebra is a residuated lattice that satisfies

(p1) @=yuly=z)=1
An MTL-algebra is said to be standard if its lattice reduct is ([0, 1], min, max).

It is easy to check that a left-continuous t-norm % with its residuum
= induces naturally a standard MTL-algebra ([0,1], %, =, min, max, 0, 1).
Moreover
Proposition 4.1.1 ([JM02]). The class of standard MTL-algebras coincides
with the one of MTL-algebras induced by left-continuous t-norms and their
residua.

Note that the equation (pl) holds true in every totally ordered residuated
lattice A: in fact max(xz = y,y = x) = 1, for every =,y € A.

However (pl) does not imply the linearity: for example the poset ({0,1} x {0,1}, <),
where < is the lexicographical order, i.e. (0,0) < (0,1),(1,0) < (1,1)

{11}
{0,1} {1,0}

{0,0}

can be extended to a residuated lattice by setting the operations point-
wise (recall that the behavior of {x,=-,MU} is fixed, over 0 and 1).
Other useful properties of MTL algebras are

Lemma 4.1.1 ([H4j98b, 2.3.4]). In every MTL algebra the following hold
in each x,y,z

41) zx(@=>y) <yandzx<(y= (vxy))
(42) z<yimpliesxxz<yxz (z=2)<(2=y),y=2) <(z=2)
(43) z<yiffr=y=1

(44) (@Uy)*z=(z*z)U(yx*z)

(45) zUy=(z=y)=y)N([y=12)=2).
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Compare (4.5) with the definition of V, for MTL logic.

Remark 4.1.2. Thanks to properties (4.1), (4.2) and the fact that * is
a monoidal operation with top element 1, it follows that {x,=} are good
candidates for the role of the semantics of {&,—}.

Finally, given an MTL-algebra and one of its elements, say x, with the
notation ~ x we will indicate x = 0.

4.2 MTL-algebras as semantics of axiomatic ex-
tensions of MTL

MTL-algebras can be used as a semantics for the logics introduced in chapter
3.

Definition 4.2.1. Let A be an MTL-algebra. An A-evaluation over vari-
ables is a function v: VAR — A.

Every A-evaluation over variables v can be extended, uniquely, to an A-
evaluation over MTL-formulasv: FORM — A in the following (inductive)
way.

Let ¢, be MTL-formulas, then

v(l) =
v(pAY) = v(<p ) No()
v(p&rp) = v(p) * v(t))
v(p = ) = v(p) = v(¥).

‘We now introduce the concepts of satisfiability and model

Definition 4.2.2. Let A be an MTL-algebra, ¢ be a formula and T a theory
in the language of MTL.

o We say that ¢ is satisfiable if there is an A-evaluation v such that
v(p) =1.

o We say that ¢ is a tautology of A, A = ¢, if v(p) = 1 for every
A-evaluation. Another terminology is that A is a model for . If K
is a class of MTL-algebras, with K |= ¢ we mean that A |= ¢ for every
AeK.

o With A =T we mean that A |= 1 for every ¢ € T: the same notion
is extended to a class of MTL-algebras K in the obvious way.

o With T =4 ¢ we mean that, for every A-evaluation v, if v(yp) =1 for
every ¢ € T, then v(p) = 1: the same notion is extended to a class of
MTL-algebras K in the obvious way.
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4.3 Some classes of MTL-algebras

Let L be an axiomatic extension of MTL: an MTL-algebra A is said to be
an L-algebra if all the axioms of L are tautologies for A.

In this section we will present various classes of MTL algebras, associated
to the logics introduced in chapter 3.

4.3.1 BL-algebras

A particular subclass of MTL algebras is the one of BL algebras. From the
chronological point of view, however, BL-algebras were introduced first, in
the monograph [H4j98b).

Definition 4.3.1. A BL algebra is an MTL algebra satisfying the equation
(div) xMNy=xx*(x=1y)
For every x,y.

Compare the previous equation with the divisibility axiom, in section
3.2. Finally, concerning standard BL-algebras

Proposition 4.3.1 ([CEGTO00]). The class of standard BL-algebras coin-
cides with the one of BL-algebras induced by continuous t-norms and their
residua.

4.3.2 MV-algebras

MV-algebras were initially introduced by Chang in [Cha58] as a semantics
for Lukasiewicz infinite valued logic!. More recently in [FRT84] another class
of algebras, complete with respect to L, was presented: Wajsberg algebras.
In the same paper was showed the equivalence between MV and Wajsberg
algebras (their operations are inter-definable). In this chapter we will follow
the style of [H4j98b], by presenting MV-algebras as a class of BL-algebras.
For an historical overview, see [Cig07]; a reference monograph for this topic
is [CDM99].

Definition 4.3.2. An MV-algebra is a BL-algebra satisfying the following
equation

(inv) ~ =T

For every x.

't is curious to note that, as Professor Chang tells by himself in [Cha98], the origin
of MV-algebras is due to his difficulty to follow a presentation by Professor J. Barkley
Rosser, who used formulas in polish notation, and the consequent idea to search for a
simpler proof.
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It is well known that, up to isomorphisms, there is only one standard MV-
algebra:
([0,1], %, =, min, max, 0, 1)

where *, = are Lukasiewicz’s t-norm and residuum.

4.3.3 MYV ,-algebras

In this section we will briefly recall some results about MV,-algebras: our
main references will be [Gri77] and [CDM99]. These structures represent
the semantics for the logics L,,. If we define

T Dy =~ (~ax*~Y)

and, with nz, we mean z @ --- @z, then
——

n times

Definition 4.3.3. An MV,,-algebra is an MV-algebra satisfying

({3") 2" = .17”+1
and, if n > 2
(Ndiv) (@ @ (~ax ~a? ) =1

Where 1 < j <n and j does not divide n.

Consider the following algebra:

n—1

1
Ln:<{0777‘“7 71}5*7é7’_‘¢|—|7071>
n

Where 1 < n < w, % := maz(0,z +y — 1), =:=min(l,1 —z +y), N :=
min(z,y), U := max(x,y).

We have that:
Proposition 4.3.2 ([Gri77]). Ly is an MV,-algebra.

Theorem 4.3.1 ([Gri77]). Given a formula ¢ (in the language of Ly), it
holds that:
Fr,o iff Fr.e

Corollary 4.3.1. For 1 < n < w it holds that each MV,-chain has at most
n+ 1 elements.

Proposition 4.3.3 ([Gri77]). Given 1 < m,n < w it holds that:

o Ifm divides n, then Ly, is isomorphic to a subalgebra of Ly.
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e L, is an MV, -algebra if and only if m divides n.

Theorem 4.3.2 ([Gri77]). Any MV,-algebra A is isomorphic to a subdirect
product of the algebras Ly, where m < n and m divides n.

Corollary 4.3.2. Each subdirectly irreducible MV, -algebra A is isomorphic
to some Ly, where m divides n.

Theorem 4.3.3 ([Gri77]). Any finite MV,-algebra A is isomorphic to the
direct product of the algebras Ly,, where m < n and m divides n.

Corollary 4.3.3. Each MV,-chain A is isomorphic to an algebra Ly,
where m < n and m divides n.

A general result of universal algebra in the following: for a proof see,
for example, [MMT87, theorem 4.99] or [BS81, theorem 10.16]. Remember
that a variety is locally finite if every algebra of its that is finitely generated
is finite.

Theorem 4.3.4. Every variety generated by a finite set of finite algebras is
locally finite.

Corollary 4.3.4. The variety of MV,,-algebras is locally finite.

4.3.4 Godel-algebras
Godel algebras can be seen either as Heyting algebras satisfying (pl) or

Definition 4.3.4. A G-algebra is a BL-algebra satisfying the following equa-
tion

(id) THRT =2
For every x.
Moreover, in [H4j02] it is showed that the class of MTL-algebras satis-
fying (id) coincides with the one of G-algebras.
Also in this case, there is only one standard algebra: the one induced by
Godel t-norm (and its residuum).
4.3.5 Product-algebras
Product algebras were introduced in [EGH96], as a class of BL-algebras.

Definition 4.3.5. A Product-algebra is a BL-algebra satisfying the following
equations

(v1) (v 2) = ((@2) = (y*2) = (@ = y) =1
(v2) ~(@N~a) =1

For every x.
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As pointed out in [Nog06], the previous two equations can be substituted
by

(canc) (~2)U((z = (zxy) =)

Analogously to what happens for the previous two classes of algebras, the
only (up to isomorphisms) standard product algebra is induced by the
homonymous t-norm.

4.3.6 Nilpotent Minimum algebras

In chapter 2 we saw that Nilpotent Minimum t-norm was the first example
of left-continuous t-norm.
In [EGO01] it is defined a class of algebras, named NM-algebras.

Definition 4.3.6. An NM-algebra is an MTL-algebra that satisfies

(wnm) ~(Ery)U((Eny) = (@ry)) =1

(inv) ~ T =T

There is a useful characterization, given in [Gis03], concerning all NM-
chains. In every of them it holds that

. 0 if x < n(y)
T =
min(z,y) Otherwise.
1 ife<y
T=Y= .
max(n(z),y) Otherwise.

Where n is a strong negation function, i.e. n: A — A is an order-reversing
mapping (z < y implies n(z) > n(y)) such that n(0) = 1 and n(n(z)) = =,
for each « € A. Observe that n(x) =z = 0, for each x € A.

A negation fixpoint is an element z € A such that n(z) = x: note that
if this element exists then it must be unique (otherwise n fails to be order-
reversing). A positive element is an & € A such that > n(z); the definition
of negative element is the dual (substitute > with <).

Concerning the finite chains, in [Gis03] it is showed that two finite
NM-chains with the same cardinality are isomorphic (see the remarks af-
ter [Gis03, Proposition 2]): for this reason we will denote them with NM,,
n being an integer greater that 1.

We now give some examples of infinite NM-chains that will be useful in
the following: for all of them the order is given by <g and n(z) =1 —z.

e NMy={{: neNtju{l1-1.

= : n e Nt} x, = min, max, 0, 1)

e NMy={{{:: neN*}U{1-1: neNF}}\{i} x =, min max,0,1)
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1oL neNtJu{l+L: neN} ULl =, min, max,0,1)
{3 g7 neNTIU{3+4;}: ne N} x =, min max,0,1)
([0,1], %, =, min, max, 0, 1)

As we already seen in chapter 2, in this last case * is called Nilpotent Min-
imum t-norm [Fod95]. Note that the first four chains of the list and every
finite NM-chain? are all subalgebras of [0, 1]y as-

Another useful characterization is the following:

Theorem 4.3.5 ([Gis03, Theorem 2]).

1. An NM-chain is a model of

(Sn(z0,---,2n)) /\((l’i = Tig1) = Tip1) = \/ Ti

i<n i<n+1
if and only if it has less than 2n + 2 elements.
2. A nontrivial NM-chain is a model of
(BP(z)) =(-a?)? & (=(-2)?) =1
if and only if it does not contain the negation fixpoint.

Proposition 4.3.4. Let A be an NM-chain, v be an A-evaluation and ¢ a
formula with variables x1, ..., Ty.
1t holds that

1 or
() = v(x;) or
n(v(z;)) or
0
With i,j € {1,...,n}.
Proof. An easy induction over the number of variables of . O

4.4 Hoops and ordinal sums

Hoops were introduced and studied, as algebraic structures, in an unpub-
lished manuscript by J. R. Buchi and T. Owens. More recently, in his Phd
thesis [Fer92], the author studied various classes of hoops more in detail:
the results were further expanded in [BF00].

2Since two finite NM-chains with the same cardinality are isomorphic, then we can

consider N M, as defined over the set {0, ﬁ, R ’"':}} and n(z) =1—=.
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Definition 4.4.1 ([BF00]). A hoop is a structure A = (A,*,=,1) such
that (A, x,1) is a commutative monoid, and = is a binary operation such
that

r=z=1 o= @y=z2 =@*xy) =z and zx(z=>y) =y*x(y=x).

In any hoop, the operation = induces a partial order < defined by = <y
iff x = y = 1. Moreover, hoops are precisely the partially ordered commu-
tative integral residuated monoids (pocrims) in which the meet operation
M is definable by 2 My = = % (x = y). Finally, hoops satisfy the following
divisibility condition:

(div) If <y, then there is an element z such that zxy = z.

Definition 4.4.2 ([AFMO07],[EGHMO03]). A hoop is said to be basic iff it
satisfies the identity

(lin) (z=y)=>2<(y=>2)=2) ==z

A bounded hoop is a hoop with an additional constant 0 satisfying the equa-
tion 0 < z.

A BL algebra is a bounded basic hoop. The variety of BL-algebras will be
denoted by BL.

The variety of basic hoops (BL-algebras respectively) is generated by the
class of totally ordered hoops (BL-algebras respectively). In any basic hoop
or BL-algebra, the lattice operations are definable by 2 My = z * (z = y)
andzUy=((z=y)=y)N((y=2)=2x).

We now present a useful construction that will be necessary in the follow-
ing chapters. It was initially introduced in [Fer92] and further generalized
in [AMO3], as follows.

Definition 4.4.3 ([AMO03]). Let (I, <) be a totally ordered set with mini-
mum ig. For all i € I, let A; be a hoop such that fori # j, AjNAj = {1},
and assume that A, is bounded. Then @;c; A; (the ordinal sum of the
family (Aq)icr) is the structure whose base set is J;c; Ai, whose bottom is

the minimum of A;,, whose top is 1, and whose operations are
z=fiy ifzye A
rT=>y=13y if 3i > j(x € A; and y € Aj)
1 if 3i < j(z € A\ {1} and y € 4))
zahiy if xy € A
Txy=<z if 3 < j(z e A\ {1}, y€ 4;)
y if 3 <jlye A\ {1}, z €4



CHAPTER 4. RESIDUATED LATTICES, SEMANTICS. .. 36

When defining the ordinal sum €;c; A; we will tacitly assume that
whenever the condition 4; N A; = {1} is not satisfied for all ¢,j € I with
i # j, we will replace the A; by isomorphic copies satisfying such condition.
Moreover if I = {ig, ..., 4} with ig < i1 < ... < iy, we write A;) & ... D A;,
instead of @,; As.

For more informations about hoops and many-valued logics, we suggest pa-
pers [AFMO07] and [EGHMO03].

4.5 Completeness

Having introduced logics and algebraic structures, we can study the relations
between them, in term of sets of theorems and of tautologies.
Definition 4.5.1. Let L be an aziomatic extension of MTL and K be a class
of MTL-algebras. We say that L is strongly complete (respectively: finitely
strongly complete, complete) with respect to K if for every set T of formulas
(respectively, for every finite set T of formulas, for T = 0) and for every
formula ¢ we have

T"L(p iﬁ T)=K(p.
A general characterization of completeness properties is

Theorem 4.5.1 ([CEGT09]). Let L be an aziomatic extension of MTL and
K be a class of L-algebras. Then

e [ is strongly complete with respect to K if and only if every countable
L-chain is embeddable in some member of K.

o L is finitely strongly complete with respect to K if and only if every
countable L-chain is partially embeddable into K.

A first general result, concerning the completeness, is the following

Theorem 4.5.2. Let L be an aziomatic extension of MTL, T a theory and
¢ a formula (in the language of MTL). Then

Ttre iff TEey if TELe
Where C' is the class of L-chains and L the one of all L-algebras.

4.5.1 Standard completeness

Given an axiomatic extension L of MTL, it can be interesting to study the
completeness with respect to different classes of L-algebras (for a systematic
analysis in this sense, we suggest the paper [CEGT09]). A first example is
given by the class of standard L-algebras: as we have seen previously this
means a class of algebras induced by particular left-continuous t-norms and
residua. This type of completeness takes the name of standard completeness.

We begin with BL and its extensions
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Theorem 4.5.3 ([CEGT00]).

e BL is finitely strongly complete with respect to the class of standard
BL-algebras. Hence BL is the logic of continuous t-norms and their
residua.

e SBL is finitely strongly complete with respect to the class of standard
SBL-algebras.

This result cannot be improved: as showed in [EGGMO02] strong (stan-
dard) completeness does not hold for both the logics.
Concerning Lukasiewicz logic

Theorem 4.5.4 (sce for example [H&j98b]). Lukasiewicz logic is finitely
strongly complete with respect to [0,1]f.

The completeness w.r.t. [0,1];, was initially proved in [Cha59]. Analo-
gously to BL and SBL, this theorem cannot be generalized to infinite theo-
ries: for an explicit counterexample, see for example [H&j98b, remark 3.2.14].

For product logic, we have

Theorem 4.5.5 ([H4j98b]). Product logic is finitely strongly complete with
respect to [0,1]m.

Also in this case, the theorem cannot be extended to infinite theories: see
[H&j98b, corollary 4.1.18]

For Gdédel logic, instead, we have a better result:

Theorem 4.5.6 ([H4j98b]). Gddel logic is strongly complete with respect to
[0,1].

We now move to MTL and its previously introduced (proper) extensions.

Theorem 4.5.7 ([JMO02]). MTL is strongly complete with respect to the
class of standard MTL-algebras. Hence MTL is the logic of left-continuous
t-norms and their residua.

More recently, an alternative proof of the previous theorem has been
presented in [Hor07a].

Theorem 4.5.8 ([EG01, EGGM02, Wan07)). Let L € {NM, WNM, SMTL, IMTL, RDP}.

Then L enjoys the strong standard completeness.
However, not all the results are so good

Theorem 4.5.9 ([Hor05, Hor07b, MNHO06]). For L € {IIMTL, WCMTL},
L enjoys the finite strong standard completeness. However strong standard
completeness does not hold for both of them.
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In chapters 7 and 8 will be studied completeness properties with respect to
other classes of MTL-algebras (for example, complete chains).

We conclude with the following (well known) result, concerning finite-
valued Lukasiewicz logics: this is an easy consequence of proposition 4.3.3,
corollary 4.3.3 and [CEGT09, theorem 3.5])

Theorem 4.5.10. £,, has the strong completeness with respect to Ly,.

4.6 A weak excluded middle law for MTL

Consider the formula
=((=¢)*) V =(#%).
It holds that

Theorem 4.6.1.
Farrr ~((9)*) V =(#%).

Proof. Thanks to chain completeness theorem ([EGO1]), this is equivalent
to show that, in every MTL-chain A, it holds that 2% = 0 or (~ x)? = 0, for
every z € A.

By contradiction, consider an MTL-chain B in which there is an element
@ such that 22 > 0 and (~ z)? > 0. We have three cases.

If # =~ z, then 0 = 2x ~ x = 22, in contrast with the fact that 22 > 0.
If z <~ x, then 0 = z* ~ 2 > 22 and, again, we have a contradiction. If
x >~ 2, then 0 = 2% ~ 2 > (~ z)2, but (~ z)? must be greater than 0. O

In the variety of Gddel algebras, since every element is idempotent, then
~ xl ~~ 3 =~ (22)U ~ ((~ x)2). More in general, over Gédel logic the
following formula is a theorem

—p Voo,

It is called, in the context of intermediate logics (i.e. axiomatic extensions
of intuitionistic logic), weak excluded middle or Jankov’s axiom. It is in-
teresting to point out that Jankov’s axiom is not a theorem of MTL: for
example, Fi, ~¢ V ~—p.

Moreover, since A,V satisfy de Morgan’s laws and by~ <>~
(see [EGO1]), then

FuTL (79 V =) ¢ =(p A ).

As we have already previously noted, by adding ~(pA—¢) to MTL’s axioms,
we obtain the logic SMTL [EGGMO02]: the correspondent variety is given
by all the MTL-algebras that does not have non-trivial zero divisors (i.e.
elements of the form 0 < x,y < 1 such that z xy = 0).
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In [Nog06] other forms of weak excluded middle are studied. In particular
the formula

(Sn) Wvﬁ(‘tgnil)-

Note that Sy is the classical excluded middle law. An interesting result of
[Nog06] is that in the variety correspondent to the logic S, MTL (axiomatized
as MTL plus (S,)) all the chains are n-contractive (i.e. the equation 2" =
2"~! holds) and simple.

4.7 A distance function over Nilpotent Minimum
algebras (and logic)

Consider the following operations, over an NM-algebra:
z @y = n(n(z) *n(y))

Oy :=x*xn(y)
d(z,y) = (z0y) ®(yOS ).

In particular, over [0, 1]y, the semantics associated to them is the follow-
ing:

o 1 ifrt+y>1
T =
v max(z,y) otherwise.

5 ifx <y
xT =
Y min(z,1 —y) otherwise.

d(z,y) = max((z © y), (y © =))-

It can be argued that &, are the sum and the difference in a sort of NM-
arithmetic; note that both the functions, over [0, 1]xas, are not continuous.
As regards to d, we have the following

Lemma 4.7.1. For every NM-algebra A and x,y,z € A, the following equa-
tions hold:

Proof. It is enough to show that these equations (and conditions) hold over
[0,1]vas: for the first three the check is immediate. For the last one it is an
exercise to prove that for every z,y,z € A, 202 < (z0y)® (yoz). O
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The previous result justify the candidature of d as a distance function
over an NM-algebra (note that, in [Ban03], a similar distance function is
defined in the context of Post algebras. Compare also our d with the one
defined in [CDM99, definition 1.2.4]). One can ask which is the “meaning”
of this operation: an answer can be the following.

Proposition 4.7.1. For every NM-algebra A and x,y € A, it holds that
d(z,y) =n(z & y).
Where x & y:= (v = y) * (y = ).

Proof. Tt is not difficult to see that, over [0,1]nar, (z = y) * (y = z) =
min((z = y), (y = z)) and ¢ = y = n(z) y. Since n(z) =1 — 2, then an
easy check shows the result. |

Theorem 4.7.1. Defining

Y1 = (np&p)
B =&y
d(p,¥) = (¢BY) Y (v By).

We have

Faar—=d(p, )

Fnumd(p, ) < d(y, ¢)
Frard(e, x) = (d(e, ) Y.d(¢, X))
Faamd(L,T)

Fnmd(p, ) < ~(p < 9)
Fvvd(p, ¥) < (0 < ).

Proof. An easy check. O

From the previous facts we can argue that (the algebraic interpretation
of) d express a “distance of truth” between two formulas, in the sense that
it indicates to what extent they are not (logically) equivalent.



Chapter 5

First-order logics

In this chapter we will introduce one of the concepts that will play a central
role in this thesis: first-order axiomatic extensions of MTL. In fact, chapters
7, 9 and part of chapter 8 will be devoted to study various aspects of this
topic.

In first-order logic, thanks to the richness of the language, we can express
properties (using predicates) about individuals (represented using functions
symbols, constants or variables). Moreover, since these predicates are in-
terpreted over MTL-chains, then we can also express “properties” that are
only “partially verified”, thanks to the truth-values between 0 and 1. A
particular case is the one of predicates of arity zero: in fact, as we will see,
they are interpreted, from the semantical point of view, as truth values.
This means that, in first-order (many-valued) logics, the role of predicates
of arity zero is similar to the one of variables in propositional case: in fact
the interpretation of these predicates (can) vary with the (first-order) model
used.

5.1 Syntax

A first-order language is a pair (P,F,ar): P is called set of predicates
symbols, F set of functions symbols and ar : PUF — N associate the arity
to every predicate and function symbol. The predicates of arity zero are
also called truth constants and functions of arity zero are called constants .

Remark 5.1.1. o In this thesis we will restrict to countable languages,
i.e. P,F are countable.

o We will assume that our language does not contains equality. In fact,
in many papers, in place of the set F, it is used the set C of con-
stants (see also [Hdj98b, remark 5.1.5 (2)]): we have introduced them
to maintain the (more general) notation of [CH10]. For a treatment
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of crisp and fuzzy equality, we suggest the papers [CH10, CEGT 09,
Hdjoo].

The notions of term and formulas are defined like in classical case.
Let L be an axiomatic extension of MTL: its first-order version, LV, is
axiomatized as follows

e The axioms resulting from the axioms of L by the substitution of the
propositional variables by the first-order formulas

e The following axioms:

(V1) (Va)p(z) = p(x/t)( t substitutable for z in p(x))
(31) p(x/t) = (3z)p(z)( t substitutable for z in ¢(z))
(V2) (Vo) (v = ) = (v = (Vz)p) (z not free in v)
(32) (Vz)(¢ = v) = ((3x)¢p — v) (x not free in v)
(V3) (Vz)(e V) = ((Vz)p V) (z not free in v)

The rules of LV are:

s Ponens L nd)
(Modus P ) ”
(Generalization) é .

An interesting discussion concerning the origin of these five axioms, in rela-
tion to some works by E. Rasiowa and A. Mostowski, is presented in [Hj06a].

Remark 5.1.2. For some aziomatic extensions of MTLN, this set of five
azioms (schemata) for quantifiers is redundant: for example LN can be az-
iomatized using only the first two, whilst in NMV (and in every aziomatic
extension of MTLV with an involutive negation) the axzioms (31), (32) can
be removed. See [CH10] for details.

5.2 Semantics
As regards to semantics, we need to restrict to L-chains': given an L-chain
A, an A-interpretation (or A-model) is a structure M = (M, {my} ser, {rr} pep),
where
e M is a non-empty set.

o for each f € F of arity ar(f) >0, my : M) — M.

'If we do not use chains, then the soundness can fail, for some logics. In fact in
[EGHMO03, example 5.4] it is showed a Gédel-algebra in which (V3) is not a tautology.
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e for cach P € P of arity ar(P) > 0, rp : M¥(P) — A (i.e. rp is a fuzzy
relation of arity ar(P)).

e for each f € F (P € P) of arity 0, my € M (rp € A).

For each evaluation over variables v : Var — M, the truth value of a formula
® (”‘Mlﬁh) is defined inductively as follows:

o [P, £t tn)s - )N = 7P(0@), -y (R0 EnlRi ) - - -

e The truth value commutes with the connectives of LV, i.e.

llo = ¢llRe = lelite, = it
lp&ttllnn, = llellvg, * v ln.

LR = 05 TR, =1

llo A ¥lIRL = lelite, M v lR

. H(Vx)goHﬁ,I’v = inf{H@Hﬁﬂﬂ : v/(y) = v(y) for all variables except for
z}

. H(Hz)g&“ﬁw = sup{||go\|]‘tml : v/(y) = v(y) for all variables except for
x}

if these inf and sup exist in A, otherwise the truth value is undefined.

A model M is called A-safe if all inf e sup necessary to define the truth
value of each formula exist in A. In this case, the truth value of a formula
@ over an A-safe model is

lllR = inf{llelife, = v Var — M}

Note that if A is a standard algebra or has a lattice-reduct that is a complete
lattice, then every A-model is safe; obviously every finite A-model (M finite)
is safe.

5.3 Completeness and incompleteness results

The notions of completeness are defined analogously to propositional case,
with the difference that, with the notation =4 ¢, we mean that [|¢||&; = 1,
for every safe A-interpretation M.

In particular, an axiomatic extension of MTLYV, LV, is said to be sound,
with respect to a class K of L-chains if

LYF ¢ implies K ¢

for every ¢.



CHAPTER 5. FIRST-ORDER LOGICS 44

One can ask if the restriction to safe models can be dropped: we call
supersound a logic if the previous condition holds for every model in which
the truth-value of ¢ is defined (but not necessarily safe). The question is
not trivial: in fact many logics are not supersound.

This problem will be treated in detail in chapter 7.

Now, analogously to what happens in propositional case, for the classes
of L-chains (L being an axiomatic extension of MTL) we have good results.

Theorem 5.3.1 ([EGO1]). Let LY be an aziomatic extension of MTLV, T
be a theory and ¢ be a formula. If we call L the class of L-chains, then we
obtain

Trwe iff ThLe

For some axiomatic extensions of MTL, this result was showed much

before: for example, concerning LV, the proof was originally given in [CB63,
theorem 1].
Given an axiomatic extension of MTL, we can study the completeness with
respect to more restricted classes of chains. An example is given by standard
algebras: as we will see, the results will be much worse that in propositional
case.

Theorem 5.3.2 (]MO02, EG01, EGGMO02, TT84, MS03|). Let L € {MTL,
WNM, NM, G, RDP, IMTL, SMTL} and let L be the class of standard
L-algebras. Then

Tryve iff TELe,
for every theory T and formula .
For some logics we have weaker results
Theorem 5.3.3 ([MNH06, CEG"09]). Let L =WCMTL and let L be the
class of standard L-algebras. Then, for every finite theory T and formula ¢

Trwe iff TEFLe

The previous result, however cannot be extended to arbitrary theories.
Finally, for L =TIMTL the previous result does not hold. It remains an
open problem if IIMTL enjoys the standard completeness.

Before introducing the other incompleteness results, we recall briefly
some notions of computability theory about the arithmetical hierarchy: for
a more general treatment we suggest [0di92] and [HP98].

Definition 5.3.1. Given W C N, we say that W is:

e Xy if there exmists a recursive binary relation (i.e. a relation whose
characteristic function is recursive) R C N x N such that W = {x :
JyR(z,y)}. Another terminology is that W is recursively enumerable.
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Yo if there exists a recursive ternary relation (i.e. a relation whose
characteristic function is recursive) R C N3 such that W = {z :
JaVyR(z, =, y)}-

Sn (n > 2) if there exists a recursie (n + 1)-ary relation (i.e. a
relation whose characteristic function is recursive) R C Nt such
that W ={z: JaVy3t...R(z,z,y,t...)}.
—_—— %/1_/
n n+

IIy if there exists a recursive binary relation R C N x N such that
W ={z: VyR(z,y)}.

Il if there exists a recursive ternary relation (i.e. a relation whose
characteristic function is recursive) R C N3 such that W = {z :

VaIyR(z, z,y)}

I, (n > 2) if there exists a recursive (n + 1)-ary relation (i.e. a
relation whose characteristic function is recursive) R C Nt such
that W = {z: Va3yvt...R(z,z,y,t...)}.

—_— e —

n n+1

Ao if W is 1 and 1. In this case W is called recursive.

Yn-hard (I,-hard) if each %, (I1,) set W' is recursively reducible to
W, i.e. there exists a recursive function f: N — N such that v € W'
if and only if f(x) € W (equivalently W' = {z: f(z) € W}).

X, -complete (IL,-complete) if it is ¥y, (I1,,) and 2, -hard (11,,-hard).

Non-arithmetical if there is no n such that W is ¥,,.

As it can be seen, this is a measure of the undecidability of a set: clearly,
if two sets of natural numbers V,W do not have the same arithmetical
complexity, then V' # W.

Now, since there are many ways of “coding” first-order formulas with
natural numbers, then we can use the previous machinery to study the com-
plexity of sets of formulas. We will speak about the arithmetical complexity
of a set of formulas W, by meaning the arithmetical complexity of cod(W),
where cod is an opportune coding.

Definition 5.3.2. Let LV be an aziomatic extension of MTLV. We define
the following sets of formulas

Pry as the set of theorems of LY.

genT AUTry as the set of first-order tautologies in the class of L-
chains.
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o stdT AUTrpy as the set of first-order tautologies in the class of standard
L-chains.

We begin with a general result:

Theorem 5.3.4 ([MN10, corollary 3.17]). Let LV be an aziomatic extension
of MTLV: then Pry = genT AUTLy is X1-complete.

From this theorem it is immediate to see that all these logics are unde-
cidable: however, this last result was originally proved in [MO02].

Theorem 5.3.5. o stdl’AUTgry is Ily-hard ([Hdj01]) and, moreover,
not arithmetical ([Mon01]): hence BLY is not standard complete.

o stdT AUTyy is not recursively enumerable ([Sca62]), in fact, it is Ila-
complete ([Rag81]). It follows that LN is not standard complete.

o stdT' AUTny is s-hard ([Hdj01]) and, moreover, not arithmetical ([Mon01]):
hence 11V is not standard complete.

o stdT AUTspry is not arithmetical ([Mon05b]): hence SBLY is not stan-
dard complete.

One can argue that this is a quite complicate way to prove the incom-
pleteness of a logic: moreover it does not show explicitly a “true but un-
provable formula”.

For BLY and SBLY a counterexample is given by the formula

(Vo) (p(2)8v) & ((Va)p(z)&erv)

Concerning BLV the problem of the validity of this formula was left open in
[H4j98b] and solved in [EGO01]. The failure of this formula over SBLV was
pointed out in [CH10].

Another counterexample, for these two logics, is the following.

Counterexample 5.3.1. Consider the algebra RY Lo, if L = BLVY and
2®RVLy, if L = SBLY (see chapter 8): direct inspection shows that R* Lg
is a BL-algebra and 2 ® RY Ly is an SBL-algebra. Fiz now an integer k > 1
and let I = {i € RT : i >k} and ¢; be the coatom of the ith component. If
we take y = ¢y, it is not difficult to see that inficr(c; xy) = y, but inf{c; :
tel}xy=yxy <y (in particular y xy is the zero of the kth component).

To conclude the proof, consider the formula (Va)(P(z)&v) < (Vz)P(x)&v),
where v is a predicate of ariety zero.

For both the chains, construct a model M such that M = I, v is inter-
preted in ¢, and rp(m) = ¢y, for m € M. Direct inspection shows that
this is a countermodel, for the cited formula, in both chains. It follows that
(Va)(e(z)&v) > ((Vx)p(z)&v) cannot be a theorem of BLVY or SBLV.
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However, this formula is a tautology in LV and IIV.

Concerning IIV, a true (over [0, 1]i7) but unprovable (in IIV) formula was
presented in [H4j04].

As regards to LV, instead, finding a counterexample (to standard com-
pleteness) was leaved, in [H4j04], as an open problem. Recently the problem
was solved in [H4j10]: we do not show the formula, since it is quite compli-
cated (it contains the axioms of Robinson arithmetic).



Part 11

Specific topics
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Chapter 6

A temporal semantics for
basic logic

The results of this chapter are taken from paper [ABM09a].

The completeness theorem proved in [CEGT00] shows that BL is the logic
of all continuous t-norms and their residua. This result, however, does not
directly yield any meaningful interpretation of the truth values in BL per
se. In an attempt to address this issue, in this thesis we have introduced a
complete temporal semantics for BL. Specifically, we have showed that BL
formulas can be interpreted as modal formulas over a flow of time, where
the logic of each instant is Lukasiewicz, with a finite or infinite number of
truth values. As a main result, we have obtained validity with respect to
all flows of times that are non-branching to the future, and completeness
with respect to all finite linear flows of time, or to an appropriate single
infinite linear flow of time. It may be argued that this reduces the problem
of establishing a meaningful interpretation of the truth values in BL logic
to the analogous problem for Lukasiewicz logic.

6.1 Introduction and statements of the results

Many-valued propositional logics generalise classical logic through the ad-
dition of new truth values between absolute falsity and absolute truth.
This wholeheartedly semantical approach can be traced back to one of
the founders of many-valued logics, the Polish logician and philosopher Jan
Lukasiewicz [Bor70, Two valued logic]:

By logic T mean the science of logical values. Conceived in this
way, logic has it own subject-matter of research, with which no
other discipline is concerned. Logic is not a science of propo-
sitions, since that belongs to grammar; it is not a science of
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judgements or convictions, since that belongs to psychology; it
is not a science of contents expressed by propositions, since that,
according to the content involved, is the concern of the various
detailed disciplines; it is not a science of “objects in general”,
since that belongs to ontology. Logic is the science of objects of
specific kind, namely of logical values.

At first, Lukasiewicz introduced a three valued logic; shortly thereafter, he
extended it to accommodate infinitely many truth values ranging in the real
unit interval [0, 1]. Today, this Lukasiewicz logic is the subject of intensive
investigation, cf. [CDM99, and references therein].

It is well known that Lukasiewicz himself was vexed by the problem of
giving a meaningful interpretation of the additional truth values he had in-
troduced. This crucial issue has been addressed time and again ever since,
and a few competing solutions are by now available. Here we only mention
Mundici’s approach through Ulam-Rényi games [CDM99, Ch. 5], and Giles’
semantics in the style of Lorenzen and Hintikka [Gil75] (see also [Fer08] for
further background and references). In a parallel line of development, truth
values in the real unit interval [0,1] have also been proposed as a model
of degrees of truth; see the monographs [Got01, H4j98b] for historical de-
tails. From this point of view, Lukasiewicz logic fits into the much wider
framework of triangular-norm based logics developed in [H4j98b] and also
presented in preceding chapters. The latter logics are [0, 1]-valued truth-
functional propositional systems, in which the conjunction is interpreted by
a continuous triangular norm, and the implication by its associated residuum
(please see chapters 3, 4, 2 for definitions). Hdjek’s Basic Fuzzy Logic BL
provides a complete axiomatization of the theorems common to all such
systems [CEGT00]. Accordingly, BL admits a wide spectrum of schematic
extensions other than Lukasiewicz. Their classification currently appears out
of reach — there are uncountably many distinct such extensions [DEGMO05].
In the light of such phenomena, the task of finding a meaningful interpre-
tation of truth values in BL might appear, prima facie, formidable; for an
attempt in the context of feedback coding, see [CMO07]. In this chapter we
show that the problem can be reduced to its analogue for Lukasiewicz logic.
Specifically, we shall prove that BL formulas can be interpreted as modal
formulas over appropriate flows of time, where the logic of each instant is
Lukasiewicz with a finite or infinite number of truth values. Provided only
Lukasiewicz logic is taken as understood, this temporal semantics affords
an understanding of BL in modal-like terms (Compare the analogous result
given in [AGMO8] for Gddel logic, one of the best-known extensions of BL).

We now turn to the promised temporal semantics for BL. Throughout,
we set N = {0,1,2,...}. We write ® for the Lukasiewicz conjunction of
x,y € [0,1], that is, z ® y = max(0,z + y — 1). We further write = for the
Lukasiewicz implication # = y = min(1,1 — x + y). Following tradition, we
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also use & to denote the Lukasiewicz disjunction z @y = min(1,z +y). For
each integer ¢ > 0, we set L, = {} | i € N, 0 <4 <t} C [0,1]. Further, we
set Lo = [0, 1].

A temporal flow is a pair (T, L), where T is a poset and L : T — N; and
a temporal assignment over variables is a function v : VAR x T — [0,1]
such that, for each t,#' € T and each z; € VAR, the following hold.

(Tl) TJ(Ii,t) S LL(t)'
(T2) If t < ¢ then v(x;,t) < v(zy,t').

(T3) If t # t' and v(z;,t),v(z;,t") € (0,1), then ¢ <> t' (meaning that ¢
and t’ are incomparable).

To extend v to a temporal assignment v : FORM xT — [0, 1] over formulas,
we stipulate the following conditions, for all ¢, ¥» € FORM, and all t € T'.

(T4) v(L,) =0.
(T5) v(p&y,t) = max(0,v(p,t) +v(,t) — 1) = v(p,t) ©v(W,1).
(T6)

1 if v(p,t') <wv(,t') for all t/ > t;
v(p,t) = v, t)  ifv(,t) <wv(p,t) <1and
ooty = A VED =G0 D) <o(p.0) <
v(,t') =1 for all t' > t;
(1), t) otherwise,
where t' € T.

We now say that a temporal flow (T, L) models a formula ¢ (or that ¢ holds
or is walid in (T, L)) if v(p,t) = 1 for all temporal assignments v and all
t € T; in symbols, (T, L) = ¢. A class K of temporal flows is sound (for
BL) if, for any formula ¢, Fpr, ¢ implies (T, L) |= ¢ for all (T, L) € K.

Not all temporal flows are sound for BL, as the following example shows.

Example 6.1.1. Let (T, L) be any temporal flow such that T contains the
poset V.= {t1,ta, 3}, with t1 < ta,t; < t3 and ty <> t3. Let v be a temporal
assignment such that v(x1,t1) = v(za,t1) = v(xs,t1) = 0, v(zy,t2) = 0,
v(xe,ta) = 1 = v(xs, ta), v(z1,t3) = 1 = v(xs,t3), v(za,t3) = 0. Direct in-
spection shows that v(((x1 = x2) = x3) = (((x2 = 1) — 23) = x3),t1) =
0, that is, Aziom (AG6) does not hold in (T, L). Similarly, one checks that
the prelinearity law

(PL) (p=v)vV =9

fails in (T, L) atty for an appropriate temporal assignment, while it is known
to follow from the azioms of BL, see [Hdj98b, Lemma 2.2.10)].
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In light of the preceding example, we focus attention on those posets that
do not contain as a subposet the configuration V' in Example 6.1.1. These are
known as root systems, see e.g. [Dar95, Definition 9.4]. Thus, a root system
is a poset T such that for each x € T the upper set t v ={y € T | z < y}
of each element is totally ordered (is a chain). Because of the connection
with the prelinearity law, we say a temporal flow (T, L) is prelinear if T is
a root system, i.e. if the future of each instant does not branch. Further,
we call (T, L) a (finite) linear temporal flow if T" is a (finite) totally ordered
set. Finally, we say (T, L) is finite-valued if 0 is not in the range of L. We
can now state our main result.

Theorem 6.1.1. For any formula ¢ € FORM, the following hold.

1. (Soundness.) If bpr ¢ then (T,L) |= ¢ for all prelinear temporal
flows (T, L).

2. (Completeness.) If (T,L) = ¢ for all finite, finite-valued linear tem-
poral flows, then Fpr, .

We prove Theorem 6.1.1 in Section 6.2. The proof reduces both state-
ments to analogous facts that are known to hold for the algebraic semantics
of BL; the necessary background is provided in Subsection 6.2.1. We collect
additional results of some interest in Section 6.3. In Subsection 6.3.1, we
show that BL is complete with respect to the single temporal flow consisting
of a given instant (“today”) having an infinite countable linear past, such
that, at each instant, the logic is infinite-valued Lukasiewicz logic. In Sub-
section 6.3.2, we obtain characterisations of several important extensions of
BL (including Lukasiewicz and Gddel logic) via appropriate classes of tem-
poral flows. To mention one example, in this context Godel logic may be
seen as the logic of those prelinear temporal flows such that the logic at each
instant is classical (Proposition 6.3.3). A notable exception here is Product
logic, the extension of BL by the precancellativity axiom scheme

oV ((p = (p&)) = ).

Product logic cannot be characterised by a class of temporal flows as de-
fined in this chapter. This is because we are stipulating the logic at each
instant to be (finite- or infinite-valued) Lukasiewicz logic. Thus, certain
schematic extensions of BL (equivalently, subvarieties of BL-algebras) are
beyond the expressive power of the temporal semantics introduced here.
Since subvarieties of BL-algebras are known to be generated by linearly or-
dered BL-algebras, it is of course possible to elaborate our present definition
of temporal flow further so as to encompass all schematic extensions of BL.
However, it appears that further research will be needed in order to strike
a defensible balance between expressive power and naturalness.
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6.2 Proof of Theorem 6.1.1

6.2.1 Background results

Theorem 6.2.1 (Algebraic completeness theorem). For any formula ¢ €
FORM, Fpr ¢ if and only if C |= ¢ for all finite BL-chains C.

Proof. In [CEGT00, Theorem 5.2] it is proved that BL is complete with
respect to all BL-algebras whose lattice reduct is [0,1]. Completeness with
respect to all finite BL-chains is proved in [Mon05a, Theorem 2]. O

Remark 6.2.1. In each BL-algebra the operations 1,1, 1 are definable from
*, =, and 0; indeed, we gave definitions for the corresponding logical con-
nectives in Section 6.1. In the sequel we shall therefore feel free to use the
shorter signature (A, *,=,0).

Lemma 6.2.1. Any non-trivial finite BL-chain is isomorphic to the ordinal
sum @i Lg,, for some integers u,d; > 1.

Proof. This is not hard to prove directly; alternatively, see [AFMO07, Corol-
lary 1.12]. O

6.2.2 Lemmas

Lemma 6.2.2. For each prelinear temporal flow (T, L), temporal assign-
ment v, and formula ¢ € FORM , the following hold for each t,t' € T.

(T1) v(p,t) € Lig.
(T2') Ift <t then v(p,t) < v(p,t).
(T3') Ift # 1" and v(p,t),v(p,t') € (0,1), thent <> t'.

Proof. (T1') trivially follows form the definitions. For the remaining claims
the proof proceeds by structural induction. If ¢ is a variable or L there is
nothing to prove.

Case 1. ¢ = p&x.

We have v(p&yx,t) = max(0,v(¢,t) + v(x,t) — 1), by (T5). By the
induction hypothesis, v(1,t) < v(¢,t') and v(x,t) < v(x,t'). Then v(¢),t)+
v(x,t) — 1 < v, ') + v(x, ') — 1 and (T2') holds.

To prove (T3'), suppose first v(p,t) € (0,1). We claim v(p,s) = 0, for
each s < t, and v(p,7) = 1, for each r > t. Assume first v(¢,t),v(x,t) €
(0,1). Running a second induction, we may assume v(t,s) = v(x,s) =
0 for s < t, and v(y),r) = v(x,7) = 1 for » > t. Then the analogous
statements hold for v(yp, s) and v(p,r), respectively, by (T5). Similarly, a
trivial induction proves that if v(,t) = 1,v(x,t) € (0,1), then v(p,s) =0
and v(p,r) = 1. The claim is settled. Now (T3') follows at once.
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Case 2. o =1 — x.

We first prove (T2'). If v(p,t) = 0, the statement holds trivially. If
v(p,t) = 1, then for all ' >t we have v(v),#') < v(x,t'), and hence v(p,t') =
1. Let us now assume 0 < v(¢) — x,t) < 1. If ¢ is a maximal element, then
there is nothing to prove. Assume ¢ is not maximal. The value of v(¢¥) — X, t)
coincides either with v(x,t) or with 1 —v(¢,t) + v(x,t). In both cases we
have v(x,t) < 1. By an easy induction it follows that v(x,t) = 1 for all
t' > t. Thus, v(¢p = x,t') =1 for all ¢ > ¢, and (T2') is proved.

We next prove (T3'). Suppose 0 < v(¢p = x,t) < 1. As shown in the
proof of (T2'), v(v — x,t') =1, for all ¢’ > ¢; thus, it remains to prove that
v(p = x,t') =0forall ¢’ <t If0<w(t,t) <1land 0<wv(x,t) <1, then
we have v(¢,t') = v(x,t') = 0 for all ¢ < t. Note that v(,t) > v(x,t),
for otherwise we would have v(y) — x,t) = 1. Then v(¢p — x,t') =0, as
was to be shown. The remaining case is v(,t) = 1 and 0 < v(x,t) < 1.
By the induction hypothesis, v(x,t') = 0 for ¢ < ¢t. Then (T6) implies
v(p = x,t') =0 for all ¢ < ¢, and (T3) holds. O

Lemma 6.2.3. For each temporal flow (T, L), temporal assignment v: FORM
x T — [0,1], formula ¢ € FORM, and instant t € T, the value of v(p,t)
only depends on the values that v assigns to the (principal) subformulas of
¢ at the set of instants {s € T | t < s}.

Proof. By inspection of (T4-6). O

Lemma 6.2.4. Let (T, L) be a prelinear temporal flow, and let p € FORM.
If (T, L) [~ ¢ then there exists a chain C' with minimum and mazimum, and
a function Lc: C — N, such that (C, Lc) = ¢.

Proof. Assume there is a temporal assignment v and an instant ¢t € T such
that v(p,t) < 1. Consider the upper set 1t = {s € T |t < s} of t in T
Then 7 t is a chain with minimum ¢, because T is prelinear. If 1 ¢ has a
maximum then let C' =1 ¢; otherwise let C =1 t U {m}, for m ¢ T a new
element such that s < m for all s €1 ¢, that is, m = max C. Let (C, L¢) be
the temporal flow with Lo (s) = L(s) for all s €t ¢t and Lo(m) = 1. Let o
be the function v': VAR x T — [0, 1] coinciding with v for each s €7 ¢, and
such that v'(z;,m) = 0 if v(z;,s) = 0 for every s €t ¢, while v/(z;,m) =1
otherwise. It is clear that v’ is a temporal assignment over (C, L¢), as v’
trivially satisfies (T1-3). It remains to show that v/(¢,t) = v(p,t) < 1. If
C =1t then the statement follows at once from Lemma 6.2.3, as the set of
instants which v(¢,t) depends upon is precisely 1 ¢. In case C' =1t U {m},
we run an induction to show that v/(1, s) = v(¢, s) for all s € C'\ {m}. The
only non-trivial case is =9 — x. Fix s #m in C.

Ifv(9,r) <wv(x,r) for all r > s, then, by induction hypothesis, v/ (9, r) <
v'(x,r) for all r > s with r £ m. If v(9,r) = v(x,r) =0 for all r €1 ¢, then
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v'(¥,m) = v'(x,m) = 0. If, on the other hand v(¢,r’) > 0 for some 7’ > s,
then v/(9,m) = v'(x,m) = 1. In both cases v(¥ — x,s) =1 =v'(J = x, s).

We now consider the case v(x,s) < v(d,s) < 1 and v(x,r) = 1 for all
r > s. The last case of (T6) will then immediately follow from our stand-
ing inductive hypothesis. By induction hypothesis it holds that v'(x, s) <
v'(9,5) < 1Land v'(x,7) =1 for all m > r > s. Since 1 ¢ does not have max-
imum, then such 7 does exist. Moreover v(x,r) =1 for some r > s implies
v'(x,m) =1, and hence v(9 = x, ) = v(d,s) = v(x,s) = V' (¥ — x,s). We
conclude v coincides with v for all s € C'\ {m} and hence v/(p,t) < 1. O

Lemma 6.2.5. Let (C, L) be a temporal flow such that C is a totally ordered
set with mazimum, and let ¢ be a formula. If (C, L) |~ ¢ then t/pL ¢.

Proof. Let v: FORM x C — [0,1] be a temporal assignment such that
v(p,t) < 1 for some t € C. By Lemma 6.2.4, it is safe to assume that ¢ is
the minimum of C. We construct a finite BL-chain B and an assignment
w: FORM — B such that w(yp) is not the top of B. By Theorem 6.2.1 this
entails that (g1, ¢. For each subformula v of ¢ set

Uy={secClo(h,s)#1}.

By (T2'), each Uy, is a downward-closed subset of C, possibly empty. When
partially ordered by reverse inclusion, the collection U = {@,C} U {Uy |
1 subformula of ¢} forms a chain, that we displayas C =Up < -+ < U, =0
for some integer u > 1. For each ¢ € {0,...,u}, if U; has a maximum
m;, then we let B; = Lpp,), otherwise we let B; = Li. Notice that if
v(1h,s) € (0,1) for some subformula ¢ of ¢, then s = m; for the unique i
such that U; = Uy. Further, observe that Uy = C has maximum. Let B be
the BL-chain ;. B;. For each subformula 1 of ¢, let k be the uniquely
determined integer such that Uy, = Uy. Set w(v) € By, to the value v(v), mg),
if Uy, is not empty and has a maximum, to 1 if Uy = (), to 0 otherwise. Since
v(p,t) <1 then U, # 0 and hence w(p) ¢ By, that is, w(yp) is not the top
element of B, and we are done. There remains to show that w so defined is
an assignment.

Let w’': VAR — B be the assignment w'(z) = w(z) for each variable .
We have to show that for each subformula ¢ of ¢ we have w'(1)) = w(¥).
We proceed by induction on subformulas. On variables there is nothing
to prove. If L occurs as a subformula of ¢, we clearly have U, = C' and
w(L) =v(L,mg) =0, hence w'(L) = w(L) = 0.

Assume now that ¥&y occurs as a subformula of ¢ and let h, k be the
uniquely determined integers such that w'(9) € By, and w'(x) € Bg. If h #
k, say h < k without loss of generality, then w'(9&x) = min{w’(d),w'(x)} =
w'(¥9), and by induction, w'(9&x) = w(¥). On the other hand, U, 2 Uy
and hence v(x,t) = 1 for all t € Uy \ Ug. Then v(¥&x,t) = v(v,t) for
all t € Uy, \ Uk, moreover v(9&yx,t) = 1 for all t € C'\ Up. Hence Uj, =
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Uy = Upgy and w(d&x) = w(¥) € By, as was to be proved. If h = k
then w'(¥&y) = w'(¥) @ w'(x) € Bp. On the other hand, U, = Uy and
hence, by (T5), Uygy = Up and, in case Uy has maximum, w(d&x) =
v(9&x, mp) = w(¥) Qw(x) € By; in case Uy, does not have a maximum, then
w(¥&x) = 0 = w(¥) ®w(x) € By; in both cases, by induction w(d&y) =
w'(9) ©w'(x) = w'(¥&x), and the case V& is a subformula of ¢ is settled.

Assume finally that ¥ — x occurs as a subformula of ¢. let again h, k
be the uniquely determined integers such that w'(9) € By, and w'(x) € By.
By induction w(¥) = w'(9) and w(x) = w'(x). Notice that w'(¥ — x)
evaluates to the top element of B if and only if h < k or h = k and w/(¢9) <
w'(x) € Bp. In the first case, Uy 2 Uy and hence, v(d,s) < v(x,s) =1
for all s € Uy \ Ug. In the second case v(d,s) < v(x,s) for all s € Uy,.
In both cases, by (T2') and (T3') it follows that v(9,t) < v(x,t) for all
t € C. Hence Uy, = 0, and w(¥ — x) = 1, and this case is settled. If
h=kand 1> w'(9) > w'(x) € By, then w' (¥ — x) = w'(¥) = w'(x).
By induction we have that 1 > w(9) > w(x) € By, hence Up, has maximum
my, and 1 > v(d,my) > v(x,myp). Hence Uy = Uy and w(d — x) =
v(¥,mp) = v(x,mp) = w(¥) = w(x), and we are done. If h > k then
w' (¥ — x) = w'(x) and Uy, C Ug. By induction w(9) = w'(9) € By, while
w(x) = w'(x) € Bg. Hence, 1 = v(d,s) > v(x,s) for all s € Uy, \ Uy, and
1 =wv(,s) =v(x,s) for all s € C'\ Uy. By (T2') and (T3') this implies
v(d,t) > v(x,t) for all t € C. Hence v(9,t) = v(x,t) = v(x,t) forall t € C,
that is w(¥ — x) = w(x), and the proof is complete. O

6.2.3 End of proof of Theorem 6.1.1

1. (Soundness.) Lemma 6.2.4 and Lemma 6.2.5 show that if a formula ¢
is such that (7', L) F~ ¢ for some prelinear temporal flow (T, L), then /gy, .

2. (Completeness.) Suppose /gy, ¢. Then by Theorem 6.2.1 there is a
finite BL-chain C' and an assignment w: FORM — C such that w(p) # 1,
i.e. w(p) is not the top of C. To avoid trivialities, assume C' is a non-
trivial chain. By Lemma 6.2.1, we may safely assume C' = @p;.; C;, where
C; = Lg;, and u,d; > 1 are integers. We now define a finite, finite-valued
linear temporal flow (T, L). First, T is the finite ordered set t; > to >
-+« > t,. Then, we set L(t;) = d;, for each ¢ = 1,...,u. The assignment
w: VAR — [0,1] to variables uniquely extends to a temporal assignment
v: VAR x T — [0,1], as follows. If w(z;) = 1, set v(zj,t;) = 1 for all
j=1,...,u. Otherwise, suppose w(z;) € Cj. Then we set v(z;, t;) = w(z;),
v(wi,ty) = 1if tp > ¢;, and v(w;,ty) = 0 if ¢; > t,. We write again v
for the unique extension of v to formulas. To complete the proof, one runs
a structural induction on ¢ and checks directly from the definitions that
v(p,ty) < 1. In particular, one can show that if w(yp) = 1, then v(p,t;) =1
for all j = 1,...,u; and if w(p) € Cj, then v(p,t;) = w(p), v(p,t;) =1
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if t > t;, and v(p,tx) = 0 if t; > t;. This requires a lengthy but routine
verification. We only explicitly deal with the case of implication.

Suppose ¢ =¥ — x, and assume inductively that the claim holds for 1
and y.

First assume w(p) = 1. This implies w(¢) < w(x) and hence we have
two cases. In the first case, w(v),w(x) € Cj; then v(,t;) = w(v) and
v(x,t;) = w(x). Applying the induction hypothesis and (T6), the claim
follows. In the second case, w(¢)) € C; and either w(x) =1, or w(x) € C;
with ¢ > j. In either case, applying the inductive hypothesis we obtain
v(i,t;) < v(x,t;) for all j = 1,...,u, and hence v(p,t;) = 1 for all j =
1,...,u, by (T6).

Next assume w(yp) < 1: we must have w(¢) > w(x) and we have two
cases.

In the first case, w(¥),w(x) € Cj; then v(v,t;) = w(v) and v(x,t;) =
w(x). Applying the induction hypothesis and the second case of (T6), the
claim follows. In the second case, w(x) € C; and either w(¢) = 1, or
w(y) € C; with @ > j: clearly we have w(¢) = w(x). From the induction
hypothesis and (T6) it follows that v(p,t;) = v(x,t;) for all j =1,... u.

From the above we infer v(p,t,) < 1 whenever w(yp) < 1.

The proof is complete.

6.3 Further results

6.3.1 Completeness with respect to a single temporal flow

Write Z~ = {z € Z | z < 0} for the ordered set of negative integers with
zZero.

Proposition 6.3.1. BL is complete with respect to the linear temporal flow
(Z=, L), where L(z) =0 for all z € Z™.

Proof. Suppose a formula ¢ is such /g1, ¢. The proof of 2 in Subsection 6.2.3
shows that there is a finite, linear, finite-valued temporal flow (T, L) and a
temporal assignment v: FORM x T — [0,1] such that v(¢,t) < 1 at some
t € T. Since Ly, embeds as an MV-algebra into [0, 1] for each integer k > 1,
a straightforward argument shows that (T, L) embeds into (Z~, L) in such
a way that v extends to a temporal assignment v': FORM x Z~ — [0,1]
satisfying v'(¢,2) < 1 at the integer z that corresponds to ¢ under the
embedding. Therefore (Z~, L) & ¢, as was to be shown. O

6.3.2 Extensions of BL as the logics of classes of temporal
flows

As we have seen in chapter 3, some notable axiomatic extensions of BL
are Lukasiewicz, Gédel, Strict-negation Basic Logic (SBL, for short), and
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classical (Boolean) logic: we now show how to characterise these extensions
by appropriate classes of temporal flows.

Lukasiewicz logic. A temporal flow (T, L) is trivially ordered if the par-
tial order relation < on T is just {(¢,¢) |t € T'}.

Proposition 6.3.2. 1. Lukasiewicz logic is sound and complete with re-
spect to the class of all trivially ordered temporal flows.

2. If a temporal flow is sound for Lukasiewicz logic, then it is trivially
ordered.

Proof. Let (T, <) be any poset, ((T, <), L) any temporal flow, and ¢ any
formula.

We claim that ((T, <), L) = ~—¢ — ¢ if and only if < coincides with
Ap = {(t,t) | t € T}. Assume < coincides with Ap. Then each t € T
is maximal. Hence, for any temporal assignment v and formula ¢ we have
v(ip = Lt) =1 —v(pt), and v((p — L) = L,t) =1 —(1—v(p,t)).
We conclude v(——¢ — ¢,t) = 1 and hence ((T,<r),L) E ——¢ — o.
Conversely, suppose < does not coincide with Ap. Then <, being a partial
order relation, must properly include Ar. Therefore, there are t # ' with
t < t/, so that ¢ is not maximal in 7. Fix a € (0,1) and consider any
temporal assignment such that v(zq,t) = a. Then v(zy — L,t) = v(L,¢)
and v((z1 — L) —» L1,t) = v(L — L,¢) = 1. We conclude v(—~—z; —
x1,t) = v(xy,t) = a < 1, and thus ((T, <p), L) ¥~ =—21 — x1. The claim is
settled.

1. Soundness. Suppose ¢ is provable in Lukasiewicz logic; thus, it is
derivable via (MP) from (A1-A7) and the double negation law. By Theorem
6.1.1 and the claim, we know that (A1-A7) and the double negation law hold
in any trivially ordered temporal flow. Since (MP) preserves validity over all
prelinear temporal flows (again by Theorem 6.1.1), ¢ holds in all trivially
ordered temporal flows. Completeness. Suppose ¢ holds in all trivially
ordered temporal flows. Then ¢ holds in all single-instant temporal flows,
that is, in particular, holds in the MV-algebra [0,1]. By [CDM99, 2.5.3],
Lukasiewicz logic proves ¢.

2. If a temporal flow is sound for Lukasiewicz logic, then it satisfies the
double negation law, and thus it is trivially ordered by the claim. O

Let us observe additional completeness theorems for Lukasiewicz logic
may be obtained translating known facts into the language of temporal flows.
‘We provide two examples in the following remark, omitting details.

Remark 6.3.1. 1. Lukasiewicz logic is complete with respect to the single-
instant temporal flow ({t}, L), where L(t) = 0. This is Chang’s com-
pleteness theorem [CDM99, 2.5.3].
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2. Lukasiewicz logic is complete with respect to the class of all finite,
trivially ordered, finite-valued temporal flows. This is the finite model
property for Lukasiewicz logic [CDM99, 8.1.2].

Godel logic. A temporal flow (T, L) is locally Boolean if L takes value 1
at eacht € T.

Proposition 6.3.3. 1. Gédel logic is sound and complete with respect to
the class of all locally Boolean prelinear temporal flows.

2. If a temporal flow is sound for Gédel logic, then it is prelinear and
locally Boolean.

Proof. Let (T, L) be any temporal flow, and ¢ any formula.

We claim that (T,L) = ¢ — (p&ke) if and only if (T, L) is locally
Boolean. Observe that the range of L is {1} if and only if for each t € T'
and for any assignment v we have v(yp,t) € {0,1} if and only if v(p&p,t) =
v(p,t) if and only if v(p — (p&p),t) = v(p — ¢,t) = 1. The claim is
settled.

The result now follows from the claim as in the case of Lukasiewicz logic,
mutatis mutandis.

]

Remark 6.3.2. 1. Gédel logic is complete with respect to any infinite
linear locally Boolean temporal flow. This follows at once from the
next item, upon noting that each finite Gédel chain (=BL-chain that
is a Godel algebra) embeds as a subalgebra into any infinite Gédel
chain.

2. Gddel logic is complete with respect to the class of all finite linear lo-
cally Boolean temporal flows. This is the finite model property for
Gédel logic, which was already proved in Dummett’s classical investi-
gation [Dumb9)].

Strict-negation Basic Logic. A temporal flow (T, L) is eventually Boo-
lean if any maximal element m € T satisfies L(m) = 1.

Proposition 6.3.4. 1. SBL is sound and complete with respect to the
class of all eventually Boolean prelinear temporal flows.

2. If a temporal flow is sound for SBL, then it is prelinear and eventually
Boolean.

Proof. Let (T, L) be any temporal flow, and ¢ any formula.
We claim that (T, L) = —(¢ A =) if and only if (T, L) is eventually
Boolean. Assume first that max7 C L~!(1), and consider any assignment
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v. If t ¢ max T, then either v(p — L,t) = v(L,t) or v(p,t) = v(L,t), and
hence v((p A —p) — L,t) = v(L — L, t) = 1. If t € maxT then v(p —
1,t) =1—w(p,t) and v(p,t) € {0,1}. Hence v(p A ~p,t) = min{0,1} =0
and v((¢ A—¢) — L,t) = 1. We conclude that for all assignments v and all
instants t € T', we have (T, L) = —(pA—yp). Conversely, suppose there exists
a maximal element ¢ € T such that L(t) # 1. Consider any assignment v
such that v(z1,t) = a € (0,1). Then v(z; — L,t) =1 —v(z1,t) and hence
v(zy A —z1,t) = min{a,1 — a}. It follows that v((z1 A —21) — L,t) =
1 —min{a,1—a} <1 and hence (T, L) ¥ —(x1 A —z1). The claim is settled.

The result now follows from the claim as in the case of Lukasiewicz logic,
mutatis mutandis (completeness: using the fact that SBL is complete with
respect to evaluations into finite SBL-chains, see [Mon05a, Theorem 5], we
can proceed analogously to Section 6.2.3, point 2).

O



Chapter 7

Supersound many-valued

logics and
Dedekind-MacNeille
completions

In this chapter we present the results published in [BMO09].

In [HPSO00] the authors have introduced the concept of supersound logic,
proving that first-order Gédel logic enjoys this property, whilst first-order
Lukasiewicz and product logics do not; in [HS01] this result has been im-
proved showing that, among the logics given by continuous t-norms, Godel
logic is the only one that is supersound.

We have generalized the previous results. Two conditions have been
presented: the first one implies the supersoundness and the second one non-
supersoundness. To develop these results we have used, in addition to other
machinery, the techniques of completions of MTL-chains developed in [Lv08,
vanl0]. We list some of the main results. The first-order versions of MTL,
SMTL, IMTL, WNM, NM, RDP are supersound; the first-order version of
an axiomatic extension of BL is supersound if and only it is n-contractive.
Concerning the negative results, we have that the first-order versions of
IIMTL, WCMTL and of each non-n-contractive axiomatic extension of BL
are not supersound.

7.1 Supersound Logics

7.1.1 Some general results

Definition 7.1.1 ([CEG109]). Let A,B be two algebras of the same type
with (defined) lattice operations. We say that an embedding f : A — B is a
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o-embedding if f(sup C) = sup f[C] (whenever sup C exists) and f(inf D) =
inf f[D] (whenever inf D exists) for each countable C, D C A.

Definition 7.1.2. Let L be an aziomatic extension of MTL: we say that L
enjoys the o-embedding property, with respect to standard L-algebras, if each
countable L-chain can be o-embedded in some standard L-chain.

Clearly we have that L enjoys this property if and only if LY does. This
property has a connection with the first-order strong standard complete-
ness of a logic (strong completeness with respect to the class of standard
algebras):

Theorem 7.1.1 ([CEGT09, theorem 5.10]). Let L be an aziomatic exten-
sion of MTL. If L enjoys the o-embedding property with respect to the class
of standard L-algebras, then LV has the strong standard completeness.

7.1.2 Supersound logics

Normally, for each axiomatic extensions LV of MTLYV, we have a soundness
theorem: if a formula is provable, then it is true in all safe interpretations
over all L-chains.

An interesting question is if it is true that each provable formula is true
over all interpretations over chains where the truth value of this formula is
defined: note that these interpretations can be unsafe, in general. Formally,

Definition 7.1.3. An aziomatic extension L of MTLN is supersound if each
provable formula ¢ is true in each A-interpretation (A being any L-chain)
in which the truth value of ¢ is defined.

The answer to this question is not obvious, since in [HPS00] it is showed
that first-order Lukasiewicz and product logic are not supersound; for first-
order Godel logic, instead, the answer is positive, but, as proved in [HS01],
this is the only logic based over continuous t-norms that enjoys this property.

A first result is the following:

Theorem 7.1.2 (Weak supersoundness theorem). Let LY be an aziomatic
extension of MTLY that enjoys the o-embedding property with respect to
standard L-algebras. Then LY is supersound with respect to countable L-
chains.

Proof. Suppose not: then let ¢ be a formula such that LY F ¢, but ”5‘9”11\&/1111 <
1, for some v, where A is a countable L-chain and M is an A-interpretation
in which the value of ¢ is defined, but in general it is not a safe model.

From the hypothesis, there exists a o-embedding ¢ : A — B, for some
standard L-algebra B. Starting from M = (M, {mc}ccc,{rp}rep), we
construct a B-interpretation M' = (M, {mc}cec, {rp} pep), where each 1’ :
Mety(P) 5 B is such that 7, = ¢(rp).
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Since the embedding ¢ preserves all inf and sup, we have that 1 >
¢(HL,0H1\A,LU) = [l¢lIB, ,, but LV enjoys the strong standard completeness and
hence LV ¥ ¢. O

Now, observing the results in [EG01, H4j98b, EGGM02, MO02, MS03,
Wan07]:

Corollary 7.1.1. For L € {MTL, IMTL, SMTL, RDP, NM, WNM, G} the
previous theorem holds.

7.2 Conditions for the supersoundness

Clearly, theorem 7.1.2 does not hold for all L-chains: to obtain a result of
this type we need to use other techniques.

We will prove the following fact: let L be an axiomatic extension of MTL,
and suppose that every L-chain can be embedded into a complete L-chain
by an embedding preserving all existing suprema and infima. Then, LV is
supersound and both L and LV are strongly complete with respect to the
class of complete L-chains.

As regards to completions, we start from some results of the paper
[van10] (see also [Lv08]):

Let A = (A, % =,1M,10,0,1) be an MTL-chain and consider the algebra
A = (A°={X CA: X" =X}0,=,,U,n,4,{1}), where X’, X" de-
note, respectively, the sets of lower bounds and upper bounds of X. The
operations are defined as follows:

XoV = (XY ={axy: zeXyeYi
X=,Y=(|{Ze€A: ZoX DY}
‘We can be more specific with respect to the nature of the elements of A:
Lemma 7.2.1. For each X € A it holds that:
1. X is upward closed.
2. either X has a minimum or X does not have infimum.
Proof. Direct inspection. |
It follows that:
Lemma 7.2.2 ([van10, Lv08]). For each MTL-chain A it holds that

e A€ is a complete MTL chain with the order given by 2.



CHAPTER 7. SUPERSOUND MANY-VALUED LOGICS 64

o the map ¢ : A — A such that ¢(a) = {a}" is an embedding that
preserves all inf and sup.

Let L be an axiomatic extension of MTL. We say that L has the complete
embedding property, CEP, if each L-chain can be embedded in a complete
L-chain preserving all inf and sup.

Theorem 7.2.1. Let L be an axiomatic extension of MTL that enjoys the
CEP, then

1. L enjoys the strong completeness with respect to the class of complete
L-chains.

2. LV enjoys the strong completeness with respect to the class of complete
L-chains.

3. LV is supersound.

Proof. 1. Suppose that T ¥, ¢: from the strong chain completeness
theorem (see [EGO1] and [H4j98Db, theorem 2.4.3]) there exists an L-
chain A and an A-assignment v such that v(¢)) = 1, for all ¢ € T,
but v(¢) < 1. Now, by the hypothesis, A embeds in a complete
chain B with an embedding ¢ and hence ¢(v(p)) < 1 (and obviously
o(v(¥)) =1, forall € T').

2. Suppose that T Fry ¢: from the strong chain completeness theorem
(see [EGO1] and [H&j98b, lemma 5.2.7 and the following results|) there
exists an L-chain A and an A-model M such that |[¢[[8 = 1, for
each ¢ € T, but ||¢|lf, < 1, for some evaluation v. Now, by the
hypothesis, A embeds in a complete chain B with an embedding ¢
that preserves all inf and sup. Hence we can construct a B-model M’,
as in the proof of theorem 7.1.2. Then ¢(|l¢[|&;,) = H‘PHBI’,U <1 and

A(I¥llRy) = ¢llRy = 1, for each ¢ € T.

3. An easy adaptation of the proof of theorem 7.1.2.

7.2.1 A condition for non-supersoundness

From [HPS00, HS01] we know that not all many-valued logics are super-
sound. A sufficient condition for non-supersoundness is given by the follow-
ing theorems.

Theorem 7.2.2. Suppose that a variety V of MTL-algebras satisfies the
following condition:

(*) For every chain A € V and for every a,b,c € A with a < b < ¢, if
bxc=>b, then a*c=a.
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Let L be the logic corresponding to V and let LY be its first-order extension.
Then (Yz)(Jy)(P(z) — (P()&C)) F (Fy)(P(y) — (P(y)&C)), where P is

a unary predicate and C is a predicate of arity zero.

Proof. Let (L, M,v) be a safe interpretation such that |(Vz)(3y)(P(z) —
(P(y)&C))|I%k1, = 1. Let ¢ = ||C||}., and let b = ||(3z) P(x)|% - We claim
that b < ¢ and that b*c =b. ' :

For all m € M, Vyeng | (P(m) = (P(m)&C)) [, = 1 (this follows
from the fact that, following the proof of [H4j98b, theorems 5.1.14, 5.1.18],
it can be showed that MTLY + (3z)(v — p(x)) = (v — (z)p(x)) and
MTLVY F (3z)(p(x)&v) < ((3z)p(x)&r), where v does not contains z
freely), and hence [[P(m)|ky,, = (b+c) = 1. Hence ||P(m)[&y., < b+ ¢, and
taking the supremum we get b < b * ¢ and finally b = b * c. By condition
(), for every m € M, ¢ [|P(m)[&g, = POy, and | Gy)(Py) —

(P& IFrw = Vimenr (IP(m) ¥y, = (e [1P(m)][§y,)) = 1. U

Before continuing, recall that Chang’s MV-algebra ([Cha58]) is defined
as
Coo = ({an: neN}U{b,: ne N} * = 1,1,by,ag) .
Where for each n,m € N, it holds that b, < a,, and, if n < m, then
am < an, by < bpy; moreover ap = 1, by = 0 (the top and the bottom
element).

The operation * is defined as follows, for each n,m € N:
by, * by, = 607 bn *am = bmax(()‘n—m,% Ap * Qm = Qp4m-
We can now state

Theorem 7.2.3. Suppose that a variety V of MTL-algebras contains either
an infinite product chain or the Chang MV-algebra. Then the consequence
relation

(V2)(Fy)(P(x) = (P(y)&C)) = By)(P(y) = (P(y)&C))

can be invalidated in a (non safe) interpretation in which the truth values
of both formulas (Vx)(3y)(P(x) — (P(y)&C)) and (3y)(P(y) — (P(y)&C))
are defined.

Proof. In the case of Chang’s algebra Cs: let € be the atom of the algebra.
Take M to be the set of natural numbers, and let for m € M, ||P(7”)||IM,U =
(m + 2)e and HCHII\‘/IU =1—c¢. Then [[(P(m + 1)&C)Hk/l,v = (m + 2)e and
[(P(m) = (P(m + 1)&C))|[§y,, = 1. Hence, |[P(m) = (P(m)&C)|§y, =
1 —e. Therefore, ||(3y)(P(y) — (P(y)&C))HIl\‘/L” =1l-e<1.

In case of a product algebra, any infinite product chain generates the
whole variety of product algebras (see [CT00]). Thus V contains the product
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algebra on [0, 1]*, a non-standard extension of the standard product algebra

on [0,1]. Now let M be the set of natural numbers and for m € M, let

[P(m)|%, = —4— and ||C||%;, = 1 — &, where ¢ is a positive infinitesimal
R ——— S

in [0,1]*. Then ||P(m)||§1, = —— < ——(1—¢), and ||[(P(m) — (P(m +

om+I ~ 9m+2Z

1)&0)”‘1{7{,1] = 1. On the other hand || P(m) — (P(m)&C))HII\‘,LU =l-e<1.
Therefore, [[(3y) (P(y) — (P(y)&C)) [y, =1~ ¢ < 1.
This ends the proof. d

Corollary 7.2.1. Let L be an aziomatic extension of MTL and let Vi, be
the corresponding variety. If Vi, satisfies condition (*) and contains either
Chang’s algebra or an infinite product chain, then LY is not supersound.

7.3 Applications to many-valued logics

In this section, we will apply the previous conditions to the most important
many-valued logics.

A little remark: except for the logic RDP, the results of the following
proposition have been showed, independently, in [van10, Lv08].

Proposition 7.3.1. Let L € {MTL, SMTL, IMTL, G, WNM, NM, RDP},
then L enjoys the CEP.

Proof. Let A be an L-chain: from lemma 7.2.2 we know that A€ is an
MTL-chain. To prove the theorem we have to show that A¢ is an L-chain.

MTL: Lemma 7.2.2.

SMTL: We have to check that for each X € A¢, (X =, A)UX) =, A = {1}
the claim is obvious if X € {4,{1}}.
Suppose now that {1} € X C A: we have to show that (X =
A)U X = A, that means (X =, A) = A. It suffices to prove that,
for each Z € A°, X o Z = A if and only if Z = A. For the non-trivial
direction, suppose that Z C A. Then Z¢ 5 {0} and hence, since A has
no zero divisors, X« Z¢ > {0}. It follows that X o Z C A.

IMTL: It must hold that, for all X € A¢, (X = A) =0 4) =, X = {1} i.e.
((X =6 A) =, A) D X: the claim is obvious if X € {4, {1}}.

Suppose now that {1} C X C A.

— If X has a minimum, then (noting that X =, A = ({Z ¢
A¢: 78 % XY = {0}}) it is not difficult to see that the biggest
V = Z! such that V * X! = {0} is' V = {~ max(X*)}* and
hence X =, A = {~ max(X%)}* = V¥ Tt remains to show

In what that follows ~ 2 indicates & = 0.
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that V¥ =, A O X, but this easily follows from the fact that,
for each 2 € A, * =~~ 2 and hence the biggest Z¢ such that
Z% s {~ max(X?)} = {0} is (~ max({~ max(X*)}%))! = X*.

— The last case is when X does not have infimum: suppose that
(X =6 A) =, A) C X. This means that (\{Z € A°: Z'x
(X =5 A)’ = {0}} C X and hence the biggest Z° such that
Z' % (X =0 A)f = {0} contains X*. Given z € Z*\ X’ it holds
that ~ z <~ z, for all z € X this follows from the fact that, for
all z,y € A, ~~ z = = and hence, if z < y then ~ z >~ y. From
these facts we have that ~ z € (X =, A)¢: moreover, since X*
does not have supremum, then Z¢\ X* does not have infimum,
otherwise X # X*. It follows that it exists 2’ € Z¢\ X* with
2’ < z. By the involutiveness of negation, we have that ~ 2’ €
(X =0 A, ~ 2/ >~ z and hence Z° * (X =, A)¢ D {0} and
Z o (X =, A) C A: this is in contradiction with the hypothesis.

G: We have to check that, for all X € A€ it holds that X o X = X. This
is an easy consequence of the definition of o and the fact that, for all
z,y € A, xxy =min(z,y).

WNM: The following equality must hold, for each X,Y € A% ((X oY) =
A)N(XUY) =, (XoY))={1}.
IfXoY =A, then (XoY)=, A={1}.
Suppose that X oY C A and, without loss of generality, that X C Y
we must show that (Y =, (X oY)) = {1}, that means Y O X oY

Since for each z,y € A it holds that z xy = 0 or  *x y = min(x,y),
then, noting that Y* C X% and X’ Y* > {0} we have that:

— If Y has a minimum, say m, then there exists an z € X¢, z >m
such that x * m # 0 and hence x x m = m. From the hypothesis
over # it follows that X oY = {X!+ Y{}* = {m}* =Y.

— If Y does not have infimum, then Y does not have supremum
(otherwise we have that Y # Y**) and there are two cases.

If X =Y, then from the hypothesis it must exist z,y € X*
such that = x y # 0 and hence, for each z > max(z,y) it holds
that z % 2 = 2.

If X C Y, then Y! c X! and, from the hypothesis, it exist
y € YO\ {0}, 2 € X\ Y* such that z xy = y. Tt follows that, for
each z € X! such that z > z, zxy' =3/, foreach 3/ € Y¥, ¢/ > 4.
In both cases, clearly X oY =Y.

NM: An easy consequence of the results for IMTL and WNM.
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RDP: In this case we have to show that, for all X € A¢, ((X =, A) =
A)N (X =6 (X =0 A)) = {1}: if X € {A,{1}}, then it is easy to see
that the claim holds.

Suppose now that {1} ¢ X C A.

By contradiction, suppose that the equation does not hold, i.e. it exists
X € A° such that X =, A C A and X C X =, A: equivalently, it
holds that {0} C (X =, A)¢ € X’. Recall that, for each = € A, it
holds that ~ @ = 0 or & <~ z: now, for each z € X’ if ~ z = 0, then
X% (X =, A)! 5 {0} and hence X o (X =, A) C A, a contradiction.
The only possibility is then that 2 <~ z, for each z € X*: from the fact
that ~ is an order reversing mapping (i.e. z <y implies ~ y <~ z),
we will now show that for each z € X\ (X =, A)* and each y € X,
zxy =0. Ify <z, then ~ y >~ 2 > x, that implies xxy = 0; if y > =z,
then, since y <~ y it holds that 0 = y * y = x * y. From these facts it
must happen that = € ({Z € A°: Z'+ X! = {0}})' = (X =, A),
but this is in contradiction with the hypothesis.

O

7.3.1 Supersound extensions of BL

In this section we study the following problem. We want to characterize
those axiomatic extensions L of BL such that LV is supersound. We will
prove that the extensions L such that LV is supersound are precisely those
in which, for some positive natural number n, the axiom ¢" — "+l is
derivable: such extensions are said n-potent. Since any axiomatic extension
of BL is complete with respect to the class of chains in which it is valid, any
axiomatic extension of BL plus ¢" — "+ will be complete with respect
to the class of n-potent BL-chains (A BL-algebra is said to be n-potent
if it satisfies the equation 2™ = x"*1). We will start this section with a
representation theorem for BL-chains.

Definition 7.3.1. Let I be a totally ordered set of indexes with minimum
g, and for all i € I, let H; be the reduct of a totally ordered MV-algebra
in the language {=,*,1}, or the negative cone of a totally ordered abelian
group G, where 1 = 1; is the neutral element of G, *; is the restriction
of multiplication of G to its negative cone and x =; y = (z71 *; y) A 1.
Assume further that H;, is the reduct of an MV-algebra, and that, fori # j,
H;NH; = {1;} = {1;}. Then the ordinal sum @, .; H; is defined as follows:
(a) The universe of @;c; Hi is U;c; Hi; 1 is the common neutral element
of all H;, and 0 = min(Hj,).
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(b) Multiplication is defined by

rxy fxyeH;, i€l
Txy=<Suy ifye H\ {1}, x € H;, i <j
T ife e H;\{1}, yeH;, i<j

(¢) Implication is defined by

=y ifr,yeH;, iel
r=>y=<y ifye Hy\ {1}, x € Hy, withi <j
1 otherwise.

The algebras H; will be called the components of @;c; H;.

Note that the order in an ordinal sum is given by z < y iff s = y =1
and can be equivalently described as follows: (1) 1 is the top and 0 is the
bottom; (2) the restriction of order to each component is the original order
in that component; (3) if ¢ < j, then every element of H;\ {1} precedes
every element of Hj;. It turns out that @;.; H; is in any case a BL-chain.

In [AMO3] the converse is showed:

Proposition 7.3.2. Every totally ordered BL-algebra H can be represented
as an ordinal sum @,c; Hy of totally ordered reducts of MV-algebras and of
negative cones of totally ordered abelian groups.

Theorem 7.3.1. Let B be any n-potent BL-chain. Then B and its Mac-
Neille completion generate the same variety.

Proof. To begin with, B is the ordinal sum of n-potent components. Since
no negative cone of a totally ordered group is n-potent, such components
must be (reducts of) MV-chains with n + 1 elements at most. Thus, we can
represent B as B = @;; H; where each H; is a finite MV-chain.

Remark: the lemmas from 7.3.1 to 7.3.4 are part of the proof.

Lemma 7.3.1. If I is complete (as an ordered set), then B itself is complete.

Proof. Let ) # X C B. Without loss of generality, we may assume that
0,1 ¢ X (if 1 € X, then 1 = sup(X) and if 1 is not the only element of
X, then 1 is certainly not the infimum of X, and dually for 0). Let Ix =
{iel:XNH,;#0}. If Ix has a maximum j, then sup(X) = max(X) =
max(X N Hj), which exists because X N H; is a finite set. If Ix has no
maximum, then it has a supremum, j say. Since j is not max(Ix), XNH; =

and min(H;) = sup(X). As regards to inf(X), if Ix has a minimum %, then
inf(X) = min(X) = min(X NHy); otherwise, inf(X) = max(H}\ {1}) (that
is inf(X) is the coatom of Hj). This concludes the proof of lemma 7.3.1. [
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By lemma 7.3.1, if I is complete, then B is in turn complete and it is the
MacNeille completion of itself, and theorem 7.3.1 is proved. In particular,
this condition holds if I is finite.

Now suppose that I is not complete. Let J be the MacNeille completion
of I as a lattice. In particular, we have that: (1) I is meet dense and join
dense in J, that is, every element of J is the infimum of a subset of I and the
supremum of a subset of I; (2) every non-empty subset of J has an infimum
and (3) every bounded non-empty subset of J has a supremum. (Note that
I has a minimum ¢y but not necessarily a maximum; this determines an
asymmetry between conditions (2) and (3)). Let 2 be the two-element MV-
chain.

For every j € J, we define

M, — H; ifjeI‘
2 otherwise.

Next, we define M = @jg] M;. Clearly, M is an n-potent BL-chain. By
the argument used in the proof of lemma 7.3.1, we obtain:

Lemma 7.3.2. M is complete.
Continuing with the proof of theorem 7.3.1, we prove that:

Lemma 7.3.3. M is the MacNeille completion of B.

Proof. It suffices to show that B is both join dense and meet dense in M (this
property characterizes MacNeille completions up to isomorphism). We have
to prove that if b € M, then there are X,Y C B such that b = sup(X) =
inf(Y). The claim is obvious if b € B. Thus, suppose b ¢ B. Then, by the
definition of M, it must be b = min(M;) for some j € J\I. In this case,
we have: b = sup(U;es;; Mi) = inf(U M;) and it suffices to take
X =Useric;Miand Y =J O

el j<i
icl,j<i tV e
Lemma 7.3.4. FEvery finitely generated subalgebra A of M is isomorphic
to a subalgebra of B.

Proof. Let aq,...,a, be the generators of A (without loss of generality,
we may assume that 1 # q; for ¢ = 1,...,n). Suppose, without loss of
generality, ay,...,a; € B and ag41,...,a, ¢ B. Then, fori =k+1,...,n,
a; = min(My,) where h; € J\I. Let iy,...,i be such that for j =1,...,k,
a; € H;;. Since hgi1,...,hy are limit points of I, for i = k+1,...,n we
can find s; € I such one of the following conditions hold:

(a) si < h; and there are no ij,s, with j = 1,...,k and with m =
k+1,...,n, and m # i such that either s; <i; < h;, or 5; < 50y < hy.

(b) h; < s; and there are no ij, s, with j = 1,...,k and with m =
k+1,...,n, and m # i such that either h; < i; <s;, or by < 8y < 550
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Hence the function mapping iy,.. ., into itself and h; into s; : i = k +

1,...,nis an order isomorphism from {i1, ..., 4k, Rkt1,- -, By} into {i1, ..., ik, Skt1s .-+ Sn}-
Consider the subalgebra C of M generated by a1, . .., ar and min(My,, ), ..., min(M;,).

It is readily seen that C is isomorphic to A (via the isomorphism mapping

eacha; :i=1,...,kintoitself and agy1,. .., an into min(Ms,,, ), ..., min(Ms,, )
respectively). Moreover, ay, ..., a, min(Ms,,,),...,min(M,,) are all in B,

and hence C is a subalgebra of B isomorphic to A. ]

We conclude the proof of theorem 7.3.1. It is left to prove that B and its
MacNeille completion M generate the same variety. Clearly each equation
that holds in M, holds in B. From lemma 7.3.4, if an equation fails in M,
then it fails in B: it follows that M and B generates the same variety. [

Theorem 7.3.2. If L is an axiomatic extension of BL and for some n, the
aziom schema @™ — ©"' is derivable in L, then L enjoys the CEP and
hence LY is supersound with respect to the class of all models over L-chains.

Proof. Every L-chain embeds into a complete L-chain by an embedding
which preserves existing infima and suprema. This means that every (pos-
sibly unsafe) interpretation extends to a safe interpretation in which the
existing evaluations of formulas are preserved. This concludes the proof. [

We are going to prove that if L does not prove the schema " — "+ for
any n, then LV is not supersound. Let V, be the variety of all L-algebras.

Lemma 7.3.5. Either Vi contains the variety of product algebras or it
contains the variety generated by Chang’s algebra.

Proof. We distinguish two cases:

(1) For some k, Vy, satisfies the equation (~~ 2)¥*! = (~~ z)¥. Then,
since for all z, ~~ z belongs to the first component, we have that the
first component of every L-chain is finite. On the other hand, for every
n > k, V1, contains a non-n-potent chain, B,,, say. Let b,, € B,, be such
that b1 < b”. Note that b, does not belong to the first component
of B,,. Now take an ultraproduct B of all B,, modulo a non-principal
ultrafilter. By the ultraproduct theorem (see for example [CK90]), B
is an L-chain, and in B there is an element b such that v"*! < b" for
every n. Now take the subalgebra C of B generated by b. Since all
powers of b are in the same component, together with 1 they constitute
a subreduct of B isomorphic to the negative cone of the integers Z.
Hence, C consists of 0 plus all powers of b and it is isomorphic to an
infinite product chain. Since every infinite product chain generates the
whole variety of product algebras, V, contains the variety of product
algebras.
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MTL | SMTL | IMTL | WNM | NM | RDP | G | L,
CEP | yes yes yes yes yes | yes | yes | yes

SS yes yes yes yes yes | yes | yes | yes
SCC | yes yes yes yes yes | yes | yes | yes
SCF | yes yes yes yes yes | yes | yes | yes

Table 7.1: Positive results.

(2) For every k, Vz, does not satisfy the equation (~~ z)F+1 = (~~v z)F.
Then, for every k, there is an L-chain By, whose first component is
not k-potent. Let B be an ultraproduct of all the first components
of the algebras Bj modulo a non-principal ultrafilter. Once again,
by the ultraproduct theorem, B is an L-chain, and in B there is an
element b such that b"+1 < b” for every n. Hence, the subalgebra C
of B generated by b is Chang’s algebra, and V;, contains the variety
generated by Chang’s algebra.

Thanks to corollary 7.2.1, in order to conclude the proof that LV is not
supersound, it suffices to prove that V;, satisfies condition (*) of theorem
7.2.2: for every chain A € Vy, and for every a < b<c € A, if bxc = b, then
axc = a. Now the claim is trivial if a = bor ¢ =1, and if a < b (with ¢ # 1),
then a and ¢ belong to different components. Therefore, a * ¢ = a. d

Corollary 7.3.1. LetL € {MTL, SMTL, IMTL, G, WNM, NM, RDP, L,},
where Ly, is an n-potent axiomatic extension of BL. Then

o LV is supersound (SS).

o L is strongly complete with respect to the class of complete L-chains
(SCC).

o LV is strongly complete with respect to the class of complete L-chains

(SCF).

7.3.2 Negative results

In this section we investigate the negative results about supersoundness and

CEP.

Theorem 7.3.3. Let N be any aziomatic extension of BL that, for each
n, it is not n-potent (see section 7.8.1). For L € {IIMTL,WCMTL,N},
LY is not supersound. In particular, a fortiori £V, 11V, BLY,SBLY are not
supersound.
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Proof. From corollary 7.2.1 it remains to check that Vj contains either
Chang’s algebra or an infinite product chain and satisfies (*) of theorem
7.2.2: for L = N, this has been proved in lemma 7.3.5.

For the other cases, an easy computation shows that in each TIMTL
(WCMTL) chain, given a < b < ¢, it holds b* ¢ = b if and only if ¢ = 1
or b = 0: in both cases, clearly, a * ¢ = a. Finally, the variety of IIMTL
(WCMTL) algebras contains an infinite product chain. O

Corollary 7.3.2. For L € {L,1I, BL, SBL,IIMTL,WCMTL,N}, L does
not enjoy the CEP.

To conclude, we show two examples regarding the failure of the CEP: the
first one concerns Lukasiewicz logic, the second one IIMTL and WCMTL
logics.

Counterexample 7.3.1. Consider Chang’s MV-algebra. It is not difficult
to see that the universe of (Coo )€ is the set {{z}" : v € Coo}U{an : n € N}.
Now we show that the equation X UY = X o (X =, Y) does not hold:

Take X = {an, : n € N} and Y = {b;}*, where i € N* and consider
X =.Y ={Z e Ac: (Z°+ XY D Y}: direct inspection shows that the
biggest Z* that satisfies this condition is X' = {b, : n € N} (suppose not,
then Z° = {ay}* for some k: it follows that aj, x Xt = X* = Z' + X and
hence (Z° x X*)" = X C Y ). From these results it holds that X =, Y = X
and Xo(X =>,Y)=XoX=A>Y =XUY.

Counterexample 7.3.2. Consider the following algebraic structure: A =
(A= {(a,y)

z,y € (0,1]NQ}U{(0,1)},*,=,M,1,(0,1),(1,1)). This algebra has a lexi-
cographic order < (i.e. (x,y) < (z/,y') when x < 2’ orx =2a' andy < y')
and the operations are defined as follows:

[, ifst=0
o, x (8 0) = {(5 -t,r-v)  otherwise
(L) i (s,r) 2 ({tw)
(s,r) = (t,v) =9 (L, 2y ifs>tandr>vort=sandr>v

<£ 1> otherwise

Direct inspection shows that A is a IIMTL-chain (and hence a WCMTL-
chain): we show that it exist X,Y,Z € A with X # A, Z #Y such that
XoY=XoZ.

Let XY, Z € AC be such that X = {(z,y) € A: (z,y) = (o, 1), being an irrational
in (0,1]}, Y = {(p,w)}*, Z = {(p,v)}"*, with v < v and p,u,v € (0,1) N Q:
we prove that X!« Y and X'« Z have the same set of upper bounds, i.e.
X oY =XoZ. Consider the set Ac = {{p-x,y) : (x,y) € X} (note that
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this set has no infimum, since the same holds for X ): given (p-z,y) € Ae,
for each (z,1) € X* it holds that {p- z,u) < (p-2,v) < {p-x,y) and hence
A, CXoY,A. C XoZ. For each (z,y) € A, if (z/,y) < (z,y) < (z",y")
with (', y'), (2", y") € A, then (x,y) € X oY, (z,y) € X o Z: moreover,
since A7 = {(p-z,t) = (z,t) € X%} and X does not have supremum, it
follows that there cannot be elements of A strictly between A; and A..
Finally note that each element greater than (p,1) is an upper bound of
X5 Yt and X' % Z°; conversely, each (z,y) such that (z',y') < {(z,y) =
(:l‘", y//> with <x/’ y/> ; (:l‘", yu>
€ A7 never belongs to X oY or X o Z, since Xt does not have supremum.
From these facts we have that X oY = X o Z and A° cannot be a IIMTL-
chain. Moreover, since X oY # A, we have that A° cannot even be a
WCMTL-chain.

7.3.3 Incompleteness results

In the sequel, N denotes an arbitrary axiomatic extension of BL such that
for every n there is a formula ¢ such that N I/ " — ¢"*1. Note that N
may be any of L, I, BL or SBL.

Theorem 7.3.4. Let L be any of N, IIMTL or WCMTL. Then L enjoys
neither SCC nor SCF (see corollary 7.5.1).

Proof. LetF:{po — P2, ;m %p%,..wpnHpiﬂw‘.}andletA:{pn%q:new}‘

Remark: the following two lemmas are part of the proof.

Lemma 7.3.6. Let L be any of N, IIMTL or WCMTL. Then in every
complete L-chain A we have T UA E=a (po — p3) V (po — (po&q)).

Proof. Let v be a valuation such that v(pg) is not an idempotent, and such
that v(¢) = 1 for all ¢ € TUA. Let o = sup {v(pn) : » € w}. Then since
v(p211) > v(pn) wehave o = sup {v(pp+1)? i n € w} > sup {v(py) 1 n € w} =
a, and « is an idempotent. Moreover v(q) > a. For IIMTL or WCMTYL,
this implies that either « = 0 or @« = 1. Now « = 0 would imply that
v(pp) = 0, which is excluded, as v(pg) is not an idempotent. Hence, o =
v(g) = 1 and v(py) = v(po&yq). For N, we have that « is an idempotent
such that v(po) < a < v(g), and again v(po) = v(po&q). O

Lemma 7.3.7. In any of N, IMTL, WCMTL, (py — p?)V (po — (po&q))
is not derivable from T'U A.

Proof. Let L be any of these logics and let Vr, be the corresponding variety.
Then Vj, contains either Chang’s algebra or all product chains. Suppose
that Vy, contains Chang’s algebra. Then, it contains the variety generated
by Chang’s algebra, and hence it contains all perfect MV-algebras. Let
[0,1]* be an ultrapower of [0, 1] with respect to a non-principal ultrafilter,
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IIMTL | WCMTL | BL |SBL | L | II | N

CEP no no no no | no | no | no
SS no no no | no | no | no | no
SCC no no no | no | no | no | no
SCF no no no | no | no | no | no

Table 7.2: Negative results.

equipped with MV-operations and with product. Let e € [0, 1]* be a positive
infinitesimal and let A be the MV-subalgebra of [0,1]* generated by all
elements of the form {ae: a € R, a > 0} U {ae?: « € R, @ > 0}. Then,
A is a perfect MV-algebra, and hence it is in V. Let v(p,) = 1 — 57 and
let v(q) =1 —&2. Then, v(p?,;) =1— 255 = 1— £ = v(pn). Moreover
v(pn) = 1—g9x < 1—¢% = v(q). Hence, for every ¢ € TUA, we have v(¢) = 1.
Moreover, v((po — p3)V (g = (¢&po))) = 1—eV (2 +1-e?—g)=1-e < L.

Next, suppose that Vf, contains all product chains. Let [0, 1]* be a non-
standard extension of the standard product algebra. Define inductively
v(pg) = % and v(pp+1) = Vv(pn). Moreover, let v(q) = 1 —e. Then,
v(p2, 1) = v(pn) < v(g), and hence for all ¢ € I'U A we have v(¢) = 1. On
the other hand, v((po = p3) V (po — (po&q))) = 3V1l—-e=1-e<1l. O

Summing-up, for any complete L-chain A, 'UA [=a (po — p3) V (po —
(po&q)), but TU A I (po — p2) V (po — (po&q)). Hence, L has not
the SCC. As regards to SCF, the proof is analogous to propositional case,
substituting the variables with 0-ary predicates. O

7.4 Conclusions

In this chapter we have showed positive and negative conditions for the
supersoundness property: the CEP is a sufficient condition for supersound-
ness, whilst corollary 7.2.1 presents a condition of non-supersoundness. As
an application, we have obtained several results for some many-valued logics,
generalizing the previous works [HPS00, HSO1].

Concerning the CEP, a general question needs to be analyzed:

Problem 7.4.1. In theorem 7.2.1 we have showed that if L enjoys the CEP,
then LY is supersound. Is the converse true ?

It is interesting to note that, between the logics that enjoy the CEP,
those ones that are given by left-continuous t-norms satisfy the o-embedding
property with respect to standard algebras. This originates the following
problem:
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Problem 7.4.2. Let L be an aziomatic extension of MTL whose algebraic
semantics has at least one standard L-algebra. Suppose that L enjoys the
CEP: does this property imply the o-embedding property with respect to stan-
dard L-algebras ?

The answer, however, is negative.

Counterexample 7.4.1. Consider the logic BL3: it is axiomatized as BL,
plus the 2-potence.

Direct inspection shows that the standard Gédel algebra belongs to the
variety of BLs-algebras. In particular this is the only standard algebra in
the variety: from proposition 7.3.2 and the proof of theorem 7.3.1 we easily
see that each BLs3-chain is an ordinal sum of (reduct of ) MV-chains of at
most three elements. Hence, if we take the ordinal sum MYV -chains (of at
most three elements) different from 2, then the resulting algebra is not dense.
Moreover, thanks to theorem 7.3.2 we have that BL3 enjoys the CEP.

Finally, from [CEGY 09, theorem 3.5] we have that the o-embedding prop-
erty with respect to standard algebras implies the propositional strong stan-
dard completeness. However o — @2 is a tautology of standard Gédel alge-
bra, but not a theorem of BLg.



Chapter 8

n-contractive BL-logics

This chapter is based on paper [BM10].

We have studied four families of n-contractive axiomatic extensions of
BL and their corresponding varieties: BL™, SBL", BL, and SBL,. Con-
cerning BL" we have that every BL"-chain is isomorphic to an ordinal sum
of MV-chains of at most n + 1 elements, whilst every BL,-chain is iso-
morphic to an ordinal sum of MV,,-chains (for SBL" and SBL,, a similar
property holds, with the difference that the first component must be the
two elements boolean algebra); all these varieties are locally finite. In par-
ticular, we have studied generic and k-generic algebras, completeness and
computational complexity results, amalgamation and interpolation proper-
ties. Finally, we have analyzed the first-order versions of these logics, from
the point of view of completeness and arithmetical complexity.

8.1 Introduction

The aim of this chapter is to investigate some n-contractive BL-logics and
their algebras. The n-contraction law, coming from the wider framework of
substructural logics, was introduced to the fuzzy logics setting in the paper
[CEGO8] and systematically studied for wide varieties of MTL-algebras in
[HNPO7]. We will concentrate our attention on four n-contractive BL-logics,
namely, BL", that is, BL plus n-contraction, SBL", that is, BL" plus the
strict negation axiom, BL,, whose algebraic semantics is the variety gen-
erated by of all ordinal sums of (isomorphic copies of) the n + l-element
MV-chain Ly, and SBL,, that is, BL,, plus the strict negation axiom. The
motivation of this topic is twofold: first of all, it is interesting to study
many-valued logics with a weak form of contraction. Indeed, the divisi-
bility principle (¢p&(¢ — 9)) — (Yp&(¢p — ¢)), which is one of the basic
axioms of BL, can be derived using contraction, although it does not imply
contraction, and hence it can be regarded as a weak form of contraction;
n-contraction is also a weak form of contraction, and the strict negation

7
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principle ~(—¢ A ==¢) is in turn equivalent to contraction for negated for-
mulas, that is =¢ — (=¢p&—9).

Yet another motivation for the study of n-contractive BL-logics is that,
as shown by Busaniche and Cabrer in [BC09], a variety of BL-algebras is
dual canonical iff it is a variety of m-contractive BL-algebras. A similar
result was also proved in chapter 7 (see also [BM09]): let V be a variety of
BL-algebras. The following are equivalent:

(1) Vis a variety of n-contractive BL-algebras.
(2) the MacNeille completion of any chain in V is in V.

As a consequence, we have the following: let V be any variety of n-contractive
BL-algebras, i.e., a subvariety of BL™, let L be its corresponding logic (ax-
iomatized over BL by all formulas ¢ <> v such that ¢ = 1) is a defining
equation of V). Then, its first order extension LV is strongly complete with
respect to the class of complete (with respect to the order) chains in V. In
other words, we have strong completeness with respect to the most natural
semantics for first-order many-valued logics, that is, complete many-valued
chains in the corresponding variety.

Of course, if n > 1, then the standard semantics on the real interval
[0,1], as well as every densely ordered set (with maximum 1 and minimum
0), is not appropriate for these logics. Indeed, every n-contractive BL-chain
A is the ordinal sum of finite MV-chains, and then: (a) if at least one of
these chains has more than two elements, then A cannot be densely ordered
and hence it cannot have [0,1] (and not even [0,1] N Q) as lattice reduct
(if = is a coatom of an MV-component with more than two elements, then
there is no element in the open interval (22,2)); (b) if all MV-components
have two elements only, then A is a Godel algebra, that is, a 1-contractive
BL-algebra.

As pointed out by a referee, the logics studied here are axiomatic ex-
tensions of the logics Q(S,MTL) studied in [HNPO7]. In that paper it was
proved that the corresponding varieties of MTL-algebras enjoy the Finite
Embeddability Property although they fail in general to be locally finite. In
contrast, as we have already pointed out, in the present chapter we will show
that all of their varieties are locally finite. Moreover, the logics (S, MTL)
have strong standard completeness, while, as previously noticed, their BL
counterparts do not even have standard algebras in their semantics.

Note that if n > 2, BL,, is a proper subvariety of BL". For instance, if
m < n and m does not divide n, then Ly, € BL™\ BL,,. The variety BL,, is
axiomatized over BL" by all axioms of the form

(dive,m) ((z — 2™) & 2™ Hn <27

where m does not divide n. (The axiom says that in each component there
is no element x whose negation relative to the component it belongs to is
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equal to 2™~ 1). An alternative axiomatization can be provided by means of
a generalization of Lukasiewicz sum @, and will be introduced in the next
section.

We will discuss the following topics:

(1) Models generating the whole variety (generic models) and models
whose generated variety contains the class of k-generated algebras of the
variety (k-generic models). In particular, we will prove that BL" is not
complete with respect to a single chain in BL" (called BL"-chain in the
sequel), whereas SBL", BL,, and SBL,, are strongly complete with respect
to a single countable chain in SBL", BL,, and SBL,, respectively. Moreover,
for each of these varieties, we will build a countable algebra which generates
it. Then, after noting that every variety of n-contractive BL-algebras has
the finite model property, we will compute upper bounds for the minimum
cardinality of a k-generic model, for both BL" and BL,,.

(2) n-contractive BL-logics, completeness and complexity. We will inves-
tigate the complexity of the logics BL™, SBL", BL,, and SBL,,, and we will
prove the predictable fact that the set of positively satisfiable and of satisfi-
able formulas is NP-complete for all logics and that the 1-tautologicity and
the positive tautologicity problem for all logics are both Co-NP complete.

For these logics we will also exhibit natural deterministic algorithms of
complexity exponential in the number of variables of the given formula.
Finally, for L € {SBL", BL,,, SBL,,} we will also construct an L-chain C
such that, for every L-chain A, L is strongly complete with respect to A iff
it contains C as subalgebra.

(3) Amalgamation and interpolation. We prove that BL,, and SBL,
have the amalgamation property. It follows that the corresponding logics
BL,, and SBL,, have the deductive interpolation property. For n > 2, BL,,
and SBL,, do not have Craig’s interpolation property, (incidentally, they do
not even have Beth’s definability property, cf [Mon06]), but they have a
weak form of interpolation: if Fpr,, ¢ — ¢ (Fspr, ¢" — 1 respectively),
then there is a formula v in the variables common to ¢ and 1 such that
such that }_BLH ¢n — Y and }_BL" ’yn — ¢ (}_SBLH ¢n — Y and }_SBLH
v — % respectively). On the contrary, BL" and SBL" do not have the
amalgamation property, and hence BL™ and SBL"™ do not even have the
deductive interpolation property.

(4) First-order n-contractive BL-logics, problems of arithmetical com-
plexity and complexity with respect to chains. First of all, due to a general
theorem of Hajek, we have strong completeness of BL"V, SBL"V, BL,V
and SBL,V with respect to the class of all BL"-chains (SBL"-chains, BL,,-
chains and SBL,-chains respectively). Hence the set of formulas valid in
all BL"-chains (SBL"-chains, BL,-chains and SBL,-chains respectively) is
Y1-complete. By a similar argument, the set of formulas which are pos-
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itively satisfiable in some BL™-chain (SBL"-chain, BL,-chain and SBL,-
chain respectively) is IIj-complete. Finally, finite consequence relation is
also ¥1-complete, and hence the set of 1-satisfiable sentences in BL"-chains
(SBL™-chains, BL,-chains and SBL,-chains respectively) is II; complete (¢
is 1-satisfiable iff ¢ t# 0). To the contrary, the set of first-order formulas valid
in every finite BL"-chain (SBL"-chain, BL,-chain, SBL,,-chain respectively)
is IIa-complete.

Then we note that, by [BM09], the MacNeille completion of a chain in
a variety of BL™-algebras is a chain in the variety itself. Since the Mac-
Neille completion of a residuated lattice preserves the existing suprema and
infima, we have strong completeness of BL"V (BL,V respectively ) with re-
spect to the class of all complete BL™ chains (of all complete BL,,-chains
respectively).

Finally, we prove that there is no BL,-chain A such that BL,Y is strongly
complete with respect to {A}. The same is true of BL"V, whilst we have a
positive result for SBL™V and for SBL,,V.

8.2 Preliminaries

All the logics in this chapter are algebraizable in the sense of [BP89]. In
our case we have an even stronger property, which will be illustrated in a
moment.

To every logic L we deal with, we associate a quasivariety (in our case,
a variety) £, called the equivalent algebraic semantics of L, whose language
has an n-ary operation symbol for every n-ary connective of L and a constant
symbol for every propositional constant of L. Usually, in abstract algebraic
logic, a connective and its corresponding operation are denoted in the same
way, and we will follow this usage in this chapter. Hence, L formulas are
identified with terms of £. A waluation of L into an algebra A € L is a
homomorphism from the algebra of L-formulas into A. In particular the
logics studied in this chapter have an a constant 1 which plays a crucial role
in defining the concept of semantic consequence. Let I' be a set of formulas
of L and ¢ be a formula of L, and let K be a class of algebras in the language
of L. We say that ¢ is a semantic consequence of T in K (denoted by I' = ¢)
if for each valuation v into an algebra A € K, if v(¢)) =1 for all ¢ € T', then
v(¢) = 1. Moreover, -, will denote logical consequence in L. We say that L
is strongly complete with respect to K, if for every set I' of formulas and for
every formula ¢ one has I' -, ¢ iff I' =i ¢. We say that L is finitely strongly
complete (complete respectively) with respect to K if the above condition
holds for finite I' (for I = () respectively).

Given a set X of equations and an equation v in the language of L-
algebras, the equation v is a semantic consequence of ¥ in K, denoted
by ¥ =k 7, is defined as usual in model theory. The next definition is a
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strengthening of the usual definition of algebraizable logic.

Definition 8.2.1. We say that L is algebraizable and that L is its equiv-
alent algebraic semantics iff there are maps ° and * from formulas of L
into equations of L and viceversa such that letting, for every set I' of for-
mulas of L and for every set ¥ of equations of L, T'° = {¢°: ¢ €'} and
¥* = {6*: A € &}, for every L-formula ¢ and for every equation vy in the
language of L the following conditions hold:

1A} Fo (¢0)", {(6°)") Fu 6, {3} o (v)° and {(7%)°} ¢ 7.
2. Ty iff Tl ¢ iff T° b °.
3. Sy iff £ oy

Remark 8.2.1. In the usual definition of algebraizable logic, ¢° and ¢*
are assumed to be sets of equations (of formulas respectively) and not just
equations or formulas. Thus the logics we are interested in are algebraizable
in a stronger sense. Moreover, for these logics, for every formula ¢, ¢° is the
equation ¢ = 1, and for every equation 7y of the form t = s in the language
of L-algebras, v* is the formula t <> s.

Although there are very interesting fuzzy logics which are weaker than
BL, like e.g. MTL or Uninorm logic UL ([EG01], [MMO7]), in this chapter we
will investigate n-contractive extensions of BL. Thus for simplicity, several
general concepts which might be extended to core fuzzy logics in the sense
of [Cin04] will be treated here only for extensions of the logic BL described
below.

For the axiomatization of BL, we refer to chapter 3. We inductively
define, for every formula ¢ and for every natural number m, the formula ¢™
as follows. ¢ = 1; ¢' = ¢; for n > 0, we define ¢"*!1 = (¢")& 4.

We recall that notable schematic extensions of BL are:

1. SBL, axiomatized over BL by —(¢ A —¢).

2. Godel logic G, axiomatized over BL by ¢ — (¢&d).

3. Product logic II, axiomatized over BL by =¢ V ((¢ — (&¢)) — ).
4. Lukasiewicz logic L, axiomatized over BL by (-—¢) — ¢.

5. Classical logic, axiomatized over BL by ¢ V —¢.

6. Given an axiomatic extension L of BL, we denote by L™ the logic whose
axioms are those of L plus

ncontr "y gL
(
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7. Given an axiomatic extension L of BL, we denote by L, the logic whose
axioms are those of L plus

(ncontr) " — ¢"*t! and
(diva,m) (™o (9= @™ — ¢"
for every m < mn such that m does not divide n.

Remark 8.2.2. Following the presentation of [ABM09b], let ¢ = ((¢ —
(p&))) — ) V (¥ — (¢&)) — ¢), and let k¢ be inductively defined by
06 =0; (k+1)p = (ko) ® ¢. Then the axiom (divym,) may be replaced by

(A, ) (o™ 1) 6 (14 10"

In Lukasiewicz logic, ¢ @ v is equivalent to —(—¢p&—p) and the azioms
(ncontr) and (div;hm) such that m < n and m does not divide n are used
in [CDM99] (they are equivalent to those initially introduced by Grigolia
in [GriT7]) to aziomatize (the algebraic semantics of ) n-valued Lukasiewicz
logic.

BL is algebraizable and its equivalent algebraic semantics is constituted
by the variety of BL-algebras, cf [H4j98b]. Moreover, as shown in [H4j98b],
BL is strongly complete with respect to the class of totally ordered BL-
algebras (also called BL-chains). Finally, every schematic extension of BL
is also algebraizable, and its equivalent algebraic semantics is a subvariety
of the variety of BL-algebras. In particular:

1. The equivalent algebraic semantics of SBL is the variety SBL of SBL-
algebras, i.e., of BL-algebras satisfying the equation (-z) A (—=—z) = 0.

2. The equivalent algebraic semantics of Gddel logic is constituted by the
variety G of Géddel algebras, that is, of all BL-algebras satisfying the
equation 22 = z.

3. The equivalent algebraic semantics of product logic is the variety P
of product algebras, that is, of all BL-algebras satisfying the equation
-z V ((z = (x&y)) — y) = 1.

4. The equivalent algebraic semantics of Lukasiewicz logic is the variety
MYV of MV-algebras, that is, of BL-algebras satisfying the equation
——x = x. MV-algebras may also be defined as bounded Wajsberg
hoops, that is, as bounded hoops satisfying the equation ((z — y) —
y) = ((y = ) = 2).

5. The equivalent algebraic semantics of BL™ is constituted by the variety

BL" of n-contractive BL-algebras (also called BL"-algebras), that is,
of BL-algebras satisfying the equation
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(ncontr) z" = gt

More generally, if L is an axiomatic extension of BL and L is its equiv-
alent algebraic semantics, then the equivalent algebraic semantics of
L™ is the variety L™ constituted by all algebras of £ satisfying the
equation (ncontr). Note that G" is just G and P" is just the variety
of Boolean algebras. Moreover the equivalent algebraic semantics of
L™ is the variety generated by the set of MV-chains with cardinality
<n+1.

6. The equivalent algebraic semantics of BL,, is constituted by the variety
BL,, of BLj-algebras that is, of BL-algebras satisfying the equations
(ncontr) and

(divy,m) (z™ ! & (z — )" < 2"

for all m < n such that m does not divide n.

More generally, if L is an axiomatic extension of BL and £ is its equiv-
alent algebraic semantics, then the equivalent algebraic semantics of
L, is the variety L£,, constituted by all algebras of £ satisfying the
equations (ncontr) and (divym) for all m < n such that m does not
divide n.

Note that G, = G and P, is the variety of Boolean algebras. Moreover
MYV, is the variety generated by the (unique up to isomorphism) n + 1-
element MV-chain.

‘We recall that BL-algebras can be characterized as those bounded hoops
which are isomorphic to a subdirect product of linearly ordered bounded
hoops. Moreover, a Wajsberg hoop is basic, cf [Fer92] and [AFMO07]. Fur-
thermore, the variety of MV-algebras is generated as a quasivariety by the
algebra [0, 1]y = ([0,1],&,—,0,1) where &y = max{z +y — 1,0} and
z — y =min{l —z +y,1}. Hence, every quasiequation which is true in
[0,1]prv is true in every MV-algebra. Finally, every MV-chain embeds into
an ultraproduct of [0, 1]psv, and hence every universal formula which holds
in [0,1]av holds in every Wajsberg chain. We will tacitly use these facts
in the sequel. With L,, we denote the subalgebra of [0, 1]y with domain
{O, %, e ";1, 1}. Note that every MV-chain with cardinality n + 1 is iso-
morphic to Ly,.

In [AMO3], the following is proved:

Theorem 8.2.1. FEwvery linearly ordered BL-algebra A is the ordinal sum
of an indezed family (W; : i € I) of linearly ordered Wagjsberg hoops, where
I is a linearly ordered set with minimum ig, and W, is bounded.
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In the sequel, the Wajsberg hoops W; in Theorem 8.2.1 will be called the
Wajsberg components of A, and W, is called the first component. Using
the fact that the W; are closed under hoop operations, it is easy to prove
(cf [AMO3]) that with reference to Theorem 8.2.1, the subalgebras of A =
@;c; Wi are those of the form B = @,.; U;, where for i € I, U; is a
subhoop of W; (possibly trivial if ¢ # 4¢), and Uj, is a Wajsberg subalgebra
of Wir)'

Moreover, in [AMO3] it is shown that a BL-chain is:

e An SBL-chain if its first component is isomorphic to L.
e A Godel chain if all its components are isomorphic to Lj.

e A product chain if it is isomorphic to Lj or it has only two components,
the first one isomorphic to L; and the second one without minimum.

e An MV-chain if it has just one component.

We conclude this section reviewing some properties of n-contractive BL-
algebras.

Proposition 8.2.1. (1) Every n-contractive Wagsberg chain A is isomor-
phic to Ly, for some m < n.

(2) Every n-contractive BL-chain is the ordinal sum of an ordered family
of algebras of the form Ly, where m < n.

Proof. (1) Recall that in any MV-chain the following conditions hold: (a)
there are exactly two idempotent elements, namely its minimum and
its maximum; (b) ab = ac implies that either b = ¢ or ab = 0, and
(¢) b = a = a iff either b = 1 or a = 1. These facts clearly hold in
[0,1]a7v and hence they hold in all MV-chains.

Now claim (1) is easy if every element of A is an idempotent, because
in this case A = Lj. Otherwise, let m < n be the maximum natural
number for which there is an element z such that 1 > 2™, and
let a € A be such that ™! > a™. Note that m > 2, because we
are assuming that there are non-idempotent elements. We claim that
a is the coatom of A and that A = {l,a, a?, ..A,am}A Suppose, by
way of contradiction, that there is b € A with @ < b < 1. Then by
the divisibility condition, a = b&(b — a), and by (c), b = a > a.
Thus letting ¢ = max {b — a, b}, we have ¢? > a, and A~ > gm~1,
Hence, 2(m=1 > 2m=1_ gtherwise 2™~ would be an idempotent
less than 1, and hence it would be equal to the bottom. Since 2m—1 >
m, this contradicts the maximality of m. Now we claim that for all
h < m, there is no b with a"*! < b < a". Indeed, a"*t' < b < a"
together with the residuation property would imply a < a® — a"*1 <
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ho 5 ghtl = b = a1 as a is a coatom.

WL — ggh,

b—a"*l <1,and a = a
Finally, by residuation and divisibility we would get ab = a
against property (b).

(2) An n-contractive BL-chain is the ordinal sum of an ordered family of
Wajsberg-chains which are clearly n-contractive, and the claim follows
from (1).

O

Notation. In the sequel, we write z T y for (z — y) — y and dy ()
for (2!« (z —2™))". Finally, in a BL-chain we write z < y as an
abbreviation for: # < y and either y = 1 or z and y do not belong to the
same component. The following lemma is rather straightforward.

Lemma 8.2.1. (a) In any BL-chain, x Ty =1 iff eithery =1 ory < z.

(b) In any BL"-chain, if x < 1, then 2" is the minimum of the Wajsberg
component z belongs to, and if v =1, then 2™ = 1.

(c) Let x < 1 be an element of a Wajsberg component W of a BL™-chain.
Then, dpm(x) =1 iff Ly, embeds into W via a (unique) embedding h,
and x is the image of mT’l under h. If any of the above conditions is
not satisfied, then dp m(x) is the minimum of the component x belongs
to.

Proof. We only prove (c), the other claims being easy. It follows from the
definition of ordinal sum that z™ € W, and that if < 1, then 2™ is the
minimum of W. Hence, © — 2™ is the negation of z relative to W. Now it
is a well-known fact about MV-algebras ([CDM99], cf also [AMO03]) that the
equation 2! <+ ~z = 1 has a solution in an MV-chain W iff L,, embeds
into W, and since the unique solution of that equation in Ly, is *~ L the
claim follows. O

Theorem 8.2.2. The variety BL,, generated by all ordinal sums of subalge-
bras of Ly, is aziomatized by (ncontr) plus all equations of the form (div, )
for all 0 < m < n such that m does not divide n.

Proof. Let A be a chain in BL,,. Then the equation (ncontr) holds in A. If
x = 1, then z satisfies (divy ). Now suppose z < 1. Let W be the unique
component x belongs to. Thus, W is a subalgebra of L,. If m does not
divide n, then Ly, does not embed in W, and by Lemma 8.2.1, d, () is
the minimum of W, and (divy,,) is satisfied.

Conversely, suppose that A satisfies the equations (ncontr) and (divy,m)
for all m such that m does not divide n. Then by Proposition 8.2.1, A is
the ordinal sum of components of the form L, with m < n. Suppose that
some component W is not isomorphic to a subalgebra of L;,. Then W is
isomorphic to L,, for some m < n such that m does not divide n. Then,
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if x is the isomorphic image of my;l, we have dp,(z) = 1 and 2" is the

minimum of W. Hence (divy, ;) is not satisfied, a contradiction. O

8.3 Generic and k-generic models

Let V be a variety. An algebra A € V is said to be generic for V if it
generates V, and strongly generic for V if it generates V as a quasivariety.
An algebra A € V is said to be k-generic (k-strongly generic respectively)
for V if the variety (the quasivariety respectively) generated by A contains
all k-generated algebras of V. In other words, A is k-generic (k-strongly
generic) if every equation (quasiequation) in k variables at most which is
valid in A is valid in V.

In this section we investigate the (strongly) generic and the k-(strongly)
generic models of BL™, SBL™, BL,, and SBL,,.

Definition 8.3.1. A wariety V is said to be locally finite if any finitely
generated algebra in 'V is finite.

In [HMNO6] it is proved that every locally finite subvariety of BL is
n-contractive, for some n. In [BF00] it is shown that the variety of n-
contractive hoops is locally finite. Since local finiteness is not affected by
the adding of a constant and is preserved under taking subvarieties, we have:

Theorem 8.3.1. A variety of BL-algebras is locally finite iff it is n-contractive,
for some n.

Thanks to previous theorem and [CEG™09, theorem 3.8], we easily ob-
tain the following.

Corollary 8.3.1. Any variety V of n-contractive BL-algebras is generated
as a quasiwariety by its finite chains.

We now investigate the problem of constructing BL"-algebras (SBL"-
algebras, BL,,-algebras, SBL,,-algebras respectively) which generate the va-
riety BL™ (SBL", BL,, and SBL, respectively). To begin with, we prove
that if n > 2, then BL" cannot be generated by a single chain.

Lemma 8.3.1. Consider, for m < n, the equation
(—divnm) dpm (=) < (mma)".

Then for any BL™-chain A, (=—divym) is valid in A iff Ly, does not embed
into the first component of A.

Proof. For every x € A, —=—x belongs to the first component, W, of A,
and if L,, does not embed into W, then d,, ,,(-—z) = 0 and the equation
(==divy ) is satisfied. Otherwise, if Ly, embeds into W, then (the isomor-
phic copy of) ’"7;1 is a counterexample to (——divy, ), because dp, (ﬁﬁL) =

-1
1> 0= ()", "
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Theorem 8.3.2. If n > 2, then there is no generic BL"-chain.

Proof. Let m < n be such that m does not divide n. Then the equations
(==divpy) and (=—divy,,) are not valid in BL™ (they can be invalidated
in L, and in L,, respectively). Moreover, they cannot be invalidated in the
same BL"-chain A: let W be the first component of A. If (=—divy ) is not
valid in A, then W must be an isomorphic copy of L,, and if (——divy, ) is
not valid in A, then L, must embed into W. Since m does not divide n, Ly,
is not a subalgebra of L,,, and the above conditions are incompatible. [

As is well known, the free BL™-algebra on countably many generators
is generic for BL™. However, the free BL™-algebra does not have an easy
description. In the next lines we present an easy construction of a countable
BL"-algebra (not a chain) generating BL". Let r(m) denote the remainder
of the division of m by n. Define, for m € w and for h = 1, ..., n, a Wajsberg
hoop W,}; as follows: if m > 0, then an = L,gn)41; if m = 0, then

W =1L,. Now let for h =1,....n, Bl =@, .., Wh.

Theorem 8.3.3. For every finite BL™-chain A there is an h such that
A embeds into BY,. Hence, BL™ is generated as a quasivariety by the set
{Bgo h=1, ..A,n}, and it is generated as a variety by [[h_, B. In par-
ticular, TTj_, B, is generic for BL".

o)

Proof. Let D be a finite BL™-chain. Up to isomorphism, we may assume
D = ®;_ Ly, with 1 < k; < n. Then, the first components of D and
of B¥ are isomorphic. Moreover, for every m € w and for every h with
1 < h < n, there is an r > m such that W’jo is isomorphic to Lp. Hence,

we can find natural numbers 0 = mg < m; < ... < m, such that for
i=0,..,71, Wf,;’i is isomorphic to Lg,. It follows that D = @]_ Ly, embeds
into Bk = D W and the claim is proved. O

We now turn to the problem of characterizing generic BL,-chains, that
is, those BL,,-chains which generate the variety BL,,. Since BL,, is generated
as a quasivariety by its finite chains, a sufficient condition in order that a
BL,-chain generates the variety BL,, is that every finite BL,,-chain embeds
in it. We will se that this condition is also necessary. We quote the following
result from [AMO3].

Proposition 8.3.1. (c¢f [AM03]). Let @,;.; W; be a BL-chain, where the
W, are totally ordered Wajsberg hoops, I is a totally ordered set with mini-
mum ig and W, is bounded, and let Uy, ..., U, be totally ordered Wajsberg
hoops where Uy is bounded. Then Uy @ ... & U, is a subalgebra of @ia W;
iff Uy is a subalgebra of Wy, and there are igp < iz < ... < iy, in I such that
for h=2,...,n, Uy is a subalgebra of W5, .

Corollary 8.3.2. Let @,.; W; be as in Proposition 8.3.1, and assume in
addition that every W; is a subalgebra of Ly,. The following are equivalent:
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(a) Every finite BLy-chain embeds into @;c; Wi.

(b) W, is isomorphic to Ly, and for infinitely many i, W; is isomorphic
to Ly,.

Proof. The proof is easy and it is left to the reader. O

Theorem 8.3.4. Let A = @z‘e[ ‘W, be a BL-chain, where the W; are totally
ordered Wagjsberg hoops, I is a totally ordered set with minimum ig and W,
is bounded; assume also that every W is a subalgebra of L,,. Then A is
strongly generic for BL,, iff the following conditions hold.

(a) W, is isomorphic to Ly,
(b) For infinitely many i, W is isomorphic to Ly,.

Proof. = Suppose that A generates the variety BL,,, and assume, by way
of contradiction, that condition (a) does not hold. Then by Lemma
8.3.1, the equation (——divy, ) holds in A, but it fails e.g. in Ly, and
hence it is not valid in BL,,. Hence, A is does not generate BL,,. Now
suppose that A does not satisfy condition (b), i.e., suppose that A has
only a limited number, k say, of components isomorphic to L,,. Then
the equation

k k+1 k+1
(ek) N@ipr t@) <\ 2V \/ (don(w:) = 2})
i=1 i=1 i=1
holds in A. Indeed, let ay, ..., ar+1 € A\ {1} be given. If for all i < k,
a; < a;y1, then aq,...,ary1 belong to different components, and at
least one of them is a proper subalgebra of L,. If a; belongs to that
component, then dy,(a;) = a' =1 and the equation (e) holds.

On the other hand, if for some ¢ the condition a; < a;4+1 fails, then
/\le(aiﬂ tTa;) < \/f;rl1 a; and again the equation (gj) holds.

Now the equation (gj) is not a valid equation of BL,,, because it may
be invalidated in the algebra L} @ ... @ LF+! where fori = 1,...,k+1,
L¢ is an isomorphic copy of L,. Indeed, let for i = 1,...,k + 1, a;
be the isomorphic copy, (%1);, of =1 in Li. Then, AX (a1 T

n

a;) =1, \/lﬁl1 a; = (7l71)1€+1 <1, dn,n(ai) =1 and Vi‘jll(dn,n(ai) -

= n

a?) is the minimum element of the last component. Thus, \/f;l a; vV
1 (i) = @) = ("5 )er < 1.

Once again, we have that A satisfies an equation which is not valid

in BL,, and hence it does not generate BL,,. We have obtained a

contradiction from the assumption that A generates BL, and does

not satisfy either condition (a) or condition (b).

Suppose now that A is strongly generic for BL,,: it follows that A is
generic and hence it must satisty (a) and (b).
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< If A satisfies conditions (a) and (b) of the theorem then, by corollary

8.3.2, every finite BL,-chain embeds into A. Since BL,, is generated

as a quasivariety by the class of its finite chains, it is generated as a
quasivariety by A.

O

Example 8.3.1. Let I be any infinite totally ordered set with minimum, and
let, fori € I, L, be an isomorphic copy of L. Then, @, L;, is strongly
generic for BL,,.

For SBL™ we also have a strongly generic chain. Let for m € w, r(m)
be the remainder of the division of m by n, let W,, be (an isomorphic
copy of) Ly(ny41 (hence, in particular, Wy is isomorphic to L;), and let
C= @mew Win.

Theorem 8.3.5. C is an SBL"-chain and generates the variety SBL™ as a
quasivariety, that is, it is a strongly generic SBL"™-chain.

Proof. That C is an SBL"-chain follows from the fact that its first compo-
nent is isomorphic to Lj and the remaining components are isomorphic to
Lj, for some h < n. In order to prove that C generates SBL" as a quasi-
variety, it suffices to prove that every finite SBL"-chain D embeds into C.
To this purpose, note that D has the form D = @]_ L, with kg = 1 and
1 < k; < n. Moreover, for every m € w and for every h with 1 < h < n, there
is a k > m such that Wy, is isomorphic to Lj. Hence, we can find natural
numbers 0 = mg < my < ... < m, such that for i =0, ...,r, W,,, is isomor-
phic to Ly,. It follows that D = @;_ Ly, embeds into C = ,,,, W, and
the claim is proved. |

Let E = @mew U,, where Uy is isomorphic to Ly and for m > 0, U,, is
isomorphic to L,. Then:

Theorem 8.3.6. E is strongly generic for SBL,,. More generally, an SBL,-
chain is strongly generic for SBL, iff it has infinitely many components
isomorphic to Ly,.

Proof. The proof is an easy adaptation of the proof of Theorem 8.3.4, and
hence it is left to the reader. O

We now investigate the problem of finding, for every natural number k,
a finite k-generic algebra for BL™ and for BL,,. We start from the easy case
of BL,,.

Lemma 8.3.2. (a) Every k-generated BL-chain A is the ordinal sum of
k 4+ 1 components at most.
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(b) Let V be a variety of BL-algebras. Then, every quasiequation in k
variables which is not valid in V can be invalidated in a chain in V
which is the ordinal sum of k + 1 Wagjsberg components.

Proof. (a) Let ai,...,ar be the generators of A, let Wy,..., Wy be the
components they belong to (possibly, we may have W; = W for
some ¢ # j, that is, a; and a; may belong to the same component),
and let Wy be the first component. Then by induction on #(x1, ..., xx)
we can see that for every term t(z1,...,z1), t*(ay, ..., ax) belongs to
one of Wy, Wiy, ..., Wg.

(b) Any invalid quasiequation ¢ in k variables z1, ..., zx may be invalidated
in a BL-chain A and by some valuation v. Let v(z1) = a1, ..., v(zg) =
ar. Then € may be invalidated in the subchain of A generated by
aiy, ..., a, and the claim follows from (a).

O

Theorem 8.3.7. Let L}, ..., LF*! be isomorphic copies of L. Then, L. @
. ® LEYY is strongly k-generic for BL,, i.e., every quasiequation in k vari-
ables which is not valid in BL,, can be invalidated in L} @ ... ® LE+1,

Proof. Every invalid quasiequation ¢ in k variables can be invalidated in
a k-generated BL,, chain A. By Lemma 8.3.2, such a chain is the ordinal
sum of k£ + 1 components at most. Moreover, each component of A is a
subalgebra of L, and hence A is a subalgebra of L. @ ... @ LE*1. Tt follows
that every invalid quasiequation can be invalidated in L} @ ... @ LETL. [

‘We have just seen that for every k there is a strongly k-generic model for
BL,, with cardinality n+1+kn. Thus for fixed n, there is a strongly k-generic
model with cardinality linear in k. The situation of BL" is slightly more
problematic. For instance, L} @ ... ® LE*1 is not generic for BL™ because if
1 < m < n and m does not divide n, then (div,,) holds in L} @ ... ® LA+
but is not a valid equation for BL". In order to construct a generic algebra
define, for h = 1,...,n and for m = 0, ..., kn, WP as follows: Wg =L, and
for m >0, Wh = L,(m)+1- Finally, let for h =1,....;mn, BZ’k = @:’f’:o Wh.

Theorem 8.3.8. For every quasiequation £(x1, ..., z) in k variables which
is not valid in BL™ there is an h with 1 < h < n such that e(x1, ..., xx) is
not valid in BZ‘k.

Proof. Every invalid quasiequation in k variables may be invalidated in a
k-generated BL chain A which is the ordinal sum of an ordered family of
k41 MV-chains with cardinality at most n+ 1. Now if the first component
of A is L;, then by induction on k we see that A embeds into B?’k7 and the
claim follows. O

Corollary 8.3.3. There is a k-generic BL"-algebra with cardinality < ((k + 1)n(n + 1))".



CHAPTER 8. N-CONTRACTIVE BL-LOGICS 91

Proof. The desired algebra is []*", B:lk Since B?’k has cardinality i 4+ 14
k% < (k+1)n(n+1), the claim follows. O

For SBL" the above upper bound can be improved, because the algebra
B;”’k is strongly k-generic for SBL™. Moreover, the algebra L1 ®LL @...@LE
(where Lf is an isomorphic copy of L) is a strongly k-generic chain for
SBL,,. Therefore:

Theorem 8.3.9. (1) There is a strongly k-generic SBL™-chain with car-
dinality 2 + k™05

(2) There is a strongly k-generic SBLy,-chain with cardinality 2 + kn.

8.4 n-contractive BL-logics, completeness and com-
plexity

It follows from [CEG'09] that an algebraizable fuzzy logic L with corre-
sponding algebraic semantic £ is complete with respect to a class K C L
if I generates £, and is finitely strongly complete with respect to K if K
generates L as a quasivariety. Finally, if in addition K is a class of chains in
L, then L is strongly complete with respect to K if every countable chain in
L embeds into some algebra in K. Hence, theorems 8.3.3, 8.3.4, 8.3.5 and
8.3.6 give us:

Theorem 8.4.1.
1. BL" is finitely strongly complete with respect to the set {B})o, B2, .., Bgo}.
2. SBL™ is finitely strongly complete with respect to BL,.

8. BLy, is finitely strongly complete with respect to @, Li,, where L, is

an isomorphic copy of Ly,.

€W

4. SBLy, is finitely strongly complete with respect to @;c, W; where Wy
is an isomorphic copy of Ly and for i > 0, W; is an isomorphic copy

of Ly,.

We have seen that there is no BL™-chain A such that BL™ is complete
with respect to A, and a fortiori there is no BL"-chain A such that BL"
is strongly complete with respect to A. We wonder if there is a BL,,-chain
(SBL™-chain, SBL,-chain respectively) A such that BL,, (SBL", SBL,, re-
spectively) is strongly complete with respect to A. The answer to this
question is affirmative. Let QT be the set of all non-negative rationals, and
let a positive natural number n be given. We partition @\ {0} into n dense
and mutually disjoint subsets @1, ..., @,. For instance, let p1, ..., p,—1 be the
first n — 1 prime numbers, let for i = 1,...,n — 1, @; be the set of rational
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numbers whose denominator is a power of p;, and let Q, = QT\ ( ?;11 Qi).
Let for all ¢ € Q*, Wy = Ly,. Moreover, let Uy = Ly and let, for ¢ > 0,
U, =L;ifq€ Q;,i=1,...,n. Next, let Vo = L; and let for ¢ > 0, V, = Lj,.
Finally, let W =@ co+ Wq, U= o+ Ug and V =P o+ Vo

Theorem 8.4.2. (1) BL, is strongly complete with respect to a BLy,-
chain A iff W is a subalgebra of A.

(2) SBL" is strongly complete with respect to an SBL"-chain B iff U is a
subalgebra of B.

(3) SBL,, is strongly complete with respect to an SBLy,-chain C iff V is a
subalgebra of C.

Proof. (1) BL, is strongly complete with respect to A iff every countable
BL,,-chain embeds into A. Hence if BL,, is strongly complete with
respect to A, then W is a subalgebra of A. It remains to prove
that every countable BL,-chain D embeds into W. Now D can be
represented as D = @);c; H;, where I is a countable ordered set with
minimum and each H; is a subalgebra of L,. Now I can be order-
embedded into Q@ by an embedding h preserving the minimum. This
fact is well-known and it is a special case of a more general fact that
will be proved later.

Moreover, for every ¢ € I there is a unique embedding f; of H; into
Wii)- Now define, for a € D, g(a) as follows:

e if a =1, then g(a) = 1.

o otherwise, let i be the unique index such that a € H;\ {1}. Then,
let g(a) = fi(a).

It is easy to verify that g is an embedding of D into W.

(2) Let D = @,.; H; be any countable SBL"-chain, and let i be the
minimum of I. Let for h = 1,...,n, I}, be the set of all ¢ € I such
that H; is isomorphic to Lj. We claim that there is an embedding g
of I into Q% such that g(ip) = 0 and for h = 1,...,n, if i € I, then
g(i) € Qn. Let I ={ao, ..., an,...}. Without loss of generality, we may
assume that ag = ig.

Step 0. We define g(ag) = 0.

Step m + 1. Assume that at step m we have defined g(ao), .., g(am)
in such a way that: (a) g(ip) = 0; (b) for ¢,j = 0,...,m, a; < a; iff
g(ai) < g(aj); (c) for i = 0,...,m, and for h = 1,..,n, a; € I iff
g(a;) € Qn. Let h be such that a,, € Ij. Distinguish the following
cases: (1) if ap41 is greater than ag, ..., am,, then since @y, is dense in
Q, there is ¢+1 € Qp such that g1 is greater than g(ag), ..., g(am).
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Choose such a ¢p,+1 (to make the procedure deterministic, take all ¢
greater than g(ap), ..., g(am) with smallest denominator and among
them choose gp,4+1 with smallest numerator) and put g(@m+1) = Gm+1-
(2) If @41 is not greater than all ag, ..., an, then ap41 cannot be
smaller than all aq, ..., a,, since ag is the minimum. Hence there is
a greatest lower bound a; and a least upper bound a; of apy1 in
{ao, ..., am}. Then, using again the density of Qp, choose gm+1 € Qn
such that g(a;) < gm+1 < g(a;) (it is possible to make the procedure
deterministic by a trick as in case (1)), and let g(am+1) = gm+1-

Eventually, in this way we define g on the whole of I in such a way
that g is order-preserving, g(ig) = 0 and for h =1, ...,n, if i € I}, then
g(i) € Qn.

Finally, we obtain an embedding f of D into U, letting f(1) = 1, and
for all z € H;\ {1}, f(z) = t;(z), where ¢; is the unique isomorphism
from Hi onto Ug(t)

(3) The proof of (3) is obtained from the proof of (1) with obvious changes.
O

Theorems 8.3.8, 8.3.7, 8.3.9 allow us to derive some complexity theoretic
results. In order to introduce them, we need some definitions.

Definition 8.4.1. Let K be a class of BL-algebras. A BL-formula ¢ is said
to be:

(a) a K-1-tautology (abbreviated as ¢ € K-1-TAUT) if for every A € K and
for every valuation v in A, v(¢) = 1.

(b) a K-positive-tautology (abbreviated as ¢ € K-pos-TAUT) if for every
A € K and for every valuation v in A, v(¢) > 0.

(¢) K-1-satisfiable (abbreviated as ¢ € K-1-SAT) if there is A € K and a
valuation v in A such that v(¢) = 1.

(d) K-positively-satisfiable (abbreviated as ¢ € K-pos-SAT) if there is A € K
and a valuation v in A such that v(¢) > 0.

Theorem 8.4.3. (1) BL"-1-TAUT, SBL"-1-TAUT, BL,-1-TAUT, SBL,,-
1-TAUT, BL"-pos-TAUT, SBL"-pos-TAUT, BL,,-pos-TAUT and SBL,,-
pos-TAUT are Co-NP complete.

(2) BL"-1-SAT, SBL"-1-SAT, BL,-1-SAT, SBL,,-1-SAT, BL"-pos-SAT,
SBL"-pos-SAT, BL,,-pos-SAT and SBL,-pos-SAT are NP complete.

(8) There is a deterministic algorithm for checking if ¢ € BL"-1-TAUT
(¢ € BL -pos-TAUT, ¢ € BL"-1-SAT, ¢ € BL™-pos-SAT respectively)
which works in time bounded by Chn((k+ 1)n(n+1))*, where k is the
number of variables in ¢, h is the complexity of ¢, and C is a suitable
constant.
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(4) There is a deterministic algorithm for checking if ¢ € SBL"-1-TAUT
(¢ € SBL™-pos-TAUT, ¢ € SBL"-1-SAT, ¢ € SBL"-pos-SAT respec-
tively) which works in time bounded by Ch((k+ 1)n(n+ 1)), where k
is the number of variables in ¢, h is the complexity of ¢, and C is a
suitable constant.

(5) There is a deterministic algorithm for checking if ¢ € BL,-1-TAUT
(¢ € BL,,-pos-TAUT, ¢ € BL,,-1-SAT, ¢ € BLy,-pos-SAT respectively)
which works in time bounded by Ch((k + 1)n + 1)*, where k s the
number of variables in ¢, h is the complexity of ¢, and C is a suitable
constant.

(6) There is a deterministic algorithm for checking if ¢ € SBL,-1-TAUT
(¢ € SBLy,-pos-TAUT, ¢ € SBL,-1-SAT, ¢ € SBL,-pos-SAT respec-
tively) which works in time bounded by Ch((k 4+ 1)n + 1)¥, where k
is the number of variables in ¢, h is the complexity of ¢, and C is a
suitable constant.

Proof. (1) and (2). We exhibit a non-deterministic polynomial time algo-
rithm for the complement of BL"-1-TAUT. Guess non-deterministically a
natural number h with 1 < A < m. Guess non-deterministically k ele-
ments of BZ’k (cf Theorem 8.3.8) call them aj,...,a;. Using binary rep-
resentations, these guesses can be done in time proportional to In(n) and
to kln(k)In(n(n + 1)). Then, compute ¢(ay,...,ax), i.e., v(¢) where for
i =1,..,k, v(p;) = a;, in time proportional to h. If ¢(ay, ..., a) < 1, we have
verified that ¢ ¢ BL"-1-TAUT. The algorithm for checking ¢ ¢ BL"-pos-
TAUT (¢ € BL™1-SAT, ¢ € BL"-pos-SAT respectively) is similar, the only
difference being that in order to verify that ¢ ¢ BL"-pos-TAUT (¢ € BL"-
1-SAT, ¢ € BL"-pos-SAT respectively) we need to obtain ¢(aq,...,ar) = 0
(p(ai, ...,ar) = 1, ¢(ai, ...,ar) > 0 respectively). For BL,, the proof is sim-
ilar, the only differences being that we need not guess a natural number h
with 1 < h < n and instead of guessing k elements B;;"k, we have to guess
k elements of L. @ ... ® LAt L1 . LF+! being isomorphic copies of L.
For SBL™, the proof is similar, the only differences being that we need not
guess a natural number h with 1 < h < n and instead of guessing k elements
BZ’k, we have to guess k elements of BT’k. For SBL,,, the proof is similar,
the only differences being that we need not guess a natural number h with
1 < h < n and instead of guessing k elements BZ”C, we have to guess k
elements of Ly @ LL... ® LE L, ..., L* being isomorphic copies of Lj,.

As regards to Co-NP hardness (NP-hardness respectively), just note that
classical logic can be reduced to any of BL", SBL", BL,, or SBL,,. Indeed,
let f(z) = =—(a™). Then, f(x) is either 0 or 1. Moreover, f(0) = 0 and
f(1) = 1. It follows that for every formula ¢(pi,...,pn) we have that ¢
is a 1-tautology in classical logic iff ¢(f(p1), ..., f(pn)) is a 1-tautology (or
a positive tautology) in any of BL™ or SBL" or BL,, or SBL,,. The same
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relation holds between 1-satisfiability in classical logic and 1-satisfiability
(or positive satisfiability) over BL™ or SBL" or BL,, or SBL,,.

(3) We exhibit a deterministic algorithm for checking whether ¢ € BL"-
1-TAUT, the algorithms for BL"-pos-TAUT, BL"-1-SAT and BL"-pos-SAT
being similar.

For h =1,...,n, do the following: list all k-tuples (ay, ..., ax) of elements
of BZ’k (where as usual k is the number of variables of ¢) and compute
¢)((ll7 vy ak).

Then ¢ € BL™1-TAUT iff for h = 1,...,n and for all k-tuples (ay, ..., ax)
of elements of BZ’k, ¢(a1, ..., ar) = 1. Checking whether or not ¢(ay, ..., ax) =
1 requires a time proportional to the complexity of ¢, and the total number

of k-tuples of elements of BZ’k is (h +1+ k%)k < ((k+ Dn(n+ 1))]c
We have to repeat this operation for h = 1,...,n, hence we need a num-
ber of computation bounded by Cn ((k + 1)n(n + 1)), C being a suitable
constant.

The proofs of (4) and (5) and (6) are similar, the only difference being
that we have to check only one algebra instead of n algebras, and that the
algebra in question has cardinality < (k + 1)n(n + 1) in the case of SBL",
<n+ 1+ kn in the case of BL,, and in the case of SBL,,. O

8.5 Amalgamation and interpolation in varieties
of n-contractive BL-algebras

A relevant difference between the varieties BL™ and SBL™ on one side and
BL,, and SBL,, on the other side, is that BL,, and SBL,, have the amalga-
mation property, while BL"™ and SBL" do not. In any variety of (bounded)
commutative residuated lattices, amalgamation is equivalent to the deduc-
tive interpolation property of the corresponding logic, cf [GJKOO07]. It fol-
lows that BL,, and SBL,, have the deductive interpolation property, while
BL™ and SBL" do not. We recall the definitions of amalgamation property
and of interpolation.

Definition 8.5.1. Let K be a class of algebras of the same type. A V-
formation in K is a system (A,B, C,1,j) such that A,B,C € K and i and
j are embeddings of A into B and into C respectively.

Given a V-formation (A,B,C,1i,j) in K, an amalgam of (A,B,C,i,j) in
K is a system (D,h,k) such that D € K, h and k are embeddings of B and
of C respectively into D, and for all a € A, h(i(a)) = k(j(a)).

A class K is said to have the amalgamation property (AP for short) if every
V-formation in IC has an amalgam in IC.

Definition 8.5.2. A logic L has the deductive interpolation property if for
any theory ' and for any formula ¢ of L, if T 1, 1, then there is a formula
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v such that T' b, v, v Fr ¥ and every propositional variable occurring in vy
occurs both in I' and in 1.

A logic L having an implication connective — has the Craig interpolation
property iff for any two formulas ¢ and v of L, if b1 ¢ — 1, then there is
a formula v such thatbp ¢ — v, b v — ¢ and every propositional variable
occurring in 7y occurs both in ¢ and in .

We start from the positive result:
Theorem 8.5.1. BL,, and SBL,, have the amalgamation property.

Proof. It follows from [Mon06] that a variety V of BL-algebras has the AP iff
every V-formation in V consisting of totally ordered algebras has an amalgam
in V. Hence, it is sufficient to prove that any V-formation (A,B,C,%,j)
consisting of totally ordered BL,-algebras (SBL,-algebras respectively) has
an amalgam. Thus let A = @, 1 U, B=@,gVsand C = P, W,
where M, S and T are totally ordered sets with minimum myg, sp and tg
respectively, for m € M, s € S and ¢t € T, U,,, V, and W, are totally
ordered Wajsberg hoops and U,,,, V,, and Wy, are bounded.
Before prosecuting with the proof, we need the following

Lemma 8.5.1. Let i be an embedding of a BL-chain A into a BL-chain B
and let x,y € A. Then:

(1) =1 4ff i(x) = 1.

(2) If x,y are in the same component of A, then i(xz) and i(y) belong to
the same component of B.

(3) Ifz,y #1 and x K y (i.e., x < y and x,y do not belong to the same
component of A), then i(z) < i(y) # 1, i.e., i(z) < i(y), and i(x),i(y)
are not in the same component of B.

(4) x belongs to the first component of A iff i(x) belongs to the first com-
ponent of B.

Proof.
(1) is trivial. (2) x,y are in the same component of A iff (x — y) - y =
(y = z) = x iff (i(z) = i(y)) = i(y) = (i(y) — i(z)) = i(z) iff i(z) and
i(y) are in the same component of B.

(3) f 2,y # 1 and = < y, then i(x),i(y) # 1, (i(y) — i(z)) = i(z) = i((y —
z) = z) = i(1) = 1 and hence i(z) < i(y).

(4) x belongs to the first component of A iff  and 0 belong to the same
component of A, and the claim follows from (2) and (3). O
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We continue the proof of Theorem 8.5.1. By Lemma 8.5.1, for each
m € M, there is a unique s = i*(m) € S and a unique t = j*(m) € T such
that for all z € Uy, \{1}, i(z) € Vs\{1} and j(z) € W;\{1}. Hence, we obtain
two maps ¢* and j* from M into S and into T respectively. By Lemma 8.5.1,
i* and j* are one-one, order preserving, and i*(mg) = sp and j*(mg) = to.
Now, one moment’s reflection shows that the V-formation (M,S,T,*, j*)
has an amalgam (Y, h*, k*), that is, there are a totally ordered set Y with
minimum yy and two order preserving and one-one maps h* from S into Y
and k* from T into Y such that h*(sg) = k*(to) = yo and for every m € M,
B (i (m) = k* (7 (m)).

Indeed, modulo isomorphism we may assume that for all m € M, i*(m) =
j*(m) € SNT, and that S\ *(M) and T\ j*(M) are disjoint. Then we can
take Y = S UT. Moreover, denoting the orders on S and on 7' by <g and
by <7 respectively, we define the order <y on Y as follows:

(1) If, y1,92 € S, then y1 <y ya iff y1 <5 yo.

(2) If, y1,y2 € T, then y1 <y y2 iff y1 <7 yo. (Note that if y1,y2 € SNT,
then the clauses (1) and (2) do not conflict, because y; <g yo iff there are
mi,mg € M such that i*(my) = y1, i*(m2) = y2 and my <p; mg iff there
are my,mg € M such that j*(my) = y1, j*(m2) = y2 and my <py mo iff
y1 <71 ¥Y2)-

(B) If y1 € S\ T and y2 € T\ S, then y; <y yo iff for all m € M, if
i*(m) <g y1, then j*(m) <r y2. Otherwise, y2 <y y1.

We are now ready to construct an amalgam (D, h, k) of (A, B, C,i,j).
Consider the amalgamation in BL, first. Then, A,B,C € BL,, and for all
sc Sandt €T, V, and W, are subalgebras of L,,. Let for all y € Y, L}, be
an isomorphic copy of L,,, and let D = @yEY L}. Let for all s € S and for
allt € T, hg and k; be the unique embeddings of V4 and of Wy respectively
into LY. Moreover, let for all v € B and w € C, h(v) and k(w) be defined
as follows:

-if v =1, then h(v) =1 and if w = 1, then k(w) = 1.

-if v < 1, let s(v) be the unique element of S such that v € Vy(,), and let
h(U) = hs('u)(v)'

-if w < 1, let ¢t(w) be the unique element of T such that w € Wi(w), and
let k(w) = Ky (w).

It is rather straightforward to check that (D, h, k) is an amalgam in BL,,
of the V-formation (A,B,C,i,j).

The proof for SBL,, is similar, the only differences being that: (1)
Unngs Vsgs Wy, are isomorphic to Ly; (2) in the definition of D, the first
component must be replaced by an isomorphic copy, LY, of L; (the other
components remain unchanged); (3) if v = 0 (if w = 0 respectively), then
sy (Kyw) respectively) has to be the unique isomorphism of Vs, (Wi,
respectively) into Li°. O

Corollary 8.5.1. (1) BL,, and SBL,, have the deductive interpolation prop-
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erty.

(2) Although, for n > 1, BL, and SBL, do not have Craig’s interpolation
property, they enjoy the following weak form of Craig interpolation. If L is
any of BL, or SBLy, and if -, ¢" — 1, then there is a formula v such
that b1, @™ — v, b 4™ — ¥ and every propositional variable occurring in
occurs both in ¢ and in .

Proof. (1) It follows from [GJKOOQ7] that for commutative substructural log-
ics, the deductive interpolation property is equivalent to the amalgamation
property for its corresponding variety.

(2) That BL, and SBL, do not have Craig interpolation follows from
a general result of [Mon06], where it is shown that there are only four
schematic extensions of BL with Craig’s interpolation property, namely,
Godel logic, the three-valued Godel logic, classical logic and the inconsistent
logic. The weak form of Craig interpolation follows from the fact that if L
is any m-contractive extension of BL, then for any two formulas ¢ and 1,
one has ¢ -, ¢ iff Fp ¢™ — 1) (see [HNPO7, theorem 3.3]). O

Theorem 8.5.2. If n > 2, then none of BL"™ or SBL" has the AP.

Proof. We start from the following remark. If n > 2, then L,_; is not a
subalgebra of L,,. Moreover, it follows from a result of Di Nola and Lettieri
[dL00] that if L, and L;, embed into an MV-algebra A, then also Ligy(n,m)
embeds into A. Thus, if L,—; and L, embed into an MV-algebra A, then
Licw(n,n—1) embeds into A, and A is not n-contractive.

Now consider BL". Let i and j be the embeddings of L; into L,, and into
L, respectively, and suppose, by way of contradiction, that (D, h, k) is an
amalgam of (Ly, Ly, Ly,_1,4,7), with D € BL". Let H be the subalgebra
of D generated by h(Ly) U k(L,_1). Note that H is finitely generated, and
hence it is finite. Decompose H into totally ordered factors, Hy,..., Hy.
Then, for each generator x of H different from 1, we have 2™ = 0. It follows
that for ¢ = 1,..., k, we have =} = 0, and x; belongs to the first component
of H;. But then each generator of H; is in the first component, and hence
H; has only one component, that is, H; is an MV-chain. It follows that H is
an MV-algebra, and since L,, and L,,_; embed into H, by the remark made
at the beginning of this proof, H is not n-contractive. Thus, H ¢ BL" and
D ¢ BL", a contradiction. Hence, BL" does not have the AP.

Next, consider SBL". Let ¢ and j be the embeddings of Ly &Ly into L1 ®
L, and into Ly @ L,,—1 respectively, and suppose, by way of contradiction,
that (D, h, k) is an amalgam of (L; ®L;,L; ® Ly, L1 ®Ly,_1,7,7), with D €
SBL"™. Let H be the subalgebra of D generated by h(Li® Ly, )Uk(L1®Ly,—1).
Note that H is finitely generated, and hence it is finite. Moreover, let a =
h(min(Ly)) = k(min(L,—1)). Then, a > 0 is an idempotent element, and
every generator of H except 0 is > a. By induction on the generation of H,
we have that every element of H is either 0 or > a. Indeed, every generator
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has this property, and if 2,y > a, then 2&y > a> =a and 2 — y > y > a.
Moreover 2&0 = 0&x = 0,0 - x =1 > a, and if z > a, then z — 0 = 0.
Thus, a is the unique atom of H, and H can be decomposed as L; & K.
Moreover, K is generated by h(Ly,) U k(L,—1), and reasoning as in the case
of BL™, we see that K is an MV-algebra with minimum a. Since L,, and
L,—1 embed into K, K is not n-contractive. Thus, K ¢ BL", H ¢ BL" and
D ¢ BL", a contradiction. O

Corollary 8.5.2. BL"™ and SBL" do not have deductive interpolation.

8.6 First-order n-contractive BL-logics

For the concepts of first-order many-valued logics (syntax and semantics),
we refer to chapter 5.

If ¢ is a sentence, then ||¢||4; . does not depend on e, and hence we will
write [|¢||&; instead of H¢Hﬁ’64 Moreover, if the only free variables in ¢ are
Tp, then Hq&Hﬁ,Le only depends on (A, M) and e(z1),...,e(zy). Thus
if for i = 1,...,n, e(x;) = d;, then sometimes we will write ||¢(dy, ..., dn) ||l
instead of quHﬁ/Le‘

Definition 8.6.1. Let K be a class of BL-chains, let I' be a set of formulas
of LV, and let ¢ be a formula of LY. We say that ¢ is a semantic consequence
of I'in K (and we write I' =i ¢) iff for every first-order safe interpretation
(A, M, e) with A € K, if |||, =1 for all €T, then ||¢|lfg, = 1.

Definition 8.6.2. Let K be a class of BL-chains. A formula ¢ is said to
be: a K-1-tautology (abbreviated as ¢ € K-1-TAUT) if for every first-order
safe interpretation (A, M, e) with A € K we have quHf/Le =1; a K-positive
tautology (abbreviated as ¢ € K-pos-TAUT) if for every first-order safe
interpretation (A, M, e) with A € K, ||¢|ag, > 0; K-1-satisfiable (abbrevi-
ated as ¢ € K-1-SAT) if there is a first-order safe interpretation (A, M, e)
with A € K, such that H(be,Le = 1; K-positively-satisfiable (abbreviated as
¢ € K-pos-SAT) if there is a first-order safe interpretation (A, M, e) with
A € K, such that ||¢||ﬁe > 0.

We say that LY is strongly complete with respect to a class IKC of BL-chains
if for every set I' of formulas, the set of formulas derivable from I' in LV
coincides with the set of semantic consequences of I' in K.

We say that LV is finitely strongly complete with respect to K if the above
condition holds for all finite sets I' of formulas, and that LV is complete
with respect to K if the above condition holds for T’ = ().

In [H4j98b], the following is shown:

Ty .-

Theorem 8.6.1. Let L be a schematic extension of BL and let L be its
corresponding variety. Then, LY is strongly complete with respect to the
class of all chains in L.
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For reader’s convenience we recall the definition of o-embedding (previ-
ously introduced in chapter 7).

Definition 8.6.3. Let L and L be as in Theorem 8.6.1, and let A, B be
chains in L. An embedding h from A into B is said to be a o embedding if it
preserves all existing suprema and infima, i.e., for every non-empty set X C
A, if sup(X) (inf(X) respectively) exists in A, then sup(h(X)) (inf(h(X))
respectively) exists in B, and h(sup(X)) = sup(h(X)) (h(inf(X)) = inf(h(X))
respectively).

In [CEGT09], the following is shown:

Theorem 8.6.2. Let L and L be as in Theorem 8.6.1, and let K be a
class of chains in L such that for every countable chain A in L there is a
o embedding of A into some B € K. Then, LV is strongly complete with
respect to K.

As a consequence of Theorem 8.6.1, we get:

Theorem 8.6.3. Let K be the set of all BL"-chains (SBL"-chains, BLy,-
chains, SBLy-chains respectively). Then the sets K-1-TAUT and K-pos-
TAUT are X1-complete and the sets K-1-SAT and K-pos-SAT are 11 -complete.

Proof. Thanks to [MN10, corollary 3.17], we immediately obtain the -
completeness (of K-1-TAUT and K-pos-TAUT) as well as the fact that K-
1-SAT is II;-complete and K-pos-SAT is II;.

To conclude the proof, let for every formula ¢, ¢* be the formula obtained
by replacing every atomic subformula 1) of ¢ by =—(¢)™). The set of classical
satisfiable formulas reduces to -pos-SAT via the map ¢ — ¢*, and hence
K-pos-SAT is II;-complete. d

Since the class of BL"-chains (SBL,-chains, BL,-chains, SBL,-chains
respectively) is closed under MacNeille completions (this result is showed
in [BMO09]. For more general information about MacNeille completions see
[Mac37], [DP02], [GJKOO07]. Other studies concerning the MacNeille com-
pletions of MTL-chains have been done in [Lv08],[vanl0]), and since any
residuated lattice embeds into its MacNeille completion by a ¢ embedding,
we have:

Theorem 8.6.4. Let K be as in Theorem 8.6.3 and let H be the class of
all elements of KK which are complete with respect to the order. Then K-
1-TAUT= H-1-TAUT, K-pos-TAUT= H-pos-TAUT, K-1-SAT= H-1-SAT
and K-pos-SAT= H-pos-SAT. Hence, H-1-TAUT and H-pos-TAUT are ¥1-
complete and H-1-SAT and H-pos-SAT are I11-complete.

We cannot hope to have any of standard completeness (i.e., completeness
with respect to the class of BL™-chains on [0,1]) or rational completeness
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(completeness with respect to the class of BL"-chains on the rational interval
[0,1]) or even hyperreal completeness (completeness with respect to the class
of BL™-chains over non-standard extensions of [0, 1]) for BL"V, because all
these chains are densely ordered, and even for n > 1, the unique standard
BL"-chain is the standard Gédel algebra, which, being a BL!-algebra, does
not generate the whole variety of BL"-algebras. For the same reason, we
cannot have any of the above kind of completeness for SBL™V or for BL,,V
or for SBL,,V.

Unlike the propositional case, we cannot even have completeness of any
of the above logics with respect to the class of the corresponding finite
chains. Let Kj;;, be any of the classes of finite BL"-chains (SBL"-chains,
BL,,-chains, SBL,-chains respectively) and let K be as in Theorem 8.6.3.
Then, Jz(P(z) — VyP(y)) and 3z(3yP(y) — P(z)) are two examples of
formulas in Ky;,-1-TAUT, but not in X-1-TAUT.

Moreover, it follows from [MN10] that KCys,-1-TAUT is II;-complete and
hence it is not in 3.

To conclude this section, we investigate the following problem: Let L be
any of BL", SBL", BL,, or SBL,,. Is it true that there is an L-chain K such
that LV is (strongly) complete with respect to K?

We already know that if n > 2, then the answer is negative for BL".
We will prove that for BL,, with n not a prime number the answer is still
negative. Then we will prove that the answer for SBL" and for SBL,, is
positive. As a warm-up, we prove that BL,V (SBL,V respectively) are not
complete with respect to the algebras W (V respectively) introduced just
before Theorem 8.4.2, although their propositional versions are. Indeed, we
have:

Theorem 8.6.5. Let n > 3 be a non-prime natural number, and let ¢ be
the formula

3x(P(z) = VyP(y)) V (vyP(y)" " & (YyP(y) = (VyP(y))").

Then, ¢ is valid in W, but it is not a theorem of BL,V.
Moreover, =(YxP(x)) V ¢ is valid in 'V, but is not provable in SBL,Y.

Proof. Let (W, M, e) be any safe interpretation, and let D be the domain
of M. Let Z = {”P(d)”ﬁl :d € D}. If Z has a minimum, or equivalently
if there is a d € D such that |P(d)||& = V2P (z)|¥y, then |3z(P(z) —
VyP(y))|lyy = 1. Otherwise, the set S of all ¢ € Q* such that for some
de D, |P(d)||& € Wy \ {1} has no minimum (because each component is
finite, and if S had a minimum, then Z would have in turn a minimum).
However, S must have an infimum s, otherwise ||VzP(z)||¥y would not be
defined and the interpretation would not be safe. It follows that ||z P(z)|| ¥y
is the coatom, a, of W,. Since Wy is isomorphic to Ly, av = (a = a"),
and ||((YyP(y))"~! < (VyP(y) — (VyP(y))")||lxy = 1. However, if 1 <m <
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n and m divides n, then ¢ is not valid in the ordinal sum H = ®qu+ LY,
where for all ¢ € QT, L, is an isomorphic copy of Ly,. Indeed, if we take the
domain D of M to be the set of all rationals in the half-open interval (%, 1],
and we define, for every d € D, PlH(d) as being the coatom of I‘C"l%’ then

V2P (x) |5 is t}lle coatom, ¢, of L2, and since ¢"~!

¢ = " > min(L,), we have [[(VyP()" ! ¢ (yP(y) — (VyP(y)")I1% <
1 and || 3z(P(z) — YyP(y)) |5 < 1. Hence, |65 < 1.

The proof for SBL,,V is similar, and hence we only discuss the parts where
the two proofs diverge. To check the validity of ¢ V —=(VyP(y)) in V, note
that if [MyP(y)[ = 0, then [|¥yPW)Y; = 1. Otherwise, [MyP(y)lNs:
3z(P(z) — VyP(y))|Y; and ||¢|V;. belong to a component different from
the first component, and since V and W only differ on the first component,
we have ||¢||Y; = 1. Moreover ¢ V —=VyP(y) can be invalidated in the in-
terpretation (H', M) (the choice of the evaluation e is irrelevant), where H’
is obtained from the BL,-chain H defined in the first part of the present
proof, by replacing the first component by L; and M is defined as in the first
part of this proof, the only difference being that in this case M is thought
of as an H' structure and not as an H structure. Then, H¢||ﬁ < 1 and
[VyP(y) |5 > 0. Tt follows that ||=VyP(y)|[Xf = 0, as H' is an SBL-chain,
and finally 6V ~VyP ()& = 4L < 1. 0

= ¢" = min(L3) and

Theorem 8.6.6. Let n > 3 be a non-prime natural number. For every
BL,-chain K, BL,Y is not complete with respect to K.

Proof. Let K = @,;c; K;, where I is a totally ordered set with minimum ig
and each K; is a subalgebra of L,,. Distinguish the following cases:

(1) Ifig is not a limit point in 7, then the formula (Vz——P(z)) — (=—VzP(z))
is valid in K, because, for every K structure M with domain D, if for
all d € D, [P@IK ¢ K\ {1}, then [VaP(@)[K ¢ K\ {1}, as
ip is not a limit point, and hence |[=—VzP(z)|X = 1. If for some
de D, |PA)E € K\ {1}, then [~~vaP@)[ = [VoP()|K =
[Vz==P(2)||X;, and in any case ||(Vz—=P(z)) — (-—~VzP(z))|5 = 1.
But (Vz——=P(z)) — (—-—VaP(x)) is not valid e.g. in the Godel algebra
on [0,1], and hence it is not a theorem of BL,.

@

N

If i is a limit point in I and Kj, is isomorphic to Ly, for some m <
n, then the formula (==Q)™ — (==Q)™*!, where Q is a zero-ary
predicate, is valid in K, but it is not a theorem of BL,,, because it is
not valid, e.g., in L,,.

(3

=

If 4 is a limit point of I and K, is isomorphic to Ly, then the formula
-~—VaP(z) V ¢, where ¢ is as in Theorem 8.6.5, is valid in K. Indeed,
the claim is trivial if for all d € D, ||P(d)||¥; = 1. If for some d € D,
[P(d)|% < 1, thenlet S = {ieI:3de D (|PWA)| e K\ {1})}.
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Note that S # 0, and if (K,M,e) is safe, then inf(S) must ex-
ist, otherwise ||VzP(z)||% would be undefined. Now if inf(S) > o,
then |[-—VzP(z)||% = 1. Moreover if inf(S) = min(S) = io, then
[Fz(P(z) — YyP(y))|X = 1 and ||¢|% = 1. If S has no minimum
and inf(S) = ig, then |VaP(z)|/¥ is the coatom of K;, and, by the
argument used in the proof of Theorem 8.6.5, ||¢|IX = 1.

Now ——VzP(z) V ¢ is not provable in BL,V. Indeed, let QT be the
set of non-negative rational numbers, and let T = @qu+ T, where
T, is isomorphic to L, if ¢ > 0 and is isomorphic to L,, where 1 <
m < n and m divides n if ¢ = 0. Moreover, let M be the T structure
with domain D equal to the set of strictly positive rational numbers
and such that PM(q) is the coatom of T, for every positive rational
number ¢. Then, ||[=—VzP(z)||¥; is the coatom of Ty, call it c. Hence,
@l =c"=0,and ¢ — ¢ = =¢ > 0. It follows that ||¢||5; < 1 and
16V vz P < 1

Thus, in any case there is a formula which is not a theorem of BL,, but is valid
in K, and hence BL,V is not complete with respect to any BL,-chain. [

‘We are going to prove that both SBL™V and SBL,,V are strongly complete
with respect to a single SBL™ chain A™ (SBL,, chain A,, respectively).

We start from a partition of the set QT of all non-negative rationals into
n dense subsets, Q1,..., @, such that 0 € Q1. For ¢ € QT, let iy be the
unique natural number such that ¢ € Q;,, and define for ¢ € QT, W, = Li,.
Finally, let A" = @ o+ Wy

As regards to A, let i1,...,7; be the natural numbers which divide n,
with i1 = 1, let Q1,...,Qp, be a partition of QT into h dense subsets such
that 0 € @1, and let for ¢ € QT, hy be the unique natural number such
that ¢ € Qp,. Define, for ¢ € Q*, U, = Li,,- Finally, let A, = @ o+ U
Clearly, A™ is an SBL" chain and A,, is an SBL,, chain.

Theorem 8.6.7. (1) Every countable SBL™ chain can be o-embedded into
A" and hence SBL™Y is strongly complete with respect to A™.

(2) Every countable SBL,, chain can be o-embedded into A,, and hence
SBL,Y is strongly complete with respect to A,,.

Proof. We prove (1), the proof of (2) being quite similar. Let B =
;< Hi be any countable SBL"-chain, where I is a (finite or) count-
able totally ordered set with minimum iy, H;; is isomorphic to L; and
for ¢ > ip, H; is isomorphic to one of Ly, ...,L,. Let for h = 1,...,n,
I, be the set of all i € I such that H; is isomorphic to Ly,.

We prosecute the proof with the following

Lemma 8.6.1. Suppose that f is an order preserving one-one map
from I into QT such that: (1) f(io) = 0; (2) for i € I and for h =
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1,..,m, if i € Iy, then f(i) € Qn; (3) [ preserves all suprema and
infima existing in I. Let fori € I, g; be an isomorphism between H;
and W), and define for a € B,

(a){l ifa=1
S =N gi@) ifacH N\ {1}

Then, g is a o-embedding of B into A™.

Proof. That g is an embedding from B into A™ can be proved as in
Theorem 8.4.2, and it is left to prove that suprema and infima existing
in B are preserved. Thus let X be a non-empty subset of B and assume
first that sup(X) exists in B. That g(sup(X)) = sup(g(X)) is clear if
sup(X) = max(X). Otherwise, note that 1 ¢ X. Now let Ix be the
set of ¢ € I for which there is an # € X such that # € H;\ {1}. Then,
Ix has a supremum, ix say, but not a maximum (otherwise, X would
have a maximum, because all components are finite). It follows that
sup(X) is the bottom of H;,, and g(sup(X)) is the bottom of W ;).
Since [ preserves all suprema and infima existing in I, f(sup(Ix)) =
flix) = sup(f(Ix)). We claim that sup(g(X)) is the minimum of
Wiiix)- Indeed, it is clear that min(Wy;,)) is an upper bound of
g(X). Now let z < min(Wy(;)), and let g. be such that z € W,_.
Then, ¢. < sup(f(Ix)). Hence, there is i € Ix such that ¢. < f(¢).
Let © € X N (H;\{1}). Then, z < g(x), and z is not an upper bound
of g(X). This shows that min(Wy(;)) = g(sup(X)) = sup(g(X)), as
desired.

Now assume that inf(X) exists in B. Without loss of generality, we
may assume that 1 ¢ X. As in the previous part, we may assume
without loss of generality that inf(X) is not the minimum of X. Thus,
the set Ix of all i € I for which there is an « € X such that z € H;\ {1}
has an infimum, jy say, which is not a minimum. It follows that
inf(X) is the coatom of Hj,, and by condition (2), Hj, and Wy, )
are isomorphic. Hence, g(inf(X)) is the coatom of Wy . Since f
preserves all suprema and infima existing in I, f(inf(Ix)) = f(jx) =
inf(f(Ix)). Moreover, it is easy to check that inf(g(X)) is the coatom
of W(iy), that is, g(inf(X)) = inf(g(X)), as desired. O

Continuing with the proof of Theorem 8.6.7, it suffices to find an order
preserving one-one map from I into Q% satisfying conditions (1), (2)
and (3) in Lemma 8.6.1. Let I = {ao, a1, ..., an,...}. Without loss of
generality, we may assume ag = ig = min(/). We define the desired f
by steps:

Step 0: define f(ap) = 0.
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Step n + 1. Assume that after step n we have defined f(ay), ..., f(an)
so that, besides f(agp) = 0, the following conditions are satisfied: (a)
for i = 0,..,n, 0 < f(a;) < 1; (b) for i,5 = 1,..,n, a; < a; iff
fla;) < f(aj); (c) for i = 2,...,n, suppose that there are j,h < i
such that a; < a; < aj, and for all k& < 4, if ap < a;, then a; <
a; and if ax > a;, then ag > ap; then, f(a;) + 5(f(an) — f(a))) <
fla;) < flaj)+2(f(an) — f(a;)). Note that condition (c) implies that
()~ F(a))] < 21 (an)—flaj)| and |f(ai)—f(an)] < 2| (an)—f(a,)].
Distinguish the following cases:

(i) For i = 0,...,m, apt1 > a;. Then, let r be such that ap41 € I,. By
the density of @, we can choose a ¢,4+1 € @, such that for i =1, ...n,
1> gnt1 > f(ai). Then, we define f(ant1) = gnt1-

(ii) There are j,h < n such that aj < apy1 < aj, and for all k < n, if
aj, < an41, then ap < a;j and if ax > any1, then ap > ap. Let &k be
such that anq1 € Iy. Since Qy is dense in QF, there is a g1 € Qk
such that £(a;) + 5(f(an) — £(a)) < gunr < F(ay) +2(F(ar) - F(ay))-
Then let f(ant1) = gnt+1. It is readily seen that conditions (a), (b)
and (c) are preserved.

We claim that the above defined function f is increasing and sat-
isfies conditions (1), (2) and (3) of Lemma 8.6.1. The only non-
trivial property is condition (3). We only prove that f preserves
suprema, the proof that f preserves infima being similar. Thus sup-
pose 0 # X C I and i = sup(X). If i = max(X), then trivially
f(sup(X)) = sup(f(X)). Otherwise, since f is increasing, we have
f(i) = f(sup(X)) > sup(f(X)) and it remains to prove that for all ¢ >
0 there is ¢ € X such that |f(7) — f(x)| < €. Let h be such that i = a,
and let k& < h be such that a, < aj and for all j < h, if a; < aj, then
a; < ay. Define recursively: ng = k: njp1 = min{j : a,, < a; < ap}.

Then, by our construction, |f(an,,,) — f(i)| < 2|f(an,) — f()]. It

follows that |f(an,) — F()| < (2)" | f(an) — F()] < (2)".

Now let € > 0 be arbitrary, let & be such that (%)k <eandlet z € X
be such that a,, < z <i. (such an z exists because sup(X) = ¢ and

an,, < i). Then, |f(xz) — f(i)| < |f(an,) — f(P)] < (%)k < ¢ and the

claim is proved.

The proof that f preserves infima is similar.

(2) The proof of claim (2) is quite similar to the proof of claim (1).



Chapter 9

First-order Nilpotent
Minimum Logics: first steps

First-order Nilpotent Minimum Logic was introduced in [EGO1]; in [Gis03]
it is showed that every infinite NM-chain with negation fixpoint is complete
w.r.t. the logic NM. In this thesis we have shown that this last result, in
the first-order case, does not hold. We have studied the sets of first-order
tautologies of some subalgebras of [0,1]yas: in particular finite NM-chains
and other four infinite NM-chains (with and without negation fixpoint).
Moreover we have found a connection between the validity, in an NM-chain,
of certain first-order formulas and its order type. Finally, we have analyzed
axiomatization, undecidability and the monadic fragments.

This study has been inspired by the work done, for first-order Godel
logic, in [BPZ07] and [BCF07]: when possible, we have pointed out the
analogies and the differences with the Godel logic case. All these results
have been submitted for publications in [Bial0].

9.1 First-order Nilpotent Minimum Logics

In this chapter we will assume that the reader is acquainted with first-order
many-valued logics (introduced in chapter 5). Moreover, we will largely use
the NM-chains listed in section 4.3.6.

9.1.1 NM,, NM'y, NM_, NM'_ and finite NM-chains
Remark 9.1.1. In the following we will assume that the first-order language
is fived.

Let A be an NM-chain: with the notation TAUT 4V we will denote the
first-order tautologies of A.

Theorem 9.1.1. For every NM-chain A it holds that TAUTjg 1),V C
TAUTY.

106
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Proof. Immediate from theorem 5.3.2 and chain completeness theorem for
NMYV (see [EGO1, theorem 7]). O

Now we analyze the differences between the (first-order) tautologies of
[0, 1] ;as and those of the other four infinite chains that we have introduced.

Theorem 9.1.2.
1. TAUTNM, Y C TAUTNM;)V, TAUTNpM Y C TAUTNM,;V.

2. TAUT o 15, Y C TAUTNM, Y, TAUT ),V C TAUTNM,;V and
TAUTNM, Y # TAUTN Y. In fact the formula

*) (Vo) (p(2)8v) & ((Vae)p(z)&rv)

where x does not occur freely in v, is a tautology for NMy and
NM',,, but it fails in NM._ (and hence, from theorem 9.1.1, it fails
mn [0, l]NIbI)‘

Proof. 1. Immediate from theorem 4.3.5 and the fact that NMJ —
NMeo, NM' < NM., preserving all inf and sup.

2. First of all we show that (*) fails in NM/,. Consider the formula
(Vz)(P(x)&p) < ((Vx)P(x)&p), where p is a predicate of arity zero.
Construct a model M (that is necessarily safe, since N M/ is complete)
such that M = (,1] N NM/,, p is interpreted as i and rp(m)
m, for each m € M. An easy check shows that |(Vz)(P(z)&p)
((Va) P(z)&p) | "> = L and hence NM, I ().

Now we show that NMy [ (x). We have to check that, for each
W C NMoy, (observe that NMy, is a complete lattice) and y € N M,
it holds that infy,ew (w*y) = inf(W)=*y. Note that, if W has minimum
m, then inf(W) xy = m *y = inf e (w * y). Suppose then that W
has infimum but not minimum: an easy check shows that inf(1W) = 0.
In this last case we have that inf(W) *+y = 0 = infyew(w *1) >
infweW(w * y)‘

Finally we analyze NM’_ . We have to show that inf,,ew{w * z} =
inf(W)xx, for each W C NM'_  and x € NM'_, when these inf exist.
If W has a minimum, say m, then infyew{w*z} = mxz = inf (W) *x;
if W does not have minimum, then it does not have inf and we are
not interested to this case.

O

Remark 9.1.2. In [BPZ07] are studied the Gédel-chains Gy, whose uni-
verse is {1—1 : n € NF}U{1} and G|, whose universe is {1 : n € NT}U{0}.
In our case, since the negation is involutive, if we construct the NM-chain
generated by (the universe of) Gy or G| and n(z) = 1 — x, then we obtain
NMy.
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Lemma 9.1.1. Let A be an NM-chain: an element a has precedessor (suc-
cessor) if and only if n(a) has successor (predecessor).

Proof. Immediate from the properties of the negation. d

Theorem 9.1.3. Consider the following formulas:

Cr (32)(p(x) = Yyp(y))
c, (32) Fye(y) = p(a)).

The formulas Cy and C| hold in every NM-chain A in which every element
of A\{0,1} has a predecessor in A. They both fail in any other NM-chain.

Proof. Let B be an NM-chain that has an element z € B\ {0,1} without
predecessor in B.

Consider the set W = {w € B: w < x}: direct inspection shows that
sup, e {sup(W) = w} = sup,ew{z = w} = sup,cp {max(n(z),w)} < 1.
This shows that B }=C|.

From lemma 9.1.1 we know that n(z) does not have successor. Con-
struct the set W = {w € B: w > n(z)}: direct inspection shows that
sup,ep{w = inf(W)} = sup,,cp{w = n(z)} = sup,,cp {max(n(w), n(z))}
1. This shows that B & Cj.

Consider now the NM-chain A of the theorem: note that every element
of A\ {0,1} has predecessor and successor in A. We have to check that
sup, e {w = inf(W)} =1 and sup,,cy {sup(W) = w} = 1, for every W in
which these inf and sup exist. If W has minimum m, then sup,cpy{w =
inf(W)} = m = m = 1; if W has maximum n, then sup,,cy {sup(W) =
w} =n = n = 1. If W has infimum, but not minimum, then inf(W) =
0 and sup,cp{w = inf(W)} = sup,ep{n(w)} = 1. Finally, if W has
supremum, but not maximum, then sup(W) = 1 and sup,,ecy {sup(W) =
w} =sup,ep{l = w} =1 O

Corollary 9.1.1.

e Cy and Cy belong to TAUTN .Y, TAUT =V, TAUT -V and
TAUT N, Y, for every 1 <n < w. ‘

e C| and Cy fail in [0, 1Ny and N M.

Remark 9.1.3. Continuing with the analogies with Gadel logic, it can be
showed (see [BPZ07] and [BLZ96]) that C| and Cy are tautologies in G+ and
in every finite Gédel chain, whilst G| ~Cy and G |=C|. Both the formulas
fail in GY (see [BLZ96]).

We prosecute our analysis of first-order tautologies with the following

Theorem 9.1.4. Let ¢ be an NMY formula. For every integer n > 1 and
every even integer m > 1 it holds that
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o if NM, t~ ¢, then NMy - o and NM. W~ .
o if NM,, b~ ¢, then NM_ B~ ¢ and NM' B~ o.

Proof. Tt is enough to show that NM,, < NMs, NM,, — NM!_, NM,, —
NMZy, NM,, — NM'_ preserving all inf and sup.

We begin with the case of N M.

Let 0 =¢; < ¢y < -+ < ¢y =1 be the elements of NM,,: consider a map
¢ such that

o ¢(c1) =0 and ¢(c,) = 1.
e If NM, has a fixpoint f, then ¢(f) = 3.

o Let ¢ be the least positive element: we set ¢(c;) = 1 —

1
wu-R for
every Cp > Cj 2 Ck.

e Let ¢, be the greatest negative element: we set ¢(c;) =

) for
every c¢1 < ¢; < ¢p.

1
3+ (h—i

Direct inspection shows that ¢ is an embedding from the two chains. More-
over, since N M,, is finite, then for each W C NM,,, ¢(inf(W)) = ¢(min(W)) =
min(¢(W)); analogously for sup.

Concerning the case of NM/, we have only to modify the map ¢ and
the proof proceeds analogously to the previous case.

Let 0 =¢; < g < -+ < ¢, =1 be the elements of NM,,: consider a map
¢ such that

° ¢(Cl) =0and ¢(Cn) =L
e If NM,, has a fixpoint f, then ¢(f) = %

e Let i be the greatest positive element of NM/ \ {1}: we set ¢(c;) =
% + m for every ¢, > ¢ > ¢;.

e Let ¢, be the least negative element of NM. \ {0}: we set ¢(¢;) =
% — m for every ¢ < ¢ < ¢.

Finally the proofs for NM_ and NM’'_ are identical to the previous ones,
except for the absence of the negation fixpoint. d

Corollary 9.1.2. For every integern > 1 we have TAUTg 1,,Y C TAUTNM, Y,
TAUTNM'MV C TAUTN]W”V, TAUTNMAQV C TAUTNj\,jnV. Moreover, 7f77
is even, then TAUTNM;V CTAUTNM,Y, TAUTNM'gCV CTAUTNMN.

Proof. From theorems 9.1.1, 9.1.4 we have the non-strict inclusions. To
prove the strictness, direct inspection shows that the formula \/,_,_, (p; —
pi+1) (where each p; is a predicate of arity zero) is a first-order tautology of
NM,,, but it fails in every infinite NM-chain. O
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By contrast with the results of [BPZ07] for G, it cannot be showed that
TAUTNM, ¥V C TAUTNAY. In fact, if NM,, has negation fixpoint, then
(see theorem 4.3.5) NM,, [~ =(=p?)? > (—(—p)?)?, where p is a predicate of
arity zero. However N M, 1 = =(-p?)? < (=(-p)?)%

However, we have the following

Theorem 9.1.5. For each pair of integers m,n such that 1 < m < n, if
m,n are both even (odd), then TAUTN),Y C TAUT N, V-

Proof. First of all, note that NM,, has negation fixpoint if and only if n is
odd. This solves the problem previously cited, about the formula —(—p?)? <
(-(-p)2)2

From these facts, using an easy adaptation of the proof of theorem 9.1.4
it can be proved that N M, < N M,,, preserving all inf and sup. This shows
that TAUT N,V C TAUTN]\,[,MV.

To conclude, note that NM,, = Vo ;epm(Pi = pig1), but NM,, B
VocicmPi = Pit1)- o

Moreover, by inspecting the previous proof, we obtain
Corollary 9.1.3. For every even integer n > 1, it holds that T AU TNy, .,V C
TAUTNM,Y.

Now we study the relation between TAUT NV and (50 TAUT N, V-
First of all, we need the following lemma.

Lemma 9.1.2. Let M = (M, {rp}pep, {mc}cec) be an NMy-model. For
a € NMy, consider the N My,-model M, = <]M, {r;}pep,{mc}u€c> such
that, for each atomic formula v and every evaluation v

1 Zf H’L/)HM,N > |0¢‘
(m) ¥]IMow =0 if Wl < n(al)
[¥llme  otherwise

Where |o| = max(o, n(a)).
Then (m) holds for every first-order formula .

Proof. By structural induction. Since M, and M, (o) define the same model
we will assume, without loss of generality, that o > % (otherwise we set

e If ¢ is atomic or L, then there is nothing to prove.

e ¢ := 1 Ax and the claim holds for ¥ and x. First of all note that || A
Xllve = min([[¢lnv.e, l[xlIv0) and [[PAX] Moo = min([[$llMa.o; X IMa0):
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from the induction hypothesis, if ||%|z, = [|X||M,v, then the lemma
holds.

For the other cases, note that if [|1||m,0 < || x||M,0 (>), then [[¥|m, 0 <
[XlIMa0 (=)- Suppose that [[¥]lm,e < (XM I [¥]Ma0 < XM
then, applying the induction hypothesis, we have the result. The other
case is [|[Y||Ma,0 = l|X|IMaw € {0,1}: clearly either |x|m,» < n(a) or
[¥llmp > «. Again, applying the induction hypothesis, the claim
follows.

e o := &) and the claim holds for 1) and x. We have two cases:

— |l¢llm,p = 0: this happens if and only if ||¥|m,e < n(|x|lMv)-
Direct inspection shows that this implies |[¢)||nmy.0 < 2(]|X[|Ma0)
and hence |l¢|lm, o = 0.

— [l¢llv,o = min(]|®||mw, [ X]|M,0) > 0: this happens if and only if
llv > nlllxlIv,)-

If [¢llmp < n(a) then Jlpllyy < n(a) and |[d|mae = 0 =

llollvg,o-
If (o) < Y]l < @, then [[¢[lm,e = [[¥[lm,,0 and n([x]In,0) <
a: if n(a) < n(||xl|Ma,w), then [[@llme = |l¢lMa,0, otherwise

n(l[xlmw) < n(@), [Ixllme > o and hence |lollmo = [[¥lve =
[lollMa,v, since ||x|[Mq,0 = 1, thanks to the induction hypothesis.
Finally, suppose that ||[¢||my > «. We have that ||[¢||m,0 = 1:
if n(||xllmMwp) > o, then [[x|Mmy < n(a) and hence ||o|lmo =
IxIIn1,0; from which we have [x[m,.0 =0 = [[@llm, - I n(e) <
n(||xllmwy) < @, then the same holds for ||x|m,, and we have
lelvo = lIxlIme = IxlIMaw = [llMaw- I rdixlve) < n(a),
then [[x|lmw > o and hence ||x||IMa.0 = [¥lIMa0 =1 = [[@lMa -

e ¢ :=1) — x and the claim holds for ¢ and y. We have two cases.

— ]l < llx]Iv,0: as we have already noticed, this implies ||9)||n, 0 <

[IX/lM.,» and we have that ||¢|lve =1 = [|¢]|Ma,v-

— [[¥llme > lIxllMe: it is not difficult to check that ||[¢|m, 0 >
Xl o
If the equality holds, then [|[¥|Mav = [[X[[Ma,w € {0,1} and ei-
ther ||x||a,0 > a or ||¥|lmp < n(a): in both the cases ||¢||m =
max(n(||]mw), IXIMw)- I |IxllMe > @, then n(||¥]|Mmw) <
n(a) and @My = XMy > o from these facts we have
[¥1Maw = IXIMaw = 1 = ll@lMae I [$lMe < n(@), then
n(|[Yllmw), l¢llmy > a and from the induction hypothesis we
have [[¢]m,0 = 0 = [IX[IMa 0 and [J@llM,.0 = 1.
The last case is |9 Ma,w > ||X[IMa,0: we have that [|¢|lm,, =
max(n(||¢llmp); 1XlIn.0) and lo]vg 0 = max(r(llv]ya o), IX]IMa0)-
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There are two subcases.

n([[¥llv,e) > Ixlve: clearly [lolve = n(llY(mp). En(a) <
[#llm.s < e, then we have that [|9]lae = 1% [IMa,0 n(l9]Mw) =
n(|[Y|lva,0) and [lollv,o = [lellve = n(l¥lvy) (noting that
HXHMMv < ”X”M,vv since ‘WHva > HXHM(,,U)- If |W)HM,1/ >,
then [[9]lmae = 1, n(¢lme) < n(@) and n(|Yllva0) = O:
from these facts and the hypothesis we obtain n(a) > |¢|m, =
n(l¥llnge) > [xlago and hence [l o = 0 = n(lwl,.0) =
[Ix/lM,,0- The last case is ||1)]|m, < n(c): we have that ||¢||m,e =
n(l¥liage) > o and hence 1 = n(éln,.0) = [9lnto.e

IxIlM,o > n(][¥|lm,): We proceed analogously with the pre-
vious case.

e ¢ = (Vz)¥(z) and the claim holds for ¢)(x): this means that, from
the induction hypothesis, for every v’ =, v we have that (m) holds for
9 (@) llvaer and (|9 (2) [ va -

We have three cases.

— (V)i (x)|lmp < n(a). Clearly there exists a v’ =, v such that
[[(z)||m, < n(c) and hence, applying the induction hypothesis,
we have [[/(z) Mo = 0 = [|(V2)9(2) | Mo -

— |(Vz)¥(x)|lm,y > «. Clearly for each v' =, v it holds that
[o(z)mo > @ ||(2)|| M, = 1 (thanks to the induction hy-
pothesis) and hence we have ||(V&)i(x)| M, 0 = 1.

~ n(@) < |(F2)9(e) o < a. We have that [[¥(z)]le > n(a)
for every v =, v. Moreover there is at least a v” =, v such
that ||¢¥(z)||mw < a: thanks to the induction hypothesis for
every such v we have that ||¢(2) (M, = [[¥(@)|m,v7. Applying

again the induction hypothesis we have that ||(Vz)y(z)||m, .0 =
[(V2)eh(2) M0

We do not analyze the case ¢ := (3x)(x), since the two quantifiers are
inter-definable, in NMV, as in classical logic (see [CH10, theorem 2.31]). O

Remark 9.1.4. It is not difficult to see that the previous lemma holds even
for [0, 1] nas, using the same proof. This remark will be useful for the subse-
quent results.

Theorem 9.1.6. TAUTN M. Y = (50 TAUTNM, Y-

Proof. The fact that TAUT NV C mnzz TAUTN M,V follows from corol-
lary 9.1.2.
Concerning the reverse inclusion, suppose that ||| i = a < 1. Take

a < 8 < 1: thanks to lemma 9.1.2 it is easy to check that Hg&HM\Zf <a.
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Since My uses only a finite number of truth values, it is easy to construct a
model M:B (starting from Mg and modifying the range of the various r}’s)

over an appropriate N M}, such that HM\II\\ZILI’; = ||<,0H&Afjj O

Before going on, we need to introduce the following family of NM-chains.

For a € (0,1), let A, be the NM-chain defined over the universe [1 —
|a], |aJU{0,1} and n(z) = 1—= (recall that |a| = max(|a|,n(|a|))): observe
that A, and Ay, are isomorphic and every chain of this type forms a
complete lattice.

Thanks to remark 9.1.4 and theorem 9.1.1, with a proof very similar to
the one of theorem 9.1.6, we obtain the following result.
Theorem 9.1.7. TAUTjp1)5,,¥ = Nae(o,1) TAUT A, Y.
Now we analyze the “quantifiers shifting” laws.
Theorem 9.1.8. Consider the following formulas:

1
2

)
)
)
)
)
)
)
)
9)

© ((31‘)99( ) = V)
& (v = (Vo)p(2))

S REe ey

16
17 H((Vx)v() )
18 < (v = (Fr)p(2))

where x does not occurs freely in v. We have that

(
(
3
(4
(5
(6
(7
(8
(
(
(
(
(
(
(
(
(
(

0)
1))
2)
3) Jo(z)
4) =(Vz)p(x)
5)
)
)
)

e The formulas (1)-(14) hold in every NM-chain.
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o The formulas (15)-(18) hold in every NM-chain A in which every el-
ement of A\ {0,1} has a predecessor in A.

o The formulas (15)-(18) fail in any NM-chain distinct from A.

Proof. e We prove that (1)-(14) are theorems of MTLY. In [CHI10,
theorem 2.26] it is showed that (1)-(3),(5),(8),(9),(11)-(13) are the-
orems of MTLV. Consider now the formulas (4),(6),(7),(10): direct
inspection shows that in every standard MTL-algebra A it holds that
sup,ew {max(w, z)} = max(sup(W),z), sup, wyey xw{min(v, w)} =
min(sup(V), SUP(W))v inf(v,w)EVXW{maX(v7 ’LU)} = m(lX(ll’lf(V) lIlf(W)),
SUD (y,w)ev xw 10 * w} = sup(V) xsup(W), for every VW C A and x €
A (take the lexicographic order over V xW). Asregards to (14), thanks
[CH10, theorem 2.31] we have NMVY F (3z)p(z) <> —(Va)—p(x): since
NMYV satisfies the double negation law, then NMV I (14).

Consider the NM-chain A of the theorem: from the properties of the
negation we have that every element of A\ {0, 1} has predecessor and
successor in A.

‘We have to check that

— inf(W) * 2 = inf yew {w * 2}, formula (15).

= inf i, wyevxw{v * w} = inf(V) x inf (W), formula (16).
— sup,ew{w = 2} = inf(W) = =, formula (17)

— sup,ew{r = w} =z = sup(W), formula (18).

For every W,V C A, z € A and by taking the lexicographic order over
VxW.

Take a set W C A and an element x € A: we have four cases.

W has minimum m. In this case it is easy to check that inf(WV) x
z = mx*z = infyew{w * 2} and sup, ey f{w = 2} = m = z =
inf(W) = . This solves the first case for (15),(17). Consider now
aset V. C A: if V has minimum m/, then inf, ey wi{v * w} =
m’ «+m = inf(V) = inf(W). If V has infimum, but not minimum, then
necessarily inf(V) = 0 and inf(V) * inf(W) = 0 = inf,ey{v * 1} >
inf, wyevxw{v * w}. This solves the general case for (16), thanks to
the commutativity of *.

W has maximum n: we immediately see that sup,cp{z = w} =
z=n=2x=sup(W).

W has infimum m, but not minimum. The only possibility is that
m = 0: from this fact we have that inf(W )z = 0 and inf,ep {wsz} <
inf,ew{wx1} = 0. Moreover inf(W) = z = 1 and sup,,ep{w = 2z} =
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1: this last equality is immediate if there exists y € W such that y < z,
otherwise sup,cp{w = 2} = sup, ey {max(n(w),z)} = 1.

W has supremum 7, but not maximum: we have that n = 1. In
this case we have that © = sup(W) = 1 = sup,ep{z = w}: the
second equality is obvious if there exists y € W such that z < y,
otherwise sup, ey {z = w} = sup,,cp {max(n(z),w)} = 1.

e Let B be an NM-chain that has an element x € B\ {0,1} without
predecessor in B.

Consider the set W = {w € B: w < x}: direct inspection shows that
z = sup(W) =z = z = 1, but sup,,cpy {z = w} = sup, ey {max(n(z),w)} =
max(n(z),z) < 1. Hence we have that that B p= (18).
From lemma 9.1.1 we know that n(z) does not have successor. Con-
struct the set W = {w € B : w > n(x)}: direct inspection shows
that inf(W) = n(z) = n(z) = n(z) = 1, but sup,cp{w = n(z)} =
Sup e {max(n(w),n(z))} = max(z,n(z)) < 1. It follows that B &
(17). Moreover we have that inf(W) x z = 0, whilst inf,ew{w *x 2} =
inf e {min(w, z)} = min(n(z),2) > 0. This proves that B (= (15)
and B [~ (16).

O

Corollary 9.1.4.

* The formulas (1)-(18) belong to TAUTN M.V, TAUT 5, -V, TAUT -V
and TAUT NV, for every 1 <n < w.

o The formulas (1)-(14) belong to TAUTg 1),V and TAUT V.

NM
e The formulas (15)-(18) fail in [0,1] Ny and NML,.

Finally, we summarize relationship between the sets of tautologies of the
NM-chains studied.

Theorem 9.1.9. For every integer n > 1 and every even integer m > 1
1. TAUT[OJ]NMv = ﬂae(m) TAUTAN.

2. TAUT[ vV C TAUTNA,IDQV C TAUTNMWV.

01N
3. TAUTN MY C TAUT,,-Y C TAUTNw,,Y, TAUT Y C TAUT =¥ C
TAUT V.
4. TAUT[OJ]NMV - TAUTNMLQV C TAUTNJWHV.
5. TAUTN]LILOV 95 TAUTNAJOGV = ﬂn22 TAUTNA,jnV and hence TAUTNM;ov C
TAUTN ALY

This theorem can be improved: in fact in the next section we will show
that TAUT sV is not recursively enumerable. As a consequence, we have
that TAUT|g 1),V C TAUTN M Y-

NM
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9.1.2 Axiomatization and undecidability

Now we characterize the first-order logics associated to the finite NM-chains:
for the other chains, previously discussed, we have undecidability results and
an open problem.

From [Gis03, theorem 3] we can state

Theorem 9.1.10. For every integer n > 1
o NMy, is complete with respect to the logic LNMs,,: it is obtained from
NM with the azioms Sy(xg,...,2,) and BP(z).

® NMay1 is complete with respect to the logic LNMay,y1: it is obtained
from NM with the axiom Sy (zo, ..., ).

As regards to the first-order version of these logics, we have
Theorem 9.1.11. For each integer n > 1 and each NMY formula ¢,
LNMV ¢ iff NM, = ¢

Proof. The soundness follows from the chain-completeness for axiomatic ex-
tensions of MTLV (see [EGO1]).

For the completeness, note that each LNM,-chain has at most n ele-
ments (this follows from the axiomatization of LNM,, and theorem 4.3.5).
Moreover, it easy to see that every LNM,,-chain embeds into NM,, preserv-
ing all inf and sup. To conclude, from chain completeness theorems and the
previous results we have that if LNM,V ¥ ¢, then NM,, |~ ¢. O

For the other cases, we need some other machinery.
Let ¢ be a formula. Define ¢*, inductively, as follows:

o If ¢ is atomic, then ¢* := 2.

o If p:= 1, then ¢* := 1.

o If p:=1 A x, then ¢* :=¢* A x*.

o If ¢ := &y, then ¢* := P*&x*.

o If ¢ := 1) — x, then " := (P* — x*)2.
o If ¢ := (V2)y, then * := ((Va)x*)%

Lemma 9.1.3. Let ¢, AL M = (M, {mc).cc,{rp)pep) be a formula, an
NM-chain (call AT the set of its positive elements) and a safe A-model.
Construct an A-model M" = (M, (m¢) e, (Fp) pep) such that, for every
evaluation v and atomic formula 1)

A _ Hw“ﬁ,v lf Hw”ﬁ,u € 'A+
Il 0 =

0 otherwise.

Then [lp* [y, = l9" Ik . for every v.
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Proof. By structural induction over ¢: if ¢ := L the claim is immediate. If
 is atomic, then ¢* := @? and the claim easily follows from the definition
of M.

If ¢ := ¥ ox, with o € {A,&,—}, then the claim follows from the
induction hypothesis over ¢ and x.

Finally, if ¢ := (Va)x, then from the induction hypothesis it holds that
I I = I IR o for every w =, v and hence [l &, = %8s . O

Theorem 9.1.12. Let ¢ be a formula and A be an NM-chain.

1. AR o* iff ‘W*Hf/ﬁ_v, for every safe A-model M and evaluation v.

2. Let B be a complete NM-chain without negation fizpoint: call BY its
version with negation fixpoint f. It holds that

Bly* iff B "
Proof. 1. Immediate from lemma 9.1.3.

2. Thanks to 1 it is enough to check that |‘1/)H11\3/If+ , 7 [, for every formula
¢ and every A-model M and evaluation v. This can be done by
induction over .

e If ¢ is atomic or L the claim is immediate.

o If ¢ :=foy, with o € {A, &, —}, then the claim follows from the
induction hypothesis over 6 and x.

Finally, if ¢ := (Vz)x, then from the induction hypothesis it
holds that HXHII\S/fw # f, for every w =, v: if HxHE,{w < f, for
some w =4 v, then ||(Vm)x||§,£v < f. '

Suppose that H)(Hllf/fw > f, for every w =, v: moreover, by con-
tradiction, assume that ”(VI)XHIK\%L = infmzzv{Hfo/I{w} = f.
This means that the set of positive elements of B does not have
infimum, in contrast with the hypothesis that B is complete.

O

Consider now a Godel chain (i.e. an MTL-chain satisfying the equation

22 = x) A: construct an NM-chain Ayjs such that

o Ann = BU{f}UB’, where (B, <ay,,) = (A\{0},<a)and (B' = {V/ : b€ B}, <uy,) =
(B, Zanar)-

e Forevery v € B,y € B' set @ >4y, [ >Ann U

e Define a strong negation function n : Ayyr — Anas such that n(f) =
fyn(a) =a and n(t/) = b, for every a € B and V' € B'.
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It is easy to see that Anps has negation fixpoint f, B is the set of positive
elements and B’ the set of negative elements: note that 1 = max(B) and
1" = min(B’) are the maximum and minimum of Apjs. The element 1’ will
be called 0.

Remark 9.1.5. An immediate consequence of this construction is that (A, < 1)
is order isomorphic to (BU{[f},<ayn). From this fact it is easy to check
that A is complete if and only if Anps it is.

Theorem 9.1.13. Let ¢ be a formula, A be a Gddel chain. Consider
a safe A-model M = (M, (mc).cc, (rP)pep): construct an App-model
M’ = (M, (mc)oec s (T'p) pep) Such that, for every evaluation v and atomic
formula

A;

980 = I

Then it holds that

AN

lellieo = llo* g

for every evaluation v.
Proof. By structural induction over .
o If ¢ is L or atomic, then the claim is immediate.

e p:=1)oy, with o € {A, &} and the claim holds for ¢ and x. It follows

that ||0H“1(‘,[U = HH*HI\A/I’)’,’:’, for every v and with 6 € {¢, x}: noting that

these values are 0 or idempotent elements the claim follows.
e p:=1 — x and the claim holds for ¢ and x: it follows that ”9”?/[,1; =
|6* Hf,f} M for every v and with 6 € {1, x}. As previously noted, these

values are idempotent elements or 0. Since ¢* := (¥* — x*)2, an easy

check shows that |||y, = [l 1337 for every v.

. = (Vz)y and the claim holds for . We have that “w“f/l,w =

Hw*Hf/I],VM for every w: if there is w =, v such that “w“ﬁ,w =0, then
the claim is immediate.

Suppose that W’Hf/{,w > 0, for every w =, v.

If || (Va)u [y, > O, then [|(Va)d iy, = (Va)e I3 = ((va)o™)2lnd's =

llo* g
If || (V) |Ig), = 0, then [|(Ya)y* [y = f and [|((Y2)y*)2[ap s =
llp* v = o.

O

Corollary 9.1.5. Let ¢ be a formula, A be a Gidel chain. We have that
AEy iff Avm FE¢"



CHAPTER 9. FIRST-ORDER NILPOTENT MINIMUM LOGICS 119

Proof. An easy consequence of theorems 9.1.12, 9.1.13. d

Recall that a subset of [0, 1] is complete if and only if it is compact with
respect to the order topology (see for example [SS95]). Now, in [BPZ07] it
is showed that

Theorem 9.1.14 ([BPZ07]). Let A be a countable topologically closed sub-
algebra of [0,1]g (i.e. a countable complete subalgebra of [0,1]¢). Then
TAUT4Y is not recursively enumerable.

In our case, we have

Theorem 9.1.15. Let A be a countable topologically closed subalgebra of
(0,1 nar (i-e. a countable complete subalgebra of [0,1nar). Then TAUT 4V
is not recursively enumerable.

Proof. Let A be a countable complete NM-chain.

If A has negation fixpoint then, thanks to the observations of remark
9.1.5, we can easily find a countable complete Godel chain B such that
Bya ~ A. From theorem 9.1.13 we have that ¢ € TAUTRV if and only
if p* € TAUT4Y: since TAUTRY is not recursively enumerable (theorem
9.1.14), then the same holds for TAUTAV.

If A does not have negation fixpoint, from theorem 9.1.12 we have that
@* € TAUT 4V if and only if p* € TAUT 44V, for every ¢. Applying the
argument of the previous case to Af, we have the theorem. O

Corollary 9.1.6. For A € {NMoo, NM3,NM! }, TAUT,Y is not recur-
sively enumerable.

Problem 9.1.1. Which is the arithmetical complexity of TAUT yp -V 2 Is
it recursively aziomatizable ?

9.1.3 Monadic fragments

In this final section, we will analyze the decidability of monadic fragments
associated to some subalgebras of [0,1]yp. Recall that in monadic first-
order logic the language contains only unary predicates (and hence we have
neither constants nor predicates of arity different from one).

Let A be a subalgebra of [0, 1]yar: with monT AUT AV we indicate the
first-order monadic tautologies associated to A.

In [BCFO07, theorem 1] it is showed that the monadic fragment of finite
Godel chains is decidable, but as noted in the subsequent remark, the proof
applies to the monadic fragments of arbitrary finite-valued logics. As a
consequence we have

Theorem 9.1.16. Let A be a finite NM-chain: we have that monT AUT oY
is decidable.
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However, for the infinite case the situation is worst; in fact

Theorem 9.1.17 ([BCF07]). Let A be an infinite complete subalgebra of
[0, 1] with the possible exception of A = Gy, monT AUTAY is undecidable.

Moving to the NM case, we obtain

Theorem 9.1.18. Let A be an infinite complete subalgebra of [0, 1] yar: with
the possible exception of A € {N My, NML}, monT AUT AV is undecidable.

Proof. The proof is an easy adaptation of the one of theorem 9.1.15. O
Corollary 9.1.7. monTAUTnp V is undecidable.

Problem 9.1.2. For A € {NMy, NM,NM'_}, is monT AUT Y decid-
able ?

9.2 Conclusions

In this chapter we have obtained some results about the first-order tautolo-
gies associated with particular NM-chains: moreover, we have showed some
decidability and undecidability results, even in monadic case. Furthermore,
when possible, we have compared our results with the ones presented in
[BPZ07] and [BCFO07], for (first-order) Godel logics.

‘We have left two problems open.

Problem 9.1.1 is particularly interesting: if TAUTy ;- V will result re-
cursively axiomatizable, then the next step will be the search for a first-order
logic complete with respect to NM’__. This logic could be a relevant infinite-
valued logic, because NM'_ satisfies the quantifiers shifting rules and hence
we could work with formulas in prenex normal form.

Consider now problem 9.1.2: for what concerns NM’'__, this is a par-
ticular case of problem 9.1.1. As regards to A € {NMy, NML}, instead,
the solution is strictly connected with the analogous problem for Godel logic
with the chain Gj.

Finally, the full classification of the (existence of) first-order logics asso-
ciated to the various subalgebras of [0, 1]y s remains an interesting problem
that should be faced in future papers.



Chapter 10

On some logical and
algebraic properties of
Nilpotent Minimum logic

In this chapter we will analyze various logical and algebraic properties of
Nilpotent Minimum logic. Some of the cited properties are: disjunction
property, Halldén completeness, deductive Maksimova’s variable separation
property, pseudo-relevance property, amalgamation property, deductive in-
terpolation property and a weak version of Craig interpolation theorem (see
the next section for the definitions of these properties). Moreover it has
been presented an alternative definition of relation of semantic consequence,
over standard Nilpotent minimum algebra, that is equivalent to the usual
one.

10.1 Algebraic and logical properties of NM

In this section we will analyze some relevant (in the context of substructural
logics: see for example [GJKOO07, chapter 5]) algebraic and logical proper-
ties, for Nilpotent Minimum logic: some of them will be equivalent, for this
logic. We will conclude by showing an alternative (and equivalent to the
usual one) semantic consequence relation, over [0, 1]y ;.
Remark 10.1.1. Given an NM-chain defined over a set A, the set of its
positive (negative) elements will be denoted with A* (A~). See chapter 4
for the definition of positive and negative elements.
Definition 10.1.1. We say that a logic L has the disjunctive property (DP)
if b1, oV implies that b1, @ or bp 1.

For example the intuitionistic logic enjoys this property: however it fails
for many superintuitionistic logics (see [CZ91] for a survey) and for classical
logic (for this last one  V = is a counterexample).

121
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For the case of axiomatic extensions of MTL, we obtain a negative result

Theorem 10.1.1. Let L be an aziomatic extension of MTL: then DP fails
for L.

Proof. The formula (z — y) V (y — z) is a theorem of L. Consider now
the direct product 2 x 2 of two copies of two elements boolean algebra:
clearly this algebra belongs to the variety of L-algebras. By taking a 2 x 2-
evaluation v such that v(z) = (0,1) and v(y) = (1,0), we obtain v((z —
y)V (y = z)) = 1, whilst v(z — y) < 1 and v(y — z) < 1. From chain
completeness theorem ([EGO01]) we have I/ x — y, /L y — . O

Corollary 10.1.1. Nilpotent Minimum logic does not have the DP.
There is a property weaker than DP: the Halldén completeness.

Definition 10.1.2. A logic L has the Halldén completeness (HC) if for
every formulas @, with no variables in common, b, @ V ¢ implies that
FrL o ortrp .

There is an interesting algebraic characterization of HC, for substructural
logics

Theorem 10.1.2 ([GJKOO07, corollary 5.30]). Let L be a substructural logic
over FLe,, that is n-contractive (i.e. Fr, ¢" — 50”“, for somen >1). The
following are equivalent

1. L has the Halldén completeness.

2. There is a subdirectly irreducible FLe,-algebra A such that
Fay iff Fre

Now,

Proposition 10.1.1 ([Nog06, proposition 8.11]). Let A be an n-contractive
MTL-chain. Then A is subdirectly irreducible if and only if the set of idem-
potent elements has a coatom.

Noting that, in every NM-chain A, the set of idempotent elements coin-
cides with AT U {0}, and that Fxas @ — ¢°, we obtain

Proposition 10.1.2. An NM-chain is subdirectly irreducible if and only if
it has a coatom.

Recall now that

Theorem 10.1.3 ([Gis03, corollary 2]). The variety of NM-algebras is gen-
erated by any infinite NM-chain with negation fizpoint.
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We arrive at the following
Theorem 10.1.4. Nilpotent Minimum logic enjoys the HC.

Proof. In [GJKOO07, section 3.5.2] it is pointed out that MTL (and hence
NM) is an axiomatic extension of FL.,: from these fact and theorem 10.1.2
it is enough to construct a subdirectly irreducible NM-algebra that generates
the variety associated to NM. Consider the chain NM., (see section 4.3.6):
thanks to proposition 10.1.2 and theorem 10.1.3 we have that NM/_ is a
subdirectly irreducible generic NM-chain. It follows that NM enjoys the
HC. O

Now,

Theorem 10.1.5 ([GJKOO07]). The following conditions are equivalent for
every substructural logic L over FLey:

e [ is Halldén complete.

o L is meet irreducible in the lattice of all substructural logics over FL,
i.e. L it is not the intersection (from the axiomatic point of view) of
all the logics strictly larger than L, see [GJKOO7, chapter 5].

We immediately obtain

Corollary 10.1.2. Nilpotent Minimum logic is meet irreducible in the lattice
of aziomatic extensions of MTL (i.e. if NM = x Ay then NM = x or
NM =y).

Another property, similar to the HC, is the following

Definition 10.1.3. A substructural logic L has the deductive Maksimova’s
variable separation property (DMVP), if for all sets of formulas T'U{¢} and
S U{t} that have no variables in common, T', X k1, oV implies T b, ¢ or
Y kp .

‘We have that

Theorem 10.1.6 ([GJKOO07, theorem 5.35]). The following conditions are
equivalent for every substructural logic L over FLey:

e [ has the DMVP.

o All pairs of subdirectly irreducible L-algebras are jointly embeddable
into a subdirectly irreducible L-algebra.

Theorem 10.1.7. Nilpotent Minimum logics enjoys the DMVP.
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Proof. Thanks to theorem 10.1.6 and proposition 10.1.2 it is enough to check
that, for every pair of NM-chains with coatom, there is an NM-chain with
coatom in which both of them embed to.

Let A, B be two NM-chains with coatoms c4, cp and negations n 4, ng:
assume that AN B = {0,1} (otherwise take two isomorphic copies of A
and B that satisfy that condition, by renaming their elements). Define
A'=ATUA” and B'=B"UB™ and set C = A'U{f}U B

Define < over C such that 0 < z <y < f < 1, for every z € A~ \ {0}
and y € B~ \ {0}.

Define a negation n: C'— C such that, for every a € C

na(a) ifaed
n(a) = ng(a) ifaeB’
f ifa=7f

Finally, for every z,y € AT UB™, set f < z, f < y: define x < y if and only
if n(x) > n(y). Note that < is a total order over D.

Clearly n is involutive: the fact that n is order reversing follows from
the definitions of < and n. Call C the NM-chain obtained from (C, <) and
n: note that C is subdirectly irreducible, since it has c4, as coatom.

Construct the maps h: A — C and k: B — C in the way that h(a) = a
and k(b) = b, for every a € A',b € B' and h(fa) = f, h(fs) = f (if the
fixpoints fp, fc exist in B and C): direct inspection shows that they extend

to a pair of homorphisms h, k such that A i> C, B i> C. O
Consider now

Definition 10.1.4. A substructural logic L has the deductive pseudo-relevance
property (DPRP), if for every theory I' and formula ¢ with no variables in
common, I Fp ¢ implies that I' - L or g 1.

Since it holds that

Theorem 10.1.8 ([GJKOO0T7]). Let L be a substructural logic. If every pair
of subdirectly irreducible L-algebras are jointly embeddable into an L-algebra,
then L enjoys the DPRP.

Then, from theorems 10.1.6, 10.1.7, we immediately obtain
Theorem 10.1.9. Nilpotent Minimum logic enjoys the DPRP.

An interesting algebraic property (that, as we will see, is strictly con-
nected with a logical one), already studied in chapter 8 for other logics, is
the following
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Definition 10.1.5. We say that a variety K of MTL-algebras has the amal-
gamation property (AP) if for every tuple (A, B,C,1i,j), where A, B,C € K
and A < B, A N C, there is a tuple (D, h, k), withD € K, B fﬁ> D, C i> D,
such that hoi=koj.

Theorem 10.1.10 ([Mon06]{lemmas 3.3, 3.4]). Let K be a variety of BL-

algebras and Ky, be the set of its chains. If Ky, has the AP then the same
holds for K.

Now, inspecting the proof of these lemmas it is easy to see that the same
holds for MTL. Hence we have

Theorem 10.1.11. Let K be a variety of MTL-algebras and Ky, be the set
of its chains. If Ky, has the AP then the same holds for K.

Now, concerning NM, in [ABMO09b)] it is showed that finite NM-algebras
enjoy the AP. We now prove the general case!

Theorem 10.1.12. The variety of NM-algebras enjoys the AP.

Proof. Thanks to theorem 10.1.11 it is enough to show the claim for the NM-
chains. The proof is an adaptation of the one given in [GMO5, proposition
6.20] for Godel’s case.

Consider the tuple (A, B,C, 1, j), where A, B,C are NM-chains and A N
B, A
Distinguish the following cases:
1. A, B, C have negation fixpoint or none of them have it.
We can assume that A = BNC, otherwise take two isomorphic copies
of B and C that satisfy that condition, by renaming their elements.
Set D = BU C and define < over Bt U Ct such that for every =,y €
Btuct z<yiff
(a) z,y € Bt and x <p y or
(b) z,y € C*t and z <¢ y or
(¢) # € BT,y € C" and there exists z € A such that z <g z and
z2<cyor
(d) € CT,y € B and there exists z € A such that x <¢ 2z and
z2<BY

It is easy to see that < is a partial order over BT UCT: extend it to
a total order < over BT UCT.

!This result has been independently proved in [Mar10].
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For every x € Bt UCT and y € B-UC™ set y < x: if A has negation
fixpoint f, then set y < f < z.

Define a negation n: D — D such that, for every a € D

na(a) ifacA
n(a) = S np(a) ifae B\ A
ne(a) ifaeC\A
Finally, for every z,y € B~ UC™, set z < y if and only if n(z) > n(y).
Note that < is a total order over D.

Clearly n is involutive: the fact that n is order reversing follows from
the definitions of < and n. Call D the NM-chain obtained from (D, <)
and n.

Construct the maps h: B — D and k: C — D in the way that

h(b) = b and k(c) = ¢, for every b € B,c € C: direct inspection shows
h
that they extend to a pair of homorphisms h, k such that B — D,
¢ Dandhoi=koj.
2. A does not have negation fixpoint, but B or C does. Call B’ = B~UB™*

and ¢/ = C-UCt.
We can assume that A = B'NC’, otherwise take two isomorphic copies
of B and C that satisfy that condition, by renaming their elements.
Set D = B'UC’U{f} and define < over BT UC™ such that for every
z,y € BTUCT, x < yiff

(a) z,y € Bt and z <p y or

(b) z,y € C* and z <¢ y or

(c) z € BT,y € C" and there exists 2 € A such that z <p z and

z<cyor
(d) 2 € CT,y € BT and there exists z € A such that z <¢ z and
z2<BY

It is easy to see that < is a partial order over BT U C™T: extend it to
a total order < over BT UCT.
Set y < f <z, for every x € BFUCT andy € B-UC™.
Define a negation n: D — D such that, for every a € D

nala) ifaeA
ng(a) ifaeB'\A
ne(a) ifaeC'\A
f ifa=f

n(a) =
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Finally, for every z,y € B~ UC™, set « < y if and only if n(z) > n(y).
Note that < is a total order over D.

Clearly n is involutive: the fact that n is order reversing follows from
the definitions of < and n. Call D the NM-chain obtained from (D, <)
and n.

Construct the maps h : B — D and k: C — D in the way that
h(b) = b and k(c) = ¢, for every b € B',c € C' and h(fg) = f,
h(fc) = f (if the fixpoints fp, fc exist in B and C): direct inspection
shows that they extend to a pair of homorphisms h, k such that B i> D,
¢ Dandhoi=koj.

O

We recall a property, that we have already studied for m-contractive
BL-logics in chapter 8:

Definition 10.1.6. A logic L has the deductive interpolation property
(DIP) if for any theory T and for any formula ¢ of L, if I' by, 1), then
there is a formula v such that T' b1 v, v Fr % and every propositional
variable occurring in vy occurs both in I' and in .

Now, from the results of [GJKOOT7] (see even [GO06, theorem 5.8]) we
have that in every axiomatic extension of MTL the DIP and AP (for the
corresponding variety) are equivalent. It follows that

Theorem 10.1.13. The logic NM enjoys the DIP.

As showed in [ABMO09b] the Craig interpolation theorem (see definition
8.5.2) does not hold, for NM. However, thanks to theorems 3.3.1, 10.1.13,
we obtain

Theorem 10.1.14 (Weak Craig interpolation theorem). For every pair of
formulas o, if Fny @ — 1, then there is a formula v such that -y
02 =, Fnu ¥2 = ¢ and every propositional variable occurring in vy occurs
both in ¢ and in .

We conclude by presenting an alternative definition of semantic conse-
quence relation, inspired to the one introduced in [BPZ07] for Godel logic.

Definition 10.1.7. Let ', ¢ be a theory and a formula. We define
r |F[0,1]NM e iff U(FQ) < (),

for every [0, 1] nar-evaluation v and with v(I?) = (inf{v(y?) : ¥ € ['})2.
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As can be noted, whilst the usual notion of semantic consequence is
substantially analogous to the one of classical logic, since it refers only to the
assignments that maps the formulas in 1, the previous notion is different.
In fact it fixes the behavior of the assignments even for the truth values
between 0 and 1.

Lemma 10.1.1. Let v be a [0, 1] yar-evaluation. For a € [0,1] construct a
[0, 1] v ar-evaluation v, such that, for every propositional variable x

1 if v(z) > |of
(10.1) va(z) =<0 ifv(z) <1—laf

v(z)  otherwise.

With || = max(a,1—«). Then the equation (10.1) holds for every formula
®.

Proof. An easy structural induction over ¢. O

We are now ready to show the equivalence between the two notions of
semantic consequence

Theorem 10.1.15. Let ', ¢ be a theory and a formula. We have that

Dlbiny 9 W T Epiw ¢
Proof.
= An easy check.

<« Suppose that T' [Fjg1),,, », i.e. there exists a [0, 1]y ar-evaluation v
such that v(I'?) > v(p).
Note that necessarily v(I'?) = (inf{v(¢?) : ¥ € T'})? > 1, otherwise
v(I'?) = 0, a contradiction.
Take o € (3,1] such that v(¢) < a < v(I'?) and let v, be as in
lemma 10.1.1: we have that va(p) < 1, whilst, for every ¢ € T,
va (1) > v4(T?) = 1. Tt follows that T Po,1na ¢ and this concludes
the proof.

O

Remark 10.1.2. It is easy to see that lemma 10.1.1 can be extended to
every NM-chain. From this fact, by inspecting the proof of theorem 10.1.15,
we have that theorem 10.1.15 holds for every NM-chain that is complete and
dense.

From the previous results and standard completeness theorem we easily
obtain
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Corollary 10.1.3. Let {¢1,...,¢n} be a finite theory and 1 be a formula.
Then
{o1, . ot bnm ¥ iff PN @IA - AR — .
Finally, comparing our alternative notion of semantic consequence with
the one introduced in [BPZ07] for Gédel logic, we have

Remark 10.1.3. In [BPZ07] T IFg ), ¢ is defined as v(T') = inf{v(y) :
e T} < v(p), for every [0,1]g-evalutation v. This notion (reformu-
lated over [0, 1]x1r), however, is not equivalent to Fig11y,,, in NM: in fact
{z,2 = y} Fponn Y, whilst by taking a [0, 1]nar-evaluation v such that
v(z) =% and v(y) = £ we have v({z, 2 > y}) =1 > L =v(y).

bl
However, it is possible to find syntactical conditions that are equivalent
to the semantic consequence defined as “<”, like the case of Gdodel logic.
Before doing this, we need some results.

Definition 10.1.8. Let ¢, be two formulas. Then
ey iff v(e) <o),

for every [0, 1]y ar-evaluation v.
An immediate consequence of this definition is

Lemma 10.1.2. Let ¢, be two formulas. Then
pE<y iff b E< e

Proof. Immediate from the previous definition and the properties of the
negation on [0, 1]ys- |

Finally, we get the announced result

Theorem 10.1.16. Let ¢, be two formulas. Then
ehY, ke diff ol

Proof. Thanks to standard completeness theorem and theorem 10.1.15, it
holds that (with =« we mean =g 1j,,,)

(102) ok, ko f oo, W e f @y, k-

Concerning the right-to-left direction of the theorem, thanks to lemma 10.1.2
and an easy check, we have that ¢ =< 1 implies ¢ =17, ¥ ™% Fo1]yu
_|Lp.
It remains to prove the left-to-right direction: suppose that ¢ [=[o,1],,,
Y, 7Y Fogny "% but @ F< 1, ie. there is a [0,1]ya-assignment v
such that v(¢) > wv(¢p). Thanks to the equivalence (10.2) we have that
@ -9 and = IF —p. If v(p) is an idempotent, then v(p) = v(¢?) > v(1)
and then ¢ W 1. Suppose that v(p) is not an idempotent: it follows that
1 < (=) < (=) = v((—)?). We immediately see that —p W —p. O



Chapter 11

Conclusions

In this thesis we have faced many topics concerning some axiomatic ex-
tensions of MTL as well as their semantics (algebraic and, for BL, also a
temporal one); even the first-order case have been investigated.

‘We now summarize the problems left open.

Concerning supersound logics (7) there is an unanswered question.

Problem 11.0.1. In theorem 7.2.1 we have showed that if L enjoys the
CEP, then LV is supersound. Is the converse true ¢

Moreover, starting from the results of chapter 7, we can get a new result.

First of all, from theorems 7.2.1, 7.3.2, 7.3.3 we easily obtain

Corollary 11.0.4. A variety of L of BL-algebras satisfy the equation x™ =
2™ if and only if the correspondent logic L enjoys the CEP.

Now,

Theorem 11.0.17. Let L be a subvariety of BL-algebras (call L the corre-
spondent logic). The following are equivalent

o L satisfy the n-contraction law, for some n (" = 2"~ 1)

e Every L-chain can be embedded into a complete L-chain (in this case
we say that L admits completions).

Proof. Take a variety L. of BL-algebras that is n-potent, for some n, and
call L the correspondent logic: thanks to corollary 11.0.4, L enjoys the CEP.
Take an L-algebra A: it is isomorphic to a subdirect product of L-chains
Aj;,i € I (for some index set I). Since L enjoys the CEP, then we have a
family of complete L-chains B;,7 € I such that A; embeds into B;, for every
i € I. By taking the direct product of B;, we obtain a complete L-algebra in

130
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which A embeds to. Hence every L-chain can be embedded into a complete
L-chain.

Conversely, suppose that there is no n such that L is n-contractive.
Thanks to Lemma 7.3.5, we have that

Either I contains the variety of product algebras or it contains
the variety generated by Chang’s algebra.

Now, in [KLO08] it is shown that the varieties of product algebras and the va-
riety generated by Chang’s algebra do not admit completions (in the variety
of BL-algebras). It follows that L does not admit completions. O

Note that the equivalence stated in theorem 11.0.17 has been showed,
in another way, in [BC10]: moreover, in this paper, it is showed that the
two conditions of our theorem are equivalent to a third one, called dual
canonicity.

The others open problems are relative to chapter 9, about first-order
Nilpotent Minimum logics.

Problem 11.0.2. Which is the arithmetical complexity of TAUT -V #
Is it recursively axiomatizable ?

Problem 11.0.3. For A € {NMuo, NM3, NM'}, is monTAUT AV de-
cidable ?
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Appendix A

Universal Algebra

A.1 Algebra and Universal algebra

In this section we will furnish the necessary background about universal
algebra and some basic algebraic structures. Some reference textbooks are

[BS81, MMTS7, Gri0s].

A.1.1 Partially ordered sets, lattices and algebraic struc-
tures

We briefly recall some preliminary algebraic notions: for further details the
reader could consult [DP02, BS81].

Definition A.1.1. Let A be a non-empty set: an n-ary operation over A is
amap f: A" — A. n is said to be the arity of the operation.

Definition A.1.2. A language (or type) of an algebra is a pair (F,v), where
F is a set of function symbols and v : F — N indicates the arity of each of
them.

Definition A.1.3. An algebra (algebraic structure) of type F is a pair
A = (A, F), where A is a non-empty set, said universe or support of the
algebra and F' is a set of operations over A such that, for every f € F,
v(f) = n there is an fA: A" — A1 A is finite if A it is, A is trivial if
|[Al =1.

Definition A.1.4. A partially ordered set (poset) is a pair (A, <), where A
is a set and < is a binary relation over A such that

(reflexivity) r<w
(antisimmetry) r<yandy < x impliesx =y
(transitivity) <y andy < z implies x < z.

n the case in which v(f) = 0, then f*: {#} — A is a constant.

133
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For every z,y,z € A.

A totally ordered set (or chain) is a poset (A, <) such that the following
holds

(linearity) r<y or y<auax
For every x,y € A.

We now introduce the concept of lattice: we will present two equivalent
definitions.

Definition A.1.5. A lattice is a poset (A, <) such that exist inf {z,y} and
sup {x,y}, for every z,y € A.

A lattice can be also seen as an algebraic structure:

Definition A.1.6. A lattice is a structure (A, A\, V) such that

(associativity laws) (zA(yAz)=((zAy)A2)
(@vyvz)=(zvyV2)
(commutativity laws) TANy=yAzx
zxVy=yVzx
(idempotency laws) ANz =z
rVr==x
(absorption laws) zA(zVy)=x
zV(rAy) ==

As previously pointed out these definitions are equivalent: the proof of
the following proposition can be found in [DP02, BS81].

Proposition A.1.1. Definitions A.1.5 and A.1.6 are equivalent, by setting
zrAy==x ifandonlyif x<wy.

Remark A.1.1. Usually, the type of an algebraic structure is denoted also
with the sequence of the arieties of its operations (assuming that there is a
finite number of them).

For example, a lattice (A, A, V) has type (2,2).

Since all the algebraic structures, considered in this thesis, have a finite
number of operations, then we will follow the previous notation.

Other interesting types of lattices are the following
Definition A.1.7. A lattice (A, <) is

o complete if there exist inf X and sup X, for every X C A.
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e bounded if there exist two elements x,y such that x < z <y, for every
z € A: x and y are called, respectively, bottom and top element.

o distributive if, by considering the corresponding algebraic structure
(A, A, V), the following hold, for every a,b,c € A

distributivity (anb)V(anc)=an(bVec)
(aVb)A(aVe)=aV (bAc).

Some well known algebraic structures are particular types of lattices:

Example A.1.1. A Boolean algebra is an algebra B = (B, A,V, ',0,1) such
that, for every x € B

(B1) (B,A,V,0,1) is a bounded distributive lattice

(B2) zAz =0; zva =1

Other examples of lattices are presented in chapter 4: these structures will
represent the semantics for the logics studied in this thesis.

A.1.2 Semigroups, monoids, groups

It is useful to recall some algebraic structures:

Definition A.1.8. A semigroup is a system (A, x) such that
T (yxz)=(z*y)*z.

For every z,y,z € A.

Definition A.1.9. A monoid is a system (A,x,1) such that (A, *) is a
semigroup and
zxl=x=1xx.

For every x € A.

Definition A.1.10. A linearly ordered monoid is a structure M = (M, x,<,1)
such that (M, x,1) is a monoid and (M <) is a chain, where < is compatible
with *, that is, for every x,y,z € M

ife <ythenx+z<ysx*z,
if, moreover, 1 is the maximum, then the monoid is called integral.

Definition A.1.11. A group is a system (A, =1 1) such that (A, *,1) is
a monoid and
=1

For every x € A.
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Definition A.1.12. A commutative monoid s a monoid (A, %,1) such that
TRY=Y*T.
For every z,y € A.

A commutative group is said to be an abelian group.

A.1.3 Isomorphic structures and subalgebras

The term isomorphism it is used to denote the fact that two (algebraic)
structures are essentially the same, except (eventually) for the name of their
elements or of their operations.

Definition A.1.13. Given two poset (S,<) and (P,<'), amap ®: S — T
is said to be order-preserving if, given x,y € S such that © < y, then
O(z) < B(y). Moreover, if it holds that x < y iff ®(z) <" ®(y), then &
is called order-embedding. An order-preserving map that is bijective (as a
function) is called order isomorphism.

Theorem A.1.1. If ® is a surjective order-embedding map, then ® is an
order isomorphism.

‘We now introduce others general constructions, that preserve the struc-
ture of the algebras.

Definition A.1.14. Let (A, F), (B, F') be two algebras of the same type F:
a map ® : A — B is an homomorphism if for every f € F, v(f) =n and
for every ai,...,a, € A it holds that

e(fA(ar, - an)) = fE(@(ar), ., B(an)
e an injective homomorphism is called monomorphism
e ¢ surjective homomorphism is called epimorphism
e ¢ bijective homomorphism is called isomorphism

In the case in which ® is an epimorphism, then (B, F') is said to be an
homomorphic image of (A, F).

An homomorphism ® : A — A is said endomorphism , an isomorphism
Y : A— A is called automorphism.

A monomorphism ® : A — B is called embedding of A into B: sometimes
we will denote it with A — B.

Definition A.1.15. Let A = (A, F) be an algebra of type F: a subset
X C A is said to be a subuniverse of A if it is closed under all the operations
in F, i.e., for every f € F, v(f) = n, and every z1,...,x, € X we have
A1, z) € X.
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‘We now introduce the notion of subalgebra: as can be seen it is strictly
connected to the one of subuniverse.

Definition A.1.16. Let A = (A, F), B = (B, F') be two algebras of the
same type F: A is a subalgebra of B when

e ACB

o for every f € F, v(f) = n we have that fA=fB 1A, ie for every
(a1,...,an) € A it holds that f*(ay,...,a,) = fB(a1,...,an)

In particular, if A is a subalgebra of B, then A is a subuniverse of B;
conversely, if A is a subuniverse of B, then by endowing A with all the
operations of B restricted to A we obtain a(n algebraic structure that is a)
subalgebra of B.

Definition A.1.17. An algebra (A, F) of type F is a reduct of an algebra
(A, F'y of type F' to F if F C F' and F if the restriction of F' to F. A
subalgebra (B, F) of (A, F) is said a subreduct of (A, F') to F.

Definition A.1.18. Given an algebra A we define, for every X C A
Sg(X) = ﬂ{B : X C B and B is a subuniverse of A}.

We will “read” Sg(X) as “the subuniverse generated by X 7: thanks to the
relation between subuniverses and subalgebras we will “talk about” the sub-
algebra generated from X, and this fact will be denoted by A = Sg(X). In
the case in which X is finite, A = Sg(X) will be called finitely generated.

It is possible to show that, by defining
E(X)=XU{fMa, ..,an),f € F,v(f) =n,a1,...,an € X}

and, by setting E°(X) = X, EY(X) = E(X), E"*Y(X) = E(E"(X)), we
have
S9(X) = B*(X) = | J B'(X).
ieN
We conclude with the following theorem
Theorem A.1.2. If ® is an homomorphism ® : A — B, then ®(A) ={b €
B: b= ®(a) for some a € A} ={®(a): a € A} is a subuniverse of B.

A.1.4 Congruences, quotient, kernel

Definition A.1.19. A binary relation 0 over a set A is called equivalence
relation when, for every z,y,z € A, the following hold

reflexivity xfx

simmetry if x0y then yOx

transitivity if x0y and y0z, then x0z
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Moreover, given a € A, then the set
lalg ={be A: bba}
is called equivalence class of A.

Two particular equivalence relations are Ay = {(a,a) : a € A} and
Va={(a,b): a,be A}: the first one is called diagonal relation, whilst the
second one is known as total relation.

Note that these two are, respectively, the smallest and the largest equiv-
alence relations that can be constructed, over a set.

Definition A.1.20. Let A = (A, F) be an algebra of type F and let 0 be
an equivalence relation over A: 6 is a congruence over A if it is compatible
with the operations of A. This means that: for every f € F, v(f) = n
and every pair of n-tuples ai,...,a, € A, by,...,b, € A, if a;0b; (where
i€ {l,...,n}), then fA(a1,...,a,)0fA(b1,...,by).

With the notation Con(A) we will denote the set of congruences of the
algebra A.

Definition A.1.21. Given a congruence 0 over A we can create the quotient
algebra A/0 of A by 0. Denoted by A/, this is an algebra of type F such that
A0 ={lalp: a € A} and, for every f € F, v(f) =n and ay,...,a, € A

FY s, lanle) = [fA(ar, - an)lo-

Definition A.1.22. Let ® : A — B be an homomorphism and let R be the
relation (over A)

aRy iff B(x) = B(y).
This last one is called kernel of ® and denoted by ker®.

Theorem A.1.3. Let ® : A — B be an homomorphism: then ker® is a
congruence over A.

Theorem A.1.4. Let R € Con(A) and
mrR:x €A~ [z]lpe A/R
then T is an epimorphism said natural map.

We conclude the section with a result of notable importance (known as
“first homomorphism theorem”)

Theorem A.1.5. Let o : A — B be an epimorphism, then there exists an
isomorphism 3 : A/kerac — B such that o = o v, where v = Tjerqa.

Figure A.1 represents graphically what is pointed out in the theorem.
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Figure A.1: First homomorphism theorem.

A.1.5 Direct products, subdirect products, reduced prod-
ucts

We now present some constructions that permit to generate new algebras,
by starting from a class of them. We begin with direct products.

Definition A.1.23. Let A, B be two algebras of the same type F: the direct
product of A and B, denoted by Ax B, is the algebra of type F whose universe
is A x B; moreover, for every symbol f € F, v(f) =n and ay,...,a, € A,
bi,...,b, € B it holds that

fAXB(<a1, b1) ..y {an, by)) = <fA(a1, C ), fB(bl, . 7bn)> .

In general we can note that two algebras of the same type A;, Az are
homomorphic images of A; x Az by using the projections, i.e.

m A x A — A; such that w1 ({a1,a2)) = a1
mo 1 Ap x Ay — Az such that  ma({a1,az)) = as.

It is possible to show that 7,72 are epimorphisms; moreover, thanks to
theorem A.1.5, Ay x Ay/kerm; is isomorphic to A;.

Definition A.1.24. Given Ry, Ry € ConA such that
e RiNRy=Ay4
e RiIVRy,=Vy4

e Foreverya,b € A there exist c¢,d € A such that aRycR2b and aR1dR2b;
that is Ry and Ry permute,
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where the operation V is relative to the order relation C. Then the pair
Ri, Ry is called pair of factor congruences on A.

Moreover, it can be shown that (ConA,N, V) is a complete lattice.

Theorem A.1.6. If Ry and Ry are a pair of factor congruences on A, then
A is isomorphic to A/Ry x A/Ry under the map o(a) = ([a]gr,, [a]r,)-

Definition A.1.25. An algebra A is directly indecomposable if A is not
isomorphic to a direct product of two non trivial algebras.

Corollary A.1.1. An algebra A is directly indecomposable iff the only pair
of factor congruences on A is A g, V 4, in fact

A/Ag=A  |A/V4 =1

We now introduce a generalized version of direct product, extended to
an arbitrary number of algebras.

Definition A.1.26. Let {A; : i € I} be a family of algebras of type F. The
direct product of the family is the algebra A = [];c; Ai of type F, whose
universe is |[;c; Ai and whose elements are functions a : I — J;c; As
(observe figure A.2) such that a(i) € A;; moreover, for every symbol f € F,
v(f)=mn and ay,...,ay € [[ic; Ai we have

FAar, o an)(@) = A (a1(0), - an(D)).

We can, as previously done, define the projection maps mj : [[;c; Ai = Aj
with j € I, such that wj(a) = a(j), under the ones we obtain the epimor-
phism
P H‘AZ — .Aj.
iel

If I ={1,...,n}, we will write Ay x --- X Ay; if I is arbitrary, but A; = A
for every i € I, then we will denote the direct product with Al and we will
call it direct power of A. A? is the trivial algebra.

‘We have the following result.

Theorem A.1.7. Every finite algebra is (isomorphic to) the direct product
of directly indecomposable algebras.

The previous theorem, however, does not hold for infinite algebras, in
general. For this reason it is necessary to introduce another construction

Definition A.1.27. An algebra A is the subdirect product of a family
{A;:ielI} when

o A s a subalgebra of [[;c; Ai.
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Figure A.2: Generalized direct product.

L[] 7{'1(./4) = .A¢

Definition A.1.28. A subdirect embedding is a monomorphism o : A —
[Lcs Ai such that a(A) is a subdirect product of {A;: i € I}.

Definition A.1.29. An algebra A is subdirectly irreducible if, for every
subdirect embedding o : A — Hiel A; there exists an index i € I such that
;0 18 an isomorphism between A and A;.

Finally,

Theorem A.1.8. Every algebra A is isomorphic to a subdirect product of
subdirectly irreducible algebras (that are homomorphic images of A).

Theorem A.1.9. An algebra A is subdirectly irreducible iff A is trivial or
ConA\{A 4} has a minimum. In this last case the minimum is (| (ConA\ {A4})
and the lattice of congruences of A looks like as in figure A.3.

Definition A.1.30. An algebra A is simple if ConA = {A4,Va}. A
congruence 0 on A is mazimal if the interval [0,V 4] of ConA contains
exactly two elements.

We conclude with reduced products: they will be fundamental for the
definition of the concept of quasivariety. To begin with, we need to introduce
the notion of filter:

Definition A.1.31. Let X be a set, a filter on X is a set F of subsets of
X such that

1. XeF
2. IfAABCX,ACB, A€ F, then BEF
3. IfA,B€F then ANBe€F.
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Figure A.3: The lattice of congruences of a non trivial subdirectly irreducible
algebra.

A filter F (on a set X ) is proper if 0 ¢ F. An ultrafilter F (on a set X ) is
a mazimal proper filter: for every other proper filter F' (on X), if F C F',
then F = F'.

Definition A.1.32. Let {A; € I} be a family of algebras of the same type
and F be a filter on I. We define a binary relation 0 on [[;c; A as follows

(a,b) € 0p iff {iel:a(i)=0(i)}€F.
Lemma A.1.1. 0p is a congruence on Hie[ A;.
Definition A.1.33. Given a family of algebras Aic; of type F and F be
a proper filter () ¢ F) on I, we define the reduced product [[;c; Ai/F as
follows. Its universe, [[;c; Ai/F, is [I;c; Ai/0r and a/F indicates a/0F:
moreover, for every f € F, v(f) =n and a1,...,an € [[;c; Ai/F, it holds
that

f(al/F,...,a"/F) = f(a17-~-:a7z)/F~

When F is an ultrafilter, then A;cr is called ultraproduct.

A.1.6 Varieties, equational classes, term algebra

Let K be a class of algebras of type F. Consider the following algebraic
operators:

e [(K) = the class of all algebras isomorphic to members of K
e H(K) = the class all homomorphic images of members of K
e S(K) = the class of all subalgebras of members of K

e P(K) = the class of all direct products of members of K

e Pr(K) = the class of all reduced products of members of K
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Definition A.1.34. A class K of algebras of type F is a variety if it is
closed under the operators I, S, H, P, that is

K =1(K) = S(K) = H(K) = P(K)

Now, as the intersection of a class of varieties of type F is again a variety
and as all the algebras of type F form a variety, then we can conclude that
for every class K of algebras of the same type there exists a smallest variety
that contains K.

Definition A.1.35. If K is a class of algebras of the same type, let V(K)
be the smallest variety containing K. We will say that V(K) is the variety
generated by K in the case in which K has only an element A, then we will
write simply V(A). A variety is finitely generated if V = V(K) for some
finite set K of algebras. In the case in which V = V(K) = V({A}) we will
say that A is generic for V .

The following theorem gives a method to construct the variety generated
by a class of algebras.

Theorem A.1.10. V(K) = HSP(K)
We can reformulate theorem A.1.8 as follows

Theorem A.1.11. If K is a variety, then each of its members is (isomor-
phic to) a subdirect product of subdirectly irreducible algebras of K.

Corollary A.1.2. A wariety is determined by its subdirectly irreducible
members.

Definition A.1.36. A subvariety is a subclass of a variety that is again a
variety.

Finally, we introduce the following concept

Definition A.1.37. An algebra (of a certain type) A is locally finite if
every finitely generated subalgebra (i.e. generated by a finite subset of A) is
finite. A class K of algebras is locally finite if every member of K is locally
finite.

Terms, term algebra and free algebras

Definition A.1.38. Let X be a set of symbols, called variables: the set
T(X) of terms of type F over X is the smallest set such that

1 XU{feF:u(f)=0}CT(X)

2. 4fp1,....,pn €T(X) and f € F, v(f) =n, then f(p1,...,pn) € T(X).
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Note that the terms are purely syntactical objects: to move to the se-
mantics, we need to interpret them in some algebra

Definition A.1.39. Given a term p(x1,...,z,) of type F over some set X
and given an algebra A of type F we define the mapping p* : A" — A as
follows:

1. if p is a variable z;, then

with ai,...,a, € A; that is p™ is the ith projection map
2. ifp=f(pr(z1,. . @n), s Pk(@1, .y 20)) with f € F, v(f) =k, then
pMar, . an) = fApTar - an), - pi e, an).

It is possible to transform, in a natural way, the set 7(X) in an algebra

Definition A.1.40. Given F and X, if T(X) # () then the term algebra of
type F over X, written T(X), is the algebra whose universe is T(X), and
whose operations are of the form

JTO (pry o spa) = f(p1s - pn)
with f € F, v(f)=n and p1,...,py, € T(X).
Note that 7(X) is generated by X.

Definition A.1.41. Let K be a class of algebras of type F and let U(X) be
the algebra of type F generated by X. If, for every A € K and every map

a: X = A
there is an homomorphism
B:UX)—= A

that extends o (B(x) = a(x) for every x € X ), then we will say that U(X)
has the universal mapping property for K over X. X is called set of free
generators of U(X) and U(X) is freely generated by X.

It is easy to show that a such homomorphism «, if it exists, then is
unique.

The term algebra represents also the most elementary example of algebra
that enjoys the universal mapping property

Theorem A.1.12. For any type F and set X # 0 of variables, the term
algebra T (X)) has the universal mapping property for the class of all algebras
of type F over X.
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Definition A.1.42. Let K be a family of algebras of type F. Given a set
X of variables we define the congruence 0x(X) on T(X) as

Ok (X) = [ @x(X)
where
P (X) ={¢ € ConT(X): T(X)/¢ € IS(K)}.
The (K-)free algebra over X is defined as
Fg(X) =T(X)/0k(X).

Theorem A.1.13. Fi(X) has the universal mapping property for K over
X.

Finally, we present a result that connects the concepts of free algebras
and varieties.

Theorem A.1.14. Given a class of algebras of the same type K # ), we
have Fi(X) € ISP(K). Hence, if K is closed under I, S, P, in particular if
K is a variety, then Fx(X) € K.

Identities and equational classes

In this section we will show the relations between free algebras, varieties and
equational classes.

Definition A.1.43. Let p = p(z1,...,2,), ¢ = q(z1,...,2,) be terms of
type F over X. An identity (equation) is an expression of the form

p=q.

As can be noted, they are purely syntactical objects: the next step is
the one of define their semantics

Definition A.1.44. We say that an algebra A of type F satisfy p ~ q if,
for every aq,...,a, € A we have

pA(al, L) = qA(al, ceyQp),
this is denoted with the notation A |=p = q.

The previous definition can be extended to classes of algebras in an easy
way:

Definition A.1.45. A class K of algebras of type F satisfy p = q (this is
denoted by K =p=q) if AlEp~q for every A€ K.
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In the case in which we have more than one identity, instead

Definition A.1.46. Let ¥ be a set of identities of type F over X. K satisfy
Y if K Eprq for every p =~ q € X; in symbols K |= 3.

Moreover, it is possible to define
Definition A.1.47.
Idg(X)={p~q: p,q€ IdX),K |Fp=q}
where Id(X) indicates the set of identities of type F over X.

The following theorems connect some of the objects that we have intro-
duced:

Theorem A.1.15. Let p,q € T(X) and K be a class of algebras of type F.
We have that

KkEp~q if
Fr(X)Ep~q iff
p=7 1 Fr(X) iff
(p,q) € Ok (X).

Definition A.1.48. Let X be a set of identities of type F and define M (X)
as the class of algebras that satisfy 3. A class K of algebras is an equational
class if there exists a set of identities ¥ such that K = M(X). In this case
we will say that K is defined, or aziomatized, by 3.

Theorem A.1.16 (Birkhoff). Let K be a class of algebras of type F. K is

an equational class iff K is a variety.

A.1.7 Quasivarieties and quasiequational classes

Definition A.1.49. A quasivariety is a class of algebras closed under1,S,Pg.
Moreover, analogously to the definition of equation:

Definition A.1.50. A quasiequation (or quasidentity) is an equation of the
form (p1 = qi& ... &pn—1 & gn-1) = Pn X G-

Definition A.1.51. We say that an algebra A of type F satisfy (p1 ~

pﬁ(alv L) a’m) = pﬁ((lh L) a’"L) when
piar,. . am) = pi(ar,. .. am), for everyi < n.

This is characterized with the notation A = p1 =~ & ... &pp—1 = ¢n-1 —
p"L ~ qu'
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The extension of this notion to classes of algebras, as well as the definitions
of set of quasiequations and quasiequational classes, is analogous to the case
of equations.

Analogously to what happens to varieties and equations, we have:

Theorem A.1.17. Let K be a class of algebras of type F. K is a quasiva-
riety iff it is a quasiequational class.
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