Marco Volpe

Labeled Natural Deduction for
Temporal Logics

Ph.D. Thesis

Universita degli Studi di Verona

Dipartimentodi Informatica



Advisor:
prof. Luca Vigano

Series N°: TD-10-10

Universita di Verona
Dipartimento di Informatica
Strada le Grazie 15, 37134 Verona
Italy



Abstract Despite the great relevance of temporal logics in many applications
of computer science, their theoretical analysis is far from being concluded. In
particular, we still lack a satisfactory proof theory for temporal logics and this is
especially true in the case of branching-time logics.

The main contribution of this thesis consists in presenting a modular approach
to the definition of labeled (natural) deduction systems for a large class of tem-
poral logics. We start by proposing a system for the minimal Priorean tense logic
and show how to modularly enrich it in order to deal with more complex logics,
like LTL. We also consider the extension to the branching case, focusing on the
Ockhamist branching-time logics with a bundled semantics.

A detailed proof-theoretical analysis of the systems is performed. In particular,
in the case of discrete-time logics, for which rules modeling an induction principle
are required, we define a procedure of normalization inspired to those of systems
for Heyting Arithmetic. As a consequence of normalization, we obtain a purely
syntactical proof of the consistency of the systems.
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Introduction

1.1 Background and motivation

The history of the philosophical and logical reasoning about time goes back at least
to ancient Greece, with the works of Aristotle and Diodorus Cronus. However, the
birth of modern (symbolic) temporal logic is mainly connected to the name of
Prior, who in the late 1950’s developed the so-called tense logics on the model of
modal logics, in a work significantly titled “Time and Modality” [127].

Since the seminal work of Pnueli in 1977 [124], temporal logic has also gained
a great importance in computer science: applications include its use as a tool for
the specification and verification of programs and protocols [18], in the study and
development of temporal databases [39], as a framework within which to define
the semantics of temporal expressions in natural language [90] and as a language
for encoding temporal knowledge in artificial intelligence [72].

Many temporal logics have been proposed, varying both in the set of the op-
erators used and in the semantics adopted (see [88] for a survey). Despite the fact
that temporal logics have been studied for many years, their theoretical analysis
is far from being concluded. In particular, a satisfactory proof-theoretical analysis
for temporal logics is still lacking. This is especially true in the case of branching-
time logics, as shown by the fact that for one of the most important of such logics,
CTL*, even the problem of finding a complete Hilbert-style axiomatization has
been, partially, solved only recently [135]. Furthermore, when deduction systems
have been devised in a form that allows for a meta-theoretical and proof-theoretical
analysis (e.g., natural deduction, sequent systems), they have been given for spe-
cific logics and do not seem to be easily generalizable to a modular treatment of a
wide range of logics of time.

The aim of this thesis is to provide a modular approach to the definition of
deduction systems for a large class of temporal logics and to their proof-theoretical
analysis. We will mainly deal with natural deduction systems [73,125]. Such sys-
tems present an elegant meta-theory in which derivations can be treated as math-
ematical objects interesting in themselves. It follows that a “good” natural de-
duction presentation can be seen also as a useful device for understanding a logic
better and for reasoning on its properties. Namely, we believe that a good formula-
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tion, in a natural deduction setting, of a logic should at least satisfy the following
requirements:

(i) for each connective, there is exactly one introduction and one elimination
ruleﬂ, which also express, as well illustrated by Prawitz [125], the “meaning”
of the connective;

(#4) a normalization theorem holds and, moreover, the structure of normal proofs
is informative enough to let one derive important meta-theorems, such as the
subformula property or consistency.

There are a number of different reasons for the delay in the development of
temporal proof theory, but perhaps the most important one is that temporal logics
are (multi) modal logics and modal proof theory is notoriously a difficult subject.
For instance, adapting natural deduction systems for classical (or intuitionistic)
logic to modal logic is not straightforward and, in fact, it is not trivial to define
systems that enjoy properties (¢) and (#¢) mentioned above.

Fortunately, in the last decades some interesting proposals for modal proof
theory have been presented, e.g. [5,7,8,16,26,27,61,66,81,104, 143,148,159, 162].
Among these, particularly interesting are the proposals that are based on labeled
deduction [26,27,66,143,148,159], a framework that has been successfully employed
for several non-classical, and in particular modal, logics, since labeling provides
a clean and effective way of dealing with modalities and gives rise to deduction
systems with good proof-theoretical properties. The basic idea is that labels allow
one to explicitly encode additional information, of a semantical or proof-theoretical
nature, that is otherwise implicit in the logic one wants to capture. So, for instance,
instead of a formula A, one can consider the labeled formula b : A, which intuitively
means that A holds at the world denoted by b within the underlying Kripke seman-
tics. We can also use labels to specify how worlds are related, e.g. the relational
formula bRc states that the world c is accessible from b.

Such an enrichment of the language allows for defining introduction and elimi-
nation rules for modal operators that are extremely clean and follow the “spirit” of
natural deduction. For instance, we can express b : [JA as the metalevel implication
bRY = V' : A for an arbitrary b’ accessible from b to give the rules:

[bRY]
VA b:0A bRY
b o4 y.oa OF

where the rule O has the side condition that b’ is different from b and does not
occur in any assumption on which b’ : A depends other than bRb'.

Since it is possible to think of a temporal logic (at least the ones we consider in
this thesis) as a modal logic, we propose to use the framework of labeled deduction
to develop a proof theory for temporal logics. In fact, by following the Priorean
approach, mentioned at the beginning, we can see a temporal logic as a modal logic
where the worlds in the semantics are time instants and the accessibility relation is

1 Up to a few standard exceptions, like, e.g., two symmetrical elimination rules for
conjunction.
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the ordering < between such time instants. In this view, the modalities of necessity
O and possibility ¢ assume the intended meanings of always (usually denoted G)
and eventually (usually denoted F), respectively. An extension considering past
operators is also possible.

1.2 Contributions

Table [Tl presents a, clearly not comprehensive, map of temporal logics, which will
help clarify the main contributions of this thesis. The first column presents logics
whose underlying flow of time is linear, while in the second and third column we
have branching logics, i.e., the flow of time is assumed to have a tree-like structure
and the language is extended with an operator V that allows for quantifying on
the branches. A further classification can be made when reading the table by rows:
the first row presents logics where the flow of time is an arbitrary time-line or an
arbitrary tree (general time); in the second row, we consider discrete time logics,
and thus also enrich the language with a next-time operator; in the third row,
we are still in a discrete-time setting and further extend the language with the
operator until [96].

With regard to branching logics, we remark that we focus here on the so-
called Ockhamist ones, whose language allows for a free combination of temporal
operators and quantifiers, and distinguish between two forms of semantics: in the
third column, we find the standard (full) semantics of the well-known CTL* [55]
(and of its general-time corresponding OBTL [136]); in the second column, we have
logics originated by using a generalized (bundled) semantics obtained by allowing
restrictions on the set of branches considered.

In the literature, labeled natural deduction systems have been proposed for
linear-time logics [19,103] and the branching logic CTL [20,131], which, given its
syntactic restrictions on the nesting of operators, is not Ockhamist and thus is
not reported in Table [[Il In this thesis, we propose a modular approach, based
on labeling, to natural deduction for (linear and Ockhamist branching) temporal
logics and focus on a proof-theoretical analysis of the defined systems. The main
difficulties in such a work can be summarized in the following points:

(1) extending the approach from the linear to the branching case, i.e., moving
from the first to the second column of Table [Tk

(2) treating in a proof-theoretically satisfactory way the operator until, i.e., mov-
ing from the second to the third rowﬁ;

(3) capturing the full semantics of branching logics (by means of a system with
finitary rules), i.e., moving from the second to the third column;

(4) defining a normalization procedure in the case of systems for discrete-time
logics, which require a rule modeling the induction principle.

In this thesis, we mainly face and solve points (1) and (4) and give a proposal
for point (2), thus covering the first two columns of Table [Tl The very complex

2 In this thesis, we consider the use of until explicitly only in the case of discrete logics,
but indeed the recipe we propose for dealing with such an operator can be easily
adapted to the case of general-time logics.
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Li T Bundled Ockhamist | Full Ockhamist

mear=time Branching-Time |Branching-Time
General time Kl BOBTL OBTL
Until-free discrete time LTL BCTL* CTL*
Discrete time with until LTL BCTL* CcTL*

Table 1.1. A map of temporal logics.

problem of item (3) (we remind that even finding a finitary Hilbert-style axioma-
tization for such logics is still a partially open problem) is left for future work. We
further analyze these points below.

1.2.1 Labeled natural deduction for linear temporal logics

We have already seen that, at least in the case of the Priorean tense logics, tem-
poral operators are nothing more than modal operators with respect to a Kripke
semantics where the worlds are time instants and the accessibility relation is the
ordering < between the time instants. It follows that we may apply the same pat-
tern of introduction/elimination rules seen above in the modal case (just replace
O with G and R with <):

b < v]
oA b:GA b<V
b.GA ©f yoa  COF

with the usual condition of freshness for &’ in GI.

Relational properties specifying a particular flow of time can also be expressed
by means of rules that manage relational formulas, along the same line of relational
rules of labeled natural deduction systems for modal logicsﬁ [148,159]. For instance,
we can force the flow of time to be transitive by endowing the system with a rule

like:
[b1 < bs]

by <by by<by b:A
b: A

Some labeled natural deduction systems for linear temporal logics have been
proposed [19,103] by following the ideas sketched above. Our contribution with

trans <

3 Though, as we will see, some of such properties, e.g., expressing a temporal induction
principle in the case of discrete time, require a much more complex treatment than
that for most common modal logics.
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regard to these logics consists mainly in giving a uniform and modular presentation
of systems for a large class of linear temporal logics and in performing a proof-
theoretical analysis of such systems. Namely, we give a system for the general
linear tense logic Kl, consider some of its variants, e.g., K| with dense time, with
first/final point, unbounded, etc., and finally treat the case of the discrete-time
logic LTL_. With regard to the last logic, it is easy to observe that the operator
X of next-time can be treated exactly in the same way as the operator G, since it
can be seen as a [-like modal operator with respect to the functional relation of
being the immediate predecessor.

1.2.2 Labeled natural deduction for branching temporal logics

When we are interested in reasoning about concurrent or non-deterministic pro-
cesses, it can be convenient to refer to richer semantical structures and more expres-
sive languages than those of linear-time logics. Namely, we can consider tree-like
structures and exploit the possibility of quantifying over sets of branches of such
trees, where a single branch represents a possible computation. In this thesis, we
will mainly deal with the so-called bundled branching-time logics, which are ob-
tained by considering a generalization of the standard tree-based semantics. The
semantics is defined on the larger class of bundled trees, where a bundled tree is
represented by a (standard) tree and a set of branches, satisfying some closure
properties, on it

Bundled versions of branching logics have been often considered in the liter-
ature [31,139,150,167] and, though less popular than the corresponding “full”
logics, are relevant both from a philosophical point of view [116,118] and in the
case of applications to computer science, e.g., when we are interested in restricting
the set of computations to be taken into consideration; namely, in the case of rea-
soning under fairness assumptions. In fact, it has been shown in [42] that BCTL* is
equivalent to the logic generated by fair structures, i.e. transition systems endowed
with a mechanism for expressing conditions of generalized fairness [63].

The extension of the system for linear-time logics to the bundled branching-
time logics requires the definition of rules for treating the path quantifier V. The
idea we apply here consists in considering a different, but equivalent, semantical
formulation of such logics, given by means of the so-called Ockhamist frames [150,
167]. An Ockhamist frame is a Kripke frame with two accessibility relations] (say
< and ~) obtained from a bundled tree as follows:

e each branch of the tree is a world of the Ockhamist frame;
e by < by if by is a sub-branch of by;
o by ~ by if by and by share the same initial node.

4 Namely, in the case of BOBTL, the set of branches must be closed under sub-branches
and super-branches and such that every node of the tree belongs to some branch in
the set. In the case of BCTL", and of its until-free fragment, the bundled semantics is
obtained by removing the so-called limit-closure condition from the standard semantics
of CTL*. Details in Chapter &

5 In the case of discrete-time logics, we can also consider a relation of immediate sub-
branch on which the operator X will be defined.
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Fig. 1.1. A bundled tree (left) and the corresponding Ockhamist frame (right).

Figure [l illustrates this correspondence, which, as observed in [167], allows for
giving a genuine Kripke-style semantics, where also the path quantifier V is seen
as a standard (55) modal operator with respect to the equivalence relation ~.

We have observed above that, when dealing with “pure” modal operators,
labeling allows for devising clean and effective introduction and elimination natural
deduction rules. And in fact, with this semantics in mind, and by using labels to
refer to branches rather than to time instants, we are able to give well-behaved
rules for the quantifier V as well: just consider the rules for G given above and
replace G with V and < with ~.

This leads to a clean and strongly modular deduction system where each basic
operator (i.e. G, V and, possibly, X) is seen as a modal operator and is endowed with
a proper accessibility relation. Interactions between the relations are expressed by
means of structural rules that do not involve the operators themselves directly.

A detailed proof-theoretical analysis of the system is also made. Normalization
is especially problematic in the case of the logics with both the operators X and
G because of the underlying temporal induction principle, which relates the next-
time relation and the order relation. Such temporal induction is handled, inside the
system, in a way strongly similar to first-order induction of Peano/Heyting Arith-
metics and in fact the normalization procedure follows those defined for systems
for Heyting Arithmetics in [74,126,151]. As is standard in these cases, we present
an intuitionistic version of the system and, though the standard subformula prop-
erty cannot hold, we are able to prove for it confluence and weak normalization;
then we use such results to give a purely syntactical proof of consistency for the
intuitionistic system and, via a proper translation, for the classical system as well.

1.2.3 The treatment of until

In the thesis, normalization is studied in the case of systems for until-free logics.
In fact, the until U is a quite complex operator, from a proof-theoretical point
of view, mainly because of its ambivalent nature of being both “universal” and
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“existential”fl. Indeed, if one is interested in a natural deduction presentation en-
joying the properties (7) and (i) illustrated in Section [l the solutions given in
the literature do not seem to be really satisfactory. Here we give a proposal based
on using a slightly more complex labeling discipline than the usual one, so that a
formula can be also labeled by a pair of labels, and on introducing a new temporal
operator history V, which allows for a bounded universal quantification between
two points. So, for instance, we are allowed to write bc : VA to say that A holds
in all the points contained between the instants denoted by b and c. Rules for
the new operator can be given in a very clean way, which mirrors the one of the
other temporal operators, and until can be clearly expressed in terms of the new
operator by exploiting the following equivalence:

AUB = BV F(XB A VAN.

In the thesis, we give a system for a variant of LTL, obtained by replacing until
with history, and prove that such a variant is as expressive as standard LTL. We
remark, however, that our solution is fully general and can be easily adapted to
the case of other (possibly branching) logics with until.

1.2.4 Mosaics for temporal logics

In this thesis we also consider an “orthogonal” model-theoretical topic: the use of
the mosaic method in temporal logic [105]. Although the subject is rather different,
our contribution, which consists in an extension of the method from the linear to
the bundled branching case and is based on the same intuition related to the
Ockhamist frames, is in a way similar.

The mosaic method has been introduced in algebraic logic as a way of proving
the decidability of the theories of some classes of algebras of relations [114,115].
The basic idea consists in showing that the existence of a model is equivalent to
the existence of a (finite) set of fragments of models (called mosaics), satisfying
a given number of requirements. From that, we get a decision procedure for the
logic, which consists in checking whether such a (finite) set exists or not. The
mosaic method has been recently applied [105,134,137,140] to prove decidability,
complexity results and completeness of Hilbert-style axiomatizations for several
linear temporal logics, namely KI and some of its variants.

Here we propose an extension of the method to the case of bundled branching-
time logics, i.e., we move from KI (for which the mosaic method is defined in [105])
to BOBTL, and in doing so we also consider a number of intermediate logics. The
results concerning decidability and completeness of these logics are already well

5 In LTL, the formula AUB holds at the current time instant b iff either B holds at b or
there ezists a time instant b’ in the future at which B holds and such that A holds in
all the time instants between the current one and b’. The words in emphasis highlight
the dual existential and universal nature of U.

" That is: AUB iff either B holds or there exists a time instant ' in the future (as
expressed by the sometime in the future operator F) such that (i) B holds in the
successor time instant, and (i) A holds in all the time instants between the current
one and b’ (included). The latter conjunct is precisely what the history operator V
expresses.
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known [31], however we believe that the mosaic method is interesting in itself as
it provides a uniform way of establishing such results for many logics, by simple
and modular modifications of the basic definitions. Moreover, our proposal for this
class of branching-time logics can be seen as a basis for dealing with other more
interesting logics, for which decidability and complexity results are still missing.

1.3 Synopsis

Part [ - Background
- In Chapter Bl we give a brief presentation of modal and temporal logics,
focusing on those considered in the thesis.
- In Chapter Bl we introduce labeled natural deduction and describe its use in
the case of most common modal logics.
Part [[1l - Labeled Natural Deduction for Temporal Logics
- In Chapter Hl, we present and analyze labeled natural deduction systems for
linear temporal logics; a proposal for the treatment of until is also given.
- In Chapter Bl we describe labeled natural deduction for a number of bundled
branching-time logics, and study normalization, in particular, of the system
for BCTL* .
Part [[TIl - Mosaics for Temporal Logics
- In Chapter B we introduce the technique of mosaics in temporal logics and
describe an extension to the case of bundled branching Ockhamist logics.

Finally, in Chapter [ we summarize the contents of the thesis and discuss some
possible directions for future work.

In order to ease readability, some of the proofs of Chapter Bl are given in an
appendix.

1.4 Publications

Some of the material of this thesis has been published or submitted for publication.
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Society, 2008.
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Modal and Temporal Logics

2.1 Introduction

In this chapter, we present the basic notions related to the logics that will be
considered in the thesis. We will start introducing the most basic modal logics
and then, by enriching the language and by refining the semantical structures
considered, we will move to describe a number of linear-time and branching-time
temporal logics. For most of the logics, we will also present Hilbert-style axiom-
atizations, which will turn out to be useful, in the rest of the thesis, in order to
prove meta-theoretical properties (typically, completeness) of the natural deduc-
tion systems defined.

We remark that in this chapter (as in the rest of the thesis) we restrict to
consider only propositional modal and temporal logics.

The structure of the chapter is the following:

- in Section ZZ we introduce the minimal normal modal logic K and some of its
most common extensions;

- in Section Z3 we present linear-time temporal logics;

- in Section B we describe branching-time temporal logics, focusing on the so-
called Ockhamist ones.

2.2 Modal Logics

While classical logic has been devised for dealing with the basic notions of true and
false, modal logics allow for qualifying the truth of a judgment. This is obtained by
using modal operators, commonly denoted by [J and ¢, with the intended meaning
of “necessarily” and “possibly”, respectively. There are other possible readings for
such modal operators, each of which giving rise to a particular class of modal logics.
Some common interpretations are collected in Table X1l Modal logics also have
important applications in computer science. For an introduction, see [16,38,62].
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Modal logic Interpretation for (JA

Alethic A is necessarily true
Epistemic A is known
Deontic it is obligatory that A

Temporal |it will always be the case that A

Table 2.1. Interpretation of modal operators in most common modal logics.

2.2.1 The minimal normal modal logic K

First we introduce syntax and semantics of the minimal normal modal logic K.
As we will show in Section EZZ2 several extensions of K can be obtained by
considering the same language but a different semantical characterization.

Syntax

The language of propositional modal logic K consists of a functionally complete
set of classical connectives (here we will use falsum, denoted by L, and implication,
denoted by D), a modal operator O and a denumerable set of propositional symbols
(or propositional symbols).

Definition 2.1. Given a set P of propositional symbols, the set of (well-formed)
modal formulas is defined by the grammar

Az=p|L| ADA | UOA,

where p € P. The set of atomic formulas is PU{L}. The complexity of a formula
is the number of occurrences of connectives (D) and operators (O).

The given syntax uses a restricted set of classical connectives and modal op-
erators. As is standard, we can introduce abbreviations and use, e.g., =, A and V
for the negation, the conjunction and the disjunction, respectively. For instance,
-A = A D1. We can also define the dual modal operator of [J, denoted by ¢,
ie. OA = -[0-A.

Semantics

Since the early sixties, semantics for modal logics has been given by means of
relational (Kripke) structures, i.e. structures consisting of a set of elements (usually
called worlds, or points) on which a binary accessibility relation is defined [] We
also associate each relational structure with a valuation function, which assigns to
every world the set of propositional symbols that are true in it. The truth at every
world is defined locally by using the laws of classical logic, while truth for A in a
given world w is defined by considering that (JA is true in w if A is true in every
world accessible from w.

1 As a generalization, we obtain multi-modal logics by considering structures with more
than one relation (and a distinct modal operator for each relation) and more complex
modal logics, e.g. relevance logics, by allowing relations that are not necessarily binary.
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Definition 2.2. A Kripke frame is a pair F = (W, R) where:

e W is a non empty set of worlds (or points);
o R is a binary relation on W, called accessibility relation.

Given a set P of propositional symbols, a Kripke structure (or Kripke model) on

P is a triple M = (W, R, V) where:

e (W,R) is a Kripke frame;

e V: W — 27 is a (valuation) function that assigns to each world in W a
(possibly empty) set of propositional symbols.

Definition 2.3. Truth in the logic K for a modal formula at a point w in a Kripke
structure M = (W, R, V) is the smallest relation =, satisfying:

Mwp iff peV(w)
MwkE, ADB iff M,wl, A implies M,w =, B
M,wE, OA iff M,w' E, A forallw' s.t. wRw'

Note that M,w E_L for every M and w. By extension, given a modal formula A
and a set of modal formulas I', we write:

ME A iff Mwl, AforalweW

MET iff M, AforalAel

', A iff M, I implies M =, A, for every Kripke structure M
E. A iff M, A for every Kripke structure M.

We say that:

e a modal formula A is K-satisfiable in a Kripke structure M iff there exists a
world w in M such that M,w &, A;

e a modal formula A is K-satisfiable iff A is satisfiable in some Kripke structure
M; otherwise it is K-unsatisfiable;
a modal formula A is K-valid in a Kripke structure M iff M =, A;
a modal formula A is K-valid in a Kripke frame F iff M =, A for every
model M defined on the frame F;

e amodal formula A is K-valid iff =, A, i.e. A isvalid in every Kripke structure.

We can now define the logic K as the set of formulas that are valid according
to the semantics given above, i.e. K = {A | &, A}.

A Hilbert-style axiomatization

For the minimal modal logic K, we can give the following Hilbert-style axiomati-
zation H(K):

(CL) Any tautology instance of classical propositional logic
(K) O(A>B)>((HAD>OB)
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We have also the inference rules of modus ponens and modal necessitation (or
generalization):

(MP)If A and AD B then B
(Nec) If A then A

The set of theorems of H(K) is defined as the smallest set of modal formulas
containing the set of axioms and closed with respect to the rules of inference above.
We denote with I, the notion of derivability in H(K), i.e. -, A iff A is a theorem
of H(K). Furthermore we write I' -, A (A follows deductively from I') if A can
be derived from all theorems of H(K) and the formulas in I" by applying the rule
(MP) onlyH

We can now state a relation between the notions of logical consequence,
ie. I' B, A, and deductive consequence, i.e. I' F, A,. In fact, by a Henkin-style
construction (see, e.g., [89]), it is possible to show the following result of sound-
ness (right-to-left direction) and completeness (left-to-right direction) for the given
axiomatization.

Theorem 2.4 (Soundness and completeness). Given a modal formula A and
a set of modal formulas I', it holds:

', A & T'FH A,

2.2.2 Axiomatic extensions

Several further modal logics (we call them frame logics) can be defined as exten-
sions of the logic K by simply restricting the class of frames we consider. Classes of
frames can be distinguished by means of the properties (e.g., reflexivity, transitiv-
ity, etc.) of their accessibility relation. Many of the restrictions we are interested
in are definable as formulas of first-order logic where the binary predicate R(x,y)
refers to the corresponding accessibility relation ] Table B2 adapted from [81],
summarizes some of the most common frame logics, describing the corresponding
frame property. The semantics of a given logic K P can be inferred from the one
for K of Definition we just consider Kripke models whose accessibility relation
satisfies the property P instead of generic Kripke models. This idea can be further
generalized by defining a logic K P; ... P, as the logic of frames satisfying the set
of properties {Pi,..., P,}.

At the heart of correspondence theory (see [144,154] for details) lays the fact
that particular axioms correspond to particular restrictions on the accessibility
relation, i.e. suppose (W, R) is a frame, then a certain axiom P will be valid on
all the models based on (W, R) if and only if the accessibility relation R meets
a certain condition P (for simplicity, we give the same name to properties of the
accessibility relation and axioms).

2 We remark that, due to the rule of necessitation, the deduction theorem (I” F. ADB
iff 'U{A} F B) fails if we adopt the same notion of derivability as in classical Hilbert
system formulations (see, e.g., [62] for details).

3 Note that, for simplicity, we use here the same symbol for denoting both the accessi-
bility relation and the predicate.
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Axiom Condition First-Order Formula
T Reflexive Yw : R(w,w)
D Serial VwIw' : R(w,w")
4 Transitive Vs, t,u: (R(s,t) AR(t,u)) = R(s,u)
5 Euclidean Vs, t,u ( (s,8) AR(s,u)) = R(t,u)
B Symmetric Vw, w" : R(w,w") = R(w', w
2 Weakly-Directed | Vs, t,udv: (R(s,t) A R(s,u)) = (R(¢t,v) A R(u,v))
L  |Weakly-Connected|Vs,t,u : (R(s,t) AR(s,u)) = (R(t,u) Vt=uV R(u,t))
X Dense Vu,vIw : (R(u,v) = (R(u, w) A R(w,v)

Table 2.2. Axioms and corresponding first-order conditions on R.

It is obviously possible to extend the notions of K -satisfiability and K-validity
to the case of a logic KP,...P, = {A |Ekp,..p, A}. The same analogy holds
also in considering axiomatic deduction systems: for each property described in
Table Z2 we give a corresponding defining axiom in Table Let P be one of
such axioms; then, by adding the axiom P to the axiomatization H(K) we get an
axiomatization H(K P) that is sound and complete for the logic K P.

Traditionally, some of these axiomatic extensions of K have been denoted in
the literature with specific names. In particular, the following equivalences hold:
S4 = KT4, S5 = KT4B. In other words, S4 denotes the logic of reflexive and
transitive frames, while S5 denotes the logic of frames whose accessibility relation
is an equivalence relation.

Axiom Defining Formula
O0(A D> B) D (HADOB)
OADA
O0ADOA
0A>0O0A
0A > 0O0A
ADOCA
O0A D O0A
O(AADOA) D B)vO({(BAOB) D A)
OoA>OA

Ml e || o O 1| =

Table 2.3. Modal logics and corresponding defining formulas.

2.3 Linear Temporal Logics

Temporal logics can be seen as a branch of modal logic, where the accessibility
relation is used to model the flow of time and each world in a structure corresponds
to a time instant. In this section we focus on linear temporal logics, i.e. those whose
underlying semantical structures represent flows of time with the shape of a line.
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First, we will present some basic tense logic whose definition is due to Prior [128]
(see also [34,68]). Then we will present more interesting logics from a computa-
tional point of view, i.e LTL [124] and fragments of LTL.

2.3.1 The basic tense logic Kt

As for modal logics, we begin by fixing a temporal language that will be used first
for introducing a basic tense logic, called Kt, and then for considering axiomatic
extensions of it, in the vein of the extensions presented in Section

Syntax

The language of propositional priorean tense logic consists of a functionally com-
plete set of classical connectives, two modal operators (G and P) and a denumerable
set of propositional symbols.

Definition 2.5. Given a set P of propositional symbols, the set of (well-formed)
tense formulas is defined by the grammar

Au=p|L| ADA| GA | HA,

where p € P. The set of atomic formulas is PU{L}. The complexity of a formula
is the number of occurrences of connectives (D) and operators (G and H).

G and H are “universal” modal operators, whose intuitive meaning is always in
the future and always in the past, respectively. Their duals F and P (eventually in
the future and sometime in the past, respectively) can be defined as FA = -G-A
and PA = -H—-A. Other classical connectives can also be defined as usual.

Semantics

Temporal frames and structures are simple adaptations of the standard Kripke
ones (Section ZZTl). Since we are interested in representing a flow of time, from
now on we will use the symbol < (recalling the idea of an order relation) to denote
the accessibility relation R and the term instant instead of world. For the moment
we do not make any particular assumption about the nature of the relation <A

Truth for a tense formula is then defined by letting G behave as the operator
0O and H as its analogous with respect to the symmetric relation <~1.

Definition 2.6. A temporal frame is a pair F = (W, <) where:

o W is a non empty set of (time) instants;
o < is a binary relation on W.

Given a set P of propositional symbols, a temporal structure (model) on P is a
triple M = (W, <, V) where:

4 For convenience, we present Kt in the section devoted to linear temporal logics, but
indeed there is no assumption of linearity in the semantical structures of Kt.
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o (W, <) is a temporal frame;
o V:W — 2% is a (valuation) function that assigns to each instant in W a
(possibly empty) set of propositional symbols.

Definition 2.7. Truth in the logic Kt for a tense formula at an instant w in a
temporal structure M = (W, <,V) is the smallest relation |=,, satisfying:

Muw g p iff peV(w)
MwlkE, ADB iff M,wls,, A implies M,w =, B
MwkE, GA iff Mw' =, A foralw st w=<w
M,wk,, HA iff Mw' &, A foralw st w <w

Note that, as a consequence, we have M,w E_L for every M and w. By extension,
given a tense formula A and a set of tense formulas I', we write:

MELA iff Mowlk, A foralweW

ME,T iff ME,AforalAcl

'e,A iff Mg, I implies M |=,, A, for every linear temporal structure M
Eo.A iff ME,, A for every linear temporal structure M.

We say that:

e q tense formula A is Kt-satisfiable in a temporal structure M iff there exists
a world w in M such that M,w =, A;

e atense formula A is Kt-satisfiable iff A is satisfiable in some temporal structure
M; otherwise it is Kt-unsatisfiable;
a tense formula A is Kt-valid in a temporal structure M iff M =,, A;
a tense formula A is Kt-valid in a temporal frame F iff M =, A for every
model M defined on the frame F;

o a tense formula A is Kt-valid iff =, A, i.e. A is valid in every temporal
structure.

As we did for K, we can define the logic Kt as the set of formulas that are
Kt-valid according to the semantics given above, i.e. Kt = {A ||, A}.

A Hilbert-style axiomatization

A Hilbert-style axiomatization H(Kt) for Kt can be easily obtained by adapting
the one for K (see, e.g., [75]). An equivalent of the axiom schema K is needed for
both the operators G and H, in addition to a couple of axioms stating the relation
between the two operators.

CL) Any tautology instance of classical propositional logic
) G(AD B) D> (GA>GB)

Kny) HLAD B) D (HADHB)

GP) A D> GPA

HF) A D HFA
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We also need the inference rules of modus ponens and necessitation (or general-
ization):

(MP) If A and AD B then B

(Necg) If A then GA

(Necy) If A then HA

As for K, we define the notions of theorem of H(Kt) and derivability in H(Kt)
(F,,) and enunciate a theorem of soundness and completeness [75].

Theorem 2.8 (Soundness and completeness). Given a tense formula A and
a set of tense formulas I', it holds::

Ik, A 'k, A.

Kt

2.3.2 Axiomatic extensions

As in Section ZZZ2A we can obtain extensions of the basic logic, in this case Kt, by
adding axioms to the given axiomatization H(Kt). Some of the most interesting
axioms (and the corresponding properties) are shown in Table 241

Axiom Property Formula
(REFLR) | Right-Reflexivity GADA
(REFLL) | Left-Reflexivity HAD A

(TRANSR)| Right-Transitivity GA D GGA
(TRANSL)| Left-Transitivity HA D HHA
(CONNRg) | Right-Linearity |[(HAA AAGA) D GHA
(CONNL) Left-Linearity |(HAA AAGA) D HGA

(SERR) Right-seriality FT

(SERL) Left-seriality PT
(FINAL) |Right-Boundedness G LVFG L
(FIRST) | Left-Boundedness HLVPH_L
(DENSR) Right-Density FADFFA
(DENSL) Left-Density PA D PPA
(DISCRR) | Right-Discreteness | (FT A AAHA) D FHA
(DISCRL) | Left-Discreteness [(PT A AAGA) D PGA

Table 2.4. Axioms expressing temporal properties.

Such axioms are obviously not completely independent one of each other. Some
combinations give rise to interesting tense logics extending Kt.

In the following, we present explicitly those axiomatic extensions to which we
will refer more often in the thesis: the linear tense logic Kl and some of its variants.

The logic Kl

The language of the logic Kl is the language of tense formulas defined in Definition

23
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Semantics

The semantics is given on a refinement of the temporal structures of Definition B
that takes into account transitivity and linearity (or connectedness) of the flow of
time.

Definition 2.9. A linear temporal frame is a pair F = (W, <), where:

o W is a non-empty set of (time) instants;

o <C W x W is a binary relation that satisfies the properties of irreflexivity,
transitivity and connectedness, i.e. for all (w,w') € W? we have w = w' or
(w,w") €< or (W, ,w) €<.

Given a set P of propositional symbols, a linear temporal structure (model) on P
is a triple M = (W, <, V) where:

o (W,=) is a linear temporal frame;
e V:W — 2% is a (valuation) function that assigns to each instant in W a
(possibly empty) set of propositional symbols.

Truth in the logic Kl for a tense formula is defined as in Definition B2 where
we consider linear temporal structures instead of temporal structures. We also
extend the notion of Kl-truth to the notions of Kl-satisfiability and Kl-validity in
a standard way and define KI as the set of Kl-valid formulas.

A Hilbert-style axiomatization

A Hilbert-style axiomatization H (K1) for K is obtained (see, e.g., [75]) by extend-
ing the one for Kt of Section P23l with the following axiom schemata:

(TRANSR) GA D GGA
(TRANSL) HA D> HHA
(CONNp) HAAAAGA D GHA
(CONNL) HAAAAGA D HGA

Axioms (TRANSE) and (TRANSL) express the transitivity of <, while (CONNRg)
and (CONN]) expresses its connectedness.

Kl with unbounded time

We can further restrict the set of linear temporal frames by requiring that they
satisfy additional relational properties. For instance, we can express the fact that
the sequence of time points is unbounded, towards the future and/or towards the
past. This corresponds to adding the conditions of seriality on the right and/or on
the left, i.e. every point has a successor and/or a predecessor.

The axioms expressing unboundedness are SERg and SER, in Table B2l which
express, respectively, the following two properties:

o Vxdy.z <y;
o Vxdy.y<ux.
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Kl with a first/final point

The semantics of Kl is given by means of temporal structures where nothing is
said about the existence of a first or a final point. To express the existence of such
points, we add the axioms (FINAL) and (FIRST) of Table Z4l which correspond
to the properties:

o dxVy.-(y<z);
o JxVy.-(x <y).

Kl with dense time

Another constraint that we can impose on relational structures is that the flow of
time is dense, i.e. between any two points we can find a third point:

o VaVy.x <y = Jz.z <z and 2 <y.

This property is represented by the two axioms DENSgr and DENS|,.

Kl with discrete time

Finally, we can express discreteness both towards the future:

e for all z,y, if x < y, then there exists z such that:
- x<z;and
- for all w, =(z < w) or ~(w < z);

and towards the past:

e for all z,y, if x < y, then there exists z such that:
- z=<y;and
- for all w, =(z < w) or ~(w < y).

In terms of axiomatization, this corresponds to the addition of the axioms DISCRR
and DISCR;, respectively, to H(KI).

2.3.3 Language extensions

Interesting extensions can also be obtained by considering languages enriched with
further temporal operators on the semantical structures of Section In his
doctoral dissertation [96], Kamp extended the basic tense language with the binary
operator until (and its past-oriented version since), which has been shown to be
very expressive and particularly useful for applications to computer science. In
the case of discrete flows of time, it makes also sense to consider an operator of
next-time. For a description of the more expressive resulting logics, see [68,75].

Here we will consider both until and next-time in Section B34 in the specific
context of LTL, where we will also formalize their semantics.
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2.3.4 LTL

LTL is probably the most popular linear temporal logic in computer science. It has
been proposed in [124] and further developed and studied in [71]. Here we recall
the syntax and semantics of LTL and give an axiomatization for it.

Syntax

When considering LTL, we are used to restrict the attention to the future-oriented
operators. The set of basic temporal operators is enriched by the next-time (de-
noted X) and the until (denoted U) operators.

Definition 2.10. Given a set P of propositional symbols, the set of (well-formed)
LTL-formulas is defined by the grammar

Au=pl|L|AD A|GA|XA| AUA

where p € P. The set of LTL-atomic formulas is P U {L}. The complexity of an
LTL-formula is the number of occurrences of the connective O and of the temporal
operators G, X, and U.

The intuitive meaning of the temporal operators G, X, and U is the standard
one:

GA states that A holds always in the future;

XA states that A holds in the next time instant;

AUB states that B holds at the current time instant or there is a time instant
w in the future such that B holds in w and A holds in all the time instants
between the current one and w.

Semantics

The semantics of LTL is defined on structures that are isomorphic to the set of
natural numbers. Note that in this case we consider a non-strict order relation <,
as it seems to be more common in the literature when considering LTL. So, for
example, GA holds in a time instant w iff A holds in w and in all its successors.

Definition 2.11. Let N = (N, s : N — N, <) be the standard structure of natural
numbers, where s and < are the successor function and the total (reflexive) order
relation, respectively. An LTL-structure is a pair M = (N, V) where V : N — 27,
Truth for an LTL-formula at a point n € N in an LTL-structure M = (N,V) is
the smallest relation |=,,, satisfying:

Mn,p o iff peVn)
Mnk,,, ADB iff Mk, Aimplies M,nl=,,, B
M,n =, GA iff M,ml,, Aforalm>n
MnE,, XA iff Min+lfE,, A
M,n =, AUB iff there exists n’ > n such that M,n’' =,,, B
and M,m |=,,, A for alln <m <n’
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Note that M,n ¥, L for every M and n. By extension, we write:

ME,, A iff M,nlk,, A forevery natural number n
ME,,, I iff ME, AforalAel
'E,.A iff Mg, I implies M |=,,, A, for every LTL-structure M

A Hilbert-style axiomatization

We now present a sound and complete Hilbert-style axiomatization, which we call
H(LTL), for LTL (see, e.g., [75]). H(LTL) consists of the axioms

1) Any tautology instance

2) G(AD> B) D> (GADGB)

3) (XA & —XA)

4) X(AD B) D (XA DXB)

5) GA D AANXGA

6) G(ADXA) D (ADGA)

7) AUB < (BV (AAX(AUB)))
8) AUB > FB

PN

where we denote with « the double implication, and of the rules of inference

(MP) If A and A D B then B
(Necx) If A then XA
(Necg) If A then GA

The set of theorems of H(LTL) is the smallest set containing these axioms and
closed with respect to these rules of inference. The notion of derivability in H(LTL)
will be denoted with F,,, and the deductive consequence I" I-,,, A is defined as
usual.

With regard to H(LTL), we need to notice that it is possible to express only
a result of weak completeness, i.e. a result in terms of single valid formulas, or
in terms of a consequence relation I' =, A where I' is a finite set. As H(LTL)
consists of only finitary rules, it cannot be strongly complete and indeed all the
finitary deduction systems for temporal logics equipped with at least the operators
X and G (and thus not compact) present such a problem; see, e.g., [100, Chapter
6]. In fact, it is easy to check that {X?A};~,, [=,,, GA but (via soundness) we can
see that {X'A},<, /., GA, where XA is just A and XiT! A stands for XX?A. We
will return to this point in Chapter Bl when discussing completeness of a natural
deduction system for (a fragment of) LTL.

L

Theorem 2.12 (Soundness and completeness). Let A be an LTL-formula and
I' a set of LTL-formulas. Then it holds:

F FLTL A = F ':LTL A’
':LTL A = |7LTL A :
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Until-free LTL: LTL_

Since we will consider it in the thesis, we also define here a fragment of LTL named
LTL_. It corresponds to the until-free fragment of LTL.
The syntax is given by the following definition.

Definition 2.13. Given a set P of propositional symbols, the set of (well-formed)
LTL_-formulas is defined by the grammar

Au=p|L|ADA|GA|XA
where p € P.

The semantics is given on LTL-structures and can be inferred from that of LTL,
ie., given an LTL_-formula A and an LTL-structure M, we have M |=,,, A iff

M [=,,, A. The notions of validity and consequence relation come from it as is
standard.

A sound and weakly complete axiomatization H(LTL ) for LTL (see, e.g., [75])
is obtained by just removing the axioms (A7) and (A8) (concerning the until) from
the axiomatization H(LTL).

2.4 Branching Temporal Logics

The temporal logics presented so far are of interest for reasoning about single
computations. When we are interested in reasoning about concurrent or non-
deterministic processes, it is convenient to refer to richer semantical structures
and more expressive languages. Namely, we will consider tree-like structures and
exploit the possibility of quantifying over sets of branches of such trees, where a
single branch represents a possible computation.

The philosophical basis of branching-time logics can be found already in the
work of Prior [128]. However their development in computer science is due to
[2,13,40,55]. A survey for the “philosophical” branching-time logics is in [167]; for
a survey more oriented towards computer science, see [52].

Here we will focus on those branching-time logics according to which the past
is determined and cannot be changed (from which the term historical necessity de-
rives), while the future is non-deterministic and can take different possible courses.
However, before defining the most standard logics of historical necessity, we will
also present (by following the taxonomy in [167]) several intermediate logics, whose
tree-like branching nature is much weaker.

In particular, we will consider here the logics originated from the so-called
Ockhamist semantics (see [128,167]). In an Ockhamist view, the actual future is
in some way determined, that is temporal formulas are evaluated with respect not
just to a given instant but to an instant and a branch beginning from such instant.

First we will present a class of logics, to which we will refer as bundled Ock-
hamist logics with general time, that have been mainly object of philosophical
study and in which arbitrary trees are allowed as flows of time. Then we will move
to the so-called computation tree logics, which are more interesting from a compu-
tational point of view: these logics consider flows of time that are discrete w-height
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trees. In both cases, particular attention will be concentrated on the definition of a
generalized semantics (usually referred to as bundled), in addition to the standard
one, since such a generalized semantics will be object of study in the rest of the
thesis.

2.4.1 Bundled Ockhamist logics with general time
Syntax

The language of the branching logics considered in this section consists of a set
of classical connectives enriched by some linear temporal operators (the ones we
have already considered in Section Z3) and by one or more path quantifiers.

Definition 2.14. Given a set P of propositional symbols, the set of (well-formed)
Ockhamist formulas is defined by the grammar

Au=p|L| ADA|GA | HA | VA,

where p € P. The set of atomic formulas is P U {L}. The complexity of a for-
mula is the number of occurrences of connectives (D), operators (G, H) and path

quantifiers (V).

The intuitive meaning of the linear operators G and H is as in linear temporal
logics with respect to a single branch of the tree. The path quantifier V allows one
to switch from a branch to another: intuitively, VA holds at a node s iff A holds
in all the branches starting from the node s.

Semantics
Semantics in terms of trees

As we anticipated, we consider as branching logics the logics whose semantical
structure have a tree-like representation.

Definition 2.15. A tree is an irreflezive ordered set T = (T, <) in which the set
of the <-predecessors of any element t of T is linearly ordered by <, that is, for
allz,y, zinT, if t < z and y < z then either x <y ory < x orz =y.

A path in a tree T is a maximal linearly ordered set of nodes. A branch in a
tree T is any set of nodes {y | y € m and x < y} for a given path m and a node
x € w. The least node x of a branch b is the initial node of b, denoted by I(b) and
b is said to be stemming from x. The set of all branches in T will be denoted by
B(T). If b and ¢ are branches and b C ¢ then we say that b is a sub-branch of ¢
and ¢ is a super-branch of b.

We will refer to the notion of validity based on trees, as defined above, as full
validity and to the logic originating from such trees as OBTL, or full Ockhamist
logic. However, in this thesis we will be mainly concerned with the notion of the
so-called bundled validity and with the bundled logics (introduced in [31]), in which
the modal quantification over branches is restricted to a given set.
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Definition 2.16. Given a tree T, a bundle B on T is a subset of B(T) closed
under sub-branches and super-branches and such that every node of T belongs to
some branch in B. A bundled tree is a pair (T, B) where T is a tree and B is a
bundle on T. We say that a bundled tree (T, B) is complete when B = B(T).

We can define the semantics for such logics by providing trees with a valuation
function. With respect to this point, we notice that different branching-time logics
are defined according to the policy we associate to such valuations. Many authors
(see, e.g., [128]) assume that propositional symbols refer in some way to the future.
A consequence of this assumption is that the valuation of an atom depends not
only on the node we are considering but also on a particular branch containing that
node. Thus the valuation function is defined in terms of pairs (branch, instant).

A different point of view consists in assuming that propositional symbols con-
tain no trace of futurity [136]. This leads to consider all the branches starting
from a given instant in a tree-like frame as sharing the same evaluation of every
propositional variable.

In the following, we will adopt this no trace of futurity approach (we will some-
times also call it atomic harmony assumption), since it is more common in com-
puter science-oriented branching temporal logicsﬁ Namely, the logics presented in
this section are those described in [167] with the only difference that we adopt, as,
e.g., in [136], the atomic harmony assumption. As a consequence, we have that the
classical substitution rule is not a valid deduction rule in the axiomatizations of our
logics, e.g., the validity of the formula p D Vp is not preserved under substitution.

Definition 2.17. Given a bundled tree (T, B), a valuation V on (7, B) is a func-
tion assigning a (possibly empty) set of propositional symbols to each branch in B,
such that if I(b) = I(b') then V(b) = V(V').

Given a bundled tree (T, B) and a valuation V on it, truth for an Ockhamist
formula at a branch b € B is the smallest relation |= defined as follows:

M,bEp iff peV(b);

MbEADB iff M,bE A implies M,b = B;

M, bE=GA iff foralb e€Bst.bCd, MV |EA;
M,bEHA iff forallb € B st. b Cb, M,V = A;
M,bEVA if forallb € B s.t. I(b) =1(V), M,b = A.

Semantics in terms of Ockhamist frames

In order to give a semantics to bundled logics in a more traditional Kripke style,
we can give a different characterization of bundled trees. Namely we can view a
bundled tree (7, B) as a triple (W, <, ~), in which:

e )W is B, i.e. the set of branches of the bundled tree;
e < is D, i.e. the inclusion relation between branches;
e =~ is the relation of having the same initial point, i.e. b >~ ¢ iff I(b) = I(c).

The structures that we obtain correspond to the Ockhamist frames of, e.g., [167].

5 In fact, both the most well-known computation tree logics, CTL and CTL* (see Section
2232, rely on this assumption.
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Definition 2.18. A basic frame is a triple (W, <,~), where W is a non-empty
set, < is a union of irreflexive linear orders on W and ~ is an equivalence relation
on W.

An Ockhamist frame is a basic frame (W, <, =), satisfying the following con-
ditions:

(Dis) if x ~y then x A y;
(PI) if © ~ y, then there exists an order-isomorphism f between {z | z < x} and
{z | z <y} such that for all z <z, z ~ f(z);
(WDC) if v <y =~y , then there exists ' such that v ~ 2’ <y ;
(MB) if x ~ y and x # y, then there exists ' > x such that for all z = y not-
(' ~2).

(Dis) stays for disjointness of < and ~ and comes from the irreflexivity of
<. (PI) expresses the past isomorphism of two points that are ~-related, while
(WDC) stays for weak diagram completion and both properties are consequences
of the left linearity of <. Finally, since two distinct branches in a tree must have
disjoint subbranches, a property expressing the mazimality of branches holds.

It is possible to prove (see [167]) that for every Ockhamist frame there exists
a corresponding bundled tree, from which the Ockhamist frame can be built as
suggested above. Thus the semantics generated by bundled trees is exactly the
same that we get when we consider Ockhamist frames. In the following we choose
to refer to Ockhamist frames, since this gives us the possibility of defining the
notion of truth in a pure Kripke-style. We anticipate that this possibility is in fact
what will allow us, in Chapter [l to extend the labeled deduction framework used
for standard modal logics to the context of these branching-time logics.

Note also that the properties (Dis), (PI), (WDC) and (MB) are not completely
independent one of each other, e.g. (Dis) + (WDC) implies (PI). We enumerate
all of them because, as in [167], this gives us the possibility of considering several
intermediate logics, according to which of the conditions above we require the
frames to satisfy. In particular, we will consider, in the rest of the thesis, the
following classes of frames.

Definition 2.19. A (Dis)-frame is a basic frame satisfying the condition (Dis). A
(WDC)-frame is a basic frame satisfying the condition (WDC). A (Dis+WDC)-
frame is a (Dis)-frame that is also a (WDC)-frame.

As usual, we can obtain a class of structures from each class of frames consid-
ered, by providing the frames with a valuation function. As we remarked above
when defining valuation functions for trees, the policy that we follow in this thesis
is such that all the points ~-related in an Ockhamist frame satisfy the same set
of atoms.

Definition 2.20. Let P be a denumerable set of propositional symbols. A basic
(Dis, WDC, Dis+WDC, Ockhamist) structure is a 4-ple (W, <,~, V), where (W, <
,~) is a basic (Dis, WDC, Dis+WDC, Ockhamist) frame and V is a valuation
function V : W — 27 such that for all u,v € W, if u ~ v then V(u) = V(v).

Now we give the notion of truth with respect to a point in a structure. Note
that truth is defined by having the temporal operators G and H operate along the
=<-lines of points, and the quantifier V within a ~-equivalence class.



2.4 Branching Temporal Logics 29

Definition 2.21. Given a basic (Dis, WDC, Dis+WDC, Ockhamist) structure
M = W, <,~=V) and a point uw € W the corresponding notion of basic (Dis,
WDC, Dis+WDC, Ockhamist) truth for a Ockhamist formula is the smallest re-
lation = defined as follows:

M,up iff peV(u);

MulEADB iff M,ulE A implies M,u = B;
M, u E GA iff  forallv st. u<v, M,vE A;
M,u EHA iff  forallv st. v <u, M,vE A;
M, u EVA iff  forallv st u~uv, M,vE A;

As is standard, we can extend this notion of truth to the notions of basic (Dis,
WDC, Dis+WDC, Ockhamist) satisfiability and validity.

In the following, we will use the symbols ..., Eu 5o, etc. to refer to the
corresponding notions of truth and validity. =,,, will denote basic truth/validity.
=, will denote Ockhamist truth/validity. We will refer to the logic of Ockhamist
frames also as BOBTL. Sometimes we will also consider frames and validities orig-
inating from other combinations, e.g., (Dis+PI)-validity is the notion of validity
determined by (Dis+PI)-frames; i.e. by basic frames satisfying both the properties
(Dis) and (PI).

Some interesting results concerning the relations between these notions of va-
lidity are described in [167]. First of all, it has been shown that, as long as validity
is concerned, the property (MB) can be replaced by:

(MB7) if z is a <-maximal element, then, for every y,  ~ y implies z = y.

Moreover, if we put ourselves in the no trace of futurity setting, we can further
simplify the maximality of branches property as follows:

(MB~7) if z is a <-maximal element, and x ~ y, then y is a <-maximal element.

We introduce also another property that will be useful in the following sections.
It can be seen as a strong form of (WDC) and will be referred to as strong diagram
completion:

(SDC) if z < y < z ~ 2z’ = 2’ ~ x, then there exists ¢y’ such that ¢y ~ y and
<y <2
It is interesting because one can prove that the logic determined by (Dis+WDC)-
frames and the logic determined by (WDC+SDC)-frames coincide.

We collect in the following lemma some comparison results that can be easily
adapted from [167].

Lemma 2.22. Basic validity and (Dis)-validity coincide. (Dis+WDC)-validity,
(Dis+PI)-validity and (WDC+SDC)-validity coincide. (Dis+WDC+MB)-validity,
(Dis+WDC+MB~ )-validity, (Dis+ WDC+MB~~ )-validity and Ockhamist validity

coincide.

Proof. By trivial adaptations of the analogous results proved in [167] in the case
where no assumptions are made about the evaluation of the atoms.
O
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Hilbert-style axiomatizations

Hilbert-style axiomatizations for several bundled Ockhamist logics have been pro-
posed in [68,136,164,167]. In this section, we present the ones corresponding to
the logics considered above.

Note that for the full Ockhamist logic OBTL, i.e. the logic of complete bundled
trees, as for its corresponding computation tree logic CTL*, no finitary complete
axiomatization is known.

The logic of basic frames (or (Dis)-frames)

First, we present a Hilbert-style axiomatization H(bas) (slightly adapted from
[167]) for the logic of basic frames (or, which is the same, the logic of Dis-frames).
We have that the temporal axioms for linear time, plus the modal axioms for S5
with respect to the operator V, plus a rule for atomic harmony (i.e., branches with
the same initial point satisfy the same atoms), plus the usual deduction rules form
a complete deductive system.

(CL)  Any tautology instance of classical propositional logic
(Ke) G(ADB)>(GA>GB)
(Ku) H(ADB)D>(HADHB)
(Ky) VY(ADB)D> (VYADVB)
(GP) ADGPA

(HF)  ADHFA

(L1) FADG(FAVAVPA)
(L2) PADH(FAV AVPA)
(L3) GADGGA

(L4) HADHHA

(V1) VADWA

(V2) VADA

(Vv3) ADV3A

(Atom) p D Vp for each atomic proposition p

Notice that the axioms above have to be considered axiom schemata: in fact,
because of the axiom (Atom), the common rule of substitution does not hold for
this logic.

The rules of inference are the following:

MP) If A and AD B then B

(

(Necg) If A then GA
(Necy) If A then HA
(Necy) If A then VA

As usual, we define the notions of theorem of H(bas) and derivability in H(bas)
(denoted F,,,).
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The logic of (WDC)-frames

Such an axiomatization can be extended to capture the logic of (WDC)-frames by
adding the following axiom (from [167]). We denote with H(WDC') the resulting
axiomatization.

(WDC) PA D VP3A
The logic of (Dis+WDC)-frames

The logic of (Dis+WDC)-frames is much more difficult to capture by means of
Hilbert-style axioms. The use of a form of the Gabbay irreflexivity rule [64] as a
further deduction rule greatly simplifies the task, as proposed in [68].

In [164], Zanardo proposes the following two rather complex (but with a stan-
dard form) Hilbert-style axioms:

(DW1) P(VAAGB)AH=(BA3C)
DV[GA; APC D P(AA(CVPC))AGC D GAy)

(DW2) [HAAH=(BA3IC AF(BAAA3C)))AP(VA; AGB)]
D V[GBl D P(Al A\ G(C D G(Cl D GBl)))]

The addition of them to the ones for the logic of (WDC)-frames gives an axioma-
tization H(Dis + WDC') for the (Dis+WDC)-frames logic.

The logic BOBTL of Ockhamist frames

Finally, we get an axiomatization H(O) for the logic BOBTL by adding the fol-
lowing axiom expressing the maximality of branches.

(MB~™)  G.1>OVGL

Theorem 2.23 (Soundness and completeness). The Hilbert-style axiomatiza-
tions H(bas), H(WDC), H(Dis + WDC) and H(O) are sound and complete with
respect to the corresponding semantics.

Proof. The axiomatizations are trivial adaptations of the ones given in [164] and
[167] for a version of the logics that did not consider atomic harmony. Proofs can
be easily adapted to deal with the case in which branches with the same initial
node agree on the valuation of propositional symbols.

O

Related logics

Although they will not be explicitly treated in this thesis, it is worth mentioning
some variations and extensions of the logics presented above. They include the
logics obtained by adding until and since operators [166] and logics originating
from allowing the truth of propositional symbols to be dependent both on branches
and time-instants [128,136,167].

Finally, we remark that we focused here on Ockhamist branching logics. An-
other important class is that of Peircean branching logics [128,129,165], in which
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truth of all formulas depends only on the time instant of evaluation and not on a
branch. In other words, all the formulas can be considered to be state formulas. An
example is represented by a sublanguage of the Ockhamist logics above, obtained
by allowing the combination of branching and linear operators only in the form of
a single linear operator preceded by a single path quantifier, as in VG, VH, VF, VP,
3G, JH, JF and 3P.

2.4.2 Computation tree logics

In this section, we present some branching temporal logics that are more common
in computer science and are usually referred to as computation tree logics.

CTL*

The logic CTL* has been introduced in [55] as an extension of the less expressive
CTL. Here we first define CTL* and then specify which is the subset corresponding
to CTL.

Syntax

The language of CTL* extends that of Ockhamist logics presented in Section
EZT with the linear temporal operator until and restricts the attention to future-
oriented operators.

Definition 2.24. Given a set P of propositional symbols, the set of (well-formed)
CTL*-formulas is defined by the grammar

Az=p|L]| ADA|GA| XA | AUB | VA,

where p € P. The set of atomic formulas is PU{_L}. The complexity of a formula
is the number of occurrences of connectives (D), operators (X, G and U) and path

quantifiers (V).

Semantics

Several alternative characterizations can be given for CTL* and the other compu-
tation tree logics and some equivalence results have been shown (see, e.g., [51]).

In particular, as for the Ockhamist logics seen in Section 241l we can give two
main notions of validity: the full validity and the bundled validity; for a detailed
account see [52,135].

The notion of validity underlying the semantics of CTL* is the full one.

If we define a transition system as consisting of a set S of states and of a serial]
relation R on S, i.e. a relation such that for every s in S there exists a ¢t in S for
which sRt holds, then the notion of full validity is given by defining the semantics
with respect to the set of all the R-generable paths, i.e. of all the w-sequences
S1, 82, ... such that (s;,s;4+1) € R for all i € N. The following definitions formalize
these notions.

5 In the computer science literature, the condition of seriality is often referred to as
totality.
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Definition 2.25. A transition system is a pair F = (S, R) where:

e S is a non empty set of states;
o R is a serial binary relation on S, i.e. for each s € S there exists t € S such
that (s,t) € R.

Given a set P of propositional symbols, a labeled transition system is a triple
M= (S,R,V) where:
e (S8,R) is a transition system;
V:8 — 2% is a (labeling) function that assigns to each state in S a (possibly
empty) set of propositional symbols.

A fullpath (or just path) in a (labeled) transition system M = (S, R,V) is an

infinite sequence sg, s1, So, ... of states in S.
Given a fullpath ¢ = sg,s1,52,..., we write o’ to denote the suffix path
Siy Sit+1, Sit2,--. and o(i) to denote the i-th state of o, i.e. s;.

Note that we are considering here the case of monomodal transition systems:
the generalization to transition systems with more relations (actions) is straight-
forward.

It is quite common to present the language of computation tree logics by dis-
tinguishing between state formulas, which are evaluated with respect to a state,
and path formulas, which are evaluated with respect to a fullpath.

The distinction between state and path formulas is specified by the following
alternative formulation of the language of CTL*-formulas:

Su=p|L]| SDS|VP

P:=S|P>P|XP|GP| PUP,

where S denotes the category of state formulas and P the category of path formu-
las.

It is also possible to define the notion of truth for a formula just with respect
to fullpaths, by assuming that an atomic proposition is true at a fullpath o iff it
is true at the initial state of o. Note that here, as in LTL, and since it seems to
be more common in the literature, we assume the relation behind linear temporal
operators to be reflexive.

Definition 2.26. Truth in the logic CTL* for a CTL*-formula at a fullpath o in a
labeled transition system M = (S,R,V) is the smallest relation = satisfying:

M,o . v iff pEV(0(0))
Mo . ADB iff Mok, Aimplies Mo, . B
M,oE,,. GA iff M,o" . A forali>0
Mo Eope XA iff Moo' g, A
M,o =y, AUBiff Mo’ =_,,. B for some j >0 and
M,o" =, A for every 0 <k < j
M,o k=, YA iff M, T=,,,. A for every fullpath T s.t. 7(0) = o(0)

CTL*
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By extension, given a CTL*-formula A and a set of CTL*-formulas I', we write:

ME_..A iff M,ok=_,. A forevery fullpath o
ME,,..T iff ME,,. AforadlAcT
e . A iff Mg, I implies M \=_,.,. A, for every labeled transition
system M
Eoe A iff M=_,. A for every labeled transition system M.

As in the previous sections, we can generalize this notion of truth to the notions
of satisfiability and validity and define C'TL* as the set of formulas that are CTL*-
valid according to the resulting semantics.

We remark that a (kind of “unorthodox”) Hilbert-style axiomatization for
CTL* has been provided by Reynolds [135], by using a special auziliary atoms
rule, which allows for adding new atoms in a derivation.

CTL

The sublogic CTL is obtained by restricting the syntax of C'T'L* to disallow boolean
combinations and nestings of linear-time operators, i.e. linear-time operators can
appear only immediately preceded by a path quantifier. While CTL* can be seen
as the computational version of Ockhamist branching-time logic, C'T'L can be con-
sidered the computational version of the Peircean branching logic (for more details
on this, consult, e.g., [79]).

Given this syntactic restriction, the semantics of CTL is trivially inferred from
the one of CTL*, i.e. a CTL-formula is CTL-valid iff it is CTL*-valid. In other
words, CTL* is a conservative extension of CTL.

Since in the rest of the thesis the focus will be on Ockhamist logics, we do
not go into details concerning C'TL; the interested reader can see [52]. A further
restriction consists in considering the until-free fragment of CTL, presented in [13]
with the name of UB.

BCTL*

As we anticipated when presenting CTL*, it is possible to give a generalized se-
mantics, by considering more general structures. This gives rise to a logic that is
a subset of CTL* and is usually named BCTL] [139], i.c. bundled CTL*.

The language considered is the same of CTL* (see Section 2Z22).

Semantics in terms of transition systems

In order to introduce the semantics of BCTL*, we recall that the semantics of
CTL* is given by considering all the R-generable paths of a transition system. The
notion of bundled validity, in the context of computation tree logics, is obtained by
restricting the set P of admissible paths. The only requirement that such restricted
set has to satisfy is given by the following conditions:

7 This logic coincides with the logic determined by the deductive system VLTFC de-
scribed in [149].
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(1) suffiz-closure, i.e. if the path sg, s1, $2... is in P then the path s1, s2, ... is also
in P; and

(it) fusion-closure, i.e. if $1, 82, ..., Sn, Snt1, Snt2, ... and S, 85, ..., 8, _1, Sny 51,
Sy40,-- are in P then s1,s2,..., 80,8, 1,5, ,9,... is also in P.

We remark that, in order to retrieve the set of all the R-generable paths, a
third condition needs to be added (a proof is in [51]):

(2i1) limit-closure, i.e. if the paths (s1,01), (s1, $2,02), (s1, S2, $3,03), etc.
are in P then the path (s1, s2, $3, . ..), which is the limit of the prefixes
(s1), (s1,52), (s1,82,53), etc. is also in P.

An example showing that the full and the bundled validity are distinct notions
is given by the formula A = VG(p D IXp) D (p D IGp), where p is an atomic
formula. It is possible to check (see [135]) that A is valid with respect to the full
semantics, i.e. in CTL*, but not with respect to the bundled one, i.e. in BCTL*.

Thus the notion of truth in BCTL* can be inferred from that given for CTL*
in Definition The only difference is that now we consider not just labeled
transition systems but also all the variants of such systems obtained by restricting
the set of admissible paths to a subset, satisfying suffix- and fusion-closure, of the
set of all paths. This means that we have a greater number of structures, i.e. a
smaller set of valid formulas.

In [42], it has been shown that it is possible to give a precise characterization of
the family of transition systems giving rise to the logic BCTL*. Such a definition
consists in endowing transition systems with a mechanism for excluding those
computation paths that do not fit some fairness requirements.

Definition 2.27. A fair transition system is a triple F = (S, R,C) where:

e (S8,R) is a transition system;
C C 25 x 29 s the fairness condition.

C is a set of pairs (X;,Y;) of subsets of S and it is used to define the set of fair
paths through F.

A fullpath is defined as for transition systems. Given a set X C S and a
fullpath o, we define the size of the intersection of X with o (denoted | X Nol) as
the cardinality of the set {j € w|o(j) € X}. A fullpath o is fair iff, for all pairs
(X:,Y;) € C, if | X; No| is infinite, then |Y; No| is also infinite.

Given a set P of propositional symbols, a fair labeled transition system is a
4-ple M = (8, R,C, V) where:

e (8,R,C) is a fair transition system;
V:S — 2% is a (labeling) function that assigns to each state in S a (possibly
empty) set of propositional symbols.

Then a notion of truth given in terms of fair transition systems can be obtained
from Definition by letting the quantification range over just fair paths.
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Fig. 2.1. An Ockhamist frame (left) and the corresponding bundled tree (right).

Semantics in terms of Ockhamist frames

However, here we prefer to consider a different but equivalent semantical formu-
lation given by frames where the basic entities (or worlds, in a Kripke-style ter-
minology) are the paths of computation rather than the states. In fact, this view
allows us to present a more genuine Kripke-style semantics.

We thus introduce (N x W)-structures [135], which are closely related to the
Kamp and Ockhamist structures, described respectively in [150] and [167], and
introduced in Section ZZT1

We need to adapt the general notion of Ockhamist frame to a notion that
considers the fact that the flow of time behind each computation is now required
to be isomorphic to the set of natural numbers.

Definition 2.28. A floored Ockhamist frame (of countable height) is a triple
(T, =<, ) where:

1. T is the set of points;

2. < is a transitive, anti-symmetric, irreflexive, linear relation on T, i.e.:
a)Va,y,z. ((x <y) Ay < 2)) = (z < 2);
b)Va,y.~((x < y) A (y < @));
¢)Ve. - (z < z);

AVr,y,z. (x<y)A(x<2)=((z<y)V(z=y)V
&) Vo.y, 2 ((y <) A (2 <)) = ((z <) V (2 = y)
3. {y |y < x} is finite for each x € T;
4. =~ is an equivalence relation such that:
a) if x ~ y then it is not the case that © < y;
b) if x ~y and u < x then there is a v such that v <y and u ~ v;
5. there is an element 0 € T such that for each w € T, there is a w' € T such
that 0 ~ w' and either w' < w or w' = w (the equivalence class 0/~ is known
as the floor).

y =< Z)))
y < 2));

)

<
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Intuitively, every Ockhamist point can be thought of as corresponding to a path
in a transition system and the relation < as the equivalent of the relation “is a
prefix of”, i.e. x < y stands for “the path z is a prefix of the path y”. The branching
nature of Ockhamist frames is hidden in the ~-equivalence relation, where the idea
is that each ~-class of points contains all the paths of the corresponding transition
system that share a same initial state.

More precisely, there exists an equivalence [138] between Ockhamist frames (or
their unwindings into bundled trees, as exemplified in Fig. EZT]) and fair transition
systems. Such an equivalence is based on the fact that Ockhamist points correspond
to paths in the transition system while points related by ~ correspond to paths
with the same initial state.

In order to give a proper semantics for every linear temporal operator, we
require the lines of points defined by < to be isomorphic to the natural numbers.

Definition 2.29. An Ockhamist frame (T, <,~) is an (N x W)-frame iff

(i) there is some set W such that T = (N x W);
(i) the order < is defined by (n,u) < (m,v) iff n <m and u = v.

As usual, we obtain a structure by providing the frame a valuation function.
In this case, as for the logics of Section B2l we also require that all points in a
~-equivalence class satisfy the same set of atoms.

Definition 2.30. The structure (T, <,~,V) is an (N x W)-structure iff (7, <, ~)
is an (N x W)-frame, V : (N x W) — 2% and for all n € N and for all u,v € W,
if (n,u) ~ (n,v) then V(n,u) = V(n,v).

It is easy to show by induction the following lemma (see [138]), which will be
useful later on.

Lemma 2.31. Given an (N x W)-structure (7, <,~, V) and two points (n,w) and
(m,v) in T, if (n,w) ~ (m,v) then n = m.

Definition 2.32. Given an (N x W)-structure M = (T,<,~,V), where T =
(N x W) for some set W, truth in the logic BCTL* for a CTL*-formula at a
point (n,w) € T is the smallest relation = satisfying:

BCTL*

My(0,0) Epore p i P € Vi)
M, (0,0) Fporye AD B iff M, (1,10) oy A implies M, (n,0) | porye B
M, (n, w) ':BUTL* GA iff M, (
M, (nvw) ':BUTL* XA off M (
M, (n,w) E,0p- AUB  iff M, (m,w) =,.,. B for some m >n and
M, ( ) Epors A for everyn <m' <m
M, (n,w) E,om. YA iff M, (n,0) E,0,. A for every point (n,v)

s.t. (n,w) ~ (n,v)

As for CTL*, we can generalize this notion of truth to the notions of logical
consequence (I' =, ,,. A), satisfiability and validity and define BCTL* as the set
of formulas that are BCTL*-valid according to the resulting semantics.
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BCTL* : the until-free version of BCTL*

In the rest of the thesis, we will often refer to a syntactic restriction of BCTL*,
obtained by just removing the operator until.

Syntax

Definition 2.33. Given a set P of propositional symbols, the set of (well-formed)
BCTL? -formulas is defined by the grammar

Az=p|L| ADA | GA | XA | VA,
where p € P.
Semantics

BCTL* is a conservative extension of BCTL* : a BCTL* -formula is BCTL* -valid
iff it is BCTL*-valid. We use the symbol = to denote the notion of truth in

BCTL*
BCTL? ; its extension to express logical consequence is also standard.

A Hilbert-style aziomatization for BCTL*

Now we give a Hilbert-style axiomatization, which we call H(BCTL* ), for the logic
BCTL®. H(BCTL*) consists of two sets of axioms (axioms for linear temporal
formulas and axioms for quantified formulas) and a set of inference rules. For the
first set of axioms, we refer to a standard axiomatization for until-free LTL [149]:

) Any tautology instance
) G(A> B) > (GADGB)
) (X=A D —XA) A (-XA D X-A4)
L4) X(AD B)D (XA DXB)
) GA D AAXGA
) G(ADXA) > (ADGA)

The second set of axioms ensures that the path modality V behaves as a [J in
the modal logic S5 and defines some interactions between the linear temporal

operators and the path quantifier. This set of axioms comes from [135] and is
slightly different from, but clearly equivalent to, the one in [149]:

Atom) p D Vp for each atomic proposition p
Fusion) VXA D XVA

(Kv) Y(AD B) D> (VADVB)
(V1) VA D WA

(V2) VAD A

(V3) ADV3IA

(

(

Finally, we have the inference rules of modus ponens and temporal and path gen-
eralization:
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MP) If A and AD B then B
Necx) If A then XA
Necg) If A then GA
Necy) If A then VA
The set of theorems of H(BCTL*) is the smallest set containing the set of
axioms above and closed with respect to the rules of inference. Soundness and weak

completenesﬂ of this axiomatization can be easily verified by adapting analogous
proofs for similar axiom systems, as in the following lemma.

(
(
(
(

Lemma 2.34. The aziom system H(BCTL*) is sound and weakly complete for
the logic BCTL* | i.e. the set of theorems of H(BCTL®) coincides with the set
BCTL* .

Proof. (Sketch) The proof mirrors the one given in [149] for BCTL*, with respect
to which our axiom system only misses the two axioms concerning the operator
until, namely:

(L7) AUB D FB
(L8) AUB < BV (A AX(AUB))

where we denote with < the double implication.

H(BCTL*) is sound as it is a subset of the axiomatization in [149] and BCTL*
structures coincide with BCTL* structures. A proof of completeness can be easily
obtained by adapting the one in [149], which consists of two parts:

(i) first a Henkin-style proof is given for the LTL axiomatization, by the defini-
tion of a canonical model construction;

2 en such a construction is extended in order to consider the system for

1) th h ion i ded i d ider the sy f
BCTL*.

We can modify such a proof for our case by noticing that in (¢) the axioms (L7) and
(L8) are used along the proof only to deal with formulas containing the operator
until. We can use the same arguments to show that the axioms (L1) — (L6) form
a complete axiomatization for until-free LTL (as it is done for example in [71]). It
is also easy to observe that the arguments in (47) do not make use of the axioms
(L7) and (L8). Thus, we can mirror part (i¢) of the proof in [149] to extend our
canonical model construction for until-free LTL to a canonical model construction
for BCTL* . The main idea here is to consider the equivalence relation between
points of the linear canonical model that satisfy the same state formulas and take
such equivalence classes as the points of the branching canonical model.

O

8 On the impossibility of giving a finitary and strongly complete axiomatization for
BCTL? , see the discussion about H(LTL) in Section 2341
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Labeled Natural Deduction for Modal Logics

3.1 Introduction

Labeling [10,61,66] (sometimes also called prefixing, annotating or subscripting)
is a method designed for giving uniform presentations of logics, typically the non-
classical ones, such as modal, substructural or non-monotonic logics. Labeling
allows one to explicitly encode additional information, of a semantic or proof-
theoretical nature, that is otherwise implicit in the logic one wants to capture.
Such additional information is typically internalized in the syntax by means of
proper labels. So, for instance, we will consider a labeled formula of the form b : A
instead of the standard logical formula A. Some possible interpretations of the
label b in a formula b : A, as suggested by Gabbay in [66], are the following:

possible world where A holds (modal logics);

time instant when A holds (temporal logics);

fuzzy reliability value, i.e. b is a number between 0 and 1 (fuzzy logics);
origin of A, i.e. b indicates where the input A comes from (databases).

This general approach has then been used [4,9,10,23,43,66,93,103,119,148,159]
in the context of several different logics and with respect to different classes of
deduction systems: natural deduction, sequent calculus, tableaux methods.

Since in the thesis we will mainly deal with natural deduction systems [73],
the rest of this chapter will be devoted to give a general presentation of natural
deduction and to consider the specific example of the application of labeling tech-
niques to natural deduction systems. In particular, we will illustrate the use of
labeled natural deduction in the case of modal logic. This will provide a basis for
the definition of labeled natural deduction systems for temporal logics, which will
be treated in Chapters Bl and

The structure of this chapter is the following;:

- in Section B2 we present the basis of classical natural deduction and give a brief
description of normalization in the context of natural deduction;

- in Section B33, we discuss the adaptation of natural deduction to the case of
modal logics and, in particular, present an approach to natural deduction for
modal logics based on labeling.
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3.2 Natural Deduction

Natural deduction is the term used to denote a class of deduction systems that
have been first proposed by Gentzen [73].

A key property of natural deduction systems is the fact that they formalize
intuitive reasoning very closely. This is mainly due to the possibility of reasoning
“under assumptions”, e.g., in order to prove A D B one can assume the truth of A
and prove (under such an assumption) the truth of B. During the deduction pro-
cess, the assumption A is active and can be used to derive B. When the derivation
of B is concluded, the assumption A may be cancelled so to obtain a derivation of
A D B which does not depend on the truth of A.

From a proof-theoretical point of view, natural deduction systems present an
elegant meta-theory in which derivations are treated as mathematical objects in-
teresting in themselves.

We give here a brief presentation of natural deduction, focusing for concreteness
on a system for propositional classical logic. For a formal and exhaustive treatment,
standard references are [125,152].

3.2.1 Rules and derivations

A natural deduction system is described by means of a set of logical rules. As an
example, we give here a set of logical rules for propositional classical logic (where
we consider only the constant L and the implication D explicitly).

[AD1] (4]
i B ADB A
AtE asB2t T F

The formulas above the line are called premises and the one below the line is
the conclusion.

A derivation is a tree-like structure where each node is a formula and such
that if A is the child of a set of nodes {A;, ..., A,}, then there exists a rule in the
system whose premises are Aq,..., A, and whose conclusion is A. The leaves of a
derivation are called assumptions and its root is the conclusion of the derivation.

As notation, we write

to denote that IT is a derivation whose conclusion is A (we also say that IT
is a derivation of A) and whose set of assumptions may contain the formulas
Aq,..., A,. In some cases, we will also write

iy

i
to denote a derivation of A obtained by applying a rule r to the conclusion of II.

Some rules (L E and DI in the system given above) allow for discharging

assumptions, e.g., when we apply the rule DI and conclude A O B we are allowed
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(but not obliged) to discharge possible assumptions of the form Al We denote
discharged assumptions by using square brackets. We can also use an index to
relate the assumption to the rule application that discharges it, like in the following
example:

A

I

i3 o
Assumptions that are not discharged are said to be open.

Given a system A of natural deduction, we write I" ,, A to say that there
exists a derivation of A in the system A whose open assumptions are all contained
in the set of formulas I'. A derivation of A in N where all the assumptions are
discharged is a proof of A in N and we then say that A is a theorem of N and
write -, A.

3.2.2 Normalization

Natural deduction rules are designed to render the intuitive meaning of the connec-
tives as faithfully as possible. Each rule is related to a logical connective and can
be classified either as an introduction rule or as an elimination rule. The premises
of an introduction rule can be seen as the “minimal” conditions necessary to derive
the conclusion; conversely the conclusion of an elimination rule can be seen as the
“maximal” information that can be restored from the premises.

Up to a few standard exceptions, each connective has one introduction rule and
one elimination rule. If the system is well-behaved, each elimination rule is dual to
the corresponding introduction rule. In elimination rules, the premise containing
the connective is called the major premise; the other premises, if any, are called
the minor premises. A formula occurrence is a mazimum formula in a derivation
when it is both the conclusion of an introduction rule and the major premise of
an elimination rule.

Corresponding to the notion of maximum formula is that of detour, i.e., a pair
of introduction/elimination rules such that the application of the elimination rule
occurs immediately below the application of the corresponding introduction rule.
Intuitively, a detour represents a redundant step in a derivation (it does not seem
to be so clever to introduce something and to eliminate it soon after). A process
of normalization will consist basically in removing such redundancies, by means of
contraction rules that transform a derivation into another derivation with the same
open assumptions and conclusion. As an example, we show here the contraction
rule for a detour DI/ DE.

1
4 "
II ~
oIt 2 15
ADB A SE B

B

! We also remark that the rule is applicable even if such a dischargeable assumption is

not present, e.g., ADLB is a correct derivation.
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Contraction rules focus on a subtree of a larger derivation; the rest of the derivation
remains unaltered. We can define a reduction relation = built on such contractions,
i.e., we say that IT = II’ if II' is obtained by IT by applying a contraction to
a subderivation of IT and that IIy = II, if there exists a reduction sequence
I = Il =1...=1 11, 1 =1 11,.

We say that a derivation II is in normal form if there is no I’ such that
II = IT', i.e., no contractions can be applied to any subderivation of IT or, which
is equivalent, IT does not contain any maximum formulas.

We can distinguish between two forms of normalization: we say that = is weakly
normalizing if every derivation reduces to a normal form and that it is strongly
normalizing if there are no infinite reduction sequences. Informally speaking, weak
normalization states that if we apply the contractions in a proper way, then we
will find a normal form; strong normalization says that we will finally get to a
normal form no matter how we choose the contractions.

We do not go into the details of the proof here (see, e.g., [126]) and just con-
clude that a theorem of (strong) normalization can be proved for the system of
propositional classical logic given above. Indeed, the relation = also satisfies the
Church-Rosser property (see [74]): if II = II' and II = II" then there exists
IT"" such that IT' = II"" and II" = II". As a consequence, we have that each
derivation reduces to a unique normal form.

Normalization has a great relevance in proof theory since normal derivations
usually satisfy several interesting properties, amongst which we mention the sub-
formula property: if IT is a normal derivation of A from a set I" of assumptions,
then every formula B occurring in IT is a subformula of I" U {A}.

Structural properties of normal derivations can also be used to prove interesting
corollaries, such as the consistency of the deduction system, by means of a purely
syntactic argument.

For more details on normalization in natural deduction systems for classical
(and intuitionistic) logic, one can consult, e.g., [74,125,126,152]. We will return to
these matters in Chapters ll and Bl when discussing normalization of the systems
proposed.

3.3 Natural Deduction for Modal Logics

3.3.1 Towards a Natural Deduction for Modal Logics

Traditionally, modal logics have been presented in terms of Hilbert-style axiom
systems, but these are notoriously difficult to use in practice. Unfortunately, nat-
ural deduction (or sequent) systems are typically badly suited for non-classical
logics: a basic reference on the subject is [61]; a more recent survey on natural
deduction methods for modal logics is [92].

The reason of such difficulties is well described in [159]. As we remarked in
Section B2, a nice feature of natural deduction systems is in the possibility of
proving under assumptions. This is clearly illustrated by the rule D I, which is
directly related to the deduction theorem:

AEB = FADB,
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where = denotes the implication in the meta-language and O the implication in
the object language.

When we consider logics whose notion of implication is different from the classi-
cal (or intuitionistic) one, it is not immediate to retrieve such a connection between
the rule and the theorem. In the case of modal logic, for example, the rule would
suggest a global deduction theorem like the following:

(Wbe MMED:A) = Ve MMEDb:B) = Ybe M(MEb: AD B).

But in fact the semantics of D in modal logic is weaker and gives rise to the
following local deduction theorem:

Voe M(MEb: A= MEb:B) = MEb:ADDB).

More on this discussion in [159].

As a consequence, we have that rules for modalities need to take into account
such a distinction between global and local assumptions and that it is not trivial
to design rules that are proof-theoretically well-behaving. In fact, in the literature
we find systems with no explicit modal introduction and elimination rules [30] or
with a modal rule like the following one, which is neither an introduction nor an

elimination rule:
7]

or A
=
where (" indicates that each assumption in I" has [J as its main logical operator.

In [61], Fitting presents systems for a number of modal propositional logics,
treating them by a uniform method. Such natural deduction systems are based
on the idea of subordinate proofs. The solution described is in the style of that
introduced in [59] and consists in adding a second level of subordination, to which
we give the name of strict subordinate proof. A strict subordinate proof does not
represent simply a deduction from an assumption, but we can think of it as an ar-
gument in an arbitrary alternative world. Additional rules for managing such strict
subordinate proofs are needed and their definition also depends on the different
modal logic one wants to represent.

Other methods, still not in the range of labeled deduction, proposed for ex-
tending deduction systems to modal (or non-classical in general) logics are in
[14,30,49,50,104,106,107,125,161, 162]. We remark that such methods are typi-
cally referred to some specific logic and not easily generalizable to consider a large
class of modal logics. For example, Prawitz [125] provides a rather elegant natu-
ral deduction presentation for the logics S4 and S5, but such an approach is not
generalizable to other modal logics.

3.3.2 Labeled Natural Deduction for Modal Logics

Around the ’905@, a new interesting approach, based on the ideas of labeling, has
been developed for facing such a problem: rather than modifying the structure of

2 But its origin can be already found in the semantic approaches to tableaux of [99] and
to natural deduction of [60].
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a natural deduction proof with extra devices and new kinds of rules, we extend the
logical language by using labels. This choice leads to labeled deduction systems
[66]. Here we will focus on a particular class of labeled deduction systems, those
where labels are used to denote worlds in the corresponding Kripke semantics. In
particular, the approaches that we will follow more closely, here and in the rest of
the thesis, are those presented in [148,159].

We consider an extended language consisting of two classes of formulas:

1. labeled formulas of the form b : A, intuitively expressing that the propositional
modal formula A holds at the world b;

2. relational formulas of the form bRV, expressing that b is accessible from b
according to the relation R of the model.

(Note that here we have used the overline to denote the worlds in the semantics
and distinguish them from the labels used in the syntax. The idea is that the label
b refers to the world b.)

As an example, given the modal language defined in Definition Bl we can
define the corresponding labeled language as follows.

Definition 3.1. Let L be a denumerable set of labels and R a binary relation
symbol over L. If b and ¢ are labels in L and A is a modal formula, then bRc is a
relational well-formed formula (hereafter simply called relational formula or rwif
for short) and b : A is a labeled well-formed (modal) formula (hereafter simply
called labeled formula or 1wl for short).

In the rest of the thesis, when not differently specified, we assume that the
variables b, ¢, . . . range over labels, the variables A, B, ... range over formulas of the
(not labeled) logics, ¢ is an arbitrary rwff or lwff. All variables may be annotated
with subscripts or superscripts.

Now we can extend the semantics given for the logic K to the labeled modal
language defined above; it is necessary to define an interpretation of labels as
worlds explicitly.

Definition 3.2 (Interpretation of labels). Given a denumerable set of labels L
and a Kripke structure M = (W, R, V), an interpretation is a function A : L — W
that maps every label in L to a world in V.

A semantics for the labeled logic can be given now with respect to a structure
and an interpretation. We extend the notion |=, to deal with labeled and relational
formulas as follows.

Definition 3.3. Given a Kripke structure M = (W, R,V), a denumerable set L
of labels and an interpretation \ on them, truth for a generic formula @ at a pair
(M, N) is the smallest relation =, satisfying:

M NE, bRe  iff  AD)R )

MANEL DA 4ff MAD) E, A

Given a set I' of generic formulas and a generic formula ¢:

MNE, T iff MAe, @ foralpel
'k, e f M, XNE, T implies M,\ =, ¢ for all M and A
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b:ADL] [b: A]
bl b:B b:ADB b:A
A E yrass ! b: B ok
[bRV]
VA b:OA bRY
b:0A oI v A DE

e In I,V is fresh, i.e., it is different from b and does not occur in any assumption on
which b’ : A depends other than bRb'.

Fig. 3.1. The rules of N(K).

The enrichment of the language allows us to give introduction and elimina-
tion rules for modal operators that are extremely clean and follow the “spirit” of
natural deduction. One can observe that these rules are close to the rules for quan-
tifiers in predicate classical logic [125]. In fact, we express b : [JA as the metalevel
implication bRV = b’ : A for an arbitrary b’ accessible from b:

[bRY]
VA b:0A bRV
b0 voa  OF

where the rule OI has the side condition that b’ is different from b and does not
occur in any assumption on which ' : A depends other than bRb'.

Analogously, for the operator of possibility, introduction and elimination rules
can be defined in the following way:

[c: A] ' [bRc]

c: A bRCOI b: 0A d:B
b: 0A d: B

OF

where OF has the side condition that ¢ is different from b and d and does not
occur in any assumption on which the upper occurrence of d : B depends other
than ¢: A or bRc.

In Figure Bl we summarize the rules of a natural deduction system N(K)
for the basic modal logic K. Rules for classical connectives can be modified in a
straightforward way in order to treat labeled formulas. Just notice that, in the
case of LF, which is a labeled version of reductio ad absurdum, we do not enforce
Prawitz’s side condition that A # 18

3 See [159] for a detailed discussion on LFE, which in particular explains how, in order
to maintain the duality of modal operators like [0 and ¢, the rule must allow one to
derive w : A from a contradiction L at a possibly different world w’, and thereby
discharge the assumption w: A DL.
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Given a labeled natural deduction system, the notions of derivation, theorem
and derivability are defined as for standard natural deduction systems (Section
B2). Thus we write I I, ., b: A to say that there exists a derivation of b: A in
the system N (K) whose open assumptions are all contained in the set of formulas
I

For the system N (K), it is possible to state the following result of soundness
and completeness (see, e.g., [159] for a proof).

Theorem 3.4. Let I' be a set of labeled formulas and b : A a labeled formula.
Then
I+ b:A & TI'E.b:A.

N(K)

The system N(K) can now be extended in order to capture axiomatic exten-
sions of the modal logic K (see Section ZZZ) simply by formalizing the details of
particular accessibility relations.

Further classifications can be made inside the field of labeled deduction sys-
tems. In the following, we describe a few methods presented in the literature for
dealing with modal logics by using labels. In particular, we focus on the approaches
presented in [159] and [148], to which the systems defined in ChaptersEl and | are
mainly inspired.

Systems with a proper relational theory

In [159], Vigand introduces a general methodology for presenting and working
with a large set of non-classical logics, in particular modal and relevance logics.
His natural deduction systems consist of two parts:

- a base system, whose rules are in the style of the ones presented above for the
logic K, for manipulating labeled formulas;

- a labeling algebra for reasoning about the labels, i.e. for manipulating relational
formulas.

The base system presents the base logic of a family of propositional non-classical
logics. The base and the relational systems are separate and communicate through
an interface provided by the rules for the modal operators; the intuition behind
all this is that for a family or class of related logics we keep the same base system
and obtain a presentation of the particular logic we want by “plugging in” the
appropriate relational theory.

In [159], labeling algebras are restricted to those that can be formulated in a
Horn Theory (see [155]).

Definition 3.5 (Horn relational theory). A Horn relational formula is a closed
formula of the form

vV, ...7{En((81Rt1 A A SmRtm) D SoRtQ),

where m > 0, and the s; and t; are terms built from the labels x1,...,x, and
constant function symbols. Corresponding to each such formula is a Horn relational

rule
S1 Rtl ee Sm Rtm

SQRtO ’
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which has no premises when m = 0. A Horn relational theory is a theory generated
by a set of such rules.

The use of a Horn theory gives rise to natural deduction systems that enjoy good
normalization properties. To give an idea of the way the whole system works, we
give here two relational rules: Ry expresses the reflexivity of the relation R and
R, expresses the transitivity of R.

Ry bRc cRd

bRb " Td Ry

By adding the relational rule Ry to the base system for K of Figure Bl we obtain
a sound and complete system for the logic K. If we add also Ry, then we get a
system for S4.

A nice feature of Vigano’s framework is the strict separation between the base
systems and the labeling algebras, which is maintained also when building deriva-
tions: in the relational theory we reason only on relational formulas, while in the
base system we exploit labeled and relational formulas to infer only labeled for-
mulas, so that a derivation in the base system may depend on a derivation in the
relational theory but not viceversa. It follows that derivations of labeled formulas
consist of a tree built from the base system, which is decorated with relational sub-
derivations. As an example, we show here a derivation of the axiom 4, expressing
the property of transitivity (see Section Z37).

[bRc)?  [cRd)?
— " R
b: DA bRd
urE

b-0A>oo4 2l

The strict separation between the base and the relational systems can be ex-
ploited to show that these deduction systems enjoy some “good” structural prop-
erties, in particular that derivations normalize and that normal derivations satisfy
some form of the subformula property.

In this thesis, we will propose labeled natural deduction systems closely related
to this approach in Section for a number of linear tense logics.

Systems without a proper relational theory

In [148], Simpson presents a natural deduction system for intuitionistic modal
logics, although the technique used for this purpose can also be used to develop
systems for classical modal logics. From our point of view, what really differentiates
his systems from systems in [159] is the way of treating relational formulas.

Simpson relegates relational formulas to the role of assumptions in the deriva-
tion of labeled logical formulas. This is justified by the fact that relational formulas
are not part of the logic and thus that one would not expect that a rule of the
system concludes with a relational formula.
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This approach aims at keeping the system as simple as possible and at avoiding
the explicit introduction of an algebra of terms for the labels. As an example we
show now the rules R/. and R)j, concerning reflexivity and transitivity respectively,
expressed in the Simpson-style: while in [159] premises and conclusions are both
relational formulas, here relational formulas appear only as premises or discharged
assumptions.

[bRY] [bRd]
VA bRe ¢Rd V: A
yoa B ) Z/-A B

The following is a proof of the axiom 4 given in a Simpson-style system. One can
compare it with the corresponding one given above (in a Vigano-style system) and
observe that in this case we lose the strict separation between base and relational
subderivations.

b:0A]' [bRA*
2 3 .
[bR(] [CR;Z]' . d: A Rt
L s
c:0A 9
p-ooA 27
b-04 o004 -f

Also Simpson’s systems are proved [148] to enjoy good meta and proof-
theoretical properties.

In this thesis, we will propose labeled natural deduction systems following this
approach in Sections EE2 B2 and

Related approaches

The approaches presented above are the ones that will be followed more closely in
the definition of labeled natural deduction systems throughout this thesis. How-
ever, it is worth mentioning some related works in the field of labeling for modal
and non-classical logics.

In [66], Gabbay describes a general and unifying method for presenting a huge
variety of logics. The rules of the deduction systems are designed for manipulating
the informations in a sort of logical data-base based on diagrams. As an example,
we show here a rule for the elimination of {:

b:0A
Create a new point b’ with bRb and deduce b’ : A

In a sense, as noticed in [159], Gabbay manipulates labels metalinguistically by
using expressions coming from a sort of programming language, while, in the ap-
proaches of [148,159] such commands are expressed directly by using rules defined
in a more natural deduction-style (compare the rule for O F in the system N (K)
with the one above).

The development of [66] follow different directions. In [26,27,143] uniform sys-
tems for families of modal and non-classical logics are formalized. Labeled sequent
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systems are presented in [112] for modal and in [113] for non-classical logics. La-
beling is also used in defining tableaux for some substructural logics in [44], for
modal logics with richer languages in [6], for modal and description logics in [45].
For a survey on labeled tableaux see [43], and in particular [81]. Also goal-oriented
deduction systems for several non-classical logics [69] have been defined by using
labeling.

Labeled deduction is clearly related also to semantic embeddings [117] con-
sisting in translating modal formulas into a first-order classical language, where
relational statements are expressed by using binary predicates.

Finally, we mention the so-called hybrid logics [5], in which the enrichment of
the language with elements coming from the semantics is not just used as a tool for
deduction but becomes part of the logic itself. Namely, the language is extended
with propositional symbols (nominals) of a new sort, such that each symbol is true
at exactly one world. This leads to the definition of more expressive logics, which
are usually endowed with a “good” proof theory.

Here we focused on works oriented to modal, and in general non-classical, logics.
We postpone the analysis of other related works, specific to temporal logics, to

Sections EE2.6] E3.H and 21






Part 11

Labeled Natural Deduction for Temporal Logics






4

Labeled Natural Deduction for Linear Temporal
Logics

4.1 Introduction

In Chapter ] we introduced a number of modal and temporal logics, while in
Chapter Bl we presented an approach to deduction for non-classical logics based
on labeling and described its application in the case of the most common modal
logics. In this chapter, we focus on linear temporal logics and define labeled natural
deduction systems for several such logics.

When we introduced labeled natural deduction, we distinguished between two
possible approaches: in the first one (followed, e.g., by Simpson in [148]) relational
formulas are used only as assumptions in the derivation of (labeled) logical for-
mulas, while in the last one (proposed, e.g., by Vigano in [159]) we have a proper
relational sub-system where the inference of a relational formula from premises
that are also relational formulas is allowed. In this chapter, we will consider both
the approaches and analyze benefits and limitations of each of them.

In Section EE2 we present a labeled natural deduction system in the style of
Simpson’s approach for the basic tense logic Kt. Then we show how to extend
modularly such a system in order to capture the linear tense logic K! and some of
its variants, namely KI with bounded or unbounded time, KI with dense time and
Kl with discrete time. We show that all such systems are sound and complete with
respect to the corresponding semantics. Finally, we describe a further extension
leading to a system for the logic LTL_, i.e. the until-free fragment of LTL. We re-
mark that our original contribution in the context of Section L2 is mainly in giving
a uniform and modular presentation of systems for a large class of linear temporal
logics. In fact, the system for Kt is a trivial extension of the ones presented for
the modal logic K, the systems for K[ and its variants are a specialization of the
ones for axiomatic extensions of modal logics (as described, e.g., in [148]) and the
system for N (LTL ) is very close to the one described in [103] for the same logic.

In Section 3 we use [159], where labeled natural deduction systems are de-
fined for several non-classical logics, as a starting point. As described in Section
B33 systems in [159] are composed of a base system for inferring labeled logical
formulas and of a sub-system, consisting of Horn rules, for reasoning on relational
formulas. Such a restriction of considering only Horn rules in the relational sub-
system allows for well-behaving, from a proof-theoretical point of view, natural
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deduction systems, based on the strict separation between the labeled and the
relational systems. If we consider linear temporal logics, even a basic logic like
KI, Horn rules do not suffice, because we need to capture a condition of linearity
(see Section for details), which requires the possibility of expressing at least
a disjunction. Thus we need to consider more powerful relational systems. Here
we define a sound and complete system for KI where the relational language is
extended to be a full first-order relational language and study the consequences
of such an extension. We see that the strict separation between the base and the
relational system, typical of the systems in [159], is lost, but also that the resulting
systems still enjoy some good structural properties that can be exploited in order
to prove some form of normalization. Furthermore the extension of the relational
language allows us to capture the axiomatic extensions of Ki presented in Section
B3 in a clean and modular way. The possibility of further extending the system
in order to reason on LTL or LTL is also discussed. Part of the material of Section
has been presented in [160].

The systems in Sections and do not consider the operators since and un-
til. In fact, such operators are quite complex to be treated from a proof-theoretical
point of view, e.g., if we are interested in defining a normalization procedure for
our systems. In Section EE4] we propose a solution for the treatment of until (we
focus on the future fragment but an extension to the past should not be prob-
lematic), consisting in replacing it by a new unary operator, called history. As a
concrete example, we define a logic LT Ly, obtained by replacing until with history,
and showing that the two logics are equally expressive, i.e., that it is possible to
define a translation from LTL into LTLy and, viceversa, a translation from LT Ly
into LTL such that the notions of semantical consequence are preserved. Then we
define a labeled natural deduction system for LTLy, where the interesting point
is that the rules for the introduction and the elimination of the new operator are
very simple and absolutely in the spirit of natural deduction; indeed, they present
the same pattern of the rules for the other modal (temporal) operators. The equiv-
alence between the two logics makes the system useful also for reasoning on LTL.
Furthermore the approach presented is fully general and can be easily adapted to
other linear and branching temporal logics with until.

4.2 Systems for linear temporal logics

In this section, we present sound and complete labeled natural deduction systems
in the style of Section for linear temporal logics.
The structure of this section is the following:

- in Section EEZTl we present a labeled natural deduction system for Kt;

- in Section B2 we extend it to capture the linear tense logic KI;

- in Section EZ3 we consider extensions of the system for some variants of KI;
- in Section EZA] we give a system for the until-free version of LTL;

- in Section EZH we briefly discuss normalization matters;

- in Section EZ6 we summarize and compare with related work.



4.2 Systems for linear temporal logics 57
4.2.1 A system for Kt

The minimal Priorean tense logic Kt presented in Section EZ31is no more than the
basic modal logic K (Section Z2) with a symmetrical modal (temporal) operator
directed towards the past. Thus a trivial extension of the labeled base system
N(K) (Section B:32) of [148,159] will work. As is standard for temporal logics,
we use G and F for (0 and ¢ and denote with < the relational symbol used in the
syntax (corresponding to the relation < of the semantics; see Section EZ3TI).

A labeled version of Kt

As we did in Section for modal logics, we need to formalize the extension
of the language and the adaptations to the semantics required by the labeled
deduction setting.

Definition 4.1. Let L be a denumerable set of labels and < a binary relation
symbol over L. If b and c are labels in L and A is a tense formula, then b < c is a
relational well-formed formula (or relational formula, or rwff for short) and b: A
is a labeled well-formed (tense) formula (or labeled formula, or lwff for short).

We remark that the terms labeled formula (or lwff) and relational formula (or rwff)
will be often redefined in the thesis and thus will be used with different meanings
in the context of different sections. Since each section is typically devoted to a
specific labeled system, and consequently deals with a specific labeled language,
we believe that this will not generate any confusion.

Definition 4.2. Given a denumerable set of labels L and a temporal structure
M= (W,=<,V), an interpretation is a function A : L — W that maps every label
in L to a time-instant in W.

Definition 4.3. Given a temporal structure M = (W, <,V), a denumerable set L
of labels and an interpretation A on them, truth for a labeled or relational formula
¢ at a pair (M, X) is the smallest relation |=,, satisfying:

MAE,b<c iff Xb) < Xec)
MAE,b:A iff M)A E, A

Given a set I' of generic formulas and a generic formula ¢:
MAE,T iff M E, ¢ foraleel
'e.,e iff M,XE, I implies M, =, ¢ for all M and X
The system N (Kt)

With respect to N(K), the extension consists in introducing a pair of introduc-
tion/elimination rules for the operator H to the base system N (K); such rules are
just the symmetrical version of 0] and OF.
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[b1: ADL] b: A
by il b:B b:ADB b:A
Y Y b: B oF
[b1 < b2] [b1 < bo]
by A bi:GA by < bo b A by : HA by < bo
b GA ©f by A GE 3 ha R b A HE

e In GI, by is fresh, i.e., it is different from b; and does not occur in any assumption
on which b2 : A depends other than the discharged assumption b1 < ba.

e In HI, by is fresh, i.e., it is different from b2 and does not occur in any assumption
on which b; : A depends other than the discharged assumption b; < bo.

Fig. 4.1. The rules of N(Kt).

The set of rules of the system N(Kt), for which the notion of derivability
F e can be defined as usual, is given in Figure LIl The notions of derivation
and theorem, here and for the other systems of this section, are the standard ones
(see Section B2).

We will give concrete examples of derivations in the following. For simplicity,
we will sometimes employ the rules for conjunction A and disjunction V, which are
derived from the basic propositional rules as is standard, as well as other derived
rules such as those for F and P (see Figure E2)).

As examples, we show how to derive the rules AI, FI and FE:

b:AD> (B> b:A

OF

b:A b:B . b: B> L b: B
3 ANB AI  abbreviates b DIle

b:(AD(BD>L1)>L
The rule

c: A b<c
FI
b:FA

can be derived as follows:
[b:G(ADL)! b<c
GFE
c:ADL c: A
c:L
b:L
b:G(ADL)>L

1F

oIt

while an application of FE
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[c: A]b < (]
c:A b<ec b:FA d:.B
b:FA F1 d: B FE
[c: Alle < b]
c:A c<b b:PA d:B
b.pa L 4B PE
b:A b:B b: ANB b:ANB
b.anp M b.a N b5
b :B] [V :C]
b: A b:B ¥:BVC b:A b:A
vave D pave VB b A VE

e In FE, c is different from b and d, and does not occur in any assumption on which
the upper occurrence of d : B depends other than ¢: A or b < ¢ (¢ < b).

e In PE, c is different from b and d, and does not occur in any assumption on which
the upper occurrence of d : B depends other than ¢: A or ¢ < b.

Fig. 4.2. Some derived rules.

[c: A][b < (]
17
b:FA d:B
d:B

FE

can be replaced by the following derivation:

[d:B>1]! d:B
d:L
c:L
c:ADL c
b:G(ADL)DL b:G(ADL)
O F
b:L

d: B

1E

o3
2

1E!

Soundness

Theorem 4.4. Let I' be a set of labeled and relational tense formulas and b: A a
labeled tense formula. Then
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I'bywn bt A = T'E b A
Proof. The proof proceeds by induction on the structure of the derivation of b :
A. The base case is when b : A € I' and is trivial. There is one step case for
every rule. Soundness of the rules for logical connectives can be proved by using
standard arguments, while the soundness of the rules of introduction/elimination
of temporal operators and quantifiers follows like in other labeled systems for non-
classical logics (see, e.g., [148,159]). We show only the cases of introduction and
elimination of G; the cases concerning H can be proved analogously.
Consider an application of the rule GI

[bl < bz]
17
b2 c A
bl : GA

GI

where IT is a proof of by : A from hypotheses in I'', with by fresh and with
I'" = I'U {b; < by}. By the induction hypothesis, for all interpretations A, if
M A E,, T then M, X\ |=,, ba : A. We let A\ be any interpretation such that
M, X =, T, and show that M, X |=,, b1 : GA. Let A(b1) = n. Now let us consider
a generic successor n + k of n for some k > 0. Since A can be trivially extended to
another interpretation (still called A for simplicity) by setting A(b2) = n + k, the
induction hypothesis yields M, A =, b2 : A, i.e. M,n+k |=,, A. Given that k is
arbitrary we can conclude M, A =, by : GA.
Consider the case in which the last rule applied is GE:

I
b1 : GA by < by
bQZA

GE

where IT is a proof of by : GA from hypotheses in I, with I' = It U {b1 < by} for
some set [ of formulas. By applying the induction hypothesis on II, we have:

Fl ':KtbliGA.

From I' O I, we deduce (by the induction hypothesis) M, \ |=,, by : GA. Fur-
thermore M, A = I' entails M, A |=,, b1 < by and thus M, A(b2) |=,, A4, ie., by
Definition B3 M, A\ |, ba : A.

O

Completeness

Theorem 4.5. Let I' be a set of labeled tense formulas and b : A a labeled tense
formula. Then

'e,b:A = TF b:A.

N(Kt)

Proof. We show that the system N (Kt) is complete with respect to the semantics
of Kt (Definition EZT) by showing that every axiom and rule of inference in the
axiomatization H(K¢t) is provable in N'(Kt).
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Firstly, we show by induction on the length of H(Kt) derivations that it is
possible to derive the rules of inference of H(Kt) in N (Kt).
(MP)
If +,Aand -, AD B, then +,, B.

By induction hypothesis, given an arbitrary label b, we have in N (Kt) a deriva-
tion IT; of b: A and a derivation 15 of b: A D B. By applying DFE, we obtain:

11, 11
b:ADB b:ADE
b: B

(Necg)
If ., A, then ., GA.

Given an arbitrary label &', by induction hypothesis we have a proof IT of b’ : A
in N(Kt). Then we can use the arbitrariness of b’ and build a proof of b : GA as
follows:
[b <V
1
b A
b:GA
The case of the rule Necy can be treated in a symmetrical way.
In the following, we give derivations of the axioms Kg and GP. We omit the
derivations for Ky and HF, which are very similar.

(Ka)

GI

b:GADB) b<c? [b:GA? [b<c]?
c:ADB GE c: A GE
c: B 3
b:GB GI 2
b:GADGB °
b:G(ADB)>(GADGB)

DOF

oIt

(GP)
b: Al b < d]?
c:PA 9
b:GPA L
b: A>GPA

Il

4.2.2 A system for Kl

When moving from Kt to K, we restrict to consider models where the flow of time
is irreflexive, transitive and connected (or linear). With regard to irreflexivity, it is
well known (see, e.g., [75]) that considering or not such a property does not modif;
the set of valid formulas and thus, in terms of rules, we can avoid considering it

1 'We will return to this point in Section EZ3] where, by considering natural deduction
systems endowed with a proper first-order relational subsystem, we will be able to
capture also irreflexivity.
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[b1 < bs] [b2 : B] [b1 < b2] [b2 < bi]
by < bs by < bs b:’At . h:B b: A b A CA -
b . A rans b ! A conn

Fig. 4.3. The rules for transitivity and connectedness.

By enriching the system N (Kt) of Section EEZ1] with two further rules, one for
transitivity and one for connectedness, we get a system that is sound and complete
with respect to K.

We use the same labeled language defined for Kt (Section EEZTI). The definition
of interpretation in the case of Kl and the extension of |=,, to labeled and relational
formulas can be easily adapted from Section EEZT} just replace temporal structure
by Kl-structure; we omit the details.

The system N (K1)

In Figure 23, we present the rules trans < and conn <, which capture transitivity
and connectedness, respectively. We define N (K1) as the system containing the
set of rules in N'(K't) plus trans < and conn <.

With regard to conn <, we remark that, since we do not treat equality between
labels explicitly in our relational languaged, we express it by means of equality of
the sets of formulas holding in the labels. Thus, given two instants b; and by, the
rule can be read as stating that one of the following must hold:

1. b1 and bs coincide, and then if a formula B holds in b1, it must also hold in bo;
2. by precedes bo;
3. by precedes b.

We also notice that, in the case in which the relation < was assumed to be reflexive
(denoted <), the rule conn < could be simplified as followsfl:

[b1 < ba]  [b2 < bi]

b: A b: A
b: A

conn <

2 We will consider equality explicitly, by allowing also relational formulas of the form
b = ¢, in Section B3 where we will investigate benefits and disadvantages of having a
much richer relational system.

3 A system for the “reflexive” version of Kl could then be obtained by simply replacing
< by < in each rule of N (K1), by using conn < instead of conn < and by adding the

following rule for reflexivity:
[b1 < b1]

b: A
b: A

refl <
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Soundness

Theorem 4.6. Let I' be a set of labeled and relational tense formulas and b: A a
labeled tense formula. Then

r+ b:A = TI'kE,b:A.

N (K1)

Proof. We extend the proof of Theorem L4l by considering the cases regarding the
rules trans < and conn <.
(trans <) Consider the case in which the last rule applied is trans <:

[bl < bg]

17
by < by by <bg b: A
b: A

trans <

where IT is a proof of b : A from hypotheses in Iy, with I" = I'T U{b; < by, ba < b3}
and Iy = I't U {b; < bs} for some set I of formulas. By applying the induction
hypothesis on II, we have:

FQ ):Kl b: A.

We proceed by considering a generic linear temporal structure M = (W, <, V)
and a generic interpretation A on it such that M, A |=,, I' and showing that this
entails

MAE,,b:A.

Let A(b1) = w for some w € W. Then, by M, |=,, I', we infer A(b1) < A(b2) and
A(b2) < A(bs) and, by the definition of a linear temporal frame, we have A(b1) <
A(bs), i.e. M, A |=,, b1 < bs. This implies M, \ |=,, I and thus M, A =, b: A
by the induction hypothesis.
(conn <) Now consider the case in which the last rule applied is conn <:
[bg : B] [bl < bg] [bz < bl]
H !/ H//
b1:B b:A b: A b: A
b: A

conn <

where IT is a proof of b : A from hypotheses in I, I’ is a proof of b : A from
hypotheses in I'j and IT"” is a proof of b : A from hypotheses in I}, where I =
FlU{bl : B}, I :FlU{bg : B}, FQ/ :FlU{bl < bg} andI’Q” :FlU{bg < bl}
for some set I of formulas. By applying the induction hypothesis on IT, I’ and
IT" we have (respectively):

DLE,b:A | INELb:A , IYVE,b:A

We proceed by considering a generic linear temporal structure M = (W, <, V)
and a generic interpretation A on it such that M, A |=,, I and showing that this
entails

MAE,,b:A.

First notice that M, \ |=,, I', implies M, |=,, b; : B. By the condition of
linearity on linear temporal models, we have that one of the following must hold:
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1. A(b1) = A(b2): and then we have that M, X |=,, b1 : B implies M, A =, by : B,
from which we infer M, X |=,, I» and thus M, X |=,, b : A by the induction
hypothesis;

2. A(b1) < A(b2): and then we have that M, X\ |=,, by < by, from which we infer
M, A =, I3 and thus M, \ |=,, b: A by the induction hypothesis;

3. A(b2) < A(b1): and then, symmetrically, we have that M, \ |=,, b2 < by,
from which we infer M, A =,, I'y and thus M, A |=,, b: A by the induction
hypothesis.

O

Completeness

Theorem 4.7. Let I be a set of labeled tense formulas and b : A a labeled tense
formula. Then

', ,b:A4 = Tt b:A.

N (K1)

Proof. We give a derivation of the axioms TRANSr and CONNg. The proofs for
TRANSp and CONN, are completely symmetrical and we omit them.

(TRANSR)
b:GA' [b<d?
b<d? [c<d? d:A GE
d-A trans <*
—— G}
c:GA Cr2
b: GGA n
b:GA > GGA -

(CONNR)

We slightly simplify the derivation here, by allowing the application of AE on
a premise consisting of three conjuncts.

. 1
[b.HA/\A/\GA] AE I I,
b: A [d:A* d:A d:A
d: A conn <4
C"HA HI?
- GI?

where I1; is
[b:HANAANGA]!

ANE

b:GA b< d?
d: A
and I1, is
[b:HANAANGA]!
b HA NE g <y
d: A
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4.2.3 Systems for axiomatic extensions of Kl

Here we consider extensions of the system A/(K1) aiming at capturing some of the
axiomatic extensions presented in Section

Kl with unbounded time

One of the possible extensions of K consists in requiring that the underlying flow
of time is unbounded, i.e., every point has a successor and/or a predecessor. We
can express such properties by adding the rules serr and sery below.

(b1 < bo] (b1 < bo]
ST

where we require that bo is fresh in serg (i.e., it is different from b; and does
not occur in any assumption on which b : A depends other than the discharged
assumptions by < b2) and that by is fresh in sery (i.e., it is different from by
and does not occur in any assumption on which b : A depends other than the
discharged assumptions b, < bs).

A derivation of the axiom SERpg, using the rules of N (K1) and serg, is the
following.

[c: AN—A)? [c: AN—A?
A NE a4 NE
: : B
c:L B2
c:AV-A <!
b:F(AV-A) L

b:F(Av-4) "R

In a completely symmetrical way, one can obtain a derivation of SER}, using
the rules of N (K1) and sery,.

Kl with first/final point

Conversely, we can require that the flow of time is bounded by a first and/or
a final point. It is not trivial to express such a property in our setting, as long
as we are interested in keeping the good structural properties of our derivations,
i.e., in particular, limiting the introduction/elimination of the operators to the
rules devoted to that.

A solution could consist in the use of two special labels as constants, which
intuitively denote in the syntax the first and the final point of the flow of time.
What we miss is the possibility of deriving a contradiction at a relational level
A rule like the followingfl

4 In fact, in Section B3] we will show that the usage of a first-order relational language
makes it simple to capture this extension of the logic KI.
5 Plus clearly some other rules modeling the use of the constants.
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b1 < by by <by
b1 R

would do if we just aim at obtaining soundness and completeness but we are aware
of the fact that we lose some of the good properties of the system.

Kl with dense time

A flow of time is dense if between any two points we can find a third point. The
following rule captures such a property:

b1 < V] [V < byl
by < by b: A
b: A

dens <

where we require that o' is fresh, i.e., it is different from b; and by and does
not occur in any assumption on which b : A depends other than the discharged
assumptions by < b’ and b’ < by.

We give here a derivation of the axiom DENSE, using the rules of N (K1) and
dens <. We omit the derivation of the axiom DENS},, which is symmetrical.

[c:A]? [d<c]?
d:FA
b < c]? b:FFA .
b:FA] biFFA dens <
bFFA P
b:FADFFA °

FI < g

Kl with discrete time

Finally, we can express discreteness both towards the future and towards the past
(see Section for details).

A solution for capturing such a property consists in introducing into the system
a new relational symbol expressing the relation of being the immediate successor
of another point. We use the symbol < for such a relation and thus extend the
relational language by considering as rwifs also formulas of the form b < c. We
extend the semantics of labeled Kl with the following clause:

M AE,b<e iff  A(b) < A(c) and there is no x € W s.t. A(b) < = < A(c).

Now we introduce some rules for modeling its properties. First of all, we require
the relation < to be functional, i.e., if both by and b3 are the immediate successors
of b1, then by and bs must coincide. We define two symmetrical rules, expressing
functionality (or linearity, since it prevents in some way the formation of a branch)
towards the future and towards the past, respectively.

by by by <b3 b2:Al'<] b1 <Aby bz by bltA
bglA MR ngA

lin<y,
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Then we need to specify the interaction between the relations < and <. First,
we have that < is contained in <, i.e. if by <1by holds, then also b; < by must hold.

[b1 < bo]

bi<aby  b:A )
T . A base <

We can also state that if a point has a successor (predecessor), then it must
also have an immediate successor (predecessor)ﬂ

by <) v <o

by <by b:A by<by b:A
b A discr <p b A discr <p,

In both the rules we require that b’ is fresh, i.e., it is different from b; and bs
and does not occur in any assumption on which b : A depends other than the
discharged assumption.

Finally, we need a rule that allows us to split a statement of the form b; < bs
into two cases: either by is the immediate successor of by or by is a successor of the
immediate successor of by.

[bl Q bg] [bl < b/] ' [b/ < bg]

bi<by, b:A biA
DA splzt<R,

where we require that o' is fresh, i.e., it is different from b; and by and does
not occur in any assumption on which b : A depends other than the discharged
assumptions by <1 b’ and b’ < bs.

Clearly, the same argument holds if we reason (symmetrically) in terms of
predecessors and immediate predecessors.

[bl <] bg] [bl < b/] ' [b/ < bg]

by<by, b:A b ‘
b A splzt<L7

where we require that o' is fresh, i.e., it is different from b; and by and does
not occur in any assumption on which b : A depends other than the discharged
assumptions b; < b’ and b’ <1 bs.

In Figure EE4l we present a derivation of the axiom DISCREg, using the rules
of N(KI) and the ones introduced in this paragraph. A derivation of the axiom
DISCRy, can be obtained symmetrically.

6 Note that in the case of discrete unbounded time, we could omit these rules and replace
the rules serr and sery by analogous ones defined on the relation <.
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68

b:FT AAAHA b < c? b:FHA
E
A

yig
d:HA [b<d?

[b<d? b:FHA .

base <

discr <%

b:FT b:FHA _
b:FHA o
b:FTAAAHADFHA -

E2

where I is the following derivation:

[b:FT AAAHA!

[b:FT A AAHAL bad?® [f<d® biHA NE
bad? [e<d® bid NE 7 HA MAL e < 6 |
e < d’ e: A L
[ ] e A split <§
d-HA "I

Fig. 4.4. A derivation of the axiom DISCRpg.

E
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Soundness and completeness

Theorem 4.8. The extensions of N (K1) presented above are sound and complete
with respect to the semantics of the corresponding logics.

Proof. Soundness of the extended systems is straightforward, since the rules mirror
the properties that the models of the extended logics are required to satisfy.
With regard to completeness, we have already presented derivations of the
axioms expressing the properties that define each logic when we introduced the
rules.
O

4.2.4 A system for until-free LTL

In this section, we present a labeled natural deduction system for the logic LTL_
described in Section ZZA The core of the system comes from [103]; we just apply
some slight modifications, partly due to the fact that we do not use an explicit
relational symbol for equality and partly just for uniformity of treatment with the
other systems presented here.

A labeled version of LTL

For clarity, since the language used in the system N (LTL) is different from the
one of previous sections, we define it formally.

As we already did in Section 2334 in presenting the logic, here we restrict to
consider only future-time operators. We also remark that in this case, since it
seems to be more common in the related literature, we use an order relation that
enjoys reflexivity, i.e. < instead of <. We will use < as its corresponding in the
syntax. Like in Section EZ3, we use <1 to denote, in the syntax, the relation of
immediate predecessor.

Definition 4.9. Let L be a denumerable set of labels. If b and ¢ are labels in L
and A is an LTL_-formula, then b < ¢ and b<ic are relational well-formed (LTL )
formulas and b : A is a labeled well-formed (LTL_) formula.

An interpretation is defined as usual as a function mapping a label into a time-
instant. The notion of =,,, can be extended as follows in order to deal with

labeled and relational formulas.

Definition 4.10. Given an LTL-structure M = (N,V), a denumerable set L of
labels and an interpretation \ on them, truth for a gemeric formula ¢ at a pair
(M, Q) is the smallest relation |=,,,  satisfying:

M, A 'ZLTL7 b<ce gff AQ) < )‘(C)
M, A ':LTL7 b<dce iff )‘(b) +1= )‘(C)
M, A ':LTL7 b: A iff  M,A(D) ':LTL7 A
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[b1: A D] [b: Al
byt L b: B b:ADB b:A
oAl va-p -t b: B =
[b1 <1 b2] [b1 <1 ba]
bQ.:A b1 : XA by <bo bA by <bs by <bs by: A .
b Xa M byt A XE g sere byt A lin<
[b1 < b2] [b1 < b4] [b1 < bs]
byt A bi:GA b1 < bo b A by <bs ba<bs b:A
< <
by : GA GI by A GE b:ATeﬂ\ b: A trans <
[b1 < bo] [bo < bi] [bi<1b;] [bi: A]
by<aby b:A bo:a bo<b by: A
b A base < b A ind

e In XI, by is fresh, i.e. it is different from b1 and does not occur in any assumption on
which b2 : A depends other than the discarded assumption b1 < ba.

e In ser<, by is fresh, i.e. it is different from b and does not occur in any assumption
on which b : A depends other than the discarded assumption b; < b2.

e In GI, bs is fresh, i.e. it is different from b; and does not occur in any assumption on
which b2 : A depends other than the discarded assumption by < bs.

e In ind, b; and b; are fresh, i.e. they are different from b and do not occur in any
assumption on which b : A depends other than the discarded assumptions of the rule.

Fig. 4.5. The rules of N(LTL ).

Given a set I' of generic formulas and a generic formula ¢:

M7)\):LTL7 r Zﬁ Mu)\ ):LTL7 (PfOT' CLll(pEF
ey ¢ iff MAE,, I implies M, ¢ for all M and

The system N (LTL_)

The set of rules of the system N(LTL ), for which the notion of derivability
v, can be defined as usual, is given in Figure L

First of all, we have the standard rules for classical connectives seen in the
previous sections. With regard to GI and GE we just remark that for simplicity
we keep using such rule names even if the relational symbol used (<) is different
from that of the systems N (Kt) and N (K1). The set of rules for temporal operators
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is completed by XI and XF, that present, with respect to the relation <, the same
structure of G/ and GE. In fact, they share the same universal formulation fl

The rule ser<t models the fact that the flow of time is unbounded towards the
future. The rule lin< expresses the uniqueness of the immediate successor of a
point. refl < and trans < state the reflexivity and the transitivity of the order
relation denoted by <, respectively.

Finally, we have two rules modeling the interactions between the relations <
and <. We have already encountered base < (though with respect to the relation
<) in Section EEZZ} it captures the fact that < contains <. ind models the induction
principle underlying the relation between <1 and <. If (base case) A holds in by and
if (inductive step) by assuming that A holds in b; for an arbitrary b; <-accessible
from by, we can derive that A holds also in b;, where b; is the immediate successor
of éi, then we can conclude that A holds in every b such that b is <-accessible from
bo

Soundness

Theorem 4.11. Let I' be a set of labeled LTL_-formulas and b : A a labeled
LTL_-formula. Then
r+ b:A = Ik, b:A.

N(LTL_)

Proof. By induction on the structure of the derivation of b : A. The base case is
when b : A € I' and is trivial. There is one step case for every rule. We consider
some cases.

Consider an application of the rule GI

[bl < bz]
17
b2 tA
bl : GA

GI

where IT is a proof of by : A from hypotheses in IV, with by fresh and with
I'" = ' U {b; < ba}. By the induction hypothesis, for all interpretations A, if
M AN, ' then MA =, bz : A. We let A be any interpretation such that

M, X k=, T, and show that M, A =, b1 : GA. Let A(b1) = n. Now let us

7 Notice that, since < is functional, an existential formulation of the rules for introduc-
tion and elimination of X would also be possible. Thus we could consider, instead of
the ones given, the following two rules:

[b1 < bz] ) [bz : A]

br: A bi<by ., bi:XA b:A
booxa X b A XE-

where b is required to be fresh in XE’.

8 The rule is given only in terms of relations between labels, since (for proof-theoretical
reasons) we restrict the treatment of operators in the system to the specific rules for
their introduction and elimination.
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consider a generic successor n + k of n for some k > 0. Since A can be trivially
extended to another interpretation (still called A for simplicity) by setting A(b2) =
n + k, the induction hypothesis yields M, A |=,,, ba: A, ie. Mn+k|=,, A
Given that k is arbitrary we can conclude M, A |=,,, by : GA.

Consider the case in which the last rule applied is ser<i:

[blﬂbg]
I

b: A
b: A

ser<

where IT is a proof of b : A from hypotheses in I}, with [T = I'U {b; <0 b2}. By
the side-condition on the application of ser<, by is fresh in IT and bs # b. Hence,
by applying the induction hypothesis on I1, we have:

Fl ':LTL7 b: A.

We proceed by considering a generic LTL-structure M = (A,V) and a generic
interpretation A on it such that M, A =, I and showing that this entails

MAE, b:iA.

Let A(b1) = n for some n € N. Since every element of N has an immediate successor,
we can define an interpretation X = A[be — n+ 1]. Given that bq is fresh in IT, we
can infer M, X' =, I'. Furthermore it holds M, \" |=,,, b1 < by and thus we

can conclude M, X' |z, I'l. The induction hypothesis yields M, X' |=,,, b: A.
Since by # b (by the side condition on ser<1) and the interpretations A and X differ
only in the value assigned to bz, we have M, \ |=,,, b: A as desired.
Now consider the case in which the last rule applied is ind:
[bo < bi] [bi<ab;] [b: Al
g 17
bo:A bogb ijA'
b: A

where IT is a proof of b; : A from hypotheses in I'; and II’ is a proof of by : A from
hypotheses in I'}, with I' = FlU{bo < b} and I, = F1U{b0 < bl}U{lebJ}U{bl : A}
for some set Iy of formulas. The side-condition on ind ensures that b; and b; are
fresh in IT. Hence, by applying the induction hypothesis on IT and IT’, we have:

I ):LTL7 bj P A I ):LTL7 bo : A.

We proceed by considering a generic LTL-structure M = (A,V) and a generic
interpretation A on it such that M, A |=,,, I and showing that this entails

MAE, b:iA.

First we note that I' O I and therefore M, A |=,,, " implies M,\ |=,,, I
and, by induction hypothesis on IT', M, A |=,,, by : A. Let A(bg) = n for some
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n € N. From M,\ =, I, we can deduce M, X =, by < b and thus A(b) =
n + k for some k € N. We show by induction on k that M, X Eoo b A As
a base case, we have k = 0; it follows that A(b) = A(by) and thus t;ivially that
M, bo: Aentails MA =, b: A Let us consider now the induction
step. Given a label br.—1 such that /\(b;;,l) =n+k— 1 we show that the induction
hypothesis M, X |=,,, br—1 : A entails the thesis M\ =,., b: A We can
build an interpretatioﬁ X that differs from A only in the pOiI;tS assigned to b;
and b, namely X = A[b; — n+ k — 1][b; — n + k]. It is easy to verify that the
interpretation X' is such that the following three conditions hold:

(i) M, N ':LTL7 b; : A;
(i) M, N ':LTL7 bo < bi;
(i) M, Xy b <Ib.

Furthermore the side-condition on the rule ind ensures that A and X agree on
all the labels occurring in Iy, from which we can infer that also M, X' =, It

must hold. It follows M, X' |=,,, I and thus (by the induction hypothesis on
) M, XN =, bj: A We conclude M, \ |=,,, b: A by observing that X' (b;) =
A(D).

Soundness of the other rules can be proved by using an analogous way of

reasoning and the corresponding relational properties of the structures.
O

Completeness

With regard to completeness, we remark that, since N(LTL_) consists of only
finitary rules, it cannot be strongly completeﬁ In fact, it is easy to check that {b:
X'A}icw Eppy, b: GA but (via soundness) we can see that {b: X' A}icw V0

b: GA, where X°4 is just A and X**1 A stands for XX A.
Nevertheless, our system N(LTL_) is weakly complete with respect to the
semantics of N (LTL_), namely:

Theorem 4.12. Let I' be a finite set of labeled LTL_-formulas and b : A a labeled
LTL_-formula. Then

'k, b:A = It /b:A
Proof. We need to prove that each rule of inference and each axiom of the Hilbert-
style axiomatization H(LTL ) given in Section ZZAis derivable in N(LTL ). The
derivation of the rules is analogous to that described in the proof of Theorem EER.
With regard to the axioms, derivations for A2 and A4 are completely analogous
to that of K¢ of Theorem We show derivations of the other axioms.

9 This is not a problem of our formulation: all the finitary deduction systems for temporal
logics equipped with at least the operators X and G (and thus not compact) have such
a defect; see, e.g., [100, Chapter 6].
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(A3) (X=A D =XA) A (=XA D X=A)

[b:XAP2 [bad? YE
b<d?* bac d: A ;
b: X=Al' [b<c)? . n<
[ 01_‘/1[ ] XFE —g:iser<4
- - — DF
% ser<i®
b xa 2

V. 72 1
biX"A> XA !

b<c? [bad?* [c: AP
d: A 4
[b: —XA! boxAa X
— SE
c-lﬁA o3
b XA X’
e N L 1
b: XAox-a 2!

lin<

(A5) GA D AAXGA

b<d [c<d d: A GE
b<c? d: A hase < trans <
b:GAl' [b<b)? ; ase <°
[ ]. b<b? . Ao
biA | oo ¢c:GA
b: A = b: XGA N
b: AAXGA n
b:GA D (AAXGA) ~
(A6) G(ADXA) D (ADGA)
[b:G(AD XA [b<d?
d: Ao XA CE 1q. A
d: XA 2E g qap
b: A2 [b< A XE
c:A _4 ind
b:GA ° 12
b: ADGA ° o
b:G(ADXA) > (ADGA) ~
O

Remark 4.13. Note that we could also express completeness for our system as
follows:
e, b:A = Ik b: A |

N(LTL_)
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where I is a finite set of lwffs. We remark, however, that such a result does not
hold if I" contains also rwils, i.e. our system is not complete with respect to (even
a finite set of) relational assumptions. As an example, it is easy to check that
{bl by, by bl} ':LTL7 b:L but {bl < by, by < bl} |71N(LTL7) b:L.

4.2.5 Normalization

The labeled natural deduction systems presented in this section have been designed
with an eye to normalization matters. In particular, we have restricted the treat-
ment of the operators to the specific rules for their introduction and elimination
and in fact for each connective and operator (with the only standard exception of
1) we have one introduction and one elimination rule. Moreover, the rules mod-
eling relational properties are defined in such a way that they can be shown to
be reduced to have only atomic conclusions and thus they do not compromise the
definition of a normalization procedure. The only exception to this is represented
by the rule ind, for which a particular treatment is required.

In this section, we omit a detailed treatment of normalization. However, in [103]
a system for a so-called small temporal logic, which corresponds to the until-free
fragment of LTL with a semantics given on frames where the principle of induction
does not hold, and a normalization procedure for such a system is given. Since the
systems presented in Sections EE2T] B2 and EEZ3 present the same main features
of the system in [103], we believe that an analogous procedure could be defined
for them. Moreover, the use of some of the techniques required will be illustrated
in Section EE3] where we will present a detailed treatment of normalization for a
number of systems, where a proper relational labeling algebra is employed, that
capture the same logics of Sections EEZT] and

With regard to the system of Section EEZ A for LTL_, we just say that, as already
remarked, the presence of a principle of induction at a semantical level, and thus of
the rule ind in the system, requires a much more complex analysis of normalization.
A standard subformula property cannot hold for such a system, however we are
able to show that a normalizing reduction procedure can be defined and that such
a procedure allows us to prove, in a purely syntactic way, the consistency of the
system. Again, we omit the details here. However, a full description will be given
in Section with regard to a system (for a branching-time logic) that is an
extension of the one presented here for LTL_. Thus the procedure defined there
can be easily applied also to N(LTL_) by just ignoring the treatment of those
rules (specific to the branching case) that are not considered in N(LTL_).

4.2.6 Discussion and related works

We have already discussed some works that are related to the labeled natural
deduction systems for tense logics that we have given here, for which, summarizing,
we have proved soundness and completeness, and sketched some ideas concerning
normalization. Our approach is based on the extension of a fixed base system for
the temporal operators with relational rules that express the relational properties
of the considered logic. This, in particular, allows for uniform and modular proofs
of meta-theoretic properties for families of logics. Moreover, it makes our systems
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amenable to extensions to other logics, as we have seen for LTL_ and, as we will
show in Chapter B to branching-time logics also.

Kt and its extensions

The main difficulties in applying deduction in the context of linear tense logics
arise from the need of expressing the condition of connectedness in the case of the
basic linear tense logic Kl (see [93] for a discussion).

In [66,68] a general presentation of the tense logic Kt, of its quantified version
and of some of its extensions, in the context of labeled deduction is provided.

A natural deduction system for K1 is given in [93]. It is a labeled and analytical
system, that has only elimination rules for temporal operators and can be used as
a decision procedure. The system follows the Kalish/Montague variant for Natu-
ral Deduction (see [95]), whose main feature is that of explicitly writing down the
goal of the derivation at a given stage. However, the system is closer to labeled
tableau systems than to standard natural deduction, and indeed the duality intro-
duction/elimination for modal operators, commonly preserved by labeled natural
deduction systems, here is lost. The system in [93] is analytical in the sense that
all the formulas admissible in a proof of the formula A belong to the set of sub-
formulas of A and their single negations, although some of the rules do not satisfy
the subformula property “per se”. Labels have a rich structure, which helps build
a model: they are nonempty finite sequences of natural numbers with 1 as the first
digit, marked with an [F] or a [P]. We remark that they are used as prefixes of
formulas but no operations are made in a specific relational language. The relation
between labels is contained in the structure of the label itself: e.g., 1.2[F] denotes
that the point 1.2 follows the point 1. In the paper, variants are proposed in order
to capture extensions of Kl. Properties of the accessibility relation (like reflexivity,
having a first or a last point, density, etc.) are expressed by means of rules that
follow the corresponding Hilbert-style axioms closely. To give an idea, we show
here a rule that captures the reflexivity of the relation.

w: GA

w:A (<)

In general, we can say that the paper focuses more on the automatizability of the
proof construction than on the theoretical purity of the system.

It is worth mentioning that in [23], Bonnette and Goré give a labeled sequent
system for the minimal tense logic Kt that can easily capture any combination of
the reflexive, transitive, euclidean, symmetrical and serial extensions of the logic.
We have not considered all of these properties of the accessibility relation here,
but the missing ones can be added straightforwardly thanks to the modularity of
our system, which we exploit to capture the extensions towards LTL we consider
in the remainder of this section. The labeling discipline of [23] is different from
ours and is tailored to a lean Prolog implementation of their sequent systems. In
contrast, we focus here on the proof-theoretical aspects of our natural deduction
systems and leave an implementation for future work.
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LTL and LTL_

In [103], Marchignoli presents labeled natural deduction proof systems for discrete
linear temporal logics. His way of dealing with labels is similar to the approach
of Simpson: relational formulas are simply used to express assumptions on logical
rules and are not provided with a proper algebra. Our presentation of a system
for LTL_ is, up to some minor modifications and adaptations, taken from [103].
As we remarked in Section EEZ4 the most problematic aspect of defining natural
deduction systems for LTL (and LTL_) is probably the necessity of modeling the
induction principle that links the relation of next to the ordering < on time points.
To tackle this problem, Marchignoli first defines a proof system for a simplified logic
(“smaller” than LTL) for which no induction rule is needed. The resulting proof
system is rather simple and, for such a system, Marchignoli proves that standard
proof theoretical properties of predicate logic hold. In particular, it is shown that
derivations in this system normalize and that the intuitionistic fragment of the
system enjoys the disjunction property and the existential property. Then such
a system is extended to capture standard LTL_. The new system requires an
induction rule (like the rule ind we used in Section EEZZl), which breaks the clean
symmetry of introduction/elimination pairs for temporal operators and causes
the failure of normalization. It is shown that normalization of derivations can be
obtained instead by defining a new proof system with an infinitary rule. The new
system is proved to be equivalent to the system based on the inductive rule as long
as we consider finite sets of formulas.

In [19], Bolotov et al. also present a natural deduction calculus for LTL. It is
a labeled system based on the idea of natural deduction with subordinate proofs
originally developed by Jaskowski [94], and then improved and simplified by Quine
[130] and Fitch [59]. The system is based on the classical separation of formulas into
labeled and relational ones and the rules of the labeled system can be separated,
like ours, into two main categories:

- rules for the introduction/elimination of logical connectives;
- rules for the introduction/elimination of temporal operators.

Rules in the first category are quite standard. About rules for temporal operators,
it has to be remarked the use of a mechanism of flagging for the set of labels.
By saying that the label w is flagged, we mean that it is bound to a time point
and, hence, that it cannot be rebound to some other point. By saying that w is
relatively flagged by v (for example by the judgement w < v), we restrict the range
of time points to which w can be mapped. During the construction of a proof, a
label cannot be flagged twice and cannot relatively bind itself. This system also
presents rules for the operator until. When modeled in a natural deduction setting,
the until does not behave very well. Even in this case, three introduction and
two elimination rules are needed to represent his behavior. As in [103], also the
induction principle requires a specific rule to be modeled. Relational properties
are expressed by means of purely relational rules, following an approach similar to
that of [159]. Relational formulas are not used just as side conditions but become
part of a separate system. The system is proved to be sound and complete and
is strongly oriented to the development of a proof-searching procedure, based on
the goal-directed nature of the proofs. Such an approach is further developed in
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the papers [21], in which an automated proof searching technique is presented,
and [22], where an optimization of the system is proposed.

Finally, we mention [7], where an extension of standard (non-labeled) natural
deduction for logics like LTL_ is presented and a strong normalization theorem for
an intuitionistic version of the calculus is proved. As a consequence, the authors
get also a proof of the consistency of the system.

Other methods

We just mention some other works where deduction systems, not falling in the
scope of natural deduction, for linear temporal logics are described.

Gentzen’s sequent systems are introduced in [73] (for a good presentation in
classical logic, see, e.g., [87]) and in fact natural deduction can be seen as a
variant of sequent calculus. Traditional sequent calculi for linear temporal logics
can be seen in [91,97,120,123,147,162]. In [8], a sequent calculus with an w-rule
for LTL_ is proposed. Cut-free labeled sequent systems are also in [28] and [24],
which extends the work of [112] to linear temporal logics.

Quite popular in the field of temporal logics is also the use of semantic tableaux,
introduced in [15,85] and extended to modal logics in [61,89]. Overview on the
use of tableaux for temporal logics are in [53,81, 163]. Interesting examples are
in [80, 145, 146] and [9, 11], where a labeled tableaux system for a distributed
temporal logic that comprises full LTL is given. A labeled tableaux system, based
on the technique of mosaics, is in [105]: we will return to this in Chapter @ In the
case of logics of discrete time, a particular way of managing tableaux generation,
based on the use of more general graph structures instead of trees, has been often
adopted [12,41,98].

Finally, we cite the use of the resolution method, described in [142] for classical
logic and extended to linear temporal logics in [1,36,56,57,158].

4.3 Systems with an explicit relational theory

In this section, we propose the definition of systems designed in the style of Section
Bl for a number of linear temporal logics and discuss benefits and limitations of
such an approach. The difference between the systems in Section L2 and the ones
that will be presented here is in the fact that relational formulas were used there
just as assumptions in the derivation of labeled logical formulas, while here we
consider also rules concluding with a relational formula. Part of the material of
this section has been presented in [160].

4.3.1 Introduction

As illustrated in Section B2332, labeled deduction systems have been given for sev-
eral non-classical logics. Research has focused not only on the design of systems for
specific logics, but also, more generally, on the characterization of the classes of log-
ics that can be formalized this way. General properties and limitations of labeling
techniques have also been investigated. For example, [159] highlights an important
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trade-off between limitations and properties, which can be roughly summarized as
follows. Assume that we have a labeled system like the ones described in Section
B33 i.e., by summing up, a set of rules for reasoning about the introduction and
elimination of modal operators in labeled formulas b : A such as the rules for [
of the system N(K) and of its extensions. Assume also that we reason on the
semantic information provided by labeling using only Horn-style relational rules
(see Section B32). While restricting our systems to such Horn rules allows us to
present only a subset of all possible non-classical logics, we can still capture sev-
eral of the most common modal and relevance logics [159], and, more importantly,
labeling provides an efficient general method for establishing the metatheoretical
properties of these logics, including their completeness, decidability, and compu-
tational complexity. This method relies on the separation between the sub-system
for reasoning about lwffs and the sub-system for reasoning about rwifs: derivations
of lwffs can depend on derivations of rwifs (e.g. via the O rules), but rwffs depend
only on rwffs (via the Horn rules).

If we are interested now in considering linear temporal logics, it should be
immediately clear that Horn rules do not suffice: even a basic tense logic like KI
(see Section ZZ2) requires its time points to be connected, i.e. for any two points b
and c either b = ¢, or b is before ¢, or c is before b. It is straightforward to see that
such a property cannot be captured by a Horn rule; rather, we need non-atomic
rwifs, in particular disjunction (L) of relations, and more complex rules built using
a full first-order language, such as the axiom

Vbeb<cUb—=clc<b M

A similar situation occurs if we wish to impose irreflexivity of our worlds. And
that’s not all: as shown in [159] (in the case of modal logics, but the same arguments
apply here, mutatis mutandis), if we move to such a first-order language and wish
to retain completeness of the resulting systems, then we need to abandon the strict
separation between the sub-system for lwffs and that for rwifs (and let derivations
of rwifs depend also on lwffs). As we will see in more detail below, this is best
achieved by introducing a so-called universal falsum, so that a contradiction in a
world can be propagated not only to any other world but also to the relational
structure to derive any rwff; and, vice versa, from a contradiction in the relational
sub-system we can obtain any lwff.
The structure of this section is the following:

- in Section L3 first we give a brief presentation of the syntax and semantics
of a labeled version of the logic KI; then we give a labeled natural deduction
system N'(K1) for KI, which we show to be sound and complete (extending
the completeness proofs given for modal logics in [159]); finally, we show that
N’(K1) possesses a number of useful normalization properties; in particular,
derivations reduce to a normal form that enjoys a subformula property;

- in Section EZ3, we extend N’(K1) to capture some interesting extensions of KI;

- in Section EE34] we discuss how to extend our systems to capture richer logics
like (fragments of) LTL.
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4.3.2 A system for Kl
A labeled version of Kl

The definition of the language of tense formulas and of the semantics of Kl has
been given in Section The extension of the language with labels and relational
symbols, as required by the labeled deduction setting, are in the vein of those
described in Section For a greater clarity, in the following subsections, we
recall some notions, give a formal definition of the language used in this section
and present an adaptation of the semantics of KI to the labeled language.

Syntax

Definition 4.14. Let L be a denumerable set of labels and let b and c be labels in
L. If A is a well-formed tense formula, then b : A is a labeled well-formed tense
formula (labeled formula or lwff, for short).

The set of well-formed relational (N'(K1))-formulas (relational formulas or
rwffs, for short) is defined as follows:

pu=b<c|lb=c|0|pTp|Vbp.

For simplicity, in this section we will often omit the adjective “tense” and
just speak of labeled formulas or lwffs, as well as we will speak just of relational
formulas (or rwifs) instead of N'(K1)-relational formulas. As in Section B32 ¢
will denote a generic formula (Iwff or rwfl). We say that an lwff b : A is atomic
when A is atomic, i.e. A is a propositional variable or A is 1. An rwif p is atomic
when it does not contain any connective or quantifiers, i.e. p is () or p has the
form b < ¢ or b = ¢. The grade of an lwff or rwff is the number of occurrences of
connectives (D or 1), operators (G or H), and quantifiers (V). Finally, given a set
of lwffs I" and a set of rwifs A, we call the ordered pair (I, A) a proof context.

() and T denote, respectively, the falsum and the implication in the relational
language. Both the languages of labeled and relational formulas present a minimal
set of connectives, operators and quantifiers. As usual, we can introduce abbrevi-
ations and use, e.g., =, A, V and ~, I, L, for the negation, the conjunction, and
the disjunction in the labeled language and in the relational one, respectively. For
instance, —A = A DL and p' Up” = (p' 3 0) 3 p”. We can also define T = - L
or other quantifiers, e.g. 3b. p =~ Vb. ~ p.

Semantics

The notions of Kl-frames and models, together with the semantics of the logic
Kl, are given in Section Here we recall the notion of an interpretation and
define the semantics of the labeled logic corresponding to Kl. In particular, we
extend the notion of |=,, defined in Section with respect to labeled and
relational formulas. Note that, for simplicity, we keep using the symbol |=,, even
if the underlying notion is different, as the relational language used is different,
from the one of Section
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Definition 4.15. Given a denumerable set of labels L and a linear temporal struc-
ture M = (W, <,V), an interpretation is a function X\ : L — W that maps every
label in L to a world in W.

Given a linear temporal structure M and an interpretation A on it, truth for
an rwff or lwff ¢ is the smallest relation |=,, satisfying:

MAE b<c iff (Ab), Ale)) €=;

M, A ':m b=c if )‘(b> = )‘(C);

M N p1 T p2 if Mo, p1oimplies M, ., p2;
M, A 'ZKl vb.p iff for all ¢, M, A 'ZKI p[c/b];

M, A ':Kl b:p iff pE V()\(b));

MANELD:ADB iff M, A, b: Aimplies M,A=,, b: B;
M A, b:GA if  foralle, M, A=, b < c implies M, =, c: A;
M A, b:HA iff  foralle, M, X\ |=,, ¢ <b implies M\ =, c:

Hence, MyAE b : L and M, ANE (. When M, )\ =,, ¢, we say that ¢ is true in
M according to the interpretation \. By extension:

MNE,, T iff MANE,b:Aforallb: AcT;
MAE,, A iff M N, p forallpe A;

M, (1, A4) iff MAE,, T and M, ) =, A;
Akl ¢ iff M=, (I, A) implies M, =, ¢

for all M and .

Truth for Iwffs and rwifs built using other connectives or operators can
be defined in the usual manner. As an abbreviation, we will sometimes write
I, A =M 4 to denote that M, A |=,, (I, A) implies M, \ =, ¢;

An aziomatization of Kl

Several different Hilbert-style axiomatizations have been given for the logic KI.
Here we will consider an axiomatization, given in [132], which is slightly different
from (but clearly equivalent to) the one presented in Section EZ32

1) G(A>B) > (GAD>GB)

2) "H-GAD A

3) GA D GGA

4) [G(AVB) AN G(AVGB) A G(GAV B)] D (GAV GB)

(G

(G

(G

(@

(Necg) If A then GA

(Necy) If A then HA

(MP) If A and A D B then B

The axiom (G1) is standard for modal and temporal logics, while (G2) sets
the dual relation between G and H, (G3) expresses the transitivity and (G4)
the connectedness of G. For brevity, we have omitted the symmetrical axioms
(H1)-(H4) that are obtained by replacing every G by H and vice versa. Moreover,
every classical tautology is a tautology, and there are rules for modus ponens and
necessitation for both G and H.
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Along this section, we denote with H'( K1) the axiomatization given above. The
set of theorems of H' (K1) is defined as the smallest set of tense formulas containing
the set of axioms and closed with respect to the rules of inference above. We denote
with k-, the notion of derivability in H'(K1), i.e. b, Aiff A is a theorem of H'(K1).
Furthermore we write I' -, A to say that A is derivable in H(K) from assumptions
in I'.

The system N’ (K1)

Our labeled natural deduction system N'(K1) = N (Klp) + N(Klg) + N (Klg)
comprises of three sub-systems, whose rules are given in Figure EE6

The propositional and temporal rules of N (Kly) allow us to derive lwffs from
other lwffs with the help of rwffs. The rules DI, DF and LFE are just the labeled
version of the standard natural deduction rules and are as defined in Section B32

The temporal operators G and H share the structure of the basic introduc-
tion/elimination rules, with respect to the same accessibility relation <. Such
rules are analogous to the ones seen in Section

The relational rules of N'(Klg) allow us to derive rwffs from other rwifs only.
The rules RAAy, 31, and O F are reductio ad absurdum and implication introduc-
tion and elimination for rwffs, while VI and VE are the standard rules for universal
quantification, with the usual proviso for VI. There are also four axiomatic rules (or
“axioms”, for short) refl=, irrefl <, trans <, and conn, which express the proper-
ties of =1 and <, where, for readability, we employed the symbols for disjunction,
conjunction, and negation.

The general rules of N(Klg) allow us to derive lwfls from rwifs and vice versa.
The rule mon applies monotonicity to an Iwff or rwff ¢, while the rules uf1 and uf2
export falsum (and we thus call it a universal falsum) from the labeled sub-system
to the relational one, and vice versal]

For what concerns this section, we adapt the standard definitions (Section B2)
of derivation, proof, theorem, etc. as follows.

Definition 4.16. A derivation of a formula (lwff or rwff) ¢ from a proof context
(I, A) in N'(K1) is a tree formed using the rules in N'(Kl), ending with ¢ and

10 Note that we do not need further axioms to express symmetry and transitivity of =,
since the former can be derived by using mon, conn, and irrefl <, and the latter by
using mon.

Note that the presentation of the system could be simplified by introducing a unique
symbol for falsum (say A ), shared by the labeled and the relational sub-systems. In that
case, we would not need the rules uf1 and wuf2, while the rules for falsum elimination
L1 F and RAAy could be replaced by the following rule, where with —¢ we denote the
negation of a generic formula (labeled or relational):

11

[—¢]
g RAA,

However, we prefer to maintain a clear separation between the two sub-systems, as it
will allow us to give a simpler presentation of normalization.
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b:ADL] [b: A]
cil b:B b:ADB b:A
boA P pass 2t b: B °E
b <] [e < b]
ci A b:GA b<c ci A b:HA c<b
b:6A ©f cia P yha ! ciA P
[p 3 0] [p1]

Q.) ﬁ2 p1dp2 p1 14 pr VE
p A 55 I P2 9B W, T e
Wo=p = W ~ <) TS

t
Voed. (b<chc<d) Jb<d W< Vbeb<cUb=cUc<b "
$ b=c bil e U
©lc/b] 0 b:l

e In GI (respectively, HI), c is different from b and does not occur in any assumption
on which ¢ : A depends other than the discharged assumption b < ¢ (respectively,
c<b).

e In VI, the variable b must not occur in any open assumption on which p depends.

Fig. 4.6. The rules of N'(K1).

(1] [p2]
p1 P2 pilpz  p  p
o1 U pa urt o1 U pa ur2 — UE
[ple/bl]
ple/b] o o
3b.p 0

Fig. 4.7. Some derived rules.

depending only on a finite subset of I' U A. We then write I, A F ey P A
derivation of ¢ in N'(KI) depending on the empty set, ey ¥
in N'(K1) and we then say that ¢ is a theorem of N'(KI).

s a proof of ¢
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We will give concrete examples of derivations in the following. For simplicity, we
will sometimes employ the rules for conjunction A, disjunction V and the operators
F and P which are derived as is standard (Section EE2), as well as other derived
rules such as those for LI, and 3 given in Figure B

Soundness

Here we prove the soundness of the system. The proof follows the standard tech-
nique, provided the required adaptation to the labeled case (see also [66,148,159]).

Theorem 4.17. N/ (K1) = N (Kly) + N(Klg) + N(Klg) is sound, i.e. it holds:

()AL P = LAELp;
(i) I, A+ b:A = ILLAE,b:A.

N/ (K1)
Proof.

(i) The proof is by induction on the structure of the derivation of p. The base
case is when p € A and is trivial. There is one step case for every axiom or
rule. The axioms conn, trans <, and irrefl < directly refer to the properties
of connectedness, transitivity, and irreflexivity of K! models and thus are
trivially sound, while refl = and mon preserve soundness by definition of
M, X E,, b = ¢ (Definition EETH).

Consider the case of an application of RAA

rAlpa0?
I

ﬂ RAA%)
p

where Ay = AU {p 3 0}. By the induction hypothesis, I A; |,, 0. Let
us consider an arbitrary model M and an arbitrary interpretation A; we
assume M, \ =, (I, A) and prove M, \ =, p. Since M, A}, 0, from the
induction hypothesis we obtain M, A }~,, (I', Ay), that, given the assumption
M e, (I, A), leads to Mo A, p D0, ie. M=, pand M A B, 0
by Definition EETHl
The cases for J I, J F, VI and VE follow by simple adaptations of the
standard proofs for classical logic.
Finally, consider the case of an application of uf1

rA
n

b:L
0

for a proof context (I, A) and some label b. By the induction hypothesis, we
have I’ A |=,, b :L. Given a generic model M and a generic interpretation
A, we can write M, A [~&,, b:L; it follows that M, X &, (I, A) and then also
I, A =M () by Definition BT

uf1
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(ii) As in (i), by induction on the structure of the derivation of b : A. The base
case is trivial and there is a step case for every rule of the labeled system.
The cases of introduction and elimination of connectives and that of universal
falsum are as in (i).

Consider an application of the rule GI

F'Ap<c!
I

c: A

b:GA
where I', Ay =, ¢ A with ¢ fresh and with Ay = AU {b < c}. By the
induction hypothesis, it holds Iy A =, ¢ : A. We let A be any interpretation
such that M, \ =, (I, A) and show that M, A\ =,, b : GA. Let w be
any world such that A(b) < w. Since A can be trivially extended to another
interpretation (still called A for simplicity) by setting A(c) = w, the induction

hypothesis yields M, A =, ¢: A, and thus M, A =,, b: GA.
Finally, consider an application of the rule GE

GI!

In A Iy Ay

1 15

b:GA b<ec
c: A

GE.

Let M be an arbitrary model and A an arbitrary interpretation. If we assume
Mo, (ITU T, Ay U Ay), then from the induction hypotheses we obtain
M, A=, b:GA and M, X =, b < ¢, and thus M, X |=,, ¢: A by Definition
ET3

The treatment of HI and HE is analogous.

Completeness

Since the axiomatization of Kl given in Section is sound and complete, we
can prove in N’(K1) the axioms and the rules of the axiomatization to establish
the completeness of N”(K1) indirectly (and we do so in the second part of this
section). It seems interesting, however, to give also a direct proof of completeness,
by adapting standard proofs for labeled systems (see, e.g., [66,148,159]) and in
particular by extending those for modal logics in [159], which has been our starting
point for the systems in this section, to the case of universal falsum and other
general rules that mix derivations of lwffs and rwifs.

Completeness by canonical model construction

In the following, slightly abusing notation, we will write ¢ € (I, A) whenever
p € I'or p € A, and write b € (I, A) whenever the label b occurs in some
p e (I,A).
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Definition 4.18. A proof context (I', A) is N’ (Kl)-consistent iff I A¥ b :L for
every b, and it is N'(KI)-inconsistent otherwise.

Note that we can have inconsistency also by deriving () in the relational system;
given the rules uf1 and uf2 for universal falsum, also this case is captured by the
previous definition.

For simplicity, in the following we will omit the “N’(K1)” and simply speak of
consistent and inconsistent proof contexts.

Proposition 4.19. Let (I, A) be a consistent proof context. Then:

(i) for every b and every A, either (I' U {b : A}, A) is consistent or (I" U{b :
—A}, A) is consistent;

(i) for every relational formula p , either (I, AU{p}) is consistent or (I', AU{ ~
p}) is consistent.

Proof. (i) Suppose that both (I'U{b: A}, A) and (I"'U{b: ~A}, A) are inconsis-
tent. Then from I"U{b: A}, At , . b:L, by applying the rule DI, we get
A F e O —A. Similarly, from "'U{b: -A}, A+
the rule LFE, we get I, A FN,(KZ) b: A.
But, if both b: A and b : = A are derivable in the proof context (I, A), then
it also holds I') A FN/(KL) b :1, by the rule ~ E. It follows that the original
proof context (I, A) had to be inconsistent (contradiction).

(ii) The proof for the relational case is analogous and is obtained by using the

corresponding relational rules i.e. 11, RAAy and ~FE.

b:L, by applying

N (KL)

O

Definition 4.20. A proof context (I', A) is maximally consistent iff the following
three conditions hold:

1. (I, A) is consistent,
2. for every relational formula p, either p € A or ~p € A,
3. for every b and every A, eitherb: A€ I orb:—-Ael.

Completeness follows by a Henkin—style proof, where a canonical model
M =W, <9 v9)

is built from a proof context (I', A) to show that (I, A) ¥ ¢ implies I, A pMONE ®
for every formula .

In standard proofs for unlabeled modal, temporal, and for other non-classical
logics, the set W€ is obtained by progressively building maximally consistent sets
of formulas, where consistency is locally checked within each set. In our case,
given the presence of lwffs and rwffs, we modify the Lindenbaum lemma to extend
(I, A) to one single maximally consistent context (I'*, A*), where consistency is
“globally” checked also against the additional assumptions in A The elements
of WY are then built by partitioning I™* and A* with respect to the labels, and
the relation <¢ between the worlds is defined by exploiting the information in A*.

12 We consider only consistent proof contexts. If (I, A) is inconsistent, then I, A
@ for all ¢, and thus completeness immediately holds for all lwffs and rwifs.

N7 (K1)
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In the Lindenbaum lemma for predicate logic, a maximally consistent and w-
complete set of formulas is inductively built by adding for every formula —Vb. A a
witness to its truth, namely a formula —A[s/b] for some new individual constant
s. This ensures that the resulting set is w-complete, i.e. that if, for every closed
term ¢, A[t/b] is contained in the set, then so is Vb. A. A similar procedure applies
here not only for rwifs ~ Vb. p, but also in the case of lwffs of the form b : -GA.
That is, together with b : =GA we consistently add ¢ : =A and b < ¢ for some
new ¢, which acts as a witness world to the truth of b : =GA. This ensures that
the maximally consistent context (I™*, A*) is such that if b < d € (I'*, A*) implies
d: B e (I'*, A*) for every d, then b : GB € (I'*, A*), as shown in Lemma E22
below. Note that in the standard completeness proof for unlabeled modal logics, for
instance, one instead considers a canonical model M and shows that if W; € W¢
and M® W, E ~GA, then WC also contains a world W, accessible from W; that
serves as a witness world to the truth of =GA at Wy, i.e. M, W, E = A.

Lemma 4.21. Every consistent proof context (I, A) can be extended to a mazi-
mally consistent proof context (I'*, A*).

Proof. We first extend the language of N’ (K1) with infinitely many new constants
for witness terms and for witness worlds. Let ¢ range over the original terms, s
range over the new constants for witness terms, and r range over both; further,
let w range over labels, v range over the new constants for witness worlds, and u
range over both. All these may be subscripted. Let o1, @2, ... be an enumeration
of all lwffs and rwffs in the extended language; when ; is u : A, we write —; for
u: —A.

We iteratively build a sequence of consistent proof contexts by defining (I, Ag)
= (F, A) and (Fi-i-lu Ai+1) to be:

(I, Ay), if (I3 U {pig1}, A;) is inconsistent; else
(L U{u : =GA,v : =A}, A; U{u < v}) for a v not occurring in (I3 U {u :
=GA}, A;) if pip1 is u: GA; else

o (I;U{u:-HAv:-A} A;U{v < u}) for a v not occurring in (I3 U {u :
-HA}, A;) if ;41 is u : ~HA; else

o (I, A, U{~Vb.p, ~ p[s/b]}) for an s not occurring in (I3, A; U { ~ Vb. p}) if
Yit1 is VD p; else

[ ] (Fz U {gﬁiJrl}, Az) if Yi+1 is an lwff or (Fz, Az U {QDZJrl}) if Yi+1 is an rwif.

Now define
(r-an=Jr.|Ja).
i>0 >0
We show that the proof context (I'*, A*) is maximally consistent, i.e. it verifies
the three conditions of Definition

(i) First we prove that our construction preserves consistency by showing that
every (I3, 4;) is consistent. The only interesting cases are when ;11 is one
of =GA, —=HA, or ~ Vb. p. We only consider the first case, since the second
one is symmetrical, and the third is very similar.

If (I; U {u: =GA}, A;) is consistent, then so is (I; U {u : =GA,v : =A}) for
a v not occurring in (I3 U{u : =GA}, A;). By contraposition, suppose that
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Lu{u:=GAv:-A}, A u{u<v} uj L

N (KL)

by a derivation IT (where v does not occur in (I; U {u : =GA}, A;)). Then in
N'(KI) we can have a derivation like the following:

I A ou:=GA [v:=A [u<wv)?

I
u; L .
v:A J(_;§2
u: GA u: ~GA
-F
u L

This shows that (I3 U {u : =GA}, A;) is inconsistent, which is not the case.
(ii) Consider an rwif p. Suppose that both p ¢ A* and ~ p ¢ A* hold. Let p
be ;11 for some ¢ in our enumeration of formulas and ~ p be ¢;;1. Now
suppose i < j (the other case is symmetrical). p ¢ A* implies that (I, A; U
{@i+1}) is inconsistent. Given that in our inductive construction we only add
formulas to the proof context, i.e. A; C A;, we have that (I, 4; U {pit1})
is also inconsistent. Then, by Proposition EET%(i7), (I, A; U {¢;+1}) has to
be consistent and ¢;11 is added by definition to A;. This implies ;41 € A*,
ie. ~pe A*.
(iii) The proof for labeled formulas is the same as in the previous case and pro-
ceeds by contraposition by using Proposition EETU(¢).
O

Lemma 4.22. Let (I, A) be a mazimally consistent proof context. Then:

(i) F,AI—N,(KL) e iff o€ ([, A);

(i) p1 D p2 € A iff p1 € A implies pa € A;
(i11) Yb.p € A iff p[c/b] € A for all ¢;

(w)u:ADB el iffu:Ael impliesu:Bel;

(v)ur: GA € T' iff u1 <wug € A implies ug : A € I for all ug;
(vi)uy : HA € T' iff us < uy € A implies ug : A € I' for all us.

Proof. We treat only some cases, the others are similar and follow by maximality
and consistency of (I, A).

(7) The proof is analogous for rwifs and lwffs, we see the first case.
(<) If o € (I, 4), then trivially I AF, .
(=) Consider an rwif ¢ such that ¢ ¢ (I, A). Then, by Definition EL20, ~
¢ € (IA). It follows trivially that I A+, '~ ¢ holds. By hypothesis,
I A I—N,(Kl) o and thus by using ~ E we get I, A+ (), that contradicts
the consistency of (I', A).

(v) (<) Suppose u; : GA ¢ I' and ug : A € I' for every ug such that u; < ug € A.
Then, by maximality of (I'y A), u; : =GA € I'. Now suppose there exists a
ug such that uy < ug € A and ug : =A € I'. Then, by hypothesis, we know
ug : A € I' and this leads to a contradiction. Otherwise, if such a ug does not
exist, we can conclude u; : GA € I" that leads to a contradiction as well.

N7 (K1)
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(=) We show it by contraposition. Suppose u; : GA € I', u3 < us € A and
ug : A ¢ I'. By maximality of (I', A), we have ug : =A € I'. Then the following
is an A(K1) proof that shows (I', A) is inconsistent.

u1 : GA up < Usg

GFE
us: A ug 1 1A

u Ll

-F
O

Our construction of maximally consistent proof contexts (Lemma E2T)) does
not exclude the presence of two labels b and ¢ that are related by the relation
b = c¢. Now we want to derive a model from such a construction. Since we know
from Definition ELTH that M, A =,, b = ¢ holds only if A(b) = A(¢), we need
to state an equivalence relation between labels on which the function A can be
defined.

Definition 4.23. Let C = (I, A) be a mazimally consistent proof context and L€
the set of labels occurring in it, we define the binary relation = on LE as follows:
for every uy,us € L€,

u =% uy  iff ul =us € A.

Proposition 4.24. Given a mazimally consistent proof context C, the relation =€

is an equivalence relation.

Proof. Tt follows trivially by the maximality of C' and by the rules refl =, mon,
irrefl < and conn.
O

It follows from Proposition EE24] that every maximally consistent proof context
C' determines a partition of the set LE of labels occurring in it. In the following,
we will also use the notation [u]® to indicate the equivalence class containing the

label u, i.e.
[u]© = {u | u=C '}

Definition 4.25. Let C = (I, A) be a mazimally consistent proof context and L€
be the set of labels occurring in it. We define the canonical model M¢ = (W, <¢
, V) as follows:
o WY ={[u|ueL;
° ([ui]c, [Uj]c) e=<¢ iff u; < uj € A;
o VO ([ul“p)=1iff u:pel.
We define the canonical interpretation A¢ : L€ — WY as follows:
N (u) = [u]© for every u € LC.

Remark 4.26. Note that in the previous definition <¢ and V¢ are well defined,
since it is easy to verify that for every ui,us € LC it holds:

ug implies for every usz € L, u; < uz € A iff ug < uz € A;
ug implies for every usz € L, ug < u; € A iff uz < ug € A;

(V51 EC

Ul EC
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conn L
Vbeb<cUb=clUe<b I [e < b] ~ (c<b)
VE ~E
b<clUb=clUc<b 0 0
uE?
0
where 17 is
b<cp? ~ (b<ec) [b=c]? ~ (b=c¢)
~ F ~F
b<cuUb=c* 0 0
0 UE?

Fig. 4.8. Proof for connectedness of canonical models.

C

e wu; =% uo implies for every p e P,uy:pe Niff ug :p eI

Proposition 4.27. Given a mazimally consistent proof context C = (I, A), the
canonical model M is a Kripke model for KI.

Proof. It suffices to show that M is irreflexive, transitive and connected.

Suppose there exist three worlds Wy, Ws, and W5 in WC such that Wy, Ws)
€ <% and Wy, W3) €<, but (Wi, Ws) ¢<°. By definition EEZH this implies
there exist at least three labels b, ¢ and d such that A(b) = Wi, A(c) = W,
AMd) =Ws, b<ce Aande<de A, but b <d¢ A, ie by the maximality of
C, ~ (b < d) € A. But this leads to the inconsistency of (I, A), as shown by the
following derivation.

trans <

Vb.cd. (b<cMe<d)ab<d beec c<d
VE & —— X nI

(b<ceNMe<d)ab<d b<cMe<d
JF

b<d ~ (b<d)
~FE
0

Connectedness of MY can be proved in a similar way by using the rule
conn. Suppose there exist two distinct worlds W; and W, in WY such that
(Wi, Wa) ¢<C and Wa, Wy) ¢<C. By definition EEZH, this implies there exist
at least two labels b and ¢ such that A(b) = Wi, AM(c) =Wa, b=c¢ A, b<c¢ A
and ¢ < b ¢ A, i.e. by the maximality of C, ~ (b=c¢) € A, ~ (b<c¢) € A and
~ (c < b) € A. But this leads to the inconsistency of (I, A), as shown by the
derivation in Figure

Irreflexivity of M® can be shown in a similar way.

O

Lemma 4.28. Let C = (I', A) be a mazimally consistent proof context, M the
canonical model and \¢ the canonical interpretation built on C as in Defini-

tion[f.23 Then:
(i)pe A iff I,AEMA p;
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wu:Ael iff INA MEAT 1 A,
( ) Kl

Proof. (i) (=) By hypothesis, p € A. Then, if we assume MY, \ =, (I}, A),
it immediately follows MY, A\ =, p.
<) By hypothesis, I', A MEAT ) Tet us suppose A. By maximalit
y oy Ki p p y
of (I A), it follows ~ p € A. Then we have also I, A )zﬁfc’)‘c ~ p (see
direction (=)). But, since we have by hypothesis I'; A MEAE , this yields
y 1y i p ¥y
the absurd I', A Fﬁfc’)‘c 0.
(ii) The proof for labeled formulas is analogous.
O

Theorem 4.29. N'(K1) = N(Kl,)+N(Klg)+N (Klg) is complete, i.e. it holds:

(i) if [,A¥ w: A, then there exist a KI model M and an interpretation \¢
such that T, AREMEXT A;

(ii) if I, A¥ p, then there exist a KI model MC and an interpretation \¢ such
that I, A pMEAe p-

Proof. (1) If I'A¥F w: A, then (I'U{w : ~A}, A) is consistent; otherwise there

exists a w; such that I'U{w : =A}, A b v Wi L, and then I, A by W

A. Therefore, by Lemma 2T (I'U {w : =A}, A) is included in a maximally

consistent proof context C' = ((I'U{w : =A})*, A*). Let M be the canonical

model for C. It suffices to find an interpretation according to which M is

not a model for w : A. By Lemma E28 (I' U {w : —A})*, A* |:£;‘C*AC

w : ~A, where M® is a Kl model by Proposition EZq It follows I' U {w :
—A})*, A* EMEAT 4y A, and thus I AEMEXNT 0 AL

(i) We can repeat the same proof for relational formulas. If I'; A ¥ p, then

(I, AU{ ~ p}) is consistent. Then we can build a maximally consistent proof

context I'*, (AU {~ p})* such that I'*, (AU {~ p})* EMEAY 5 and thus

A pMEAe p-
O

Completeness by axioms

It is possible to give an indirect proof of completeness (Theorem EE29) by show-
ing that all the rules of inference and axioms of H'(KI) (Section EEZ2) derivable
in N'(K1). In the following derivations, for simplicity, we will sometimes use de-
rived operators and derived rules (see Figure 7)), and exploit trivial equivalences
between formulas implicitly.

A derivation for (G1) is obtained as in the systems of Section LA The following
is a derivation of (G2):

[s: GAJ? [s < t]?
[t : PGA]! t: A
t: A
t:PGAD A

GE

PE?
oIt
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trans <
Vb.cd. (b<cNe<d)ab<d
Ved. (t<cMe<d)at<d
vE
Vd.(t<sNs<d) adt<d [t < s]? [s < r]?
VE nl
(t<sMs<r)ydt<r t<sMNs<r
E
[t: GA] t<r -
GE
iGIS
s: GA e
t: GGA )
———— oI
t:GA D GGA

Fig. 4.9. Derivation of the axiom (G&).

The derivation for (G3) is shown in Figure L9 while the derivation for (G4) is in
Figures EET0 and EETTl We omit here the derivations for the symmetrical axioms
(H1)-(H{).

Normalization
Derivations in normal form

We will now show that the system N’(K1) possesses a number of useful normal-
ization properties. To that end, we will follow the classical normalization process
of [125] as much as possible, while some adaptations are inspired by [159]. We
begin by simplifying the proofs by restricting the applications of some of the rules.

Lemma 4.30. If I A F ey @
where: (i) the conclusions of applications of LE, RAAy, and mon are atomic; (i1)
mon s not applied to lwffs of the form b:L.

then there exists a derivation of ¢ from (I, A)

Proof. (i) We show that any application of 1L E, RAAy, and mon with a non-atomic
conclusion can be replaced with a derivation in which such rules are applied only
to formulas of smaller grade by the set of transformations given below. By iterating
these transformations, we get a derivation of ¢ from I, A where the conclusions
of applications of LE, RAAy, and mon are atomic.

(1) First, we consider applications of LFE. There are three possible cases, de-
pending on whether the conclusion is b : B D C, b : GB, or b : HB. Note that
in the following transformations we only show the part of the derivation where
the reduction, denoted by ~», actually takes place; the missing parts remain un-
changed.
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Vbheb<cUb=clec<b T 1
Ve.s<cls=clc<s L fs=rur<sf 0 0 LE®
s<rUls=rlUr<s 1] 0 5
[t : FmA A F-B)2 0 e
[t: F~AAF-B)? t:F-B NE £l uf2
NE FE*
t:F-A t:l )
FE®
t:L L
t:GAVGB .
D)
t:(G(AV B) AG(AV GB) AG(GAV B)) > (GA V GB)
where I7q is:
[t:(G(AV B)AG(AV GB)AG(GAV B))]*
AE
t:G(AV GB) [t < s)? [s:=A]® [s:A]" [s:=GB]® [s:GB]’
GE - -E
(s: AV GB) sl sl
T VE"
s .
s:GB LB [s <7
[r:-B]* : B
-FE
L
" uf1
0

Fig. 4.10. Derivation of the axiom (G4) (1/2).
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H2 is:

[t: (G(AV B)AG(AVGB)AG(GAV B))*

NE .
t:G(AV B) [t < s [s:-A]  [s: A [s:=B]*"" [s:B]*?
GE - -F
s:AVB s:L s:L
\/E12
s:L L
s: B [s=r]®
mon
[r:=B] r: B
. K
T uf1
0
and I13 is:
[t:(G(AV B)AG(AV GB)AG(GAV B)*
ANE
t: G(GAV B) [t < 7]* [r:=GA]® [r:GA*® [r:=B]* [r:B*
GE - -F
r:GAV B r:l r:l
vElO
r:L LB
r:GA [r<s]®
GE
[s: —A)® s: A
s uf1

0
Fig. 4.11. Derivation of the axiom (G4) (2/2).
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(Case 1)
b:B>C)t [b: B
O F
b:C D12 b:C
D F
[b:(BD>C)Dl] bl 5’
I b:(BD>C)>L
L
c LE H
b:B>C c:l J_EQ
b: C e
B}
b:B>C
(Case 2)
[b:GB' [b<c?
GE
[c: BD>1]? c: B
N D F
I7 ’ Il
~ b:GB DL
c:L 1B =
b:GB
c:L
1E?
c: B o
b:GB

Case 3 concerns formulas of the form ¢ : HA; it is analogous to the previous one
and we omit the reduction for it.

(2) Applications of RAAp can be reduced to applications on formulas of lower
grade, following an approach analogous to that of L F. It is easy to see that in this
case, we can also restrict to applications of RAAy in which the conclusion is not (.
We have to consider two possibilities: formulas of the form p; 1 p2 and formulas
of the form Vb. p. We consider only the second case, since the first one is analogous
to the case of implication for labeled formulas:

[p 20"
— VI

[Vb. p 3 0] Vb.p 30

I - II
) RAA 0 RAAL
vb. p p 0
VI
vb. p

(3) Finally, we consider applications of the rule mon. We have five cases depend-
ing on the form of the formula that is the major premise of the mon application:

(a) b: ADB
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(b) b:GA
(¢c) b: HA
(d) p1 D p2
(e) Vb.p
(Case a)
[c: A]Y b=c
—mon
b-ASB b=c b:ADB b:ADE
mon ~ b:B b=c
c:ADB mon
c: B %
c:ADB >
(Case b)
[c<d b=c
—_— mon
b:GA b=c b:GA b<d
—— mon ~ GE
c:GA d: A .
——GI
c:GA
(Case €)
vb. p
E
Vb.p c=d p VE 4
o el
Vb. pld pld/c
Jli/d §
Vb. pld/c]

The case (c) is analogous to (b), while the transformation for the case (d) is as in
(a) where 1 plays the role of D.

(i) We show that every application of mon on a lwff of the form b : L can be
replaced by an application of L F that does not discharge any assumption:

I g I
b:L b=c ~ b:L

-  mon 1F
c:L c:L

a

The system obtained from N’(K1) by restricting the rules L F, RAAy, and
mon according to this lemma is equivalent to N’ (K1). From now on, we will thus
consider only this restricted system and keep calling it N (K1).

The natural deduction systems given in [159] for families of modal and relevance
logics are based on a strict separation between the labeled and the relational sub-
systems (i.e. derivations of lwfls can depend on derivations of rwifs, but not vice
versa). This separation is possible thanks to the restriction to relational theories
that are Horn theories. Our system N’(K1) does not allow for such a separation,
since the rules for universal falsum let relational derivations depend also on labeled
ones. Thus, more complex derivations are possible, which implies that with respect
to [159] we need to consider more forms of detours and hence more forms of
reductions. We adapt to our case the definitions given in Section
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I 11
bRe b=d 11
mon
dRc c=u 113
mon
dRu d=v
mon
vRu
I 15
bRc b=d 13
mon
dRc d=v p
mon
vRe c=u
mon
vRu

Fig. 4.12. Rule permutation for the ordering of mon applications.

Definition 4.31. We say that a formula ¢ is ¢ maximum formula in a derivation
when it is both the conclusion of an introduction rule and the major premise of an
elimination rule.

We define the notion of label position for labels occurring in a formula ¢ to
which the rule mon is applied. By the restrictions of Lemma[[.30, ¢ can have the
form (i)b : p, (i1)b < ¢, or (iii) b = c¢. We say that b has label position 1 in (i),
(i1) and (ii1), and ¢ has label position 2 in (ii) and (ii7).

A derivation is in pre-normal form (is a pre-normal derivation) if it has no
mazimum formulas and in every sequence of mon applications, all the applications
which concern variables with the same label position occur consecutively.

The notion of pre-normal derivation embodies the elimination of standard detours
(given by a couple of introduction/elimination rule applications on the same con-
nective or operator) and an ordering of mon applications that aims at eliminating
mon detours, i.e. two or more applications of mon which concern variables with
the same label position. Note that, since mon is only applied to atomic formulas
of the form described above, once we have eliminated maximum formulas, the case
of a sequence of mon applications is the only case in which we can have this kind
of detour.

Lemma 4.32. Fvery derivation in N'(KI) reduces to a derivation in pre-normal
form.

Proof. We follow the procedure based on proper reductions used in [159] and we
only treat the cases DI/DFE, GI/GE and VI/VE. The transformations for the
detours 31/ F and HI/HE can be easily inferred from these. Any formula ¢ in a
derivation is the root of a tree of rule applications leading back to assumptions. We
call side formulas of ¢ the formulas in this tree other than ¢. In order to eliminate
maximum formulas from a derivation, it suffices to apply the transformations listed
below, picking in the set of maximum formulas the formula with the highest grade
that has only maximum formulas of lower grade as side formulas, and iterating
this process until there are no more maximum formulas in the proof. The process
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ends because at every step no new maximum formula as large as (or larger than)
the eliminated one is introduced.

[b: A
1,
I b: A
(i) . 11 s '
b: B S 2 1,
b:ADB b: A
D F b:B
b: B
b <]
I b<d
(W) ¢: A ~ 11]d/c]
—GIJI
b:GA b<d d: A
GE
d: A
7
P II|c/b
(m) b VI ~ [/]
P g ple/b]
ple/b]

Finally, in Fig. we show how to permute applications of rules in order to get a
derivation where, given a sequence of mon applications, the ones on the same label
position occur one immediately below the other. We denote with R a relational
symbol that can stay both for < and for =. In the derivation on the left, the first
and the third application of mon refer to the same label position and thus are
moved one immediately below the other. The derivations obtained in this way will
then be further simplified during the normalization process.

O

Definition 4.33. We call falsum-rules the rules 1 E, RAAy, ufl, and uf2. We
say that a formula ¢ is a redundant formula in a derivation when: (i) ¢ is both
the conclusion and the premise of a falsum-rule; or (ii) ¢ is both the conclusion
and the major premise of a mon carrying out two substitutions in the same label
position.

A derivation is in normal form (is a normal derivation) iff it is in pre-normal
form and does not contain any redundant formula.

Theorem 4.34. Fvery deriwation in N'(KI) reduces to a derivation in normal
form.

Proof. First, we observe that by Lemma we can obtain a derivation in pre-
normal form. Now let us show how to remove redundant formulas. We know from
Lemma EE30 that every application of a falsum-rule has an atomic formula as a
conclusion. Thus it is sufficient to consider the following transformations:
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A
A
I
) I
(i) b:L ~
1F b:L
c:L 1F
1F d: A
d: A

where A is | or an atomic formula. Note that if the formula d : A D1 is contained
in I" and discharged by the second application of LE in the derivation on the left,
then the same can be done in the derivation on the right.

I
I
(i%) b:l 1F > b:L
c:L uf1 0 uf1
0
I
b:L i
. 1 >
(u31) . uf bl B
uf2 c:L
c:L
I
0 I
. 9 -
g =
0

For the rule mon, given the ordering of mon applications obtained by permutations
defined in Lemma L3 the only case we have to treat is when two applications
of mon working on the same label position of a formula occur consecutively. Then
we simply exploit the transitivity of = (obtained by using mon). Note that, by
Lemma EE30 in the following reduction ¢ is an atomic formula.

11, P 11> I3
p b=c e II, b=c c=d
- mon ~ — mon
e e=d o b=d
mon mon
old/b] eld/b]

O

Normal derivations in N (K1) have a well-defined structure that has a number
of desirable properties. In particular, there is an ordering on the application of the
rules, which we can exploit to prove a subformula property for our system. To that
end, we adapt the standard definitions of subformula and track as follows:
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Definition 4.35. B is a subformula of A iff (i) A is B; (i) A is Ay D Az and
B is a subformula of Ay or Ag; (ii) A is GAy and B is a subformula of Ay; or
(iv) A is HAy and B is a subformula of A1. We say that ¢ : B is a subformula of
b: A iff B is a subformula of A.

p2 is a subformula of p1 iff (i) p1 s p2; (ii) p1 is p} 3 pY and pa is a subformula
of py or pi; or (iit) p1 is ¥b. p and p2 is a subformula of p.

Given a derivation II in N'(KI), a track in II is a sequence of formulas
©1y ..., pn such that:

(1) ¢1 is an assumption of IT, an axiom, or the conclusion of a universal falsum
rule (ufl or uf2);

(i1) i stands immediately above ;11 and is the magjor (or the only) premise
of a rule for 1 <i <mn;

(i) @y is the conclusion of II, the premise of a universal falsum rule, or the
minor premise of a rule.

We call a track o1,...,¢, a labeled track when each @; is an lwff and a
relational track when each ¢; is an rwff.

In other words, a track can only pass through the major premises of rules
and it ends at the first minor premise of a rule, or at an application of universal
falsum, or at the conclusion of II. The following lemmas formalize properties of
the structure of the tracks and specify the way in which the tracks are linked one
to each other.

Lemma 4.36. Let II be a normal derivation, and let t be a track ¢1,...,¢n in
II. Then t consists of three (possibly empty) parts: (1) an elimination part, (2) a
central part, and (3) an introduction part (see Figure[{.13) where:

(i) each @; in the elimination part is the major premise of an elimination rule
and contains p;11 as a subformula;

(i1) each @; in the introduction part except the last one is the premise of an
introduction rule and is a subformula of vj41;

(iii) each @y, in the central part is atomic and is the premise of a falsum-rule
or the major premise of a mon;

(iv) the central part contains at most one application of falsum-rules;

(v) tracks originating from an application of ufl or uf2 have an empty elimi-
nation part;

(vi) tracks ending in an application of ufl or uf2 have an empty introduction
part.

Proof. (i) and (ii) follow from the absence of maximum formulas in a normal
derivation: in a track ¢, no introduction rule application can precede an application
of an elimination rule. In other words, a track in a normal derivation is such that the
elimination part (when not empty) starts with a non-atomic formula and consists of
some applications of elimination-rules; if the elimination part ends with an atomic
formula, then the central part (when not empty) consists of some applications
of rules whose conclusion is still an atomic formula; the introduction part (when
not empty) starts with an atomic formula and consists of some applications of
introduction rules (see Fig ELT3).
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Elimination L L
Part: SE, GE, HE LB, VE
Central
pii-” RAAL, uf1, mon <~ RAAy, uf2, mon
Introduction ~— D21, GI, HI __— I, VI
Part:

Fig. 4.13. The structure of a labeled track (left) and that of a relational track (right).

; t,
b [—T <Y b tr b
GE,HE t

mon -1 uf2 xé)l uf 1
t t,
CASE 1 CASE 2 CASE 3 CASE 4

Fig. 4.14. Possible connections between labeled tracks ¢; and relational tracks t,.

(iii) comes from the fact that in a normal derivation a falsum-rule and the
mon-rule can be applied only to atomic formulas.

(iv) follows directly from the absence of redundant formulas in a normal deriva-
tion (see Theorem E37]).

For (v) and (vi), observe that tracks originating from an application of uf1 or
uf2 start with an atomic formula and thus cannot have an elimination part, while
tracks ending in an application of uf1 or uf2 end with an atomic formula and thus
their introduction part must be empty.

O

Lemma 4.37. Let t; be a labeled track and t, a relational track in a derivation
II. Then t; and t, can be connected in one of the following ways (shown in Fig-
ure [ I4):

(i) the last formula in t, is the minor premise of a GE or of a HE whose magjor
premise is a formula in the elimination part of t;;

(i) the last formula in t, is the minor premise of a mon whose major premise
is a formula in the central part of t;;

(i) t, ends with an application of uf2 and the conclusion of that application
is the first formula in t;;

(iv) t; ends with an application of ufl and the conclusion of that application
is the first formula in t,.
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Proof. The statement follows trivially by observing that GE, HE, mon, uf1, and
uf2 are the only rules that mix labeled and relational formulas and that, by
Lemma EE30], such rules can be applied only in a specific part of a track.

O

The subformula property

To prove a subformula property for N’( K1), we adapt further standard definitions:

Definition 4.38. Given a deriwation II in N'(KI), the main thread is the se-
quence t1, ..., t, of tracks such that: (1) the first formula in t1 is an assumption
or an axiom; (2) t; and t;11 are connected by means of an application of uf1 or
uf2, for 1 <i < (n—1); and (3) the last formula in t, is the conclusion of II.

Let IT be a derivation of p from (I, A) in N'(K1), Sy, be the set of subformulas
of the formulas in I" (or in I'U {p} if ¢ is a labeled formula), and Sg be the set
of subformulas of the formulas in AU Ax (or in AU Az U{p} if ¢ is a relational
formula), where Ax is the set of axioms used in II. We say that II enjoys the
subformula property iff

1. for all lwffs c : B used in the derivation II:
(i) B € S; or
(i) B is an assumption D DL discharged by an application of L E where
DeSyp;or
(ii) B is an occurrence of L obtained by D E from an assumption D DL
discharged by an application of L E, where D € Si; or
(iv) B is an occurrence of L obtained by an application of LE that does not
discharge any assumption; or

v) B is an occurrence of L obtained by an application of uf2;
2. for all rwffs p used in the derivation II:

(i) p € Sg; or

(i) p is an assumption py L discharged by an application of RAAy where
p1 € Sg; or

(iii) p is an occurrence of () obtained by I E from an assumption p' 3 0
discharged by an application of RAAy, where p' € Sg; or

(iv) p is an occurrence of ) obtained by an application of uf1; or

(v) p is obtained by an application of mon.

Lemma 4.39. Every normal derivation in N (K1) satisfies the subformula prop-
erty.

Proof. This follows immediately from the standard proof [125], which is based on
the introduction of an ordering of the tracks in a normal derivation depending on
their distance from a main thread. In our case, a main thread contains not only
labeled formulas and we have to consider more cases than in the standard proof,
given that the central part of a track can have a more complex structure (as it can
also contain applications of uf1, uf2, and mon).

O
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This lemma shows that although normal derivations in N’(K1) have a more
complex structure than normal derivations in natural deduction systems for clas-
sical logic [125] and natural deduction systems for families of modal and relevance
logics [159], they have still a well-defined structure and satisfy a subformula prop-
erty. It is important to remark that the special cases added to the definition of
subformula property (i.e. formulas can be derived by applications of uf1, uf2, or
mon) do not compromise automatic proof search completely, given that such cases
can occur only in a limited section of a normal derivation (i.e. the central part of
a track).

We also note that the presence of axioms (and in particular the fact that they
are expressed in a full first-order language) makes our proof of normalization more
complex and our results weaker. Thus, it is not possible to use it as a means to
show the consistency of the system or the validity of an interpolation theorem,
as can be done for systems in [159], where relational properties are expressed by
Horn rules and we have only atomic axioms.

4.3.3 Systems for axiomatic extensions of Kl

The basic linear tense logic Kl leaves unanswered many fundamental natural ques-
tions about the structure of time. However, the labeling framework allows us to
express several further relational properties in a straightforward and clean way,
i.e. by only adding the corresponding relational axioms to the relational sub-
system. In particular, we will now show how to extend N’(KI) to capture the
extensions of Kl described in Section 232 i.e., Kl with:

- unbounded time;
- a first/final point;
- dense time;

- discrete time.

To help the reader, we recall in Figure EETH the axioms corresponding to such
extensions.

Kl with unbounded time

In the case of an unbounded flow of time, we can add two relational axioms cor-
responding to the axioms for left and right seriality given in Figure EE1%

lser — Tr8€er.

Vbdc.c < b Vbde.b< ¢

As an example, we show how to derive the axiom for (right-seriality), where IT
is some proof of s : T based on a proof of T or A V—A in classical logic (see,
e.g., [125,152)):

11
— T'Ser
Vb3e.b < ¢ s: T [t<s]!
T VE

de.t <ec t:FT

FI

JE!
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(having a first point) H L vV PH L (left-density) PA D PPA
(having a final point) G L V FG L  (right-density) FADFFA
(left-seriality) PT (left-discreteness) (PT AN AN GA) D (PGA)
(right-seriality) FT (right-discreteness) (FT A AAHA) D (FHA)

Fig. 4.15. Some axioms for extensions of KI.

Kl with a first/final point

To express the existence of a first or of a final point, we can add the following
axiomd™] to the relational sub-systems:

first

final .

Ib.Ve. ~ (¢ < b) Ib.Ve. ~ (b<c)

The two axioms do not affect each other; thus we can decide to add both or just one
of them to the system, according to the logic we want to represent. A derivation
of the axiom for first point is given in Figure EETAl

Kl with dense time

Having a dense flow of time corresponds to require that between any two points
we can find a third point:

Vbeb<caddb<dnd<c dens

Figure ELT1 shows the proof of the axiom for (right-density); the proof for (left-
density) can be obtained in a symmetrical way by using the same axiom (dens).

Kl with discrete time

Finally, we can express discreteness by means of the following axiomatic rules:

Vheb<cOd3d.d<cdl ~Fu.(d<ulu<c) Idiscr

Vbeb<ca3db<dn ~3u(b<unu<d) "

In Figure T8 we show how to derive the axiom for right-discreteness.

Soundness and completeness

Theorem 4.40. The extensions of N'(KI) presented above are sound and com-
plete with respect to the semantics of the corresponding logics.

3 The existence of a first (or a final) point is often expressed by adding a constant to
the language. For example, we could introduce a constant O for the first point and an
axiom stating that Ve. ~ (¢ < 0). We prefer not to modify the language and keep the
treatment of this property closer to that of other ones.



Vbe.b<cUb=clUc<bd conn - |ve. N(C<S)]2 i 1 11,
E : :
Ve.t<cUt=cUt<b v ~(t<s) [t <s]® t=sus<t]® 0 0
t<sUt=sUs<t
first S sUs 0 g
Fb.Ve. ~ (¢ < b) 0
0 3IE?
uf2
t:L LB
t:H_LVPH L
where I1; is:
Ve. ~ (¢ < s
[t:PT AHPT]! ~(q<s) [q < s°
AV ) -
~ (t:PT) [t =s]* 0
mon uf2
(s:PT) s:L
1 PE®
s: uf1
0
and I1s is:
Ve ~ (c < s)?
[t:PT AHPT]! ~(r < 3) r < S]6
———— AFE 4 ~
t:HPT [s <] ¢
HE uf2
s:PT sl
PE®
s
uf1

Fig. 4.16. Derivation of the modal axiom for first point.
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dens
Vbeb<cd3d.(b<dnd<ec)
Ve.(t<ce3d.(t<dnd < c))
VE
t<s3d.(t<dnNd<s) [t < s)? I
Ik
Ad. (t<dnd< s) 0
p 3E*
uf2
t:l e
[t:FA)! t:FFA
FE?
t:FFA I
o - D
t:FADFFA
where [T is:
t<rnr<s)
———— Ik
[s: A]? r<s t<rnr<s)
FI —nE
r:FA t<r
3 FI
[t : “FFA] t:FFA
tol P
— ufl
)

Fig. 4.17. Derivation of the modal axiom for right-density.

Proof. Soundness of the extended systems is straightforward. We have just to
extend the proof of Theorem EETA by considering the axiomatic rules extending the
relational sub-system. But they are trivially sound since they mirror the properties
that the models of the extended logic are required to satisfy.

To show completeness, it suffices to extend the canonical model construction
presented for N’ (K1) to consider also the new relational axioms. Alternatively, we
can simply prove completeness by proving the corresponding Hilbert-style axioms.
We have already proved the axioms for right-seriality, having a first point, right-
density and right-discreteness. Derivations of the other axioms (final point, left-
seriality, left-density, left-discreteness) are symmetrical and we thus omit them.

O

4.3.4 Towards LTL

We have seen that natural deduction systems for several extensions of Kl can be
given by extending the “base system” N’(K1). This is not the case for all the
possible extensions, however, as some properties, e.g. continuity or finite intervals,
are second-order properties [156] and thus require an appropriate higher-order
relational language. We now briefly discuss whether (and how) it is possible to
extend N’(K1) to capture a richer logic like (fragments of) LTL.



I

0
uf2
r: L 5
1F
rdiscr riA s [t<sM(Vu. ~(t<u)U ~(u<s))]?
Vb.c. b<c(3d. b<dn( ~Iu. b<uMu<d)) hA HI P ne
VE ER <s FI
Ve. t<ca(3d. t<dn(Vu. ~(t<u)U ~(u<d))) vE [t:—~FHA]? t:FHA
t<qT(3d. t<dN(Vu. ~(t<u)U ~(u<d))) [t<u]® L ~E
JF ufl
[t:FTAAAHA]Y 3d. t<dn(Vu. ~(t<u)U ~(u<ld))
——————— AE Elop
t:FT 0
FES
0 .
uf2
t: L
R J_E2
t:FHA
11
t:(FTAAAHA)DFHA
where I7 is:
[t:FTAAAHA]L
—  ANE
t:HA r<t]”
_  conn 6 HE
Vb.c. b<clb=cllc<b [r:=A] r:A
VE -F
Ve.r<cUlr=cle<r [ 7,
— VE uf1
r<tUr=tUt<r 0 0
uE"”
0
and I1; is:
[t:FTAAAHA]L
—  AE 8 4
t:A [r =t [t<sM(Vu. ~(t<u)U ~(u<s))]
mon ne 9 8 9 5
[r:—A]® rA Vu. ~(t<u)U ~(u<s) [~(t<r)] [t<r] [~(r<s)] [r<s]
—E VE ~ FE
il ~(t<r)U~(r<s) 0 0
ufl UE®
[r=tut<r]” 0 [

UES®

0

Fig. 4.18. Derivation of the modal axiom for right-discreteness.
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MTL: a subset of LTL _

For brevity, we restrict our attention to future temporal operators only (but the
extension to the past is straightforward) and begin by considering the system
N'(KI) extended with the axioms rdiscr and rser so that the flow of time is
discrete and unbounded towards the future (in this case, the presence of rser
allows us to simplify rdiscr to ¥b.3d.b < dN ~ Ju. (b < uMu < d)). We can
express in our syntax the relation nezt in terms of the relation < (see, e.g., [76]),
i.e. we can introduce, as in Section EEZ3 a relational symbol <1 (with the meaning
of immediately precedes) as an abbreviation:

s<At=s<tNVh ~(s<blU ~(b<t).

This allows us to enrich the language with an operator X, as in the system for
LTL_ of Section 24 whose semantics can be given without having to introduce
a specific relation for it in the definition of a model. We just need to require that
models for this logic are linear temporal structures where < is also discrete and
serial on the right, and extend the definition of truth with:

MAE,,b: XA iff M AE,b<c and MM, c: A.

Rules for introduction and elimination of X can now be given in a clean way, with
the usual freshness proviso for X1

[b<d]
ci A b:XA b<c
b XA XTI (c fresh) A XE.

The logic that we capture in this extended system, which we call N'(Kps71), is not
LTL_ yet. We are able to express the existence of an immediate successor, but we
miss a way to say that between any two points (related by <) there can be only a
finite sequence of points related one to each other by the relation next. We would
need to express the finite interval property, but this is a second-order property, as
observed above.

In [103], a subset of LTL_ called Small Temporal Logic, or STL for short, is
introduced and given a natural deduction system. The reasons behind the defini-
tion of STL are the difficulties arising from dealing with the induction principle
(relating < and <) that is needed in order to represent LTL_. While the semantics
of LTL_ can be given by considering Kripke structures defined over a relation of
successor (denoted by N) and by defining < as the least transitive closure of N,
in the semantics of STL the relation < is just required to contain N. It follows
that a rule for induction is not needed in a system for STL.

It is easy to verify that N (Kprp) is complete with respect to the semantics
of STL. Moreover, it can be proven to correspond to a logic “larger” than STL

' The fact that every time point has one (and only one) immediate successor follows
from right-discreteness, right-seriality, and connectedness, and it allows one to express
rules for X both in a universal and in an existential formulation. We give here the
universal one.
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for which the condition of linearity (or connectedness) on the relation < holds: we
call this logic Medium Temporal Logic M Wik

LTL_

In Section EZ4l we defined a labeled natural deduction system for LTL_, with an
induction rule (borrowed from [103]) like the following (where b’ and b” are fresh)

b < VI 2 b][p’ - A]

b:A b<e VA
c: A

mnd

which does not operate at a purely relational level. Some remarks are worth about a
solution like this. First of all, the rule ind adds some more points of contact between
the labeled and the relational sub-systems and leads to a failure of normalization.
Moreover, one can show that the axiom of connectedness is not needed anymore
since it is in a way “contained” in the induction principle. In fact, the axiom (3)

-G(GAD B)DG(GB D A)

of weak connectedness must obviously hold in LTL (and thus LTL_), for it can be
subsumed by the induction axiom (see, e.g., [75]). Thus, in the case we want to
use a rule like ind to capture LTL_, it seems more reasonable to follow a different
approach that avoids both the extension of the relational language to a first-order
language and the introduction of the universal falsum. In other words, we can have
a system for LTL_ which uses only Horn rules in the relational theory (from which
it follows that we have only atomic rwifs and no relational falsum) but extends
the labeled sub-systems with a rule for induction that mixes labeled and relational
premises.

4.3.5 Discussion and related works

In this section, we have given labeled natural deduction systems for a family of
tense logics and we have proved not only soundness and completeness, but also
a number of useful proof-theoretical properties. We have also discussed possible
extensions leading up to LTL.

An analysis of related works has been already done in Section EEZ6l Here we
just remark that, as discussed in Section EE3.4 the approach followed in this section
and based on the use of a (first-order) relational sub-system allows us to express
all the first-order relational properties of structures in a clean and modular way.

5 An axiomatization of MTL can be obtained, as shown in [76], by adding the following
axioms to those given for future-time Ki:

(Kx) X(A D B) D (XA DXB)
(FUNG) (X=A D =XA) A (=XA D X=A4)
(RECG) (GA D X(AAGA))AX(AANGA) D GA)
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When we consider the case of (fragments of) LTL, however, we need to express the
induction principle, which is a second-order property, and thus it is not possible
(at least in our formulation) to do it at a purely relational level. Thus, in such a
case, the complexity introduced by using a relational sub-system like the ones of
this section seems not to be justified. This is the reason why, in Chapter B, when
moving to consider branching-time logics, we will prefer not to use an explicit
relational sub-system. In particular, in Section B3l in order to define a natural
deduction system for a temporal logic that is based on a branching extension of
the linear LTL , we will use as a base system the one for LTL_ presented in
Section EZ4] and extend it with rules capturing the branching nature of the logic.

4.4 A proposal for the treatment of until

In Sections L3 and L2 we presented natural deduction systems for a large number
of linear temporal logics. However, all of them did not consider the operator until.
The reason for such a choice is that until is a notoriously difficult temporal operator
to deal with from a proof-theoretical point of view. Thus, at first stage, we have
preferred to focus on the definition of well-behaved deduction systems for the
until-free fragments of the logics considered. In this section, we propose a solution
for the treatment of until in the context of labeled natural deduction. A slightly
different version of the material of this section has been presented in [110].

4.4.1 Introduction

The operator until has an “ambivalent” nature, for it can be seen both as an
existential and a universal operator at the same time: AUB holds at the current
time instant w iff either B holds at w or there exists a time instant w’ in the future
at which B holds and such that A holds in all the time instants between the current
one and w’. The words in emphasis highlight the dual existential and universal
nature of U, which poses a significant challenge when attempting to give deduction
rules for until, so that deduction systems for temporal logics either deliberately
exclude until from the set of operators considered or devise clever ways to formalize
reasoning about until. And even if one manages to give rules, these often come at
the price of additional difficulties for, or even the impossibility of, proving useful
metatheoretic properties, such as normalization or the subformula property. (This
is even more so in the case of Hilbert-style axiomatizations, which provide axioms
for until, but are not easily usable for proof construction.) See, for instance, [9,
21,58,81,83,146], where techniques for formalizing suitable inference rules include
introducing additional information (such as the use of a Skolem function f(AUB)
to name the time instant where B begins to hold), or exploiting the standard
recursive unfolding of until (corresponding to the axiom (A7) of Section EZ3A)

AUB = BV (A AX(AUB)) (4.1)

which says that AUB iff either B holds or A holds and in the successor time instant
(as expressed by the next operator X) we have again AUB.
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The problem

Let us illustrate more precisely the problem in the context of labeled natural
deduction. For concreteness, we can consider the system N(LTL_), defined in
Section BE2ZA] for LTL_. A straightforward way to have a complete system for full
LTL is to extend N(LTL_) with the following three axioms:

1. b: AUB D -G-B;
2. b: AUB D (=B D (A AX(AUB)));
3. b:(-BD>(AAX(AUB))) D AUB.

It is however evident that this solution is not proof-theoretically acceptable, as it
would make the system of no use in terms of normalization properties.

Unfortunately, finding a proof-theoretically satisfactory solution for the treat-
ment of until is an extremely challenging task. To illustrate this, let us consider a
simplified version U* of until with the following semantics:

M, b: AUXB iff there are by, by such that
M A, b<b and
M,/\ ):LTL b1 < by and
M, N E,,, ba: B and
for allb', if MyA =, b<b and M, A=, b <b
then M,A =, b A

The standard until formula AUB is then simply equivalent to the formula =B D
AU*B.

In the spirit of labeled natural deduction, we could use this semantics to define
the following “good” rules for the introduction and elimination of UX:

[b<V] [ < b

b<b, by <by by:B VA
b: AUXB

UXI
[b < b1] [b1 <1b] [ba  B) AV (b <V &b <bi) = b : A)]

b: AUXB e
v . C

UXE

where V' is fresh in UXI and by,by are fresh in UXE, and where we employ the
symbols =, & and A to denote the usual semantical operators for implication,
conjunction and universal quantification, respectively.

The rule UXT is fully standard with respect to our labeled framework, whereas
UXE falls outside of it. In fact, in order to eliminate the until, we have formalized
the semantical condition

for allV', if MyXNE,,, b<b and M, X\ =, V' <by then M)A, b A,

using the conditional assumption
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N\ (<Y &Y <by) =1 A).

Unfortunately, this conditional assumption is not expressible, neither directly nor
indirectly, in our labeled framework. More generally, we cannot express conditional
hypotheses where the conditions are a conjunction of relational formulas (namely,
assumptions of the kind b; < bo& ... &bg—1 < by = b: A), nor can we express
the universal quantification in the hypothesis. We leave for future work the in-
vestigation of extensions of our approach in order to deal with such new kinds of
hypotheses.

Our proposal

In the solution proposed in this section, we try to make explicit the duality of
until by introducing a new temporal operator V that allows us to formalize the
“history” of until, i.e., the fact that when we have AUB the formula A holds in all
the time instants between the current one and the one where B holds. We express
this “historic” universal quantification by means of a new temporal operator V
with respect to the following intuitive translation:

AUB = B VF(XB A VA) (4.2)

That is: AUB iff either B holds or there exists a time instant w’ in the future (as
expressed by the sometime in the future operator F) such that

e B holds in the successor time instant, and
e A holds in all the time instants between the current one and w’ (included).

The latter conjunct is precisely what the history operator V expresse@. This is
better seen when introducing labeling: since V actually quantifies over the time
instants in an interval (delimited by the current instant and the one where the B
of the until holds), we adopt a labeling discipline that is slightly different from the
more customary one of labeled deduction seen in Sections and

In fact, considering labels that consist of a single time instant is not enough
for V, as the operator is explicitly designed to speak about an interval. We thus
consider labels that are possibly built out of a pair of time instants, so that we can
write bi1bs : VA to express, intuitively, that A holds in the interval between the
time instants b; and bs. This allows us to give the natural deduction elimination
rule

b1b3 : VA bl g bQ bQ g bg
bg tA

that says that if VA holds in the interval delimited by b; and bs and if by is in-
between b; and bs, as expressed by the relational formulas with the accessibility
relation <, then we can conclude that A holds at bs.

Dually, we can introduce V A at the pair (b1, b3) whenever from the assumptions
b1 < bs and by < b3 for a fresh by we can infer by : A:

VE

16 This is in contrast to the unfolding (ET). The decoupling of U that we achieve with
V is precisely what allows us to give well-behaved (in a sense made clearer below)
natural deduction rules.
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[b1 < b2] [b2 < b3]

by: A -
b1b3 : VA

The adoption of pairs of time instant for labels has thus allowed us to give
rules for V that are well-behaved in the spirit of natural deduction [125]: there
is precisely one introduction and one elimination rule for V, as well as for the
other connectives and temporal operators (D, G, and X). This paves the way to a
proof-theoretical analysis of the resulting natural deduction systems, e.g., to show
proof normalization and other useful meta-theoretical analysis.

Moreover, the rules VI and VFE provide a clean-cut way of reasoning about
until, according to the translation {2, provided that we also give rules for F and
X. These operators have a local nature, in the sense that they speak not about
intervals (pairs of time instants) but about single time instants. Still, we can easily
give natural deduction rules for them by generalizing the more standard “single-
time instant” rules of Sections and using our labeling with (possibly) pairs
of time instants. As we will discuss in more detail below, if we collapse the pairs
of time instants to consider only the final time instant in the pair, then these rules
reduce to the standard ones. For instance, for the always in the future operator G
(the dual of F) and X, with the corresponding successor relation <1, we can give
the elimination rules

b1 : GA b1 < by GE b1 : XA b1 by
b1b2 T A and blbg tA

XE

The corresponding introduction rules are given in Section EEZ4] together with a
revised version of the usual rules for 1 and the connective D, as well as a rule
for induction on the underlying linear ordering and rules expressing the properties
of the relations < and <. Moreover, the fact that we consider labels that are not
necessarily single time instants requires us to consider some structural rules to
express properties of such labels (with respect to formulas).

This approach thus provides the basis for formalizing deduction systems for
temporal logics endowed with the until operator. For concreteness, we give here
a labeled natural deduction system for a linear-time logic endowed with the new
history operator V and show that, via a proper translation, such a system is
also sound and complete with respect to the linear temporal logic LTL with until
(Section ZZ3). (We do not consider past explicitly here, but adding operators and
rules for it should be unproblematic, e.g., as in Section E3})

The structure of this section is the following:

- in Section EZ2 we define LT Ly, the logic that is obtained from LTL by replacing
U with the operator history V;

- in Section EEZ3 we provide a translation (-)* from the language of LTL into the
language of LTLy and an inverse translation (-)® from LTLy into LTL. Since
both the translations can be shown to preserve the validity of formulas, we

will finally prove that the two logics are equally expressive;
- in Section EEZ4l we give a labeled natural deduction system N (LTLy ) for LTLy;



114 4 Labeled Natural Deduction for Linear Temporal Logics

- in Section EEZH, we show that N (LTLy) is sound with respect to the semantics
of LTLy and that, via the translation (-)®, it can be also used to capture
reasoning in LTL, with respect to which it is sound too;

- in Section EEZH, we prove that N (LTLy) is complete, via the translation (-)*,
with respect to LTL; by using a double translation ((-)*)*, we also prove a
form of completeness with respect to LTLy;

- in Section EZ7 we summarize and compare with related work.

4.4.2 LTLvy: LTL with history

Syntax and semantics of LTL, together with a Hilbert-style axiomatization of the
logic, have been described in Section Z34l Here we introduce the linear temporal
logic LTLy, which is obtained from LTL by replacing the operator U with a new
unary temporal operator V, called history. The definition of the semantics of LT Ly
requires a notion of truth given with respect to points that are possibly pairs of
time instants rather than just time instants.

Syntax and semantics

Definition 4.41. Given a set P of propositional symbols, the set of (well-formed)
LTLv-formulas is defined by the grammar

Au=p|L|ADA|GA|XA|VA

where p € P. The set of LTLy-atomic formulas is P U {L}. The complexity of
an LTLy-formula is the number of occurrences of the connective O and of the
temporal operators X, G, and V.

The intuitive meaning of the operators G and X is the same as for LTL, while
V A intuitively states that A holds at any instant of a particular time interval (but
here we see that we need more than just time instants to formalize the semantics
of the history operator, as we anticipated in Section EEZT]). Again, we can define
other connectives and operators as abbreviations, e.g., =, V, A, F and so on.

As usual, in order to define a labeled deduction system for the logic LT Ly, we
extend the language with a set of labels and introduce the new notions of labeled
formula and relational formula.

Definition 4.42. Let L be a denumerable set of labels. We say that a prefix is a
single label b or a pair of labels be, where b,c € L. If A is an LT Ly -formula and o
is a prefiz, then a : A is a labeled (well-formed) LTLy-formula (lwff for short).
The set of relational (well-formed) LTLy-formulas (rwifs for short) is the set of
expressions of the form b < ¢ or b < ¢, where b,c € L.

In the rest of this section, we will assume given a fixed denumerable set L of
labels and we will use b, ¢, d, . .. to denote labels and «, 3,7, . .. to denote prefixes.
We will sometimes use parentheses and write, e.g., (b)c to denote a prefix where
b is not necessarily present. Furthermore, we will write A to denote a set of LTL-
formulas and I' to denote a set of LTLvy-formulas. For simplicity, we will often
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omit the term LTLy when referring to labeled or relational formulas. So a labeled
formula, in the context of this section, is always a labeled LTLy-formula and a
relational formula is a relational LTLy-formula. ¢ will denote a generic formula
(either labeled or relational) and I" a set of generic formulas.

Truth for an LTLy-formula is defined by using the same models of LTL (see
Section ZZA), i.e. structures that are isomorphic to the set of natural numbers,
but with respect to points that are not necessarily single natural numbers. As
anticipated in EEZTl we will sometimes need to store elements of the model in
order to give a proper interpretation of a formula.

Definition 4.43. A time instant is a natural number n. A time instant with a
store is a pair of natural numbers (m,n). An observation point is a time instant
or a time instant with a store.

We will denote observation points by using square brackets and a comma to
separate the possible two values; so we will write, e.g., [n] to indicate a time instant
and [m,n] to indicate a time instant with a store. The intuitive interpretation
of a time instant with a store [m,n| is that the last element (n) represents the
instant where the formula has to be actually evaluated, while the first element (m)
represents an instant that we need to store (in order to give an interpretation to
formulas with V). We will use parentheses, like in [(m, )n], to denote an observation
point that may possibly contain a store.

Definition 4.44. Truth for an LTLv-formula at an observation point o in an
LTL-model M = (N, V) is the smallest relation = satisfying :

M, [(m,)n] =g p iff peV(n)
Mol ADB iff M,o =y A implies M,o =, B
M, [(m,)n] =g GA iff M,[n,i] =g A foralli>n
M, [(m,)n] =g XA iff M,n,n+1] g A
M,m,n] Ee VA iff M,li]Eg A forallm<i<n
M,[nl g VA iff M,[n]lEg A

By extension, we write:

MEGA iff M,[n]Eg A for everyn € N
MES T iff MEgAforalAeTl
', A iff MEg I implies M =g A, for every LTL-model M

Notice that the notion of validity in a model (M =, A) is given by considering
only those observation points consisting of a single instant. This emphasizes the
fact that the use of observation points consisting of a time instant plus a store can
be seen as just an auxiliary technical device, i.e. in order to evaluate a formula
at a given single time instant, we possibly need to consider the evaluation of
some of its subformulas at observation points that are endowed with a store. The
following example shows that the notion of validity given with respect to single
time instants and the notion of validity given with respect to all the observation
points are different.
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Ezample 4.45. Let us define a new notion of validity v as follows:
MEY A if Mo, A for every observation point o

M EY I'and I' =Y A can be defined consequently. Now let A = pV —p, A; =
V(pV —p) and A3 = VpV V(—-p). Then A; is semantically equivalent to A (and
thus valid) according to both the notion of validities, while Ao is semantically
equivalent to A (and thus valid) only according to the notion of validity ¢ . In
fact, we have =¥ Ag iff =Y p or Y —p and thus A, is not valid according to |=V.

Now we introduce the notion of interpretation of labels and prefixes and define,
in terms of it, the notion of truth for labeled and relational formulas.

Definition 4.46. Given an LTL-model M and a set L of labels, an interpretation
A: L — N is a function mapping each label to a natural number. Let Pref be the
set of prefizes defined on L and X' the set of observation points on M. We define
the extension of A\, denoted AT : Pref — X, as follows:

AF(n) = [Mn)];

AT (n1n2) = (M), A(n2)].

Given an LTL-model M, a set L of labels and an interpretation A on them, truth
for a generic formula ¢ in a pair (M, ) is the smallest relation = satisfying:

MAEgb<e i Ab) <)
MAESb<e iff Mce)=Ab)+1
MAEg a: A iff M A (o) g A

Note that M,c ¥, L and M, X\ E, a: L for every M, o and A.

Given a set I' of generic formulas and a generic formula ¢:

MANES T iff MANeg @ forallpel
'eEg e iff M, Mg I implies MyA =g ¢ for all M and A

4.4.3 The equivalence of LTL and LTLvy

We introduced a variant of LTL based on replacing the operator U with the oper-
ator V, whose interpretation has been described in Section EEZl Here we study
the relation between LTL and LTLv and prove that the two logics are indeed
equally expressive. Such a proof is given by defining a translation from LTL into
LTLy and an inverse one from LT Ly into LTL. Both the translations are proved
to preserve the validity of formulas.

A translation from LTL into LTLvy

We proceed as follows: first, we define a translation (-)* from LTL into LTLy.
Then, in Lemma EE48 we will show that if an LTLy-formula corresponds to the
translation of some LT L-formula, then it can be interpreted “locally”, i.e., its truth
value with respect to an observation point depends only on the last element and
not on the store. Finally, in Lemma EEh0 and Theorem EERTl we will use this result
to prove that the translation preserves the validity of formulas.
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Definition 4.47. We define the translation (-)* from the language of LTL into the
language of LTLy inductively as follows:

(p)* =p, for p atomic

(GAY =G (Ay

(L)* =1

(XA)r =X (4)

(AD B)* = (4)" > (B)

(AUB)* = (B)* v (F(X(B) AV(A)))

We extend (-)* to sets of formulas in the obvious way: A* = {(A)* | A€ A}.

In the following, when not confusing, we will sometimes omit parentheses and
write, e.g., A* instead of (A)*.

Lemma 4.48. Let M be an LTL-model, [(m,)n] an observation point and A an
LTL-formula. Then

M, [(m,)n] Eg A* & M, [(i,)n] =g A for every natural number i .

Proof. By induction on the complexity of A. The base case is when A =por A =1
and is trivial. There is one inductive step case for each connective and temporal
operator.

A = B D C. Then the translation of A is A* = B* D C*. By Definition L2 we
obtain M, [(m, )n] =, B* D C*iff M, [(m, )n] = B* implies M, [(m,)n] Eo
C*. By the induction hypothesis, we see that this holds iff M, [(i, )n] =, B*
implies M, [(4,)n] oy C* for every natural number ¢ and thus, by Definition
EZ4 iff for every natural number 4, M, [(i, )n] g B* D C*.

A =GB. Then A* = GB*. In this case, we do not even use the induction hy-
pothesis. Just observe that, by Definition FE44 the possible value of m is not
involved in the evaluation of the formula. Thus we have M, [(m,)n] =, GB*
it vi > n. M, [n,l] g B* iff M,[(i,)n] =¢ GB*, for every natural number 1.

A = XB. This case is very similar to the previous one and we omit it.

A= BUC. Then A* = C* V (F(XC* A VB*)). By Definition IEZ4, we have M,
[(m, )] g A° S (M, [(m. )] o C* ot M, [(m,)n] o FXC* A VB®)) iff
(M, [(m,)n] Eg C* or 3 > n. (M, [n,l] Eg XC* AVB*)) iff (M, [(m,)n] Eo
C* or 3l > n. (M, [n,l] g XC* and M, [n,l] E, VB*)) iff (M, [(m,)n] E¢
C*or dl >n (Ml +1] g C* and VI'.n < I’ <[ implies M, [lI'] E
B*)) iff (by the induction hypothesis) for every natural number i, we have
(M, [(t,)n] Eg C* or I > n. (M, [l,l + 1] g C* and VI'.n <1’ < implies
M, [lI'] =, BY)) iff (by Definition E4d) M, [(i,)n] = C* V (F(XC* A VB*))
for every natural number 3.

O

Corollary 4.49. Let M be an LTL-model, [(m,)n] an observation point, and A
an LTL-formula. Then M, [(m,)n] Eg A* iff M,[n] E, A*.

Proof. Immediate, by Lemma A3
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Lemma 4.50. Let M be an LTL-model, n a natural number and A an LTL-
formula. Then

Mk, A & Ml A7

Proof. By induction on the complexity of A. The base case is when A =por A =1
and is trivial. As inductive step, we have a case for each connective and temporal
operator.

A=B>C. Then A* = B* D C*. We have M,n =,,, B D C iff (by Definition
EZ10) M,n =,,, B implies M,n |=,,, C iff (by the induction hypothesis)
M, [n] g B* implies M, [n] o C* iff (by Definition BEA) M, [n] =, B* D
C*.

A = GB. Then A* = GB*. We have M,n =,,, GB iff (by Definition EZTTI) Vm >
n.M,m ,,, B iff (by the induction hypothesis) Vm > n. M, [m] ., B* iff
(by Lemma FEAR) Ym > n. M, [n,m] =, B* iff (by Definition EEZ) M, [n] o
GB*.

A = XB. This case is very similar to the previous one and we omit it.

A= BUC. Then A* = C*V (F(XC* A VB*)). We have M, n k=,,, A iff (by Defi-
nition EZTT) Im > n. M, m |=,,, C and Vn'.n < n' < m implies M,n' |=,,, B
it Myn £, Cor (Im > n.M,m =, C and ¥n'.n < n’ < m im-
plies M,n’ =, B) iff (by the induction hypothesis) M,[n] E, C* or
(Fm > n.M,[m] Eg C* and ¥n'.n < n’ < m implies M, [n] E, B*)
iff (by simple rewriting) M, [n] ¢, C* or (3 > n.M,[l +1] =, C* and
vn'.n <n’ <[implies M, [n'] Ey B*) iff (by Lemma EAR) M, [n] =, C* or
F>n. M, [l,i+1] Ey C* and Vn'.n < n/ <[ implies M, [n/] =, B*) iff (by
Definition EZA) M, [n] =, C* or (3 > n. M, [n,l] £y, XC* A VB*) iff (by
Definition EE44) M, [n] e C* V F(XC* A VB*).

O

Theorem 4.51. Let A be a set of LTL-formulas and A an LTL-formula. Then
A ':LTL A ~ A* ':V A* °

Proof. By Definition ZT1l A =,,, A iff VM. M [, A implies M |, A
it VYM.(VB € A Vn.M,n |=,,, B implies Vn.M,n =, A) iff (by Lemma
EDxd) VM. (VB € A.Vn. M, [n] g B* implies Vn. M, [n] o A*) iff (by Lemma
EI8) VM. (VB € A.Vo. M,o =, B* implies Vo. M, o =, A*) iff (by Definition
2 VM. (VB € A M =, B* implies M =, A*) iff VM. (M |, A* implies
My A*) iff A% = A*.

O

A translation from LTLvy into LTL

Defining a translation from LTLv into LTL is a much trickier task. Typically,
translations are defined recursively: we have a case for each possible main con-
nective of a formula and in all of these cases the translation is given in terms of
the translation of its subformulas. A similar recursive definition, when translating
LTLy into LTL, needs to take into account some subtleties.
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Clearly, the interesting case in the translation is that of formulas containing
the operator V. Furthermore, by observing the semantics of LT Ly (Section EEZ2),
one can conclude (we will prove it formally below) that:

e when V is in the scope of another V, it can be ignored, e.g., VVA = V 4;
e when V is not in the scope of any temporal operator, it does not alter the
evaluation of the formula, e.g., VA = A.

Thus the crucial case is when V is in the scope of a different temporal operator:
X or G (or F, if we consider it explicitly) [

We have seen that, in order to define the semantics of LTLy, we need to
consider pairs of instants, such that one instant (the second one) is where the
evaluation actually takes place and the other (the first one) is a kind of pointer to
some other instant in the flow of time. By reading Definition BEZ4] we deduce that
this pointer is in fact only needed to evaluate a restricted class of LTLy-formulas.

Namely, we can divide LT Ly-formulas into two classes:

1. the class of history-independent formulas, whose evaluation only depends on
the last element of an observation point;

2. the class of history-dependent formulas, whose evaluation depends also on the
first element (the pointer, or the store) of an observation point.

By observing the semantics of LTLy, one can easily check that the history-
dependent formulas are indeed those where the V operator is not in the scope
of any different temporal operator. As an example, we have that the formula GVp
is history-independent, but its subformula Vp is history-dependent.

All these arguments lead to the intuition that the translation of a formula of the
form XA or GA should depend on the nature of the subformula A. If the formula
A is history-independent, then we can give for it a simple recursive definition,
otherwise we need to consider a translation that mimics in some way the action
of the pointer. In this second case, considering a (disjunctive) normal form for
LTLy-formulas will help define the translation.

In the following paragraphs, we formalize all these ideas and prove that the
resulting translation preserves the validity of formulas.

An alternative grammar for LTL< -formulas

Here we give an alternative grammar for LT Ly-formulas with the intent of making
the separation between history-independent and history-dependent formulas clear.
Since it allows for a simpler presentation of the translation, we give the grammar
by considering —, A, V, X and F as primitive connectives. 1, D and G can be
defined in terms of these in the standard way.

Definition 4.52. Given a set P of propositional symbols, the set of (well-formed)
LTLY -formulas is defined by the grammar

Au=7y |46

17 Indeed, even the case of a V in the scope of an X could be simplified by splitting it
into two elementary subcases, e.g., XVA = A A XA. Thus, in conclusion, the case of a
V in the scope of a G (or of an F) is the one that really matters.
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yu=p YAy [ yVy =y | Xy [ Fy [ Xé | Fé
S§u=VA| -6 | ANS | SAA| AV |6V A

where p € P. We call (LTLY ) history-independent formulas the formulas belonging
to the syntactic category v and (LTLY ) history-dependent formulas the formulas
belonging to the syntactic category §.

Lemma 4.53. The language of LTLY -formulas and the language of LT Lv -formulas
coincide.

Proof. We have to show that: (i) each LTLY -formula is also an LT Ly-formula; and,
viceversa, (ii) each LTLy-formula is also an LTLY-formula. The proof proceeds
by structural induction in both directions; we omit the details.

O

Because of Lemma 53 from now on, for simplicity, we will speak of LTLy-
formulas also when referring to formulas originating from the grammar in Defini-
tion

A normal form for LTLy-formulas

Considering a normal form for LTLy-formulas will help define the translation.
The first step will consist in eliminating some redundant occurrences of V: intu-
itively, those occurrences falling directly into the scope of another V. Some proper
terminology needs to be introduced.

Definition 4.54. Let A be an LTLv -formula of the form XA' (or GA', or VA’)
and let us denote with h that occurrence of X (or of G, or of V, respectively).
Then for each occurrence h' of a temporal operator in A', we say that h' is in the
temporal scope of h.

Given an LTLv -formula A, we say that an occurrence h of a temporal operator
in A is in the strict temporal scope of an occurrence h' of a temporal operator in

A iff:
1. h is in the temporal scope of h'; and
2. for each occurrence h” of a temporal operator in A:

a) h is not in in the temporal scope of h”; or
b) 1 is in the temporal scope of h".

We also say that an occurrence of a V in an LTLy-formula A is redundant if
it is in the strict temporal scope of another occurrence of V.

Ezample 4.55. Consider the formula XG(Vp A ¢q). The occurrence of V (not redun-
dant) is in the temporal scope of the occurrences of both X and G, and in the strict
temporal scope of the occurrence of G.

In XV(Vp A q), the second occurrence of V is in the strict temporal scope of
the first one and thus it is redundant.

Lemma 4.56. Let A be an LTLv-formula and B be the formula obtained by re-
moving all the redundant occurrences of the operator V. Then A and B are se-
mantically equivalent.
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Proof. By observing the semantics given in Definition EE44] we can first notice that
the evaluation of a formula of the form VA at an observation point that is a single
time instant (without a store) corresponds to the evaluation of the formula A at
the same point. Now observe that if an occurrence of V is in the strict temporal
scope of another occurrence of V, then its evaluation is performed in a single time
instant-observation point. This implies that the removal of the inner-most V does
not alter the evaluation.

O

In order to get a normal form, we require, in addition to the removal of redundant
occurrences of V, that each history-dependent subformula is written in a particular
form. The following definition, lemma and example clarify and formalize the form
of normal LTLvy-formulas.

Definition 4.57. Given an LTLv -formula A, we say that § is a history-dependent
subformula of A iff 0 is a subformula of A and is a history-dependent formula.

Definition 4.58. A §-disjunctive normal form clause (0-DNF clause, for short)
is an LTLv-formula consisting of a conjunction of formulas that are:

1. history-independent formulas; or
2. history-dependent formulas of the form V-~ or =V~ for some history-independent
formula ~.

An LTLy -formula A is in d-disjunctive normal form (in §-DNF, for short) if:

1. A does not contain any redundant occurrence of a V; and
2. for each history-dependent subformula § of A, & is the disjunction of 6-DNF
clauses.

Lemma 4.59. For every LTLv-formula A, there exists an equivalent LTLv -
formula A" such that A’ is in 6-DNF.

Proof. We prove the statement by describing a procedure for transforming a
generic LTLy-formula A into an LTLy-formula A’ that is in §-DNF.

First, we remove all the occurrences of the operator V that are in the strict
temporal scope of another occurrence of V. Lemma ensures that after this
process we have an equivalent formula.

Then we observe that, once we have removed the redundant occurrences of V,
given a subformula § of A, the process of reducing § to a disjunction of conjunctions
(as required by Definition EEB8) is equivalent to the process of reducing a formula
of propositional classical logic into the standard disjunctive normal form (see,
e.g., [155]), where we consider as literals:

1. history-independent formulas; or
2. history-dependent formulas of the form Vv or =V~ for some history-independent
formula ~.

Thus, in order to transform an LTLwy-formula without redundant occurrences of
V into a formula in §-DNF, we can iteratively apply the following procedure,
corresponding (mutatis mutandis) to the one defined for producing a disjunctive
normal form, to each history dependent subformula of A, starting from the inner-
most one.
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1. we iteratively apply the so-called double negation and De Morgan’s laws (see
[155]) in order to get a formula where we have only single negations and they
occur just before the atoms (where we consider history-independent formulas
or history-dependent formulas of the form V+ as atoms);

2. we iteratively apply distributivity laws in order to get a disjunction of con-
junctions.

The proof that the resulting formula is equivalent to the original one is a trivial
adaptation (again, mutatis mutandis) of the proof [155] given for transformations
into the standard disjunctive normal form in the case of propositional classical
logic.

O

Ezxample 4.60. Let us consider the LT Ly-formula
A = p1 A=F(XVpa A =(p3 V VFV(ps V p5))) .
First, we eliminate the redundant occurrences of V and obtain
A1 = p1 A =F(XVp2 A =(ps V VF(ps V ps))) -

Then we consider the history-dependent subformulas of A’. The inner-most ones
are Vpo and VF(py V ps), which are already in normal form. Then we consider
—(ps A VF(ps V ps5)), to which we can apply De Morgan laws and obtain

Az = p1 A=F(XVp2 A (=ps V 2VF(ps V ps))) -
Finally, by applying distributivity laws to XVpa A (=p3 V =VF(ps V p5)), we get
Az = p1 A=F((XVp2 A =p3) V (XVp2 A =VF(pa V ps))),
which is in §-DNF.
The translation (-)®

Since Lemma holds, we can, with no loss of generality, restrict the attention
to LTLy-formulas that are in 6-DNF and define the translation (-)® from LTLv
into LTL in terms of this class of formulas. We also remark, as it will be useful
in defining the translation and in proving some statements, that given an LTLy-
formula A in 6-DNF, every its subformula of the form VB is such that B is history-
independent. Such a fact is a direct consequence of the absence of redundant
occurrences of V in a formula in 6-DNF form.

Definition 4.61. We define the translation (-)* from the language of LTLvy -
formulas in §-DNF form into the language of LTL inductively as follows. (Note
that, as in Definition [[.23, we use A, v and & (possibly subscripted) to denote
a generic LTLy-formula, a history-independent formula and a history-dependent
formula, respectively.)
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(p)* = p, for p atomic
(A1 N A2)® = (A1) A (A2)*

(A1V A2)* = (A1)*V (42)°
(—A)* = —(4)°

(Xy)* = X(7)*

(Fy)* = F(v)°

(VA)* = (4)°

(X8)* = (C)X V...V (C )X
(Fo)® = (C)Fv...v(C,)F

where § = C1V.. .NVC,, for Cy,...,C, 6-DNF clauses and (-)* and (-)F are auziliary
translations defined from the set of §-DNF clauses into the set of LTL-formulas as
specified below.

Let C be a 6-DNF clause. Since the order of the elements of a conjunction does
not alter its evaluation, we can always write it as:

C=MmA. A A VYA LAVY) A VY AL A=Y .

Furthermore, let y =1 A... Ay and vg = V1 A ... A~,,. For greater convenience,
we also define another version of the operator until on LTL-formulas:

AUB = (AANB)A((AANXA)UB),

where the idea is that now A holds also in the instant where B holds.
Then we define (-)* and (-)F as follows:

(CY =X A (1)  AX(re)* A (2()*V=XOD)*) A A (=) V =X()*)

(OF =F()* A(re)* UM A=(() U )*) Ao A=) U ()°)
We extend (-)® to sets of formulas in the obvious way: I'* = {(A)® | A€ T'}.

In the following, when not confusing, we will sometimes omit parentheses and
write, e.g., A*, CX and CF instead of (A)*, (C)* and (C)F, respectively.

Properties of the translation

Here we show that the translation (-)® preserves the validity of formulas. Along
the proofs of the following lemmas, v, y1,72,... will denote history-independent
formulas, §, 01, d2, . . . history-dependent formulas and A, Ay, Ao, ... generic LTLy-
formulas.

Lemma 4.62. Let M be an LTL-model, m,n € N and v a history-independent
formula. Then

M, [(m,)n] Eq v & M, [(m',)n] Eg v, for allm’ € N.

Proof. The proof is by induction on the complexity of the formula . The base
case is when v = p and is trivial. There is one inductive step case for each other
formation case coming from the recursive definition of the grammar in Definition
EDA Along the proof, v, v1 and 2 denote history-independent formulas while A
denotes a generic LT Ly-formula.
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v =1 A7z. By Definition EEZA we have M,[(m,)n] Eg 71 Ay iff M,
[(m,)n] =¢ 71 and M, [(m,)n] ¢ 2. By the induction hypothesis, this
holds if M, [(m/,)n] E¢ m1 and M, [(m/,)n] Eg 12 for every natural num-
ber m’, and thus, by Definition EEZ4] iff for every natural number m’, M,
[(m",)n] Eg A2

v =V 7y2. By Definition EEZA we have M,[(m,)n] Eg 71 V2 iff M,
[(m,)n] Eg 71 or M, [(m,)n] =g 72. By the induction hypothesis, this holds
ift M,[(m/,)n] Eg M1 or M,[(m/,)n] Eg 2 for every natural number m/,
and thus, by Definition EEZ4 iff for every natural number m’, M, [(m/,)n]
):v Y1Vy2.

~v = —y1. By Definition EEZ4], we have M, [(m, )n] =g -1 iff M, [(m,)n] o M-
By the induction hypothesis, this holds iff M, [(m/,)n] g 71 for every
natural number m/, and thus, by Definition EE44] iff for every natural number
m', M, [(mlv)n] ):v - -

v = XA. We treat at the same time the cases where A is a history-independent
and A is a history-dependent formula, and we do not need to use the induction
hypothesis. By Definition A4 we have M, [(m,)n] o XA iff M, [n,n +
1] E¢ A. Again, by Definition EEZ4], this holds iff for every natural number
', M, [(m',)n] o XA

v =FA. Again, we do not use the induction hypothesis. By Definition EE44 we
have M, [(m,)n] g FA iff there exists ¢ > n such that M, [n,i] E¢ A.
By Definition EEZ4] this holds iff for every natural number m’, M, [(m’,)n]

=, FA.
O

Lemma 4.63. Let M be an LTL-model, n € N and A an LTLv-formula. Then
M, [n] Eg A & MnE,,, A°.

Proof. The proof is by structural induction on A.

A = p. By Definition ELGT, A® = p. We have M, [n] = p iff (by Definition EZZ44])
p € V(n) iff (by Definition 1) M,n =, p.

A = A1 A Ay. By Definition EEBT, A* = A} A AS. We have M, [n] Eo A1 A Ay
iff (by Definition EEZ) M, [n] =, 41 and M, [n] Eo As iff (by the induc-
tion hypothesis) M,n =, A} and M,n =, AS iff (by Definition EZTT))
Mn =, A} A AS.

A = A1V Ay. By Definition LTI A®* = A} V AS. We have M, [n] E¢ 41 V Ay
iff (by Definition EEZ) M, [n] Eo A1 or M, [n] =g Ag iff (by the induction
hypothesis) M,n |=,,, A} or M,n |=,,, A$ iff (by Definition ZTI) M,n =,,,
AS Vv AS.

A = —A;. By Definition EEG1l A®* = —(A?). We have M, [n] =, —A; iff (by Def-
inition EZ) M, [n] £, Ay iff (by the induction hypothesis) M,n (=, ,, A}
iff (by Definition EETT) M, n |=,,, —(A}).

A = X~v. By Definition LG, A® = X(7*). We have M, [n] =, Xv iff (by Definition
EZ) M,[n,n+1] Eg v iff (by Lemma EEG3) M, [n + 1] g v iff (by the
induction hypothesis) M,n +1 |=,,, 7v* iff (by Definition EZTT) M,n =,
X(r*).
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A = Fy. By Definition LG1, A® = F(7*). We have M, [n] = Fy iff (by Definition
B there exists @ > n such that M, [n,i] ¢ v iff (by Lemma EEG3) there
exists ¢ > n such that M, [i] = v iff (by the induction hypothesis) there
exists ¢ > n such that M,i |=,,, +v* iff (by Definition EZTT) M, n =,,, F(v*).

A = X§. By Definition EERT, A* = (C1)X V...V (Cpn)X, where 6 = Cy V...V Oy,
and Cq,...,C,, are 6-DNF clauses. For 1 < i < m, we can write C; = 1 A

Ay AVYLA A V”y]’_i) AN(=VY AN —|V*yl’£). For convenience, we also
define v, =7, A... Ay, and vy, =7, /\.../\vj'_i.
First, we prove that, for 1 <i <m, M, [n,n+1] g Ci iff M,n |=,,, (C)*.
We have: M, [n,n+ 1], C;
iff (by Definition Al) M, [n,n + 1] ¢ 7, for all hst. 1 < h < k; and
M, n,n+1] g V) forall hst. 1 <h < jiand M, [n,n+1] =, ~Vy!
forall hst. 1 <h <]
iff (by LemmaEG) M, [n+1] = 7, forall hst. 1 < h < k; and M, [n,n+
1] g Vv, forall hst. 1 <h < j;and M, [n,n+ 1] |, -Vy! for all b
st.1<h <]
iff (by Definition EEZ) M,[n + 1] =g 7, for all A st. 1 < h < k; and
(M, [n] E¢ v, and M,[n+ 1] |Fy ;) for all hst. 1 < h < j; and
(M []bév'y”or/\/l[n—i—l][#vv”)forallhst 1<h<l;
iff (by the induction hypothes&s) Mn+1,, 2 forall hst. 1 <h<k
and (M,n k=, 7*and M,n+1F,, 7°) for all f s.t. 1 <h <j; and
(M,n ., ) or Mon+14,, ”y"’) forall hst. 1< h <l
iff (by Deﬁnltlonm) M;n+1 )ZLTL YA Ay and (M,n = YA
Ay and Mon+1 =, 72 A AY?) and (Mon (&, ) or
Mon L X(y)'®)) for all hsit. 1< h<l
iff (by Deﬁnitlonm Min+ 1, (v,,)* and (M,n ., (7g,)* and
M,n+1 ':LTL (in).) and (M,?’L |7£LTL ’7;/11. or M,n |7£LTL ( H.)) for all
hst.1<h<;
iff (by Definition ZTH) M,n =, X(v,,)* and M,n [, (*yvi)' and
Moy, X((70,)%) and (Mon o —(7%) or Myn oy X(17))
forall Ast. 1< h <]
iff M,n ':LTL (Cl)x
Now we use this result to prove the main statement. Namely we have:
M, [n] Eg X
ff (by Definition E4A) M, [n,n+ 1] g ¢
ff (by Definition EEZ) M, [n,n+ 1] |y Cy or ... or M, [n,n + 1] |:v 'm
ff (by the result above) M,n =, (C1)X or ... or M,n |=,,, (Cn)*
iff (by Definition EZTI) M,n =, (C1)* V... \/ (C )X
ift M,n =, A°.

A = F§. By Definition IG1L A* = (C1)F v ...V (C,)F, where § = Cy V...V Oy,

and Cq,...,C,, are 6-DNF clauses. For 1 < i < m, we can write C; = 1 A
AV, ANVYLA LA V’yj’_i) ANEVAYIALA ﬁV'yl’:). For convenience, we also

define, as above, v, =7, A... Ay, and 7, =7 AL A 'y]’

First, we prove that, for 1 < ¢ < m, there exists n’ > n such that

M, [n, 7] By Ci iff M,n =, (Ci)F. In fact, we have: there exists n’ > n

such that M, [n,n'] Eo C;
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iff (by Definition EEZ4) there exists n’ > n such that M, [n,n/] g v, for all
hst.1<h<k and M,[n,n] |, Vv, forall hst. 1 <h < j; and
M, [n,n'] =g -Vy forall hst. 1 < h <l
iff (by Lemma EGZ) there exists n’ > n such that M, [n'] =g v, for all h
st. 1 < h <k and M,[n,n'] |, Vv, for all hst. 1 < h < j; and
M, [n,n'] g =V forall hst. 1 <h <
iff (by Definition EEZ4) there exists n’ > n such that M, [n'] =g =, for all h
st. 1 <h <k and (M,[n"] g v, for all n” s.t. n < n” < n' and for
all hsit. 1 < h < j;) and (for all h s.t. 1 < h < I; there exists n” s.t.
n < n/ < n' for which M, [n"] =, ")
iff (by the induction hypothesis) there exists n’ > n such that M,n’ |=, ., +*
forall hst. 1 <h <k and (M,n" =, ~° for all n” s.t. n < n” <n'
and for all b s.t. 1 <h <j;) and (for all h s.t. 1 < h <; there exists n”
s.t. n <n" <n' for which M, n" |£ . +/'*)
iff (by Definition ZTTl) there exists n’ > n such that (M, n’ =, v*A.. ./\7):1_)
and (M,n" =, 7° A A7 forall n” s.t.n < n” <n') and (for all h
s.t. 1 < h < there exists n” s.t. n <n” < n' for which M, n" [£ ., ~/'®)
iff (by Definition EEGI)) there exists n' > n such that (M,n' ., (7,,)*)
and (M,n" =, (7g,)* for all n” st. n < n” < n') and (for all h s.t.
1 < h < ; there exists n” s.t. n <n” < n’ for which M, n" |~ ~v'®)
it (by Definition ETT) M, =, F(7,,)* and M, b=, ((75.)°U(.)*)
and for all hs.t. 1 <h <1l;, M,n =, =((v,))*U(,,)*)
iff M,n ':LTL (Ol)F
Now we use this result to prove the main statement. Namely we have:
M, [n] Eg Fé
iff (by Definition EEZ4) there exists n’ > n such that M, [n,n'] =g §
iff (by Definition EEZ4) there exists n’ > n such that M, [n,n/] =, C; or ...
or M, [n,n'] Eg Cn
iff (by the result above) M,n k=, (C1)For...or M,n k=, (Cn)F
iff (by Definition ZT0) M,n |=,,, (C1)F V...V (C)F
it M,nkE,,, A*.
O

Proposition 4.64. Let M be an LTL-model and ~y a history-independent formula.
Then

M':v'7 g M':LTL 7°.

Proof. By Definition EE44 M =, v iff M, [n] ¢ v for all n € N iff (by Lemma

EL3) M, n =, ~* for all n € N iff (by Definition EZTT) M =, 7°.
O

Proposition 4.65. Let M be an LTL-model and 6 a history-dependent formula.
Then

M':v5 < M':LTL 5.

Proof. By Definition EEZ M = 6 iff M, [n] E¢ ¢ for all n € N iff (by Lemma
E63) M, n =, 0° for all n € N iff (by Definition 2XTT) M |=,,, §°.
O
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Theorem 4.66. Let I" be a set of LTLv-formulas and A an LTLv-formula. Then
F ):V A <:> F. ':LTL A. °

Proof. We have I' = A iff (by Definition L44)) for every LTL-model M, (M =
I' implies M =, A) iff (by Definition EEZ4)) for every LTL-model M, (M =, B
for every LTLy-formula B € I') implies M =, A) iff (by Propositions EL64] and
EDH) for every LTL-model M, (M [,,, B*® for every LTLy-formula B € I)
implies M |=,,, A®) iff (by Definition ETT) I'* |=,,, A°.

O

4.4.4 N'(LTLv): a labeled natural deduction system for LTLy

In this section, we will first define a labeled natural deduction system N(LTLy)
on the language of LTLy-formulas. By considering the translations (-)* and (-)*,
in the next sections we will show how it is possible to use such a system also for
reasoning on LTL.

The rules of N (LTLy)

The rules of N(LTLvy) are given in Figure LTd The core is the system N (LTL_);
thus, there are no rules whose conclusion is an rwif.

The rules DI, DF and LE are just an adaptation of those of N(LTL ) to the
case of prefixes that are not necessarily single labels.

The rules for the introduction and the elimination of G and X share the same
structure. Consider, for instance, G and the corresponding relation <. The idea
underlying the introduction rule GI is that the meaning of b; : GA is given by the
metalevel implication by < by = b1bs : A for an arbitrary by <-accessible from by
(where the arbitrariness of by is ensured by the side-condition on the rule). As we
remarked above, the operators G and X have a local nature, in that when we write
(b1)b2 : GA we are stating that GA holds at time instant by, which is the last in the
observation point. Hence, the elimination rule GE says that if by is <-accessible
from by (i.e., by < ba), then we can conclude that A holds for the sequence bybs.
Similar observations hold for X and the corresponding relation <.

As in the previous sections, the rule ser<t models the fact that every time
instant has an immediate successor, while the rule lin<i specifies that such a suc-
cessor must be unique.

Similarly, the rules refl < and trans < state the reflexivity and transitivity
of <, while eq < captures substitution of equals The rule split < states that
if by < be, then either by = by or by < by. The rule thus works in the style of a
disjunction elimination: if by assuming either of the two cases, we can derive a
formula « : A, then we can discharge the assumptions and conclude « : A.

The rule base < expresses the fact that < contains <1, while the rule ind models
the induction principle underlying the relation between < and <.

18 Recall that in this system we use rwffs only as assumptions for the derivation of lwffs,
so we do not need a more general rule that concludes ¢[b2/bi1] from ¢, b1 < b2 and
b2 < b1.
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[Oél T A :)J_] [a : A]
o L a:B a:ADB a:A
aleJ‘E a:ADBDI a: B ok
[b1 < bo] [p[b3/b2]]
bibs: A (b)br: GA b1 < b2 b1 <tby b1 <bs ¢ aiA
b :Ga °f bibs: A GE o A lin<
[b1 <1 b2] [b1 < bs3]
biby: A (b)b1 : XA by < by by <by by<bs a:A
<
b1 : XA XI bibs : A XE a: A trans <
[b1 < 172].[52 < bs) [b1 < b1
by : A bibs: VA bi<by ba<bs (b1)b: A afA
[ — e — - <
bibs VA VL by A VE  Gopealet g rdls
[plb2/ba]] b1 &) [ < b2] (b1 < b [b1 <1 bo]
b1 <b2 ¢ a: A . b1 < ba a: A oz‘:A
< A== --f < :
o A split < o A base < oA ser<
[bo < 3] [bi <1 ;] [(6")bs + A]
bi <by ba<bi (V)br:A (t)bo: A bo<b (b')b; : A
; eq < 7 nd
()b : A ) A

The rules have the following side conditions:

e In XI (GI), b is fresh, i.e., it is different from b; and does not occur in any assumption
on which abibs : A depends other than the discharged assumption b1 <1 b2 (b1 < b2).

e In VI, by is fresh, ie., it is different from b; and bz, and does not occur in any
assumption on which ab1bs : A depends other than the discharged assumptions b1 <
bz and b2 < b3.

In last, the formula A must be history-independent (see Definition EERZ)).
In ser<, bs is fresh, i.e., it is different from b and does not occur in any assumption
on which « : A depends other than the discharged assumption b1 < bs.

o In split <, b is fresh, i.e., it is different from b; and b2 and does not occur in any
assumption on which « : A depends other than the discharged assumptions by <1 b’
and b < ba.

e In ind, b; and b; are fresh, i.e., they are different from each other and from b and
bo, and do not occur in any assumption on which abob; : A depends other than the
discharged assumptions of the rule.

e In ind and eq <, the use of the parentheses has to be intended as follows: b’ is either
present in all the prefixes where it occurs between parentheses or in none of them.

Fig. 4.19. The rules of N (LTLv).
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Finally, we have three rules that speak about the history and the observation
points: the rules VI and VFE, which we already described in the introduction,
and last. This rule expresses what we also anticipated in Sections EEZT] and
the standard operators (and connectives) of LTL only speak about single time
instants, and thus if a formula A is history-independent (see Definition EER2), then
given a lwff (b1)b : A we can safely replace the possible store b; of our observation
point by any other time instant by and conclude that A holds at (b2)b.

We write @ -, « : A to say that there exists a derivation of o : A in the system
N (LTLy) whose open assumptions are all contained in the set of formulas &.

4.4.5 Soundness

In this section we discuss the soundness of the system N (LTLy). First, we show
that it is sound with respect to the semantics of LTLy. Then we extend this result
to LTL and prove that N (LTLv) is also sound, by means of the translation (-)®,
with respect to the semantics of LTL.

Theorem 4.67. For every set @ of labeled and relational formulas and every la-
beled formula o : A,

Ok, a:A = Pl a A

Proof. The proof proceeds by induction on the structure of the derivation of « : A.
The base case is when « : A € @ and is trivial. There is one step case for every
rule and we show here the most representative cases.

First, consider the case in which the last rule application is a VI, where o =
bibs, A = VB, and II is a proof of by : B from hypotheses in &', with by fresh and
with @' =P U {bl < bg} U {b2 < b3}

[b1 < ba] [b2 < bs]

b2 : B
b1b3 : VB

By the induction hypothesis, for every interpretation A, if M, X =, &, then
M, X Eg bibe : B. We let A be any interpretation such that M, A =, @, and show
that M, \ =g bibs : VB. Let A(b1) = n and A(bs) = m. Since by is fresh, we can
extend A to an interpretation (still called A for simplicity) such that A(b2) = n+1
for an arbitrary 0 < 4 < m. The induction hypothesis yields M, \ =g b2 : B,
ie,, M,[n+1i] =y B, and thus, since i is an arbitrary point between 0 and m, we
obtain M, [n,n +m] g, VB. It follows M, X =, (b1bs : VB.
Now consider the case in which the last rule applied is VE and a = ba:

1
b1531VA 51<b2 b2<b3
bQZA

VE

where IT is a proof of b1bs : VA from hypotheses in @1, with & = & U {b; <
ba} U {ba < b3} for some set @q of formulas. By applying the induction hypothesis
on II, we have:
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@1 ':V b1b3 : VA .

We proceed by considering a generic LTL-model M and a generic interpretation
A on it such that M, \ =, @ and showing that this entails

M Ay by A

Since 1 C P, we deduce M, . &1 and, from the induction hypothesis,
M, g bibs @ VA. Furthermore M, A =, @ entails M, A =, by < by and
M, X Eg b2 < bs. Then, by Definition EEZ4] we obtain M, A =g ba @ A.

Consider the case in which the last rule application is a GI, where o = b; and

A=GB:
[b1 < by

17
b1b2 ' B
bl :GB

GI

where IT is a proof of b; : GB from hypotheses in &', with by fresh and with
@' = & U {b; < by}. By the induction hypothesis, for all interpretations A, if
M A =, &, then M, )\ = bibs : B. We let A be any interpretation such that
M, A =, &, and show that M, A = b1 : GB. Let A(by) = n. Since b, is fresh, we
can extend A to an interpretation (still called A for simplicity) such that A(by) =
n+ m for an arbitrary m > 0. The induction hypothesis yields M, A = b1b2 : B,
i.e., M,[n,n+m] =, B, and thus, since m is arbitrary, we obtain M, [n] =, GB.
It follows M, A = b1 : GB.
Now consider the case in which the last rule applied is GE and a = b1bs:

I
(b)bl . GA b1 < b2

b1b2 c A

GE

where IT is a proof of (b)b; : GA from hypotheses in @;, with & = @1 U {b1 < by}
for some set @1 of formulas. By applying the induction hypothesis on IT, we have:

@1 ':V (b)bl : GA .

We proceed by considering a generic LTL-model M and a generic interpretation
A on it such that M, A = @ and showing that this entails

M,)\ ':V blbgiA.

Since 1 C P, we deduce M, =, &1 and, from the induction hypothesis,
M, A =, (b)by : GA. Furthermore M, A =, @ entails M, A = b1 < be. Then, by
Definition EE24l we obtain M, X =g b1b2 : A.

Now consider the case in which the last rule applied is last and o = (b2)b,
where IT is a proof of (b1)b: A from hypotheses in @. By applying the induction
hypothesis on IT, we have @ = (b1)b: A.

I
(bl b: A

)
(o)< A last
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We proceed by considering a generic LTL-model M and a generic interpretation
A on it such that M, X =, @ and showing that this entails M, A =, (b2)b :
A. By the induction hypothesis, M, \ =g (b1)b : A4, ie., M,AT((01)b) Ey A
by Definition EEZ4l Since A is a history-independent formula, by the side condition
of the rule, and the two observation sequences A1 ((b1)b) and AT ((b2)b) share the
same last element \(b), we can apply LemmaEE62 and obtain M, AT ((b2)b) E, A,
ie, M, =g (b2)b: A by Definition EEZ4
Finally, consider the case in which the last rule applied is ind and « = (b')b:
T n
(b/)bo t A bo § b (b/)bj c A
®)b: A

nd

where IT is a proof of (b')b; : A from hypotheses in @, and II’ is a proof of
()bg : A from hypotheses in @, with & = $; U {bg < b} and $3 = $; U {by <
b} U{b; <b;}U{(b)b; : A} for some set Pq of formulas. The side-condition on ind
ensures that b; and b; are fresh in II. Hence, by applying the induction hypothesis
on IT and II’, we have:

@2 ':V (b/)b] tA and @1 ':V (b/)bo tA.

We proceed by considering a generic LTL-model M and a generic interpretation
A on it such that M, \ =, @ and showing that this entails

Mo (V)b: A

First, we note that ¢; C @ and therefore M, A =, @ implies M, \ =, @1 and,
by the induction hypothesis on I, M, \ =g (b')bo : A. Now let A(by) = n for
some natural number n. From M, A |, @, we deduce M, A =g by < b and thus
A(b) = n+ k for some k € N. We show by induction on k that M, X = (b')b: A.
As a base case, we have k = 0; it follows that A(b) = A(bg) and thus trivially that
M =g (B)bg : A entails M, A =, (b')b: A. Let us consider now the induction
step. Given a label b;_1 such that A(bg—1) = n+k— 1, we show that the induction
hypothesis M, A =g (b')br—1 : A entails the thesis M, A =, (b')b : A. We can
build an interpretation A’ that differs from A only in the points assigned to b;
and b;, namely, A’ = A[b; — n+ k — 1][b; — n + k]. It is easy to verify that the
interpretation X' is such that the following three conditions hold:

(1) M, XN Eg (V)b : A
(Z’L) ./\/l, /\/ ':V bo g b“
(ZZZ) M, N ):V b; < bj.

Furthermore, the side-condition on the rule ind ensures that A and X' agree on
all the labels occurring in @1, from which we can infer M, X =g &;. It follows
M, N =g 2 and thus, by the induction hypothesis on IT, M, X =, (b')b; : A.
We conclude M, X' =, (b')b: A by observing that X' (b;) = A(b).

O
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We have proved the soundness of the system in terms of the labeled language. It
is trivial to infer from it a result of soundness in terms of the logic LT Ly, by focus-
ing on those derivations where both the conclusion and all the open assumptions
are lwffs prefixed by the same single label.

Corollary 4.68. Let I' = {A1,..., A} be a set of LTLy-formulas, A an LTLvy -
formula and b a label. Then

b:A,...,b: Ay b A = Ik, A.

b: Aimplies b: Ay,...,b: A, o
b: Aimplies I' = A.

v

Proof. By Theorem LG b : Ay,...,b: A, F
b: A. By Definition A8, b: A;,...,b: Ay o

O

Now, by exploiting the translation (-)® defined in Section EEZ3] we extend this
result to a form of soundness with respect to LTL.

Theorem 4.69. Let I' = {A;,..., A,} be a set of LTLy-formulas, A an LTLy -
formula and b a label. Then

b:A,...,b: Ay b A = I* k= A*.

Proof. By CorollaryEEGR b : Aq,...,b: Ay g b: Aimplies I' =, A. By Theorem

Eed I' =, A implies I'* |=,,, A®.
O

4.4.6 Completeness

In order to prove the completeness of the system N(LTLy), we can exploit
the equivalence shown in Section and use the Hilbert-style axiomatization
H(LTL) of Section 223 The proposed natural deduction system consists of only
finitary rules; consequently, it cannot be strongly complete for LTL (see also the
discussion in Section EE2). Nevertheless, by using the translation (-)*, we can give
a proof of weak completeness for it. First, we introduce a lemma that will be useful
in proving completeness.

Lemma 4.70. If A is an LTL-formula, then A* is a history- independent formula.

Proof. Tt follows easily from Definition The proof proceeds by induction on
the complexity of the formula A.
O

Theorem 4.71. Let A be an LTL-formula and b a label. Then
= A = Fob:A™.

Proof. We can prove the theorem by showing that A (LTLy) is complete with
respect to the (translation of the) axiomatization H(LTL) given in Section EZ34l
which is sound and complete for the logic LTL. That is, we need to prove that:
(i) the translation, via (-)*, of every axiom of H(LTL) is provable in N (LTLvy) by
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means of an LTL-derivation, and (ii) the notion of -
equivalent of the) rules of inference of H(LTL).

We focus on (i); showing (ii) is straightforward and we omit it here.

Note that, for simplicity, we use also some rules (i.e., FI, FE, VI, VE, Al and
AFE) concerning derived operators. They can be easily derived from the set of rules
in Figure EETA

We also remark that, by Lemma EZ70, our use of the rule last in the following
derivations respects the side-conditions of the rule, i.e. the premise (and thus the
conclusion) of each application of last is a history-independent labeled formula.

is closed under the (labeled

LTL

(A2)
b:GA>B)' [b<d? b:GA? [b<
b A5 B GE bei A GE
B . SE
boen © -
b:GA > GB .
b:G(AD B) > (GADGB) ~
(A3)
(X=A « =XA)
[b: X=A]Y [b<c)? [b: XA [b<c]?
be: —A XE be: A SE
be : L LB
b “XA
XA ser<
b XﬂAD —xa 2>
b<d? padt [be: AP ;
bd A ., 1m <
b —XAL b:xa XM
L SE
bc ﬁA 9
XA X .
b ﬂXADX A -

(A4)

This proof is very similar to the one for (42) and we thus omit it.

(45)
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b:GA' [b<d°

b<d® [e<d? bd: A GE
b<d? b A brans <
ase <
[b'GA]l [b<b]2 bgﬁ last
: S GE cd : 4 GI4
bb,' A last bcc"GGA last
. 2 . 3
oA "S bxGA X!
b: AAXGA o
b:GA D (AAXGA) -
(A6)
b:G(A D XA [b< b [b; : A]*
bhi s A5 XA CE A l“bft
bb; : XA 2 b <aby) <
bibj A
b: A2 [b< P b, A Lot
. ind*
be: A lagt
b:GA °
oI?
b: Ao GA i
b:G(ADXA) > (ADGA) ~
(A7)

Derivations are presented in Figures and EEZTl Note that, for brevity, we
give a derivation of a, clearly equivalent, simplified version of the translation of
(A7). Namely, we consider F(XB AVA) D (AAX(BV F(XBAVA))) instead of
BVF(XBAVA)D BV (AAX(BVFXBAVA))).

(48)

A proof of the axiom (A8) is given in Figure
O

Theorem 73 below expresses a form of completeness with regard to LT L. It
is based upon the composed translation ((-)*)*, going first from LTLy into LTL
and then back into LTLy. We need to remark that the result of such a translation
is a formula that is semantically (but not necessarily syntactically) equivalent to
the original one, as shown by the following example.

Example 4.72. Consider the formula A = Vp V Vq. Then we have A®* = pV ¢
and (A*)* =pVq. A and (A°*)*, though syntactically different, are semantically
equivalent.

In other words, if we are interested in reasoning on LTLy, we can reduce the
problem of finding a derivation for a given LTLy-formula A to the problem of
finding a derivation for the formula (A®)*, which is semantically equivalent to A
and for which a derivation in N (LTLy) exists.



Left-to-right direction:

[be : XB A VA]?
beva M op<P ped?
b:A refl gi vE 11,
b: A b:X(BVF(XBAVA))
[b: F(XB A VA)* b: ANX(BVF(XBAVA)
b: ANX(BVF(XBAVA)) L FE
b:F(XBAVA) S (AAX(BVF(XBAVA))) L
where 11 is the following derivation:
[be : XB A VAR
bexB M eavp
ct' : B last XE ) , , 11 ) .
W - B bt bab’ b :BVF(XBAVA) [ :BVFXBAVA)P
b<d? [bab]* W BVFxBAvA) L b : BVF(XBAVA) lin<
b’ : BV F(XB A VA) split <
b X(BVF(XBAvA) X
and Il is the following derivation:
[be : XB A VA]?
lbe : XB A VAP be:va M op<d® [d<df
bc : XB NE [c<c” b<bv]? P <dP d: A " VE
c B - XE [b<b") d:A 9 frans <
c.xB X! A _ . base <
Ve xB b'e: VA Xf
b'c: XBAVA b <P

V' F(XB A VA) FI

b : BV F(XBAVA) vll
W BVF(XBAVA)

Fig. 4.20. Proof of the Axiom (A7): left-to-right direction.

71qun Jo jyuowgeary oy 1oy resodord y ¥y
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136

Right-to-left direction: in the following derivations, we denote with ¢ the formula b: A A X(B V F(XB A VA)).

]!
b:X(BVF(XBAVA)) b<ef? [be ]}F]S lbe F(ngA VAP
be: BV F(XB A VA) b:F(XBAVA)  b:F(XBAVA)
b: F(XB A VA) ) vE
b: F(XBAVA) %<
oIt

b: (AANX(BVF(XBAVA))) DF(XBAVA)

where II; is the following derivation:

bae? baf® [be:BP [bf:B° ]! B
bf "B _ lin< [b < b/]7 [b/ < b]7 b: A _
A eq <
b xB 7 ViAo 1
bb: XB ' bb:VA
bb: XBAVA b < b?
FI
b:F(XBAVA) .
b FXBAvA) TS
11> is the following derivation:
[c: XBA VAP
—5s  AE 11
c:XB [c< f] X
cf:B
coxp X 1
- A 3
be:xB [ be:VA
bc: XBAVA b< Er
b<e]® [e<d® b: F(XBAVA) 10
[b< el biFXBAVA) brans <
[be : F(XB A VA))? b:F(XBAVA) a5e S
b:F(XBAVA) FE
and II3 is the following derivation:
[ec: XB AVA]®
—————— AFE 14 12
ec: VA [e < d [d < ¢
]! pafl® bac? [f<d A vE
b<d? b4 (a4 d: A - lin<
i A split <
be:va VI

Fig. 4.21. Proof of the Axiom (A7): right-to-left direction.



where I is the following derivation:

11
FB

[b: B [c<d)® b: .
B St <y b FB e S
' FB LF b F(XB A VA2 b:FB *
[b: BV (F(XBA VA boFp S b:FB FE
b.FB - vE
b: BV (F(XBAVA)) > FB
[bc: XBAVA]*
bexB M cadp
bed : B last RE
bd: B b<d
b<d* [e<d® b FB —
b FB trans <

Fig. 4.22. Proof of the axiom (AS).
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Theorem 4.73. Let A be an LTLv-formula and b a label. Then
EoA = bob: (A%,

Proof. By Theorem 66, =, A implies |=,,, A®*. By Theorem 71 |=,,, A®
implies F b: (A4°)*.
O

4.4.7 Discussion and related works

The introduction of the operator V has allowed us to formalize the “history” of
until and thus, via a proper translation, to give a labeled natural deduction system
for a linear-time logic endowed with V that is also sound and complete with respect
to LTL with until. We remark that the “recipe” for dealing with until that we gave
here is abstract and general, and thus provides the basis for formalizing deduction
systems for temporal logics endowed with U, both linear and branching time.

In this section, we did not address normalization matters explicitly. However
the well-behaved nature of this approach, where each connective and operator has
one introduction and one elimination rule, paves the way to a proof-theoretical
analysis of the resulting natural deduction systems, e.g., to show proof normaliza-
tion and other useful meta-theoretical properties. In fact, the procedure of nor-
malization presented in Section for linear-time logics (and the one that will
be presented in Section with regard to a branching-time logic as well) can be
easily adapted to deal also with the rules for V given here.

With regard to the discussion on the rule last, we believe that the restriction
we imposed, i.e., the rule can only be applied to history-independent formulas, is
closely related, at least in spirit, to the focus on persistent formulas when combin-
ing intuitionistic and classical logic so as to avoid the collapse of the two logics into
one, see [46] but also [35,67]. We are, after all, considering here formulas stemming
from two classes (if not two logics altogether), and it makes thus sense that they
require different labeling (single instants and pairs of time instants).

In [101], an extension of a linear-time temporal logic with past is presented,
where a unary operator now is used in order to fix a point of evaluation. When
used in combination with past operators, now allows to “forget” part of the past.
The resulting logic is proved to be equally expressive to, but more succinct than,
LTL with pastl1.

A class of logics extending the expressivity of standard temporal logics is that
of hybrid temporal logics, where the possibility of referring to worlds (instants)
of a model is internalized in the syntax of the logic itself and not just used as a
technical device when performing deduction like we use to do in our systems. Early
examples are in [29,128]; more recent works in [3,17,77]. Many other works have
proposed interesting extensions of temporal logics with new operators, e.g., [48,77].

Finally, it is worth observing that several works have considered interval tem-
poral logics, e.g., [25,37,78,84,145]. While these works consider intervals explicitly,

19 We also remark that [71] proves that LTL is expressively complete, thus as expressive
as PLTL, i.e., LTL with past [96]. Furthermore, [65] presents an algorithm for the
translation of a PLTL formula into an LTL one that is initially equivalent.
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we have used them somehow implicitly here, as a means to formalize the dual
nature of until via the history V.






5

Labeled Natural Deduction for Branching
Temporal Logics

5.1 Introduction

In Chapter Hl, we presented labeled natural deduction systems for a wide range of
linear temporal logics and shown that such systems are well-behaved, in the sense
that their derivations enjoy some godo structural properties. In this chapter, we
propose extensions of the systems already presented in order to capture branch-
ing temporal logics. In particular, we will use as a starting point the framework
adopted in Section EE2 i.e., we will define systems without an explicit relational
labeling algebra.

The extension to branching logics will require the definition of rules for treating
the path quantifier V (or, equivalently, its dual 3). The intuition we move from is
that, as shown by the systems in Chapters Bl and Hl labeling allows for devising
clean and effective natural deduction rules for the introduction and elimination
of operators, at least as long as we are able to consider them as “pure” modal
operators. We have seen in Section ZZ]] that the semantics of bundled branching
logics can be given in terms of Ockhamist frames and that this gives us the pos-
sibility of defining the notion of truth in a purely Kripkean style, according to an
interpretation that sees the branches as the worlds of our structures. With such
an interpretation in mind, we can consider also the path quantifier V as a stan-
dard (S5) modal operator with respect to the accessibility (equivalence) relation,
defined on branches, of having the same initial node.

It follows that the rules for introduction and elimination of V can be given by
following the same pattern of the other modal and temporal operators, i.e.,

[b1 @ bo]
by : A v by : VA by eby
b1:VA bQZA

where we use e as the syntactic corresponding of ~ and impose the standard condi-
tion that bs is fresh in VI. Relational properties of ~~, i.e., reflexivity, symmetry and
transitivity, are also easy to capture by means of labeled natural deduction rules
(see the analogous rules presented in Chapter ll with respect to other relations).



142 5 Labeled Natural Deduction for Branching Temporal Logics

Finally, we need rules expressing the interactions between the relations ~ and
=< (and/or <« if we are in the discrete case) and thus expressing the branching
nature of the particular logic we want to capture. Such rules are devised in such a
way that operators are neither introduced nor eliminated.

This approach makes it easy and natural to define labeled natural deduction
systems for Ockhamist branching temporal logics, i.e., for those branching-time
logics where there are no restrictions on the nesting of the operators. In fact, in
this chapter, we will define natural deduction systems for several such logicsﬂ

In Section BB we will start by defining a sound and complete system for a
simple logic (the logic of basic frames [167]), where we have no interdependencies
between ~ and <. Then we will proceed by modularly enriching such a system with
rules specifying interaction properties in order to capture other bundled Ockhamist
logics.

In Section B33 we will consider computation tree logics and define a sound
and (weakly) complete system for the logic BCTL* . A detailed proof-theoretical
analysis of the system will be also made. As already remarked in Section EEZA]
when we considered a system for LTL_, the main problem in considering normal-
ization of systems for logics with both the operators X and G arises from dealing
with the underlying induction principle, which relates the next-time relation and
the order relation. Such temporal induction is handled, inside the system, in a
way strongly similar to first-order induction of Peano/Heyting Arithmetics and in
fact the normalization procedure will follow those defined for systems for Heyting
Arithmetics in [74,126,151]. We will present an intuitionistic versiorH of the system
and prove its confluence and weak normalization; consequently, we will use such
results to give a purely syntactical proof of consistency (for both the intuitionistic
and classical versions) of the deduction system.

We remark that here we limit ourselves to consider bundled branching temporal
logics. In fact, considering the full semantics, both in the case of the “philosophi-
cal” logics of Section and in the case of computation tree logics, introduces a
complexity that we are not able to deal with in terms of finitary natural deduction
rules. Indeed, as discussed in Section [, even the definition of (standard) finitary
Hilbert-style axiomatizations for the full Ockhamist logic and for CTL* are still
open problems.

Finally, we remark that in this chapter, for simplicity, we will consider only
until-free logics. We recall, however, that the recipe for the treatment of the op-
erator until, formalized in Section B4l in the case of a linear-time logic, is general
and can be easily adapted to the branching case.

! 'We note anyway that Peircean logics can be obtained by the Ockhamist ones by just
imposing a restriction on the language. Thus our systems can be also used for reasoning
on Peircean logics, e.g., by considering a restriction on the set of admissible derivations.

2 Moving to intuitionistic systems for studying normalization is also standard in such
cases. The results obtained, e.g., a proof of consistency, can be then extended to the
classical system by considering a proper translation.
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5.2 Systems for bundled Ockhamist logics with general time

In this section, we first define a labeled natural deduction system A (bas) for the
logics of basic frames and (Dis)-frames (which are proved to be equivalent in [167]).
Then we extend such a system in order to consider other bundled Ockhamist logics
(see Section EZZTl). All the systems are shown to be sound and complete.

5.2.1 A system for the logic of basic frames
A labeled version of the logic of basic frames

As usual, we need to formalize the extension of the language and the adaptations
to the semantics required by the labeled deduction setting. We use < to denote
the order relation between points of a basic frame and, as indicated above, e for
the corresponding of ~.

Definition 5.1. Let L be a denumerable set of labels, < and e two binary relation
symbols over L. If b and c are labels in L and A is an Ockhamist formula, then b < ¢
and b e ¢ are relational well-formed (Ockhamist) formulas (or relational formulas,
or ruffs for short) and b : A is a labeled well-formed (Ockhamist) formula (or
labeled formula, or lwff for short).

The notion of interpretation can be adapted to the case of this logic in a standard
way.

Definition 5.2. Given a denumerable set of labels L and a basic structure M =
W, <,~,V), an interpretation is a function A : L — W that maps every label in
L to an element of W.

Definition 5.3. Given a basic structure M = (W, <,~,V), a denumerable set L
of labels and an interpretation X on them, truth for a labeled or relational formula
¢ at a pair (M, ) is the smallest relation |=,,. satisfying:

MXNE,..b<c iff Xb) < Xe)
MAE,..bec iff Ab) ~ A)
M, b A il MW ., A

Given a set I' of generic formulas and a generic formula ¢, we say that:

MXNE,.. T iff MAE,. @ foralpel
I'kE,..¢ iff MXE,, . I implies M\ =, . ¢ for all M and A

The system N '(bas)

The complete set of rules of the system N (bas) is presented in Figure Bl Rules
for classical connectives and linear temporal operators are as seen in Chapter HEl
Indeed, the core of the system is given by the rules of N (K1) (Section EEZZ) which
cover the linear part of the logic. We just remark that, when dealing with branching
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logics, the condition of linearity captured by the rule conn < requires a slightly
more complex formulationf] and needs to be split into two rules, one related to the
future and one related to the past. The one related to the future, conn <g, says
that if both by and b3 are sub-branches of by, then one of the following facts holds:

1. by = b3, and then if a formula B holds in by it must also hold in b3 (again, as
in Section I we express equality indirectly); or

2. by < bg; or

3. by < bo.

The structure of conn <p is symmetrical.

As anticipated in Section Bl the rules for introduction and elimination of V
mirror those for X and G. The rule atome captures the property of basic structures
according to which if u ~ v then V(u) = V(v) (see Definition EZ20) and is the
equivalent of the axiom (Atom) in H(bas).

The set of rules of A (bas) is completed by refle, symme and transe, which
express reflexivity, symmetry and transitivity of the relation ~, respectively.

As is standard, I, denotes the notion of derivability in the system A (bas).
The notions of derivation and theorem are also standard (see Section B2).

In addition to the derived rules for other classical connectives and temporal
operators given in Section EEZTl we will use sometimes the following derived rules
for introduction/elimination of 3, which is the dual of the path quantifier V:

[ce ] ' [ : A]

by: A byeby a7 c:3A b: A
by : A b: A

where ¢’ is required to be fresh in 3E.

JE

Soundness

Theorem 5.4. Let I' be a set of labeled and relational Ockhamist formulas and
b: A a labeled Ockhamist formula. Then

I+ b:A = Ik, .b:A.

N (bas)

Proof. The proof is by induction on the length of the derivation. We have one
case for each rule; some have already been treated for the analogous rules of the
systems in Chapter Bl As further examples, w e show here some new cases: the
rules for the quantifier V, though they can be treated in a way similar to that of
the rules for the other temporal operators, and the rule atome.

(VI) Consider an application of the rule VI

[bl L] b2]
17
b2 tA
bl : VA

VI

3 The reason is that given two worlds b and c of an Ockhamist structure, it is not true
that either b < c holds or ¢ < b holds; they may also be <-unrelated.
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[br: A D] b: Al

byt L b: B b:ADB b:A

nwodf va>s -t b: B =
[b1 < bz] [bl < bz]
by s A bi:GA by < bo by A by : HA by < bo
b .GA ©f by A GE 3 ha HI b A HE

[b1<l)3]
b1 < by by < b3 b: A trans <

b: A
[bs : B] [b2 <bs] [b3 <]

by <by bi<bs by:B b:A b A
b: A

conn <R

[bs : B] [b2 <bs] [bs <b2]

by <bi by<b, b:DB CA b: A b: A

b : conn <J,
[bl [ ] bg]
byt A by : VA by ebs bi:p breby
by VA \2 by A VE ba i p atome
[b1 @ b1] [b2 @ b1] [b1 @ bs]
b A byeby b:A bieby byeby b:A
b A refle b A symme b A transe

In GI, bs is fresh, i.e., it is different from b; and does not occur in any assumption
on which bs : A depends other than the discharged assumption by < b.

In HI, by is fresh, i.e., it is different from b2 and does not occur in any assumption
on which b; : A depends other than the discharged assumption by < b.

In VI, bs is fresh, i.e., it is different from b; and does not occur in any assumption on
which b2 : A depends other than the discharged assumption b; e bs.

In atome, p is an atomic proposition.

Fig. 5.1. The rules of N (bas).
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where IT is a proof of by : A from hypotheses in I/, with by fresh and with I"" =
I'U{b; eb2}. By the induction hypothesis, for all interpretations A\, if M, A =, I
then M, A |=,,. b2 : A. We let M = OV, <,~,V) and X be any basic structure
and interpretation such that M, \ |=, . I', and show that M, A =, by : VA. Let
A(b1) = w, for some world w in the set W. Now let us consider a generic world
w’ such that w ~ w’. Since A can be trivially extended to another interpretation
(still called A for simplicity) by setting A(b2) = w’, the induction hypothesis yields
MAE,,, bt A le. M,w' k=, A. Given that w’ is an arbitrary world ~-related
to w, we can conclude M, \ |=, by : VA.
(VE) Consider the case in which the last rule applied is VE:

I
b11VA b1.b2
bg:A

where IT is a proof of by : VA from hypotheses in Iy, with I" = Iy U {by e by} for
some set [ of formulas. By applying the induction hypothesis on I, we have:

Fl ':bas b1VA

Now we proceed by considering a generic basic structure M = (W, <,~,V) and a
generic interpretation A on it such that M, A |=, . I' and showing that this entails

M,)\ ):bas bg!A.

From I' D I3, we deduce (by the induction hypothesis) M, =, = b1 : VA.
Furthermore M, \ |=, . I' entails M, \ |=, . by ® by and thus M, A(b2) =,.. A,
i.e., by Definition B3 M, A =, by : A.

(atome) Consider the case in which the last rule applied is atome:

17
bliA bl.b

b A atome

where IT is a proof of by : A from hypotheses in I, with I" = Iy U {b; e b} for
some set I'7 of formulas and A is an atomic proposition. By applying the induction

hypothesis on II, we have:
Fl ):bas bl AL

Now we proceed by considering a generic basic structure M = (W, <,~,V) and a
generic interpretation A on it such that M, A |=, . I' and showing that this entails

MAE, . b A.

By M, |=,,. I' we deduce:

(i) M, X, I
(i) A(b1) ~ A(D).

By the induction hypothesis, (i) yields M, =, b1 : A. By Definition 2220, (ii)
yields V(A(b1)) = V(A(b)). Since A is atomic, from M, A |, b : A we can
conclude M, A =, b: A.

O
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Completeness

Theorem 5.5. Let I' be a set of labeled Ockhamist formulas and b : A a labeled
Ockhamist formula. Then
'e,,.b:A = Itk b:A.

N (bas)

Proof. In order to show that the system N'(bas) is complete with respect to the
semantics of the logic of basic frames (Definition ZZZTI), we need to prove that every
axiom and rule of inference in the axiomatization H(bas) is provable in N (bas).
We omit the proofs for rules of inference, which are standard (see Section EEZTI).
As for the axioms, we give derivations of the ones concerning linearity and of
the ones related to the quantifier V. For the other axioms, the reader is referred to
the proofs given in the case of the system N (Kt) (Section EEZT]).
(Kv)
b:V(ADB)* [bec? [b:VA]? [bec]?
c:ADB vE c: A
c: B
bove "
b:vA>vB !
b:V(AD>DB)D (VADVB

VE

DF

oIt
)

c: Al
b<d? [b<d?® [d:A]P %\/I 1371 1T,

[b: FAJ! c:FAVAVPA

c:FAVAVPA
b:G(FAV AVPA)

b:FADGFAV AVPA)

conn <31%

FE3

GI?
oIt

where II; is
[d:A]? [d<d?
c:PA

¥

PI
VI

and I, is
[d: A [c<d?
c:FA
¥
Note that we have used the abbreviation ¢ = c¢: FAV AV PA and we have
slightly simplified the proof by using a generic VI rule. The axiom (L2) can be
derived in a symmetrical way.

FI

VI

(V1)
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b:VA' [bed*
bec]? [ced? d: A

v.vvser o 1
b:VASwa 2!

(V2)
b:VA [beb)?

ll: ﬁ refle?

e L 1
bvAoa L

VE

(V3)
[c: V=AY [ceb]?
b:—-A

= 4

[be 0]2 c: VA =
c: VA 9

b:vv—A L

b: ADV-V-A

(Atom)

5.2.2 Systems for other bundled Ockhamist logics

In this section, we consider extensions of the system N (bas) aiming at capturing
some of the extensions of the logic of basic frames presented in Section EZZT]
namely the logic of (WDC)-frames, the logic of (Dis+ WDC)-frames and the logic
BOBTL of Ockhamist frames. We will show that a modular enrichment of the base
system N (bas) with specific rules capturing the new properties will work.

We use the same labeled language defined for N(bas) (Section BZTl). The
definition of interpretation and the notions of truth and validity are also standard
and can be easily inferred from those of Section B2} just replace basic structure

by the proper structure; we omit the details.



5.2 Systems for bundled Ockhamist logics with general time 149
The logic of (WDC)-frames

In basic frames there is no interaction between the relations < and ~. The first
extension that we consider consists in requiring that the basic frames satisfy the
property WDC (we recall it here for convenience):

(WDCQC) If x < y ~ ¢, then there exists 2’ such that z ~ 2’ < y/.
We can capture such a property by adding the rule wdc below.
[d <] [ded]

cec d<ec b: A d
b: A wac

where we require that d’ is fresh.
A derivation of the axiom (WDC) (see Section EZZI), obtained by using the
rules of N'(bas) and wde, is the following.

[d: AP [ded]!
734 T <
[bec)? [d<b)? c:P3A .
[b: PAJ c:PIA wde
, PES

c:P3A e

b:vPIA "
b:PADVPIA -

The logic of (Dis+WDC)-frames

As stated in Lemma ZZ2 (Dis+WDC)-validity and (WDC+SDC)-validity coin-
cide.

We recall here the property SDC, which is the one on which we will build our
deduction rule:

(SDC) if z < y < z ~ 2z’ = 2’ ~ x, then there exists y’ such that ¢y ~ y and
<y <2

The following rule sdc models such a property.

[od [ <c] [ <d]

b<c c<d Veb ded b <d b: A
b: A

sdc

where we require that ¢’ is fresh.

We present in Figures -2 and B3 a derivation of the axiom (DW1) (see Section
EZT), obtained by using the rules of N'(bas), wdc and sdc. We omit the derivation
of the axiom (DWZ2), which can be obtained similarly by using conn <p instead
of conn <.
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H1 H2
c:P(AN(CVPC)) c:G(C D GAy)

c:P(AA(CVPC))AG(C D GA;)
c¢: (GA1 APC) D P(AA(CVPC)AG(C D GAY)
b:VY(GA1 APC D P(AA (CVPC))AG(C D GAY))

oI
2

1
b: (P(VAAGB) AH=(BA3C)) D Y(GAL APC S P(AA (CVPC) AGC S GAy)) !
where I1; is the following derivation:
[f:VYAAGB]®
—— A 0
f:VA [f ed] VE s
d: A d:CVPC N
d: AN (CVPC) [d<c®
[b:P(VAAGB) AH-(B A 3O [f <b]® [bec? c:P(AA(CVPQO)) .
b:P(VAAGB) c:PAN(CVPC) wde
c:P(AA(CVPO)) PE
and II3 is the following derivation:
e:CI" [e<d' b
. 11
‘ [d: C] I d:PC_ . 11,
[c: GA1 APC)? e<d® [d<® [e:C)*° d:CVvPC d:CVPC d:CVPC "
c: PC d:CvVvPC P10 conm <r

d:CVPC

Fig. 5.2. A derivation of the axiom DW1 (1/2).



114 is the following derivation:

[f:VAAGB]®
f:GB [f <2
[b: P(VAAGB) AH=(B A 3C)* . [/ : ~B]'3 B GE
b:H(=B v v=0) M e <o T oE
HE e L B g
e : =BVVY-C d:CVvPC d:CVvPC
[d<e' [e<d' [fed® [bec? [f<b]?® d:CVvPC
d:CVPC sdc*?
115 is the following derivation:
[6/ . V—‘C]B [e/ 06]12
e:C vE [e:C]* 5
d:CVPC =

and II7 is the following derivation:

[c: GAL APC)?
c: GA; NE [c<e]” -
[c<d?® [d<e]® e: Ay
A trans <”

-Gl

d: GAl 5
d:CoGA L,
c:G(C D GAy)

Fig. 5.3. A derivation of the axiom DW1 (2/2).

\/E13

ouIr} [eIoUSS UM SOISO[ JSTWRYNO() PO[PUL( I0J SWISAS 7'

16T
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The logic BOBTL

Finally, we obtain Ockhamist frames by requiring the set of frames to satisfy also
the property MB~~.

(MB~7) if x is a <-maximal element, and x ~ y, then y is a <-maximal element.
A further extension of the system will contain the following rule:
[d < d]

dec c<dcd b:A
b: A mb

where we require that d’ is fresh.
A derivation of the corresponding axiom MB~~ (see Section ZZZ) in the ex-
tended system is the following:

b:GL <P

bed? [d< e cL . ¢F
[d:FT)? c:l mb
[b:3FT)? c:L Fet
c:L E?
bivG L LB
b G1love L -l

Soundness and completeness

Theorem 5.6. The extensions of N (bas) presented in Section[ZA are sound and
complete with respect to the semantics of the corresponding logics.

Proof. Soundness of the extended systems is easy to prove, since the rules mirror
the properties that the frames of the extended logics are required to satisfy. We
do not go into details and just remark that the proof is in the style of those of
Section
With regard to completeness, we have already presented derivations of (most
of) the axioms expressing the properties that define each logic when we introduced
the rules.
O

5.2.3 Normalization

The labeled natural deduction systems defined in this section present the same
features of those of Section In particular, we have restricted the introduc-
tion/elimination of the operators to the specific rules GI, GE, VI, VE. Moreover,
as in Section EE2 relational rules can be reduced to have only atomic conclusions.
Here we omit an explicit analysis of normalization, however the nature of the sys-
tem is such that an adaptation of the techniques used in similar labeled systems
(see, e.g., [103,148]) does not seem to be difficult.
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In particular, we remark that a standard procedure, defined by induction on
the complexity of the maximum formulas to be removed (see also Section for
a brief introduction to normalization in natural deduction), is expected to work
in this case. A deeper proof-theoretical analysis will be performed in Section
in the case of a system for the logic BCTL* , for which a more complex treatment
will be required.

5.3 A System for BCTL*

5.3.1 Introduction

In this section, we consider computation tree logics. One of the most popular of
such logics is the so-called CTL* (see Section EZZ2), which has been shown to be
especially useful in developing and checking the correctness of reactive systems
(see, e.g., [70,102]). In spite of its great relevance, the problem of presenting a
satisfactory deduction system or even a Hilbert-style axiomatization for such a
logic has been, partially, solved only recently in [135]. However, it is a non-standard
automata-based axiomatization, which makes use of “an unusual and unorthodox
rule of inference” (as stated by Reynolds himself in [139]).

The main difficulty encountered in finding a finitary axiomatization of CTL*
(and, in fact, such an axiomatization is still unknown, as discussed in, e.g., [135])
resides in the extreme difficulty to master the so-called limit-closure property of
the standard C'TL* validity semantics.

For this reason, a number of interesting sublogics of CTL* have been proposed
in the literature. Amongst these logics, a special role is played by BCTL* [139].
The logic BCTL*, is obtained by referring to a more general semantics than that
of CTL*, where we only require that the set of paths in a model is closed under
taking suffixes (i.e. is suffiz-closed) and is closed under putting together a finite
prefix of one path with the suffix of any other path beginning at the same state
where the prefix ends (i.e. is fusion-closed). In other words, this logic does not
enjoy the limit-closure property (see Section for details).

It is important to stress that BCTL* is not merely a kind of escape from
CTL*. It is also relevant in itself when we are interested in restricting the set
of computations to be taken into consideration; namely, in the case of reasoning
under fairness assumptions. In fact, as described in Section L3, it has been
shown [42] that BCTL* is equivalent to the logic generated by fair structures,
i.e. transition systems endowed with a mechanism for expressing conditions of
generalized fairness [63].

In this section, we present a labeled natural deduction system N(BCTL*)
for the bundled computation tree logic BCTL* , which is the until-free version of
BCTL*. In defining such a system, we adapt the ideas laying behind the formula-
tion of systems for Ockhamist logics of Section to the discrete case. Excluding
until from the set of considered operators makes an analysis of normalization easier.
We remark, however, that the solution proposed in Section EE4l for the treatment
of until is pretty general and thus could be easily adapted to the case of this sec-
tion. With regard to possible extensions towards CTL* (and in general towards
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capturing a full semantics, also in the case of OBTL) some ideas will be sketched
in Section B Part of the material of this section has been presented in [109].
The structure of this section is the following:

— in Section B2, we define a labeled version of BCTL* and specify its semantics;

— in Section X3 we present and briefly describe the rules of the natural deduction
system;

— in Section B34 we prove that the system is sound with respect to the given
semantics;

— in Section B2 we give a proof of weak completeness by using a given Hilbert-
style axiomatization for the logic.

Normalization of the system will be treated in Section B4

5.3.2 A labeled version of BCTL*

It is not difficult to adapt the extension to a labeled version of the logic of basic
frames provided in Section B2l to the case of BCTL* . First, we need to add a
further relational symbol: we will use <1, as in Chapter Bl to denote, in the syntax,
the relation of immediate successor, upon which the operator X is defined.

In this section, the terms labeled formula and relational formula will corre-
spond to the following notions. We also remark that, in order to give a more
complete treatment of normalization (Section B4, in this case we consider also
the conjunction A as a primitive connective.

Definition 5.7. Let L be a denumerable set of labels, < and o two binary relation
symbols over L. If b and c are labels in L and A is a BCTL* formula, then
b<ec, b<candbec are relational well-formed (BCTL* ) formulas (or relational
formulas, or rwffs for short) and b: A is a labeled well-formed (BCTL* ) formula
(or labeled formula, or lwff for short).

If we reason in terms of transition frames, the intended meaning of an lwff b : A
is that:

- A holds in the initial state of b when A is a state formula, and that
- A holds in the path b when A is a path formula.

In the rwifs, we use <1, < and e with the following intended meaning:

- by < by states that by is a suffix of by, i.e. if by = 51, S2, ... then bs = s;, 541, ...
for some ¢ > 1;

- by < by states that by is the maximal proper suffix of by, i.e. if by = s1, 59, 83, ...
then by = s9, 53, ...;

- by e by states that b; and by share the same initial state, i.e. if by = s1, s9, 83, ...
and by = $i, sh, s5, ... then s1 = ).

For the sake of clarity, we define explicitly the notion of truth for labeled and
relational formulas as follows. The notion of interpretation is adapted to the case
of BOTL* from the standard one (Section BZ2) in the obvious way.
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Definition 5.8. Given an (N x W)-structure M = (T,<,~,V), where T =
(N x W) for some set W, and an interpretation A on it, truth for a formula ¢
(relational or labeled) is the relation = defined as follows:

BCTL*

M %chi b:l;
M, A ):ch* b1 < by iff there exist n € N and w € W such that
} A(b1) = (n,w) and A(b2) = (n+ 1, w);
M E o b1 < b2 iff  Ab1) = Ab2) or A(b1) < A(b2);
M A ):BCTLi b1 ® by Zﬁ )‘(bl) = )\(b2);
M, A IZBCTL,i b:p iff peVAD);
MAE, . bD:ADB iff M,AE, ... b:Aimplies M\\|=, . b:B;
MAE, .. b AAB iff M A,.,. biAand M=, b: B;
M E, .. bi XA i for allt, M,XE,,.,.. b<lV implies
) M e U2 A
M E, ... b:GA iff for allb', MUN =, . b<V implies
) M. Vi A;
M A, .. b:VA iff  for allb, MUX =, bel implies
. MANE, . b A
When M, X =, @, we say that ¢ is true in M according to X. By extension:

M, A ':BCTL’L r o M)A ':BCTL,i @ forallpeI';
ME, e @ iff ~ for every interpretation A, M, X=,_..,. ¢;
ME, ... T iff ~ for every interpretation A, M X |=, ... I';

I'l=,ome © iff  for every (N x W)-structure M and interpretation \,
M\ = I' implies M, \ =

BCTL* BCTL* ®-

5.3.3 The System N (BCTL*)

In this section, we give a labeled natural deduction system, which we call N (BCTL* ),
for the logic BCTL* .

The rules of N(BCTL*) are given in Fig. B4l The notion of derivability in
N(BCTL®) (denoted I ,.,,.,) can be defined in the usual way (see Section E2).

Rules for logical connectives and for temporal operators are in the same vein of
those of the systems already presented (Chapter lland Section B2). Here we briefly
describe the other rules, trying to clarify also their interpretation in terms of paths
in a transition system.

Rules for <

The rule ser<t models the fact that every world has an immediate successor and
thus ensures that the suffix-closure property (as described in Section EZZZ) is
satisfied. The rule lin< specifies that such a successor must be unique.
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[b1: ADL] b: A
by il b:B b:ADB b:A
Y Y b: B oF
b:A b:B b:ANB b: ANB
v.anp M b.a M b5 P2
[bl < b2] [bl < bz]
bQ.:A b1 : XA by <bs bA by by by <bs ba: A .
b xA X by A XE g sere by A lin<
(b1 < b2] (b1 < b1) [b1 < bs]
by : A b1:GA by < bs b A by<bs ba<bs b:A
< <
b1 : GA G by : A GE b: A refl < b: A frans <
[b1 @ b2] [b1 ® b1] [b2 ® b1]
by s A by :VA by ebs b A biebs b:A
b vA oA VE g refle b A symmse
[b1 ® bs] [b1 < bs]
bieby byebs b:’At biip biebs by <1 bs b:'Ab _
b:A ranse 7[)2:1) atome —bA ase &
[bl ° bl] [b/ < b3] [bo < bz] [bl < bj] [bl : A]
by < bs b ebs biA fusion bo: A bo<b b : A -
b: A b: A m

e In XI (respectively GI, VI), bz is fresh, i.e. it is different from b1 and does not occur
in any assumption on which b2 : A depends other than the discharged assumption
b1 <1 bz (respectively by < bz, by @ ba).

e In ser<, by is fresh, i.e. it is different from b and does not occur in any assumption
on which b: A depends other than the discharged assumption b1 < bs.
In atome, p is an atomic proposition.

In fusion, b’ is fresh, i.e. it is different from b, b1, b2 and b3, and does not occur in
any assumption on which b : A depends other than the discharged assumptions b’ e b;
and b’ < bs.

e In ind, b; and b; are fresh, i.e. they are different from each other and from b and
bo, and do not occur in any assumption on which b; : A depends other than the
discharged assumptions of the rule.

Fig. 5.4. The rules of N (BCTLY).
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Rules for <

We recall that b; < bs intuitively means that bs is a suffix of b;. In terms of the
given semantics, < denotes in the syntax the reflexive and transitive closure of <
(see Definition ZZ28). The rules refl < and trans < state respectively the reflexivity
and transitivity of <.

Rules for e

We recall from Section that the symbol e in the syntax corresponds to the
accessibility relation ~ in the semantics. ~ is defined as an equivalence relation and
thus we have the rules refle, symme and transe that express reflexivity, symmetry
and transitivity of e, respectively. It follows that V behaves as the modal operator
O does in the modal logic S5.

Finally, atome mirrors the property of (N x W)-structures according to which if
x ~ y then V(z) = V(y) (see Definition ZZ30). Intuitively, with regard to transition
structures, it models the idea that two paths having the same initial state must
satisfy the same set of atomic propositions and is the equivalent of the axiom
(Atom) in the axiomatization H(BCTL* ) given in Section

Rules for Interactions between the Relations

The rule base < expresses the fact that the relation corresponding to < contains
the relation corresponding to <I: in the “path terminology”, it says that every path
b is a prefix of its maximal proper suffix.

The rule fusion strictly corresponds to the fusion-closure property (see Section
EZ2) of transition systems, according to which the set of paths must be closed
under putting together a finite prefix of one path with the suffix of any other path
such that the prefix ends at the same state as the suffix begins. In terms of the
given semantics, it roughly corresponds to condition 4(b) in the definition of an
Ockhamist frame (Definition ZZ28]). In terms of the axiomatization H(BCTL* ), it
is the equivalent of the axiom (Fusion).

Finally, we have a rule ind modeling the induction principle underlying the
relation between < and <. It comes from the definition of (N x W)-frame (Def-
inition EZZZ9)), which requires the vertical lines of points to be isomorphic to the
natural numbers.

5.3.4 Soundness

Theorem 5.9. For every set I' of labeled and relational formulas and every labeled
formula b : A, it holds that

't ygens, 0 A = I'Eg. bt AL
Proof. The proof proceeds by induction on the structure of the derivation of b : A.
The base case is when b : A € I' and is trivial. There is one step case for every
rule: most of them can be treated in a way similar to the analogous rules given for
the other systems; we show only five representative cases.
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Consider an application of the rule XI:

[b<?d)
/U
A
boxa
where IT is a proof of b’ : A from hypotheses in IV, with b’ fresh and with IV = I"'U
{b<d'}. By the induction hypothesis, for all interpretations A, if M, A =, . I
then M, A |=,.,. b : A. We let X be any interpretation such that M, A\ =, . T,

and show that M, A E b : XA. Let (n,w) be any point such that A(b) =

(n,w). Since A can be trivially extended to another interpretation (still called
A for simplicity) by setting A(b') = (n + 1,w), the induction hypothesis yields

BCTL*.

M, |:BUTL,i b A e M, (n+1,w) ):BCTLj A, and thus M, A ):BCTLj b: XA.
Consider an application of the rule VI:
[bed]
IHA
b
bova V!

where IT is a proof of b’ : A from hypotheses in I/, with b’ fresh and with IV =
T'u{beb'}. By the induction hypothesis, for all interpretations A, if M, X = I’

BOTL*
then M, A =, . b : A. Welet A be any interpretation such that M, A =, . T,
and show that M, A = b: VA. Let (n, w) be any point such that A(b) = (n, w).

Now let us consider an arbitrary point (n,w’) for some w’. Since A can be trivially
extended to another interpretation (still called A for simplicity) by setting A(b") =
(n,w’), the induction hypothesis yields M, A =, ... b : A, ie. M, (n,u') =

A. Given that w' is arbitrary we can conclude M, |= b:VA.

BCTL*.

BCTL*

BCTL*

Consider the case in which the last rule applied is GE:

n
b:GA b <b GE
b: A
where IT is a proof of b’ : GA from hypotheses in I, with I' = I'; U {b' < b} for
some set [ of formulas. By applying the induction hypothesis on I, we have:

Fl 'ZBUTLj b/ :GA .

We proceed by considering a generic (N x W)-structure M = (7, <,~,V) and a
generic interpretation A on it such that M, \ I' and showing that this

BCTL*
entails

MAE o DAL
Since It C I, from the induction hypothesis we deduce M, A =, 0" : GA.
Furthermore M, X |=, ... I entails M,\ |=

b < b. Then, by Definition
E32 we obtain M, A = b: A.

BCTL*

BCTL*
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Let an application of fusion be the last rule application in the derivation of
b: A:
[0 @ by] [V <1bs]

I
by <tby by ebg b:Afuion
b: A s

where IT is a proof of b : A from hypotheses in I's, with I' = I'TU{b; <ba }U{byebs}
and I, =T U{b eb } U{l <bs} for some set I of formulas. The side-condition
ensures that b’ is fresh in I1. Hence, by applying the induction hypothesis on IT,
we have

FQ 'ZBUTLj b:A.

We proceed by considering a generic (N x W)-structure M = (7, <,~,V) and a
generic interpretation A on it such that M, A E I' and showing that this

BCTL*
entails

M E b:A.

BCTL*.

From M, \ E

j— I', we deduce:

(i) there exists a point (n,w) € T such that A(b1) = (n,w) and A(b2) = (n +
1, w);

(i) Mbs) = Alb).
We know from Lemma 3T that A(b3) = (n + 1,v) for some (n+ 1,v) € 7. Then
by the property 4(b) of Ockhamist frames (Definition ZZ28), the point (n,v) is such
that (n,v) ~ (n,w) = A(b1). Now let us consider an interpretation A" which differs
from A only for the point assigned to o', namely A = A[b' — (n,v)]. Note that we
have defined ) in a way such that M, X = b eby and M, \ E b’ < bs.
Since b’ does not occur in I' (by the side-condition on the application of fusion),
we have M, X |=, .. I and thus also M, X |=, . . I. Then, by the induction

hypothesis, M, X =, . b: A We conclude M, \ = b : A by observing that
the side-condition b’ # b ensures A(b) = N (b).
Finally, consider the case in which the last rule applied is ind:
g I
bo:A b0<b ijA‘
LA ind

BCTL* BCTL*

BCTL*

where IT is a proof of b; : A from hypotheses in Iy and II’ is a proof of by : A from
hypotheses in I, with I' = F1U{b0 < b} and [y = FlU{bo < bi}U{binJ‘}U{bi : A}
for some set I of formulas. The side-condition on ind ensures that b; and b; are
fresh in IT. Hence, by applying the induction hypothesis on IT and II’, we have:

FQ ':BCTL’i bj tA and Fl ':BCTL’i bo T A.

We proceed by considering a generic (N x W)-structure M = (7, <,~,V) and a
generic interpretation A on it such that M, X E I' and showing that this

BCTL*
entails
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M A E b:A.

BCTL*
First, we note that It C I" and therefore M, A\ =, . .
and, by the induction hypothesis on IT', M, A =, .. bo : A. Let A(bg) = (n,w)
for some (n,w) € 7. From M, X =, . . I, we deduce M, X\ |=, . . by < b

and thus A(b) = (n + k,w) for some k € N. We show by induction on k that

M, XN, b1 Al As a base case, we have k = 0; it follows that A(b) = A(bg) and
thus trivially that M, A |=, . bo : A entails M, A =, .. b: A. Let us consider

now the induction step. Given a label by_1 such that A(bg—1) = (n + k — 1, w),
we show that the induction hypothesis M, X =, .. bx—1 : A entails the thesis

M E
points assigned to b; and b;, namely X' = A[b; — (n+k—1,w)][b; — (n+k,w)]. It is
easy to verify that the interpretation A’ is such that the following three conditions
hold:
(i) M,X |=
(i) M, N
(igi) M, N E

I’ implies M, A =, ... Tt

b : A. We can build an interpretation X’ that differs from A only in the

BCTL*

b; : A;
by < by;
biﬂbj.

BCTL*
BCTL*
BCTL*
Furthermore, the side-condition on the rule ind ensures that A and )\ agree on
all the labels occurring in Iy, from which we can infer that also M, N | I
must hold. It follows that M, \" |=, . . I> and thus, by the induction hypothesis
on II, that M, X = bj : A. We conclude M E
that A'(b;) = A(b).

BCTL*.

b : A by observing

BCTL*. BCTL*.

O

5.3.5 Completeness

The proposed natural deduction system N (BCTL* ) consists of only finitary rules;
consequently, it cannot be strongly complete (see the discussion on the failure of
compactness in Section EZ34l). Nevertheless, our system N(BCTL*) is weakly
complete with respect to BCTL* | namely:

Theorem 5.10. For every labeled formula b: A it holds:

':BUTL’: b:A = l_N(BUTL’:) b:A.
Proof. The most “economic” way to prove the theorem is to show that N'(BCTL*)
is complete with respect to the axiomatization H(BCTL* ) given in Section ZZZ2,
which is sound and complete for the logic BCTL* . Most of the axioms can be
proved in a way analogous to the proof for N(LTL_) (for the linear part) or
N (bas) (for the branching part). Here we just show a derivation for the axiom
(Fusion).
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[b: VXA]' [beb)

VE

b XA [ <d*
b<c? [ced? d: A -
A fusion
i VI
c:VA o
b:xva X

V./AvLer 1
b:vXA > xva 2!

5.4 Normalization of the system for BCTL*

In this section, we describe a process of normalization for an intuitionistic version
of the system N (BCTL*).

In studying normalization for N(BCTL* ), the main difficulties arise from the
presence of a rule (ind) modeling the induction principle. This suggests an analogy
with deduction systems for Peano Arithmetic. Though it can be proved that a
standard subformula property does not hold for such systems, it is possible to
consider forms of normalization that are “good” enough to get a syntactic proof
of consistency.

There exist several translations from classical Peano arithmetic to intuitionis-
tic Heyting arithmetic such that if a contradiction is provable in the former, then
it is also provable in the latter. This implies that the consistency of intuition-
istic arithmetic guarantees also the consistency of classical arithmetic. Thus, in
order to simplify the treatment of normalization, it is quite standard to focus on
intuitionistic versions of the system.

We will follow the same way of reasoning here. The structure of the proof
mirrors those given in [74,126,151] with regard to natural deduction systems for
Heyting arithmetic. Some adaptations required by the labeled nature of our system
are inspired by normalization presented for labeled systems in [148,159].

We will obtain a result of consistency for the intuitionistic version of our system.
Moreover, we will extend it, via a proper translation, to a result of consistency for
the classical system N (BCTL* ) presented in Section

The structure of this section is the following:

— in Section BTl we introduce the intuitionistic version N (BCTL* ;) of the sys-
tem, for which normalization will be studied;

— in Section B2, we define a normal form for N (BCTL* ;) derivations, where the
idea is that we do not have detours and allow only some forms of ind-applications;

— in Section EZ3 we define a reduction relation = between derivations, where,
in addition to standard contractions, we consider some contractions for ind-
applications;

— in Section L4 we prove that N'(BCTL* ;) derivations enjoy the Church-Rosser
property with regard to the relation =, i.e. if a derivation I7 is such that IT = IT’
and I = II"” then there exists a derivation IT"” such that IT’ = II"" and
= H///;
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— in Section BEZH, we exploit the Church-Rosser property to prove a theorem of
weak normalization for the system N (BCTL* ,), i.e. we show that every deriva-
tion reduces (by =) to a derivation in normal form; the proof is not by induc-
tion on the complexity of the maximum formulas to be removed but follows the
schema of normalization procedures of natural deduction systems for Heyting
arithmetics (in particular, [74]);

— in Section BEZ0 we analyze the structure of normal derivations;

— in Section LT we use the structural properties of normal derivations to give
a (syntactic) proof of the consistency of N(BCTL*,) and indirectly, by us-
ing a translation from the classical to the intuitionistic version of the logic,
of N(BCTL*);

— finally, in Section B8, we show that the system N (BCTL* ), with respect to
the normalization defined, does not enjoy the subformula property.

In order to ease readability, some of the proofs are given in Appendix [Al
The content of this section has been submitted in [108].

5.4.1 The intuitionistic system N (BCTL* )

Here we define the intuitionistic system N (BCTL* ;) for which we will study nor-
malization. First, we show that some conditions hold on the use of labels; then we
introduce some modifications to the rules of N(BCTL* ) in order to get an intu-
itionistic version of the system and some restrictions in order to simplify the nor-
malization procedure; finally, we present a translation from the classical (BCTL* )
into the intuitionistic (BCTL* ;) version of the logic, which will be used to extend
to N(BCTL* ) the result of consistency proved for N(BCTL* ,).

In order to carry out the process of normalization described in the following, we
need to note that some conditions on variables hold in the system N (BCTL* ) (and
also in its intuitionistic version). In particular, we adapt the standard definition
of proper parameter from [125,153] and prove a lemma on parameters.

Definition 5.11. A label b is said to be the proper parameter of an application r
of XI, GI, VI, ser<, fusion or ind if b is the label that is required to be fresh in
the dischargeable assumption of r. A label b is said to be a proper parameter in a
derivation II if it is the proper parameter of some rule application in II.

Lemma 5.12. Ifb: A is derivable, then there exists a derivation II of b: A from
I" where:

(i) each proper parameter of II is a proper parameter of a single rule application;
(ii) the proper parameter of an application v of XI, GI or VI occurs only above
the conclusion of r.
(iii) the proper parameter of an application r of ser<l, fusion or ind occurs only
above one of the premises of r.

Proof. By induction on I1, by systematically renaming proper parameters starting
with the uppermost applications of XI, GI, VI, ser<, fusion and ind.
O
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In order to simplify the analysis, we modify the system N (BCTL* ) by adding
a rule lin<g that exploits linearity of <1 also in the context of rwifs:

plbs/bs]

bi<aby bi<aby p biA . ’
b A <R

where p is an rwif. The system obtained is equivalent, with respect to the set of
derivable formulas, to the previous one, as shown in the following lemma.

Lemma 5.13. The system N(BCTL*) with the addition of the rule lin<g is
sound with respect to the semantics of BCTL* .

Proof. We show that for every set I' of labeled and relational formulas and every
labeled formula b : A, if b : A is derivable in the system by using assumptions in
I' then I' = b : A holds. The proof is by induction on the structure of the

derivations: with respect to Theorem .9, we have to consider just one additional
case. Let an application of lin<ig be the last rule application in the derivation of

b: A:
plb3/b2]

17
by by by b3 P bAl )
b A m<Ir

BCTL*.

where IT is a proof of b : A from hypotheses in I, with I" = I't U{b; < by} U{b1 <
bs} U {p} and Iy = I'1 U {p[bs/bs]} for some set I} of formulas. By applying the
induction hypothesis on IT, we have

FQ ':BUTL’: b:A.

We proceed by considering a generic (N x W)-structure M = (7, <,~,V) and a
generic interpretation A on it such that M, \ I' and showing that this

BCTL*

entails
MAEope DAL
From M, A\ ):BCTLj I, we deduce:
() there exists a point (n,w) € 7 such that A(by) = (n,w) and A(b2) = (n +
L w);
(1) there exists a point (m,v) € 7 such that A(b1) = (m,v) and A(b3) = (m +
1,v).

Since A is a function, (n,w) and (m, v) must coincide. It follows that also A(b2) and
A(bs) coincide. But then, from M, \ = we deduce that also M, \ =

p[bs/ba] holds, whatever p is.

BCTL* P BCTL*

O

In the following, we call relational rules the rules ser<, lin<, lin<gr, base <,
refl <, trans <, refle, symme, transe, atome and fusion.
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An intuitionistic version N (BCTL* ;) of the system is now obtained by substi-
tuting the rule LE with its intuitionistic version LFE;:

bg L

b1 cA

1E;

We can also restrict relational rules and 1 E; so that they have only atomic
conclusions.

Lemma 5.14. IfI't . . ...  b: A, then there exists a derivation in N(BCTL*,)

of b: A from I' where all the applications of relational rules and of LFE; have an
atomic conclusion.

Proof. We can give rules that systematically reduce the complexity of the formula
that is the conclusion of the application. As an example, we show the reductions for
the rule base <, when the main connective of the conclusion is D or G, respectively:

) [blibz]Q
[b1 < by
b:ADB [b: A
I ~ = [ ] OF
by<by b:ADB b1 <1 by b:B ’
base <* base <2
b: A>B = b:B LS
b:ADBDI
[b1§b2]2
by < o]t
[IHQ] N b:GA [b<b1]1 .
b1 < by b:GA 1 b1 < bs b A 9
b GA base < A base <
b:Ga o'

The reductions for other relational rules are very similar. We show instead reduc-
tions for LFE;:

b1 L ~> bl L
b:GA

a

Thus we can consider a system where the application of relational rules and of
1 FE; is restricted to have atomic conclusions. For simplicity, we will keep calling
this system N (BCTL* ).

By summing up, in the following we will study normalization for the system
obtained by modifying N (BCTL* ) as specified by the following definition.
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Definition 5.15. The system N(BCTL* ) is obtained by modifying the system
N(BCTL*), presented in Fig. as follows:

(1) we add the rule lin<g:
P[b3'/ bo]

by by b1 <bs P bA li ’
b A IN<IR

where p is an rwff;
(i) we replace the rule LE with the rule LE;:
b2 L

bl t A

1E;
(ii1) we restrict the application of relational rules and of LE; to atomic conclu-
si0nS.

We remark that the intuitionistic nature of the system is given by modification
(1), while (i) and (7i7) are just introduced in order to simplify the normalization
procedure.

We can now adapt the Godel-Gentzen negative translation (-)9 (see, e.g., [152])
to our case.

Definition 5.16. For all formulas of BCTL* the negative translation ()¢ is de-
fined inductively as follows:

(p)? = —=p, for p atomic and p L ;

(J_)g — 1

(ASByE = (49> (BY;

(ANBY = (49 A(B)Y;

(X4 = XA

(G4 = G(A);

(VA)9 = V(A)9.

By extension, we define the negative translation for lwffs and rwffs as follows:

b:A)9 = b:(A)9Y;
(p)? = .

Lemma 5.17. Given a set I' of lwffs and rwffs and an lwff b: A, it holds

s biAiff (D)

N (BCTL*.

(b: A9 |

N(BCTL* )
where I'Y = {(¢)9 | ¢ € I'}.

Proof. By induction on the length of the derivation, we show that for every proof in
N(BCTL*) there exists an equivalent derivation in N(BCTL* ;). The only inter-
esting case is when the last rule applied is LE. Let II be the following derivation:
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[b:—A]

11

b:L

b: A LE

By the induction hypothesis, there exists an N (BCTL* ;) derivation II{ equiva-
lent to II;. Then we can obtain the following N (BCTL*,) derivation, which is
equivalent to IT:

]
i
Jig _ bl ,
b: A9 5 A9 b:as L
SE

b: A9

where I’ is some proof of b : =—A9 D A9, which is clearly provable in N'(BCTL* ,).
As an example, we show a derivation of b: =—=A49 D AY in the case when A =p

[b:—p* [b:—=p]?

DF
bl 3
; oI . 1
DOFE
b:Ll 9
, oI

1
and further note that ()¢ preserves intuitionistic provability.
O

In Section BZT we will prove consistency for the system N (BCTL* ;). By
LemmaBT1 such a result can be also used to prove the consistency of the classical
version N (BCTL*) of the system.

5.4.2 The normal form of derivations
Derivations in normal form

In normalizing derivations of N (BCTL* ;), we have to consider some more forms of
detours than in standard natural deduction normalization processes for classical
or intuitionistic logic (see, e.g., [125]). In particular, in order to get a normal
form that allows us to prove the consistency of the system, we need to reduce
(as in [74,151]) some applications of ind; namely, those applications in which
the relational premise, say by < b,, is “obtained” by a chain of labels, leading
from by to b,, where every element of the chain is linked to the next one by the
relational symbol <. In the following definitions, we will clarify what we mean
with “obtained”.

Definition 5.18. We call <-formulas the rwffs of the form b < by and <-
formulas the rwffs of the form by <1by. Let IT be a N(BCTL* ;) derivation. We say
that a discharged <-formula occurrence immediately depends on an rwff occurrence
P’ if p is discharged by an application of base <, trans < or lin<ig that contains p’
as a premise. We also say that p depends on p’ if there exists a sequence (possibly
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of length 1) p1,...,pn such that p1 = p, pn = o', and p; immediately depends on
pi+1 for each 1 < i < n.

The dependence tree of p is the tree of rwff occurrences, whose root is p and
such that every rwff in the tree has the rwffs on which it immediately depends as
children.

In other words, the relation depends is the reflexive and transitive closure of
the relation immediately depends.

Definition 5.19. Let p be a <-formula occurrence in a derivation I1. We say that
p s unfoldable in IT if each leaf of its dependence tree is:

(i) a Q-formula; or
(17) a <-formula of the form b < b for some label b.

Definition 5.20. Let IT be a derivation obtained by applying r to the conclusion of
a derivation I, for which a formula p is an assumption, and possibly discharging
(by r) some of the assumptions of II;:
[p]
I = 1
b: A
We say that r unfolds p if p is unfoldable in I but not in I1;.

r

In order to give the definition of normal form, it is convenient to extend the
notion of unfoldability also to applications of ind.

Definition 5.21. Let s be an application of ind. Then s will have the following
form (for some labels bg, by, bi, b;):

[bo < bi] [bi <bs]  [bi: Al

bop: A by <by b;: A
by : A

S

We call the premises by : A, by < b, and b; : A the base premise, the ending
premise and the inductive premise of s, respectively. by and b, are called respec-
tively the base label and the ending label of s.

We say that an ind-application s is unfoldable in a derivation II if its ending
premise is unfoldable in II. Finally, we say that an application r unfolds s if r
unfolds the ending premise of s.

We can now adapt the standard definitions of maximum formula and normal
form (see, e.g., [125]) to our case.

Definition 5.22. A formula occurrence b : A is a maximum formula in IT if it is:

() both the conclusion of an introduction rule application and the major premise
of an elimination rule application; or
(i1) the conclusion of an unfoldable application of ind.
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Note that while () is standard, (i¢) is specific to our case. As we will show in
Section BZT this further condition is necessary in order to get a normal form
that allows for proving the consistency of the system.

Definition 5.23. A derivation II is in normal form (is a normal derivation) if
II contains no mazximum formulas.

Derivations in standard form

In contracting applications of ind, we have to deal with a further technical com-
plication. Namely, such contractions (see Section EZ3]) will require the addition
of some relational assumptions to the fragment of derivation involved in the con-
traction. In order to make the contraction admissible we need to be sure that
all such assumptions are “justified”, i.e. they are either dischargeable or open as-
sumptions already occurring in the original derivation. We will show that for every
N (BCTL* ;) derivation there exists an equivalent one in such a form (we will call
it a standard form) that all the assumptions of this kind can be in fact justified.
We formalize all these notions as follows.

Definition 5.24. Given a derivation II and a <-formula p in it, we say that an
rwff p' is dischargeable above p (in IT) if:

(i) it is an open assumption of II; or
(i) it is dischargeable by one of the rule applications occurring in II below p.

Note that, according to the previous definition, a formula p’ dischargeable
above a formula p in a derivation IT must not necessarily occur in I7.

Definition 5.25. Given a <-formula p = by < by, a chain for p is a sequence
(possibly of length 0, i.e. by and b, coincide) of rwffs

bo <1 b1,b1 < by, ..., b1 by,

for some labels by, ..., bh_1. We say that a chain is dischargeable above a formula
p in a derivation II if every formula in the chain is dischargeable above p in II.

In the following lemma, we prove that if a <-formula p is unfoldable in a
derivation II, then there is a chain for p in IT which is dischargeable above p. It
might be the case that such a chain is “hidden” in the derivation, i.e. it is in some
way inferable but not actually dischargeable in IT. Anyway it is always possible to
make it “explicit” by means of lin<ig-applications.

As an example, consider a derivation IT such that a <-formula p = by < b,
occurs in it and a set of assumptions {bg <1b1, by <Iba, by b3, ..., by_1 <b,}U{b<
ba,b <1 by} is dischargeable above p. It is immediate to observe that, from such a
set, one can infer a chain for p by just adding an application of linQRH

Lemma 5.26. If a <-formula occurrence p = bg < by, is unfoldable in a derivation
IT then there is a derivation IT' equivalent to IT (i.e. with the same open assump-
tions and the same conclusion) that is obtained from II by only inserting into II a
number of applications of lin<ig (possibly none) and such that there exists a chain
for p that is dischargeable above p in II'.

4 Note that it is necessary to include such cases in the definition of unfoldability in order
to have a normal form that allows us to prove consistency.
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Proof. The definition of unfoldable formula implies that every <-formula in the
dependence tree of p is unfoldable as well. By observing the rules base <, trans <
and lin<r, we also notice that the top of the dependence tree of an unfoldable
formula is composed by a subtree of <-formulas. The proof is by induction on the
height of such a subtree. As a base case, if the <-subtree has height 1, then p is
either:

(i) such that by and b, coincide and then an empty chain for p is trivially
dischargeable above p; or

(i4) discharged by an application of base < and then a chain for p is trivially
dischargeable above p in IT by the base <-application itself.

If p is discharged by an application of trans < whose other premises are p; and
p2 then, by the induction hypothesis, we have that there exists a II’ in which
both a chain for p; and a chain for ps are dischargeable above p. But then their
composition gives a chain for p that is still dischargeable above p in II’. Finally,
let p be discharged by an application of lin<ir: we have two cases according to the
fact that the substitution is applied to by or to b,. Let us consider the first one;
the other is analogous. The application discharging by < b,, will have the following
form:

baby b<by by<b, b:A )
b: A

for some labels b and by By the induction hypothesis, there is a II’ equivalent to IT
in which a chain b{ <1b1, by <bs, ..., b,—1 b, is dischargeable above the occurrence
of b(, < by, (and thus above p). Since the dischargeability of a chain for a <-formula
depends only on the rule applications below that formula, we can assume, without
loss of generality, that the fragment of derivation shown above occurs in I1’ also.
But then by replacing that fragment of derivation by the following one, where we
only add a further lin<iz application:

- - I
baby b<by by<tby b:A

baby b<aby by <b, b: A
b: A

lindr >

lin<ig

we get a new derivation IT” that is still equivalent to IT and in which a chain for
p is dischargeable above p.
O

Lemma 5.27. If a rule application r unfolds a formula p, then r is an application
of base < or lin<g.

Proof. By inspecting the rules of N(BCTL* ;) and the definition of a dependence
tree (Definition BI8), one can observe that base < and lin<ig are the only rules
that can introduce in a derivation, as a premise, a <I-formula on which p depends.

O
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As we will define formally in Section BZ3, given an unfoldable ind-application
s in IT and a chain by < by, by < bs, ..., b,_1 < b, for it, in order to replace s
we need to be sure that every rwff of the form by < b; (and not only the chain
itself), for 0 < i < n, is dischargeable in IT. This could require the addition of
some applications of trans <, base < or refl <. For this reason, in the following
we will:

(1) define a standard form for derivations, where the intuitive idea is that a
standard derivation contains all such further applications;
(i) show that every derivation is equivalent to (and can be transformed into) a
derivation in standard form; and
(i4i) study normalization with respect to the set of standard derivations.

Definition 5.28. A derivation II is in standard form (is a standard derivation)
if for each unfoldable <-formula p = by < by, occurring in I1:

(i) a chain p for p is dischargeable above p in II; and
(i1) for each b; occurring in p, the rwff by < b; is dischargeable above p in II.

Lemma 5.29. Given a deriwation II in N(BCTL* ,), it is always possible to define
an equivalent derivation II' that is in standard form.

Proof. For each unfoldable <-formula p in II, Lemma suggests a way of
obtaining a derivation I’ equivalent to the original one and such that a chain y =
bo<Ab1,by1 <ba, ..., b,_1<1b, for pis dischargeable above p in IT’, i.e. we only have
to add lin<g-applications in the way suggested in the lemma. In order to satisfy
also condition (ii) of Definition B2ZR, we apply the following procedure, which
(possibly) enriches the original derivation with further applications of relational
rules:

(1) if by < bo is not dischargeable above p, then we add an application of refl <
discharging by < bo;
(ii) for each b; <b;yq in p, if b; < biy1 is not dischargeable above p, then we add
an application of base < discharging b; < b;41;
(131) for 1 < i < m, if by < b; is not dischargeable above p, then we add an
application of trans < discharging by < b; (and whose premises are by < b;—1
and bi,1 § bl) .

Such rules can always be applied above the uppermost atomic lwff occurring below
p (at least one such an lwff does exist since the application that unfolds p has an
atomic conclusion).

It is easy to check that the algorithm described above is well-defined (every
step provides the premises needed for the subsequent ones) and gives a derivation
in standard form equivalent to the original one as a result.

O

Fig. gives an example of a transformation of a derivation into a standard
form. In the starting phase, we add a lin<ig-application (denoted by 7) discharging
bg <1 b1, as specified in Lemma 20 in order to get a derivation in which a chain
for the <-formula p = by < bs is dischargeable above p. Then (step (i) of the
procedure described in the proof of Lemma BE29) we add a refl <-application
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(8) that discharges by < by. With regard to step (ii), we only add the base <-
application 9. Finally, in step (¢i¢) we make the formula by < by dischargeable by
adding the ¢rans <-application 10.
Since Lemma holds, we can (and in the following will) restrict our
attention to derivations in standard form.

5.4.3 Reduction of derivations

Here we present the contractions that will be used in our normalization process
in order to remove the maximum formulas and we define a reduction relation (=)
based on such contractions. We have two classes of contractions:

(i) proper contractions; and

(#4) induction contractions.
Such contractions are operations transforming a derivation (i) ending with the
application of an elimination rule on a maximum formula, or (i¢) containing an
unfoldable induction into another derivation with the same conclusion. After a
contraction, when needed, we can always rename labels in order to satisfy the
conditions of Lemma T2

Proper contractions

Proper contractions remove maximum formulas from a derivation. We have a con-
traction for each detour: DI/ DE, NI/ A E, XI/XE, GI/GE, YI/VE. Such con-
tractions are quite standard [148,159] and, as examples, we give here the ones for
the cases DI/ DE and XI/XE:

[b: At 1
I b: A
A DIl H2 ~ ﬁl ’
b:ADB b: A SE b:B
b:B

[blﬂbg]l

I by <1 b3

bg A XII ~> H[bg/bg] 5
b : XA b1 < b3 bg:A

bg:A XE

where the condition of the rule XI according to which b is fresh in I ensures that
the substitution with b3 does not produce any undesired side-effect.

Induction contractions

We consider contractions for unfoldable applications of ind. The first contraction
reduces ind-applications where the base label and the ending label coincide. The
intuition behind this contraction is that when the chain consists of just one element
we can replace the induction application with its base case:

[bo < bz] [bl : A] [bz < b]]
HO Hl
bo:A b0<b0 ijA HO
by : A ~ by A
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[bo < bs)®

. - I
b<by b<dby [by < bs]® b:pl‘ -
mn
[b < ba]* [b2 < bs]? biv ®
Tans
[bo < b1]*  [b1 < b2)? b:p 4 =
by < bs bip trans <
2 H
by < b bip base <3
bl Qb b:p base <
1 :
° bip base <*
has the standard form
[bo < b3]®
11,
o <b1)° b1 <b2)® b trams <10
[bo 4 b1]7 b ) b _ Tans
ase
b:p =

—~ —~ <8
b<aby b<iby by <by b:p ;:,flq;

b<aby b<tbo [by < bs]® b: . R

lin<g
[y < ba]® b2 < ba]® bip R
[bo < b1]* [b1 < b2)? b:p . o =
by <1 bs b \ s rans <
ase
by < bs b: 2 =
bl <1 by b:p base <
bip base <!

Fig. 5.5. An example of a transformation into a standard form.
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The second contraction is applied when an ind-application is unfolded by a base <
or by a lin<gr. Here the main idea is that if there exists a chain, say of length n,
leading from the base label to the ending label and composed by labels that are
one the immediate successor of the other, then we do not need to use the induction
principle; namely, we can replace the ind-application by a subderivation built up
by applying the inductive step n times (one for every label in the chain).

Note that the structure of relational rules in N(BCTL* ;) is such that rwifs de-
pend, in the sense of Definition I8 on formulas that occur below in a derivation.
This forces us to consider the context in which an ind is applied along a derivation.
We show here the case base <; the case lin<r is treated in an analogous way, by
simply substituting the last rule. We denote with s the ind-application and with
r the base <-application that unfolds s. The fact that we deal with derivations in
standard form ensures that all the assumptions of the form by < b; and b; <1 b;41
added by the contraction are either open assumptions already occurring below s
or dischargeable (and in this case discharged by the contraction step) by some rule
application in ITs or by r. We denote this by using the symbol f.

[bo < bz]l [bl : A]l [bl < bj]l

HO Hl
bo:A [bogbn] bjIA 1
b, : A s
VP!
bm_1 <bp, b:p
r
b:p
PUNY
Il

bo<bl  bo:A  bo<ab)
111 [bo /bi][b1/b;]

bo<bl  bi:A  by<b,
111 [b1 /bi][b2/b;]
by: A

bo<bl |,  bp1:A  byi<b]
IT1[by—1/b3][br /b]
b, A
11,
bm—1 < b, b 'p

r
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The reduction relation =-

We define now a reduction relation between derivations built on the proper and
induction contractions described above. It is important to notice that such con-
tractions preserve the standard form of derivations and thus the whole process of
normalization is in fact defined over the set of standard derivations.

Definition 5.30. A reduction sequence is a sequence II1,...,II, of derivations
such that IT; is obtained from II;_1 by applying a single proper or induction con-
traction to a subderivation of II; for 1 < i < n. We say that II reduces to I,
and we write II = II', if there exists a reduction sequence (possibly of length 1)
114, ...,1I, such that II, = II and II,, = II'.

We also say that IT reduces to a normal form (has a normal form) if there
exists a IT' such that IT = II' and II' is in normal form.

It is immediate to observe that a derivation is in normal form iff it is not possible
to apply any proper or inductive contractions to any of its subderivations.

5.4.4 The Church-Rosser property

Here we show that the Church-Rosser property, with regard to the relation =,
holds for N(BCTL* ;) derivations. We follow mainly [74], but some non-trivial
adaptations are required by the presence of the rule ind.

The structure of the proof is the following;:

() first we will define a relation = between derivations, where the idea is

that =1 builds =, i.e. [T = II' iff there exists a sequence of reductions
II =11, =, ... =1 II, = II' for some n;

(#7) then we will prove that one-step confluence holds, i.e. if II =7 II’ and
II =1 II" then there exists a II"” such that IT’ = II"" and II" = II"";

(i4i) finally, as standard, we will use the previous result to prove confluence of =,
ie. if IT = II' and II = II" then there exists a II"” such that I’ = II"
and IT" = II'".

While the proof of step (ii7) is standard (once (%) is given) some technical compli-
cations arise in proving (ii); we give here an intuition of the problem and a sketch
of the solution that will be formalized in the following.

In (i), in order to use an inductive argument, we need to prove the result
with regard to a larger set of reductions. Namely, the problem comes from the
definition of induction contractions (Section A3 that are not strictly local and
in applying which we are required to consider at least a fragment of derivation
(the one containing a chain) below the ind-application. This “non-locality” gives
rise to difficulties when providing inductive definitions and when using inductive
arguments within the proofs.

Thus we will make use of a further relation =1 (containing =-1) for which an
inductive definition is provided. The definition is such that, given a derivation con-
cluding with an ind-application r, a step of —1 allows us to mimic the application
of an induction contraction on it, regardless both of the length of a possible chain
for r and of the labels used in it, i.e. we will have a formation rule in the inductive
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definition of -7 that will allow us to unfold an ind-application into a chain of
length n for each possible n and for each possible choice of labels to be used in the
unfolding. Clearly, such a rule implies that not every step of -1 will correspond
to contractions as defined in Section

We manage this by keeping track of those unfoldings of ind-applications that
are not “justified” by the presence of an appropriate chain below them; we will
call these unfoldings defects. Technically, the set of defects associated to a pair
in »—; is defined inductively by adding a defect every time we unfold an ind-
application and by removing it only when all the relational assumptions introduced
by the unfolding are discharged. In order to keep track of the relational formulas
introduced by the unfolding of some ind-application, we use a marking mechanism
that consists in marking each such formula with a same symbol; when all the rwffs
marked with a same symbol get discharged we can conclude that the unfolding is
no longer a defect and we can remove it from the set.

Then the relation = will be defined as the subset of ~1 containing pairs with
no defects.

We go now into technical details; first we need to formalize the notion of mark-
ing.

Definition 5.31. Given a deriwation II and a set of marks X, a marking [ for
11 is a function that associates a mark in X to each rule application in II and a
mark in X to some of the rwffs in II. A marking | for II is said to be standard
if | associates a different mark to each rule application of I and no marks to any
rwff of II. A marked derivation is a pair (II,1) where IT is a derivation and l is a
marking for II.

As notation, we denote the mark associated to a rule application with a symbol
between parentheses on the right of the application line and the mark associated
to an rwif as a subscript of the formula. For simplicity, in the rest of this section,
we will often omit to specify the marking and just use the symbol IT (possibly
subscripted or superscripted) to denote also a marked derivation. The context will
clarify whether we are referring to a marked or to an unmarked derivation.

Now we define the relation »—; between marked derivations, where the idea is
that in one step of —; we are allowed to perform at the same time more than
one contraction, provided that they do not interfere with each other. Note that,
as explained above, in the case of a derivation ending with an ind-application
we are allowed to unfold it in any way and that the case corresponding to an
induction contraction is the only one that introduces new marked rwffs. When a
rule application introduces a relational open assumption as a premise of the rule,
then possible marked rwffs of the same form can be made unmarked in the result
of the transformation.

At the same time, we also define inductively the set of defects associated to
each pair of derivations in —7. A defect is introduced when an induction con-
traction is performed (case [IndContr| below) and removed when all the marked
rwifs introduced with such a contraction have been discharged. We remark that, as
notation, in the following definition we specify the mark associated to a relational
formula only when it seems to be relevant, i.e., when the mark is introduced. In
the other cases, one can assume that the —i-step does not modify the marks,
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i.e., each occurrence of a relational formula is either unmarked both on the left
and on the right side of =1 or marked with the same symbol on both sides.

Definition 5.32. Let X' be a set of marks. We define the binary relation 1
between N'(BCTL* ;) derivations marked with symbols in X inductively as follows.
Contextually, we define a function § that maps every element of —1 into a subset

of X.
PASSIVE CLAUSES
(i) [BC]
II—1 I and 0 (II,LIT) = 0.
(1) [DI]
b: A b: A
If I, —i I )
b:B b: B
[b: A [b: A]
A
then I = leB —q I = leB
b:ADBDI(T) b:ADBDI(T)
and 6 (IT, IT") = 6 (1T, I17) .
(iii) [M]
m I I, 4
byia=ryh Ty
i, I m I
then II=b:A b:B —1 II'=b:A b:B
voang M0 vang M)
and & (I1,11') = 6 (ITy, IT) U § (T2, I13) .
(iv) [XI]
b1 < by b1 < by
If I, —i I ;
b23A bg:A
[bl < bg] [bl < b2]
lA
then 1= I — = h
baid XI (r) by: A XI (r)
by : XA b : XA

and 0 (II, ") = 6 (II1, II1)\ {s € X' | all the rwffs marked with s, if any, are

discharged in IT'}.

(v) [GI]
bl <b2 bl ng
]f Hl —1 H{ 3
b2 t A b2 A



5.4 Normalization of the system for BCTL* 177

[b1 < bo] (b1 < b2
!
then II = H.1 — H'l
byt A GI(r) ba: A GI ()
b1 : GA by : GA

and § (IT, ") = § (II1, ITI}) \ {s € X | all the rwffs marked with s, if any, are
discharged in IT'}.

(vi) [V1]
bl.bQ b10b2
If Hl —1 H{ )
by : A by : A
[b1 ® 2] [b1 @ bo]
A
then I = H,l —q I = H,l
ba: 4 VI (r) by: A VI (r)
by : VA b, : VA
and 6 (I, IT") = 6§ (I, IT7) .
(vii) [DF] )
I 1 e 1T,
by AsB ™ hanp ™ piA T
I, I, / iy 17,
then II=b:A>DB b:A —1 II'=b:A>B b:A
) B DE(r) — 05 DE(r)
and & (I, IT') = & (11, IT}) U 6 (115, IT3) .
(viii) [NE1]
11, I
T . anB ™V poanp
I , 15
then II=b:ANB —1 II'=b: AANB
b: A AEq (r) b: A AE ()
and 6 (II, IT") = § (IT, IT})
(i) [NF2] -
11 1
by AnB TV hianp
g / 11
then II=b:ANB —1 II'=b: ANB
o 20 b M0

and 6 (I1,1T') = § (11, IT}) .
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(@) [XE2 |
N e T
A 11
then H:blixli:i;sz XE (1) —y II'=b :X;){;:Zl<b2 XE (r)

where if there are marked occurrences of by by in 111, then their correspond-
ing occurrences in II1 can be unmarked and 6 (II,ITI') = 6 (II1, II})\{s € X |
all the rwffs marked with s, if any, are discharged in IT'}.

(zi) [GE] )
if bllzleA 1 bllzleA !
I, 11
then szltGi:21<bz GE(r) H’=b1:Gi:f)41§bz GE ()

where if there are marked occurrences of by < by in Iy, then their correspond-
ing occurrences in I can be unmarked and § (II, IT") = 6 (111, II1)\{s € X |
all the rwffs marked with s, if any, are discharged in IT'}.

(zii) VE]
mo
Fpiva 7y va o

/
—1 I’ =b1 : VA bieby
bg:A

I
then IIT=01:VA byeby
bQZA

and & (I1,1I') = § (11, IT}) .

VE (r) VE (r)

(xiii) [LE]
if bszl 1 binJ_ !
Jig I
then H:?j B T :lej LE(r)

and & (I1,1I') = § (IIy, IT}) .

(ziv) [base <], [lin<gr], [ser<], [lin<], [refl <], [trans <], [refle], [symme],
[transe], [atome], [fusion]
These cases are all very similar. When relational open assumptions are intro-
duced as premises of the rule application, possible marked rwffs of the same
form can be made unmarked in the result of the transformation. As example
cases, we show base < and refl <.
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b1 < b by < b2
If Hl —1 H]{ ’
b: A b: A
then
(b1 < bo?
I
I = 1
b b b: A
N;—A base <* ()
—1
(b1 < bo]!
r_ gy
b b b: A
14127'—/1 base <t (r)

179

where if there are marked occurrences of by <ibs in Iy, then their corresponding
occurrences in II{ can be unmarked and § (I, II') = § (II, II1) \ {s € X |

all the rwffs marked with s, if any, are discharged in II'}.

by < by b1 < by
If Hl 1 H]{ )
b: A b: A
(b1 < by]! [b1 < byt
then 1= Ih — bﬂil
oo el <t () g el < ()

where 6 (II, II") = 6 (II1, II1) \ {s € X' | all the rwffs marked with s, if any,

are discharged in IT'}.

(zv) [ind]
11 Hé
If bo A e bo A
bo<b; b A bi<]bj bo<b; b:A b; < b,
and I —1 I
bj . A bj : A
then
[bo < bl] [bz : A] [bl < bj]
17T = HO Hl
bo:A bogb ijA.
ind (1)
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_ 15 15
_b()IA bogb ijA
b: A

H/

ind (1)

where if there are marked occurrences of by < b in Ily or I, then their
corresponding occurrences in I and II{ can be unmarked and 6 (II,II") =
0 (ITp, ITh) U 6 (IIh, IT}) \ {s € X | all the rwffs marked with s, if any, are
discharged in IT'}.

ACTIVE CLAUSES

(zvi) [IndContr)

11, 0
]f bO:AHl bo'A

!/

bo<b; b A biﬂbj bo<b; b;: A b; <b;
and 1 =1 i
bj: A bj: A
then for each n and for every choice of labels by, ..., by_1

0 I
bo c A bo g b bj c A

ind (r)

1

115
bo < bor) by : A bo <1 b1y
117 [bo /b:][b1 /b]
bo<bipy bi:iA by <bag,
IT1[b1/bi][b2/bj]

4
I bQZA

by < bn—l(r) bp—1: A bp—1 < b(,«)

1 [bn—1/bi][b/b)]
b: A
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where if there are marked occurrences of by < b in Ily or I, then their
corresponding occurrences in II and II; can be unmarked and 6 (II,II') =
§ (o, ITh) U 6 (I11,II7) U {r} \ {s € X' | all the rwffs marked with s, if

any, are discharged in IT'}.

(zvii) [DI/ DE]

b: A b: A
I b]'le — bnil and i ~— I,
: b: B b: B
b: A .
Ji h
then M=, _b:B _ = I=bif
b: A b;AngE iy
b:B )

and & (I, IT') = & (I1y, IT}) U § (112, I13) .

(zviii) [N/ A Eq]

1 I, I, 1T}
Twia™ ™ B Ty
I, I
_b:A b:B ,_ I}
then I = b:A/\B/\%I HlH_b:A
b: A !

and & (I1,1I') = § (ITy, IT}) .

(xiz) [N/ A E3]

II g 11, 11
b yia=vya ™ 4B Tl
11 yp
,M ’ Hé
then =" anp N =y
b:B 2
and § (II,II") = 6 (I, I1}) .
(zzx) [XI/XE]
by < bs by < by
If Hl —1 H{ 9
b23A bQZA
[b1<]b2]
15 by <b
then II= by:A X7 —1 11" = I1][b/bs]
b : XA b1<1bXE b: A
b: A

where if there are marked occurrences of by <'b in II;, then their corre-
sponding occurrences in II] can be unmarked and § (I1, IT") = 6 (I1y, IT}) U
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0 (I, I\ {s € X | all the rwffs marked with s, if any, are discharged in

'},
(xxi) [GI/GE]
bl < b2 bl § b2
]f Hl —1 H{ B
b2 c A bQ A
(b1 < bo]
I by <0b
then II= by: A ol —1 1" = IT}[b/by]
blGA blgbGE b: A
b: A

where if there are marked occurrences of by < b in I, then their corre-
sponding occurrences in II can be unmarked and & (IT, IT") = 6 (Iy, IT}) U
O (I, I\ {s € X | all the rwffs marked with s, if any, are discharged in
'y.

(xaii) [VI/VE)
bl [} b2 bl L] b2

]f Hl —1 H{ 3
b2 t A b2 A
[bl .bg]
15 bied
then II= by: A I —1 II" = II7[b/bs]
by : VA bl.bVE b: A
b: A

and 6 (II, ') = 6§ (IT, IT7) .

We illustrate the mechanism of marking by means of an example. Let II be the
following derivation:

[bo < b1]3 [bl : A]3 [bz < bj]3
I,
bo A [bo § b1]2 bj c A
oAb bi: A base <2 (1)
bl A ﬂ <1 ( ) =
b1: A ravs- 9

i ind®(s) ,

with ITy ~—q II{ and 6 (IT1,II]) = ( for some II{. Then, by Definition BE32 we
have:
[bo < bl]3 [bl : A]3 [bz < bj]S
_ 11
H2_b02A b0<b1 ijA

bltA

ind®(s)

1
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by < bo(s) bo: A by bl(s)

T = 1111bo/bi[b1/bj] )
bl tA
with § (I1z, IT}) = {s} and consequently:
11,
bo<tby by: A
_0=7 s <
I = b A base < (1)

A el < (o)
—1

[bo < bogs)]' bo:A by <by
115
I = :
bo b b b: A base < (r)
1:

A
L <' (¢9)

with 6 (IT, II') = (. Now we can use the relation 1 to define the 1-reduction =.
Namely, =1 contains those pairs in -1 whose set of defects is empty. Note that
in this case we give the definition directly for unmarked derivations.

Definition 5.33. We define the 1-reduction relation (denoted by =-1) between
N(BCTL*,) derivations II and II' as follows: IT =1 II' iff for every standard
marking l for I1, there exists a marking ' for II' such that (II,1) —1 (II',1') and
6 ((IT0), (', 1) = 0.

By extension, we define the n-reduction (denoted by =, ) inductively as follows:

(i) I = 1I;
(i) if IT =, IT" and II' =1 II" then II =1 II".

Lemma 5.34. Let IT and II' be two derivations. II = II' if and only if there
exists a positive integer n such that IT =, II'.

Proof. Immediate, by observing that the contractions on which = is based can be
“reproduced” by —1-reductions with no defects. Concerning the other direction,
every —1-reduction without any defect corresponds to the application of one or
more contractions of Section

O

A result of confluence holds for =1; the details of the proof are in Appendix

AT

Lemma 5.35. Let II, II' and II" be derivations. If Il =1 II' and II =1 II",
then there exists a derivation IT'"" such that II' = II'" and II" = II".

Theorem 5.36. Let II, II' and II" be N(BCTL* ) derivations. If II = II' and
II = II”, then there exists a derivation II" such that II' = II"" and IT" = IT"".
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Proof. By LemmaB34l there exist two sequences of 1-reductions ITog =1 o1 ... =1
Iy, and Ilgg =1 I11g ... =1 Il0 such that Iy = 11, Iy, = I’ and 10 = .
Repeated applications of Lemma B39 let us build an (n x m)-grid of derivations
(see Fig. Bfl), where for each 0 < i < n and 0 < j < m, there exists a derivation
H('L+l)(j+l) such that HZ(J+1) =1 H(i+1)(j+1) and H(z+1)] =1 H(i+1)(j+1)' We can
now take II" = II,,,,,. By Lemma B34 we conclude [T’ = II"" and IT" = IT".

O

HOn
71\
Hon—1) 111,
77N 7N
’ Iy(n-1) 11>,
e A
’ Hyn-1) '
AN
71 :
1o - . IIim—1)n
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Fig. 5.6. The Church-Rosser theorem.
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5.4.5 The normalization theorem

We are now in a position to establish a normalization theorem with regard to the
definition of normal form given in Definition and to the reduction = based
on proper and induction contractions.

Similar to what Girard noted in [74] with regard to his natural deduction
system for Heyting arithmetic, also for N (BCTL*,) it is not possible to give a
proof of normalization by induction on the complexity of the maximum formulas
to be removed. As an example, consider the following contraction:

by < VT
I b1 < b2
b o I[ba/8)
by : GA by < by by A
b2 tA GE

If IT contains an ind-application r whose ending label is ¥, then in IT[bs /V'], r will
have by as ending label. But, unlike ', by is not required to be a proper parameter
and thus the application r, which is not unfoldable in IT, could be unfoldable in
II[by/V']. This is an example of a contraction that can give rise to a new maximum
formula, about whose complexity we cannot say anything.

Similar to [74], we thus introduce a notion of reducibility for derivations in
N(BCTL*,). The general schema of the proof of normalization will then consist
in showing that:

(i) every N(BCTL* ) derivation is reducible (Corollary BoAd)); and
(77) every reducible derivation reduces to a normal form (Theorem A1l property
Redl).

From (i) and (4i), it trivially follows that every N (BCTL*,) derivation has a
normal form, which is what we wish to prove.

With respect to the case of systems for Heyting arithmetic, a further problem
that we have to face here comes again from dealing with ind-applications whose
contractions are not strictly local. As we did for the Church-Rosser theorem, the
solution will consist in proving the statement with regard to a larger class of re-
ductions, according to which we are allowed to unfold an ind-application into a
subderivation (of the form specified by the induction contractions of Section BEZA3])
whose length and whose set of labels are arbitrary. This idea will be formalized in-
side the notion of reducibility under substitution (Definition BA2): in fact, instead
of proving directly (i), we will introduce this stronger notion of reducibility and
prove that every N (BCTL* ;) derivation is actually reducible under substitution
(Theorem BZ3).

A number of auxiliary lemmas will be used along the proof. In particular, in
order to prove (i), we will need to show that the notion of reducibility is preserved
by the addition of applications with atomic conclusions (Lemma BE3Y), and that
it is strictly connected to the relation =, namely if IT = II’ then II and II’
are either both reducible or both non-reducible (Lemma B39). In Definition BT,
we also introduce another characterization of N (BCTL* ;) derivations: the set
of S-derivations. We will show that this set is contained in the set of reducible
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derivations (Theorem A0l property Red2) and this characterization will turn out
to be useful in the case of ind-applications.

Finally, both in proving (i) and (ii) we will use the Church-Rosser property
shown in Theorem B30

Definition 5.37. Let II be a derivation of b : A. We define the notion of re-
ducibility by induction on the complezity of A as follows:

(1) if A is an atomic formula, then II is reducible iff it reduces to a normal form;
(i) if A is A1 D Ag, then II is reducible iff for all reducible derivations IT; of

b: Ay, the derivation
I 15
b: Ay DAy b: A
b: AQ

DF

is reducible;
(131) if A is A1 N Ag, then II is reducible iff

b AH A b AH A
s Ap A Ag and s Ap A Ag
b: Al /\El b: A2 /\E2

are reducible;

() if A is XB, then II is reducible iff for each label b the derivation

b Z)Y(B bt
: <
V:B XE

is reducible;

v) if A is GB, then II is reducible iff for each label V' the derivation
(v) if ;

17
b:GB bl
V:B GE

is reducible;
(vi) if A is VB, then II is reducible iff for each label b’ the derivation

I
b:VB beld

v :B vE

1s reducible.

We begin our proof by showing a useful lemma:

Lemma 5.38. Applications of ser<, lin<, refl <, trans <, refle, symme, transe,
atome, fusion and LE; preserve reducibility.

Proof. We use the facts that the conclusions of such rules are atomic and that
they cannot introduce any maximum formulas. As an example (the other cases are
analogous), let us consider a derivation IT whose last application is a ser<i:
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[bl < bz]

VI

b:
ﬁ ser<
For derivations of atomic formulas, by Definition B3 reducibility coincides with
normalizability. We conclude by noticing that if I7; has a normal form II], then
IT has the following derivation as a normal form:

[bl < bg]

a

In Lemma BE38 we do not consider applications of the relational rules lin<ig
and base <, which can introduce maximum formulas and have to be treated dif-
ferently.

Lemma 5.39. Let IT and II' be N(BCTL* ) derivations. If Il = II' then II is
reducible iff IT' is reducible.

Proof. By induction on the complexity of the conclusion b: A of IT.

(1) b: A is atomic.
For derivations of atomic formulas, reducibility coincides with normalizabil-
ity. (Left-to-right implication) If IT has a normal form IT” then by Theorem
B34 there exists a IT" to which both IT’ and IT"” reduce. Since IT” is nor-
mal, IT"” and IT"" must coincide, i.e. also II’ has a normal form. (Right-to-left
implication) If IT = II' and II’ has a normal form IT” then IT = IT".

(15) b: Aisb: Ay D As.
Assume IT = IT’ and consider the derivations

~

17 17 ! 17
leb:AleQ b: A E and H2:b:AlDA2 b: A
b:A2 - b:AQ

where I is some reducible derivation. We prove both directions simultane-
ously. By definition of reducibility, II is reducible iff II; is reducible. But
Il = II; and thus, by the induction hypothesis, II; is reducible iff II;
is reducible. Finally, by definition of reducibility, IT is reducible iff IT’ is
reducible.

(ZZZ) b:Aisb: A; N As.
Assume IT = IT’ and consider the derivations

b AH A AH/ A
I =b: A1 NAy and II] =b:A1NAp
b: Ay NEY b: A NEL

We prove both directions simultaneously. By definition of reducibility, II is
reducible iff IT; is reducible. But II; = II7. It follows that, by the induction
hypothesis, IT; is reducible iff IT; is reducible. By definition of reducibility,
II{ is reducible iff II’ is reducible. We proceed similarly for AEs.
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(i) b: Aisb: XBorb:GBorb:VB.

We consider the case b : XB; the other ones are analogous. Assume IT = II’
and consider the derivations
H U
II, =b:XB bﬂb’XE and IlLb=b:XB bl
b :B b :B

for some label b'. By definition of reducibility, IT is reducible iff Iy is re-
ducible. But II; = II; and thus, by the induction hypothesis, IT; is reducible
iff I15 is reducible. Again, by definition of reducibility, IT5 is reducible iff I’
is reducible.

XE

a

As in [74], we also define a subset of reducible derivations, which will be useful

in the following.

Definition 5.40. We say that a N(BCTL* ) deriwation is S-reducible if it be-

longs to the set S defined inductively as follows:

(1) A derivation consisting of just an assumption is in S.

(2) If a derivation II of b: A D B is in S and if a derivation II' of b : A has a

normal form, then the derivation

H !
b:A>DB b:A

b: B =2

is in S;
(3) If a deriwation II of b: AN B isin S, then
b: ANB b: AN B
AN and AN
b: A NEL
are in S;
(4) If a derivation IT of b: XA is in S, then the derivation

I
b: XA bV

v A XE

is in S for every label V';
(5) If a deriwation IT of b: GA is in S, then the derivation

1
b:GA bV

v A GE

is in S for every label V';
(6) If a deriwation IT of b: VA is in S, then the derivation

I
b:VA bel

VA vE

is in S for every label V';
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(7) If the derivations

bo < b; b; 1 A bz<]bj
HQ Hl
by : A and by A

have normal forms, then the derivation

11,
bo:A bogbn ijA'
b, : A

isin S.
(8) No other derivation belongs to S.

We prove now some properties of reducible and S-reducible derivations that
will be used in the subsequent proofs.

Theorem 5.41. Reducible derivations enjoy the following properties:

(Redl) If IT is reducible, then II reduces to a normal form.
(Red2) If IT is S-reducible, then II is reducible.

Proof. We proceed by induction on the complexity of the conclusion b : A of IT.

(1) b: A is atomic

(Redl) By definition of reducibility.

(Red2) Let us consider the inductive definition of S-reducibility. If in each
application of step (2) we replace II' by its normal form, and in each
application of (7) we replace Iy and IT; by their normal forms, then it
is clear that all the S-reducible derivations are normalizable.

(m) b:Aisb: Ay D Ay
(Redl) Let IT)), be the following derivation:

i
b: A1 DAy b: A
b:AQ

DOFE

By the induction hypothesis, there exists a reduction sequence I1}), . .., IT/,

such that IT], is normal. We have two cases:

(a) If all the contractions in the reduction sequence are applied on strict
subproofs, then we have that I} is

II;
b: A1 DAy b: A
b:AQ

for each 0 < i < n, and we can write Il = II,, where II, is normal.
(b) Otherwise, we can choose the minimum ¢ such that the contraction
is not made on a strict subderivation of II/:
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[b:Al]
11
1, = b: Ay
b: AL D A oI b: Ay
b2A2 oE

Then I1) = I and, by Theorem B30, = IT); hence:

[b:Al]

1,

b:AQ 7 ’
b: AL D A -

I =

which is normal.
(Red2) Assume that [T is S-reducible and consider the following derivation:

g 7]
II' = b:A; DAy b: A
b:AQ

where IT is reducible. By the induction hypothesis on (Redl), 1T is nor-
malizable. Then II’ also is S-reducible and, by the induction hypothesis,
reducible. By definition of reducibility, we conclude that IT is reducible.
(Z’LZ) b:AiSb:Al/\AQ
(Redl) Let I1) and II{ be the following derivations:

I
Hg:b:Al/\Ag
b:AQ

i
Hé —b: A NA

b: A1 /\El ,

NE3

By the induction hypothesis, there exist two reduction sequences I1},, ..., I},

and IT)f,...,II]! such that II} and II}), are normal. We have two cases:

(a) If all the contractions in the reduction sequence I1j), ..., I}, are ap-
plied on strict subproofs, then we have that II] can be written as

11;
b: Al N Ay

b: Al /\El

for each 0 < i < n, and we can conclude Il = II,, where II, is
normal.

(b) Otherwise, we can choose the minimum ¢ such that the contraction
is not applied to a strict subderivation of IT/:

o Ih

bZA1 bZAQ

o= 2241 v fe
¢ b: A1 N Ay /\%I
bZA1 !

Then 1) = ]/7\1 and IT = 1/7\2 By Theorem B36 ]/7\1 = IT!, and
II; = II]; hence:
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I Jid
H:>b:A1 bZAQ s
b: Ay N Ay A

which is normal.
(Red2) Assume that IT is S-reducible and consider the following derivations:

1 1
H/:b:Al/\AQ and H”:blAl/\AQ
b: Al b: A2
By Definition B0, I7’ and IT” are S-reducible and thus, by the induction
hypothesis, reducible. Then, by definition of reducibility, we conclude
that I is reducible.
(iv) b: Aisb: XB
(Redl) Assume that IT is reducible. Then, by definition of reducibility, there
exists a reducible derivation II such as:

NEq NEs

I
b:XB bl
b :B
for some label ¥'. By the induction hypothesis on II, there exists a
reduction sequence I1j,...,II) such that II] is normal. We have two
cases:
(a) If all the contractions in the reduction sequence are made on strict
subderivations, then we have that II] is
1I;
b:XB bl )
b :B XE
for each 0 < i < n, and we can write I = II,,, where II,, is clearly
normal.
(b) Otherwise, there exists a minimum ¢ such that the contraction is not
made on a strict subderivation of I1/:
[b < b//]l
I = b//I.Y B
g Z -2 1
b:xB X bay
b :B
for some b fresh in II. But I} ~~ IV /b"] and thus we have Iy =
II[b'/b"]. We know that

XE

XE

[b < b//]l
o = b”]-Y B
b: XB
By Theorem 538, II[b//b"] = II/,, which is normal. By the freshness
of b in II, we have that if II], is a normal form for II[b’/b"] then
I [v"/b'] is a normal form for IT. Thus we have:

X1t
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11,1 V']
II = ¥:B )
x5

which is normal.
(Red2) Assume that IT is S-reducible and consider the derivation:

11
II' = b:XB bbb
b :B

for some label b'. By definition of S-reducibility, if IT is S-reducible,

then also IT’ is S-reducible. But then, by the induction hypothesis, II’ is

reducible. We conclude that IT is reducible by definition of reducibility.
(v) b: Aisb:GB
(vi) b: Aisb:VB

Proofs for the cases (v) and (vi) are analogous to those for the case (iv).

XE

a

Now we introduce the stronger notion of reducibility under substitution and
show that every derivation is in fact reducible under substitution.

Definition 5.42. A derivation II is reducible under substitution if:

(i) for each substitution of labels that are not proper parameters;
(i) for each replacement of open hypotheses by reducible derivations of such hy-
potheses; and
(i) for each replacement of a subderivation of II, whose last application is an
ind-application s, like the following
[bo < bl]l [bz : A]l [bz < bj]l
HQ Hl
bo c A bo g b bj c A

b: A 5!

by a subderivation like the following (for each n and for every choice of labels

bla"'vbnfl) I
0

by < bo by : A by <1 by
111[bo/bs][b1/b;]

bo < by b1 : A b1 <1 by
111 [b1 /bi] [b2/b;]
by: A

bo < bp—1 bp1:A bp—1<b
111 [bp—1/bi][b/bj]
b: A
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the resulting derivation is reducible.

We say that a derivation II* is obtained by substitution from II if IT* is
obtained from II by applying zero or more substitutions and/or replacements as
specified by the items (i), (ii) and (iii).

Lemma 5.43. Fvery N(BCTL* ;) derivation is reducible under substitution.

Proof. The proof proceeds by induction on the length of the derivation II. If IT is
just an assumption, then it is clearly reducible under substitution. As an inductive
step, we have a case for every possible rule.

(51)

Let DI be the last rule applied in I7:

[b: A]
I
b: B ST
b: ADB
By the induction hypothesis, IT; is reducible under substitution. Without loss of
generality, we consider now a derivation II* obtained by substitution from 17 and
prove that it is reducible. II* will have the form:

[b* : A]
117
b*: B
v.A>B L
Note that II} is obtained by substitution from II;. By Definition b37 we need to
show that for all reducible derivations IT’ of b* : A, the derivation

[b* : A]
Iy
o b:B
b A b*:ADB;IE
b B

is reducible. But it is enough to notice that this derivation reduces to

H/
b*: A
1T )
b*: B

which is reducible as it is obtained by substitution from II; (that is reducible under
substitution by the induction hypothesis). By Lemma B39 we have the thesis.
(AT)

Let AI be the last rule applied in I7:

11 11,
b:A b:B

bang M
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By the induction hypothesis, IT; and Ils are reducible under substitution. Without
loss of generality, we consider now a derivation IT* obtained by substitution from
II and prove that it is reducible. IT* will have the form:

Iy I3
b*: A b*:B
v ans M

Note that IIT and II are obtained by substitution from II; and IIJ respectively.
By Definition B3 we need to show that the derivations

Iy 113 Iy 113

b*: A b*:B b*: A b*:B
b*: ANB /\2,1 and b*: ANB /\2,1
b A ! b* : B 2

are reducible. But it is enough to notice that they reduce to

Iy 113
b*: A and b*: B’

which are reducible as they are obtained by substitution from IT; and 15, respec-
tively (and IT; and I1s are reducible under substitution by the induction hypoth-
esis). By Lemma B39 we obtain the thesis.

(XI), (GI), (VI)
We consider here the case of XI; the other cases are analogous. Let XI be the last
rule applied in I7:

[b < bl]
I
bl cA
b: XA

XI

We consider now a generic IT* obtained by substitution from IT and prove that it is
reducible. By Definition B3, we need to show that for each label b’ the derivation

b < b
Iy
bllA
XA X oy qy
b A

XE

is reducible. But this derivation reduces to
b* b

II[b' /b1
VA

which is reducible as it is obtained by substitution from I7;, which is reducible

under substitution by the induction hypothesis. (Note that b; is a proper parameter
in IT but not in IT;.) By Lemma B39, we have the thesis.

(DE)v (/\E1>a (/\E2>a (XE)a (GE)a (VE)
The definition of reducibility is given in such a way that elimination rules clearly
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preserve reducibility. Since elimination rules do not introduce proper parameters,
do not close any assumption and do not solve any ind-application, the set of
possible substitutions on I7 is exactly the same as in the subderivations obtained
from IT by removing the last rule application. Such subderivations are reducible
under substitution by the induction hypothesis. Thus we have the thesis.

(ser<), (lin<), (refl <), (trans <), (refle), (symme), (transe), (atome), (fusion),
(LEY)

As in the previous case, these rules do not introduce proper parameters, do not
close any assumption and do not solve any ind-application. Thus the thesis follows
directly from Lemma

(ind)

Let ind be the last rule applied in II:

11,
bop: A by <b ijA

b: A

Let us consider a derivation IT* obtained by substitution from II and show that
it is reducible. We have two cases:

(a) II* is obtained without replacing the last ind-application in II:
115 11y
b : A by <b* b;:A‘
b*: A ind

By the induction hypothesis, II; and II} are reducible and thus, by Redl of
Theorem B4l they have a normal form. By Definition B40 it follows that IT*
is S-reducible. Then, by Red2 of Theorem EZIl we can conclude that IT* is
reducible.

(b) II* is obtained by replacing (also) the last ind-application in IT:

Iy
b3<b1 bSA by < bs
113 [b1/b3][b2/b;]
b8<b2 by A by <1 b3

mn* =
bg <bp_1 bp_1: A bp_1 <1 b*
1T [b—1/bi] [0/ by]
b*: A
for some n and some set of labels {b1,...,b,—1}. By the induction hypothesis,

IIy and II; are reducible under substitution. From this, by induction on the
value of n, it follows that IT* is reducible whatever n is.
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(base <), (lin<ig)
We consider the case base <; the other one is analogous. Let r be the last rule
application in IT and let it be an application of base <:

[bm—l < bm]
Jaid
b1 <l b bip
r
b:p

We consider now a generic derivation IT* obtained by substitution from II and
show that it is reducible. If r does not solve any ind-application, then we can
simply use the induction hypothesis on I’ and Lemma Otherwise, let s be
an ind-application unfolded by 7 by a chain of rwifs

bo by, b1 <ba, ..., by_1<b,,

for some n; IT will have the following form:

HO Hl
bo:A [bogbn] ijA
b, A 5
I,
bm_1 <bp, b:p
r
b:p

If in the derivation IT*, obtained by substitution from I, the application s is
replaced, then we just apply the induction hypothesis on IT " and we are done.
Otherwise, we have IT* = IT*:

ﬁ/*
b1 <4by, b :p
~ r
7 = b* 1 p

where IT’* is

by A
1T
b* 1 p

Note that II"* can be obtained by substitution from II'. Thus from the reducibility
under substitution of /" we infer the reducibility of /7". Furthermore, by Lemma
B3R r preserves reducibility. It follows that IT* is reducible and thus, by Lemma
B39 that also IT* is reducible. We conclude that IT is reducible under substitution.

O
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Corollary 5.44. Fvery N (BCTL* ;) derivation is reducible.

Proof. Immediate, by Lemma We just notice that, according to Definitions
BE31 and B2, the notion of reducibility under substitution clearly implies that of
reducibility, i.e. a derivation reducible under substitution is reducible.

O

Theorem 5.45. Fvery N (BCTL*,) derivation has a normal form.

Proof. The thesis follows easily by Corollary[:44] i.e. every derivation is reducible,
and by property Redl of Theorem B4l i.e. every reducible derivation has a normal
form.

O

5.4.6 The form of normal derivations

Here we investigate the structure of normal derivations in N'(BCTL* ;). We adapt
from [151] the definition of spine.

Definition 5.46. Given a derivation II, a spine is a sequence of lwffs by : Ay, bo :
Ao, ... b, : A, such that:

(i) by, : Ay, is the conclusion of I1;
(#) bit1 : Aiy1 occurs immediately below b; : A;, for 1 <i < nj;
(iii) b; : A; is the major (or the only) premise of a rule, for 1 <i < n;
(iv) by : Ay is an assumption of I or the conclusion of an ind-application.

Lemma 5.47. In a normal derivation, a spine by : A1,bs : Aa, ..., by 1 A, can be
divided into three parts:

(i) an elimination part by : A1,...,bm—1: Am—1 where each bj : A;, for 1 <j <

m—1 is the major premise of an elimination rule with conclusion bj1 : Ajy1;

(#4) @ minimum part by, : Ay, ... bmtk—1 ¢ Amyk—1, where each formula except
the last one is premise of LE; or of a relational rule;

(#9¢) an introduction part b4k : Amtk,...,bn @ Apn, where each b; : A;, for

m+k < j < n is premise of an introduction rule with conclusion bjq @ Ajy1.

Proof. Straightforward, by the definition of normal form, which requires the ab-
sence of maximum formulas in I7.
O

5.4.7 Consistency

We can exploit the structural properties of normal derivations to prove the con-
sistency of N(BCTL*,).

Theorem 5.48. The system N (BCTL* ;) is consistent, i.e. b :L is not derivable
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Proof. We proceed by showing that a derivation concluding with b : 1 must have
at least one open assumption. Since each N(BCTL* ) derivation has a normal
form (Theorem BZH), we can restrict the analysis to normal derivations. Let IT
be a normal derivation of b :1 and by : A1,by : As,... b, : Ay = b : L a spine
of IT. First we note that IT has an atomic conclusion and thus, by Lemma BZ17,
cannot contain introductions. Moreover, by the definition of a spine (Definition
BE6), there are no ind-applications below by : A;. Given that only introduction
rules and ind can discharge lwffs, we have that b, : A; cannot be a discharged
assumption. By Definition 48, we have two cases left:

(i) by : Ay is an open assumption, and then we are done; or
(#9) by : A; is the conclusion of an ind-application s. Then let p be the ending
premise of s. We will assume that p does not depend on any open assumption
and show that this leads to a contradiction. We know that there are no GI
and no ind-applications below s. Since these are the only rules that can
discharge a formula of the form o' < 0" where b’ and b” do not coincide,
we can conclude that all the leaves of the dependence tree of p are either
<-formulas or <-formulas of the form &’ < ¥’ for some label &’. By Definition
ET9 it follows that p is unfoldable. But then s is unfoldable and IT is not
normal (contradiction).
O

Corollary 5.49. The system N (BCTL* ) is consistent, i.e. b : 1 is not derivable
in N(BCTL*).

Proof. By LemmaliT7 b : L is derivable in N(BCTL* ) if and only if it is derivable
in N(BCTL* ). By Theorem B48 we have the thesis.
O

5.4.8 The failure of the subformula property

Theorem 48 shows that the procedure of normalization that we have defined for
N(BCTL*,) is good enough to get as a consequence a proof, by purely syntactic
means, of the consistency of the system. However, as in normalization of natu-
ral deduction systems for Heyting arithmetic (see [152, Chapter 10.4.12] for an
example), we do not have a subformula property. Namely, it is possible to show
examples of N (BCTL*,) derivations that are normal with respect to Definition
but in which formulas occur that are neither subformulas of the conclusion
nor of any of the open assumptions.

In Fig. B we give, as an example, an N (BCTL* ;) derivation of {b: A, b :
XA, b:G(A D XXA)} I—N(BCTLL‘) b : GA. The derivation is clearly in normal form
and the formula b : A A XA, which occurs in it, is not a subformula of any of the
open assumptions or of the conclusion, according to any reasonable definition of
subformula for our labeled logic.

5.5 Discussion and related works

In this chapter, we have given labeled natural deduction systems for the until-free
versions of a number of Ockhamist branching-time logics.
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Fig. 5.7. An example of the failure of the subformula property.
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Both in the case of general time (Section 22)) and of discrete time (Section B3,
we have considered a generalized version of the semantics giving rise to branching
sublogics usually known as “bundled”. We remark that this limitation is common
also in the field of Hilbert-style axiomatizations, where an axiomatization has
been only recently given for CTL* [135] and announced for OBTL by Reynolds.
Moreover the one for CTL* is a not completely standard axiomatization, which
makes use of a rule involving the addition of fresh atoms in a proof (similar to the
rule IRR of Gabbay [64]). The problem can be summarized, in the case of CTL*,
in the difficulty of capturing the limit-closure property (see Section ZZZ2), which
is clearly a second-order property. An extension towards the logics endowed with
such a semantics is left for future work. A first step could consist in considering a
system with infinitary rules. It would be also interesting to consider an extension
of our approach to PCTL*, i.e. CTL* with past, for which a completely standard
Hilbert-style axiomatization has been provided [138].

We wish to remark, however, that BCTL* is relevant in itself when studying
applications in which fairness constraints are considered [42]. Some authors [116,
118] also assert that bundled validity represents a more correct interpretation of
human reasoning about time from a philosophical point of view.

We have already discussed a number of relevant related works in the previous
sections. In the case of Ockhamist logics of general time, the only known deduction
systems are Hilbert-style axiomatizations [68,136,164,167].

Labeled natural deduction systems have been proposed for the logic CTL.
Renteria and Haesler [131] present a system where logical formulas are labeled but
no relational rules are given and indeed not even a notion of relational formula is
used, since informations about the relations between labels are contained in the
structure of the labels itself. The system is presented by restricting the attention to
a minimal set of three temporal operators, for which introduction, elimination and
“hybrid” (neither introduction nor elimination) rules are given. Some of these rules
resemble reasoning similar to arithmetic induction. Both soundness and complete-
ness are proved for the system. The presence of “hybrid” rules makes an analysis
of normalization quite complex and unnatural.

In [19], Bolotov et al. also extend the approach presented in [19] for LTL in
order to capture C'TL. The same mechanism of flagging for labels is used, but in
this case we have two separate classes of labels:

1. state labels, which are interpreted over time points;
2. path labels, which are interpreted over branches.

A further classification separates labels into universal and rigid with the idea that
a universal label refers to a generic state (or path) and a rigid label to a specific
state (or path). The authors consider the combination of a path quantifier and of
a linear time operator as a unique temporal operator. For each of these operators,
one or more introduction and one or more elimination rules are given. We give here
the example of (VGg) and (3Gg) which allows us also to show the use of labels in
this context.

i:VGA i:3dGA
(igj)apUu ]A (igj)apRa ]A
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Rules are given in Jaskowski style [94]: in this case we have rules with one premise
and two conclusions. The two elimination rules are analogous but they differ in
the fact that ¢ is a universal path label in (VGg) (and thus refers to a generic
path) and a rigid path label in (3Gg) (and thus refers to a particular path). As
in [19], relational rules belong to a separate relational system and specific rules to
model induction are required.

In [139], a tableau-based decision procedure for BCTL* is given. The tableau
construction differs from the traditional tree-shaped one and consists, like for other
tableau systems for temporal logics, e.g. [54,163], in starting with a graph and it-
eratively pruning away some nodes until a success or a failure condition is reached.
We remark that the focus of our work, instead, mainly concerns the definition of
a deduction system with good proof-theoretical properties.
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The Mosaic Method for Temporal Logics

6.1 Introduction

The mosaic method has been introduced in algebraic logic as a way of proving the
decidability of the theories of some classes of algebras of relations [114,115]. The
basic idea consists in showing that the existence of a model is equivalent to the
existence of a (finite) set of fragments of models (called mosaics). There are of
course several conditions to be satisfied: first of all, every single mosaic needs to
satisfy some local coherency conditions; furthermore, the set of mosaics is required
to be closed with respect to a number of saturation conditions.

The usefulness of mosaics comes from the fact that, given a formula, we do not
need to generate a full model in order to prove its satisfiability: it is enough to
show that there exists such a saturated set of mosaics. Thus we have a decision
procedure for the logic, which consists in checking whether such a (finite) set
exists or not. The mosaic method has been recently applied to prove decidability,
complexity results and completeness of Hilbert-style axiomatizations for several
modal logics [86,111,157].

With regard to temporal logics, a first work considering an adaptation of the
technique to the linear temporal logic Kl is [105]. In this paper, the authors give
a proper definition of mosaics for the logic Kl and prove that the existence of a
saturated set of mosaics for a formula is indeed equivalent to the existence of a
model for that formula. Then they apply this result to prove the decidability of the
logic and the completeness of a given Hilbert-style axiomatization. A mosaic-based
labeled tableau construction is also presented, and the ideas behind that are used
to provide a method for automated theorem-proving. Finally, a generalization of
these results to the case of several variants of Kl is sketched by suggesting possible
modifications of the conditions defining mosaics and saturated sets of mosaics.

Further works using mosaics in temporal logics established complexity results
for the logic of until over general linear time [137] and the logic using both since and
until over the reals [134] (See also [140,141] for more recent and general accounts on
mosaics and complexity topics.) In [133], a variant of the mosaic method has been
used to prove decidability of a so-called temporal logic of parallelism, mentioned
also in [150]. This logic consists in a simple combination of the temporal operators
F and P with a modal operator {. The semantics is given on rectangular frames
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consisting of the cross product of a (vertical) linear order and a (horizontal) non-
empty set. F and P operate along the vertical lines and ¢ acts horizontally as an
S5 existential operator but there is no dependence between the vertical and the
horizontal relations. In the paper, it is also shown that this logic does not enjoy
the finite model property and thus that the mosaic method is in some cases a more
powerful tool for proving decidability.

In this chapter, first we briefly recall, mainly from [105], the definitions and
results concerning mosaics for linear temporal logics. Then we propose an extension
of the mosaic method to the case of branching-time logics. Here we will limit our
extension to the case of the bundled Ockhamist branching logics presented in
Section ZZ], i.e., to BOBTL and some of its sublogics. The results concerning
decidability and completeness of these logics are already well-known, however we
believe that the mosaic method is interesting in itself as it provides a uniform
way of establishing such results for a large class of logics, by simple and modular
modifications of the basic definitions. Moreover, our proposal for this class of
branching-time logics can be seen as a basis for dealing with other more interesting
logics, for which decidability and complexity results are still missing.

We also remark that, in this thesis, we do not consider extensions of the mosaic-
based techniques to more complex linear-time logics, like LTL, or branching-time
logics, like computation tree logics, for which further work is required.

The structure of the chapter is the following:

— in Section B2 we consider the use of mosaics in the case of linear-time logics.
We recall the results from [105] and adapt them to the case of some logics not
explicitly considered there;

— in Section B3 an extension for the branching-time bundled logics of Section
22T is proposed.

6.2 Mosaics for linear temporal logics

In this section, we define mosaics in the case of the basic priorean tense logics
of Sections EZ3] and Most of the results presented in this section come
from [105], where the definition of mosaics for Kl and other temporal logics with
the operators F and P over linear flows of time is given.

6.2.1 Mosaics for the basic priorean tense logics

In this section, and in general when dealing with mosaics, we will consider as
primitive connectives A and —, instead of D and L. Intuitively, temporal mosaics
can be seen as pairs (M, M’) where the two elements M and M’ refer to two
points in a temporal structure, such that the point associated to M precedes (by
the relation <) the one associated to M’. An element M is indeed a set of formulas,
namely the set of formulas that are evaluated true at that point.

Given this basic intuition, it seems reasonable to require that mosaics satisfy
some local coherency conditions: as an example, given a mosaic (M, M), we want
that if GA € M, then A € M’. Moreover, we are interested in considering particular
sets of mosaics, saturated in such a way that we are able to build a complete model
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by just composing the mosaics contained in a given set of that kind. This means we
need to define the saturation conditions that a “good” set of mosaics is required to
satisfy. Basically, this amounts to making sure that each counterexample occurring
in the model we are building can be “cured”. In this context, a counterexample
consists in the presence of a point w labeled with a formula of the form FA such
that all of its successors are labeled with —A. By “curing” it, we mean adding a
new point w’ in the structure (as a successor of w) such that the labeling set of
w’ contains A.
These ideas are formalized in the following definitions and theorems.

Mosaics for Kt

For completeness, and uniformity with previous chapters, here we adapt the def-
inition of a mosaic, given in [105] for the logic KI, to the case of the simpler Kt.
Note that, as in [105], our definition also admits the presence of mosaics that are
singletons: we need them in order to consider the existence of single-point models
(or, possibly, of models containing disconnected points, i.e. points that are not
related to any other point).

Definition 6.1. Let A be a set of formulas closed under subformulas and single
negation, in the language of tense formulas (Section [ZZ31]). A mosaic (on A) is
a pair (Mo, My) or a singleton (My), where My, My C A, satisfying the following
coherency conditions.

COHERENCY CONDITIONS
For every formula A, B € A and i € {0, 1},

(CLI)AE M; lffﬁA ¢Mz;
(CLS)) ZfA: GA' € My, then A e My;
(CL4) ZfA: HA' € My, then A e My.

In the case of a mosaic being a singleton only conditions C I and C LA need to be
satisfied.

Definition 6.2. Let S be a set of mosaics on A. Then the set of points of S is the
set Points(S) = {M C A | there exists (Mo, M1) € S or (Mp) € S s.t. My =M
or My = M}.

Definition 6.3. A set S of mosaics is a Kt-saturated set of mosaics (a Kt-SSM
for short) if it satisfies the following saturation conditions.

SATURATION CONDITIONS
For every point M € Points(S),

(SL1) if FA € M, then there exists (M, M') € S s.t. Ae M';
(SL2) if PA € M, then there exists (M', M) € S s.t. A€ M';

Theorem 6.4. For any set I' of tense formulas, I" is Kt-satisfiable iff there exists
a Kt-SSM for I'.
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Proof. (=) Let M = (W, <,V) be a temporal structure satisfying I" and let u € W
be a point such that M,u = I'. Given a set A, which contains I" and is closed
under subformulas and single negations, we can associate a subset of A to every
point of W, i.e. for every w € W we define M,, = {4 € A | M,w = A}. Then
we can define the set S = {(My, My) | w,w’ € Wand w < w'} U{(My) | w €
W and for all w’ € W we have w £ w’ and w’ £ w}. It is easy to verify that every
element of S is indeed a mosaic and that the set S is a K¢-SSM. In fact, coherence
and saturation conditions are clearly satisfied since the definition of each point
in S comes from the labeling of the corresponding point in a temporal structure.
Furthermore, S is a Kt-SSM for I" since I' C M,, and M,, € Points(S).

(<) Let S be a Kt-SSM for I' and A the set of formulas (containing I")
on which mosaics are defined, i.e. S is a set of mosaics on A. Then, in order
to obtain a temporal structure satisfying I, we just define a set of instants W
isomorphic to the set of points of S, i.e. W = {war | M € Points(S)}. Then we
set <= {(war,war) | (M, M') € S} and V(war) = M for every M € Points(S).

O

Mosaics for Kl

Things get more interesting when we consider more specific flows of time. In [105],
mosaics for the logic KI, i.e. the logic of irreflexive, transitive and connected or-
derings (see for details), are defined. In this case, coherence conditions are
enriched by a new one capturing the transitivity of KI-frames: so, for instance, if
GA is in a point M, then it must also be in all the points M’ such that (M, M’)
is a mosaic. Linearity is obtained by adding a further saturation condition, which
says that if (M, M’) is a mosaic in our set such that FA is in M but FA ¢ M’,
then there must be an intermediate point (a point between M and M’) satisfying

A.

Definition 6.5. Let A be a set of formulas closed under subformulas and single
negation, in the language of tense formulas (Section [Z31]). A mosaic (on A) is
a pair (Mo, M1) or a singleton (My), where My, My C A, satisfying the following
coherency conditions.

COHERENCY CONDITIONS
For every formula A,B € A and i € {0,1}
(cim), (o), (Cia) and (CIF) as defined in Definition [G);

(CL5) ZfA =GA € My, then GA' € My;
(CL6) ZfA =HA ¢ My, then HA' € My.

In the case of a mosaic being a singleton, only conditions C Ll and C LA need to
be satisfied.

The set of points of a given set of mosaics is defined as before. We express now
the saturation conditions.

Definition 6.6. A set S of mosaics is a Kl-saturated set of mosaics if it satisfies
the following saturation conditions.
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SATURATION CONDITIONS
For every mosaic (Mo, M1) € S,
(SID) and (SIA) as in Definition [L3;

(SL3) if FA € My, then:
(i) FA € My; or
(i) there exist (Mg, M1), (Mg, M{) € S s.t. My = My, My = M{ and
Ae M| =M/;
(SL4) if PA € My, then:
(i) PA € My; or
(i) there exist (M{, M7), (M, M{) € S s.t. My = M, M
Ae M{=My;

M7 and

Theorem 6.7. For any set I' of tense formulas, I" is Kl-satisfiable iff there exists
a KI-SSM for I.

Proof. (=) As in the proof of Theorem
(<) We give here just a sketch of the proof; full details can be found in [105].
Given a KI-SSM S for I' we build a structure satisfying I" step by step, by using
the mosaics in S as building blocks. We begin with a mosaic containing I" in one
of its points and at each step we cure a defect of the construction, where a defect
is represented by some point labeled with a formula of the form FA such that
none of its successors is labeled with A (or by the symmetric situation with regard
to the past). Saturation conditions ensure that such a curing is always possible,
i.e. that it is always possible to provide a proper witness. The construction is an
w-construction. At the w-step, we obtain a labeled structure that is a Kl-model
where no defects occur. Furthermore, as required, such a structure satisfies I
O

6.2.2 Applications
Completeness via mosaics

One of the possible applications of the mosaic method is its use in proving the
completeness of a given Hilbert-style axiomatization. In fact, Theorems B4 and
B0 can be used to simplify the standard proofs of completeness: given a consistentl]
set of formulas we do not need to create a model satisfying it; an SSM will suffice.

Theorem 6.8. For any set I" of tense formulas, I" is Kt-consistent (Kl-consistent)
iff there exists a Kt-SSM (a KI-SSM) for I

Proof. (=) Given a consistent set I" of formulas, we can build a saturated set
of mosaics as follows. As labeling set we use the set of all formulas in the
language and we consider maximal consistent sets on this language with re-
spect to the axiomatization H(Kt) (H(KI), respectively) of Section Then,

! We recall that a set I of formulas is consistent with respect to an inference system iff
it is impossible to derive contradictions from I" by using the inference system.
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in the case of Kt, we define the set S of mosaics as the set S = {(M,M’) |
M, M'" are MCSs and for every GA € M, A € M'}. In the case of Kl, we need
to consider also transitivity and thus the set of mosaics is S = {(M,M’) |
M, M’ are MCSs and for every GA € M, {A,GA} C M’}. One can prove that
each element of S is indeed a mosaic, i.e. that the coherency conditions are satis-
fied, and that S is saturated, i.e. that the saturation conditions are satisfied. More
details in [105].
(<) If there exists an SSM for I, then I is satisfiable, and hence consistent
by the soundness of H(Kt) (or H(K1)).
O

Decidability via mosaics

The most typical use of the mosaic method, however, is in showing the decidability
of a given logic. Although decidability of the logics Kt and Kl is already well-
known, here we sketch a proof obtained by using mosaics. We remark that, as in
proving completeness, our work is simplified with respect to standard proofs of
decidability (e.g. via the finite model property) by the results of Theorems and
70 Further details can be found in [105].

Theorem 6.9. Given a tense formula A, checking its satisfiability (with respect
to Kt or Kl semantics) is decidable.

Proof. By Theorems and B we only need to show that the task of checking
whether there is an SSM (a Kt-SSM or a KI-SSM, according to which case we are
interested in) for A is decidable. We use the set of the subformulas of A and their
single negations as labeling set. The number of possible mosaics on that labeling
set is finite and checking the saturation conditions is clearly decidable (both for Kt
and for KI). Thus it is also decidable whether any subset of the set of all mosaics
form an SSM for A.

O

6.2.3 Mosaics for other linear flows of time

It is possible to adapt the definition of mosaic and SSM in order to capture variants
of Kl, i.e. other axiomatic extensions presented in Section Z3X2 Some of them are
described in [105]. We list them here. These changes will require in some cases
trivial extensions of the labeling set in order to keep it closed under subformulas
and single negations.

Substructures of the whole numbers In condition SIB we require not only
A € Mj but also -FA € M. (An analogous modification can be made for the
symmetric condition SIHl) This implies that once we insert a point satisfying
a given A as a witness for an FA-defect, in our construction FA-defects will
no longer occur. Since there are only finitely many FA (and PA) in our label-
ing setd, we will insert only finitely many points into the linear order under
construction.

2 Note that this modification works only when the labeling set is supposed to be finite,
e.g. in proving decidability or weak (but not strong) completeness.
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Without endpoint We add as a further coherence condition that FT € M;.

With endpoint We add as a further coherence condition that FG L& M;.

Without beginning point We add as a further coherence condition that PT &€
M;.

With beginning point We add as a further coherence condition that PH L&
M;.

Dense We require in the definition of a KI-SSM that, for every mosaic, there exist
mosaics that can be inserted in-between, like in saturation conditions SIBland
SIFl Then, in the construction of the model from the KI-SSM, in each step we
insert the provided points between all neighboring points. In the limit step,
there will be no immediate successors and predecessors.

Finally we remark that a refined definition of mosaics covering also the case of
the operators since and until is proposed in [105,134,137].

6.3 Mosaics for branching temporal logics

Here we extend the definition of the mosaic method for a linear tense logic (see
Section ) to the case of several bundled branching logics. We will start by giving
the definition of mosaics for the logic of basic frames (see Section 2Tl and, by
following the classification of [167], by extending it to other more complex and, in
a sense, more “branching” logics. Throughout this section, the formulas that we
consider belong to the Ockhamist language defined in Section ZZT4

As remarked in Section 4l we consider in this thesis branching logics where the
evaluation of atoms depends only on the state we are considering and not on the
path we are going to follow (no trace of futurity assumption) and this assumption
is crucial in our extension of the mosaic method to the branching case.

We keep here the intuition behind linear temporal mosaics: we still deal with
pairs (M, M") of sets of formulas, such that each set refers to a point in a structure
and such that the point referred from M <-precedes the one referred from M’.
As in the linear case, in our key theorem we need to show how to build a full
structure from a (saturated) set of mosaics. In other words, we need to define a
proper way of combining mosaics, both vertically and horizontally. Vertical combi-
nations are defined as in the linear case: we iteratively provide witnesses for linear
counterexamples, where a linear counterexample is a point labeled with a formula
of the form FA such that none of its successors is labeled with A. In the case of
branching logics, we need to consider also branching counterexamples (and thus
horizontal combinations of mosaics): given a point w labeled with a formula of the
form JA, we add in the structure a new point w’, which satisfies A and is in some
way “compatible” with w. Since we follow the no trace of futurity approach, we
can let such a compatibility consist basically in the fact that w and w’ satisfy the
same set of state formulas.

6.3.1 Mosaics for the logic of basic frames

We distinguish between linear and branching, both for coherency and for saturation
conditions. Linear conditions are as expressed in Section B2 for clarity, we recall
them in the following definition.
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Definition 6.10. Let A be a set of formulas closed under subformulas and single
negation, in the language of Ockhamist formulas (Section [Z4-]]). A mosaic (on
A) is a pair (Mo, My) or a singleton (My), where My, M1 C A, satisfying the
following coherency conditions.

COHERENCY CONDITIONS

For every formula A,B € A and i € {0,1},
LINEAR CONDITIONS

(CLQ) ANB e M; iff {A,B} C M;;
(CL3) if A = GA' € My, then A’ € M, ;
(CL4) ZfA =HA € My, then A e My,
(CL5) ZfA =GA € My, then GA' € My;
(CL6) ZfA =HA € My, then HA' € My.

BRANCHING CONDITIONS
(CBZ) ZfA =VA ¢ M;, then A e M;.

In the case of a mosaic being a singleton only conditions C I, C 4 and C Bl need
to be satisfied.

Definition 6.11. The set of (Ockhamist) state formulas is defined recursively as
follows:

1. all atomic formulas are state formulas;

2. if A and B are state formulas, then A A B is a state formula;
3. if A is a state formula, then —A is a state formula;

4. if A is an Ockhamist formula, then YA is a state formula.

Definition 6.12. Let A be a set of formulas closed under subformulas and single
negation and M, M’ € A. We say that M and M’ are state-equivalent (and we
write M ~g M') if for each Ockhamist state formula A € A, A € M if and only
ifAe M.

In the following definition, we will also use the notion of points of a set of mosaics
defined in Section B3l

Definition 6.13. A set S of mosaics is a basic saturated set of mosaics (a basic
SSM for short) if it satisfies the following saturation conditions.

SATURATION CONDITIONS
For every mosaic (My, M;) € S,
LINEAR CONDITIONS

(SL1) if FA € My, then there exists (M}, M;) € S s.t. My = M}y and A € M{;
(SL2) if PA € My, then there exists (M{, Mi) € S s.t. My = M{ and A € M{;
(SL3) if FA € My, then:

(i) FA€ My; or
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(i) there exist (Mg, M7), (Mg, M{) € S s.t. My = My, M1 = M{ and
Ae M| =M/;
(SL4) if PA € My, then:
(i) PA € My; or
(i) there exist (Mg, M1), (Mg, M{) € S s.t. My = My, My = M{ and
Ae M| =MY;

BRANCHING CONDITIONS

(SB1) if M € Points(S) and 3A € M, then there exists M' € Points(S) s.t.
M~y M and A e M.

Given an SSM S and a set of formulas I, we say that S is a basic SSM for I' if
there exists M € Points(S) such that I' C M.

Theorem 6.14. For any set I' of formulas, I' is (Basic)-satisfiable iff there exists
a basic SSM for I.

Proof. (=) Let M = (T,<,~,V) be a basic structure satisfying I" and let u € T
be a point such that M, u = I'. Given a set A, which contains I and is closed under
subformulas and single negations, we can associate a subset of A to every point of
T, i.e. for every v € 7 we define M,, = {A € A: M,v |= A}. Then we can define
the set S = {(My,M)) : v,v' € T and v < v} U{(M,) : v € T and for all v’ €
T we have v A v and v’ A v}. It is easy to verify that every element of S is indeed
a mosaic and that the set S is a basic SSM. In fact coherence and saturation
conditions are clearly satisfied since the definition of each point in S comes from
the labeling of the corresponding point in a basic structure. Furthermore S is a
basic SSM for I" since I' C M,, and M,, € Points(S).

(<) Let S be a basic SSM for I and A the set of formulas (containing I")
on which mosaics are defined, i.e. S is a set of mosaics on A. As in [105], we will
build a model for I" step by step by using the mosaics in S as building blocks.
The structure that we are going to construct can be seen as a grid composed
by a countable set of vertical lines, where each vertical line is a substructure of
the rational numbers and every point in the structure is associated with a set of
formulas (a subset of A).

Formally a labeled structure L has the form (H, {V}, <n}nem, =, L), where:

. HCN;

. Vi CQ for every he H

((h,v) is said to be a point of L if h € H and v € V3, );

<p, is the order defined on rational numbers restricted to V;, for every h € H;
= is an equivalence relation defined between points of L; and

5. L is a labeling function which associates a subset of A to every point of I8

N =

Ll

The construction proceeds by “curing” at every step one of the defects in the
structure. First we enumerate all the possible defects. They are of three kinds:

1. linear future defects of the form ((h,v), FA), where (h,v) represents a point in
the structure and FA is a formula in A;

3 In order to simplify the notation, in the following, given a point (h,v), we will write
L(h,v) instead of L((h,v)).
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2. linear past defects of the form ((h,v),PA), where (h,v) represents a point in
the structure and PA is a formula in A;

3. branching defects of the form ((h,v),3A), where (h,v) represents a point in
the structure and 94 is a formula in A.

Since the language contains at most countably many atoms, also the number of
defects is countable. Thus we can set an enumeration over N of the following set
D of possible defects:

D = {{(h,v),FA),{(h,v),PA),((h,v),3A) : he Nyv € Q and FA,PA,JA € A}.

Given a labeled structure L = (H,{Vj, <n}nem,=, L), we say that an element
((h,v),FA) of D is a linear future defect of L if:

1. (h,v) is a point of L;
2. FA e L(h,v) ;
3. for every (h,v’) such that v’ € Vj, and v <, v/, we have A ¢ L(h,v").

In a similar way, we say that ((h,v),PA) of D is a linear future defect of L if:

1. (h,v) is a point of L;
2. PAe L(h,v);
3. for every (h,v") such that v" € V and v" <, v, we have A ¢ L(h,v’).

Finally, ((h,v),3A) € D is a branching defect of L if:

1. (h,v) is a point of L;
2. 3A € L(h,v);
3. for every point (h',v") of L, if (h,v) = (h',v’) then A ¢ (h',v").

Furthermore, we will say that L is coherent if the following conditions (anal-
ogous of the coherency conditions in Definition [EI0) are satisfied by every point
(h,v) of L:

1. Ae L(h,v) iff =A ¢ L(h,v);

. AANB € L(h,v) it {A, B} C L(h,v);

. if GA € L(h,v), then {A,GA} C L(h,v) for every v' € V3, such that v <, v';
. it HA € L(h,v), then {A,HA} C L(h,v) for every v' € V}, such that v <j, v;
. it VA € L(h,v), then A € L(h,v).

Tk W N

Our construction is such that at every step n < w we will have a labeled
structure L,, = (Hy,,{Vh,, <n, }heHn,,=n, Ln) satisfying the following formation
conditions:

(F1) L, is coherent;

(F2) for every h € H,, (Vh, , <p,) determines a finite linear order of rational num-
bers (ig, < i1, <...<iy,) such that, for every j, (Ln(h,ij,), Ln(h,ij41,))
is a mosaic in S;

(F3) if (h,v) =, (1,0 then £,(h,v) and L, (K, v) are state-equivalent.

4 Note that our construction will be such that whenever two points (h1,v1) and (ha,v2)
are =-equivalent at some stage j, i.e. (h1,v1) =; (h2,v2), then v and v2 must coincide.
Viceversa, having at some stage j two points (h1,v1) and (h2,v2) such that vi = v2
does not imply (h1,v1) =; (he,v2).
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Note that the condition (FBl) is the analogous of the branching saturation
condition (SHI) of Definition

We will use a scheduling function o : w — w such that, for every j € w, there
are infinitely many k such that o(k) = j. At the n-th step we will cure the o(n)-th
defect in our enumeration of D. In the following we describe our limit construction
of a model for I".

[STEP 0] First let us consider a mosaic g € S such that p is a mosaic for I’
(since S is a basic SSM for I', such a mosaic exists). If u = (Mp) is a singleton, then
we can define an Lg such that Hy = {0}, Vo, = {0}, <o,= 0, =0= {((0,0), (0,0))},
L0(0,0) = My. If u = (Mo, M), then Lg is such that Hy = {0}, Vo, = {0,1},
<0o= <071>7 =0= {((070)7 (070))7 ((071)7(071))}7 ['0(070) = Mo, 50(071) = M.
Note that in both cases L trivially satisfies formation conditions.

[STEP n + 1] Assume that we have already defined a labeled structure L,
satisfying the formation conditions. Then we consider the o(n + 1)-th defect d
in our enumeration of D. If d is not an actual defect of L,, then we just set
Ly = L,,. Otherwise we have three cases:

(i) d = {((h,v),FA) is a linear future defect. Then let v’ be the greatest element
of V3, with respect to the order <, such that FA € (h,v’). Since d is an
actual defect of L,,, such v’ exists. We have two subcases:

(a) v’ is the greatest element of V},,, according to <y, . Then by the saturation
condition (SIUII) there is a mosaic (M{), M7) in S such that M{ = L,,(h, ')
and A € M{. We add a new element (v' + 1) to V3, and define <,
as the restriction to Vj,,, of the usual order < on rational numbers.
Formally, we define:

L Hn+1 = Hp;

th+1 = th U {’Ul + 1};

Losa(hyo' + 1) = M;;

Vipsr = Vi, for every i € Hy4 1 such that i # h;

<i,,. for every i € Hy 1 is the restriction to V;

< on rational numbers;

o =, ==, U{((h,v' +1),(h,v +1))};

o L,41(i,7) = L,(i,7) for every point (i,7) of L.

(b) v’ is not the greatest element of V. Then there exists an element
v" € V4, such that v” is the immediate successor of v', according to
the relation <y, , and, by the maximality of v/, =FA € L, (h,v"). By
the condition (SLE), there exist two mosaics (Mo, M), (M, M) € S such
that My = L, (h,v"), My = L, (h,v") and A € M. Then we insert a
point v* between v' and v and label (h,v*) with M.

By summing up, we define L, as follows:

»i1 Of the usual order

1 HnJrl = Hny
® Vi = Vi, U{v*}, where v* is a rational number such that v' < v* <
"

V"

o L,+1(h,v*) = M where M is obtained as described above;

o <;, ., forevery i€ Hyy is the restriction to V;, ., of the usual order
< on rational numbers;

oV V;, for every i € H, 1 such that i # h;

n+1 ~ n

o =, ==p11 U{((h,v" +1),(h,v"+ 1))}

n+1
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o L,11(i,7) = Ly(i,7) for every point (i,7) of Ly;

(ii) d = ((h,v),PA) is a linear past defect. Then the treatment of such defects
exploits the saturation conditions (SILE) and (SIH) of the basic SSM S and
is completely symmetrical to that of future defects; we omit a detailed de-
scription;

(iii) d = {((h,v),3A) is a branching defect. By the saturation conditions in
Definition T3, we know that there exists M’ € Points(S) such that
Ln((h,v)) ~s M" and A € M’. Then we add a new vertical line (say with
index n + 1) consisting of a single element (say with index v) labeled with
M'. Formally, we define L,,11 as follows:

Hp1=H,U{n+1};

Vn+1n+1 = {’U};

<n+1n+1: @7

Vipsr = Vi, for every i € Hy;

Loy =<i, for every i € Hy;

Lori((n+1,0)) = M';

Ln11((2,7)) = L,((4, 7)) for every point (i,5) of Ly,.

The construction is such that in all the cases we get a labeled structure L,,4; which
satisfies formation conditions FIIl, F&l and FBl and where d is no longer a defect. In
order to ensure that the limit construction is well defined, it is also important to
remark that the new labeling £,, 11 is just an extension of the old £,, and that the
defect d (once cured) cannot occur in any expansion of the structure.

[STEP w] Now we can just take the union L = (H,{Vj, <p}nen, =, L) of the
labeled structures defined so far. L is a coherent labeled structure that does not
contain any defect, since the scheduling function o ensures that if a defect becomes
actual at some step, then we cure it in a later step.

We can then build a basic structure satisfying I" by using the labeled structure
L. Namely, we define a structure M = (7, <,~,V) such that:

7 = {u:wuis a point of L};
<= Unen <n;

~ ==

forallue T, peV(u) iff pe L(u).

=N

It is easy to observe that M is well defined and is indeed a basic structure
which satisfies I
O

5 We remark that, as observed in [167], basic frames and (Dis)-frames generate the
same logic. This means that we could have written down an equivalent statement of
the lemma by considering (Dis)-frames instead of basic frames. Indeed, one can notice
that our construction in the proof of the lemma is such that we finally get a (Dis)-
structure. This comes from the strategy adopted in curing branching defects, which
consists here in adding a new point in any case. Different strategies could be adopted.
For example, we could cure branching defects by (i) linking (i.e. by =-relating) the
point where the defect arises to some other point (already present in the labeled
structure) providing a counterexample to the defect, if such a point exists and (ii)
adding a new point, only if such a point does not exist. In this way we would finally
get a basic structure that does not necessarily enjoy the property (Dis).
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6.3.2 Mosaics for the logic of (WDC)-frames

Here we show how to extend and modify the definitions of Section B3] for the
logic resulting from considering (WDC)-frames.

First of all, we can enrich the definition of an SSM with a branching saturation
condition that is the analogous of the property (WDC):

(SB2) if M, M’, My € Points(S), M ~s M' and (My, M) € S, then there exists
M{ € Points(S) s.t. My ~s M{y and (M, M') € S.

In building a structure from an SSM, now the idea is to consider also WDC-
defects, i.e. triples of points in the labeled structure under-construction such that
they violate the property WDC.

However, the addition of (SB2) is not sufficient, as shown by the following
example. Let =, y and y’ be three points representing a counterexample to the
property WDC in our labeled structure, i.e. < y = ¢’ but there is no 2’ in the
structure such that x = 2’ < y'. If L(z), L(y) and L(z) are the sets of formulas
labeling the points x, y and z, respectively, then, by construction, there must be
a mosaic (L(z),L(y)) and a point £(z) in our SSM. By exploiting the condition
(SB2), we would be able to add a point &’ in the structure such that x = 2/ < 3/
holds and that (£(z'), L(y’)) is a mosaic in the SSM. However this could violate
connectedness of the relation <: in fact, the structure we are building could contain
a point z < y’ such that £(z) # L(z') and none of z < 2’ and 2’ < z is coherent.

We can solve this problem by forcing an SSM to satisfy stronger conditions. The
addition of the following saturation condition allows us to retrieve connectedness:

(SL5) if (Mo,Ml),(Mé,Ml) € S and My }é M(/), then either (Mo,M(/)) € S or
(M(/),MQ) es.

Definition 6.15. A set S of mosaics is a (WDC)-saturated set of mosaics (a
(WDC)-SSM for short) if it satisfies the following saturation conditions.

SATURATION CONDITIONS
For every mosaic (Mo, M7) € S,
LINEAR CONDITIONS

(S, (SO3), (SOA) and (SIF) as defined in Definition [E13;
(SIA) as defined above;

BRANCHING CONDITIONS

(SHD) as in Definition [L13;
(SH3) as defined above.

Given a (WDC)-SSM S and a set of formulas I, we say that S is a (WDC)-
SSM for I' if there exists M € Points(S) such that I' C M.

Theorem 6.16. For any set I' of formulas, I is (WDC)-satisfiable iff there exists
a (WDC)-SSM for I.
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Proof. (=) As in the proof of Theorem T4
(<) By a limit construction, as in the proof of Theorem with some adap-
tations. In particular, we consider now also (WDC)-defects and cure them by
exploiting conditions (SL5) and (SB2) on (WDC)-SSMs.

O

6.3.3 Mosaics for the logic of (Dis+WDC)-frames

We recall from Section B3 TIthe notions of mosaic, state-equivalence and points of a
set of mosaics. A definition of (Dis+WDC)-saturated sets of mosaics is introduced
in the following. The linear saturation conditions are analogous to the ones given
for the logic of basic frames in Definition With regard to the branching
conditions, we recall SBIl and SBZ from Definition EIH for the logic of (WDC)-
frames. We need to add a further branching condition, denoted with SBBl below,
which can be seen as corresponding to the property SDC on frames (see Section
EZT). In fact, we know from Lemma that the logic of (Dis+WDC)-frames
and the logic of (WDC+SDC)-frames coincide. We remark that after the addition
of condition SBBl we do not longer need condition SIH of Section B33 since
WDC+SDC imply the linearity of the relation <; more details in the proof of
Theorem B.T8

Definition 6.17. A set S of mosaics is a (Dis+WDC)-saturated set of mosaics
(a (Dis+WDCQC)-SSM for short) if it satisfies the following saturation conditions.

SATURATION CONDITIONS
For every mosaic (Mo, M1) € S,

LINEAR CONDITIONS
(S, (SO3), (SIA) and (SIF) as defined in Definition [E13;

BRANCHING CONDITIONS
(SHQl) and (SHA) as defined above;

(SB3) let My, My, M, M} and M}, be points of S s.t.
(i) Mo ~s Mj);
(i) My ~5 M}; and
(ZZZ) (Mo,Ml), (Ml,MQ) es;
then there exists M| € Points(S) s.t. My ~s M{ and (M{, M7), (M{, M}) €
S.

Given a (Dis+WDC)-SSM S and a set of formulas I', we say that S is a
(Dis+WDC)-SSM for I' if there exists M € Points(S) such that I' C M.

Now we present the key theorem concerning mosaics for the logic of (Dis+ WDC)-
frames. In Section B3 when we sketched the analogous theorem for the (WDC)-
logic, we suggested considering three classes of defects: linear, branching and WDC.
In this case, it seems convenient to move back to the classification of Section G311,
distinguishing only between linear and branching defects. Possible WDC-defects
and SDC-defects are cured “indirectly” when we treat branching defects. Namely,
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when we add a new vertical line, we make sure that we add all the points necessary
for letting the structure enjoy the properties (WDC) and (SDC). Conditions SBZ
and SBBl ensure that this is always possible.

Theorem 6.18. For any set I' of formulas, I' is (Dis+WDC)-satisfiable iff there
exists a (Dis+WDC)-SSM for I'.

Proof. (=) Let M = (T,<,~,V) be a (Dis+ WDC)-structure satisfying I" and
let v € T be a point such that M,u | I'. Given a set A’, which contains I’
and is closed under subformulas and single negations, we can associate a different
fresh atom, i.e. an atom that is not in A’, to each ~-equivalence class. Let A”
be the set containing such atoms and their negations and A = A’ U A”. We
associate a subset of A to every point of 7 as follows: for every v € 7 we define
M,={Ae A : MuvE A U{p,}U{-p:p e A” and p # p,}, where p,
is the atomic proposition associated to the equivalence class [v]. Then we define
the set S = {(My, M]) : v, € T and v < V'} U{(M,) : v € T and for all v' €
T we have v £ v" and v’ £ v}. It is easy to verify that every element of S is indeed
a mosaic and that the set S is an SSM. In fact coherence and saturation conditions
are clearly satisfied since the definition of each point in S comes from the labeling
of the corresponding point in an (Dis+WDC)-structure. In particular, the use of
fresh atoms ensures that points of 7 that are state-equivalent but not ~-equivalent
give rise to distinct points in S and thus that the saturation conditions (SBZ) and
(SBB) are satisfied by S. Furthermore S is an SSM for I" since I" C M, and
M, € Points(S).

(<) As in the case of basic frames, we will build a model for I" step by step by
using the mosaics in S as building blocks. We recall from the proof of Theorem BT
the notions of (coherent) labeled structure and (linear and branching) defect, set
an enumeration D of all the possible defects and a scheduling function o : w — w
such that, for every j € w, there are infinitely many k such that o(k) = j.

Our construction is such that at every step n < w we will have a labeled
structure Ly, = (Hp,{Vh,, <n, }neH,,=n,Ln) satisfying the following formation
conditions:

(F1) L, is coherent;

(F2) for every h € Hy,, (Vj,, <n, ) determines a finite linear order of rational num-
bers (ig, < i1, <...<ig,) such that, for every j, (L, (h,ij,), Ln(h,iji1,))
is a mosaic in S

(F3) if (h,v) =, (b, v) then L, (h,v) and L, (h',v) are state-equivalent;

(F4) if (h,v) =, (W,v) and (h,v') is a point of L,, for some v’ < v, then there
exists (h',v") in L,, such that (h,v") =, (b, v);

(F5) if (h,v), (h,v"), (h,v"), (W,v) and (R',v") are points in L, such that v <
v <", (h,v) =, (F,v) and (h,v") =, (I/,v"), then there exists (h',v’) in
L, such that (h,v") =, (K, v").

Conditions (FII), (FB) and (FBl) above are the same as in the proof of Theorem
T4 (FH) and (FH) are, respectively, the analogous of the branching saturation
conditions (SB2)) and (SBE]) of Definition .11

In the following, we will describe our limit construction of a (Dis+WDC)-model
for I.
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[STEP 0] As in the proof of Theorem T4

[STEP n + 1] Assume that we have already defined a labeled structure L,
satisfying the formation conditions. Then we consider the o(n + 1)-th defect d
in our enumeration of D. If d is not an actual defect of L,, then we just set
Ly 41 = L,,. Otherwise we have three cases:

(i) d=

,V), 1s a linear ruture detect. en let v’ be the greatest element
h FA) is a li f def Then 1 " be the g 1

of V3, with respect to the order <, such that FA € (h,v’). Since d is an
actual defect of L, such v’ exists. We have two subcases:

()

v’ is the greatest element of V},, according to <j,. Then by the sat-
uration condition (SLI), there is a mosaic (M}, M]) in S such that
M} = L,(h,v") and A € M. We add a new element (v' 4+ 1) to V4,
and define <, ., as the restriction to Vj, of the usual order < on
rational numbers. Formally, we define:

i Hn+1 = Hp;

thﬂ = th U {U/ + 1};

Lyy1(h,v" +1) = M{ for an M obtained as described above;

Vipor = Vi, for every i € Hy 1 such that i # h;
<i,,, is, for every ¢ € H, 11, the restriction to V;
< on rational numbers;

o =, ==, U{((h,v' +1),(h,v" +1))};

o L,11(i,7) = Ly(i,7) for every point (i,7) of Ly,.
v’ is not the greatest element of Vj,, . Then there exists an element
v" € Vp,, such that v” is the immediate successor of v, according to
the relation <, , and, by the maximality of v/, =FA € L, (h,v"). By
the condition (SLE), there exist two mosaics (Mg, M), (M, M;) € S such
that My = L, (h,v"), My = L,(h,v") and A € M. Then we insert a
point v* between v’ and v” and label (h,v*) with M. In order to let
L, +1 satisfy the formation condition (FH), in this case we need also to
consider all the points of L,, that are =,-related to (h,v"). Let (h',v")
be one such point. The formation conditions on L, ensure that there
exist two points M, = L,,(h',v") and M| = L, (h',v") in Points(S) such
that My ~s M|, My ~s M; and (My, My) € S. Furthermore, by the
saturation condition (SBHE) on S, there exists M’ € Points(S) such that
M ~g M', (Mj,M') € S and (M’, M) € S. Then we add v* to the set
Vi, and label it with M’.

By summing up, we define L,, ;1 as follows:

n+1

1 of the usual order

i Hn+1 = Hp;
o Vi, = Vi, U{v*}, where v* is a rational number such that v" < v* <
1
o

)

o Lot1(h,v*) = M where M is obtained as described above;

e for every ¢ € H,11 such that i # h, if (i,v”) is a point of L,, and
(h,v") =, (i,0"), then V;, ., =V;, U{v*} and L, 41(i,v*) = M’ for a
set M’ ~, M obtained as described above; otherwise V; =Vi;

o <;,., is, for every i € Hy 1, the restriction to V;
< on rational numbers;

n+1

1 of the usual order



6.3 Mosaics for branching temporal logics 221

e =, is the transitive closure of =, U{((h1, v1), (ha,v2)) | (h1,v1)
and (hg,v2) are (not necessarily distinct) points of L,,4+1 but not of
Ln};

o L,41(i,7) = L,(i,7) for every point (i,7) of L.

(ii) d = ((h,v),PA) is a linear past defect. The treatment of such defects is
symmetrical to that of future defects, though some subtleties need to be
taken into account. Let v' be the lowest element of V},, with respect to the
order <j, such that PA € (h,v). Since d is an actual defect of L, such v’
exists. We have two subcases:

(a)

v’ is the lowest element of V},, according to <j,, . Then by the saturation
condition (SIE) there is a mosaic (M{), M7) in S such that M| = L, (h, ')
and A € M. We add a new element (v' — 1) to V},,, and define <y, , as
the restriction to V},,,, , of the usual order < on rational numbers. Unlike
the symmetrical case concerning linear future defects treated above, here
we need also to ensure that the formation condition (FHI) is satisfied.

Namely, let (h/,v") be a point in L,, such that (h,v") =, (h/,v"). Then,

by the formation condition (FHI), there exists a point M{ = L, (h/,v') €

Points(S) such that M7 ~s M; and, by the saturation condition (SBE)

on S, there exists a mosaic (M, M{") such that My ~, M. Then we add

(v = 1) to Vi , ., set labpia (h',0" — 1) = M and put (A',v" — 1) =ppq

(h,v" — 1). By summing up, we have:

HnJrl - Hny

th+1 = th U {’Ul — 1};

Lp+1(h,v" —1) = M for an M{) obtained as described above;

for every i € H,11 such that ¢ # h, if (i,v") is a point of L, and

(h,v") =y (i,0"), then V;,, = V;, U{v' =1} and L, 41(3,0" — 1) = M

for an M{/ ~, M/, obtained as described above; otherwise V;, ., =V, ;

e for every i € H, 11, <;,, is the restriction to V;
< on rational numbers;

e =, is the transitive closure of =, U{((h1, v1), (h2,v2)) | (h1,v1)
and (hg,v2) are (not necessarily distinct) points of L,41 but not of
Lyn};

o Lny1(i,7) = Ly(i,7) for every point (i,7) of L.

v’ is not the lowest element of V},, . Then there exists an element v/ € Vj,,

such that v” is the immediate predecessor of v, according to the relation

<n,, and, by the maximality of v/, =PA € L, (h,v"). By the condition

(SILH), there exist two mosaics (Mo, M), (M, M;) € S such that My =

Ly(h,v"), M1 = L, (h,v") and A € M. Then we insert a point v* between

v and v' and label (h,v*) with M. In order to let L, satisfy the

formation condition (FH), we need to consider all the points of L, that

are =,-related to (h,v’). Let (k/,v") be one such point. The formation

conditions on L, ensure that there exist two points M{) = L,(h’,v")

and M{ = L, (h/,v") in Points(S) such that My ~g M|, My ~s M| and

(Mo, My) € S. Furthermore, by the saturation condition (SBB]) on S,

there exists M’ € Points(S) such that M ~, M’, (M}, M') € S and

(M',M7) € S. Then we add v* to the set V3, and label it with M’.

By summing up, we define L, as follows:

n+1

., of the usual order
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4 HnJrl = Hny
o Vi, = Vi, U{v*}, where v* is a rational number such that v"” <
v* <

o Lot1(h,v*) = M where M is obtained as described above;
e for every i € H,y1 such that i # h, if (¢,0’) is a point of L, and
(h,v") = (3,0"), then Vj, , = Vi, U{v*} and Ly,41(i,v*) = M’ for a
set M’ ~4 M obtained as described above; otherwise V; =Vi;
o for every ¢ € H,11, <;,,, is the restriction to V;
< on rational numbers;
e =, is the transitive closure of the set =,, U{((h1, v1), (h2,v2)) |
(h1,v1) and (ha,vs) are (not necessarily distinct) points of L1 but
not of L, };
o L,11(i,7) = Ly(i,7) for every point (i, 7) of L.
(iii) d = {(h,v),3A) is a branching defect. By the saturation condition SBII
we know that there exists M’ € Points(S) such that £, (h,v) ~s M’ and
A € M'. Then we add a new vertical line (with a fresh index, say n + 1)
consisting of a single element (with index v) labeled with M’ i.e. we add a
new point (n+1,v) to Ly41, and set (h,v) =,41 (n+1,v). We will possibly
need to add some further points in order to let L, satisfy the formation
condition (FH). Namely, if L, contains some point below (h,v), then the
idea consists in enriching the labeled structure by adding below (n + 1,v) a
linearly ordered set of points isomorphic to the set of predecessors of (h,v)
and such that all the corresponding points are state-equivalent. We proceed
as follows. Let (h,v’) be the point in L,, that is the immediate predecessor of
(h,v) according to <y, . By the formation condition (FB), (L,,(h,v"), L, (h,v))
is a mosaic in S. Then the saturation condition (SBE) on S ensures that
there exists a mosaic (M, M’) € Points(S) such that M ~, L, (h,v") and
thus, by the formation condition (FBI), such that M ~g L, (h/,v") for each
(W, v") =, (h,v"). Then we add v" to Vyq1,,, and set Lo11(n+1,0") = M
and (n 4+ 1,v") =,41 (R/,0") for each (R',v') =, (h,v'). Then we consider
the immediate predecessor (h,v”) of (h,v’) and repeat the same procedure
with respect to these two points. Then again with respect to (h,v”) and its
predecessor and so on. By summing up, we define L, 41 as follows:
e Hyy1=H,U{n+1};
o V... =V, foreveryic Hy;
¢ Vit ={0]7€ V), and T < v};
e for every i € Hypq1, <;,,, is the restriction to V;
on rational numbers;
Lnt1(1,7) = Ly(1,7) for every point (i, 7) of Ly,.
e Loi1(n+1,v) = M’, where M’ is obtained as described above;
e for every U € V41, , such that v # v, Lni1(n+1,7) = M for a set
M ~g4 L,,(h,v) obtained as described above;
e =, is the reflexive, symmetric and transitive closure of the set =,
U{((hvﬁ)v (TL + 1a6)) | v e Vn+1n+1}'

The construction is such that in all the cases we get a labeled structure L, i1
which satisfies formation conditions and where d is no longer a defect. As in the
proof of Theorem [ET4l we have that the new labeling £,,41 is just an extension

n+1

1 of the usual order

w1 Of the usual order <
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of the old £,, and that the defect d (once cured) cannot occur in any expansion of
the structure.

[STEP w] We take the union L = (H,{V4, <p}nem,=, L) of the labeled struc-
tures defined so far and define a structure M = (7, <, ~,V) such that:

1. 7 = {u:wuis a point of L};

2. <= UheH <h;

3. ==

4. forallu e T, p e V(u) iff p € L(u).

By construction, M is a (Dis+WDC)-structure that satisfies I'.

6.3.4 Mosaics for the logic BOBTL of Ockhamist frames

The definition of (Dis+WDC)-SSM is still not strong enough in order to get an
Ockhamist structure. What we still miss is the property of maximality of branches
(MB), which in our case can also be expressed (see LemmaZZ2) by the conditions
(MB™) or (MB~ 7).

In the second part of the proof of Theorem [E18, we used the mosaics contained
in a (Dis+WDC)-SSM to build a (Dis+WDC)-structure. If we are interested in
building an Ockhamist structure, we need a way to ensure that a <-maximal point
of a vertical line is =-related only to <-maximal points.

It is enough to add a branching coherence condition to the definition of a
mosaic.

Definition 6.19. Let A be a set of formulas closed under subformulas and single
negation, in the language of Ockhamist formulas. An (MB)-mosaic (on A) is a
mosaic (Mo, My) or (Mg) on A such that the following condition holds:

(CB2) Let i € {0,1}. If for all FA € A, FA ¢ M;, then for all 3A € M;, A € M,.

Definition 6.20. An Ockhamist SSM is a set of (M B)-mosaics satisfying the
conditions (SID), (SOA), (SI3), (SHJ), (SAD), (SHA) and (SHA), where in each
condition (M B)-mosaics replace mosaics.

Given a set I of branching formulas, an Ockhamist SSM is an Ockhamist SSM
for I' if there exists M € Points(S) such that I' C M.

Theorem 6.21. For any set I' of Ockhamist formulas, I' is Ockhamist-satisfiable
iff there exists an Ockhamist SSM for I'.

Proof. (=) As in the proof of Theorem T8
(<) The construction of a structure from the SSM mirrors that of the proof of
Theorem BT8 The condition CBE ensures that if we have a point where no future
defects can occur, then at that point also the occurrence of branching defects
is excluded. It follows that, given a <-maximal point, the construction will not
generate for it any =-related point distinct from itself.

O
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6.3.5 Discussion

Related works concerning the use of the mosaic method in temporal logics have
been already described in Section Most of such works present definitions and
techniques for linear tense logics. Our contribution consists in the extension of such
techniques (in particular of those presented in [105]) to the case of the bundled
branching Ockhamist logic BOBTL [167] and some of its sublogics.

The extension is mainly based on the fact that ~-related points in a (possibly
generalized) Ockhamist structure satisfy the same set of atomic propositions and
thus the same set of state formulas. The saturation conditions of the linear case
are enriched with a further condition requiring that if a point M in the set of
mosaics contains a formula of the form A, then a point M’ state-equivalent to
M, i.e. satisfying the same set of state formulas, and containing A must also
be in the set. Such a condition allows for capturing the so-called logic of basic
frames [167]. Further refinements of the definition of a saturated set of mosaics are
required in order to consider BOBTL and other intermediate logics.

In this section, we have focused on providing proper definitions of mosaics and
saturated sets of mosaics for the case considered and on proving the key theorem
relating the satisfiability of a set of formulas to the existence of a saturated set
of mosaics. An analysis of possible applications is left for future work; here we
just sketch some ideas concerning the use of mosaics in proving completeness of a
Hilbert-style axiomatization and decidability.

With regard to completeness, we notice that the use of mosaics allows for sim-
plifying the standard proofs [167] of completeness of Hilbert-style axiomatizations
for these logics. Such proofs consist in considering maximal consistent sets and
defining two relations < and ~™ on them, based on the formulas they contain,
ie.,

F<MAiff {A|GAerycA |, I'~MMAiff {(A|VAeI'} CA.

The idea is that such relations can be used as the basis for building a structure by
a procedure of elimination of counterexamples [32,33,167]. If we use mosaics, then
part of this procedure is already contained in the theorems of Sections E3THE.3A
and it suffices to show that the set of all pairs (M7, Ms) such that M7 and My are
maximal consistent sets and M; <M M, form a saturated set of mosaicsﬁ

Particular attention is required in the case of (Dis+WDC) and Ockhamist
frames, since the property (SDC) fails in the set of maximal consistent sets for
the corresponding axiomatizations. However we believe that techniques analogous
to those described in [164] for proving completeness should help prove that a
saturated set of mosaics can be retrieved from a set of pairs of maximal consistent
sets defined as above.

By adapting the considerations above, we observe that a proof of completeness
for the natural deduction systems defined in the previous chapters could also be
obtained via mosaics.

With regard to decidability, we notice that decidability of the logics considered
in this section follows from the results of Burgess in [31] (see also [68]). It should

6 Note that we do not need to consider the relation ~™ explicitly since we treat branch-

ing counterexamples by using the notion of state-equivalence.
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be possible to give a proof of decidability via mosaics (as in Theorem B3 by
considering that the set of subformulas and single negations of a given formula
is finite and that checking saturation conditions on a finite set is decidable. A
detailed treatment is left for future work.






7

Conclusions

7.1 Summary of contributions

Despite the fact that temporal logics have been studied for decades and despite
their great relevance in many applications of computer science, their theoretical
analysis is far from being concluded. In particular, we believe that we still lack a
satisfactory proof-theoretical analysis for temporal logics.

The main contribution of this thesis is in the presentation of an approach for the
definition of modular natural deduction systems for a large class of, both linear and
branching, temporal logics and in their proof-theoretical analysis. Our approach is
based on the framework of labeling, which has been successfully employed in the
case of proof theory for modal, and in general non-classical, logics.

We started by defining a basic system for the minimal tense logic Kt and,
by modular enrichments of the system, we have been able to capture other more
complex logics, like the linear tense logic KI, some of its variants, and finally the
until-free fragment of LTL.

The extension to the branching case is limited to the so-called bundled branch-
ing logics, obtained by a generalization of the standard semantics for CTL* or
for its corresponding general-time logic. The semantics of bundled logics can be
formulated in terms of Ockhamist frames [139,167] rather than tree-like frames.
Ockhamist frames allow for the definition of a pure Kripke-style semantics, where
also the path quantifier V can be seen as a modal operator, endowed with a proper
accessibility relation. As a consequence, we have that we are able to exploit the
well-known good behavior of labeled deduction systems for modal logics also in
the case of such branching-time logics.

The modularity of the approach is in the fact that each connective (operator,
quantifier) has its own accessibility relation, its own rules for defining the properties
of such a relation and its own rules for introduction and elimination. Possible
interactions between the relations are managed by means of rules not involving
the operators themselves, whose introduction and elimination is restricted to the
specific rules.

The result is a clean natural deduction system, for which it is possible to define
a procedure of normalization. In particular, we have studied normalization in the
case of the system for BCTL" , where the presence of a rule for induction makes an
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analogy with systems for Peano/Heyting Arithmetic. We have proved a result of
weak normalization and obtained a syntactical proof of consistency as a corollary.

The proof-theoretical analysis has mainly focused on systems for until-free
logics. In fact, until is a very complex operator from a proof-theoretical point of
view. In this thesis, we have proposed a solution for its treatment, which is based
on the usage of a labeling discipline different from the most standard one and on
replacing the until with a new operator, which is easier to treat and in terms of
which the until can be defined.

Finally, we have proposed an extension of the mosaic method, presented in
the literature [105] in the case of several (non-discrete) linear temporal logics to
the corresponding bundled branching logics. The mosaic method can be used for
proving decidability, complexity results or completeness of Hilbert-style axiomati-
zations of a given logic.

7.2 Future work

As usual, much is still to be done.

The most complex, and at the same time most stimulating, direction is repre-
sented by an extension towards the “full semantics” branching-time logics, OBTL
and CTL*. We recall that such logics represent a, partially still, open problem
even when considering Hilbert-style axiomatizations [135,136]. A first step could
consist in providing a system with an infinitary rule, able to capture the so-called
limit-closure property.

It is interesting to observe that, if we add past operators to CTL*, then we
get a more expressive logic for which the definition of a standard and complete
Hilbert-style axiomatization is easier and has been in fact given by Reynolds [138].
Considering an extension of our system to deal with such a logic is another possible
direction of research. The definition of a system for CTL* with past could shed
some light to the case of standard CTL* as well.

In this thesis, we dealt with Ockhamist branching-time logics, whose language
allows for a free combination of quantifiers and operators. We note anyway that
Peircean logics, like CTL, can be obtained by the Ockhamist ones by just imposing
a restriction on the language. Thus our systems can be also used for reasoning on
Peircean logics, e.g., by considering a restriction on the set of admissible deriva-
tions. Although our approach, based on a strict separation between the operators,
seems to lead more naturally to work with the language of Ockhamist logics, it
would be interesting to consider possible adaptations explicitly designed for C'TL-
like logics, as in such cases it is also typically less complex to capture the full
semantics.

We also plan to extend our work towards the investigation of practical ap-
plications of our systems. In particular, we believe that the one for BCTL* can
be interesting to reason about fairness, along the lines of [42,63]. To that end, it
will be especially important to mechanize reasoning as much as possible by pro-
viding automated reasoning procedures or employing interactive theorem provers,
e.g. encoding our systems into a logical framework such as Isabelle [121,122].

With regard to our proposal for the treatment of until, we notice that here
we used the logic based on the new operator history mainly as a service-logic for
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reasoning on the standard logic with until. Future work will be oriented towards
an analysis of the real “meaning” and expressiveness of the new operator. Further-
more, although the introduction of history has been motivated by proof-theoretical
considerations and we expect such an operator to be rather well-behaved, a de-
tailed analysis of normalization for history-based logics has been left for future
work.

Finally, the extension of the technique of mosaics to the case of the bundled
branching Ockhamist logic BOBTL can be seen as just a first step towards a more
general definition of the method in the context of other, more interesting and
complex, logics, for which decidability and complexity results are still missing. In
this thesis, we have proved completeness of the deduction systems indirectly by
exploiting given Hilbert-style axiomatizations for the same logics (with the only
exception of Section ). We believe that a direct proof for (some of) the natural
deduction systems defined here could be provided by using the mosaic method,
thus creating also a stronger connection between the two tracks of this thesis.
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Appendix

A.1 Proofs of Chapter

The Church-Rosser property
11

Lemma A.1. Let II; and Iz be two marked derivations such that by:A 1
/
e bi: A b A bH-IA blle
v oand My > Iy . Then II="1- — I ="1% and
by: A by : B by : B P H2
: by: B by B

5 (IT, 11" = § (ITy, IT}) U 6 (I, IT3).
Proof. The proof proceeds by induction on the definition of ITy 1 IT}.
(1) [BC]
If IT; = IT), then we easily obtain the thesis by using the passive clauses in
the definition of —1.

(13) [DI]
Let
bl c A [bg : Bl]l bl c A [bg : Bl]l
H/
2 = bQI'YEIBz — = by : 3B ’
e ve DII 2 - D2 :)Il
by : By D By by : By D By
where B = By D By and II3 —1 I1j. Then, by the induction hypothesis:
I 7
AibliA by : By A/ibliA by : By
I3 = II; =
3 115 —1 3 11} 5
by : By by : By

where § (1/7\3, 1/7\3/) =0 (ITh, I1]) U4 (115, I15). By Definition BE32 we conclude:

I 11
bl tA [bg : Bl]l bl tA [bg : Bl]l
I = H3 1 H/ - Hé )
b2 : BQ :)Il bQ : B2 :)Il

by : B1 D Bo by : B1 D Bo
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where o,

6 (I3, 113 ) =
5(H1,H{)U5(H3,H§) =
5(H1,H{)U5(H2,Hé)

(79t — zv) Cases concerning the remaining passive clauses are treated as (i7) above.

§(IL,II') =

(zvi) [IndContr]

Let
bi: A [co <c]t [ei:BlY e <ch]1 b A
7, — e 114
2= co:B o <by cj: B )
b2 ' B (’f‘)
1
bl tA
113
co < Co(r) co: B co < C1(r) b : A
II[co/ci][e1/c;]
co < C1(r) c1: B c1 < C2(r) b1: A
I, = ITj[er /eillea/ cs] ’
Co . B
co < Cn—l(r) Ch_1:B Cpn—1 < bg(r) b : A
1T} [en—1/ci][b2/ cs]
b2 - B

where r is an application of ind, IIs 1 IT§ and II4 —; IIj. Then, by the
induction hypothesis:

I, 1
-~ b A = b1 A
II3; = 1173 —1 I3 = 1H§ )
co: B co: B

where 8 (I3, I3 ) = 8 (11, I}) U § (IT3, IT%) and

— bi1:A cp<e ¢ A c; <¢j
11y
CjZB



A.1 Proofs of Chapter B 233

—1
15
ﬁ’_bliA co<e ¢ A ci <c¢j
4 — Hi )
cj: B

where 0 (1/7\4, ]/7\4/) = ¢ (111, I1]) U6 (114, IT}). By Definition B3 we conclude:

Hl Hl
b1: A [CQ < Ci]l [Ci : B]l [Ci < Cj]l b1 : A
H: H3 H4
co:B cog<by cj: B X
b2 ' B (’f‘)
1
11
bl c A
113 5
co < Co(r) co: B co<deciy bt A
IT}[co/i][ex/cj] 11
co < C1(r) c: B c1 < C2(r) b : A
H/ = I . . )
aler/eillea /¢l
Co B
11
co < Cnfl(r) Cn—1:B Cn—1< bQ(T) b1: A
ITj[en—1/cil[b2/cs]
b2 : B
where
§(IIT') = §(ITs, 105 ) U6 (ITy, 1T, ) U {r} =

3 (
= 0 (I, 7)) U S (I3, 1T5) U (I, I]) U6 (I1y, IT}) U {r} =
O (ITy, 7)) U (I3, I5) U6 (I, ) U {r} =
5 (

)
Hl,H{) Uéd (HQ,H&) .

(xvit) [DI/ DE]
Let
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[bg : Bl]l bl cA bl cA
bllA H4 Hé
I, = I3 _b:B =1 Iy=by: By,
by : By bQZBljBDI Hé/l

by B °B by: B

where IT3 —; IT5 and II4 —; IT;. Then, by the induction hypothesis:

11 I
= b1: A =/ b :A
II; = 1173 —1 I3 = lﬂé ;
by 1 By by : By

where § (IT3, IT3 ) = 8 (ITy, IT}) U § (IT3, IT%) and

I I
= by:B; b:A =/ by:By b1:A
I, =" 11741 —1 Iy =72 11741 ;

b2:B bQZB

where § (1/7\4, ]/7\4/) =6 (111, II{)Ud (114, IT}). By Definition B3 we conclude:

I I
Hl [bQ:Bl}; bllA bl:A
_bi:A 4 r_ Hé H{
T = 115 by: B 57 e H_bQZBl b1 : A’
by : By bo:B1 DB E Hi
by : B = by : B
where
S(IT.I") = 6 (I3, 115 ) U6 (M, IT3) =
= 6 (I, I1}) U (I3, IT5) U6 (111, II1) U6 (I1y, IT)) =
= 5(H1,H{)U5(H2,Hé)
(aviii) [AI/ A E4]
Let
b1 A bl c A
H3 H4 b1 A
My=b2:B b:C oy = 11,
bQ . B/\ C /\E b2 - B
bQ : B !
where II3 —1 II}. Then, by the induction hypothesis:
I 11
= bh:A = b A
113 = 1173 —1 I3 = 1H§ )
by : B by : B

where § (1/7\3, 1/7\31) =6 (I1, I1{) U4 (113, I1%). By Definition 32 we conclude:
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1
bi1:A b A H{
g 1, bi: A
T=b,:B b:C = m="p"
bQSB/\O/\g by : B
bQZB !

where

(xiz) [ANI] N Es)
Analogous to the previous case.

(xz) [XI/XE]
Let
bab]' b :A
115 bbby b1:A
HQ = b/ : B XIl 1 Hé = Hé[bg/b/] )
b: XB b<1by by : B
b2 ' B XE

where T3 —1 II}. Then, by the induction hypothesis:

I 11}
= bl b1 A = _ bl b1 A
Hg— Hg 1 H = Hé 5
v:B b :B

where ¢ (l/ﬂ,, 1/7\3/) =6 (I, IT{) U6 (113, IT5). By Definition B33 we conclude:

I,
[bﬂb/]l b : A I
_ I3 ;) _b<dby b1: A
T=""v.p . e Y
b:XB b<1by XE by : B
bQZB

where o,
S(IL ) = 03,113 ) =
= §(I, II}) Vo (I3, IT}) =
= 0 (I, II}) U6 (I, IT}) .

(xxi) — (xwii) [GI/GE] and [VI/VE] are treated as (zz) above.
O

Lemma B34 shows that there is a strict correspondence between the contrac-
tions defined in Section and —j-reductions with no defects. This correspon-
dence does not hold if we consider all the —;-reductions. In particular, given
II 1 I’ and IT —1 IT”, we cannot say that IT’ and IT” converge to a common
IT"". This is true only if IT 1 II" and IT 1 II"" are in some way “compatible”.
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Intuitively, we need to require that, when we reduce an ind-application r both in
deriving IT’ and in deriving IT”, we “unfold” it in the same way, i.e. with respect to

a chain of the same length and by using the same sequence of labels. The following
definition formalizes this idea.

Definition A.2. Let II, II' and II" be marked derivations such that II — II'
and IT —1 IT1". We say that (II,II') and (II,II") are compatible if and only if
one of the following cases holds:

() II'=1 or HI"=11.

[b: A [b: A [b: A
.. H ! Hl 1 H/I
H: 1 H: 1 H — 1
(4) b:B ;7 b:B b:B
b:ADB b:ADB b:ADB

and (II1,II7) and (IT1, I1]) are compatible.

L I ;I oIy
(iii) IT=b: A b:B II"=5p: A b:B . n"=yp: A b:B -
b: AANB b: ANB b:ANB
(ITy, IT}) and (IT1, II]) are compatible and (12, I15) and (II2, ITY) are com-
patible.
[bl < bz] [bl < bg] [bl < bg]
. 1L , I Iy
COI=ppia 0 = pyea o T A
b1:XA b1:XA b12XA

and (II1,II7) and (ITy, IT]) are compatible.
Analogously for the cases in which the last application of II is a GI or a V1.

11, 11, I 175
(vW)II=b:ADB b:A , II'=bp:A>B b:A )
b:B oF b:B B
oy iy
InI"=p:A5B b:ADE )
b:B
(ITy, IT}) and (ITy, I1]') are compatible and (12, I15) and (IlI2, ITY) are com-
patible.
g 1
(U’L)H:bIXA b1 < ba s II' =b; : XA by by ,
byt A XE by : A XE
iy
" =0b; : XA b1 <bs and (II1,II7) and (ITy, II]) are compatible.
bQ A XE

Analogously for the cases in which the last application of Il is a GE or a VE.
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I, 11 1y
(vit) T =by : L , II'=b;:L , I =y :L

oA E oA P b:a P

and (IT1, II{) and (IT1, II{') are compatible.
[bl < bl] [bl < bl] [bl < bl]
I , I PR ) i

(vidd) I = g T b L 0=y, <]

by A byt A by A S

and (II1,II}) and (IT1, II]) are compatible.

237

Analogously for the cases in which the last application of II is one of the
following relational or structural rules: base <, lin<, lin<dg, refl <, trans <,

refle, symme, transe, atome, fusion.

. . Ho Hl
() IT=4 "4 by <b b A :
b A ind
o I 1]
bo c A bo § b bj A
b A ind
H// _ 6/ Hi/
- bo cA bo < b bj cA ’
b A ind
IIy, I1)) and (Ily, II)) are compatible and (II1,I1]) and (II1,I1}') are com-
0 0 1 1
patible.
. [bo < bi] [bi]:; Al [bi < bj]
_ 1l 1
@) =474 by <b b A :
DA ind (r)
o I 1]
bo tA bo < b bj tA ’

ind (r)
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Iy
bo < bor bo : A bo <A b1y
I17[bo /3] [b1/b;]
by < bl(r) b A b1 < bg(r)
1171 /bi][b2/b;]
" __
"= bg cA ’
by < bnfl(r) bp_1:A bp—1 < b(r)
117 [br—1/b3][b/b;]
b: A
(Iy, IT}) and (Iy, II}]) are compatible and (II1,II7) and (II1,II{) are com-
patible.
[bo < bl] [bz : A] [bl < bj]
) om 1,
@I = 94004 by <b biA
A ind (1)
114
bo < bor) by : A bo < b1y
I1{[bo/bs][b1/b;]
bo < b1 by : A b1 < ba(py
I [b1/bi][b2 /]
r_
= bQ cA ’

by < bn—l(r) bp—1: A bp—1 < b(r)

1T [br—1/b3][b/b;]
b: A
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Iy
bo < bo(r) bo: A bo <A b1
I1{'[bo/bi) (b1 /b;]
by < bl(r) b1: A b1 <« bg(r)

117 [b1/bi][b2/b;]
H// —

bg cA ’
by < bnfl(r) bp_1:A bp—1 < b(r)
117 [bn—1/bi][b/b;]
b: A
(o, IT}) and (g, I}) are compatible and (II1,I1) and (II1,II{) are com-
patible.
[b: A] [b: A
- g I
(i) I=_b:B N , II'=_b:B -7 T )
b:ADB b:ADE b:ADB b: A B
b:B b: B >
iy
Hl/ — bH{fl ,
b:B
1, an 1, are compatible an 2, an 2, are com-
(ITy, IT7) and (111, IT{) patible and (Ily, IT5) and (13, I13)
patible.
(wiit) 1= _b:B I , H’zbﬁf‘ : H”=b]§[f ;
b:ADB b: A j ]
b B DF b:B b: B
1 an 1 are compatible an 2 an 2 are com-
(I1y, ITy) and (111, IT7) patible and (I3, IT3) and (113, I13)
patible.
I I iy 11
; b:A b:B b:A b:B Iy
I =—"——"F""%5" m=2-£ -2 o=t
(wiv) b:AABA%I ’ b:A/\B/\/L\?I ’ b:A
b: A ! b: A !

and (IT1,I17) and (II1,II{') are compatible. There is an analogous case with
AE;.
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I, I
7b.A b.B /7H{ //7H{I
(wo) 1T = b:A/\B/\/EI ’ H_b:A ’ H_b:A
b: A !
and (II1,I17) and (II1,II}') are compatible. There is an analogous case with
AE;.
[bl < bg] [bl < b2]
g 1
(xvi) I = by: A , II'= by: A )
boxa X bab boxA M b
b: A b: A XE
by <b
II" = [1y[b/bs)  and  (IIy,II7) and (II1,II{') are compatible.

b: A
Analogously for the cases in which the last application of II is a GE or a VE.

[bl < bz]
15 by <b
(avit) 1T = b2 A =)
by : XA b1<]bXE b: A
b: A
by <b
" = [1y[b/bs]  and  (IIy,II7) and (II1,I1{') are compatible.

b: A
Analogously for the cases in which the last application of II is a GE or a VE.

Lemma A.3. Let II, II' and II" be marked derivations such that I —1 II',
o —y I, 6(I1, ') = 0 and 6 (I, ") = 0. Then (II,II") and (I1,I1") are

compatible.

Proof. By observing the inductive definition in Definition [A2 one can notice that
the only source of incompatibility comes by unfolding in two different ways some
application of ind. But having no defects implies that the ~—-steps correspond
to a number of =--contractions (see Lemma B34) and thus that all the possible
unfolded ind-applications have been treated in the same way.

O

We can now prove that whenever two »—1-steps diverge but are compatible,
then there exists some marked derivation to which their results converge.

Lemma A.4. Let II, II' and IT" be marked derivations. If IT —1 II' and IT —
" and (I, IT') and (II,II") are compatible, then there exists a marked deriva-
tion IT" such that IT', IT" ~, I, 6 (II', II") C 6 (II,IT") and 6 (11", II"") C
0 (I1,11').

Proof. Let n’ and n” be the number of times the clauses in Definition have
been applied in order to get Iy ~y II' and IIy 1 II"”, respectively. The proof
proceeds by induction on n’ 4+ n”’. We show here the main cases.
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If IT = II' (by clause [BC]), then just take II"" = II"”. Analogously, if
IT = IT” then take IT"" = IT'.

The cases in which the last clause application, both in deriving IT —; II’
and in deriving IT —1 II"”, is a passive clause are all very similar. We show
the case [DI] as an example. Let II be the derivation

[b: A
11,
b: B 1
b:A-B L
and let IT’ and II"” be
[b: Al [b: At
w= M and 01" = I
_ 0B 1 _9:b 1
b:ADBDI b:ADBDI

In the derivations above, we have IT; —1 II] and IT; 1 II{ in less than
n' and less than n” clause applications, respectively. If (II, IT") and (II,11")
are compatible then, by Definition [AZ2 we have that (II1, II1) and (113, I1})
are compatible. By the induction hypothesis, we can infer II] - II{"
and IT{ —; II{" for some IT{’ such that 6 (I1],II)") C & (I11,11]) and
6 (Y, I17") C 6§ (I1, IT;). Then given

[b: Al
H/I/: H{N
b: B 1 ’
b:A>B !
we have, by Definition B3, I’ —1 II' and II"” ~—; II"". Furthermore we
have:
o, 'y = §(Iy, Iy C 6 (I, I1y) = 6 (I1, I1") 5
o, "y =6y, i) C 6 (I, IIy) = 6§ (I1,1T") .

Let IT be the following derivation:

[b: A
15
b:B 1 H2
b:A->B L b4
b:B oE

Then, by Definition B3 we can have a derivation II’ obtained by applying
[DE] as the last clause and a derivation IT” obtained by applying [DI/ DE]
as the last clause, where II' and II" are as follows:

Jiid
’ Hé Hé " b'2A
b: B

b: B
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In the derivations above, we have Iy ~—1 I15, I 1 I} and I} —; II7.
Furthermore

[b: A [b: A]
!
leB —1 I, where I} = leB
b:A>B ! b:AoB !

for some II] such that II; -1 II{ with less than n’ clauses applications.
If (II,1I") and (II,II") are compatible then, by Definition [A2 we have
that (I, IT7) and (I1q, II}') are compatible and that (I1z, IT5) and (I, ITY)
are compatible. By the induction hypothesis, we can infer IT, —; I1}’,
Yy —q Iy, II{ —q II{" and II{ —; I} for some II}" and II}" such
that 6 (11, 11]") C 6 (I11,I1) and 6 ({1, I]") C & (111, II]). Then, given

"
H2

H///:blj:{ﬁ{ ,
b: B

we have, by Definition B32, IT’ 1 II"” and, by Lemma [ATl 11" —; IT".
Furthermore we have:

5T IT™) = 8 (175, 115"y U6 (113, 113") C
O (I, YU (I, I1Y) =

5 (IT, IT") .

N

Analogously:

5T, 11" = 6 (1Y, 1) U6 (1T, 11f') C
0 (I, II}) U6 (I, 1)) =

§ (11,17 .

1l

We show here only the case AE7, as the case AFs is symmetrical. Let I be
the following derivation:

11, 11,

b:A b:B

b: ANB /\%I
b: A !

Then, by Definition B32, we can have a derivation II’ obtained by applying
[AF4] as the last clause and a derivation IT” obtained by applying [A/ A Es]
as the last clause, where II’ and II" are as follows:

Iy 11 .

g =b:A b:B/\I 7 " — I 7
b:A/\B/\E1 b: A
b: A

where Hl —1 H{, Hl —1 H{l and HQ —1 Hé If (H, H’) and (H, H”) are
compatible then, by Definition &2 we have that (II1,II]) and (IIy, 1})
are compatible. By the induction hypothesis, we can infer II] —; II{”
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and II{ —; II{" for some II{" such that ¢ (I1],II{"") C §(II,I1]) and
§ (Y, I1{") C 6 (I1, I1;). Then given

1
H/// — Hl ,
b: A
we have, by Definition B3, I’ —1 II' and II"” ~—; II"". Furthermore we

have:
sr, m"y =46, 1"y € §(Iy, y) = §(I1,1") .

Analogously:
s, "y =6y, iy < §(Ihy, I1y) = 6 (I1,1I") .

The cases in which the last rule is XE, GE or VE are all analogous. We show
the first one as an example. Let IT be the following derivation:

[blﬂb]l

b: A 1

R T
bg:A

XE

Then, by Definition BE32 we can have a IT’ obtained by applying [XE] as the
last clause and IT" obtained by applying [XI/XE] as the last clause, where
IT" and " are as follows:

Hé b1 < by
H/Zbl : XA by <by XE s g :Hil[bg/b]
by : A by: A
where
by b
m =
b: A XJ
bl : XA

for some II{ such that IT; »—; II{ by less than n’ clause applications. We
also have

[bl < b]l
I o 1T and Iy sy 1TV

b: A 1
b xA XM

)

in less than n’ and less than n” clause applications respectively. If (1T, IT") and
(I1,II") are compatible then, by Definition [A22], we have that (111, II]) and
(11, IT{) are compatible. By the induction hypothesis, we can infer IT] »—
" and II{ ~—4 II{" for some IT{" such that d (111, II{") C 6 ({11, II{) and
6 (I, I17") C 6 (I, IT}). We conclude:

b1 <1 by
H’, I —y I = H{”[bg/b]
b2 tA

Furthermore we have:
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S, 'y = Iy, 1"y C 6 (I, I1y) = 6 (I1,II") 5
S, " = 6y, I11y") C § (I, I1}) = 6 (I1,IT") .

(vi) Now let the last rule application of IT be a ind and II be the following

derivation:
HQ Hl
bop: A by <b bi: A
0 0 J ind (r)

b: A

Then, by Definition B33, we can have IT 1 I’ and IT ~—1 II"” such that
IT" and IT" are obtained by applying respectively [ind] or [IndContr] as the
last clause. II' and IT” will have the following form:

[bo < bz] [bz : A] [bz < b]]

7 — I g
o bo:A bogb bJAd ’
DA ind (1)

iy

bo < bo(r) bo: A bo <1 by (r)
I17'[bo /b;][b1 /5]

bo < b1y by : A by < ba(ry
I17'[b1 /b;][b2 /b;]

H// —

bg:A ’

by < bn—l(r) bp—1: A bp—1 < b(r)

I [by—1/b:][b/bj]
b: A

where Iy —1 IIj and IIy = II}/ with less than n’ and less than n” clause
applications, respectively, and IT; 1 II] and II; »—; II{ with less than n’
and less than n” clause applications, respectively. If (11, I[T’) and (II, II") are
compatible then, by Definition [A2), we have that (II, I1)) and (1o, II}]) are
compatible and that (ITy, IT]) and (I1, IT{’) are compatible. By the induction
hypothesis, we can infer 11§ ~— I}, I} ~—1 II}, II{ ~—1 II}" and II{ —
Iy for some I} and II{" such that § (11}, II{") C & (Lo, I1{)), 6 (11§, II)") C
5 (Mo, 11}), 6 (IT,, IT") € 6 (11, 11{) and 6 (IT{, IT{") € 6 (11, 1T},

If we define:



7" =

A.1 Proofs of Chapter [
my
by : A
117" bo /b;][b1/b;]
bo < by b1 A

117" b1 /b;][b2/ b;]

b0<b0 b0<b1

b1 < bsy

by : A ’
bo < bp—1 bp_1:A bp—1 b

117" [bn—1/bi][b/b;]

b: A

245

then we have IT' 1 II" by applying [IndContr] as the last clause. And it

is easy to observe that

6 (]Y/7 H///)

Analogously, IT"” 1 IT"" by n applications of Lemma [A] and we have:

6 (H//, H///)

The confluence for =1 (Lemma B3H) follows as a corollary of Lemma [A4]

o (I, Mg") U o (117, 1I{") U {r} <
8 (o, IIg) U3 (I, 1Y) U {r} =
§(I1,1T") .

11l

(T4, 13" U 8 (ITY, 1Y) €
0 (o, IIY) V6 (I, IIT) =
§(I1,1T") .

[Nl
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