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Abstract

Substructural logics extending the full Lambek calculus FL have largely benefited from a
systematical algebraic approach based on the study of their algebraic counterparts: residuated
lattices. Recently, a non-associative generalization of FL (which we call SL) has been studied
by Galatos and Ono as the logics of lattice-ordered residuated unital groupoids.

This paper is based on an alternative Hilbert-style presentation for SL which is almost
(MP)-based. This presentation is then used to obtain, in a uniform way applicable to most
(both associative and non-associative) substructural logics, a form of local deduction theorem,
description of filter generation, and proper forms of generalized disjunctions.

A special stress is put on semilinear substructural logics (i.e. logics complete w.r.t. linearly
ordered algebras). Axiomatizations of the weakest semilinear logic over SL and other promi-
nent substructural logics are provided and their completeness with respect to chains defined
over the real unit interval is proved.

Keywords: Substructural logics, non-classical logics, non-associative full Lambek logic, lattice-
ordered residuated unital groupoids, deduction theorems, Mathematical Fuzzy Logic, standard
completeness

1 Introduction

Substructural logics form a wide family of non-classical logics that can be roughly defined as
those logical systems such that, when presented by means of a Gentzen-style calculus, lack some
of the structural rules, i.e. rules not involving any connective of the language (see e.g. [29, 31,
32]). As such they encompass a variety of systems independently developed since mid XXth
century, including relevant logics [1] or many-valued logics like monoidal logic [22] (not satisfying
contraction), linear logic [20] (which, besides contraction, also fails to enjoy weakening) or Lambek
calculus [26] (which, besides the former two, does not satisfy exchange either). The study of
such heterogenous landscape has greatly benefited of a uniform approach, developed in the last
two decades in the tradition of Algebraic Logic, which deals with substructural logics as logics
of residuated lattices, i.e. propositional logics algebraizable in the sense of [3] whose equivalent
algebraic semantics are classes of lattice-ordered residuated monoids (called residuated lattices for
short). The weakest logic considered in this line of research is the full Lambek logic FL, whose
equivalent algebraic semantics is the variety of all residuated lattices. Most results on the algebraic
study of FL and its extensions are collected in the monograph [18].



These systematical efforts, nevertheless, have neglected the study of systems lacking another
important structural rule: associativity. Indeed, FL does satisfy associativity and for this reason
its algebraic semantics interprets (multiplicative) conjunction by a monoidal operation. Actually,
there have been several studies on non-associative substructural logics, starting with the origi-
nal Lambek non-associative calculus [27] (without lattice connectives), and followed (in the full
language) e.g. by Buszkowski and Farulewski in [6]. In the recent paper [19] Galatos and Ono
introduce a Gentzen-style and a Hilbert-style calculus for the non-associative version of the Full
Lambek calculus. They prove that it is an algebraizable logic with the variety of lattice-ordered
residuated unital groupoids as its equivalent algebraic semantics; and thus they obtain a natural
generalization of the approach used for FL and its extensions. In this paper we work with the
bounded extension of this logic, denoted as SL.

Building on this, in [12] a general algebraic framework to deal with substructural logics with SL
as the base logic is presented. The authors introduce, as a crucial tool, the notion of almost (MP)-
based logic: a logic with a Hilbert-style presentation where modus ponens is the only binary rule,
there are no rules with more than two premises, and all unary rules are of the form ¢ - vy(y), for
v € DT, where the set of terms DT satisfies a natural technical condition. They prove that every
almost (MP)-based substructural logic enjoys a local deduction theorem and a certain form of Proof
by Cases Property (PCP), which can arguably be seen as the defining property of a reasonable gen-
eralized notion of disjunction (as studied by Abstract Algebraic Logic). From this, one can extract
a number of interesting consequences for logical systems in general (see [10, 13]) and for substruc-
tural logics in particular (see [12]), such as (parameterized) local deduction theorem, description of
intersection of filters, axiomatization of logics given by positive universal classes of algebras, or ax-
iomatization of intersection of axiomatic extensions of a given logic. It was shown in [12] that FL,
and hence all its axiomatic extensions, are indeed almost (MP)-based and, therefore, the authors
could apply their general theory to all these logics and obtain, in a uniform way, the mentioned
consequences. However, the problem was left open for SL and other non-associative logics.

The main purpose of the present paper is to solve this problem. Indeed we present an alternative
Hilbert-style axiomatization of SL which, besides modus ponens, has the following unary rules:!

) pFeAl
) pFd&e—= & (&)
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) pFd—= (e~ (0&e)&p)

We show that this axiomatization is indeed almost (MP)-based which allows us (as mentioned
above) to naturally extend to the non-associative case many results so far only known for associa-
tive logics. This clearly demonstrates that the algebraic approach started in [19] and [12] is the
right generalization of that used for associative logics in [18].

Among others we obtain a method to find an axiomatization of the minimum logic L! extending
a given logic L which is complete with respect to linearly ordered L-algebras (sometimes simply
called L-chains). The class of logics complete with respect to chains has been introduced in a very
general framework in [11] under the name semilinear logics.> When restricted to the framework
of substructural logics, semilinear logics form a distinctive subfamily that contains most systems
referred to in the literature as fuzzy logics. The discipline that studies these systems, Mathematical
Fuzzy Logic [9], has shown an interest in considering increasingly weaker systems, aiming to find
the basic fuzzy logic contained in all others.

IThe rules (o) and (B) are taken from corresponding algebraic terms that appeared in [4] where, in the context
of the study of a non-associative version of Hajek’s logic BL, they were used to describe filters in commutative
integral lattice-ordered residuated unital groupoids. To cope with the lack of exchange and weakening (i.e. lack of
commutativity and integrality in the algebras), we also need to consider unit-adjunction and a modified version of
those rules: (') and (3').

2The term semilinear refers to the fact that these logics can be equivalently characterized as those logics such
that their (relatively) subdirectly irreducible algebras are linearly ordered.



Several systems have been proposed as such and later replaced by weaker ones, for instance:
Hajek’s logic BL [21, 7], FLY, = MTL [14, 24], FL!, = psMTL" [25], and FL! = UL [28].3 One
can observe that the common feature of all the mentioned logics is that they enjoy a standard
completeness theorem, i.e. completeness with respect to a semantics of algebras defined on the real
unit interval [0, 1], which is implicitly regarded by many authors (and sometimes even explicitly
e.g. in [28]) as an essential requirement for fuzzy logics. Interestingly enough, the logic FL of
FL-chains does not enjoy standard completeness (see [33]), therefore, for these authors it can
hardly be taken as a good candidate for a really basic fuzzy logic (even though for some it is fuzzy
enough [2]). Moreover, one can also argue that FL' is still not basic enough because it satisfies
a remaining structural rule: associativity. This brings us again to the main motivation of this
paper, the algebraic study of non-associative logics, and now also the study of their semilinear
extensions. Following the methods and results in [12, 23] for semilinear associative substructural
logics, the second aim of the present paper, thus, is to use the terms appearing in almost (MP)-
based presentations to obtain axiomatizations of semilinear non-associative substructural logics
and study their standard completeness properties. In particular, we obtain a presentation of
SL* and prove that it enjoys completeness with respect to residuated unital groupoids over [0, 1].
Therefore SL* can be seen as a new good candidate for a basic fuzzy logic, for it is really basic (it
does not even satisfy associativity) and really fuzzy (it is standard complete).

Structure of the paper In Section 2 we briefly recall the necessary syntactical and semantical
preliminaries for the paper: 2.1 shows the Hilbert-style presentation of SL given by Galatos and
Ono, lists some important syntactical properties that hold in the system and introduces prominent
axiomatic extensions, while 2.2 introduces the semantics for these logics based on lattice-ordered
residuated unital groupoids. Section 3 is devoted to the general algebraic study of (non-associative)
substructural logics. Subsection 3.1 presents an alternative Hilbert-style axiomatic system for SL
(the formal proof of the equivalence of this new system with the original one can be found in
Appendix A) and uses it to show that it is an almost (MP)-based logic. Subsection 3.2 derives
from this result a form of (parameterized) local deduction theorem for SL and its extensions and
some results on filter generation. Subsection 3.3 extracts from the terms appearing in almost (MP)-
based presentation a description of a p-disjunction for SL, shows its simplifications in prominent
extensions, and considers the aforementioned applications of these p-disjunctions. Section 4 is
devoted to semilinear extensions of non-associative substructural logics, i.e. the logics given by their
linearly ordered algebras. Subsection 4.1, as yet another application of almost (MP)-basedness
and p-disjunctions, shows several equivalent ways to axiomatize these semilinear logics. Finally,
Subsection 4.2 gives, by means of algebraic constructions, a proof of completeness of SL and
other non-associative logics with respect to their chains defined over the real and the rational unit
intervals.

2 Preliminaries

2.1 Syntactical properties

The weakest logic we consider in this paper is the bounded version of the non-associative full
Lambek calculus studied by Galatos and Ono in [19]. We will call it SL and formulate it in the
language Lg1, = {A,V, &, —,~,0,1, L, T} (we also make use of the defined connective ¢ «» ¢ =
(o = ) A (¢ = ¢)). When writing formulae in this language we will assume that the increasing
binding order of connectives is: first &, then {A,V}, and finally {—,~>}. This logic can be
axiomatized by means of the following Hilbert-style calculus presented in Table 1 (it is obtained
from that of [19, Figure 5] by expanding its language with a new basic connective L and derived
connective T defined as 1 — 1 and by adding the axiom L — ¢).

3 An alternative path in the search for weaker systems, instead of removing logical laws, has consisted in restricting
the language by considering fragments of fuzzy logics (see e.g. [15, 8]).
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Table 1: Axiomatic system of SL

Galatos and Ono also provide in [19] a Gentzen-style calculus which can be easily extended
to a calculus for SL. On the other hand, SL is implicitly presented by an alternative Hilbert-
style system in [12, Definition 2.5.1]. By using any of these presentations, one may obtain other
well-known properties of substructural logics which already hold in SL:

(T) x—=>pp=2vEx—9
PHw Y=o xF(p~9) = (0~ X)
(Adju) wFeAl

(Ew2) v=(p~x)Fe—= (Y —=x)
(Symms) @ =k~

(Resa) p &t = xFY = (¢ —=x)

We also list some other properties that will be useful later; (Pg,2)—(Ps1,24) are taken from [12,
Proposition 2.5.5] (where one can find their proofs), the remaining ones can be proved easily (e.g.

in the Gentzen calculus for SL).
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a1 & (W& x) = (p&) & x  re-associate to the left
as (&) & x = & (Y& x) re-associate to the right

e p&yYy—ov&o exchange

c =&y contraction

i Y= (p—1) left weakening
o 00— right weakening

Table 2: Structural rules

Some important extensions of SL are obtained by adding the axioms a4, as, e, ¢, i, 0 correspond-
ing to structural rules (see Table 2). Given any S C {aj,as,€,¢,i,0}, by SLg we denote the
axiomatic extension of SL by S. If {aj,as} C S, then instead of them we write the symbol ‘a’.
Analogously if {i,o} C 5, instead of them we write the symbol ‘w’. Equivalent ways to formulate
these axioms may be found e.g. in [12, Theorem 2.5.7].

SL, is, in fact, the bounded version of full Lambek logic FL. Thus although in this paper we
mainly focus on the study of non-associative substructural logics, we can see that our framework
encompasses the associative systems as well. For the sake of simplicity we keep the language fixed
and we only consider finitary logics (i.e. logics enjoying a Hilbert-style calculus where all rules have
finitely-many premises). Therefore we set the following convention to delimit, in this paper (!),
the class of substructural logics. You can check [12, 18] for other possible conventional definitions
of this family of logics.

Convention 1. A logic is substructural if it is a finitary extension of SL.

2.2 Algebraic semantics

In this subsection we present the algebraic semantics for SL and other substructural logics. For
this we need to recall several algebraic notions and fix some notation and terminology.*

A poset P = (P, <) is a partially ordered set. If < is a total order, then P is called a chain.
A map v: P — P is said to be a closure operator on P if it is expanding (z < ~y(x)), monotone
(x <y implies v(z) < v(y)) and idempotent (y(y(x)) = v(z)). Dually, a map o: P — P is called
an interior operator on P provided that it is contracting (o(z) < z), monotone and idempotent.
The elements in the image v[P] (resp. o[P]) are called y-closed (resp. o-open).

Let P be a poset. A map f: P — P is residuated if there is a map f': P — P such that for
all z,y € P we have f(x) <y iff < ff(y). Equivalently, f is residuated iff f is monotone and
the inverse image of any principal downset is a principal downset as well (recall that a principal
downset is a subset of P of the form {y € P | y < x} for some x € P). A binary operation
o: P?2 — P is residuated if it is residuated component-wise, i.e. for every a € P the maps given by
2+ aox and z — z o a are residuated. Equivalently, there are maps \: P? — P and /: P? — P
such that for all a,b,c € P we have

aob<c iff b<a\c iff a<e/b.

The maps \,/ are called respectively left and right residual of o.

A lattice is a poset where every pair of elements x,y has a greatest lower bound x A y and
the least upper bound z V y. A lattice A is called bounded provided that it has a minimum L
and a maximum T. We call an algebra A = (A, A,V,0,1, L, T) a doubly pointed bounded lattice
(shortly dpb-lattice) if (A, A, V, L, T) is a bounded lattice endowed with additional constants 0, 1.
Let T C {i,o}. Then a dpb-lattice is said to be a dpby-lattice provided that 1 = T if i € T and
0= 1 if o € T. We apply the same convention also for chains, i.e., a dpbp-chain is a chain which
is also a dpbr-lattice.

4For unexplained notions, notations, and terminology of Universal Algebra used in the paper see e.g. [5].



An algebra A = (A,A,V,-,\,/,0,1, L, T) is called (semiunital) residuated lattice ordered
groupoid (shortly r¢-groupoid) if (4, A, V,0,1, L, T) is a dpb-lattice satisfying x < (1-z)A(z-1), the
groupoid operation - is residuated, and its residuals are the operations \ and /. Let S C {e,c,i,0}.
An rl-groupoid A = (A, A, V,+,\,/,0,1, L, T) is said to be an rfs-groupoid provided that

eifec S, thenx-y=y-xforalazycAb
o ifce S then z <z -z forall x € A,
o (A A,V,0,1, L, T) is a dpbp-lattice for T =S\ {e, c}.
Definition 2. Let S C {e,c,i,0}. An rls-groupoid A = (A, A\, V,-,\,/,0,1, L, T) is
e totally ordered if (A, A, V) forms a chain (we also use the term rts-groupoid, for short).
e unital if 1 is a neutral element for the groupoid operation, i.e., 1 -x =x =x - 1.
Unital (totally ordered) rls-groupoids are also called SLg-algebras (resp. SLg-chains).

For S = () we speak about SL-algebras and SL-chains. Observe that the residuation condition
together with the fact that 1 is a neutral element implies that for every SL-algebra A and each
a,b € A we have

a<b iff 1<a\b iff 1<b/a.

Given an SL-algebra A = (A, A, V,-,\,/,0,1, L, T) an A-evaluation is an homomorphism from
the algebra of formulae to A such that the connectives A,V, &, —,~,0,1, L, T are respectively
interpreted by the functions A,V,-,\,/,0,1, 1L, T. By means of this notion, we can give, more
generally, the following definition for the algebraic counterpart of any substructural logic, which
can easily be seen to encompass the previous cases.

Definition 3. Let L be the substructural logic obtained by adding a set of axioms AX and a set
of rules R to SL. A = (A,A\,V,-,\,/,0,1, L, T) is an L-algebra if it is an SL-algebra such that:

o for every o € AX and every A-evaluation e, e(p) > 1,
o for every 'k ¢ € R and every A-evaluation e, if e(y)) > 1 for every ¢ € T', then e(p) > 1.

The class of all SL-algebras, denoted as SL, is well-known to be a variety and it gives a semantics
for the logic SL. In general, for every substructural logic L the class L of L-algebras (clearly, a
subquasivariety of SL) gives a semantics for L. To formulate the corresponding completeness
theorems, we need to define a notion of semantical consequence. Given a class K C SL, a set of
formulae T and a formula ¢, T |k ¢ if for every A € K and every A-evaluation e, if e(¢) > 1 for
every 1 € I, then e(p) > 1.

Theorem 4. Let L be a substructural logic. Then for every set of formulae I' and every formula
© we have: T F, ¢ if, and only if, T =1 .

Technically speaking, SL is an algebraizable logic in the sense of [3] and SL is its equivalent
algebraic semantics with translations E(p,q) = {p — ¢,q¢ — p} and £(p) = {p A1 =~ 1}. The same
holds for every substructural logic L and its corresponding quasivariety L.

Given a substructural logic L and an Lgy-algebra A, a set ' C A is an L-filter if for every
set of formulae I' and every formula ¢ such that I' F, ¢ and every A-evaluation e it holds: if
e[l'] C F, then e(y) € F. By Fir(A) we denote the set of all L-filters over A. Since Fir,(A) is a
closure system (it clearly contains A and is closed under arbitrary intersections), one can define a
notion of generated filter. Given X C A, the L-filter generated by X, denoted as Fif*(X) is the
least L-filter containing X (we omit the indexes when clear from the context).

We will need the following generic characterization for membership in the filter generated by
a set (later we will show more usual algebraic descriptions of filters).

5Note that in this case the residuals coincide and we so we can denote them both by —.



Proposition 5. Let L be the substructural logic obtained by adding a set of axioms AX and a
set of rules R to SL. Furthermore let A be an L-algebra and X U {a} C A. Let us define sets
Vax € A and Vg C P(A) x A as {e(¥) | e is an A-evaluation and » € AX} and {{e[l'],e(y)) |
e is an A-evaluation and T =1 € R}.S Then a € Fif*(X) iff there is a finite sequence {ag, ..., an)
(called proof of a from X ) of elements of A such that

® an = a,

o for every i < n, either a; € X UVax or there is a non-empty Z C {ag,...,a;—1} such that
(Z,a;) € V.

Algebraizability gives a correspondence between filters and (relative) congruences in L-algebras.
Let Cony,(A) denote the lattice of congruences of A relative to L, i.e. giving a quotient in L. If
L is a variety, then Cony,(A) contains all congruences of A. The Leibniz operator 4 is defined,
for any F € Fi,(A), as Qa(F) = {{(a,b) € A? | a\b € F and b\a € F}.

Proposition 6. Let L be a substructural logic and A an L-algebra. The Leibniz operator Q4
is a lattice isomorphism from Fip,(A) to Cony(A). Its inverse is the function that maps any
0 € Cony,(A) to the filter {a € A| (a A1,1) € 6}.

Observe that the minimum filter is the one generated by the emptyset, Fi((}), and it must
correspond to the identity congruence Id 4. Therefore, using the previous proposition, we obtain
that, on any L-algebra A, Fi()) = {a € A | a > 1}. This set is, of course, contained in any other
filter.

Given a class of algebras K a non-trivial algebra A is (finitely) subdirectly irreducible relative
to K if for every (finite non-empty) subdirect representation o of A with a family {A; |i€ I} CK
there is ¢ € I such that 7; o a is an isomorphism. The class of all (finitely) subdirectly irreducible
algebras relative to K is denoted as Kg(rys1- Of course Krsi € Kgrrsi-

Note that, since all SL-algebras have a lattice reduct and there exists a majority term for
lattices, SL is a congruence distributive variety. Now consider any substructural logic L such
that L is a variety (equivalently: L is an axiomatic extension of SL); then relative congruences
and congruences are the same and, by Proposition 6, Fir(A) forms a distributive lattice, i.e.
L is a filter-distributive logic. If L is a proper quasivariety, we cannot conclude that L is filter-
distributive, because in this case the relative congruences do not form a sublattice of the congruence
lattice (as proved in [30]).

3 Almost (MP)-based non-associative substructural logics

In this section we present our new general results on non-associative substructural logics. They
are based on the notion of almost (MP)-based logic, which has been firstly introduced and studied
n [12]. Before we recall this notion, we need to introduce same technical notions. Let Var be the
fixed set of propositional variables in which we are writing the formulae of the language Lg1, and
* be a new symbol, which acts as placeholder for a special kind of substitutions. A *-formula is
built using variables Var U {*} and a x-substitution is a substitution in the extended language.
Let ¢ be a x-formula, § be a *-formula, and o a *-substitution defined as o(x) = ¢ and op = p
for p € Var. By 6(¢) we denote the x-formula od; note that if ¢ is a formula in the original set of
variables, so is 6(¢).

Definition 7. Given a set of x-formulae ', we define the set I'* of x-formulae as the smallest set
such that

o xcI'™* and

e §(y) €™ for each § € T and each v € T*.

6Note that if A = Fm,, then Vax = AX and Vi = R.
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Table 3: New axiomatic system for SL

We are ready now to give the formal definition of almost (MP)-based logic.

Definition 8. Let bDT be a set of x-formulae. A substructural logic L is almost (MP)-based
w.r.t. the set of basic deduction terms bDT if:

o the set bDT is closed under all x-substitutions o such that o(x) =,

e L has a presentation where the only deduction rules are modus ponens and those from {p F
v(¢) | ¢ € Fmey, ,v € bDT}, and

e for each B € bDT and each formulae @1, there exist B1, By € bDT* such that:"

FL Bilp = ) = (B2(p) — B(Y)).

L is called (MP)-based if it admits the empty set as a set of basic deduction terms.

The goal of the first subsection is to obtain an equivalent Hilbert-style presentation of SL
showing that this logic and thus its axiomatic extensions are indeed almost (MP)-based. In the
second subsection we use this result to obtain local deduction theorems and a descriptions of
generated filters in non-associative substructural logics. Finally, in the third subsection the terms
appearing in the unary rules of almost (MP)-based presentations are used to build a generalized
disjunction connective satisfying the Proof by Cases Property. Using this and following general
results in [10], we obtain other logical and algebraic properties.

3.1 Almost (MP)-based presentations of prominent substructural logics

We start by providing an alternative system for SL.
Theorem 9. The axiomatic system from Table 3 is a presentation of SL.

Proof. We only have to provide formal proofs of all axioms and rules of one system in the other
one and vice versa. The proofs are rather tedious and can be found in Appendix A. O

"Here we are deviating from the original definition from [12] where 81, 82 were required to be in bDT. This
alteration has no effect on the notion of almost (MP)-based logic as shown by claim 2 in Lemma 16 which can be
read as: if bDT is a set of basic deduction terms in the sense just defined, then bDT™* is a set of basic deduction
terms in the original sense, so the logic remains almost (MP)-based. This new definition of bDT will however allow
us to obtain stronger results in Subsection 4.1.



Next we show that SL is an almost (MP)-based logic, first to introduce a convenient notation
for the terms appearing on the right-hand side of the rules («), (o), (8), and (8"). Given arbitrary
formulae 9, e, we define the following x-formulae:

ase=0&e— d& (e &%) Bse=0— (e = (c&d) &x*)
5. =0&e = (0&*) &e Bs.=0— (e~ (0&e) &*)

Note that these terms (those in the second line) generalize the well-known notions of left and
right conjugates used in associative logics:®

Ae=e—>x&e pe=c~~e&*

The next, not difficult to prove, proposition shows how these terms, and hence the axiomatic
systems in which they appear, can be simplified in stronger substructural logics (e.g. in presence
of exchange we can omit the prime version of the rules and associativity allows us to replace «,
o, B, B by the rules ¢ F p.() and ¢ - A (p)).

Proposition 10. We have

1. FsL 1 1(p) < ¢ for each v € {a,a/, B, 5'}
Fst, ase(p) < af 5(p) and st Bse(p) < B (¢)
FsL, © = V5.c(p) for each v € {a, B}
FsL, Ae(p) = af (¢) and s, pe(¢) = B5. ()
FsL, Ae(9) < of (9) and Fsi, pe(9) < B ()

0. FsL,. ¢ = Ac(p) and Fsi,. ¢ = pe(¥)

Now, by means of two syntactical lemmata, we can obtain the main result of this section.
Lemma 11. The following are provable in SL:

(Auzl) oy (e 1) = (x&p = x &)

(Auz2) Fog (¢ =) = (p&x =1 &x)

(Auz3) F Bysox(p = 9) = (X = @) = (x = )

(Auzg) B (p = ) = (X~ ) = (X ~ ¢))
Proof. e SL proves (Auxl):

(a) Fo&lp—=v)—= (PsL2)

(b) Fx&(p&(p =) = x&y (a) and (Ps1.8)

() Fix&p—=ox&(p&k(p—=9)) = &= x&) (b) and (Pf)
e SL proves (Aux2):

(a) Fo&lp—=v)—y (PsL2)

(b) Flp&(p—=v)&x—>v&x (a) and (PgL9)

() Flp&x—=(p&(p—=v)&x) = (p&x—>v&x) (b) and (Pf)

81t is usual in the literature on algebraic study of substructural logics to find these terms defined in a slightly
more complicated way: Ae = (¢ — *& ¢e) A1 and p. = (¢ ~ £ & x) A 1, although in the usual Hilbert-style
axiomatizations of FL the simplified terms without AT are used for the product normality rules. The reason for
this more complicated form is to give algebraic terms which simultaneously cope with product normality rules and
adjunction, whereas our formalism allows for a clearer distinction of their respective roles.



e SL proves (Aux3):

(&) Fx&(x—9) e (PsL2)
b)) Fix&x—=9)&@—=v) = o&lp =) (a) and (Ps1.9)
() Fo&lp—=1) =9 (Psn2)
(d) Fix&x—=9)&(p—=9) = (b), (c), and (T)
() Fix—=W&x—=9)&(p—=v)—=(x—1v) (d) and (Pf)
) Fllx—=9) =K=&K —=9)&(@—=9¥)] = [(x = ¢) = (x = )] (e) and (Pf)
e SL proves (Aux4):

(a) Fix—9)&x—yp (Asge) and (Resy)
(b) F((x~9)&x)&(p—=v) > o&(p—=17) (a) and (Ps9)
(€) Fo&lp—=1) =9 (Ps12)
d) Fx~e)&x)&(p—v) = (b), (c), and (T)
€ Fix~=((x~e)&x)&(p—=1v) = (x~1P) (d) and (Pf)..
) Fllx~e) =~ ((x~e)&x)&(e =) = [(x ~ ) = (x ~ )] (e) and (Pf)

O

Lemma 12. For every x-formula v € {045)5,04:;,6,55)5,5375 | ,& formulae} and every pair of
formulae p, v, we have: ¢ — ¥ Fsp, v(p) = v ().

Proof. All the cases are easily proved in a similar way. Let us show the case of a5 as an example.

(a) po—=vYvFi&(e&yp)—0&(c&)) (Ps18) twice
(b) o= yYvF(0&e—=0&(c&y)) = (&e— & (e&)) (a) and (Pf)
O

Theorem 13. SL is almost (MP)-based with respect to the set
bDTst, = {as.c, .., Bs.er Bserx A1 | 8, e formulae}.

Proof. Theorem 9 shows that there is a presentation of SL with (MP) as the only binary rule and
unary rules ¢ - () for each v € bDTgr,. We need to prove the final condition in the definition of
almost (MP)-based axiomatic systems, in particular we show that for each v € bDTg, and each
formulae @, there is v/ € bDTg;, such that

A (e =) = (v(p) = v(¥)).

If v is x AT we can set 7' = vy due to (Ps.24). Next we prove the claim for o _, the other cases
are proved analogously:

(a) asulp—=9) = [0& ¢ — &Y (Aux1)
(b) g (& =& Y) = [(0& @) &e— (§&1)) &el (Aux2)
(€)  Bsges(s&p)&ees&e((0& 0) &e— (&) &e) — [afs,a(SD) - aé,a(%b)] (Aux3)
(d)  Ahgpelasele =) = e, (0& 0 = &) (a) and Lemma 12
(€) Ay (asp(p = 9) = [(6&p)&e— (6&y)&e] (b), (d), and (T)
(£)  Bowes(68p)&e 082 (Agp (5,0(0 = 1)) = [ () = o (V)] (e), Lemma 12, and (c)

O

At the end of this subsection we show how we can simplify the sets of basic deductive terms
in prominent axiomatic extensions of SL. The results are summarized in Table 4; in the case of
SL. it follows from the second claim of Proposition 10, in case of logics with weakening we use the
fact that the rule (Adjy,) is redundant and the term % A 1 is not needed in the crucial step of the
proof in Theorem 13; for associative logics it implicitly follows from [12, Theorem 2.6.8], or from
the following result which we add for the reader’s convenience.

10



Logic L | bDTy \

SL {ase, i, Bse, By o x A1 | 6, formulae}
SLy, {ase, oo Bs.e, B5 . | 0,€ formulae}

SL. {ase,Bs.e,x N1 |6, e formulae}

SLew {ase,Bs5, | 6, € formulae}

SL, {Ae, pe,* A1 | e a formula}

SLae {*xA1}

SLaew {*}

Table 4: bDTs of prominent substructural logics

Corollary 14. SL, is almost (MP)-based with respect to the set
bDTsr, = { e, pe,* A1 | e a formula}.

Proof. The fact that SL, can be axiomatized by using the rules ¢ - v(p) for v € bDTgy,, follows
from claims 3, 4, and 5 of Proposition 10.

From the proof of the previous theorem and claim 5 of Proposition 10 we know that for each
~v € bDTgL,, and each formulae ¢, there is 4/ € bD Ty, such that

Fst 7' (0 = ) = (v() = ¥(¥)).

We complete the proof by showing that for each 4" € bDTg;, there is 79 € bDTgy, such that for
each formula x holds:

Fsr. v0(x) = 7' (x)-

The base case follows from claims 1, 3, and 4 of Proposition 10. The induction step then easily
follows using Lemma 12 and claim 3 and 4 again. O

3.2 Deduction theorem and filter generation

In this section we prove a general form of (parameterized) local deduction theorem for almost
(MP)-based substructural logics and use it to obtain a description of generated filters. To this
end, we need first a few additional syntactical properties of sets of (iterated) basic deduction terms
and their closures under conjunction.

Definition 15. Given a set of x-formulae T', an SL-algebra A, and a set X C A, we define
o II(T") as the smallest set of x-formulae containing T'U {1} and closed under &.

o I'A as the set of polynomials with coefficients from A and variable %, i.e., {6(x,a1,...,a,) |
0(*,p1,---s0n) €T and ay,...,a, € A}.

e T4(X) as the set {64 (x) | 6(x) € T4 and x € X}.
We omit the symbol A when known from the context.

Lemma 16. Let L be a substructural logic and assume that it is almost (MP)-based with a set of
basic deduction terms bDT. Then

1. for each v € bDT* and formulae @, there exists v' € bDT* such that

© = VLA (@) = (¥),

11



2. for each v € bDT* and formulae @, there exist 1,72 € bDT™ such that
FL (e = ¥) = (12(0) = 7(¥)),
3. for each v € bDT* and formulae @, there exist v1,v2 € bDT* such that

FL71(e) &72(¥) = v(p &),

4. for each v € bDT*, § € I(bDT™), and a formula ¢ there exist 6 € II(bDT*) such that

FL (@) = (6(p))-

Proof. We prove the first two claims at once by induction. The base case v = x is trivial in both
claims. Assume that v = 3(4) for some 8 € bDT and § € bDT*. The induction assumption of the
first claim gives us 6’ € bDT* such that

o =P L () = 6(¥).

Now we use the definition of bDT for ¢'(¢) and §(7)) and obtain 81, B2 € bDT" such that:

FL B1(0 (@) = 6(1)) = (B2(0" () = B(6(¥))).

Thus if we set 7/ = B2(¢’) the proof of the first claim is done (just observe that ¢ — ¥ by,

Br(0'(p) = 6(¢)))-
In the second claim, assuming again that v = ((d) for some 8 € bDT and § € bDT”, the

induction assumption gives us 41, d2 € bDT* such that

FL d1(e = ¥) = (82(p) = (1)),

Now we use the definition of bDT for d2(p) and d()) and obtain 31, 82 € bDT™ such that:

P B1(02(p) = 6(1)) = (B2(02()) = B(5(1)))-

Now we apply the first claim for v = 81, ¢ = §1(¢ = V), ¥ = d2(¢) — §(v) and obtain 8] € bDT*
such that

FL B1(01(¢ = ) = B1(d2(p) = 0(¥)).

Transitivity and setting v1 = 81(d1) and v2 = f2(d2) completes the proof of the second claim.
To prove the third claim we use the second one for ) = ¢ & 1 and obtain v;,v2 € bDT*

FL (e = &) = (r2(p) = (e & ¥)).

Since Fr, ¥ — (@ — p &) (Adjg) we can use the first claim for v = 1 to obtain v € bDT” such
that

FL 71 (W) = (e = ¢ & ).

Claim 3 then simply follows by (T) and (Res;).

To prove the last claim we proceed by induction via the depth of the tree representing J. If
d € bDT* or § = 1 the proof is done by setting 6= ~(d) or b=1 respectively. Next assume
that 6 = n; & no for some 71,12 € II(bDT™). By the third claim we obtain 71,72 € bDT* such
that F, v1(n1(9)) & v2(m2(p)) = v(n1 () & n2(p)). Then by the induction assumption we obtain
41,0 € T(bDT™) such that k1, §1(p) = v1(n1(v)) and Fr, d2(0) — va(n2(¢)). Setting 6 = 01 & do
completes the proof using (Pgr,10). O

We are ready now to prove a semantical (or transferred) version of (parameterized) local
deduction theorem (cf. [12, Theorem 2.6.3]).

12



Theorem 17. Let L be an almost (MP)-based substructural logic with a set of basic deduction
terms bDT. Let A be an Lsp-algebra and X U{z} C A. Theny € Fif (X, z) iff vA(x)\y € Fif*(X)
for some v € (II(bDT*))4.

Proof. Right-to-left direction: clearly vy(z) € Fi(X,z) (because ¢ F vy(p) for each vy € bDT”,
0, F p & ¢ and Fi(X, z) is closed under the rules of L). Since Fi(X,z) is closed under modus
ponens we obtain that y € Fi(X, z).

To prove the other direction let us take y € Fi(X, x), we show that for each a in a proof of y from
the assumptions X U {x} (recall Proposition 5) there is v, € II(bDT") such that v,(z)\a € Fi(X).
If a = x we set 7, = %; if a is in X or is the value of some axiom we set v, = 1.

Assume that a is obtained by modus ponens from b € Fi(X, z) and b\a € Fi(X, ). By induction
hypothesis, we have 73, v\o € IL(bDT") such that v,(z)\b, vo\a(®)\(b\a) € Fi(X). Therefore
(using (Sf)) we have (b\a)\(1(x)\a) € Fi(X) and by transitivity v\ q(2)\(1(2)\a) € Fi(X). The
proof is done by setting v, = 75 - Y5\ and using residuation.

Assume that a = B(b) from some § € bDT and is obtained from b € Fi(X,z) by the rule
¢ F B(¢). By the induction hypothesis, we have 73, € II(bDT") such that ~,(z)\b € Fi(X). Using
the first claim of Lemma 16 we obtain v € bDT* such that (v (x))\8(b) € Fi(X). Using the
fourth claim of Lemma 16 we obtain 7, € II(bDT") such that +,(z)\v(7(z)) € Fi(X) and so
transitivity completes the proof. O

This theorem has two important consequences; the first one is a straightforward corollary in
the particular case when A is the algebra of formulae and recalling that in this case ¢ € Fi(T") iff
T }_L ®.

Corollary 18 (Local Deduction theorem). Let L be an almost (MP)-based substructural logic with
a set of basic deduction terms bDT. Then for each set T'U{p, ¥} of formulae the following holds:

L,obL e iff  Trpy(p) = for some v € TI(bDT").

Therefore, we obtain a (parameterized or not-parameterized, depending on the presence of
parameters in the set bDT) local deduction theorem for SL and its axiomatic extensions (sometimes
with a simplified set bDT; see Table 4). On the other hand, Theorem 17 can be used to obtain
the following algebraic description of the filter generated by a set.

Corollary 19 (Filter generation). Let L be an almost (MP)-based substructural logic with a set of
basic deduction terms bDT. Let A be an L-algebra and X C A. Then Fif"(X)={a € A|a >z
for some x € (II(bDT*))A(X)}.

Proof. Clearly bDT*(X) C Fi(X) (because ¢ = () for each v € bDT* and Fi(X) is closed under
the rules of L). Furthermore we obtain (II(bDT*))4(X) C Fi(X) from ¢, - ¢ & 1. Finally take
x € (TI(bDT*))A(X). We know that a > x implies that z\a > 1 and so x\a € Fi(X). Thus the
closedness of Fi(X) under modus ponens completes the proof of one direction.

To prove the other inclusion assume that @ € Fi(X). There has to be a finite set {z1,...2,} =
X' C X such that a € Fi(X”’) (due to Proposition 5). Repeated use of the previous theorem gives
us Vi, - - -, n € (II(bDT*))4 such that

@)+ (o @) o Na = @\ Oa(@)\ - (a(Ea)\a) ) € Fi®) = {x] = > 1}.
Therefore a > = for = v, (2,) - (... - y1(x1))...) € (I(bDT*))A(X). O

3.3 Proof by Cases Property and its applications
In Abstract Algebraic Logic, the classical Proof by Cases Property:

ok x Iy Fx
Fovykx
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has inspired a systematical study of disjunction connectives, by means of a generalized form of
the meta-rule which leads to a generalized notion of disjunction. Following the notation and
terminology from [10], given an Lgy-algebra A, sets X,Y C A, and a set of formulae V(p, q,7) in
two variables p, ¢ and possibly parameters 7 we define

XVAY:{(SA(x,y,al,...,an) | (p,q,p1,---,0n) EVyz € X,y €Y, and ay,...,a, € A}.

Again, we omit the symbol A when known from the context. Finally, we set one more convention:
we write I' = A instead of I' - ¢ for each ¢ € A.

Definition 20. Given a logic L, a set of formulae V(p,q,7) is called a p-disjunction (in L)
whenever it satisfies the p-protodisjunction condition

(PD) ¢tLeVY and YL eV
and the Proof by Cases Property, PCP for short:
Dipobux  Digkpx
Fa ® \Y l/f |_L X )

If V has no parameters we drop the prefix ‘p-". A logic L is called (p-)disjunctional if there is a
(p-)disjunction in L.

We know from [13, Theorem 2.5.17] that every finitary protoalgebraic distributive logic is p-
disjunctional.” Therefore, from this result we could already obtain that SL (and its axiomatic
extensions) is p-disjunctional. Indeed algebraizable logics form a subclass of protoalgebraic logics,
and all logics considered in the paper are distributive (see the preliminaries). However, here we can
do better by providing an explicit, reasonably simple, description of the p-disjunction, which then
can be used to obtain many consequences by applying general AAL theorems. Another advantage
of our approach is that it is applicable to all substructural logics, not just to axiomatic extensions
of SL.

Our approach is based on [12, Theorem 2.6.9] which shows that certain sets of basic deductive
terms in an almost (MP)-based substructural logic determine a p-disjunction of a given logic.
Here we prove a stronger version of that theorem by removing those conditions at the price of a
(seemingly) slightly more complicated form of the resulting p-disjunction. By ‘seemingly’ we mean
that in the majority of substructural logics we study in this paper this complication is actually
nonexistent.

Theorem 21. Let L be an almost (MP)-based substructural logic with a set of basic deduction
terms bDT. Then the set Vi, = {v1(p) V2(q) | 71,72 € (GBDTU{*A1})*} is a p-disjunction in L.

Proof. Clearly the set bDT U {x A 1} is a set of basic deduction terms (because already the logic
SL proves (Adj,) and (Pgr,24)). Therefore Vi, obviously satisfy the condition (PD); we prove that
it satisfies PCP as well.

Assume that I', p by, x and ', ¢ b1, x. From Corollary 18 we obtain d,, d,, € II((bDTU{*A1})*)
such that T’ br, 6,(¢) — x and T b, 04(¢0) = x. Thus also I' by, d,(9) A1 — x and T by,
8y (1) A1 = x (due to (A1) and (T)) and so, without a loss of generality, we might assume that
the outmost term in d, and dy is * A 1 and so we have b, §(¢) & ¢ — ¢ and by, ¢ & 6(p) — ¢
(due to (Pgr,22) and (Pg1,23)) for both 6 = 4§, and § = Jy.

We also know that I" Fr, 6,(¢) Vdy (1) = x by (V3). The proof is done by showing by induction
over the sum of the depths of the trees representing d,, d, that:

P VLY L Op(p) V 0y ().

The base of induction (when d,,d, € bDT U {x A 1}) is trivial. For the induction step assume
that dy, = 61 & 2. Using (Pgr,20), (Psr.21), (V1), (V2), and (V3) we obtain the following chain of
implications:

9n [10, Theorem 4.25] the result it is generalized to all protoalgebraic distributive logics.
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Logic L | bDTy | (p-)disjunction Vy, in L \

SL {a5,6> 045757 55,87 53,57 * A T} | 67 € formulae} {71 (p) vV Y2 (Q) | V1,72 € bDTSL}
SLa {Ac; pe,x A1 € a formula} {1(p) V2(q) | 71,72 € bDTgy, }
SLae {x AT} {eADV (AT}

SLaew {x} {pV}

Table 5: (p-)disjunctions in prominent substructural logics

(Op() V 01(1)) & (05() V 02(¥)) =
= [0o() &0 (0)] V [0 () & b2 ()] V [01() & 8 ()] V [02(¢) & Do ()] —

= 65(0) V 0 () V 00 (i0) V [61(¥) & G2(¥)] = G () V ().

The induction assumption used for d,(¢)Vd1(¥) and 6,(p)Vd2(1)) together with (Adjg) completes
the proof. 0O

If bDT* contains a formula ¢ such that k1, § <3 xA1 (which is the case in all the logics we study
in this paper) we can omit the extra formula * A 1 from the formulation of the above theorem.
Therefore we can simplify the description of p-disjunctions in these logics; see Table 5 (also note
that for each v € bDTgy,,, we have, using (Pgp,28), bsr,. 7 <> * A 1).

Let us now present the promised applications of having a p-disjunction in a logic. We start
with the description of intersections of filters.

Theorem 22 ([10, Theorem 4.7]). For each SL-algebra A and each X,Y C A we have Fi(X) N
Fi(Y) = Fi(XV4 Y).

Of course, if A is in a subquasivariety of some substructural logic with a simpler p-disjunction
V, this result can be accordingly simplified.

The second application concerns the axiomatization of substructural logics given by special
classes of SL-algebras. Recall that in first-order logic a positive clause C' is a disjunction of
finitely-many atomic formulae. We define a positive equational clause as a disjunction of finitely-
many equations C' = vieIc §; =~ ;. A set of positive equational clauses C is said to be valid in
an SL-algebra A, written as A = C, if for each C' € C and each A-evaluation e there is i € Z¢
such that e(d;) = e(e;); a set of algebras satisfying certain set of positive equational clauses is
called a positive universal class. Theorem 23 shows how to axiomatize substructural logics given
by positive equational classes of SL-algebras. This theorem and its consequences generalize the
results in [16] for associative substructural logics (there formulated for varieties of FL-algebras).

Theorem 23. Let L be a substructural logic with a p-disjunction V, and let C be a set of positive
equational clauses. Then:

F{aeL|apcy =L+ U{Vielc (6; <3 &) | C €C}.
Proof. Direct application of [10, Theorem 5.7]. 0

Note that if the set of positive equational clauses is recursive, so it is the axiomatization of
its corresponding logic. As a corollary we obtain a way to axiomatize intersections of axiomatic
extensions of a given logic (again, see [10] for the detailed general formulation).

Corollary 24. Let L be a substructural logic with a p-disjunction V, and let Ly, Lo be aziomatic
extensions of L by sets of azioms AX, and AX o, respectively. Without loss of generality we can
assume that AX1 and AXo are written in disjoint sets of variables. Then:

LiNLy =L+ | J{oVe | ¢ € AXy and ¢ € AX,}.
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Equivalently, the theorem and its corollary can be dualized as a description of the variety of SL-
algebras generated by a positive universal class and as an effective method to compute equational
bases for joins of relative subvarieties of a given quasivariety of SL-algebras.

Corollary 25. Let C be a set of positive equational clauses. Then an equational base for the
variety of SL-algebras generated by those satisfying C can be obtained by adding the following:

1~ 1A [Viez. (6; < &;)] for each C € C.

Corollary 26. Let L be a quasivariety of SL-algebras, V a p-disjunction for the corresponding
logic, and let 11, Ly be relative subvarieties of I given by sets of equations &1 and &, respectively.
Without loss of generality we can assume that £ and £ are written in disjoint sets of variables.
Then:

L;VILy :]L+U{((51 (—)El)V(52 <—)€2))/\I%I | 0i~ec1 €& and dy =~ ey € 52}

Observe that this result can be generalized to joins of finitely-many relative subvarieties (as well
as the previous one extends to intersection of finitely-many axiomatic extensions). In particular,
we obtain that the join of finitely-many recursively based relative subvarieties is recursively based.

4 Semilinear substructural logics

This section is devoted to semilinear extensions of substructural logics. The notion of semilinear
logic has been introduced in the very general setting of weakly p-implicational logics in [11] and
systematically used as a general framework for study of mathematical fuzzy logics in [12]. Let us
first recall four equivalent (in the present context) definitions of semilinear logic: the first one is the
original definition, the second is a purely syntactical characterization called Semilinear Property
SLP, the third one is also syntactical and it is based on the well-known prelinearity axiom and
the behavior of lattice disjunction as a proper disjunction, and the last one is purely semantical.
The last one also stands behind the name ‘semilinear’ as explained in the introduction.

Definition 27. Let L be a substructural logic and K the class of all L-chains. We say that L is
semilinear if one of the following equivalent conditions is met:

o For every set of formulae I' and every formula ¢ we have:
Tty ¢ if, and only if, T Ex .
o For every set of formulae I' and every formulae p,v, x we have:
Fe—=vYvkFyx and T, —obp x imply T Fpx.

e V satisfies prelinearity and the Proof by Cases Property, i.e. for every set of formulae I' and
every formulae @, 1, x we have:

FL(e = ¥) V(=)
Lopbux and Tyt x imply LoVl x
o K is the class of all relatively finitely subdirectly irreducible L-algebras.

In the first subsection we show several equivalent ways to axiomatize the minimum semilinear
logic extending a given almost (MP)-based substructural logic. Generalizing the work done in [12]
we make a heavy use of the p-disjunction to produce the axiomatization, namely we write it in
terms of the corresponding set bDT. In the second subsection we prove that these semilinear
extensions are also complete with respect to distinguished classes of chains, namely those over real
and rational unit interval.
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4.1 Axiomatization of semilinear extensions

Although, the logic L is primarily defined in [11] as the weakest semilinear logic extending L,
the next definition formalizes this notion in the form suitable for this paper by using an ‘implicit’
Hilbert-style axiomatic system.

Definition 28. Let L be a substructural logic and K the class of L-chains. We define the logic
L* as the extension of L by all the rules T\ o for which holds T =g .

The general theory explained in [12] gives us two immediate ways how to axiomatize L* in
some better/simpler way (assuming that L is almost (MP)-based). They appear in the next
theorem as alternatives A and B. Both these alternatives have some advantages but are unnecessary
complicated: the first one adds only axioms but needs to use all iterated deductive terms, whereas
the other one uses only basic terms but adds new rules. We show that in the case of substructural
logics we can obtain a third and a fourth alternative combining the advantages of the first two
(we present these two variants because they generalize two different usual formulations appearing
in the literature).

Theorem 29. Let L be an almost (MP)-based substructural logic with a set bDT of basic deductive
terms. Then L’ is axiomatized, relatively to L, by any of the following four sets of axioms/rules:

A vl =) Vy = @), for every y1,72 € (bDT U {x A 1})*
B (p=9)V (=)

(=) Vx, VX Vx

eV Ey(e) VvV, for every v € bDT
C ((g—=)AT)VA((b = @) A1), for every v € bDT U {x}
D (pVtp =) V(e Vi — ), for every v € bDT U {x A 1}.

Proof. For each X € {A, B,C, D} we denote as Lx the corresponding extension of L. Using The-
orem 21 we know that {71 (p)V2(q) | 71,72 € (bDTU{xA1})*} is a p-disjunction in L. Therefore
La = L due to [12, Theorem 3.2.1]. To show that Lp = L just use [12, Proposition 3.2.9] and
[12, Theorem 2.7.27].

To complete the proof we will show the following chain of inclusions: L! DLe 2 Lp D Lg.
For the first one take v € bDT U {x}; then we have:

() @ Fue (o> D) AD VA > @) AT) (Adju), (v1), and (MP)
(b) = pFLey((¥ =) AT) (Adj,) and @ - ()
© $— b (=B AD VA > @) AT) (b), (v2), and (MP)
(@ Fue (9= $) A VA = 9) AT) (a), (c), and SLP'0
Next we prove the second inclusion, let us first assume that v € bDT:
(@) Frc (@ = Y)AT = (VY 2 P) V(e VY — o) (Ps.26), (V1), and (T)
(b) Fro Y((¥ = @) AL) = vV — @) (Ps1.27) and Lemma 16
(€ Fre V(=) AT) = (VY =) V(e VY — ) (b), (v2), and (T)
(@) Fre (b =DAD VAW = @) AL) = (pV =) V(e VY =) (a), (c), and (V3)
() Frc eV —=Y) V(e Vy — ) (d) and (MP)

The proof for v = x A 1 is analogous: in step (b) we would set 7' = x and prove it using (Pgr,27),
(Adju), (Ps1.24), (MP), (Ps1,28), and (T). To prove the last inclusion we first show that Lp proves
prelinearity:

10Clearly, as L¢ is a semilinear logic we know it satisfies the Semilinear Property, see Definition 27.
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(@) Fr, (pVY = 9) = (¢ =) (V1) and (Sf)
(b) FrL, (VY =) = (¢ = Y) V(¥ = ) (a), (V1), and (T)
(€) FrLp (VY= 9) = (@—=Y) V(Y — ) analogously
(d) Frp (VY =2 ) AT = (=) V(Y — @) (¢), (A1), and (T)
@ Frp, (VY =9) VeV =) AT) = (¢ = Y) V(¥ =) (b), (d), and (V3)
() Fup (=) V(=) (e) and (MP)

Next we show ¢ V9 b1, v(p) V¢ for each v € bDT:

(a) eV, (pVi =)= (As)
(b) eViFL, (pVY =) = y(p) Vi (a), (v2), and (T)
(€) eVilr, (VY —9) o (As)
(d) eV FL, Y (VY —9) = v(p) (c) and Lemma 16
(€) eVilL, Y (VY —=p)=(p) Ve (d), (v1), and (T)
() eVYrL, (pVY =)V (e VY =) = (p) VY (b), (e), and (V3)
(8) ¢V, v(p) VY (f) and (MP)

Note that the same proof would work for 7 = x A 1; only in step (d) we would set v/ = x A 1 and
prove it from (c) using (Adj,), (Psp24), and (MP). Thus we know that ¢ V¢ Fr, (¢ A1) V¥
which we use to prove now (¢ = ¥)Vx, eV xF YV x:

(a)

PVXxFEXx—=9YVx

(v

2)
(b) Fr, (b =) AT = (VX =9 VY) (Ps1.25)
(€ FpeVx—=(p—=> ) AT~ VX) (Ev1)
(d) pVxbL, (p=>Y)AT =Y VY (c), (MP), and (Symm;)
(€ @Vxhi, (g =) A VX =P VX (a), (d), and (V3)
) (p—=v)VxtrL, (b= P)AT) VY see the previous paragraph
(8) (p—=¥)Vx,eVxbL, ¥V (e), (f), and (MP)

O

Table 6 collects axiomatizations of important semilinear substructural logics obtained as axiom-
atization C from Theorem 29. We present them in the form of axiom schemata, sometimes altered
a little for simplicity or to obtain some form known from the literature. These simplifications
follow from the following few simple observations:

e In the logics with weakening we use the fact that s, ¢ <> ¢ A1 to work with the axioma-
tization C’ (¢ — ¥) V(¥ — @), for every v € bDT U {*}.

e The axiom for v = * A1 can be omitted from all axiomatizations because it follows from the
one for v = x using (Pg1,28).

e The axiom for v = * can be omitted from all but the last two axiomatizations because it
follows from the one for ag 1 (or A7) using the first (or also the fifth) claim of Proposition 10.

e In the case of SL., we first note that the proposed single formula to axiomatize SLﬁ is
an instance of formulae from axiomatization A. On the other hand, setting § = ¢ = 1 or
respectively 6’ = ¢/ = 1 and using the first claim of Proposition 10, we obtain the remaining
two axioms from axiomatization C.

e In SL, we proceed analogously to the previous case.
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Logic L ‘ additional axioms needed to axiomatize L¢ ‘

SL ((p = ) AT) V(¥ = 9) AT), for every v € {ase, o ., Bs.e, B}
SLy, (p = ) VAW = @), for every v € {ase, a5, Bse, B}

SLe ase((p = ) AV By o (Y = ) AT)

SLew a&E(SD — 770) \4 65’,5’ (1/) — 90)

SL, Ae(p = P) AT) V (per (¥ = ) A T)

SLac (=) ATV (W =) AT)

SLaew | (¢ 2 9) V(¥ = ¢)

Table 6: Axiomatization of L for prominent substructural logics

4.2 Completeness properties

Next we prove that the non-associative semilinear logics axiomatized above are not only complete
with respect to the semantics of all their chains, but also with respect to some distinguished classes
of chains, namely those defined over the rational and real unit interval (standard completeness).
In fact, we will prove completeness in the following strong sense.

Definition 30. Let L be a substructural semilinear logic and K a class of L-chains. We say
that L has the property of strong K-completeness, SKC for short, when for every set of formulae

T U{p}, T Fr ¢ if, and only if, T Ex ¢.
We will need the following characterization of SKC (given in general in [12, Theorem 3.4.6]).

Theorem 31. Let L be a substructural semilinear logic and K a class of L-chains. Then L has
the SKC if, and only if, every countable nontrivial L-chain is embeddable into a member of K.

Let S C {e,c,i,0}. In the light of Definition 30 we define the class Q (resp. R) of all SLg-chains
whose universe is the rational unit interval QN 10, 1] (resp. the real unit interval [0,1]). Note that
if Aisin Q or R then 04,14 need not coincide with the real numbers 0,1 which play the role of
L and T. They coincide iff {i,o} C S. The remaining part of the paper is devoted to the proof of
the following theorem.

Theorem 32. Let S C {e,c,i,0}. Then the logic SLg has the SQC and SRC.

Before we prove Theorem 32, we introduce several auxiliary constructions which we will need
in its proof. Let (A, <) be a chain and a,b € A. We denote the fact that a is a subcover of b as
a < b, ie., a=<bholds iff a < b and there is no ¢ € A such that a < ¢ < b. A chain (4, <) is said
to be dense if a < b does not hold for any a,b € A.

Let T C {i,o}. Suppose that we have a dpbp-chain A = (A, A4, vA, 04,14, L, T) which is
countable and nontrivial (i.e. has at least two elements). We show that it is possible to extend
A to a dense dpbp-chain D. If A is not dense then there is at least one element a which has
a subcover a’. As we want to extend A so that it becomes dense, we have to fill for each such
element a the gap between a and o' by a countable dense chain. This can be done by pasting
a copy of rational numbers (namely Q N (0,1)) into the gap between a and a’. (see Figure 1)
Formally we can define the set D as the following subset of A x (Q N (0,1]):

D ={{(a,1)|a€ A} U{{a,q) | ¢ € QN (0,1) and (Ja’ € A) such that a’ < a}.

Then the lexicographic order <jex on D is a dense linear order, (T,1) is a top element, and (L, 1)
is a bottom element. Thus the algebra D = (D, AP vP (04 1), (14,1), (1, 1),(T, 1)), where AP
and VP are defined by <j., is a dpb-chain. Moreover, if 14 = T then (14, 1) = (T, 1). Similarly,
(04,1) = (1,1) if 04 = 1. Hence D is even a dpbp-chain. Finally, it is clear that the subset
A x {1} C D forms a dpbp-chain isomorphic to A.

19



Figure 1: Filling gaps.

Observe that we can define two operators on the chain D whose image is A x {1}, namely a
closure operator v and an interior operator ¢ defined as follows:

v(a,q) = {(a,1),
{(a,1> ifg=1,

o(a, = _
(a.4) (a/,1) ifg<1landd <a.

Note that A x {1} is the set of y-closed and c-open elements. Summing up, if we identify A with
A x {1}, we obtain the following general lemma.

Lemma 33. Let T C {i,o} and A a countable nontrivial dpbp-chain. Then A can be extended to
a countably infinite dense dpby-chain D. Moreover, there are a closure operator v and an interior
operator o on D such that A = ~v[D] = o[D].

Next we introduce a construction allowing us to combine two rtg-groupoids on a same chain
together. Let S C {e,c,i,0} and T = S\ {e,c}. Assume that we have two different r¢s-groupoid
structures on a dpbp-chain (A, A,V,0,1, L, T), i.e., we have two rts-groupoids

Al - <A7/\,\/70A17\A15/A1a0517J~5T>a A2 = <Aa/\a\/aoA2a\A27/A27071aL7T> -
Then we define on the same dpbp-chain an algebra A3 A Ay = (A, A, V,0,\,/,0,1, L, T) as follows:
aob= (a0 b)A(ao??b), a\b = (a\1b) Vv (a\22b), a/b= (a/*1b) V (a/A2b).

Lemma 34. The algebra A1 ANAs is an rtg-groupoid. In addition, if one of A1, Ag is an SLg-chain
then A1 A\ Ag is an SLg-chain as well.

Proof. First, 1oa = (1041 a) A (1042 a) > a Aa = a. Similarly, @ < a o 1. Further we have the
following chain of equivalences:

aob=(aoMb)A(ac??b)<c iff aoMb<coraoc®b<ec
iff b <a\corb<a\tc
iff b < (a\*c)V (a\?c) =a\c.

Similarly we can prove aob < ¢ iff a < ¢/b.

It is easy to see that commutativity is preserved by the construction of A; A As. To see that
contraction is preserved, note that aoa = (a 041 a) A (a 042 a) > aAa=a. Thus A; A A; is an
rfg-groupoid.

To see the additional part, assume without any loss of generality that As is an SLg-chain.
Then a o421 = a = 1042 a. Thus we have 1oa = (1041 a) A (1042 a) = (1041 a) Aa = a because
1041 ¢ > q. Similarly, a o 1 = a. O
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Further we introduce a sort of extension construction. Let S C {e,c,i,o} and T = S\ {e,c}.
Suppose we have a dpbr-chain (B, A,V,0,1, L, T), a subset A C B such that {0,1, L, T} C A,
and an rtg-groupoid

A= (A NV, 02N\ /40,1, 1,T).

Further, assume that there are a closure operator v and an interior operator o on (B, A, V)
such that y[B] = o[B] = A. This means that for every b € B we can find the least a € A such
that b < a (namely (b)) and the greatest a’ € A such that o’ < b (namely o(b)). We define an
algebra B = (B, A,V,0B \B /B 0,1, 1, T) as follows:

W),  z/By=o(@)/*y), 2\By=r@)\ o).

Lemma 35. The algebra B is an rts-groupoid.

By=r(z)ot

Proof. First, we prove that B is re81duated Suppose that z o y = y(z) oA v(y) < 2. Since

7(z) 0% 4(y) is o-open, we have y(x) o4 4(y) = o (y(z) o* y(y)) < ( ). Consequently, z < y(z) <
o(2)/49(y) = z/By. Conversely, suppose that = < z/By = o(2)/2y(y ) Since o (z)/Av(y) is

y-closed, we have 7(z) < 1(o(2)/47(y)) = 7(2)/A2(y). Consequently, z o y = 1(z) o4 1(y) <
o(z) < z. Analogously for the left division. Finally, note that

Similarly, 2 oB 1 > z. Thus B is an rt-groupoid.
Next we have to show that B is in fact an rtg-groupoid. To see this, note that B is commutative
if A is. If A is contractive then we have z of 2 = y(z) o4 y(x) > v(x) > x for any = € B. O

Finally, let T C {i,o}, S = TU{e,c}, and C = (C,A,V,0,1, T, 1) a dpbp-chain. We will
show that there is a greatest groupoid operation on C making C into an SLg-chain M(C) =
(CyAV,0,—,0,1, 1L, T). We define

T if x,y > 1,
ifex=1lLory=1,
Ny ifzy<1,

xVy otherwise.

Lemma 36. The algebra M(C) = (C,A,V,®,—,0,1, 1, T) is an SLg-chain, where — is the
uniquely determined residual of ©. Moreover, ® is the mazimum among all groupoid operations
o on C making it into an SLg-chain w.r.t. the point-wise order, i.e., voy < x Oy for all z,y € C.

Proof. M(C) is clearly a dpbr-chain. It is also easy to see that ® is commutative and contractive.
Further, we have 1®©x =1Azx =z ifz <land 1@z =1Vzx =2z if x > 1. Thus 1 is a neutral
element for ®. In order to show that ® is residuated, it suffices (due to commutativity of ®) to
show that for all a € C the map f,: C — C defined by f,(z) = a ® x is residuated. Depending
on a, the map f, could be of a different shape. If a < 1 then

fula) = {a ifxe [fz, 1],

x otherwise.

If @ > 1 then
1 ifx=1,
fol)=qa ifl<ax<l,
T ifz>1.

In both cases it is easy to see that f, is residuated (it is monotone and the inverse image of any
principal downset is a principal downset).
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Let o be a groupoid operation on C' making it into an SLg-chain. Since 1 is a neutral element
for o, we must have zroy <z Ay =2 Oy for z,y < 1. Further, for L <z <1 and y > 1 we must
have xoy <y =2z Vy =2z Oy and similarly zoy < ax ©y for x > 1 and L <y < 1. Since o is
residuated, it has to satisfy Lox =20l =1=10x =20 L. Finally, roy < T =20y for
z,y>1. Thuszoy <z oy forall x,y € C. O

Proof of Theorem 32. Let S C {e,c,i,0}, T = S\ {e,c}. By Theorem 31 in order to show SQC
for SLY, it is sufficient to prove that each countable nontrivial SLg-chain A can be embedded
into a countably infinite dense SLg-chain I because every countable infinite dense chain having
a minimum | and a maximum T is order-isomorphic to Q N [0, 1].

Suppose that we have an SLg-chain A = (A, A, V,04,\4, /40,1, 1, T) which is countable
and nontrivial. Then its reduct (A, A,V,0,1, L, T) forming a dpbp-chain can be extended to a
countably infinite dense dpbp-chain (D, A,V,0,1, L, T) by Lemma 33 in such a way that there
are a closure operator v and an interior operator ¢ on (D,A,V,0,1, 1, T) such that y[D] =
o[D] = A. The next step is to extend the multiplication on the SLg-chain A to D. Apply-
ing Lemma 35 to our dense dpbp-chain (D, A,V,0,1, 1, T), we obtain an rtg-groupoid D =
(D,A, Vv, 0P \P /P 01, L, T). However, o is not unital because 1 need not be a neutral el-
ement. In particular, 1 oP x = y(x) > x, i.e., the result of 1 oP 2 could be greater than we need.
Thus we have to further modify oP. By Lemma 36 the dpbp-chain (D, A, V,0,1, 1, T) also forms an
SL1yfe,c}-Chain M (D) =(D,A\,V,®,—,0,1, L, T) such that ® is the maximum among all resid-
uated groupoid operations on D having 1 as a neutral element. Thus it seems to be natural to
lessen the values of o by a combination with ®. Namely, DA M (D) = (D, A,V,o,\,/,0,1, L, T)
is an SLg-chain by Lemma 34.

Finally, we have to show that A can be embedded into D A M (D). We claim that the
identity map from A to D is the desired embedding. Let x,y € A. Then y(z) = o(x) = = and
y(y) = o(y) = y. By Lemma 36 we have 2 04 y < 2 ®y. Thus

A A

zoy=(y(@) oYy A(xOy) =(zo? Yy A(z@y) =zoy.

For the right division we have
a/y = (o(2)/ W)V (y = @) = (&/2y) V (y = 2).
Using again Lemma 36 together with the commutativity of ®, we obtain
(y—a)oty<(y—a2)oy=yo(y )<z

Thus by residuation y — x < 2/4y. Consequently, we have z/y = x/%y. Similarly, we can prove
z\y = x\Ay which finishes the proof of the SQC for SL.

Now it is easy to extend this result to SRC using the Dedekind—MacNeille completion and
again Theorem 31. Let A be a SLg-chain from Q and A’ its lattice reduct. Then, as was
shown in [17], A can be embedded into an SLg-algebra B whose lattice reduct is the Dedekind—
MacNeille completion of A’. Since the Dedekind—MacNeille completion of the chain Q N [0,1] is
order-isomorphic to [0, 1], we are done. O
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A The proof of Theorem 9

To prove one direction we only need to know the derivability of the new rules of AS in SL (all its
axioms are either shown to be theorems of SL in the preliminaries or can be proved easily e.g. in
the Gentzen calculus for SL). Conversely, we show that AS proves all axioms and rules of SL.

e SL proves («):

(a) Fx—=>@—=v&x) (Adje)

(b) xFv—=d&x (a) and (MP)

() xFo&d—p&(&x) (Ps1.8), (b), and (MP)
e SL proves (&/):

(a) Fx—=(p—=p&x) (Adje)

(b) xFe—=p&x (a) and (MP)

() xFo&y—(p&kx)&y (Ps9), (b), and (MP)
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e SL proves (8):

() Fx—(p&y = (p&y)&x) (Adje)

(b) xFe&y = (p&) &x (a) and (MP)

() xF¥—=(p—=(p&)&x) (b) and (Res)
e SL proves ('):

(a) xFe—=>@— @&y &x) (B)

() xFY = (o~ W&y &x) (a) and (E..;)
e AS proves x = p,po > x = ¢ (T):

(a) Fix—=>W&x—=9)&(e—=9) = (x—v) (T')

b)) ¢—=vEKx—=¢) =KX= Kx&Xx—=9)&(p—=1) (8)

() x—=2pe=2vEx—=K&KX—9)&(@—19)) (b) and (MP)

(d) x—=pe—2vEx—9 (a), (), and (MP)
e AS proves ¢ = F (x = ¢) = (x = ¢) (Pf):

(a) Fix=>W&x—=9)&(p—9) = (x— ) (T")

(b) =Y Ex—=9) =KX= Kx&X—9)&(p—)) (B)

() ¢—=vEHXx—=9) =KX= (a), (b), and (T)
e AS proves p = P = (x ~ ) = (x ~ ¢) (Pf.):

(a) Fx~((x~e&x)&(p—v) = (x~1v) (T..)

(b) =Y Ex~e) = (X~ ((x~ e &x)&(p =) (B

() ¢—=vF(x~¢) = (x~v) (a), (b), and (T)
e AS proves ¢ = (¥ = x) F v & ¢ = x (Resy):

(a) Fo&(p&(p—= (¥ —=x)) —x (Res')

b)) ¢=W—=2x)Fv&p =& (p&(p— ¥ —=X) (a)

© e=@W—=2>x)Fv&eo—x (a), (b), and (T)
o AS proves ¢ — (¢ ~ x) F o &9 — x (Res.1):

(a) Flo&(p—= W ~x)) & —x (Res.,)

b)) p=2>@W=x)Fo& = (p&(p— (Y~Xx)) &y (o)

() ¢=>@Wwx)Fp&y—x (a), (b), and (T)
e AS proves p & ¢ = xF ¢ = (¥ — x) (Resg):

(a) v&p—=xF@W—=v&e)— (¥ —X) (Pf)

(b) v&o—axF(le—=@W—=29v&e) = (@— (¥ —x) (a), (Pf), and (MP)

() Fo—=(@W—=v&y) (Adje)

(d) Y&o—=xFo—(—x) (b), (c), and (MP)
o AS proves v & o — x F v — (¢ ~ x) (Reswa):

(a) v&e—=xFlp~v&e)—(p~x) (Pt..)

(b) Y& xF@—=(p~v&ep) = (= (¢~ X)) (a), (Pf), and (MP)

() Fi=(pwi&yp) (Adjg)

(d) Y&o—=xFY—=(p~x) (b), (c), and (MP)
o AS proves ) — (¢ = x) F ¢ = (¥~ x) (Bw1):

(a) v=2(p—=x)Fe&y—x (Resy)

b) v=(p—=>x)Fe—= (1~ X) (a) and (Res..;)
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o AS proves ¢ — (Y ~ x) F ¢ — (¢ = x) (Ew2):

e AS proves ¢ — ¢ (R): (Push), (Pop), and (T).

(
(

2)
b)

=W~ x)Fp&y —x
=W~ x)FY = (0—x)

o AS proves 1 — (p — ) (R):

(

a)

pooFl=(p—9)

(Resw1)
(b) and (Resz)

(Push) and (MP)

(b) F1—=(p—) (R) and (a)
e AS proves 1 (1):

(a) FI—=1)—1 (Pop)

(b) F1 (R), (a), and (MP)

o AS proves ¢ — ((¢ ~ ) = 1) (Ase):

o AS proves o = Y F (¥ — x) — (¢ — x) (Sf):

(
(

a)
b)

(e~ ) = (g~ 1)
Fo = (o~ ) =)

R)
(a) and (E..2)

() F@—=x)—=@-=Xx) R)
(b) Fy—= (% —x)~Xx) (a) and (E..1)
() ¢—=vFe—=((¥—=x)~x) (Pf), (b), and (T)
(d) =9 FE@—=x) = (=X (c) and (E..2)
o AS proves p - (¢ = ¥) — ¢ (As):
(a) oF1—=¢ (Push) and (MP)
(b) oF(p—=v) > 1 —1) (a) and (Sf)
() F(I—=v)—=v (Pop)
(d) eF(p—=v) = (b), (c), and (T)
o AS proves ¢, F o A (Adj):
(a) pFenl (Adju)
(b) vEPAT (Adju)
(©) FYAT=(pAT = (¢ AD) & (Y AT)) (Adje)
(d) @ (@AT)& (W AT) (a), (b), (c), and (MP)
(e) FlpAD)&WAT) =AY (&)
) @Ay (d), (e), and (MP)
e AS proves ¢ ~ ¢ F ¢ — 1 (Symmy):
(a) ¢~ —(p~1) (Push) and (MP)
(b) ¢~y Fo—(1—=1) (a) and (E..2)
() FI—=v)—v (Pop)
(d) e~vFp—=1 (b), (c), and (T)
o AS proves (¢ ~ x) A (¥~ x) = (VY ~ x) (V3..):
(@) Flp~>x)A W~ x)—=(p~x) (A1)
(b)) Fe—=(e~>x)ANW~x)—=x) (Ews2)
() FY—=((p~>x)A{@~Xx)—x) analogously
(d) FeVvi—=((p~x)A R~ Xx)—=X) (Adj), (V3), (MP)
() Flp~>x)ANW~x)—=(pVY~X) (Ew1)
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