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Abstract

Starting from a decomposition result of MTL-chains as ordinal sums, we focus our
attention on a particular kind of indecomposable semihoops, namely weakly cancellative
semihoops. Weak cancellation property is proved to be the difference between cancellation
and pseudocomplementation, so it gives a new axiomatization of Product logic and IIMTL.
By adding this property, some new fuzzy logics (propositional and first-order) are defined
and studied obtaining some results about their (finite) strong standard completeness and
other logical and algebraic properties.
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1 Introduction

Héjek introduced in [27] the logic BL as a common generalization of the three main fuzzy
logics: Lukasiewicz logic, Product logic and Godel logic, semantically defined from a continu-
ous t-norm (the Lukasiewicz t-norm, the product of reals and the minimum, respectively). In
particular, Product logic (see [29]) was proved to be the axiomatic extension of BL obtained
by adding:

—x = ((pxx = *x) = (¢ — ) (II1),
and
o A= — 0 (112),

where first one is the law of cancellativity and the second one is the law of pseudocom-
plementation.

Actually, Hajek conjectured that BL was complete with respect to the semantics given
by continuous t-norms and their residua. This was proved by Cignoli, Esteva, Godo and



Torrens in [11]. Also in [27] an algebraic semantics was given for BL logic based on the
variety of BL-algebras (bounded integral commutative prelinear divisible residuated lattices).
The algebraic semantics for Lukasiewicz logic, Product logic and Godel logic (MV-algebras,
product algebras and Godel algebras, respectively) were obtained as subvarieties of the variety
of all BL-algebras.

Nevertheless, the necessary and sufficient condition for a t-norm to have a residuated
implication is not the continuity, but the left-continuity. For that reason, Esteva and Godo
n [16] defined a logic weaker than BL, which they called MTL (for Monoidal T-norm based
Logic) aiming to capture the logic of all left-continuous t-norms and their residua. Jenei
and Montagna proved in [35] that MTL was indeed complete with respect to the semantics
given by the class of all left-continuous t-norms and their residua. This kind of completeness
with respect to a class of left-continuous t-norms and their residua has been called standard
completeness. Later on, in [15] the standard completeness was proved also for some other
axiomatic extensions of MTL (namely SMTL and IMTL). However, the standard completeness
of IIMTL, the extension of MTL obtained by adding pseudocomplementation and cancellation
(the analogue of Product logic in the non-divisible case) was left in [15] as an open problem.
It remained unsolved until Hor¢ik proved this logic to be standard complete in [32].

Esteva and Godo gave also an algebraic semantics for MTL based on MTL-algebras
(bounded integral commutative prelinear residuated lattices). This class is a variety that
contains the class of BL-algebras as a proper subvariety and it is possible to prove that in
fact it is an equivalent algebraic semantics for MTL logic in the sense of Blok and Pigozzi
[6]. Therefore, MTL is an algebraizable logic,' i.e. it belongs to the class of logics which is
better studied by Abstract Algebraic Logic and for which this discipline gives a lot of im-
portant results. In particular, we have an order-reversing isomorphism between the lattice of
subvarieties of MTL-algebras and the lattice of axiomatic extensions of MTL, which implies
that the study of such extensions is equivalent to the study of varieties of MTL-algebras,
and this gives a correspondence between logical and algebraic properties. The structure of
BL-algebras is well-known and some important parts of their lattice of subvarieties have been
completely described (see for instance [37], [2], [20]), but in the framework of MTL, i.e. when
the property of divisibility is not assumed, few algebraic studies have been done till now (see
[10], [25], [26], [32], [33], [41] and [42], and, in a more general framework, see [4] and [23]).

This paper is devoted to the investigation of some varieties of MTL-algebras, or equiv-
alently to some axiomatic extensions of MTL. We focus our attention on the so called
weakly cancellative MTL-algebras (WCMTL-algebras for short) and on their logic, WCMTL.
WCMTL-algebras are MTL-algebras in which the monoidal operation is either cancellative
or has 0 as a result. The interest of this variety and of its corresponding logic is motivated
as follows:

e Both MV-algebras and Product algebras are weakly cancellative, hence WCMTL-algebras
are obtained from the join of the varieties of MV-algebras and of Product algebras
by removing divisibility. Moreover, it will turn out that IIMTL-algebras are exactly
WCMTL-algebras without zero divisors, and that MV-algebras are exactly the involu-
tive WCMTL-algebras.

e While the structure of involutive MTL-algebras seems to be very hard to describe (every

! Actually, it has been recently proved in [22] that all the logics of a much bigger family (which includes
MTL and its axiomatic extensions) are algebraizable.



MTL-algebra generates an involutive one by disconnected rotation [41], so involutive
MTL-algebras can contain the zero-free reduct of any MTL-algebra), the structure of
WCMTL-algebras, although not easy, seems to be more accessible. Moreover some
techniques introduced by Horé¢ik for the study of IIMTL-algebras can be successfully
applied to WCMTL-algebras.

e WCMTL-chains are either indecomposable as ordinal sums or are the ordinal sum of a
two-element chain and a cancellative (hence indecomposable) residuated lattice. So they
constitute an interesting example of indecomposable (or almost indecomposable) MTL-
algebras. This also suggests the investigation of the variety Q(WCMTL) generated by
all ordinal sums of zero-free subreducts of WCMTL-algebras. Interestingly, the divisible
Q(WCMTL)-algebras are precisely the BL-algebras.

The paper is organized as follows. After some preliminaries, we prove that, as in the
case of BL-algebras (see [2]), all MTL-chains have a maximum decomposition as ordinal
sum of indecomposable totally ordered semihoops. Then, we introduce weak cancellation
to obtain a class of those indecomposable semihoops. Moreover, some interesting properties
of weak cancellation are proved, obtaining a new axiomatization for the cancellative fuzzy
logics (Product logic and IIMTL) and defining a new hierarchy of fuzzy logics. We study
some properties of those logics and their corresponding algebraic semantics, namely finite
embedding property, finite model property and standard completeness. We finish with some
concluding remarks and open problems.

2 Preliminaries

In [27] the logic BL is defined as a Hilbert-style calculus in the language £ = {x,—,0} of
type (2,2,0) where the only inference rule is Modus Ponens and the axiom schemata are the
following (taking — as the least binding connective):

(A1) (p—= ) = (¥ —=Xx) = (¢ = X))

(A2) oy — o

(A3)  @x9Y —xgp

(Ad)  px(p =) = (v — )

(A5a) (p— (¥ —x)) — (p* —x)

(A5b)  (pxtY —x) — (¢ — (¥ — X))

(A6) (=)= x) = (¥ = 9) = Xx) = X)
(A7) 0—¢p

Some other connectives are defined as follows:
AP i=p*(p = P);

V= ((p =) = V) A (Y — ¢) = ¢);
= i= (o — ) * (Y — p);
== 0;

1:=-0.



Lukasiewicz logic L is the extension of BL with the law of involution:

——p — ¢ (Inv),

Godel logic G can be obtained by adding to BL the contraction axiom schema:

¢ — @@ (Con),

and Product logic II can be obtained by adding to BL the following two axiom schemata:
X = ((pxx = ¥ xx) = (¢ — v)) (1),

and

@ A—p — 0 (I12),

where the first one is the law of cancellativity and the second one expresses the law of
pseudocomplementation (it will be called (PC) in the paper).

In [19] another important axiomatic extension of BL, SBL, is introduced by adding to BL
the axiom schema (PC). This logic is weaker than Godel and Product logic.

MTL is also presented by means of a Hilbert-style calculus in [16] but now in the enriched
language £ = {x,—, A, 0} of type (2,2,2,0). The only inference rule is again Modus Ponens
and the axiom schemata are the following:

B1)  (p=¢) = (¥ =x) = (¢ = X))

(B2) wxp—op

(B3)  pxh—=Yxp

(B4) @AY =g

(B5) oA =P A

(B6)  @x(p—1v)— oAy

(B7a) (¢ — (¥ —x)) — (p*v —Xx)

(B7) (pxv —x) = (¢ — (¥ — X))

(BS§ ((p—=9Y)—=x) = (¥ = 9) = Xx) = X)

(B9 0— ¢

The connectives V, «», - and 1 are defined as in BL.
BL is proved to be the axiomatic extension of MTL obtained by adding the divisibility
axiom:

p AP — @x(p — 1) (Div)

Some other axiomatic extensions of MTL are introduced in [16]. Namely, IMTL is obtained
by adding the axiom schema (Inv), SMTL is obtained by adding (PC), and IIMTL is obtained
by adding (PC) and (I12).

Let F'my be the set of L-formulas built over a countable set of variables. Given I'U{¢} C
Fmg, we write I' Fyr, ¢ if, and only if, ¢ is provable from I' in the system MTL.

Definition 2.1 ([16]). Let A = (A, x,—,A,V,0,1) be an algebra of type (2,2,2,2,0,0). A
is an MTL-algebra iff it is a bounded integral commutative residuated lattice satisfying the
prelinearity equation:

(z—y)Vy—z)=1



The negation operation is defined as —a = a — 0. If the lattice order is total we will
say that A is an MTL-chain. The MTL-chains defined over the real unit interval [0,1] (with
the usual order) are those where * is a left-continuous t-norm? and they are called standard
MTL-chains. If o is a left-continuous t-norm, [0, 1], will denote the standard chain given by
O.

The zero-free subreducts of MTL-algebras are term equivalent to prelinear semihoops,
which are defined as follows:

Definition 2.2 ([18]). An algebra A = (A, x,—, A, 1) of type (2,2,2,0) is a prelinear semi-
hoop® iff:

o A= (A A1) is an inf-semilattice with upper bound.

e (A x,1) is a commutative monoid isotonic w.r.t. the inf-semilattice order.

For every a,be A, a <biffa - b=1.

For every a,b,c € A, axb—c=a— (b— c).

e For every a,b,c€ A, (a—b) —-c<((b—a)—c)—c.

An operation V is defined as: a Vb= ((a — b) — b) A ((b — a) — a). If in addition it
has a minimum element, then it is a bounded prelinear semihoop (i.e. term equivalent to an
MTL-algebra).

For the discussion of the paper we will need some usual notions defined for MTL-algebras
and prelinear semihoops. We write them here for the reader’s convenience.

Definition 2.3 ([2]). Let (I,<) be a totally ordered set. For all i € I, let A; be a totally
ordered semihoop (hence prelinear) such that for i # j, A; N A; = {1}. Then @, A;i (the
ordinal sum of the family {A; : i € 1}) is the structure whose universe is | J;c; A; and whose
operations are:

iy if 2,y € A,

TxY =4y if € A; and y € A;\ {1} with ¢ > j,
x if € A;\ {1} and y € A; with ¢ < j.
=ty if zy e A,

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

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

2A t-norm is a binary operation o : [0,1]> — [0, 1] which is associative, commutative, isotonic and has 1 as
a neutral element (see [36]).
3These algebras are sometimes also called MTLH-algebras.



Definition 2.4. Let A be an MTL-chain or a totally ordered semihoop. We define a binary
relation ~ on A by letting for every a,b € A, a ~ b if, and only if, there is n > 1 such that
a"<b<aorb® <a<b. Itiseasyto check that ~ is an equivalence relation. Its equivalence
classes are called Archimedean classes. Given a € A, its Archimedean class is denoted as
[a]~.

A filter in an MTL-algebra is defined in [16] as any subset F' such that:
e lcF

e [fae Fanda<b,thenbe F

o Ifa,be F,thenaxbe F.

F(a) will denote the principal filter generated by the element a. It can be described as follows:
F(a) ={b:a"™ < b for some n > 1}. There is the usual correspondence between filters and
congruences in MTL-algebras:

Proposition 2.5. Let A be an MTL-algebra. For every filter F C A we define O(F) :=
{{a,b) € A% : a « b € F}, and for every congruence 0 of A we define Fi(f) := {a € A :
(a,1) € 0}. Then, © is an order isomorphism from the set of filters onto the set of congruences
and Fi is its inverse.

Given a filter F' and an element a, [a]r will denote the equivalence class of @ w.r.t. to the
congruence O(F).

Theorem 2.6 ([16]). MTL-algebras are representable as a subdirect product of MTL-chains.

MTIL will denote the class of all MTL-algebras. It is well known that this class is defin-
able by equations; hence it is a variety.? Given I' U {¢} C Fm, and A € MTL, we write
I =4 ¢ if, and only if, v(p) = 14 whenever v is an evaluation of the formulas in A such that
v[['] C {14}, With this notation we can express the completeness of MTL with respect to
the semantics given by MTIL as follows:

For every ' U{¢} C Fmg, I' by @ iff T =4 @ for every A € MTL.

Furthermore, it is possible to prove that MTL is an algebraizable logic in the sense of
Blok and Pigozzi [6] and MTL is its equivalent algebraic semantics. This implies that there
is an order-reversing isomorphism between axiomatic extensions of MTL and subvarieties of
MTL. If ¥ € Fm, and L is the logic obtained by adding to MTL the formulas of ¥ as axiom
schemata, then the equivalent algebraic semantics of L is the subvariety of MITL axiomatized
by the equations {¢ ~ 1 : ¢ € X}. We denote this variety by L and we call its members
L-algebras. We will do two exceptions to that rule: the algebras associated to L are called
MV-algebras following the terminology of Chang in [9], and the algebras associated to the
Classical Propositional Calculus (CPC for short) are called, of course, Boolean algebras (we
will use B2 to denote the Boolean algebra of two elements, and BA to denote the variety of
Boolean algebras).

All the logics so far mentioned are propositional logics. However, already in [27], the first-
order version for BL and its axiomatic extensions is introduced and in [16] it is generalized
to MTL and its axiomatic extensions.

“For any unexplained notion on Universal Algebra see [8].



Given a first-order language J and some axiomatic extension L of MTL?, the first-order
version of L in the language J, LV, is defined by means of a Hilbert-style calculus where
the axioms are all formulas resulting from the axioms of L by substituting the propositional
variables for arbitrary formulas of 7, plus the following axiom schemata for the quantifiers:

V1) Vae(x) — p(t) (where t is a term substitutable for x in ¢(x))

)

1) ¢(t) — Jz p(x) (where t is a term substitutable for x in p(z))
— (v — Vx ¢) (where z is not free in v)
— (

Jz ¢ — v) (where z is not free in v)
V(v V p) — (Vo ¢ V) (where x is not free in v)

and the inference rules are Modus Ponens and Generalization: %.

The semantics for LV logic is defined in the following way. Given an L-chain A, an A-
structure for 7 is defined as M = (M, (rp)p, (mc)c), where M # (), for each n-ary predicate
P of J, rp is a function from M™ to A, and for each constant symbol ¢ of 7, m. is an element
of M. An M-evaluation is a mapping v assigning to each object variable z of 7, an element
v(z) € M. Given two M-evaluations v and v/, and an object variable x, v =, v’ means that
v(y) = v/ (y) for every y # x.

The values of the terms given by M and v are defined as: ||z||apm,0 = v(z) and ||c||pm0 =
me. The truth value of a formula ¢ is an element HcpHﬁ/lv € A and it is defined inductively
as:

1P(tr, - )2, v = = re(l[tallmw, - [En]la,0)
||<P*¢HMU = H@HMU A II@bIIMU
HwaHMv = H<PHMU A H@/JHMU

llp — wlle = llellf0 = 111

|0 IM =04

11115, = 14

V2l = inf{[ ][R 2 0 =2 v')

132 1%, = sup{ll el 3,0 : v =0 v}

if the suprema and the infima exist in A; otherwise the truth value of the formula is
undefined. The structure M is called A-safe when the truth values are defined for every
formula and every M-evaluation.

Given an A-structure M and a J-formula ¢, the truth value of ¢ in M is defined as
el = 1nf{|\cp|\M , - VM-evaluation}. Let T be a set of J-formulas. M is an A-model of
T if |||y = 17 for every ¢ € T. With this notation, we can write the completeness theorem
for all first-order fuzzy logics (cf. [13]).

Theorem 2.7. Let J be a first-order language and L an axiomatic extension of MTL. Then,
for every J-formula ¢ and every set of J-formulas T, T 1y ¢ if, and only if, for each
L-chain A and each A-safe model of T, ||¢||4, = 1.

We also need to recall some relevant properties of Universal Algebra.

Definition 2.8. A class K of algebras is locally finite (LF, for short) if, and only if, for every
A € K and for every finite set B C A, the subalgebra generated by B, (B) 4, is also finite.

5We consider MTL as a trivial axiomatic extension of itself.



Definition 2.9. Let A = (A, (f; : i € I)) be an algebra and let B C A be a non-empty set.
The partial subalgebra B of A with domain B is the partial algebra (B, (f; : i € I)), where for
every i € I, f; n-ary, by,..., b, € B,

{f;“(bl,...,bn) if fA(by,...,bn) € B,

unde fined otherwise.

fE(by1, ... b)) =

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

Definition 2.10. A class K of algebras has the finite embeddability property (FEP, for short)
if, and only if, every finite partial subalgebra of some member of K can be embedded in some
algebra of Ky, .

Definition 2.11. A class K of algebras of the same type has the strong finite model property
(SEMP, for short) if, and only if, every quasiequation that fails to hold in every algebra of K
can be refuted in some member of Ky, .

Definition 2.12. A class K of algebras of the same type has the finite model property (FMP,
for short) if, and only if, every equation that fails to hold in every algebra of K can be refuted
in some member of K.

A variety has the FMP if, and only if, it is generated by its finite members and a quasiva-
riety has the SFMP if, and only if, it is generated (as a quasivariety) by its finite members. In
[7] it is proved that for classes of algebras of finite type closed under finite products (hence, in
particular, for varieties of MTL-algebras) the FEP and the SFMP are equivalent. Moreover,
it is clear that for every class of algebras IL which is the equivalent algebraic semantics of a
logic L, we have:

e If L is locally finite, then it has the FEP.
e If L has the FEP, then it has the FMP.

e If L has the FMP, then L is decidable.

None of these implications can be inverted.

G is locally finite, so it has all the properties. The FEP is true for MV-algebras (see [5]),
BL-algebras and SBL-algebras (see [1] and [39]). The FEP also holds in MTL, IMTL and
SMTL (proved by Ono, private communication). However, since there are no finite II-chains
and IIMTL-chains (except for the trivial one and Bz), the FMP (hence also the FEP) fails
for IIMTL and II. Nevertheless, Product logic is decidable (see [27]), but the decidability of
IIMTL is an open question.

Finally, we recall the notion of standard completeness. If a logic L is an axiomatic exten-
sion of MTL, we say that L enjoys (finite) strong standard completeness if, and only if, for
every (finite) set of formulas T C Fm, and every formula ¢, T Fp ¢ iff T =4 ¢ for every
standard L-algebra A. We will call this property (F)SSC, for short. The three main fuzzy
logics enjoy FSSC; it is proved in [31] for L, in [29] for Product logic and in [14] for Godel
logic. But only for the last one SSC is true. SSC for MTL, IMTL and SMTL is proved in [35]
and [15]. FSSC is also true for BL and SBL (proved in [11]) and for IIMTL (proved in [32]).

A first-order fuzzy logic LV enjoys (finite) strong standard completeness (again we use
(F)SSC, for short) if, and only if, for every (finite) set of formulas T'U {¢}, T Fry ¢ iff



][4, = 14 for every model M of T over a standard L-chain A. GY and MTLY enjoy SCC
(see [27] and [40], respectively). On the other hand, LV, IIV and BLV do not enjoy FSSC (see
[28] and [38]).

3 Main results

3.1 Decomposition of MTL-chains as ordinal sums of totally ordered semi-
hoops

Definition 3.1. A totally ordered semihoop is indecomposable if, and only if, it is not iso-
morphic to any ordinal sum of two non-trivial totally ordered semihoops.

Theorem 3.2. For every MTL-chain A, there is a maximum decomposition as ordinal sum
of indecomposable totally ordered semihoops, with the first one bounded.

Proof. First we need to define the set D of decompositions of A. For every F' C P(A\ {1}),
F € D if, and only if, F is a partition of A\ {1} such that for every B € F, BU {1} is a
subuniverse of the zero-free reduct of A (hence the universe of a totally ordered semihoop B)
and A= @{B: B € F'}. A partial order < is defined in D in the following way:

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

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

element. Suppose that C = {Dy, : k € K} is a chain of (D, <). Then, we define the following
equivalence relation on A\ {1}:
For every a,b € A\ {1}, a = b if, and only if, a and b belong to the same class of Dy
for every k € K. Let [a]= denote the equivalence class of a w.r.t =. We will prove that
{la]z : a € A\{1}} € D and it is an upper bound of C. Take a € A\ {1}. It is straightforward
to check that [a]= U {1} is closed under % and —. Now take a,b € A\ {1} such that a < b
and [a]= # [b]=. Then, there is some k € K such that a and b are not in the same component
of Dy, thus a * b = a. Therefore, {[a]=z : a € A\ {1}} € D. Now take arbitrary k € K
and a € A\ {1}. Then, by the definition of = all the elements of [a]= must be in the same
component of Dy, so Dy, < {[a]=:a € A\ {1}}.

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

Corollary 3.3. Let A be an MTL-chain. If the partition {[a]~ : a € A\ {1}} given by the
Archimedean classes gives a decomposition as ordinal sum, then it is the mazimum one.

Proof. With the notation of the previous proof, take an arbitrary F' € D. For every a € A\{1},
there is some B € F such that [a]. C B, since the elements of F are closed under *. Therefore,
F <{[a]~ :a€ A\ {1}}. Soif {[a]~ :a € A\ {1}} € D, then it is the maximum. O

Unfortunately, the class of indecomposable totally ordered semihoops is really big. For
instance, as the following proposition proves, all involutive MTL-chains are indecomposable.



Proposition 3.4. All IMTL-chains are indecomposable.

Proof. Let A be an IMTL-chain. If A & By, it is clearly indecomposable. Suppose that
A % By and it is decomposable as ordinal sum of two non-trivial totally ordered semihoops,
ie. A= Cy @®Cy. Then, there is a € Co \ {1} and it satisfies =—a = 1, but this contradicts
the fact that the negation is involutive. O

3.2 The property of weak cancellation

In this section we will study a different class of indecomposable semihoops that seems more
accessible than the class of all IMTL-chains. These semihoops are defined by considering a
generalization of the property of cancellation that we will call weak cancellation.

An MTL-chain A is said to be cancellative if, and only if, for every a,b,c € A if a # 0 and
a*xb=axc, then b = c. This property is typically satisfied by the product of real numbers.
The axiom (II1) was proposed to express the law of cancellation in order to axiomatize the
logic of the product t-norm. Nevertheless, (I11) is proved to be equivalent to the property of
cancellativity in the presence of the axiom (PC), i.e. it is equivalent to the cancellativity for
SMTL-chains. Now we propose an alternative axiom that is equivalent to the cancellativity
for all MTL-chains:

YV (¥ = o x1) =) (C).

Proposition 3.5. The variety generated by cancellative MTL-chains is axiomatized by the
equation corresponding to axiom (C), i.e. ~yV ((y — xxy) — x) ~ 1.

Proof. Let A be an MTL-chain. We have to prove that A = -y V ((y = z*xy) — z) = 1
if, and only if, A is cancellative. First, suppose that the equation is valid in A and take
a,b,c € A such that a # 0 and a*b = a*c. Then, using the equation we have: (a — b*xa) —
b= (a— c*xa) - c=1, hence a — bxa =band a — cxa = ¢, so b= c. Conversely, suppose
that the chain is cancellative and let’s check that for any pair of elements a,b € A we have
bV ((b—axb) —a)=1.If b=0, it is obviously true. Otherwise, using the cancellativity
we obtain b — a * b = a, so the equation is also true. ]

Therefore, in the axiomatization of Product logic and IIMTL we could replace the axiom
(I11) by (C). But, in fact, the law of cancellation implies the pseudocomplementation as the
following lemma shows.

Lemma 3.6. Let A be an MTL-chain. If A= -yV (y —» zxy) — x) = 1, then A |=
Az =~ 0.

Proof. If there exists a € A such that a A—a # 0, then a, —-a # 0. Thus, applying cancellation,
from a * 7a = a * 0 we obtain —a = 0, a contradiction. ]

Corollary 3.7. II is the aziomatic extension of BL obtained by adding (C) and IIMTL is
the axiomatic extension of MTL obtained by adding (C).

In particular, we have found a new axiomatization for Product logic that is also different
from the one proposed® by Cintula in [12].

5This axiomatization was also obtained by adding only one axiom with two variables to BL. In fact, it was
proved in the same paper that it cannot be done with one axiom in one variable only.
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Therefore, cancellativity (C) is a very strong axiom for the axiomatization of Product
logic and IIMTL which makes (PC) superfluous. We may wonder if there is an axiom which
does not imply (C) but, added to SBL (resp. SMTL) gives an axiomatization of II (resp.
I[IMTL). We will prove that the answer to this question is provided by the following weaker
form of cancellativity:

Definition 3.8. Let A be an MTL-chain. We say that A is weakly cancellative if, and only
if, for every a,b,c € A ifaxb=axc#0, thenb=c.

Analogously to Proposition 3.5 we can give an equivalent equation for this property:

Proposition 3.9. Let A be an MTL-chain. Then, A= —(x*y)V ((y = xxy) — x) = 1 if,
and only if, A is weakly cancellative.

We will refer to the corresponding axiom schema as aziom of weak cancellation (WC):

(e x) V(¥ = ¢ x1p) — ¢) (WC)

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

Proposition 3.10. Let A be an MTL-chain. Then the following are equivalent:
(i) AExzAN-z=0and A= —(z*xy)V((y—xxy) —z)~1
(it) AE-yV((y—z*ry) —a)~1

Proof. (ii) = (i): It follows from lemma 3.6. (i) = (i7): Suppose that a * b = a * ¢ for some
a,b,c € A with a # 0. If a xb # 0, then by weak cancellation b = ¢. Suppose now that
axb=0,1ie a < =b If b # 0, then =b = 0 (by pseudocomplementation), hence a = 0, a
contradiction. Thus b = 0 and analogously ¢ =0, so b = c. ]

Another interesting fact about weak cancellation is that (W (') added to IMTL axiomatizes
Lukasiewicz logic. Recall that an MTL-algebra satisfying  V y ~ (r — y) — y is already an
MV-algebra.

Proposition 3.11. Let A be an IMTL-chain. Then, A=z Vy =~ (x — y) — y if, and only
if, A= —(@xy)V((y - zxy) — )~ 1

Proof. One direction follows from the fact that all MV-algebras are weakly cancellative. For
the other one, suppose that A is a weakly cancellative IMTL-chain and take a pair of arbitrary
elements a,b € A. We have to check that aVb = (a — b) — b. If a < b, it is obvious. Suppose
a>b,ie —bxa#0. Then, (a - b) =b=-b— -(a—b)=-b—ax-b=a=aVb, by
weak cancellation. O

Corollary 3.12. Lukasiewicz logic is the axiomatic extension of IMTL obtained by adding
the axiom schema (WC).

Therefore, in the involutive case the property of weak cancellation is not giving any new
logic. But in the general case we obtain a new logic and a new variety of MTL-algebras.
Let WCMTL be the axiomatic extension of MTL obtained by adding (WC). Of course its
equivalent algebraic semantics is the variety of weakly cancellative MTL-algebras, that are
called WCMTL-algebras. We will now axiomatize their zero-free subreducts, the weakly
cancellative prelinear semihoops.
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Proposition 3.13. The class of zero-free subreducts of WCMTL-algebras is the variety of
prelinear semihoops satisfying the equation:
(xxy—2)V(y—z*ry) —z)=1

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

We will show now that this kind of semihoops gives some examples of indecomposable
totally ordered semihoops.

Proposition 3.14. Let A be a weakly cancellative totally ordered semihoop. Then:

(1) If A is unbounded, then it is indecomposable.

(2) Suppose that A is bounded.

(2.1) If A has no zero divisors, then it is a IIMTL-chain and it is decomposable as
A= By @ C, where C is the zero-free subreduct whose domain is A\ {0}.

(2.2) If A has zero divisors, then it is indecomposable.

Proof. First suppose that A4 is unbounded and decomposable as A = C; @ Cy. Then, take
a € Cy\ {1} and b € Cy \ {1}. Since it is unbounded there is some ¢ < a. Then, the
equation of weakly cancellative semihoops would not hold because a xb — ¢ =a — ¢ # 1
and (a — a*xb) - b= (a — a) — b=>b+# 1. Now suppose that A is bounded and has
no zero divisors. This means that it is pseudocomplemented, hence, by Proposition 3.10 it is
cancellative, i.e. a IMTL-chain. Clearly, it is decomposable as A = Ba®C, where C' = A\{1}.
Suppose that A is bounded, it has zero divisors and it is decomposable as A = C; & Cs. Then,
the existence of zero divisors implies that C; 2 Ba. Take a € C; \ {0,1} and b € C \ {1}.
Then, axb—-0=a—>0#1and (¢ > a*xb) > b= (a —a) —b=0>b+#1, so A cannot be
weakly cancellative. O

Given an MTL-chain A and an element a € A, the truncation of A with respect to a is the
algebra Afa] = ({z € A:a <Az <A 14+ —A <A a,14) where A is defined as 2 * y =
(z+Ay) Va, and —7 is its residuum (i. e. the restriction of =4 to {x € A:a <Az <A 14}).

It can be easily checked that any truncation of a IIMTL-chain is a WCMTL-chain. It is
well known (see [3]) that each MV-chain is isomorphic to a truncation of some II-chain, i.e.
given an MV-chain A there is a II-chain B and an element b € B such that A = B[b]. It seems
natural to ask whether the same kind of result is true in the general non-divisible case, i.e.
whether each WCMTL-chain is isomorphic to a truncation of some IIMTL-chain. We will
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end the section giving a negative answer to such question by using an example of a totally
ordered monoid defined in [21].

For any a,b,c,d € N, (a,b,c) will denote the submonoid of N generated by a, b, ¢, and
(a,b,c)/d will denote the totally ordered monoid obtained by identifying with oo all elements
of (a,b,c) that are greater than or equal to d.

Let S = {32*}U(9, 12, 16) /30 denote the totally ordered monoid obtained from (9,12, 16) /30
by adding one additional element, denoted by 32*. This element satisfies 16 + 16 = 32*,
32* + z = oo for z # 0, and the whole monoid is to be ordered as follows:

0<9<12<16<18<21<24<25<27T<28<32" < 0.

All the relations that do not involve 32* are as in (9,12, 16) /30, so we have to only check
that z < y implies  + z < y + z when some of the terms attain the value 32*. If x or y or z
is equal to 32* then it is easy to see. If x + z = 32* and x, z # 32* then x = 2z = 16. Thus
32* =16 + 16 < y + 16 because if y > x then y 4+ 16 = cc.

Now since we want to make from this monoid an MTL-chain A, we reverse the order:

0>9>12>16>18>21>24>25>27>28>32"> 0.

It is clear that a residuum exists since A is finite and linearly ordered. Even the weak
cancellation is satisfied. Suppose that x + 2z = y + z # oco. Then if z + 2z = y + 2z # 32*
then you can cancel like in N. If  + 2z = y + z = 32* then there are three possibilities: (1):
x=y=2z=16; (2): £ =0, 2z =32" and y = 0; (3): = = 32*, 2 = 0, and y = 32*. Thus
A= (A +,—,<,00,0) is a WCMTL-chain.

Now let us introduce the following identity:

(1% 21 = Y1 x22) V(T2 %22 > ya*x21) V (y1 % y2 — 71 *x 12) = 1 (1)
This identity is not valid in A. Indeed, let

.21?1:16, y1:18, 21:16,
ro =12, y2=9, 2z9=12.

Then we get the following;:

T1+21—y1+20 = 32" —>00=9,
Tot+ 29—y +21 = 24—25=9,
y1+y2 —mx1+x2 = 27— 28=9.

Thus
(x1+2z1—> 1 +22)V(ra+ze—y2+21) V(Y1 +y2 = x1+22) =9 #0.

On the other hand, we claim that given any IIMTL-chain B = (B,*,—,<,0,1), every
truncation Bla] = (Bl[a], *q, —a, <, a, 1), satisfies the identity (1). There are four cases.

1. It is clear that if one of the inequalities x1 %4 21 < Y1 *q 22, Ta *q 220 < Yo *q 21, Y1 *q Y2 <
X1 *q x2 is valid then the identity (1) is obviously valid.

2. Let y1 or yo equals a. Then y; *, y2 = a < 1 *4 To.

3. Let z; or 29 equals a. Then either x1 %, 21 = a < yg %4 22 OF T %4 22 = a < Yo *q 21
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4. Suppose that x1 %, 21 > Y1 *q 22, T *q 22 > Y2 *q 21, and y1, Yo, 21, 22 > a. Then we have
T1 % Tg * 2] * 2o > Y1 * Yo * 21 * 2o in the original IIMTL-chain B. By cancellativity of B
we get x1 *xo > y1 *xyo in L. After truncation we obtain that x1 *g €2 > y1 * yo. Thus
the identity (1) is valid in this case as well.

Summing up, the identity is valid in all truncations of any IIMTL-chain, but it is not valid
in the WCMTL-chain A. Thus, A cannot be isomorphic to any truncation of a [IMTL-chain.

3.3 The logics of weakly cancellative chains and their ordinal sums

In the previous section we have defined the logic of weakly cancellative MTL-chains, WCMTL.
Now we will consider the logic of ordinal sums of weakly cancellative totally ordered semi-
hoops. This can be done with any axiomatic extension of MTL, so it is worth formulating
first this process in an abstract way.

Definition 3.15. Let L be an aziomatic extension of MTL. We define Q(IL) as the variety of
MTL-algebras generated by all the ordinal sums of zero-free subreducts of L-chains with the
first bounded, and we denote by (L) its corresponding logic.

Some well known subvarieties of MITLL are closed under this operator, for instance:

G) =
e OQ(BL) =

Q

(
o Q(SBL) = SBL
Q(SMTL) = SMTL
(

Q(MTL) = MTL

In some other cases they are not closed but we obtain an already known variety:
e O(BA)=G

o OQ(MV) =

But sometimes the operator 2 gives new varieties (and hence new fuzzy logics) as we will
show now for Q(WCMTL) and Q(IIMTL).

Definition 3.16. Let K be the variety of MTL-algebras such that letting x <y =x — x *xy
and I(z) = z — 22, satisfy the following conditions:

(1) (zhy—xxy)VI(exy)V((z—-zry) —y) =1

(2) (x<y)*(z—>x)<z=<y

B (z<y)*x(x—2)x(z—y) < (z2=<y)V(r=<z)VIxx*xy)

We will prove that K = Q(WCMTL).

Note that z < y = 1if z < y and z xy = x. In an ordinal sum of weakly cancellative
totally ordered semihoops, this happens if either z is the minimum of the component which y
belongs to or y = 1 or < y and z and y belong to different components. Moreover I(z) =1
iff z is an idempotent. Thus the intuitive meaning of (1) is that either xxy = z or x*xy = y or
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x *y is an idempotent or x and y belong to the same component and satisfy the cancellation
law. The intuitive meaning of (2) is the following: suppose that = < y, that x and y are not
in the same component and that z < x < y. Then z and y, are in different components. The
complementary property is true in all totally ordered semihoops: if x <y <z and zxy = x,
then £ xz > x*xy = x, so x *x z = x. Finally (3) means that if x x y = x and z is not an
idempotent, then for any z with x < z < y we must have either x * 2z = x or z xy = z.

Lemma 3.17. FEquations (1), (2) and (3) hold in any ordinal sum of weakly cancellative
totally ordered semihoops whose first component is bounded.

Proof. This is not completely trivial because we have to verify that the equations hold also
when the lefthand side is not 1. In the sequel we write x < y to mean that x < y and = and
y are not in the same component. We also write £ = y to mean that  and y are in the same
component.

We start from equation (1). The equation clearly holds if z # y or if z*y is an idempotent.
If z =y and z * y is not an idempotent, then x % y must satisfy the cancellation law and the
third disjunct is 1.

Now consider equation (2). The equation clearly holds if z < y = 1, hence a fortiori
if z <« y. The equation also holds if z < z and z < y = 1, because then either z = x
or z < y, and in both cases z < y = 1. The equation also holds if x < z, because then
(rt = xzxy)*(z = x) <z — zx*y. It remains to consider the case where z < x and either
y<Lzorx=y. If z<zand y < xthen z <y =y, and (2) becomes y < z < y, which
is clearly satisfied. Finally suppose z < x and x = y. Without loss of generality we can also
suppose z = x = y, otherwise z < y and z < y = 1. Thus (2) becomes z <y < z < y. If zxy
is not an idempotent, then x < y = z < y = y and (2) holds. If z * y is an idempotent, then
x *y = z*y is the minimum m of the component which z,y, z belong to, and (2) becomes
x — m < z — m, which clearly holds as z < x. Finally if z x y = m is an idempotent and
x*yisnot (sox*xy >m), then v <y =y and z < y = z — m. Now from z xy = m by
residuation we derive y < z — m and the claim is proved.

We verify (3). Note that (3) holds (in any ordinal sum of WCMTL semihoops) if either
x*y is an idempotent or z < y =1 or < z = 1 (thus in particular if z < y or < z). Thus
we suppose that none of the above conditions holds. If y < z then z — y = y and (3) holds.
If 2z < x then x — z = 2z and (3) holds. It remains to consider the case where x = z = y.
In this case, since we have excluded that = % y is an idempotent, we have z < y = y. Now
let C' be the component which z,y, z belong to. If either C' has no minimum or z * y is not
the minimum of C, then x < y = z < y = y, and (3) is verified. If C has a minimum m and
zxy=m, then x <y =y < z — m = z <y and once again (3) is verified. O

Lemma 3.18. Let A be an MTL-chain which satisfies (1), (2) and (3). Then A is the
ordinal sum of an ordered family of weakly cancellative totally ordered semihoops, whose first
component s bounded.

Proof. By Theorem 3.2 any linearly ordered MTL-algebra can be decomposed as an ordinal
sum of sum-indecomposable totally ordered semihoops, with the first bounded. So it is
sufficient to prove that a sum-indecomposable linearly ordered semihoop satisfying (1), (2)
and (3) is weakly cancellative. Let C be such a semihoop. We claim that C has no idempotent
elements except from its maximum and its minimum (if such a minimum exists). Suppose
by contradiction that w is idempotent and that there are a,b € C' with a < u < b. Then
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x*u = u for all x > u, and by (2), for all z < u < v one has z*v = z. Then C = C; ® Cs
where Cy = {z : 2 > u} and Cy = (C'\ C2) U{1}, contradicting our assumption that C is sum-
indecomposable. We now prove that if both z and y are not idempotent, then x xy < x A y.
The claim is obvious if x = y so we can assume without loss of generality that x < y. The
claim is also obvious if x * y is the minimum m of C', because m is an idempotent and x,y
are not such, so m = x *y < & A y. Thus suppose by contradiction that there is z € C such
that z < zxy =2x Ay =z < y. Since x * y is not an idempotent, by axiom (3), for any u
with 2 < u < y we have either zxu =z or uxy =u. Now let C1; = {u:u*y=u}U{l} and
Cy = (C'\ Co)U{1}. C1\ {1} is downwards closed, so for all w € Cy and for all z € Cy \ {1}
we have z < w. We claim that for all w € Cy and for all z € 7\ {1} we have z*w = z. This
implies that C = C; & Cy, which is impossible. Thus let w € Cy and z € C; \ {1}. We can
assume without loss of generality that z is not an idempotent, otherwise z is the minimum
of C and the claim is trivial. Moreover by the definition of C; we have that z x y = z. So if
w >y, we have z * w = z as desired. If w < y, then since z * y = 2z is not an idempotent, by
axiom (3) with z replaced by z we have that either w*y =w or zxw = 2. But w*y = w is
excluded, because w € Cy. So z * w = z and the proof is complete. O

Thus we obtain a finite axiomatization for the variety generated by those ordinal sums:

Theorem 3.19. K is the variety generated by the ordinal sums of weakly cancellative totally
ordered semihoops (with the first bounded), i.e. K = Q(WCMTL).

Now consider the variety Q(IIMTL). Adapting slightly the axiomatization and the proof
of the last theorem we obtain the following result.

Theorem 3.20. The variety Q(IIMTL) generated by ordinal sums of cancellative semihoops
(with the first bounded) is axiomatized by:

(1) (x Ay = zxy)VI@)V (@ —zxy) —y) =1

(2) (x<y)*(z—x)<z=<y

(3) (x<y)x(x—2)x(z—y) < (z<y) V(e <2)VI(zx*y)

Accordingly, we define the corresponding logics. The logic Q(WCMTL) is the axiomatic
extension of MTL obtained by adding the following schemata:

(@) (P AY = px ) VI(@x)V ((p— @*tp) =)
() (p =) *x(x =) = x <Y
(€ (p=)*x(p—=x)*x(x =) = (X <Y)V(p=<x)VI(p*1)

and the logic Q(IIMTL) is the axiomatic extension of MTL obtained by adding the fol-
lowing schemata:

(@) (AP = oxP) VIV ((p— pxtp) =)
() (p=<Y)*x(x —9) = x <Y

() (p=P)*x(p—=x)*x(x =) = (X <Y)V(p<x)VIpxp)
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Let (OS) be the conjunction of the schemata (a), (b) and (c), and let (OS’) be the
conjunction of the schemata (a’), (b) and (c). Adding combinations of the schemata (WC),
(PC), (0S), (0S’), (Div) and (Inv) to MTL we obtain the hierarchy of logics depicted in
figure 1, where CPC is the Classical Propositional Calculus and the following two new logics
appear:

e SQ(WCMTL) is Q(WCMTL) plus (PC).
e WCBL is BL plus (WC).

(WCMTL)

MTL

Figure 1: Graphic of axiomatic extensions of MTL obtained by adding combinations of the schemata
(WC), (PC), (0S), (Div) and (Inv). All the depicted inclusions are proper.

3.4 LF, FEP and FMP in weakly cancellative fuzzy logics

We will study some properties of these logics and their corresponding varieties of MTL-
algebras.

Lemma 3.21. Let A be an MTL-chain. Then, A is a WCBL-chain if, and only if, it is an
MV-chain or a Il-chain.
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Proof. One direction is trivial. For the other one, let A be a WCBL-chain and consider its
decomposition as ordinal sum of Wajsberg hoops (with the first bounded), A = @, ;C;.
If |I| = 1, then A = C;, is an MV-chain. If [I| > 1 it must be of the form A = By & C,
with C cancellative (otherwise the weak cancellation would not be satisfied), hence it is a
II-chain. O

Proposition 3.22. WCBL is the infimum of Il and L in the lattice of axiomatic extensions
of MTL. Thus, WCBL = V([0,1]z, [0, 1]r1) and WCBL enjoys FSSC.

Proof. It follows directly from the previous lemma. O

Therefore, WCBL is the logic LII defined in [11] for which we have found now an alternative
axiomatization.

Corollary 3.23. WCBL does not have the finite model property.

Proof. Suppose WCBL has the FMP. Then, WCBIL would be generated as a variety by the
finite WCBL-chains, but since there are no finite II-chains with more than two elements, it
would be generated by finite MV-algebras, so WCBL = MV, a contradiction. O

Thus WCBL lacks also the FEP. Nevertheless, WCBL logic is still decidable, since it is
the infimum of IT and L and those logics are decidable.

Proposition 3.24. Let A be an MTL-chain. Then, A is an SQ(WCMTL)-chain if, and only
if, it is an ordinal sum of totally ordered weakly cancellative semihoops such that the first one
is a IIMTL-chain.

Proof. One direction is trivial. For the other one, let A be a SQ(WCMTL)-chain. In particular
it is a Q(WCMTL)-chain, so it is decomposable as an ordinal sum of totally ordered weakly
cancellative semihoops with the first one bounded. Then, it is obvious that the axiom (PC)
implies that the first component must be an SMTL-chain, hence a IIMTL-chain. O

Proposition 3.25. Let K C MTL be a variety. If for every n > 2, K £ 2" ~ 2", then K
is mot locally finite.

Proof. For every n > 2, there is A, € K and a,, € A,, such that a] < agfl. Consider the
algebra [~ A, and the element a = (ag, a3, a4, ...,) € [[,,>9 An. Then for every n > 2, we
have a” < a™ !, thus the subalgebra generated by a is infinite. O

Corollary 3.26. All the logics depicted in figure 1 (except for Gédel logic and the Classical
Propositional Calculus) have a non locally finite equivalent algebraic semantics.

Proof. Notice that for every n > 2, [0,1] = 2" ~ 2"~ and [0, 1] £ 2™ ~ 2"~!, and all the
corresponding varieties contain one of these algebras, hence they all satisfy the condition of
the last proposition. O

Finally, we will prove that the FMP fails for all logics between Q(WCMTL) and IIMTL
(both included). First we need some lemmas.

Lemma 3.27. FEach finite WCMTL-chain A is Archimedean, i.e. for any 0 < x <y < 1
there is n such that y" < x.
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Proof. Suppose not. Then z < 3™ for all n. Since y™ # 0 for all n, we have y > y? > y> > ...
by weak cancellativity. Thus A must be infinite, a contradiction. O

Lemma 3.28. Let A be an MTL-chain and p,q € A. If p— q = q then ¢ = max [q]p()-

Proof. Assume that p — g = ¢. Suppose that z € [q]F(p). Then z — ¢ € F(p). Thus there
exists n € w such that p"™ < z — ¢. By residuation we get z < p™ — ¢. Since we assume that
p — q=q, we have p" — ¢ =p" ! — (p — q) = p"~ ! — ¢ = ¢q. Thus we obtain that z < q.

Hence ¢ = max [q] p(p)- O

Lemma 3.29. Let A be an Archimedean MTL-chain. Then A is either a BL-chain or it has
a co-atom.

Proof. Suppose that there is no co-atom. Then we will show that the divisibility condition,
a/ANb=ax(a—b), holds in A. If a < b or a equals 1, then the equality trivially holds.
If a — b =0 then b = 0 and the equality again holds. Thus suppose that a > b, a,b # 1,
and a — b > 0. By residuation we get a * (a — b) < b. Suppose that a * (a — b) < b. Let
M = A\ {1}. Clearly \/ M = 1 because there is no co-atom. Since A is Archimedean, we get
that for each r € M there exists k, € w (possibly 0) such that

rhrtl < — b <

Thus we obtain for all » € M:

axr*t <ax(a—b)<b<axrk,
The last inequality holds since a — b is the maximal solution of the inequality a *x x < b and
a—b<rkr

Further, from the existence of residuum we get \/,c;,(b*r) = b*\/ M = b. Hence there
must be an s € M such that a * (a — b) < b s. Thus we obtain

axsPt <ax(a—b) <bxs<axsttl

a contradiction. O

Lemma 3.30. In each Archimedean WCMTL-chain A the identity

(p—aq) —aq)?<pVqgV—g (2)
s valid.

Proof. If there is no co-atom, then by Lemma 3.29, A is a WCBL-chain hence either a II-chain
or an MV-chain. But in any II-chain or MV-chain the identity (2) is valid.

Thus suppose that there is a co-atom a. The only interesting case is for 1 > p > g > 0.
We can also assume that p — ¢ > 0 otherwise ¢ = 0. Since A is Archimedean, there is n € w
such that

A"l <p—og<a®.

Since a" > p — q, we get a™ — q¢ < p (if p < a™ — ¢ then a™ < p — ¢q). It follows that

(p—q)—»qg<ad*t —g=a—(a"—>q) <a—p.
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Thus (p —q) = q¢<a— p.

Now we claim that (p — ¢) — ¢ < a. If not then (p — ¢q) - ¢=1,1ie. p — q=gq.
Thus by Lemma 3.28 we have ¢ = max [q]p(,). Since A is Archimedean, F'(p) equals either
to A or to A\ {0}. Thus ¢ € F(p) and ¢ = 1. But we assume that 1 > p > ¢ > 0. Hence

(p—q)—q<a
Finally, we get

(p—aq)—aq)P<ax((p—q —q <ax(a—p) <p<pVgV—g.

Let o =(q— (p*q)) = p,v=0p—4q) — ¢, and x=pVqV q.
Lemma 3.31. In any finite Q(WCMTL)-chain A the identity ¢ A ? < x is valid.

Proof. If p < g then ¢ = ¢ and ¢ A ¥? = ¢ A ¢*> < x. Thus let us suppose that p > g¢.

First, let p,q belong to different components. Then ¢ = (¢ — q) — p = p. Thus
pAP? <p=p<x.

Second, let p,q be in the same component. This component is a zero-free subreduct of
a finite WCMTL-chain W. By Lemma 3.27 we know that W is Archimedean. Thus by
Lemma 3.30 we get that 12 < y is valid in WW. Since W is a subalgebra of A, we get that
@ A2 < 4p? <y is valid in A. O

Lemma 3.32. There is a IMTL-chain A such that ¢ A ? < x is not valid in A.
Proof. Consider the algebra A defined as follows:

e The domain of A is {(0,0)} U ((0, 1] x (0, 1]).

e The lexicographic order <;., defines the lattice structure.

e Multiplication is defined componentwise.

e Implication = is defined as follows: if (a,b) <j. (c,d), then (a,b) = (c,d) = (1,1); if
(a,b) # (0,0), then (a,b) = (0,0) = (0,0); if a,b,c,d > 0 and a > c and b > d, then
(a,b) = (c,d) = (£,9); if a > c and b < d, then (a,b) = (c,d) = (£,1).

It is readily seen that A is a IMTL-algebra. For e(p) = (1, 1) and e(q) = (3,1), we have
e(p) = e(y?) = (1,1) and e(x) # (1,1). O
Thus we get the following theorem.

Theorem 3.33. If K is a variety such that IMTL C K C Q(WCMTL), then K has not the
FMP (and hence also the FEP is false in K).

Proof. Let A be the chain defined in the previous lemma. Therefore, A is an infinite chain
of K where ¢ A% < x fails, but by Lemma 3.31, the equation is valid in all the finite chains
of K. O
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3.5 On standard completeness theorems

In this section we discuss the standard completeness of the logics introduced so far and of
their first-order extensions.

Theorem 3.34. WCMTL enjoys FSSC.

Proof. We will prove it by following the method used in [32] and its modification from [33]
for the FSSC of IIMTL, so we will not check again the details that are already done there.
Take a finite set T'U {¢} C Fm, such that T wenrrn ¢. Then, there is a WCMTL-chain
A = (A, —, A, V,04,14) and an evaluation e : Fimy — A such that e[T] C {14} and
e(p) # 1. Consider the set G := {e(¢)) : 9 is a subformula of some formula of T'U {(}}.
G is finite because T is. Let S be the submonoid of A generated by G. As in [32], S is
residuated and the residuum is given by: @ — b = max{z € S : axz < b}. Thus, the enriched
submonoid § = (S, %, —, A, V, 04, lA) is a countable MTL-chain. Moreover, since its monoidal
operation is just the restriction of the monoidal operation of A, it is clear that it is also weakly
cancellative, hence a WCMTL-chain. Now we consider the evaluation ¢’ : Fm,; — S such
that for every propositional variable v,

¢ (v) = { e&:}) if v appears in some formulaof U {p}

0 otherwise.

One can prove by induction that €’(1)) = e(¢) for every ¢ a subformula of some formula of
T U{p}. Furthermore, since S is generated from a finite set by using the monoidal operation,
then it has only a finite number of Archimedean classes.

Now define a new chain over the set " := {(s,7) : s € S\ {04}, € (0,1]} U {{04, 1)},
with the lexicographical order <;., and the following operations:

(04,1) if a x b= 04,
(axb,zy) otherwise.

(@, 0.9) = {

.y _J {a—=10,1) ifax(a—0b)<b,
(a,x) (byy) = { (@ — b,min{1,y/x}) otherwise.

S' = (8", =, <jew, (04,1), (14, 1)) is an MTL-chain with a finite number of Archimedean
classes, and there is an embedding ¥ : S — &’ defined by ¥(a) = (a, 1). Moreover S’ is weakly
cancellative. Indeed, if (a,z), (b,y), (c,z) € S" are such that (a,z) " (b,y) = (a,x) ' (¢, z) #
(04,1), then (a * b, xy) = (a*c,xz) # (04,1). Thus, axb = a*c # 04 and 2y = 2 # 0
which, using the weak cancellation of A and the cancellation of the product of reals, implies
b=cand y = z.

Finally, as in [33] the set S is order isomorphic to the real unit interval [0, 1], so there is
a standard WCMTL-chain B and an isomorphism ® : &’ — B. This standard chain and the
evaluation ® o W o ¢’ are a countermodel for the derivation of ¢ from T O

Theorem 3.35. Q(WCMTL), SQ(WCMTL) and QIIMTL) enjoy FSSC.

Proof. Consider first the Q(WCMTL) case. The first part of the proof runs parallel to the
previous one. Take a finite set T'U {p} C Fm, such that T' Voweonmrr) - Then, there is
a Q(WCMTL)-chain A = (A, %, —, A, V,04,14) and an evaluation e : Fm; — A such that
e[T] C {14} and e(p) # 1. Consider the set G := {e(v) : 1 is a subformula of some formula
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of TU{¢}}. G is finite because T is. Let S be the submonoid of A generated by G. Again
it is residuated, so we have an enriched submonoid § = (S, %, —, A, vV, 04, 1A> such that is
a countable MTL-chain (with a finite number of Archimedean classes). Moreover, since its
monoidal operation is just the restriction of the monoidal operation of A, it is clear that it is
also an ordinal sum of weakly cancellative totally ordered semihoops with the first bounded,
hence a Q(WCMTL)-chain. Since it is finitely generated, this ordinal sum must have a finite
number of components, say S = ,_;,C; for some natural number k. Now we consider the
evaluation €’ : Fm,; — &S such that for every propositional variable v,

¢ (v) = e(v) if vappearsinsome formulaof T'U {¢}
~ | 04  otherwise.

Again, by induction, it is provable that €'(y)) = e(1)) for every ¢ a subformula of some
formula of T'U {p}.

Finally, applying to every weakly cancellative totally ordered semihoop of the ordinal sum
the construction of the proof of the previous theorem, we have for every ¢ < k an embedding
Ci — [0,1],, into a standard WCMTL-chain. Therefore, there is an embedding f : § —
B,.10,1]«,. It is clear that &, ,[0, 1], is isomorphic to a standard Q(WCMTL)-chain.
This standard Q(WCMTL)-chain with the evaluation f o e’ gives the desired countermodel
for the derivation of ¢ from T

For the cases of SQ(WCMTL) and Q(IIMTL) the proof is similar. For the first one we
only need to realize that the first component of the ordinal sum of & now is a IIMTL-chain
and it will be embedded into a standard IIMTL-chain, so in the end we will get a standard
SQ(WCMTL)-chain. For the second one, notice that all the components of S are cancellative
so they embed into standard IIMTL-chains, so in the end a standard Q(IIMTL)-chain is
obtained. O

Furthermore, taking into account that in the proofs of the last two theorems the standard
chains that are built have only finitely many Archimedean classes, we can improve the finite
standard completeness results by considering only the semantics given by standard chains
with a finite number of Archimedean classes.

Corollary 3.36. If L is a logic from the set {WCMTL, Q(WCMTL), Q(IIMTL), SQ(WCMTL)},
then for every finite set of formulas T U {p} we have:

T b1 @ if, and only if, T =4 ¢ for every standard L-chain A with finitely many
Archimedean classes.

Now we will prove that no logic between Q(WCMTL) and IT (both included) enjoys SSC.
Consider the following set I' of sentences in a language whose propositional variables are

DOy ooy Priy ooy P
1. p; < p?_H (i € w).
2. =—pg.
3. pi — pu (i €w).

Claim (A). For any standard Q(WCMTL)-algebra A one has:
I' 4 po = pw 10
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Proof of Claim (A ). Suppose that all formulas of " are satisfied in .A under some evaluation
e. Let, for k =0,1,...,n,...,w, ap = e(px). Then by (2), ap # 0 and by (1) and (3), for all
k € w we have azH = a; and ag < a,. So all a; with i < w are in the same component.

If a, = 1 the result is obvious. Suppose a, < 1. Let a = sup{ay:k € w} (such a
supremum exists by the completeness of [0, 1]). Then a < a,,. Moreover by the left-continuity
of the monoidal operation -, we have a?> = sup {aiJrl ke w} =sup{ax:k €w} =a. Soa
is an idempotent, between a¢ and a,,. It follows that a, and ag are in different components,
therefore ag - a,, = ag, and the claim is proved.

Claim (B). There are a product algebra B and an evaluation e in B such that e(A) =1
for all A € T and e(p, - po) < e(po).

Proof of Claim (B). Let B = {(0,0)} U {(1,p): 0 <p <1} U ((0,1) x (0,400)), ordered
by the lexicographic order <., (thus if 0 < @ < b < 1 then for any ¢,d € (0,+00), one
has (a,c¢) <jer (b,d)) and having ordinary product (defined componentwise) as monoidal
operation. Thus our algebra consists of (0,0) plus the negative cone of the multiplicative
group (0, +00)? ordered lexicographically. Here the identity is (1, 1), therefore negative means
less than (1,1). In other words, it is a product algebra. Now define inductively e(py) = <%, 1>,

e(pit1) = < e(pi), 1>. Further, define e(p,,) = (1,3). It is immediate to verify that e(A4) =

(1,1) for any A € T" and that e(p, - po) = <%, %> <lex <%, 1> = e(po). This concludes the proof
of Claim (B).

Theorem 3.37. No propositional logic between Q(WCMTL) and Product logic I1 (both in-
cluded) enjoys SSC.

Proof. Let L be such a logic and IL the corresponding variety. Then the standard elements
of L are standard Q(WCMTL)-algebras and the algebra B in Claim B is in L. Hence I' =4
Po — Pw * po holds in any standard algebra A in L, but not in all algebras in L (B is a
counterexample). It follows that I' /7, pg — pu, * po. O

Corollary 3.38. The following logics do not enjoy SSC: 11, WCBL, SBL, BL, IIMTL,
Q(IIMTL), WCMTL, SQ(WCMTL) and Q(WCMTL).

We now prove that if L is any (recursively enumerable) logic between Q(WCMTL) and
IT (both included), its first-order extension LV does not enjoy FSSC. Indeed the set of finite
consequence relations valid in all standard models of L is not recursively enumerable.

We denote with I3 the fragment of arithmetic with induction only for ¥;-formulas (with
the order in the language). Recall that it is finitely axiomatizable (see [30, Theorem 2.52, p.
78]). Let I' be the finite set consisting of:

1. All axioms of I¥4, with functions represented as predicates (in the obvious manner).

2. All axioms of the form Vzy..Vz,(P(z1,...,2,) V 2 P(x1,...,2,)), P a predicate symbol
of 121

3. The axiom ——U(0) A VaVy(S(z,y) — (U(y)? « 3z((z = z) AU(2))), where S is a
predicate symbol of I3 such that S(z,y) represents the relation y = x + 1, < is a
binary symbol of I3y representing the order of natural numbers, and U is a unary
predicate not in the language of I34.

4. The axiom VaVy(z ~y — (U(x) — U(y))).
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Let B be a standard WCMTL-algebra, and let A be a first-order structure over B with

a domain of individuals D. Given a formula a(z1,...,z,) and ¢1,...,¢, € D, let us write
ean(alcr,... en)) for ||a(zr,...,z,)||5, where v is an evaluation of object variables such
that for i = 1,...,n, v(x;) = ¢;. In the sequel we omit the subscript A, B when it is clear

from the context. Now assume that e(B) = 1 for all B € T'. Define, for ¢,d € D, ¢ = d
iff e(c &~ d) = 1. Then = is an equivalence relation (remember that by axioms of the form

(2), every formula of I3, has a crisp value). Let for d € D, [d] denote its equivalence class
modulo =. We define a model N4¢ of IX; as follows:

e The domain of N4 is D/ =, that is, {[d] : d € D}.

° ForAevery n-ary predicate symbol P we define
PN = (1], ooy [dn]) € (NA€)" s e(P(dh, .o dn)) = 1}

Note that for every sentence ¢ in the language of I3, one has: N4¢ = ¢ iff e(¢) = 1.
Thus since all axioms of I¥; are in I', N4€ is a model of IX;.

Let for every universal sentence in prenex normal form
n = Vr1..Ve,B(z1, ..., zn) with 3 open, ¥ = =U(0) V Va1..V2,(U(0) — (U(z1) * U(0))) V
NV (U(0) = (U(xy) «U0)) V B(x1, .y ).

Theorem 3.39. For any universal sentence n in the language of 131, the following are

equivalent:

(a) n is true in the standard model.

(b) For every first-order structure At on a standard Q(WCMTL)-algebra A, one has T =4+
U

n-.
(c) For every first-order structure A* on a standard 1-algebra A, one has T |= 4+ nY

Proof. Since (b) trivially implies (c) we only prove (a) = (b) and (c¢) = (a).

(a) = (b). Suppose that 7 is true in the standard model of natural numbers and let A™ be
a first-order structure over a standard Q(WCMTL)-algebra A such that e(¢) = 1 forall ¢ € T'.
If e(U(0)) = 0, then e(nV) > e(=U(0)) = 1. Suppose e(U(0)) > 0. Consider the function f
from the domain D of individuals into A defined by f(d) = e(U(d)). Note that by the validity
of axiom (4) of T, if ¢ = d, then f(c) = f(d). Thus we can consider f as a function from A4+
into A. Since N4 is a model of I¥1, it contains an isomorphic copy of the standard model N
of natural numbers, so we will identify every natural number n with its copy in A/. Note that
f(0) > 0 and the validity of axiom (3) of I" implies that for every n one has f(n) = f(n+1)?,
therefore as in the proof of Claim (A) we see that sup {f(n) : n € w} is an idempotent element
of A. Moreover, again by axiom (3) of T, the function f([d]) is weakly increasing in [d]. Thus
for any non-standard [d], f([d]) > sup{f(n):n € w}, and there is an idempotent element
between f(0) and f([d]). So f(0) - f([d]) = f(0), and e(U(d) * U(0)) = e(U(0)). Now
consider [d1], ..., [d,] € N4€. If they are all standard numbers then N4¢ |= 3([d1], ..., [dy]) as
Vri..Ve,B(x1, ..., xy) is true in the standard model. Hence e(8(dy, ...,d,)) = 1. If at least one
of the [d;] is non-standard, then e(U(d;) * U(0)) = e(U(0)) and e(U(0) — (U(0) xU(d;)) = 1.
By the arbitrariness of di, ..., d,, we have that e(nV) = 1.

(¢) = (a). Suppose that 7 is false in the standard model N. Let ki,...,k, be natural
numbers such that B(ki, ..., k,) is false in N. Let [0,1]r be the standard product algebra.
Define a first-order structure A on [0, 1|11 as follows: the domain D of interpretation of object
variables is the set N of natural numbers; moreover, writing e for e 4 jo 1],;, define:
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e For every predicate P(x1,...,x,) in the language of I3 and for rq,...,7, € N, define
e(P(ry,...,mn)) = 1iff P(rq,...,ry,) is true in N and
e(P(r1,...,m)) = 0 otherwise.
e Finally define inductively e(U(0)) = 3 and e(U(n + 1)) = \/e(U(n)).
Then we get e(U(0) — (U(k;) x U(0))) < 1, e(B(k1,...,kn)) = 0 and e(=U(0)) = 0,
therefore e(n¥) < 1. O

Theorem 3.40. Let L be a logic between Q(WCMTL) and Product logic 11 (both included).
Then the consequence relation for LY with respect to the standard semantics for L is not
recursively enumerable. Thus if LY is recursively enumerable, then it has no FSSC.

Proof. By the previous result we can recursively associate to every universal sentence n of
arithmetic a finite set I of sentences and a sentence n¥ such that for any class K of standard
algebras contained in the class of all standard Q(WCMTL)-algebras and such that [0, 1] € K
one has that 7 is true in N iff I' = 5V is valid in all first-order structures over algebras in K.
Since the set of universal sentences which are true in N is not recursively enumerable, the
set of finite consequence relations which are valid in K is in turn not recursively enumerable.
Taking the class of standard algebraic models of L as K we get the claim. O

4 Concluding remarks

We have introduced and studied the property of weak cancellation and we have obtained the
following results:

e We have proved a theorem of representation of MTL-chains as ordinal sums of in-
decomposable totally ordered semihoops. A characterization of such indecomposable
semihoops is still not known, but weak cancellation gives a big and interesting class of
indecomposable totally ordered semihoops.

e Weak cancellation gives a new way to define Lukasiewicz logic from IMTL.

o Weak cancellation is exactly the difference between cancellation and pseudocomplemen-
tation, so it gives an alternative axiomatization of II and IIMTL and allows to define a
new hierarchy of fuzzy logics.

e The ordinal sums of weakly cancellative totally ordered semihoops define a new logic,
Q(WCMTL), that it is analogous to BL, in the sense that all BL-chains are decomposable
as ordinal sums of Wajsberg hoops (hence weakly cancellative).

e We have studied some properties of these weakly cancellative fuzzy logics, but some
important problems remain open. These properties are gathered in the following table:

25



| | LF | FEP | FMP | Decidable [ FSSC | SSC |

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

Q(WCMTL) | No | No No ? Yes | No
SQ(WCMTL) || No | No No ? Yes | No
WCMTL No | No No ? Yes No
Q(IIMTL) No | No No ? Yes | No
IIMTL No | No No ? Yes No
BL No | Yes Yes Yes Yes No

SBL No | Yes Yes Yes Yes No
WCBL No | No No Yes Yes No

II No | No No Yes Yes No

G Yes | Yes Yes Yes Yes Yes

L No | Yes Yes Yes Yes No

5 Acknowledgements

The second author acknowledges partial support of the Spanish project
TIN2004-07933-C03-01 and also a grant from the Spanish government that allowed him to
stay at University of Siena during May-July 2005, to carry out this joint work. The work of
the third author was partly supported by the grant No. A100300503 of the Grant Agency
of the Academy of Sciences of the Czech Republic and partly by the Institutional Research
Plan AV0Z10300504. The proof of Proposition 3.11 was obtained during a discussion with
professors Joan Gispert and Antoni Torrens. Finally, we thank the anonymous referee for her
useful suggestions and remarks.

References

[1] P. AGLIANOG, I. M. A. FERREIRIM AND F. MONTAGNA. Basic hoops: an algebraic study
of continuous t-norms. Unpublished manuscript (2000).

[2] P. AGLIANO AND F. MONTAGNA. Varieties of BL-algebras I: general properties, Journal
of Pure and Applied Algebra, 181 (2003) 105-129.

[3] M. Baaz, P. HAJEK, D. SvEJDA AND J. KRAJICEK. Embedding logics into product
logic, Studia Logica 61 (1998) 35-47.

[4] P. BaHLs, J. COLE, N. GALATOS, P. JIPSEN AND C. TsINAKIS. Cancellative residuated
lattices, Algebra Universalis 50 (2003) 83-106.

[5] W. J. BLOK AND I. M. A. FERREIRIM. On the structure of hoops, Algebra Universalis
43 (2000) 233-257.

6] W. J. BLOK AND D. P1cozzi. Algebraizable logics, Mem. Amer. Math. Soc. 396, vol
77, 1989.

26



[7]

8]

[9]

[10]

[16]

[17]

18]

[19]

[20]

[21]

[22]

W. J. BLok AND C. J. VAN ALTEN. The finite embeddability property for residuated
lattices, pocrims and BCK-algebras, Algebra Universalis 48 (2002) 253-271.

S. BURRIS AND H. P. SANKAPPANAVAR. A course in Universal Algebra, Springer Verlag,
New York, 1981.

C.C. CHANG. Algebraic analysis of many valued logics, Trans. Amer. Math. Soc. 88
(1958) 456-490.

A. CiABATTONI, F. ESTEVA AND L. GODO. T-norm based logics with n-contraction,
Neural Network World 5 (2002), 441-452.

R. CignNoLl, F. ESTEVA, L. GoDO AND A. TORRENS. Basic Fuzzy Logic is the logic of
continuous t-norms and their residua, Soft Computing 4 (2000) 106-112.

P. CINTULA. About axiomatic systems of product fuzzy logic, Soft Computing 5 (2001)
243-244.

P. CINTULA AND P. HAJEK. Triangular norm based predicate fuzzy logics. Submitted.

M. DUMMETT. A propositional calculus with denumerable matrix, The Journal of Sym-
bolic Logic 24 (1959) 97-106.

F. EsTEVA, J. GISPERT, L. GODO AND F. MONTAGNA. On the standard and Rational
Completeness of some Axiomatic extensions of Monoidal t-norm Based Logic, Studia
Logica 71 (2002) 199-226.

F. EsTEvA AND L. GoDO. Monoidal t-norm based Logic: Towards a logic for left-
continuous t-norms, Fuzzy Sets and Systems 124 (2001) 271-288.

F. ESTEVA, L. Gopo AND A. GARCIiA-CERDANA. On the hierarchy of t-norm based
residuated fuzzy logics. In Beyond Two: Theory and Applications of Multiple- Valued
Logic, Ed. M. Fitting and E. Orlowska, Springer-Verlag, 2003, 251-272.

F. EsTEvA, L. Gopo, P. HAJEK, F. MONTAGNA. Hoops and Fuzzy Logic, Journal of
Logic and Computation, Vol. 13 No. 4 (2003) 531-555.

F. EstEvA, L. Gopo, P. HAJEK AND M. NAVARA. Residuated fuzzy logics with an
involutive negation, Archive for Mathematical Logic 39 (2000) 103-124.

F. EsTEvA, L. GODO AND F. MONTAGNA. Equational characterization of the subvari-
eties of BL generated by t-norm algebras, Studia Logica 76 (2004) 161-200.

K. Evans, M. KONIKOFF, J. J. MADDEN, R. MATHIS, G. WHIPPLE. Totally Ordered
Commutative Monoids. Semigroup Forum 62 (2001) 249-278.

N. GaLAaTOs AND H. ONoO. Algebraization, parametrized local deduction theorem and
interpolation for substructural logics over FL, Studia Logica 83 (2006).

N. GALATOS AND C. TSINAKIS. Generalized MV-algebras, Journal of Algebra 283 (2005)
254-291.

27



[24]

[25]

[26]

[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

A. GARCiA-CERDANA, C. NOGUERA AND F. ESTEVA. On the scope of some formulas
defining additive connectives in fuzzy logics, Fuzzy Sets and Systems 154 (2005) 56-75.

J. GISPERT. Axiomatic extensions of the nilpotent minimum logic, Reports on Mathe-
matical Logic 37 (2003) 113-123.

J. GISPERT, A. TORRENS. Axiomatic extensions of IMT3 logic, Studia Logica 81 (2005)
311-324.

P. HAJEK. Metamathematics of Fuzzy Logic, Trends in Logic, vol. 4 Kluwer, 1998.
P. HAJEK. Fuzzy logic and arithmetical hierarchy 111, Studia Logica 68 (2001) 129-142.

P. HAJEK, L. Gopo AND F. ESTEVA. A complete many-valued logic with product-
conjunction, Archive for Mathematical Logic 35 (1996) 191-208.

P. HAJEK AND P. PUDLAK. Metamathematics of First-Order Arithmetic, Perspectives
in Mathematical Logic, Springer, 1993.

L. HAY. Axiomatization of the infinite-valued predicate calculus, The Journal of Symbolic
Logic 28 (1963) 77-86.

R. HORCIK. Standard Completeness Theorem for IIMTL, Archive for Mathematical Logic
44 (2005) 413-424.

R. HORCIK. Algebraic properties of fuzzy logics. Czech Technical University in Prague,
2005 (Ph. D. thesis).

R. HORCIK. Structure of commutative cancellative residuated lattices in (0, 1]. Submit-
ted.

S. JENEI AND F. MONTAGNA. A proof of standard completeness for Esteva and Godo’s
logic MTL, Studia Logica 70 (2002) 183-192.

E. P. KLEMENT, R. MESIAR, E. PAP. Triangular Norms, Kluwer Academic Publishers,
Dordrecht, 2000.

Y. KOMORI. Super Lukasiewicz propositional logics, Nagoya Mathematical Journal, 84
(1981) 119-133.

F. MONTAGNA. Three complexity problems in predicate fuzzy logic, Studia Logica 68
(2001) 143-152.

F. MONTAGNA. Generating the variety of BL-algebras, Soft Computing 9 (2005) 869-874.

F. MoNTAGNA AND H. ONO. Kripke semantics, undecidability and standard complete-
ness for Esteva and Godo’s logic MTLY, Studia Logica 71 (2002) 227-245.

C. NOGUERA, F. ESTEVA AND J. GISPERT. Perfect and bipartite IMTL-algebras and
disconnected rotations of prelinear semihoops, Archive for Mathematical Logic 44 (2005)
869-886.

C. NOGUERA, F. ESTEVA AND J. GISPERT. On some varieties of MTL-algebras, Logic
Journal of the IGPL 13 (2005) 443-466.

28



