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Summary

This dissertation pertains to algebraic proof theory, a research field aimed at solv-
ing problems in structural proof theory using results and insights from algebraic logic,
universal algebra, duality and representation theory for classes of algebras. The main
contributions of this dissertation involve the very recent theory of multi-type calculi on
the proof-theoretic side, and the well established theory of heterogeneous algebras on
the algebraic side.

Given a cut-admissible sequent calculus for a basic logic (e.g. the full Lambek cal-
culus), a core question in structural proof theory concerns the identification of axioms
which can be added to the given basic logic so that the resulting axiomatic extensions
can be captured by calculi which are again cut-admissible. This question is very hard,
since the cut elimination theorem is notoriously a very fragile result. However, algebraic
proof theory has given a very satisfactory answer to this question for substructural log-
ics, by identifying a hierarchy (N, #,) of axioms in the language of the full Lambek
calculus, referred to as the substructural hierarchy, and guaranteeing that, up to the
level N2, these axioms can be effectively transformed into special structural rules (called
analytic) which can be safely added to a cut-admissible calculus without destroying
cut-admissibility.

The research program of algebraic proof theory can be exported to arbitrary signa-
tures of normal lattice expansions, to the study of the systematic connections between
algebraic logic and display calculi, and even beyond display calculi, to the study of the
systematic connections between the theory of heterogeneous algebras and multi-type
calculi, a proof-theoretic format generalizing display calculi, which has proven capa-
ble to encompass logics which fall out of the scope of the proof-theoretic hierarchy,
and uniformly endow them with calculi enjoying the same excellent properties which
(single-type) proper display calculi have.

The defining feature of the multi-type calculi format is that it allows entities of
different types to coexist and interact on equal ground: each type has its own internal
logic (i.e. language and deduction relation), and the interaction between logics of differ-
ent types is facilitated by special heterogeneous connectives, primitive to the language,
and treated on a par with all the others. The fundamental insight justifying such a
move is the very natural consideration, stemming from the algebraic viewpoint on (uni-
fied) correspondence, that the fundamental properties underlying this theory are purely
order-theoretic, and that as long as maps or logical connectives have these fundamental
properties, there is very little difference whether these maps have one and the same
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xii Summary

domain and codomain, or bridge different domains and codomains.

This enriched environment is specifically designed to address the problem of express-
ing the interactions between entities of different types by means of analytic structural
rules.

In the present dissertation, we extend the semantic cut elimination and finite model
property from the signature of residuated lattices to arbitrary signatures of normal lattice
expansions, and build or refine the multi-type algebraic proof theory of three logics, each
of which arises in close connection with a well known class of algebras (semi De Morgan
algebras, bilattices, and Kleene algebras) and is problematic for standard proof-theoretic
methods.



Samenvatting

Dit proefschrift heeft betrekking op algebraische bewijstheorie, een onderzoeksgebied
dat gericht is op het oplossen van problemen in structurele bewijstheorie met behulp van
resultaten en inzichten uit de algebraische logica, universele algebra, dualiteit en repre-
sentatietheorie voor klassen van algebra’s. De belangrijkste bijdragen van dit proefschrift
betreffen, aan de bewijs-theoretische kant, de zeer recente theorie van multi-type calculi
en, aan de algebraische kant, de gevestigde theorie van heterogene algebra’s.

Gegeven een sequentiéle calculus met snede-eliminatiestelling voor een basislogica
(b.v. de Lambek-calculus), heeft een kernvraag in de structurele bewijstheorie betrekking
op de identificatie van axioma's die kunnen worden toegevoegd aan de gegeven basis-
logica zodat de resulterende axiomatische uitbreidingen kunnen worden vastgelegd door
calculi waarvan de snede opnieuw geélimineerd kan worden. Deze vraag is moeilijk,
omdat de snede-eliminatiestelling bekend staat als een zeer fragiel resultaat. De alge-
braische bewijstheorie heeft echter voor substructurele logica een bevredigend antwoord
gegeven op deze vraag, door een hiérarchie (N, #,) van axioma’'s in de taal van de
Lambek-calculus te identificeren (die de substructurele hiérarchie genoemd wordt), die
garanderen dat, tot op het niveau N5, deze axioma's effectief kunnen worden omgezet
in speciale (analytische) structurele regels die veilig kunnen worden toegevoegd aan een
calculus met snede-eliminatiestelling zonder de snede-eliminatiestelling te vernietigen.

Het onderzoeksprogramma van algebraische bewijstheorie kan worden geéxporteerd
naar willekeurige talen van normale tralieuitbreidingen, naar de studie van de systematis-
che verbindingen tussen algebraische logica en displaycalculi, en voorbij aan displaycal-
culi, naar de studie van de systematische verbindingen tussen de theorie van heterogene
algebra's en multi-type calculi In de voorliggende dissertatie breiden we de semantische
cut-eliminatie en de eindige-modeleigenschap uit van de taal van geresidueerde tralies
(residuated lattices) naar willekeurige talen van normale tralieuitbreidingen en bouwen
of verfijnen de multi-type algebraische bewijstheorie van drie logica's.

Het bepalende kenmerk van de aanpak van de multi-type calculi is dat het entiteiten
van verschillende types in staat stelt om gelijkwaardig naast elkaar te bestaan en op
elkaar in te werken: elk type heeft zijn eigen interne logica (d.w.z. taal- en afleidingsre-
latie) en de interactie tussen logica’'s van verschillende typen wordt gefaciliteerd door
speciale heterogene connectieven, primitief voor de taal, en gelijkwaardig met alle andere
behandeld. Het fundamentele inzicht dat een dergelijke stap rechtvaardigt, is de zeer
natuurlijke overweging, voortkomend uit het algebraische standpunt over (verenigde)
correspondentie, dat de fundamentele eigenschappen die aan deze theorie ten grond-
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slag liggen, zuiver ordetheoretisch zijn. Zolang afbeeldingen of logische verbanden deze
fundamentele eigenschappen hebben is er weinig verschil of deze afbeeldingen een en
hetzelfde domein en co-domein hebben, danwel verschillende domeinen en co-domeinen
overbruggen.

Deze verrijkte omgeving is specifiek ontworpen om het probleem aan te pakken van
het uitdrukken van de interacties tussen entiteiten van verschillende typen door middel
van analytische structuurregels.

In dit proefschrift bouwen of verfijnen we de multi-type algebraische bewijstheorie
van drie logica's, elk waarvan ontstaat in nauwe samenhang met één bekende klasse van
algebra's (semi De Morgan algebra'’s, bi-tralies en Kleene algebra’s) en problematisch is
voor gebruikelijke bewijstheoretische methoden.



Chapter 1

Introduction

This dissertation pertains to algebraic proof theory, a research field aimed at solv-
ing problems in structural proof theory using results and insights from algebraic logic,
universal algebra, duality and representation theory for classes of algebras. The main
contributions of this dissertation involve the very recent theory of multi-type calculi [32]
on the proof-theoretic side, and the well established theory of heterogeneous algebras
[10] on the algebraic side. In this chapter, we give an overview of algebraic proof theory,
discuss the link between the theory of analytic calculi in structural proof theory and
algebraic algorithmic correspondence theory, and motivate how this link can be natu-
rally extended to multi-type calculi and their algebraic semantics given by heterogeneous
algebras. At this point, we will be in a position to discuss the specific contributions of
the following chapters.

1.1 Algebraic proof theory

Algebraic proof theory [14] is a discipline aimed at establishing systematic connec-
tions between results and insights in structural proof theory (such as cut elimination
theorems) and in algebraic logic (such as representation theorems for classes of alge-
bras). While results of each type have been traditionally formulated and developed
independently from the other type, algebraic proof theory aims at realizing a deep inte-
gration of these fields. The main results in algebraic proof theory have been obtained
for axiomatic extensions of the full Lambek calculus, and, building on the work of many
authors [7, 14, 18, 36, 37, 67], establish a systematic connection between a strong form
of cut elimination for certain substructural logics (on the proof-theoretic side) and the
closure of their corresponding varieties of algebras under MacNeille completions (on the
algebraic side). Specifically, given a cut eliminable sequent calculus for a basic logic
(e.g. the full Lambek calculus), a core question in structural proof theory concerns the
identification of axioms which can be added to the given basic logic so that the resulting
axiomatic extensions can be captured by calculi which are again cut eliminable. This
question is very hard, since the cut elimination theorem is notoriously a very fragile result.
However, algebraic proof theory has given a very satisfactory answer to this question for
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substructural logics, by identifying a hierarchy (N, $,,) of axioms in the language of the
full Lambek calculus, referred to as the substructural hierarchy, and guaranteeing that,
up to the level Ns, these axioms can be effectively transformed into special structural
rules (called analytic) which can be safely added to a cut eliminable calculus without
destroying cut elimination. Algebraically, this transformation corresponds to the pos-
sibility of transforming equations into equivalent quasiequations, and remarkably, such
a transformation (which we will expand on shortly) is also key to proving preservation
under MacNeille completions and canonical extensions.

The second major contribution of algebraic proof theory is the identification of the
algebraic essence of cut elimination (for cut-free sequent calculi for substructural logics)
in the relationship between a certain (polarity-based) relational structure W arising from
the given sequent calculus, and a certain ordered algebra W* which can be thought of
as the complex algebra of W by analogy with modal logic. Specifically, the fact that the
calculus is cut-free is captured semantically by W being an intransitive structure, while
W+ is by construction an ordered algebra, on which the cut rule is sound. Hence, in this
context, cut elimination is encoded in the preservation of validity from W to W*. For
instance, the validity of analytic structural rules/quasiequations is preserved from W to
W* (cf. [14]), which shows that analytic structural rules can indeed be safely added to
the basic Lambek calculus in a way which preserves its cut elimination.

In [15], these results are extended so as to cover the level P3 of the substructural
hierarchy. For this more general class of axioms, sequent calculi are not enough [13],
and have been replaced by hypersequent calculi [4].

In Chapter 2, we uniformly extend these notions, constructions and proof-strategies
from the basic environment of the (nonassociative) full Lambek calculus to the logics
of normal lattice expansions (the normal LE-logics).

1.2 Display calculi

The research program of algebraic proof theory can be exported to the study of the
systematic connections between algebraic logic and display calculi [8, 68]. Display calculi
(here we will be particularly interested in the notion of proper display calculi, cf. [68])
are yet another generalization of sequent calculi, sharing similarities with hypersequent
caleuli (cf. [17]).

Like hypersequent calculi (and various other proof-theoretic formats, e.g. labelled
calculi [30, 55], nested sequent systems [11, 49]), display calculi have been introduced
to capture logics which cannot be captured by Gentzen calculi alone.

The display calculi format is based on the introduction of a special syntax for the
constituents of each sequent, which includes more structural connectives than the usual
ones (i.e. commas and fusion). This richer syntax makes it possible to describe the
essentials of syntactic cut elimination with sufficient mathematical precision that a meta-
theorem can be proved, which gives a set of sufficient conditions for cut elimination,
most of which are easily verified by inspection on the shape of the rules (these conditions
define the notion of analytic structural rules in display calculi). Meta-theorems provide
much smoother, robust and modular routes to cut elimination than Gentzen-style proofs.
By analogy, cut elimination via meta-theorems is to Gentzen-style cut elimination what
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canonicity is to completeness, since, just like canonicity provides a uniform strategy to
achieve completeness, the conditions of Belnap's meta-theorem guarantee that one and
the same transformation strategy achieves syntactic cut elimination for any calculus
satisfying them. In fact, the results in this dissertation build on and further reinforce
the insight that this is much more than just an analogy: in [43], systematic connections
have been established between semantic results pertaining to unified correspondence
theory, and the theory of analyticity in display calculi.

1.3 Unified correspondence

Unified correspondence [20-28, 35, 53, 59, 60] applies insights and techniques from
algebra, order-theory and formal topology to strengthen one of the core results in the
model theory of classical modal logic - the celebrated Sahlqvist correspondence and
canonicity theorem [65] — and extends it from modal logic to a vast array of logical
systems which encompasses, among others, all substructural logics [21, 23, 25] and logic
with fixed points [19, 20], also multiplying the conceptual significance and ramifications
of the original Sahlqvist result.

The starting point of unified correspondence is the insight that the mechanisms
underlying Sahlqvist's theorem are algebraic and order-theoretic in their essence [23, 26].
This insight has made it possible to extract the essentials of the original Sahlqvist result
and recognize them systematically outside the setting of modal logic, so as to improve
on the original Sahlqvist result, extend the definition of Sahlqvist (and the strictly larger
class of inductive) formulas from modal logic to classes of nonclassical logics algebraically
captured by general lattices with arbitrary (normal and regular) operations, and design
an algorithm (ALBA) mechanically computing the first-order correspondent of each
(generalized) Sahlgvist formula in any of these languages.

In [43], a proper subclass of inductive formulas/inequalities has been identified (re-
ferred to as the analytic inductive inequalities) the members of which are guaranteed to
be effectively transformed into analytic structural rules of display calculi and are shown
to be exactly those with this property.! Remarkably, this transformation essentially co-
incides with the one defined in [13] for the FL language (see also [16] for results of
analogous strength to those in [43] but formulated in a purely proof-theoretic way), and
is effected by the same algorithm ALBA which has been originally designed to compute
the first-order correspondents of propositional axioms on Kripke-type structures, and
which is also used to prove the canonicity of the same axioms. Finally, the canonical
extension environment and the canonicity of (analytic) inductive inequalities are used
to give a uniform semantic proof that the display calculi obtained by adding analytic
structural rules are conservative w.r.t. the corresponding original logic.

Thus, these results connect unified correspondence with algebraic proof theory, and
open up a new research line in algebraic proof theory in which not only MacNeille com-
pletions but also canonical extensions can be meaningfully exploited for proof-theoretic
purposes. In this dissertation, we will do so mainly in relation with the proof-theoretic

1 Hence, logics axiomatized with analytic inductive axioms are exactly those which can be presented by
a proper display calculus.




4 Introduction

environment of multi-type calculi, which we discuss below.

1.4 Multi-type calculi

The theory of multi-type calculi [9, 31-34, 44, 45] was developed as a generalization
of display calculi, capable to encompass those logics which — like linear logic, dynamic
epistemic logic, propositional dynamic logic, and inquisitive logic — fall out of the scope
of the characterization given in [43] (cf. Footnote 1), and uniformly endow them with
calculi enjoying the same excellent properties which (single-type) proper display calculi
have.

The defining feature of the multi-type calculi format is that it allows entities of
different types to coexist and interact on equal ground: each type has its own internal
logic (i.e. language and deduction relation), and the interaction between logics of differ-
ent types is facilitated by special heterogeneous connectives, primitive to the language,
and treated on a par with all the others. The fundamental insight justifying such a
move is the very natural consideration, stemming from the algebraic viewpoint on (uni-
fied) correspondence, that the fundamental properties underlying this theory are purely
order-theoretic, and that as long as maps or logical connectives have these fundamental
properties, there is very little difference whether these maps have one and the same
domain and codomain, or bridge different domains and codomains. So in particular, all
the results and insights of unified correspondence can (and will) be reformulated and
used in the multi-type environment. Moreover, the whole theory of single-type (proper)
display calculi, from Belnap-style cut elimination metatheorem to the semantic proof
of conservativity via canonical extensions, translates smoothly to the multi-type set-
ting. In particular, we will consider the very natural notion of canonical extensions of
heterogeneous algebras [10] (cf. Definition 1).

This enriched environment is specifically designed to address the problem of express-
ing the interactions between entities of different types by means of analytic structural
rules. Indeed, although each of the logics mentioned above is difficult to treat for its
own specific reason, a common core to these difficulties can be identified precisely in the
encoding of key interactions between entities of different types. For instance, for dy-
namic epistemic logic the difficulties lay in the interactions between (epistemic) actions,
agents’ beliefs, and facts of the world; for linear logic, in the interaction between general
resources and reusable resources; for propositional dynamic logic, between general and
‘transitive’ actions; for inquisitive logic, between general and flat formulas. In each case,
precisely the formal encoding of these interactions gives rise to non-analytic axioms in
the original formulations of the logics. In each case, the multi-type approach allows to
redesign the logics, so as to encode the key interactions into analytic structural rules
in the multi-type language, and define a multi-type proper display calculus for each of
them. Metaphorically, adding types is analogous to adding dimensions to the analysis
of the interactions, thereby making it possible to unravel these interactions, by refor-
mulating them in analytic terms within a richer language. The multi-type methodology
has been also used to design novel logical formalisms focusing on agents’ abilities and
capabilities to manipulate resources [9]. Conceptually, the multi-type environment can
be regarded as the very natural prosecution of Belnap’s program, as formulated in [§],
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of building a unifying environment for “an indefinite number of logics all mixed together
including boolean [...], intuitionistic, relevance and (various) modal logics.”

1.5 Semi De Morgan Logic, Bilattice Logic and the
logic of Kleene algebras

In the present dissertation, we build or refine the multi-type algebraic proof theory of
three well known logics, each of which arises in close connection with a class of algebras
(although with very different motivations) and is problematic for standard proof-theoretic
methods. Before describing the specific contributions of the thesis, in this section we
sketch some background and motivation for each of these logics.

Semi De Morgan logic is the selfextensional (cf. [69]) two-valued logic associated
with the variety of semi De Morgan algebras, introduced by H.P. Sankappanavar [66]
as a common abstraction of De Morgan algebras and distributive pseudocomplemented
lattices. This logic is a very well known example of a paraconsistent logic [63], that is, a
non-classical logic which violates the classical principle L + A (ex falso quodlibet). Semi
De Morgan logic has been studied from a duality-theoretic perspective [46], and from
the perspective of canonical extensions [58]. The proof theory of semi De Morgan logic
is challenging because, although this logic arises from a variety of normal distributive
lattice expansions, hence it falls within the setting of [43], and although its defining
axioms are all Sahlqvist, some of these axioms are not analytic.

Bilattice logic is the non-selfextensional four-valued logic associated with the alge-
braic framework of bilattices, introduced by M.L. Ginsberg [38] as a unifying framework
simultaneously accounting for different approaches to formal reasoning in Al, such as
first-order theorem provers, assumption-based truth maintenance systems, and default
logic. In a nutshell, a bilattice is a set equipped with two partial orders, such that, for
each of which, all finite joins and meets exist. The two partial orders intend to capture
two different types of information: one concerning the truth of propositions, and one
concerning the information, or evidence, about propositions. Thus, the logic of bilat-
tices can be used to capture inferences from incomplete and inconsistent data. Bilattice
logic has been studied from an algebraic and duality-theoretic perspective [48, 54, 64],
and from a proof-theoretic perspective [2, 3], and has also been recently integrated
into other logical frameworks accounting for agency and epistemic attitudes [5, 6]. The
proof theory of bilattice logic is challenging because this logic is not selfextensional,
and hence does not fall within the setting of [43]. The most established proposal for a
sequent calculus for bilattice logic is due to A. Avron [2]. However, this calculus has no
subformula property.

Kleene algebras are the mathematical structures modelling the behaviour of so called
regular expressions in automata theory, introduced by S.C. Kleene [50] with the same
syntactic laws that have been then used to define Kleene algebras. Since then, Kleene
algebras have established themselves as one of the most important and best known
models of computation, and have been applied to interpret actions in dynamic logic
[51, 61], to prove the equivalence of regular expressions and finite automata [1, 29], to
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give fast algorithms for transitive closure and shortest paths in directed graphs [1], and
axiomatize algebras of relations [56, 62].

The proof theory of the logic of Kleene algebras is challenging because the axioms
and defining rules of the Kleene star cannot be reduced to an analytic presentation.
There are various proposals in the literature for sequent calculi for the logic of Kleene
algebras [12, 47, 57, 70], in which there is a tradeoff between calculi with cut elimination
and an infinitary rule: from sequent calculi with finitary rules but with a non-eliminable
analytic cut [47, 70], to cut-free sequent calculi with infinitary rules [57].

1.6 Original contributions of this dissertation

The original contributions of this dissertation are listed below.

e In Chapter 2, which is based on [39], we extend the research programme in alge-
braic proof theory from axiomatic extensions of the full Lambek calculus to logics
algebraically captured by certain varieties of normal lattice expansions (normal
LE-logics). Specifically, we generalise the residuated frames in [36] to arbitrary
signatures of normal lattice expansions (normal LEs). Such a generalization pro-
vides a valuable tool for proving important properties of LE-logics in full uniformity.
We prove semantic cut elimination for the display calculi D.LE associated with
the basic normal LE-logics and their axiomatic extensions with analytic inductive
axioms. We also prove the finite model property (FMP) for each such calculus
D.LE, as well as for its extensions with analytic structural rules satisfying certain
additional properties.

e In Chapter 3, which is based on [40], we introduce proper multi-type display
calculi for semi De Morgan logic and its extensions which are sound, complete,
conservative, and enjoy cut elimination and subformula property. Our proposal
builds on an algebraic analysis of semi De Morgan algebras and its subvarieties,
and applies the guidelines of the multi-type methodology in the design of display
calculi.

e In Chapter 4, which is based on [42], we introduce a proper multi-type display
calculus for bilattice logic (with conflation), for which we prove soundness, com-
pleteness, conservativity, standard subformula property and cut elimination. Our
proposal builds on the product representation of bilattices and applies the guide-
lines of the multi-type methodology in the design of display calculi.

e In Chapter 5, which is based on [41], we introduce a multi-type calculus for the
logic of measurable Kleene algebras, for which we prove soundness, completeness,
conservativity, cut elimination and subformula property. Our proposal imports
ideas and techniques developed in formal linguistics around the notion of structural
control [52].
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Chapter 2

Algebraic proof theory for
LE-logics

In this chapter, which is based on 1 [12], we extend the research programme in algebraic
proof theory from axiomatic extensions of the full Lambek calculus to logics algebraically
captured by certain varieties of normal lattice expansions (normal LE-logics). Specifi-
cally, we generalise the residuated frames in [8] to arbitrary signatures of normal lattice
expansions (LE). Such a generalization provides a valuable tool for proving important
properties of LE-logics in full uniformity. We prove semantic cut elimination for the
display calculi D.LE associated with the basic normal LE-logics and their axiomatic ex-
tensions with analytic inductive axioms. We also prove the finite model property (FMP)
for each such calculus D.LE, as well as for its extensions with analytic structural rules
satisfying certain additional properties.

LMy specific contributions to this research have been the proof of results, the definition of notions and
constructions, the development of examples, and the writing of the first draft of the paper.

13
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2.1 Introduction

In this chapter, we generalize the framework of residuated frames, introduced in [8]
to give a semantic proof of cut elimination for various axiomatic extensions of the full
Lambek calculus, and applied to the proof of the finite embeddability property and finite
model property for some of these. Our generalization concerns two aspects:

1. from the signature of residuated lattices to arbitrary normal lattice expansions;
in particular, arbitrary signatures do not need to be closed under the residuals of
each connective.

2. from structural rules of so-called simple shape to the more general class of analytic
structural rules (cf. [13, Definition 4]) in any signature of normal lattice expansions.

Specifically, for every signature L(¥,G) of normal lattice expansions (cf. Definition 1)
we define the associated notion of functional D-frame, and prove that

1. the cut rule is eliminable in the display calculus D.LE associated with the basic
normal lattice logic in the signature L(#,G). We prove this result by suitably
generalizing the semantic argument given in the proof of Theorem 3.2 in [8].

2. the cut elimination above transfers to extensions of D.LE with analytic structural
rules generalizing the notion of simple structural rules (cf. Section 5 in [13]).
We prove this result by suitably generalizing the argument given in the proof of
Theorem 3.10 in [8].

3. the finite model property holds for D.LE and for extensions of D.LE with analytic
structural rules satisfying certain additional properties. We prove this result by
suitably generalizing the argument given in the proof of Theorem 3.15 in [8].

We also discuss how these results recapture the semantic cut elimination results in [4]
and apply in a modular way to a range of logics which includes the (nonassociative)
full Lambek calculus and its axiomatic extensions, the Lambek-Grishin calculus and its
axiomatic extensions, orthologic, and the cyclic involutive full Lambek calculus.

2.2 Syntax and algebraic semantics of LE-logics

This section is based on the Section 2 and 3 in [13].

2.2.1 Basic normal LE-logics and their algebras

Our base language is an unspecified but fixed language Lig, to be interpreted
over lattice expansions of compatible similarity type. This setting uniformly accounts
for many well known logical systems, such as (nonassociative) full Lambek calculus,
Lambek-Grishin calculus, orthologic, the cyclic involutive full Lambek calculus and other
lattice based logics.
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In our treatment, we will make heavy use of the following auxiliary definition: an
order-type over n € N? is an n-tuple € € {1,8}". For every order type €, we denote its
opposite order type by €?, that is, el.a =1 iff ¢ = 0 for every 1 <i < n. For any lattice
A, we let Al := A and A2 be the dual lattice, that is, the lattice associated with the
converse partial order of A. For any order type &, we let A® :=TI" | A%,

The language L1.e(F, G) (from now on abbreviated as £1,i) takes as parameters: 1)
a denumerable set of proposition letters AtProp, elements of which are denoted p, ¢, r,
possibly with indexes; 2) disjoint sets of connectives ¥ and G.> Each f € ¥ and g € G
has arity ny € N (resp. ny € N) and is associated with some order-type & over ns (resp.
&4 over ng).* The terms (formulas) of L1 are defined recursively as follows:

pu=plL|TIopAd|dVel|f()]g(d)

where p € AtProp, f € ¥, g € G. Terms in L will be denoted either by s,¢, or by
lowercase Greek letters such as ¢, ¥,y etc. In the context of sequents and proof trees,
L1g-formulas will be denoted by uppercase letters A, B, etc.

Definition 1. For any tuple (¥, G) of disjoint sets of function symbols as above, a lattice
expansion (abbreviated as LE) is a tuple A = (D, F*, G*) such that D is a bounded
lattice, 74 = {f* | f € F} and G* = {g" | g € G}, such that every f* € F* (resp.
g € G*) is an ng-ary (resp. ng-ary) operation on A. A LE is normal if every f* € ¥4
(resp. g* € G*) preserves finite joins (resp. meets) in each coordinate with €(i) = 1
(resp. €4(i) = 1) and reverses finite meets (resp. joins) in each coordinate with (i) = 0
(resp. €(i) = 0).° Let LE be the class of LEs. Sometimes we will refer to certain
LEs as L1 i-algebras when we wish to emphasize that these algebras have a compatible
signature with the logical language we have fixed.

In the remainder of the chapter, we will abuse notation and write e.g. f for f%.
Normal LEs constitute the main semantic environment of the present chapter. Hence-
forth, every LE is assumed to be normal; hence the adjective ‘normal’ will be typically
dropped. The class of all LEs is equational, and can be axiomatized by the usual lattice
identities and the following equations for any f € ¥ (resp. g € G) and 1 < i < ny (resp.
for each 1 < j < ng):

2Throughout the chapter, order-types will be typically associated with arrays of variables p :=
(P1,---»pn).- When the order of the variables in p is not specified, we will sometimes abuse no-
tation and write £(p) = 1 or &(p) = 9.

31t will be clear from the treatment in the present and the following sections that the connectives in ¥
(resp. G) correspond to those referred to as positive (resp. negative) connectives in [3]. The reason
why this terminology is not adopted in the present chapter is explained later on in Footnote 10. Our
assumption that the sets ¥ and G are disjoint is motivated by the desideratum of generality and
modularity. Indeed, for instance, the order theoretic properties of Boolean negation — guarantee that
this connective belongs both to # and to G. In such cases we prefer to define two copies = € ¥ and
-G € G, and introduce structural rules which encode the fact that these two copies coincide.

4Unary f (resp. g) will be sometimes denoted as < (resp. O) if the order-type is 1, and | (resp. 1) if
the order-type is .

5 Normal LEs are sometimes referred to as lattices with operators (LOs). This terminology directly
derives from the setting of Boolean algebras with operators, in which operators are understood as
operations which preserve finite meets in each coordinate. However, this terminology results somewhat
ambiguous in the lattice setting, in which primitive operations are typically maps which are operators
if seen as A€ — A" for some order-type € on n and some order-type n7 € {1, 3}. Rather than speaking
of lattices with (&, i7)-operators, we then speak of normal LEs.
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o if e¢(i) =1, then f(p1,....pVgq,..
and f(p1,.... L. .pny) = L,

o if gf(i) = 0, then f(p1,....pNg,..
and f(p1,.... T ospny) = L,

o if g4(j) =1, then g(p1,...,p A g, ..
and g(p1,-- s Toe s Png) = T,

o if g4(j) =9, then g(p1,...,p Vg, ..
and g(p1,- -y Lo png) = T.

obng) = f(p1...ps
Png) = f(p1,..up, .
< Png) =81, i Py

< Png) =81, ups

D)V f(P1s- s qse s Puy)
D)V f(P1s- s g Pay)
5 Png) NP1 G Pny)

s Png) N8(PLs s G Pny)

Each language L1 is interpreted in the appropriate class of LEs. In particular, for
every LE A, each operation f* € F# (resp. g* € G*) is finitely join-preserving (resp.
meet-preserving) in each coordinate when regarded as a map f* : A% — A (resp.

gt A% — A).

The generic LE-logic is not equivalent to a sentential logic. Hence the consequence
relation of these logics cannot be uniformly captured in terms of theorems, but rather
in terms of sequents, which motivates the following definition:

Definition 2. For any language L1 g = L1(F,G), the basic, or minimal L g-logic is
a set of sequents ¢ + ¥, with ¢,y € L1, which contains the following axioms:

e Sequents for lattice operations:®
pPrp L Fp,
qrpVag, PAqFEp,

e Sequents for additional connectives:

flp1,... L.
fP1ooo o Toeoupny) b L for (i) = 0,
Tr&P1-- - Toooospn,), for gg(i) =1,
Tl—g(pl,...,J_,...,png), for g¢(i) = 0,
f(p1,....pVag..
fp1,..sp NG -
g1, 5D P ) AE(PL s G
{2 P N YD KLY {V 2 PR A

,,pnf) + 1, for Sf(i) =1,

o Png) F f(P1s-sps -
~7pnf)"f([71’~-.,p,..

o)V f(p1,-- s, -
P )V P10
> Png) F8(P1, - PAG, - Py ) for gg(i) = 1,
> Png) t &(P1s--sPV 4, pny), for eg(i) =0,

pET,
PAgGFQq,

PFEPVYq

.,pnf), for Sf(i) =1,
Py for (i) = 0,

and is closed under the following inference rules:

prx xt+y Py Xté xrU drx Ury
o+ Y ¢(x/p) +¥(x/p) XFOAY OVUF x
pry )
=1
FP1seentye P F f(PLs e W D) (er@)=1)

6In what follows we will use the turnstile symbol F both as sequent separator and also as the consequence

relation of the logic.
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o+ |

=0

For ot P f oty EFO =)
oru N

g1y P) F (DL Wse s D) (gg(0)=1)

ary (g4(i) = 9).

g(p17~-~,¢”~--7pn)'_g(pla-~-7¢""vpn)

The minimal L1 g-logic is denoted by L1 . By an LE-logic we understand any axiomatic
extension of Ly in the language L1r. If all the axioms in the extension are analytic
inductive (cf. Definition 7) we say that the given LE-logic is analytic.

For every LE A, the symbol F is interpreted as the lattice order <. A sequent ¢ + i is
valid in A if h(¢) < h(y) for every homomorphism / from the Ly -algebra of formulas
over AtProp to A. The notation LE |= ¢ ¢ indicates that ¢ + ¢ is valid in every LE.
Then, by means of a routine Lindenbaum-Tarski construction, it can be shown that the
minimal LE-logic L1 is sound and complete with respect to its correspondent class of
algebras LE, i.e. that any sequent ¢ + ¢ is provable in Ly iff LE |= ¢ + .

2.2.2 The "tense" language L] .

Any given language L1g = LLe(F, G) can be associated with the language L], =
L1E(F*,G"), where F* 2 F and G* 2 G are obtained by expanding Ly with the
following connectives:

1. the ng-ary connective fl.n for 0 < i < ny, the intended interpretation of which is
the right residual of f € # in its ith coordinate if &¢(i) = 1 (resp. its Galois-adjoint

if ep(i) = 9);
2. the ng-ary connective g? for 0 < i < ng, the intended interpretation of which is
the left residual of g € G in its ith coordinate if £4(i) = 1 (resp. its Galois-adjoint

if £4(i) = 0).
We stipulate that f# € G* if &7()) = 1, and f# € F* if &;(i) = 8. Dually, ¢’ € 7
if £4(i) = 1, and gi.’ € G" if g4(i) = 0. The order-type assigned to the additional
connectives is predicated on the order-type of their intended interpretations. That is,

forany fe F and ge G,

1. if €(i) = 1, then Efiﬁ(l.) =1 and efig(j) = (ef(j))a for any j #i.
2. if €(i) = 0, then Eﬁ”(i) =0 and fﬁﬁ(j) = €7(j) for any j #1i.
3. if (i) = 1, then egp(i) =1 and Egp(j) = (eg(j))a for any j #i.

4. if (i) = 0, then Egt;(i) =0 and Egp(j) = €4(j) for any j #i.
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For instance, if f and g are binary connectives such that &7 = (1,0) and &, = (9, 1),
then £ = (1,1), £ = (1,9), Egb = (0,1) and Egb = (1,1).7
1 2

Definition 3. For any language L1,r(F,G), the basic “tense" L1 g-logic is defined by
specializing Definition 2 to the language L], = LLr(F",G") and closing under the
following additional rules:

Residuation rules for f € ¥ and g € G:
f(‘PL--w(p,---a‘Pnf)"‘// ¢"g(‘ﬁl,~-~,lﬂ’---’¢ng)

() =1) (eg()=1)
¢'_f;' (wlv"-vws---vwnf) gll?(gol""’qj”"?(png) Flﬁ

f(‘pl’“"q}"""pn)'_w ¢"g(‘ﬁ ”"’ws"'s‘pn)
(ep() = 9) d ! 5 (egli) = )
f;’ﬂ((pl""7,’p" . "‘pnf) '_ ¢ w |_ g?(‘pl""’¢" . "‘png)

The double line in each rule above indicates that the rule is invertible. Let L’I:E be
the minimal “tense" L1p-logic.® For any LE-language L1, by a “tense" LE-logic we
understand any axiomatic extension of the basic “tense" Ly g-logic in .EI’:E.

The algebraic semantics of L] . is given by the class of “tense" L1 g-algebras, defined
as tuples A = (L, ¥*,G") such that L is a lattice algebra and moreover,

1. forevery fe€F st.ng>1,allay,...,an, € D and b€ D, and each 1 <i < ny,

o if (i) = 1, then flar,...,di,.. an,) < biff a; < fHar, ..., by .. an,);

o if €(i)) = 0, then f(ay,...,a;...an,) < b iff a; <9 fiﬁ(al,...,b,...,anf).
2. forevery g€ G s.t. ng > 1, any ai,...,an, €D and b€ D, and each 1 <i < ng,

o if (i) =1, then b < g(ar,...,a;...an,) iffg?(al,...,b,...,ang) < a;.

o if (i) =0, then b < g(ay....,a;...an,) iff g(ar,....b,....an,) <% a.

It is also routine to prove using the Lindenbaum-Tarski construction that L} ., (as
well as any of its canonical axiomatic extensions) is sound and complete w.r.t. the class
of “tense" L1 p-algebras (w.r.t. the suitably defined equational subclass, respectively).

"Warning: notice that this notation heavily depends on the connective which is taken as primitive,
and needs to be carefully adapted to well known cases. For instance, consider the ‘fusion’ connective

o (which, when denoted as f, is such that &y = (1,1)). Its residuals flﬁ and f;i are commonly
denoted / and \ respectively. However, if \ is taken as the primitive connective g, then gg iso=f,

and gl{(xl,xg) = xo/x1 = flﬁ(xg, x1). This example shows that, when identifying g? and flﬁ, the
conventional order of the coordinates is not preserved, and depends on which connective is taken as
primitive.
8 Hence, for any language L1, there are in principle two logics associated with the expanded language
L] 1, namely the minimal L] ;. -logic, which we denote by iE' and which is obtained by instantiating
Definition 2 to the language L], and the “tense" logic L| ., defined above. The logic L] ; is the
natural logic on the language Lj ., however it is useful to introduce a specific notation for iE
given that all the results holding for the minimal logic associated with an arbitrary LE-language can

be instantiated to the expanded language £ ., and will then apply to LiE.
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Theorem 1. The logic L] i is a conservative extension of Ly, i.e. every L1g-sequent
¢ v is derivable in Lyg iff ¢ +  is derivable in L .

Proof. We only outline the proof. Clearly, every L1 g-sequent which is Ly g-derivable is
also L] -derivable. Conversely, if an Lyg-sequent ¢ I i is not Lyg-derivable, then by
the completeness of Li,g w.r.t. the class of L1 g-algebras, there exists an L1 g-algebra
A and a variable assignment v under which ¢* ¢ y*. Consider the canonical extension
A% of A.° Since A is a subalgebra of A%, the sequent ¢ F ¢ is not satisfied in A®
under the variable assignment ¢ o v (¢ denoting the canonical embedding A — A?).
Moreover, since A° is a perfect L1 g-algebra, it is naturally endowed with a structure
of “tense" Lyg-algebra. Thus, by the completeness of Lj . w.r.t. the class of “tense"
L1 g-algebras, the sequent ¢ I i is not derivable in L} ., as required. O

Notice that the algebraic completeness of the logics Lk and L] ;; and the canonical
embedding of LEs into their canonical extensions immediately give completeness of L1 g
and L} . w.r.t. the appropriate class of perfect LEs.

2.2.3 Inductive and analytic inductive LE-inequalities

In the present subsection, we will report on the definition of inductive L1 g-inequalities
on which the algorithm ALBA is guaranteed to succeed (cf. [6]).

Definition 4 (Signed Generation Tree). (cf. [13, Definition 14]) The positive (resp.
negative) generation tree of any L1 g-term s is defined by labelling the root node of the
generation tree of s with the sign + (resp. —), and then propagating the labelling on
each remaining node as follows:

e For any node labelled with v or A, assign the same sign to its children nodes.

e For any node labelled with h € F U G of arity nj, > 1, and for any 1 < i < ny,
assign the same (resp. the opposite) sign to its ith child node if e,(i) = 1 (resp.
ifsh(i) = 6)

Nodes in signed generation trees are positive (resp. negative) if are signed + (resp. —).*°

9 The canonical extension of a BL (bounded lattice) L is a complete lattice L® containing L as a
sublattice, such that:

1. (denseness) every element of L® can be expressed both as a join of meets and as a meet of
joins of elements from L;

2. (compactness) for all S, T C L,if AS <V T in L%, then A F <\/ G for some finite sets F C S
and G CT.

It is well known that the canonical extension of a BL L is unique up to isomorphism fixing L (cf. e.g.
[10, Section 2.2]), and that the canonical extension of a BL is a perfect BL, i.e. a complete lattice
which is completely join-generated by its completely join-irreducible elements and completely meet-
generated by its completely meet-irreducible elements (cf. e.g. [10, Definition 2.14]). The canonical
extension of an L g-algebra A = (L, 7%, G*) is the perfect L1m-algebra A% := (L9, TAé, g‘*") such
that fAé and gA(S are defined as the o-extension of f# and as the m-extension of g# respectively, for
all f e Fandgeg (cf [18, 19]).
10 The terminology used in [3] regarding ‘positive’ and ‘negative connectives’ has not been adopted in

the present chapter to avoid confusion with positive and negative nodes in signed generation trees.




20 Algebraic proof theory for LE-logics

Skeleton PIA
A-adjoints SRA
+ VvV + A g withng=1
- A - VvV f withne=1
SLR SRR
+ f withnp>1 + g withng >2
- g withng>1 - f withnp>2

Table 2.1: Skeleton and PIA nodes for DLE.

Signed generation trees will be mostly used in the context of term inequalities s < ¢.
In this context we will typically consider the positive generation tree +s for the left-hand
side and the negative one —t for the right-hand side. We will also say that a term-
inequality s < t is uniform in a given variable p if all occurrences of p in both +s and
—t have the same sign, and that s < ¢ is e-uniform in a (sub)array p of its variables if
s <t is uniform in p, occurring with the sign indicated by €, for every p in pl.

For any term s(p1,...psn), any order type € over n, and any 1 <i < n, an e-critical
node in a signed generation tree of s is a leaf node +p; with ¢ =1 or —p; with ¢ = 0.
An e-critical branch in the tree is a branch from an e-critical node. The intuition, which
will be built upon later, is that variable occurrences corresponding to e-critical nodes
are to be solved for, according to €.

For every term s(p1, ... p,) and every order type €, we say that +s (resp. —s) agrees
with €, and write e(+s) (resp. e(—s)), if every leaf in the signed generation tree of
+s (resp. —s) is e-critical. In other words, €(+s) (resp. €(—s)) means that all variable
occurrences corresponding to leaves of +s (resp. —s) are to be solved for according to
€. We will also write +s” < xs (resp. —s’ < xs) to indicate that the subterm s’ inherits
the positive (resp. negative) sign from the signed generation tree =s. Finally, we will
write €(y) < *s (resp. €%(y) < *s) to indicate that the signed subtree y, with the sign
inherited from xs, agrees with € (resp. with €9).

Definition 5 (good branch). (cf. [13, Definition 15]) Nodes in signed generation trees
will be called A-adjoints, syntactically left residual (SLR), syntactically right residual
(SRR), and syntactically right adjoint (SRA), according to the specification given in
Table 3.1. A branch in a signed generation tree xs, with « € {+, -}, is called a good
branch if it is the concatenation of two paths Py and P2, one of which may possibly be
of length 0, such that Py is a path from the leaf consisting (apart from variable nodes)
only of PIA-nodes'?, and Py consists (apart from variable nodes) only of Skeleton-nodes.

Definition 6 (Inductive inequalities). (cf. [13, Definition 16]) For any order type €
and any irreflexive and transitive relation <q on p1,...pn, the signed generation tree

1 The following observation will be used at various points in the remainder of the present chapter: if
a term inequality s(p, q) < (P, q) is e-uniform in p (cf. discussion after Definition 28), then the
validity of s < 7 is equivalent to the validity of s(T€®), §) < #(T€®), §), where T€W) = T if €(i) = 1
and T = 1 if €(i) = 6.

12For explanations of our choice of terminologies here, we refer to [16, Remark 3.24].
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x5 (x € {—, +}) of a term s(p1,...pyn) is (€, €)-inductive if
1. for all 1 <i < n, every e-critical branch with leaf p; is good (cf. Definition 29);

2. every m-ary SRR-node occurring in the critical branch is of the form ®(y1, ..
Vi1 Vj+1 -+ -»¥Ym), where for any h € {1,...,m} \ j:

.

(a) €(yn) < *s (cf. discussion before Definition 29), and
(b) pr <q pi for every pyx occurring in y, and for every 1 < k < n.
We will refer to <q as the dependency order on the variables. An inequality s <t

is (9, €)-inductive if the signed generation trees +s and —t are (€, €)-inductive. An
inequality s < t is inductive if it is (€2, €)-inductive for some §) and €.

Based on the definition above, in the following definition we adapt the definition of
analytic inductive inequalities of [13, Definition 16] to the setting of normal LE-logics.

Definition 7 (Analytic inductive LE-inequalities). For any order type € and any ir-
reflexive and transitive relation € on the variables p1, ... p,, the signed generation tree
xs (x € {+,—}) of a term s(p1,...py) is analytic (£, €)-inductive if

1. xs is (), €)-inductive (cf. Definition 6);
2. every branch of xs is good (cf. Definition 29).

an inequality s < t is analytic (€, €)-inductive if +s and —t are both (£, €)-analytic
inductive. An inequality s < t is analytic inductive if is (€, €)-analytic inductive for
some () and e.

The syntactic shape of analytic inductive LE-inequalities can be illustrated by the
following picture:

+
IA
I

Skeleton Skeleton

!
|
|
:
o
+p Y

Example 1. Ny formulas in the language of full Lambek calculus (cf. [4, Definition
3.1]) are analytic inductive.
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2.2.4 Display calculi for basic normal LE-logics

In this section we let £ = L(F, G) be a fixed but arbitrary LE-signature (cf. Section
2.2) and define the display calculus D.LE and its cut-free counterpart ¢fD.LE for the
basic normal L-logic. Let S¢:= {Fs | f € '} and Sg := {G, | g € G"} be the sets
of structural connectives associated with #* and G* respectively (cf. Section 2.2.2).
Each such structural connective comes with an arity and an order type which coincide
with those of its associated operational connective. For any order type € on n, we let
Str; =TI, Str;(i) and Streg =TT, Streg([), where for all 1 <i < n,

Stre(i) _ Stre If 6(1) =1 Stl’e(i) _ Strg If 6(1) =1,
F Strg ife(i)=0 g Stre if €(i) = 0.

Then the calculus D.LE manipulates both formulas and structures which are defined by
the following simultaneous recursions:

Fmse uw=p|L|TleVeleAe!| fler,  on) | 8le1,- .. ¢n,)
Stresx u=¢ | Fr(x)
Strgay  u=¢ | Ge(y)

where, in Fm, f € ¥ and g € G, while in Stre, Fy € S¢, and in Strg, G € Sg, and
XeStr/, andy e Str;g.
In what follows, we let
}i = (-xla s Xi=1s Xitls e e ey xn)
and

i .=
xz T ('x].? ces Xi=1 3 X5 e - e -xn)

y' and izi are defined likewise. The calculus D.LE consists of the following rules: for
any fe€F,g€G, FreSyand Gg € Sg,

1. Identity and cut rules:

(1d) p = p (Cut) r=p =Y

X=y
2. Display rules:
(==L 2SO gy
i = G (X)) For(x) = i
Fre(x G,(y
(ef(i) = ) — LD =Y 1250 i=a)

Fa@)=x 3= GuGy)
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3. Introduction rules for lattice connectives:

L L=y (Mx=>T

p=y Y=y xX=¢ xX=y
(AL) (AL) (VR) —————— (VR) ————
PAY =y pAY =y xX=¢Vy x=¢Vy
X9 x=>¢ p=y Y=y
A _— \Y _—
() LT v S
4. Introduction rules for additional connectives:
Fr@ =y (xef(i) =9 ¢ = x| 1<ij< nr,er(i) =1 and g7(j) = 6)
f; f;
Wog=y W 0 = /@)
3= Ge() - (w,- =y y&U) =y | 1<i,j < ng eei) =1 and gg()j) = a)
gL — (er — —
x=gW) gy) = Gg(y)

Let ¢fD.LE denote the calculus obtained by removing (Cut) in D.LE. In what
follows, we indicate that the sequent x = y is derivable in D.LE (resp. in cfD.LE) by
FDLEX =) (resp. by FefD.LE X = y).

Proposition 1 (Soundness). The calculus D.LE (and hence also ¢fD.LE) is sound
w.r.t. the class of complete L-algebras.

Proof. The soundness of the basic lattice framework is clear. The soundness of the
remaining rules uses the monotonicity (resp. antitonicity) of the algebraic connectives
interpreting each f € ¥ and g € G, and their adjunction/residuation properties, which
hold since any complete L-algebra is an L*-algebra. O

2.2.5 Proper display calculi and analytic structural rules

In this section, we recall the definition of analytic structural rules which is introduced
in [13]. This definition is tightly connected with the notion of proper display calculus
(cf. [20]), since it is aimed at guaranteeing that adding an analytic structural rule to a
proper display calculus preserves cut elimination and subformula property. We start by
recalling the conditions C1-Cg defining a proper display calculus:

C.: Preservation of formulas. This condition requires each formula occurring in a
premise of a given inference to be the subformula of some formula in the conclusion of
that inference. That is, structures may disappear, but not formulas. This condition is
not included in the list of sufficient conditions of the cut elimination metatheorem, but,
in the presence of cut elimination, it guarantees the subformula property of a system.
Condition C; can be verified by inspection on the shape of the rules. In practice,
condition C; bans rules in which structure variables occurring in some premise to not
occur also in the conclusion, since in concrete derivations these are typically instantiated
with (structures containing) formulas which would then disappear in the application of
the rule.
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Cs: Shape-alikeness of parameters. This condition is based on the relation of
congruence between parameters (i.e., non-active parts) in inferences; the congruence
relation is an equivalence relation which is meant to identify the different occurrences
of the same formula or substructure along the branches of a derivation [1, Section 4],
[17, Definition 6.5]. Condition Cs requires that congruent parameters be occurrences of
the same structure. This can be understood as a condition on the design of the rules of
the system if the congruence relation is understood as part of the specification of each
given rule; that is, each schematic rule of the system comes with an explicit specification
of which elements are congruent to which (and then the congruence relation is defined
as the reflexive and transitive closure of the resulting relation). In this respect, Cs is
nothing but a sanity check, requiring that the congruence is defined in such a way that

indeed identifies the occurrences which are intuitively “the same”.'3

Cs: Non-proliferation of parameters. Like the previous one, also this condition
is actually about the definition of the congruence relation on parameters. Condition
Cs requires that, for every inference (i.e. rule application), each of its parameters is
congruent to at most one parameter in the conclusion of that inference. Hence, the
condition stipulates that for a rule such as the following,

X+Y
X, X+Y

the structure X from the premise is congruent to only one occurrence of X in the con-
clusion sequent. Indeed, the introduced occurrence of X should be considered congruent
only to itself. Moreover, given that the congruence is an equivalence relation, condition
Cs implies that, within a given sequent, any substructure is congruent only to itself. In
practice, in the general schematic formulation of rules, we will use the same structure
variable for two different parametric occurrences if and only if they are congruent, so a
rule such as the one above is de facto banned.

Remark 1. Conditions Co and C3 make it possible to follow the history of a formula
along the branches of any given derivation. In particular, Cs3 implies that the the history
of any formula within a given derivation has the shape of a tree, which we refer to
as the history-tree of that formula in the given derivation. Notice, however, that the
history-tree of a formula might have a different shape than the portion of the underlying
derivation corresponding to it; for instance, the following application of the Contraction
rule gives rise to a bifurcation of the history-tree of A which is absesent in the underlying
branch of the derivation tree, given that Contraction is a unary rule.

AAF X
Ar X

13Qur convention throughout the chapter is that congruent parameters are denoted by the same letter.
For instance, in the rule

X;Y+Z
Y;X+Z

the structures X,Y and Z are parametric and the occurrences of X (resp. Y, Z) in the premise and

the conclusion are congruent.
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C,: Position-alikeness of parameters. This condition bans any rule in which a
(sub)structure in precedent (resp. succedent) position in a premise is congruent to a
(sub)structure in succedent (resp. precedent) position in the conclusion.

C5: Display of principal constituents. This condition requires that any principal
occurrence (that is, a non-parametric formula occurring in the conclusion of a rule ap-
plication, cf. [1, Condition C5]) be always either the entire antecedent or the entire
consequent part of the sequent in which it occurs. In the following section, a general-
ization of this condition will be discussed, in view of its application to the main focus
of interest of the present chapter.

The following conditions Cg and C7 are not reported below as they are stated in the
original paper [1], but as they appear in [20, Section 4.1].

Cg: Closure under substitution for succedent parameters. This condition requires
each rule to be closed under simultaneous substitution of arbitrary structures for con-
gruent formulas which occur in succedent position. Condition Cg ensures, for instance,
that if the following inference is an application of the rule R:

(X FY)([AL“ i € I)
(X/ '_ YI)[A]SMC

and ([A]f”" |i € I) represents all and only the occurrences of A in the premiss which are
congruent to the occurrence of A in the conclusion'#, then also the following inference
is an application of the same rule R:

X FY)([Z/AL" i€ )

(X/ '_ Y/)[Z/A]SHC

where the structure Z is substituted for A.

This condition caters for the step in the cut elimination procedure in which the cut
needs to be “pushed up” over rules in which the cut-formula in succedent position is
parametric. Indeed, condition Cg guarantees that, in the picture below, a well-formed
subtree m1[Y/A] can be obtained from m; by replacing any occurrence of A correspond-
ing to a node in the history tree of the cut-formula A by Y, and hence the following
transformation step is guaranteed go through uniformly and “canonically”:

sy Ly x>
X' +A X' FA ArY
. . X'+Y
L 2
X+ A ArY cm[Y/A]
X+rY > X+rY

if each rule in 1 verifies condition Cg.

14CIearIy, if I = @, then the occurrence of A in the conclusion is congruent to itself.
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C~: Closure under substitution for precedent parameters. This condition requires
each rule to be closed under simultaneous substitution of arbitrary structures for con-
gruent formulas which occur in precedent position. Condition C; can be understood
analogously to Cg, relative to formulas in precedent position. Therefore, for instance, if
the following inference is an application of the rule R:

X FY)([Aliel)
(Xl l— Y/)[A]pre

then also the following inference is an instance of R:

(X FYV)([Z/A™ lie 1)
X' FY')[Z/APe

Similarly to what has been discussed for condition Cg, condition C7 caters for the step
in the cut elimination procedure in which the cut needs to be “pushed up” over rules in
which the cut-formula in precedent position is parametric.

Cg: Eliminability of matching principal constituents. This condition requests a
standard Gentzen-style checking, which is now limited to the case in which both cut
formulas are principal, i.e. each of them has been introduced with the last rule application
of each corresponding subdeduction. In this case, analogously to the proof Gentzen-style,
condition Cg requires being able to transform the given deduction into a deduction with
the same conclusion in which either the cut is eliminated altogether, or is transformed in
one or more applications of cut involving proper subformulas of the original cut-formulas.

Theorem 2. (cf. [21, Section 3.3, Appendix A]) Any calculus satisfying conditions Cy,
C3, C4, G5, Gg, C7, Cg enjoys cut elimination. If Cy is also satisfied, then the calculus
enjoys the subformula property.

Definition 8 (Analytic structural rules). (cf. [5, Definition 3.13]) A structural rule
which satisfies conditions C1-C; is an analytic structural rule.

Proposition 2. (cf. [13]) Every analytic (9, €)-inductive LE-inequality can be equiva-
lently transformed, via an ALBA-reduction, into a set of analytic structural rules.

2.3 LE-frames and their complex algebras

From now on, we fix an arbitrary normal LE-signature £ = L(F, G).

2.3.1 Notation

For any sets A, B and any relation S C A X B, we let, for any A’ C A and B’ C B,
STA'|:={beB|Va(ac A’ = a S b)} and S[B'] :={a € A|Vb(be B = a S b)}.

For all sets A, By, ... By, and any reIation_S C AXByX---XB,, for any C = (Cy,...,Cy)
where C; € B; and 1 < i < n we let c' = (C1,...,Ci—1,Ciy1,...,Cy) and for all A,
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62, =(C1...,Ci—1,A", Ciz1,...,Cy). When C; :={c;} and A’ := {a’}, we will write ¢

for m and ¢’ for ml, and E";, for m;a,}. We also let:
1. SO[C]:={ae A|Vb(beC = aS b)}.
2. 8 CB;XByX--+Bi-1 X AX Bj;1 X -+ X By be defined by

(b;,TL) € S; iff (a,¢) € S.

3. SO[A,C'] = SO[C, 1.

Lemmal. fSCAXB; X ---XB, and C is as above, then for any 1 <i < n,

G ¢ SYSOC).T]. (2.1)
Proof. Let x € C;. Then:
{x}cG _ assumption
only if  SO[C] c SO[C,] antitonicity of S©[]

iff (v.zi)eSforallyeSO[ClandallzeC'  definition of S©[]
iff (x.z)) €S forall y e SO[Cl and allze T definition of S;

iff x eS8 [Csorey] definition of S©[-]
iff x e SOSO[C),C definition of S®[—]

2.3.2 LE-frames

Definition 9 (Polarity). A polarity is a structure W = (W, U, N) where W and U are
sets and N is a binary relation from W to U.

If L is a lattice, then W = (L, L, <) is a polarity. Conversely, for any polarity W,
we let W* be the complete sub ()-semilattice of the Galois-stable sets of the closure
operator yy : P(W) — P(W) defined by the assignment X — X! where for every
X CWandY CcU, X1 and Y! are abbreviations for NT[X] and N{[Y] respectively. As is
well known, W* is a complete lattice, in which \/ S := yn (U S) for any S C yn[P(W)].
Moreover, W* can be equivalently obtained as the dual lattice of the Galois-stable sets
of the closure operator y}, : P(U) — P(U) defined by the assignment ¥ — Y1,

From now on, we focus on L-algebras A = (L, A, V, L, T, 7, G).

Definition 10. An L-frame is a tuple F = (W, R# Rg) such that W = (W,U,N) is a
polarity, R = {Ry | f € ¥}, and Rg = {R; | § € G} such that for each f € ¥ and
g € G, the symbols Ry and R, respectively denote (ny + 1)-ary and (ng + 1)-ary relations
on'W,

Ry CUXWY and R, CW XU, (2.2)

where for any order type € on n, we let W€ =[] we® and U€ = [, U<®, where
foralll1 <i<n,
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et 2 \Wife@ =1 U ife@=1,
U ife)=0 W ife(i) = 0.

In addition, we assume that the following sets are Galois-stable (from now on ab-
breviated as stable) for all wg € W, up e U, w e W, and u € USs :

1. R[] and R [ug,w'];
2. R[] and R [wo,u'].
In what follows, for any order type € on n, we let
We DX = (xW, ..., x<m),
where X0 ¢ We® for all 1 <i < n, and let
U DY := (YW, .. yem),

where Y€ ¢ U€0) for all 1 < i < n. Moreover, we let Yi, Yiz, 7i and Yiz be defined as
in Subsection 2.3.1.
Lemma 2. For any L-frame F = (W,R# Rg), any f € F and any g € G,

1. ifYy C U, then R}O)[Y] and RJ@[YO,Y | are stable sets for all 1 <i < ny;

2. if Xo € W, then R;O)[?] and Rg)[XO,?i] are stable sets for all 1 <i < ng.
Proof. The second part of item 1 can be proved as follows:
RO, X
; P

= Rj(t‘l)[UueYO u, UWEX w ]

= Nuev, ﬂwieii Rj(f)[u,W’] distributivity of Rj(,l).
By Definition 10.1, the last line above is an intersection of stable sets, and hence is
stable. The first part of item 1 and item 2 can be verified analogously. O

Lemma 3. 1. Forevery 1 <i,j < ny such that j #1i, let

PN if e () =1
TP ifer(j) = 0.

(i) If (i) = 1, then for every Z € P(W),

ROIX ;1= RP[X ). (2.3)

(i) If €r(i) = 0, then for every Y € P(U),

RVXy] = RO [Xyul. (2.4)
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2. Forevery 1 <i,j < ng such that j #i, let

e YNIPWO)]  ifeg(j)=1
T nPW)] ifeg() = 0.
(i) If ,(i) = 1, for every Z € P(U),
RO, = RO[Y 1. (2.5)
(i) If €,(i) = , then for every X € P(W),
RO[Yx] = ROV yuul. (2.6)

Proof. 1(i) The right-to-left direction follows from Z C Z™ and the antitonicity of R}O).
The left-to-right direction can be verified as follows:

TS R}O)[Y;] . assumption
iff Z <R[ X']  Definition of R’
only if zN ¢ R}i)[y,fl] Lemma 2
iff ue RV[X,u]  Definition of RY
1(ii) can be verified analogously. The proofs of 2 are obtained dually. |

2.3.3 Complex algebras of LE-frames
Definition 11. The complex algebra of an L-frame F = (W, Ry Rg) is the algebra

F+ = (]L" {fRf | f € 7:}’ {gRg | 8 € g}),
where L := W+ (cf. Definition 9), and for all f € ¥ and all g € G,

1. let X& = (Xff(l), .. .,Xff(”f)), where for all 1 < i < ny,

X.Ef(i) _ X; if €(i) = 1,
i x| ifei)=0

and fr, : L7 — L is defined by the assignment fx, (X) = (R}.O)[ﬁ])l.

2. let X€ := (Xfé’(l), .. .,Xefs’("f)), where for all 1 <i < ng,

xe) _ XiT it €g(i) =1,
‘ X;  ifeli)=0

and gr, : L"s — L is defined by the assignment, gr, X) = ngo) [Xe€].
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Proposition 3. IfF is an L-frame, then F* is a complete L-algebra.

Proof. We need to prove that for every f € ¥ and every g € G, fr, is a complete
er-operator and gg, is a complete €;-dual operator. Since the underlying lattice of F*
is complete, this implies that the residuals of every f € ¥ and g € G in each coordinate
exist.

Let f € F, and 1 < i < np with () = 1. Let X C yn[P(W)], and X =
(X1, ..., Xn,) where X; € yy[P(W)] for any 1 < j < ng. Then:

Vzex fr;(Xz)

= yv(Uzex fr,(X2)

= (Uzex®1XTZDH
(Nzex(RY[XT Z)M)!
(Nzex RY'IXT ZDH
(Nzex RYIXT 2!
(RY[XT ) k]t
(R}O)[ﬁ;{l\,(uxﬂ)l

= RPIXT )

= fr,(Xy )

definition of \/ in yn[P(W)]
definition of fRf and notation for yn
distributivity of (-)T

distributivity of (-)!1

(N = ()
distributivity of RJ(CO)
Lemma 3.1(i)

definition of \/ in yn[P(W)]

definition of fg,

Let f €7, and 1 <i < ny with (i) = 1. Let X C yn[P(W)], and X be defined as

above. Then:

Vizex fry(Xz)
= yn(Uzex fr,(X2)
= (Uzex(RPIXT ;1 hN
= (Nzex(ROXT D!
= (Nzex RYIXT 5D
(Nzex RY1X 1!
ROXT ), D)
= (R;O)[ﬁ(l:uzgxznn])l
= (Rj(co) [ﬁ(l‘m Zex le)T])l
(RPIXT (D
= fo,Xx)

Let g € G, and 1 < i < ng with €(i)

definition of \/ in yn[P(W)]
definition of fg, and notation for yx
distributivity of (-)

distributivity of (-)1

(.)lTl — (.)l

distributivity of R\”

(2.4)

distributivity of (-)}

ZN=1z

definition of fr,

1. Let X € yn[P(W)], and X :=

(X1,. .., Xn,) where X; € yn[P(W)] for any 1 < j < ng. Observe preliminarily that

x=z=()2"=Jz)" (2.7)

zeX

zeX zeX
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Nzex 8r,(X2) '

Nzex VN(RéO)[ﬁ;T]) definition of gg,
= mZeX(R;O)[E;T])” notation for yy
= (Nzex Réo)[ﬁ%])” main distribution property of (-)T¢
= (RE;O)[EOZEX 2D main distribution property of Ri,l)

0 ryest
= RYX% (., zpDt (25)

= (Réo)[ﬁ(lﬂ X)T])Tl (2.7)
= gRg(Y(H X) definition of gg,

Let g € G, and 1 <i < ng with (i) = 9. Let X C yn[P(W)], and X be defined as
above.

—i

Nzex 8R, (Xz) )

Nzex VN(R(gO)[XE&’lZ]) definition of gg,
= NzexRY[X% DN notation for yu
= (Nzex R((g,(_))[ﬁlz])Tl main distribution property of (-)™
= (R((go)[ﬁbkx z])“ main distribution property of Ré,o)

= RYIX% (., 2D (26)

= RY[X% DN definition of \/ in yn[P(W)]
= gr,(Xyx) definition of gg,

2.4 Functional D-frames

In the present section, we introduce the counterpart, in the setting of LE-logics, of
Gentzen frames [8, Section 2].

2.4.1 Definition and main property

Recall that D.LE and cfD.LE respectively denote the display calculus for the basic
normal L-logic and its cut-free version. Moreover we let D.LE’ and ¢fD.LE’ denote
the extensions of D.LE and ¢fD.LE with some analytic structural rules.

Definition 12. Let D € {D.LE,D.LE’, cfD.LE, ¢fD.LE’}. A functional D-frame is a
structure Fp := (W, U, N,R# Rg), where

1. W:=Strg and U := Strg;
2. Forevery feF andx € W, Re(y,x) iff Fp(X)Ny;

3. Foreveryge G andy € U, Ry(x,y) iff xNGg4(y);
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4. If
X1 = V1s+--sXn = Yn
xX=Yy
is a rule in D (including zero-ary rules), then
X1INy1, ..., x, Ny,
xNy
holds in Fp.

It is straightforward to show, by induction on the height of derivations in D, that for
every x € Wand y e U if tp x = y then xNy.

Proposition 4. Let Fp be a functional D-frame. Then Fp is an L-frame.

Proof. We need to show that the following sets are stable for every x € W,y € U,
xe W% andy € US:

0)— i) —i
1. R})[x] and Rj(f)[y,x 1;
2. RY[3] and RV [x,51].

Let us show that R}O)[E] is stable.

RY[]
{y: Rp(y,X)}  Definition of RJ(CO)

= {y:Fy(x)Ny} Definition of Ry
= Ff(E)T. Definition of (-)T

Clearly, Ff(i)T is stable, which proves the claim.

Let us show that R](f)[y,fi] is stable when €/(i) = 0.

RY[y, %]

{u€U: Rp(y, %)} Definition of R](f)

{lueU: Ff(})Ny} Definition of Ry

= {ueU: Ff_u(fy‘)in} Definition 12.4 and the display rules in D
= F f_u(x;')T Definition of ()7

Clearly, Ff_u(f;)T is stable, which proves the claim. The remaining claims are proven
similarly. l O
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2.4.2 Technical lemmas

Let us introduce the following notation: for any order type € on n, if X; € W€® for
all 1 <i <n, welet

0 _ x| ifel) =1,
PXE ife =9

and X9 := (X0,...,X9). IfY; cUD forall 1 <i <n, we let

yo_ |V fe=1
Py ifeiy =0

and Y9 := (Yo, .. .,Y,?). Moreover we let N := N and N? be the converse of N.

Lemma 4. For any f € F of arity ny = n (with corresponding structural connective
Fr) and any g € G of arity ng = m (with corresponding structural connective Gg ):
1. If x € X C W, then Fr(x) € (R(O)[Y])l. Moreover, if each x; is a formula for
1<i<n, then f(¥) € (RP[XDL.

2. If X; C Wff_'(") and ¥ € X9, and x; is a formula for each 1 < i < n, then
£ € RYIX].

3. Ify eY C U<, then Gg(y) € (R(go)[Y])T. Moreover, if each y; is a formula for
1<i<m, then g(3) € (RO[Y]T.

4. IfY, CUSD and 5 € Y?, and y; € Y; is a formula for each 1 < i < m, then
g(v) € RV,

Proof. 1. In the proof of Proposition 4, we have shown that (Ff(f))T = R(O)[E] Hence,
Fr(x) € (R(O)[x])l C (R<O)[ X])!, the inclusion due to the assumption ¥ € X, which
implies R(O)[X] R;O)[ 1. This proves the first part of the statement. The clause
Fr(x) € (R(O)[ X])! means that Fr(X)Nz for all z € R(O)[X]. Hence if each x; is a
formula, by the rule (f,) and Definition 12.4, we obtain that f(x)Nz for all z € R}O)[Y],
which proves that f(x) € (R(O)[ X!, as required.

2. The assumption that x € X9 implies that z; N9 Wx; for every 1 <i < n and every

z; € X;. By the rule (fr) and Definition 12.4, we obtain that F¢(z)N f(x). Therefore

R¢(f(X),7) holds for every z € X, which shows that f(X) € R}O)[Y], as required. The
proofs of items 3 and 4 are dual.

]

Lemma 5. For all o, € Fm,

1 IfY,Y, CU, ¢ €Y} andy €Y}, then o Ay € Y NY} and o vy € (Y1 N Ya)b.
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2. If X1, Xs C W, goeXlT andgbeXQT, then gth//EXlTﬁXQT and o Ay € (X1 N Xo)T.

Proof. 1. The assumptions ¢ € Yli and ¥ € Y2l are equivalent to ¢Ny; and YyNys
for every y; € Y and y2 € Y. By the rule (A1) and Definition 12.4, this implies that
(@ AY)Ny1 and (¢ A)Nys for every y1 € Y1 and ys € Yo, which shows that p Ay € Yll
and p AY € Y e YAy E Y1l ﬂYQl, which proves the first part of the claim. As to the
second part, the assumptions imply that ¢ Ny and ¢ Ny for every y € Y1 NY, . By the
rule (V1) and Definition 12.4, we obtain that (¢ V¢)Ny for every y € Y1 NY>, therefore
oV e (¥ NY)! as required. The proof of item 2 is dual. O

Corollary 1. Let h : StrgU Strg — F[) be the unique homomorphic extension of the
assignment p > {p}}. Then x € h(x) for any x € Strg, and y € h(y)! for any y € Strg.

Proof. The proof proceeds by simultaneous induction on the complexity of S € StreU
Strg. If S is an atomic proposition p, the statement is immediately true because of the
definition of h. If S = ¢ Vi or S = ¢ Ay, then the statement follows from Lemma
5;if S = f(p) or S = g(¥), then the statement follows from Lemma 4. If § € Strg or
S € Strg, then the statement follows from Lemma 4.1 and Lemma 4.3, respectively. O

Proposition 5. For every sequent x =y, if Fj |F x = y then xNy in Fp.

Proof. Assume contrapositively that x and y are not N-related, i.e. x ¢ yt. We will show
that FJ, [ x = y. Let h: StrgU Strg — T}, be the unique homomorphic extension of
the assignment p — {p}!. By Corollary 1, x € h(x) and y € h(y)T, which, since h(y) is
stable, implies i(y) C y! # x. Hence, h(x) ¢ h(y), which implies FLEx=y. O

Let Ff[f] ={Fy(X) | x; € X; for all 1 <i < ny} and likewise for Gg[Y]. For every
f €7 and for every 1 <i < ny, we let

M, =]
#7F

if (i) =1,
if (i) = 0.

For every g € G and for every 1 <i < ng, we let

Hy = TeO=t
&i Gy if e(i) = 0.

Lemma 6. For any f € F of arity ny = n (with corresponding structural connective
Fr) and any g € G of arity ng = m (with corresponding structural connective G ):

1. Let X,Z C We. Ile."’ c Zl.‘9 for all 1 <i < n, then (Ff[Y])T c R}O)[f].

2. LetY,VCUS. IfY? C VP forall1 <i<m, then (G4[Y]) < RO[V].
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Proof. 1. Let y € (Ff[f])T, i.e. Fr(X)Ny for all Fp(x) € Ff(f). Hence, by the dis-
play rule and Definition 12.4, this implies that xlNEf(l)Hfﬁ(Y;) for every x; € X,
1

ie. Hflﬁ(x;) € X? C Z2. Therefore, lefo)Hﬁﬁ(x;) for every z1 € Z1, which implies

Ff(fil)Ny for every z1 € Z; by the display rule and Definition 12.4. Reasoning analo-

gously, one shows that Fy(z1, 22, x3,..., x,)Ny also holds for all z; € Z; and zp € Z> .
We continue up to n and obtain that F(Z)Ny forall z; € Z;, i.e. y € R}O)[f]. The proof
of item 2 is similar, and hence omitted. m|

2.4.3 Soundness of analytic structural rules in complex algebras
of functional D-frames

In the present subsection, we show that if D is obtained by extending the basic
calculus D.LE with analytic structural rules, then these additional rules are sound in
the complex algebras of any functional D-frame (cf. Proposition 6). From this, it
immediately follows that the analytic inductive inequalities from which these rules arise
are valid in these algebras. In what follows, we will need to talk about structural rules,
and their shape, as they are given in a display calculus. Typically, structural rules such
as the following

n>X; X)) ek
M >X1); Xor 1o

are such that Xi, Xo and Y;,Y2 are meta-variables which range over Strg, and Strg
respectively, and ¥} > (X1; X3) and (Y3 > X7); Xo are meta-terms. In what follows,
we will introduce explicitly a language of meta-variables and meta-terms, which will be
useful in the remainder of this section.

Let MVar = MVarg W MVarg be a denumerable set of meta-variables of sorts
X1,Xa,... € MVargand 11, Yo, ... € MVarg. The sets MStrge and MStrg of the - and
G-metastructures are defined by simultaneous induction as follows:

MStr&> S ==X | Ff(g)

MStrg 3T ==Y | Gg(T)

where S € MStr;f_,
T MStr‘;i) and MStrg = [T7; MStrgi), where for all 1 <i <n,

and T € MStr;”’, and for any order type € on n, we let MStrS :=

MStrE(i) — MStI’T If 6(1) =1 Mstre(l‘) _ MStrg If f(l) = 1’
7 MStrg i (i) =0 g MStre  if €(i) = 8.

We will identify any assignment i : MVar — F[, with its unique homomorphic
extension, and hence write both i(X) and A(Y).

Definition 13. For any h : MVar — Fj), any S € MStrg and T € MStrg, define
h{S} € W and h{T} C U by simultaneous recursion as follows:

1. If S and T are variables then h{S} = h(S) and h{T} = h(T)";
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2. h{F#(S)} := F¢[h{S}] = {F;(X) for some X € h{S}};
3. h{Gg(T)} := Gg[h{T}] = {G,(y) for somey € h{T}},
where S € MStril, h{S} := [1;, h{S9")}, such that
Sff([) c MStrT IfEf(l) = 1
MStrg  if (i) =0
and T € MStr, h{T} := [1;5, h{TW}, such that
7€) ¢ Mstl’g ifEf(i) =1
MStre IfEf(l) =0.
Lemma 7. For any h: MVar — Fj, any S € MStrg and T € MStrg,
1. h{S} C W(S) and h{T} € h(T)', or equivalently h(T) C h{T}\.
2. h{S}T € W(S)" and h{T}' C W(T).

Proof. 1. The proof proceeds by simultaneous induction on S and T. The base case is
immediate by Definition 13.1. For the induction step, let S be Ff(g) and assume that
h{Ss D} C h(STD) for every 1 <i < ny if (i) = 1, and A{S¥D} C h(STD)T for every
1 <i < nyif (i) = 0. That is, recalling the notation introduced in Definition 11,
1{S} € h(S)¥. Then:

W{Fs(S)} = Fe[h{S}] Definition 13.2
< (RY[h(S)T )" (+)
= fr; (h(S)) Definition 11.1
= h(Ff(E)) h is a homomorphism

As to the inclusion marked with (x), any element in F¢[2{S}] is of the form F/(x) for
some x € h{S} C h(S)¥. Hence, by Lemma 4.1, F(x) € (R}O)[h(S)ff])l, as required.

The case in which T is of the form Gg(T) is shown similarly using Lemma 4.3.

2. The proof proceeds by simultaneous induction on § and 7. The base case is
immediate from Definition 13.1. For the induction step, let S be Ff(g) and assume that
R{STOYT C n(STD)T for every 1 < i < ny if €(i) = 1, and A{STO} C n(sTD) =

h(SE D) for every 1 < i < ny if €(i) = . Hence,

h{Fr($)} = Fln{S}" Definition 13.2
c R}O)[W] Lemma 6.1
= (RP[A(S)T YT Lemma 2.1
= (fr, (h($)))! Definition 11.1
= (h(Ff(E)))T h is a homomorphism

The case in which T is of the form Gg(T) is shown similarly using Lemma 6.2. O
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Lemma 8. The following are equivalent:
1. W(S) € W(T);
2. sNt for every s € h{S} andt € h{T}.

Proof. 1 = 2. If h(S) C A(T), by Lemma 7.1, h{S} C h(S) € h(T) C h{T}'. This
means that sNt for every s € h{S} and r € h{T}.

2 = 1. Since A(S) and A(T) are stable sets, h(S) C h(T) is equivalent to h(T)! C
h(S)T. By Lemma 7.2, i(T)T € R{T}T and h{S}T C A(S)T. Hence to finish the proof
it is enough to show that A{T}T c K{S}T. By assumption 2, A{T} C h{S}'. Hence
R{THT € h{S}TT = h{S}7, as required. |

Proposition 6. The rules of D are sound w.r.t. Ff.

Proof. By Proposition 4, Fp is an L-frame, and hence, by Proposition 3, FB is an
L*-algebra. Therefore, all the rules which D shares with ¢fD.LE are sound. Let R be
an analytic structural rule of D. Then R has the following shape:

S1FTy Sp v T,
So + T

By Definition 12.4,

S1INTy e SuNT,
SoNTy

Ry

holds in Fp.

Let & : MVar — Fj be an assignment of metavariables, which we identify with its
unique homomorphic extension, and assume that A(Sy) € W(T1), ..., h(S,) € h(T,). We
need to prove that A(Sy) C A(Ty). By Lemma 8, this is equivalent to showing that
soNtog for every sog € h{Sp} and 19 € h{Typ}. Notice that since the rule R is analytic,
each metavariable in SoNTj occurs at most once, and hence h{So} = {S"(x1,...,x;) |
xj € h(Xj)for1 < j <k} and W{To} = {T"(y1,....ym) | ¥; € h(y;) for 1 < j < mj}.
Hence each sequent soNfg is an instance of the conclusion of Ry and induces a choice
function n : MVar — |J h[MVar] such that n(X) € A(X). Let {s;Nf; | 1 < i < n}
be the corresponding instance of the premises of Ry, in the sense that e.g. each s; =
Si(n(Xy),...n(Xx)). Because the analyticity of R prevents structural variables to occur
both in antecedent and in succedent position, so does Ry. Hence, to prove our claim,
it is enough to show that s;Nt; holds in Fp for each i. This is guaranteed by the
assumption A(S;) € h(T;) and by Lemma 8, since, by Definition 13, s; € h{S;} and
1 € h{Tl} O

Let L]  be the analytic LE-logic LLg corresponding to the additional rules of D.
Proposition 4 and the proposition above immediately imply the following

Theorem 3. Let D € {D.LE,D.LE’,cfD.LE,cfD.LE’}. If Fp is a functional D-
frame, then [, is a complete L-algebra (and hence a complete L*-algebra) if D €
{D.LE, ¢fD.LE}, and is a complete L| ,-algebra if D € {D.LE’, ¢fD.LE’}.
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2.5 Semantic cut elimination for normal LE-logics

2.5.1 Semantic cut elimination for basic normal LE-logics

In this subsection, we prove the following generalisation of [8, Theorem 3.2] from
the full Lambek calculus to a basic normal LE-logic of fixed but arbitrary signature

L = L(F,G) (cf. Section 2.2):
Theorem 4. For every sequent x = y, if tpLE X = y then Fep LE X = ).

Proof. Let Fetp 1 be the functional cfD.LE-frame in which N is defined as follows: for
allx e Wand y e U,
xNy iff FefD.LE X = . (2.8)

Our argument is illustrated by the following diagram:

FDLEX =Y -------- » FefD.LE X = Y

Fipig FX=y ——— xNyin Fup LE

Propositions 4 and 3 imply that !, | . is a complete L-algebra. By Proposition 1,

D.LE is sound w.r.t. the class of complete L-algebras. Hence, rp g x = y implies
that Fl,) | o F x = y, which is the vertical arrow on the left-hand side of the diagram.
By Proposition 5, this implies that xNy in F¢f prg, which gives the horizontal arrow.
By (2.8), xNy is equivalent to rcp.g X = y, which yields the vertical bi-implication
and completes the proof.

O

2.5.2 Semantic cut elimination for analytic LE-logics

In this subsection, we fix an arbitrary LE-signature £ = L(¥,G) and show the
semantic cut elimination for any analytic LE-logic L’. By Proposition 2, this logic is
captured by a display calculus D.LE’ which is obtained by adding analytic structural rules
(computed by running ALBA on the additional axioms) to the basic calculus D.LE. By
the general theory, D.LE’ is sound and complete w.r.t. the class of complete L-algebras
validating the additional axioms. Let cfD.LE’ be the cut-free version of D.LE’.

Theorem 5. For every sequent x = y, if rFp L X = y then koD LE X = .

Proof. Let Fetp iy be the functional cfD.LE’-frame (cf. Definition 12) in which N is
defined as follows: for all x €e W and y € U,

xNy iff  FepLE X =Y. (2.9)

The proof strategy is analogous to the one of the previous subsection and is illustrated
by the following diagram.



Finite model property 39

FDLE X =Y -------- » FefD.LE X =Y

F* J

p.LEy FX =Yy ——— xNy in Fep LEr

The vertical equivalence on the right-hand side of the diagram holds by construc-
tion. The horizontal implication follows from Proposition 5. The proof is complete by
appealing to Proposition 6. |

2.6 Finite model property

We say that a display calculus has the finite model property (FMP) if every sequent
x = y that is not derivable in the calculus has a finite counter-model. In this section,
we prove the FMP for D € {D.LE,D.LE’} where D.LE is the display calculus for the
basic LE-logic, and D.LE’ is one of its extensions with analytic structural rules subject
to certain conditions (see below). For any sequent x = y such that ¥p x = y, our
proof strategy consists in constructing a functional D-frame ]F’]S:y the complex algebra
of which is finite. The basic idea to satisfy the requirement of finiteness is provided by
the following lemma (the symbol (-)¢ denotes the relative complementation).

Lemma 9. Let W = (W, U, N) be a polarity. If the set {y' |y € U} is finite, then W+
is finite. Dually, if the set {x! | x € W} is finite, then W* is finite.

Proof. Since {y! | y € U} meet-generates W*, an upper bound to the size of W* is
ol el The remaining part of the statement is proven dually. O

Definition 14. Let D be a display calculus as above. For any sequent x = y, let
(x = y)= be the set of sequents which is defined recursively as follows:

L x=yex=y;

e XL Y1y . i .
2 if 2L yx10 = yO" In_ s an instance of a rule in D, and X0 = yo € (x = y)7,
then x1 = y1,...,xp =2 yp € (x = y)—.

Definition 15. For any sequent x = y, let Fj;" denote the structure (W, U, N, Rz, Rg)
such that W, U, Ry, Rg are as in Definition 12.1-3, and N is defined as follows:

wNu iff tpwDuorw=ué¢(x=y)". (2.10)

Proposition 7. F™ is a functional D-frame.

X=Yy

Proof. We only need to show that F™ satisfies Definition 12.4, i.e. for every rule R:

X1 ﬁyl,...,xn:'yn
X0 = Yo
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in D,
XINy1, ..., xy,Ny,
XoNyo
holds. Assume that x{Ny1,...,xuNy,. If kFp X1 = y1,...,FD X = Yy, then kp xp =

vo by applying R, hence xoNyq by the definition of N. Otherwise, ¥p x; = y; for some
1 <i < n, and hence (2.10) and the assumption x;Ny; imply that x; = y; ¢ (x = y)*.
Hence, xg = yg ¢ (x = y)~ by Definition 14.2. Therefore, we conclude again that
xoNyo. O

The above proposition and Theorem 3 imply that the complex algebra of ]F’ffy is a
complete L-algebra if D is D.LE (resp. a complete Ly g-algebra if D is D.LE’).

Proposition 8. If¥p x = y, then (F ") £ x = y.

Proof. Let h : StrgU Strg — (FJE):W)Jr be the unique homomorphic extension of the

assignment p — {p}'. We will show that h(x) ¢ h(y). Assume that i(x) C h(y). By
Corollary 1, we obtain that x € h(x) and h(y) C y!. Hence x € y!, i.e. xNy, that is
FDx = yorx =y¢(x =y by (2.10). Since x = y € (x = y) by Definition
14.2, we obtain that rp x = y, which contradicts ¥p x = y, and hence h(x) ¢ h(y),
ie. Fp ) ex=y. o

Thus, the algebra (]1-"=’I;=>y)+ is a good candidate for the finite model property, provided
we can definite conditions under which it is finite.

Definition 16. Let &4 denote the following equivalence relation on Strg: if x and x’
are ¥ -structures, (x, x") € @ iff the following rule scheme is derivable in D:

x=Y
x' =Y

An equivalence relation ®g on Strg can be defined analogously. In what follows, we will
let [x"]o, and [y’]e, denote the equivalence classes induced by @+ and ® g respectively.

Definition 17. For every sequent x = y, let

(x=y)F ={x" eStrg | x" = y" € (x = y)” for some y’ € Strg}

(x=y)g ={y €Strg | x" =y € (x=y)” for some x’ € Strg}.
In what follows, we let y! := {x € W | xNy}, where N is defined as in (2.10).
Proposition 9. For all y’ € Strg and x’ € Strg such that (y'V)° # @ and (x'T)¢ # @,
O = Jlx"le, 127 €A} and (D = | J{1Y")ag |y € B}

for some A C (x = y)iz and B C (x = y);.
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Proof. Let y’ € Strg. If y' ¢ (x = y)g then w = y’ ¢ (x = y)~ for all w € Strg

and therefore, by Definition 15, y’! = Strg, i.e. (V)¢ = @. Therefore, we can assume
without loss of generality that y’ € (x = y)g. Let (x’,x”) € ®#. Definition 16 implies
that for every u € Strg

tpx’ = uifandonly if rp x”" = u (2.11)

and
X =ue(x=y) ifandonlyif x" = ue(x=y". (2.12)

By Definition 15, (2.11) and (2.12) we obtain
x'Ny” if and only if x"”"Ny’ (2.13)

for every (x’,x”") € ®#. Furthermore, by Definition 15, wN¢y” implies that w = y’ €
(x = y) and therefore w € (x = ¥)i- This combined with (2.13) implies that there

exists some A C (x = y)i- such that (e = UH{[x"]a, | x"" € A}. The proof for (x'T)e
is shown dually. O

v For every sequent x = y,

L if {[x']e, | x" € (x = y)i} is finite, then (Fg:y * s finite.
2. if {[y']og | y" € (x = y)i; } is finite, then (F5 )" is finite.

Proof. By Proposition 9, for every y’ € Strg, (y'V)¢ = @, or (y"})¢ = UH[x" o, |
x"” € A} for some A C (x = y)z. If {[x']o, | X" € (x = y)} is finite, then
{He |y € Strg} is finite, so Oy e Strg} is finite, therefore Lemma 9 implies
that (F; )" is finite. Item 2 is shown analogously. O

Proposition 8 and Corollary 2.6 imply the following:

Theorem 6. If the calculus D verifies one of the assumptions of Corollary 2.6 then FMP
holds for D.

In what follows we will discuss sufficient conditions for the assumptions of Corollary
2.6 to hold.

Proposition 10. /f all rules in D applied bottom up decrease or leave unchanged the
complexity of sequents, then FMP holds for D.

Proof. The assumptions imply that the set (x = y)~ is finite and therefore the as-
sumptions of Corollary 2.6 are satisfied. O

Proposition 11. 1. If @ is an equivalence relation such that ®7. C ®¢ and more-
over {[x/]qu | X" € (x = y)i-} is finite, then the FMP holds for D.

2. /f@’g is an equivalence relation such that <I>’§ C ®g and moreover {[x’]qyg | x" €
(x = y)i} is finite, then the FMP holds for D.
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Proof. 1. If ®_ C ®«, then every equivalence class of @ is the union of equivalence
classes of <I>ZF Hence, the assumption that {[x’]qu | x" e (x = y)‘;} is finite guarantees
that the assumptions of Corollary 2.6 are satisfied, and hence the statement follows by
Theorem 6. O

The two propositions above provide us with effective strategies to prove the FMP.
In particular, while computing ®# or &g might be practically unfeasible, by Proposition
11 it is in fact enough to produce a suitable refinement of them. We will illustrate this
point in the next section.

2.7 Examples

In the present section, we obtain cut elimination and FMP for concrete instances of
LE-logics, respectively as a consequence of Theorem 5 and of Propositions 10 and 11.

2.7.1 Full Lambek calculus

The language of the full Lambek calculus [9], denoted Lrr, is obtained by instan-
tiating F := {e,o} with n, =0, no =2, &, = (L, 1) and G := {\,/} with n, = n;, = 2,
&\ = (6, 1) and & = (1, 6)

Clearly, Theorem 5 applies to the calculus D.LE for the basic Lr1-logic and to any
calculus D.LE’ obtained by adding any analytic structural rule to D.LE. This result
covers the semantic cut elimination for any display calculus for axiomatic extensions of
the basic Lpr,-logic with Ao axioms (cf. [4], see also Example 1). Moreover, Proposition
10 applies to D.LE and any calculus D.LE’ obtained by adding any analytic structural
rule to D.LE such that the complexity of sequents does not increase from bottom to
top. This result covers FMP for the display calculi capturing the nonassociative full
Lambek calculus (cf. [2]), the full Lambek calculus (which corresponds to D.LE plus
associativity), and its axiomatic extensions with commutativity, weakening, and simple
rules that do not increase the complexity of sequents from bottom to top (cf. [8, Theorem
3.15]).

2.7.2 Lambek-Grishin calculus

The language of the Lambek-Grishin calculus (cf. [15]), denoted L1, is obtained by
instantiating 7 := {o, , \x} with n, =m, =n;, =2, & =(1,1), &, =(0,1), g, =(1,0)
and G == {x [, \o} with ne =n, =n_ =2, &, =(1,1), &, =(3,1), g/, = (1,0).

One can explore the space of the axiomatic extensions of the basic L1,g-logic with
the following Grishin interaction principles [14]:
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(@) (gxr)op + gx(rop) (d)  P\«@\or + g\o(p*r)

(b) px(rhg) + (pxr)g () (Goghpr + rkpLq) ()
() p\x(rog) + (P\sr)og (f) po(r\eq) + (phr)*xgq

(@  (@\or)op + q\o(rop) (d) @og\or + g\o(p\or)

(b)  p\e(rig) + (P\or))og ()  wha)or + plroq) (1
() po(rog) r (por)ogq (f) po(r\eq) + (rlp)\og

(@) phrxq) F (P\ar)*q (d)  qhlrxp) + (qhp)hr

(b) (pxr)xqg + px(rxq) (e) P\ulg\sr) F (g% p)\sr (1
() @\«Mhka + pP\«(rkq) (f)  Cho\sp +F gx(\«p)

@)  @\onkpr + 4\o(rkp) (d)  P\er\xg + r\«(poq)

(b)  g\orxp) + (g\or)xp (e) (pxqfr + plrkq (V)
() pol(rkg) + (por)kg (f)  phlg\s«r) + (rlp)\og

As observed in [7, Remark 5.3], all these axioms are analytic inductive, and hence
they can all be transformed into analytic structural rules (cf. [13]). For instance:

(y1 > x1) © X2 = y2 . M1 y2 < x

P\x(gor) < (pP\xq)or ~
* * 1> (X1 O x2) = yo X] QX2 = y1 O Y2

where the relation between structural and logical connectives in L1,¢ is reported in the
following table:

Structural symbols > < ©
Operational symbols \* ‘ \o /k ‘ /0 o ‘ *

By Theorem 5, any calculus D.LE’ obtained by adding any or more of these rules
to the calculus D.LE for the basic L1,g-logic has semantic cut elimination. Moreover,
in each of these rules, the complexity of sequents does not increase from bottom to
top. Hence by Proposition 10, FMP holds for any D.LE’. This captures the decidability
result of [15].

2.7.3 Orthologic

The language of Orthologic (cf. [11]), denoted Loytho, is obtained by instantiating
F :={=} withn, =16, =(9) and G := {—,0} with ng =0, n_ =1, e = (9).

Orthologic is the axiomatic extension of the basic Lortho-logic with the following
sequents (cf. [11, Definition 1.1]):

pA-pt0 OFp pr-mp ——pEp.

These axioms are analytic inductive, and hence, by the procedure outlined in [13],
they can be transformed into analytic structural rules:

X = *X

A=pkO ~>
P r x=1
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x=1
OFp
xX=y
F = Pk > XY r=*y xX=Yy X =Y
P P P p *y = X y = *X *y = *¥X X =Yy

where the relation between structural and logical connectives in Lortho is reported in
the following table:

Structural symbols I *

Operational symbols ‘ 0 ~ ‘ ~

Let D.LE be the calculus for the basic Lortho-logic, and let D.LE’ be the calculus
obtained by adding the rules above to D.LE. Theorem 5 directly applies to D.LE’. In
what follows we will show that Proposition 11 can be applied to D.LE’, by defining P
(resp. ©;) as follows

DL = {(x, «2m ), (™ x x) i n,m € N and x € Strg},

Oy = {(3 ). (+*y,y) :nm € N and y € Strg}

Clearly, ®# and ®g are congruences. The applicability of Proposition 11 is an immediate
consequence of the following.

Lemma 10. 1 ® C Oy
2. For every sequent x = y the set {[x’]qu | x"e(x= y)‘;} is finite.

Proof. 1. By m consecutive applications of the rule

®EX =Y
xX=y

we obtain the derivability of the following rule

#2m) x =y
x>y
Likewise, by n consecutive applications of the following sequence of rules

xX=y
*y = %X
*EX =Y
we obtain the derivability of the following rule

x=y
2 x =y
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2. Fix a sequent x = y. It is enough to show that if z € (x = y); Ux = y)g then
(z,2') € @ U @, for some structure 2" belonging to the following finite set:

33 := Sub(x) U sub(x) U Sub(y) U sub(y) U #(Sub(x) U sub(x) U Sub(y) U sub(y)) U {L, I},

where Sub(s) is the set of substructures of s, sub(s) is the set of subformulas of formulas
in Sub(s) and *A = {xs | s € A} for any set of structures A. We proceed by induction
on the inverse proof-trees. The base case, i.e. z € {x, y}, is clear. As to the inductive
step, the proof proceeds by inspection on the rules. The cases regarding applications of
introduction rules or structural rules of D.LE which reduce the complexity of sequents
when applied bottom-up are straightforward and omitted. Let w = u € (x = y)—
and assume that (w, w’), (u,u’) € LU <I>’g for some w’,u’ € 3. Then, the bottom-up
application of one of the following rules

¥EX =Y X = xX x=1
xX=y x=1 xX=Yy

to w = u yields =xw = u, w = *w and w = I respectively. Hence, (xxw, w), (w,w’) €
@7 and therefore (xxw, w’) € O, (+w,*w’) € <I>’g and =w’ € X, and [ € 3. O
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Chapter 3

Multi-type Display Calculi for
semi De Morgan Logic and its
extensions

In the present chapter, which is a revised version of the paper ' [14], we introduce
proper multi-type display calculi for semi De Morgan logic and its extensions which are
sound, complete, conservative, and enjoy cut elimination and subformula property. Our
proposal builds on an algebraic analysis of semi De Morgan algebras and its subvarieties
and applies the guidelines of the multi-type methodology in the design of display calculi.

LMy specific contributions to this research have been the proof of results, the definition of notions and
constructions, and the writing of the first draft of the paper.

47
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3.1 Introduction

Semi De Morgan logic, introduced in an algebraic setting by H.P. Sankappanavar
[22], is a very well known paraconsistent logic [21], and is designed to capture the salient
features of intuitionistic negation in a paraconsistent setting. Semi De Morgan algebras
form a variety of normal distributive lattice expansions (cf. [15, Definition 9]), and are
a common abstraction of De Morgan algebras and distributive pseudocomplemented
lattices. Besides being studied from a universal-algebraic perspective [2, 3, 22], semi De
Morgan logic has been studied from a duality-theoretic perspective [18] and from the
perspective of canonical extensions [19].

From a proof-theoretic perspective, the main challenge posed by semi De Morgan
logic is that, unlike De Morgan logic, its axiomatization is not analytic inductive in the
sense of [15, Definition 55]. In [14], an analytic calculus for semi De Morgan logic
is introduced which is sound, complete, conservative, and enjoys cut elimination and
subformula property. The design of this calculus builds on an algebraic analysis of
semi De Morgan algebras, and applies the guidelines of the multi-type methodology,
introduced in [5, 7] and further developed in [1, 6, 8, 16, 17]. This methodology
guarantees in particular that all the properties mentioned above follow from the general
background theory of proper multi-type display calculi (cf. [17, Definition A.1.]).

Due to space constraints, in [14], the proofs of the algebraic analysis on which the
design of this calculus is grounded had to be omitted. The present chapter provides the
missing proofs, and also extends the results of [14] by explicitly and modularly accounting
for the logics associated with the five subvarieties of semi De Morgan algebras introduced
in [22]. This modular account is partly made possible by the fact that all but two of these
subvarieties correspond to axiomatic extensions of semi De Morgan logic with so-called
analytic inductive axioms (cf. [15, Definition 55]), and the two remaining ones can be
given analytic equivalent presentations in the multi-type setting for the basic calculus.
The general theory of proper (multi-type) display calculi provides an algorithm which
computes the analytic structural rules corresponding to these axioms, and guarantees
that each calculus obtained by adding any subset of these rules to the basic calculus
still enjoys cut elimination and subformula property.

Therefore, this chapter introduces a proof-theoretic environment which is suitable
to complement, from a proof-theoretic perspective, the investigations on the lattice of
axiomatic extensions of semi De Morgan logic, as well as on the connections between
the lattices of axiomatic extensions of semi De Morgan logic and of De Morgan logic.

Structure of the chapter. In Section 3.2, we report on the axioms and rules of semi
De Morgan logic and its axiomatic extensions arising from the subvarieties of semi De
Morgan algebras introduced in [22], and discuss why the basic axiomatization is not
amenable to the standard treatment of display calculi. In Section 3.3, we define the
algebraic environment which motivates our multi-type approach and prove that this en-
vironment is an equivalent presentation of the standard algebraic semantics of semi De
Morgan logic and its extensions. Then we introduce the multi-type semantic environ-
ment and define translations between the single-type and the multi-type languages of
semi De Morgan logic and its extensions. In Section 4.4, we discuss how equivalent
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analytic (multi-type) reformulations can be given of non-analytic (single-type) axioms
in the language of semi De Morgan logic. In Section 3.5, we introduce the display
calculi for semi De Morgan logic and its extensions, and in Section 5.6, we discuss their
soundness, completeness, conservativity, cut elimination and subformula property.

3.2 Preliminaries

3.2.1 Semi De Morgan logic and its axiomatic extensions

Fix a denumerable set Atprop of propositional variables, let p denote an element in
Atprop. The language L of semi De Morgan logic over Atprop is defined recursively as
follows:

A:=p|T|L|-A|AANA|AVA
Definition 18. Semi De Morgan logic, denoted SM, consists of the following axioms:
1+FA A+rT, =TrLl Tr-=-l ArA AAB+A AABEFB,
ArAVB, BrAVB, —Ar-——A ——=Ar-A —AA-Br+—(AVB),

——AA-=B+-=(AAB), AABVC)F(AAB)V(AAC)

and the following rules:

A+ B B+ C A+ B ArC A+ B C+B A+ B
ArC ArBAC AVC+B -Br-A

The following table reports the name of each axiomatic extension of SM arising from the
subvarieties introduced in [22], its acronym, and its characterizing axiom:

lower quasi De Morgan logic LQM AFr ——A
upper quasi De Morgan logic UQM —-—=A+ A
demi pseudo-complemented lattice logic  DP  —-AA-=A+ L
almost pseudo-complemented lattice logic AP AA=-AFr L
weak Stone logic WS T Fr—-AV--A

In [15], a characterization is given of the properly displayable (single-type) logics
(i.e. those logics that can be captured by a proper display calculus, cf. [23, Chapter 4]).
Properly displayable logics are exactly those logics which admit a presentation consisting
of analytic inductive axioms (cf. [15, Definition 55]). It is not difficult to verify that
=AF —==A, =—==A+ -A and =—mAA =B+ —|—|(A /\B) in SM, ==A + A in UQM, and
—-A A ==A+F+ L in DP are not analytic inductive. To our knowledge, no equivalent
axiomatizations have been introduced for semi De Morgan logic and its extensions using
only analytic inductive axioms. This provides the motivation for circumventing this
difficulty by introducing proper multi-type display calculi for semi De Morgan logic and
its extensions.
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3.2.2 The variety of semi De Morgan algebras and its subvarieties

We recall the definition of the variety of semi De Morgan algebras and those of its
subvarieties introduced in [22, Definition 2.2, Definition 2.6].

Definition 19. An algebra A = (L, A, V,’, T, 1) is a semi De Morgan algebra (SMA) if
for all a,b € L,

(S1) (L, A, V,1,0) is a bounded distributive lattice;

(S2) L/ =717, 7" =1,

(S3) (avb)y=a Ab;

(S4) (anb)’ =a” AND";

(S5) @’ =a’.

A lower quasi De Morgan algebra (LQMA) is an SMA satisfying the following inequality:
(S6a) a < a”.

Dually, a upper quasi De Morgan algebra (UQMA) is an SMA satisfying the following
inequality:

(S6b) a” < a.
A demi pseudocomplemented lattice (DPL) is an SMA satisfying the following equation:
(S7) a’ Na” = L.

A almost pseudocomplemented lattice (APL) is an SMA satisfying the following equa-
tion:

(S8) ana = 1.
A weak Stone algebra (WSA) is an SMA satisfying the following equation:
(S9) a’ va’=T.

The following proposition is a straightforward consequence of (S8), (S2), (S3) and
(S5):

Proposition 12 ([22] see discussion above Corollary 2.7). (S7) holds in any APL and
WSA.

Definition 20. An algebra D = (D,N,U,*, 1,0) is a De Morgan algebra (DMA) if for all
a,beD,

(D1) (D,n, U, 1,0) is a bounded distributive lattice;
(D2) 0 =1,1* =0;
(D3) (aUb)* =a*Nb*;
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(D4) (anb)" =a*Ub*;
(D5) a =a*.

As is well known, a Boolean algebra (BA) D is a DMA satisfying one of the following
equations:

Bl) ava' =1,
(B2) ana* =0.
The following theorem can be shown using a routine Lindenbaum-Tarski construction.

Theorem 7 (Completeness). SM (resp. LQM, UQM, DP, AP, WS) is complete with
respect to the class of SMAs (resp. LQMAs, UQMAs, DPLs, APLs, WSAs).

Definition 21. A distributive lattice A is perfect (cf. [12, Definition 2.14]) if A is
complete, completely distributive and completely join-generated by the set J*(A) of its
completely join-irreducible elements (as well as completely meet-generated by the set
M®(A) of its completely meet-irreducible elements).

A De Morgan algebra (resp. Boolean algebra) A is perfect if its lattice reduct is a
perfect distributive lattice, and the following distributive laws are valid:

VX)) = AX*  (AX) = VX"

A lattice homomorphism h : L — L’ is complete if for each X C L,

h(VX) = VhX)  WAX) = \WX).

3.3 Towards a multi-type presentation

In the present section, we introduce the algebraic environment which justifies seman-
tically the multi-type approach to semi De Morgan logic and its extensions of Section
3.2.1. In the next subsection, we define the kernel of an SMA (cf. Definition 22) and
show that it can be endowed with a structure of DMA (cf. Definition 20). Similarly, we
define the kernel of a DPL (cf. Definition 19) and show that it can be endowed with
a structure of Boolean algebra. Then we define two maps between the kernel of any
SMA (resp. DPL) A and the lattice reduct of A. These are the main components of the
heterogeneous semi De Morgan algebras and the heterogeneous demi p-lattices which
we introduce in Subsection 4.3, where we also show that SMAs (resp. DPLs) can be
equivalently presented in terms of heterogeneous semi De Morgan algebras (heteroge-
neous demi p-lattices). Based on these, we can also define the heterogeneous algebras
for other subvariety of SMAs we introduced in Section 3.2.2. In Subsection 3.3.3, we
apply results pertaining to the theory of canonical extensions to the heterogeneous semi
De Morgan algebras and the heterogeneous demi p-lattices.
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3.3.1 The kernel of a semi De Morgan algebra

For any semi De Morgan algebra A = (L, A,V,”, T, 1), we let K := {a”" | a € L},
define h : L - K by the assignment a — a” for any a € L, and let ¢ : K — L denote
the natural embedding. Hence, eh(a) = a” and h(a) = h(a'’) for every a € L.

Lemma 11. For any semi De Morgan algebra A, and K, h,e defined as above, the
following equation holds for any a € K:

he(a) =« (3.1)
Proof. Let @ € K, and let a € L such that A(a) = @. Hence,

he(d) = heh(a) «a=h(a)
h(a”)  eh(a) =a”
h(a) h(a) = h(a”)
= « definition of &

]

Definition 22. For any SMA A = (L, A, V, T, L)), let the kernel K, = (K,N,U,*,1,0)
of A be defined as follows:

Kl K:={a”" |a€ L},

K2 aUpB: = h((e(a)Ve(B))”) for all @, B € K;
K3 anp: = he(a) Ae(PB)) forall o, B € K;
K4 1: =hn(T),;

K5 0: = h(L);

K6 a* := h(e(a)).

In what follows, to simplify the notation, we omit as many parentheses as we can
without generating ambiguous readings. For example, we write e(h(a)*) in place of
e((h(a))*), and eh(a)’ in place of (eh(a)) .

Proposition 13. If A = (L,A, Vv, T, L) is an SMA, then K, is a De Morgan algebra.

Proof. Let us show that Ky is a distributive lattice. Associativity and commutativity
are straightforwardly verified and their corresponding verification is omitted. To show
that the absorption law and the distributive law hold, let @, 8,y € K, and let a,b,c € L

such that (i) i(a) = «, (ii) h(b) = B and (iii) h(a) = v.

e absorption law:
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aVU(anp)

h((e(a) Ve(an B))”) K2

h((e(a) v eh(e(a) A e()))”) K3

h((e(a) v (e(a) A e(B)”)”) eh(a) = a”
h((e(@)" A (e(a) A e(B))")) S3
h((e(@)”” A (e(a)” Ae(B)”))) S5, S4

h((e(@)” V (e(@)” Ae(B)’)”)  S3

h((e(@)” V (e(@)”” ANe(B)")) S4

h((e(a)” V (e(@)” A e(B)”)) S5

h(e(a)”) S1

he(a) h(a) = h(a”)
1% Lemma 11

e distributivity law:

an(BuUy)
= h(e(@) Ae(BUY)) K3
= h(e(@) A eh((e(B) V e(¥))")) K2
= hle(a) A(e(B) Ve(y)") eh(a) = a”
= h(eh(a) A (e(B) V e(¥))"") (i)
= h@” n(e(B)Ve¥)") eh(a) = a”
= h@”" A(e(B)Ve(y)”) S5
= h((@” A (e(B)Ve(¥)”) S4
= h((a” AeB)V(a” Ae(y))"”) S1
= h((@” Aeh(b))V (a” Aeh(c))”) (i) and (iii)
= h((@a” AD”")V (a” ANc"))) eh(a) = a”
— h(((a///l /\ bl///) V (a//ll /\ Cl/l/))l/) 55
— h(((a/’ /\ bl/)// V (all /\ c//)’l)//) 54
= h((eh(eh(a) A eh(b)) V eh(eh(a) A eh(c)))’) eh(a) =a”
= h((eh(e(a@) A e(B)) V eh(e(a) A e(y)))”) (i), (i) and (iii)
= h(((el@n p)) Vel@ny))”) K3
= (anp)U(any) K2
Let us show that K satisfies (D1)-(D5).
As to (D1), we need to show that K is bounded:
0Nna lUa
= h(e(0) A e()) K3 = h((e(1) Ve(a)) K2
= h(eh(L) Ae(a)) K5 = h((en(T)) Ve(a)”) Kb
= h(L"” Ae(a)) eh(a) = a” = h((T” Vela))”) eh(a) = a”
= (L Ael(a)) S2 = (T Vela)”) S2
— L) s1 = (T S5
= 0 K5 = 1 S2, K4
As to (D2):
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0* = h(e(0)) K6 1* = he(1)) K6
= h((eh(1))) K5 = h((en(T))) K4
= h(L") eh(a) = a” = T eh(a) = a”
= h(l) S5 = T S5
= T S2 = h(l) S2
= 1 K4 = 0 K4
As to (D3):
(eupB) = hle(aUp)) K6
= h((eh((e(@) Vv e(B))”)) K2
= h((e(a) vVe(B)"") eh(a) = a”
= h((e(@)" Ae(B))"") S3
= h((e(@)” Ne(B)")") S5
= h((eh(e(@)) A eh(e(B)))”) eh(a)=a”
= h((e(a”) A e(B"))") K6
= heh(e(a®) A e(B")) eh(a) = a”
= h(e(a®) A e(B%)) Lemma 11
= a'npg K3
As to (D4):
(@np)y = hlel@np)) K6
= h((eh(e(@) A e(p)))) K3
= h((e(a) Ae(B)”) eh(a) = a”
= h((e(a)” Ae(B)”)) S4
= h((e(a)" Ve(B))”) S3
= h((eh(a) Vv eh(b)")") (i) and (ii)
— h((alll \/ bl//)ll) eh(a) — all
— h((a//l// V b’/l//)l/) 55
= h((eh(eh(a)’) vV eh(eh(b)))”) eh(a)=a"”
= h((eh(e(@)) v eh(e(B))”) (i) and (ii)
= h((e(a”) vV e(B)") K6
= a'up K2
As to (D5):
a™ = h((eh(e(x)))) Kb
= h(e(a)"”) eh(a) = a”
= h((eh(a))"”) (i)
= h(a""") eh(a) = a”
= h(a"”) S5
= heh(a) eh(a) = a”
= h(a) Lemma 11
= a (i)

Corollary 2. If A =(L,AV,T,L, ) is a DPL, then K, is a Boolean algebra.
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Proof. By Proposition 13, K, is a De Morgan algebra. Hence, it suffices to show that
K satisfies (B1). For any a € Ka,

*

anNa

h(a N he(@)’))
h(e(a) A eh(e(e)"))
hie(a) A e(a)”’)
h(e(a) A e(a)’)
heh(e(a) A e(a)’)
h((e(a) A e(@))”)
he(a)” A e(a)”)
h(1)

0

K3
K6
eh(a) = a”
S5
Lemma 11
eh(a) = a”
S4
S7
K5

[}

Proposition 14. Let A be an SMA (resp. a DPL), and e, h be defined as above. Then
h is a lattice homomorphism from A onto K,, and for all &, 8 € K,

e() Ae(B) =e(lanp)

e(l)y =T

e(0) = L.

Proof. It is an immediate consequence of K1 that # is surjective. We need to show that
h is a lattice homomorphism. For any a,b € L,

h(a A b)
= heh(a A D) Lemma 11 =
= h((anb)’) eh(a) = a” =
= h(a” Ab") S4 =
= h(eh(a) A eh(b)) eh(a)=a” =
= h(a) N h(b) K3 =

h(a Vv b)

heh(a V b)

h((aV b))

h((a’ A D))

h(alll /\ b///)l

h(all \/ b//)l/
h((eh(a) v eh(b))"”)
h(a) U h(b)

Lemma 11
eh(a) = a”

S3

Sh
S3
eh(a) = a”
K2

Moreover, h(L) = L” = L and h(T) = T” = T. This completes the proof that & is
a homomorphism from A to K. Next, we show that e(a) A e(B) = e(a N B). For any

a,pBeEK,

e(anp)

Finally, e(0) = eh(L) = L”
consequences of (K4), (K5)

and

1 and e(1) = eh(T) = T =

eh(e(a) ANe(B)) K3
(e(@) ne(B)”  ehla) =a”
e(a)” Ae(B)” S4
ehe(a) A ehe(B) eh(a) =a”
e(a) A e(B) Lemma 11

(S2).

T are straightforward

[}

In what follows, we will drop the subscript of the kernel whenever it does not cause

confusion.
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3.3.2 Heterogeneous SMAs as equivalent presentations of SMAs

Definition 23. A heterogeneous semi De Morgan algebra (HSMA) is a tuple (L, D, e, h)
satisfying the following conditions:

(H1) L is a bounded distributive lattice;
(H2a) D is a De Morgan algebra;
(H3) e :DD < L is an order embedding, and for all a1, a2 € D,

- e(ay) A e(az) = e(ar N ag);
-e(l)=T, e(0)= L.

(H4) h:L —» D is a surjective lattice homomorphism;
(H5) he(a) = a for every a € D.?

A heterogeneous lower quasi De Morgan algebra (HLQMA) is an HSMA satisfying
the following condition:

(H6a) a < eh(a) for any a € L.

A heterogeneous upper quasi De Morgan algebra (HUQMA) is an HSMA satisfying
the following condition:

(H6b) eh(a) < a for any a € L.

A heterogeneous demi pseudocomplemented lattice (HDPL) is defined analogously, ex-
cept replacing (H2a) with the following condition (H2b):

(H2b) D is a Boolean algebra.

A heterogeneous almost pseudocomplemented lattice (HAPL) is an HDPL satisfying
the following condition:

(H7) e(h(a)*)ANa = L for alla € L.

A heterogeneous weak Stone algebra (HWSA) is an HDPL satisfying the following
condition:

(H8) e(a®) Vela)=T forall @ € A.

e

/h\DQ*

An HSMA (resp. HLQRMA,HUQMA, HDPL, HAPL and HWSA) is perfect if:

L

2Condition (H5) implies that & is surjective and e is injective.
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(PH1) bothLL andD are perfect as a distributive lattice and De Morgan algebra (or Boolean
algebra), respectively (see Definition 21);

(PH2) e is an order-embedding and is completely meet-preserving;
(PH3) h is a complete homomorphism.

Definition 24. For any SMA (resp. LQMA, UQMA, DPL, APL and WSA) A, let

A" = (L, K e, h),

where L is the lattice reduct of A, K is the kernel of A (cf. Definition 22), and e : K — L
and h: L — K are defined as in the beginning of Section 3.3.1.

Proposition 15. If A is an SMA (resp. DPL), then A* is an HSMA (resp. HDPL).
Proof. It immediately follows from Proposition 13 and Proposition 14. O

Corollary 3. If A is an LQMA (resp. UQMA, APL and WSA), then A* is an HLQMA
(resp. HUQMA, HAPL and HWSA).

Proof. If A is an LQMA, by Proposition 22, it suffices to show that A, satisfies (H6a).
By (S6a) and H5, it is easy to see a < e(h(a)). The argument is dual when A is a

UQMA. If A is an APL, it suffices to show A* satisfies (H7).

e(h(a)")Na
= eh((eh(a)))ha K6

= a Aa eh(a) = a”
= dAa S5
= 1 S8

If A'is a WSA, it suffices to show A™ satisfies (H8).

e(a®) Ve(a)
= eh(e(@))V e(a) K6
eh(e(a)’) vV ehe(a) Lemma 11

= e(a)” Vehe(a) eh(a) = a”
= e(a)” Vela)’ Lemma 11
= e(a) Vela)’ S5
= T S9

[}

Definition 25. For any HSMA (resp. HLQMA, HUQMA, HDPL, HAPL and HWSA)
H=(LD,e,h), let
H+ = (]L'9 ,)5

where ' : . — L is defined by the assignment a’ +— e(h(a)*).

Proposition 16. /f H is an HSMA (resp. HDPL), then H. is an SMA (resp. DPL).
Moreover, Kg+ = K.
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Proof. Since H is an HSMA by assumption, L is a bounded distributive lattice, hence
it suffices to show that the operation ’ satisfies (S2)-(S5) (cf. Definition 19).

e As to (S2):
L = e(h(L)") definitionof” T = e(h(T)") definition of ’
= e(0%) H3 = e(1%) H3
= e(1) H2a = ¢(0) H2a
e As to (S3):
(avb)y = e(h(aV b)) definition of ’
= e((h(a) U h(b))") H4
= e(h(a)" N h(b)") H2a
= e(h(a)*) A e(h(b)") H3
= aAb definition of ’
e As to (S4):
(anb)” = e((he(h(a A b)"))*) definition of ’
= e(h(a A b)™) H5
= eh(aAnb) H2a
= e(h(a) N h(b)) H4
= eh(a) A eh(b) H3
= e(h(a)™) A e(h(b)™) H2a
= e((he(h(a)))") A e((he(h(b)"))*) H5
= a’Ab" definition of ’
e As to (S5):
a” = e((he((he(h(a)"))"))*) definition of ’
= e(h(a)™) H5
= e(h(a)") H2a
= d definition of ’

Hence, (L,”) is a semi De Morgan algebra. If (L,D, e, k) is an HDPL, we also need
to show that ’ satisfies (S7):

a na’ = e(h(a))Ae((he(h(a)*))") definition of ’
= e(h(a)*) A e(h(a)™) H5
= e(h(a)") A eh(a) H2a
= e(h(a)" N h(a)) H3
= e(O) H2a

= 1 H3
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which completes the proof that (L, ’) is a DPL. As to the second part of the statement,
let us show preliminarily that the following identities hold:

K2p. a U = h((e(a) V e(B))"”) for all @, B € D;
K3p. an B = hie(a) A e(B)) for all @, B € D;
Kdp. 1= h(T);

K5p. 0 = h(L);

K6p. o = h(e(e)').

As to K2p),
h((e(a) Ve(B))) = he((he(h(e(a)V e(B))"))*) definition of ’
= (h(e(a) Ve(B)™ H5
= he(a)V e(B)) H2a
= he(a)U he(B) H4
= aUp H5

Conditions K3p,K4p and K5y easily follow from H4, H5 and H3, and their proofs are
omitted.
As to Kbp,

h(e(a)’)

he((he(a))*) definition of ’
a* H5

To show that D and K are isomorphic to each other, notice that the domain of K is
defined as K := Range(”’) = Range(eo*ohoeo”oh) = Range(eo k). Since by assumption
h is surjective, K = Range(e), and since e is an order embedding, K, regarded as a sub-
poset of L, is order-isomorphic to the domain of D with its lattice order. Let f : D —» K
denote the order-isomorphism between D and K. Define ¢x : K< L and i : L » K
as as in the beginning of Section 3.3.1. Thus, ¢ = ¢x o f and hx = f o h. We need to
show that: for all @, 8 € D, let Ng, Uk, ** denote the operations on K,

L f@)ne f(B) = flanp),
fla)ng f(B) hi(er f(@) A ex f(B))  definition of Ny

= fhlexf(@)Nerf(B) hi=foh

fh(e(a) A e(B)) e=ecof

= fl@np) K3p

2. fl@)Ur f(B) = fl@np),
f(@) Uk f(B)

hi((ex f(@) V ex f(B))”)  definition of Uy
= fh((exf(@) Verf(B)') hi=foh
fh(e(@) v e(B)”) e=exof
fl@up) K2p
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3. fl@)* = f(a?),
(f(a))™*

hi((ex f(@))’)  definition of **
= fh((exf(@)) hx=foh
fh(e(a)) e=ecof
fla®) K6p

Hence, f : D — K is an isomorphism of De Morgan algebras (resp. Boolean alge-
bras). This completes the proof. O

Corollary 4. If H is an HLQMA (resp. HUQMA, HAPL and HWSA), then A* is a
LQMA (resp. UQMA, APL and WSA).

Proof. By Proposition 23, if H is an HLQMA, it suffices to show that H., satisfies (S6a).

a < eh(a) H6a
iff  a < e(h(a)™) H2a
iff a < e((he(h(a)*))*) H5
iff a<a” definition of ’

If His an HUQMA, the argument is dual. If H is an HAPL, it is clear that H, satisfies
(S8) by (H7). If H is an HWSA, it suffices to show that H, satisfies (S6).

a'va’
= e(h(a)") Vv e((he(h(a)"))*) def. of /
= e(h(a)") Vv e(h(a)*™) Lemma 11
= e(h(a)") V eh(a) H2a
= T H38

]

Proposition 17. For any SMA (resp. LQMA, UQMA, DPL, APL, and WSA) A and
any HSMA (resp. HLQMA, HUQMA, HDPL, HAPL, and HWSA) H_:

A=(A%, and H=H,)*.

These correspondences restrict appropriately to the relevant classes of perfect algebras
and perfect heterogeneous algebras.

Proof. It immediately follows from Proposition 22, Corollary 3, Proposition 23 and
Corollary 4. O

3.3.3 Canonical extensions of heterogeneous algebras

Canonicity in the multi-type environment is used both to provide complete semantics
for a large class of axiomatic extensions of the basic logic (semi De Morgan logic in
the present case), and to prove the conservativity of its associated display calculus
(cf. Section 3.6.3). In the present section, we define the canonical extension H® of
any heterogeneous algebra H introduced in Section 4.3 by instantiating the general
definition discussed in [17]. This makes it possible to define the canonical extension
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of any SMA A as a perfect SMA (A*)J. We then show that this definition coincides
with the definition given in [19, Section 4]. In what follows, we let L® and A denote
the canonical extensions of the distributive lattice L and of the De Morgan algebra
(resp. Boolean algebra) D respectively, and ™ and h® denote the m-extensions of e and
13, respectively. We refer to [9] for the relevant definitions.

Proposition 18. /f (L, D, e, h) is an HSMA (resp. HDPL, HLQMA, HUQMA, HAPL, and
HWSA), then (L°,D°, ™, h%) is a perfect HSMA (resp. perfect HDPL, perfect HLQMA,
perfect HUQMA, perfect HAPL and perfect HWSA).

T
Lé }; D5 Q «0
,\/

hr

e

RN

L D)~

Proof. Firstly, L° and D° are a perfect distributive lattice and a perfect De Morgan
algebra (resp. perfect Boolean algebra) respectively. Secondly, since & is a surjective
homomorphism, % is both finitely meet-preserving and finitely join-preserving. Hence, as
is well known, h° is surjective, and completely meet- (join-) preserving [11, Theorem 3.7].
Since h is also smooth, this shows that h® = h™ = h” is a complete homomorphism.
Thirdly, since e is finitely meet-preserving, ™ is completely meet-preserving, and it
immediately follows from the definition of m-extension that €™ is an order-embedding
[11, Corollary 2.25]. The identity ¢™(0) = 0 clearly holds, since A is a subalgebra of
A%, Moreover, Idp = h o e is canonical by [10, Proposition 14]. This is enough to
show that if (L, D, e, h) is a SMA (resp. DPL), then (L°,D°, %, h°) is a perfect HSMA
(resp. perfect HDPL).

Since (H6a), (H6b), (H7) and (H8) are analytic inductive (cf. Definition 30), they
are canonical. So their corresponding heterogeneous algebras are perfect. O

In the environment of perfect heterogeneous algebras, completely join (resp. meet)
preserving maps have right (resp. left) adjoints. These adjoints guarantee the soundness
of all display rules in the display calculi introduced in the next section.

3The order-theoretic properties of h guarantee that the o-extension and the 7-extension of & coincide.
This is why we use h9 to denote the resulting extension.
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In [19], C. Palma studied the canonical extensions of semi De Morgan algebras using
insights from the Sahlqvist theory of Distributive Modal Logic. She recognized that
not all inequalities in the axiomatization of SMA are Sahlqvist, and circumvented this
problem by introducing the following term-equivalent presentation of SMAs.

Definition 26 ([19], Definition 4.1.2). For any SMA A = (L,A,V,’, T, 1), let Sy =
(L, A, V,>,0,T, L) be such that O and > are unary operations respectively defined by
the assignments a +— a’’ and a +— a’.

Palma showed that the algebras corresponding to SMAs via the construction above
are exactly those {0, >}-reducts of Distributive Modal Algebras satisfying the following
additional axioms:

1. >T <4,

2. Oa <pb>a;
3. >>a<0Oaq;
4. Opa <> a;
5. >a<0O>a.

The axioms above can be straightforwardly verified to be Sahlqgvist and hence canonical.
This enables Palma to define the canonical extension A% of A as the {>}-reduct of
ST = (L?,»",07). The following lemma immediately implies that A% coincides with
(A*0),.

Lemma 12. For any SMA A, letting S, be defined as above,
1. o"=e" o hd;
2. pT=e"ox% o k.
Proof. By the definitions of O0,>, e and & (cf. beginning of Section 3.1),

o™= ()" definition of O
= (eoh)™ definitions of ¢ and K
= " oh™ [11, Lemma 3.3, Corollary 2.25]
= ¢ oh® hissmooth

> = () definition of >

(eoxoh)™  definition of /

e"ox"oh™ [11, Lemma 3.3, Corollary 2.25]
= ¢"ox%0h% xand h are smooth
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3.4 Multi-type presentation of semi De Morgan logic
and its extensions

In Section 4.3 we showed that heterogeneous semi De Morgan algebras are equiv-
alent presentations of semi De Morgan algebras. This provides a semantic motivation
for introducing the multi-type language Ly, which is naturally interpreted on hetero-
geneous semi De Morgan algebras. The language Ly consists of terms of types DL
and K, defined as follows:

DL> A
K> a

plOa|T|L|AANA|AVA
cA|1|0|~a|aVUa|ana

The interpretation of Lyrp-terms into heterogeneous algebras is defined as the easy gen-
eralization of the interpretation of propositional languages in universal algebra; namely,
the heterogeneous operation e interprets the connective O, the heterogeneous operation
h interprets the connective o, and DL-terms (resp. K-terms) are interpreted in the first
(resp. second) component of heterogeneous algebras.

The toggle between single-type algebras and their heterogeneous counterparts (cf.
Sections 4.3) is reflected syntactically by the translations (-)” : £ — Ly defined as
follows:

T

prou=p
TT = T
17 n= 1
(AANB)" == A" ABT
(AVB)" == A"VB
(mA)T == O ~o0AT

Recall that A" denotes the heterogeneous algebra associated with the single-type
algebra A (cf. Definition 35). The following proposition is proved by a routine induction
on L-formulas.

Proposition 19. For all L-formulas A and B and any A € {SMA, LQMA, UQMA, DPL,
APL, WSA},

AEAvrB iff A"|EA"+ B".

We are now in a position to translate the characteristic axioms of every logic men-
tioned in Section 3.2.1 into L. Together with Proposition 17, the proposition above
guarantees that the translation of each of the axioms below is valid on the corresponding
class of heterogeneous algebras.
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-=AA-=-Bt+--(AAB)w O~oO~0(AAB)" +O~oO~0A” AO~oO~0B" (i)

—AF —==A v O~0AT F O ~o0 ~oO ~o0A7 (if)
——=AF =A~~w O~oO~o0~0A7 + O0~0A7 (iif)
-AA=-Btr—=(AVB) w 0O~o(AV B)" + O~0cA" AO~0B" (iv)
Tr-ol~ TrO~oL ()
~TFL ~ O~oT kL (vi)
ArmA~w AT+ O~odO~0A" (vii)
-—AF A~ DO~oO~0A" + A7 (viii)
“AA-=AF L~ O~0AT AO~oO~o0AT + L (ix)
AAN-AF L~~w AT AO~CA" + L (x)
TF-AV-—A~ TFO~0AT VO~od~0AT (xi)

Notice that the defining identities of heterogeneous algebras (cf. Definition 23) can
be expressed as analytic inductive Lyrr-inequalities (cf. Definition 30). Hence, these
inequalities can be used to generate the analytic rules of the calculus introduced in
Section 3.5, with a methodology analogous to the one introduced in [15]. As we will
discuss in Section 4.6.2, the inequalities (i)-(xi) are derivable in the calculus obtained in
this way.

3.5 Proper Display Calculi for semi De Morgan logic
and its extensions

In the present section, we introduce proper multi-type display calculi for semi De
Morgan logic and its extensions. The language manipulated by these calculi has types
DL and K, and is built up from structural and operational (aka logical) connectives.
In the tables of Section 3.5.1, each structural connective corresponding to a logical
connective which belongs to the family  (resp. G, H) defined in Section 3.8 is denoted
by decorating that logical connective with ~ (resp. ~, 7).*

4For any sequent x + y, we define the signed generation trees +x and —y by labelling the root of the
generation tree of x (resp. y) with the sign + (resp. —), and then propagating the sign to all nodes
according to the polarity of the coordinate of the connective assigned to each node. Positive (resp.
negative) coordinates propagate the same (resp. opposite) sign to the corresponding child node. Then,
a substructure z in x + y is in precedent (resp. succedent) position if the sign of its root node as a
subtree of +x or —y is + (resp. —).
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3.5.1 Language
Structural and operational terms.

Ax=p|T|L|oa|ANA|]AVA

DL
Xu:=A|T|1|a0| &T| T |XAX|XVX|X>X|XSX
ax=1|0]cA|~alana|aUa

K
Fi=a|1]0]|6X| ¢X |7 |TAT|TUT|T>-T|T-5T

Interpretation of pure-type structural connectives as their logical counterparts®:

DL K

A 5— 0 V] -5

*1

pa i v =

A (>) 1 \% (=) 1 al (o) 0 U (—2) ~ ~

>>
—>

Interpretation of heterogeneous structural connectives as their logical counterparts:

DL —» K K—-DL | K»DL | K—=DL | DL—=>K

5 o ., m] ¢

o (op) (o) O (¢)

[e]

Algebraic interpretation of heterogeneous structural connectives as operations in per-
fect HSM-algebras (see Lemma 13).

DL —- K K — DL K— DL | DL—- K
5 o 0 a] ¢
h he hy, e ee

3.56.2 Multi-type display calculi for semi De Morgan logic and its
extensions

In what follows, structures of type DL are denoted by the variables X,Y, Z, and W,
structures of type A are denoted by the variables I', A, © and II.

- The proper display calculus for semi De Morgan logic D.SM consists of the fol-
lowing rules:

e Identity and cut rules

X+ A ArY I'ta atr A
Id Cut Cutp
pFp XrY T'r A

5In the synoptic table, the operational symbols which occur only at the structural level will appear
between round brackets.




66 Multi-type Display Calculi for semi De Morgan Logic and its extensions

Pure DL-type display rules

XAYVHZ XrYVZ
resp resp
YrX52Z Y>X+2Z
e Pure K-type display rules
FrhNA+O F'rAUO
resp €sp
ArT-56 AS-T+0O
S S A 'rxA
adj, adj,
FART ArET
e Multi-type display rules
) Xrol . oX¢+T 'roX
adjjp =——— adjpL = = adjpL
¢X+T Xt o o, I'H X
e Pure DL-type structural rules
XY XrY
T - - - <
XATHY XrYVL
e XAY+Z XrYVZ
L - < . b
YANXFHZ X+ZVY

(XAYAZ+W

L A A
XANYANZ)+ Z
W, X+Y

C
- XrY

e Pure K-type structural rules

. T'r A
1:

rAailr A

Ep I'NAFO

AAT+O
TCAANAO T

XAZvrY

XAX+rY

"TALAO) FO

XFWVEVWA
XrYV(ZVW)

X+rY

_ \VL
XrYVZ

XrYVY

C
XrY t

I'r A 5
T'rAU0

r-AUO -
r-0UA

re@ven
'+ AUOUI)

5 T'r A T'r A 5
raer A '-AU®O
G AT F A FFAOAC
D (= . B D
T'r A 'r A
't A

FArET

cont
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e Multi-type structural rules
Xt+Y

oXtroY

. I
¢1
I

— [

¢

FroOA
T'r A

e Pure DL-type operational rules
L TEX
TrFX
L —
1 kL

AABF X
AANB+ X

VAI—X BrY
AVBFXVY

e Pure K-type operational rules

0

0r0

aNBrT
P
anpr

Ua/l—F BrA
aUB+TUA

_ _*ar T
~at+ T

e Multi-type operational rules
cAFT

" TOAFT

at
a

oo+l

3(7]_—‘l- ‘,.A
T'r A

Xrol .
> o0

Xr L

50

— T
THT
X+ L
X+ L

XFA YI—BA
XAY+AAB

X+AVB
X+AVB

XFOA
XFoA

X+roa
X +Oa

[}

- The proper display calculus D.LQM for lower quasi De Morgan logic consists of
all axiom and rules in D.SM plus the following rule:

X+rY

X+ 0oy

LQM
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- The proper display calculus D.UQM for upper quasi De Morgan logic consists of
all axiom and rules in D.SM plus the following rule:

S, XY

uQm
xry 9

- The proper display calculus D.DP for demi pseudocomplemented lattice logic con-
sists of all axiom and rules in D.SM plus the following rule:

FAAFYX
AriTUY

resg

- The proper display calculus D.AP for almost pseudocomplemented lattice logic
consists of all axiom and rules in D.DP plus the following rule:

X +O%oY

_ = AP
XAY L

- The proper display calculus D.WS for weak stone logic consists of all axiom and
rules in D.DP plus the following rule:

3.6 Properties
3.6.1 Soundness

In the present subsection, we outline the verification of the soundness of the rules of
D.SM (resp. D.LQM, D.UQM D.DP, D.AP and D.WS) w.r.t. the semantics of perfect
HSMAs (resp. HQMAs, HDPLs, HAPLs and HWSAs, see Definition 23). The first
step consists in interpreting structural symbols as logical symbols according to their
(precedent or succedent) position, as indicated at the beginning of Section 3.5. This
makes it possible to interpret sequents as inequalities, and rules as quasi-inequalities. For
example, the rules on the left-hand side below are interpreted as the quasi-inequalities
on the right-hand side:

Xt+Y

¢XFA

V@FEX S T)r A ~ Valee[e(h(a)') >=T] < ec(a)]

The proof of the soundness of the rules in these display calculi then consists in
verifying the validity of their corresponding quasi-inequalities in the corresponding class
of perfect heterogeneous algebras. The verification of the soundness of pure-type rules
and of the introduction rules following this procedure is routine, and is omitted. The
validity of the quasi-inequalities corresponding to multi-type structural rules follows
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straightforwardly from the observation that the quasi-inequality corresponding to each
rule is obtained by running the algorithm ALBA (cf. Section 3.4 [15]) on some of the
defining inequalities of its corresponding heterogeneous algebras.® For instance, the
soundness of the characteristic rule of D.WS on HWSAs follows from the validity of the
inequality (xi) in every HWSA (discussed in Section 4.4) and from the soundness of the
following ALBA reduction in every HWSA:

Va[T < e(h(a)*) V e((he(h(a)*))")]
iff YaVbV¥e[b <a&c <e(h(a)’)= T < e(h(b)*)V e(h(c))]
iff  YaVbVe[b <a&a < hy(e(c)’) = T < e(h(b)")V e(h(c)")]
iff  VbVel[b < hy(ee(c)”) = T < e(h(b)*) V e(h(c))]
iff  VbVel[b < hy(e(c)”) = e(h(c)*)>—T < e(h(b)")]
iff  VbVc[b < hy(ee(c)*) = b < hy(eele(h(c)”) > T]*)]
iff  Velh(ec(c)”) < hy(ecle(h(c)) >—T]")]
iff  Vc[ee(c)' < eele(h(c)’) > T]*] h, is injective
iff  Vel[eele(h(c)*) >—T] < ee(c)] *is injective

3.6.2 Completeness

In the present subsection, we show that the translations of the axioms and rules
of SM, LQM, UQM, DP, AP and WS are derivable in D.SM, D.LQM, D.UQM, D.DP,
D.AP and D.WS, respectively. Then, the completeness of these display calculi w.r.t. the
classes of SMAs, LQMAs, UQMAs, DPLs, APLs and WSAs immediately follows from
the completeness of SM, LQM, UQM, DP, AP and WS (cf. Theorem 7).

Proposition 20. For every A € L, the sequent A™ + AT is derivable in all display calculi
introduced in Section 3.5.2.

Proof. By inducution on A € L. The proof of base cases: A:=T, A:= 1 and A :=p,
are straightforward and are omitted.
Inductive cases:

e asto A := —B,

ind.hyp. ——————
;’p BT + BT

3BT + 6 BT
oBT + oB7
¥oBT F %0 B7
¥0oBT + ~oB7
~oBT + ~0B7T
O~oB” +0O ~oB7
O~oB"+r0O~o0B"

cont

6Indeed, as discussed in [15], the soundness of the rewriting rules of ALBA only depends on the order-
theoretic properties of the interpretation of the logical connectives and their adjoints and residuals. The
fact that some of these maps are not internal operations but have different domains and codomains
does not make any substantial difference.
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e asto A:=BVC,

ind.hyp. —————
_ nMP TeT T
ind.hyp. ——— e —
B” + BY W C*" + C"VB*
BT+ BTVCT C7"+B"VCT
BT"VCT +(BTVCT)V(BTVCY)
BT"VCT+B"VCT
e asto A:=BAC,
ind.hyp. —————
MR et et
ind.hyp. ——— W—————
B” + BY g CTABTrCT
BT ACT + BT BT ACT + CT

A A A F A
(BTACTYA(BTACT)+ BT ACT
B*"ACT BT ACT

m

]

Proposition 21. For every A,B € L, if A+ B is derivable in any logic introduced in

3.2.1, then A™ v+ BT is derivable in its respective display calculus.

Proof. It is enough to show the statement of the proposition on the axioms. For the
sake of readability, in what follows, we suppress the translation symbol ()*. As to the

axioms in SM:

e -T+FL ~w O~o0TFLL,

WL%
F0ATHFT |
T« T
o, x0F T
F0FaT
F0FoT
¥oT kO
~oT+O
O~oTt+ol ..
- oo
O~oTFkF L
O~oTFkFL
e TF—-l~w T+O~OT,
J_l—_i_v W,
LrFL1V el
— i
L+ ép%1
51k #1
ol r#1
1rFoL
~a il—~oJ_
T ———
¢T F~o0L
TroO~ol
TroO~ol
TrO~o0l
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e A+ -——A AN

and =—=A + -A

O~oArO~oO ~oO ~0A

~ O ~oO~oOd~o0A+O ~0A,

Ar A Ar A
= = o = = ©
GAFGA GAFGA
ocAFOJA cAFocA
0oAFoA cAFoA
p = cont = — cont
¥0AF %0A ¥0AF %¥0A
¥0AF~0A 58 ~0AF %0A
v o v~
F0AFOoO ~0A O~o0AFDO%o0 s
8,7 0Ar0O ~0A S0 ~oAF3O%0A
e, 0ArO ~0A od0 ~oAFdO%0A 58
F0AFoO ~o0A OD~0AI—TOA
¥50Arod ~o0A cAr¥oO ~oA
= 0cAFr~oO ~0A .
¥od ~oAFoA — Clal
~oOd ~0AFoA cArod ~oO ~0A
O~oO~o0AFrDO0A _ /0Ar0 ~oO~0A
o
S0 ~oO ~0AF3H0A /0A+O~oO~0A
od ~oO ~oAFJHoA 58 0AFr3d0 ~oO ~0A
o
od~oO~0AFoA 0AFrod ~oO~0A
= — cont — — cont
¥0AF %00 ~oO ~0A ¥od ~oOd ~oAF *%¥0A
¥0AF ~oO ~od ~0A ~oOd ~oO~0AF %0A
~0AF ~oO ~oO ~0A ~oO ~oO ~o0AF~0A

O~oO~o0O~0AFDO~0A
O~oO~oO~0AFO~0A

O~0AFrDO~oO~o0~0A
O~o0AFrO~oO~oO ~0A

e “AA-BF—-(AVB) ~» 0O~o0cAAO~oB+r0O~0o(AVB),

BrB s
Av A SBroB
SGAFGA ~°B"C~>~B cont
SAF o ¥*oB F%0B
FoAricA O ~oBr B
~0AF*0A O~oBFrO%5B
— Wi - -
W, O~oAFDO%*CA o O~oBAO~o0AFDO

¥oB
A O~oAAO ~oB D068
A O~0AAO~oBFr0O%3B
¢[00 ~0AAO ~0B)Fi3A 4@ ~0cAAD ~0B)+%5B
SAr%* 4@ ~0cAADO ~oB) SBr%*4(@~0AADO ~0B)
Ar ¢, % 4(0 ~0AADO ~0B) Br 4,540 ~0AAD ~0B)
AVB&F 6,540 ~0AAO~0B)V % (0 ~0cAADO ~0B)

AVB+ # (0 ~0AAD ~0B)

S(AVB)F% 40 ~0AAD ~o0B)

o(AVB)r% 4@ ~0oAAD ~o0B)

4@ ~0AATO ~oB)F %0(AV B)

4O ~0cAAO ~0B)F ~0o(AVB)

O~o0AAO~oB+0O~0o(AVB)

O~o0cAAO~oB+rO~0(AVB)

CL
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0—|—|A/\—|—|BI——|—|(A/\B) > D~OE|~OA/\D~OEI~OBI—D~OD~O(A/\B),

B+ B s
ArA SBtrsSB
—————= . © T n . ~np
SAFGA ~<~>BH~>B cont
0cAFGA ¥*0B F*0B
—————— cont ——= 5
¥0AF %*0A ¥6BF ~oB sa
F6AF ~0A  _. ¥0Bro0 ~oB
T5ArSm ~o0A 0 +,76B+r0O~oB
e, % 0AFrO ~0A e,%*6B+0O ~oB
e, ¥0AFDO ~0A

~

*

SAroOd~o0A

¥0AroO ~o0A

¥oO ~0AFGA

~oO0 ~0AFGA

oBroOo~oB
GBtroO~oB

HEIE

*
o
[m}
14
o
[o~]
-
o
[~

~oO ~oBFOB
O~oO~oBFOGB

Wi —~ -
O~oO~0AFOGA O~oO~oBAO~oO~o0AFOGB

Wi = - EL = ~
O~oO~0AAO ~oO~oBFOGA O~oO~o0AAO~oO~oB+0OGB
O~oO~0AAO~oO~0oBFOGA O~oO~o0oBAO~oO~0AFDOGSRB
¢(0 ~oO ~0AAO ~oO~o0B)FJA ¢(0 ~oO ~0AAD ~oO ~0B)F3B

4, (0 ~oO ~0AADO ~oO ~0B)F A

é, (0 ~oO ~0AAD ~oO ~oB)+ B

o ¢, (0 ~oO0 ~0AAO ~oO ~oB)A é, 4(@ ~oO ~0oAADO ~oO ~oB)+ AAB
L

4, (0 ~oO~0AAO ~oO ~oB)F AAB

4@ ~oO ~0AADO ~oO ~oB)F3(AAB)

¢(@~oO ~0AAO ~oO ~0B)Fo(AAB)

50(AAB)F*4(0 ~oO ~0AAO ~oO ~oB)

cont

~o(AAB)F% &0 ~oO ~0AAO ~oO ~oB)

O~0(AAB)+-DO% é(0 ~oO~0AAO ~oO ~oB)

50 ~o(AAB)+-30% 40 ~oO0 ~0AAD ~oO ~o0B)

30 ~o(AAB)F% 40 ~oO ~0AADO ~oO ~oB)

50

o0 ~o(AAB)F %40 ~oO ~0AAO ~oO ~oB)

4(0 ~oO ~0AAO ~oO ~oB)F%od ~o(AAB)

4@ ~oO ~0AAO ~oO~0B)F ~oO ~o(AAB)

O~o0~0AAO ~oO~oB+r0O~o0 ~0o(AAB)

O~oO~0AAO~oO~o0oB+rO~o0O~0(AAB)
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As to the characterizing axioms of LQM and UQM:

e Ar—-—A ~ ArO~oO~oAand —-AFA ~w O~oO~0AFA,

Ar A
TMALGA 0cAF3A
~‘A'_(jé cont *0AF~o0A 58
¥0AF * ¢A F0ALo0 ~0A
~o0ArF A e/ %3AFD ~0A
O~0AFDO% A 8, %0AFrD0O ~0A
50 ~oAroDiE 44 F5Arsn ~oA
50 ~oAr A OD __*oAron~oA
o0 ~oAk*¢A ~oO ~0AFOGA
#At+FoOd ~0A O~oO~0AFDOGSA
‘A|—~o|:|~oA 40 ~oO0 ~0AFGA
ArD ~oO ~oA o, 00 ~o0 ~oAfr A
ArO~oO~0A O ~oO ~oAr A UM

As to the characterizing axiom of AP:

e "ANAFL ~w O~0AANAF L,

Ar A 5
0AFOoA

GAF

~0A

O ~o0At

AAO ~o0Ar

O~oAlF

AAO ~o0AF

O~0AAAF

O~0AAAF

O~o0AANAF

PR
o>
B S

AP

F e (o x| o
X
<
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As to the characterizing axiom of DP:
e "AAN—-—A+rL ~w O~o0AAO~oO~o0AF 1,

ArA s
GAFGCA
cAFGA
ocAFroA

0ANOF oA
Or%0AUoA
OFoAU%0A
FoANOFF0A
¥0AF %0A
"FoAF ~o0A
~0AF ~o0A
~0AF3HO~0A
8/ ~0cArO ~0A

Wi

EL

s}

¢ ~0oA+rO~0A

~0AFoSO~0A
~o0AFoOd~o0A
O~o0AFrDOoO~0A
40 ~0Atrod ~0A
40 ~0Arod~0AUD
o0 ~0AN 40 ~0A K0
40 ~0AAFoO ~0AF O
FoO ~oAFr i é0~0AU0
~oO ~0Ar%é0~0AU0
O~oO~0AFCG(* 40 ~0AU0)

Wi

EL

40 ~oO0 ~0A+% é0~0AU0
0 ~0AN $D~0D~OAI—()
40 ~o00~0AF é0~0AS0
O~oO~0ArD(40~0A50)

WL
EL

O~oO0~0AADO ~o0AFD(é0~0A50)

O~0AAO ~oO ~o0AFCI(40 ~0A-50)
¢(0 ~0AAO ~oO~0A)F 0 ~0AS0
40 ~0AAN (@ ~0AAD ~oO ~0A) 0
40 ~0AF (0 ~0AAO ~oO ~o0A)50

O~cArO(#@ ~0AAD ~o0 ~o0A)50)

Wi - = - -
O~0AAO ~oO~ocArO(#(0~0AADO ~od ~0A)-50)

¢(0~cAAO ~oO~0A)F é(0~0cAAD ~o0O ~oA)_V>(])

4@ ~0cAADO ~oO ~0A)A 4@ ~0AAO ~oO ~0A)F 0

Co = = -
¢(0~0cAAO ~oO ~0A)FO

O~0AADO ~oO ~o0A 00
O~o0AAO~oO ~o0AF L
O~0AAO ~oO ~0AF L
O~oAAO ~oO~o0AF L

80
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As to the characterizing axiom of WS:
e TF—mAV=-A ~ TtrO~oO~0AVO~Oo0A,

ArA 5
0GAFOCA
GAFoA
0cAFroA
~0AF %0A
~0AF~0A
O~o0AFrDO~0A

0%60 ~0A>TFrO~0A
0%60 ~0 A>T rO~0A
TFrO%6O0~0AVO~0A
O~0A> T O350 ~0A
$(O ~0AST)rF50~0A
SO0 ~0AF% 4O ~0AST)

o0 ~oAF % 4(0~0AST)

(@ ~0AST)rFoO~0A

40 ~0AX-T)Fr~oO ~0A

O~0AXTrO~oO~0A

O~0A>TrO~o0O~0A

TrOo~oO~0AVO~0A
TrO~oO~0AVO~0A
TrO~o0oO~0AVO~0A

3.6.3 Conservativity

To argue that the calculi introduced in Section 3.5 conservatively capture their
respective logics (see Section 3.2.1), we follow the standard proof strategy discussed
in [13, 15]. Let L be one of the logics of Definition 18, let . denote its syntactic
consequence relation, and let |= (resp. |=p) denote the semantic consequence relation
arising from the class of the perfect (heterogeneous) algebras associated with L. We
need to show that, for all £-formulas A and B, if A" + B is derivable in the display
calculus D.L, then A . B. This claim can be proved using the following facts: (a)
the rules of D.L are sound w.r.t. perfect heterogeneous L-algebras (cf. Section 3.6.1);
(b) L is complete w.r.t. its associated class of algebras (cf. Theorem 7); and (c) L-
algebras are equivalently presented as heterogeneous L-algebras (cf. Section 4.3), so
that the semantic consequence relations arising from each type of algebras preserve and
reflect the translation (cf. Proposition 25). If A + B” is derivable in D.L, then by (a),
l=uL AT F B™. By (c), this implies that |=| A + B. By (b), this implies that A +_ B, as
required.




76 Multi-type Display Calculi for semi De Morgan Logic and its extensions

3.6.4 Cut elimination and subformula property

In the present subsection, we briefly sketch the proof of cut elimination and subfor-
mula property for all display calculi introduced in Section 3.5.2. As discussed earlier on,
proper display calculi have been designed so that the cut elimination and subformula
property can be inferred from a meta-theorem, following the strategy introduced by
Belnap for display calculi. The meta-theorem to which we will appeal was proved in [6,
Theorem 4.1].

Theorem 8. Cut elimination and subformula property hold for all display calculi intro-
duced in Section 3.5.2.

Proof. All conditions in [6] except Cg are readily satisfied by inspecting the rules. Con-
dition C§ requires to check that reduction steps are available for every application of
the cut rule in which both cut-formulas are principal, which either remove the original
cut altogether or replace it by one or more cuts on formulas of strictly lower complexity.
In what follows, we show Cj for the unary connectives by induction on the complexity
of cut formula.

Pure type atomic propositions:

pFp prp

prp ~ pEPp
Pure type constants:
O
TrEX
TrET TFX 1
TrHX ~w o TEX

The cases for L, 1, 0 are standard and similar to the one above.

Pure-type unary connectives:

S 2 B

B P Far A I'ria

Trxa Far A *AFa atk %[

T'r~a ~a kA FAF XD cont
T'r A ~o T'r A

Pure-type binary connectives:
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73
S 72 AAB+Z
Y+ B BrA>SZ
YrASZ
AAY F Z
. . _ LM YAArZ
" 172 273 X+ A ArY S Z
XF+HA Y+ B AABFZ X+rYSZ
XAY+AAB AANBVv Z YAX+Z
XAY+Z o XAY+Z

The cases for AV B, a N B, @ U B are standard and similar to the one above.

Multi-type unary connectives:

1M
D Lo XrDa )
XI'—ﬁa ar A X Fa ar A
Xroa Do rOA ¢X+A
X+rOA > XrOA
M )
im Ly 'rsA SAFA
Ir54  GSAFA sel'rA Ar & A
I'roA cAr A at’F'"rA.
I'rA ~y 'r A
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3.7 Appendix: Proper multi-type display calculi and
their meta-theorem

In the present section we report on (an adaptation of) the definitions and results of
[6], from which the cut elimination and subformula property can be straightforwardly
inferred for the calculi defined in Section 3.5.2.

The calculi defined in Section 3.5.2 satisfy stronger requirements than those for which
the cut elimination meta-theorem [6, Theorem 4.1] holds. Hence, below we provide the
corresponding restriction of the definition of quasi-proper multi-type calculus given in
[6], which applies specifically to the calculi of Section 3.5.2. The resulting definition,
given below, is the exact counterpart in the multi-type setting of the definition of proper
display calculi introduced in [23] and generalized in [15].

A sequent x + y is type-uniform if x and y are of the same type.

Definition 27. Proper multi-type display calculi are those satisfying the following list
of conditions:

C.: Preservation of operational terms. Each operational term occurring in a
premise of an inference rule inf is a subterm of some operational term in the conclusion
of inf.

C,: Shape-alikeness and type-alikeness of parameters. Congruent parameters’
are occurrences of the same structure, and are of the same type.

"The congruence relation between non active-parts in rule-applications is understood as derived from
the specification of each rule; that is, we assume that each schematic rule of the system comes with
an explicit specification of which elements are congruent to which (and then the congruence relation
is defined as the reflexive and transitive closure of the resulting relation). Our convention throughout
the chapter is that congruent parameters are denoted by the same structural variables. For instance,
in the rule

X;Y+Z

Y;XrZ
the structures X,Y and Z are parametric and the occurrences of X (resp. Y, Z) in the premise and
the conclusion are congruent.
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Cs: Non-proliferation of parameters. Each parameter in an inference rule inf is
congruent to at most one constituent in the conclusion of inf.

C4: Position-alikeness of parameters.  Congruent parameters are either all in prece-
dent position or all in succedent position (cf. Footnote 4).

C5: Display of principal constituents. [f an operational term a is principal in the
conclusion sequent s of a derivation &, then a is in display.

Cs: Closure under substitution for succedent parts within each type.  Each rule is
closed under simultaneous substitution of arbitrary structures for congruent operational
terms occurring in succedent position, within each type.

C~: Closure under substitution for precedent parts within each type. Each rule is
closed under simultaneous substitution of arbitrary structures for congruent operational
terms occurring in precedent position, within each type.

Cs: Eliminability of matching principal constituents. This condition requests a
standard Gentzen-style checking, which is now limited to the case in which both cut
formulas are principal, i.e. each of them has been introduced with the last rule application
of each corresponding subdeduction. In this case, analogously to the proof Gentzen-style,
condition Cg requires being able to transform the given deduction into a deduction with
the same conclusion in which either the cut is eliminated altogether, or is transformed
in one or more applications of the cut rule, involving proper subterms of the original
operational cut-term.

Co: Type-uniformity of derivable sequents. Each derivable sequent is type-uniform.

Cio: Preservation of type-uniformity of cut rules. All cut rules preserve type-
uniformity.

Since proper multi-type display calculi are quasi-proper, the following theorem is an
immediate consequence of [6, Theorem 4.1]:

Theorem 9. Every proper multi-type display calculus enjoys cut elimination and sub-
formula property.

3.8 Appendix: Analytic inductive inequalities

In the present section, we specialize the definition of analytic inductive inequalities
(cf. [15]) to the multi-type language Ly, in the types DL and K, defined in Section
4.4 and reported below for the reader’s convenience.

DL>A:=p|Oa|T|L|AANA|AVA
Koa:=cA|1l|0|~a|aVUa|ana
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We will make use of the following auxiliary definition: an order-type over n € N is an
n-tuple € € {1,0}". For every order type €, we denote its opposite order type by €7,
that is, €9(i) = 1 iff €(i) = 0 for every 1 < i < n. The connectives of the language above
are grouped together into the families ¥ := FpL U ¥k U Fur, G := GoL U Gk U Gur,
and H := HpL U Hx U Hyir defined as follows:

FoL :={AT} GoL:={V,1} HpL:=0
Fr = {n, 1} Gk ={U,0}  Hk:={~}
FuMT =D Gut :={0} Hyr = {o}

For any £ € F UG UH, we let ny € N denote the arity of ¢, and the order-type €, on ng
indicates whether the ith coordinate of ¢ is positive (e,(i) = 1) or negative (& (i) = 9).
The order-theoretic motivation for this partition is that the algebraic interpretations of
F-connectives (resp. G-connectives), preserve finite joins (resp. meets) in each positive
coordinate and reverse finite meets (resp. joins) in each negative coordinate, while the
algebraic interpretations of H-connectives, preserve both finite joins and meets in each
positive coordinate and reverse both finite meets and joins in each negative coordinate.

For any term s(p1,...py), any order type € over n, and any 1 < i < n, an e-critical
node in a signed generation tree of s is a leaf node +p; with €(i) = 1 or —p; with €(i) = 9.
An e-critical branch in the tree is a branch ending in an e-critical node. For any term
s(p1,...pn) and any order type € over n, we say that +s (resp. —s) agrees with €, and
write €(+s) (resp. €(—s)), if every leaf in the signed generation tree of +s (resp. —s) is
e-critical. We will also write +s” < #s (resp. —s’ < *s) to indicate that the subterm s’
inherits the positive (resp. negative) sign from the signed generation tree xs. Finally,
we will write €(s”) < s (resp. €2(s”) < *s) to indicate that the signed subtree s’, with
the sign inherited from xs, agrees with e (resp. with €?).

Definition 28 (Signed Generation Tree). The positive (resp. negative) generation
tree of any Ly;r-term s is defined by labelling the root node of the generation tree
of s with the sign + (resp. —), and then propagating the labelling on each remaining
node as follows: For any node labelled with { € ¥ U G U H of arity ng, and for any
1 <i < ng, assign the same (resp. the opposite) sign to its ith child node if €(i) = 1
(resp. if €x(i) = 0). Nodes in signed generation trees are positive (resp. negative) if are
signed + (resp. —).

Definition 29 (Good branch). Nodes in signed generation trees will be called A-
adjoints, syntactically left residual (SLR), syntactically right residual (SRR), and syn-
tactically right adjoint (SRA), according to the specification given in Table 3.1. A
branch in a signed generation tree xs, with = € {+,—}, is called a good branch if it
is the concatenation of two paths Py and Py, one of which may possibly be of length
0, such that Py is a path from the leaf consisting (apart from variable nodes) only of
PIA-nodes®, and Py consists (apart from variable nodes) only of Skeleton-nodes.

8For an expanded discussion on this definition, see [20, Remark 3.24] and [4, Remark 3.3].
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Skeleton PIA
A-adjoints SRA
+ v U + A N o ~ O
- A N — \% U o ~
SLR SRR
+ A N o ~ + v U
— \Y U o ~ O — AN

Table 3.1: Skeleton and PIA nodes.

+ < -

Skeleton Skeleton

777
77777077
7727277777

+p 52

Definition 30 (Analytic inductive inequalities). For any order type € and any irreflex-
ive and transitive relation < on p1,...py, the signed generation tree s (x € {—, +})
of an Ly term s(p1,...py) is analytic (£2, €)-inductive if

1. every branch of xs is good (cf. Definition 29);

2. for all 1 <i < n, every SRR-node occurring in any e-critical branch with leaf p; is
of the form &(s, B) or &(B, s), where the critical branch goes through B and

(a) €%(s) < s (cf. discussion before Definition 29), and

(b) pr <q pi for every py occurring in s and for every 1 < k < n.

We will refer to <q as the dependency order on the variables. An inequality s <t
is analytic (€0, €)-inductive if the signed generation trees +s and —t are analytic (), €)-
inductive. An inequality s < t is analytic inductive if is analytic (), €)-inductive for some
Q and e.

In each setting in which they are defined, analytic inductive inequalities are a subclass
of inductive inequalities (cf. [15, Definition 16]). In their turn, inductive inequalities are
canonical (that is, preserved under canonical extensions, as defined in each setting).



Chapter 4

Bilattice Logic Properly
Displayed

In the present chapter, which is based on the paper* [26], we introduce a proper multi-
type display calculus for bilattice logic (with conflation) for which we prove soundness,
completeness, conservativity, standard subformula property and cut elimination. Our
proposal builds on the product representation of bilattices and applies the guidelines of
the multi-type methodology in the design of display calculi.

LMy specific contributions to this research have been the proof of results, the introduction of notions
and constructions, and the writing of the first draft of the paper.
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4.1 Introduction

Bilattices are algebraic structures introduced in [23] in the context of a multivalued
approach to deductive reasoning, and have subsequently found applications in a variety
of areas in computer science and artificial intelligence. The basic intuition behind the
bilattice formalism, which can be traced back to the work of Dunn and Belnap [3, 4, 14]
and even earlier, to Kleene's proposal of a three-valued logic, is to carry out reasoning
within a space of truth-values that results from expanding the classical set {f,t} with
a value L, representing lack of information, and a value T, representing over-defined or
contradictory information.

More generally, Ginsberg [23] argued that one could take as space of truth-values a
set equipped with two lattice orderings (a bilattice), reflecting respectively the degree of
truth and the degree of information associated with propositions. The bilattice frame-
work may thus be viewed as an attempt at combining the many-valued approach to
vagueness of fuzzy logic with the Dunn-Belnap-Kleene treatment of partial and incon-
sistent information. In fact, a number of works has shown how bilattice-like structures
naturally arise in the context of fuzzy logic when one tries to account for uncertainty,
imprecision and incompleteness of information [12, 13, 15, 37].

Negation plays a very special role. Indeed, it is because of this connective that
bilattice logics are not self-extensional [40] (or, as other authors say, congruential),
i.e. the inter-derivability relation of the logic is not a congruence of the formula algebra.
This means that there are formulas ¢ and ¢ such that ¢ -+ ¢ and yet - A =y (this is
not the case of the Belnap-Dunn logic, which is self-extensional). In the Gentzen-style
calculus for bilattice logic GBL introduced in [1, Section 3.2], there are four introduction
rules for each binary connective, two of which are standard and introduce it as main
connective on the left and on the right of the turnstile, and two are non-standard and
introduce the same connective under the scope of negation. From a proof-theoretic
perspective, this solution has the disadvantage that the resulting calculus is not fully
modular, does not enjoy the standard subformula property, and violates some key criteria
about introduction rules for connectives adopted in the literature on display calculi,
structural proof theory and dynamic logics on the basis of technical considerations, and
in the literature on proof-theoretic semantics on more philosophical ground and concerns
(see [19, 36, 38, 39)]).

In this chapter, we introduce a proper multi-type display calculus for bilattice logic
that circumvents all the above-mentioned disadvantages.’ As a first approximation to
the problem of providing a calculus for the full Arieli-Avron logic [1, 9], we shall here
focus on its implication-free fragment, which is precisely the logic axiomatized by means
of a Hilbert-style calculus in [8]. We consider this to be a reasonable tradeoff: on the one
hand because, thanks to the modularity of our calculus, we do not anticipate any major
technical difficulties in introducing further rules to account for the implication (this is
current work in progress); on the other hand because the characteristic behaviour of the
bilattice negation (and the problems that arise in its proof-theoretic treatment) already

2The notion of proper display calculus has been introduced in [38]. Properly displayable logics, i.e. those

which can be captured by some proper display calculus, have been characterized in a purely proof-
theoretic way in [10]. In [27], an alternative characterization of properly displayable logics was intro-
duced which builds on the algebraic theory of unified correspondence [11].
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manifest in the context of the implicationless logic. Another natural future project will
be providing a display calculus for modal expansions of bilattice logic such as those
introduced in [31]-see the concluding remarks in Section 4.7.

The design of our display calculus follows the principles of the multi-type methodol-
ogy introduced in [16-18, 24] for displaying dynamic epistemic logic and propositional
dynamic logic, and subsequently applied to displaying several other well known logics
(e.g. linear logic with exponentials [29], inquisitive logic [20], semi-De Morgan logic [25],
lattice logic [28]) which are not properly displayable in their single-type presentation,
and also to design families of novel logical frameworks in a modular and principled way
[6]. Our multi-type syntactic presentation of bilattice logic is based on the algebraic
insight provided by the product representation theorems (see e.g. [7]) and possesses all
the desirable properties of proper display calculi. In particular, our calculus enjoys the
standard subformula property, supports a proof-theoretic semantics and is fully modu-
lar. These features make it possible to prove important results about the logics in a
principled way and are key for developing interactive and automated reasoning tools [2].

Structure of the chapter In Section 4.2 we recall basic definitions and results about
bilattices and bilattice logics and discuss the general motivations and insights underlying
(multi-type) display calculi. Section 4.3 develops an algebraic analysis of bilattices as
heterogeneous structures which provides a basis for our multi-type approach to their
proof theory. In Section 4.4, we introduce the multi-type bilattice logic which corre-
sponds to heterogeneous bilattices. Our display calculi are introduced in Section 4.5,
and we prove its soundness, completeness, conservativity, subformula property and cut
elimination in Section 4.6. In Section 4.7 we outline some directions for future work.

4.2 Preliminaries

4.2.1 Bilattices
The definitions and results in this section can be found in [1, 8].

Definition 31. A bilattice is a structure B = (B, <;, <k, =) such that B is a non-empty
set, (B,<;), (B, <y) are lattices, and — is a unary operation on B having the following
properties:

e jfa<; b, then =b <; —a,
e jfa <y b, then —a < —b,
e ——a =a.

We use A,V for the lattice operations which correspond to <; and ®,® for those
that correspond to <. If present, the lattice bounds of <, are denoted by f and t
(minimum and maximum, respectively) and those of <x by L and T. The smallest
non-trivial bilattice is the four-element one (called Four) with universe {f,t, L, T}.

Fact 1. The following equations (De Morgan laws for negation) hold in any bilattice:
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=(x Ay)=-x VA, =(x Vy)=-x Ay,
S(x®y)=-xQ -y, =(x®y)=-x&®y.

Moreover, if the bilattice is bounded, then
—|t:ﬁ —|f:t’ -T=T, —~lL=.1.

Definition 32. A bilattice is called distributive when all possible distributive laws con-
cerning the four lattice operations, i.e., all identities of the following form, hold:

xo(yez)=(xoy)e(xoz) foralloec{AV,® o}
If a distributive bilattice is bounded, then
tef=1, t@ef=T, TAL=1f TVL=t.
In the following, we use B to denote the class of bounded distributive bilattices.

Theorem 10 (Representation of distributive bilattices). LetL be a bounded distributive
lattice with join LI and meet M. Then the algebra L © L having as universe the direct
product L X L is a distributive bilattice with the following operations:

(a1,az2) A(b1,b2) := (a1 M by, az U bs)
(a1,az2) V(b1,b2) := (a1 Uby,azMbz)
(a1, az) ® (b1, ba) (a1 M by, az M ba)
(a1, az) ® (b1, b2) (a1 U by, az U ba)

~(a1,a2) = (azai)
o= (1)
t = (L0)
L = (0,0)
T = (1)

Theorem 11. Every distributive bilattice is isomorphic to L © L for some distributive
lattice LL.

Definition 33. A structure B = (B, <;, <r,—, —) is a bilattice with conflation if (B, <;
, <k, ™) is a bilattice and the conflation — : B — B is an operation satisfying:

e ifa<; b, then —a <; —b;
e ifa <y b, then —b <i —a;
e ——a=a.
We say that B is commutative if it also satisfies the equation: = — x = ——x.

Fact 2. The following equations (De Morgan laws for conflation) hold in any bilattice
with conflation:
—(xAy)=-xA-y —(xVy)=-xV-y
-(x®y)=-x®-y -(x@y)=-x®-y
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Moreover, if the bilattice is bounded, then
-t=t —f=f -T=1, —L=T.

We denote by CB the class of bounded commutative distributive bilattices with
conflation.

Theorem 12. LetD = (D,1,U, ~,0,1) be a De Morgan algebra, then DOD is a bounded
commutative distributive bilattice with conflation where:

e (D,N,L,0,1)e(D,m,uU,0,1) is a bounded distributive bilattice;
o —(a,b) =(~b,~ a);

Theorem 13. Every bounded commutative distributive bilattice with conflation is iso-
morphic to D ® D for some De Morgan algebra D.

4.2.2 Bilattice logic

In the present subsection we introduce Bilattice Logic (BL) and Bilattice Logic with
Conflation (CBL). The language of CBL £ over a denumerable set AtProp = {p, g, r,...}
of atomic propositions is generated as follows:

A=p|t|f|T|L|-A|AANA|AVA|AQA|A®A|-A.

the language of BL is the conflation-free reduct of L, where conflation is the name of
the connective ‘—'. Bilattice Logic consists of the following axioms:

Ar A ——AAHA

frA Art, LFA AFT,
Ar—f, =tr+A -LF+A Ar-T,
AANAB+A, AANB+B, A+AVB, BrAVB,
A®B+rA A®B+rB, A+A®B, BrA®B,
ANBVC)Fr(AAB)V(AACQ),
A®(BadC)+ (A®B)V (A& (),
-(AAB)4 =AV =B, —(AV B) 4 =A A =B,
~(A® B) 4+ -A® =B, —(A® B) 4+ =A@ —B,
and the following rules:

A+ B B+ C

ArC
A+ B ArC A+ B C+rB
A+rBAC AVCt+rB
A+ B ArC A+ B C+rB

ArB®C A®C+ B
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CBL consists of the axioms and rules of BL plus the following axioms:
——Adr A A - A

-frA A+ —t, -TFA AFr -1,
—(AAB)4 —AA-B, —(AV B) A4 —AV —B,
—(A®B)4+-A®-B, —(A®B)4 -AQ®—-B.

The algebraic semantics of BL (resp. CBL) is given by B (resp. CB). We use A =g C
(resp. A [=cg C) to mean: for any B € B (resp. B € CB), if A® € F; then C® € F;. Here
A® and CP mean the interpretations of A and C in B, respectively; and F; = {a € B :
t < a} is the set of designated elements of B (using the terminology of [1, Definition
2.13], F; is the least bifilter of B).

Soundness of BL (resp. CBL) is straightforward. In order to show completeness, we
can prove that every axiom and rule of Arieli and Avron's GBL (resp. GBS, cf. [1]) is
derivable in BL (resp. CBL).> Then the completeness of BL (resp. CBL) follows from
the completeness of GBL (resp. GBS, [1, Theorem 3.7]).

Theorem 14 (Completeness). A v+py, C iff A |=g C (resp. A +cpL, C iff A |=cg C).

4.3 Multi-type algebraic presentation of bilattices

In the present section we introduce the algebraic environment which justifies seman-
tically the multi-type approach to bilattice logic presented in Section 4.5. The main
insight is that (bounded) bilattices (with conflation) can be equivalently presented as
heterogeneous structures, i.e. tuples consisting of two (bounded) distributive lattices
(De Morgan algebras) together with two maps between them.

Multi-type semantic environment

For a bilattice B, let Reg(B) = {a € B : a = —a} be the set of regular elements [7]. It
is easy to show that Reg(B) is closed under ® and &, hence (Reg(B), ®, ®) is a sublattice
of (B,®, ®). For every a € B, we let

reg(a) :==(aV (a® -a)) ®—(aV (a ®-a))

be the regular element associated with a. It follows from the representation result of [7,
Theorem 3.2] that
B = (Reg(B), ®, ®) © (Reg(B), ®, ®)

where the isomorphism 7 : B — Reg(B) X Reg(B) is defined, for all a € B, as n(a) :=
(reg(a), reg(—a)). The inverse map f : Reg(B) x Reg(B) — B is defined, for all
(a, b) € Reg(B) x Reg(B), as

f(a, b)) :=(a®(aV b)) ®(b® (aAb)).

3In order to do this, we view a sequent I' = A of GBL (GBS) as the equivalent sequent AT = \/ A.
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Heterogeneous Bilattices

Definition 34. A heterogeneous bilattice (HBL) is a tuple H = (L1, Lo, n, p) satisfying
the following conditions:

(H1) Ly, Ly are bounded distributive lattices.

(H2) n:L; - Ly and p : Ly — Ly are mutually inverse lattice isomorphisms.
We let HBL denote the class of HBLs. An HBL is perfect if:

(H3) both Ly and Ly are perfect lattices;*

(H4) p,n are complete lattice isomorphisms.

By (H2) we have that np = Idy, and pn = Idp,, from which it straightforwardly
follows that n and p are both right and left adjoints of each other. The definition of
the heterogeneous bilattice with conflation (HCBL) is analogous, except that we replace
(H1) with the following condition:

(H1”) Ly and Lo are De Morgan algebras, with De Morgan negations denoted ~; and
~9 respectively.

We let HCBL denote the class of HCBLs. In what follows, we let LY denote the canonical
extension of the lattice L. The following lemma is an easy consequence of the results
in [21, Theorems 2.3 and 3.2].

Lemma 13. /f (Ly, L, 1, p) is an HBL (HCBL), then (L§,1L5,n°,p°) is a perfect HBL
(resp. HCBL).

P

Ly Lo
\E/

4A distributive lattice A is perfect (cf. [22, Definition 2.14]) if it is complete, completely distributive
and completely join-generated by the set J*(A) of its completely join-irreducible elements (as well as
completely meet-generated by the set M*(A) of its completely meet-irreducible elements). A lattice
isomomorphism h : L — L is complete if it satisfies the following properties for each X C L:

h(VX)=Vh(X)  h(AX)=AhX),
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Equivalence of the two presentations

The following result is a straightforward verification of Definition 34.

Proposition 22. For any bounded distributive bilattice B, the tuple

B = (Reg(B), Reg(B), IdReg(]BS)s IdReg(B))

isan HBL, where; =N=Q,Lh =U=®,1;=1=Tand0; =0= L.
For any CB B, the tuple

B* = ((Reg(B), ~1), (Reg(B),~2), Idreg@) Idreg))
is an HCBL, where ~9=~1= —.

Proposition 23. If (L, Lo, n, p) is an HBL (resp. HCBL), then Ly x Ly is a bilattice
(resp. a bilattice with conflation) when endowed with the following structure:

(a1,az2) ® (b1,b2) = (a1 b1, az N b2)
(a1, az) ® (b1, b2) (ay Uy by, az U bo)
(a1, az) A (b1, ba) (ay My by, az U ba)
(a1, az) v (b1, b2) (ay U1 by, az N b)

~(ar,a2) = (plaz),n(a1))
—(ar,az) = (p(~2 a2),n(~1 a1))
f = (0,1)
t = (1,0)
L = (0,0)
T = (L1

Proof. Firstly, we show that (L1 X Lo, ®, ®) and (L1 X Lo, A, V) are bounded distributive
lattices. It is obvious that they are both bounded lattices. We only need to show that
the distributivity law holds. We have:

(a1, az) ® ({b1, b2) ® ({c1, c2))
= (ay, as) ® (b1 Uy c1, ba Uca)) Def. of ®
(a1 M (b1 L Cl), as N (b2 U 62)> Def. of ®
{(ay M1 b1) Uy (a1 My ¢1), (az Nba) U (az Ncy))  Distributivity of Ly and Lo
((a1 M1 b1), (a2 Nb2)) ®((a1 M1 c1), (a2 Nc2)) Def. of ®
= (a1, a2) ® (b1, b2)) ® (a1, az) ®{c1, c2)) Def. of ®

As to (L1 X Lo, A, V), the argument is analogous.

Now we show that the properties of — are also met. Assume that {(ai, as) <;
(b1, bs), equivalently, a; <1 by and by <5 ao. By the definition of =, we have
(a1, az) = (p(az), n(a1)) and ~(b1, b2) = (p(b2), n(b1)). Hence p(b2) <1 p(az)
and n(ay) <2 n(b1) by (H2). Thus —(b1, b2) <, =({a1, az). A similar reasoning shows
that the corresponding property involving = and < also holds. The following argument
shows that — is involutive.



Multi-type bilattice logic 91

—=(ay, az)

—(p(az), n(a1))  Def. of =

= (pn(ay), np(az)) Def. of =

= A{ay, as) np = Idy, and pn = Idy,

As to conflation, assume (a1, as) <, (b1, bs), equivalently, a; <1 by and by <3 as.
By the definition of — we have —{ay, as) = (p(~2 a2), n(~1 ay)) and —(b1, b2) = (p(~2
ba), n(~1 b1)). Hence p(~2 az) <1 p(~2 b2) and n(~ b1) <z n(~ bz) by (H2). Thus
—(a1, az) <y —(b1, ba). A similar reasoning shows that the corresponding property
involving — and < also holds. The following arguments show that — is involutive and
— and — are commutative.

-~ (a1, az)
= —(p(~2 a2), n(~1 a1)) Def. of —
= (p(~2 n(~1 a1)), n(~1 p(~2 az))) Def. of —
= (p(~2~2 n(a1)), n(~1~1 p(az)))  H2

= (pn(a1), np(az2)) H1
= (a1, a2) np = Idy, and pn = Idy,
—=(a1, az)

= —(p(a2), n(a1)) Def. of =

= (p(~2 n(a1)), n(~1 p(a2))) Def. of —

= —(~1 p(az), ~2 n(a1)) Def. of =

= ~(p(~2 a2), n(~1 az)) H2

= - — (a1, az) Def. of —

O

Definition 35. For any HBL H = (L1, Lo, n, p), we let Hy = (L1 XL, A, V, ®, ®, —)
denote the product algebra where the four lattice operations are defined as in Ly © Lo
(Theorem 10) and the negation is given by —(a1,as) := {p(az), n(ay)) for all {ay,az) €
L1 X Ly. If Ly and Ly are isomorphic De Morgan algebras, then we define H, =
(L1 X Lo, A, V, ®, &, =, —) as before, with the conflation given by —{ay,as) := {(p(~2
as), n(~1 ay)) for all {ay,as) € L1 X Lso.

Proposition 24. For any B € B (resp. B € CB) and any HBL (resp. HCBL) H, we have
B=BY), and H=H,)".

Proof. Immediately follows from Propositions 22 and 23. O

4.4 Multi-type bilattice logic

The results of Section 4.3 show that HBL (resp. HCBL) is an equivalent presentation
of B (resp. CB), and motivate from a semantic perspective the syntactic shift we take
in the present section, from a single-type language to a multi-type language.® Indeed,

5In what follows, we only introduce the multi-type language associated with HCBL. The language
associated with HBL can be obtained by removing the unary operators ~1 and ~o.
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heterogeneous algebras provide a natural interpretation for the following multi-type lan-
guage Ly consisting of terms of types Ly and Ls.

L1 2A; == p1|11]01 | pAs |~1 A1 [ A1y Ay | Ay Up Ay

L2 2 A = pa [1]0]nAy [~2 A2 | A2 N Az | A3 U Ay

The interpretation of Lyr-terms into HCBLs is defined as the easy generalization
of the interpretation of propositional languages in universal algebra; namely, L;-terms
(resp. o-terms) are interpreted in the first and second De Morgan algebras of any HCBL,
respectively.

The toggle between CB and HCBL (cf. Sections 4.3) is reflected syntactically by the
translations #1(+), 12(+) : £ — Ly defined as follows:

nlp) = p to(p) = p2
n) = 1L to(t) = 0
nE) = 0 ©(f) = 1
n(m = 1 ©(T) = 1
n(L) = 0 t2(L) = 0
t(AAB) = tn(A)mu(B) | 2(AAB) = t(A)Ut(B)
n(AvB) = nA)uinu(B) | 2(AVvB) = t(A)Ni(B)
nAe®B) = n(A)MmnB) | 2(A®B) = nr(A)N(B)
nAeB) = n(Auin(B) | 2(AeB) = n(A)Un(B)
n(=A) = p(A) t2(~A) = nt(A)
n(-A) = p~2a(A) 12(-A) = n~11(A)

The translations above are compatible with the toggle between B (resp. CB) and
HBL (resp. HCBL). Indeed, recall that B* denotes the heterogeneous algebra associated
with a given B € B (cf. Definition 35). The following proposition is proved by a routine
induction on L-formulas.

Proposition 25. For all L-formulas A and B and every B € B (resp. B € CB),

BEA<B iff B'|n(A) <ti(B).

4.5 Multi-type proper display calculus

In this section we introduce the proper display calculus D.BL (D.CBL) for bilattice
logic (with conflation).
Language

The language Lyt of D.CBL is given by the union of the sets £ and L5 defined as
follows. L1 is given by simultaneous induction over the set AtProp; = {p1,¢1,r1,.-.}
of Li-type atomic propositions as follows:

Ay s=pir 1|01 [ pAz |~ Ar | ArTn Ay | Ap Ly Ay
X1 = A [ 11|01 [PXo [+ X0 [ X3 M Xy [ Xa U Xy | X130 Xy [ XaC1 Xy
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Lo is given by simultaneous induction over the set AtPropy = {p2, g2, 12, . . .} of Lo-type
atomic propositions as follows:

Ag = pa [ 1[0 nAy [~y Ay [ A2 NAg [ A2 U Ay
Xou=Ag [ L|O|INX; [#2X2 [ XoNXo | XoUXo | X202 X2 | XoC2 Xo

The language of D.BL is the {x1, %9, ~1, ~o}-free fragment of L.

Rules

For i € {1, 2},

e Pure L;-type display rules

XilﬁliYil-Zi Xil-Yilill'Zi
res res

Xil-YifIZ,' XiliiYil—Zi

e Multi-type display rules

PXor NXi+ Y,
adj adj
XoF NY; X1 +-PY

e Pure L;-type identity and cut rules

1d Xil-Ai Ail-Yi c
i t
pi k pi Xi+ Y ’

e Pure L;-type structural rules

; Xinidir Y Xi rY;0:0;
X h o Xy,

. X,‘IiliY,‘I-Zl‘ Xil-Yilill'Z,‘
Y}ﬁiX[FZi X,'I'Z,‘D[Y[

A X Y) T Zi v Wi Xi v (Y0 Z) 0y Wy R
X0y (Y, 1 Z) - W, X v Y0 (Z 0 W)
X[I-Zi X,'I-Yi
w _ _ w
X, Y v Z; X, v YU Z;
XiﬁiXiFZi Xi"Y1'|:|iYi
X, v Z; X+ Y;

e Pure L; type operational rules
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il FX; .
1; ~ i
1; v X; li F 1[
0; M .
0; F (V)l X; 0 l
AiﬁiBiFXi Xil_Ai Yi}'Bi

i

M

A; 1M Bi v X; Xilﬁll‘Yil—Ail_liBi
. Ai"Xi Bi"Yi Xil-AiljiBi )
AiL]iBil-XiﬂiYi X; v A; U; B; '
e Multi-type structural rules
X1+ N Xo+ Y,
N
NX;+N17y PXo+rPY,
11 F Xy X1 F 61
= ~— PO
P1¢r X1 Xi+ PO
e Multi-type operational rules
S NALEX Xo F N Ay
nA+ Xo Xo FnA;
PAs X X1 FPA
pAz + Xq X1 FpA2

The multi-type display calculus D.CBL also includes the following rules:

e Pure L; display structural rules:

# X; FY; X b Y
adj* adj*
* Y b X Yir % X;
e Pure L; structural rules:
X[ F Y[
Cont  —————
# Y ko X
e Multi-type structural rules:
Nx X1+ Y, Xo bk Nx1 1}
#o N x9N
xo N X7 F Yo Xo F x9NV
e Pure L; operational rules:
# Xi b Y Xi b Y
~i Xir Y Xik~ Y

An essential feature of our calculus is that the logical rules are standard introduction

rules of display calculi. This is key for achieving a canonical proof of cut elimination.
The special behaviour of negation is captured by a suitable translation in a multi-type
environment, which makes it possible to circumvent the technical difficulties created by
the non-standard introduction rules of [1].
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4.6 Properties

In this section, we sketch the proofs of the main properties of the calculi D.BL and
D.CBL. We only sketch them since these proofs are instances of general facts of the
theory of multi-type calculi.

4.6.1 Soundness

We outline the verification of soundness of the rules of D.BL (resp. D.CBL) w.r.t. the
semantics of perfect HBL (resp. HCBL). The first step consists in interpreting structural
symbols as their corresponding logical symbols. This induces a natural interpretation of
structural terms as logical / algebraic terms, which we omit. Then we interpret sequents
as inequalities, and rules as quasi-inequalities. The verification of soundness of the rules
of D.BL (resp. D.CBL) then consists in checking the validity of their corresponding
quasi-inequalities in perfect HBL (resp. HCBL). For example, the rules on the left-hand
side below are interpreted as the quasi-inequalities on the right-hand side:

PX2 FY;
oy Yevhilp@) sibn < a5l
Xi F Yl
—————————————— 0V 3 \/alVb, [ai S[ bl = ~i bi Slwl ai]
Y b X

The verification of soundness of pure-type rules and of the introduction rules follow-
ing this procedure is routine, and is omitted. The validity of the quasi-inequalities cor-
responding to multi-type structural rules follows straightforwardly from the observation
that the quasi-inequality corresponding to each rule is obtained by running the algorithm
ALBA [27, Section 3.4] on one of the defining inequalities of HBL (resp. HCBL).® For
instance, the soundness of the first rule above is due to p and n being inverse to each
other (see discussion after Definition 34).

4.6.2 Completeness

Proposition 26. For every formula A of BL (resp. CBL), the sequents t1(A) + t1(A)
and t2(A) + t2(A) are derivable in D.BL (resp. D.CBL).

Proof. By induction on the complexity of the formula A. If A is an atomic formula, the
translation of 7;(A) + #;(A) with i € {1,2} is A; + A;, which is derivable using (Id) in Ly
and L,, respectively. If A= B®C, then ;(B® C) = t;(B)M; ;(C) and if A= B& C,
then #;(B @ C) = t;(B) U; t;(C). By induction hypothesis, #;(A;) F t;(A;). The following

6As discussed in [27], the soundness of the rewriting rules of ALBA only depends on the order-theoretic
properties of the interpretation of the logical connectives and their adjoints and residuals. The fact
that some of these maps are not internal operations but have different domains and codomains does
not make any substantial difference.
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derivations complete the proof:

W t(C) + 1;(C)
ti(B) + t;(B) . (C) M 1;(B) + 1;(C)
1;(B) 1 1;(C) + 1;(B) 1;(B)1; 1;(C) + 1;(C)

c (t;(B)1; t:(C)) 1; (6:(B) 1; £;(C)) + 1;(B) M; 1;(C)
1;(B)1; t;(C) + 1;(B) M; ;(C)
t:(B)M; t;(C) + 1;:(B) M; £;(C)

4i(C) F ::(C)
ti(B) v 1:(B) w 4(C) v t;(C) Ll 1;(B) .
1(B) + t;(B) U; 1;(C) 1(C) v 1;(B) U; 1;(C)
1;(B) U; 1;(C) + (1;(B) L; £;(C)) L; (£;(B) L; ;(C)) c
1(B) U; ;(C) + 1;(B) U; 1;(C)
ti(B) U; t;(C) + 1;(B) U; 1;(C)

The arguments for A= BAC and A = BV C are similar and they are omitted.
If A = =B, then t1(=B) = pt2(B) and t5(=B) = nt;(B). By induction hypothesis
t;(A) + t;(A). Hence, the following derivations complete the proof:

B)r1a(B) n(B) + 11(B)
P[Q(B) + PlQ(B) Nll(B) F N[l(B)
Pt:(B) + pta(B) N#(B) - nt1(B)
pt2(B) F pta(B) nt(B) F nti(B)

If A = —B, then t1(-B) = p ~2 t2(B) and t2(-B) = n ~1 t1(B). By induction
hypothesis #;(B) + t;(B). Hence, the following derivations complete the proof:

t2(B) + t2(B) ot t1(B) + t1(B) cont
9 12(B) F #212(B) #1 11(B) + #1 11(B)
9 12(B) F ~o 12(B) #111(B) F ~1 t1(B)
~9 t2(B) F ~2 t2(B) b N1 t2(B) + ~1 t1(B)
P~ 12(B) + P ~3 t2(B) N~y 11(B) + N ~; 11(B)
p ~2 12(B) + P ~3 12(B) N~y t4(B) + n ~1 t1(B)
p ~2 t2(B) F p ~2 t2(B) n ~p t1(B) F n ~1 t1(B)

]

Proposition 27. For all formulas A, B of BL (resp. CBL), if A+ B is derivable in BL
(resp. CBL), then t1(A) v t1(B) is derivable in D.BL (resp. D.CBL).

Proof. In what follows we show that the translations of the axioms and rules of BL
(resp C.BL) are derivable in D.BL (resp. D.CBL). Since BL (resp C.BL) is complete
w.r.t. the class of bilattice algebras (by Theorem 14), and hence w.r.t their associated
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heterogeneous algebras (by Propositions 22 and 23), this is enough to show the com-
pleteness of D.BL (resp. D.CBL). For the sake of readability, although each formula A
in precedent (resp. succedent) position should be written as #1(A), we suppress it in the
derivation trees of the axioms.

The Identity axiom A + A is proved in Proposition 26.
The derivations of the binary rules are standard and we omit them.

As to f + A, by the translation, 7;(f) = 01, hence we can prove 0; + A7 in D.BL by
the introduction rule of 0; on the right side, (W) (0;) and the introduction rule of 04
on the left side. The proofsof A+ t, L+ A and A+ T are analogous.

As to A+ —f, by the translation, f1(=f) = pfa(f) = pla, hence we can prove
A + ply by the introduction rule of (12) on the left side, (W), (1), (adj), (p) and
the introduction rule of (13) on the right side. The proofs of =t + A, =L+ A, A+ =T
are are analogous.

In what follows, we let the sequent on the right side of ~» denote the result of the

translation, then we can show the translations of other axioms in BL are also derivable
in D.BL as follows:

e —mA4A w» A1 HF pnAl,

Al = A1 N N Al = Al
NA; + NA; NA; + NA;
- nA; r NA; NA; F nA; .
Ele R a— ———  adj
PnA; v Ay A1+ PnAy
pnA1 F Ay Aq+ pnA1
e ——A4A ~ p~yn~p Al A Aq,
com—A1FAL cont A1 FAL
*1A1 - *1A1 *1A1 = *1A1
#141 F ~1 Ay N1 Al F x1 Ay
N*1A1FN~1A1 N~1A1I—N*1A1
N N*1A1I-HN1A1 Il~1A1I—N*1A1 N
adje x9NA1 Fn ~1 Ay n~q A1 F xNA; adji
*9Il ~1q Ak NA1 NA1 F koIl ~q A1
. ~o Nl ~1 All-NAl NA1|—~2n~1 Ay .
adj adj
P~2H~1A1I—A1 A1|—P~2n~1A1
p~an~1 A+ A Al Fp~2n~ Ay

e A4 --A ~» p~gnAjH-pn~; Ay,
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Al F Ay A1+ Aq
7*1141 AL cont 7*1A1 AL cont
. #1A1 F ~1 Ay ~1 Al Fx1Ay adje
%1 ~1 A1 F Ay N Al F % ~1 A1
Nx; ~1 A1 F NA, NA{ +F Ny ~1 Ay
N Nxq ~1 Ay F nA; nAi F Nxq ~1 Ay N
adjn #9N ~1 A1 F nAj nAi F %N ~1 Aq adjs
sxonA1 F N ~1 Ay N ~1 Ay F #%9nAq
~onA1 F N~y Ay n~p Ay F x9nAq
~9NA1 Fn~1 A P n~1 Ay F ~9 nAy
P ~2nA; F Pn~1 Ay Pn~; A1 v P ~9nA;
P~2nA1l—pn~1 Ay Pn~1 A1D-p~2nA1
p ~2 nAj F pn ~1 Ag pn~1 Ay F p~2 14

e =AA-B A —|(A \Y% B) ~ pAQ My pB2 4+ p(AQ Mo BQ),

B2 = BQ
As F As o PBy + PBy
PAs + PAs W pBa F PBy
W pA2 F PA2 £ pB2 ﬁl pA2 = PB2
pAz 11 pBa + PAy pAz 111 pBa + PBy
pAz My pBa + PAy pAz My pBs + PBy

adj adj
N(pAz M1 pB2) + Ao N(pAz My pB2) + By

c N(pAz M1 pB2) Mz N(pAz M1 pB2) F Az Mo By
N(pA2 My pB2) + Aa M2 By .
pA2 My pBa + P(A2 M2 Ba)
pA2 My pBa + p(A2 M2 Ba)

dj

e -“A® B 4+ —|(A ® B) ~>  pAg My pBa - p(A2 Mo Bg),

W Bs + B>
W § A2|—A2 EB2|T|2A2|‘BQ
Ao Ty By + Ao Ao Ta By + Bo
Ao My By + Ao P Ao My By + Bo P
P(A2 Mo Bg) FPAy P(A2 Mo Bg) + PBy
P(A2 M2 By) F pAg P(A2 M2 By) + pBy
P(A2 M2 B2) F pAy p(A2 M2 B2) + pBy

c p(A2 My B2) My p(Ag My By) + pAa My pBo
P(A2 M2 Bo) + pAs My pBa

e -(AAB)4 =AV =B ~» p(AsUs Bs) 4F pAs Uy pBo,
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Bs + By P
As F As . PBy + PBy
PAs + PAs PBy + pB2 W
PAs + PA2 W PBsy v+ pB2 |:|1 pA2
adj PAs + pAQ l:|1 VpB2 adj PBs + pAQ |:|1 VpBQ
Az + N(pAz Ly pB2) By + N(pAz Ly pB3)

As Uy By F N(pAz Uy pBa) Uy N(pAg Uy pBa) c
» Az Ug Bo + N(psz Ly pBy)
P(Az U2 B2) F pAz L1 pBy
p(Az U By) F pAz Uy pBy
p(A2 Uz B2) + pAz L1 pBy

o «(A®B) 4 ~A®-B ~» p(Az Uz By) 4 pAs Lij pBa,

Bs + By P
Ao + Ao P PBy + PBy
PAs + PAs pB2 + PBy adj
pA2 + PA, . NpBQ F Bo
NpAs r Ay NpBs r Bolig Ay
NpA2 F Ao U By W NpBQ F Ag Ly By
NpAQ F Ao U By adj NpBQ F A Ly By adj
pAz F P(Az Lo Bs) pB2 + P(Az Ug By)
pA2 + p(Az L2 By) pBa + p(A2 Us By)

pAz U1 pBa + p(Ag Us By) Uy p(Ag Ug Bo) c
pAz Uy pBa + p(Az Lis Bo)

° —(A/\B)-H——A/\—B ~ p~2(AQUQBQ)‘”‘p"QAQHlp"QBQ,

BQ + B2 W

Ao+ Ao W Bo + By Lis Ao

A2"A2U232 BQ"AQUQBz

cont Ao F Ao Lo By cont By + As Uy By
#9(Ag Uz Ba) F #2As #9(Ag Ug Ba) F #2B3
x2(Ag Uz B2) F ~2 Az x2(Az Ug Ba) F ~2 By

~2 (Ag Ug Ba) + ~2 Ag b ~2 (Ag U Ba) F ~2 Bo o

P ~3 (A2 U2 B2) + P ~5 Ag P ~3 (A2 Uz B2) + P ~3 By

P ~3 (A U3 Bg) - p ~2 Ag P ~3 (Ay Ug Ba) + p ~2 Bo

p ~2 (A2 Lig B2)  p ~3 A p ~2 (A2 U3 B2) F p ~2 By

c p ~2 (Aa Uy Bo) My p ~2 (Ag Ug Bo) F p ~2 Ao My p ~2 By
p~2 (A2 Uz Bo) F p~2 A2 M1 p ~2 By
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BQ F B2
Ag + Ay *9Bg F %9 By ot
sohy b %3 Ay ~2 Ba b %9 By
~9 Ag F %9 Ao P ~9 By + Py By
P ~g Ag F P g Ay w p"AQBQ"P*QBQ
w p~2 A2 F P A EP~232|'|1P~2A2|-P*232
P~2A2|£|1Ap~232FP*2A2 , p~2A2|ﬁ|{p~2BzFP*2Bz i
N(p ~2 A2 1 p ~2 1?2) Foxg Ao i N(p ~2 A2 1 p ~2 1:’2) b2 By
By + #9 N(p ~2 A2 11 p ~2 A2) By + #9 N(p ~2 A2 11 p ~2 Ba)
Az Uy By F 59 N(p ~2 Ao Ty p ~2 By) Lp #oN(p ~2 A2 M p ~2 B3) c
Ag Ug By F #3 N(p ~2 A3 11 p ~3 Bp) -
N(p ~2 A2 11 p ~2 Bo) F 3 (A Lp Bo)
N(p ~2 A2 11 p ~2 Ba) + ~2 (A2 L By) »
D ~2 A2 111 D ~2 By + P ~5 (A3 Uy By)
p~2 A2 111 p ~2 By  p ~2 (A Lip Bo)
p~2 A2 M1 p~2 Ba b p~2 (A2 U2 B2)
° —(A®B) 4+ —-A®—-B ~» p~o (A2 I_lgBQ) 4 p ~2 A2 L1 p ~2 Bs,
cont __ Bk By
Ao+ Ay *9Bo F #g By
S ey wBy v 3 By
oady b o Ay Py By r P ~3 B
P g Ay F P ~9 Ag Pxg By + p ~2 Bo
Pxg Ay p~2 A w Py By F p~2 Bo Uy p ~2 Ay
Py Ay F p~o Ay Ly p ~2 By Py By p~o Ay Uy p~2 By
i Pxg Ao F p~2 Ao U1 p ~2 Ba » Pxg By - p ~2 Ay U1 p ~2 Bo
i #3A2 + N(p ~2 Ao L1 p ~2 B2) i #3Bo + N(p ~2 A2 U1 p ~2 Bo)

#N(p ~2 A2 U1 p ~2 Bo) + Ag #oN(p ~2 A2 U1 p ~2 B2) + B
c #oN(p ~2 Ao U1 p ~2 B2) Mg %9 N(p ~2 Aa L1 p ~2 By) F Aoy By
#N(p ~2 A2 U1 p ~2 Ba) + A3 M2 B2
#2(A2 Mg B2) + N(p ~2 Ag Uy p ~2 Bo)
g 2 (A2 M2 Ba) F N(p ~2 A2 LIy p ~2 Bg)
P~y (A2M2 Ba) Fp~2 Ao U1 p ~2 By
p~2(A2M2 Ba) F p~2 Ao L1 p ~2 B

adj*
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cont 732 k By
As + Ay *2By F #2By
Sy 2 By v 2By
o Aar Ay P~ By Py By
P ~9 As + P %9 Ay p~2 B2+ P+ By adi
P ~2 Ag F P g Ag i Np ~3 By F #3283 adije
Np ~9 A2 F *2A2 adjs W _ B2 - *2Np ~2 BQ
Ag + #aNp ~2 Ag . B Mo Ag + #oNp ~2 By
Ay g By + #9Np ~3 Ay Ay g By + #9Np ~3 By
Az My Ba + #aNp ~2 Ag e Az Mo By + #9Np ~2 By i
Np ~2 Az + #3(Az My B2) Np ~2 By + #2(Az M2 Ba)
Np ~2 Az + ~2 (A3 M2 Bo) » Np ~2 By + ~3 (A3 M2 Ba) »
p~2 As + P ~3 (A2 M3 B3) p ~2 By + P ~3 (A3 Mg By)
p ~2 A2 F p ~2 (A2 M2 By) p ~2 Ba F p ~2 (A2 M2 B2)

p~2 Aa Ly p ~2 Ba + p ~2 (A2 Mg Ba) U1 p ~2 (A2 My Bo) c
p ~2 A2 U1 p ~2 Bo + p ~2 (A3 M2 Ba)

4.6.3 Conservativity

To argue that the calculus introduced in Section 4.5 is conservative w.r.t. BL
(resp. CBL), we follow the standard proof strategy discussed in [24, 27]. Denote by
FpL (resp. FcBL) the consequence relation defined by the calculus for BL (resp. CBL)
introduced in Section 4.2, and by |=pgL (resp. [=HcBL) the semantic consequence rela-
tion arising from the class of (perfect) HBLs (resp. HCBLs). We need to show that, for
all formulas A and B of the original language of BL (resp. CBL), if #1(A) + #1(B) is a
D.BL-derivable (resp. D.CBL-derivable) sequent, then A +pg, B (resp. A +cpr B). This
can be proved using the following facts: (a) the rules of D.BL (resp. D.CBL) are sound
w.r.t. perfect HBLs (resp. HCBLs); (b) BL (resp. CBL) is complete w.r.t. B (resp. CB);
and (c) B (resp. CB) are equivalently presented as HBL (resp. HCBL, cf. Section 4.3),
so that the semantic consequence relations arising from each type of structures preserve
and reflect the translation (cf. Propositions 26 and 27). Let then A, B be formulas of
the original language of BL (resp. CBL). If #1(A) + 71(B) is a D.BL (resp. D.CBL)-
derivable sequent, then, by (a), 11(A) [=neL 11(B) (resp. 11(A) EnceL t1(B)). By (c) and
Proposition 25, this implies that A |=g B (resp. A |=cg B). By (b), this implies that
A gy, B (resp. A ropr, B), as required.

4.6.4 Subformula property and cut elimination

Let us briefly sketch the proof of cut elimination and subformula property for D.BL
(resp. D.CBL). As discussed earlier on, proper display calculi have been designed so
that the cut elimination and subformula property can be inferred from a meta-theorem,
following the strategy introduced by Belnap for display calculi [5]. The meta-theorem
to which we will appeal for D.BL (resp. D.CBL) was proved in [17].
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All conditions in [17, Theorem 4.1] except C{ are readily seen to be satisfied by
inspection of the rules. Condition C{ requires to check that reduction steps are available
for every application of the cut rule in which both cut-formulas are principal, which either
remove the original cut altogether or replace it by one or more cuts on formulas of strictly
lower complexity. In what follows, we only show Cg for the unary connectives ~ and n
(the proof for p is analogous). The cases of lattice connectives are standard and hence
omitted.

L;-type connectives

T2 T
/s | T2 % A b Y X; b o# A
Xi b % Ay # A b Y Y b A A b ox X;
Xi b ~i A ~i A H Y ot i Yi b i X
X+ Y; ~ X+ Y
Multi-type connectives
T T2
LM ) Xo + NA; NAL + Y,
Xo + NA; NAi + Y PXs + Ay A1+ PYs
Xo F nAq nAi r Yo - PXs + PYs
Xo kYo > Xo kYo

4.7 Conclusions and future work

The modular character of proper multi-type display calculi makes it possible to
easily extend our formalism so as to capture axiomatic extensions (e.g. the logic of
classical bilattices with conflation [1, Definition 2.11]) as well as language expansions
of the basic bilattice logics treated in the present chapter. Expansions of bilattice logic
have been extensively studied in the literature as early as in [1], which introduces an
implication enjoying the deduction-detachment theorem (see also [9]). More recently,
modal operators have been added to bilattice logics, motivated by potential applications
to computer science and in particular verification of programs [31, 34]; as well as dynamic
modalities, motivated by applications in the area of dynamic epistemic logic [32, 33].

Yet more recently, bilattices with a negation not necessarily satisfying the involution
law (=—a = a) have been introduced with motivations of domain theory and topological
duality (see [30]), and the study of the corresponding logics has been started [35]. These
logics are weaker than the one considered in the present chapter, and so adapting our
display calculus formalism to them might prove a more challenging task (in particular,
the translations introduced in Section 4.6 may need to be redefined, as they rely on the
maps p and n being lattice isomorphisms, which is no longer true in the non-involutive
case).
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Chapter 5

Kleene algebras, adjunction and
structural control

In the present chapter, which is based on' [8], we introduce a multi-type calculus for
the logic of measurable Kleene algebras, for which we prove soundness, completeness,
conservativity, cut elimination and subformula property. Our proposal imports ideas and
techniques developed in formal linguistics around the notion of structural control [17].

LMy specific contributions to this research have been the proof of results, the introduction of notions
and constructions, the development of examples, and the writing of the first draft of the paper.
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5.1 Introduction

A general pattern. In this chapter, we are going to explore the proof-theoretic ram-
ifications of a pattern which recurs, with different motivations and guises, in various
branches of logic, mathematics, theoretical computer science and formal linguistics.
Since the most immediate application we intend to pursue is related to the issue of
structural control in categorial grammar [17], we start by presenting this pattern in a
way that is amenable to make the connection with structural control. The pattern we
focus on features two types (of logical languages, of mathematical structures, of data
structures, of grammatical behaviour, etc.), a General one and a Special one. Objects of
the Special type can be regarded as objects of the General type; moreover, each General
object can be approximated both “from above” and “from below” by Special objects.
That is, there exists a natural notion of order such that the collection of special objects
order-embeds into that of general objects; moreover, for every general object the small-
est special object exists which is greater than or equal to the given general one, and the
greatest special object exists which is smaller than or equal to the given general one.
The situation just described can be captured order-theoretically by stipulating that a
given order-embedding ¢ : A < B has both a left adjoint f : B - A and a right adjoint
g : B » A such that fe = ge = idy. From these conditions it also follows that the
endomorphisms ef and eg on B are respectively a closure operatory : B — B (mapping
each general object to the smallest special object which is greater than or equal to the
given one) and an interior operator ¢ : B — B (mapping each general object to the
greatest special object which is smaller than or equal to the given one).

Examples. A prime example of this situation in logic is the natural embedding map
e of the Heyting algebra A of the up-sets of a poset W, understood as an intuitionistic
Kripke structure, into the Boolean algebra B of the subsets of the domain of the same
Kripke structure. This embedding is a complete lattice homomorphism, and hence both
its right adjoint and its left adjoint exist. This adjunction situation is the mechanism se-
mantically underlying the celebrated McKinsey-Godel-Tarski translation of intuitionistic
logic into the classical normal modal logic S4 (cf. [2] for an extended discussion). An-
other example arises from the theory of quantales [19] (order-theoretic structures arising
as “noncommutative” generalizations of locales, or pointfree topologies). For every uni-
tal quantale, its two-sided elements? form a locale, which is embedded in the quantale,
and this embedding has both a left and a right adjoint, so that every element of the
quantale is approximated from above and from below by two-sided elements. A third
example arises from approximation spaces® in rough set theory (cf. [7, 21]), in which
the natural embedding of the Boolean algebra generated by the equivalence classes into
the power set algebra of the domain of the given approximation space has both a left
adjoint and a right adjoint.

Structural control. These and other similar adjunction situations provide a promising
semantic environment for a line of research in formal linguistics, started in [17], and

2|.e. those elements x such that x -1 < x and 1 -x < x.
3An approximation space is a structure (X, R) with X a set and R an equivalence relation on X.
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aimed at establishing systematic forms of communication between different grammati-
cal regimes. In [17], certain well known extensions of the Lambek calculus are studied
as logics for reasoning about the grammatical structure of linguistic resources, in such a
way that the requirement of grammatical correctness on the linguistic side is matched by
the requirement of derivability on the logical side. In this regard, the various axiomatic
extensions of the Lambek calculus correspond to different grammatical regimes which
become progressively laxer (i.e. recognize progressively more constructions as grammat-
ically correct) as their associated logics become progressively stronger. In this context,
the basic Lambek calculus incarnates the most general grammatical regime, and the
‘special’ behaviour of its extensions is captured by additional analytic structural rules.
A systematic two-way communication between these grammatical regimes is captured
by introducing extra pairs of adjoint modal operators (the structural control operators),
which make it possible to import a degree of flexibility from the special regime into
the general regime, and conversely, to endow the special regime with enhanced ‘struc-
tural discrimination’ coming from the general regime. The control operators are normal
modal operators inspired by the exponentials of linear logic [6] but are not assumed to
satisfy the modal S4-type conditions that are satisfied by the linear logic exponentials.
Interestingly, in linear logic, precisely the S4-type axioms guarantee that the ‘of course’
exponential ! is an interior operator and the ‘why not’ exponential 7 is a closure op-
erator, and hence each of them can be reobtained as the composition of adjoint pairs
of maps between terms of the linear (or general) type and terms of the classical/(co-
)intuitionistic (or special) type, which are section/(co-)retraction pairs. Instead, in [17],
the adjunction situation is taken as primitive, and the structural control adjoint pairs of
maps are not section/(co-)retraction pairs. In [10], a multi-type environment for linear
logic is introduced in which the Linear type encodes the behaviour of general resources,
and the Classical/Intuitionistic type encodes the behaviour of special (renewable) re-
sources. The special behaviour is captured by additional analytic rules (weakening and
contraction), and is exported in a controlled form into the general type via the pairs of
adjoint connectives which account for the well known controlled application of weaken-
ing and contraction in linear logic. This approach has made it possible to design the first
calculus for linear logic in which all rules are closed under uniform substitution (within
each type), so that its cut elimination result becomes straightforward. In [10] it is also
observed that the same underlying mechanisms can be used to account for the controlled
application of other structural rules, such as associativity and exchange. Since these are
precisely the structural analytic rules capturing the special grammatical regimes in the
setting of [17], this observation strengthens the connection between linear logic and the
structural control approach of [17].

Kleene algebras: similarities and differences. In this chapter, we focus on the
case study of Kleene algebras in close relationship with the ideas of structural control
and the multi-type approach illustrated above. Kleene algebras have been introduced
to formally capture the behaviour of programs modelled as relations [15, 16]. While
general programs are encoded as arbitrary elements of a Kleene algebra, the Kleene star
makes it possible to access the special behaviour of reflexive and transitive programs
and to import it in a controlled way within the general environment. Hence, the role
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played by the Kleene star is similar to the one played by the exponential 7 in linear logic,
which makes it possible to access the special behaviour of renewable resources, captured
proof-theoretically by the analytic structural rules of weakening and contraction, and to
import it, in a controlled way, into the environment of general resources. Another
similarity between the Kleene star and ? is that their axiomatizations guarantee that
their algebraic interpretations are closure operators, and hence can be obtained as the
composition of adjoint maps in a way which provides the approximation “from above”
which is necessary to instantiate the general pattern described above, and use it to justify
the soundness of the controlled application of the structural rules capturing the special
behaviour. However, in the general setting of Kleene algebras there is no approximation
“from below", as e.g. it is easy to find examples in the context of Kleene algebras of
relations in which more than one reflexive transitive relation can be maximally contained
in a given general relation. Our analysis (cf. Section 5.4) identifies the lack of such an
approximation “from below” as the main hurdle preventing the development of a smooth
proof-theoretic treatment of the logic of general Kleene algebras, which to date remains
very challenging.

Extant approaches to the logic of Kleene algebras and PDL. The difficulties in the
proof-theoretic treatment of the logic of Kleene algebras propagate into the difficulties in
the proof-theoretic treatment of Propositional Dynamic Logic (PDL) [4, 12, 22]. Indeed,
PDL can be understood (cf. [4]) as an expansion of the logic of Kleene algebras with a
Formula type. Heterogeneous binary operators account for the connection between the
action/program types and the Formula type. The properties of these binary operators
are such that their proof-theoretic treatment is per se unproblematic. However, the PDL
axioms encoding the behaviour of the Kleene star are non analytic, and in the literature
several approaches have been proposed to tackle this hurdle, which always involve some
trade-off: from sequent calculi with finitary rules but with a non-eliminable analytic cut
[12, 13], to cut-free sequent calculi with infinitary rules [20, 22].

Measurable Kleene algebras. In this chapter, we introduce a subclass of Kleene
algebras, referred to as measurable Kleene algebras,* which are Kleene algebras endowed
with a dual Kleene star operation, associating any element with its reflexive transitive
interior. Similar definitions have been introduced in the context of dioids (cf. e.g. [11]
and [18]; in the latter, however, the order-theoretic behaviour of the dual Kleene star is
that of a second closure operator rather than that of an interior operator). In measurable
Kleene algebras, the defining properties of the dual Kleene star are those of an interior
operator, which then provides the approximation “from below” which is missing in the
setting of general Kleene algebras. Hence measurable Kleene algebras are designed to
provide yet another instance of the pattern described in the beginning of the present
introduction. In this chapter, this pattern is used as a semantic support of a proper
display calculus for the logic of measurable Kleene algebras, and for establishing a
conceptual and technical connection between Kleene algebras and structural control
which is potentially beneficial for both areas.

4The name is chosen by analogy with measurable sets in analysis, which are defined in terms of the
existence of approximations “from above” and “from below".
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Structure of the chapter. In Section 5.2, we collect preliminaries on (continuous)
Kleene algebras and their logics, introduce the notion of measurable Kleene algebra, and
propose an axiomatization for the logic corresponding to this class. In Section 5.3, we
introduce the heterogeneous algebras corresponding to (continuous, measurable) Kleene
algebras and prove that each class of Kleene algebras can be equivalently presented in
terms of its heterogeneous counterpart. In Section 5.4, we introduce multi-type lan-
guages corresponding to the semantic environments of heterogeneous Kleene algebras,
define a translation from the single-type languages to the multi-type languages, and
analyze the proof-theoretic hurdles posed by Kleene logic with the lenses of the multi-
type environment. This analysis leads to our proposal, introduced in Section 5.5, of a
proper display calculus for the logic of measurable Kleene algebras. In Section 5.6 we
verify that this calculus is sound, complete, conservative and has cut elimination and
subformula property.

5.2 Kleene algebras and their logics

5.2.1 Kleene algebras and continuous Kleene algebras

Definition 36. A Kleene algebra [14] is a structure K = (K, U, -, ()%, 1,0) such that:
K1 (K,U,0) is a join-semilattice with bottom element 0;

K2 (K,-, 1) is a monoid with unit 1, moreover - preserves U in each coordinate, and 0
is an annihilator for -;

K31lUua-a"<ao", 1Ua"-a<ea", andlUa"-a" <a”;
K4 a- B < B implies a* - B < f3;
K5 B-a < B implies B-a* < .
A Kleene algebra is continuous [14] if?
K1’ (K,U,0) is a complete join-semilattice;
K2’ - is completely join-preserving in each coordinate;
K6 a* = |J a" forn > 0.
Lemma 14. [15, Section 2.1] For any Kleene algebra K and any a, B € K,
1. a<a”;
2. o =a™;
3. ifa < B, then a* < B*.

By Lemma 14, the operation * : K — K is a closure operator on K seen as a poset.

1 n

5For any n € N let a” be defined by induction as follows: @ := 1 and @”*! := 2" - a.



112 Kleene algebras, adjunction and structural control

Lemma 15. For any continuous Kleene algebra K and any a, 8 € K,
Ifa <Band1 < B andB-B <P then a” < B.

Next, we introduce a subclass of Kleene algebras endowed with both a Kleene star
and a dual Kleene star. To our knowledge, this definition has not appeared as such
in the literature, although similar definitions have been proposed in different settings
(cf. [1, 18]).

Definition 37. A measurable Kleene algebra is a structure K = (K, U, -, ()*, )*, 1,0) such
that:

MK1 (K,U,- ()", 1,0) is a continuous Kleene algebra;
MK2 ()* is a monotone unary operation;

MK3 1 < a*, and a* - o* < a*;

MK4 o* < a and a* < o™*;

MK5 B <a and1 < B and 3-8 < B implies B < a*.

Lemma 16. For any measurable Kleene algebraK and any @ € K, ifl < @ and @-a < «,
then

Hence,
Range(x) = Range(x) = {8 €K |1 < B and B-B < B}.

Proof. By MK4 a* < «; the converse direction follows by MK5 with 3 := . By Lemma
14, a < a'; the converse direction follows from Lemma 15. This completes the proof
of the first part of the statement, and of the inclusion of the set of the B8s with the
special behaviour into Range(x) and Range(x). The converse inclusions immediately
follow from K3 and MK3. O

5.2.2 The logics of Kleene algebras

Fix a denumerable set Atprop of propositional variables, the elements of which are
denoted a, b possibly with sub- or superscripts. The language KL over Atprop is defined
recursively as follows:

a:=al|l|0|aVa|a -ala

In what follows, we use @, 3,7 (with or without subscripts) to denote formulas in KL.
Definition 38. Kleene logic, denoted S.KL,, is presented in terms of the following axioms
Ora, ata, araVvp PBraVvp 0O0-ad4-a-0, 0-a4-0,

lradra-1, l-adra, a-(BUy)A4r(a-B)U(a-y), (BUY) a4 (B-a)U(y-a)
(@-B)-y4a-(B-y), 1Ua-a"ra’, 1Ua -ara’, 1Ua" -a"t+a*
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and the following rules:

atp BrYy aty BFYy ay F B ag F B2
akry aVpBry ay-az F Br- B

a-prp B-atrp

K4 K5

a-Brp B-a"rpB

Continuous Kleene logic, denoted S.KL,,, is the axiomatic extension of S.KL determined
by the following axioms:

a- (| Jico B Jico @8 | Jico Bi-aar | ico (8- ),

| Jnz0 80"y B-a"-y

Theorem 15. [15] (S.KL,,) S.KL is complete with respect to (continuous) Kleene
algebras.

The language MKL over Atprop is defined recursively as follows:
az=all|0jaVala-ala|a*.
Definition 39. Measurable Kleene logic, denoted S.MKL, is presented in terms of the

axioms and rules of S.KL. plus the following axioms:

* *

1ra* a*-a*Fa®

a*ra a*r(a)*

and the following rules:

atf Bra 1+p B-B+p

a*+ p* B+ a*

5.3 Multi-type semantic environment for Kleene alge-
bras

In the present section, we introduce the algebraic environment which justifies se-
mantically the multi-type approach to the logic of measurable Kleene algebras which we
develop in Section 5.2.2. In the next subsection, we take Kleene algebras as starting
point, and expand on the properties of the image of the algebraic interpretation of the
Kleene star, leading to the notion of ‘kernel’. In the remaining subsections, we show
that (continuous, measurable) Kleene algebras can be equivalently presented in terms
of their corresponding heterogeneous algebras.
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5.3.1 Kleene algebras and their kernels

By Lemma 14, for any Kleene algebra K, the operation ()* : K — K is a closure
operator on K seen as a poset. By general order-theoretic facts (cf. [3, Chapter 7]) this
means that

0" =ey,
where y : K - Range(x), defined by y(a) = a* for every a € K, is the left adjoint of
the natural embedding e : Range(x) < K, i.e. for every a@ € K, and ¢ € Range(x),

y() <€ iff a < e(d).

In what follows, we let S be the subposet of K identified by Range(x) = Range(y).
We will also use the variables @, 3, possibly with sub- or superscripts, to denote elements
of K, and 1, &, y, possibly with sub- or superscripts, to denote elements of S.

Lemma 17. For every Kleene algebra K and every & € S,

y(e) =¢. (5.1)

Proof. By adjunction, y(e(£)) < & iff e(€) < e(&), which always holds. As to the
converse inequality & < y(e(£)), since e is an order-embedding, it is enough to show
that e(€) < e(y(e(£))), which by adjunction is equivalent to y(e(£)) < y(e(£)), which
always holds. O

Definition 40. For any Kleene algebra K = (K, U, -, ()*,1,0), let the kernel of K be the
structure S = (S, L, O5) defined as follows:

KK1. S := Range(x) = Range(y), where y : K - S is defined by letting y(a) = a* for
any a € K;

KK2. & x == y(e(é) Ue(x)),
KK3. 05 := (0).

Proposition 28. If K is a (continuous) Kleene algebra, then its kernel S defined as
above is a (complete) join-semilattice with bottom element.

Proof. By KK1, S is a subposet of K. Let & y € S. Using KK2 and Lemma 5.1, one
shows that £ U y is a common upper bound of & and y w.r.t. the order S inherits from
K. Since e and y are monotone, ¢ < 7 and y < & imply that £ U y = y(e(€) Ue(x)) <
v(e(nr)) = n, the last equality due to Lemma 5.1. This shows that & LI y is the least
upper bound of ¢ and y w.r.t. the inherited order. Analogously one shows that, if K is
continuous and Y C S, [ |Y := y(Ue[Y]) is the least upper bound of Y. Finally, y(0)
being the bottom element of S follows from 0 being the bottom element of K and the
monotonicity and surjectivity of y. O

Remark 2. We have proved a little more than what is stated in Proposition 28. Namely,
we have proved that all (finite) joins exist w.r.t. the order that S inherits from K, and
hence the join-semilattice structure of S is also in a sense inherited from K. However,
this does not mean or imply that S is a sub-join-semilattice of K, since joins in S are
‘closures’ of joins in K, and hence U is certainly not the restriction of U to S.
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5.3.2 Measurable Kleene algebras and their kernels

The results of Section 5.3.1 apply in particular to measurable Kleene algebras, where
in addition, by definition, the operation ()* : K — K is an interior operator on K seen
as a poset. By general order-theoretic facts (cf. [3, Chapter 7]) this means that

0*=et,

where ¢ : K - Range(x), defined by «(a) = a* for every a € K, is the right adjoint of
the natural embedding ¢’ : Range(x) < K, i.e. for every @ € K and ¢ € Range(%),

e <a iff £ <ua).
Moreover, Lemma 16 guarantees that
Range(x) = Range(x) = {8€ K |1 < B and B-8 < B}.

Hence, e’ coincides with the natural embedding e : Range(x) — K, which is then
endowed with both the left adjoint and the right adjoint.
In what follows, we let S be the subposet of K identified by

Range(x) = Range(y) = Range(t) = Range(x).

We will use the variables a, 8, possibly with sub- or superscripts, to denote elements of
K, and 7, &, x, possibly with sub- or superscripts, to denote elements of S.

Lemma 18. For every measurable Kleene algebra K and every & € S,

y(e(©)) = & = e(§)). (5.2)

Proof. The first identity is shown in Lemma 5.1. As to the second one, by adjunction,
& < le(€)) iff e(€) < e(€), which always holds. As to the converse inequality «(e(£)) < &,
since e is an order-embedding, it is enough to show that e(i(e(¢))) < e(¢), which by
adjunction is equivalent to «(e(£¢)) < w(e(£)), which always holds. |

Definition 41. For any measurable Kleene algebra K = (K,U,-,()*,(0*,1,0), let the
kernel of K be the structure S = (S, U, O5) defined as follows:

KKI1. S := Range(x) = Range(y) = Range(t) = Range(x);
KK2. &1 x :=y(e(§) Uelx)),
KK3. 0y := y(0).

b
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5.3.3 Heterogeneous Kleene algebras

Definition 42. A heterogeneous Kleene algebra is a tuple H = (A, S, ®1, ®2, 7, €) verify-
ing the following conditions:

H1 A = (AU, 10) is such that (A,U,0) is a join-semilattice with bottom element
0 and (A, -, 15) is a monoid with unit 1, moreover - preserves finite joins in each
coordinate, and O is an annihilator for -;

H2 S = (8,1, 0y) is a join-semilattice with bottom element Oy;

H3 ®; : S X A — A preserves finite joins in its second coordinate, is monotone in its
first coordinate, and has unit 1 in its second coordinate, and ®3 : A XS — A
preserves finite joins in its first coordinate, is monotone in its second coordinate,
and has unit 1 in its first coordinate. Moreover, for all @ € A and & € S,

ER@ra=ell)-a and a®&=a-el); (5.3)

H4 y:A > S ande:S < A aresuch that y 4 e and y(e(§)) =& for all € € S;
H5 1 < e(é), and e(€) - e(€) < e(€) for any € € S;

H6 « - B < B implies y(a) ®1 B < B, and B-a < B implies B Qs y(a) < B for all
a,BeA.

A heterogeneous Kleene algebra is continuous if

HI' (A,14,0) is a complete join-semilattice and - preserves arbitrary joins in each coor-
dinate;

H2" S = (5,1, 0y) is a complete join-semilattice;
H7 e(y(a)) = U a" for any n € N,

Definition 43. For any Kleene algebra K = (K, U, -, ()", 1,0), let

K" = (A, S, ®1,827.¢)
be the structure defined as follows:
1. A:=(K,U,-1,0) is the ()*-free reduct of K;
2. S is the kernel of K (cf. Definition 40);

3. y:A—»Sande:S < A are defined as the maps into which the closure operator
()* decomposes (cf. discussion before Lemma 5.1);

4. ® (resp. ®2) is the restriction of - to S in the first (resp. second) coordinate.

Proposition 29. For any (continuous) Kleene algebra K, the structure K* defined above
is a (continuous) heterogeneous Kleene algebra.
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Proof. Since K verifies by assumption K1 and K2, K* verifies H1. Condition H2
(resp. H2') is verified by Proposition 28. Condition H3 immediately follows from the
definition of ® and ®y in K. Condition H4 holds by Lemma 14 and 5.1. Condition
H5 follows from K verifying assumption K3. Condition H6 follows from K verifying
assumption K4 and K5. If K is continuous, then K verifies conditions K1', K2'" and K6,
which guarantee that K* verifies H1' and H7. ]

Definition 44. For any heterogeneous Kleene algebra H = (A, S, ®1, ®2,, ¢), let H, :=
(A, 0%), where ()" : A — A is defined by a* := e(y(a)) for every @ € A.

Proposition 30. For any (continuous) heterogeneous Kleene algebra H = (A, S, ®1,
®a, 7, ¢), the structure H, defined above is a (continuous) Kleene algebra. Moreover,
the kernel of H, is join-semilattice-isomorphic to S.

Proof. As to the first part of the statement, we only need to show that ()* satisfies
conditions K3-K5 (resp. K1', K2' and K6) of Definition 36. Condition K3 easily follows
from assumption H5 and the proof is omitted. Asto K4, let @, 8 € A such that a-8 < 8.

a-B<p = y@)ep<p (Ho)
= e(y(@)-B<p (H3)
= o -p<p (definition of ()*)

The proof of K5 is analogous. Conditions K1', K2' and K6 readily follow from assump-
tions H1' and H7.

This completes the proof of the first part of the statement. As to the second part,
let us show preliminarily that the following identities hold:

AK2. €U x :=y(e(¢) Ue(y)) for all & x €S,
AK3. 0y := y(0).

Being a left adjoint, y preserves existing joins. Hence, y(0) = Oy, which proves (AK2),
and, using H4, y(e(£)Ue(x)) = y(e(é))Uy(e(x)) = €U x, which proves (AK3). To show
that the kernel of H, and S are isomorphic as (complete) join-semilattices, notice that
the domain of the kernel of H, is defined as K, := Range(()*) = Range(eoy) = Range(e).
Since e is an order-embedding (which is easily shown using H4), this implies that K.,
regarded as a sub-poset of A, is order-isomorphic to the domain of S with its join-
semilattice order. Let i : S — K. denote the order-isomorphism between S and K.. To
show that S = (S, Us, 05) and K, = (K., Uk, Oy.) are isomorphic as join-semilattices, we
need to show that for all &, y €S,

l(f Us X) = l(f) Uk, Z(X) and Z(OS) = Oy

Let ¢’ : K, — A and 7y’ : A » K, be the pair of adjoint maps arising from =. Thus,
e=¢'i and v’ =iy, and so,
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i(€)Ug, i(xy) = Y'(¢é)Ve(i(x) (definition of Lig,)
= y'(e(€)VUe(y)) (e =ei)
= i(y(e(§)Ue(x))) (v =iy)
= (€ Us x). (AK2)
(U = y'(0) (KK3)
= i(y(0)) (y' =iy)
= i(0y) (AK3)

The following proposition immediately follows from Propositions 29 and 30:
Proposition 31. For any Kleene algebra K and heterogeneous Kleene algebra H,
K= (K", and H = (H,)".
Moreover, these correspondences restrict to continuous Kleene algebras and continuous

heterogeneous Kleene algebras.

5.3.4 Heterogeneous measurable Kleene algebras

The extra conditions of measurable Kleene algebras allow for their ‘heterogeneous
presentation’ (encoded in the definition below) being much simpler than the one for
Kleene algebras:

Definition 45. A heterogeneous measurable Kleene algebra is a tuple H = (A, S, ,y, e)
verifying the following conditions:

HM1 A = (AU, -, 1,0) is such that (A,L,0) a complete join-semilattice with bottom
element 0 and (A, -, 1;) a monoid with unit 1, moreover - preserves arbitrary joins
in each coordinate, and 0 is an annihilator for -;

HM?2 S = (S,1,05) is a complete join-semilattice with bottom element O,
HM3 e(y(a)) = U a" for any n € N.

HM4 vy : A » S and ¢ : A » S ande : S — A are such that y 4 e 4 ¢ and
y(e(€)) = & = w(e(&)) for all ¢ € S;

HM5 1 < e(£), and e(¢é) - e(é) < e(€) for any £ € S;

HM®6 For any Be A, if1 < B and B-B < f3, then y(B) < «(B).

Definition 46. For any measurable Kleene algebra K = (K, U, -, ()", (0*, 1,0), let
K* = (AS,17.e)

be the structure defined as follows:

1. A:=(K,U,-1,0) is the {()*, )*}-free reduct of K;
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2. S is the kernel of K (cf. Definition 41);

3. y:A—»Sande:S — A are defined as the maps into which the closure operator
()" decomposes, andt: A - S and e : S < A are defined as the maps into which
the interior operator ()* decomposes (cf. discussion before Lemma 18).

Proposition 32. For any measurable Kleene algebra K, the structure K* defined above
is a heterogeneous measurable Kleene algebra.

Proof. Since K verifies by assumption K1', K2, and K6, K* verifies HM1. Condition
HM?2 is verified by Proposition 28. Condition HM3 immediately follows from the defi-
nition of ()* and assumption K6. Condition HM4 holds by Lemma 18. Condition HM5
follows from K verifying assumption K3. As to condition HM6, if 1 < 8 and 8- 8 < 3,
then by Lemma 16, e(y(B)) = f* = B* = e(«(B)), which implies, since e is injective, that
v(B) < «B), as required. ]

Definition 47. For any heterogeneous measurable Kleene algebra H = (A, S, 1, y, e), let
Hy = (A ()% 0%), where ()* : A — A and ()* : A — A are respectively defined by
a* = e(y(@)) and a* := e((a)) for every a € A.

Proposition 33. For any heterogeneous measurable Kleene algebra H = (A, S, t,y, e),
the structure H, defined above is a measurable Kleene algebra. Moreover, the kernel of
H, is join-semilattice-isomorphic to S.

Proof. The part of the statement which concerns the verification of axioms K1', K2,
K3-K6 is accounted for as in the proof of Proposition 30. Let us verify that ()* satisfies
conditions MK2-MK5 of Definition 37. Conditions MK2 and MK4 easily follow from
the assumption that ¢ 4 ¢ (HM4). Condition MK3 follows from the surjectivity of ¢ and
assumption HM5. As to MKS5, it is enough to show that if @, 8 € K such that 8 < «
and 1 < B and BB < B, then B < e(ia)). Since B < a by assumption and e and ¢
are monotone, it is enough to show that 8 < e(«(B)). By adjunction, this is equivalent
to y(B) < «(B), which holds by assumption HM6. This completes the proof of the first
part of the statement. The proof of the second part is analogous to the corresponding
part of the proof of Proposition 30, and is omitted. O

The following proposition immediately follows from Propositions 32 and 33:

Proposition 34. For any measurable Kleene algebra K and heterogeneous measurable
Kleene algebra H,

K= (X", and H=(H,)".

5.4 Multi-type presentations for Kleene logics

In Section 5.3.3, (continuous) heterogeneous (measurable) Kleene algebras have
been introduced (cf. Definitions 42 and 45) and shown to be equivalent presentations of
(continuous, measurable) Kleene algebras. These constructions motivate the multi-type
presentations of Kleene logics we introduce in the present section. Indeed, heterogeneous
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Kleene algebras are natural models for the following multi-type language Ly, defined
by simultaneous induction from a set AtAct of atomic actions (the elements of which
are denoted by letters a, b):

Special > ¢ :=¢a
General>a =a|1]|0|0¢|aVa

while heterogeneous measurable Kleene algebras are natural models for the following
multi-type language LT, defined by simultaneous induction from AtAct:

Special 3 € ::=¢a | ma
General>a :=a|1|0|O¢ |V

where, in any heterogeneous (measurable) Kleene algebra, the maps y and e (and ¢)
interpret the heterogeneous connectives ¢, O (and W) respectively. The interpretation of
LyT-terms into heterogeneous algebras is defined as the straightforward generalization
of the interpretation of propositional languages in algebras of compatible signature, and
is omitted.

The toggle between Kleene algebras and heterogeneous Kleene algebras is reflected
syntactically by the following translation (-)' : £ — Ly between the original language
L of Kleene logic and the language Ly defined above:

t

a = a
1 =1
0 = 0
(@up) = o' up
(@-p)f = a-p
(a,*)t = 0Oea!
(®) = oOma!

The following proposition is proved by a routine induction on £L-formulas.
Proposition 35. For all L-formulas A and B and every Kleene algebra K,
Kea<p iff K'lgad <p.

The general definition of analytic inductive inequalities can be instantiated to in-
equalities in the Lyrr-signature according to the order-theoretic properties of the al-
gebraic interpretation of the Lyrr-connectives in heterogeneous (measurable) Kleene
algebras. In particular, all connectives but ®; and ®2 are normal. Hence, we are now
in a position to translate the axioms and rules describing the behaviour of ()* and ()*
from the single-type languages into Lyt using (-)', and verify whether the resulting
translations are analytic inductive.
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, lua' <oea’ (i)
lUua <a* w .
Oea’ <1ua’ (i)

lUuoea’ < oea’  (iii)

lua®*=a*
O¢a’ <1uDea’ (iv)

a-B<PBimpliessa®- < B~ Ja - B < B implies oea’ - B < B (v)

B-a < Bimplies f-a* < B~ {,B’ "' < B' implies B - 0¢a’ < B (vi)

Notice that, relative to the order-theoretic properties of their interpretations on hetero-
geneous Kleene algebras, -, 1, ¢ are F-connectives, while O is a G-connective. However,
relative to the order-theoretic properties of their interpretations on heterogeneous mea-
surable Kleene algebras, -, 1, ¢ are ¥-connectives, while O is both an F-connective
and a G-connective. Hence, it is easy to see that, relative to the first interpretation,
(i) is the only analytic inductive inequality of the list above, due to the occurrences
of the McKinsey-type nesting O#a’ in antecedent position. However, relative to the
second interpretation, the same nesting becomes harmless, since the occurrences of O
in antecedent position are part of the Skeleton.

Likewise, it is very easy to see that the conditions HM1-HM®6 in the definition of
heterogeneous measurable Kleene algebras do not violate the conditions on nesting of
analytic inductive inequalities. However, some of these conditions do not consist of
inequalities taken in isolation but are given in the form of quasi-inequalities. When
embedded into a quasi-inequality, the proof-theoretic treatment of an inequality such
as B - B < B (which in isolation would be unproblematic) becomes problematic, since
the translation of the quasi-inequality into a logically equivalent rule would not allow to
‘disentangle’ the occurrences of S in precedent position from the occurrences of 8 in
succedent position, thus making it impossible to translate the quasi-inequality directly
as an analytic structural rule. This is why the calculus defined in the following section
features an infinitary rule, introduced to circumvent this problem.

5.5 The proper multi-type display calculus D.MKL

5.5.1 Language
In the present section, we define a multi-type language for the proper multi-type dis-

play calculus for measurable Kleene logic. As usual, this language includes constructors
for both logical (operational) and structural terms.

e Structural and operational terms:
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ax=all|0|Cé|aVa|a-a

General
IFi=d|oll| Tl I'<I'|T'>T
&= ¢a | Ma

Special
II ::= oI"

In what follows, we reserve a, B,y (with or without subscripts) to denote General-type
operational terms, and &, y, m (with or without subscripts) to denote formulas in Special-
type operational terms. Moreover, we reserve I', A, © (with or without subscripts) to
denote General-type structural terms, and IT, =, A (with or without subscripts) to denote
Special-type structural terms.

e Structural and operational terms:

General S—-G|G-=>S
P 0] < > o °

1]0]-] [ () [V]oJo e m

Notice that, for the sake of minimizing the number of structural symbols, we are
assigning the same structural connective e to 4 and m although these modal operators
are not dual to one another, but are respectively interpreted as the left adjoint and
the right adjoint of O, which is hence both an #-operator and a G-operator, and can
therefore correspond to the structural connective o both in antecedent and in succedent
position.

5.5.2 Rules

In the rules below, the symbols I'; A and © denote structural variables of general
type, and 3,11 and = structural variables of special type. The calculus D.MKL consists
the following rules:

e |dentity and cut rules:

T a
I'ra a kA II+ ¢ =
Cut - Cut,
TrA o M= "
e General type display rules:
FroA+roO FroA+r0O
res res
ArI'>0 rro<A
e Multi-type display rules:
adj '+ o= o= + I' adj

o = =+ ol
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e General type structural rules:

L+ A 'rA
doT'rFA Frod+r A
(holyoelz+A Lr®
assoc o-W
Iol0l3) A I'rA
e Multi-type structural rules:®
one ——— ' oll A F oIl abs
QFoll TOAFoll
Hr¥ _Hr=
T ol eoY  ollroz
TWEA | n>1) olfeollr A
w —_—— O-
cel'F A oIl H A

e General type operational rules: in what follows, i € {1, 2},

DA 1
L 1rF A dr1
0 I'r®
S
Ua/ll-A CL’QI-A I'r o
apUag + A I'raj Uas
S @OfFA I'ra Arp
a-BrA FroAra-p
e Multi-type operational rules:
o 11 I'ra
oo + 11 o' + ¢a
atrll I + e
ma ol T+ me
o + T '+ o&
[m] [m]
oér I I'+ ¢

The following fact is proven by a straightforward induction on @ and &. We omit

the details.

Proposition 36. For every a € General and & € Special, the sequents a + @ and & + &

are derivable in D.MKL.

6Let '™ be defined by setting I'V) := " and T("+1) .= T o ("),
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5.6 Properties
5.6.1 Soundness

In the present subsection, we outline the verification of the soundness of the rules
of D.MKL w.r.t. heterogenous measurable Kleene algebras (cf. Definition 45). The
first step consists in interpreting structural symbols as logical symbols according to
their (precedent or succedent) position, as indicated in the synoptic table of Section
5.5.1. This makes it possible to interpret sequents as inequalities, and rules as quasi-
inequalities. For example, (modulo standard manipulations) the rules on the left-hand
side below correspond to the (quasi-)inequalities on the right-hand side:

® + oll ~wo Ve[l < oé]

I+ oIl A + oIl

abs s YaVB[e(a - B) < ¢a L ¢4]

TOA R oIl
I+ X
I+ =
=————— w-bal o VéVr[n < ¢ & On < O€]
oIl + o=
(n)
" TWrA|ln=1) ~ Valosa < U, e, @]
ce'+ A
oll® oIl + A
— O A o-C ~w Vé[Oé < oé - Oé]

Then, the verification of the soundness of the rules of D.MKL boils down to checking
the validity of their corresponding quasi-inequalities in heterogenous measurable Kleene
algebras. This verification is routine and is omitted.

5.6.2 Completeness

In the present section, we show that the translations — by means of the map ()’
defined in Section 5.4 — of the axioms and rules of S MKL (cf. Section 5.2.2) are
derivable in the calculus D.MKL. For the reader’'s convenience, here below we report
the recursive definition of ():

t —

a = a
1 == 1
0" == 0
(@-B) = o -p
@UBY = o' U
(@) == Ded
(a*) == oDma!

Proposition 37. For every @ € S.KL, the sequent ' + o' is derivable in D.MKL.
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Let @™ be defined by setting a¥) := @ and V) := 0 © o".

Lemma 19 (Omega). Ifa © B+ B (resp. B© a + B) is derivable, then o™ © B+ B
(resp. B© '™ v B) is derivable for every n > 0.

Proof. Let us show that for any n > 1, if ™ © B + B is derivable, then a0 g+ B
is derivable (the proof that 8 ©® a™ + B is derivable from S ® o +  is analogous and
it is omitted). Indeed:
hyp
atra amoprp
a0 @Vop)ra-p
(@0a™)opBra-p assump
ad"Vopra-B a-Br+pB
o+ OB+ B ¢

ut

Hence, the sequent o © B + B for any n is obtained from a proof of a ® 8 + 8 by
concatenating n derivations of the shape shown above. O

As to the rule K4 (cf. Definition 38), if -8 + B is derivable in D.MKL, then ¢®g + B
is derivable in D.MKL’, hence by Lemma 19 so are the sequents o © 8 + 8 for any
n > 1. By applying the appropriate display postulate to each such sequent, we obtain
derivations of a™ + 8 < f8 for any n > 1. Hence:

(@™ B<pB|1<n)
ceat f<p
ea + o(B < )
¢+ e(B<p)
odaFB<B
Oea +B<f
OO+
Oéa -+

The proof that the rule K5 is derivable is analogous and we omit it. As to the axioms
of Definition 38 in which ()*-terms occur,

atka
o - d
a b a o+ b
oa + da e F oka "
one — a o Oéa + o abs

D F ot a O Oéa + oda
D+ Oea a O Oéa + Oéa
1+ O¢a a - O¢a + Oéa

lUa-O6x + O

"This is due to the fact that - is a normal F-operator, and in proper display calculi the left introduction
rules of F-operators are invertible.
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ata akFa
ox  d ox  d
_$atré @b éa
oda + oda oda + oda
one —— Oéa + oda Oéa + oda Jbe
[ONECY Y04 O¢a © Oéa F oéa
D + Oea Oéa © Oéa + Oéa
1+ O¢a Oéa - Oéa + Oéa

1 U O¢a - O¢a + O¢a
The translations of 0 - @ 4+ 0 are derivable as follows:

Or @

Ord<a ° W -
Ooatr® h@—w
O-a+
O-ar0

The translation of 0* + 1 is derivable as follows:
ong ———
5 droel
o PoO0Froel
OrFoel
o) ol
40+ ol
o¢0 + 1
060 - 1

The translation of 1 + 0* is derivable as follows:

one

D+ oe0
O+ 0e0
1+ 060

The translation of 1* + 1 is derivable applying the rule o @ ® (that is derivable using
the w-rule):

dr1
ced 1

oD I ol
Oroel
lroel
o] I ol
¢l el
ol 1

061+ 1

ce

The derivations of the translations of the remaining axioms are standard and are
omitted. Below, we derive the translations of the axioms of Definition 39.
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atka atka
one Ha - e Ha - e
D ol mo-me mo-me
- oma ol F ol ol + ol
1r oma Oma + ol Oma koW

OE © Ol + ol
Ol © Ol + Ol

akFa
Ha F e
b-bal mo W ara
eOoOMy o0 MY T L =
aka Ha + o
e (N Wel [oiNe]l 07 ™A - m
Ha + e mao - B
- = oe oMy + OMa ———— —  w-bal
oM F « Ol + ol
—_— [ el oA Im| [o4 —_—
Oma F o Oma F ol
coma b MOMe “Oma - Oma
[e] lo’mel || lo%
oNa F ONOmQ

Oma - OOl

Finally, let us derive the translation of the ternary rule of Definition 39. Assume
that the translations of S+ @, and 1+ 8 and B - B + 8 are derivable. Hence, by the
invertibility of the introduction rules of #-connectives in proper display calculi, ® + 8
and SO B F B are derivable. By Lemma 19, 8 © 8 + B is derivable. Therefore, we can

derive the following sequents for any n > 1:
o B EB<pM | 1<n)
ce B B < pm
cefs @ﬁ(") B
M oeB>p

Hence:

(B(")I—ooﬁ>ﬁ|13n)

ceffroef3>f
oC ceffOoef+f
ceftrp Bra
ceBFa Cut
o3 I ox
o + M
B+ ol
B F Oma

5.6.3 Conservativity

For any heterogeneous measurable Kleene algebra H = (A, S, y, ¢, e), the algebra A
is a complete join-semilattice, and - distributes over arbitrary joins in each coordinate.
This implies that the right residuals exist of - in each coordinate, which we denote / and

\:
a\B = U{a’:a/-a'sﬂ}, Bla = U{a’:a’-asﬂ}.

From here on, the proof of conservativity proceeds in the usual way as detailed in [9].
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5.6.4 Cut elimination and subformula property

The cut elimination of D.MKL follows from the Belnap-style meta-theorem proven in
[5], of which a restriction to proper multi-type display calculi is stated in [10]. The proof
consists in verifying conditions C1-Cy¢ of [10, Section 6.4]. Most of these conditions are
easily verified by inspection on rules; the most interesting one is condition C§, concerning
the principal stage in the cut elimination, on which we expand in the lemma below.

Lemma 20. D.MKL satisfies Cg.

Proof. By induction on the shape of the cut formula.

Atomic propositions:

atra atra
atra ~ aka
Constants:
S
oA )
dr1 1A :
drA ~> b+ A

The cases for 0, Oy are standard and similar to the one above.

Unary connectives: As to ¢,

D 72
! D T2 BT v =
L+a at = Tta aF oZ

o' ¢ b+ = I'F o=

o'+ = ~ o'+ =

As to Oa,
i

i ;T2 [+ of ¥
I'Fof §rE o[ +¢& ErE

I'ro¢ Oé + o= o[ =

'k o= > 'k o=
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Binary connectives: As to a; U as,

RS /) ‘3
'k ag a1+ A as F A sl )
I'ragUas apUag - A I'ray a F A
'r A o e A
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Chapter 6

Conclusion

The present dissertation contributes to the research program in algebraic proof theory
in the following respects:

1. by extending some core results and techniques (e.g. semantic cut elimination, finite
model property) in algebraic proof theory from the setting of (non-associative)
full Lambek calculus to the much broader setting of normal lattice expansions
logics (normal LE-logics). Besides full Lambek calculus, this setting includes all
normal modal expansions of Lambek calculus, the Lambek-Grishin calculus, the
multiplicative-additive fragment of linear logic, orthologic, bunched logic, and the
list could go on;

2. by transferring notions, insights and techniques to the setting of multi-type cal-
culi and their semantic environment given by heterogeneous algebras. This move
makes it possible to further extend the reach of the insights and results of al-
gebraic proof theory beyond analytic inductive axiomatizations. In the thesis we
provide three very different examples of non-analytic logics (i.e. logics no known
axiomatization of which consists only of analytic inductive axioms) which can be
associated with a proper display calculus via an equivalent reformulation into a
suitable multi-type calculus.

The scientific significance of these contributions is partly grounded on the signif-
icance of the concrete logics the theory of which has been advanced by the present
contributions. In particular, as discussed in the previous chapters, semi De Morgan logic
is a paraconsistent logic designed to capture aspects of bounded rationality such as be-
ing able to entertain locally inconsistent reasoning in some areas which does not extend
to global inconsistency [12]; Bilattice logic is a logical formalism motivated by the need
of integrating in a principled way incomplete or inconsistent information coming from
different sources [4]; the logic of Kleene algebras has been a very important tool in
program verification [6], and we have also built a connection between Kleene algebras
and issues in linguistics connected with the formalization of exceptions to grammatical
rules [7].
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Moreover, having successfully applied the multi-type methodology to these three
case studies has also contributed to sharpen and refine the multi-type methodology
itself, and thus make it a better tool to address the challenges that come from the
formalization of real-life situations involving social behaviour.

Finally, recent developments [2, 3] have proposed a conceptual interpretation of
some LE-logics as epistemic logics of categories, and used them and their semantics
to formalize certain core notions of categorization theory in management science [5].
Further ongoing research stemming from these developments suggests that LE-logics can
be understood as an overarching logical framework for entities such as categories [9],
concepts [10], theories [8], questions [1, 11], which are of great interest in a broad range
of fields including cognition, epistemology, linguistics, and Al. Embedded in a modular
way as parts of specific multi-type environments, LE-logics show great potential as tools
for analyzing social behaviour.
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