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Locic, n. The art of thinking and reasoning
in strict accordance with the limitations and
incapacities of the human misunderstanding.

Ambrose Bierce, The Devil’s Dictionary

Desenterr6 la intolerable hipdtesis griega de
la eterna repeticién y procurd educir de esa
pesadilla mental una ocasién de jubilo. Bus-
c6 la idea méas horrible del universo y la pro-
puso a la delectacion de los hombres.

Jorge Luis Borges, «La doctrina de los ciclos»
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Introduction

Cyclic and ill-founded proof theory allow infinity to enter the realm of proofs, the
one corner of mathematics in which everyone seems to agree that it should not be
welcome. Indeed: the number line may be infinite and infinitely dense; numbers
may have infinite, aperiodic decimal expansions; even circles may have infinite
radii; but, surely, proofs ought to be finite.

Infinitely long proofs, however, have been part of mathematics since antiquity,
in the form of proofs by infinite descent. The term was coined by Fermat (see,
e.g., [159, Ch. II, § X]), but the technique is already used in Euclid’s proof that
every composite number is divided by some prime number (Prop. 31 of Book 7 of
the Elements). A proof by infinite descent, as the name implies, is infinite. Its
‘form’, however, allows us to grasp that it is not a vicious circle. For even though
we restart the argument after finitely many steps, we do so from a place which
occupies a strictly lower position than the previous one (e.g., a smaller natural
number). There has been some ‘progress’, and thus the argument is not so much
circular as it is spiral: we move in circles, but ascending (or, rather, descending)
towards a sound proof. Moreover, once we ‘see’ that the limit of the argument
is an infinite descending chain of, say, natural numbers, we confidently reject the
starting hypothesis without having to continue reasoning ad infinitum.

Tll-founded proof theory, and its more presentable sibling cyclic proof theory,
formalise this idea by admitting infinitely long proofs in sequent calculi whose
infinite branches satisfy some ‘progress condition’ ensuring that they yield valid
conclusions.

This thesis designs and manipulates cyclic and ill-founded calculi for several
modal fixpoint logics. Let us then briefly introduce both concepts, cyclic proofs
and modal fixpoint logics, as an appetizer for the chapters that follow.



2 Introduction

Cyclic proofs. Proofs by induction are difficult to mechanise because of the
need to guess the right inductive hypothesis. It is not uncommon, when prov-
ing a statement by induction, to need a strengthening of the ‘natural’ inductive
hypothesis. A well known example is provided by the following statement

11 1
I e

49 n2<2’

which clearly does not admit a direct inductive proof. But we can easily prove by
induction the stronger statement:

4 9 n? — n’

This is not an isolated case, but an instance of a general phenomenon. Inductive
constructions and proofs are ultimately based on least fixpoints of (monotone)
‘constructor’ maps. Logic itself provides plenty of inductive definitions in which
this is manifest. For example, each time that we define the set of (well-formed)
formulas over an alphabet ¥, we characterise it as the least collection of strings
over X closed under certain properties (e.g., if a is a formula, then so is —a).

Relying on informal notation, the least fixpoint operator of a monotone map
f on a complete lattice is characterised by the following axiom and rule, where
LFP f denotes the least fixpoint of f:!

flr) <z
f(LFP f) < LFPf LFPf <u

The axiom on the left says that LFP f is a pre-fixpoint of f. The rule on the right is
the fixpoint induction principle of Park’s [105]. Together, they characterise LFP f
as the least pre-fixpoint of f, hence also the least fixpoint by the Knaster—Tarski
theorem [150].

Looking at Park’s rule, we can see at once where the problem lies with induc-
tion: the rule is not invertible. Consider, for example, the set F of all even numbers.
It is the least fixpoint of the map f: 2% —2¢: X — X U{0}U{n+2|n € X},
and £ C EU{1}. However, E U {1} is not closed under f.

From the point of view of proof-search, right inductive invariants can be as
hard to guess as right cut formulas. While several automated theorem provers
rely on induction in one form or another, they all encounter difficult challenges
(see, e.g., [17, § 1.2]). Cyclic and ill-founded proof theory propose an alternative
approach: instead of reasoning by induction, proceed by infinite descent in an
analytic calculus, for example by means of fixpoint unfoldings.

IExistence of LFP f is guaranteed by the well-known Knaster-Tarski theorem [150], for f is
monotone.
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It is usually accepted that infinite descent is as strong as induction. Making this
claim precise, however, is far from straightforward. The reader may consult [139,
17, 18, 137, 103] for recent approximations to the formalisation and clarification
of this question. Abstract approaches to cyclic theory, aiming at a general, logic-
agnostic notion of ‘cyclic proof’, are pursued in [17, 2] (see also [84]).

Modal fixpoint logics. At the risk of stating the obvious, there can be no
cyclic or ill-founded proofs in a calculus if it lacks the power to create infinitely
long branches in a ‘non-trivial’ manner.

Temporal modalities, like ‘eventually’, ‘until’, ‘henceforth’; etc., are a natural
source of fixpoint equivalences capable of producing infinite proofs. Consider, for
example, the eventually modality Fp, with the meaning: ‘either p holds now, or
it will hold at some point in the future’. This is equivalent to saying: ‘either p
is the case now, or Fp will be the case at the next instant of time’. In symbols,
Fp = p vV XFp, where X is the temporal operator ‘next’. Therefore, in place of an
induction rule we may work with the following fixpoint unfolding rule:

oV XFp
Fo
By imposing a correctness condition on infinite branches, corresponding to the fact
that Fy requires that ¢ eventually be the case, we can ensure that our calculus
does not yield invalid conclusions.

This is probably the oldest occurrence of fixpoints in modal logic, if we take this
expression to include pre-modern times. Indeed, the ancient Greek logician Diod-
orus Cronus conceived possibility (and necessity) in temporal terms: he identified
the possible with that which is the case or will eventually be the case (so the F
operator above). His ideas had great influence in the work of Arthur N. Prior, the
father of (modern) temporal logic [53, 110, 111, 104]. In more recent years, cyclic
and ill-founded proof-theoretical approaches, based on rules like the one above for
F, have met with success in dealing with temporal logics [19, 117, 47, 118].

Another source of fixpoints is provided by logics such as GL and S4Grz. This is
less obvious, because neither logic includes operators of a distinct fixpoint nature
(despite both of them enjoying well-known fixpoint theorems). Nevertheless, both
involve infinitary frame conditions on infinite chains that make it possible to design
natural cyclic or ill-founded calculi for them.? For recent developments in the
cyclic and ill-founded proof theory of propositional modal logics, the reader may
consult [134, 128, 129, 130, 69, 120, 122, 136, 35].

There is yet another source of fixpoints in modal logic. Instead of oper-
ators which happen to satisfy fixpoint equivalences, one can introduce operat-
ors specifically designed to denote fixpoints. The paradigm of this approach is

2We elaborate on this idea in Chapter 2.
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Kozen’s modal p-calculus [81], an extension of propositional (multi-)modal lo-
gic with explicit fixpoint quantifiers p and v. Syntactically, they behave like
quantifiers in predicate logic, in the sense that they bound occurrences of vari-
ables in formulas. Semantically, u and v denote, respectively, least and greatest
fixed points of functions, and are thus a kind of monadic second-order quanti-
fiers. The p-calculus, informally, has one foot on modal logic and the other
on monadic second-order logic. Much success has been achieved in the cyclic
and ill-founded proof theory of the p-calculus and related fixpoint logics (see,
e..g., [102, 73, 146, 76, 144, 9, 43, 95, 4, 37, 121, 127]).

Main contributions

Adding cycles to ordinary sequent calculi for K4 and S4 yields cyclic proof sys-
tems for the Godel-Lob provability logic (GL) and the Grzegorezyk logic (S4Grz),
respectively [134, 130]. Rather than isolated contrivances, we argue in Chapter 2
that these systems arise from a natural correspondence between cycles in proofs
and infinite chains in frames that enables the former to capture frame condi-
tions involving the latter. We propose to understand cyclic companionship by a
combination of proof-theoretic and semantical considerations. According to our
explanation, one should be able to obtain a cyclic system for the weak Grzegorczyk
logic K4Grz by adding cycles to a system for K4. We show that this is indeed the
case.

In the first part of Chapter 3, we introduce a cut-free, cyclic hypersequent
calculus for the full computation tree logic CTL*. Local soundness of inferences
is immediate, and a global correctness condition ensures that cycles yield valid
conclusions. Hypersequents offer a natural framework for accommodating the
existential (E) and universal (A) path quantifiers of the logic, as well as their
interplay with the next operator X. Each ‘sequent’ in a hypersequent is a labelled
set of formulas, either A® or E®, interpreted as ‘along all paths, \/ @ is the case’
and ‘along some path, A ® is the case’, respectively. Through this interpretation,
a natural system of ill-founded proofs arises wherein every infinite path of a proof
must contain either an infinite sequent trace of type A through which some infinite
formula trace stabilises (on a release operator), or an infinite trace of type E in
which all infinite formula traces stabilise.

A simple annotation mechanism on formulas allows us to isolate a finitary
condition which suffices to guarantee that a derivation is a proof.

In the second half of Chapter 3, we isolate a class of ‘inductible’ cyclic proofs
whose cycles can be transformed into inductive arguments based on the following
Park-style characterisation of until:
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(BV(aAXy) =y
(BV (a A X(aUpB))) = aUp alf — v

In the end, we arrive at a Hilbert-style system and compare it to a fragment of
a known axiomatisation for the full logic. Our axiom system is complete for a
well-known variant of CTL* obtained by allowing the evaluation of formulas in a
bigger class than the standard one.

Chapter 4 introduces a cut-free cyclic proof system for the intuitionistic linear-
time temporal logic iLTL, with a fully finitary correctness condition. The calculus
uses labelled formulas in order to accommodate the interplay between the ‘tem-
poral dimension’, represented by the modal rule for the next operator X, and the
‘intuitionistic dimension’, corresponding to the right-implication rule R—. Simple
annotations on release and until formulas suffice to provide a finitary character-
isation of good infinite branches.

Lastly, in Chapter 5 we present a proof of the uniform interpolation theorem for
the modal p-calculus which differs from the original, automata-based one [32]. We
build uniform interpolants from cyclic derivations in the system for the u-calculus
due to Jungteerapanich [76] and Stirling [144].

Sources of the material

Most of the content below has been written specifically for this dissertation. The
exceptions are:

e Sections 3.2 and 3.4 of Chapter 3, which are based on joint work with B. Af-
shari and G. E. Leigh [6]. The latter section incorporates substantial revi-
sions, though.

o Chapter 5, which is based on joint work with B. Afshari and G. E. Leigh [3].






Chapter 1

Mathematical Preliminaries

This chapter introduces notation and terminology used in the rest of the disser-
tation. Of particular importance are Sections 1.1 to 1.3, for the concepts defined
therein recur throughout the thesis. Sections 1.4 to 1.6, on the other hand, are
only needed in Chapter 3 and may be safely ignored until then.

We work in the standard framework of Zermelo—Fraenkel set theory with the
axiom of choice (ZFC). The reader is assumed to be familiar with elementary no-
tions from set theory and order theory, whose definitions will thus not be given
here except when we deviate from conventional practice.

1.1 Sequences and trees

Ultimately, this thesis is about building and manipulating derivations in (possibly
ill-founded or cyclic) sequent calculi. Unsurprisingly, then, sequences and trees
appear in almost every proof. Here we provide formal definitions of these and
related notions, and fix some notation.

Sequences. Let X be a set and a an ordinal. An a-sequence on X is a map
s:a — X, usually written (sg)g<q, where sg = s(8). A finite sequence on X is
an n-sequence on X for some n < w. We shall only concern ourselves with finite
and w-sequences. Hence, by infinite sequence on X we mean an w-sequence on
X. The collection of all finite sequences on X is denoted by X<¥, and X is the
collection of all infinite sequences on X.

We identify finite tuples and finite sequences. In addition, we sometimes abuse
notation and treat sequences as sets, for example writing « € (s,)n<n<w t0 mean
that s; = x for some ¢ < N.

Given a sequence s on X, we denote by Inf(s) the (possibly empty) collection
of elements of X which occur infinitely often in s. If s is infinite, for every n < w

7
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we denote by s>, (ss,) the sequence (s;);>, (respectively, (s;)in). And, if the
length of s is at least N < w, for every n < N we denote by s<,, (s<,) the finite
sequence (S, ..., s,) (respectively, (so,. .., Sn-1)).

If s is a finite sequence on X and t is a finite or infinite sequence on X, we
denote by st the concatenation of s and t, defined in the usual manner. We
may abuse notation and write s~ in place of s7(x), for z € X. Additionally,
when working with strings of symbols we might denote concatenation simply by
juxtaposition, if doing so carries no ambiguity.

Let s and t be sequences. We write s C ¢, and say that s is a prefiz of ¢, if
t = st for some (possibly empty) sequence . As expected, by s C t we mean
s Ct and s # t. Analogously, we say that s is a suffiz, or a tail, of t if t =" s
for some finite (possibly empty) sequence t'.

Every map f: X — Y induces a map f*: X<“ U X* — Y<* UY"¥ given by
T (($n)nen<w) = (f(8n))n<n for every finite or infinite sequence (s,)n<n<w o0 X.
We abuse notation and denote f* by f.

Let (Xo, <o) and (X3, <1) be well-ordered sets. We denote by (<;,<s) the
lexicographic well-order on Xy x X7 induced by <; and <, that is to say:

(EL', y) (Sh SQ) (l’l, yl)

if, and only if, either x <; 2/, or x = 2’ and y <5 3. We extend this notation to
arbitrary finite products of well-ordered sets, writing (<y, ..., <,).

Trees. There are a few, slightly different notions of tree commonly used in math-
ematics. For example, in graph theory trees are acyclic connected graphs, while in
descriptive set theory a tree is usually a prefix-closed collection of finite sequences
(for the latter notion see, e.g., [80]). We follow a third approach, standard in set
theory, and define trees as partially ordered sets in which every element has a
well-ordered set of predecessors (see [83, 75]).

1.1.1. DEFINITION (Tree). A treeisa pair T = (T, <p), where T is a set of vertices
and <r is a strict partial order on T such that {v € T | v <7 u} is well-ordered
by <7 for every u € T. —

Fix a tree T = (T, <r). A subtree of T is a tree T’ = (1", <qv) such that the
following hold:
(i) T C T,
(ii) if v € T" and u <r v, then u € T,
(ili) <p = <p[(T' xT).
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In other words: a subtree of T is a downwards-closed subset of T' with the induced
order. Note that, in general, [u,—)7 = {v € T | u < v} is not considered to be
a subtree of 7. Instead, we call (the tree induced by) [u, —)7 a cone of T.

If uw <7 v, we say that u is a predecessor of v, and that v is a successor of
u. We write u <% v if v is an immediate successor of u or, equivalently, if u
is an immediate predecessor of v, i.e.: u <7 v and there is no v’ € T such that
u <pu <pv'. We write u <} v if either u <% v or u = v.

A path through 7T is a finite or infinite sequence of vertices (un)n<n<o sSuch
that u, 1 <% u, for every 0 < n < N. If u <7 v, we let [u,v]7 be the unique
finite path (ug,...,u,) on T, n < w, with ug = v and w,, = v. Similarly, [u,v)7
is the unique (possibly empty) finite path on 7 such that [u,v]r = [u,v)7 (v).
If u €7 v, we let both [u,v]r and [u,v)7 be the empty sequence. The intervals
(u,v]7 and (u,v)7 are defined analogously.

A branch of T is a maximal subset of T" linearly ordered by <7.

We say that T is rooted if there is a (necessarily unique) vertex r € T' such
that r < u for every u € T'. We call r the root of T. If T is rooted, a path 7 on
T is said to be rooted if 7 is non-empty and 7(0) is the root of 7.

The height of a vertex u € T is the order type of {v € T' | v < u} with respect
to <. For every ordinal «, the a-level of T, denoted by Lev, (7)), is the collection
of all vertices of 7 with height o. The height of T is the least ordinal « such that
Lev,(T) = @.

The width of a vertex u € T is the cardinality of the set {v € T | u <% v}.
A vertex is branching if it has width greater than 1, and final if it has width 0.
A final vertex is also called a leaf, and we let Leaf(7") denote the collection of all
leaves of T. We say that T is finitely branching if every vertex of T has finite
width. The width of T is the supremum of the widths of the vertices of 7.

The following is a well-known, fundamental result about infinite trees:

1.1.2. LEMMA (Kénig's lemma). If T is a tree of height w and |Lev,,(T)| < Yo for
every n < w, then T has an infinite branch.

The following convention is in line with our use of trees to represent (possibly
ill-founded) proofs in sequent calculi:

1.1.3. CONVENTION. Unless stated otherwise, all trees are assumed to be rooted,
finitely branching, and containing only vertices of finite height. In particular, every
infinite branch has order type w.

Labelled trees. We shall use trees mostly to represent proofs, hence they will
be labelled. All notions defined below are standard except for those of low and
thin tree, which will become important in Chapter 4.
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Let A be a set. A A-labelled tree is a triple T = (T, <r, Ar), where (T, <r) is a
tree and A : T — 2% is a labelling map. The set A is said to be the labelling set of
T. A labelled tree is a A-labelled tree for some unspecified set A. A finitely-labelled
tree is a labelled tree with finite labelling set.

A A-labelled tree T = (T, <7, Ar) is low if there are no vertices u,v € T' such
that u <% v and Ap(u) = Ap(v).

Let T = (T, <7) be an unlabelled tree, and let A be a set. A A-labelling of T
is a A-labelled tree of the form (T, <7, Ar) for some labelling map Ay : 7' — 24

Let A be a non-empty set, and let 71 = (71, <1, A1) and To = (T, <2, A2) be
A-labelled trees. A A-isomorphism between T; and T is a map f : T} — T5 such
that:

(i) f:(Th,<1) — (Ty, <2) is an order isomorphism;
(11) )\1 = )\2 o f

We write f : Ti,u ~a Ta,v if there is a A-isomorphism f between [u, —)7; and
[v,—=)7. We may omit f if clear from context.

A A-labelled rooted tree 7T is thin if there are no vertices u,v1,vy € T, with
vy # vy, such that u <% vy, vy and T,v; ~p T, vo.

1.1.4. LEMMA. Let A be a finite set and 0 < h < w. There are only finitely many
thin A-labelled rooted trees of height h up to A-isomorphism.

Proof. We proceed by (strong) induction on h. Clearly, there are at most 2*-many
A-labelled rooted trees of height 1, as each consists of exactly one vertex. Assume
that the claim holds for 1,...,h, and let by,...,b, < w be corresponding upper
bounds given by the inductive hypothesis.

Let Th41 be the unlabelled rooted tree of height i + 1 built as follows. The
only vertex of height 0 is the root. For any vertex of height A’ < h, let it have
exactly by + - -+ + bp_j» many immediate successors. Vertices of height h have no
immediate successors.

1.1.4.1. CLAIM. For every thin A-labelled rooted tree T of height h + 1, there
exists a A-labelling T of Tp41 such that T embeds into T*.

Proof of claim. 1t suffices to embed T into 7,41, say via a map f built induct-
ively as follows. Send the root of 7 to the root of T,41. Suppose that f(u) has
been defined, say for u € T of height A’ < h. Every immediate successor of u
determines a thin A-labelled rooted cone of height at most 4 — h'. Note that
0 < h—h' < h. By thinness and the inductive hypothesis, it follows that u has
at most by + - - - + b, many immediate successors, whence we can map them
injectively to the immediate successors of f(u). X
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Since Tp41 and A are both finite, by the claim there can only be finitely many
thin A-labelled rooted trees of height A + 1 up to A-isomorphism. |

Note that we have in addition established the following:

1.1.5. COROLLARY. Let A be a finite set and h < w. Every thin A-labelled rooted
tree of height h is finite.

When working with infinite trees we shall be interested in those which, despite
being infinite, admit a finitary presentation. These are usually called ‘regular’ in
the literature, although some authors prefer the term ‘rational’.

1.1.6. DEFINITION (Regular tree). A labelled tree is regular if it contains only
finitely many labelled cones up to isomorphism. =

So a A-labelled tree T is regular if there are vy, ..., v, € T such that for every
w € T there is an 1 <14 < n such that [u, —)7 and [v;, —)7 are A-isomorphic.

Regular trees are well known to admit representations as finite graphs [29, 27,
28, 97, 153, 17]. We shall make this assertion more precise in Section 3.3.

1.2 Trees with back-edges

Whereas an ordinary sequent-style proof is represented as a finite (labelled) tree,
a cyclic proof is a finite tree with back-edges.

1.2.1. DEFINITION (Tree with back-edges). A (labelled) tree with back-edges is a
tuple T = (T, <r, A, l — ¢), where (T, <r, \r) is a finite labelled tree and | — ¢,
is a function from a subset Rep; C Leaf(7") of the leaves of T to 7" such that the
following hold for every [ € Rep;:

(1) c <r l;
(ll) )\T(l) = /\T(Cl).
Elements of Rep; are called repeats, and ¢; is said to be the companion of .
The function [ — ¢ is the back-edge map of T. a
1.2.2. REMARK. Note that trees with back-edges are by definition finite.

Given a tree with back-edges 7, we denote by 7° the graph which results from
T by taking <% as the edge relation and adding an edge from each repeat | € Rep,
to its companion ¢. Infinite paths on 7° are thus always of the form

[u7 ZO]TA[CO7 ll}Tr\ o A[CTH ln+1}T Y
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where u is the first vertex on the path and each [; is a repeat with companion c¢;.
Similarly, if 7 is a tree with back-edges, 7 denotes the (possibly infinite) tree
of paths on 7°ordered by the prefix ordering . Clearly, 7 is infinite if, and only
if, Repy # @. We call T* the w-unravelling of T
The following is a fundamental result about paths on trees with back-edges. It
ensures that a path through 7° which visits a repeat [ more than once also passes
through every vertex in [¢, ] 7.

1.2.3. PROPOSITION. Let T be a tree with back-edges, and 7 a path through T°. If
there are 0 < m < n < |r| such that m1(m) =1 and w(n) =1 for repeats l,l' € Rep,
such that L <, then [¢), Ul C {n(k) | m <k <n}.

Proof. Let ' := (w(m),...,m(n)), and let I =1y, ...,l; =1’ be repeats such that
7 = 1" [co, L7 [er ba] 7 - T len—a, lea]” [er—1, Ikl

where ¢; abbreviates ¢;,. We proceed by induction on £ > 1. The base case is clear
because then 7' = ["[¢,l']. For the inductive case, let u be <p-least in [¢;,!']7
such that [u,l']7 C 7. Such a vertex exists because [¢;, I']7 is well-ordered by <r
and I’ € 7', Moreover, u < I’ because, since | <!’ and |7'| > 1, the immediate
predecessor of I’ belongs to [¢;, '] N7’

Towards a contradiction, assume that u # ¢. Then, u has an immediate
predecessor u~ € [¢, 'l \ #'. We claim that u # [: otherwise [ € [¢,1']7 and
thus v = [ = I, contradiction. Hence, 7" does not start from u, so u must be the
companion of some repeat I” € 7’ because u~ ¢ 7'. Note that [” # [, for otherwise
[Cl,ll]T = [u, ll]']' Cq7. Sol" e {ll, .. .,lk,lk+1}. AISO, " e [u,—))'r - [Cl,—>),
whence [ < 1”. We distinguish two cases.

Case 1: [" £ 1'. Let 1 <i < k be such that [ = [;, and let
=1l [eo, Ll fen, ) T e, Ll
By the inductive hypothesis, [¢;,l"]7 = [c,,l]r € 7 C «'. Since [ < 1" and
¢ <t u = ¢, we have u~ € [¢,l"]7 and thus u~ € 7', contradiction.

Case 2: I" =1'. Note that I" # [ because u # ¢;. Let m < j < n be least such
that v == 7(j) € [u,l']r. Since ¢ < u, we have j — 1 > m. Also, v # u because
otherwise, since v~ ¢ 7/, we would have 7(j — 1) = 1" =1I' € [u,l']r, contradicting
the minimality of j. Thus, v has an immediate predecessor v~ € [u,l']7. And,
since 7(j — 1) #v~, w(j — 1) is a repeat I"” such that [ <" and with companion
v. Also, [ = 1,1’ because v # u, ¢;. We now argue as in the previous case with [’
in place of [”. [ |

Fix a tree with back-edges 7. For repeats [,1' € Reps, we say that I’ is reachable
from [, in symbols [ <, if ¢, <7 I'. A reachability path (on T )is a finite or infinite
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sequence (l,,)n<n<, Of repeats of T such that [,,_; <1, for every 0 < n < N. A
finite reachability path [y < --- <1, is circular if [,, = ly.
The following are two results about reachability paths invoked below.

1.2.4. LEMMA. Letly<---<l,, be a reachability path on T . Ifly b L, then there
is a 0 < k <m such that ¢;, <7 1y <t l.

Proof. By induction on m < w. The claim holds vacuously if m < 1. For the
inductive case, let m > 1 and assume that the claim holds for m — 1 and that we
have lp< - <l,, and ly 9 1,,. If ¢, <7 ¢, we are done because Iy <l;. Otherwise,
since [y < 13 < Iy we have [j 91y < -+ <91, and the inductive hypothesis yields a
2 <k <m —1such that ¢, <r ¢, <r . |

1.2.5. LEMMA. Letly<---l, 9ly be a circular reachability path on T, and for
every 1 < m let ¢; .= ¢,. There aren <m and 0 =iy < 1y < -+ <4, = m such
that:

(Z) lio <)li1 - <)lin,'

(i) i,y <t Cij <7 lijy, forallj <n—1;
(1ii) 1, % b for any j <n —1;

(iv) 1, <l for all j <n.

Proof. By induction on j < w, we build an infinite sequence (i;);«, of natural
numbers not greater than m as follows. Let ip = 0. For the inductive case,
assume that i; has been defined. If [;; < [, we let ;1 = m. Otherwise, since
li; 9l 11 <+ Qly, Lemma 1.2.4 yields a 1; < k < m such that ¢, < ¢;; <7 .
We let ij,, == k. Note that in either case we have l;; < ;.

Since i; < m for every j < w, by construction there is an n < w such that
in = mand i; < i;4q forall j < n. It remains to see that ¢, . . ., i, satisfy conditions
(ii)—(iv) above. Let j < n — 1. Then, i;;; # m and thus by construction we have
Cijoy <t Ci; <7 lij,, and l;; % l,,. This establishes (ii) and (iii). To see that (iv)
holds, we argue by induction on j = 0,...,n — 1. The base case j = 0 is clear
because l;, = lp<ly. For the inductive case, suppose that l;; <ly for some j < n—1.
Then, we have ¢;,,, <7 ¢;; <t lo, so l;;,, < lp. Finally, note that we have [, <y
by assumption. |

For the remaining of this section, fix a finite set ¥, a tree with back-edges
T =(T,<r,Ap,l = ¢), and maps © : T' — X< and inv : Rep; — X< such that
for every I € Reps we have: inv(l) C ©(u) for every u € [c;, 7. We call © a control
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map, and inv an invariant map. We prove some general results that will be later
used in Chapters 3 to 5.

The invariant map inv induces the following (reflexive) quasi-order < on the
repeats of 7: 1 < I if, and only if, inv(l) C inv(l). The orders < and < are related
in the sense of the following results.

1.2.6. LEMMA. For every | € Repy, the set {I' € Repy | I 51} is linearly ordered
by <.

Proof. Tf 11,1l < I, then inv(l;) and inv(ly) are both prefixes of inv(l). [ |
1.2.7. LEMMA. For all [,I' € Repy, if ey <p ¢ <p U, then | and I are <-
comparable.

Proof. Since ¢; € [¢y, '], both inv(l) and inv(l') are prefixes of O(¢;). |

1.2.8. LEMMA. For alll,lI' € Reps, if I l' 91, then | and ' are <-comparable.
Proof. From ¢; <7 l' and ¢y < [ it follows that either ¢y <p ¢ <7 I’ or ¢ <p

¢y <7 I, whence the claim follows from Lemma 1.2.7. |

1.2.9. LEMMA. Let (1;)i<n<w be a finite or infinite reachability path on T such
that l;_1 and l; are <-comparable for every 0 < i < N. Then, there is a j < N
such that l; < 1; for alli < N.

Proof. By induction on ¢ < N we find a j; < N such that [;, < ly,...,l;. This

establishes the claim because the set Reps is finite. Let [, = [y, and for the
inductive case let [;,,, be any <-minimum of {/;y1,[;,}, which exists by the com-
parability assumption and Lemma 1.2.6. |

1.2.10. LEMMA. For every circular reachability path lo<--- <1, 9ly on T, there
aren <m and 0 =ig < -+ <in, =m such that l;; and | are <-comparable for
every j < n.

1541

Proof. The claim clearly holds if m = 0, so assume that m > 0. We abbreviate ¢,
to ¢; for all i« < m.
By Lemma 1.2.5, there are n < m and 0 =iy < i; < --- < i, = m such that:

(1) li0<)li1<)“'<)l ]

in)
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(i) ¢,y <7 Cij <7 lij,, forall j <n—1;
(iii) 1;; B Iy, for any j <n —1;
(iv) li; <o for all j < n.

Note that n > 0.

Lemma 1.2.7 implies that /;; and [;,,, are <-comparable forall j <n—1. It
remains to see that [;, _, and [;, = [, are also <-comparable. This is an immediate
consequence of Lemma 1.2.8 if n = 1, so assume that n > 1.

By (ii) and (iii), we have ¢;, |, <r ¢, , <r l;,_, and ¢;,_, £r l;,. And, by (i),
¢, , <r l;,, whence either ¢;, <p ¢;, , <r l;,, or ¢;, , <p ¢c;, <p ¢, , <1 li, |,
where in the latter case ¢;, <7 ¢;,_, is given by (iii). In either case, Lemma 1.2.7
implies that [; and [;, , are <-comparable. |

in—1

We arrive finally at the two fundamental results about invariants.

1.2.11. PROPOSITION. For every infinite reachability path (1;)i<, on T, there ex-
ists a k < w such that ly, < l; for all j > k.

Proof. Let ¢ < w be such that all the repeats among [;,l;11,... occur infinitely
often on the path. Since the set Rep is finite, it suffices to find, for every j < w,
a kg 2 1 such that lkj < li, li+17 e ll+]

Let ko := 4. For the inductive case, assume that [, has been defined. We know
that l;1; < l;4 ;41 and that there is a reachability path from [, ;41 to l;4; because
li+j occurs infinitely often on l;,l;41,... Let n > j 4+ 1 be such that [, = l;4;.
We then have [ 41 < -+ 9 lity, 9 lipj41, so by Lemmas 1.2.9 and 1.2.10 there is
some j +1 <m < n such that i1, < i1, lipy. Let Iy, be any <-minimum of
{litm, lx; }, which exists by Lemma 1.2.6. [ |

1.2.12. PROPOSITION. Let Iy < -+ < 1, < lg be a circular reachability path on
T, and let w € ¥, Ifw C |nv( i) for each i < m, then w C O(u) for every
S [Clm7 lo}’r

Proof. The claim clearly holds if m = 0, so assume that m > 0. We abbreviate ¢,
to ¢; for all i < m.
By Lemma 1.2.5, there are n < m and 0 =iy < iy < - -+ < i, = m such that:

(i) Ly, <l cQ i
(i) ¢,y <7 Cij <7 lij,, forall j <n—1;
(iii) 1;; B Ly, for any j <n —1;

)

(iv) li; <o for all j < n.
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Note that n > 0.

The claim follows easily if Iy <, so assume ly 94 L, (so m > 1).

By (i), li,_, < lm, so we have either ¢;, |, € [¢m,ln)T, OF ¢, | <T Cp. Assume
the former. Then, (ii) and (iv) yield:

[Cmv 10}7— = [Cim lio]T = [Cim Cin—l}Tﬁ' . A[Cilv Cio]T’\ [Cio» lio]T'

By (ii) and the assumption, we have [c; ,,,c;;]7 C [, i, |7 for every j < n,
and thus w C O(u) for every u € [cp, lo] 7

Now assume that ¢;, , <r ¢,. If n =1, we have ¢;, <r ¢;, <r l;, and thus

ij+1]

[em Lol = [cirs il € [Cig, Lio T

whence w C O(u) for every u € [cm,lo]7. Finally, suppose that n > 1. We then
have ¢;, , <r ¢, _, #r L, by (ii) and (iii), so ¢,, <r ¢;, ,. In this case, (ii) and
(iv) yield:

—~

[Cmv ZO]T - [Cv?nv lio]T - [Cim cin&]Tﬁ [Cin727 Cinfii]T o A[Chv Ciu}TA [cim lio]T'

By (ii) and the assumption, we have [c;,,,, ¢;]7 C [ci,,, li;,, |7 for every j <n—2

and, moreover, [¢;. ¢ ,l7 C [, L, ,J7- Hence, again we conclude that w C
O(u) for each u € ¢y, lo]T. [ |

1.3 Sequent calculi

Most of the proof systems that we consider in this dissertation are sequent cal-
culi.! However, we use several different formalisms throughout the thesis, such as
hypersequents and labelled sequents, with and without ‘annotations’. Moreover,
some of the systems will be finitary, others ill-founded, and still others cyclic. A
definition general enough to encompass all these calculi would probably be too
abstract to be useful for our purposes. Therefore, here we only define a few gen-
eral concepts and fix some notation. For each of the systems used in the thesis,
the reader will find specific definitions (and refinements of some notions) in due
time. We assume that the reader is acquainted with (structural) proof theory, in
particular Gentzen systems and variations thereof. Introductions to the subject
may be found in [152, 101].

Fix a set S of (abstract) sequents. A (sequent) rule is an expression of the form

Sl e Sn ,
So

ISequent calculi were originally introduced by Gentzen [54, 55] in the 1930s, together with
natural deduction calculi.

R
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where each S is a sequent and R is the name of the rule. We call Sy the conclusion
of the rule, and Sy, ..., S, the premises thereof. Rule R is aziomatic if n = 0.

A (sequent) calculus, or (proof) system, is a collection of sequent rules. Given a
calculus G and rules Ry, ..., R, we denote GU{R4,...,R,} by G+R;+---+R,.
The rules of a calculus will usually be specified by rule schemata.? We shall often
abuse notation and say instance of a rule in place of the more rigorous instance of
a rule schema.

Let G be a sequent calculus. A G derivation of a sequent S is a finite or infinite
tree 7 built according to the rules of G and whose root is labelled by S. We shall
not make this definition more precise here for the aforementioned reasons. Note,
however, that it would not suffice to simply label the vertices of 7" with rule names
and sequents, for traces should also be taken into account. Consider, for example,
the following (branch of a) conjunction rule, where sequents are disjunctive sets of
classical propositional formulas:

a,a NP a Ny
alp,aNy

The implicit use of contraction makes it impossible to know, just by looking at
the rule, which of the formulas o A  and « A 7y in the conclusion ‘produced’ the
formula « in the premise. This is often irrelevant in ordinary sequent calculi.
When working with ill-founded or cyclic calculi, however, it will be necessary to
have clear notions of traces. Since the definition of trace depends heavily on the
specifics of the calculus, we do not provide a definition here and instead give one
in due time for every system that needs it.

Let T be a G derivation. A vertex u € T is aziomatic if the sequent in its label
is the conclusion of an axiomatic rule of G. A vertex u € T is a cul-de-sac if the
sequent in its label is not the conclusion of any rule of G.

1.3.1. REMARK. For every calculus, we distinguish between derivations and proofs.
Derivations, informally, are simply proof-trees, sometimes satisfying some non-
degeneracy condition. Proofs, in contrast, are a specific kind of derivation, whose
definition varies from system to system. In ordinary sequent calculi, for example,
proofs are finite derivations whose leaves are all axiomatic. In ill-founded systems,
the notion of proof typically includes a correctness condition on infinite branches
of derivations.

Let G be a calculus for which a notion of proof has been defined, and let S be
a sequent. We write G F S, and say that S is provable in G, if there exists a G
proof with conclusion S.

2This is relevant only for the logic CTL* considered in Chapter 3, because it is not closed
under substitution.
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A cyclic (sequent) calculus, or cyclic (sequent) system, is a pair G° = (G, II),
where G is a sequent calculus and I is a collection of G derivations, representing the
proofs of the system.? Typically, II is specified by means of correctness conditions
imposed on infinite paths through derivations. If II is characterised finitarily, we
say that G° is finitary. Not all cyclic systems that we shall consider will be finitary.
The base of G°, denoted by %B(G°), is the underlying, ‘acyclic’ calculus G.

As is customary, when working with sequents we abbreviate TUA to I'; A and
I'U{e} toT',¢. And when describing derivations, the use of a dashed line

S, ... S,
R 3
indicates the omission of some vertices. Similarly, a double line
R S, e S,
So

indicates the application of multiple rules in succession.

1.4 The Borel hierarchy

We recall the notion of the Borel hierarchy of a metrizable space, which will be
used in conjunction with automata- and game-theoretic techniques to establish the
completeness of an ill-founded calculus for the logic CTL* in Chapter 3. Familiarity
with basic topological notions is assumed, in particular: topological spaces and
subspaces, bases, continuous maps, homeomorphisms, metrizability. The reader
may consult [98] for an introduction to topology. Our main reference for this
section is [80, § 11].

Let (X,T) be a topological space. The class of Borel sets of (X,T), denoted
by B(X,T), is the smallest family of subsets of X containing all the open sets in T’
and closed under complements and countable unions (hence also under countable
intersections). In other words, B(X,T) is the o-algebra on X generated by T. Tt
is easy to see that B(X,T) always exists.

When (X, T) is metrizable, its Borel sets form a natural hierarchy as follows.
For every 1 < o < wy, we define the subsets X0 (X), II%(X) and A%(X) of X by
setting:

. D0(X) =T
o IO(X) ={X\A|AeX(X)}

3This is a rough description of a cyclic calculus. As mentioned previously, more polished
definitions are given in the chapters to follow. Additionally, the reader may consult [17, 2] for
abstract definitions of cyclic proofs.
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2(1) 23 e Zg cee
A?\ /A\ - Az\ Al
H(1) Hg cee Hg S

FIGURE 1.1: The Borel hierarchy of a metrizable space (X,T), where arrows indicate
inclusion and explicit mentions of X have been omitted.

o« 30(X) = {Unew An | Ay €19, (X), B, < a}, if a > 1;
o AL(X) = E0(X) NI (X).
A straightforward transfinite induction up to w; shows that

Ba(X) UTIL(X) € AL, (X)

for every 1 < o < wy. Moreover, we have:

Bx.T)= {J m@x)= U mx)= U AX)
1<a<wn 1<a<w 1<a<w
whence there emerges the Borel hierarchy of (X, T'), depicted in Figure 1.1.
A set A C X is said to be 39 in (X,T) if A € ¥2(X). And analogously for
1% and AY.
Continuous maps are easily shown to respect the levels of the Borel hierarchy,
in the sense that we have:

1.4.1. PROPOSITION. Let (X, T) and (X', T") be metrizable topological spaces, and
f: X = X' a continuous map. For every A C X' and 1 < o < wy, the following
hold:

(i) if A€ SUX"), then f~L(A) € 20(X);
(ii) if A € IO(X"), then f~Y(A) € II°(X);
(iii) if A € AYU(X"), then f~1(A) € AO(X).

We shall be interested in Borel sets of spaces endowed with a ‘prefix’ topology.
Let X be any finite or infinite set. The prefiz topology on X“ is the topology Tr
on X* generated by the base {B, | p € X<}, where B, = {z € X* | p C z} for
every p € X<¥. It is well known that (X*, Tr) is metrizable [106, Prop. 3.2].

When the starting set X is finite, the prefix topology on X* is often called the
Cantor topology on X* (see, e.g., [151, 102, 140]). This is justified because, if X
is finite, then (X%, Tr) is homeomorphic to the Cantor space [106, Prop. 3.14].
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1.5 Gale—Stewart games

Two-player infinite games with perfect information, or Gale-Stewart games, were
introduced in [52]. Following a now standard approach that goes back at least
to [102], in Chapter 3 we shall derive completeness for an ill-founded calculus by
playing an infinite game on a proof-search tree. Here we provide all necessary
definitions.

Our main reference for this section is Gale and Stewart’s original article [52].
In particular, we do not require players to take turns alternately.

1.5.1. DEFINITION (Gale-Stewart game). A (Gale-Stewart) game is an octuple
= (x*, X1, X11, X, f, I, Wi, Wi1) such that:
(i) X is a non-empty set of positions;
(ii) z* € X is the initial position of G;
(i) X = X1 W Xqp;
(iv) f: X\ {2*} — X is the (immediate) predecessor function of G;
v) f
i)
) I

(vi) for every x € X there is an n < w such that f"(z) = a*;

f is surjective;

(vii = {(z3)n<w € X¥ | g = 2" and z; = f(x;41) for all i < w} is the space of

;

(Vlll) II = WI ] WII' _|

In their original article [52], Gale and Stewart refer to what we (following
standard practice) call Gale-Stewart games as win-lose games, which are a par-
ticular instance of their more general definition of game. Most of their attention,
nevertheless, is devoted to win-lose games.

Fix a game G = (a*, X1, X11, X, [, IL, W1, Wi1). A (total) play of G is an element
of I. A partial play of G is a finite prefix of a total play of G.* The set Wi (Wrr)
is the winning set for player I (respectively, II). A play p of G is a win for player
I (player II)if p € W (respectively, p € Wir).

The fact that the predecessor map of a game is a function (and only defined
for non-initial positions) implies that, for every position = € X, if xy,...,x, and
Y0, - - - Ym are partial plays such that z, = y,, = =, then n = m and z; = y;
for every ¢ < m. So, informally, the positions of the game are ‘history-aware’. In
particular, no position may appear twice in a play:

41t would be more natural to define finite games ‘from below’, i.e., as finite sequences of
positions satisfying the requirements imposed on total plays. The two approaches coincide due
to the surjectivity of the predecessor map.
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1.5.2. LEMMA. Let G be a game, and p a play of G. Every position x of G occurs
at most once in p.

Proof. Let p = (23)n<w, and let i < j < w be such that z; = z;. By Defini-
tion 1.5.1(vii) we have x;_j, = z;_ forall k = 0,...,7, so z;_; = xp = =" and thus
j —1i =0 because z* is not in the domain of f. |

A G-strategy for player I (plater II) is a function o : X; — X (respectively,
o : X1 — X) such that o(z) € f~1(z) for every z € Xi (respectively, z €
X11). We denote by ¥1(G) (X11(G)) the collection of all G-strategies for player I
(respectively, player II).

Let o be a G-strategy for player I (player II). A play p € Il is o-consistent
if for every n < w, if p(n) € Xi (respectively, p(n) € Xi1), then p(n + 1) =
a(p(n)). Given G-strategies o and 7 for players I and II, respectively, we denote
by (o, 7) the unique game which is both o- and 7-consistent. As a consequence of
Lemma 1.5.2; every game is of that form.

1.5.3. PROPOSITION. Let G be a game. Every play of G is of the form (o, ) for
some G-strategies o and T for players I and 11, respectively.

Proof. Let G = (2%, X1, X11, X, f, 11, W, W), and let p = (2,)n<w be a play of G.
We define the G-strategies o : X1 — X and 7 : X1; — X as follows. Let z € Xj.
If 2 does not occur in p, we let o(x) = 2’ for any 2/ € X such that f(z') = x
(at least one such 2’ exists by the surjectivity of f). Suppose now that z occurs
in p. By Lemma 1.5.2, there is a unique n < w such that p(n) = 2. We then let
o(x) =p(n+1). The strategy 7 is defined analogously. [ |

A G-strategy o for player I (player II) is winning if for every o-consistent play
p € IT we have p € Wi (respectively, p € Wir). That this definition is equivalent
to the one in [52] is given by the following proposition:

1.5.4. PROPOSITION. Let G be a game. A G-strategy o for player I (player I1)
is winning if, and only if, for every G-strategy T for player II (respectively, player
I) we have (o,7) € Wt (respectively, (T,0) € Wi ).

Proof. We prove only the claim for player I. The left-to-right direction is clear. For
the converse, let p be a o-consistent play of G. By the proof of Proposition 1.5.3,
p is of the form p = (o, 7) for some G-strategy 7 for player II, whence p € Wi by
assumption. |

A game G is determined if there exists a winning G-strategy for one of the
players. Clearly, if G is determined then there is one and only one player for which
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a winning G-strategy exists. Gale and Stewart showed in [52] that not every game
is determined, but they managed to prove determinacy under simple topological
requirements.

Following [96], we endow IT with the topology T; generated by taking as a base
the collection {By | s € X<“}, where for every s € X<“ we let

By ={pell|sCp}.

It is straightforward to see that this base is the same as the one used originally
n [52], and that the topology it generates is exactly the subspace topology that
IT C X inherits from (X*,T¢), where Tt is the prefix topology on X* defined at
the end of Section 1.4.

The game G = (z*, X1, X11, X, f, II, Wi, Wi1) is Borel if Wt is a Borel set in
(I, Tg). Open and closed games are defined analogously, as well as X2, 119 and
AY games, for every 1 < o < wy.

Gale and Stewart [52] proved determinacy of games which are open or closed.
This result was gradually improved upon by several authors, culminating in Mar-
tin’s celebrated proof that all Borel games are determined [96]. For our purposes
in Chapter 3, determinacy of A games, established earlier in [36], will suffice.

1.5.5. THEOREM ([36]). If a game G is X3 or 113, then G is determined.

1.6 Biichi automata

Biichi automata were introduced by Biichi [20, 21] to establish the decidability
of the monadic second-order theory of one successor (S1S). They are a natural
generalisation of finite-state automata to infinite words. Here we provide only the
definitions and results needed in Chapter 3. The reader may consult [151] for an
overview of Biichi automata.

An alphabet is a finite set, whose elements are called symbols or letters. An
w-word over an alphabet ¥ is an element of ¥*. An w-language over ¥ is a subset
of 3. Since we restrict ourselves to w-words, unless stated otherwise by word and
language we mean w-word and w-language, respectively.

It will be convenient to work with several automata sharing the same underlying
transition graph. With this in mind, we first introduce the following notion:

1.6.1. DEFINITION (Automaton skeleton). An automaton skeleton is a triple S =
(@Q,%,A), where @ is a non-empty finite set of states, ¥ is an alphabet, and
A CQ x X x Q is the transition relation of S.

A run of S from a state ¢ € @ on an w-word (0,)n<e € X is an infinite
sequence of states (¢n)n<w € @* such that ¢y = ¢ and (gy, o, gnr1) € A for every
n <w. -
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1.6.2. DEFINITION (Btichi automaton). A (non-deterministic) Biichi automaton
(NBA) over an alphabet ¥ is a tuple A = (Q, X, A, ¢*, F), where (Q,3,A) is an
automaton skeleton, ¢* € Q is the initial state of A, and F C @ is the set of final
states of A.

A run of A on an w-word w € ¥ is a run of (@, >, A) from ¢* on w. A run p
is accepting if Inf(p) N F' # @. The automaton A accepts a word w € X if there
is an accepting run of A on w. We let Z(A) = {w € ¥ | A accepts w}. !

A language L C ¥¥ is said to be w-regular, or Biichi-recognisable, if there is
an NBA A such that .Z(A) = L. It is well known that the collection of w-regular
languages over an alphabet X is closed under union, intersection and complement-
ation:

1.6.3. THEOREM ([20, 151]). Let ¥ be an alphabet. If Ly, Ly C X% are w-regular,
then so are Ly U Ly, L1 N La, and X\ L.

Whereas closure under union and intersection is not difficult to see, closure of w-
regular languages under complementation is far from trivial. In contrast to the case
of finite-state automata, a reduction of NBA’s to deterministic Biichi automata
(DBA, defined by requiring the transition relation to be functional) is not possible
because the latter are strictly less expressive than the former (see, e.g., [151, § 4]).
Biichi’s original proof in [20] relied on Ramsey’s theorem. Another well-known
proof, based on transforming NBA’s into deterministic Rabin automata, was later
obtained by Safra [123].

Topology turns out to shed light on the study of w-languages (see, e.g., [67,
151, 140, 106]). In particular, every w-regular language over an alphabet ¥ is AJ
in ¥¢ with the prefix topology (recall the definitions given in Section 1.4 above).

1.6.4. THEOREM ([67, 151]). Let X be an alphabet, and A an NBA over ¥. Then,
L(A) € A2, Tr), where Tt is the prefiz topology on %
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Chapter 2
Cyclic Companions of Modal Logics

Modal logic traces back at least to Aristotle’s modal syllogistic (see, e.g., [31, 119]).
As a modern, mathematical discipline, however, its origins are much more recent: it
is usually dated back to C. I. Lewis’s work, in the early years of the 20th century,
on the paradoxes of material implication and his proposal of a system of strict
implication to capture the usual, intensional meaning of the word ‘implies’ This
work culminated in the 1932 book Symbolic Logic [87], cowritten by C. 1. Lewis
and C. H. Langford, in which the five axiomatic systems of modal logic S1-S5 are
introduced. For a historical overview of modern modal logic, we refer the reader
to [13, § 1.7] and [60].

The language of propositional modal logic extends that of propositional logic by
adding two unary operators, typically denoted O (‘box’) and ¢ (‘diamond’), which
express modalities of truth such as being necessary, possible, known, believed,
provable... Modal logics are then obtained as extensions of classical or intuition-
istic propositional logic by means of axioms and rules of inference involving the
operators O and . We restrict our attention to modal logics extending classical
propositional logic (CPC). In this setting, the operators O and ¢ are dual to one
another and thus interdefinable via the equivalence Op = —O-p. For example,
if Op is read as ‘it is necessarily the case that p’, then both ¢p and —O-p ex-
press that ‘it is possibly the case that p’. This duality is analogous to the one
between the universal (V) and existential (3) quantifiers in predicate logic, with O
corresponding to V and ¢ to 3.

We assume that the reader is familiar with both classical logic and modal
logic, and in particular the systems K, K4, S4, GL (Gddel-Lob provability logic),
and S4Grz (Grzegorezyk logic), though we formally define all of them below. An
introduction to CPC may be found in [24, Ch. 1], and for mathematically-oriented
introductions to modal logic the reader may consult [24, 13].

27
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Ordinary sequent calculi have proved to be insufficient for modal logic, partly
due to the difficulties involved in obtaining ‘good’ rules for the introduction of the
modal operators, that is, rules yielding calculi with nice structural properties, such
as the admissibility of cut-elimination (see [126, 158, 99, 100]). In his survey on
the technical and philosophical limitations of ordinary sequent calculi for modal
logic, Wansing writes:

[M]any normal modal and temporal logics are presentable as ordinary Gen-
tzen calculi [...]. However, no uniform way of presenting only the most
important normal modal and temporal propositional logics as ordinary Gen-
tzen calculi is known. Further, the standard approach fails to be modular: in
general it is not the case that a single axiom schema is captured by a single
sequent rule (or a finite set of such rules). [158, p. 68|

Consider, for example, the logic K4, which results by adding the transitivity
axiom Op — OOp to the basic modal logic K. The most natural attempt at
obtaining a sequent calculus for K4 is adding the rule

« I'=0Hp A
K¢ T = 0O0p, A

to a system for CPC. The resulting system is indeed sound and complete with
respect to K4, but unfortunately it does not enjoy cut-elimination [85, 126]. Sim-
ilar difficulties arise when considering other logics. In the words of Sambin and
Valentini:

It is usually not difficult to choose suitable rules for each modal logic if one
is content with completeness of rules. The real problem however is to find
a set of rules also satisfying the subformula property. [126, p. 316]

Several generalisations of ordinary sequent calculi have therefore been proposed
to better deal with modal logic (and non-classical logics), such as display calculi,
hypersequents, and labelled calculi. We refer the reader to [158, 100] for surveys
of such methods.

Of particular interest to us is the case of GL. A sequent system for the logic
enjoying cut-elimination was first obtained in [125, 85] by the addition of the rule

[,O00p = ¢

UaL
oI = I:I<p

ISee also Chapters 3 and 4 below, where we introduce a hypersequent calculus for the temporal
logic CTL™ and a labelled calculus for the intuitionistic temporal logic iLTL, respectively.
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to a system for CPC.2 It is of course not obvious why this is the ‘right’ rule; the
reader may consult [85, 126] for an analysis of various natural but unsuccessful
attempts at obtaining a sequent calculus for GL admitting cut-elimination.

Proof systems for GL with better structural properties have since been pro-
posed, for example the labelled calculus of [99] and the tree-hypersequent calculus
of [109].

More recently, Shamkanov [134] introduced a sequent calculus for GL obtained,
not by enriching the syntax or finding another suitable modal rule, but by admit-
ting cyclic proofs in a standard system for K4. These are finite derivations in which
a leaf may be non-axiomatic provided that it be labelled by a sequent appearing
earlier on the path from the root to the leaf. This work is generalised in [69] to
sequent calculi extending standard systems for classical or intuitionistic logic with
modal rules satisfying certain constraints.

Following a similar line of research, a labelled calculus for GL is obtained in [35]
by allowing ill-founded proofs in a labelled system for K4. Moreover, restricting
the system for GL to sequents having at most one formula in the consequent yields
a system for intuitionistic GL.

From his cyclic system, Shamkanov was able to prove the Lyndon interpolation
property for GL syntactically, a result that he had first shown in [133] by semantic
means. The other finitary proof systems that we have mentioned do not seem to
be suitable for this purpose because all of them contain modal inference rules in
which, as in Og, the principal formula undergoes a polarity change. Shamkanov’s
system can also be used to build uniform Craig interpolants for GL, as explained
in the conclusion of Chapter 5 below.

We are also interested in the (cyclic) proof theory of S4Grz. The first ordinary
sequent calculus for the logic, with a semantical proof of cut-elimination, was given
in [8], and a cut-free, labelled one can be found in [40].

Similarly to the work done in [133] for GL, Savateev and Shamkanov [130]
proposed a cyclic system for S4Grz whose underlying, acyclic system is easily seen
to be sound and complete with respect to S4. Whereas any cycle is acceptable
in the cyclic system for GL, this is not the case for S4Grz. Instead, a (finitary)
correctness condition is imposed on the cycles in proofs.?

We summarise the finding of these two cyclic systems by saying that GL and
S4Grz are cyclic companions of K4 and S4, respectively (see Definition 2.2.2 below).

2The cut-elimination proof in [85], however, contained a mistake that was identified and cor-
rected in [154, 8]. See also [64], where the cut-elimination proof from [154] is clarified and adapted
to the multiset formulation of the calculus.

3As we shall see, the cyclic system for GL also comes with a correctness condition, yet an
implicit one that every cycle satisfies. The condition, however, must be made explicit if one adds
weakening and contraction rules to the system.
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This terminology is inspired by the one used in [69], where the notion of a circular
companion of a calculus is defined.

Despite the simplicity of the cyclic systems in [134, 130], it is not a priori clear
why adding cycles to a calculus for K4 or S4 should yield one for GL or S4Grz.
Soundness and completeness are established in [134, 130] by means of translations
between ordinary sequent calculi for the logics and the cyclic systems or their
ill-founded variants, thus not shedding much light on the question.

This chapter aims to elucidate the relation between a modal logic and its cyclic
companion(s). In contrast to the proof-theoretic analysis of [69], we propose to
understand cyclic companions by a combination of proof-theoretic and semantical
considerations. We argue that cyclic systems like the ones in [134, 130] arise from
natural correspondences between cycles in derivations and infinite chains in frames.

Consider GL, for instance, which is characterised by the class of transitive
and conversely well-founded frames [14, 132]. The former condition is first-order
definable and only involves three states of the frame at a time, whereas the latter
concerns infinite chains and is known not to be expressible as a first-order property
([14, Ch. 4], [13, § 3.2]). We shall see that cycles capture in a natural way frame
conditions involving infinite ascending chains, such as converse well-foundedness
and its weak version. This explains why a calculus for K4, when coupled with
a suitable notion of cycle, captures exactly the theorems of GL. An analogous
explanation may be given for S4Grz and S4. In other words: the ‘finitary’, first-
order frame conditions are captured by the underlying, acyclic system, while the
cycles take care of the ‘infinitary’, second-order ones.

The logic GL, however, is not the only one characterised by a class of transitive
frames satisfying some second-order condition on infinite chains. Indeed, the logic
K4Grz, which may be informally described as S4Grz minus reflexivity, is charac-
terised by transitive and weakly conversely well-founded frames [7, 94]. So K4Grz
shares its first-order frame condition with GL and its second-order one with S4Grz
(see Table 2.2 below). According to the view of cyclic companionship that we have
just outlined, then, it should be possible to obtain a cyclic system for K4Grz by
adding cycles to an ordinary sequent calculus for K4, not in the way followed in
[134] for GL, but rather with cycles analogous to the ones in [130] for S4Grz. We
show in Section 2.3 that this is the case, thus establishing that K4Grz is another
cyclic companion of K4.

Due to the close correspondence between cycles and infinite chains, the frame
conditions that one can capture by adding cycles to acyclic systems are probably
limited to variations of converse well-foundedness. Therefore, we do not consider
the cyclic approach to the proof theory of modal logic to be as fruitful as other
methods, such as hypersequent or labelled calculi. Nevertheless, we believe that
the cyclic systems studied in this chapter serve as a good introduction to cyclic
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proof theory in general and to the more complicated cyclic systems of the next
chapters in particular.

Outline of the chapter. Section 2.1 introduces the modal logics that we are
interested in, namely: K4, S4, GL, S4Grz, and K4Grz. Section 2.2 analyses the
cyclic systems from [133, 130] and shows the close correspondence between cycles in
proofs and infinite chains in frames that enables the construction of such systems.
Section 2.3 tests the ideas presented in Section 2.2 by adding cycles to a system for
K4 in order to obtain one for K4Grz, thus showing that K4Grz, like GL, is a cyclic
companion of K4. Section 2.4 concludes the chapter and discusses some further
lines of research based on the material therein.

2.1 Propositional normal modal logics

As mentioned in the introduction, we restrict our attention to modal logics extend-
ing classical propositional logic (CPC). Familiarity with both classical logic and
modal logic is assumed. The reader is referred to [24, Ch. 1] for an introduction to
classical logic, and to [24, 13] for mathematically-oriented introductions to modal
logic.

The language of (propositional) modal logic, denoted by .£p, consists of the fol-
lowing: countably many propositional letters drawn from a set Prop; the constants
L (falsum) and T (verum); the Boolean connectives A (conjunction), V (disjunc-
tion), ~ (negation) and — (implication); and the modal operators O (box) and ¢
(diamond). The formulas of modal logic are given by the following grammar:

pu= LT plpl @A) (pVe)l(e—=9) | (@e) | (0p),

where p ranges over Prop. Formulas are denoted by small Greek letters o, 5, ¢, . . .,
and sets or multisets of formulas by capital Greek letters I', A, X, ... The collection
of all modal logic formulas is denoted by Formg, and the set of all subformulas of
a formula ¢, defined as usual, is denoted by Sub(p). A literal is a formula of the
form T, L, p or p. Given a set or multiset of formulas ', we let o' := {oy | v € T'},
for o € {0, 0}.

If no ambiguity arises, we drop the outer parenthesis and stipulate that O and
¢ bind more strongly than A and V, and that these, in turn, bind more strongly
than —.

It is well known that some of the constants, connectives and operators that
we have chosen as primitive are definable in terms of others. For example, L, —
and O suffice to define T, -, A, V and { by the equivalences T = =1, p = —p,
A =-(p = ), oV =9 — P and O = ~O-p, where —p == o — L is
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the negation of ¢. Depending on the context, we shall restrict our language to a
subset of .25 and rely on these equivalences.
The dual of a formula ¢, in symbols ¢?, is inductively defined as follows:

19=T T?=1
P’ =0 P’ =p
(e Ap)? = v p? (e V1) = Ayp?
(Op)? = O¢” (Op)? = 0¢?
(p =) = Ap?

A substitution is a map o : Prop — Formg. Every substitution ¢ induces a map
o* : Formg — Formg given by:

(i) o*(L) =L and o*(T) =T,

*

px1) = c*(p) *o* (), for x € {A,V,—=};
) = oc*(p), for o € {0, O}.

(iii

)

) o(

(i) o*(p) := o(p) and o*(p) := a(p)?, for every p € Prop;
) o*(
) o*(o

*

(iv) o

We abuse notation and denote ¢* by o.

As is often the case when studying modal logics, we define them as sets of
formulas containing certain axioms and closed under the inference rules of modus
ponens, substitution, and necessitation.

2.1.1. DEFINITION (Modal logic). A (propositional normal) modal logic L is a col-
lection of modal logic formulas containing:

cp=a) = ((g=r) = (p—=7);

« (p—=p) o

« p= (7P = 9);

o the normality axiom k: O(p — ¢) — (Op — Og),

and which is closed under the following rules:

o modus ponens: if a,a — [ € L, then § € L;
o substitution: if & € L, then o(a) € L for every substitution o;

o necessitation: if o € L, then Oa € L.
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The first three of the formulas listed in Definition 2.1.1 are well-known axioms
for CPC, originally due to Lukasiewicz [90, 72].

Given a modal logic L and a formula ¢, we write L F ¢ if ¢ € L, and we denote
by L @ ¢ the smallest modal logic containing LU {p}. Following standard notation
(see, e.g., [24]), we denote the smallest modal logic by K.

Let L be a modal logic and G a sequent calculus. We say that G is sound for
L if G F ¢ implies L - ¢ for every formula ¢. And G is complete for L if L - ¢
implies G F ¢ for every formula .

Modal logics admit different semantics: relational (or Kripke), algebraic, to-
pological (see [13]). We restrict our attention to relational semantics, for we are
interested in relating cycles in proofs to infinite chains on Kripke frames.

A (Kripke) frame is a pair F = (W, R), where W is a non-empty set of worlds
or statesand R C W x W is a binary relation on W, called the accessibility relation
of F. For every s € W, we define R[s] = {t € S| s Rt}. An infinite (ascending)
R-chain in F is an infinite sequence of states (s, )n<, such that s, R s, for every
n < w.

A waluation on a frame F = (W, R) isamap V : Prop — 2. A (Kripke) model
is a triple M = (W, R, V'), where F := (W, R) is a frame and V a valuation on F.
We say that the model M is based on the frame F. Given a model M = (W, R, V),
we inductively define a satisfaction or forcing relation I+ between states of M and
formulas in the usual manner:

e M,slf L and M,sl+T;

o M, sl pif, and only if, s € V(p), for every p € Prop;

o M, sk pif, and only if, M, s I p, for every p € Prop;

o M,slFp A if, and only if, M, s IF ¢ and M, s IF 1;

o M,slk oV if, and only if, M, s Ik p or M, s Ik ;

o M,slFyp — 4 if, and only if, M, s IF ¢ implies M, s I 1;

o M, sl Ogp if, and only if, M, IF ¢ for every t € R[s];

o M, sk Qg if, and only if, M, t IF ¢ for some t € R[s].
If M, s Ik ¢, we say that ¢ is true in s, or that s satisfies ¢. We write M | ¢ if
M, s Ik ¢ for every s € W. Given a frame F = (W, R), we write F |= ¢, and say
that ¢ is valid in F, if (W, R, V) = ¢ for every valuation V on F. Given a class of
frames IC, we write K = ¢, and say that ¢ is K-valid, if F | ¢ for every F € K.
Finally, given any formulas ¢ and ¢, we write ¢ = ¢, and say that ¢ and v are

equivalent, if for every model M = (W, R, V') and every s € W, we have M, s I ¢
if, and only if, M, s IF 1.
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Let I be a class of frames and L a modal logic. We say that L is sound with
respect to K if L F ¢ implies K |= ¢; that L is complete with respect to K if K |= ¢
implies L F ¢; and that L is characterised by K if L is both sound and complete
with respect to K.

Let F = (W, R) be a Kripke frame. We say that F is reflexive (irreflexive,
transitive, antisymmetric, partially ordered) if R is reflexive (respectively, irreflex-
ive, transitive, antisymmetric, a partial order on ). We say that F is conversely
well-founded, or Noetherian, if there are no infinite R-chains in F. Finally, we say
that F is weakly conversely well-founded, or weakly Noetherian, if every infinite
R-chain in F is eventually constant, i.e., for every infinite R-chain (s,)n<, in F
there is an 4 < w such that s; = s; for all j > 7. Clearly, being Noetherian is
equivalent to being weakly Noetherian and irreflexive.

Weak converse well-foundedness is the natural formulation of converse well-
foundedness in the absence of irreflexivity. It is easy to see that a frame F is
weakly conversely well-founded if, and only if, F satisfies the following strong
chain condition (SCC): for every infinite R-chain (s,)n<, in F there is an i < w
such that s; = s;41.

Table 2.2 lists several well-known modal logics defined in terms of the axioms in
Table 2.1, together with characteristic classes of frames for them. We assume that
the reader is familiar with the axioms k, 4 and t, as well as with the corresponding
logics K, K4 and S4 characterised, respectively, by all frames, by all transitive
frames, and by all reflexive and transitive frames [24].

The logic GL is the well-known Géddel-Léb provability logic, in which the oper-
ator O denotes provability in some arithmetical theory, typically Peano arithmetic.
We shall not concern ourselves with GL besides the analysis of the cyclic system
for the logic given in [134]. The interested reader may consult [15] for a historical
account of the emergence of provability logic, as well as Boolos’s classic book [14].

The origins of the Grzegorczyk logic S4Grz can be traced back to Grzegorczyk’s
investigation of the connections between intuitionistic and modal logic [65, 14, 92].
The logic was first axiomatised by adding to S4 the axiom

0O[(B(g — Op) — Op) A (B(—=g — Op) — Op)|] — Op,

due to Grzegorezyk [65]. Subsequently, Segerberg [132] found the simpler, current
axiomatisation of S4Grz in terms of the axiom grz, first studied by Sobocinski [138].

A common, alternative name for S4Grz is Grz (see, e.g., [8, 24, 92, 94, 130]).
This is justified by the fact that S4Grz = K @ grz [63, 14, 24]. Moreover, all of the
following hold:*

Kdgrz=K4dgrz="54Dgrz =54 D grzy, (2.1)

4The last equality was first proved in [132], and the first one in [12].
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Axiom Definition

k (normality aziom) O(p — ¢) — (Op — Ogq)
4 (transitivity aziom) Op — OOp

t (reflexivity axiom) Op—p

gl (Lob aziom) O(0Op — p) — Op

grz (Grzegorczyk aziom) | O(O(p — Op) — p) = p
grz; O(Q(p — Op) — p) — Op

TABLE 2.1: Some modal logic axioms.

but note that
K4 @ grz # K4 @ grz;

because S4Grz # K4Grz (see below). We follow [132, 14] and denote S4 @ grz by
S4Grz, in order to highlight the similarities and differences between S4Grz and
K4Grz.

As with GL, our interest in S4Grz is restricted to the cyclic system for the logic
introduced in [130]. For an overview of S4Grz, its history, and its close connection
to GL, we refer the reader to [92].

The logic K4Grz has been called the weak Grzegorczyk logic [88]. According to
[61], the name KA4Grz originates in [51] and [44], but the logic had been studied
earlier under different names (e.g., in [113, 63] it is referred to as Go, and in [7]
it is called Gg). This logic is also known as Grz.1 [94]. We avoid this notation
because it misleadingly suggests that K4Grz is an extension of Grz, when in fact
this is not the case: the reflexivity axiom Op — p belongs by definition to S4Grz,
but it cannot belong to K4Grz because there are frames which are transitive and
weakly conversely well-founded but not reflexive (e.g., the frame consisting of a
single irreflexive state). For an overview of results about K4Grz, the reader may
consult [88].

Just as the names S4Grz and K4Grz suggest, from the point of view of Kripke
semantics K4Grz is the non-reflexive version of S4Grz, in the sense that we have:

K4Grz C K4Grz & t = S4Grz,

where the equality follows from (2.1) and the proper inclusion from the fact that,
as we have observed, K4Grz £ t.

Converse well-foundedness is well known not to be first-order definable (see,
e.g., [14, Ch. 4] or [13, § 3.2]). Since irreflexivity is a first-order property, it follows
that weak converse well-foundedness is not first-order definable either. Thus, the
frame conditions given in Table 2.2 for GL, S4Grz and K4Grz can be split up into two
groups: ‘finitary’, first-order definable conditions (reflexivity and transitivity); and
‘infinitary’ conditions which are not expressible as first-order properties (converse
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Logic | Definition | Characteristic frames

K4 Ko 4 transitive [24]

S4 K4idt reflexive and transitive [24]

GL K4 @ gl transitive and Noetherian [14, 132]

S4Grz | S4 @ grz | reflexive, transitive and weakly Noetherian [14, 132]
K4Grz | K4 @ grz; | transitive and weakly Noetherian [7, 94]

TABLE 2.2: Some modal logics and characteristic frames thereof.

well-foundedness and its weak version). As we shall see in the next section, it is
natural to try to find proof systems for these logics by adding cyclicity to acyclic
sequent calculi for logics characterised by frame conditions of the first kind only,
such as K4 and S4.

2.2 Cycles and infinite chains

Our study of cyclic companions begins with an analysis of the cyclic systems given
in [133, 130] for GL and S4Grz. Both systems work with multiset-based sequents,
so we adopt the following:

2.2.1. DEFINITION (Modal sequent). A (modal) one-sided sequent is a finite multi-
set of formulas. And a (modal) two-sided sequent is a pair (I', A), henceforth writ-
ten I' = A, where I" and A are finite multisets of formulas. =

The antecedent of the two-sided sequent I' = A is the multiset I', and A is the
consequent or succedent of the sequent. As usual, the interpretation of a one-sided
sequent T is the formula I' := /T, and the interpretation of a two-sided sequent
= Ais (I'= A = AT — VA. A sequent S is valid if S* is valid. And we
write M, s IF S if M, s IF St

The difference between working with set-based sequents or multiset-based ones
might seem insignificant. However, the availability of some form of contraction is
known to be essential to obtaining complete calculi for modal logics characterised
by classes of reflexive frames. Therefore, in a multiset setting without an explicit
contraction rule it might be necessary to build contraction into some of the rules.
This is the case, for example, of the rule refl of the system G3S4 for S4, depicted in
Figure 2.3. If the formula Oy were not preserved in the premise, then the formula
O0(Op — OOp), valid on all reflexive and transitive frames, would no longer be
provable (see [63, § 3.6] and [112, § 3.5]).

From the beginning of this chapter we have been using the expression ‘cyclic
companion’ without properly defining it. Recalling the definitions about cyclic
derivations given in Section 1.3, we may define it thus:
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XTop=pA LT ISA
=g A Iy=A L=y A
LT oS o= A R T2 S0 A

FIGURE 2.1: Rules of the system G3.

2.2.2. DEFINITION (Cyclic companion). Let L; and Ly be modal logics. We say
that Ly is a cyclic companion of Ly if there exists a cyclic proof system G such that
the following hold for every formula ¢:

(i) GF ¢ if, and only if, Ly F ¢;

(ii) A(G) F ¢ if, and only if, Ly F ¢. gy

In other words: Ly is a cyclic companion of L; if there is a sound and complete
cyclic system G for Ly such that the underlying, acyclic system %(G) is sound and
complete for L.

2.2.3. REMARK. The reader might have expected the definition of cyclic compan-
ionship to be based on adding cycles to an acyclic system rather than removing
them from a cyclic one. Whilst the latter operation has a straightforward defini-
tion, it is not clear how to adequately define the former to accommodate all the
cases that we are interested in: as explained in Section 2.2.2 below, in general
the addition of cycles to a calculus amounts to more than simply admitting cyclic
derivations, for one has to make sure to exclude viciously circular reasoning.

2.2.4. REMARK. In contrast to the proof-theoretic approach followed in [69], where
the notion of circular companion is defined for proof systems, our notion of cyclic
companionship applies to logics. This is line with our plan to investigate the role
that cycles play in [134, 130] from a point of view which combines proof-theoretic
and semantical considerations.

As we shall see, cyclic companions need not be unique. This is because, inform-
ally, there are different ways of adding cycles to a system (more precisely: different
cyclic systems might be based on calculi which are sound and complete for the same
logic).

It is convenient to fix a sequent calculus for CPC to which we can add modal
rules to characterise different modal logics. To this end, let G3 be the two-sided
sequent calculus with rules given in Figure 2.1. The system G3 is the { L, — }-frag-
ment of the well-known calculus G3cp for CPC from [152].
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axX ———— ax
T, o, ¢° T

Lo T9 Lo 9 O 2019
Lo N Lovey O, Bp, A

FIGURE 2.2: Rules of the system GLgjrc from [134].

2.2.1 GL as a cyclic companion of K4

Shamkanov [134] obtained a sound and complete cyclic proof system Gl for GL
by admitting cyclic proofs in a standard calculus for K4. The system GL¢,. works
on one-sided sequents and the sublanguage of £ lacking implication. The rules
are given in Figure 2.2.

The creation of cycles in Gl derivations® is possible due to the preservation
of OT" in the premise of rule Ogg4. For example:

1,001,001
1,001,001
oL, 00L
0OlLvoOol

K4
K4
\

2.2.5. DEFINITION (Gl proof). A Gl proof of a formula ¢ is a Gl deriv-
ation 7T of ¢ such that every leaf of T is either axiomatic or a repeat. a

Observe that any cycle in a Gl derivation is acceptable, which might give
the impression that GL, proofs allow viciously circular, unsound reasoning. This
is not the case because in fact GLg. comes with an implicit correctness condition
that any cycle satisfies, namely: for every repeat [ in a proof T, say with companion
¢, there must be an instance of rule Ok4 in [c,l]7, i.e., there must be a vertex in
[e, )7 at which rule Ogq is applied (we call such vertices modal). This condition
is always satisfied because rule Ok, is the only one that need not decrease the
complexity of the sequent to which it is applied. However, if one wishes to add
weakening (wk) and contraction (contr) to the system, either explicitly or by using
set-based instead of multiset-based sequents, then the correctness condition must
be made explicit to preclude unsound reasoning, such as

wk
contr

i

L

)

Recall the definition of (cyclic) derivation given in Section 1.3.
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from being considered valid. The same applies to the intuitionistic version of
Gl [69, 136], as well as to a variant of Glgy. considered in the conclusion of
Chapter 5 below.

The system Gl is indeed sound and complete:

2.2.6. PROPOSITION ([134]). For every formula ¢, the following hold:

(i) GLarwe b @ if, and only if, GL - p;
(11) B(GLarc) F @ if, and only if, K& F .

2.2.7. COROLLARY. The logic GL is a cyclic companion of K4.

Recall that GL is characterised by the class of all transitive, Noetherian frames.
By Proposition 2.2.6(ii), the underlying, acyclic system %(GLgy) characterises
exactly the class of transitive frames, whence it follows that it is the cycles of GLc
that capture converse well-foundedness. To explain how this is so, we now provide
a proof of the soundness of GL. that highlights the correspondence between cycles
in GLgc proofs and infinite ascending chains on Kripke frames. This is not the proof
given in [134], for there soundness and completeness of Gl are established via
translations among GL., the corresponding ill-founded system, and a standard,
acyclic sequent calculus for GL.

2.2.8. PROPOSITION (cf. [134, Lem. 3.7]). For every formula @, if GLgw b @, then
GL F ¢.

Proof. Let T be a GLg proof of ¢, and suppose towards a contradiction that
GL I/ ¢. Then, there is a model M = (W, R, V) based on a transitive Noetherian
frame and a state s € W such that M, s | ¢. We inductively build an infinite
path (uy)n<, through 7° and an infinite sequence (s,)n<. of states in W such
that, for every ¢ < w:

(i) M, s; I T;, where T; is the label of u;;

(ii) either u; is not modal and s; = s;11, or 8; R $;41.

For the base case, let ug be the root of 7 and sy := s. For the inductive
case, assume that u, and s, have been defined. Note that wu, cannot be axiomatic
because M,s, I T',. If u, is a repeat, we let u,11 = ¢, and S,y1 = Sp.

Otherwise, we distinguish cases according to the rule R applied at u,,.
Suppose first that R € {A,V}. Clearly, then, there is an immediate successor
v of u, such that M,s, If T', where I' is the label of v. We let u,+; = v and

Spa1 = S
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[, 0p=A 0 Ol = ¢

el T oy = A T 0 = Op, A

FIGURE 2.3: Additional rules for the system G3S4.

Suppose now that u, is modal, and let

T, 0T, ¢
40T, Oy, A

be the instance of Okg4 at u,. By the inductive hypothesis, M, s, [ O, Oy, A,
whence there is a state t € W such that s, R t and M,t If ¢,". Additionally,
M.t I OT because otherwise transitivity would yield M, s, IF OI'. We thus let
Up+1 be the unique immediate successor of u,, and s, = t.

Note that the path 7 :== (4 )n<, must be infinite because axioms are labelled by
valid sequents. By Proposition 1.2.3, 7 passes through infinitely many instances of
rule Okagrz, SO by construction there are infinitely many i < w such that s; R s;11
and thus the sequence (s, )., contains a subsequence which is an infinite ascending
R-chain, contradicting the converse well-foundedness of (W, R). |

Looking at the proof of Proposition 2.2.8, we see that instances of rule Og4
correspond semantically to transitions through the accessibility relation of a model.
So, since every cycle in a Gl proof contains at least one modal vertex, infinite
paths through (the cycles of) a GLgy proof correspond to infinite ascending chains.
The assumption that the formula at the root of a proof is not satisfied in a state
of a transitive Noetherian model yields one such infinite path, whence soundness
of GLgy immediately follows. Informally: something happens on every cycle (a
transition) that cannot happen infinitely often. This explains why any cycle should
be considered sound.

2.2.2 S4Grz as a cyclic companion of 54

We now turn to S4Grz. Recall (see Table 2.2 above) that S4Grz is characterised
by the class of all reflexive, transitive and weakly Noetherian frames. Since S4 is
the logic of reflexive and transitive frames, we might be tempted to admit cyclic
proofs in a system for S4 to obtain one for S4Grz. This is not the right approach,
as we now show.

Let G3S4 be the system obtained by adding the rules in Figure 2.3 to G3. It
is well known that G3S4 is sound and complete for S4 [79, 152]. Informally, rule
refl corresponds to reflexivity, and Osgy to transitivity. Let us see that admitting
cyclic proofs in G354 does not yield a system for S4Grz.
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ng, (D B@p=2p)=>p

Lo 0(0p — p) = p,0p O@p—p),p=p
el O@p —p),0p—=p=>7p

ne, () B@p—=p)=p

O(@p —p)=0Op

= 0(@p—p) — Op

R—

FIGURE 2.4: A proof of the axiom gl in G354°. The unique repeat and its companion
are marked by the symbol ‘}’

Suppose that, as Shamkanov did for GL, we accept cyclic proofs in G354. More
precisely, let G354° be the cyclic system with base G354 given as follows:

2.2.9. DEFINITION (G3S4° proof). A G354° proof of a formula ¢ is a G354° de-
rivation T of ¢ such that every non-axiomatic leaf of 7T is a repeat. -

As we are about to see, requiring that there be an instance of rule Os4 or refl on
every cycle in a G354° proof makes no difference.

That G3S4° is not sound for S4Grz is easy to see. Indeed, as shown in Figure 2.4,
we can prove the axiom gl in G354° (cf. [69]). Therefore, the least modal logic
containing the theorems of G3S4° contains

S4@gl=GLdt=Formg

and is therefore the inconsistent logic. Semantically, the equality GL & t = Formg
stems from the fact that axiom gl demands that there be no infinite ascending
chains, whereas validating axiom t implies the existence of at least one such chain
in any non-empty frame. Syntactically, GL @ t contains both O(dp — p) — Op
and Op — p, so by closure under modus ponens and necessitation we get p € GL@t
and thus GL @ t = Formg by closure under substitution.

As our analysis of the system Gl suggested, admitting any kind of cycle
in G354 semantically corresponds to imposing that there be no infinite ascending
chains. So, since S4Grz does not impose such restriction, not every cycle should
be accepted. Let us then see how to distinguish the ‘good’ cycles from the ‘bad’
ones.

In any weakly Noetherian frame (W, R), every infinite R-chain is eventually
constant. Therefore, the ‘good’ cycles are the ones that, when traversed as in the
proof of Proposition 2.2.8, cause transitions of the form s R t # s, for then we are
able to obtain a contradiction as we did in said proof. Analogously, cycles that
only cause transitions of the form s R s are to be considered ‘bad’. We may capture
this distinction proof-theoretically by adding a seemingly superfluous premise to
the rule Ogy so that it becomes:
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*Trp=pa LTI SA
I'=s g A ry=A o=y A
LT oS0 =A R T 5 0A
f I, Op=A 0o o= p A Ol = ¢
T o= A s4 [, 00 = Op, A

FIGURE 2.5: Rules of the system Grzg. from [130].

[Noll= e, A  Ol=¢
[0 = Op, A

o
U4

The new premise on the left is clearly superfluous in G354 because it is a weakening
of the right premise. From the point of view of cyclic proof-theory, however, having
both premises allows us to tell ‘good’ and ‘bad’ cycles apart: a cycle is to be
considered ‘good’ if, and only if, it contains a vertex labelled by the conclusion of
an instance of 0¢, and a right premise thereof. Indeed, arguing as in the proof
of Proposition 2.2.8, in the case of 02, we can now distinguish cases according to
whether we transition to a new state or not. In the first case we pick the right
premise, and in the latter the left one (see the proof of Proposition 2.2.14 below).

In this way we obtain the cyclic calculus Grzg,. for S4Grz due to Savateev and
Shamkanov [128; 130]. It should be noted, however, that they do not present their
system as arising from an acyclic one for S4 in the manner that we have just de-
scribed.® In particular, their proof of soundness is based on translations from the
ill-founded version of Grzg,. to a standard sequent calculus for S4Grz.

We therefore prove that Z(Grzg,.) is indeed sound and complete for S4, and
afterwards, as we did for GL, we provide an alternative proof of the soundness of
Grz analogous to the proof of Proposition 2.2.8, to better show how rule 0g,
distinguishes between ‘good’ and ‘bad’ cycles.

The rules of Grzg. are given in Figure 2.5. The system works on two-sided
sequents and the {1, —, O}-fragment of %5. We call the left premise of rule 0,
stationary, and the right premise transitional.

2.2.10. DEFINITION (Grzee proof). A Grzg,.. proof of a formula ¢ is a Grze, de-
rivation 7 with conclusion @ = ¢ and such that, if [ is a non-axiomatic leaf of T,
then [ is a repeat and there is a vertex in (¢, []7 labelled by a transitional premise
of an instance of rule 0¢g,. =

6And, in fact, they are mostly concerned with the ill-founded version of the system Grz., to
the extent that Grzg. is not given a name in [130].
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Let us see that, as we claimed, Grzg,. witnesses that S4Grz is a cyclic companion
of S4. This does not follow from the work in [69] because, due to the stationary
premise, rule 02, does not meet the requirements imposed in [69] on modal rules.

2.2.11. LEMMA. The weakening rule

I'=A

T A

is admissible in B(Grzeir).

Proof. Tt follows by a straightforward induction on the height of Z(Grzgy.) + wk
proofs, relying on the implicit weakening in rules ax and ax; . |

2.2.12. PROPOSITION. For every formula v, the following hold:

(i) Grzew b @ if, and only if, S4Grz - p;
(it) B(Grzge) b @ if, and only if, S4 F .

Proof. Ttem (i) is proved in [130], so we focus on (ii). The left-to-right direction
is straightforward: axiomatic leaves of %(Grz,.) proofs are labelled by valid se-
quents, and all the rules of %(Grzg.) preserve validity with respect to reflexive
and transitive frames.

For the right-to-left direction, assume that S4 F . Then, there is a G354 proof
of ¢. Every rule of G354 is a rule of B(Grzgy.) except for Ogg, so by Lemma 2.2.11
it suffices to see that every instance of Osg can be simulated in B(Grze) + wk:

Ol = ¢
O - @
st T DHHde;/; A ~ D"Y}" [,Oll=¢,A Ol=v
’ ’ >4 [,000 = Oy, A

Therefore, every G354 proof can be transformed into a %(Grzg.) + wk proof and
we are done. |
2.2.13. COROLLARY. The logic SAGrz is a cyclic companion of S4.

We now prove the soundness of Grzg,. as we did for GLg, highlighting the cor-
respondence between the cycles in Grzg,. proofs and weak converse well-foundedness.

2.2.14. PROPOSITION (cf. [130, Thm. 3.7]). For every formula o, if Grzq. b o,
then S4Grz |- .
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Proof. Let T be a Grzg, proof of ¢, and suppose towards a contradiction that
S4Grz i . Then, there is a model M = (W, R, V) based on a reflexive, transitive
and weakly Noetherian frame and a state s € W such that M, s Iff . We induct-
ively build an infinite path (u,),<, through 7° and an infinite sequence (s, )n<e
of states in W such that, for every ¢ < w:

(i) M,s; I T; = A;, where T'; = A, is the label of u;;

(ii) either rule OZ, is not applied at u; and s; = s;41, or s; R ;1.

The base case, as well as the inductive case where neither refl nor 02, is applied
at u,, are as in the proof of Proposition 2.2.8. Assume, then, that a rule R €
{refl, 0, } is applied at w,,.

Suppose first that R = refl, and let

[y, 8y = A
oY= A

be the instance of refl at u,. By the inductive hypothesis, M, s, | I',0¢ = A,
so by reflexivity we have M, s, I T';1, Oy = A. We thus let u,; be the unique
immediate successor of u,, and $,1 = $y.

Suppose now that R = 0g,, and let

[O0= ¢, A O= 1
T,000 = Oy, A

be the instance of 0¢, at u,. By the inductive hypothesis, M, s, I ', OIl = Oy, A,
whence there is a state t € W such that s, Rt and M, t | . If t = s, we let w11
be the immediate successor of u, for the stationary premise. Otherwise, transit-
ivity yields M, t I OII = ¢ and we let u, 11 be the immediate successor of u,, for
the transitional premise. In either case we let s, 1 = t.

The path 7 = (u,)n<, must be infinite because axioms are labelled by valid
sequents. By Proposition 1.2.3, there are infinitely many ¢ < w such that w;
is labelled by the conclusion of an instance of 0¢, and u;4; is the immediate
successor of u; for the transitional premise. Hence, by construction there are
infinitely many ¢ < w such that s; R s;41 # s; and thus the sequence (s,)n<w
contains a subsequence which is an infinite ascending R-chain and not eventually
constant, contradicting the weak converse well-foundedness of (W, R). |

refl

o
Uss

2.3 KA4Grz as a cyclic companion of K4

Looking at the frame conditions in Table 2.2, we can see that K4Grz shares its
first-order condition (transitivity) with GL and its second-order one (weak converse
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ILOI = ¢
“T 00 = 0p, A

FI1GURE 2.6: The modal rule of the system G3K4.

well-foundedness) with S4Grz. According to the view of cyclic companionship pre-
sented in Section 2.2, then, we should expect to be able to obtain a cyclic system
for K4Grz by adding cycles to an ordinary sequent calculus for K4, not as done for
GL in [134], but rather with cycles analogous to the ones in [130] for S4Grz. In this
section we show that this is indeed the case.”

Let G3K4 be the system obtained by adding the rule in Figure 2.6 to G3. The
calculus G3K4 is well known to be sound and complete for K4 [126]. The only
difference between Ogy and Osg is that the latter does not include IT in its prem-
ise, as it can be obtained by applying rule refl. The logic K4, however, does not
impose reflexivity, and thus II must be present in the premise of Ok, in order for
G3K4 to be complete. For example, it is necessary to prove the transitivity axiom
Op — O0Op:

ax ——————
Opg PP =P
p,Op=Up
Up = O0p
@ = Op — OO0p

Oka

R—

Naturally, allowing any kind of cycle in G3K4 proofs yields (a two-sided ver-
sion of) Shamkanov’s cyclic system for GL. We follow the explanation given in
Section 2.2.2 to turn G3K4 into a cyclic calculus for K4Grz.® That is, we add a
new, seemingly superfluous premise to the rule Og4 to distinguish between ‘good’
and ‘bad’ cycles. The new rule is:

ILIL O = p, A ILOID = ¢
[0 = 0Op, A

o
DK4

The left premise of Oy, is called stationary, and the right one transitional. As in
the case of S4Grz, the new premise on the left is superfluous in G3K4 because it
follows from the right one by an application of wk.

We let K4° be the cyclic system with base G3 + Oy, + wk specified as follows.?

"Like Proposition 2.2.12 above, the fact that K4Grz is a cyclic companion of K4 does not
follow from the work in [69] because the rule Og,, defined below, does not satisfy the constraints
imposed in [69] on modal rules.

8 An ordinary, acyclic calculus for K4Grz was first given in [7].

9An ill-founded calculus for K4Grz resembling the ill-founded version of our cyclic system
was introduced by Savateev and Shamkanov in [129]. As in [130], they establish soundness and
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. ) (t) OB=0Op
R B,0OB,p= 0Op,p W B,0B,p= 0Op
;o B,0B = C,p ~  B,OB=C N
“ ., BB=0Cp p,OB=p
- B,0B = p
o BJ]Bﬁp BJ]B:p
I:|K4
(t) OB=0Op
R—

= 0(0(p — Op) — p) — Op

FIGURE 2.7: A K4° proof of the K4Grz axiom grz; = O(0(p — Op) — p) — Op, where
C :=p— Opand B :=0C — p. Repeats and their associated companions are marked
by the symbol ‘f".

2.3.1. DEFINITION (K4° derivation). A K4° derivation of a formula ¢ is a finite
tree with back-edges built according to the rules in Figure 2.1 plus Oy, and wk,
and whose root is labelled by @ = . -

A repeat [ in a K4° derivation T, say with companion ¢, is successful if (¢, ]
contains a vertex labelled by a transitional premise of an instance of Og,. A vertex
u € T is modal if rule O, is applied at wu.

2.3.2. DEFINITION (K4° proof). A K4° proof of a formula ¢ is a K4° derivation
T of ¢ such that every non-axiomatic leaf of T is a successful repeat. -

For the importance (or, rather, lack thereof) of including the explicit weakening
rule wk in K4° see Remark 2.3.20 below.

The distinguished formulas in the conclusions (premises) of K4° rules are said
to be principal (respectively, active). All formulas in I'U A are side formulas.

2.3.3. EXAMPLE. Figure 2.7 depicts a K4° proof of the axiom K4Grz. From the
two premises of the lower instance of Of, we proceed as indicated in the upper
derivation. All the leaves are either axiomatic or successful repeats, the latter
marked by the symbol ‘1.

Let us first see that #(K4°) is sound and complete for K4:

completeness by means of proof transformations and a cut-elimination procedure that constitutes
the focus of their article.
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2.3.4. PROPOSITION. For every formula ¢, we have B(K4°) = ¢ if, and only if,
K4 = .

Proof. The left-to-right direction (soundness) is straightforward: axiomatic leaves
of B(K4°) proofs are labelled by valid sequents, and all the rules of K4° preserve
validity with respect to transitive frames.

For completeness, assume that K4 = ¢. Then, there is a G3K4 proof of ¢.
Every rule of G3K4 is a rule of Z(K4°) except for Okg, so it suffices to see that
every instance of Qg4 can be simulated in B(K4°):

11,011 = ¢
O
Ka ngHE;D:;/}A s Dvgk [,ILOI0 = o, A 11,00 = ¢
) ) K4 F7 Ol = D¢7 A
Therefore, every G3K4 proof can be translated into a #(K4°) proof. ]

Now we prove soundness and completeness of K4° for K4Grz.
The soundness proof for K4° is analogous to the proofs of Propositions 2.2.8
and 2.2.14 above.

2.3.5. PROPOSITION. For every formula @, if KA&° - ¢, then K4Grz b .

Proof. Let T be a K4° proof of ¢, and suppose towards a contradiction that
K4Grz I/ ¢. Then, there is a model M = (W, R, V) based on a transitive weakly
Noetherian frame and a state s € W such that M, s If ¢. We inductively build
an infinite path (u,)n<, through 7° and an infinite sequence (s,,)n<, of states in
W such that the following hold for every ¢ < w:

(i) M,s; I T; = A;, where T'; = A, is the label of u;

(ii) either u; is not modal and s; = s; 11, or s; R $;41.

The base case, as well as the inductive case where Oy, is not applied at u,, are as
in the proof of Proposition 2.2.8. Assume, then, that u, is modal, and let

DILODI = ¢, A I,00=1
IOl =0y, A

be the instance of Oy, at u,,. By the inductive hypothesis, M, s, I ', OII = Oy, A,
whence there is a state t € R[s] such that M, ¢ IF 1T and M, t |} ¢. If t = s, we
let u, .1 be the immediate successor of w, for the premise I', IT, OIT = 1, A. Oth-
erwise, transitivity yields M, ¢ I 11,011 = ¢ and we let u,,; be the immediate
successor of u,, for premise II, OII = ). In either case we let s,41 == t.

The path 7 = (un)n<w must be infinite because axioms are labelled by valid
sequents. By Proposition 1.2.3; there are infinitely many ¢ < w such that w;

o
DK4
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is labelled by the conclusion of an instance of Oy, and w;;; is the immediate
successor of wu; for the transitional premise. Hence, by construction there are
infinitely many ¢ < w such that s; R s;41 # s; and thus the sequence (s,)n<w
contains a subsequence which is an infinite ascending R-chain and not eventually
constant, contradicting the weak converse well-foundedness of (W, R). |

Completeness of K4° is established by contraposition: assuming that ¢ is not
provable, we build a countermodel for ¢ from a failed proof-search for ¢.

To simplify some parts of the completeness proof, as well as shed light on the
frame conditions that cycles can capture (see Remark 2.3.8 below), it is conveni-
ent to give a characterisation of the logic K4Grz which is slightly different than,
but equivalent to, the one in Table 2.2. By Table 2.2, K4Grz is characterised by
transitive, weakly Noetherian frames. Recall (see p. 34) that these are exactly the
transitive frames which satisfy the SCC (call such frames SCC). Clearly, every
SCC frame F = (W, R) satisfies the following weak chain condition (WCC): for
every infinite R-chain (s,)n<w in F there are ¢ < j < w such that s; = s;. Frames
satisfying the WCC are said to be WCC. In general, the WCC does not imply the
SCC, but in the presence of transitivity we have:

2.3.6. PROPOSITION (cf. [94]). Let F = (W, R) be a transitive frame. Then, F is
SCC'if, and only if, F is antisymmetric and WCC.

Proof. Assume that F is SCC. Clearly, then, F is WCC. And if s,t € W are such
that s R ¢t and t R s, then (s,t,s,t,...) is an infinite R-chain and thus by the
SCC we have s = t, so F is antisymmetric.

Conversely, assume that F is antisymmetric and WCC, and let (s,),<, be an
infinite R-chain. By the WCC, there are i < j such that s; = s; and s; # sy,
for every ¢ < k < j. Towards a contradiction, suppose that 7 > ¢ 4+ 1. Then,
by transitivity we have s; R s;_1 R s; = s; and thus s; = s;_1 by antisymmetry,
contradicting the choice of ¢ and j. Hence, j =i+ 1 and F is SCC. |

2.3.7. COROLLARY. The logic KAGrz is characterised by the class of all transitive,
antisymmetric and WCC' frames.

2.3.8. REMARK. The characterisation of K4Grz given in Corollary 2.3.7 is not
suitable for finding (cyclic or acyclic) proof systems for the logic. Informally, this
is due to the fact that both antisymmetry and the WCC require keeping track of
previously visited states (the last visited state for antisymmetry; any prior state
for the WCC). More formally, it is well known that antisymmetry is not modally
definable (see, e.g., [13, § 4.5]), and a standard argument based on bisimulations
and tree-unravellings of frames shows that being WCC is not modally definable
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either. One should not expect, therefore, to find proof rules capturing these two
properties.

Moreover, since the distinction between ‘good’ and ‘bad’ cycles in a cyclic
calculus is ultimately made at the level of the rules of the system (in K4° for
example, at the modal rule O%,), we should not expect to be able to capture those
conditions by means of cycles either, or at least not by following the approach
presented in this chapter. We return to this question in Section 2.4 below.

A formula v is left-duplicated (right-duplicated) in a sequent T' = A if ¢ occurs
at least twice in the multiset I' (respectively, A). A formula 1 is duplicated in a
sequent S if ¢ is left- or right-duplicated in S. For a multiset I', we let [I'] denote
the set [ :={vy |y €T}

2.3.9. DEFINITION (K4° proof-search tree). A K4° proof-search tree for a formula
© is a finite tree with back-edges 7 built according to the rules of K4° and such
that:

(i) The root of T has label @ = .

(ii) For every vertex u € T, if there is a duplicated formula in the label of u,
then rule wk is applied at u with conclusion I' = A and premise [['] = [A],
where I' = A is the label of .

(iii) There are no other instances of wk in 7.

(iv) A vertex u € T is a leaf if, and only if, there are no duplicated formulas in
the label of u and w is either axiomatic, or a repeat, or a cul-de-sac.

(v) The following branching version of rule Oy, is used in 7 in place of Oy,:

{F,H7DH:>(IDZ*,D@Z*7A‘Z.STL} {H,DH:><PL|Z§’”}
F>DH:> D@O?"‘7D(P7L’A

*
l:'K4

where ®; == {©o, ..., ©i_1,Pit1, - @n},° T UA contains only literals, 1 ¢
I', and the conclusion contains no duplicated formula.

_|

Let T be a proof-search tree for a formula ¢, and v € T a vertex such that
rule Oy, is applied at u (call such vertices modal). Let

{F,H7DH:><pi,D<1>i,A\i§n} {H7DH:>SDZ|ZSH}

D*
Ka [, 00 = Oy, ...,0p,, A

0Each ®; is a multiset.
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be the instance of O, at u. For every ¢ < n, let v be the immediate successor of
u for the stationary premise I', 1T, OII = ¢;, O®;, A, and let v} be the immediate
successor of u for the transitional premise IT, Ol = ¢;. We call each (vf,v}) a
modal pair of u.

The notion of successful repeat is defined for K4° proof-search trees as expec-
ted: a repeat [ of a K4° proof-search tree T, say with companion ¢, is successful if
there is a vertex in (¢, ] labelled by a transitional premise of an instance of Oj,.

Let T be a K4° proof-search tree. A leaf [ of T is good if | is either axiomatic
or a successful repeat of 7. Otherwise, [ is said to be bad. So [ is bad if [ is a
cul-de-sac or an unsuccessful repeat.

Every formula occurring in a K4° proof-search tree for a formula ¢ is contained
in Sub(p). Hence, conditions (ii) and (iv) in Definition 2.3.9 immediately yield:

2.3.10. PROPOSITION. For every formula o, there exists a K4° proof-search tree
for .
Additionally, since rule O, is the only one which need not decrease the com-

plexity of the sequent to which it is applied, we clearly have:

2.3.11. PROPOSITION. Let T be a K4° proof-search tree. For any repeat | € Repy,
say with companion c, there is a premise of rule Oy, in (¢,1]7.

Our goal is to show that every K4° proof-search tree for ¢ contains either a
K4° proof of ¢, or else a refutation of ¢, a subtree from which a countermodel for
¢ can be built.

2.3.12. DEFINITION (K4° refutation). A K4° refutation of a formula ¢ is a subtree
T’ of a K4° proof-search tree T for ¢ satisfying:

(i) The root of 7" is the root of T.

(i) Every leaf of 7" is a bad leaf of T

(iii) If a vertex u € T" is labelled in 7 by the conclusion of an instance of a non-
axiomatic rule other than Oj,, then u has exactly one immediate successor

in 7"

(iv) If a vertex w € T” is modal in T, say with modal pairs (v§,v), ..., (v, vl),
then for every i < n there is a v; € {vf,v!} such that the immediate suc-
cessors of w in T are exactly vy, ..., v,.

4|

Towards establishing the completeness of K4° let us first see that every K4°
proof-search tree 7 which does not contain a proof can be pruned down to a
refutation. Informally, we do this by pruning 7 bottom-up as follows: at each
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non-modal branching vertex, we keep a premise that fails to produce a proof and
discard the other one; similarly, at each modal vertex, for each modal pair we keep
a premise that fails to produce a proof and discard the other one. The resulting
subtree is then easily shown to be a refutation.

Let 7 be a K4° proof-search tree, and 7' = [u, —)7 a cone of 7. We denote by
M (T") the collection of all modal vertices of T contained in 7'. A modal pruning
map on T’ is a function f : M(T") — T’ x T" such that f(u) is a modal pair of
u for each vertex u € M(T”). The modal pruning of T with respect to f is the
subtree 7" of T' given by letting v € T” if, and only if, the following holds: for
every w € M(T")N[u,v)7, the unique immediate successor of w in [u, v]7+ belongs
to the modal pair f(w). A modal pruning of T' is the modal pruning of 7" with
respect to some unspecified modal pruning map on 7.

2.3.13. PROPOSITION. Let T be a K4° proof-search tree for a formula @. If no
subtree of T is a K4° proof of ¢, then there is a subtree of T which is a K4°
refutation of p.

Proof. We inductively build an infinite sequence ((7,, P,))n<w such that the fol-
lowing hold for every n < w:

(i) To=T:

(ii) 7, is a subtree of T,11;
(iii) P, C Ty;
(iv) if T,,\ P, # @, then |P, 1| = |P,| + 1;

(v) if T,,\ P, =@, then 7,11 =T, and P11 = Py;
(vi) for every u € T, \ P, we have [u,—)r C T, \ P,;
(vii) for every u € T, \ P, of minimal height in 7, \ P,, every modal pruning of
[u, —)7, contains a bad leaf of T;

(viii) for every leaf [ of T, if | € P,, then [ is a bad leaf of T.

For the base case, let To .= T and Py := @. Note that (vii) holds because T
contains no subtree which is a K4° proof of ¢.

For the inductive case, assume that 7, and P, have been defined. If T,,\ P, = @,
we let T,y1 = T, and P,.; = P,. Suppose now that T, \ P, # &, and let
u € T, \ P, be of minimal height in T,, \ P,. We first let P,1 = P, U {u}. Note
that (viii) follows from (vii) and (viii) of the inductive hypothesis. Let us now
build 7;11.

If u is a non-branching vertex of 7,, we let T,.1 = T,. If w is branching, we
distinguish cases according to the rule R € {L—, Oy, } applied at w.
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Suppose first that R = L—. Let vy, v; be the two immediate successors of u in
Tn. By (vil) of the inductive hypothesis, there is an ¢ < 1 such that every modal
pruning of [v;, —)7, contains a bad leaf of 7. We then let 7,41 be the subtree of
T, given by setting T, 11 = T, \ [v1_;, —)7,. Note that P,y; C T,.1 by (iii) and
(vi) of the inductive hypothesis.

Suppose now that R = Oj,. Let (v5,vf), ..., (vs,v%) be the modal pairs of u.

By (vii) of the inductive hypothesis, for every ¢ < n there is a v; € {v$, v} such

that every modal pruning of [v;, —)7, contains a bad leaf of 7. We then let 7,1
be the subtree of 7, given by setting

Topr =10\ U {[Uv =),

u<yvandv ¢ {UO,...,’Un}}.

As before, P, 11 C T,.1 by (iii) and (vi) of the inductive hypothesis.

Since T contains only finitely many vertices, by (iv) and (v) there is an n < w
such that (Tnik, Poik) = (Tn, Pn) for every k < w. We claim that 7, is a K4°
refutation of ¢. Conditions (i), (iii) and (iv) of Definition 2.3.12 are clear by the
construction of 7,,. And that every leaf of 7, is a bad leaf of 7 is an immediate
consequence of (viii). |

2.3.14. COROLLARY. Let T be a K&4° proof-search tree for a formula . IfK4° £ ¢,
then there is a subtree of T which is a K4° refutation of .

As an immediate consequence of Propositions 2.3.5 and 2.3.10 and Corol-
lary 2.3.14, we have:

2.3.15. COROLLARY. For every formula o, if KAGrz V/ @, then there is a K4°
refutation of ¢.

We now establish the converse of Corollary 2.3.15: the existence of a K4° re-
futation of ¢ implies that K4Grz i . We do so by building a countermodel of ¢
from the refutation.

Let T be a K4° refutation. A path m = (u,)n<n through 7° with N < w, is
non-modal if the following holds for every n < N: if 7(n) is a modal vertex, then
N =n+ 1. By Propositions 1.2.3 and 2.3.11, every non-modal path through 7°
is finite.

2.3.16. PROPOSITION. For every formula @, if there is a K&° refutation of ¢, then
K4Grz I .

Proof. Let T be a K4° refutation of ¢. We construct a model My = (W, Rr, Vr)
from 7 as follows, and then show it to be a countermodel of .
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First, let W be the collection of all (finite) non-modal paths 7 through 7° such
that there is no non-modal path 7’ # 7 satisfying 7’ = mo "7~ for some paths
7o, ™1 on T° That is to say: W contains all non-modal, C-maximal paths through
T° starting from the root of 7 or from an immediate successor of a modal vertex.
By Propositions 1.2.3 and 2.3.11, every path in W is finite.

Then, let R* be the transitive closure of the binary relation R on W defined
by setting s R t if, and only if, the last vertex u of s is modal and the first vertex
of t is an immediate successor of u in 7°

Finally, let ~ be the binary relation on W given by setting s ~ t if, and only
if, either s = ¢ or both s R* t and t R* s. It is straightforward to check that ~ is
an equivalence relation. For every s € W, let [s] be the ~-equivalence class of s.

We let Wy = W/~ and [s] Ry [t] if, and only if, s R* ¢. Tt is easy to see that
Ry is well-defined. And, clearly, R is transitive and antisymmetric. Moreover,
(W7, Rr) satisfies the WCC because W is finite. It remains to define the valuation
Vr. For every s € W and p € Prop, we let [s] € Vr(p) if, and only if, p occurs in
the antecedent of the sequent labelling the last vertex of s.

2.3.16.1. CLAIM. The valuation Vi is well-defined.

Proof of claim. It suffices to see that, if [s] € Vr(p) and [s] = [t], then [t] €
Vr(p). Assume, then, that s ~ t. If s = ¢ there is nothing to prove, so suppose
that s # t. Then, s R* t R* s and thus there are sg,..., Sm,to, -, € W,
with m, m’ > 0, such that

s=sgRsi R+ Rsyp,=t=tyRt; R--- Rty =s. (2.2)

Let u* and u' be the last vertices in s and ¢, respectively. By (2.2), there is a
finite path m = (uo, ..., u,) through 7°, with n > 0, such that ug = u, = u®
and u; = u' for some j < n.

Since [s] € V7 (p), the propositional letter p occurs in the antecedent of the
sequent labelling v*. The only rule applicable in 7 which, when read bottom-
up, might completely remove a propositional letter from the antecedent is Oy,,
and only when going from the conclusion to a transitional premise. To establish
that [t] € Vr(p), then, it suffices to show that there is no ¢ < n — 1 such that
7(¢) is modal and 7(i + 1) a transitional premise of 7(i).

Towards a contradiction, suppose that there exists such an ¢ < n — 1. Let
v:=m(i) and vt = 7(i + 1). Also, let 7, = 7, "7, - --. Note that 7, is
an infinite path through 7° because u, = ug. Since m,(k) = v for infinitely
many k < w, there is a repeat | € Rep N [v", —=)7 such that ¢, <; v. Hence,
vt € (¢, l]7 and thus [ is a successful repeat, contradicting Definition 2.3.12(ii).

X
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We now show the following:

for every s € W and every sequent A = = labelling a vertex in s, ()
we have M7, [s] I A = E.

We do this in two stages: first, for every s € W such that [s] has no Ry-successor
(Claim 2.3.16.2); then, inductively, for every other s € W.

2.3.16.2. CLaM. If s € W is such that ([s], [t]) ¢ Ry for any t € W, then
Mz, [s] I A = = for every sequent A = = labelling a vertex in s.

Proof of claim. Let s = (ug,...,u,). Since [s] has no Ry-successor, u, is a
non-repeat leaf of 7. Fix any ¢ < n, and let A = = be the sequent labelling
u;. Towards a contradiction, suppose that Mz, [s] IF A = E. Since Oy, is
not applied anywhere in s and w,, is a cul-de-sac, the only rules applied in s
are L—, R— and wk, and the last one only to remove duplicated formulas.
It is immediate to see that, in any case, if a world of a model satisfies the
conclusion of the rule then it also satisfies any of its premises. Therefore, we
have M, [s] IF II = X, where II = ¥ is the label of w,. Given that u, is a
cul-de-sac, [TUY contains only literals and we have L ¢ Il and IINY = &. By
the definition of Vz, then, M+, [s] I II = X, contradiction. X

Finally, by structural induction on 1 we show that for every formula 1, every
s € W and every sequent A = = labelling a vertex in s, the following hold:

(i) if ¢ € A, then M7, [s] IF 4;
(il) if ¢ € =, then M, [s] I} ¢.

By Claim 2.3.16.2, we may assume that [s] has at least one Ry-successor. Then,
the last vertex v of s is modal.

Case 1 = L. Since no vertex in 7 is axiomatic, we can only have L € = and
are done.

Case 1 = p. Suppose first that p € A. The only rule applicable in 7 which
might completely remove a propositional letter when read bottom-up is O,, and
only when going from the conclusion to a transitional premise. Hence, p occurs
in the antecedent of the sequent labelling v and we thus have M, [s] IF p by the
definition of V.

Suppose now that p € Z. Arguing as before, we get that p occurs in the
consequent of the sequent labelling v. Since no vertex in T is axiomatic, then, p
does not occur in the antecedent of the sequent labelling v, whence My, [s] I p
by the definition of V.
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Case ¢ = 19 — 1. Suppose first that ¢» € A. By construction, rule Oy, is
only applied in 7 when no other rule may be applied, so there is an instance of
L— in s with principal formula ¥y — ;. Hence, there is a vertex w € s, say with
label II = ¥, such that either ¢y € ¥ or ¢; € II. In either case, by the inductive
hypothesis and 2.3.16.2 we have M7, [s] IF 1y — 1.

Suppose now that ¢y € =. Reasoning as before, with R— in place of L—, we
conclude that there is a vertex w € s, say with label II = ¥, such that ¢, €
IT and ¢y € X, whence M, [s] I ¥y — ¢y by the inductive hypothesis and
Claim 2.3.16.2.

Case ¢ = O¢'. By construction, ¢ remains non-principal until v. Suppose
first that v € =. Then, there is an immediate successor w of v in T such that
Y’ is active in the consequent of the label of w. Let ¢ be the (unique) path in W
starting from w. Then, s R t, so [s] Ry [t]. And M, [t] I ¥ by the inductive
hypothesis and Claim 2.3.16.2, whence M, [s] I O¢.

Finally, suppose that ¢» € A. Let t € W be such that [s] Ry [t], i.e., s R* t. So
there are sqg,...,s, € W, n > 0, such that

s=sgRsiR---Rs, =1

By a secondary induction on 1 < k < n, we show that both ¢/ and OvY’ occur
in the antecedent of the sequent labelling the first vertex of s;. By the principal
inductive hypothesis, Claim 2.3.16.2, and the arbitrariness of ¢, this suffices to
establish that Mz, [s] IF Oy.

In the base case, k = 1 and s R s;. Since O’ occurs in the antecedent of the
sequent labelling v, both ¢ and O’ occur in the antecedent of the first vertex of
s1. In the inductive case, by the secondary inductive hypothesis both 1" and O’
occur in the antecedent of the sequent labelling the first vertex of s, where k is
such that £k + 1 < n. No rule applied in 7 completely removes modal formulas
from the antecedent when read bottom-up, so O¢Y’ occurs in the antecedent of
the sequent labelling the last vertex of s;. Thus, both ¢’ and O’ occur in the
antecedent of the sequent labelling the first vertex of sx;1 and we are done.

This concludes the proof of (x). In particular, M+, [r] I ¢ for any r € W
starting from the root of 7. By Corollary 2.3.7, then, K4Grz I/ . |

Completeness of K4° for K4Grz now follows immediately:
2.3.17. COROLLARY. For every formula o, if K4Grz b= ¢, then K4° - .

Proof. By contraposition. Suppose that K4° I/ ¢, and let T be a K4° proof-search
tree for ¢ (at least one exists by Proposition 2.3.10). By Proposition 2.3.13,
there is a subtree of 7 which is a K4° refutation of ¢, whence K4Grz I/ ¢ by
Proposition 2.3.16. |
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In addition, we can now fully justify the use of the term ‘refutation’

2.3.18. COROLLARY. For every formula @, there is a K4° refutation of ¢ if, and
only if, KAGrz I/ .

Proof. The left-to-right implication is Proposition 2.3.16, and the converse follows
immediately from Propositions 2.3.5, 2.3.10 and 2.3.13. |

Bringing Proposition 2.3.5 and Corollary 2.3.17 together yields:

2.3.19. COROLLARY (Soundness and completeness of K4°). For every formula o,
we have K4° & ¢ if, and only if, KAGrz - .

2.3.20. REMARK. The completeness proofs for K4° and %(K4°) rely on the expli-
cit weakening rule wk. Clearly, wk can be removed from Z(K4°) and the system
remains sound and complete for K4.

By considering the ill-founded version of K4° in which proofs are possibly in-
finite trees whose infinite branches encounter infinitely many transitional premises
of rule Of,, it is straightforward to see that wk is also superfluous in K4°: every
K4° proof may be unravelled into an ill-founded proof from which instances of wk
are easily removable by relying on the weakening implicit in the axiomatic rules
and the transitional premise of Og,; the resulting weakening-free ill-founded proof
can readily be folded back down to a weakening-free K4° proof.

Alternatively, one may leave weakening out of K4° proof-search by ignoring
duplicated formulas and only removing them when passing through a transitional
premise of Of,.

2.3.1 The finite model property and decidability

Observe that from Corollary 2.3.15 and the proof of Proposition 2.3.16 we obtain
the finite model property (FMP) for KAGrz: for every formula ¢, if K4Grz I ¢, then
there is a finite model M based on a transitive and weakly Noetherian frame such
that M £ .

Moreover, since the size of any K4° proof-search tree for ¢ can clearly be bound
by a computable function of |¢| := |Sub(y)|, it follows that K4Grz has the effective
FMP (and is therefore decidable!!): there exists a computable function f:w — w
such that, for every formula ¢, if K4Grz I/ o, then there is a model M = (W, R, V)
based on a transitive and weakly Noetherian frame such that [IW| < f(]p]) and
M [~ . Decidability (by purely syntactical means) is also a direct consequence
of Propositions 2.3.5, 2.3.10, 2.3.13 and 2.3.16.

1A logic L is decidable if there is an algorithm which, for every formula ¢, decides in finitely
many steps whether L - ¢ or L i/ ¢.
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These results were first obtained in [7] by a tableau-based argument. We do
not elaborate on this topic because questions about computational complexity fall
outside the scope of this dissertation and, besides, our approach does not yield
better complexity bounds than the work in [7].

2.4 Conclusion

Adding cycles to ordinary sequent calculi for K4 and S4 yields cyclic proof systems
for GL and S4Grz, respectively [134, 130]. Rather than isolated contrivances, we
argued that these systems arise from a natural correspondence between cycles
in proofs and infinite chains in frames that enables the former to capture frame
conditions involving the latter.

Our explanation of cyclic companionship suggested that we should be able to
obtain a cyclic system for K4Grz, which shares its first-order frame condition with
GL and its second-order one with S4Grz, by adding cycles to a system for K4. We
showed that this is indeed the case. There is nothing special about K4Grz, and our
approach should also apply to other logics characterised in the style of GL, S4Grz
and K4Grz. Natural candidates are S4.2Grz and S4.3Grz.

The logic S4.2 = S4 ® 0Op — OOp was introduced in [39] as part of an
investigation of modal logics between S4 and S5. It has since found applications
in epistemology, where it has been argued to be an adequate logic of knowledge
[86, 155, 141]; in temporal logic, where it has been shown to be the Diodorean!?logic
of Minkowski spacetime [59]; and, more recently, in the study of forcing from the
point of view of modal logic, where it has been shown to be the logic of forcing in
ZFC [66]. We refer the reader to [25] for a survey of these and other results about
S4.2.

It is well known that S4.2 is characterised by the class of reflexive and transitive
frames (W, R) which are in addition convergent: if s R sy and s R sy, then there
is at € W such that sp Rt and s; Rt (see, e.g., [68, Ch. 7]). Concordantly, the
logic S4.2Grz := S4.2 @ grz is characterised by reflexive, transitive, convergent and
weakly Noetherian frames [48, § 2.2.1].3

A sound and complete calculus for S4.2 was first given in [62]. It extends a
system for S4 by adding an analytic cut rule and a modal rule for convergence.
Reasoning as we did in Sections 2.2.2 and 2.3, we can add cycles to the system

2The Diodorean (temporal) reading of Op, named after the ancient Greek logician Diodorus
Cronus, is: ‘p is the case now and will always remain the case’. To the best of our knowledge, the
usage of the term in modern logic originates, under a slightly different spelling, in Prior’s [110].

13In the literature, S4.2Grz is also know as Grz.2 (see, e.g., [48]). Contrary to Grz.1, Grz.2 is
an extension of Grz. We use the alternative name S4.2Grz simply for consistency.
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from [62] and obtain as a result a cyclic proof system S4.2° for S4.2Grz.** The cut
rule and the additional modal rule make proof-search for S4.2° more involved than
for K4°, but the difficulties that arise are easy to overcome and, since they do not
stem from the addition of cycles, for all intents and purposes they were already
encountered and solved in [62]. To ensure convergence when building the counter-
model corresponding to a given refutation we can argue as in the completeness
proof in [62, § 4.3]. We leave the details to the interested reader.

Another sound and complete sequent calculus for S4.2 is given in [149]. Like
the one in [62], the system extends a standard calculus for S4 with a new modal
rule and an analytic cut rule. We conjecture that it is also possible to add cycles
to this system to obtain a cyclic calculus for S4.2Grz.

The logic S4.3 := S4 ® O(Op — ¢) V O(Oqg — p) was, like S4.2, introduced in
[39]. It turned out be the Diodorean logic of linear, continuous time [22, 131], and
of course it features in Bull’s celebrated result that all normal extensions of S4.3
have the FMP [23].

From the point of view of relational semantics, S4.3 is characterised by the class
of reflexive and transitive frames (W, R) which are moreover (strongly) connected: if
s Rs" and s R §”, then either ' R s” or s” R s (see, e.g., [68, Ch. 7]). Several
other characterisations were given in [131], for example: the class of linear orders;
the single frame (Q, <); the single frame (R, <). The logic 54.3Grz .= S4.3 ¢ grz
is characterised both by the class of finite linear orders and by the single frame
(w,>) [132].15

A sound and complete cut-free calculus for S4.3 was introduced in [63, § 6.1].
We conjecture that the addition of cycles to the system in [63] as done for S4Grz
and K4Grz would yield a cyclic calculus for S4.3Grz. Indeed, working in the frame
(w,>) and arguing as in the proofs of Propositions 2.2.8, 2.2.14 and 2.3.5, we
should be able to build an infinite descending chain of natural numbers and thus
establish the soundness of the system. Proof-search in this setting should not be
more difficult than for K4°, whence completeness would follow.

The frame conditions that we can capture by adding cycles to acyclic systems
seem to be limited to variations of converse well-foundedness. Given how close the
correspondence between cycles and infinite chains is, this is not surprising. But,
as explained in Remark 2.3.8 above, there are common, simple frame conditions
about infinite chains, such as the WCC, which we expect to be out of reach of the
cyclic approach.

It is well known that converse well-foundedness is not a modally definable
property [11, p. 52]. And it is easy to see that the same is true of its weak

A cut-free, ordinary sequent calculus for S4.2Grz was first obtained in [113], where S4.2Grz
is referred to as Gr.2.
15Tn the literature, S4.3Grz is also know as Grz.3 (see, e.g., [63, 24, 48]).
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counterpart: the single, reflexive frame is weakly conversely well-founded, but its
tree-unravelling is not. The same example shows the WCC not to be modally
definable either. The first two properties, as we have seen, can be characterised
by means of cycles. The latter, for the reasons given in Remark 2.3.8, probably
cannot.

A natural continuation of our work in this chapter, then, would be to investigate
the relation between modal definability of frame conditions about infinite chains
and their characterisability by cyclic means.
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Chapter 3

A Cyclic Proof System for CTL"

We concluded the previous chapter with references to two propositional modal
logics, S4.2 and S4.3, having interesting temporal interpretations. Logical consid-
erations about the nature of time trace back at least to Aristotle’s analysis of the
problem of future contingents, and were common in the works of medieval logicians
(see, e.g., [53, 104]). In the 1950s and 1960s, Prior’s invention of Tense Logic [111]
laid the foundation for modern temporal logic. He was mostly driven by philo-
sophical and theological questions, to which he applied the tools of mathematical
logic (especially modal logic). Computer scientists realised the relevance of tem-
poral logic within their discipline in the 1970s. It has since become established as
an important tool in the specification and verification of computer programs. The
reader may consult [104] for a detailed history of temporal logic from antiquity to
the late 20th century. A comprehensive treatment of temporal logics in computer
science can be found in [38].

Our work on temporal logic belongs in the computational rather than the
philosophical tradition. In this chapter, in particular, we focus on Emerson and
Halpern’s full computation tree logic CTL" [42]. It assumes a branching model of
time and extends the well-known linear-time temporal logic LTL of Pnueli’s [108]!
by means of the universal (A) and ezistential (E) temporal path quantifiers of
Clarke and Emerson’s computation tree logic CTL [26]. In contrast to the latter, it
imposes no restriction on the placement of the quantifiers or the temporal operators
next (X), until (U) and release (R) of LTL, resulting in a strictly more expressive
logic than both LTL and CTL.

Much has already been achieved for the proof theory of CTL* in terms of
finitary, infinitary, and cyclic tableau systems (see, e.g., [115, 117, 118, 47, 49]).

!The until operator U, which had been earlier studied by Kamp [78], was only added to the
logic in [50].

63
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Most noteworthy is the complete Hilbert-style axiomatisation of Reynolds’s [115],
which was later extended to include past modalities [116].

In the first part of this chapter, we introduce a cyclic hypersequent calculus for
the logic, based on an intuitive set of inference rules. Local soundness of inferences
is thus immediate, and a global correctness condition ensures that cycles yield valid
conclusions. Our system is cut-free, a property which does not come naturally for
temporal logics.?

Hypersequents offer a natural framework for accommodating the existential
and universal path quantifiers, as well as their interplay with the next operator X.
Each ‘sequent’ in a hypersequent is a labelled set of formulas, either A® or E®,
interpreted as ‘along all paths, \/ ® is the case’ and ‘along some path, A ® is the
case’, respectively. Through this interpretation, a natural system of ill-founded
proofs arises wherein every infinite path of a proof must contain either an infinite
sequent trace of type A through which some infinite formula trace stabilises (on a
release operator), or an infinite trace of type E in which all infinite formula traces
stabilise. Correctness conditions of the latter kind are typical of ill-founded or
cyclic tableaux (see, e.g., [102, 47] and [77, pp. 67-8]), but are rare in ill-founded
or cyclic proof calculi. Indeed, other than our system and the one in [34], which
employs a similar trace condition, there appear to be no other examples of ill-
founded or cyclic systems that fall outside the scope of the category-theoretic
notion of cyclic proof introduced in [2].

Developing cyclic and ill-founded proof systems beyond the traditional realm
of Gentzen-style sequent calculi seems inevitable as more structured fixpoint lo-
gics are analysed. Recent examples include Rooduijn’s cyclic hypersequent calculi
for modal logics with the master modality [120], and Das and Girlando’s cyclic
hypersequent calculus for transitive closure logic [34].

To keep track of fixpoint unfoldings and detect ‘good’ traces, formulas are
enriched with annotations similar to — but considerably simpler than — the ones
introduced by Jungteerapanich [76] and Stirling [144] for the modal p-calculus.
Specifically, our annotations are strings of symbols of length < 1. Annotations
allow us to isolate a finitary condition that suffices to guarantee that a cyclic
derivation is a proof. This is, at the moment, only possible if correctness of every
infinite path is witnessed by at least one sequent trace of type A. Further work is
required to see whether existential traces admit a finitary characterisation. Indeed,
whereas infinite formula traces are easy to detect by finitary means, good E-traces
require the absence of infinite U-traces. This seems to be beyond the capabilities of
our annotations, contrary to the claim made in [6]. We thus decide not to annotate
any formula under the existential quantifier and rely on an infinitary correctness
condition in the absence of good A-traces.

2For a discussion on cut-free sequent systems for temporal logic, see, e.g., [19].
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In the second half of the chapter, we isolate a class of ‘inductible’ cyclic proofs
whose cycles can be transformed into inductive arguments based on the following
characterisation of until:

BV (aAXy)) =7
(BV (e AX(aUp))) = aUps alf — v

The axiom expresses that aUf is a pre-fixpoint of the ‘function’” 5V (a A X-).
The rule is the well-known fixpoint induction principle of Park’s [105] for the until
operator. Together, the axiom and the rule say that aUfS is the least pre-fixpoint
of said function, hence the least fixpoint by the Knaster—Tarski theorem [150].

One potential application of cycle elimination, and the one driving our work,
is assisting with proving completeness of Hilbert-style calculi. The problem of
axiomatising CTL" remained open for several years until Reynolds presented a
sound and complete axiom system for it in [115]. Our cyclic system is not fully
finitary and it could not therefore yield an axiomatisation of CTL* by removal of
cycles. In the end, we arrive at a Hilbert-style system and compare it to a fragment
of Reynolds’s axiomatisation. Our system is complete for a well-known variant of
CTL" obtained by allowing the evaluation of formulas in a bigger class than the
standard one.

Outline of the chapter. Section 3.1 introduces the syntax and semantics of
(the standard version of) the logic CTL*. Section 3.2 presents an ill-founded hy-
persequent calculus for the logic. Soundness and completeness are established,
the former by a signature-based argument, the latter by means of a deterministic
proof-search procedure and game- and automata-theoretic tools. It is shown that
proof-search yields regular proofs, hence admitting a partially finitary presenta-
tion. Section 3.3 makes this idea precise by introducing a cyclic version of the
ill-founded system, keeping the infinitary correctness condition intact. Section 3.4
introduces an ‘annotated’ cyclic version of the ill-founded system. A simple an-
notating mechanism keeps track of unfoldings of release formulas under universal
quantifiers. A finitary condition is isolated which suffices to guarantee that a
derivation is a proof. Section 3.5 isolates a class of cyclic proofs which can be
transformed into acyclic, inductive ones. A corresponding, ordinary sequent cal-
culus is presented, together with its Hilbert-style version. The latter is compared
with a fragment of a known axiomatisation of full CTL*. Section 3.6 concludes the
chapter and discusses some further lines of research based on the material therein.

3.1 Full computation tree logic CTL"

The language of CTL*, denoted by Zcri+, consists of the following: countably
many propositional letters drawn from a set Prop; the Boolean connectives A (con-
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junction), V (disjunction) and - (negation); the temporal operators X (neat), U
(until) and R (release); and the (path) quantifiers A (universal quantifier) and E
(existential quantifier). The formulas of CTL* are given by the following grammar:

pu=p|pl @A) | (eVe) | (Xe) | (pUp) | (¢¥Rp) | (Ap) | (Ep),

where p ranges over Prop. Formulas are denoted by small Greek letters «, 5, ¢, . . .,
and sets of formulas by capital Greek letters &, W, = ... We use O to denote either
U or R, and Q to denote either A or E. The collection of all CTL" formulas is
denoted by Formcr+, and the set of all subformulas of a formula ¢, defined as
expected, is denoted by Sub(y).

If no ambiguity arises, we drop the outer parenthesis and stipulate that X, A
and E bind more strongly than A, V, U and R.

A literal is a formula of the form p or p. An X-formula, or modal formula, is a
formula of the form X¢. Similarly, an O-formula, for O € {U,R}, is a formula of
the form pOt. An XO-formula is a formula of the form X(p0v). Given a set of
formulas @, we define X® := {X¢ | p € @}.

Observe that we allow negation to be applied to propositional letters solely.
This is not necessary and one could instead work with unrestricted negation and
a smaller language, but we are of the opinion that restricting negation to propos-
itional letters makes for more readable proof rules and trace conditions.

3.1.1. REMARK. Some authors draw a grammatical distinction between path and
state formulas (see, e.g., [38, § 7.1.4]). Informally, satisfiability of the former
depends on the entire ‘computational’ or ‘temporal’ path that one is considering,
whilst satisfiability of the latter depends only on the current state on said path. We
follow [33, 115] and decide not to make this distinction grammatically. The result
is a more succinct presentation of CTL" formulas and, besides, the distinction is
not necessary for our purposes.

The size, or complezity, of a formula ¢, denoted by (y), is given by:

e (p):=1and (p) =1, for every p € Prop;
© (px1h) = (p) + () + 1, for x € {A,V,U,R};
o {(op) = (p)+1, for o € {X,A,Q}.

We extend (-) to finite sets of formulas by setting (®) = > {(¢) | ¢ € ®}.
The dual of a formula ¢, in symbols ¢?, is inductively defined as follows:

p=p P’=p
(p Ap)? = vy° (p V) = Ay
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(pU)? == "Ry’ (pRp)? = ©?Uy?
(Ap)? = E¢” (Ep)? = Ay’
(Xp)? = Xg?

Note that (-)? is an involution: (¢?)? = . We let ®? := {¢? | p € ®} for any set
of formulas .

We define implication as ¢ — ¢ == ¢?Vv4). Additionally, we define the constants
1 =pAp (falsum) and T := 1?2 (verum), where p is an arbitrary propositional
letter; and the temporal operators F (eventually) and G (henceforth), by setting
Fo == TUp and Gy = LRy. Note that (Fp)? = Gp? and (Gy)? = F?. Both F
and G bind as strongly as X, and — binds less strongly than the other connectives
and operators.

Formulas of CTL* have been interpreted on different classes of structures, giving
rise to different logics (see, e.g., [115, §§ 3-4]). The standard semantics for CTL"
formulas, and thus also the standard CTL* logic, is obtained by evaluating formulas
on maximal paths through serial Kripke models [38, 33, 115],3 i.e., Kripke models
(W, R, V) such that R[s] # & for every s € W. A (maximal) path through a serial
Kripke model (W, R, V) is an infinite sequence of states o = (8,)n<o such that
Sp R sp41 for every n < w. We denote by (o,i) the path (sg)g>;, for every i < w.
For paths o and o', we write o ~ ¢’ if 6(0) = ¢/(0).

Given a serial model M = (W, R,V), we inductively define a satisfaction
relation |= between paths on M and formulas in the expected manner:

o M, o Epif, and only if, p € V(c(0));

e M,o = pif, and only if, M, o |~ p;

o M,0 E @A if, and only if, M,0 | ¢ and M, 0 | 9;
o M,o E¢Vif, and only if, M,0 | ¢ or M, 0 = 1;
o M, o = Xy if, and only if, M, (0,1) E ¢;

o M,o = oU¢ if, and only if, there is a j < w such that M, (o, j) = ¢ and
M, (0,1) = ¢ for every i < j;

o M,o = ¢Ry if, and only if, for every j < w, either M, (o, 5) = 1, or there
is an ¢ < j such that M, (o,1) = ¢;

o M,o | Ap if, and only if, M, o’ | ¢ for every o’ ~ o;
o M,o | Egp if, and only if, M, ¢’ = ¢ for some o’ ~ o.

As an immediate consequence, we get:

3Recall the definition of Kripke model given in Section 2.1.
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o« M, o = ¢? if, and only if, M, o [~ ¢;
o M, o | Fypif, and only if, M, (o,n) | ¢ for some n < w;
o« M,o | Gy if, and only if, M, (o,n) = ¢ for every n < w.

If M,o = ¢, we say that o satisfies p. A formula ¢ is satisfiable if there is a
serial model M and a path o through M such that M, o = ¢, and unsatisfiable
otherwise. We write CTL* |= ¢, and say that ¢ is valid, if ¢? is unsatisfiable. We
write ¢ = 1, and say that ¢ and v are equivalent, if for every serial model M
and every path o on M, we have M, o | ¢ if, and only if, M, o = ¢. Explicit
mention of M may be omitted when no ambiguity arises.

3.1.2. OBSERVATION. It is easy to see that Ut = ¢ V [p A X(¢U)] and that,
dually, R = ¢ A [p V X(pRe)]. These equivalences exhibit the fixpoint nature
of the until and release operators and lie at the core of our ill-founded and cyclic
calculi.

At the end of Section 3.5.3 we shall examine another, more generous notion of
validity for CTL" formulas.

3.2 The ill-founded system CTL

In this section we present a cut-free, ill-founded hypersequent calculus for CTL*
and show it to be sound and complete. The system is inspired by Dam’s syntax
trees for an embedding of CTL" into the modal p-calculus [33].

Hypersequents — sets of sets of formulas — offer a natural framework for
accommodating the existential and universal path quantifiers of the logic, as well
as their interplay with the next operator X. The hypersequents that we shall use
also feature in the tableau for satisfiability of CTL* formulas given in [47], where
they are called ‘quantifier-bound formula blocks’.

A (one-sided CTL*) sequent is a pair (Q,®), henceforth written Q®, where
Q € {A E} and @ is a finite set of formulas. We identify the sequent Q{¢} with
the formula Qgp, and write Q{®,p} as shorthand for Q(® U {¢}). A sequent
Q® is literal if ¢ is either empty or a singleton containing a single literal. A
sequent Q® is universal, or an A-sequent, if Q = A; otherwise Q@ is said to be
existential, or an E-sequent. The interpretation of a universal sequent A® is the
formula (A®)* := AV ®, and the interpretation of an existential sequent E® is
(E®)? .= EA®. A sequent Q® is valid if (QP)* is valid. We abuse notation and
write M,o = Q® in place of M,o = (Q®)*. The dual of a sequent Q® is the
sequent (Q®)? := Q?®?, where A? := E and E? := A. The size, or complezity, of a
sequent QP is (QP) =1+ (P).



3.2.  The ill-founded system CTLZ, 69

A (CTL*) hypersequent is a finite set of sequents. Hypersequents are denoted
by capital Greek letters I') A, X, ... When working with hypersequents, we abbre-
viate {Q1®1, ..., Qu®,} to Q®y,...,Q,P,. We extend the interpretation (-)* to
hypersequents by setting T'* .= V{(Q®)* | QP € T'}. A hypersequent I is valid if
I'* is valid. We abuse notation and write M, o = I as shorthand for M, o |= I'%.
The size, or complezity, of a hypersequent I' is (I') := > {(Q®) | QP € T'}.

A formula « occurs in a sequent Q® if a € . Analogously, a sequent Q® occurs
in a hypersequent I' if Q® € I'. Finally, a formula a occurs in a hypersequent I" if
« occurs in a sequent occurring in I'.

The rules of the system CTL., are given in Figures 3.1 to 3.3. In the rules ALit
and ELit, ¢ ranges over literals. The fixpoint rules AU, AR, EU and ER are based
on the equivalences in Observation 3.1.2. Contraction, both at the internal and
the external level, is implicit in our choice of set-based rather than multiset-based
sequents and hypersequents. Note that the internal weakening rule iW is only
sound for A-sequents.

3.2.1. DEFINITION (CTL., derivation). A CTLS, derivation of a formula ¢ is a
finite or infinite labelled tree 7T built according to the rules in Figures 3.1 to 3.3
and such that:

(i) The root of 7 has label Ap.

(ii) Every infinite branch of 7 passes through infinitely many instances of the

rule AX or EX. ¥

3.2.2. OBSERVATION. Condition (i) in Definition 3.2.1 carries no loss of generality,
because, clearly, a formula ¢ is valid if, and only if, Ag is valid.

A vertex of a derivation is modal if it is labelled by the conclusion of an instance
of AX or EX. Condition (ii) in Definition 3.2.1 requires that every infinite branch of
a derivation contain infinitely many modal vertices. This prevents the construction
of infinite branches by ‘degenerate’ applications of the rules, for instance applying
rule ALit repeatedly to sequent Ap or invoking implicit contraction.

3.2.3. REMARK. Hypersequents and universal sequents are interpreted disjunct-
ively, while existential sequents are interpreted conjunctively. Concordantly, ex-
ternal commas and commas under A in CTL., rules stand for disjunctions, and
commas under E are treated conjunctively.

This seemingly inconsequential difference will turn out to be the source of end-
less complications. Informally, E-sequents in CTL" derivations behave like sequents
in a tableau rather than a proof-tree, and thus resist many of the proof-theoretic
manipulations that we are interested in. See Remark 3.2.15 below.
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" . On.A " Ez.A
AL A ALA el EBA ELA
"AlD 0 A TR, ), A
A{P, 9} A E{®, o}, E{®, 0} A
Av Ev
A{P, oV} A E{®,o vy} A
A{®, o} A A{D, 0} A E{®, 0, v} A
AN EAN—=—F"""3+
A{D, o Ay} A E{®. o AY} A
Ad A ,A ,
ap 2, {v} £ A A{y}, A
A{d,Ap}, A E{®,Av}, A
Ap A2 E{} A g &N E(hA
A{®,Ey}, A E{®,Ev}, A
AD EV,, ... EV
AX '_‘7 1, ’ m EX E\Ijl,...,E\I’m
AXPUZ), EXTy, ... EXV,,, % EXW,, ..., EXV,,. 2

FIGURE 3.1: Non-fixpoint, logical rules of the system CTLY .

The rules of CTL., are correct in the following sense:

3.2.4. PROPOSITION. If

I r,
A

R

is an instance of a CTLL, rule and each of T'y,..., T, is valid, then A is valid.

Proof. All cases are straightforward, so we only prove the case R = AX. Let then

AD ED,, ... EV,,
AXDUZ),EXWy, ... EXT,,, 5

AX

be an instance of AX, and suppose that the conclusion is not valid. Let M be a
serial model and o a path on M such that o £ AXP U Z), EXy, ... EXY,,, X
Then, there is some o ~ ¢’ such that o’ £ X\ @, whence (o', 1) = AD. Tt suffices
to see that (¢/,1) = EW; for any 1 < i < m. Towards a contradiction, suppose
that (¢/,1) = EV,. Then, there is some (¢/,1) ~ ¢” such that ¢” = A¥;. Let
o* = (0(0))"¢”. Since (¢*,1) = 0" and 0 ~ 0%, we get 0 |= EX \ ¥;, contradicting
the starting assumption. |
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A{(I)7997w}7A A{(I)71Z)7X(QDU¢)}7A E{®v¢}7E{®7@’X(@Uw)}7A

AU A{®, pUsT, A EU E{@, pUsT, A
AR AP, v}, A A{P, o, X(¢RY)} A ER E{®, ¢, v}, E{®, ¢, X(pRy)}, A
A{®, pR}, A E{®,¢Ry}, A

FIGURE 3.2: Fixpoint rules of the system CTLZ,.

The distinguished sequents in the conclusions of the rules in Figures 3.1 to 3.3,
such as A{®, o A ¥} in AA, are said to be principal. In the special cases of
the modal rules AX and EX, we consider all sequents in the conclusion to be
principal. And in the case of eW, the principal sequents are the ones occurring in
I'. The distinguished sequents in the premises of the rules, for instance A{®, p}
and A{® ¢} in AA, are said to be active. In the case of the modal rules, all
sequents in the premise are considered active. And in the case of eW, there are no
active sequents. All sequents occurring in the hypersequents A are side sequents.

Analogously, the distinguished formulas in principal sequents, such as ¢ A ¥
in rule AA, are said to be principal. In the case of the modal rules, we consider
all formulas in the conclusion to be principal. And in the cases of iW and eW,
the principal formulas are the ones occurring in ¥ and I', respectively. The dis-
tinguished formulas in active sequents, for instance ¢ and 1) in AA, are said to be
active. In the case of the modal rules, all formulas in the premise are considered
active. And in the cases of iW and eW, no formula is active. All formulas occurring
in the sets ®, excluding the case of AX, are side formulas.

Since we work with set-based sequents and hypersequents, a side formula or
sequent might also be principal. For example, the following is an instance of AV
in which the principal formula ¢ V 1 is also a side formula:

A{®, oV, 0,9}, A
A{®, oV Y}, A

An instance of a non-modal CTL" rule is externally preserving if some principal
sequent is also a side sequent, and it is externally discarding otherwise. Analog-
ously, an instance of a non-modal rule is internally preserving if some principal
formula is also a side formula, and it is internally discarding otherwise. Finally,
an instance of a non-modal rule is discarding if it is both externally and internally
discarding. Note that, by definition, instances of axiomatic or modal rules are
neither preserving nor discarding.

A CTLZ, derivation T is discarding if no rule is applied preservingly (internally
or externally) in 7.

Av



72 Chapter 3. A Cyclic Proof System for CTL*

Ad A W A
A(@UT), A A

FIGURE 3.3: Structural rules of the system CTL.

Looking at Figure 3.1, we say that an instance of ALit or ELit is degenerate if
d=g.

Let T be a CTLY_ derivation, let u,v € T be such that u <% v, and let T and
I'" be the labels of u and v, respectively. We define the sequent trace relation >
between I and I” by setting Q® > Q' if, and only if, one of the following holds:

e w is non-modal, QP and Q'V are side sequents, and QP = Q'¥;

e 1 is non-modal, Q® is principal, and Q' is active;

o wu is modal, Q = E, and QP = Q'XV.

o uismodal, Q = A, and QP = Q'(X¥ U =) for some set of formulas E.

So, informally, we have Q® >! Q"W if Q'¥ arises from Q® in the rule with conclu-
sion w. We may drop one or both indices from > if no ambiguity arises.

Let m = (uy)n<n<w be a finite or infinite path through 7. A sequent trace on
m is a sequence of sequents (Q, P, )n<n such that each Q,®,, occurs in the label of
u, and Q,®, >yt Quy1®Ppyr for every n <n+1 < N. A context extraction is
a sequent trace of the form Q{®, Q'¢¥} > Q'{¢} or Q{®, ¢} > Q{¢}, where £ is a
literal. Note that context extractions are only due to rules ALit, ELit, AA, EA, AE
and EE. A finite sequent trace Qu®o > - - - > Q,, P, is stable if Qg = --- = Q,,, and
circular if n > 0 and Q,,®,, = QoPo.

Let again u,v € T be such that v <% v, and let T and T” be the labels of u
and v, respectively. For all QP € I'" and Q¥ € I such that QP >} Q'V’, and all
formulas ¢ € ® and ¢ € U, we write Q®, p 2 Q'U, 4 if, and only if, one of the
following holds:

o w is non-modal, Q® and Q' are side sequents, and ¢ = 1,
o w is non-modal, Q® is principal, both ¢ and 1 are side formulas, and ¢ = 9,
o w is non-modal, Q® and ¢ are principal, and ¢ is active;
e u is modal, and ¢ = Xt).
As before, Q®, ¢ >0 Q'W, v holds, informally, if ¢ arises from ¢ in the rule with
conclusion u. We may drop one or both indices from ! if no ambiguity arises,

as well as write ¢ ¥ 9 in place of Q®, ¢ ! Q'W, 1) when QP and Q' are clear
from context.
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Let 7 = (Qn®n)nen be a sequent trace on a finite or infinite path 7 =
(Un)nen<w- A formula trace on 7 is a sequence of formulas (¢ )n<n such that
each ¢, € ®, and Q,P,, v, >yt Qui1Ppi1, @ur1. An infinite formula trace
on an infinite path 7 of a CTLZ derivation is a formula trace on some (infinite)
sequent trace on 7.

A (fizpoint) unfolding is a formula trace of the form i > X¢. We say that ¢
is unfolded (to Xv)). Note that unfoldings can only be produced by rules AU, AR,
EU, ER, and thus ¢ is an O-formula. Due to the presence of fixpoint unfoldings,
the system CTLZ, does not satisfy the subformula property: ¢ & 1 does not imply
¥ € Sub(yp). However, 1 does belong to the closure of ¢, which is the natural
replacement of the notion of subformula in this context:

3.2.5. DEFINITION (CTL" closure). The (CTL") closure of a formula ¢ is the smal-
lest set of formulas Clos(yp) satisfying:
(i) ¢ € Clos(p);
) if p € Clos(yp), for p € Prop, then p € Clos();
) if 1h1 * 1hy € Clos(y), for x € {A, V}, then v,y € Clos(y);
(iv) if ¥10¢y € Clos(yp), for O € {U, R}, then vy, 1, X(¢101)s) € Clos(p);
) if X¢p € Clos(¢y), then ¢ € Clos(yp);
) if Qy € Clos(¢p), for Q € {A,E}, then ¢ € Clos(ip). 4

By a straightforward structural induction, the closure of a formula can be
characterised as follows:

3.2.6. LEMMA. The following hold:

(i) Clos(p) = {p} and Clos(p) = {p,p}, for every p € Prop;
(ii) Clos(11 x ¥2) = {tb1 x 19} U Clos(4y) U Clos(v), for x € {A,V};
(iii) Clos(ow)) = {otp} U Clos(v)), for o € {X,A,E};
(tv) Clos(101)g) = {11 Ohe, X(10102) } U Clos (1)) U Clos(z)s), for O € {U,R}.
3.2.7. COROLLARY. For any CTL" formula @, the set Clos(p) is finite.

For every formula ¢, we let || := |Clos(¢)|. We also let Seq,, be the collection
of all sequents Q® with ® C Clos(). Finally, we let HSeq, = 2% bhe the
collection of all hypersequents I' such that I' C Seqq. By Corollary 3.2.7, both
Seq,, and HSeq,, are finite.

Clearly, ¢ &> 1 implies ¢ € Clos(¢), whence Seq, is closed under > and
every hypersequent labelling a vertex of a CTLY, derivation of ¢ belongs to HSeq,,.
Moreover, since Xo B> ¢ implies ¢ € {Xep, ¢}, we have the following fundamental
lemma about formula traces:
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3.2.8. LEMMA. Let p = (¢n)n<n<w be a finite or infinite formula trace. For every
n < N, either ¢, € Sub(yy), or ¢, = X for some ¥ € Sub(gy).

Proof. Let m = (uy,)n<n be a path through a CTL" derivation such that p is a
formula trace on some sequent trace on m. We proceed by induction on n < N.
The base case n = 0 is clear. Assume that the claim holds for an n such that
n+1<N. If op,11 = ¢, we are done, so assume otherwise. Then, ¢, must be
principal at w,,.

Suppose first that ¢, = X¢b for some ¢ € Sub(yg). Then, rule X must be
applied at u, because ¢,11 # ©,, so by the definition of > we have ¢, = X@,11
and thus p,+1 = 19 € Sub(py).

Suppose now that ¢, € Sub(yg). If v,41 € Sub(p,) we are done. Otherwise,
n is an O-formula for some O € {U,R} and a rule among AO, EO is applied at
u, with principal formula ¢, and ¢,.1 an active formula. Since @, 1 ¢ Sub(p,),
we have ¢, 11 = X, and we are done. |

We shall mainly concern ourselves with infinite traces. All of them eventually
stabilise on some O-formula that is unfolded infinitely often, as the next proposition
shows.

3.2.9. PROPOSITION. Let T be a CTLY, derivation of a formula ¢, and p = (¢;)i<w
an infinite formula trace on an infinite path of T. There is an O-formula ¢ €
Clos(p), for O € {U,R}, and some N < w such that for every i > N we have
i € {1, X}. Moreover, both ¥ and X occur infinitely often in (On1i)icw-

Proof. Towards a contradiction, suppose that p encounters only finitely many
fixpoint unfoldings. Let then n < w be such that there are no unfoldings on
pon- Thus, (pir1) < (@) for all @ > n. If i < w is such that ¢; = X1,
then (pi11) < {(@). So, since by definition every infinite branch of 7 contains
infinitely modal vertices, we have (@;+1) < (¢;) for infinitely many ¢ > n, which is
impossible. We conclude that there are infinitely many unfoldings on p.

Since Clos(¢p) is finite, there is some O-formula ¢ € Clos(y), for O € {U, E},
such that ¢ is unfolded infinitely often in p. It remains to see that p has a
tail which contains only ¢ and Xi¢. Suppose otherwise, and let o be a formula
occurring infinitely often on p and such that a ¢ {«, X¢'}. By Lemma 3.2.8, then,
1 € Sub(a) and o = X for some [ € Sub(¢)). As ¢ # «, we have ¢ € Sub() and
thus v = 3, whence o = Xt and we have reached a contradiction. |

The formula 1, Oty given by Proposition 3.2.9 is said to be the dominating formula
in p. An infinite formula trace is of type O, or an O-trace, for O € {U, R}, if its
dominating formula is an O-formula. Proposition 3.2.9 then says that every infinite
formula trace is of type U or of type E.
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Another consequence of Lemma 3.2.8 is that there cannot be a formula trace
of the form ¢ > --- > Qup, whence it follows that infinite sequent traces must be
stable.

3.2.10. PROPOSITION. Let 7 = (Qi®;)i<w be an infinite sequent trace. There is
some N < w such that Qnir, = Qn for every k < w.

Proof. By Kénig’s lemma, there is at least one infinite formula trace p = (¢;)i<, on
7. Since ¢; € Clos(yp) for every i < w, by Corollary 3.2.7 there is an N < w such
that @y occurs infinitely often on p for every i < w. Towards a contradiction,
suppose that there is an n > N such that Q,.1 # Q,. By the definition of >, we
then have Q,®,, = Q{®, Q¢ } and Q1 1P, 1 = Q{¥}, s0 v, = Q¥ and ¢,,11 = 7).
Since ,, occurs infinitely often on p, by Lemma 3.2.8 we have Q'¢) € Sub(1)), which
is impossible. Hence, Qyx = Qn for all k < w. |

Given an infinite sequent trace 7 = (Q;P;)i<w, We say that 7 is of type Q, or
that it is a Q-trace, for Q € {A,E}, if there is an N < w such that Q,, = Q for all
n > N. Proposition 3.2.10 then says that every infinite sequent trace is either of
type A or of type E.

We are now ready to identify the CTLZ derivations that constitute proofs.
Informally, a derivation 7 is a proof if every leaf of T is axiomatic and every
infinite branch of 7 contains a ‘good’ sequent trace.

We say that an infinite sequent trace 7 contains an infinite formula trace p if
there is a tail 7" of 7 such that p is a trace on 7.

3.2.11. DEFINITION (Good and bad sequent trace). An infinite sequent trace 7 is
good if one of the following hold:
(i) 7 is of type A and contains an infinite R-trace;

(ii) 7 is of type E and contains no infinite U-trace.

Otherwise, 7 is said to be bad. -

A branch 7 of a CTLY, derivation is good if either « is finite and ends at an
axiomatic vertex, or 7 is infinite and there is a good sequent trace on 7. Otherwise
7 is bad.

3.2.12. DEFINITION (CTLY proof). A CTL., proof of a formula ¢ is a CTL, de-
rivation T of ¢ such that every branch of T is good. B

3.2.13. OBSERVATION. Let T be a CTL derivation, and 7 an infinite branch of
T. Then, for every tail 7’ of 7 and every sequent trace 7/ on 7/, there is a sequent
trace 7 on 7 such that 7/ is a tail of 7. Therefore, requiring that © be good is
equivalent to requiring that some tail of 7 be good.
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() A{TUp, LRj}
A{p,X(TUp),X(LRp)}

AX

A AMTUpp X(LRD)
™ (1) A(TUp. IRp)

A{TUp Vv LRp}

FIGURE 3.4: An infinite branch of a CTLY, proof of the formula (TUp) V (LRp). The
symbol ‘7" marks roots of identical subproofs. Dashed lines indicate the omission of some
vertices.

3.2.14. ExaMPLE. Figure 3.4 depicts (the unique infinite branch of) a CTLY, proof
of the valid formula (TUp) V (LRp). On the branch there is an A-trace containing
an R-trace with dominating formula | Rp.

3.2.15. REMARK. The correctness condition for E-traces requires that they con-
tain no infinite U-trace. This is line with the ‘satisfiability flavour’ of E-sequents
pointed out in Remark 3.2.3 above. Correctness conditions of this kind are typ-
ical of ill-founded or cyclic tableaux (see, e.g., [102, 47] and [77, pp. 67-8]), but
are rare in ill-founded or cyclic proof calculi. Indeed, other than our system and
the one in [34], which employs a similar trace condition, there appear to be no
other examples of ill-founded or cyclic systems that fall outside the scope of the
category-theoretic notion of cyclic proof introduced in [2].

We shall spend the remaining of this section proving the soundness and com-
pleteness of CTLZ.

3.2.1 Soundness of CTL.

To prove that the system CTLY is sound we follow a standard argument based
on signatures, maps that assign natural numbers to until and release formulas.
This idea goes back at least to the signatures introduced in [145] for the modal
p-calculus.

For every n < w we define the n-th approzimation U™ of a formula pUvy by
setting U%) =1 and U ) := ¢ V (¢ A X(pU™))). Dually, we define the n-th
approzimation pR™) of PRy as YR™p = (p?Ump?)?.

3.2.16. LEMMA. For any serial model M, any path o on M, any formulas p,1)
and any n < w, the following hold:
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(i) Mo = U™ if, and only if, there is a j < n such that M, (o,j) = 1 and,
for every i < j, M, (0,i) = ¢.

(ii) M, o = oR™) if, and only if, for every j < n, either M, (0, j) |= 1, or there
is an i < j such that M, (0,1) = ¢.

Proof. We only prove the first claim, for the second one can be proved analogously.
We proceed by induction on n < w. The base case n = 0 is clear. Assume that
the claim holds for n.

Suppose that M, o |= U, e, M o =9V (o AX(pU™)). If M, o =
we pick j = 0 and are done. Otherwise, M o = ¢ and M, (0,1) E U™, so
by the inductive hypothesis there is a j* < n such that M, (0,1 + j') | ¢ and
M, (0,1 +1) | ¢ for every i < j'. We may thus pick j == j" + 1.

Conversely, suppose that there is a 7 < n + 1 such that M, (o,j) = 1 and
M, (0,i) = ¢ for every i < j. If j = 0 we are done. Otherwise, the inductive
hypothesis yields M, (o, 1) = ¢U™), whence M, o =9V (o A X(pU™)). [ ]

3.2.17. COROLLARY. The following hold:

(i) M,o = U if, and only if, M,o = pU™) for some n < w.
(i) M, o = eRyY if, and only if, M, o = ¢R™) for alln < w.

An occurrence in ¢ of a subformula 1, Oty is said to be an O-eventuality of .
An O-eventuality of ¢ is top-level if it is not under the scope of U, R, A or E in
. An O-eventuality of a set of formulas ¢ is an O-eventuality of A ®. We borrow
this terminology from [33].

3.2.18. REMARK. Note that eventualities are not just subformulas, but occur-
rences thereof.

3.2.19. DEFINITION (Signature). An O-signature of a formula ¢ is a map ¢ asso-
ciating a natural number to each top-level O-eventuality of . An O-signature of
a sequent Q® is an O-signature of the formula A ®.4 5

3.2.20. REMARK. Although we have defined signatures both for U- and R-even-
tualities, R-signatures suffice for our purposes.

Given an O-signature ¢ of ¢, the O-signature ¢~ of ¢ is defined as ¢ (¢, Ov) =
max{t(¢1O0y) — 1,0} for each top-level O-eventuality 1010, of p. We inductively
define signed formulas o[i], with ¢ an O-signature of :

4This conjunction is unrelated to the interpretation of the sequent Q®; it is simply used to
bring the formulas in ® together.
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o ([t] == ¢, for every literal .

(% 92)[] = ($al]) % (Wald), for * € {A, V).
(QY)[¢] = Qu, for Q € {A,E}.

(109)[1] = 19 O*(V1O¥2),.
(
(

10"y [1] = 11 0"hg, for O" # O.
Xp)[e] = X(¥[7]).

A signed sequent is one of the form Q@[] .= Q{¢[t] | p € P}, where ¢ is a signature
of Q.
The following are two fundamental results about the existence of signatures.

3.2.21. PROPOSITION. Let M be a serial model and o a path on M. For every
formula ¢, the following hold:

(i) if o [~ ¢, then there is an R-signature v of ¢ such that o = o[d].
(ii) If o = AD, then there is an R-signature v of A® such that o [~ AD[d].

Proof.

(i) By structural induction on . The literal and Boolean cases are clear. And
so are the cases of U, A and E because there are no top-level R-eventualities
in a formula of the form Uy or Q.

Suppose that o = Xt). By the inductive hypothesis, there is an R-signature
¢ of 9 such that (o,1) & [t]. Let ¢y be the R-signature of ¢ given by ¢, =
t+ 1. Then, ¢, is an R-signature of X¢» and (1)~ =, so (0,1) = ¥[(14)7]
and thus o = (X)[e].

Finally, suppose that o £~ 11 Riy. Let n < w be given by Corollary 3.2.17
such that o = ¢¥1R™pe. Let then ¢ be the R-signature of ¢4 Ry» given by
(1 Rey) = n.

(ii) Let ® = {¢1,...,pn} and let ¢’ ~ o be such that o’ £ o1 V-V, By (i),
there is a signature ¢ of \/;<;<,, ¢x such that o’ = (o1 V- -V, )[t]. Then, ¢ is
a signature of A® and (A®[])f = A(@1[t] V- Vu[]) = A((p1 V-V on)[i]),
so we are done. -

The previous result related signatures to formulas and sequents. The next one
extends this to hypersequents, and will be used in the soundness proof to guide us
along an infinite branch.

3.2.22. PROPOSITION. Let M be a serial model and o a path on M. The following
hold, where in each case v is an R-signature of the appropriate sequent:
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(i) If o = A{®,(}[¢] and { is a literal, then o = AP[] and o B~ ([d].
(it) If o = A{D, o V Y}i], then o [ A{D, p, ¥ }[].
(iii) If o = A{D, o A} i), then either o = A{®, o} or o = A{D, ¢}
() If o = A{P, QU }i], for Q € {A E}, then o [~ AD[4].
(v) If o = A{®, R }], then one of the following hold:
a) there is an R-signature J/ of A{®, ¢} which agrees with v on all top-level
R-eventualities of A ®, and such that o = A{D,Y}];
b) there is an R-signature ' of A{®, ¢, X(pRY)} which agrees with ¢ on
all top-level R-eventualities of N® and X(pRw), and such that o [~
A{®, ¢, X(R) }[1'].
(vi) If o (= A{®, pU}i], then one of the following hold:
a) there is an R-signature /' of A{®, @, ¥} which agrees with ¢ on all top-
level R-eventualities of A ®, and such that o [= A{P, ¢, Y }['];
b) there is an R-signature ' of A{®, v, X(pUy)} which agrees with v on
all top-level R-eventualities of AP and X(pUv), and such that o [~
A{D, ¥, X(U) .
(vii) If o = AX®[i], then there is a o’ ~ o such that (o', 1) = AD[7].

Proof. The proofs of (i)—(iv) are straightforward, and (v), (vi) follow easily from
Proposition 3.2.21(i).

For (vii), assume that o &= AX®[i], say with ® = {¢1,...,¢,}. Then, o [~
A{(Xp1)[t], - Kpn)[e]}, de., o = AX(p1[e7])s -, X(pnlt7])}. Let o' ~ o be
such that o’ = Vicpen X(@r[t7]). We then have (0/,1) B Vicp<n @r[t”], whence
(o)1) AD[]. o |

We are now ready to prove that the system CTLY is sound.

3.2.23. PROPOSITION (Soundness of CTL.). For every formula ¢, if CTLL F ¢,
then CTL" = .

Proof. Let T be a CTLY, proof of ¢. Towards a contradiction, suppose that ¢ is
not valid. Let M be a serial model and o a path on M such that o [~ Ap. We
inductively find an infinite branch = = (u;);«,, of T and paths (0;);<, on M such
that we have o; p~ T; for every i < w, where I'; is the label of u;. Propositions 3.2.21
and 3.2.22 associate to each sequent A® € T'; an R-signature ¢ such that o; = A®[4].
Choices at {AA, AU, AR}-vertices are resolved by Proposition 3.2.22. Choices at
{ELit, EA, EE}-vertices are resolved by a priority mechanism. Moreover, either
oiy1 = 0y, if u; is not modal, or else 0,41 = (0”, 1) for some o’ ~ o;.
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Let ugy be the root of T and oy := 0. We assign to Ap a signature ¢ such that
o = Apli] given by Proposition 3.2.21. We now proceed inductively from w;. If
no rule is applied at wu;, then u; is an axiomatic leaf because 7T is a proof. But
then o; = T, contradicting the inductive hypothesis o; & I';. So this case is not
possible and 7 will be an infinite branch. Assume now that wu; is not a leaf. We
distinguish cases according to the rule R applied at w;:

Suppose that R € {ALit, AV, AA,AE EA,EV,EU, ER}. Let u; ;1 be the unique
immediate successor of u;, and o;;1 = 0;. Signatures are assigned to A-
sequents in I';; according to Proposition 3.2.22, and also Proposition 3.2.21
in the case of AA.

Suppose that R € {ELit, EA, EE}. By Proposition 3.2.4, there is at least one
immediate successor v of u; such that o; £ T', where T is the label of v. We
pick as u; 1 the immediate successor with simpler label whenever possible,
i.e., containing the active literal sequent in the case of ELit, the active A-
sequent in the case of EA, and the active sequent E{t¢>} in the case of EE
with principal formula Ev. We let 0,1 = 0;. In the case of EA we assign to
the new A-sequent in the premise a signature given by Proposition 3.2.21.

Suppose that R € {iW,eW}. We let u;,1 be the unique immediate successor
of u;, and ;.1 = ;. We carry to I';,; the signatures given by the inductive
hypothesis.

Suppose that R = AA, say:

A{¢)7(1‘91}7A A{(pv@Q}vA
A{D, 01 Ao}, A

AA

By the inductive hypothesis, an R-signature ¢ is assigned to A{®, o1 A @a}
such that o; = A{®, 1 Agsa}[t]. By Proposition 3.2.22, there is some
j € {1,2} such that o; = A{®,p;}[t]. We let 0,41 = o0; and u;41 be the
immediate successor of u; for premise A{®, ¢;}, A. We assign signature ¢ to

A{q)v (‘pj}'
Suppose that R = AU, say:

A{P, 0,0}, A A{P ¢ X(pUy)}, A

AU A(D, pUG), A

By the inductive hypothesis, an R-signature ¢ is assigned to A{®, p1Ups}
such that o; = A{®, p1Ups}[¢]. By Proposition 3.2.22, one of the following
is the case:
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a) there is an R-signature ¢/ of A{®, ¢, 1} which agrees with ¢+ on all top-
level R-eventualities of A @, and such that o = A{®, v, ¥ }[];

b) there is an R-signature ¢ of A{®, v, X(¢Uy)} which agrees with ¢ on
all top-level R-eventualities of A ® and X(¢Uy), and such that o
A{D, 1, X(pU) ).

If (a) is the case, we let u; 1 be the immediate successor of u; for the premise
A{D, p, ¥}, A; otherwise, the one for premise A{®, 1), X(pU)}, A. In either
case we let 0,11 := 0; and assign ¢’ to the selected A-sequent.

e The case R = AR is analogous to the previous one.

e Suppose that R = EX| say:

EV,,...,EU,,

EXEXU,.. . EXU,. A

By the inductive hypothesis, o; = I';. It is then easy to see that (o;, 1) = EV;
for any 1 < j < m, so we let u;,; be the unique immediate successor of wu;
and o;.1 = (03, 1).

o Finally, suppose that R = AX, say:

Ad,EV,,... ED,,

AXAXDUE), EXT,, .. EXT, A

By the inductive hypothesis, o; = T';. In particular, o; & AX®[¢], where
¢ is the signature assigned to A(X® U Z) by the inductive hypothesis. By
Proposition 3.2.22, there is a 0’ ~ o; such that (¢o/,1) j= A®[¢.~]. Arguing as
in the proof of Proposition 3.2.4, it is easy to see that (¢/,1) = EVy, for any
1 <k <m. We then let u;,; be the unique immediate successor of u;, and
oit1 = (0',1). To A® we assign signature ¢~.

We now derive a contradiction from the existence of 7. Since T is a proof, 7
contains a good infinite sequent trace.

Case 1: 7 contains an infinite A-trace 7 = (Q;®;);<., such that there is an
infinite R-trace p = (¢i)icw on 7. For every j < w with Q; = A, let ¢; be the R-
signature associated to Q;®;. Let ¢ = 1;R¢), be the dominating formula in p, and
let N < w be such that on = ¥, on11 = X, and ¢; € {¢p, X} for all i > N. Note
that rule EX is not applied anywhere on (u;);>n because Q; = A for every i > N.
Let 49 > N be least such that u;, is modal. By construction, ¢;,(¢)) = ¢ty (¢0) > 0
because at every encounter of rule AR in (u;);>n with 1 principal we always take
the right branch. Therefore, t;,41(¥) = 1;,(¥) < 1;,(¥). Let now 7' > iy be least
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such that rule AR is applied at uy with v active, and i; > i’ least such that u;, is
modal. As before, ¢;,(¢) > 0 and we have:

Li+1(¥) = 1, (V) = 15 (V) = L1 (V) = tigi1 (V) — 1 < tig 1 (¥).

Repeating this argument yields an infinite descending chain of natural numbers.

Case 2: 7 contains an infinite E-trace 7 = (Q;®;);«., containing no infinite U-
trace. Let then p = (¢;)i<w be an infinite R-trace on 7 given by Kénig’s lemma.
Let v = 1Ry be the dominating formula in p, and let N < w be such that
on = ¥, on+1 = X, and ¢; € {¢, Xy} for all i > N. Note that no context
extraction is ever encountered in (u;);>n because (¢;);>n contains only ¢ and X.

For every i > N, let h(i) > i be least such that u(;) is modal. By construction,
we have 0,41 = (0’,1) for some o’ ~ ¢, and thus o,3;)41(0) is an immediate
successor of ;(0). Let then o* be the path on(0), onn)51(0), Tann)+1)+1(0), - . .

We inductively define a function g : {N,N + 1,...} — w such that o; ~
(0%, 9(i)) for every i« > N. To that end, let first g(N) = g(N +1) = --- =
g(h(N)) = 0. Assume now that g is defined on N, N+1, ..., h(i); let g(h(i)+1) :
<= g(h(h(i) + 1)) == g(h(i)) + 1. The subtrace (¢;);>n has then the following
form, where the numbers above the formulas are the indices and the ones below
the braces are the g-images of the indices:

N h(N) R(N)+1 h(h(N)+1)
VX XYy > Y U XY XY B

0 1

Since oy £ E®y and 0* ~ oy, we have o* = A ®n. To reach a contradiction
we now prove, by induction on x, that if x € ®;, ¢ > N, then (¢*,¢(:)) E x. In
particular, o* = A @y.

Suppose that xy = £ for some literal ¢. Let j > i be least such that ¢ is
principal in u;. Note that there must be such a j because we never encounter
a context extraction on (¢g)r>n and every sequent in a modal vertex is active.
As all principal sequents in a modal vertex which have a p>-successor are of the
form QXW, we have ¢ < j < h(i) and thus o; = 0;.°> Moreover, j < h(i) because
otherwise p would die out at h(). Then, at u; we have:

EU,A  ELA

ELit E{(U, 7}, A

Since in the construction of 7 we prioritised the right branch but did not take it,

we have 0, = E¢, whence (0%, g(i)) |= E¢ because (0%, g(7)) = (%, g(j)) ~ 0;.
Suppose that vy = x1 V x2. Let j > i be least such that x is principal in

uj. As before, such a j exists and ¢ < j < h(i), so 0; = 0;. Let k be such

5This observation will be used repeatedly in what follows.
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that x B, xx € ®;41. By the inductive hypothesis, (6%, g(j + 1)) = x». And
g9(7 4+ 1) = g(j) = g(i) because u; is not modal, so (c*, g(7)) k= x.

The case x = x1 A X2 is analogous to the previous one.

Suppose that x = Ex’. Let j > i be least such that y is principal in u;. As
before, such a j exists and i < j < h(Z), so 0; = 0;. Then, at u; we have:

EV,A  E(Y}.A
E(U,Ex'}.A

Since we prioritised the right branch but did not take it, we have o; = Ex/, so
there is some ¢’ ~ o; such that ¢ &= x’. Then, since o; ~ (c*,¢(i)), we have
o' ~ (0*,¢(i)) and thus (¢*, ¢(i)) E ExX’.

The case Y = Ay’ is analogous to the previous one.

Suppose that x = Xx’. Let j > i be least such that y is principal in wu;. As
before, such a j exists but this time j = h(i). We have ®;,; 3 x B> X' € Pp(5)41, 50
by the inductive hypothesis (¢*, g(h(i)+1)) = x'. So, since g(h(i)+1) = g(h(i))+1,
(0%, 9(h(i))) = XX'. And g(h(i)) = g(i), so (0, 9(i)) |= x-

Suppose that x = x1Uya. We find an n < w such that (¢*, g(i) +n) = x2 and
(o*,g9(i) +m) = xa for all m < n. By assumption, 7 contains no infinite U-trace.
This, together with the facts that we never encounter a context extraction on
(¢r)e>n, that every sequent in a modal vertex is principal, and that p is infinite,
implies that there is a least j > ¢ such that y is principal in u; and x F.; Xy.
So X Bu; X2 € ®j41. Let n be such that g(j + 1) = g(i) + n. By the inductive
hypothesis, (0%, g(i) +n) = x2. Let m < n. Then, g(i) < g(i) + m < g(j), so
there is a least i < k < j such that g(k) = g(i) + m. Since g(k) < g(j), there is
a modal vertex in [uy, u;)7. So, by the minimality of j, there is a k < k' < h(k)
such that ®p 3 x > x1, Xx € P11, whence (0%, g(K'+ 1)) | x1 by the inductive
hypothesis. And g(k' + 1) = g(k') = g(k) = g(i) +m, so (o*,g(i) + m) = x1.

Finally, suppose that x = x1Rxa. We show that either (0%, ¢(i) + n) E x2
for every n < w, or else there is some n < w such that (¢*,¢(i) + n) E x1 and
(o*,9(i) + m) = x2 for every m < n. Let j > i be least such that x is principal in
u;. As before, such a j exists and ¢ < j < h(4). Since x2 € ®;11, by the inductive
hypothesis (0%, g(j + 1)) F x2. And g(j + 1) = g(j) = g(i), so (0%, g(i)) F xo. If
X1 € ®,.1, then by the inductive hypothesis (¢*, g(7)) |= x1, whence (¢*, g(i)) = x
and we are done. If x; ¢ ®;.q, then Xy € ®,4;. Since we never encounter a
context extraction on (yg)r>n, We know that Xy € ®pj11), 50 X € Ppj1)41-
Let kK > h(j + 1) + 1 be least such that x is principal in wu,. As before, such a
k exists and h(j + 1) +1 < k < h(h(j + 1) + 1). By the inductive hypothesis,
(0*,9(k+1)) E x2- And

glk+1) =g(k) = g(h(j+1)+1) = g(h(j +1))+1 = g(h(j)) +1 = g(h(i)) +1 = g(i) + 1,
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o (6%,9(1) +1) = x2. If x4 € ®ppy, then (0", g(k + 1)) = x1 by the inductive
hypothesis and thus (0%, g(i) + 1) |= x1, whence (o*,¢(i)) = x and we are done.
Otherwise, Xx € ®y41. Repeating this argument yields (o*, g(7)) = x. |

3.2.2 Completeness of CTL

We now turn to the proof of the completeness of CTL,,. We use game- and
automata-theoretic techniques and appeal to the soundness and completeness res-
ult for satisfiability of CTL" formulas in [47]. Although the approach that we
follow is standard (see, e.g., [102]), the correctness condition for E-sequents cre-
ates some unusual complications, as in [47]. All topological, game-theoretic and
automata-theoretic preliminaries needed for the completeness proof can be found
in Sections 1.4 to 1.6.

A proof-search guide for a formula ¢ is a pair (<g, <p), where <g is a well-
ordering of Seq,, and <p a well-ordering of Clos(¢y).

3.2.24. DEFINITION (CTLY, proof-search tree). Let ¢ be a CTL" formula, and
9 = (<g,<p) a proof-search guide for ¢. A CTLY proof-search tree for ¢ guided
by ¢ is a finite or infinite labelled tree 7 = (T, <, Ar) built according to the rules
of CTLY, in such a way that the following hold:

(i) The root of T has label Agp.

(i)

(iii) The weakening rules iW and eW are not applied anywhere in 7.
)

(iv) All instances in T of the rules ALit, ELit, AV, EV, AA, EA, AA, EA, AE, EE,
AU, AR, EU and ER are discarding.

A vertex of T is a leaf if, and only if, it is either axiomatic or a cul-de-sac.

(v) For every non-final vertex u € T, say with label T, the following conditions
hold:

a) If there is a sequent in I' containing a non-literal, non-modal formula,
then a CTLY, rule R other than AX, EX| iW and eW is applied at u with
principal sequent QU and principal formula ¢ € ¥, where (QU, ) is
the ¢-least pair such that 1 is non-literal and non-modal, ¢ € ¥, and
QU el

b) Else, if there is a sequent in I' containing a literal and some other
formula, then a rule among ALit and ELit is applied at « with principal
sequent Q¥ and principal literal ¢, where (QW,¢) is the ¥-least pair
such that QU € T, £ € U, and ¥ \ {(} # @.
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c¢) Else, if there is no A-sequent in I', then I" is of the form
EXWq, ..., EXW,,, A,

where A is a (non-axiomatic) set of literal sequents, and rule EX is
applied at u with premise EVq, ... EWV,,.

d) In any other case I" has the form
AXDq, ..., AXD,, EXUy, ... EX¥,,, A,

where n > 0 and A is a (non-axiomatic) set of literal sequents, and the
following branching version of rule AX is applied at wu:

ax ACLEV,. BV, o AR, BV, ED,
b AXD:, ..., AXD,, EXT,, ... EXU,,, A

_|

A vertex u of a CTL., proof-search tree is modal if rule AX, or EX is applied
at u.

3.2.25. PROPOSITION. Every infinite branch of a CTL., proof-search tree T con-
tains infinitely many modal vertices.

Proof. Let m = (un)n<w be an infinite branch of 7. For every n < w, let I, be the
hypersequent labelling u,,. For every sequent QW¥, we define:

(QU)” => {(¥) | ¥ € ¥ and ¢ is not an X-formula}.

Additionally, we let (I',)” = 3 {(Q\IJY | QY e F} for every n < w. By Defini-
tion 3.2.24(iv) and the fact that rules ALit and ELit are never applied degenerately

on T, it is straightforward to see that, if u, is not modal, then (I', 1)~ < ([',)".
Therefore, m must pass through infinitely many modal vertices.

Observe that Definition 3.2.24 describes a deterministic algorithm for building
a proof-search tree for ¢ guided by ¢, in the sense that the rule applied at a vertex
u is uniquely determined by the label of u. Thus, we have:

3.2.26. PROPOSITION. Let T and T’ be CTLY, proof-search trees for ¢ guided by
4. For any vertices u € T and v € T', if uw and v have identical labels, then the
labelled cones [u, =) and [v, =) are isomorphic.

3.2.27. COROLLARY. For every formula ¢ and every proof-search guide & for i,
there is exactly one CTLY, proof-search tree for ¢ guided by 4 up to isomorphism.
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Proof. Uniqueness follows from Proposition 3.2.26, and existence from the fact
that every I' € HSeq,, falls under one (and only one) of the cases described in
points (ii) and (v) of Definition 3.2.24. [ |

Our aim is to show that any proof-search tree for ¢ contains either a CTLL,
proof of ¢ or else a refutation of ¢, a subtree from which the satisfiability of ¢?
follows.

3.2.28. DEFINITION (CTL, refutation). A CTL:, refutation of a formula ¢ is a
subtree 77 of a CTL., proof-search tree 7T for ¢ satisfying:

(i) The root of 7 is the root of T.
(ii) Every leaf of 77 is a cul-de-sac of T.

(iii) If a vertex u € T" is labelled in 7 by the conclusion of an instance of a non-
axiomatic rule other than AX,, then u has exactly one immediate successor
in 7.

(iv) If a vertex u € T” is labelled in T by the conclusion of an instance of rule
AX,, then T’ contains every immediate successor of u in 7.

(v) On every infinite sequent trace 7 on an infinite path through 7

a) if 7 is of type A, then every infinite formula trace on 7 is of type U;
b) if 7 is of type E, then some infinite formula trace on 7 is of type U.

The term refutation, which we borrow from [102], is justified by the following
proposition, dual to the soundness and completeness result in [47]:

3.2.29. PROPOSITION ([47, Thm. 10]). A formula ¢ is valid if, and only if, there
is no CTLYL, refutation of .

To finish the proof of completeness we set up a game for two players whose
arena is a proof-search tree in which one of the players looks for a proof and the
other one for a refutation. Determinacy of the game, established by automata-
theoretic means, yields completeness of CTLY .

Fix a CTL., proof-search tree T = (T, <r,\r) for a formula ¢ guided by
9 = (<g,<p). Forevery [ € Leaf(T) and n < w, we let ®} := (I,n). Since all plays
of a Gale-Stewart game must be infinite, we extend T to a tree To, = (Th, <@, Ao)
with no finite branches by setting:

o Ty =TU{O} |l € Leaf(T) and n < w};
o <o=<rU{(l,®)) |1l € Leaf(T)}U{(@F, O™ | € Leaf(T) and n < w};
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o Ao = A U{(®},2) |1 € Leaf(T) and n < w}.

We let h : T, — T be given by setting h(u) = u for every u € T C T and

h(@}) =1 for every | € Leaf(T) and n < w. Clearly, h sends branches of T to

branches of 7. A branch 7 of Tg, is good (bad) if h(w) is good (respectively, bad).b
The proof-search game based on T is the Gale-Stewart game

Gr = (r, 11,11, T, f, 11, W, Wir),
where:

(i) r is the root of Tg;
(ii) Tz is the collection of all vertices of T, which are branching and non-modal;
(iti) Tt =T \ T1r;
(iv) f:To\ {r} — T is given by letting f(u) be the unique immediate prede-
cessor of u in T, for every u € Tp, \ {r};

(v) TI,, is the collection of all branches of T;
(vi) W7t is the collection of all good branches of 75;
(Vll) WII = Hw \ WI.

We refer to player I (player II) as Prov (respectively, Ref), to emphasise the
fact that player I (player II) is looking for a proof of ¢ (respectively, a refutation
thereof).

We define the ancestor function a : T, — T5 by letting a(u) be the unique
rooted path on 7; with last vertex u, for every u € T,. Note that every a(u) is a
partial play of Gr.

Let o be a Gr-strategy for any player. A vertex u € Ty, is o-visible if the partial
play a(u) is o-consistent.

As expected, winning strategies for Prov correspond to proofs:

3.2.30. PROPOSITION. There exists a winning Gr-strategy for Prov if, and only
if, T contains a subtree which is a CTLL, proof of .

Proof. For the left-to-right direction, let o : T — T, be a winning Gy-strategy
for Prov. Let 77 be the result after removing from 7, all vertices which are either
not o-visible, or of the form ®} for some [ € Leaf(7) and n < w. We claim that
T"is a CTL., proof of .

Clearly, the root of T, which is also that of T, is o-visible, so 7 and 7" have
the same root. And if a vertex u € Ty is o-visible, then so is any v € a(u). This
shows that 7" is a subtree of T.

6Recall (see Section 1.1) that we write h(m) for (h(7(n)))n<w-
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Let u € T, be a o-visible vertex. If u is not branching, then the unique
immediate successor of u is also o-visible. If w is branching and non-modal, then
the two immediate successors of u are both o-visible because u € T1r. Finally, if u
is branching and modal, then u € Tt and there is exactly one immediate successor
of u which is o-visible, namely, o(u). This establishes that 7" is a CTLZ, derivation
of .

Let | € Leaf(77), and let 7 == a(l)” (O] )n<w- As [ is o-visible, 7 € T, is a
o-consistent play of Gy, so m € W; because o is winning. Hence, h[r] is a good
finite branch of T and thus [ is axiomatic.

Finally, let 7 = (u;,)n<. be an infinite branch of 7'. Since every u,, is o-visible,
7 is a o-consistent play of Gr and thus 7 € Wi. Hence, h[r] is a good infinite
branch of 7. And no vertex on 7 is of the form ®f, whence m = h[r] is a good
branch of 7'. We have thus shown that 77 is a CTL. proof of .

For the converse direction, let 7’ be a subtree of 7 such that 77 is a CTLY,
proof of . Define o : Tt — T as follows, for every uw € T1. If u is not branching,
let o(u) be the unique immediate successor of u in 7. Suppose that u is branching.
Then, u is modal because u € T1. If u € T7, we let o(u) be the unique immediate
successor of u in 7', and otherwise we let o(u) be any immediate successor of u.
Clearly, o is a Gr-strategy for Prov. We claim that o is winning.

Let m = (un)n<w € IL, be a o-consistent play of Gr. By induction on n < w,
we show that h(u,) € T’ for every n < w, whence it follows that h[n] is a good
branch of 7 and thus m € W;. The base case n = 0 is clear because ug is the
root of T and T, thus also the root of 77. For the inductive case, assume that
h(u,) € T'. If h(upi1) = h(u,) we are done, so suppose otherwise. Then, u, is a
non-final vertex of 7~ and thus h(u,) = u, and h(up41) = w,p1. In particular, w,
is not axiomatic by Definition 3.2.24(ii), so u,, is also non-final in 77. If w, is not
branching in 7, then wu,; is the unique immediate successor of u,, in 7 and thus
U1 € T because u, is non-final in 7'. Suppose now that u,, is branching in 7.
If w, is non-modal, then w,. is one of the two immediate successors of u, in T
and we have u,, € 7’ because 7" is a CTL., derivation and w,, is non-final in 7.
Finally, if u,, is modal the o-consistency of 7 yields u,.1 = o(u,) € T’ and we are
done. [ |

A similar argument shows that that winning strategies for Ref correspond to
refutations:

3.2.31. PROPOSITION. There exists a winning Gr-strategy for Ref if, and only if,
T contains a subtree which is a CTLL, refutation of ¢.

By Proposition 3.2.26, if u,v € T are labelled by the same hypersequent, then
for every immediate successor u’ of u there exists an immediate successor v" of v
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such that v/ and v' have identical labels and, moreover, >* = >% and % = .
Hence, for hypersequents I', I € HSeq, we write I’ < T if there are u,v € T
labelled by T' and I", respectively, and such that v <% v. In this case, we let
>E =Y and B} = Y.

We endow II,, with the topology O generated by taking as a base the collection
{B, |peTs¥}, where B, == {m € II,, | p C 7}. It is easy to see that (I, ) is a
subspace of (T, T¢), where Tr is the prefix topology on TY.

Our aim is to show that W; is Borel in (I1,, O), for then determinacy of Gr
follows. We do so by building a non-deterministic Biichi automaton (NBA) A
which recognises the good branches of 7. Observe that 4 cannot take as inputs
w-sequences of vertices of 75, because automata require a finite alphabet.” We
overcome this difficulty by building A over the alphabet of hypersequents occurring
in T5. Informally, G7 and A will not speak the same language: the game G sees
the vertices of 75, while the automaton A will only have access to their labels.
Topology will bridge this gap by means of a continuous map induced by A .

Let Ao, C HSeq,, be the collection of hypersequents labelling vertices of 7. We
let O’ be the prefix topology on AY. We shall later see that the labelling map Aq
induces a continuous map from (Il,, O) to (AZ,O’), and that W7 is the preimage
of a A set under said map.

Let ¥ = {(I,QV) € A x Seq,, | Q¥ € I'}. Note that X is finite. Finally, let
Qo = {(I', Q¥, ) € A x Seq, x Clos(¢) | (I',Q¥) € ¥ and ¢ € U},

For all (I, QU, ), (I", Q¥ ¢) € Qo, we write (I',Q¥, ) ~ (I, QW' ¢') if
the following hold:

(i) <3 I";
(i) Q¥ >F Qs
(iii) QU, ¢ >N QU ¢
We define an automaton skeleton Sy = (Q, %, A) as follows. We let Q =

Qo W {¢*}, where ¢* is a fresh symbol. And, for all ¢,¢' € @ and o € X, we let
(¢,0,¢") € Aif, and only if, one of the following holds:

() ¢=¢" 0= ({Ale}} Alp}), and ¢ = ({A{e}} Ale, »);
(i) ¢ #¢" # ¢, 0=(¢(0),¢(1)), and g~ ¢'.
Note that no transition leads to ¢*, and that (¢, 0, q¢’) € A implies o0 = (¢'(0), ¢'(1)).

We say that (I'))n<, € AY is branch-like if there is an infinite branch 7 =
(tn)n<w of T such that Ar(u,) = T, for every n < w. Similarly, given a word

"Natural generalisations of Biichi automata to countably infinite alphabets have been con-
sidered in the literature (e.g., [106]). However, it does not seem that we can use them without
assuming the topological result that we seek to derive.
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w= (T, QuVp))new € X¥, we say that w is branch-like if (I';)n<, is branch-like
and (QnV,))n<w is an infinite sequent trace on 7.

For every branch-like word w = ((I'y, Qu¥s))n<w € X¢, we fix an arbitrary
infinite branch 7, = (uy)n<w of T such that Ay(u,) = Gamma, for every n < w,
and let 7, = (Q,V,))n<w. Note that, by Proposition 3.2.26, in place of m, we
could chose any other infinite branch of 7 labelled by the same hypersequents as
Tw-

As expected, runs of S4 correspond to sequent and formula traces on infinite
branches of T

3.2.32. PROPOSITION. For every w € ¥¥, the following hold:

(i) if w is branch-like, then ¢*~ ((Ap(my(n)), Tw(n), p()))n<w s @ Tun of S
from ¢* on w, for every infinite formula trace p on Ty;

(ii) conversely, if there is a run ¢* (¢n)n<w of Sa from ¢* on w, then w is
branch-like and there exists an infinite formula trace p on T, such that
n = ()‘T(Trw(n))> Tw(n)> p(n)) fOT’ every n < w.

Proof. Fix a word w = ((I'y, QuV0))n<w € X¥. For (i), assume that w is branch-
like and let (¢,),<, be an infinite formula trace on 7,. For every n < w, let
0n = (Ar(mw(n)), 7w(n), ¥,). We are to show:

a) (¢*, (To, QuWo), q0) € A;
b) (¢, (Trg1, QuiaWni1), gur1) € A for every n < w.

As m,(0) is the root of T, we have I'y = A\p(m,(0)) = {A{¢}}, Qu¥o = 7,(0) =
A{p}, and ¢y = ¢, whence (a) holds. And for every n < w we have ¢, =
Ar(mw(n)), Tw(n), ) = (Lo, Qu¥y, ¥y), so, since m, is a branch, 7, a sequent
trace on my,, and (¢,)n<, a formula trace on 7, (b) follows.

For (ii), let ¢* 7 (¢n)n<w be a run of Sy from ¢* on w. Thus, every g, is of the
form g, = (', Q, ¥y, ¥,,) for some ¢, € ¥,,. By induction on n < w, we build an
infinite sequence (uy,)n<, of vertices of T such that the following hold for every
n < w:

a) Un <F Unt1;

b) Ar(un) =Ty;

¢) Qu¥n Byt Quia Wi

d) Qu¥n, ¥n Byt Qui1Wpgt, Yo
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Clearly, this suffices to establish (ii).

Let ug be the root of 7. Since the only transition leaving ¢* leads to gy =
{A{p}}, A{e}. @), we have Ty = {A{p}} = Ar(up). For the inductive case, as-
sume that u, has been defined. By construction of Sy we have I', <2 T',41,
Q.Y, DIE:“ Qni1V,y1, and Q, W, 7, '>1EZH Qni1V,i1,%ne1. Hence, by Proposi-
tion 3.2.26 there is an immediate successor v € T' of u,, labelled by I';,.; and such

that Qn\I’n DZ" Qn+1\pn+1 and anjnaq/}n ‘>Zn Qn+lan+17wn+l~ We let Up+1 = U
and are done. |

We now define several NBA’s with skeleton Sy:

(1) ’Ab = (Q 27 A, q*, Fb), WhCI"C Fb = Q;
(11) AAR = (Q7 Zv A7q*7 FAR)7 where

FAR = {(T,Q¥, %) € Qo | Q = A and ¢ is an R-formula};

(ili) Ag = (Q, %, A, ¢, FF), where FE = {(T,QU,9) € Qy | Q = E};
(iv) Ay = (Q,%, A, ¢, FY), where FY := {(T',QV,v) € Qo | ¥ is a U-formula}.

The following propositions ensure that these automata behave as expected.

3.2.33. PROPOSITION. For every w € ¥¢, we have w € L (Ay) if, and only if, w
is branch-like.

Proof. As no transition in A leads to ¢*, we have w € Z(A) if, and only if,
there is a run of 4, on w. So, since the runs of A, are exactly the runs of S 4, the
claim follows immediately from Proposition 3.2.32 and the fact that every infinite
sequent trace contains at least one infinite formula trace, by Kénig’s lemma. B

3.2.34. PROPOSITION. For every w € X%, we have w € Z(Aar) if, and only if,
w is branch-like, T, is of type A, and there is an infinite formula trace of type R
on Ty

Proof. Let w = ((T'n, Qu¥,))n<w. For the left-to-right direction, assume that
w € ZL(Aar) and let ¢* 7 (¢n)ncw be an accepting run of Aar on w, say with
n = (Tny Qu¥n,vy,) for every n < w. By construction, ¢* (¢ )n<w is also an
accepting run of A, on w, so by Propositions 3.2.32 and 3.2.33 w is branch-like and
p = ({¥n)n<w is an infinite formula trace on 7,. By Propositions 3.2.9 and 3.2.10,
there is an N < w such that Q11 = Q; and v; € {a, Xa} for every i > N, where
a € Clos(p) is an O-formula for some O € {U,R}. As there are infinitely many
i > N for which ¢; € FAR, the traces 7, and p are of type A and R, respectively.
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Conversely, assume that w is branch-like, that 7, is of type A, and that there
is an infinite formula trace p on 7, of type R. By Proposition 3.2.32, ¢* (¢n)n<w,
where ¢, = (Ar(mw(n)), Tw(n), p(n)), is a run of S4 from ¢* on w. Since 7, and
p are of type A and R, respectively, by Propositions 3.2.9 and 3.2.10 there is an
N < w such that for infinitely many i > N we have that 7,,(n) is an A-sequent and
p(n) is an R-formula. Therefore, ¢*7 (gn)n< is an accepting run of Axg on w. MW

3.2.35. PROPOSITION. For every w € X, we have w € L (Ag) if, and only if, w
is branch-like and T, is of type E.

Proof. Let w = ((T'n, Qu¥n))n<w. For the left-to-right direction, assume that
w € L (Ag) and let ¢* (¢n)n<w be an accepting run of Ag on w, say with ¢, =
(Th, QuV,, 1y,) for every n < w. By construction, ¢* ™ (¢, )n<w 18 also an accepting
run of A4, on w, so by Proposition 3.2.33 w is branch-like. By Proposition 3.2.10,
there is an N < w such that Q;;; = Q; for every ¢ > N. As there are infinitely
many i > N for which ¢; € FE, the trace 7, is of type E.

Conversely, assume that w is branch-like and that 7, is of type E. Let p be
an infinite formula trace on 7, given by Kénig’s lemma. By Proposition 3.2.32,
O (gn)n<w, where ¢, = (Ar(mw(n)), 7w(n), p(n)), is a run of S, from ¢* on w.
Since 7, is of type E, by Proposition 3.2.10 there is an N < w such that 7,(n) is
an E-sequent for infinitely many i > N. Therefore, ¢* ™ (¢ )n<w 1S an accepting run
of Ag on w. [ |

3.2.36. PROPOSITION. For every w € 3%, we have w € £ (Ay) if, and only if, w
is branch-like and there is an infinite formula trace on T, of type U.

Proof. Let w = ((T'n, Qu¥n))n<w. For the left-to-right direction, assume that
w € ZL(Ay) and let ¢* 7 (¢n)n<w be an accepting run of Ay on w, say with ¢, =
(T, QuV,, 1y,) for every n < w. By construction, ¢* ™ (¢, )n<w 18 also an accepting
run of A, on w, so by Propositions 3.2.32 and 3.2.33 w is branch-like and p =
(¥n)n<w is an infinite formula trace on 7,,. By Proposition 3.2.9, there is an N < w
such that ¢; € {a,Xa} for every i > N, where o € Clos(¢p) is an O-formula for
some O € {U,R}. As there are infinitely many i > N for which ¢; € FY, the trace
p is of type U.

Conversely, assume that w is branch-like and that there is an infinite for-
mula trace p on 7, of type U. By Proposition 3.2.32, ¢*7(¢n)n<w, where ¢, =
(Ar(mw(n)), 7w(n), p(n)), is a run of Sy from ¢* on w. Since p is of type U, by
Proposition 3.2.9 there is an N < w such that p(n) is a U-formula for infinitely
many i > N. Therefore, ¢*(g,)n<w is an accepting run of A4y on w. |
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Let & = Z(A) N [ZL(Anr) U (L (Ae) N ZL(Ay)°)], where Z(Ay)" = 2\
Z(Ay). By Theorem 1.6.3, there exists an NBA A, = (Qg, ¥, Ay, g;, Fy) such that
Z(A,) = Z. The automaton A, recognises the w-words over ¥ corresponding to
infinite branches and good sequent traces:

3.2.37. PROPOSITION. For every w € ¥, we have w € Z(Ay) if, and only if, w
is branch-like and T, is a good trace on m,.

Proof. Assume that w € Z(A,). Then, w is branch-like by Proposition 3.2.33.
Suppose first that w € .Z(Aar). Then, 7, is a good sequent trace of type A by Pro-
position 3.2.34. Suppose now that w € Z(Ag) N Z(Ay)°. By Proposition 3.2.35,
Tw 18 of type E. If 7, were bad, then there would be an infinite formula trace of
type U on 7, and thus w € Z(Ay) by Proposition 3.2.36, contradiction.
Conversely assume that w is branch-like and that 7, is good. By Proposi-
tion 3.2.33, w € Z(Ap). Suppose first that 7, is of type A. Then, there is an
infinite formula trace on 7, of type R, so w € Z(Aar) by Proposition 3.2.34 and
thus w € Z(A,). Suppose now that 7, is of type E. Then, w € Z(Ag) by
Proposition 3.2.35. Towards a contradiction, suppose that w ¢ Z(Ay)°, that is,
w € Z(Ay). Then, by Proposition 3.2.36 there is an infinite formula trace on 7,
of type U, contradicting the fact that 7, is good. Hence, w € Z(Ay)" and thus
we ZL(A). [ ]

Observe that, while good A-traces are easy to recognise, those of type E require
(or at least seem to) complementing a Biichi automaton.

To show that W7t is Borel in (II,, ©) we build one last automaton, which can
be informally described as the ‘projection’ of A, onto Ag.

Let A == (Qg, Ao, A%, g}, Fy), where for all ¢,¢' € Q, and T' € Ay we let
(q,T,q¢') € AAif, and only if, there exists a Q¥ € T such that (¢, (I, Q¥),¢') € A,.

3.2.38. PROPOSITION. For every w = (I'y)new € AY, we have w € L (A) if, and
only if, there ezists a (QnWp)n<w € Seqg, such that (T, Qu¥p)new € Z(A,y).

Proof. For the left-to-right direction, assume that w € £ (A) and let (g,)n<., be
an accepting run of A on w. By construction of A, for every n < w there is a
Q. ¥, €T, such that (g, (F'n, Qu¥n), ¢nt1) € Ay Hence, (gn)n<w is an accepting
run of A, on ((I'y, Q,V0))n<w-

Conversely, assume that there exists a (Q,V,)n<, € Seq such that w' =
(T, Qu¥n)new € Z(Ay). Let (g)n<w be an accepting run of A, on w'. Then, for
every n < w we have (¢,, [, gny1) € A%, whence (g, )n<, is an accepting run of A
on w. |

As an immediate consequence of Propositions 3.2.37 and 3.2.38, we have:
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3.2.39. COROLLARY. For every w = (I'y)ncw € AY, we have w € L(A) if, and
only if, w is branch-like and 7, is a good branch of T .

We abuse notation and extend the map Ao to Ag : II, — AY by setting
Ao ((Un)n<w) = (Ao (tn))n<w for every (un)n<w € .

3.2.40. PROPOSITION. The map Ao : (I, O) — (A, ') is continuous.

Proof. Recall that O is generated by the base {B, | p € T5“}, where each
B, ={mell,|pEr} Let {B]|qe€ A5}, with B} := {s € A% | ¢ C s}, be a
base for O'.

Let B, € O’ be basic open, p € AF”. If p is the empty sequence, then
Ao'B)) = I, € O. Assume then that p is non-empty, say p = (Io,..., %)
for some 'y, ..., 'y € Ap and k < w. Let P be the (finite, possibly empty) collec-
tion of all rooted paths (ug,...,ux) on Tg of length & + 1 such that \g(u;) = T
for all i < k. Note that P C T5“. We claim that A\;'[B)] = U{B, | ¢ € P}.

Let m € )\51[31’)], say ™ = (Un)n<w- Let A, be the label of v, for each n < w.
Then,

(Fo,...,Fk) =pLC A@(ﬂ') = (AO,A1>-~~)7

whence A; = T; for every ¢ < k and thus (7(0),...,7(k)) € P, from which
m e U{B, | q € P} follows.

Conversely, let 7 € U{B, | ¢ € P}, and let ¢ € P be such that ¢ C =, say
q = (ug,...,u;). We then have

p= (F0> .. ’Fk) = )‘G(q) C A@(”)?

0 A\o(m) € B, and we are done.
Therefore, \J'[B;] € O for every basic open set B), € O', which establishes the
continuity of Ag. |

We are finally ready to show that Wi is Borel:
3.2.41. PROPOSITION. The set Wt is AY in (11, O).
Proof. Let
X =|J{B, | p € T5* and p(n) = for some axiomatic | € Leaf(T) and n < w}.

As a union of basic open sets, X is open in (II,,, O).

By Propositions 1.4.1 and 3.2.40 and Theorem 1.6.4, it suffices to show that
W =\HZ (AU X.

Let m € Wr. Suppose first that h(7) is finite. Then, h(r) is a finite branch of
T ending at an axiomatic leaf [, whence 7 also passes through [ and thus 7 € X.
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Suppose now that h(7) is infinite. Then, 7 = h(r) is an infinite good branch of 7.
Let 7 be an infinite good sequent trace on 7, and let w = ((Ax(7(n)), 7(n)))n<w €
¥¥. We thus have that w is branch-like and 7,, = 7 is a good trace, so w € .Z(A,)
by Proposition 3.2.37. Hence, Ay () € £ (A) by Proposition 3.2.38.

Conversely, let 7 € II,, be such that 7 € A\J'[ZL(A)]UX. If 7 € X, then h(r)
is a good finite branch of 7~ and thus m € W;. Suppose now that 7 € A\J'[Z(A)],
ie., A\o(m) € Z(A). By Corollary 3.2.39, there exists a good infinite branch 7’ of
T such that Ap(7'(n)) = Aa(m(n)) = Ap(w(n)). Therefore, by Proposition 3.2.26
h(m) = 7 is also a good infinite branch of 7 and thus 7 € Wr. [ |

From Proposition 3.2.41 and Theorem 1.5.5, we get:
3.2.42. COROLLARY. The game Gy is determined.

3.2.43. COROLLARY. Let T be any CTLL, proof-search tree for a formula ¢. If ¢
is valid, then T contains a subtree which is a CTLYL proof of .

Proof. By Corollary 3.2.42, there exists a winning Gr-strategy for either Prov or
Ref. The latter contradicts the validity of ¢ by Propositions 3.2.29 and 3.2.31, so
Prov has a winning strategy and thus the claim follows from Proposition 3.2.30. B

3.2.44. CoROLLARY (Completeness of CTLY ). For any formula ¢, if CTL* = ¢,
then CTLL F .

Proof. Assume that CTL* |= ¢, and let 7 be a CTL), proof-search tree for ¢ (at
least one exists by Corollary 3.2.27). By Corollary 3.2.43, CTL. + . |

Putting Proposition 3.2.23 and Corollary 3.2.44 together yields:

3.2.45. THEOREM. A CTL* formula ¢ is valid if, and only if, there is a CTL.,
proof of .

3.3 Regular ill-founded proofs

Before introducing the cyclic version of CTL., we consider regular ill-founded
proofs, which will assist us in proving that the cyclic system is sound.

Although CTL., proof-search trees are in general infinite, they only contain
finitely many pairwise different hypersequents. Moreover, by construction they
are deterministic, in the sense that the rule applied at a vertex is completely
determined by the hypersequent labelling the vertex (recall Proposition 3.2.26). It
stands to reason, then, that proofs obtained via CTL., proof-search should admit
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at least a partially finitary presentation. We now formalise this idea. The question
of whether the correctness condition imposed on infinite branches of CTLY, proofs
can also be finitised will be left open for reasons discussed in Section 3.4 below.

Recall (see Section 1.1) that a labelled tree is regular if it only contains finitely
many (labelled) cones up to isomorphism.

3.3.1. DEFINITION (Deterministic CTLY derivation). A CTLY derivation T is de-
terministic if any vertices u,v € T labelled by the same hypersequent are also
labelled by the same instance of the same CTLY, rule. =

Our proof-search procedure yields proofs which are both deterministic and
regular:

3.3.2. PROPOSITION. For every valid formula ¢, there exists a CTLL, proof of ¢
which is reqular and deterministic.

Proof. Let <, be any proof-search guide for ¢, and let 7 be a proof-search tree
for ¢ guided by <, (at least one exists by Corollary 3.2.27). Since ¢ is valid, by
Corollary 3.2.43 there is a subtree 7’ of T such that 7" is a CTL, proof of ¢.
By Proposition 3.2.26, for any two vertices u,v € T” labelled by the same hyper-
sequent, the labelled cones [u, —)7 and [v,—)7 are isomorphic. In particular,
T’ is deterministic. Only finitely many pairwise different hypersequents occur in
T’, whence T’ contains only finitely many labelled cones up to isomorphism and
is thus regular. [ |

Infinite regular proofs may be folded down into (finite) trees with back-edges.

To make this formal we introduce the system CTL;,, as a partially finitary version

of CTLY,, in the sense that CTL,,, derivations are finite objects but the correctness

condition imposed on proofs remains infinitary.

3.3.3. DEFINITION (CTLy,, derivation). A CTL,,, derivation of a formula ¢ is a
labelled tree with back-edges T built according to the rules in Figures 3.1 to 3.3

and such that:
(i) the root of T has label Ay;

(ii) for every repeat | € Rep; there exists a modal vertex in [¢;, 1) 4

3.3.4. OBSERVATION. Trees with back-edges are by definition finite (recall Defin-

ition 1.2.1), so every CTLy, derivation is a finite object.

3.3.5. DEFINITION (CTLy, proof). A CTL;, proof of a formula ¢ is a CTL},, de-

rivation T of ¢ such that every non-repeat leaf of 7 is axiomatic and on every
infinite path through 7° there is a good sequent trace. -
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3.3.6. REMARK. By Observation 3.2.13, the second condition in Definition 3.3.5
is equivalent to requiring that any infinite rooted path on 7° contain a good trace.

Soundness and completeness of CTL,,, are both immediate consequences of our
work on CTLL:

3.3.7. PROPOSITION (Soundness of CTL;.,). For every formula o, if CTL, - ¢,
then CTL" |= .

Proof. Let T be a CTLy, proof of p. We claim that 7 is a CTLZ, proof of ¢.
Note that 7% is labelled in accordance with the rules of CTLY because, since every
repeat [ € Reps is labelled by a non-empty hypersequent H;, we may apply eW
externally preservingly to H; to obtain H; again, which also labels ¢;.

For every leaf [ € T% there is a non-repeat leaf I’ € T" such that [ and I’ have
identical labels, so [ is axiomatic.

Let m = (Un)n<w be an infinite branch of 7*. Then, there is an infinite path
7' = (u),)n<w through 7° such that, for every n < w, u,, and u}, are labelled by the
same instance of the same CTL rule. By Definition 3.3.3(ii) and Proposition 1.2.3,
7 encounters infinitely many modal vertices. And, by Definition 3.3.5, there is a
good sequent trace on 7. Therefore, 7¢ is a CTLY, proof of ¢ and thus CTL* = ¢
by Proposition 3.2.23. |

3.3.8. REMARK. In the proof of Proposition 3.3.7 we relied on the contraction
implicitly built into the rules of CTL), in order to show that 7 itself is a CTL,
derivation. This is clearly unnecessary because we could instead identify each re-
peat and its companion, but it simplifies the argument by allowing us to work
directly with 7%

3.3.9. LEMMA. Let T be a deterministic CTL:, derivation. For all vertices u,v €
T such that uw <7 v, if u and v are labelled by the same hypersequent, then there
is a modal vertex in [u,v)r.

Proof. Suppose otherwise. By determinism, the labelled cones [u, —)7 and [v, =) 7
are isomorphic. Since u <y v and, by assumption, there is no modal vertex in
[u,v)7, there exists an infinite branch in 7 which contains only finitely many
modal vertices, contradicting the fact that 7 is a CTL., derivation. |

3.3.10. PrROPOSITION (Completeness of CTL,.,). For any formula ¢, if CTL" |=
o, then CTL ., F .

reg
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Proof. Let T be a regular deterministic CTL_ proof of ¢ given by Proposition 3.3.2.

On any infinite branch of 7 there are infinitely many vertices v such that there
is a u <7 v labelled by the same hypersequent (and thus, since T is deterministic,
also by the same instance of the same CTL) rule). Let then 7, be the result after
pruning each infinite branch of 7 at the encounter of the first such vertex on the
branch (and keeping said vertex as a repeat in 7;). We claim that 7, is a CTL,,,
proof of .

By Lemma 3.3.9, for every repeat [ € Reps there exists a modal vertex in
[c1,1)7,. This establishes that 7, is a CTLy,, derivation (of ¢).

Clearly, every non-repeat leaf of 7, is axiomatic, for it is also a leaf of 7. Let
T = (Un)n<w be an infinite path through 7.° such that ug is the root of 7. To
see that 7 contains a good trace it suffices to find an infinite branch 7" = (u],),<w
of T such that u, and wu], are labelled by the same instance of the same CTL,
rule, for every n < w. We do so by induction on n < w. Let uj, be the root of
T, which has the same label as ug. For the inductive case, suppose that u] has
been defined. Since any two vertices in T labelled by the same hypersequent are
labelled by the same instance of the same CTL), rule, the inductive hypothesis
yields an immediate successor v of u, in T labelled by the same hypersequent as
Up4+1 and such that >yt =>4, and Byt = >, . We then let uj, ; = v and are
done. By Remark 3.3.6, 7, is a CTLY,_ proof of ¢. [ |

reg
Putting Propositions 3.3.7 and 3.3.10 together, we get:
3.3.11. THEOREM. For any formula ¢, CTLY, F ¢ if, and only if, CTL* = .

reg

3.4 The cyclic system CTL}

We now introduce a cyclic version of the system CTL., which is ‘less infinitary’
than CTL;,, but still not finitary. Formulas are enriched with annotations similar
to the ones introduced by Jungteerapanich [76] and Stirling [144] for the modal
p-calculus. This allows us to keep track of fixpoint unfoldings and (under certain
conditions) detect good cycles. The annotations we utilise, however, are consider-
ably simpler: annotations of length < 1 suffice for our purposes, and only on O-
and XO-formulas (so they never permeate down to other subformulas).

Our cyclic system differs from, and corrects, the one in [6]. It is there claimed
that the aforementioned annotations yield a finitary calculus. But the complete-
ness proof for the cyclic system in [6] misses a potentially intractable problem
caused by purely existential infinite branches (i.e., those containing no good A-
trace): after the annotating procedure performed in the completeness proof, purely
existential branches may end up unannotated. Due to its universal form, the cor-
rectness condition on these branches does not seem to be finitisable by means of
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the simple annotations used in [6] and below. Indeed, one needs to detect the
absence of certain infinite traces rather than the presence thereof. This is one the
‘complications’ referred to in Remark 3.2.3 (recall also Remark 3.2.15). It may
be possible to devise more complex annotations capable of detecting the absence
of traces, for example by employing automata-theoretic tools (see Section 3.6).8
We do not explore this line of research here and instead decide not to annotate
any formula under the existential quantifier and rely on an infinitary correctness
condition in the absence of good A-traces. We then isolate a universality finitary
condition that suffices to ensure that a cyclic derivation in our calculus is a proof.

Additionally, we use an ‘external thinning’ rule which differs from the one in [6]
and merges formula traces more ‘gently’. See Remarks 3.4.6 and 3.4.9 below.

We begin by fixing a countably infinite collection N = {x,y, z,... } of names.
An annotation is either the empty string € or a single name. Annotations are
denoted by a,b, ... We identify a non-empty annotation with the unique name it
contains.

An annotated (CTL*) formula is a pair (¢, a), henceforth written %, where ¢
is a CTL" formula and a is an annotation. We identify each unannotated formula
o with the formula ¢° annotated by the empty annotation. A name z occurs in a
set of annotated formulas @ if there is a formula ¢ such that ¢* € ®.

An annotated (CTL") sequent is a pair (Q, @), henceforth written Q®, where
Q € {AE} and @ is a finite set of annotated formulas. A name z occurs in an
annotated sequent Q® if x occurs in .

An annotated (CTL) hypersequent is a pair (©, "), henceforth written © 4 I,
where I is a finite set of annotated sequents and © is a linear ordering of the names
occurring in I'. We call © the control of © 4 ". A name x occurs in a hypersequent
I if there is a sequent Q® € I' such that = occurs in Q.

The base of an annotated formula ¢® is b(p®) = . Analogously, the base of an
annotated sequent Q® is b(Q®P) == Q{b(¢) | ¢ € ®}. We extend the base function
b to sets of sequents and hypersequents by setting b(T') := {b(Q®) | QP € I'} and
b(© 4T) :=b(I).

An annotated formula ¢ is well-annotated if either a = ¢, or else a € N and ¢
is an R- or an XR-formula.

Given a finite sequence of names ©, we define the strict linear order <g on
{e}U{z € N |z € ©} by letting a <g b if, and only if, either a # ¢ = b, or both
a and b are non-empty strings and the name in a occurs in © strictly before the
name in b.

The rules of the cyclic system CTL!, defined below, are given in Figures 3.5
to 3.7. In rules AX, EX, iW, eW, iThin, eThin and del, we denote by ©’ the result

8Recall that the construction of the Biichi automaton A, in Section 3.2.2 involved the com-
plement of the automaton Ay precisely to detect the absence of infinite U-traces.
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X O TQ.Qp.A T O Es.A
ALy O TADALA el OHERA  OHELA
O TALD, 1}, A It 6 HE{®, 0}, A
O 4 A{D,p, ¥}, A e O 4 E{®, 0}, E{®, ¥}, A
VO AA[®, oV U)LA VO HE[®, o VU], A
A O 4A{Q,p},A O 4A{D Y} A £ O 4E{®, 0, v}, A
A O 4A[® o AP A O HE[D,p AU, A
6 14 Ad, A{e}, A oy OTEQA  ©-A[}A
6 1A[D,AULA 6 1E{®, A}, A
0 - Ad, E{¢}, A e O1ERA O H4E{}A
6 4 A{D,E0}, A 6 4E{®,E0}, A
. o' 4 AD EV,,... EV,, ey O AEVL..EV,
6 1AX® US),EXV,, ... EXU,, % O JEXV,, .. EXV,,. >

FIGURE 3.5: Non-fixpoint, logical rules of the system CTL}.

after removing from © all names not occurring in the premise with control ©'.
In rule ARy, we define ©x as the concatenation Oz, if 2z ¢ O, and otherwise
Oz = ©O. In rule eThin, we define ¢; := min__{a;, b;} for every i < n.

3.4.1. DEFINITION (CTL} derivation). A CTL} derivation of a formula ¢ is a (fi-
nite) labelled tree with back-edges T built according to the rules in Figures 3.5
to 3.7 and such that:

(i) the root of T has label Ay;

(ii) for every repeat | € Reps there exists a vertex u € [¢, )7 such that rule AX
or EX is applied at . 4

Sequent and formula traces, as well as principal and active sequents and for-
mulas, follow the definition from the system CTL in the cases of the rules in
Figures 3.5 and 3.6 and rules iW and eW.
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U @A|A{(b7301a<;02}7A @4A{(I)74P2’X(901U902)}7A
6 _| A{(I)v 901U802}7 A

O AA{D, o}, A O AA{D, 1, X(p1Rpa)?}, A
0

AR
© 4 A{D, (p1Rp2)*}, A

O H A{<I>7 902}7 A Ox A{(I)v 9017X(<P1R992)I}7A

AR
' @ _| A{®*§01R502}*A

xreN\O

O H E{(I)a 902}7 E{(I)v P1, X(991U(,02)}, A

EU [CXsl E{¢7@1U¢2}7A

R e B E{q)7 P1, 992}7 E{¢/ Y2, X(‘Pl R@Z)}u A
O - E{(I)7 @1RQ02}7 A

FIGURE 3.6: Fixpoint rules of the system CTL}.

In rule ARy with a # @, the unique name in a is principal in the conclusion
and active in the premise corresponding to the unfolding. Analogously, in rule AR,
the name z is principal in the conclusion and active in the premise corresponding
to the unfolding.

In the internal thinning rule iThin, the name z is principal in the conclusion
and active in the premise, and if a # € then the unique name in a is principal in the
conclusion. In the external thinning rule eThin, the names in aq,...,a,,bo, ..., b,
are principal in the conclusion, and the ones in ¢y, .. ., ¢, are active in the premise.

In the deletion rule del, the name z is principal in the conclusion.

In the cases of iThin, eThin and del, principal and active sequents and formulas
are defined as expected: the distinguished sequents and formulas in the conclusion
are principal, the distinguished sequents and formulas in the premise are active,
every sequent in A is a side sequent, and every formula in ® is a side formula.
Sequent and formula traces are also defined as expected for iThin and del, with
the (possible) exception that in iThin we let Q{®, ¢%, ¢}, ¢* > Q{®, p*}, p* and
in eThin we let:

o Q{pt’, - ont > Qe - it
< Qfel, el e Qe ik
o Q{pg", . epr kit B QU @i}, i, for all i < g
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) O 4AD, A 0'4A
W e TA@UD), A WHIT.A
' A[D, o / o
L eHA A O HAg) A
0 HA{D, ", v}, A 0 4A{D,¢"} A

O AA{pl, ..., e} A

eThin —|A{gog“,,..,@Z"L},A{gsg“,...,apfl"},A

FIGURE 3.7: Structural rules of the system CTL}.

o« Qel, et B QLA e e, for all i < n.

Observe, then, that even though the hypersequent © - A{®, v*}, A may be ob-
tained from © 4 A{®, ", ©*}, A via an application of either iW or iThin, in the
former case we have ® ¥ ¢® but in the latter p* > p®.

The merging of sequent and formula traces in the thinning rules, on which our
proofs of the soundness and completeness of CTL. rely, corresponds to the fact
that, if the annotations are dropped, then, for example, ¢ and ¢® in A{p", p*}
become the same formula and their traces merge. And analogously for eThin and
sequent traces.

For a comparison of our eThin rule and the one in [6], see Remark 3.4.6 below.

Internally and externally discarding and preserving instances of non-modal
rules of CTL} are defined as expected from the definitions given for CTLZ, rules.
We say that a CTL. derivation T is discarding if no rule is applied preservingly
(internally or externally) in 7.

An inspection of the rules of CTL. immediately yields:

3.4.2. LEMMA. Let T be a discarding CTL. derivation. For every name x and
every vertex uw € T, say with label © 4T, the following hold:

(i) x occurs in at most one A-sequent in T';

(ii) for every A-sequent A® € T there is at most one formula p® € ® with a = x.

3.4.3. REMARK. Our attention will mostly be restricted to discarding deriva-
tions. As shown in Lemma 3.4.2, the annotations occurring in them are very
well-behaved. It is not clear whether our work admits a non-discarding setting
(see Remark 3.4.9 below).
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When unfolding an unannotated R-formula ¢ under the universal quantifier,
we may mark the unfolding by annotating the active formula X (rule AR;), or we
may choose to leave X¢ unannotated (ARp). If annotated, subsequent unfoldings
may only be performed by rule AR, and thus the annotation is preserved unless
we remove it by applying thinning, weakening or deletion. This degree of freedom
corresponds to the fact that, in order to identify the CTL] derivations that should
count as proofs, we shall look for infinite R-traces, and thus it does not matter
when we begin to annotate R-unfoldings on a sequent trace as long as we do so
eventually.

A vertex u of a CTL derivation is modal if rule AX or EX is applied at u. And
u is thinning if rule iThin or eThin is applied at u.

A name z is fized on a path 7 through a CTL! derivation if z occurs in the
control of every hypersequent labelling a vertex in w. Similarly, x is fized on a
sequent (formula) trace if x occurs in each sequent (respectively, formula) on the
trace.

Let T be a CTL! derivation. A name z is eventually fized on an infinite path 7
through 7° (infinite sequent trace 7, infinite formula trace p) if there is a tail 7’ of
7 (respectively, a tail 7/ of 7, a tail p’ of p) such that z is fixed on 7’ (respectively,
7' ).

We are ready to identify the CTL? derivations that should count as proofs.

3.4.4. DEFINITION (CTL} proof). A CTL} proof of a formula ¢ is a CTL] deriva-
tion T of ¢ satisfying the following:

(i) T is discarding;
(ii) every non-repeat leaf of T is axiomatic;
(iii) for every infinite path 7 through 7°:
a) either there is a name eventually fixed on ;

b) or there is a good E-trace on 7.

_|

Observe that condition (iii) in Definition 3.4.4 is infinitary. The reader may
thus wonder whether CTL{ has any advantage over CTL;,. The answer is that
annotations are a first step towards full finitarity. We shall later see (Proposi-
tion 3.4.14) that they allow us to isolate finitary conditions that suffice to guarantee
that a derivation is a proof. Additionally, in Section 3.5 we shall use annotations
to find inductive invariants, thereby allowing a translation of certain cyclic proofs

into ordinary, acyclic ones.

3.4.5. EXAMPLE. Figure 3.8 depicts (the unique cycle in) the CTL] proof corres-
ponding to the CTLY, proof in Figure 3.4 of the formula (TUp) V (LRp). The
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(1) = AA{TUp, (LRp)"}
z = A{X(TUp), p,X(LRp)*}

AX

AX

A{TUp, LRp}
\/ BT
A{TUpV LRp}

FIGURE 3.8: A cycle in a CTL} proof of the valid formula (TUp)V (LRp), corresponding
to the ill-founded proof in Figure 3.4. The unique repeat and its companion are marked
with the symbol ‘t’. Dashed lines indicate the omission of some vertices.

infinite branch in the ill-founded proof corresponds to the cycle in the cyclic one.
It will become clear in Section 3.5 why we did not stop after applying ARy, even
though doing so would have resulted in a shorter proof.

3.4.6. REMARK. Our eThin rule differs from the one in [6]. Whereas we keep
the <g-least annotation for each principal formula, in [6] the active sequent in
an instance of eThin is always one of the two principal sequents® and the choice
is made by considering a single name only, thus allowing formula traces of the
form ¢* B> ¢¥ with x <g y. This is a potential source of problems when proving
completeness of the cyclic system by annotating ill-founded proofs (in particular,
in the proof of Lemma 3.4.21 below), for it might give rise to good A-traces on
which no name is eventually fixed.

The merging of formula traces in our rule avoids this problem by ensuring that
annotations never grow with respect to <g. It could not have been used in [6],
however, because it would have invalidated the multi-name version of Lemma 3.4.7
below, needed in [6] to accommodate annotations under the existential quantifier
of both R- and U-formulas.

We now turn to proving the soundness and completeness of CTL.. Essentially,
we do so by showing that ill-founded proofs can be seen as unravellings of cyclic
proofs.

9We shall consider such instances of (our version of) eThin in Section 3.5.
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3.4.1 Soundness of CTL

We prove soundness of CTL] by dropping the annotations from a given CTL proof
and showing that the resulting tree is a C'I'Lfeg proof. We first need some results
relating traces and names in CTL! derivations.

3.4.7. LEMMA. Let T be a CTL} derivation, and m = (u;)i<, a finite path through
T If a name x is fivzed on 7, then there is a sequent trace T on m such that x is
fized on T.

Proof. If n = 0 there is nothing to prove, so assume otherwise. Let ©; 4 T'; be the
label of u; for every ¢ < n. Since z is fixed on 7, there is a sequent Q® € I';, such
that z occurs in Q®. It suffices to find a sequent Q®’ € T',,_; such that x occurs
in QP’ and QP’ > Q®, for then repeating the same argument finitely many times
yields the desired trace 7.

Towards a contradiction, suppose that there is no such sequent Q®’ € T',_;.
In particular, then, rule eThin is not applied at u,_; with Q® active.

Let QW € T',,_; be such that Q¥ > Q®. Note that such a sequent Q¥ exists
by the definition of >. By assumption, x does not occur in Q'W. Then, z is
introduced in Q® from Q¥ by an application of rule AR; at u,_;, contradicting
the fact that z € ©,,_1. [ |

3.4.8. LEMMA. Let T be a discarding CTL. derivation, w a finite path through T,
and T a sequent trace on w. If a name x is fized on T, then there is a formula trace
on T on which x is fixed.

Proof. Let m = (u;)i<, and 7 = (Q;®;)i<n. If n = 0 there is nothing to prove, so
assume otherwise. Since x occurs in ®,,, there is some ¢* € ®,,. It suffices to find
a formula ¥* € ®,_; such that ¢¥* > ¢”, for then repeating the same argument
finitely many times yields the desired trace p. Towards a contradiction, suppose
that no such ¢* exists. Let ¥* € ®,,_; be such that ¥* > ¢”. Note that such a
formula 9 exists by the definition of >. By assumption, a # z, so a rule R among
ARy, iThin and eThin is applied at u,_; with ¥ principal and ¢" active.

The case R = AR contradicts the fact that x occurs in ®,,_;.

Suppose that R = iThin. Then, ®,,_; 3 ¢ > ¢”, contradicting our assumption.

Finally, suppose that R = eThin. Since T is discarding and z occurs in ®,,_1,
by Lemma 3.4.2 Q,,_1P,_; is the only sequent in the label of w,_; in which z
occurs, whence again ®,_; 3 ¢” B> ¢*, contradicting our assumption. |
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zy 4 A{(pPRg)", X(pRq)"}
zy 4 A{X(pRq), (PRq)?}, A{(pRq)*, X(pRq)"
xy =4 A{p, X(pRq), (pRq)"}, A{(pRq)”, X(pRq)

eThin

< |~

zy 4 A{pRq, (pRq)*, (pRq)"}
zy 4 A{X(pRq), X(pRq)”, X(pRg)"}
zy 4 A{p, X(pRq), X(pRq)*, X(pRg)"}
zy 4 A{p,pRq, X(pRq)*, X(pRq)"}
° 2y - A{p,pRq, (pR9)*, X(pRq)" }
x4 A{pRq, (pRq)"}
x4 A{X(pRq), X(pRq)*}
x4 A{p, X(pRq), X(pRq)*}

FIGURE 3.9: A non-discarding CTL} derivation showing that discardingness is a neces-
sary condition in Lemma 3.4.8. Dashed lines indicate the omission of some vertices. The
name y is fixed on the sequent trace A{X(pRq), (pRq)?} > A{(pRq)”,X(pRq)?} at the
top, yet there is no formula trace on the sequent trace on which y is fixed.

3.4.9. REMARK. Figure 3.9 depicts a non-discarding CTL} derivation showing
that the discardingness assumption in Lemma 3.4.8 cannot be dropped. Per-
sistence of names on a path does not seem to permeate all the way down to the
formula level in the presence of (explicit or implicit) contraction, regardless of the
rule used to merge sequents (eThin, in our case). This is overlooked in [6] and may
give rise to an intractable problem due to the use therein of names under existential
quantifiers, for which there does not seem to be an analogue of Lemma 3.4.2.

We now obtain, from Ko6nig’s lemma, infinitary versions of the two preceding
results.

3.4.10. LEMMA. Let T be a CTL. derivation, m an infinite path through T°, and
x € N any name. If there are infinitely many n < w for which there exists a
sequent trace on w<, on which x is fized, then there is an infinite sequent trace on
w on which x is fized.

Proof. For every sequent Q® in the label of 7(0) and every n < w, let S(Q®,n)
be the collection of all sequent traces on 7<,, starting from Q® and on which z is
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fixed. As the label of 7(0) is finite, by assumption there is a sequent Q® in the
label of 7(0) such that S(Q®,n) # @ for every n < w (note that every trace in
S(Q®P,n + 1) yields one in S(QP,n)). Let S = U,c, S(QP,n). Then, (S,C) is
a tree of height w each of whose levels is finite, so by Kénig’s lemma (S, ) has
an infinite branch, whence clearly there is an infinite sequent trace on 7 starting
from Q® and on which z is fixed. [ |

3.4.11. LEMMA. Let T be a discarding CTL derivation, © an infinite path through
T°, x € N any name, and 7 an infinite sequent trace on 7 such that x is fized on
7. Then, there is an infinite formula trace on T on which x is fived.

Proof. Let 7 = (Q;®;)i<w. By Lemma 3.4.2, there is a unique formula ¢ such
that ¢® € ®q. For every n < w, let F(n) be the collection of all formula traces
on 7<, on which z is fixed. By Lemma 3.4.8, F(n) # & for every n < w. Let
F = Upc, F(n). Then, (F,C) is a tree of height w each of whose levels is finite, so
by Kénig’s lemma (F, ) has an infinite branch, whence clearly there is an infinite
formula trace on 7 starting from ¢ and on which z is fixed. |

Soundness of CTL: now follows easily. Informally, given a CTL. proof 7 of a
formula ¢, we drop the annotations from 7 and show that the resulting tree with

back-edges is a CTLfeg proof of ¢. Applications of rules other than iThin, eThin and

del are preserved when dropping the annotations due to the implicit admissibility
of contraction. For example, an instance of rule AV from CTL? of the form

z 4 A{e”, o, B} Alp, a0V B}
x4 A{¢* aV B}, A{p,aV i}

becomes the following preserving instance of rule AV from CTL

Ao, o, B}, Alp,aV B}
Alp,a Vv p}

3.4.12. PROPOSITION (Soundness of CTL}). For every CTL" formula ¢, if there
is a CTL. proof of ¢, then @ is valid.

Av

* .
reg*

AV

Proof. Let T = (T, <r, A, — ¢;) be a CTL. proof of ¢. Let T, = (T, <r, \, | —
1) be given by setting A.(u) == b(Ap(u)) for every u € T'. That is to say, 7, results
from replacing every hypersequent H labelling a vertex of T by its base b(H). We
claim that 7, is a CTL},, proof of ¢.

reg

Let us first show that 7, is a CTLy, derivation of ¢. It suffices to see that

instances of CTL{ rules in 7 turn into instances of CTL;,, rules in 7,. Let u € T,

be a non-final vertex of 7,. Then, u is non-final in 7 as well. Let R be the CTL}
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rule applied at w in 7. If R is among ELit, EV, EA, EA, EE, EU, ER, AX, EX,
iW, eW, then R is applied at u in 7,.. Suppose now that R is among ALit, AV,
AN, AA, AE, AU, AR, AR;. Let QU and %% be the unique principal sequent and
formula, respectively, at u. If there is a side sequent Q¥ € Ar(u) such that
b(Q'¥') = b(QV) or a side formula x* € W such that b(x’) = b(1)*), then R
is applied preservingly at u in 7,.. Otherwise, R is applied discardingly at u in
T.. Finally, instances of iThin, eThin and del in 7 become preserving instances of
weakening in 7. This establishes that 7, is a CTL},, derivation. And, since the
roots of 7 and 7, have identical labels, 7; is a CTL,, derivation of ¢.

Every leaf of 7, which is not a repeat is clearly axiomatic. And for every
repeat | € Rep;. there is a modal vertex in [¢;,1)7.. It only remains to see that on
every infinite path through 7,° there is a good sequent trace. Let m. = (up)n<w
be an infinite path on 7,°. Then, 7 = (uy)n<w = 7 is an infinite path on 7° By
Definition 3.4.4(iii), one of the following holds:

(i) either there is a name z eventually fixed on 7;

(ii) or there is a good E-trace on .

Formulas are never annotated in E-sequents, so if the latter is the case we are
done. Assume, then, the former. Let 7’ be a tail of m such that z is fixed on

7', By Lemma 3.4.10, there is a sequent trace 7" on 7’ such that x is fixed on

7. In particular, 7/ is an A-trace. By Lemma 3.4.11, there is a formula trace
p on 7' such that z is fixed on p’ (note that 7 is by definition discarding). In
particular, p’ is an R-trace. Let 7 = (Q, P, )n<w be a sequent trace on 7 such that
7' is a tail of 7. Similarly, let p be a formula trace on 7 such that p’ is a tail of
p = (¢ )n<w. Existence of 7 and p is immediate from the definitions of > and r>.
Then, 7, == (b(Q,®,))n<w is an A-trace on m, and p, == (b(¢%")),<. is an R-trace
on 7, whence 7, contains a good A-trace.

Therefore, 7, is a CTLy,, proof of ¢, so ¢ is valid by Proposition 3.3.7. |

Now that we have established the soundness of the system CTL?, let us, before
showing completeness, isolate a finitary correctness condition which suffices to
guarantee that a CTL} derivation is a proof.

3.4.13. DEFINITION (Universal CTL} derivation). A CTL} derivation T is univer-
sal if for every repeat | € Rep there is a name fixed on [¢;, ] 7. =

Every repeat [ in a universal CTL. derivation 7 has an associated invariant,
denoted by inv(l), defined as the shortest sequence of names wz such that wz is a
prefix of every control in [¢;, l]7. The existence of invariants follows immediately
from Definition 3.4.13 and the fact that, when reading CTL} rules bottom-up, new
names are always appended to the right end of the controls. The invariant map
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inv induces the following (reflexive) quasi-order < on the repeats of T: [ < [’ if|
and only if, inv(l) C inv(l').

Universality suffices as a replacement of the infinitary condition (iii) in Defin-
ition 3.4.4, as the next proposition shows.

3.4.14. PROPOSITION. Let T be a universal, discarding CTL. derivation such that
every non-repeat leaf of T is axiomatic. Then, T is a CTL. proof.

Proof. Tt suffices to show that for every infinite path 7 through 7° there is a name
which is eventually fixed on 7.

Let " = (u;)i<w be a tail of 7 such that each u; occurs infinitely often on 7
and ug € Repy. We may then write

= lo" [co, )7 [er, bo] 7™ -,

where each [; is a repeat with companion ¢;. Note that [; < [, for every i < w.
By Proposition 1.2.11, there is some k > 0 such that [, < [; for every ¢ < w. Let
inv(ly) = wz. By Proposition 1.2.12, wz is a prefix of each control on 7/, and thus

by Lemma 3.4.7 for every j < w there is a sequent trace on (ug, ..., u;) on which
x is fixed. Therefore, by Lemma 3.4.10 there exists an infinite sequent trace on 7’
on which z is fixed. u

Observe that all conditions imposed on 7 in Proposition 3.4.14 are finitary,
and that so are the requirements for being a CTL derivation. Therefore, Proposi-
tion 3.4.14 isolates a fully finitary fragment of CTL} (which is, clearly, incomplete).
In Section 3.5 we shall use annotations to find inductive invariants'® on universal
CTL; proofs.

3.4.2 Completeness of CTL]

We establish the completeness of CTL! by annotating CTLY, proofs obtained via
proof-search and folding them down to trees with back-edges.

For the remainder of this section, fix an arbitrary well-order <y on N, a valid
formula ¢, and a CTL., proof T of ¢ given by Corollaries 3.2.27 and 3.2.43.
In particular, 7 is a subtree of a CTL), proof-search tree for ¢, say guided by

g - (SS) SF)
Let I be a set of annotated formulas and n < w. A non-annotated formula o
is n-annotated in T' if there are pairwise different annotations ay, ..., a, such that

a® €T for every 1 < i < n. A non-annotated formula is twice-annotated in I' if it
is 2-annotated in I'.

10No relation to the invariants given by inv(-).
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Let QU and Q'Z be sequents. We say that QU and Q'Z are similar if the
multisets {1 | Yp* € ¥} and {€ | £* € =} are identical.

We begin by inductively building a (possibly infinite) tree 7~ according to the
rules of CTL?, together with a function f : T — T such that the following hold for
all u,v € T

(i) if u <Qf v and u is not thinning, then f(u) <% f(v);
.o . 0 - L = : — .

(i) if w <% v and w is thinning, then f(u) = f(v);

(iii) if f(u) <% f(v), then u <% v;

(iv) if u has label © 4 T', then f(u) is labelled by b(T").

For the base case, let the root of 7 be labelled by the same hypersequent as the
one labelling the root of 7, and map it via f to the root of 7. For the inductive
case, assume that a vertex u € T has been defined, say with label © 4 T, and that
f(u) is defined as well. We proceed as follows:

1. If T’ contains a sequent in which some formula is twice-annotated, then we
apply rule iThin at u with principal sequent Q® and principal formulas o®
and o’ where (Q®,a,a,b) is the (<5, <p, <o, <o)-least tuple such that
QP €T, a% a’ € ®, and a # b. We map the unique immediate successor of
uvia f to f(u).

2. Else, if I' contains two different, similar sequents, then we apply rule eThin
at u with principal sequents Qo®y and Q;®;, where (Qo®Po, Q:P;) is the
(<5, <g)-least pair such that Qu®y, Q1 P; € ', QP # Q1 P4, and b(QuPy) =
b(Q:®;). We map the unique immediate successor of u via f to f(u).

3. Otherwise, by the inductive hypothesis the base function b induces bijections
b:T — b(l') and bge : & — b(P) for every QP € I', and we distinguish
cases according to the rule R applied at f(u):

a) Case R = AR. Let A® € I" and a* € ® be (unique) such that b(A®)
and bag(a®) are the principal sequent and formula, respectively, at
f(u). If a = ¢, then we apply rule AR; at u with principal sequent A®,
principal formula «, and active name the <y-least name not occurring
in ©. Otherwise, we apply rule ARy at v with principal sequent A® and
principal formula a®.

b) In any other case we apply rule R at u with principal and active se-
quents and formulas the b~!-images of principal and active sequents
and formulas, respectively, at f(u).

In both cases (a) and (b), we map each immediate successor of u via f to
the corresponding immediate successor of f(u).
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Since the thinning rules are only applied in T to hypersequents containing pairs
of different similar sequents, and to sequents containing twice-annotated formulas,
the following is an immediate consequence of (i), (ii) and (iv):

3.4.15. LEMMA. For every finite or infinite branch ™ = (up)n<n<w Of T, there is
an N' < N and a strictly increasing sequence of natural numbers (n;)i<n: such
that m == (f(un,))i<n is a branch of T. Moreover, 7 is infinite if, and only if, so
s .

Abusing notation, for every infinite branch @ of 7 we denote by f(7) the corres-
ponding infinite branch 7 of 7 given by Lemma 3.4.15.

As a consequence of the definition of traces in the thinning rules, we addition-
ally have:

3.4.16. LEMMA. For every infinite branch & of T, every infinite sequent trace
T = (Qn®y)n<w on f(T), and every infinite formula trace p = (¢n)n<w on T, there
is a sequent trace T = (QL,¥p)n<w on T, a formula trace p = (V%) <, on 7, and
a strictly increasing sequence of natural numbers 0 = ng < ny < --- such that the
following hold for alli < w and n; <k < mnjyq:

(1) b(QuU)) = Qi®;;
(ii) Vi = .

Abusing notation, for every infinite branch 7 of 7, every infinite sequent trace 7
on f(7) and every infinite formula trace p on 7, we denote by f~1(7) and f~1(p)
the corresponding traces given by Lemma 3.4.16. Informally, f~1(7) and f~1(p)
are the traces that result from 7 and p after the addition of annotations (and
instances of the thinning rules) to 7 in the construction of 7.

3.4.17. OBSERVATION. Lemmas 3.4.15 and 3.4.16 provide a back-and-forth cor-
respondence between 7 and T to every infinite branch 7 of T there corresponds
an infinite branch f(7) of T, and then every trace on f(7) yields a corresponding
trace on 7.

By inspection of the rules of CTL; and the priority given to the thinning rules
in the construction of 7, we have:

3.4.18. LEMMA. Let © 4" be any hypersequent labelling a vertex in T. The
following hold:

(1) no formula is 3-annotated in I';

(ii) there is no triple of pairwise different, pairwise similar sequents in T'.
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3.4.19. PROPOSITION. Only finitely many pairwise different names occur in T .

Proof. Let n = |p|, and for every u € T let ©, 4T, be the label of u. We define
an equivalence relation ~, on the annotated sequents in I',, by setting Q® ~, Q¥
if, and only if, Q® and Q¥ are similar. The ~,-equivalence class of a sequent
is completely determined by its type and its underlying non-annotated multiset.
Therefore, by Lemma 3.4.18(i) there are at most 2 - 22" = 22"+ many different
~,-classes, and thus by (ii) of Lemma 3.4.18 the hypersequent T, contains at
most 2 - 2201 = 2272 many pairwise different (annotated) sequents. Again by
Lemma 3.4.18(i), each sequent in I, contains at most 2n-many pairwise different
annotated formulas. Therefore, any hypersequent labelling a vertex of T contains
no more than N = 2n - 2202 = p. 227%3 many pairwise different names. By the
choice of new names when applying AR; in 7T, it follows that the names occurring
in any hypersequent in T are all among the first N-many names with respect to
<N u

3.4.20. COROLLARY. Only finitely many pairwise different annotated hyperse-
quents occur in T .

A demotion is a formula trace of the form a” > o¥ with x # y. We say that x
is demoted to y. Observe that demotions are only due to thinning.

The following ensures that the management of the annotations on 7 detects
good A-traces.

3.4.21. LEMMA. Let 7 be an infinite branch of T. If there is a good A-trace T on
f(m), then some name is eventually fized on f=1(7).

Proof. Since 7 is a good A-trace, there is some infinite R-trace p on 7. Let
™= (ui)i<w7 7= f_l(T) = (Qiqji)i<u)7 and p, = f_l(p) = (1/in)i<w~ Since P is of
type R, there is an R-formula ¢ and some n < w such that ¢; € {¢, X¢)} for every
i >n.

Note that there are infinitely many 7 > n such that rule ARq or ARy is applied at
u; with principal formula ¢, and that by construction of T each such application
produces a formula of the form X¢¥, where y € N. The only way for y not to
remain fixed on p; is to encounter an instance of iThin or eThin which demotes
y to another name 3. So it suffices to show that p’ only passes through finitely
many demotions.

Suppose that n < ¢ < j are such that ¢ » ¢7}' and 1/1}” B> w;fll are
demotions and that p’ encounters no demotion in between those two. Let R; and
R; be the (thinning) rules applied at u; and u;, respectively. There are four possible
cases. However, the effect that iThin and eThin have on non-empty annotations is
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the same: either the name is unchanged (no demotion), or it is replaced by a name
occurring strictly earlier in the control (demotion). We thus show only the case
R; = R; = iThin; the other three have virtually identical proofs.

Assume, then, that R; = R; = iThin. Let a; =y, a;11 = a; =/, and a;41 = 3"
We then have:

O 4 A{ ), A
TerAa{e vl )

iThi

o' A{(I)i, Y} A

Y PR

As ¢ <g y, we have © = ay'byc. Analogously, ©” = a'y"V'y'c’ because y’ <eon 1.
By assumption, there is no demotion in between those two with principal formula
in o/, soy is fixed on (p'(i + 1),...,0/(j)) and thus |d| < |a'y"V| < |a| because
new names are always appended to the right end of controls (reading the rules
bottom-up).

Therefore, p’ encounters only finitely many demotions. |

Completeness of CTL} follows now easily.

3.4.22. PROPOSITION (Completeness of CTLY). For any formula o, if CTL" |= ¢,
then CTL, F ¢.

Proof. Let T be a CTLY, proof of ¢ given by Corollaries 3.2.27 and 3.2.43, and let
T and I T — T be given as described above.

Note that T is: discarding, by Definition 3.2.24; and regular and deterministic,
by (the proof of) Proposition 3.3.2. Therefore, by construction 7T is also discarding,
regular and deterministic.

Let 7 be any infinite branch of 7. By Proposition 3.2.25, Lemma 3.4.15,
and Corollary 3.4.20, there is a vertex v € m such that for some u <z v we have:

(i) u and v have identical labels;

(ii) there is a modal vertex in [u, v)z.

Let 7. be the resulting tree with back-edges after pruning each infinite branch of
T at the encounter of the first such vertex v on the branch (keeping v as a repeat
in 7;). We claim that 7, is a CTL} proof of .

By the choice of the pruning vertices, for every repeat | € Rep; there is a
modal vertex in [¢;,1)7.. This establishes that 7, is a CTL} derivation (of ¢).
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By Lemma 3.4.15, every non-repeat leaf of 7, is axiomatic.

Let now m = (uy,)n<y, be an infinite path through 7,° Since 7 is deterministic,
we can inductively build an infinite branch 7/ = (u/,),<, of T such that u, and
u,, are labelled by the same instance of the same CTL] rule, for every n < w.
Let u) be the root of 7, which has the same label as ug. For the inductive case,
suppose that u!, has been defined. Since any two vertices in T labelled by the
same hypersequent are labelled by the same instance of the same CTL? rule, the
inductive hypothesis yields an immediate successor v of u/, in T labelled by the
same hypersequent as w,11 and such that >yt = >, and Byt =y, . We
then let u},,, == v and are done.

Consider f(n'), which by Lemma 3.4.15 is an infinite branch of 7. Since T is
a CTLY proof, there is a good sequent trace 7 on f(7'). By Lemma 3.4.16, f~*(1)
is an infinite sequent trace on 7', whence by construction of " we conclude that
f7Y(7) is an infinite sequent trace on 7 as well. If 7 is of type E, then f~!(7) is a
good E-trace on 7. And if 7 is of type A, then by Lemma 3.4.21 there is a name
eventually fixed on f~1(7).

This establishes that 7, is indeed a CTL} proof (of ¢). |

Combining Propositions 3.4.12 and 3.4.22, we have:

3.4.23. THEOREM. A CTL" formula ¢ is valid if, and only if, there is a CTL]
proof of .

3.5 Cycle elimination

In this section we show how to turn the cycles of (some) universal CTL} proofs
into acyclic, inductive arguments.!! As explained in the introduction of the dis-
sertation, cyclic proofs replace non-invertible inductive rules with invertible ones
such as unfoldings of fixpoints. The reader may then wonder why anyone would
be interested in the removal of cycles. One potential application of cycle elimin-
ation, and the one driving this section, is assisting with proving completeness of
Hilbert-style calculi.

The problem of axiomatising CTL* remained open for several years until Rey-
nolds presented a sound and complete axiom system for it in [115]. The com-
pleteness proof is intricate and the system involves a rule with a considerably
complicated side condition. We shall not be able to obtain a better axiomatisation
here. Not only because we lack a ‘nice’, fully finitary cyclic calculus for the logic,

1T am thankful to Sebastian Enqvist for suggesting this line of research as a continuation of
the work in [6].
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but also because finding adequate induction rules for E-sequents seems to be quite
a difficult task.

We use annotations to find an inductive invariant within a cycle. A Park-
style induction rule then ‘packs’ the invariant, dualised, inside an R-formula. It
lays there until it is extracted at the repeat on the cycle, thereby turning the
repeat into an instance of the law of the excluded middle. Essentially the same
strategy is followed in [19] for LTL and CTL, and a similar one is found in [139],
where the authors introduce two inductive systems for the first-order p-calculus
and then define translations between them. The idea, in fact, traces back at least
to Kozen’s [81].

In the end, we arrive at a Hilbert-style system and compare it to a fragment
of Reynolds’s axiomatisation.

3.5.1 Inductive acyclic proofs

Here we present the acyclic, ordinary sequent calculus CTL;, into which we shall
later embed certain universal CTL. proofs. Its rules are given in Figures 3.10
to 3.12. The system is essentially CTL. but with an inductive rule ind in place
of the fixpoint unfolding rules AR, EU and ER. Note that we still need rule AU
to characterise aUf as the least pre-fixpoint of (the function represented by) 5V
[a A X(+)]. In addition, CTL} , contains an internal, formula-level cut rule for A-
sequents. Cuts can also be performed at the external level by means of rule L=},
which, when read bottom-up, introduces the sequent A (= AV @ = 1).

3.5.1. DEFINITION (CTL} 4 derivation). A CTL},, derivation of a formula ¢ is a
finite tree 7 built according to the rules in Figures 3.10 to 3.11 and such that the
root of T has label Ap. B

By CTL;,,~ we denote the cut-free system CTL], — cut.

3.5.2. DEFINITION (CTL} 4 proof). A CTL},, proof of a formula ¢ is a CTL} 4 de-
rivation of ¢ each of whose leaves is axiomatic. —

Soundness of CTL} 4 follows almost immediately from inspection of the rules.

We only need to made sure that rule ind is sound.'?

3.5.3. LEMMA. For every path o through a serial model and all formulas o, 8 and
v, if o = aRB and o W= v, then there is a k < w such that (o, k) ¥ v and either

(o, k) = B, or (o,k) = aVXy2.

12A rule is sound if its conclusion is valid whenever all premises are.
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ALit AD, Al A ELi EG,A EMNA
A{®. 0}, A "TTE[®, 0] A
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A A{®,a A B}, A "NE[D anB)A

FIGURE 3.10: Some of the rules of the system CTLj 4.

Proof. By induction on j < w, we show that if j is the least natural number such
that (o,j) ¥ 8 and (o,7) & a for every ¢ < j, then there is a k& < w such that
(0,k) £ v and either (o,k) £ B, or (0,k) = a vV Xy?. Note that such a least j
must exist because o £~ aRp.

The base case 7 = 0 is clear by the assumptions on ¢. For the inductive case,
assume that j > 0 and that the claim holds for every j' < j. By the minimality of
j, then, o |= 3,50 0 £ aand o [~ X(aRB). If o [~ Xy? we are done. Otherwise, we
have (o, 1) = aRf and (0, 1) £ v, so the claim follows by the inductive hypothesis
for j — 1 applied to (o, 1). [ |

3.5.4. COROLLARY. The rule ind of system CTL} 4 is sound.

Proof. Let o such that o & A{®, aR8}, A, and let 0 ~ o’ be such that o' }~
V@ VaRg. If o = B, then o A{@,ﬁ/\ [a\/X(\/q)\/Aﬁ)a}},A and we are
done. Otherwise, o’ £ a and o’ £ X(aRpB). If o’ £ X(V @ V A*)? we are done,

so assume otherwise. The claim then follows by applying Lemma 3.5.3 to (¢/,1)
with v := \V ® v Af, |

We have thus established:

3.5.5. PROPOSITION (Soundness of CTL; ). For any formula «, if CTLI4 F a,
then CTL" = a.

The following internal law of the excluded middle for CTL} , can be shown by
a straightforward structural induction on a:
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AAM EA EQ,A Ala}, A
A{®,Aa}, A E{®,Aa}, A
A A Ef0). A e EPA  Efa).A
A{D Ea}, A E{D Ea}, A
A® EV,,... EV,, EV,,... EU
AX — EX v T
A(X® UE),EXTy, ... EXT,,, % EXW,,... . EXV,, %
W oA r
WA U D), A WT A

FIGURE 3.11: More rules of the system CTLj 4.

3.5.6. LEMMA. For every formula «, finite set of formulas ®, and finite set of
sequents A, we have CTL} ;~ F A{@,a,aa}A.

Observe that when read bottom-up, the induction rule ind, in contrast to the
unfolding rule AR, does not preserve aRf in the premise under the scope of X. This
makes it inconvenient for the proof transformations involved in the elimination of
cycles. We shall thus utilise a stronger induction rule inds which turns out to be
admissible in CTL] ;. To see this, though, we first need to establish a few properties
of CTL; .

3.5.7. LEMMA. For every finite set of formulas ® and every finite set of sequents
A, we have CTL,™ F A{®, (VO V AF7}, AL

Proof. We start by repeatedly applying rule AA in order to break down the conjunc-
tion (\V ® vV Af)?) obtaining in the end all the sequents in {A{CI), <pa}, Algce <I>},
{A{e, (AV w2} A |AD € A}, and {A{®,(EAW)?}, A|EW € A} The ones in

the first collection are all provable in CTL},~ by Lemma 3.5.6. The rest can be
proved as follows:

PRE A DAV ED.A

vV
AR, A{V B} EW, A
A{cn (E/\\I/)"}, EW,A

PNE T B BV AD A
EA
A, E{A W7} AT, A
A{@, (AV ¥)?}, AT, A

In what follows, for brevity we shall simply indicate invocations of Lemma 3.5.6
by writing ‘LEM’ as a rule name.
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AL, BV [ AXUALA  A{®BA[aVX(VEY AL A
AU A{®,aUB}, A in A{®,aR5}, A
I AZ A{®,a}, A A{D,a%}, A
L= cut AD, A

FIGURE 3.12: The rest of the rules of the system CTLj 4.

3.5.8. PROPOSITION. The rule
A{(b7 ﬁ/7 (lR/j}’ A
A{®, (v Va)R(yV B} A

VR

is admissible in CTL} 4.

Proof. We simulate VR as follows. First, we cut against § := vV aRp:
A A{®,v,aRB} A
Y A{®,7 VaRB},. A
A{®,(vV a)R(yV §),6%}, A A{®,(vV a)R(yV B), 6}, A
A{®, (yVa)R(yV B)} A

At the right branch there is nothing to do. At the left branch we proceed as
follows:

iw

cut

#1

Al VB Ay Ve v X))+ 4

ind 5 PR
A{(vV a)R(vV 8),7°} A{(vV a)R(yV B),a?Up?}

A — A{(rVaRE VB4 A a?Up?}

AM®. (v V R(7 v §),4” A a?Up?)
A{®,(yVa)R(YV B).77 A a?UB?}, A

Continuation from #1:
LEM————  LEM P
A{~.8.4%} A7, 0, X(47)?, 47}
AV ) v No 0
An A{(vv B),7°} Ay Va v X(49)?,4%}
A{(vVB) Ay v a v X(?)?),4°}
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Continuation from #2:

#3 #4
A{w,ﬁ,a(’Uﬂi)} A{%mx(aauﬁa)a’aauﬁa}
A{’y\/ﬁ,aaUﬁa} Y A{(’yVoz) \/X(ozaUﬁa)a,aaUﬂa}

A
N A0V ALV ) VX(@PUF) a0

A{(rV a)R(y v 5),a?Up7}

ind

Continuation from #3:
LEM

Ay, 8,8, 0%} HE Ay, 8,87, X(a?UB%)}
A{% 5, aaUﬂa}

AU

Continuation from #4:
#5

A{'y, a, 55)7 a", X<QZ)U559)5)} A{'y, a, 507 X(a"UB(’)‘?, X(a"Uﬁ‘(’)}
A{% a, X(a"’Uﬁa)", a5Uﬁa}

LEM
AU

Continuation from #5:

L

=M A{aR/ﬁ, aaUﬁa}

AX
A7, a, 82, X(aU%)%, X(a?UB?) |

3.5.9. PROPOSITION. The strong induction rule

MO, BLA M, X[(E = a)RE = AL A

ind A{®,aRB}, A

where £ =\ ® V AF, is admissible in CTL -

Proof. We simulate inds as follows. First, we cut against ({ — «)R(§ — f):

#1

A{(€ A a®)U(E A %), aRB}
iW + eW - - #2
A{@, (€A a”)UEAB?),aRB], A A{®, (€ = @)R(E — B),aRB}, A

A{®, aRB}, A
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Continuation from #2:

_ A{@,6%), A

iw A{<I>7§a7ﬁ,aRﬂ},A AV LW A{@,f"’}A
AV A(®,€ = B,aRB), A A{®.€ = a.X[¢” A (aRB)7], aR3}, A
ind

A{®, (§ = a)R(§ — B),aRB}, A

By Lemma 3.5.7, CTL:, ™ A{@,ga},A.
Continuation from #1, where v := (£ A a?)U(£ A 39):

AV +AQ A{A?j ;}A EM o 1 9]
 Afeass) A Al
A{§ Ao €N B, /5} A{g A B2, X, ,e} 43
AU AL, 5} A7 0, %07}
ind + AA ALy oRG}

Note that we reach A{f A 9, /3} twice, so we omit one of the derivations.
Continuation from #3:

LEM ————
#4 AX Alr ")
A{EAa? €N 3 0, X0} A{E A B2, Xy,0,X9°}

A{’y7 «Q, X'ya}

AU

Continuation from #4:

A{®, 0, Xy}, A

Al a)

A{g.a, X7} W A{€. 87,0, %)
. AE €A B 0. X%} A{a? €A 57,0, %7
A{ENa? &N B 0, Xy}

LEM

AA

Note that we reach A{f, a, X'ya} twice, so we omit one of the derivations. Since

A{@,a,X*ya}, A =A{D, o, X[(€ = a)R(E — PB)]}, A, we are done. [ |
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3.5.10. OBSERVATION. Read bottom-up, rule inds ‘packs’ the context formulas
and sequents in ® and A, respectively, together with the principal formula aRf3
into a single R-formula under an X. The context information is dualised and the
result can be later extracted by rule VR leaving the formula aRS intact.

We shall need a rule analogous to VR but capable of reasoning under an X:

3.5.11. LEMMA. The rule

A{®, X7, X(aRB)}, A
A{®. X[(y vV a)R(y Vv B)I}, A

XVR

is admissible in CTL} 4.

Proof. Let 6 .= (yV a)R(yV ). We simulate XVR as follows. We begin by cutting
against Xy V X(aRp):
) A{®, Xy, X(aRB)}, A
WD, X7, X(aRB), X5}, A
AV AL®, X7 v X(aRB), X5}, A A{®, X2 A X(aRB)?, X5}, A
cut A[D, X0}, A

At the left branch we are done. At the right one we continue thus:

AR A{(eRA) RS
VR————— VR

A{~?, 5} A{(aRB), 6}
A A{<I>,X787X6}7A A{QX(aRﬁ)c’,xa},A
AN

A{‘I),Xﬂ/a AX(aR@)B,xa},A
]

Finally, we show the admissibility in CTLj 4 of several fixpoint unfolding rules.

3.5.12. PROPOSITION. The rule

A{®, B N [a Vv X(aRB)]}, A

AR A{®, aRB}, A

is admissible in CTL] 4.

Proof. Let v := S A (a VvV X(aRf)). We simulate AR as follows:
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A{®, B A [a V X(aRB)]}, A #1
A{®,aRB,7}, A A{®,aRB,7%}, A
A{®,aRB}, A

cut

Continuation from #1, with £ ==V ® v 72 v A%

' A{2.5.5%.0” AX(aUB") |, A #2
A

) A{®.8.47), A M@, aX[(€ = aR(E = B)).1°} A
A{(I),aR,B,ya},A

ind

Continuation from #2:

HEM A{a, X(aRB), 87,07} HE A{a, X(aRB), 87, X(aRB)?}
AN

A{a, X(aRB), 82, a® A X(aRB)?}
A{a,X(aRB), 77}
W
A{a, X(aRp), 'ya}, A
A{<1>, a, XE2, X(aRp), 70}, A
A{®, 0, X[(€ = a)R(E = B)], 77}, A

AV

XVR

3.5.13. PROPOSITION. The rule

A{®, aUp}, A
A{®, B8V [a AX(aUB)]}, A

AU—!
is admissible in CTL] 4.

Proof. Let v = 3V [a A X(aUB)]. We simulate AU as follows:

#1
A{7, 87 A [0 V X(aRA%)]}
AR
A{’y,aaRﬂa}
eW o] Is]
~A{®,aUB), A i Al7.a’RB7} A
W A{®,~,aUB}, A A{@,y,aaRﬁ"’}.,A

cut A[D AT, A
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Continuation from #1:

LEM ; 2 ,
A{B. a A X(aUB), 3%} Afr.0” X(@?RA?)}

AV - Av 5 P
A{y, 8%} A7, a? v X(a?R3) }

A A{% B2 N[V X(aaRﬂa)]}

Continuation from #2:
LEM

AA

A{B, o, 0% X(a?RA%) HEM A{B,X(aUB),a?, X(aR3%)}
A{B,a A X(aUB), a®, X(a?RB?) }
A{% o, X(aaR/ja)}

Av

3.5.14. PROPOSITION. The rule
A{D,aRE}, A

AR (@, B A Ja v X(aRB)[L, A

is admissible in CTL] 4.

Proof. Let v = B A [aV X(aRB)]. We simulate AR™! as follows:
#1
A{7, 87,02 A X(a?UB%)}

AV ——— —

A{7, 87V [a® AX(aUB?)]}

AU
A{'y,ozaUﬁa}

eW Ea
y_AL®.aRA} A i Al a?Up7}, A
"A{D,7,aRE}, A A{®.7,0?U37}, A
ot A{®, 7}, A

Continuation from #1:

M A{a,X(aRﬁ),ﬁa,aa}
A{B,87,0°} A A{a v X(aRB), 57,0} 4
Aly.82,0%) A{7. 82, X(a?Up?)}
A{y,ﬁ"’,a" /\X(af’Uﬁa)}

LEM
AN

AN
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Continuation from #2:

M A{a, X(aRB), B2, X(a”U%)}
A{B, 3%, X(a®UB?) } A A{a\/X((yRB),[J’a,X(a8U63)}
A{y, 82, X(a?UB%) }

LEM
AA

3.5.15. PROPOSITION. The rule

E(®, A [0V X(aRB)]}, A
E{®,aRA}, A

is admissible in CTL; 4.

Proof. Let v = [ A (aV X(aRS)) and § :== AP A . We simulate ER as follows:

XAE
E{®,aRp}, A{®?, 02U}
AU~ —
E{®,aRA}, A{(I)", 'yd}

TA® A G/ (@ v X@RA)]A ELD 0R0), ALY
E{AD A G A (a v X(aRA)T,

E{®,aR3}, AD,E{d}, A E{®,aR3}, Az, A{67}, A
E{®,aR3},A{Ed}, A E{®,aRp},A{A?}, A
E{®,aRB}, A, A

E{®, aRA}, A

E{®, B A (a VX(aRB))}, A

eW

AE

cut

-1

3.5.16. PROPOSITION. The rule

E{D, 5V [aAX(aUB)]}, A

EU E{®, aUB}, A

is admissible in CTL],.

Proof. Let v := 8V (a AX(aUp)) and § := AP A ~. We simulate EU as follows:
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aXAE 14] o] 0
E{®,aUB}, A{®?, a”Rp7}
—1

E{®,aUp},A{@?,17)}
e E{®, 5V (a AX(aUB))}, A A E{®,aUB},A{d°}

E{APA[BV (a AX(@UB))]}, A ;
E{®,aUB}, A, E{0}, A E{®,aUs}, Az, A{§7}, A
E{®,aUS}, A{ES}, A E{@,aUﬁ},A{Aéa},A
E{®,aUB}, AZ, A
E{®,aUB}, A

cut
-1

3.5.2 Inductible cyclic proofs

We now isolate sufficient conditions for a CTL! proof to be translatable into a
CTL; 4 proof. In what follows, we let X%« == a and X""la = X"Xa, for every
n < w.

Let T be a discarding CTL? derivation. Let u € T, and let € N be a name
occurring in (the label of) w. By Lemma 3.4.2, the label of u is then of the form
O 4 A{®, X (aRB)*}, A, where j < 1 and x does not occur in ® or A. Let v <p u
be the <p-greatest proper predecessor of u such that x is fixed on (v, u]r and rule
ARy or AR; is applied at v with active name x. Then, by Lemmas 3.4.2, 3.4.7
and 3.4.8 the label of v is of the form Q 4 A{Y, (aRB)*}, Z, where A{¥, (aRS)*}
and (aRpB)® are the principal sequent and formula, respectively, at v, (¢R3)* ¢ ¥,
and A{¥, (aRpB)*} ¢ . The inductive invariant of x at u is the pair (¥, ). We
call ¥ the internal (inductive) invariant of x at u, and X the external (inductive)
ivariant of x at u. The inductive base of x at u is the vertex v.

A universal CTL} proof T has unfolding companions if for every repeat | € Rep,
there is a name x fixed on [¢;, []7 such that rule ARy is applied at ¢; with principal
name x. The name z is said to be the prime witness of .

A universal CTL} proof T is low-unfolding if for every repeat | € Reps rules
ARj and AR; are not applied anywhere on (¢, ] 7.

A CTL; proof T is weakly thinning if in every instance of eThin in 7, the unique
active sequent is one of the two principal sequents.

3.5.17. DEFINITION (Inductible CTL proof). A CTL; proof T is inductible if T
is universal, low-unfolding, and weakly thinning, and has unfolding companions. -

3.5.18. EXAMPLE. The CTL! proof depicted in Figure 3.8 is inductible. From our
work in this section, then, it will follow that the unique cycle it contains can be
replaced by an inductive argument inside CTL; , (see Figure 3.13 below).
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If 7 is inductible and [ € Reps has prime witness « € N, then by Lemma 3.4.2
the label of [ is of the form © 4 A{®, (aRS)*}, A, where x does not occur in ® or
A. The set of formulas ® is the internal context of [, and the set of sequents A is
the external context of I. The context of I is the pair (@, A).

The next proposition describes inductive invariants of repeats in inductible
proofs.

3.5.19. PROPOSITION. Let T be an inductible CTLY proof, and let | € Repy be
a repeat with prime witness x € N. The inductive base of x at | is ¢;, and the
inductive invariant of x atl is the context of L.

Proof. Let (®,A) be the context of . Then, the label of I and ¢; is of the form
O 4 A{®, (aRB)"}, A, where = does not occur in ¢ or A.
Since x is the prime witness of [, rule AR is applied at ¢; with principal name
x and z is fixed on [¢, l]7. And, since T is low-unfolding, rules AR, and AR; are
not applied anywhere on (¢, []7. This shows that ¢ is the inductive base of = at [.
By Lemma 3.4.2, A{®, (aR3)*} and (aRS)* are the principal sequent and for-
mula, respectively, at ¢;, so the inductive invariant of = at [ is (P, A). [ |

Let 7 be an inductible CTL} proof. By induction on the height, for every
vertex u € T we define a map ¢, from well-annotated formulas to plain formulas.
If w is the root of T, we let ¢, (¢*) := ¢ for every well-annotated formula ¢®. For
the inductive case, assume that ¢, has been defined for every vertex v <p u. We
extend each t, to sequents and hypersequents by setting:

o 1, (QP) == Q{t, (¢*) | ¢* € @}, for every sequent QP;

t, () = {t, (QP) | QP € I'}, for every set of sequents I';
o t,(©HT) =t,(T), for every hypersequent © 4 T.

For the definition of ¢,, we begin by setting ¢, (¢*) = ¢ if a = €. Assume now
that a = z for some x € N. So ¢ = XI(aRp) for some j < 1. If neither ¢® nor
X177 (aRB)® occurs in u, we let t, (Xk(aRﬁ)“) = X¥(aRp) for k = 0,1. Assume,
finally, that one of ¢® or X'7(aRf3)* occurs in u. Let v <7 u be the inductive
base of x at u, and let (®, A) be the inductive invariant of = at u. Then, for every
k<1 we let

tu (XE(aRB)*) = X*[(€ = )R (€ = B)],

where & = \/t, (®) V (¢, (A))* and we have extended ¢, to sets of formulas and
For every u € T, we let tr(u) = t,(0, 1T,), where ©, 4T, is the hyper-
sequent labelling u.
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3.5.20. LEMMA. Let T be an inductible CTL) proof. For every repeat | € Repy
and every well-annotated formula ¢©*, if a is not the prime witness of I, then

t (@a) =t (S‘QG)'

Proof. Assume first that a = x for some x € N, whence ¢ = XJ¢ for some
R-formula % and some j < 1, and that either ¢® or X'=7¢* occurs in [ and ¢.
Then, since T is low-unfolding and x is not the prime witness of [, the inductive
invariants of x at [ and ¢, are identical and thus ¢; (¢*) = t. (¢*). In all other
cases we have #; (¢*) = t,, (¢*) = ¢ by definition and the fact that [ and ¢, have
identical labels. |

The next result shows that the translation of every repeat is provable in CTL} .
This is the first major step towards cycle elimination.

3.5.21. LEMMA. Let T be an inductible CTL] proof. For every repeat | € Repy,
we have CTL 4 F t7 ().

Proof. Let A{®, (aR3)*}, A be the label of I, where z is the prime witness of [ and
(®,A) is the context of I. By Proposition 3.5.19, #; ((aRS)*) = (£ = a)R( — f),
where & == \/ t, (®)Vt,, (A)E. Tt suffices to show that CTLq - A{t (®),67}, (),
for then CTL; 4 F ¢7 (1) follows by applying rules VR and iW.

d
We first break down the conjunction <\/ te, () Vi, (A)u) by repeated applic-
ations of rule AA, obtaining the following hypersequents:

(i) Tpa = A{tl (®),t; (), 1, (4,0“)8},151 (A), for every ¢* € ®;
(ii) Tqu = A{tl (@), (t, (Qq:)“)a},tl (QU), 1, (A), for every QU € A,

By Lemmas 3.5.6 and 3.5.20, CTL; 4 F I'ye for every ¢* € O.
Let Q¥ € A. We have:

(te (QUY)” = (Qft, () | 0" € WY)
— QO {to () | 0" € ¥}’
= Q07 {te, () | v € W},

where O ==V and 7 := A if Q = A, and otherwise O == A and O? := V.. We
may thus prove I'qy in CTL] 4 as follows:

Q7 {to, (v)” | v € ¥}, 1 (QV)
R
W Q{07 {to, () | ¢ € W} },1(QW)
ago M@ Q{7 {te, () | ¥ € U} 1(QW), 1 (A)
Afn (@), (t @) }n @) (2)

17}

)
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where R := AV if Q = E, and otherwise R := EA. By Lemma 3.5.20, ¢, (¢*) =
t; () for every " € U, so

Q7 {to, () | 4" € W} = Q" {t, ()" | v € W} = (1 (QV))°.

Therefore, Q7 {tq (") | e \If} .t (QW) is an instance of axag and we are done.
[ ]

We need two further results about the translation maps t, before being ready
to eliminate cycles.

3.5.22. LEMMA. Let T be an inductible CTL. proof. For every vertex u € T and
every well-annotated modal formula Xp®, we have t, (Xp®) = Xt, (p%).

Proof. If a = € then t, (X¢*) = X¢ = Xt, (p*). Assume that a = 2 for some
z € N. Since X¢* is well-annotated, we have ¢ = «aRf for some formulas «
and 3. If neither p* nor X(aRB)* occurs in u, then again ¢, (X¢®*) = X¢ =
Xt, (¢*). Otherwise, for some formula 7 we have Xt, (%) = Xt, ((aRB)*) =
X[(n = a)R(n = B)] = t, (X(aRB)*) = t, (Xp®) and we are done. |

3.5.23. LEMMA. Let T be an inductible CTL. proof, w € T a non-final vertex, R
the rule applied at u, and v any immediate successor of u. For every annotated
formula ©* occurring in v, if R ¢ {ARy, AR} or ¢* is not active at v, then

tu () = 1o (¢")-

Proof. If a = ¢ then t, (¢*) = t, (¢*) = . Assume that a = x for some = € N.
Then, ¢ = X/ (aRf) for some formulas v and 3 and some j < 1.

Suppose first that ¢® is not active at v. Then, ¢ occurs in u and is a side
formula at u (by Lemma 3.4.2, rule del is not applied at u with ¢* principal),
whence the inductive invariants of = at v and u are identical and thus ¢, (¢”) =
to ().

Suppose now that ¢® is active at v. Then, R € {AX,iThin,eThin}. If R €
{iThin,eThin}, then t, (¢*) = t, (¢*) because the inductive invariants of x at u and
v are identical. And if R = AX, then, given that the formula X7 (aR3)® occurs in
the label of u and is thus well-annotated, we have j = 0. Hence, t, (¢*) = ¢, (¢)
because the inductive invariants of  at v and v are identical. |

Fix an inductible CTL! proof 7. Top-down, inductively, viewing T as a tree
without back-edges, we build a CTL;  proof of ¢y (u) for each vertex u € T. In
particular, if the root of 7 has label Ay, then CTL; 4 F .
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Let I be a leaf of T. If | € Reps, then CTL; 4 F t7(I) by Lemma 3.5.21.
Assume that [ is axiomatic. If [ has a label of the form © 4 Qp, Q'p, A, then
tr (1) = Qp, Q'p, t; (A), which is axiomatic in CTL},. And if the label of [ is of the
form © 4 E@, A, then ¢7 (1) = E@, {; (A) is again axiomatic in CTL],.

For the inductive step we distinguish cases according to the rule R applied at
ue T3

Case R = ALit. Let v be the unique immediate successor of u. In 7 we have:

AL O ADALA
O TA[D, 1A

We are to build a CTL} proof of A{t, (®),¢},t, (A). We have:

1 (AD) AL, (A)
AL At (@), 01 (D)

By Lemma 3.5.23, the premise is ¢7 (v), which by the inductive hypothesis is
provable in CTL?.
Case R = ELit. Let v1, vy be the two immediate successors of u. In T we have:
0 H1ED, A O H4E(A
O 4 E{D,(}, A

We are to build a CTL] proof of ¢, (E{®,(}),t, (A) = E{®,(}, ¢, (A). We have:

Ed,t, (A)  Elt,(A)
E{®, ¢}, 1. (A)

ELit

ELit

By Lemma 3.5.23, the premises are t7 (v1) and ¢7 (ve), which by the inductive
hypothesis are both provable in CTL.
Case R = AV. Let v be the unique immediate successor of u. In T we have:

O H4A{D, 0,0}, A
VOAAD, oV O} A

We are to build a CTL. proof of A{t, (®),t, (¢ V¥)}, t, (A) = A{t, (D), p V1) },
t. (A). We have:

At (D), 0,9}t (D)
Aty (), V}t, (A)
By Lemma 3.5.23, the premise is ¢7 (v), which by the inductive hypothesis is

provable in CTL}.
Case R = EV. Let v be the unique immediate successor of u. In 7 we have:

Av

13We shall work at the same time in CTL} and CTL;hy. The presence of controls or the absence
thereof always distinguishes the two systems.
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6 4 E{0, 0}, E[@,0}, 2
O H4E{P, oV} A

We are to build a CTL. proof of t, (E{®, ¢V ¢}),t, (A) = E{®, o V ¢}, t, (A).
We have:

E{®, 0}, E{®, ¢}, 1. (A)
E{‘I’, pV 1/’}7 tu (A)
By Lemma 3.5.23, the premise is t7 (v), which by the inductive hypothesis is
provable in CTL?.
Case R = AA. Let vy, vy be the two immediate successors of u. In 7 we have:
O 14A{D, ¢}, A O 4A{D, ¢}, A
O 1A{®, 9 AU A

Ev

We are to build a CTL. proof of A{t, (®),t, (¢ A1)}, tu (A) = Aty (D), 0 A},
t. (A). We have:

Altu ()01t (A) Aft (), 0}t (A)
Aty (P), o AU}t (D)
By Lemma 3.5.23, the premises are t7 (vy) and t7 (v2), which by the inductive
hypothesis are both provable in CTL.
Case R = EA. Let v be the unique immediate successor of u. In 7 we have:
O HE{®,p, 9}, A
O 4E{P, o AU}, A

AN

We are to build a CTL] proof of ¢, (E{®, o A}),t, (A) = E{D, o A}, 1, (A).
We have:

E{®, p, ¢}, 1 (A)
E{®, o A}, t, (A)
By Lemma 3.5.23, the premise is ¢y (v), which by the inductive hypothesis is
provable in CTL?.

Case R = AA. Let v be the unique immediate successor of u. In T we have:
O H4AD A{v}, A
O H4A{D, AV}, A

EA

We are to build a CTL] proof of A{t, (®), Ay}, t, (A). We have:

Alta (®)), A9}t (A)

A A (), AV}t (A)
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By Lemma 3.5.23, the premise is ¢7 (v), which by the inductive hypothesis is
provable in CTL?.
Case R = EA. Let vy, vy be the two immediate successors of u. In 7 we have:
O4ED,A  OHA[YLA
6 1E{®, AV}, A
We are to build a CTL. proof of ¢, (E{®,Ay}), t, (A) = E{D, Ay}, t, (A). We
have:

EQ, 1. (A)  A{v} tu (D)
E{®, A}, 1, (A)
By Lemma 3.5.23, the premises are t7 (v1) and ¢y (ve), which by the inductive
hypothesis are both provable in CTL].
Case R = AE. Let v be the unique immediate successor of u. In 7 we have:
O 4AD E{y}, A
O 1A{D,Eyv}, A
We are to build a CTL] proof of A{t, (®),Ep}, ¢, (A). We have:
o Alty (). E{0). 0, ()
By Lemma 3.5.23, the premise is ¢7 (v), which by the inductive hypothesis is

provable in CTL}.
Case R = EE. Let vy, vy be the two immediate successors of u. In T we have:

O —4EP,A  O©-HE{y},A
O H4E{P,Ey}, A
We are to build a CTL] proof of ¢, (E{®,Ey}),t, (A) = E{®,E}, ¢, (A). We

have:

EA

EA

ED, ¢, (A) E{v}, t. (A)
E{®,Ey},t, (A)
By Lemma 3.5.23, the premises are t7 (v1) and ¢7 (v2), which by the inductive

hypothesis are both provable in CTL?.
Case R = AX. Let v be the unique immediate successor of u. In 7" we have:

© 4AdD EV,, ... ET,,
O 4AXPUE),EXTy, ... . EXY,,, 2
We are to build a CTL] proof of A{t, (X®)Ut, (2)},t, (EXTy),... ¢, (EXT,,),

t, (3). Note that t, (EX¥;) = EXV; for every 1 < i < m. And, by Lemma 3.5.22,
ty (X®) = Xt, (P). We thus have:

EA

AX
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At, (®)),Ely,... ED,,

AX R TXty (@) Uty (B} EXTy, . EXU, 1 (5)

By Lemma 3.5.23, the premise is t7 (v), which by the inductive hypothesis is
provable in CTL].
Case R = EX. Let v be the unique immediate successor of u. In 7 we have:

© HEV,,...,EV,,
O 1EXT,,....EXV,,, %

EX

We are to build a CTL. proof of ¢, (EXWy),... ¢, (EXV,,), ¢, (X). Note that
t. (EXW;) = EXY; for every 1 < i < m. We thus have:

EV,,....EV,,

EXEXW, ... EXV,. %

By Lemma 3.5.23, the premise is t7 (v), which by the inductive hypothesis is
provable in CTL].
Case R = iW. Let v be the unique immediate successor of u. In 7 we have:

O dADA
e TA@UY), A

We are to build a CTL} proof of A{t, (®)Ut, (V)},t, (A). We have:

Aty (D)), tu (A)
Aty () Uty (9)), . (D)

iw

By Lemma 3.5.23, the premise is ¢y (v), which by the inductive hypothesis is
provable in CTL?.
Case R = eW. Let v be the unique immediate successor of u. In 7 we have:

0 4QP,A
0-14QP,QVU,A
We are to build a CTL} proof of ¢, (Q®),t, (QV),t, (A). We have:

W ty (QP), t, (A)
£, (QP), £, (QV), 1y (A)
By Lemma 3.5.23, the premise is ¢7 (v), which by the inductive hypothesis is
provable in CTL.
Case R = iThin. Let v be the unique immediate successor of u. In 7 we have:
O H4A{D, "}, A
O H4A{D, 9% ¢}, A

eW

iThin T <o a
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We are to build a CTL} proof of

ty (A{Q% ©°, (Pa})a tu (A) = A{tu ((D)'/ 2 (@1)7 ty, (@a)}a tu (A)

Since t7 (v) = A{t, (D), t, (")}t (A) = A{t, (), 1, (")}, tu (A), where the lat-
ter equality is given by Lemma 3.5.23, by iW and the inductive hypothesis we are
done.

Case R = eThin. Let v be the unique immediate successor of u. Since T is
inductible, in 7 we have:

O AA{pl, - ot A
O AA{wt, o A{w el ) A
We are to build a CTL} proof of

tr (u) = Altu (96), o tu (0 ) o ALt (08) ot (00) ot (A).

Since t7 (v) = A{t, (©5°), .. ty (@)}t (A) = A{tu (©5°), .. tu (¢%) ), tu (A),
where the latter equality is given by Lemma 3.5.23, by eW and the inductive
hypothesis we are done.

Case R = del. Let v be the unique immediate successor of u. In 7" we have:
O H4A{D, v}, A
O 4A{D, ¢}, A
We have ¢ = X7 (aRf) and t, (%) = XI[(n = a)R(n — B)] for some formulas «,
£ and n, and some j < 1. We are to build a CTL; proof of A{t, (®),t, (¥*)},t. (A).
By Lemma 3.5.23 and the inductive hypothesis, t7 (v) = A{t, (®), ¢}, t, (A) is
provable in CTL; . We then have:

. Afty (2),X/(aRB)}, t, (A)
AL, (@), X7, XI (aRB)}, t (A)
A{t, (2),X[(n — a)R(n — B)]}, tu (A)
The premise is t7 (v), which by the inductive hypothesis is provable in CTL}.
Case R = AU. Let vy, vy be the two immediate successors of u. In 7 we have:
U @4A{®7@1,¢2},A @4A{@7@2,X(@1U@2)}7A
e 4' A{(I)v SDIUQOZ}? A

We are to build a CTL] proof of A{t, (P), p1Upa},t, (A). We have:

A{tu ((D)/ P1, (p?}v ty (A) A{tu ((I))> P2, X(SDIU()OQ)L 2 (A)

A{tu ((I))7 P2, P1 A X(QPIUWZ)}: tu (A)
A{t, (@), 02V [01 A X(01Upa)}, 1 (A)
A{tu (@)7 ‘PIUGQ?}, tu (A)

eThin

del

X/VR

AN

Av
AU
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By Lemma 3.5.23, the premises are ¢ty (v1) and t7 (v9), which by the inductive
hypothesis are both provable in CTL?.
Case R = AR, with empty principal annotation. Let vy, vy be the two immedi-
ate successors of u. In 7 we have:
O AA{®. p}, A O AA{P, 1, X(p1Rp2)}, A
@ — A{q), (le(pQ} A

We are to build a CTL proof of A{t, (), o1Rps},t, (A). We have:

o Alta (@)1 X(p1Re) 1 (2)
A{tu ((I))a @Q}a tu (A) A{tu (q))a $1 V X((p1 R‘PQ)}a tu (A)
Aty (P), 02 A1 V X(p1Rpo)]}, tu (A)
A{tu ((I))v SDIRQDQL tu (A)

By Lemma 3.5.23, the premises are t7 (v1) and t7 (v9), which by the inductive
hypothesis are both provable in CTL?.

Case R € {EU,ER}. Analogous to the previous one.

Case R = AR with non-empty principal annotation x. Let vy, v2 be the two
immediate successors of u. In 7 we have:

O A{(I)7 @2} A O A{(I)a P15 (@1R992)z}7 A
O A A{D, (p1Rp2)"}, A

We are to build a CTL}, proof of A{t, (®),t, ((v1Rp2)*)}, t, (A). We have

ARy

AA
AR

ARy

tu ((p1Rp2)") = (1 = ¢1)R(N — ¥2)

for some formula 7. The inductive invariant of = at vy is (®, A) and

to, (X(p1Rp2)") = X[(€ = ¢1)R(E = 2],
where € := \/ 1, (®) V t, (A)". We have:

g AMta(@) 02}t (8)  Aftu (), 01, X[(€ = w1)R(E = ¢2)]} tu (A)
S AL (8.6, 8)
iw
A{t (®),m, p1Rpa} (D)
Aty (@), (n = ©1)R(n — @2)}, 1, (A)
By Lemma 3.5.23, the premises are t7 (v1) and t7 (v9), which by the inductive

hypothesis are both provable in CTL?.
Case R = AR;. Let vy, vy be the two immediate successors of u. In 7 we have:

O HA{D, 0}, A Oz +4A{D, o1, X(p1Rps)"}, A
O A{Q 901R992} A

VR

AR,




3.5. Cycle elimination 135

R A{Tup, TaRﬁ}

iwW
A{TUp, T?Rp, LRp}
A{TUp, ((TUp) — L)R((TUp) — p)}

VR

o AX(TUp), . X[(TUp) = LR((TUp) = DY
an ATUpp XI((TUp) — LIR((TUp) =PI}
ing. AT Up, L X[((TUp) = LIR((TUp) = p)]}

) . A{TUp, LRp}
' A{TUp, T°Rp, LRp}

AU (TUp) > LR(TUp) — 1)}

A{X(TUp), p,X[((TUp) = L)R((TUp) — p)|}

_A{TUp, LRp}
A{TUp Vv LRp}

FIGURE 3.13: The translation into CTLj, 4 of the cycle in the CTL} proof of (TUp)V(_LRp)
from Figure 3.8.

We are to build a CTL}, 4 proof of A{t, (), p1Rp2}, t, (A). The inductive base of x
at vy is v and the inductive invariant of x at vy is (P, A). Thus, t,, (X(¢1Rp2)*) =
X[(€ = ©1)R(E = o)), where & == V1, (D) V £, (A)*. We then have:

A{tu (P), w2}, tu (A)  A{tu (P), 01, X[(§ = ©1)R(E = w2)]}, tu (A)
° A{tu (q)), ¥1 RSOZ}: ty (A)
By Lemma 3.5.23, the premises are t7 (v1) and ¢7 (ve), which by the inductive

hypothesis are both provable in CTL?.
We have thus established:

ind

3.5.24. THEOREM. For any formula o, if there is an inductible CTL. proof of ¢,
then CTL; 4 F .

3.5.25. EXAMPLE. Figure 3.13 depicts the translation into CTL], of the cycle in
Figure 3.8. As expected from such a general procedure, the resulting proof is much
larger than it need be (especially considering the use of non-primitive rules such
as VR and indy).
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3.5.3 Hilbert-style proofs

We conclude the section on cycle elimination by presenting a Hilbert-style version
of CTL},4 and comparing its strength to a known axiomatisation of (a fragment
of) CTL*. We assume that the reader is familiar with proofs a la Hilbert: finite
sequences of formulas such that every formula is either an instance of an axiom, or
else is obtained by applying a rule to formulas occurring earlier in the sequence.

3.5.26. DEFINITION (CTLfy;). The proof system CTLj; is the Hilbert-style proof
system whose rules are depicted in Figure 3.14 and with the following axiom
schemata:

e Axioms for classical reasoning:
(i) (a=B)=>((B—=7) = (a—=7));
(i) (a? = a) — a;
(iii) a — (a2 — B);
o Axioms for quantifiers:
(iv) Ala = 5) = (Aa — Ap).
(v) Aa — a.
(vi) Aa — AAa.
(vii) Ea — AEa.
o Axioms for literals:
(viii) p — Ap.
(ix) Ep — p.
e Axioms for the interaction between X and the quantifiers:
(x) AXa — XAa.
e Temporal axioms:
(xi) X(a = ) = (Xa = Xp3).
(xii) (BV (aAX(aUp))) — aUp.

3.5.27. REMARK. We use axiom schemata rather than axioms plus a substitution
rule because CTL" is not closed under substitution: while Ep — p is valid, clearly
Ea — « is not always valid.

3.5.28. OBSERVATION. Formally, the universal quantifier A behaves like an S5
box (except on literals), where S5 := S4 @ Op — OOp.1

HRecall the definition of S4 from Chapter 2.
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o a—=f (BV(aAXy) =~

MP 3 in aUB = ~
o _a
A Ao X X

FIGURE 3.14: Non-axiomatic rules of the Hilbert-style system CTL{;.

The first three axiom schemata of CTL};; correspond to the axioms for classical
propositional logic (CPC) given in Chapter 2. We assume familiarity with CPC, and
in particular with the Hilbert-style axiomatisation thereof based on said schemata
and the rule of modus ponens (MP).

A CPC tautology in the language of CTL™ is a CTL* formula of the form o(«),
where « is a CPC tautology and o : Prop — Formcyp+ is a CTL* substitution lifted
to formulas in the usual manner. It is easy to see that the system CTL], can
reason classically in the language of CTL":

3.5.29. PROPOSITION. Every CPC tautology in the language of CTL" is provable
in CTLY,.

Proof. We show, by (strong) induction on k < w, that for every CPC tautology «
having a (Hilbert-style) CPC proof of length &, and every substitution o : Prop —
Formcri+, we have CTL},, F o(a). If £ = 1, then « is an instance of a CPC axiom
and thus o(a) is an instance of a CTL}y, axiom. For the inductive case, assume
that the claim holds for any & < k. If a is an instance of a CPC axiom, then
we reason as in the base case k = 1. Otherwise, a results by MP from formulas
B and 8 — «a having both CPC proofs of length at most k&’ for some k' < k. By
the inductive hypothesis, then, CTL}, - o(8) and CTL} 4 F o(f — «), whence
CTL; 4 F o(a) by MP. [ |

The axioms for CTLjyy; correspond to the rules of CTL}, in a way that will
become clear when we show how to embed the latter into the former. In order to
do this, we first need to establish several properties of CTLY;.

3.5.30. PROPOSITION. The rule
A1 Aaa
is admissible in CTL},.

Proof. Clear. [
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3.5.31. PROPOSITION. The rule

a— [

A= Aa S AB

is admissible in CTLJ,.

Proof. Assuming CTL}y; F o — 3, we prove Ao — Af in CTLj, as follows:

l.a—=g (assumption)
2. Ala — f) (A1)
3. Al = B) = (Aa — Ap) (axiom)
4. Ao — AB (MP 2,3)

]

3.5.32. PROPOSITION. The rule

a—f

E= B S Es

is admissible in CTLy,.

Proof. Assuming CTLy; - o — 3, we prove Ea — Ef in CTLy; as follows:

l.a—=g (assumption)
2. B9 = a? (CPC 1)
3. Ap? — Aa? (A— 2)
4. Ea — EB (CPC 3)

|

3.5.33. PROPOSITION. The rule

aVid a—f

Vs Vs

is admissible in CTLJ,.

Proof. Assuming CTL{}, - a Vv é and CTL), F a — 3, we prove SV ¢ in CTL}y; as
follows:

1. aVvo (assumption)
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a—f

a— (fV0)

0— (BV9)
(V)= (BVYI)
BVé

S A i

3.5.34. PROPOSITION. For every p € Prop, the following hold:

(i) CTLyy, E Qp < p, for every Q € {A,E};
(ii) CTL{y F Qp < p, for every Q € {A,E};
(iii) CTLyy, = Ap + Ep;
(iv) CTLY, + Ap < Ep.

Proof. Clear.
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(assumption)
(CPC2)
(CPC)
(CPC 3,4)
(MP 1,5)

3.5.35. PROPOSITION. For all formulas o, 5 and vy, the following hold:

(1) if CTLYy oV B, then CTLy, F BV «;
(ii) if CTL E A(a vV 5), then CTLL, HA(BV @);
(iii) if CTLY, F E(a A B), then CTLY, F E(B A o).

Proof. Claim (i) is clear by Proposition 3.5.29. For (ii), assume that CTL}, F
A(a V 3). By Propositions 3.5.29 and 3.5.30, CTL};, F SV «, so by rule A we
get CTLyy; F A(B V «). For (iii), assume that CTL, F E(a A ). Then, CTL}y,

(A(a — [)’a))a and thus:

L. (A(a— 7))’
2. (B—a%) = (a— B9
3. A(B — a%) = Ala — B9)

1. (M@= 7)) = (AB — )’
5. (A(6—>a )
(AC

Since (A(B — a? ) = E(8 A «), we are done.

(assumption)
(CPQ)

(A= 2)
(CPC 3)

(MP 1,4)
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3.5.36. PROPOSITION. For all formulas o and (3, we have:

(i) CTLE F (Aa AAB) — Ala A B);
(i) CTL{y F Al(a A B) = (Aa ANAB);
(i) CTL{; F (Ea VEB) — E(aV B);
(iv) CTL F E(aV 8) = (Ea V ER).

Proof. Clearly, (ii) and (iv) follow by contraposition from (iii) and (i), respectively.
To prove (i) we reason as follows:

1.a=[8—= (anp) (CPC)
2. Aa = A = (A P)] (A—1)
3. A= (aAP)] = [AB = Ala A S)] (axiom)
4. Aa — [AB — Ala A B)] (CPC 2,3)
5. (Aa ANAB) = Ala A f) (CPC 4)

And we can prove (iii) thus:

1. a— (aVp) (CPO)
2. Ea = E(aV ) (E—=1)
3. 8- (aVp) (CPC)
4. EB = E(aV f) (E=3)
5. (EaVEB) = E(a V 5) (CPC 2/4)

|

3.5.37. PROPOSITION. For all formulas o and B and every Q € {A,E}, we have:

(i) CTLy; F A(a Vv QB) = (Aa Vv QpB);
(i) CTL{y F (AaVv QB) — Ala v QPB);
(iii) CTL{; F (Ee AQB) — E(a AQPB);
(iv) CTL F E(e AQB) — (Ea AQS).

Proof. Clearly, (i) and (iv) follow by contraposition from (iii) and (ii), respectively.
To prove (iii) we reason as follows:

1. A (QB — ozé’) — (AQB — Aaa) (axiom)
2. Q3 — AQp (axiom)
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3. A(QB = a?) = (QB — Aa?) (CPC 1,2)
4. (QBAEa) = E(QBA @) (CPC 3)

To prove (ii) we reason as follows:

1. Aa =« (axiom)
2. Aa — (a VvV Qp) (CPC1)
3. AAa — Ala Vv QpB) (A= 2)
4. Aa — AAa (axiom)
5. Aa — A(a VvV QP) (CPC 3,4)
6. Q8 — (aVQH) (CPQ)
7. AQS — A(a Vv QpB) (A— 6)
8. Q8 — AQp (axiom)
9. Q8 = Ala Vv QP) (CPC 7.8)
10. (Aa Vv QpB) — A(a v QB) (CPC 5,9)
|

3.5.38. PROPOSITION. The rule

a—f

X2 Xa = X3

is admissible in CTLY,.

Proof. Assuming CTL;, F o — 3, we can prove CTL}y, F Xa — X as follows:

l.a—p (assumption)
2. X(a > ) X 1)
3. X(a = 08) = (Xa — Xp) (axiom)
4. Xao = Xp (CPC 2,3)

|

3.5.39. PROPOSITION. For all formulas o and 3, we have:

(i) CTLiuE X AX3) = X(a A B);
(i) CTLy E X(a A B) = (Xa A XB);



142 Chapter 3. A Cyclic Proof System for CTL*

(iii) CTLy F (Xa vV XB) — X(a V f5);
(iv) CTLY, F X(aV B) = (Xa vV Xp).

Proof. Clearly, (ii) and (iv) follow by contraposition from (iii) and (i), respectively.
To prove (i) we reason as follows:

Loa—[8— (anp) (CPC)
2. Xa = X[ = (a A B)] (X—=1)
3. X[B—= (anp)] = [XB = X(aAB)) (axiom)
4. Xa = [XB = X(a A B)] (CPC 2,3)
5. (Xa AXB) = X(a A B) (CPC 4)

And we can prove (iii) thus:

1.a—=(aVvpy) (CPQC)
2. Xa = X(a VvV p) (X—=1)
3. 8= (aVp) (CPC)
4. XB — X(a VvV p) (X—3)
5. Xa VvV XB) = X(aVp) (CPC 2,4)

|

We are now ready to embed CTL}, into CTL{;. By (strong) induction on
n < w, we show that, for every (unannotated) hypersequent I having a CTLj
proof of height n, CTL’,f|II F I*. Note that, by Proposition 3.5.35, we may choose
any ordering of the formulas and the sequents whenever we apply the translation
map (-)%.

If n =0, then T is an instance of a CTL}, , axiom.

Suppose that I' is an instance of axag. Then I'* is clearly provable in CTLjy
by classical reasoning alone.

Suppose that I" is an instance of axgy, say I' = A{@, aRp, (aRB)a}, A. Then,
I = A(V® V aRB V (aRB)?) v A* and thus I¥ is provable in CTL}y, by classical
reasoning and rule A.

Suppose that I' is an instance of axr, say I' = E@, A. Then, ['* = ET v Al =
E(pV p) Vv Af and we can prove I'* as follows:

1. A(pAp) — (pAD) (axiom)

5Strictly speaking, we only defined the notion of CTLjy proof for formulas. It extends to
sequents and hypersequents in the obvious manner.
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2. (pAp)” — E(pAD)’ (CPC 1)
3. (pAp)? (CPC)
4. E(pAp)? (MP 2,3)
5. E(pAp)? v A (CPC 4)

Since E(p A p)? = E(p V p), we are done.

Suppose that T is of the form Qp, Q?p, A. Then, I'* = Qp Vv (Qp)? V A, which
is provable in CTL}y; by classical reasoning.

Suppose that T is of the form Ap, Ap, A. Then, I'¥ = (Ep — Ap) V A* and we
can prove I'* in CTLyy; thus:

1. Ep—op (axiom)
2. p—Ap (axiom)
3. Ep— Ap (CPC 1,2)
4. (Ep — Ap) Vv A* (CPC 3)

To finish the base case, suppose that T is of the form Ep, Ep, A. Then, T =
(Ap — Ep) V A* and we can prove I'* in CTL};, thus:

1. Ap—>p (axiom)
2. p—Ep (CPC1)
3. Ap—=p (axiom)
4. Ap — Ep (CPC 2,3)
5. (Ap — Ep) v A? (CPC4)

For the inductive case we distinguish cases according to the lowermost rule R
applied in the CTL; , proof T, say at vertex u € T.
Case R = ALit. In T we have:
AD Al A

ALt 210, 01, A

We can prove A (V @ V £) vV AF in CTLj; thus:

1. (AV® VALV A? (TH)
2.VP = (VO VI (CPQ)
3.AVD 5 A(VD VY (A= 2)
4. - VeV (CPQ)
5 A= A(VD VL) (A— 4)
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6. (AVO VAL = ANPVYI)
7. A(VO VL)V AF

Case R = ELit. In 7 we have:

ELit E{(, 0}, A

We can prove E (A ® A £) V A in CTL}y, thus:
1. EA® V A?
2. ELV Al
3. (a%)" = (EA® AE)
4 (EA®AEL) = E(ADAED
5. (a%)” 5 E(A@AE)
6. EC— ¢
7 (ADAED) — (ADAL)
8. E(NPAEL) - E(ADPAYL)
0. (2%)" S E(A@AN
Case R =AV. In T we have:

AV A{D,a, 8}, A

EG,A  E(A

A{®, oV B}, A

(CPC 3,5)
(V= 6)

(1)

(IH)

(CPC 1,2)
(prop. 3.5.37)
(CPC 3,4)
(prop. 3.5.34)
(CPC 6)
(E—T7)

)

(CPC 5.8

By the inductive hypothesis CTL{; F A(V ® V a V 3) vV Af, so we are done.

Case R = EV. In T we have:

E{D, o}, E{D, [}, A

BV E@.avinLA

We can prove E (A ® A (aV 8)) V Af in CTL{y; thus, where v :== A ®:

E(yAa) VE(yAB)V AF

[(yAa) V(Y AB) = [y AlaV B)]
ElvAa)V(y AR = ElyAlaVp)]
E(vA(aVp)) VA

AN I

Case R = AA. In T we have:

E(vyAa)VE(YAB)] = E[(yAa)V (v AB)]

(TH)

(prop. 3.5.36)
(CPQ)

(E— 3)

(CPC 1,2,4)
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A{D,a}, A A{®, [}, A

AN A{®.a A B),A
We can prove A (V@ V (a A 8)) V A% in CTLy,, thus, where v == \/ ®:
(i) A(yVva)v A (IH)
(i) A(yVpB) VA (IH)
(i) [A(7V ) AA(YV B)] = Al(vV a) A3V B)] (prop. 3.5.36)
(iv) [(yVa)A(y VB = [yV(aAp)] (CPC)
V) Alyva) Ay VB = AlyV(aAp)l (A= 4)
(vi) A(yV (aAB)) VA (CPC 1,2,3,5)
Case R =EA. In T we have:
E{P,a, 5}, A
BA (B anB).A

By the inductive hypothesis CTL{; F E(A® A a A B) V A¥ so we are done.
Case R = AA. In T we have:

AD A{a}, A
MA@ Aa}, A
We can prove A (V ® V Aa) vV Af in CTL},, thus:

(i) AV®VAaV A? (IH)
(i) V& — (VP V Aa) (CPQ)
(iii) AV® - AV DV Ax) (A— 2)
(iv) Aa — (V@ V Aa) (CPQ)
(v) AAa — A(V @V Aa) (A— 4)
(vi) Aa — AAa (axiom)
(vii) Aa = A(V PV Aa) (CPC 5,6)
(viii)) A(V @V Aa) V A (CPC 1,3,7)

Case R = EA. In T we have:
ED, A Afa}, A
E{P,Aa}, A

EA

We can prove E (A ® A Aa) V Af in CTL}y, thus:
(i) EADPV AF (IH)
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Aa v A?

(i) A

111)( ) (EAD A Ax)

(iv) (EAPAAa) = E(AD A AQ)
)

v) (A )—ﬁEM@AAM

Case R, = AE. In ; we have:
Ad, E{a},

We can prove A (\V ® V Ea) V A¥ in CTL}y, thus:

(i) AV®VEaV Af
(i) V& — (V@ V Ea)
(i) AV® - A(V P VEa)
(iv) Ea = (V@ V Ea)
(v) AEa — A(V ® V Ea)
(vi) Ea — AE«
(vii) Ea = A(V @ V Ea)

) A(V®VEa)V A

(viii

Case R = EE. In T we have:

EE

A{® Ea}, A

EP,A  E{a},A

E{®,Ea}, A
We can prove E (A ® A Ea) V Af in CTLyy, thus:

(i) EA®V AF

(ii) Ea Vv A?

(111)( ) — (EA® AEq)

(iv) (EA® AEa) » E(AP AEQ)
v) (A ) — E(AND AEa)

Case R = AX. In 7 we have:

AD ED,, ... EU,,

AX

AXD UE), EXT, ...,

(TH)

(CPC 1,2)
(prop. 3.5.37)
)

(CPC 3.4

(TH)
(CPC)
(A—
(C
(A—
(axiom
(CPC 5,6
(CPC 1,37

2)
PC)
4)
)
)
)

(IH
(IH

)
)
(CPC 1,2)
(prop. 3.5.37)

)

(CPC 3.4
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Let p =V, &=VE U =AV; for 1 <i<m,and ¢ = V---V,. Wecan
prove AXp V&) VEAXT, V- VEAXT,, VX in CTL; as follows:

© 00 = O Ut = W NN =

I R N e S T e T e = T e T o T T
N = O © 00 J O Ut =W NN = O

23.

CAQVED V-V Edn (IH)
. [Ey V-V Ey,] — E (prop. 3.5.36)
AP — Ap (CPC 1,2)
- X(AY? = Ap) (X 3)
. XAY? <5 XAy (X— 4)
. XEp? — XEtp (CPC 5)
. AXyp? — XAy? (axiom)
. XE) — EX¢ (CPC 7)
. XEg? — EX4 (CPC 6.8)
L AXY? 5 XAp (CPC 9)
. AAXY? — AXAg (A— 10)
. AXyp? — AAXy)? (axiom)
. AXyp? — AXAgp (CPC 11,12)
CAp = (axiom)
. XAp — X (X— 14)
. XAp — (X V€) (CPC 15)
. AXAg — A(Xp V €) (A— 16)
. EX¢VAXp VE) (CPC 13,17)
X VoV ) = (AXT V-V AXT,) (prop. 3.5.39)
CEXY — E(AXT, V-V AXT,,) (E— 19)
CE(AXTL V- VAXT,) = (EAXT, V-V EAXT,,) (prop. 3.5.36)
CAXp VE) VEAXT, V- VEAXT,, (CPC 18,20,21)

AXpVE)VEAXT, V- VEAXY,, v XF (CPC 22)

Case R = EX. In T we have:

EV,,...,ED,,

EXEXW, .. EXU,. S

Let ¢, = AV; for 1 <i < m, and ¢ = V---V,,. We can prove EAX¥; V
<« VEAXVY,, vV ¥#in CTLy, as follows:

1.

Bty V-V Ethyy (IH)
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2. [E¥y V- VEY,] — EY (prop. 3.5.36)

3. Ev (CPC 1,2)

4. XE (X 3)

5. AXy? — XAy? (axiom)

6. XEy) — EX¢) (CPC 5)

7. EXt (CPC 4,6)

8. Xy V- Vb)) = (AXT V- VAXT,,) (prop. 3.5.39)

9. EXt) — E(AXT, V-V AXT,,) (E— 8)
10. E(AXT, V-V AXT,,) (CPC 7,9)
11 E(AXT, V-V AXT,) — (EAXT, V-V EAXT,,) (prop. 3.5.36)
12. EAXW, V.- VEAXY,, (CPC 10,11)
13. EAXT, V- VEAXT,, v 3¢ (CPC 12)

Case R =iW. In T we have:
AD, A
" A@UR).A
We can prove A (\V @ Vv VW) v Af in CTLy; thus:

(i) AV®V A* (TH)
(i) VO = (VO VVVD) (CPC)
(i) AV® - A(VOPV VD) (A— 2)
(iv) A(VOV V)V A (CPC 1,3)

Case R =eW. In 7 we have:

r
I A
By the inductive hypothesis, CTL{y; F I'*, so CTL{y; F IV A¥ by Proposition 3.5.29.
Case R = AU. In T we have:

A{®, BV [a A X(aUB)}, A
A{®, aUB}, A

AU

We can prove A (\V @ V aUB) vV A% in CTL},, thus:

(i) A[V® VAV aAX(UB)]V A (IH)
(ii) [BV (e AX(aUp))] — aUp (axiom)
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(iii) VPV BV (aAX(@UpB))] = (VP Valp)
(iv) AlV® VBV (aAX(@UB))] = AV VaUp)
(v) A(V®VaUp) v A!
Case R =ind. In T we have:
A{®, BN oV XV OV AL A

ind A[®, aRG}, A

We can prove A (V @ V aRB) vV Af in CTLj,, thus:

() A[VeV (B A(avX(VevAan?)val
(i) A[VEV (BA (aVX(VEVAH)) VA
(iii) [V (a® AX(VOVAH)] = [V v Al
(iv) a®UpB? — [\/q) v Aﬁ]
(v) A (aRB VVoV Aﬁ>
(vi) A(aRBV V@)V A!
Case R= 171 In T we have:
= D?@

149

(CPC 2)
(A= 3)
(CPC 1,4)

(IH)

(1, prop. 3.5.37)
(A7 2)

(ind 3)

(A 4)

(5, prop. 3.5.37)

[\

By the inductive hypothesis, CTLyy; F T* VAV @, i.e., CTLj; FT* VA(p A p). We

can then prove I'* in CTL},, thus:
(i) T*VA(pAD)

)
(ii) A(pAp) = (pAD)
(iif) Fﬁ V (p Ap)
(iv) T

Case R = cut. In 7 we have:
A{®, a},A A{cb,af"} A
AD.A

We can prove A\ @ V Af in CTLj,, thus:

cut

(i) A(V®Va)V A
(i) A (\/<I>\/oz)\/Aﬁ
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(i) (VO Va) = [(VeVva?)—Va (CPC)
(iv) A(VOVa) > A[(VEVa?) - Vel (A— 3)
(v) A [(\/@\/oﬁ) — \/qa] — [A (Veva?) - A\/(I)] (axiom)
(vi) A(VOVa) = [A(VOVa®) - AV D] (CPC 4,5)
(vii) [A(V@Va) VAl = [[A(VEVva?) VAl - (AVaV A (CPC 6)
(viii) [A(V@Va?) VA - (AVevA?) (MP 1,7)
(ix) AV @V A! (MP 2.,8)

This finishes the inductive step of the proof. We have thus shown:
3.5.40. PROPOSITION. For any formula ¢, if CTL; 4 F ¢, then CTLy; = Ap.

Recall that CTLj 4 F ¢ means that there is a CTL} 4 proof with conclusion Agp.
The axiom schema Aa — « of CTL}y, bridges the gap from (universal) sequents to
formulas, allowing us to obtain the following from Proposition 3.5.40:

3.5.41. COROLLARY. For any formula o, if CTL 4 F ¢, then CTL{, F .
We are now going to establish the converse.

3.5.42. PROPOSITION. The rule

A{P,aV [}, A
-1 - * '
AVT A, a, ). A
is admissible in CTL} 4.
Proof. We have:
LEM LEM
P P

W A{@,O{V/@},A A/\ A{@,OZ,/B,OC }7A A{@,O{,ﬁ,ﬂ }7A

YWOA[®, o, B,a vV LA A{®,a, 8,0 A B2}, A

o A{®.0. 7). A

3.5.43. PROPOSITION. The rule

A{D,a}, A A{P,a — B}, A

MP A{D.5).A
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is admissible in CTL] 4.

Proof. We have:

A{(I),Oz},A A\/_l A{@,a%ﬁ},A

WA, 0,51, A{e.o? 5},
o INERT
|
3.5.44. LEMMA. For every formula o, we have CTL} 4 F Aa — Ea.
Proof. We have:
aXpAE ———————
A{aa}, E{a}
i ) 5
A{a", Ead}, E{a}
axXAE - AE B .
A{Aa7 Ea?, Ea} A{ad, Ea?, Ea}
AN
A{Aa Aa? Ea?, Ea}
AXAE ———————— Av - -
E{a"},A{a} A{Aa/\a"7 Ead v Ea}
I’\*Ai A{Aa — a} AV A(Aa = a) = (Aa = Ea)}
A{Aa — Ea}
[ |

3.5.45. LEMMA. We have CTL] 4 F A(a — 8) — (Aa — AB) for all formulas «
and 3.

Proof. We are to prove E(a A 3%)VEa? VAB in CTL,,. We begin as follows, where
® = {E(a A B9),Ea® AB}:
i1 ” A{A(a A B%) — E(a A B2)}
A{®, A A B)} A{®,A(a A B7) = E(a A7)}
A{E(a A 9), Ea?, Aﬁ}

MP

A{E(a A B9)V Ea v Aﬁ}

The hypersequent labelling the right leaf is provable in CTL} , by Lemma 3.5.44.
From #1 we proceed as follows:
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E{an 37}, E{a?}, A{B}
AAE A{a} E{a A B2} E{a?}, A{B} W A{B2}, E{a A B2}, E{a?}, A{B}
A{a A 50}, E{a A /@8}., E{oﬁ} A{B}
A{A(a A %), E(a A B7), Ea®, AB}

axa

And finally:

axXAE

E{Ox A 58}7 E{aa},A{Oé} a;iE E{()z,ﬁa}7 E{aa},A{oﬁ’ﬂ}
E{aAﬂa},E{a@},A{a,ﬂ} E{a/\ﬂa},E{aa},A{aa,ﬂ}
E{a nB%}, E{a®}, A{B}

iw

cut

It is straightforward to see that every CTLjy, rule is admissible in CTL;,, (for ind
we rely on the admissibility of rule Av~1). Similarly, every CTL},, axiom schema
except for axiom (iv) is readily provable in CTL} 4. And Lemma 3.5.45 shows that
axiom (iv) is also provable in CTL} ;. Therefore:

*

3.5.46. PROPOSITION. For any formula ¢, if CTL{y; F ¢, then CTL 4 F ¢.
Putting Corollary 3.5.41 and Proposition 3.5.46 together, we have:
3.5.47. THEOREM. For any formula ¢, CTL 4 F ¢ if, and only if, CTLY, F ¢.

The system CTL} 4 (and thus, by Theorem 3.5.47, also CTL},) is easily seen to
be stronger than CTL restricted to inductible proofs. For example, there is clearly
no inductible CTL} proof of EGT, but we can prove EGT in CTL}, as follows:

A{T}
A{L XT}
ATy MV A[LVXTY
A{T A(LVXT)}

A{LRT}
A{AGT — EGT} AATRIAGT)
A{(AGT)?,EGT} W A{AGT.EGT}
A{EGT}

AX

AA

in

-1

cut
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The hypersequent labelling the left leaf is provable in CTL}, by Lemma 3.5.44,
and clearly A{T} is provable in CTL; , as well.

The use of cut is essential in the previous proof, for it is easy to see that there
is no cut-free proof of EGT in CTL] . Due to our extensive recourse to cut in the
translation from inductible CTL} proofs into CTL},, proofs above, it is most likely
the case that CTL},~ is not equivalent to CTL} restricted to inductible proofs.

This raises the following question:
3.5.48. QUESTION. Does CTL;, 4~ embed into the inductible fragment of CTL?

This is essentially asking: if there is an inductible cyclic proof of the premise of
the induction rule ind, is there also an inductible cyclic proof of the conclusion?

As mentioned in Section 3.1, formulas of CTL* admit other interpretations than
the standard one. Following [115], we obtain a general semantics by evaluating
formulas on path frames, that is, pairs of the form (9, 11), where S is a non-empty
set of states and IT C S“ is a collection of (w-)paths on S. Satisfaction of CTL"
formulas on paths of path frames (equipped with a valuation for propositional
letters) is defined as for serial models (p. 67).

Different semantics for CTL* formulas can be obtained from the path-frame
one by restricting the collection of paths allowed in path frames. Of particular
relevance are the following constraints, where (S,1I) is a path frame:

o suffiz closure (SC): if m € Il and 7’ is a tail of 7, then 7’ € II;

o fusion closure (FC): for every mg,m € S<¢, every s € S, and m(, 7} € S¥, if
o (s) 7y € and m™ (s)” mp € II, then my™ (s)” m) € II;

o limit closure (LC): if m € S“ is such that for every n < w there is a 7’ € II
satisfying m<, = L, then m € IL.

Clearly, the collection of all maximal paths on a serial model satisfies all three
conditions. The converse is also true, i.e., the standard semantics based on serial
models is exactly the one based on path frames satisfying SC, FC and LC [41].

Dropping the LC condition yields a strictly more generous notion of validity
than the standard one. Let CTL*-LC be the logic obtained by evaluating CTL*
formulas on path frames satisfying SC and FC, and let us write CTL* - LC |= ¢ if ¢
is valid under this notion of validity. Then, CTL" - LC | ¢ implies CTL" |= ¢, but
the converse is not true in general: the formula a :== AG(p — EXp) — (p — EGp)
is valid in the standard semantics, but CTL" - LC £ o [115, § 4.8].

Stirling [142, 143] gave an axiomatisation of CTL* - LC. The problem of axio-
matising the standard, full CTL* logic, however, remained open for several years
until Reynolds presented a sound and complete axiom system for it in [115]. Reyn-
olds’s axiomatisation consists of a set of axioms and rules for CTL" - LC (slightly
different than Stirling’s) plus a limit closure axiom and an ‘Auxiliary Atoms’ rule.
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We shall now see that our Hilbert-style system CTLjy; (hence also CTL} ) is
complete at least for CTL" - LC.

Reynolds formulates his system for CTL* - LC in the language {T, =, A, X, U, E},
with the usual definitions for derived constants, connectives, operators and quan-
tifiers. The system has rules

Mpw Gi AAL
(0%

I} Ga
and the following axioms:

(C0) all CPC tautologies in the language of CTL";

(Cl) F—a < Foy

(C2) G

(C3) Ga — (a A Xa A XGa);

(C4)

(C5) (a—>ﬁ)—>(Xa—>Xﬁ);

(C6) G(a — Xa) = (a0 — Ga);

(C7=) (aUB) = (B V (a A X(aUp)));

(C74) (aUp) < (BV (a A X(aUB)));

(C8) (aUp) — Fp;

) Ala = B) = (Aa — AB);
)
)
)
)
)

Rules MP and A of Reynolds’s system are also rules of CTL};,. And rule G is
admissible in CTL}}; because it is so in CTL},

A{T}
AXALLXTS
Ala} DV A[LVXTY
AN :
. Ala A (L X1}

A{LRa}
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Let us then focus on the axioms. By Proposition 3.5.29, all instances of CO are
provable in CTL{;. So are C1, C4 and C13 because we work in positive normal
form and (-)? is involutive. C5, C7+, C9, C10, C11, C14 and C15 are axiom
schemata of CTL}y,, and C12 follows immediately. Hence, we just need to show
that C2, C3, C6, C7—, and C8 are provable in CTL}};. By Theorem 3.5.47, we
may work in CTL}, 1nstcad

We shall use the following rules for F and G, easily seen to be admissible in
CTL;

A{D,a,XFa}, A AG A{D,a}, A A{D,XGa}, A

AP A[®.Fa}. A A{®,Ga}, A

Proof in CTL} 4 of axiom schema C2, where dashed lines indicate the omission
of instances of LEM:

LEM
AA

A{F(oz A B9),Fa?, G(a — 6)} A{F a A B2),Fa?, Ga}
A{F(a A B?),Fa®, G(a — B) A Ga}
A{[J’a,XF(a A 3), 0%, XFa?, L X(G(a — B) A Ga)}
A{3?, XF(a A 37), 0%, XFa?, LV X(G(ar = B) A Ga)}

)
(

: Ala A B2 XF(a A 37), 0% XFa?, B A [LV X(G(a — B) A Ga)]}

o A{a A B2, XF(a A B2),Fa?, B A[LVX(Gla — 8) A Ga)l}
ol A{F(a A B2),Fa?, B ALV X(G(a — B) A Ga)]}
A{F(a A 8°),Fa?, LRB}

A{G(a = B) = (Ga — Gp)}

Proof in CTL; 4 of axiom schema C3:

ind

Av

LEM A{oza7 XFa?, a}
AF A{Fa?, a} HEM A{Fa?, Ga}
AX - , AX , :
A{a‘), XFa?, Xa} A{a",XFa",XGa}
AN
A{aa, XFa?, Xa A XGa'}

AN 0% XFa?,a A Xa A XGa )

A A{Faa,aAXaAXGa}

Av

A{Ga — (a A Xa A XGa)}
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Proof in CTL, of axiom schema C6:

LEM
AA

LEM
A{aa., Fla A Xa?),Gla — Xa)} A{oza7 Fla A Xa?), oz}
A{aa, Fla A Xa?),G(a — Xa) A a}
A{Xa?, XF(ar A Xa?),a?, L, X(G(ar = Xa) A ) }

A{a A Xa? XF(a A Xa?),a?, L, X(G(a — Xa) A oe)}

ol A{F(a AXa%),0?, L, X(G(a — Xa) Aa)}
A{F(a AXa?),a?, LV X(G(a — Xa) A a)}
N A{F(a AXa%), 0% a ALV X(G(a = Xa) Aa)] b

A{F(a A Xa?),a?, J_Ra}
A{G(a = Xa) = (o — Ga)}

Av

Proof in CTLj 4 of axiom schema C7—:
LEM

AR

A{3 A (a® V X(a?RB?)), BV (a A X(aUB)) }
A{a?RB?, BV (a A X(aUB))}
Y A{(aUB) = (BV (a AX(aUB)))}

Proof in CTLj 4 of axiom schema C8:

A

M A{GA?,Fp}
X A{a?, X(GB%), B, XF3}
: AV , ,
A{3%, 8, XFB} A{a® v X(GB?), B, XFB}
A{B° A (0 v X(GB?)). 5, X3}
A{B A (a? v X(GB?)),FB}
A{o}’RBL”.,Fﬁ}
A{(aUp) — F3}

LEM

AA

ind

Av

We have thus established:
3.5.49. THEOREM. For every formula ¢, if CTL* - LC |= ¢, then CTL{, F .

As previously mentioned, Reynolds’s axiomatisation for full CTL* extends his
system for CTL" - LC by adding a limit closure axiom and the Auxiliary Atoms rule.
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We leave open the question of whether CTLyy, (equivalently, CTL; ;) can prove the
axiom and derive the rule. The answer to the former is probably positive, but
we conjecture the latter not to be the case: the (side condition of) the Auxiliary
Atoms rule is, in Reynolds’s words, ‘slightly complicated’ [115, § 7], and its power
seems to be beyond our inductive system.

3.6 Conclusion

Full computation tree logic, denoted by CTLY is a branching-time logic which
extends linear-time temporal logic (LTL) by means of the universal (A) and ex-
istential (E) path quantifiers from computation tree logic (CTL). In contrast to
the latter, it imposes no restriction on the placement of quantifiers or temporal
operators, resulting in a strictly more expressive logic than LTL and CTL.

We provided a cut-free, ill-founded hypersequent calculus CTL.  for CTL™
Proofs are trees of possibly infinite height and a correctness condition ensures that
infinite branches yield valid conclusions. Hypersequents offer a natural framework
for accommodating the existential and universal path quantifiers of the logic, as
well as their interplay with the next operator X. Soundness of the system is shown
by a signature-based argument. Completeness follows from a deterministic proof-
search by means of game- and automata-theoretic tools.

Our proof-search mechanism for CTLY, yields proofs which are both determin-
istic, in the sense that the rule applied at a vertex is uniquely determined by the
hypersequent in its label, and regular. This allows a partially finitary presenta-
tion of CTL., proofs. We formalised this idea by introducing the infinitary cyclic
system CTLy,.

By annotating formulas to keep track of fixpoint unfoldings, as Jungteer-
apanich [76] and Stirling [144] did for the modal u-calculus, we were able to isolate
a finitary condition (universality) that suffices to guarantee that a derivation is
a proof. Further work is required to see whether good existential traces admit a
finitary description. Indeed, whereas infinite formula traces are easy to detect by
finitary means, good E-traces require the absence of infinite U-traces. This seems
to be beyond the capabilities of our annotations.

A natural step towards a fully finitary cyclic calculus would be encoding auto-
mata in the ill-founded system. Jungteerapanich and Stirling’s annotations derive
ultimately from Safra’s determinisation construction for Biichi automata. As we
have shown, there exists an NBA 4 which recognises exactly the good branches
of CTL., proof-search trees. It might then be possible to incorporate the states
and transitions of a deterministic version of A into the rules of CTL’, by means
of a more complex annotating mechanism than the one we used, thus obtaining a
cyclic calculus with finitary correctness conditions. This idea is partially applied
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in [47] to a tableau for satisfiability of CTL* formulas, and [37] investigates the
correspondence between annotations and determinisation procedures other than
Safra’s construction.

In the second half of the chapter we isolated a class of ‘inductible’ cyclic proofs
whose cycles can be transformed into inductive arguments. The resulting Hilbert-
style axiom system is shown to be complete at least for CTL* - LC, a well-known
variant of CTL* obtained by allowing the evaluation of formulas in a bigger class
than that of serial models. This work was motivated as a means to examine the
possibility of axiomatising CTL* by eliminating cycles. Our cyclic system is not
fully finitary and it could not therefore yield an axiomatisation of CTL" in this
manner. But obtaining a finitary system would only be the first step: in order to
remove purely existential cycles, i.e., cycles whose correctness is not witnessed by
any A-trace, we would have to find a suitable induction rule for E-sequents. While
rules similar to ind can be shown to be sound for E-sequents, they seem to be too
rigid for the proof transformations carried out in Section 3.5.

Lastly, and on a different note, we could try to extend our work to CTL"
augmented with past-time operators. Several alternatives present themselves, for
example: a finite or an infinite past; a branching or a linear past. We refer the
reader to the introduction of [116] for a survey of these and other proposals that
have been considered in the literature. In [116], Reynolds obtained an axiomatisa-
tion of CTL* with past-time operators for a linear, finite past. It is worth noting
that the past operators allowed him to dispense with the Auxiliary Atoms rule of
his axiom system for CTL* They might thus yield simpler systems than the ones
we have considered.



Chapter 4

A Cyclic Proof System for iLTL

This chapter is at the same time easier and more complicated than the first half
of the previous one. Here we consider intuitionistic linear-time temporal logic
iLTL, which combines Pnueli’s linear-time temporal logic and (propositional) intu-
itionistic logic. Models of iLTL are ‘two-dimensional’: every state has at least one
temporal successor and zero or more intuitionistic successors. A simple confluence
condition, expressing monotonicity of the temporal successor function with re-
spect to the intuitionistic order, suffices to ensure that truth is preserved upwards
in the intuitionistic dimension (see [10]). The temporal component of iLTL is thus
much simpler than CTL* and will pose no difficulty. The intuitionistic component,
however, requires considerable care.

We provide a cut-free, finitary cyclic system for iLTL. The calculus uses labelled
formulas in order to accommodate the interplay between the temporal dimension,
represented by the modal rule for the next operator X, and the intuitionistic di-
mension, corresponding to the right-implication rule.

Labelled calculi incorporate the semantics of the accessibility relation into
the syntax of the sequents. The idea traces back to Kanger’s sequent calculus
with ‘marks’ for S5 [79], and it has since proved to be adequate for the proof
theory of modal logics, where traditional sequent calculi meet with considerable
obstacles (see, e.g., [99, 100]). Recent applications of labelled calculi include the
ill-founded labelled calculus for the intuitionistic version of Goédel-Lob provability
logic presented in [35], and the proof of the decidability of intuitionistic S4 in [58].

Our approach, in a sense, is the opposite of the one followed in [5]. There,
the authors introduce an ill-founded proof system for a proper fragment of iLTL
based on nested sequents that reason under the temporal next operator X. Their
proof-search mechanism is thus able to look arbitrarily far into the future, but in
some cases it is unable to break down implications in the consequent due to the

159
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non-invertibility of their right-implication rule. As a result, it outputs ill-founded
proofs which need not be regular.

Labels, instead, yield an invertible right-implication rule. This makes it pos-
sible — though not without considerable care — to design a proof-search algorithm
for an ill-founded calculus which explores all relevant regions of the proof-search
space, spending only a finite amount of time on each ‘intuitionistic region’ The
resulting ill-founded proofs can be regularised and made cyclic by a simple an-
notation procedure.

4.1 Intuitionistic linear-time temporal logic iLTL

The language of iLTL, denoted by % 1., consists of the following: countably many
propositional letters drawn from a set Prop; the constant L (falsum); the Boolean
connectives A (conjunction), V (disjunction) and — (implication); and the temporal
operators X (next), U (until) and R (release). The formulas of iLTL are given by
the following grammar:

pr=L]pleAp) [ (V)] (p—=¢) | (Xe) | (pUp) | (pRe),

where p ranges over Prop. Formulas are denoted by small Greek letters o, 3, ¢, . . .,
and sets of formulas by capital Greek letters I', A, X, ... We use O to denote either
U or R. The collection of all iLTL formulas is denoted by Form;t., and the set of
all subformulas of a formula ¢, defined as expected, is denoted by Sub(y).

If no ambiguity arises, we drop the outer parenthesis and stipulate that X bind
more strongly than A, V, U and R, and that these, in turn, bind more strongly
than —.

A literal is a formula of the form L or p. An X-formula, or modal formula, is
a formula of the form X¢. Similarly, an O-formula, for O € {U, R}, is a formula of
the form ©O. The negation of a formula ¢ is defined as - = ¢ — L. We let
T = L. We also define the temporal operators F (eventually) and G (henceforth)
as expected: Fp := TUgp, and Gy := 1L Rp. The connective = and the operators F
and G bind all as strongly as X.

The size, or complezity, of a formula ¢, denoted by (), is given by:

o (L) :=(p) =1, for every p € Prop;
o (px1h) = () + () + 1, for x € {A,V,—,U,R};
« (Xg) = (o) + 1L

We extend () to finite sets of formulas by setting (@) = > {(p) | ¢ € ®}.
Formulas of iLTL are interpreted over intuitionistic propositional models equipp-
ed with a temporal successor function that respects the intuitionistic order.
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An intuitionistic (propositional) frame is a Kripke frame F = (W, <) whose
accessibility relation < is reflexive and transitive. We call < the intuitionistic
(pre-)order of F. For all s,t € W, we say that ¢ is an intuitionistic successor of s
if s <t. An intuitionistic (propositional) model is a Kripke model M = (W, <, V)
based on an intuitionistic propositional frame (W, R) and such that the valuation
function V' : W — 2P™P is persistent with respect to the intuitionistic order: if
s <t, then V(s) C V().

AnilLTL frameis a triple F = (W, <, S), where (W, <) is an intuitionistic frame
and S : W — W is a function which is (forward) confluent with respect to <, that
is: if s <, then S(s) < S(t). We call S is the (temporal) successor function. We
inductively define the n-th (temporal) successor function S™ : W — W for every
n < w by setting S := S and S"*! := S o 5™

A waluation V on an iLTL frame F = (W, <,S) is a map V : W — 2Pr°P_ An
iLTL model is a tuple M = (W, <, S, V), where F = (W, <, S) is an iLTL frame
and V is a valuation on F.

Given a model M = (W, <, S, V), we inductively define a satisfaction or forcing
relation |- between states of M and formulas in the expected manner:

o« M, sl L;

o M, sk pif and only if, p € V(s), for every p € Prop;

o M, sk A if, and only if, M, sl ¢ and M, s IF 1;

o M, sk Ve if, and only if, M, s I ¢ or M, s I+ 4;

o M, sl p — 1 if, and only if, for every ¢t € W such that s < t, if M, tIF ¢,
then M, t IF 1,

o M, sk Xgp if, and only if, M, S(s) I ¢;

o M,s I Uy if, and only if, there is a j < w such that M, S%(s) IF 1 and
M, Si(s) Ik ¢ for every i < j;

o M, s Ik pRy if, and only if, for every j < w, either M, S%(s) I- ), or there
is an i < j such that M, S%(s) IF ¢.

If M, s Ik ¢, we say that ¢ is true at s, or that s satisfies . We write M | ¢ if
M, s Ik @ for every s € W. Given a frame F = (W, <,5), we write F |= ¢, and
say that ¢ is valid in F, if (W, <,S5,V) | ¢ for every valuation V on F. Given
a class of frames K, we write K = ¢, and say that ¢ is K-valid, if F = ¢ for
every F € K. We write iLTL & ¢, and say that ¢ is valid, if ¢ is valid in every
frame. Finally, given any formulas ¢ and v, we write ¢ = v, and say that ¢ and
¥ are equivalent, if for every model M = (W, <, 5, V) and every s € W, we have
M, sl ¢ if, and only if, M, s IF 1.

It follows immediately from the definitions of F and G that we have:



162 Chapter 4. A Cyclic Proof System for iLTL

S @<~ t O

FIGURE 4.1: An iLTL model M refuting the classical dualities between U and R. The
valuation is empty everywhere except at the states painted black, where ¢ and only
q holds. We then have M,s IF pRg but M,s ¥ =(—pU-q), and M,s IF pUqg but
M,s I =(—pR—q). Analogously, we have M,t Ik =(—pU-q) but M,t If pRq, and
M, tIF =(=pR—q) but M, Iff pUq.

o M, sl Fypif, and only if, there is some n < w such that M, S"(s) IF ¢;
o M, sl Gy if, and only if, M, S™(s) IF ¢ for every n < w.

As in the classical setting, it is easy to see that U and R satisfy the fixpoint
equivalences pUy = 1 V [p A X(oUt)] and Ry = 1 A [p V X(¢Ry)]. However, in
the intuitionistic setting U and R are not interdefinable [10] (see also Example 4.1.1
below).

Observe that iLTL frames are two-dimensional: every state has one temporal
successor and, in addition, may have multiple intuitionistic successors other than
itself. When depicting frames and models, we represent the temporal successor
function with dashed, horizontal arrows, and the intuitionistic order with solid,
vertical arrows, omitting reflexivity.

4.1.1. ExamMpLE. Figure 4.1 depicts an iLTL model showing that, in contrast to
the classical case, we can neither express pRg as =(—pU—q) nor pUq as =(=pR—q).
Moreover, in iLTL the operator U is not definable in terms of X and R, and neither
is R definable in terms of X and U [10].

Intuitionistic truth should be propagated upwards in a frame with respect to
the intuitionistic order. Forward confluence is exactly the condition that has to
be imposed onto the temporal successor function in order for this to be the case
[10, Prop. 2.1]. So, in particular, we have:

4.1.2. PROPOSITION. For every model M = (W, <, S,V), all s,t € W, and every
formula , if M, sk @ and s < t, then Mtk .

4.2 The ill-founded system iLTL

Fix a countably infinite set Worlds of (world) labels. A labelled (iLTL) formula
is a pair (w, @), henceforth written w : ¢, where w € Worlds and ¢ € Formjt.
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Let I' be a set of labelled formulas. We define XI' := {w : X¢ | w : ¢ € I'} and
I' ={¢p|w: ¢ el for some w € Worlds}. And, for every set of labels W, we
abuse notation and let T\ W ={w : ¢ € I' | w ¢ W}. We say that a label w
occurs in I if there is a formula ¢ such that w : ¢ € I'. When no ambiguity arises,
we abuse notation and write w € I' if w occurs in I'. If T" is a set of unlabelled
formulas and w € Worlds, we let w: T':={w: ¢ | p € T}.

A world relation is a pair (w,w’), henceforth written w < w', where w,w’ €
Worlds. Given a world relation wy < w; and labels w,w’, we define the world
substitution (wy < wq)[w/w'] as follows:

o if wy # w' # wy, then (wy < wy)[w/w'] = wy < wy;
o if wg = w' # wy, then (wg < wy)[w/w'] =w < wy;
o if wy # w' = wy, then (wg < wy)[w/w'] = wy < w;
o if wy =w = wy, then (wy < wy)[w/w'] =w <5 w.

A (relational) control is a finite set of world relations. When working with
relational controls, we abbreviate {w < w'} to w < w’, as well as QU {w 5 w'}
to Q,w <K w, and w < wo,...,w < w, to w < wy, ..., w,. A label w occurs in a
control € if there is a label w’ such that {w < w',w' < w} N Q # F. We abuse
notation and write w € Q if w occurs in €. For any control Q and labels w, w', we
let Qw/w'] = {(wo < wy)[w/w'] | wo < wy € Q}.

Let M = (W, <,S,V) be an iLTL model. A label valuation on M is a map
A Worlds — W. We extend the notion of satisfiability to world relations, relatio-
nal controls and labelled formulas as expected:

(i) M, A Fw < w' if, and only if, A(w) < A(w');
(ii) M, A IFQ if, and only if, M, A IF w < w' for every w 5w’ € Q;
(iif) M, A Ik w : ¢ if, and only if, M, AM(w) IF .

Note that relational controls are interpreted conjunctively.
Given a model M = (W, <, S5, V) and a label valuation A on M, for every
w € Worlds and s € W we define the label valuation A\jw — s] on M by setting

ey
Aw = s](w') = {9 ifw —.w
Aw')  otherwise
for every w’ € Worlds.
Every relational control Q determines a reflexive pre-order (Wq, <q), where
Wa is the set of world labels occurring in Q and <gq is the reflexive, transitive
closure of the relation described by <, i.e., w <q w’ holds if, and only if, there
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are wy,...,w, € Wq such that wy = w, w, = w', and, for every i < n, either
w; = wipy or w; K Wiy € Q. By w <q w' we mean w <q w’ and w # w'. And
we write w <@, w' if w <q w’ and there is no w” € Wq such that w <q w” and
w' <qw'.

Let Q2 be a relational control. For any label w and any set of labels W, we let:

o Teqw ={weWq|w<qu'};
o O\NW ={wy g w; €Q|wy ¢ W and wy ¢ W}.

We abuse notation and write 2\ w in place of 2\ {w}.
Relational controls that represent trees will be of particular importance to us.
To this end, we say that a control (Q is:

o reflexive, if w < w € Q for every w € €);
o transitive, if w K w' € Q and v’ K w” € Q implies w < w” € Q;
o rooted, if there is a w € € such that w 5 w' € Q for every w' € Q;

o and tree-like, if (W, <q) is a tree.

4.2.1. REMARK. Relational controls are finite by definition, so finitely many checks
suffice to determine whether a control is tree-like or not.

A (labelled iLTL) sequent is a triple (2,T', A), henceforth written Q 4T = A,
where 2 is a relational control and I' and A are finite sets of labelled formulas.
We call I the antecedent of the sequent, and A the consequent or succedent. The
size, or complezity, of a sequent S =Q AT = Ais (S) = (') + (A).

A world label w occurs in a sequent Q 4T = A if w occurs in Q or in ' U A.

Let M be a model and A\ a label valuation on M. We extend satisfiability
to labelled sequents by setting M, A IF Q 4T = A if, and only if, the following
holds: if M, A IF Q and M, A Ik w : ¢ for every w : ¢ € T, then M, A Ik w' : 4
for some w’ : 1) € A. A labelled sequent S is valid if we have M, \ I+ S for every
model M and every label valuation A on M.

A sequent S =Q 4T = A is monotone if the following conditions hold for all
w,w" € Worlds and ¢ € Form; 1:

(i) ifw:peland w=<w € Q, then w': p €T}
(i) fw:p e Aand w' g w € €, then w' : ¢ € A.
We say that S is left-rmonotone (right-monotone) if (i) holds (respectively, (ii)). So
S is monotone if, and only if, S is both left- and right-monotone.
We are now ready to define the ill-founded system iLTL., for iLTL. The system

works on labelled sequents and allows infinite branches to deal with the fixpoint
operators U and R.
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axQ%F,w:péw:p,A aXLQ—|F,w:J_:A
L Q4T w:p,w: = A QAT = w:p, A QAT = w: ¢, A
N QAT w . pr0 = A A QAT = w:p A, A

L Q4T w:p=A QAT w:¢v = A R QA= w:p,w: 9P, A

v QAT w:pViy=A v QAT =w: eV A

QAT w:p = =w:p A QAT w:v = A
QAT w:p == A

L—

Quw=w AT, W' p=w' Y, A
QAT =w:o =9, A

R— w' ¢ Q

Q4A= =
Q1L XA = XZ, %

X

F1GURE 4.2: Non-fixpoint, logical rules of the system iLTL.

4.2.2. DEFINITION (iLTL derivation). An iLTL., derivation of a labelled sequent
S is a finite or infinite tree 7 built in accordance with the rules in Figures 4.2 to 4.4
and whose root has label S.

An iLTL,, derivation of a formula ¢ is an iLTL derivation of @ 4 @ = w : ¢ for
some w € Worlds. B

4.2.3. REMARK. The preservation of the principal formula w : ¢ — 9 in the left
premise of rule L— is typical of ordinary sequent calculi for intuitionistic logic (see,
e.g., [101, § 2.2]). But in contrast to those calculi, the use of labelled formulas
allows the preservation of the set A in the left premise of rule L— and also in the
premise of R—. It thus follows that both L— and R— are semantically invertible.!

Preserving the side formulas in the succedent when applying rule R— turns
ordinary sequent calculi for intuitionistic logic into classical ones, for it allows to
prove instances of the law of the excluded middle (see the introduction to [101,
Ch. 3]). This is not the case when working with labelled formulas, however. For
example, every attempt at proving p V —p in iLTL., will look essentially like the
following;:

LA rule is semantically invertible if its premises are valid when its conclusion is.
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QAT w: = A QAT w: p,w: X(pUy) = A

LU OdTw: 000 = A

QAT = w:p,w: P, A QAL = w: Y, w: X(pUy), A

RU OdT = w: oUb,A

RQ—(F,w:Qp,w:d}:A QAT w: ¥, w: X(gRyY) = A

L OdT.w:oR) = A

QAT = w: ¥, A QAT = w: p,w: X(¢Ry), A

RR 0T = w:gRY.A

FI1GURE 4.3: Fixpoint rules of the system iLTL.

ww dw p=wipw L
gAG=>w:pw:p— L
g4 =w:pV(p— 1)

R—
RV

Clearly, the sequent at the top is not provable.

Invertibility of rule R— appears to be necessary to obtaining regular ill-founded
proofs, and thus in the end a cyclic calculus. If rule R— discarded the side formulas
in A, then the proof-search procedure described below in Section 4.2.2 would not
be able to apply rule R— without losing information that might be necessary to
find a proof. Observe that rule R— is the only one that, when read bottom-up,
creates intuitionistic successors. So, informally, if it were not invertible, the proof-
search procedure would not be guaranteed to explore the intuitionistic regions
above all worlds, because it could wait in vain for the right moment to break
down implications in the succedent of a sequent. This problem seems to lie at the
heart of the difficulties with turning the ill-founded calculus of [5], whose right-
implication rule is not invertible, into a cyclic one (see, in particular, [5, § 5.2]).
That our proof-search never runs into this problem is one of the main results of
Section 4.2.2 (Proposition 4.2.41).

The distinguished formulas and world relations in the conclusions of the rules
in Figures 4.2 to 4.4, such as w : ¢ — ¥ in R— and w < w’ and w : ¢ in Lm,
are said to be principal. In the special case of the modal rule X, we consider all
world relations and formulas in the conclusion to be principal. The distinguished
formulas and world relations in the premises of the rules, for instance w < w’,

w' :pand w Y in R— and w KX W', w: pand w' : ¢ in Lm, are said to be active.
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{ Quw<swdAl' = A ; Quww, v w,vww 4T = A
re Q4= A rans Quwgw,w w40 = A
L Quxw AT, w:p,w o= A Qu KwATl=w:pw : @ A
m Quxw AT, w:p= A m Qu xwAl=w:p A

T Quxuw A= A

QH4I'= A
QAT w:p=A

Q4T = A

Lwk QAT = w: ¢, A

Rwk

FIGURE 4.4: Structural rules of the system iLTL.

For all of the rules other than X, the formulas occurring in I' and A and the world
relations occurring in Q) are, respectively, side formulas and side relations.

Since we work with set-based sequents, a side formula might also be principal.
For example, the following is an instance of LA in which the principal formula
w @ A is also a side formula:

QAT w:pAb,w:pw:1=A
QAT w:pAY = A

An instance of a rule among LA, LV, L—, LU, LR, Lwk (RA, RV, R—, RU, RR, Rwk)
is preserving if the unique principal formula is also a side formula contained in T’
(respectively, A). Otherwise, the instance is said to be discarding. Analogously, an
instance of wk is preserving if the unique principal relation is also a side relation,
and discarding otherwise. Note that, by definition, instances of rules X, refl, trans,
Lm and Rm are neither preserving nor discarding.

A vertex u of an iLTL derivation is modal if rule X is applied at .

Let 7 be an iLTL,, derivation, let u,v € T be such that u <% v, and let
QAT = Aand @ 41" = A’ be the labels of u and v, respectively. We define the
formula trace relation % between (I'x {0})U(A x {1}) and (I" x {0}) U (A" x {1})
by setting (w : ¢,b) &2 (w' : ¢/, ') if, and only if, one of the following holds:

RA

o w:pis a side formula at u, and (w' : ¢, V') = (w : ¢, b);

o arule among LA, LV, LU, LR, Lm (RA, RV, RU, RR, Rm) is applied at u with
w : ¢ principal and w’ : ¢ active, and b = b’ = 0 (respectively, b =0 = 1);

« rule X is applied at u with w’ : ¢’ active, and (w : ¢,b) = (W' : X', V');
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o rule L— is applied at u with w : ¢ principal, say ¢ = @ — 3, and b = 0, and
(w' V) e{(w:p,0),(w:a,l),(w:B,0)};

o rule R— is applied at u with w : ¢ principal and v’ : ¢’ active, say ¢ = a —
B,and b=1, and (v’ : ¢, V) € {(w': a,0),(w": 5,1)}.

So, informally, (w : ¢, b) ¥ (w' : 1, V') holds if w' : ¢ arises from w : ¢ in the rule
applied at u. We may drop one or both indices from >} if no ambiguity arises, as
well as write w : ¢ B2 w’ : ¢ in place of (w : ¢, b) B (W' : 1, ") when b and b’ are
clear from context.

A (formula) trace on a finite or infinite path ™ = (u,,)n<y through 7, N < w,
is a sequence ((wy, : @n,by))nen such that w, : ¢, occurs in the label of u, and
(Wn @, bn) BUrH (Wngr @ P, buyr) for every n <n 41 < N.

Given vertices u,v € T such that u <p v, say with [u,v]r = (ug, ..., u,), we
write w : a U w' @ o if there is a formula trace (w; : ;)i<, on the path [u,v]r
such that wy : g = w : « and w,, : a,, = W' : .

Let 7 be a finite trace, and 7" any trace. We say that 7’ is coherent with 7 if
there is a path m = w9~ through an iLTL derivation, with 7y finite, such that 7
is a trace on my and 7’ is a trace on m;. So 7' is coherent with 7 if 777/ is a trace.

A (fizpoint) unfolding is a trace of the form (w : ¢,b) > (w : Xp,b). Note
that unfoldings can only be produced by rules LU, RU, LR and RR, and thus ¢ is
of the form p;0¢,. Due to the presence of fixpoint unfoldings, the system iLTL
does not satisfy the subformula property: (w : ¢,b) &> (w' : 1,0') does not imply
1 € Sub(p). However, @ does belong to the closure of ¢, which is the natural
replacement of the notion of subformula in this context:

4.2.4. DEFINITION (iLTL closure). The (iLTL) closure of an iLTL formula ¢ is the
smallest set of formulas Clos(ip) satisfying:

(i
(ii

(iii

¢ € Clos(y);
if ¢y %19 € Clos(p), for x € {A,V, =}, then ¥y, 1y € Clos(p);

if 110109 € Clos(ip), for O € {U,R}, then vy, 1, X(1h;01) € Clos(y);
if X¢) € Clos(y), then ¢ € Clos(y).

—_ Z L

(iv

_|

By a straightforward structural induction, the closure of a formula can be
characterised as follows:

4.2.5. LEMMA. The following hold:

(i) Clos(L) = {L};
(ii) Clos(p) = {p}, for every p € Prop;
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(iii) Clos(thy x 13) = {1y * 1o} U Clos()1) U Clos(1,), for x € {A,V,—};
(iv) Clos(X1p) = {Xe} U Clos(1));
(v) Clos(¢101g) = {11019, X(1010¢2) } U Clos (/1) U Clos(vs), for O € {U,R}.

4.2.6. COROLLARY. For any iLTL formula ¢, the set Clos(p) is finite.

For every formula ¢, we let |p| == [Clos(¢)|.

It is clear that (w : ¢, b) &> (w' : ¢, V') implies ¢ € Clos(y). Moreover, since (w :
X, b) > (w' : ¢, 0') implies ¥ € {Xy, ¢}, arguing as in the proof of Lemma 3.2.8
yields:

4.2.7. PROPOSITION. Let 7 = ((Wy : ¢n,bn)), o<, be a finite or infinite trace.
For every n < N, either ¢, € Sub(yy), or ¢, = X for some b € Sub(py).

We shall mainly concern ourselves with infinite traces. Let m = (u,)n<, be an
infinite path through an iLTL., derivation. For every n < w, let Q, 41", = A,
be the label of w,. Finally, let 7 = ((w, : ¢¥n,bn))ncw be a trace on m. We say
that 7 is label-stable (side-stable) if the sequence (wy)n<, (vespectively, (b,)n<w)
is eventually constant. We say that 7 is a left (right) trace if it is side-stable and
b, = 0 (respectively, b, = 1) for infinitely many n < w. Finally, we say that 7 is
of type O, or that 7 is an O-trace, for O € {U,R}, if there is an N < w and an
O-formula « such that ¢, € {a, Xa} for every n > N and the sequence (¢,,)n<y 18
not eventually constant. We call a the dominating formula in 7. Analogously, the
dominating world label in a label-stable trace 7 = ((wy, : ¥n, bn))n<w is the unique
w € Worlds such that w,, = w for infinitely many n < w.

4.2.8. PROPOSITION. Any trace on an infinite path through an iLTL. derivation
is side-stable.

Proof. Let m = (u,)n<w be an infinite path through an iLTL,, derivation, and
T = ((Wy : ©n,bn))n<w a trace on 7. Let n < w be such that b,1 # b,. By the
definition of B>, we then have (¢,.1) < {p,)—2. Moreover, by Proposition 4.2.7 for
every k > 0 either ¢, x € Sub(@wni1), or @nir = X for some ¢ € Sub(@,41). In
the first case we have (©n11) < (Pnt1) < (@n); in the second, (nr) =1+ (¢) <
14 {pni1) < (@n). Therefore, b, 1 # b, implies (©n1x) < (@) for every k > 0, so
the sequence (by,),«, must be eventually constant. [ |

The analogue of Proposition 4.2.8 for world labels, however, does not hold:

4.2.9. EXAMPLE. Figure 4.5 depicts an infinite branch of an iLTL,, derivation
containing an infinite formula trace which is not label-stable.
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wyKwe dwy: (p—¢q) = rws:pws:(p—>q) >r=ws:q

Lm
Ros w3 K we Jwe: (p—q) > r,w3:p=ws:q
dwa:(p—q) > r=wr:p—q
L—
dwy:(p—q) >r=0
Lm wy S wp dwy(p—=q) 2w ipwe:(p—=>q) >r=w:q

wy K weFwy: (p—q) > r,wy:ip=wy:q
?NT( dw:(p—q) > r=w :p—q
= woKw dwy:(p—q) > r=w:p—q
R— dg=wo:[(p—q) —7r]— (p—q)

FIGURE 4.5: An infinite branch of an iLTL,, derivation containing an infinite trace
(highlighted) which is not label-stable. The double line indicates the omission of some
instances of weakening.

We have now all the ingredients necessary to characterise the iLTL,, derivations
that should be accepted as proofs.

4.2.10. DEFINITION (Good and bad trace). An infinite formula trace 7 is good if
7 is label-stable and either a left U-trace, or a right R-trace. Otherwise, 7 is said
to be bad. —

4.2.11. OBSERVATION. Every good infinite formula trace passes through infinitely
many modal vertices.

4.2.12. DEFINITION (iLTLy, proof). An iLTLs, proof of a labelled sequent S is an
iLTL,, derivation 7 of S whose leaves are all axiomatic and such that on every
infinite branch of 7 there is a good trace.

An iLTL., proof of a formula ¢ is an iLTL,, proof of @ 4 @ = w : ¢ for some
w € Worlds. -

4.2.13. OBSERVATION. It follows from the definition of O-traces that every infinite
branch of an iLTL., proof contains infinitely many modal vertices.

4.2.14. OBSERVATION. Let 7 be an iLTL,, derivation, and 7 an infinite branch
of T. Then, for every tail 7’ of = and every infinite trace 7" on 7/, there is a trace
7 on 7 such that 7’ is a tail of 7. Therefore, requiring that there be a good trace
on 7 is equivalent to requiring that there be a tail of 7’ containing a good trace.

4.2.15. EXAMPLE. Figure 4.6 depicts an infinite branch of an iLTL., proof: the
branch contains a good left trace with dominating formula pUgq.
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(1) wo<w—w:pUg= w:qw: (Xp)U(Xg)
wo K wdw:p,w: X(pUqg) = w: q,w: Xg,w : X((Xp)U(Xq))
wo S wAw:p,w:X(pUg) = w: g, w: (Xp)U(Xq)
(1) woxwHw:pUg=w:q,w: (Xp)U(Xq)
U wy < w dw: X(pUq) = w : Xg,w : X((Xp)U(Xq))
wo < w dw: X(pUg) = w : (Xp)U(Xq)
=42 = wo : X(pUqg) — (Xp)U(Xq)

FIGURE 4.6: An infinite branch of an iLTL., proof of the formula X(pUq) — (Xp)U(Xq).
The symbol ‘t" marks roots of identical subproofs.

X
RU

LU

R—

The following follows immediately from the definition of F and G:

4.2.16. PROPOSITION. The rules LF, RF, LG and RG, depicted in Figure 4.7, are
all admissible in iLTL,

4.2.1 Soundness of iLTL.,

In this section we establish the soundness of the system iLTL.,. We proceed as we
did for CTL., in Section 3.2.1, that is: given a proof 7 of a formula ¢, by assuming
that ¢ is not valid we find an infinite branch of T whose existence contradicts the
fact that 7 is a proof.

For every n < w we define the n-th approrimation U™ of the formula Uy
by setting ©U%) := ¢ and U™ 1) = 1) V (p A X(pU™p)). Analogously, we define
the n-th approzimation @R™) of the formula @Ry by setting ¢R%) = 1 and
PR = A (p V X(pR™)).

Arguing as in the proof of Lemma 3.2.16, we get:

4.2.17. LEMMA. For any model M = (W, <, S, V), any s € W, any formulas ¢,
and any n < w, the following hold:

(i) M, s I U™ if, and only if, there is a j < n such that M, S7(s) IF ¢ and
M, Si(s) I+ for every i < j.

(ii) M, sl oR™p if, and only if, for every j < n, either M, S7(s) I 1), or there
is an i < j such that M, S*(s) IF ¢.

4.2.18. COROLLARY. The following hold:

(i) M, sk pU if, and only if, M, sk oU™) for some n < w.
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LFQ#F,w:g@éA QAT w: XFp = A RFQ#Féw:@,w:XFg&,A
Q4T w:Fp=A QAT = w:Fp, A
LGQ#F,w:tp,w:XGg@iA RGQ—|F:>w:<p,A QAT = w: XGp, A

QAT w:Gp = A QAT = w: Gp, A

FIGURE 4.7: Admissible iLTLy rules for F and G.

(i) M, sl R if, and only if, M, s - @R") for alln < w.

4.2.19. PROPOSITION (Soundness of iLTL.,). For every formula ¢, if iLTL F ¢,
then iLTL = .

Proof. Let T be an iLTL., proof of ¢, say with conclusion @ 4 @ = wq : ¢. To-
wards a contradiction, suppose that ¢ is not valid. Let M = (W, <, S, V) be a
model and A : Worlds — W such that M, \ I wy : . We inductively build an in-
finite path (ty)n<, through 7 and an infinite sequence (A, )n<. of label valuations
on M, respectively, such that:

(i) M, A\, I Q, AT, = A, where Q, 4T, = A, is the label of u,;
(ii) if a rule other than X and R— is applied at wu,, then A\,11 = \p;

(iii) if rule R— is applied at w,, then A, 1 = A, [w — t] for some w € Worlds and
teW;

(iv) if rule X is applied at u,, then A\,41 = S o \,.

We begin by letting uy be the root of 7 and Ay = A. For the inductive case,
assume that u,, and A, have been defined. Note that, by the induction hypothesis,
u, cannot be axiomatic because axioms are valid. We distinguish cases according
to the rule R applied at u,,.

Case R € {LA, RV, refl, trans, wkg, Lwk, Rwk}. We let w, 1 be the unique imme-
diate successor of u,, and A, 1 = \,. Clearly, M, A\, 1 Iff Qi1 AT = Ania.

Case R = RA, say with principal formula w : oy A ;. By the inductive
hypothesis, there is some ¢ < 1 such that M, A\, I} w : o;. We thus let u,, 1 be the
immediate successor of u, with active formula w : «a;, and A\, 1 = A,.

Case R = LV, say with principal formula w : ag V «a;. By the inductive
hypothesis, there is some ¢ < 1 such that M, \,, IF w : a;. We thus let u,,1 be the
immediate successor of w, with active formula w : oy, and A\, 11 = A,

Case R = L—, say with principal formula w : @y — «;. By the inductive
hypothesis, M, \, IF w : a9 — a7, whence either M, A\, If w : ap or M, \, |-
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w : ap. In the former case we let u,; be the immediate successor of w,, for the
left premise; in the latter, the one for the right premise. In either case we let
Ani1 = Ap.

Case R = R—, say with principal formula w : ay — a3 and active world
relation w < w’. By the inductive hypothesis, M, \,, I w : oy — a1, whence there
is some t € W such that \,(w) < t, M.t Ik ag, and M, t I} a;. We let u,,1 be
the unique immediate successor of u,, and \,;1 = \,[w' — t].

Case R = X, say with conclusion Q 4", XA = X=Z, A and premise Q 4 A = =.
We let u,,; be the unique immediate successor of u,, and A,+1 = S o \,. We
show that M, A1 If Q 4 A = = Let w < w' € Q. By the inductive hypothesis,
An(w) < Ay (w'), so by confluence A, 1(w) = S(A,(w)) < S (w')) = Apyr(w).
Now let w : @ € A. Then, w : Xa € XA, so by the inductive hypothesis M, A, I+
w : Xaw and thus M, S(\,(w)) IF o, i.e., M, A1 IF w @ . Finally, let w : a € E.
Then, w : Xa € XZ, so by the inductive hypothesis M, \, I} w : Xa and thus
M, S (w)) I o, e, My A Iff w s a

Case R = LU, say with principal formula w : agUca;. By the inductive hypo-
thesis, either M, A\, IF w : aq, or M, A\, IFw : g and M, A, IF w : X(apUay). In
the former case we let u, 1 be the immediate successor of u, for the left premise;
in the latter, the one for the right premise. In either case we let A\, = A,.

Case R = RU, say with principal formula w : agUa;. By the inductive hy-
pothesis, either M, A\, I w : ag and M, A\, If w : oy, or M, A\, IFf w : oy and
M\, I w : X(agRay). In the former case we let u,, 1 be the immediate successor
of u,, for the left premise; in the latter, the one for the right premise. In either
case we let A\, = \,.

Case R = LR, say with principal formula w : agRa;. By the inductive hypo-
thesis, M, A\, IF w : oy and either M, \, IF w : ap, or M, A, Ik w : X(agRap). In
the former case we let u, 1 be the immediate successor of u, for the left premise;
in the latter, the one for the right premise. In either case we let A\,11 = \,.

Case R = RR, say with principal formula w : agRa;. By the inductive hypo-
thesis, either M, \,, If w : oy, or M, A\, IF w1 ap and M, A, IF w : X(agRay). In
the former case we let w, 1 be the immediate successor of u, for the left premise;
in the latter, the one for the right premise. In either case we let A\, = A,.

Case R = Lm, say with principal formula w : o and principal relation w < w’.
We let u,1 be the unique immediate successor of w, and A\,;; = A,. By the
inductive hypothesis, A\, (w) < A, (w") and M, A\, IF w : a, whence M, A\, 41 IF W' :
a follows from Proposition 4.1.2.

Case R = Rm, say with principal formula w : @ and principal relation v’ < w.
We let u,+1 be the unique immediate successor of w, and A\,;; = A,. By the
inductive hypothesis, A\, (w) < An(w) and M, A\, I w : a, whence M, A\, 41 Iff W' :
« follows from Proposition 4.1.2.
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The path m = (u,)n<w is an infinite branch of 7 because axioms are valid.
We show that the existence of such a branch contradicts the fact that 7 is a
proof. Note that, in the cases R € {LU,RU,LR,RR} in the construction of m, we
prioritised the left, non-unfolding premise.

Since T is a proof, 7 contains a good trace 7 = ((Wy : @n,bn))n<w, Say with
dominant formula v = aOfS. Let then N < w and w € Worlds be such that ¢ = 7,
on+1 = X7, and for every n > N we have w, = w, b, = b,41 and ¢, € {7, X7y}.
We distinguish cases according to the type of 7.

Case O = U. Then, 7 is a left trace and thus M, \,, IF w : ¢, for every n > N.
We inductively define a sequence of natural numbers (k;,),>n such that:

(i) if ¢, = v, then M, \, IF w : aU* 3;
(ii) if ¢, = Xy, then k, > 0 and M, A, IF w : X(aU*~13).

Let ky be such that M, Ay IF w : «UR~ 3, which exists by Corollary 4.2.18.

If oni1 = @n, then A1 (w) = A\ (w) and we let k1 = k.

Suppose that ¢, = v and ¢,.1 = Xy. By the construction of 7 and the
inductive hypothesis, we have A, 1(w) = A\, (w) and M, N\, I w : 3, so k, > 0
and M, \, |- w : X(aU¥~13). Hence, M, \,y1 IF w : X(aUF~13) and we let
kni1 = kn.

Finally, suppose that ¢, = Xv and ¢, 11 = 7. So rule X is applied at u,,. Then,
Ani1 = So\,. By the inductive hypothesis, k, > 0 and M, A, IF w : X(aU*~13),
whence M, Apy1 Ik w : aUF=13. We let kpyy =k, — 1.

Observe that (k,)n<. is non-increasing and that k,., < k, if u, is a modal
vertex. Therefore, since m passes through infinitely many applications of rule X,
we have built an infinite descending chain of natural numbers.

Case O = R. Then, 7 is a right trace and thus M, A\, I w : ¢,, for every n > N.
We inductively define a sequence of natural numbers (k;,),>n such that:

(i) if On =17, then M, /\n U?L w Osz"ﬁ;
(ii) if ¢, = Xv, then k, > 0 and M, A\, I w : X(aRF~13).

Let ky be such that M, Ay I w : «R*N 3, which exists by Corollary 4.2.18.

If opy1 = @n, then A1 (w) = A\ (w) and we let k1 = k.

Suppose that ¢, = v and ¢,.1 = Xy. By the construction of 7 and the
inductive hypothesis, we have A\, 1(w) = A\, (w) and M, A\, I w : 3, so k, > 0
and M, \, I w : X(aRE»=13). Hence, M, \,41 I w : X(aR¥~13) and we let
kna1 = ky.

Finally, suppose that ¢, = Xv and ¢,+1 = 7. That is, rule X is applied at
Uy. Then, A\,11 = S o A,. By the inductive hypothesis, k, > 0 and M, A\, I w :
X(aU*»=18), whence M, A1 I w : aU*13. We let k1 ==k, — 1.
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As before, (ky)n<w is non-increasing and k,1 < kj, if w, is a modal vertex.
Therefore, since m passes through infinitely many applications of rule X, we have
built an infinite descending chain of natural numbers. |

4.2.2 Completeness of iLTL

We now turn to proving the completeness of the system iLTL,,. The approach is
the same as the one we followed for CTL_ in Section 3.2.2, namely: given a formula
i, we build a proof-search tree for ¢ from which either a proof or a refutation of
o can be extracted, the latter implying the invalidity of ¢. There are, however,
two notable differences.

First, given that our ultimate purpose is to obtain a cyclic calculus, the proof-
search for iLTL. is considerably more delicate than for CTL. . Care is needed
to ensure that it explores all relevant possibilities without producing infinitely
many different sequents, as otherwise it would fail to yield regularisable proofs in
general. We must thus ensure that the trees represented by the relational controls
in a proof-search do not grow indefinitely neither in height nor width, and also
that only finitely many world labels are used in the whole process. As shown in
Figure 4.5, this need not be the case if rules are applied in an arbitrary manner.
Informally, we are to find the right balance between the intuitionistic and the
temporal dimensions, the former represented syntactically by implications and the
latter by modal formulas.

Second, whereas CTL refutations are subtrees of proof-search trees, iLTL.
refutations are simply branches thereof. On the one hand, this makes it possible to
dispense altogether with game- and automata-theoretic arguments like the ones we
used for CTL._, since either a proof-search tree is already a proof, or else it contains
a ‘bad’ branch which suffices to build the countermodel. On the other hand, given
that branches are one-dimensional but iLTL models are two-dimensional, it follows
that refutations are densely packed with information and thus several auxiliary
functions are needed to process them. All such functions have simple definitions,
but showing that they interact with each other appropriately is, to some degree,
a long process.

Concordantly, this section is split into two parts. First, we define the proof-
search procedure on which the completeness proof relies, and show that it never
produces infinitely many sequents (Proposition 4.2.38) and that it explores all rel-
evant regions of the proof-search space (Proposition 4.2.41). Second, we define
iLTL., refutations and show how to untangle them into two-dimensional counter-
models.



176 Chapter 4. A Cyclic Proof System for iLTL

iLTL,, proof-search trees

If we are to eventually obtain a cyclic system for iLTL, we need a proof-search
procedure which breaks down formulas in a controlled, sensible manner. In par-
ticular, it must know when a formula need not be broken down, as well as put a
bound on the creation of world labels. The former is achieved by using implicit
contraction to saturate sequents and following precise instructions to determine
which formula to break down at any given step. To achieve the latter, we define
three new, admissible rules: the collapsing rule coll, the pruning rule prun, and a
restricted version of the R— rule.
A formula w : « is left-broken in a sequent 2 4T = A if any of the following
hold:
(i) « is a literal or a X-formula;
(i) a=p A, and w: p,w: Y €T}
(iil) o« =@ V1, and either w: p € T or w: ¢ €T
)
)
)

(iv) a = ¢ — 1, and either w: ¢ € T or w: p € A
(v) a=pUy, and either w: ¢ € T or w : p,w : X(pU) € T

(vi) a = @R, and either w: p,w: ¢ € T or w: ¢, w : X(pUy) € T.

Similarly, w : «v is right-broken in Q 4T = A if any of the following hold:
(i) « is a literal or a X-formula;

(i)

(i)

(iv) @ = ¢ — 1, and there is some w’ € Worlds such that w g w’' € Q, w' : p € T,

and w' 1 € A;

(v) a=pUy € A, and either w: p,w: ¥ € A or w: i, w: X(pU) € A;

(vi) @ =pRy € A, and either w: ¢ € A or w: p,w: X(pRyY) € A.

a = p A1, and either w: o € Aorw:p € A,
a=pViy,and w:p,w: P €A;

A formula w : « is broken in a sequent S = Q 4T = A if w : « is either left- or
right-broken in S. Note that we do not require w : a« € ' U A for w : « to be left-
or right-broken in S.

We say that w : « is left-unbroken (right-unbroken) in Q 4T = Aifw:a el
(respectively, w : @ € A) but w : « is not left-broken (respectively, right-broken)
in Q=T = A. Wesay that w : « is unbroken in a sequent S is w : « is either left-
or right-unbroken in S.

A relational control €2 is saturated if € is reflexive and transitive. A sequent
S =QAT = A is saturated if the following hold:
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(i) Q is saturated;
(i)
)
)

(iii
(iv) every formula in A is right-broken in S.

S is monotone;

every formula in I' is left-broken in .S}

We now introduce the three new rules that will be used by the proof-search
procedure.

4.2.20. PROPOSITION. The collapsing rule

I

Quw/w 4T, w: A= w:ZA

coll QAT w: Aw A= w: 2w :

,A
where Q is tree-like, reflevive and transitive, w,w' ¢ T'U A, and w <@, w', is
admissible in iLTL.

Proof. 1t suffices to show that under the aforementioned conditions we have
Qw/w'] = Q\ w', for then rule coll can be simulated by wk, Lwk, and Rwk.

If wo < wy € Q\ W', then wy < wy € Q and wy # w' # wy, whence wy < wy
(wo < wy)[w/w'] € Quw/w’].

For the other inclusion, let wy < wy € Qw/w']. Then, there is some w} <
wy € Q such that wy < wy = (wy < wh)[w/w']. If wy # w' # wi, then (v <
whw/w'] = wy K wp € Q\w'. If wy = w' = wi, then (w) g w))w/v'] =w =
w € O\ w, where the inclusion follows from reflexivity of Q and w # w'. If
wy = w' # wj, then we have w x w',w' g w) € Q, so the transitivity of Q yields
(wy < ww/v] =w g w) € Q\ . Finally, if w) # w' = w), then we have
w < w,wy < w € Q. Since Q is tree-like and w <@ w’, it follows that either
w = wj or wy < w € . By reflexivity, in either case we have (wf, g w})[w/w'] =
wy s weQ\w. |

The intuition behind rule coll is the following: if w, w’ are two states of a model
that satisfy and refute the same formulas and w’ is an immediate intuitionistic
successor of w, then, given the transitivity of the intuitionistic order, we may
ignore w’" and focus solely on w. Consequently, rule coll will put a bound on the
height of the trees represented by relational controls during proof-search.

A vertex u of an iLTL,, + coll derivation is collapsing if rule coll is applied at
u. Formula traces are defined for coll as expected from its simulation in terms
of weakening rules. Looking at the instance of coll in the statement of Proposi-
tion 4.2.20 above, we say that w' collapses down to w, that w an w’ are principal
in the conclusion, and that w is active in the premise.

Observe that in the proof of Proposition 4.2.20 we have proved the following:
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4.2.21. PROPOSITION. In any instance of coll, say with control () in the conclusion
and with w,w' principal and w active, we have Quw/w'] = Q\ w'.
4.2.22. PROPOSITION. The pruning rule

O\ tw AT\ Tw = A\ tw
Q4T =A ’

where w € Q and Tw = T<,w, is admissible in iLTL.

prun

Proof. Clearly, prun can be simulated by wkx, Lwk, and Rwk. |

The intuition behind (our use below of) rule prun is the following: if w’, w”
are two different immediate intuitionistic successors of a state w in a model, and
the trees determined by tw’ and tw” are ‘essentially the same’ (more formally,
isomorphic with respect to the labelling induced by satisfaction and refutation
of formulas), then we can ignore Tw” and keep only the information about tw’.
Hence, whereas rule coll bounds the height of the trees represented by relational
controls during proof-search, rule prun will bound their width.

A vertex u of an iLTL,, + prun derivation is pruning if rule prun is applied at
u. Formula traces are defined for prun as expected from its simulation in terms
of weakening rules. Looking at the instance of prun in the statement of Proposi-
tion 4.2.22 above, we say that w is active in the premise, and that every label in
T<,w is pruned.

4.2.23. PROPOSITION. The rule

QAT =w o=, w: Y, A
R— QA= w:p— ¢, A

is admissible in iLTL..

Proof. By relying on implicit contraction, R—~ can be simulated thus:

QAT = w:p = vv,w: ¢, A
Quw A= w: p = Y,w: P, A

wk

L EWk Qugw A= w:p = Y,w Y, w: P, A
RW Quxw AT W p=>w:o—Y,w Y,w: P, A
m

Quwsw AT, v :p=w:o = v, P, A
QAT =w:p =Y, A

The intuition behind rule R—" is the following: if a state w of a model refutes
an implication ¢ — 1, then w must refute i because the intuitionistic order
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preserves satisfaction of formulas. For the use of R—~ during proof-search, see
Remark 4.2.25 below.

Formula traces are defined for R— " as expected from its simulation in terms of
iLTL. rules. Looking at the instance of prun in the statement of Proposition 4.2.23
above, we say that w : ¢ — 1 is principal in the conclusion and that w : ¢ — ¥
and w : 1) are active in the premise.

Before describing the proof-search procedure for iLTL,, we still need to define
a few notions.

Let T be an iLTL, derivation and u a vertex of 7T, say with label Q@ 4T = A.
A labelled U-formula w : « is left-pending in u if w : « € T" and, for every vertex
v <7 u such that rule LU is applied at v with principal formula w : «, there is a
modal vertex in (v,u)7. Dually, a labelled R-formula w : « is right-pending in u
if w: a e A and, for every vertex v <¢ u such that rule RR is applied at v with
principal formula w : a, there is a modal vertex in (v, u)7.

A proof-search guide is a pair (<, <L), where <y is a well-ordering of
Worlds and <; 1. a well-ordering of Form; .

Every tree-like relational control determines a tree (Wq, <q). It is thus natural
to associate, to every sequent with a tree-like relational control, a labelled tree
defined as follows. Let S = Q4T = A be a sequent with 2 tree-like, and let
As = (I x{0})U(A™ x{1}). We define the Ag-labelled tree Wg == (Wq, <q, As)
by letting Ag : W — 2% be given by:

Ag(w) ={(,0) [w:yeTU{(0,1) [w: 5 €A}
We are finally ready to define the proof-search procedure for iLTL.

4.2.24. DEFINITION (iLTL,, proof-search tree). Let ¢ be an iLTL formula, and let
4 = (<w, <iTL) be a proof-search guide. An iLTL., proof-search tree for ¢ guided
by ¢ is a finite or infinite tree 7 built according to the rules of iLTL, plus coll,
prun and R—~ such that the following hold:

(i) The root of 7 has label wy < wy 4 & = wy : p, where wey, called the root-
label of T, is the <y -least world label.
(if) A vertex of T is a leaf if, and only if, it is axiomatic.
(iii) The weakening rules wky, Lwk and Rwk are not applied anywhere in 7.

(iv) All instances in T of the rules LA, RA, LV, RV, L—, R—, LU, RU, LR and
RR are preserving.

(v) For every non-final vertex v € T, say with label S, = Q, 4T, = A,, the
following conditions hold:
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d)

/)

9)

h)

7)

k)
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If Q, is not reflexive, then rule refl is applied at u with active relation
w < w, where w is the <y -least label ocurring in Q, 4T, = A, such
that w < w ¢ Q.

Else, if €2, is not transitive, then rule trans is applied at u with principal
relations w < w’ and w’ 5 w”, where (w,w’, w”) is the (<w, <y, <w)-
least triple of labels such that w < w’,w’ < w” € Q, but w < wW” ¢ .

Else, if ©, is not left-monotone, then rule Lm is applied at u with
principal relation w < w’ and principal formula w : ¢, where (w,w’, )
is the (<w, <w, <it)-least triple such that w < w’ € Q, and w : p €
[y but w' :p ¢,

Else, if €2, is not right-monotone, then rule Rm is applied at u with
principal relation w’ < w and principal formula w : ¢, where (w,w’, )
is the (<y, <w, <iito)-least triple such that w’ < w € Q, and w : p €
A, but w':p ¢ A,.

Else, if €, is tree-like and Wy, is not thin, then rule prun is applied at
u with active label w, where w is the <y -greatest label occurring in
Q, such that there are wg,w’ € Q, satisfying wy <, w, wy <@ o',
w#w', and Ws,,w ~p, Ws,,w'

Else, if €, is tree-like and Wy, is not low, then rule coll is applied at u
with principal labels w and w' and active label w, where (w,w’) is the
(Sw, <w)-least pair of labels occurring in 2, such that w <{, w" and
Au(w) = Ay (w').

Else, if there is a left-pending formula in u, then rule LU is applied at u
with principal formula w : «, where (w, ) is the (<yy, <;1.)-least pair
such that w : « is left-pending in w.

Else, if there is a right-pending formula in wu, then rule RR is applied
at u with principal formula w : «, where (w, @) is the (<, <;1.)-least
pair such that w : « is right-pending in w.

Else, if there is a left-unbroken formula in S,, then a rule among LA,
LV, L— and LR is applied at u with principal formula w : «, where
(w, &) is the (<yy, <j11)-least pair such that w : « is left-unbroken in
Su-

Else, if there is a right-unbroken formula in S, which is not an implic-
ation, then a rule among RA, RV and RU is applied at u with principal
formula w : a, where (w, «) is the (<y, <;.7L)-least pair such that « is
not an implication and w : « is right-unbroken in S,,.

Else, if there is an implication w : & — € A, such that w: 5 ¢ A,,
then rule R—" is applied at u with principal formula wy : ag — Sy,
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where (wy, ap, Bo) is the (<, <iti, <iLtL)-least triple such that wy :
aoﬁﬁoeAubutwoiﬁo¢Au.

1) Else, if there is an implication in A, which is right-unbroken in S, then
rule R— is applied at v with principal formula w : « — £ and active
formulas w' : a and w’ : 8, where (w,a, ) is the (<w, <iti, <iLtL)-
least triple such that w : @ — (3 is right-unbroken in S, and w’ is the
<w-least label not occurring in €2,,.

m) In any other case, S, is saturated and rule X is applied at u with premise
Q,A{w:vjw: Xyel,}={w:d|w:Xde A,}.

For every pruning vertex u € T, the corresponding distinguished label wy in Defin-
ition 4.2.24(e) is said to be the root of the pruning at w. -

4.2.25. REMARK. The following remarks are meant to clarify requirements in
Definition 4.2.24 that might be unclear.

(i)

(i)

(iv)

(v)

Rules are applied preservingly during proof-search because doing so simplifies
the construction of a countermodel from a ‘failed’ proof-search. It might be
possible to replicate all of our arguments below but following a contraction-
free approach.

Rule prun has priority over coll in order to obtain Lemma 4.2.37 below, i.e.,
a global bound on the width of the trees represented by the controls in a
proof-search tree. Applying coll might increase the width of the tree. If we
prioritise pruning, then, we only collapse labels in a thin tree and can thus
ensure that the width of the resulting tree does not exceed a fixed, global
bound.

Note that the active label in an instance of prun is the <y -greatest possible
one, and thus the remaining, isomorphic one is <yp-smaller. This allows us
to derive Proposition 4.2.35 below, which, informally, states that every ‘label
trace’ only passes through finitely many instances of prun and coll and thus
eventually stabilises.

Conditions (g) and (h) ensure that every U-formula on the left and R-formula
on the right is unfolded in between any two instances of the modal rule, or
the root and the first instance thereof (see Lemma 4.2.51). These formulas
will become principal regardless of whether they are broken or not, hence
ensuring that the proof-search mechanism never misses potential good traces.
So if a good trace might be created, then it will be.

Rule R—" has priority over R— in order to obtain Lemma 4.2.39 below: every
infinite branch of a proof-search tree with infinitely many instances of R—
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passes through infinitely many modal vertices. Informally, for every intu-
itionistic step that the proof-search procedure takes, it eventually takes a
temporal one. Consequently, it explores the entirety of the temporal dimen-
sion.

(vi) It is not necessary to require that rule R— have less priority than the other
non-modal rules: we only need R—~ to have higher priority than R—. But
deferring the applications of R— as much as possible ensures that we only
create new world labels when we really have to.

Conditions (e) and (f) of Definition 4.2.24 are subject to the restriction that
the relational control be tree-like. We now show that this is actually superfluous.

4.2.26. PROPOSITION. Fwvery relational control in a proof-search tree T is tree-like
and rooted. Moreover, the root of every control is the root-label of T .

Proof. Let wg be the root-label of T, and for every vertex u € T let Q,, 4T, = A,
be the label of u. We abbreviate Wy, and <g, to W,, and <,, respectively.

We argue by induction on 7. The base case is clear. For the inductive case,
let u,v € T be such that u <9 v and assume that Q, is tree-like and rooted,
with root w*. We distinguish cases according to the rule R applied at w. If
R ¢ {R—, prun, coll}, then (W,, <,) = (W,, <,) and we are done by the inductive
hypothesis.

Suppose that R = R—. Then, clearly (W,, <,) results from (W,, <,) by the
addition of a new leaf, so €, is tree-like and has root we.

Suppose now that R = prun. Let w be the active label, and w* the root of the
pruning at w. In particular, then, 2, = Q, \ T<,w.

4.2.26.1. Cram. W, =W, \ 1<, w.

Proof of claim. Let wy € W,. Then, there is some w; € W, such that wy <
wy € Q, or wy <X wy € ,. By definition, 2, = Q, \ T<,w, whence wy ¢ T<,w
and w; ¢ T<,w. So, since €, C €, we have wy € W, \ T<,w.

Conversely, let wy € W, \ T<,w. Then, there is some w; € W, such that
wy < wy € Q, or wy X wg € Q. Assume the latter. Then, wy ¢ T<,w and
thus wy < wo € Q,, whence wy € W,. Now assume the former. If wy ¢ < w,
then wy < wy € €, and thus wy € W,. Otherwise, we have wy <, w* because
(W, <,) is a tree and w* <% w. By the reflexivity and transitivity of €, then,
wy < w* € €, and thus wy < w* € €, whence again wy € W,,. X

Moreover, since 2, C Q,, we have <, = <,[W,.. So (W,, <,) results from (W,,, <,,)
by removing a principal upset T<,w # W, where the inequality follows from the
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fact that, by the inductive hypothesis and Definition 4.2.24(e), wy <, w* <% w.
Therefore, §2, is clearly tree-like and has root wey.

Finally, suppose that R = coll. Let w,w’ be the principal labels, and w the
active one. That €, is tree-like follows immediately from Proposition 4.2.21 and
the fact that w <% w’. And €, has root we because, by the inductive hypothesis
and the reflexivity and transitivity of €, we have wy < w € §, and thus wy € W,,.

|

In the proof of Proposition 4.2.26 we have also established the following:

4.2.27. PROPOSITION. Ifu € T is a pruning vertex with active label w, then we
have W+ = W, \ T<,w, where ) is the control of u and u't is the unique immediate
successor of u.

In the construction of a proof-search tree, rules coll and prun are never applied
to non-monotone sequents or sequents with unsaturated controls. That is to say,
rules refl, trans, Lm and Rm take precedence over coll and prun. Let us now see
that, once a monotone sequent with saturated control has been obtained, both coll
and prun preserve the monotonicity and saturation.

4.2.28. LEMMA. If the control of the conclusion of an instance of coll or prun is
saturated, then so is the control of the premise.

Proof. Consider an instance of coll, say:

Quw/w4T,w: A= w:Z A
QAT w: Aw' :A=w:Zw 2 A
By Proposition 4.2.21, Qw/w'] = Q\ w'. Assume that wy € Q\ w'. Then,
wp # w' and thus wy < wy = (wp < wo)[w/w'] € Qw/w'] by the reflexivity of €.
Assume now that wy < wi,w; < wy € Q\ w'. Then, w' ¢ {wp, w1, we} and thus
wy <X we = (wy < wo)[w/w'] € Qw/w'] by the transitivity of €.

Consider now an instance of prun, say:
O\ tw AT\ tw = A\ tw

Q4T = A ’

where Tw = T<,w. Assume that wy € Q\ Tw. Then, wy ¢ Tw and thus wy <
wo € Q\ Tw by the reflexivity of Q. Assume now that wy < wy, w; < wy € Q\ Tw.
Then, Tw N {wy, wy,we} = & and thus wy < we € Q \ Tw by the transitivity of
Q. [ |

coll

prun

4.2.29. LEMMA. If the conclusion of an instance of coll or prun is monotone, then
so is the premise.
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Proof. Consider an instance of coll, say:

| Quw/w4T,w: A= w:E A
o QAT w: Aw A= w: 2w 2 A

By Proposition 4.2.21, Qw/w’] = Q\ w'. Assume that wy < w; € @\ v and
wo : @ € T'Uw : A. In particular, then, w; # w’. So, since the conclusion is
monotone, wy : @« € ['Uw : A. This establishes left-monotonicity. The proof of
right-monotonicity is analogous.
Consider now an instance of prun, say:
O\ tw AT\ tw = A\ Tw
Q4= A
where Tw = T<,w. Assume that wy < w1 € Q\ Tw and wy : @ € T'\ fw. In

particular, then, w; € Tw. So, since the conclusion is monotone, wy : « € T\ Tw.
This establishes left-monotonicity. The proof of right-monotonicity is analogous. B

prun

Observe that Definition 4.2.24 describes an algorithm for building a proof-
search tree for ¢ guided by (<, <;11). Clearly, the chain of conditions (a)—(m)
in Definition 4.2.24(v) exhausts all possible cases, whence we get:

4.2.30. PROPOSITION. For every formula ¢ and every proof-search guide ¢ =
(<w, <iLTL), there is at least one iLTLy, proof-search tree for ¢ guided by 9.

4.2.31. REMARK. In contrast to the case of CTL. , the rule applied at a vertex
during iLTL,, proof-search is not uniquely determined by the sequent labelling the
vertex. This is due to conditions (g) and (h) about pending formulas in Defini-
tion 4.2.24(v).

For the remaining of this section we fix an arbitrary proof-search tree 7T, say
for a formula ¢ and guided by the proof-search guide ¢4 = (<w, <;.1.). For every
vertex u € T, we let S, = Q, 4T, = A, be the label of u. We abbreviate Wy,
and <g, to W, and <,, respectively. Finally, we let wy be the <y -least world
label, which by Proposition 4.2.26 is the root of each €2,,.

Observe that, for every u € T and every pair of immediate successors vy, vy of
u, we have W, = W,,. This is because no branching rule alters the controls. Let
then W, denote W, for any immediate successor of a non-final vertex u € T

We are now going to define auxiliary functions operating on the trees W,.

For every u € T, we define the height function h, : W, — w by letting h, (w)
be the height of w in the finite tree (W, <,). That is, h,(w) is the cardinality of
the finite set {w’ € W, | w’ < w}. In particular, h,(wy) = 0. The height of Q,,
in symbols h(€2,), is the height of W,. The width of €, in symbols b(£,), is the
width of W,.
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Let v € T be a pruning vertex, say with active label wy. Let w, be the
root of the pruning at w, and let w;, € W, \ {wp} be such that w, <® wy,w;
and W, ,wo ~xg, Ws,,wi. Fix any Ag,-isomorphism f, between [wo, —)w;, and
[w1, =)ws,. We define the pruning function p, : W, — W5 as follows, for every
w e W,:

fulw) i wy <, w
pu(w) = .
w otherwise
4.2.32. LEMMA. For every pruning vertex u € T and all labels w,w', the following
hold, where u" is the unique immediate successor of u:

(i) if w S w' € Qu, then pu(w) < pu(w') € Qs+,

Proof. Ttem (ii) follows immediately from Proposition 4.2.27 and the fact that p,
is defined in terms of an order-isomorphism and the identity. We prove (i).

Let wy be the active label in u™, let w, be the root of the pruning at u, and
let wy € W, be such that w, <) wy and f, : Ws,,wo ~ag, W, ,ws.

Assume that w < w’ € €,. In particular, then, w <, w’. By construction, we
have p,(w*) ¢ T<,wo for every label w*. Therefore, by Proposition 4.2.27 and the
reflexivity and transitivity of Q, it suffices to show that p,(w) <, p.(w’).

Suppose first that w,w" ¢ 1<, we. Then p,(w) = w < w' = p, ().

Suppose now that w,w’ € t<,wy. Then, since f is an order isomorphism, we
have p,(w) = f(w) <, f(w) = pa(w).

Finally, suppose that w ¢ T<,wy but w' € T<, wy. Then, w <, w, <% wy < W',
whence p, (w) = w <, w, <% w; < f(w) = p,(w). [ ]

For every vertex u € T, we now define the successor map s, : W, — W,I as
follows. If u is a pruning vertex, we let s, = p,. Assume that u is not pruning,
and let w € W,,. If w collapses at u, say down to w’, let s, (w) == w', and otherwise
let s, (w) = w.

For every pair of vertices u,v € T such that u < v, we define the iterated
successor map sy : W, — W, as follows. If u = v, then s!, is the identity map on
W,. And if u <7 v, say with [u, v]r = (uo, ..., u,), we let s = s, , 00 8y.
Clearly, if u <7 v <7 v then s¥ = s o s".

The next result shows that the successor maps follow world labels as expected:

4.2.33. LEMMA. For all vertices u,v € T such that u <% v, the following hold:

(i) if wo < wy € Q, then s, (wp) % su(wr) € Qy;

(ii) if u is non-modal and w : a € Ty, then s, (w) : a € T'y;
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(iit) if w is non-modal and w : o € A, then s, (w) : @ € A,.

Proof. Let us first prove (i). By Lemma 4.2.32, the claim holds if u is pruning.
Assume, then, that u is not pruning and that we have wy < wy; € €,. The only
rules allowed in proof-search trees that, when read bottom-up, remove relations
from the control are prun and coll, so we are done if either wy = w; or if neither
wy nor wy collapses at u. Hence, assume otherwise and let ¢ < 1 be such that
w; collapses at u. Then, s,(w1_;) = wi_; and w; collapses down to s,(w;), so
su(wo) < su(wi) = (wo < wr)[su(wi)/wi] € Qulsu(w;)/wi] = Q.

We now turn to the proof of (ii) and (iii). We only show (ii), for (iii) follows
analogously. Let R be the rule applied at u. If R € {refl, trans,Lm,Rm, R—"}, the
claim clearly holds. If R € {LA,RA,LV,RV,L—,R—, LU, RU,LR,RR}, then the
claim follows from Definition 4.2.24(iv). The only remaining cases are R = prun
and R = coll.

Suppose first that R = coll. If w does not collapse at u we are done. And
otherwise, by the definition of coll and s, we have w : a € T, if, and only if,
su(w) : @ € Ty, whence the claim follows.

Suppose now that R = prun. As before, if w is not pruned at u we are done.
Assume, then, that w is pruned at u. Let wg be the active label, w, the root of
the pruning, and w; such that w, <% w; and f, : Ws,,wy ~pg, Ws,,wi. We
then have s,(w) = p,(w) = f(w). If w: a € T, then (o,0) € Ag, (w) and thus
(a,0) € Ag, (f(w)), whence s, (w) : a € T, |

Let us now see that the height of a successor never exceeds the height of the
starting label.

4.2.34. LEMMA. For all vertices u,v € T such that u <% v, and every w € W,,,
we have hy(sy(w)) < hy(w).

Proof. Note that, by Lemma 4.2.33, w € W, implies s,(w) € W,. So h, is
indeed defined on s,(w). Let R be the rule applied at u. If R ¢ {prun,coll}, then
sy(w) = w and we clearly have h,(w) = h,(w). And the case where R = prun is
given by Lemma 4.2.32.

Assume, then, that R = coll. Let wg,w; be the principal labels, and w, the
active one. So wy collapses down to wy. Clearly, if w ¢ 1< w; we have h,(s,(w)) =
hy(w) = h,(w), and otherwise hy,(s,(w)) = hy(w) — 1. [ ]

Let v € T be any vertex. We define the ancestor function a,, : W, — Worlds<*
by letting a,(w) be the unique path on the tree (W, <,) from the root up to and
including w.

The well-order <y induces a strict order <j¥ on Worlds<“ defined as fol-
lows: a <33 b if, and only if, either |a| < |b], or |a] = |b| and there is an i < |a]



4.2. The ill-founded system iLTL 187

such that a(i) <y b(7) and a(j) = b(j) for every j < i. It is straightforward to
check that <jj# is a well-order.

We arrive now at one of several results that will show that 7, despite possibly
being infinite, contains only a finite amount of information.

4.2.35. PROPOSITION. Let (u,)n<w be an infinite path through T, and w* € W,,.
The infinite sequence (sy(W*))n<w is eventually constant.

Proof. For every n < w, let w, = sy*(w) and ¢, = (hy, (wn), @y, (w,)). Since
<= (L, <5 is a well-order on w x Worlds* | it suffices to show the following
for every n < w:

(i) if w, collapses at uy,, then Ay, (Wpi1) < Ay, (wy,) and thus ¢, <* ¢p;

(i) if wy, is pruned at w,, then hy,, (Wnt1) = by, (W) and ay, ., (W) <3
Qu,, (wn)v S0 again Cnt1 <" Cp;

(iii) in any other case, ¢,r1 <* ¢;.

Let then n < w be arbitrary.

If any label in {w € W, | w <,
v, (wy,). This establishes (i).

For (ii), suppose that w,, is pruned at u = u,. Let w be the active label, w, the
root of the pruning, and w' # w such that w, <% w’ and f, : Ws,,w ~ps, Ws,,w'.
So wy, € t<,w. Then, w41 = su(wy,) = pu(wy,) = fulw,) and thus hy, (W) =
hn(wy,) by Lemma 4.2.32. Additionally, by Proposition 4.2.27 we have:

wy,} collapses at u,, then hy, ,, (w,41) <

n

a) ay(w,) = au(wr),\(w),\(wvwn}wu§

b) au(fu(wn)) = au(w,)” (w')" (v, fU(wn)]Wu

By Definition 4.2.24(e), w’ <w w, whence a,,,,, (Wny1) = au(fu(wn)) <33 au(wy),
where the equality follows again from Proposition 4.2.27. This establishes (ii).
For (iii), let R be the rule applied at w,. If R ¢ {R—, prun, coll}, then w,; =
wy, and (W, 1, <u, ) = (Wi, <u), 80 Cu1 = Cpe
If R = R—, then w,, 11 = w, and, clearly, ¢, 11 = ¢,.
If R = coll and no label in {w € W,, | w <, w,} collapses at u,, then again
Wp1 = Wy, and ¢,p1 = ¢,. Otherwise, ¢,+1 <* ¢, follows as in the proof of (i).
Finally, if R = prun and w,, is not pruned at u,, then w,; = w, and we have
Cni1 = Cp by Proposition 4.2.27. [ |

Our aim now is to show that only finitely many pairwise different sequents
occur in 7. We are thus to find global bounds for both the heights and the widths
of the controls in 7.
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4.2.36. LEMMA. For every u € T, we have h(2,) < 2(|p| + 1).

Proof. Let H = 2(|p| + 1). We argue by induction on the height of « in 7. If
u is the root of T, then h(Q,) = 1 < H. For the inductive case, assume that
h(€,) < H, where v is the unique predecessor v of w.

The only rule that, when read bottom-up, might increase the height of the
control is R—, so assume that it is applied at v. Hence, €, is saturated and S, is
monotone. Note that h(€,) < h(Q,) + 1. So if h(Q,) < H then h(Q,) < H and
we are done. Assume, then, and towards a contradiction, that h(Q,) = H.

Let wo,...,wy_; be such that wy <% --- <% wy_ ;. For every i < H, let
Li={y|w :vyel,}and A; = {6 | w; : § € A,}. By the monotonicity of S,,
I CTiq and A; O Ay for every i < H.

Let m; = ‘CIOS(QD) \ Fz| + |AZ| If (F“ Al) # (th, Ai+1), then either FZ g_ Fi+1
or A; 2 A1, so in either case m; 1 < m;. Hence, if (I';, A;) # (Tit1, Aiy1) for
every ¢ < H we then have m; < 2|p| — i for every i < H and thus my_; < 0,
which is impossible. So there is some k < H such that (I'y, Ar) = (Fpr1, Apr1)-

Therefore, Wy, is not low. By Definition 4.2.24, rule R— is not applied at v
and we have reached a contradiction. |

Now we turn to bounding the width of the controls.
4.2.37. LEMMA. There is a B < w such that, for everyu € T, we have b(2,) < B.

Proof. By Lemma 4.2.36, every (W, <,) has height at most H = 2(|p| + 1).

Let A == Clos(¢) x {0,1}. Since Ag, C A for every u € T, each Wg, is a
A-labelled rooted tree. For every h < H, by Lemma 1.1.4 there is an N, < w
such that there are at most Nj-many thin A-labelled trees of height h up to A-
isomorphism, say C, = {T{",..., T }. Let then B, < w be the maximum of the
widths of the trees in Cj,, which exists by Corollary 1.1.5. Let B =1+ 3>,y By.

We show by induction that every vertex u € T has control of width at most
B. This claim is true of the root. If u is final there is nothing to show, so assume
that u has an immediate successor u*. The only rules that, when read bottom-up,
might increase the width of the control are R— and coll, so assume that one of
them is applied at u. Then, Wy, is a thin A-tree and thus b(Q2,) < By,, where k,
is the height of W, .

If rule R— is applied at u, then b(Q,+) < b(2,) +1 < Bg, +1 < B and we are
done.

Assume that rule coll is applied at u. Then, W, is thin. Let w,w’ € W, be
such that w’ collapses onto w at u. Let ¢, and ¢, be the number of immediate
successors of w and w’, respectively, in W,. Let k, and k,, be the heights of the
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trees [w, —=)w, and [w', —)w,, respectively. Since w <, w’, we have ky < k.
And, by thinness, ¢, < By,, and ¢ < By ,. After the collapse, we have

b(Q,+) = max{b(2,), cpy — 1 + cyr }.

If b(Q2+) = b(£2,) < B we are done, so assume that b(,+) = ¢,y — 1 + ¢,y. Then,
b(Q+) < By, + By, —1 < B, where the last inequality follows from the fact that
K 7 K- n

4.2.38. PROPOSITION. T contains only finitely many pairwise different sequents.

Proof. Since Clos(ip) is finite, it suffices to see that only finitely many pairwise
different world labels occur in 7.

By Proposition 4.2.26 and Lemmas 4.2.36 and 4.2.37, there are H, B < w such
that each W, is a rooted tree of height at most H and width at most B. Clearly,
there are only finitely many such (unlabelled) rooted trees up to isomorphism. And
since A = Clos(¢) x {0,1} is finite, there are also only finitely many A-labelled
rooted trees of height at most H and width at most B up to A-isomorphism. There
is thus an N < w such that every such tree has at most N-many vertices.

We claim that the names occurring in 7 are all among wy, ..., wy. This is
clear of the root. Assume that it holds for a non-final vertex u. If rule R— is
not applied at u, then the claim is also true of any immediate successor of u.
Suppose that rule R— is applied at . By the canonical choice of names when
applying R—, it suffices to see that there is an ¢ < N such that w; ¢ W,. Suppose
not, so that {wo,...,wy} C W,. Then, W, has at least (N + 1)-many vertices,
contradiction. [}

Note that Proposition 4.2.38 also holds if we eliminate every instance of coll,
prun and R—~ by writing them in terms of weakening and R—. This is clear for
coll and prun because they can be simulated solely by weakening rules. For R—",
we simply pick a fresh name w* and use it in all simulations of R—".

We are almost ready to show that the proof-search procedure explores all rel-
evant regions of the proof-search space. We need Lemma 4.2.39 below, which
guarantees that proof-search only spends a finite amount of time on each intu-
itionistic region. Its proof is a bit technical but the underlying idea is simple: on
any infinite branch there emerges a ‘stable kernel” of world labels (denoted K in the
proof) which eventually gets ‘saturated’, thus putting an end to the intuitionistic
exploration and forcing the proof-search mechanism to take a modal step (apply
rule X) and start exploring the ‘next’ intuitionistic region.

For every u € T, we define the children function ¢, : W,, — w by letting ¢, (w)
be the cardinality of the finite set {w’ € W, | w <% w'}.
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4.2.39. LEMMA. Let 7 be an infinite path on T. If rule R— is applied infinitely
often on m, then so is rule X.

Proof. Let m = (uy,)n<w and, for every n < w, let Q,, 4T, = A,, be the label of u,
and W, =W, . Towards a contradiction, assume that on 7 rule R— is applied
infinitely often but rule X only finitely many times. Let W := U, ., W,, be the col-
lection of labels occurring on 7. Since Clos(yp) is finite and, by Proposition 4.2.38,
so is W, there is an Ny < w such that:

(i) rule X is never applied on g == (Un)n>Ny;

(i) for every w € W' = U,>n, Wh, there are infinitely many n > N such that
w € Wy;

(iii) for every w € W and a € Clos(p), if w : « is the principal formula in an
instance of R— on m, then there are infinitely many instances of R— on mq
with principal formula w : a.

Let K C W’ be the collection of labels on 7y which are not collapsed or pruned
infinitely often on my. Note that K # @ because wy € K by Proposition 4.2.26.
Hence, by (ii) and Lemma 4.2.33(i), for every w € K there is an n,, > Ny such
that w € Ng>p, Wi Let then Ny > Ny be such that:

(iv) K C Wy for every k > Ny;

(v) no w € K collapses or is pruned on my = (Uy)n>N, -

We may thus write W,, = K W F), for every n > Ny, where F,, =W, \ K.

We claim that no w € K is the principal label in an instance of R— on 7.
Indeed, suppose otherwise and let n > N; be such that w, is labelled by the
conclusion of an instance of R— with principal formula w : « — ( for some w € K.
Let w' be the active name introduced at u,, so that we have w < w' € Q,,1,
w €Ty, and w' : § € Ay, By (i), there is an m > n such that rule R—
is also applied at u,, with principal formula w : @ — 3. Let s == sy . By (i)
and Lemma 4.2.33, s(w) < s(w') € Q,, s(w') : « € T, and s(w') : § € A,,. But
s(w) = w because w € K and thus w : @ — 3 is right-broken in Q,, 4T, = Ay,
whence by Definition 4.2.24(1) we have a contradiction.

It then follows that for every w € K there is some m,, > N such that w is not
the root of any pruning on (,),>m,,. Suppose otherwise, and let w € K be such
that there are infinitely many n > Ny, say ng < ny < ---, such that u, is pruning
with pruning root w. Since rule R— is never applied on 7; with principal name
w, we have ¢, (w) = ¢, (w) for every n > Ni. Moreover, c,, (w) > ¢y, (w) for
every ¢ < w. We have thus built an infinite descending chain of natural numbers
(Cunz (w))i<w~

Therefore, let Ny > N; be such that:
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(vi) no w € K is the root of a pruning on s == (U )n>N,-

By assumption, R— is applied infinitely often on m,. Let then n > Ny be such
that w,, is labelled with the premise of an instance of R—, say with active label
w'. Then, w' ¢ K, so w' € F,. By Proposition 4.2.26, Q,, is tree-like and has root
wy € K, so there are w € K NW, and w € F, such that w) <8 w/. Since W
is finite, there are w’ € K and w? € W'\ K such that for infinitely many n > N,
we have w” € F, and w/ <4 w"".

To finish the proof, we inductively build pairs (I,,i,) € 2¢~ x w, where ¢~
denotes the collection of all implications in Clos(i), such that the following hold
for every n < w:

(1) In S Tnta;

(2) in < intr;

(3) io > Na;

(4) w" € Fi, and w™ <§ w";

(5) for every a — B € I,,, we have w® : o € T;, and w’ : B € A, .

Let ig > N, be such that w” € F;, and w® <?Li0 wP, and let [y = &. Assume

that (I,,7,) has been defined. Since w’" ¢ K| there is some j > i, such that w’ is
collapsed or pruned at u; and such that for every | = i,,...,j we have w!" € W,
and w® <, w". By (vi), w" cannot be pruned at u; and hence it is collapsed. In
particular, w® ¢ W,.;. By the definition of w’* and w’, there is some m > j +1
such that wf" € F,, and w® <2m w¥. Since w’ cannot be the principal name in
an instance of R— on my, there is some my > j + 1 such that:

(a) rule R— is applied at u,,, with active name w and principal formula w :
v — d for some w # w’ satisfying w < w € Q,,,;

(b) there is an my > my such that w” € F,,, and v’ <2m2 w”, and such that
F

w" is not collapsed or pruned at u; for any m; <1 < ms.
Thus, w! : v € Ty, and w1 v € A,,,. As before, since w? ¢ K there is some
ms > me such that w’ collapses at U, and such that for every [ = ma, ..., mg we
have w” € F; and wX <21 wF. We then let i, = mg and I,,;, == I, U {y — 6}.
Observe that, since w’ collapses down to w’ at w,,,, we have w® : v € I',,,, and
wk ¢ € A,,. And, by the inductive hypothesis and Lemma 4.2.33, for every
a — €1, we have w¥ : o € Iy, and wk B e Ay,. It only remains to see
that v — 0 ¢ I,,. Suppose otherwise. Then, by the inductive hypothesis we have
wk iy eTy, and wk 1§ € A;, so by Lemma 4.2.33 we also have wX : v € T,
and w’ : § € A,,,. By the priority given to Lm and R—~ in Definition 4.2.24,
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then, w : v € I',, and w : § € A,,,, whence w : § — ~ is right-broken in the
label of w,,, and thus rule R— cannot be applied at u,,, with principal formula
w :y — 0, contradiction. Hence, I, C I,,41.

Item (1) contradicts the finitude of Clos(y). [ |

4.2.40. LEMMA. Every infinite branch of T contains infinitely many vertices
whose labels have saturated controls.

Proof. By definition, either rule refl or trans is applied at any non-axiomatic vertex
u € T with unsaturated control. And, clearly, finitely many applications of refl
and trans suffice to saturate any control. |

We get to the final result of this section, finally establishing that proof-search
traverses the entire temporal dimension:

4.2.41. PROPOSITION. Every infinite branch of T contains infinitely many modal
vertices.

Proof. Let m = (un)n<w be an infinite branch of 7. For every n < w, let S, =
Q, 1T, = A, be the label of u,, and W,, == Wg,

Towards a contradiction, assume that 7 contains only finitely many modal
vertices. Then, by Lemmas 4.2.39 and 4.2.40 there is an Ny < w such that rules
X and R— are not applied anywhere on m = (u)n>n, and such that Qp, is
saturated. Note that rules refl and trans are not applied anywhere on 7w, because
any rule other than R— whose conclusion has saturated control is such that all of
its premises have saturated controls. And, since the only rule which, when read
bottom-up, creates new world labels is R—, it follows that W,, C Wy, for every
n 2 No.

Given that the premise of an instance of coll or prun in a proof-search tree has
strictly smaller size than the conclusion and that X is the only rule that may be
applied to the sequent wy < wy 4 @ = &, there is an N; > Ny such that rules
coll or prun are never applied on m = (uy)n>n, -

We claim that rules Lm, Rm and R—" are only applied finitely often on 7.

Suppose that rule Lm is applied infinitely often on ;. Since Wy, and Clos(¢p)
are both finite, there is a label w € Wy, and a labelled formula w' : a such that
infinitely many instances of Lm on m; have w : « as principal formula and w’ : «
as an active formula. Let N; < n < m be such that u, and u,, are each labelled
by conclusions of any such instances of Lm, and let s := si™ . We then have
w=Kw € Quypand w1 € Ty, s0 by Lemma 4.2.33 we get s(w) < s(w') € Q,
and s(w’) : o € T'p,. Since w and w' are never collapsed or pruned on 7y, s(w) = w
and s(w’) = w', whence by definition rule Lm cannot be applied at w,, with
principal formula w : « and active formula w' : «.
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The prove that Rm is not applied infinitely often on 7 is analogous.

Finally, suppose that rule R—" is applied infinitely often on 7;. Since Wy, and
Clos(¢) are both finite, there is a label w € Wy, and a labelled formula w : o — 3
such that infinitely many instances of R—~ on m have w : @« — ( as principal
formula. Let N; < n < m be such that u, and u,, are each labelled by conclusions
of any such instances of R—", and let s :== sym . We then have w : § € A4,
so by Lemma 4.2.33 we get s(w) : § € A,,. Since w is never collapsed or pruned
on 7y, s(w) = w and thus by definition rule R—"~ cannot be applied at u,, with
principal formula w : o — f.

Let then Ny > N; be such that rules Lm, Rm and R—~ are never applied on
Ty = (Up)n>n,. For every n > Ny and every w € W,,, let

gn(w) :==> {{a) | w: o is unbroken in S,} .

Let g, == S{ga(w) | w € W},

No structural rule is ever applied on 75 and, moreover, g,.1 < g, if any non-
structural rule other than X and R—" is applied at u,. Since rules X and R—"
are not applied anywhere on m,, we have thus built an infinite descending chain of
natural numbers (g, )n>n,- [ |

iLTL,, refutations

In this section we show how to build a countermodel of ¢ from any proof-search
tree for ¢ containing a ‘bad’ branch.

A branch 7 of a proof-search tree is called good if either 7 is finite, or m is
infinite and contains a good infinite trace. Otherwise, 7 is said to be bad.

4.2.42. DEFINITION (iLTL, refutation). An iLTL., refutation of a formula ¢ is a
bad branch of an iLTL., proof-search tree for ¢. -

4.2.43. OBSERVATION. Every iLTL,, refutation is infinite because, by definition,
finite branches of iLTL., proof-search trees end at axiomatic leaves.

Every proof-search tree which fails to be a proof contains a refutation:

4.2.44. PROPOSITION. Let T be an iLTLy proof-search tree for a formula ¢. If
T is not an iLTLy proof of ¢, then there is a branch of T which is an iLTL
refutation of .

Proof. By definition, all finite branches of 7 end at axiomatic leaves. So, since
T is not a proof, there is some infinite branch 7 of 7 such that there is no good
trace on . Hence, 7 is an iLTL,, refutation of ¢. |
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The term refutation, which we borrow from [102], is justified by Proposi-
tion 4.2.59 and Corollary 4.2.62 below.

For the rest of this section we fix an arbitrary iLTLy, refutation R = (R, <g).
Let u™ denote, for every vertex u € R, the unique immediate < -successor of v in
R. For every u € R, let S, = Q, 4T, = A, be the label of u, and let W, == Wy,
and <, = <q,.

From R we build a model Mz = (Wgx, <z, Sr, Vr) as follows. The construc-
tion is more complicated than in the classical case due to its holographic nature: we
are to build a two-dimensional structure from a one-dimensional branch of a proof-
search tree.

Define a binary relation ~z on R by setting u ~g v if, and only if, there is
no modal vertex in [u,v)g U [v,u)r. It is straightforward to see that ~g is an
equivalence relation. A (temporal) stratum is a ~g-equivalence class. This ter-
minology, which we borrow from [10], is justified by the fact that each stratum
will give rise to a ‘temporal stage’ in Mg. By Proposition 4.2.41, there are in-
finitely many instances of X in R and thus every stratum is finite. For every
u € R, we let C, = [u]., be the unique stratum containing u. Since (R, <p)
is a linear order, each stratum C' is a finite sequence of vertices ucy, ..., Ucn,
such that uc ;1 = ua for every i < ne. The first and last vertices of a stratum
C' are denoted by fst (C) and Ist (C), respectively. For every stratum C, we let
ct = Cisg(cy+ be the (unique) stratum whose first vertex is the immediate suc-
cessor of the last vertex in C. The collection of all strata is denoted by Cr.

For every vertex u € R, we define the denotation function d, : Wy, — Wisyc,)
by setting d, = s(“). Observe that, if u is a pruning vertex, then d,(w) =
dy+ (pu(w)) for every w € W,. World labels w,w’ € W, such that d,(w) = d,(w")
will have the same denotation in the intuitionistic propositional frame correspond-
ing to C,.

As an immediate consequence of Lemma 4.2.33, we have:

4.2.45. LEMMA. Let C be a stratum and w € C. The following hold:

(1) Ifw < w' €, then d,(w) < du(w') € Qg(cn)-
(it) If w: o € Ty, then dy(w) : a € Tigey.
(iii) If w: o € Ay, then dy,(w) : a € Age(cy-

For every stratum C we define the intuitionistic propositional model My =
(We, <¢, Vi) as follows. For every w € Wist(c), let Lo be a state in Weo. We
let tow <o tou if, and only if, w < w' € Qgec). Since Qygy(cy is reflexive and
transitive, (We, <¢) is an intuitionistic frame. And we let p € Vio(teo,,) if, and only
if, w: p € D). Note that, if tc,, <¢ teur, then Vo(tow) € Vo(teuw) because
Qist(c) is monotone. Hence, (We, <¢, Vi) is indeed an intuitionistic model.



4.2. The ill-founded system iLTL 195

To simplify notation in the construction of Mz below, we assume, without
loss of generality, that C' # C” implies W N Wer = @ for all strata C, C".

We are now ready to define the iLTL model Mz = (Wg, <g,S%,Vr). We
let Wr = Ucecr We be the (disjoint) union of all the We for every stratum
C. For every state t € Wrg, say t = tcw, let Sg(t) = tcﬂdm(cﬂ(w)' Given
that w € Qv if w € Qugy(ey, the function Sk is well-defined. Finally, let
<r = Ucecr <c- Note that ¢ <g tcr.w implies C' = C". It remains to define
the valuation Vg : Wgr — 2PP. For every state to., let Vr(tcw) = Vo(tow)-
Monotonicity of each Vi implies that Vx is <z-monotone.

4.2.46. PROPOSITION. The function Sg is confluent with respect to <g: for all
t,t/ e Wg, ift <g t/, then SR(t) <r SR(t/).

Proof. Let t,t' € Wg, say t = tc, and t' = tery,y, be such that ¢t <g t.
Then, C' = C’ and, by the definition of <g, tc., <c¢ tcw, le, w < W €
Qise(oy- By Lemma 4.2.33(i), we have sic)(w) < sist(c)(w') € let(c)+. So, since
Ist (C') is a modal vertex, w < w' € Qgg(c+), whence by Lemma 4.2.45(i) we get
dfst(c+)(w) < dfst((jJr)(w/) € Qugo+). Therefore, tc+’dfst(0+)(11}) <c+ tcﬂdm(cﬂ@)/)
and thus SR(tC,w) SR SR(tC,w’)~ .

Therefore, Mz = (Wg, <g, Sr, Vr) is indeed an iLTL model.

4.2.47. EXaAMPLE. Figure 4.8 depicts an iLTL,, refutation of the invalid formula
(Xp = Xq) = X(p — q). After finitely many steps, the sequent w x w 42 = &
is reached and thus only rule X is applied thereafter. The corresponding counter-
model is depicted in Figure 4.9.

4.2.48. EXAMPLE. Figure 4.10 depicts an iLTL, refutation of the invalid formula
F(Xp — ¢). Note the use of rule prun to bound the width of the trees represented
by the controls. The corresponding countermodel is depicted in Figure 4.11.

For any vertices u,v € R such that u <g v, the modal distance from u to v,
denoted by dx(u,v), is the number of modal vertices in [u,v)x.

For every vertex u € R, we define the label valuation A\, : W,, — W, by setting
Au(W) = tey, dy(w)- S0, as we mentioned, d,(w) = d,(w’) implies A\, (w) = A, (w').
The next lemma relates the functions Sz and A, in the expected manner.

4.2.49. LEMMA. Let u <gp v and n = dx(u,v). Then, for every w € W, we have
Ao(sp(w)) = Sg(Au(w)).
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w<sw19 =0
ww19 =9
wLw 19 =0
wtw,w v w19 =0
ww wLw i ww AW i p=w igw pow i p— g
ww,w Lw A p=w” g w p,w i p—q
wxwAg=w pw ip—q
wxw Aw  Xp—=Xg=w': Xp,w' : X(p = q),w:«
wxw Aw  Xp—=Xg=w': X(p = q),w:
dw gw=w:(Xp—Xq) = X(p—q)

coll

coll

X

trans

R—
X
L—

FIGURE 4.8: An iLTLy refutation of the formula o == (Xp — X¢) — X(p — ¢). To
improve readability, instances of refl, as well as many relations of the form w < w, are
omitted. See Figure 4.9 for the corresponding model.

Proof. By induction on n. If n =0, then C, = C, and
du(w) = 550 w) = (540 0 57) (w) = (850 0 57) (w) = dy(s2(w),
=)
Ao(80(W)) = te, du(syw) = LCudu(w) = Au(W).

For the inductive case, assume that the claim holds for n and that dx(u,v) =
n+ 1. Then, there is a u < v' <p v such that dx(u,v’) = n and dx(v',v) = 1.
Therefore:

Sp (Au(w)) = Sr[Sk (Au(w))]

= Sr(A (st (w))) (IH)

= 9r (tcmdesz’(w))) (def. of Ay)

=103 o) (o8 ) (def. of Sr)

= tc,u,dfsw,”)(dv,(sg’(m)) <Cv+ = Cv)

= (;st(cv,)(w)) (def. of d)
Vst (cp) | Su

=t (slst(CU/) is the identity)

Codise(cy) (Sfft(c”) (w)>

= tcv,slit(cu)(w) <dCf Of dfst(c,,))
= 10y dy (s3 (w) (def. of d,)
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SO------O-----= %} ,,,,, 0 Sy e e

FIGURE 4.9: The model M built from the refutation depicted in Figure 4.8. The
valuation is empty everywhere except at the state painted black, where p and only p
holds. We have M, s If (Xp — Xq) = X(p — q).

= \(sh(w)) (def. of \,)

4.2.50. COROLLARY. Sg(A,(w)) = )‘fst(c,j)(du(w))~

A world label w persists in a path [u, v]r if there is no vertex v’ € [u, v)r such
that w collapses or is pruned at «’. A label w persists in a stratum C' if w persists
in [fst (C), st (C)]z.

The following ensures that every pending formula at the first vertex in a
stratum is eventually broken down in the stratum.

4.2.51. LEMMA. Let C be a stratum. If a formula w : « is pending at u = fst (C')
and w persists in C, then there is a vertex v € C' such that w: a > w: o and in
which rule LU or RR is applied with principal formula w : «.

Proof. By Definition 4.2.24, after finitely many applications of rules refl, trans, Lm
and Rm we arrive at a vertex ©’' >p u whose label is monotone and has saturated
control. The premise of an instance of prun or coll has strictly lower complexity
than the conclusion, so after finitely many applications of rules prun and coll we
arrive at a vertex u” >p v such that:

(i) Ws,, is thin and low;
(if) Q,» is saturated, by Lemma 4.2.28;
(iii) S, is monotone, by Lemma 4.2.29.

Since w persists in [u,u”]g € C, the formula w : « is still pending at u”. Hence,
after finitely many instances of rules LU and RR with principal formulas some
formulas other than w : @ which are pending at u”, we arrive at a vertex v >p u”
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(1) wo s wi,ws dwe:p=wy:f

prun
X wo <X Wy, wo, w3 Twy 1 p = wy: P
Ry Wy < Wi, Wa, W3 Wz p,ws 2 Xp = ws : q, Wy = Y, Wy : XP,wp : B
RE wo < wi,ws 1wz 1 p = wy Y, wo: XG,wo : P
prun wo <X Wi, w3 wz :p=wp:f
X wo X wy, wo, w3 Tws 1 p=wy:f
Ros Wy < Wi, Wa, w3 T Wy : p,wsz s Xp = ws 1 q,wp : Y, wo : XP,wo : S
RE Wy < Wi, we A we 1 p = wp Y, wo : XP,wo : P
X (1) wo < wi,we Fwag:p=wp:f
Ry Wy < Wi, Wwe T wy p,ws t Xp = way :q,wo : Y, Wo 2 XB,wp : B

wo K wy Fwy i p=wo v, W XPywg P
wo K wp Fwy i p=wp: B
wo < wy Fwy : Xp = wy g, wg Y, wo : XB,wo : B
wo < w1 = wp Y, wo : XB,wo : S
wo X wo 1 = wy : P

RF

X
R—

RF

FIGURE 4.10: An iLTL, refutation of the formula § = Fv, where v := Xp — ¢. To
improve readability, instances of refl, as well as many relations of the form w < w, are
omitted. The symbol ‘i’ marks roots of identical subproofs. See Figure 4.11 for the
corresponding model.

such that Q, = Q,» and in which the <; 1 -least pending formula is w : o, whence
rule LU or RR is applied at v with principal formula w : o. Finally, since w : « is
a side formula at every vertex in [u,v)g, we have w : a B2 w : a. |

The following three lemmas about X-, U- and R-formulas with persistent labels
on a stratum are oriented towards proving Lemmas 4.2.55 to 4.2.58 below.

4.2.52. LEMMA. Letu € R. If w: Xa € T, UA, and w persists in [u,lst (C,)]r,
then w : Xa 30 w : Xa and this trace is side-stable.

Proof. By Definition 4.2.24, X-formulas may only be principal at instances of prun,
coll and X. And, by assumption, w is not pruned or collapsed in [u,Ist (C,)]r,
so the formula w : Xa is a side formula at every vertex in [u, Ist (C,))r and thus
w : Xa ) 4 X, This trace is clearly side-stable because no modal formula
is ever principal when applying L— or R—-. |

4.2.53. LEMMA. Let C' be a stratum. If a formula w : aUp is left-pending at
fst (C), w persists in C, and w : 8 ¢ T, for any u € C, then there is a trace T on
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FIGURE 4.11: The model M built from the refutation depicted in Figure 4.10. The
valuation is empty everywhere except at the states painted black, where p and only p
holds. We have M, s I F(Xp — ).

C of the form
(w:alp,0) - (w:aUB,0) > (w: X(aUB),0) &> - > (w: X(aUp),0).

Proof. By Lemma 4.2.51, there is a v € C such that w : aUS B o) W aUp and
in which rule LU is applied with principal formula w : cUS. Since by assumption
w : aUf ¥, w: B, we have w : aUf 1, X(aUpB), whence by Lemma 4.2.52
w : X(aUpB) Dlvsfc) X(aUp). [ ]

Analogously:

4.2.54. LEMMA. Let C be a stratum. If a formula w : aRB is right-pending at
fst (C), w persists in C, and w : B ¢ A, for any u € C, then there is a trace T on
C of the form

(w:aRB, 1) - > (w:aRB, 1) > (w: X(aRB), 1) > -+ > (w: X(aRS), 1).

The next lemma will be used to satisfy U-formulas occurring in antecedents of
sequents when verifying the countermodel built from a refutation.

4.2.55. LEMMA. For every vertex u € R and every U-formula w : oUp, if w :
aUp €Ty, then there is a u <g v such that:

(i) dy(sy(w)) : B € Tisecyys
(i) for every u <p v, if Ist (Cy) <g Ist (C,), then dy(s?)(w) : a € Listc,) and
dy (s%)(w) : X(aUPB) € Tigc, -

Proof. We begin by inductively constructing an infinite sequence (), of vertices

in [u, —)x such that the following hold for every n < w, where w, = s (w):

(a) ug = u;
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(b) wy:aUp eTy,;
(¢) if uy, is modal and w, : € Ty, , then u,, 1 = uy;

(d) otherwise, u,41 = .

Let ug == u. Assume that u, has been defined. If u, is not modal, we let wu, 1 ==
ut. If u, is modal, then by (b) and saturation either w,, : € T, or w, : o, w, :
X(aUp) € T,,. If the former holds, we let u,.1 = u,, and otherwise we let
Upy1 = Ul

Towards a contradiction, assume that the sequence (u,)n<, is not eventually
constant. Then, moreover, by construction we have wu, 1 # u, for every n < w. If
n < w is such that w, is modal, by (b), (¢) and saturation, we have w, : a,w,, :
X(aUpB) € Ty, For every n < w, let C,, = C,, .

By Proposition 4.2.35, there is an 0 < NV < w such that w; = w; for all4,j > N
and Cy_y # Cy and uy = fst (Cy). Let w* := wy. By (b) and the fact that uy is
labelled by the premise of an instance of X, the formula w* : aUg is left-pending
at uy.

We inductively build infinite sequences (N;);«,, and (7;);<., of natural numbers
and traces, respectively, such that the following hold for every i < w:

1) N < N, < Nipos

2) uy, = fst (Cy,);

3) Cniyy = CF

4) 7; is a trace on Cly, of the form (w* : aUB,0) &> --- > (w* : @UB,0) &> (w* :
X(aUp),0) &> - > (w* : X(aUpB),0).

(
(
(
(

Let Ny := N, and let 7y be the trace on Cy starting from w* : aUp given by
Lemma 4.2.53. For the inductive case, assume that N; and 7; have been defined.
Since w* : X(aUp) >1st(c, ) w* : aUpB, the formula w* : aUp is left-pending at

fst (C;) Let then N;.; be such that uy,,, = fst C]T,i), and let 7,41 be the trace
on Cl,,, starting from w* : aUf given by Lemma 4.2.53.

Since for every i < w the trace 7;.; is coherent with 7;, the infinite trace
T =707 T - is a good left trace on (u,),>n. This contradicts the fact that,
by definition, refutations do not contain good infinite traces.

Therefore, the sequence (uy,)n<, must be eventually constant. By construction,
then, there is a least N < w such that uy is modal and wy : 8 € I',,. We claim
that we may take v = uy to satisfy (i) and (ii) above. That (i) holds is clear
because d,(s%(w)) = s (w) = s¥(w) = wy. To see that (ii) is also the case, let

v" be such that u <g v’ and Ist (Cyy) <g Ist (C,) = v. Then, there is some m < N
such that u,, = Ist(Cy). Since wu,, is modal but w41 # un,, by construction we
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have w,, : f ¢ T, so by saturation w,, : a,w, : X(aUB) € I',,,. Given that
dy (s2) (w) = Sift(c"’/)(w) = s (w) = w,,, we are done. [ ]

Analogously, we can show:

4.2.56. LEMMA. For every vertex u € R and every R-formula w : aRS, if w :
aRp € Ay, then there is a u <gr v such that:

(i) dy(sp(w)) : B € Disec,)s
(ii) for every u <g v, if Ist (Cy) <g Ist (C,), then dy (s )(w) : o € Ag(c,,) and
dy (s2)(w) : X(aUPB) € At(c,)-

The next lemma will be used to refute U-formulas occurring in succedents of
sequents when verifying the countermodel built from a refutation.

4.2.57. LEMMA. For every vertex u € R and every U-formula w : aUp, if w :
aUp € A, then there is an infinite sequence (u,)n<,, of vertices in [u,—)g such
that the following hold, where w,, = s (w):

(i) uy = u;
(77) wy : Byw, :aUB € Ay, ;
(i) if u, is modal and wy, : o € A, , then w,i1 = uy;

+
n -

(iv) otherwise, u,.1 =u

Proof. 'We build the sequence (uy,)n<, inductively. Let uy = lIst(C,). By
Lemma 4.2.45 and saturation, we have wgy : B,wy : aUf € A,,. For the in-
ductive case, assume that u, has been defined. If w, is modal, then by (ii) and
saturation either w, : a,w, : B € A,, or w, : B,w, : X(aUB) € A,, . If the former
holds, we let w, 1 = u,, and otherwise we let w, 1 = u;. [ ]

Analogously:

4.2.58. LEMMA. For every verter v € R and every R-formula w : aRS, if w :
aRpB € T, then there is an infinite sequence (uy)n<, of vertices in [u, —)g such
that the following hold, where w, = s (w):

(i) uy = u;

(”) Wy 1 B,w, s aRB € Fun 5
(i) if un is modal and wy, : o« € Ty, , then Upi1 = Uy;

(iv) otherwise, upi1 = u}.
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Since the formula ¢ and the refutation R that we fixed were arbitrary, we can
now obtain:

4.2.59. PROPOSITION. For every formula ¢, if there is an iLTLy, refutation of ¢,
then @ is not valid.

Proof. Let R = (R,<g) be an iLTL, refutation of ¢ and, for every u € R, let
Q, 4T, = A, be the label of u. By structural induction on x we show that, for
every formula x, every vertex u € R and every world label w € Q,,, if w: xy € T,
then Mz, A, (w) IF x, and if w : x € A, then Mg, A, (w) I x. In particular,
therefore, Mg, A\.(wg) I ¢, where r is the root of R and wy € Worlds is the
unique world label occurring in the sequent labelling r.

Case x = L. We cannot have w : 1L € I', because refutations contain no
axiomatic vertices. And the case w: L € A, is clear.

Case x = p. Assume that w : p € I',. By Lemma 4.2.45, d,(w) : p € Tisxc,),
so p € Vr(te, du(w)) and thus Mg, A (w) - p. Assume now that w : p € A,. By
Lemma 4.2.45, d,(w) : p € Ac,)- Since refutations do not contain axiomatic
vertices, dy(w) : p ¢ Tig(c,) and thus Mg, A, (w) IfF p.

Case x = aAf. Assume that w: aAS € I'y. By Lemma 4.2.45, d,(w) : aAf €
Dist(c), s0 by saturation d,(w) : a,d,(w) : f € Tigyc,). Hence, by the inductive
hypothesis Mz, Aist(c,) (du(w)) I x. Since Ay (w) = Ae(e,) (du(w)), we are done.
Assume now that w : a A f € A,. By Lemma 4.2.45, d,(w) : « A B € Ayc,), SO
by saturation either d,(w) : o € Ay c,) or dy(w) : 8 € Awyc,). Hence, by the
inductive hypothesis Mz, Aist(c,) (du(w)) I x and we are done as before.

Case x = a V (. Dually analogous to the previous case.

Case y = Xa. Assume that w : Xa € I',. By Lemma 4.2.45, we have
dy(w) : Xa € Tigc,), whence d,(w) : o € Ffst(cJ)' By the inductive hypo-

thesis, then, MR,)\fst(C:r)(du(w)) IF . Since Sr(A.(w)) = /\fst(c;f)(du(w)) by

Corollary 4.2.50, we are done. Assume now that w : Xa € A,. By Lemma 4.2.45,
we have d,(w) : Xa € Ayc,), whence d,(w) : o € Afst(C:T)‘ By the inductive

hypothesis, Mg, )‘fst(c;r)(du(w)) I o and we are done as before.

Case x = aUp. Assume w : aUf € I',. By Lemma 4.2.55, there is a u < v
such that:

(i) du(sh(w)) : B € Digyer,ys
(ii) for every u <p v', if Ist (Cy) <g Ist (C,), then dy(s?)(w) : o € Dist(c,,) and
dy (s2)(w) : X(aUpB) € Dist(c,)-

By the inductive hypothesis, Mg, Aist(c,) (s (w)) I B. Let n = dx(u, Ist (C,)).
By Lemma 4.2.49, Mg, S% (M, (w)) IF 8. Let m < n. Let u <g v’ be such that
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Ist

dx(u,v') =m. Then, Ist (Cy) <g Ist (C,), so we have sy (© ”')(w) ca € Digye,)- By
the inductive hypothesis, then, Mg, Aist(c,)(5u tet(Cur )( )) IF . By Lemma 4.2.49,
)\|st((jv,>(3u G )(w)) = SE (A (w)), so Mg, SF(A,(w)) IF o. This establishes that
Mz, Au(w) IF aUpB.

Assume now that w : aUf € A,. By Lemma 4.2.57, there is an infinite
sequence (U )n<, Of vertices in [u, —)g such that the following hold, where w,, =

s (w):
(i) wo =w;
(i) wy : B, wy, : aUB € Ay, ;
(i) if u, is modal and w, : @ € A, , then u,+1 = uy;
)

(iv) otherwise, u,41 = u;'.

Suppose first that the sequence (u,)n<, is not eventually constant, and let k& < w.
Let u <g v be such that dx(u,v) = k. Then, s’(w) : 8 € A,, so by the inductive
hypothesis Mz, A, (s%(w)) I 8. By Lemma 4.2.49, \,(s’(w)) = S&(A\.(w)). So
Mz, Sk (A (w)) I B for every k < w, whence Mg, A\, (w) I aUB.

Suppose now that the sequence (u,)n<, is eventually constant, and let N < w
be least such that uy = uni1. So wy : o,wy : f € A,,. By the induct-
ive hypothesis, then, Mg, A, (s (w)) IF o and Mg, Ay, (s¥*(w)) I B for every
n < N. Let k = dx(u,uy). By Lemma 4.2.49, \,, (s"¥(w)) = Sk(\.(w)),
50 Mg, Sk (A (w)) IF « and Mg, SE(A\,(w)) I B. Let j < k, and let n < N
be such that dx(u,u,) = j. By Lemma 4.2.49, \, (s (w)) = Sk(A(w)), so
Mz, Sh (A (w)) I B. This shows that Mz, A, (w) I aUp.

Case Y = aRf. Dually analogous to the previous case, using Lemmas 4.2.56
and 4.2.58 in place of Lemmas 4.2.55 and 4.2.57, respectively.

Case x = a — (. Assume that w: o — § € I',. Let t = tcr v be such that
)\u(w) <r t, Le., tCu,du(w) <R tc/7w/.2 Then, C' = Cu and du(w) < w' € let(Cu)~
By Lemma 4.2.45, dy,(w) : « = 8 € Tisc,)- By monotonicity, w' : o — f €
Pist(c,). By saturation, either w' @ a € A,y or w' @ f € Tig,). By the
inductive hypothesis, then, either Mz, Asyc,)(w') I @ or Mg, Mgo,) (w') I .
Since Aige(c,) (W) = tCruieny sy (W) = tCuuw = terw =t and t was an arbitrary
intuitionistic successor of A,(w), we have established Mz, A, (w) IF o — .

Assume now that w : @ — € A,. By Lemma 4.2.45, d,(w) : « — ( €
Ajgt(c,), 80 by saturation there is a w' such that d,(w) < W' € Qgpc,), W' @ a €
Distic,) and w' @ f € Ayc,). By the inductive hypothesis, Mz, g,y (w') IF «
and Mz, Aise(c,)(w') I 3. Since

Au(W) =ty du(w) SR ECuw = ey dimen (@) = Mst() (W),

2Recall that <z is the intuitionistic order of the model Mx.
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we have shown that Mg, A\, (w) I a — 5. [ |

As the formula ¢, the proof-search ¢ and the proof-search tree T were arbit-
rary, we have established the following:

4.2.60. COROLLARY. Let ¢ be a valid formula. Then, for any proof-search guide
&, every proof-search tree for ¢ guided by ¢ is an iLTL,, proof of .

Proof. Suppose that there is an iLTL,, proof-search tree T for ¢ guided by ¢ which
is not an iLTL,, proof of ¢. By Proposition 4.2.44, there is a branch of T which is
an iLTL,, refutation of ¢, contradicting, by Proposition 4.2.59, the validity of . H

As an immediate consequence of Proposition 4.2.30 and Corollary 4.2.60, we
get:

4.2.61. COROLLARY (Completeness of iLTLy,). For every formula o, if iLTL |= ¢,
then iLTLs F ¢.

Moreover, we can now fully justify the use of the term ‘refutation’:

4.2.62. COROLLARY. For every formula v, there exists an iLTL refutation of ¢ if,
and only if, ¢ is not valid.

Proof. The left-to-right implication is Proposition 4.2.59. For the converse, assume
that ¢ is not valid and let 7 be any proof-search tree for ¢ (at least one exists by
Proposition 4.2.30). By Proposition 4.2.19, 7 is not an iLTL., proof of ¢, whence
by Proposition 4.2.44 there is a branch of 7 which is a refutation of ¢. |

4.3 Regular ill-founded proofs

As we did for CTL", before introducing the cyclic system for iLTL we discuss regular
ill-founded proofs, which will serve as an intermediary between the cyclic system
and the ill-founded one when proving the soundness of the former.

Even though iLTL,, proof-search trees are in general infinite, by Proposi-
tion 4.2.38 they only contain finitely many pairwise different sequents. It stands
to reason, then, that proofs obtained via iLTL,, proof-search should admit at least
a partially finitary presentation. We now formalise this idea. The question of
whether the correctness condition imposed on infinite branches of iLTL,, proofs
can also be finitised will be settled in the affirmative in Section 4.4, where we
present the fully finitary, cyclic version of iLTL.
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Infinite iLTL., proofs obtained via proof-search may be folded down into finite
trees with back-edges. To make this formal we introduce the system iLTL, as a
partially finitary version of iLTL,, in the sense that iLTL g derivations are finite
objects but the correctness condition imposed on proofs remains infinitary.

4.3.1. DEFINITION (iLTL,e derivation). An iLTL,, derivation of a formula ¢ is a
labelled tree with back-edges whose vertices are labelled according to the rules in
Figures 4.2 to 4.4 and whose root has label @ 4 @ = w : ¢ for some w € Worlds. -

4.3.2. DEFINITION (iLTL,eg proof). An iLTL,, proof of a formula ¢ is an iLTL e
derivation 7 of ¢ such that every non-repeat leaf of T is axiomatic and any infinite
path through 7° contains a good trace. —|

4.3.3. OBSERVATION. It follows from the definition of O-traces that for every
repeat [ of an iLTLeg proof 7 there is a modal vertex in [¢;,1)7.

4.3.4. OBSERVATION. The second condition in Definition 4.3.2 is equivalent to
requiring that any infinite rooted path through 7° contain a good trace (recall
Observation 4.2.14).

Soundness of iLTL, is an immediate consequence of our work on iLTL:

4.3.5. PROPOSITION (Soundness of iLTLeg). For every formula ¢, if iLTL g ¢,
then iLTL | o.

Proof. Let T be an iLTL,g proof of ¢. We claim that 7* is an iLTL., proof of
. Note that 7% is an iLTL. derivation because, since every repeat [ € Rep; is
labelled by a non-empty sequent S;, we may apply Lwk or Rwk preservingly to 5,
to obtain S; again, which also labels ¢.

For every leaf [ € T there is a non-repeat leaf I’ € T such that [ and [’ have
identical labels, so [ is axiomatic. And for every infinite branch 7 = (uy,)n<w of
T there is an infinite path 7" = (u],)n<, through 7° such that, for every n < w,
u, and u,, are labelled by the same instance of the same iLTL. rule, whence 7
contains a good trace. Therefore, T is an iLTL., proof of ¢ and thus iLTL | ¢
by Proposition 4.2.19. |

4.3.6. REMARK. In the proof of Proposition 4.3.5 we relied on the contraction
implicitly built into the rules of iLTL., in order to show that 7% itself is an iLTL.
derivation. This is clearly unnecessary because we could instead identify each
repeat and its companion, but it simplifies the argument by allowing us to work
directly with 7.
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As stated in Remark 4.2.31, iLTL, proof-search is not as deterministic as CTL
proof-search is, because the rule applied at a vertex u depends not only on the
sequent labelling u but also on the U- and R-formulas pending at u. For this reason,
we postpone the proof of the completeness of iLTL,, until Section 4.4, where it will
follow from the soundness and completeness proofs of the cyclic version of iLTL.

Even though iLTL,g derivations are finite objects, the second condition in
Definition 4.3.2 is infinitary, and thus the cyclic system iLTL,e is not entirely
satisfactory. In the next section we obtain a fully finitary cyclic system by annot-
ating sequents to keep track of fixpoint unfoldings.

4.4 The cyclic system ilLTL,

We introduce a finitary, cyclic version of the system iLTL,,. As we did for CTL?,
we enrich formulas with annotations similar to the ones introduced by Jungteer-
apanich [76] and Stirling [144] for the modal p-calculus. This allows us to keep
track of fixpoint unfoldings and detect good traces on cycles. This time, however,
the annotation mechanism is able to finitarily detect all good traces because in
iLTL there are no difficulties analogous to the ones posed by existential traces on
CTLZ, proofs. In particular, we obtain a fully finitary calculus.

We fix a countably infinite set N = {x,y, z,... } of names, partitioned into two
disjoint countably infinite sets Ny and Ng of, respectively, U-names and R-names.
An annotation is either the empty string € or a single name. Annotations are
denoted by a,b, ... We identify a non-empty annotation with the unique name it
contains.

An annotated (labelled) formula is a triple (w, @, a), henceforth written w :
©® where w : ¢ is a labelled formula and ¢ an annotation. We identify each
unannotated formula w : ¢ with the formula w : ¢° annotated by the empty
annotation. A name x occurs in a set of annotated formulas I if there is a formula
w : ¢ such that w: ¢* € I'.

An annotated (labelled iLTL) sequent is a quadruple (2,0,T, A), henceforth
written Q; © 41" = A, where I’ and A are finite sets of annotated labelled for-
mulas, € is a relational control, and ©, called the nominal control of the sequent,
is a linear ordering of the names occurring in I' U A.

The base of an annotated formula w : ® is b(w : ¢?) = w : . If T is a set
of annotated formulas, we let b(T') = {b(w: ¢*) | w : ¢* € T'}. The base of
an annotated sequent ;0 4= A is b(Q;0 4T = A) = Q 4b(I") = b(A).
Finally, if T is a set of sequents we let b(T") := {b(S) | S € T'}.

Given a finite sequence of names O, we define the strict linear order <g on
{e}U{z € N | z € ©} by letting a <g b if, and only if, either a # ¢ = b, or both
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ax |

0, 04T, w p=w pA 0, 04Tw: L= A

Q04T w:pw: = A R Q: 04T = w:pw: P, A
AN 0T u prd = A V0, 09T s w . pVu, A

L Q04T w:p= A Q;04T,w: 1= A
v Q:04dT,w: V= A
Q:04T = w: 9, A Q:04T = w: Y, A

RA Q:;04T = w: AP, A

Q04T w:p =Y =>w: ¢ A Q04T w: v = A
Q04T w:p =9 =A

L—

Quwsw ;04T 0w 1o =w' 1 p, A | O
Q04T = w: o — 1Y, A w' ¢

R—

Q0 4A==

X0 04mXA = XE, 5

FIGURE 4.12: Non-fixpoint, logical rules of the system iLTL,.

a and b are non-empty strings and the name in a occurs in © strictly before the
name in b.

The rules of the cyclic system iLTL,, defined below, are given in Figures 4.12
to 4.15. In rules X, LUy, RRy, Lwk, Rwk, Lthin, Rthin, Ldel and Rdel, we denote by
©’ the result after removing from © all names not occurring in the premise with
control ©'. And in rules LU; and RR;, we define Oz as the concatenation ©7(z),
if z ¢ O, and otherwise Oz = ©.

4.4.1. DEFINITION (iLTL, derivation). An iLTL, derivation of a formula ¢ is a
finite labelled tree with back-edges T built according to the rules in Figures 4.12
to 4.15 and whose root has label @ ; @ 4 @ = w : ¢ for some w € Worlds. -

Formula traces, as well as principal and active relations and formulas, follow
the definition from the system iLTL,, in the cases of the rules in Figures 4.12
to 4.14, and also of wky, Lwk and Rwk.
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Q;0 4T w:v = A Q04T w: p,w: X(pUy)* = A
0

LU Q04T w: (eU)* = A

Q:04Tw:¢v=A Q;0x 4T, w: o, w: X(pU)* = A

LUy Q04T w: pUy = A

Q:04T = w:p,w: P, A Q;04T = w: Y, w: X(pUy), A
U 0,047 = w:gUs A

Q: 04T w:p,w:p = A Q;04T,w: ¥, w: X(pRyY) = A
R Q;04Tw: pRyY = A

Q;0 4T = w: Y, A Q;04T = w: p,w: X(pRy)*, A
0

RR Q;04T = w: (pRyY)*, A

Q04T = w: Y, A Q;0x4T = w: p,w: X(pRY)*, A

RRy Q;04T0 = w: RY, A

FIGURE 4.13: Fixpoint rules of the system iLTL,.

In rules LUy and RRy with a # ¢, the unique name in «a is principal in the
conclusion and active in the premise corresponding to the unfolding. Analogously,
in rules LU; and RR; the name x is active in the unfolding premise.

In rules Lm and Rm with a # &, the unique name in a is principal in the
conclusion and active in the premise.

For Lthin, Rthin, Ldel and Rdel, principal and active relations and formulas are
defined as expected: the distinguished relations and formulas in the conclusion are
principal, the distinguished relations and formulas in the premise are active, every
relation in € is a side relation, and every formula in I' U A is a side formula.

In the thinning rules Lthin and Rthin, the name z is principal in the conclusion
and active in the premise, and if a # € then the unique name in a is principal in
the conclusion. In the deletion rules Ldel and Rdel, the name x is principal in the
conclusion.

Traces are also defined as expected for Lthin, Rthin, Ldel and Rdel, with the
(possible) exception that in Lthin and Rthin we let w : ¢® B> w : . Observe, then,
that even though the sequent 2;© 4T, w: ¢* = A may be obtained from the
sequent Q ;O 4T w: ", w: ¢* = A via an application of either Lwk or Lthin, in
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Quww;04T= A ; Quw, v, wxw ;04 = A
Q;04T= A rans Quw=w,ww ;04T = A

refl

Quwxw ;04T w: e w :p*= A
Quw=xw ;04T w: "= A

Lm

Qu xw;04T = w: " w : " A
Qu Lw; 04T = w: p* A

Rm

FIGURE 4.14: Structural, non-weakening rules of the system iLTL,.

the former case we have w : ¢* ¢ w : ¢* but in the latter w : ¢* > w : ¢*; and
similarly for Rthin.

The merging of traces in the thinning rules, on which our proofs of the sound-
ness and completeness of iLTL, rely, corresponds to the fact that, if the annotations
are dropped, then w : ¢* and w : * become the same formula and their traces
merge. We could dispense with the thinning rules by appropriately® incorporating
their trace merging into the weakening rules. Nevertheless, for the sake of clarity
we keep thinning and weakening separate.

When unfolding an unannotated U-formula ¢ on the left, we may mark the
unfolding by annotating the active formula X¢ (rule LU;), or we may choose to
leave Xy unannotated (LUp). If annotated, subsequent unfoldings may only be
performed by rule LUy and thus the annotation is preserved unless we remove it
by applying Lwk, Lthin or Ldel. Analogously for unfoldings of R-formulas on the
right. This degree of freedom corresponds to the fact that, in order to identify the
iLTL, derivations that should count as proofs, we shall look for infinite U-traces
on the left and infinite R-traces on the right, and thus it does not matter when we
begin to annotate unfoldings on such traces as long as we do so eventually (recall
Observation 4.2.14).

A vertex u of an iLTL, derivation is modal if rule X is applied at u. And wu is
thinning if rule Lthin or Rthin is applied at u.

Let 7 be an iLTL, derivation, m = (u,)n<n<w a finite or infinite path through
T° and 7 = ((wy : %, by))nen a trace on 7. A name z is fized on 7 if a,, = x
for every n < N. Analogously, x is fized on 7 if x occurs in the nominal control
of every sequent labelling a vertex in 7. If 7 and 7 are infinite, we say that z is
eventually fived on 7 (7) if there is a tail 7’ of 7 (respectively, a tail 7" of 7) such
that z is fixed on 7’ (respectively, 7).

3Care would be needed to handle preserving instances of weakening.
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wk Q:04T = A
S Qu=<suw ;04T = A

Lk Q;04T= A Rwk Q;04T = A
WK e AT w: " = A KO AT = w: % A
Lthi Q04T w: "= A v~ a
th;@—iF,w:@z,w:ap“:A ©

) Q;0 4T = w: " A
RthmQ;@#Féw:tpz,w:¢a7AI<ea
. / . ey .
Ldel Q0 4ANw:p= A Rdel Q04N = w: o, A
Q04T w: "= A Q04T = w: " A

FIGURE 4.15: Structural, weakening rules of the system iLTL,.

4.4.2. DEFINITION (Successful repeat). Let 7 be an iLTL, derivation. A repeat
[ € Repy is successful if the following hold:

(i) there is a modal vertex in [c;, 1) 7;

(ii) there is a name fixed on [¢;, (|7

4.4.3. DEFINITION (iLTL, proof). An iLTL, proof of a formula ¢ is an iLTL, de-
rivation 7 of ¢ such that every non-axiomatic leaf of 7 is a successful repeat. -

Note that the system iLTL, is finitary, for every iLTL, derivation is finite and
finitely many checks suffice to determine whether a given iLTL, derivation is a
proof.

Every successful repeat [ in an iLTL, derivation 7 has an associated invariant,
denoted by inv(l), defined as the shortest sequence of names wz such that wz is
a prefix of every nominal control in [¢,!]7. The existence of invariants follows
immediately from Definition 4.4.2(ii) and the fact that, when reading iLTL, rules
bottom-up, new names are always appended to the right end of nominal controls.
The invariant map inv induces the following (reflexive) quasi-order < on the suc-
cesstul repeats of T: I g I" if, and only if, inv(l) C inv(l').
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4.4.1 Soundness of iLTL,

We prove soundness of iLTL, by dropping the annotations from a given iLTL, proof
and showing that the resulting tree is an iLTL,e; proof.
As we did for CTL?!

’, we first prove some results relating traces and names in
iLTL, derivations.

4.4.4. LEMMA. Let T be an iLTL, derivation, and 7 a finite path through T°. If
a name x 1s fired on m, then there is a trace T on w such that x is fived on T.

Proof. We prove only the case x € Ny, for the case = € Ng is analogous.

If 7 is empty or has only one vertex there is nothing to prove, so assume
otherwise. Let then m = (u;)i<n, with n > 0, and let S; = Q;; 0, 4T, = A; be
the label of u; for every i < n. Since x is fixed on 7 and x is a U-name, by the
definition of nominal controls there is a formula w : o® € T',,. It suffices to find a
formula w’ : % € I',,_y such that (v’ : 5*,0) > (w : o*,0), for then repeating the
same argument finitely many times yields the desired trace 7.

Towards a contradiction, suppose that there is no such formula v’ : g* € I',,_;.
Let w” : v* € T',_1 be such that w” : v* > w : . Note that such a formula
w” v exists by the definition of >. By assumption, a # x, so rule Lthin or LU; is
applied at u,,_; with w” : 4* principal and w : ® active. The former is impossible
because then we would have I',,_; 2 w : o® > w : o*. So LUy is applied at u,_
and a = ¢, whence x ¢ ©,,_;. This contradicts the fact that z is fixed on 7. [ |

4.4.5. LEMMA. Let T be an iLTL, derivation, ™ an infinite path through T°, and
x € N any name. If there are infinitely many n < w for which there exists a trace
on T<, on which x is fized, then there is an infinite trace on ™ on which x is fived.

Proof. We prove only the case x € Ny, for the case x € Ny is analogous.

For every formula w : ¢ in the label of 7(0) and every n < w, let F(w : ¢*, n)
be the collection of all traces on 7, starting from (w : ¢*,0) and on which z is
fixed. As the label of m(0) is finite, there is a formula w : ¢ in the label of 7(0)
such that F(w : ¢*,n) # @ for every n < w. Let F = U, F(w : ¢*,n). Then,
(F,C) is a tree of height w whose levels are all finite. By Kénig’s lemma, (F,C)
has an infinite branch, whence there exists an infinite trace on 7 starting from
(w: ¢*,0) and on which xz is fixed. [ |

4.4.6. PROPOSITION. Let T be an iLTL, proof, and w an infinite path over T°.
There is a repeat | € Repy N Inf(w) and an infinite trace on © on which the last
name in inv(l) is eventually fized.
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Proof. Let " := (u;)i<w be a tail of m such that each u; occurs infinitely often on
m and ug € Repr. We may then write

7 =1y [co, W] [e1, la)r -,

where each [; is a (successful) repeat with companion ¢;. Note that [; < [;,1 for
every i < w. By Proposition 1.2.11, there is some k& > 0 such that [ < [; for
every i < w. Since [ is successful, inv(l;) = wz for some w € N and some
name x. By Proposition 1.2.12, wz is a prefix of each nominal control on #’, and

thus by Lemma 4.4.4 for every j < w there is a trace on (ug, ..., u;) on which z is
fixed. Therefore, by Lemma 4.4.5 there exists an infinite trace on 7/ on which z is
fixed. |

4.4.7. PROPOSITION (Soundness of iLTL,). For every formula ¢, if iLTL, F ¢,
then iLTL = ¢.

Proof. Let T = (T, <r, Apr,l — ¢;) be an iLTL, proof of ¢. Let 7, = (T, <r, A, l —
1) be given by setting A,.(u) = b(Ar(u)) for every u € T'. That is to say, 7, results
from replacing every sequent S labelling a vertex of T by its base b(S). We claim
that 7, is an iLTL,eg proof of .

Let us first show that 7, is an iLTL, derivation of ¢. It suffices to see that
instances of iLTL, rules in 7 turn into instances of iLTL,eg rules in 7,. Let u € T,
be a non-final vertex of 7. Then, u is non-final in 7 as well. Let R be the iLTL,
rule applied at w in 7. If R is among LA, RA, LV, RV, L=, R—, X, RU, LR,
refl, trans, Lm, Rm, wk., then R is applied at w in 7, as well. If R € {LUq, LU}
(R € {RRy,RR;}), then rule LU (respectively, RR) is applied at « in 7,. Suppose
that R = Lwk. Let w : ¢* be the unique principal formula at « in 7. If there is
a side formula w’ : 9* in the antecedent of the sequent labelling u in T such that
b(w' : ¢*) = b(w : ¢%), then Lwk is applied preservingly at u in 7,. Otherwise,
Lwk is applied discardingly at w in 7,. The case R = Rwk is analogous. Finally,
instances of Lthin and Ldel (Rthin and Rdel) in 7 become preserving instances of
Lwk (respectively, Rwk) in 7.. This establishes that 7, is an iLTL,, derivation.
And, since the roots of 7 and 7, have identical labels, 7; is an iLTL,s, derivation
of .

Every leaf of 7, which is not a repeat is clearly axiomatic. It only remains to
see that every infinite path through 7,° contains a good trace. Let m. = (u,,)n<y be
an infinite path through 7,°. Then, 7 := (u,)n<, = 7 is an infinite path through
T°. By Proposition 4.4.6, there is a repeat | € Repy N Inf(7) and an infinite trace
7 = ((wn : ™, bp))n<w on m on which the last name x in inv({) is eventually fixed.
By the definition of traces in the thinning rules, then, 7, := ((w, : ¢, b,))n<w is an



4.4. The cyclic system iLTL, 213

infinite trace on m,. If x € Ny, then 7, is a left U-trace. And if € Ng, then 7, is
a right R-trace. We have thus found a good trace 7, on m,.
Therefore, 7, is an iLTL,g proof of ¢, so ¢ is valid by Proposition 4.3.5. |

Observe that in the proof of Proposition 4.4.7 we have furthermore established:
4.4.8. PROPOSITION. For every formula ¢, if iLTL, = ¢, then iLTL.g - .
4.4.9. COROLLARY. IfilLTL, is complete, then so is iLTL eg.

4.4.10. REMARK. Like in the proof of the soundness of iLTL,, in the proof of
Proposition 4.4.7 we relied on the contraction implicitly built into the rules of
iLTL,eg (see Remark 4.3.6 above). This is not necessary, but it simplifies the
argument because it allows us to keep all the vertices of T in 7.

4.4.2 Completeness of iLTL,

We establish the completeness of iLTL, by annotating iLTL., proofs obtained via
proof-search and folding them down to trees with back-edges.

For the remainder of this section, fix an arbitrary well-order <y on N, a valid
formula ¢, and an iLTL,, proof T of ¢ given by Proposition 4.2.30 and Corol-
lary 4.2.60. In particular, 7 is an iLTL. proof-search tree for ¢, say guided by
G = (<w, <itL)-

Let T be a set of annotated formulas and n < w. A non-annotated formula
w : « is n-annotated in T if there are pairwise different annotations aq, ..., a, such
that w : a® €T for every 1 <i < n. A non-annotated formula is twice-annotated
in T" if it is 2-annotated in I'.

We begin by inductively building a (possibly infinite) tree T according to the
rules of iLTL,, together with a function f : T — T such that the following hold for
all u,v € T:

(i) if u <% v and u is not thinning, then f(u) <% f(v);
(ii

(ii

)
) ifu <QT~ v and w is thinning, then f(u) = f(v);
) if f(u) <7 f(v), then u <% v;

(iv) if w has label Q; © 4T = A, then f(u) is labelled by Q 4 b(T") = b(A).
For the base case, let the root of 7 be labelled by the same sequent as the one
labelling the root of 7', and map it via f to the root of 7. For the inductive case,

assume that a vertex u € T has been defined, say with label Q;© 4T = A, and
that f(u) is defined as well. We proceed as follows:
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1. If a formula is twice-annotated in I', then we apply rule Lthin at « with prin-

least tuple such that @ # b and w : o, w : a® € I'. We map the unique
immediate successor of u via f to f(u).

cipal formulas w : a® and w : o, where (w, o, a, b) is the (<, <it1, <0, <0)-

Else, if some formula is twice-annotated in A, then we apply rule Rthin
at u with principal formulas w : a® and w : o, where (w,«,a,b) is the
(<w, <iLTL, <o, <0 )-least tuple such that a # b and w : a% w : o’ € A. We
map the unique immediate successor of u via f to f(u).

. Otherwise, by the inductive hypothesis the base function b induces bijections

b:T" — b(I'") and b : A — b(A), and we distinguish cases according to the
rule R applied at f(u):

a) Case R = LU, say with principal formula w : a. Let a be such that
b~ (w:a) =w:a® Ifa = e, then we apply rule LU; at u with principal
formula w : a and active name the <y-least U-name not occurring in
©. Otherwise, we apply rule LUy at w with principal formula w : a®.

b) Case R = RR, say with principal formula w : a. Let a be such that
b~ (w: o) =w: a® Ifa = ¢, then we apply rule RR; at u with principal
formula w : o and active name the <y-least R-name not occurring in
©. Otherwise, we apply rule RRy at u with principal formula w : o®.

¢) In any other case we apply rule R at u with principal and active formulas
the b~'-images of principal and active formulas, respectively, at f(u),
and principal and active relations the principal and active relations,
respectively, at f(u).

In all three cases (a), (b) and (c¢), we map each immediate successor of u
via f to the corresponding immediate successor of f(u).

Since the thinning rules are only applied in 7 to sequents containing twice-

annotated formulas, the following is an immediate consequence of (i), (ii) and

(iv):

4.4.11. LEMMA. For every finite or infinite branch T = (up)n<N<w Of T, there is
an N < N and a strictly increasing sequence of natural numbers (n;)i<n: such
that = (f(un,))icn’ s a branch of T. Moreover, 7 is infinite if, and only if, so

s .

Abusing notation, for every infinite branch 7 of 7 we denote by f(7) the corres-
ponding infinite branch 7 of 7 given by Lemma 4.4.11.

As a consequence of the definition of traces in the thinning rules, we addition-

ally have:
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4.4.12. LEMMA. For every infinite branch © of T and every infinite trace T =
((Wn : ©nybn))new on f(T), there is a trace T = ((w), : Y&, 0/))new on T and a

strictly increasing sequence of natural numbers 0 = ng < ny < --- such that the
following hold for alli < w and n; < k < njiq:

(i) Wi Yk = w; : @i
(ii) b}, = b;.

Abusing notation, for every infinite branch 7 of 7~ and every trace 7 on f(7), we
denote by f~1(7) the corresponding trace on 7 given by Lemma 4.4.12. Informally,
f71(7) is the trace that results from 7 after the addition of annotations (and
instances of the thinning rules) to 7 in the construction of 7.

4.4.13. OBSERVATION. Lemmas 4.4.11 and 4.4.12 provide a back-and-forth cor-
respondence between 7 and 7 to every infinite branch 7 of 7 there corresponds
an infinite branch f(7) of 7, and then every trace T on f(7) yields a corresponding
trace f~1(7) on 7.

By inspection of the rules of iLTL, and the priority given to the thinning rules
in the construction of 7, we have:

4.4.14. LEMMA. Let Q ;0 4T = A be any sequent labelling a vertez in T. For
every non-annotated formula w : «, the following hold:

(1) w: a is not 3-annotated in T';

(ii) w : « is not 3-annotated in A.
4.4.15. COROLLARY. Only finitely many pairwise different names occur in T .

Proof. We prove the claim for U-names only; the proof for R-names is analogous.
Let n = |p|. By Proposition 4.2.38, there is an m < w such that only m-many
pairwise different world labels occur in 7. By Lemma 4.4.14, then, any sequent
labelling a vertex of T contains at most 2mn-many pairwise different U-names.
By the choice of new names when applying LU; in 7T, it follows that the U-names
occurring in 7 are all among the first 2mn-many U-names with respect to <y. W

As an immediate consequence of Proposition 4.2.38 and Corollary 4.4.15, we
have:

4.4.16. PROPOSITION. Only finitely many pairwise different annotated sequents
occur in T .
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A demotion is a formula trace of the form w : o® > w : ¥ with = # y. We say
that z is demoted to y. Observe that demotions are only due to thinning.

The following ensures that the management of the annotations on 7 detects
all good traces.

4.4.17. LEMMA. Let w be an infinite branch of T. If there is a good trace T on
f(m) of type O, for O € {U,R}, then some O-name is eventually fived on f=*(7).

Proof. We only prove the case O = U, for the case O = R follows analogously.
Let m = (u)icy, and 7 == f71(7) = ((w; : 9§, b;))icw- Since 7 is a left, label-
stable U-trace, there is a world label w, a U-formula 1, and some n < w such that
w; : @i € {w Y, w: X} and b; = 0 for every i > n.

Note that there are infinitely many ¢ > n such that rule LUy or LU, is applied
at u; with principal formula w : %, and that by construction of T each such
application produces a formula of the form w : XV, where y € Ny. The only way
for y not to remain fixed on 72; is to encounter an instance of Lthin on 7, which
demotes y to another name 3'. So it suffices to show that 7/ only passes through
finitely many demotions.

Suppose that n < i < j are such that w : ¢f* B> w : i} and w : @}’ B> w
cpjfll are demotions and that 7" encounters no demotion in between those two. Let
a; =y, a;1 = a; =y, and a;41 = y”. We then have:

Q50" 4T w: gp?:l = A’
VO AT w Y w el = A

Lthin

Q;@/—H",w:(p?jrl:A

Lthln 7
Q04T w: !, w: el = A

As i <o y, we have © = ay’byc. Analogously, ©” = a'y"b'y'c’ because y" <gr y'.
By assumption, there is no demotion in between those two with principal formula
in 7, so ¢ is fixed on (7'(i + 1),...,7'(j)) and thus |¢/| < |a’y"b| < |a| because
new names are always appended to the right end of nominal controls (reading the
rules bottom-up). Therefore, 7/ encounters only finitely many demotions. |

Completeness of iLTL, now follows easily.

4.4.18. PROPOSITION (Completeness of iLTL,). For any formula ¢, if iLTL |= ¢,
then iLTL, F ¢.

Proof.  Let T be an iLTLy proof of ¢ given by Proposition 4.2.30 and Co-
rollary 4.2.60, and let 7 and f : 7" — T be given as described above. By
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Lemma 4.4.11, every leaf of 7 is axiomatic. It thus suffices to show that every
infinite branch of 7~ passes through a successful repeat, for then pruning each in-
finite branch of 7 at the encounter of the first successful repeat on the branch
yields an iLTL, proof of ¢.

Let then 7 be an infinite branch of 7. By Lemma 4.4.11, f(7) is an infinite
branch of 7. So, since T is a proof, there is a good infinite trace 7 on f(7),
say of type O. By Lemmas 4.4.12 and 4.4.17, then, f~!(7) is an infinite trace
on 7 and there is an O-name which is eventually fixed on f~*(7). Therefore, by
Propositions 4.2.41 and 4.4.16 there are infinitely many successful repeats in 7. B

Completeness of iLTL,.; now follows from Corollary 4.4.9 and Proposition 4.4.18:
4.4.19. COROLLARY. For any formula ¢, if iLTL |= ¢, then iLTLeg F ¢.
Putting Propositions 4.4.7 and 4.4.18 together, we get:

4.4.20. THEOREM. An iLTL formula ¢ is valid if, and only if, there is an iLTL,
proof of .

4.5 Conclusion

Intuitionistic linear-time temporal logic (iLTL) combines Pnueli’s linear-time tem-
poral logic and (propositional) intuitionistic logic. Models for iLTL are thus ‘two-
dimensional’: every state has at least one temporal successor and zero or more
intuitionistic successors. A simple confluence condition, expressing monotonicity
of the temporal successor function with respect to the intuitionistic order, suffices
to ensure that truth is preserved upwards in the intuitionistic dimension.

We have provided a cut-free, finitary cyclic system for iLTL. The calculus uses
labelled formulas in order to accommodate the interplay between the temporal
dimension, represented by the modal rule for the next operator X, and the intu-
itionistic dimension, corresponding to the right-implication rule R—. In ordinary
intuitionistic calculi, R— is not invertible. Labels, in contrast, yield an invert-
ible right-implication rule. This appears to be necessary to obtaining regular
ill-founded proofs, and thus in the end a cyclic calculus.

Presently, no axiom system for iLTL is known [10]. A natural continuation
of our work, then, would be to study cycle elimination in iLTL, and see whether
it yields an axiomatisation of the logic. In CTL, existential quantifiers made it
difficult to remove all cycles. In the case of iLTL,, the difficulty lies in finding
adequate intuitionistic inductive rules.

We could also consider variations of iLTL. In the semantics that we gave for
the logic, we only required the temporal successor function to be forward confluent
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with respect to the intuitionistic order: if s < ¢, then S(s) < S(¢). This is exactly
the condition required for monotonicity of intuitionistic truth. Another confluence
property considered in the literature is backward confluence: if S(s) < t', then
there is a ¢ > s such that S(t) = ¢’. Imposing both conditions yields a logic, iLTLP,
which is different than iLTL [10].* Consider the formula (Xp — Xq) — X(p — q),
for example. We showed in Figure 4.9 that it is not valid in iLTL. But it is valid
in iLTLP [10, Prop. 4.2]. Note that the countermodel depicted in Figure 4.9 is not
backward confluent.

We could therefore try to adapt our labelled calculus to accommodate backward
confluence. A natural proposal is generalising world labels to expressions of the
form s"w, where w € Worlds and n < w. Rule R— would then become

Qww AT, s"w 1 = s"w' 1, A
QAT = s"w: ¢ — ¥, A

R—

and we could replace X with the invertible rules:

QAN s"Hw:p= A
QAT s"w : Xo = A

QAT = s"Mw: g, A

and
RX QAT = s"w: X, A

LX

The labels of this new system allow one to reason under X, just like the nested
sequents of the system in [5]. This might make it difficult or even impossible
to always obtain ‘exact’ repeats in a proof-search; if this is the case, we could
relax the notion of repeat to accommodate uniform label substitutions of the form
s"w — s"w. We leave the investigation of this calculus for future work.

Looking at our completeness proofs for iLTL., and iLTL,, it seems likely that a
decision procedure could be extracted from them. The combinatorics on labelled
trees involved in proof-search, however, would probably yield non-elementary com-
plexity bounds, thus no better than the ones obtained in [10], where it is shown
that iLTL enjoys the effective finite model property.

Lastly, it would be interesting to apply the label-based approach to intuition-
istic versions of other temporal and fixpoint logics, such as CTL* and the modal
p-calculus.

4We borrow the name iLTLP from [10].
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Chapter 5
Uniform Interpolants from Cyclic Proofs

This chapter differs from the preceding ones in that we shall not design here
cyclic or ill-founded proof systems, but rather use an existing one to build uniform
interpolants for the modal p-calculus.

A logic has the (Craig) interpolation property if, informally, for every formulas
« and S such that o — [ is valid, there exists a formula ¢ in the common vocab-
ulary! of o and 3 such that both o — ¢+ and + — 3 are valid. This property has
its origins in Craig’s [30], where it was shown that first-order logic enjoys inter-
polation. Later, Lyndon [91] strengthened this result showing that the vocabulary
can take polarities into account (so, for example, if a propositional letter occurs
positively in the interpolant, then it must also occur positively in both a and f3).
This property came to be known as Lyndon interpolation.

In [107], Pitts proved a stronger result than Craig interpolation, called uniform
interpolation, for intuitionistic propositional logic: for every formula « and every
V' C Voc(a), where Voc(a) denotes the vocabulary of «, there exists a formula ¢
such that:

(i) Voc(v) CV;
(if) o — ¢ is valid;
(iii) for any S such that Voc(a) NVoc(B) C V, if @ — [ is valid, then so is ¢ — (.

To see that uniform interpolation entails Craig interpolation, let V' := Voc(a) N
Voc(f3).

Looking again at Craig interpolation, it stands to reason that if a sufficiently
‘nice’ proof of a valid implication o« — [ is available, one may succeed in defining an
interpolant by induction on the proof-tree, starting from the leaves and proceeding

IThis notion differs slightly from logic to logic. In predicate logic, for example, it is the
collection of all non-logical symbols in a formula.

221
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to the implication at the root. This method has recently been applied even to
fixpoint logics admitting cyclic proofs [134, 1].

In contrast, for uniform interpolation there is no single proof to work from but
instead a collection of proofs to accommodate: a witness to each valid implication
a — 3, where the vocabulary of 3 is constrained as above. Working over a set of
prospective proofs and relying on the structural properties of sequent calculus is the
essence of Pitts’s aforementioned result on uniform interpolation for intuitionistic
logic [107].

Proofs of uniform interpolation differ from one system to another. There have
been efforts to find general frameworks to attack the problem. Notably, [70, 71,
148] identify sufficient conditions on the form of proof systems that entail uniform
interpolation.

In this chapter we provide a proof of the uniform interpolation property for
Kozen’s modal pi-calculus [81], a well-known extension of modal logic with ex-
plicit fixpoint quantifiers. The result was first established by D’Agostino and
Hollenberg [32] by employing automata-theoretic tools to show the definability of
bisimulation quantifiers in the logic. With this form of second-order quantification,
uniform interpolants can readily be defined.

Our approach, in contrast, is purely proof-theoretic. We build uniform inter-
polants in an annotated, goal-oriented cyclic system due to Jungteerapanich [76]
and Stirling [144]. A different cyclic system based on it was exploited in [1] to
establish Lyndon interpolation for the modal p-calculus.

The main ideas that we present are not specific to the p-calculus but do rely on
two of its features: the existence of (cyclic) analytic systems permitting ‘uniform’
proof-search; and the ability of the logic to express fixpoints. In the conclusion of
the chapter we shall examine the applicability of our argument to other fixpoint
logics.

Outline of the chapter. Section 5.1 introduces the modal p-calculus. Sec-
tion 5.2 examines the Jungteerapanich—Stirling cyclic system. Section 5.3 proves
the uniform interpolation property for the p-calculus by building (and verifying)
uniform interpolants in the Jungteerapanich—Stirling system. Section 5.4 concludes
the chapter and discusses some further lines of research based on the material
therein.

5.1 The modal p-calculus

The modal p-calculus extends propositional (multi-)modal logic by adding two fix-
point quantifiers, ;1 and v. Syntactically, they behave like quantifiers in predicate
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logic, in the sense that they bound occurrences of variables in formulas. Semantic-
ally, 1 and v denote, respectively, least and greatest fixed points of functions, and
are thus a kind of monadic second-order quantifiers.?

In its modern form, the modal p-calculus was introduced by Kozen in [81]. Tt
subsumes a wide range of temporal logics, such as Pnueli’s linear-time temporal
logic LTL [108]; Clarke and Emerson’s computation tree logic CTL [26]; Emerson
and Halpern’s full computation tree logic CTL* [42];3 and Fischer and Ladner’s
propositional dynamic logic PDL [45, 46], among others. We assume that the rea-
der is acquainted with the p-calculus. An introduction may be found in [38,; Ch. §],
and [16] surveys a range of results about it and related logics.

The language of the (modal) p-calculus, denoted by .Z,,, consists of the follow-
ing: countably many propositional letters, (modal) actions and variables, drawn
respectively from sets Prop, Act and Var; the constants L (falsum) and T (verum);
the Boolean connectives A (conjunction), V (disjunction) and - (negation); the
modal operators [a] (box) and (a) (diamond), for each a € Act; and the fizpoint
quantifiers uand v. The formulas of the modal ji-calculus are given by the following
grammar:

pu=T | LlplplIx| (@A) (@Ve)l(aly) | (a)e) | (uxe)| (vxe),

where p ranges over Prop, x over Var, and a over Act. Formulas are denoted by small
Greek letters «, 3, ¢, . . ., and sets of formulas by capital Greek letters I'; A, %, . ..
We use o to denote either p or v. The collection of all p-calculus formulas is
denoted by Form,,, and the set of all subformulas of a formula ¢, defined as usual
(treating px and vx like first-order quantifiers), is denoted by Sub(¢p).

If no ambiguity arises, we drop the outer parenthesis and stipulate that [a] and
(a) bind more strongly than A and V, and that these, in turn, bind more strongly
than p and v.

A literal is either T, L, or a formula of the form p or p for some p € Prop. A
quantifier-free formula is a formula built from literals and variables by means solely
of modal operators and Boolean connectives. A o-formula, for o € {u,v}, is a
formula of the form ox . A [a]-formula ((a)-formula) is a formula of the form [a]p
(respectively, (a)p). A []-formula ({-)-formula) is a [a]-formula (respectively, (a)-
formula) for any a € Act. A modal formula is either a [-]- or a (-)-formula. Given
a set of formulas T', we define [a]" := {[a]y | v € I'} and (a)I" == {(a)y | v € T'}.

Observe that we allow negation to be applied to propositional letters only. This
is not necessary and one could instead work with unrestricted negation and a smal-

2In fact, the modal p-calculus is the bisimulation-invariant fragment of monadic second-order
logic [74].

3The translation from CTL" into the p-calculus is far from straightforward. A direct transla-
tion is due to Dam [33].
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ler language (for example, have p as primitive and define vx ¢ == —pux =¢(—x/x)).4
Restricting negation to propositional letters is convenient when working with proof
systems.

An occurrence of a variable x in a formula ¢ is bound if it is within the scope
of a quantifier ox for some o € {u, v}, and it is free otherwise. A formula is closed
if no variable occurs free in it. A set of formulas I' is closed if every formula in T’
is closed. A formula ¢ is well-named if no variable occurs both free and bound in
¢ and, moreover, no variable is bound in ¢ more than once. Hence, each bound
variable x in a well-named formula ¢ identifies a unique subformula o,x ¢, of .
When ¢ is clear from context we express this correspondence as x =,, ¢x. A finite
set of formulas I' is well-named if the formula AT is well-named.

Modal p-calculus formulas are interpreted over labelled transition systems,
essentially Kripke models with one or more accessibility relations. Informally,
op denotes either the least (u) or the greatest (v) fixed point of the function
represented by ¢(x).

A labelled transition system (LTS)is a triple S = (S, {-> | a € Act}, \), where
S is a non-empty set of states, each = C S x S is a transition relation, and
X : Prop — 2% is the labelling map of S. A variable assignment for S is a function
V :Var — 2% If T C S, we denote by V[x — T] the variable assignment for S
which sends x to T and every other variable y # x to V (y).

Given an LTS S = (S,{-> | a € Act}, \) and a variable assignment V for S,
we inductively define the sets [¢]5 as follows:

(i) [TI3 = S and [L]} = ;
(i) [p]5 = A(p), for every p € Prop;
(iii) [PI3 = S\ A(p), for every p € Prop;
(iv) [x]5 = V(x), for every = € Var;
V) [e AvDy = [ely N [¥D5;
(Vi) [e VYIy = [ely U YDy
(vii) [[alels = {s € S| s > t implies t € [@]5 for all t € S};
(viii) [(@)¢]S == {s € S| s>t for some t € [¢]5};
(ix) [uxly = N{T € S | [el§xm € T

(x) [rxely =U{T S S| T C [elxomm -

)
)
)
)
)
)
)
)
)
)

4A triple negation is necessary to ensure the monotonicity of the function represented by
—p(—x/x), and thus the existence of least and greatest fixed points of the function.
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We say that s € S satisfies ¢ with respect to V', in symbols S, s Iy ¢, if s € [[cp]]“s,
We say that ¢ is wvalid if we have S,s IFy ¢ for every LTS S, every variable
assignment V for S, and every state s of S. Finally, given any formulas ¢ and 1,
we write ¢ = 1, and say that ¢ and 1) are equivalent, if for every LTS S, every
variable assignment V' for S and every state s of S, we have S, s Ik ¢ if, and only
if, S, s IFy 9.

By the well-known Knaster—Tarski theorem [150], [ux ap]]“s/ and [uvx <p]]‘3 are,
respectively, the least and the greatest fixed point of the function 7" — [[gp]];i[ X7

The dual of a formula ¢, in symbols 7, is inductively defined as follows:

19=T To=1
P =p P’ =p
[L'a =X
(e A)? =7 v y? (o V)? = Ay?
([ale)? = (a)” ((a)p)? = [al”
(pix ©)? = vx g’ (vx ©)? = pux ?

We then define implication as ¢ — ¢ = ©? V 1.
The following is easy to see:

5.1.1. PROPOSITION. Let S be an LTS, V a variable assignment for S, and s a
state of S. For every formula @, we have S, s Iy ¢ if, and only if, S, s fye P,
where V9 : Var — 29 is given by V?(x) :== S\ V(x) for every x € Var.

A formula ¢ is guarded if, for any subformula ox 1 of ¢, every occurrence of
x in ¢ is within a modal subformula of . The following is well known (see, e.g.,

[102] or [38, § 8.3.5]):
5.1.2. PROPOSITION. FEvery formula is equivalent to a guarded one.

A finite set of formulas I" is guarded if the formula AT is guarded.

We shall frequently restrict ourselves to (closed and well-named) guarded for-
mulas. In particular, the Jungteerapanich—Stirling proof system for the u-calculus,
with which we shall build uniform interpolants below, assumes that formulas are
guarded. Proposition 5.1.2 ensures that this carries no loss of generality. It is
worth noting, nevertheless, that guarding a formula might yield an exponential
blow-up in formula size (see, e.g., [38, Ex. 8.3.22]).

Bound variables in well-named formulas can be ordered in terms of their mutual
dependencies. This is made precise in the following definition.
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5.1.3. DEFINITION (Subsumption order). Let ¢ be a well-named formula, and V'
the set of all bound variables in ¢. The subsumption order of ¢, in symbols <, is
the irreflexive partial ordering of V' defined by setting x <, y if oyy ¢, is a proper
subformula of g,x ¢y.

If x <, y, we say that x subsumes y. a

Intuitively, x <, y if the evaluation of oyy ¢, potentially depends on the value of x,
in the sense that x might occur free in o,y ¢,. For example, if ¢ = ux(p V vy(x Vy)),
then x <, y. Note, however, that the same holds if ¢ = px(x V vyy), despite there
not being any real dependency of vyy on x.

Well-named formulas admit a natural presentation as systems of fixpoint equa-
tions. This alternative point of view will be convenient for our purposes. We
provide a brief presentation of equational systems, referring the reader to [38, §
8.3.4] for more details.

5.1.4. DEFINITION (Modal equational system). Let V¢ be a finite set of variables.
A modal equational system (MES) over Vg is a triple (p,&, V), where ¢ is a
quantifier-free formula over the set of variables Ve and £ is a set of equations

{x =p, ¢ [ x € Ve,

where each ¢, is a quantifier-free formula over Ve and p, < w for every x € Ve. We
call p, the priority of x, and say that x has a higher priority than y if p, < p,. -

Every well-named formula ¢ determines a MES as follows. Let V = {x1,...,x,}
be the collection of bound variables in ¢, where x; <, x; implies i < j. For each
1 =1,...,n, let p; == 2i if 0,, = v, and otherwise p; := 2¢ + 1. Finally, let ¢;
be the result after replacing each subformula o,,x; ¢, by x; in ¢,,. The MES
corresponding to ¢ is S, = (¢*,&,V), where € = {x; =, ¢; | i = 1,...,n} and
@* results after replacing each subformula o,,x; o, by x; in ¢.

5.1.5. EXAMPLE. Consider the formula ¢ = wxpuy(xVy). The corresponding
MES is S, = (x, {x =2 v,y =5 x Vy}, {x,y})

Conversely, there is a recursive algorithm which flattens every MES S down
to a p-calculus formula ¢g and, moreover, in such a way that g, = ¢. We omit
its definition and refer the reader to [38, § 8.3.4], as the internal details of this
procedure are for the most part irrelevant for our purposes.® It suffices to point out
that, as expected, the flattening of a MES commutes with the Boolean connectives
and the modal operators, that odd priorities correspond to p and even ones to v,
and that the subsumption order of the resulting formula corresponds to the order
of the priorities.

SNote that, in [38], our x <, y is written x >, y and higher priorities correspond to bigger
natural numbers.
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5.2 The Jungteerapanich—Stirling proof system

Already in his presentation of the u-calculus, Kozen [81] proposed a natural ax-
iomatisation of the logic in the form of an equational deductive system extending
basic propositional multi-modal logic by the addition of the axiom

P(pxp/x) = pxp,
expressing that ux ¢ is a pre-fixpoint of p(x), and the rule

/X)) =¥
px @ — 1

corresponding to Park’s well-known fixpoint induction principle [105]. Together,
they characterise ux ¢ as the least pre-fixpoint of ¢(x), and thus, by the Knaster—
Tarski theorem [150], as the least fixpoint of ¢(x).

Kozen, however, was only able to establish in [81] the completeness of his
axiomatisation for a proper fragment of the u-calculus (which he termed ‘acon-
junctive’). Later, he showed that the logic enjoys the finite model property and
gave a sound and complete infinitary system with an w-rule based on that result
[82]. Walukiewicz [156] proposed an alternative, finitary system based on the small
model theorem for the p-calculus, which states that every satisfiable formula has
a model of size exponential in the size of the formula [145].

The question of the completeness of Kozen’s original axiomatisation remained
open for several years until Walukiewicz settled it in the affirmative [157]. As a step
towards this result, Niwiriski and Walukiewicz [102] presented a tableau system for
checking the unsatisfiability of formulas. The corresponding dual sequent calculus
is a natural sound and complete ill-founded proof system for the logic (see [37]).

Kozen’s infinitary system from [82] included a cut rule. A cut-free system with
an w-rule is given in [73], and [146] presents an embedding of said system into an
ill-founded calculus dual to Niwinski and Walukiewicz’s tableau from [102].

More recently, Jungteerapanich [76] and Stirling [144] introduced a cut-free,
finitary, sound and complete cyclic system for the p-calculus by incorporating into
the system Safra’s determinisation procedure for Biichi automata [123] in the form
of ‘names’ annotating formulas (see, in particular, [77, § 4.3.5]). The annotations
keep track of unfoldings of v-formulas and allow detecting good traces. This idea
is further explored in [37], where determinisation procedures other than Safra’s are
considered. Jungteerapanich and Stirling’s annotations are the ultimate source of
inspiration for the annotations that we used above for CTL® and iLTL. The u-
calculus, however, requires a considerably more involved annotation mechanism.
This is in line with the fact that it corresponds to Safra’s construction, well known
to be far from trivial.
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We shall work with a two-sided version of the Jungteerapanich—Stirling system.
As shown in (the completeness proofs in) [76, 144], the system admits terminating
proof-search as long as a few requirements are met (see Definition 5.2.5 below).
This will allow us to work with proofs having essentially the same ‘left-fragment’,
i.e., proofs that treat the antecedents of the sequents in the same way. This
uniformity lies at heart of our proof of uniform interpolation.

A (plain p-calculus) sequent is a pair (I', A), henceforth written I' = A, where
I’ and A are finite sets of formulas. We call ' the antecedent of the sequent, and
A the consequent or succedent.

A sequent ' = A is closed (guarded, well-named) if the set T' U A is closed
(respectively, guarded, well-named). The interpretation of a sequent I' = A is the
formula (I' = A)* == AT — VA. A sequent S is valid if S* is valid.

For every x € Var, let N, = {x9,21,...} be a countably infinite set of names
for x such that Ny, NN, = @ if x # y. We denote names for variables x,y, z,... by
x,Y, 2, . . ., respectively (possibly with indices), and let N := Uyeyar Nx. In addition,
we assume that N is well-ordered.

An annotation is a (possibly empty) finite sequence of pairwise different names
in N. An annotated formula is a pair (p,a), henceforth written ¢*, where ¢ is a
formula and a is an annotation. The base of an annotated formula ¢ is b(p®) = ¢.
Similarly, the base of a set of annotated formulas I' is b(I") :== {b(¢") | p* € T'}.
A name z occurs in a set of annotated formulas I" if  occurs in the annotation of
some formula in T

An (annotated) sequent is a triple (©,T', A), henceforth written © 4T = A,
where O is an annotation and I' and A are finite sets of annotated formulas such
that a name occurs in © if, and only if, it occurs I' U A. We call © the control of
O = I'A. Sequents with empty controls are identified with plain sequents. The
base of an annotated sequent © 4I' = A is b(© 4 ' = A) = b(I') = b(A).

Let ¢ be closed, guarded, and well-named. Fix an arbitrary linear ordering of
the bound variables in ¢, say x; < --- < x,, compatible with the subsumption
order of ¢, i.e., such that i < j implies x; £, x;. If ¢ is given as an equational
system, < can be chosen as any linear order such that p, < p, implies x < y. Given
an annotation a for bound variables in ¢, we denote by a[x; the result of removing
from a all names for x;y1,...,X,.

We now define the JS sequent calculus. Its rules are given in Figures 5.1 to 5.3.

In rules LO, RO, Ly, Ry, Lv, Ry, Lthin, Rthin, Lres, Rres and wk, we denote by
©’ the subsequence of © given by removing any name which does not occur in the
sequent whose control is ©’.

In Ly and Ry, x is a name for the variable x not occurring in ©, and we define

Ox =0 (z).
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axX| ————— axX7 —————
04l 1= A O-4r=T"A

ax

p axXp
04l p*=pb, A 04l p*=p*, A

O AT, "y = A 04T = " A 04T =y A

NG (o hd) = A RA 04T = (p A )" A
Lv@%F,gp"iA 04Ty = A RV Ol = "¢ A
O, (V)= A O-4dT = (pV)y, A
Lo O 4Tl ¢ = A RO 04Tl = ¢* A
© 11, [a]T, (a)¢® = (a)A, 2 O 11, [a]T = [a]¢?, (a)A, 2
FIGURE 5.1: Non-fixpoint, logical rules of the system JS.
In the reset rules Lres and Rres, the names x,xq,...,z; all name the same
variable; the other annotations (a, a1, ..., a) are arbitrary. We say that x is reset.

Furthermore, in Lres the name x may not occur in I', and in Rres the name x may
not occur in A.

In the thinning rules Lthin and Rthin, the relation <g is a total ordering on sub-
sequences of © defined as follows. If © is an annotation and a, b are subsequences
of ©, set a <g b if, and only if, a precedes b in the lexicographic ordering induced
by ©. Then, let a <g b if, and only if, either a <g b, or there is some variable x
such that b[x C alx. We refer the reader to [77, § 4.3] for the proof that <g is
indeed total.

In the unfolding rules Ly, Lv, Ru and Ry, we say that the variable x is unfolded
to .

Our presentation of JS is essentially the two-sided version of the system in [144].
We have added an explicit weakening rule which is easily seen to be admissible
by considering the ill-founded version of the system and the implicit weakening in
the modal rules and the axioms. Additionally, our fixpoint unfolding rules use x
and (x) in place of w(ox ), where x =, ¢. This can be considered to be a mere
syntactic abbreviation, as done actually in [144].

5.2.1. DEFINITION (JS derivation). A JS derivation of a closed, well-named and
guarded plain sequent o = 3 is a tree with back-edges built according to the rules
of JS and whose root has label a = . -

A sequence of names a is preserved on a path 7 through a JS derivation if a is
a prefix of every control of a sequent labelling a vertex in 7.
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L 040 x*= A R 04T =x A
70 O AT, oxp® = A 70 O 4T = oxp®, A
O'x AT, plar = A O 4T = ¢** A
) X = Ru ) X =
YT AT S A hy P earT=xa M7
O 4T, " = A Oz AT = plexe A
Ly X =y Ry X =y p

04T x*= A 04T =x% A

FIGURE 5.2: Fixpoint rules of the system JS.

A proof in the JS calculus is a derivation for which all repeat leaves fulfil a
correctness condition that we now specify.

5.2.2. DEFINITION (Successful repeat). A repeat [ of a JS derivation 7 is success-
ful if there is some name x such that:

(i) @ occurs in all controls on the path [¢;, {]7;

(ii) x is reset in [¢;, ] 7. y

Every successful repeat [ in a JS derivation 7 has an associated invariant,
denoted by inv(l), defined as the shortest sequence of names wz such that wz
is a prefix of every control in [¢,{]7 and = is reset on [¢,{]7. The existence
of invariants follows immediately from Definition 5.2.2 and the fact that, when
reading JS rules bottom-up, new names are always appended to the right end of
controls. We extend the invariant map inv to unsuccessful repeats by letting inv(l)
be the longest (possibly empty) common prefix of all controls on [¢;, []7, for every
unsuccessful repeat | € Rep.

The invariant map inv induces the following (reflexive) quasi-order < on the
successful repeats of 7 I 5 1" if, and only if, inv(l) T inv(l').

5.2.3. DEFINITION (JS proof). A JS proof is a JS derivation whose non-axiomatic
leaves are all successful repeats. -

Note that every repeat [ of a JS proof has an associated non-empty invariant
inv(l) = wx such that x is preserved along the path [¢,[]7 and reset somewhere
therein.

The following is straightforward to prove by reducing JS to its one-sided frag-
ment and appealing to the soundness and completeness result in [144]:

5.2.4. THEOREM. For every closed, well-named and guarded plain sequent I' = A,
we have JS+ T = A if, and only if, ' = A is valid.
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O 4T, p* = A
O AT, % = A

O 4l = " A
04T = ¢, ¢’ A

Lthin a<egb Rthin a<egb
AT, 9T, o = A 4T T AN
6 ) 901 ) ) ka = RreS 6 = QOI ) ) (pk: )

© AT, @4 L ppt R = A O AT = ™9 L opt R A

Lres

wk 04T = A
CREINTE DN

FIGURE 5.3: Structural rules of the system JS.

To build (and verify) uniform interpolants, it will be convenient to work with
JS derivations satisfying several constraints specified below, where we refer to the
form of the rules given in Figures 5.1 to 5.3:

5.2.5. DEFINITION (Normal derivation). A JS derivation T is normal if the fol-
lowing hold:

(i) There are no instances of wk in 7.
(ii) Any vertex of T labelled by an axiomatic sequent is a leaf.

(iii) If asequent © 41" = Ain T can be realised as the conclusion of an instance
of Lthin, Rthin, Lres or Rres, then the sequent is the conclusion of such a rule
in 7, with the thinning rules having precedence over reset rules.

(iv) In instances of Ly and Ry in T, z is the first name in N, not occurring in

0.5

(v) In instances of LO or RO in T, the set II consists only of T, (-)-formulas,
and [c]-formulas for ¢ # a; and X of only L, [-]-formulas, and (c)-formulas
for ¢ # a.

(vi) Any two non-repeat vertices of 7 labelled by the same sequent are labelled

by the same instance of the same rule. 4

The constraints in Definition 5.2.5 have their origin in the proof-search carried
out in [144], as well as in the dual construction in [76]. Therefore, the following is
a direct consequence of the completeness proofs in [76, 144]:

5.2.6. THEOREM. A closed, well-named and guarded sequent I' = A is valid if,
and only if, there exists a normal JS proof of I' = A.

6Recall that we fixed an arbitrary well-order on N.
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The following can readily be established by considering the w-unravelling of a JS
proof, dropping the annotations therein, and showing that the resulting (possibly
infinite) tree is a proof in the system dual to Niwinski and Walukiewicz’s [102]
(for an explicit presentation of the proof system, see, e.g., [37]). The proof is a
routine imitation of the arguments in Sections 3.4 and 4.4 for soundness of CTL]
and iLTL,, respectively.

5.2.7. LEMMA. LetT be a JS proof, and © 4T = A an annotated sequent labelling
a vertex of T. Then, b(T') = b(A) is valid.

5.3 Uniform interpolation

With the proof system JS now fixed, we present the statement of uniform inter-
polation that will be proved. The wvocabulary of a formula ¢, in symbols Voc(y),
is the set of modal actions and literals, other than T and L, occurring in ¢. The
vocabulary of a set of formulas ® is Voc(®) := Uy,ee Voc(p).

5.3.1. THEOREM (Uniform interpolation). Let T' be a finite well-named set of
closed, guarded formulas, and V' C Voc(I'). There exists a formula v such that:

(i) Voc(v) CV;
(ii) JSFT =

(iii) for every A such that the sequent I' = A is closed, well-named and guarded,
and Voc(A)NVoc(I') CV, if ISFT' = A, then JSF 1= A.

We call the formula ¢ of Theorem 5.3.1 the (uniform) interpolant of T relative to
V. Mention of V' may be suppressed when clear from context.
The Craig interpolation property is a special case of uniform interpolation:

5.3.2. COROLLARY (Craig interpolation). For every closed, well-named and guard-
ed sequent T'= A, if IS+ T = A, then there is a formula v such that Voc(c) C
Voc(T') NVoc(A), ISET =, and IS+ = A.

Proof. Apply Theorem 5.3.1 with V' := Voc(I') N Voc(A). [ |

The remainder of this section is concerned with the proof of Theorem 5.3.1.

The uniform interpolant for I' will be designed to encode all information relev-
ant to proofs of sequents I' = A for A satisfying the aforementioned vocabulary
restriction. This will be achieved by expressing as a formula of the p-calculus
an ‘interpolation template’ for the sequent I' = &, essentially a proof-search for
I' = A, where A is ‘generic’.
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5.3.3. DEFINITION (Interpolation template). Let I' be a finite well-named set of
closed and guarded formulas, and let V' C Voc(I'). An interpolation template for
I’ (and V') is a normal derivation Tp of I' = & such that:

(i) for every v € Tr, if there is a vertex u <. v such that u and v are labelled
by the same sequent, then v is a leaf.

(ii) the branching rule O* is applied in T instead of LO and RO:"

{Giyab_{l—‘“(lbi \ign,abeﬂi} {62_'Fz:> |i§n7ai€V} g =
Ch! [ao]ro, <30>H0, cee [an]Fn, <an)Hn, Y=o

)

where ag, . .., a, are distinct modal actions, each ©; .o (©;) is the restriction
of © to the names occurring in IT';, a® (respectively, T';), ¥ is a (non-axiomatic)
set of literals, and we have omitted the empty consequents of the premises;|

As mentioned previously, an interpolation template is, informally, a proof-
search for the sequent I' = A, where A is a ‘generic’, unspecified consequent. The
uniform interpolant will be a formula representation of the template.

Unlike LO and RO, rule O* is branching and involves three kinds of premise:

e sequents ©; ,» I, a’ = @, for i <n and o’ € II;, called active premises;
e sequents ©; 11, = @ for i <n and a; € V, called passive premises;
o the trivial premise @ = .

The active and passive premises encode instances of LO and RO, respectively,
assuming an appropriate (but unspecified) instantiation of the consequent. The
trivial premise corresponds to an instance of RO for an action label in Act\V/, as any
such application of RO yields a premise with empty antecedent. In practice, the
trivial premise may be safely ignored because it takes no part in the construction of
the uniform interpolant; its presence is merely a technical convenience for mapping
paths through a proof of I' = A onto the interpolation template.

A leaf of an interpolation template is empty if it has label @ = @. By con-
struction, empty leaves correspond exactly to trivial premises of 0%

The notion of successful repeat is defined for interpolation templates as expec-
ted from Definition 5.2.2.

The restriction to normal proofs has the effect that interpolation templates can
be assumed to be finite. More precisely, conditions (iii) and (iv) of Definition 5.2.5
ensure that a maximal path through an interpolation template reaches either an
axiom, the empty sequent, or a sequent which is repeated on the path. The
argument is identical to the proof of termination of proof search in [76, 144].

"We assume that Definition 5.2.5 is generalised to derivations with 0% No additional restric-
tions are necessary to accommodate this rule.
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5.3.4. PROPOSITION. For every finite, well-named set of closed and guarded for-

mulas I, and every V' C Voc(I'), there is a finite interpolation template for I' and
V.

Henceforth we assume a fixed finite well-named set I" of closed guarded formu-
las, a fixed V' C Voc(I'), and a fixed finite interpolation template 7r for I' and V/
given by Proposition 5.3.4.

We need another result which follows from the completeness arguments in [76,
144]. Informally, if I' = A is valid, then we can build a normal proof of I' = A
whose left-fragment is essentially Tr. More precisely:

5.3.5. LEMMA. Let I' = A be a valid closed, well-named and guarded sequent,
with A such that Voc(I") N Voc(A) C V. There exists a normal proof T of ' = A
such that for every finite path (v;)i<n through T there is a sequence of vertices
(ui)icnr<n of Tr and a strictly increasing sequence of natural numbers (k;)i<n:
such that the following hold for each i < N', where ©; 41", = A; is the label of v;:

(i) either u; 1 is an immediate successor of u;, or u; is a repeat and gy s
an immediate successor of the companion of u;, or u; is an empty leaf and
Uit1 = Uiz = * 0 = UN" = Uj;

(ii) w; has label ©), ATy, = @, where O}, is the restriction of Oy, to names for
variables in I'y,;

(iii) for each j < kiy1 — ki, we have ©) ;= O} and 'y, ; =T},.

We are now ready to construct the uniform interpolant for I' relative to V.
The definition proceeds in two stages. First, we assign to each u € Tt a formula
Ly, called the pre-interpolant for u. These are defined by recursion through 7r,
from the leaves downwards to the root. Second, by considering the collection of
all pre-interpolants we isolate a uniform interpolant for IT'.

For every set of formulas II, let £y (II) be the collection of literals, other than
T and L, occurring in V' N 11, without their annotations.

Empty leaves are assigned pre-interpolant T. Every instance of ax, , say with
label © 411, L* = &, is associated pre-interpolant L A ¢y (I1). Every repeat | €
Repr. is pre-interpolated by a unique, fresh variable x;. We refer to each x; as an
interpolation variable.

Once we have decided on pre-interpolants for the leaves of T, it is convenient
to deal with interpolants for some instances of O* as a special case, before the more
general recursive construction. If v € Tr is the conclusion of an application of O*
in 71 such that one of the active premises is provable in JS as a plain sequent, let
ty = L.8 We call such instances of O* trivial.

8See Remark 5.3.6 below.
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With the trivial instances of O* pre-interpolated, we proceed with the recursive
construction. Suppose that v € T has not yet been assigned a pre-interpolant.
If there is a v <g. w such that v is the conclusion of a trivial instance of 0%, let
by = L.

Suppose now that u is the conclusion of a non-trivial application of O* in Tr.,
say:

{@iyab—if‘i,ab: \ign,abeﬂi} {("‘_)Z_|Fl$ |i§n,ai€V} g =
@ _| [aO]F07 <aO>H07 ey [an]rnv <an>Hn7 2 = J

Let the actions be ordered such that V' = {ap, ..., ax_1} for some k < n. For each
i <nand o’ €Il let V; o» be the immediate successor of u for the active premise
O, 114, a® = @. And for each i < n with a; € V, let v; the immediate successor
for the passive premise ©; 4T'; = &. We let

Ly == ZV(E) A /\ ([ai][/'”i A /\ <ai>Lvi,ab) '

i<k abell;

Restricting to ¢ < k ensures that modal actions in pre-interpolants are all in V.

Suppose now that « is the conclusion of a (non-axiomatic) rule R other than 0%
If R € {LA, Log, Lu, Ly, Lthin, Lres}, we let ¢, == t,, where v is the unique immedi-
ate successor of u. Finally, suppose that R = LV, and let © 4 II = & be the label
of u. We let ¢, = £y (TT) A (14, V 10, ), Where vy, vg are the two immediate successors
of w.

We thus have a pre-interpolant ¢, for each v € Tr. By construction, ¢, is a
quantifier-free formula in the variables x;,, ..., x;,, where Iy, ..., [} are the repeats
in [u, —)7.. Additionally, either ¢, € {T, L} U Var, or ¢, is of the form ¢y (IT) A ¢,
where II is the set of formulas in the label of w.

Fix an enumeration (l1,...,1l,) of Repy. such that the following hold:

(i) if inv(l;) < inv(l;), then i < j;
(ii) if inv(l;) = inv(l;) and ¢ < j, then either [; is successful, or /; is unsuccessful.

Define py, == 2i — 1 if [; is successful, and p;, == 24 otherwise.
Let r be the root of Tr. The uniform interpolant for I" relative to V' is defined
as the formula represented by the modal equational system

tr = (tr, Er), where & = {x; =, t¢, | | € Repr.}.

5.3.6. REMARK. In the construction of (r we distinguished between trivial and
non-trivial instances of O* by appealing to provability of the premises thereof (as
plain sequents). This can be checked by carrying out a proof-search in accordance
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with the constraints in Definition 5.2.5 (for the details, see the completeness proofs
in [76, 144]).

Since Tr is normal, it seems reasonable to suppose that provability of premises
of O* could be established by inspection of 7r alone. This is indeed the case and
it is not difficult to see; however, precisely because of the normality of Tr, for all
intents and purposes said inspection is a proof-search.

We now turn to the verification of the interpolant.

5.3.1 Verification

We verify that the formula ¢ built from the template 7 is in fact a uniform
interpolant for " (with respect to V'). By construction, it is clear that Voc(ir) C V.
It remains to see that JS F I' = ¢ and that JS F o = A, for an arbitrary A
satisfying the conditions in Theorem 5.3.1.

5.3.7. REMARK. In what follows, we work in JS with the equational presentation
of «r given above. This is merely an abbreviation (which greatly improves read-
ability, though), made possible by the unfolding rules of JS and the fact that the
flattening of an equational system commutes with Boolean connectives and modal
operators.

In order to establish JS F I" = ¢ we begin by inductively building a (possibly
infinite) JS derivation Pr with conclusion I' = ¢ from the interpolation template
Tr, together with a partial map 7 : Pr — Tt such that the following hold for every
u in the domain of 7:

(i) if w <% v and v is in the domain of 7, then either 7(u) <%, 7(v), or
7(u) € Repy. and 7(v) is the companion of 7(u);

(ii) 7(u) has a label of the form © 4 A = @, with A # &, and v has a label of
the form Q2 4 A = U7 (w)» Where © results from removing the names in €2 that
occur in a.

Let the root of Pr have label I' = (r and map it via 7 to the root of Tr. For
the inductive case, assume that u € Pr has been defined. We distinguish several
cases:

(i) 7(u) is an axiomatic leaf. Then, u is an instance of ax; and we stop.

(ii) 7(u) is a repeat, say 7(u) = | € Repy. with companion c. By the induct-
ive hypothesis, u has label Q@ 4 A = x. Apply Ry or Ry at u, obtaining
QA= Lg”’, where a’ = alx;, and b = @ if x; is of type pu and otherwise b
is the first name for x; not occurring in €2. Let v be the unique immediate
successor of u. If Rres is not applicable at ¢, let 7(¢) := ¢. Otherwise, apply
Rres at ¢t and map both ¢ and its unique immediate successor via 7 to c.
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A rule R other than O* LV is applied at 7(u). Apply R at « and map the
unique immediate successor of u to the unique immediate successor of 7(u).

Rule LV is applied at 7(u). The label of 7(u) is then of the form
O - A, (990 Vng)a = @,

where (o V1) is the principal formula. By the inductive hypothesis, u has
label Q - A, (o V ¢1)* = ly(A) A (10 V 11)?, where ¢; is the pre-interpolant
assigned to the immediate successor v; of 7(u) with label © 4 A, ¢ = @.
We apply the following rules at wu:

QA @8 =18 QAN @8 =
QA 8 =8, W QAN @8 =8,
QAN (o V1) =148

N QAN (0o V1) = (1gV 1)
QA (o V1) = by (A) A (1 V1g)P

wk
LV

The omitted vertices are all axiomatic. Let u; be the vertex with label
QAN ¢ = b, fori <1, and let 7(u;) = v;.

79

Rule O* is applied at 7(u). In Tr we then have:

{0, AT =@ |i<na®ell;} {6,4T;=a]i<n,acV}
0o* : )
! [a()]ro7 <E:l()>l_[07 oy [an]Fn, <an)Hn, Y=g

where we have omitted the empty leaf. Let v; ,» be the immediate successor
of 7(u) for the active premise ©; ,» 4 I';,a” = @, and v; the immediate suc-
cessor for the passive premise ©; 41", = @. Also, let ® be the antecedent of
the label of 7(u). Let ¢ = t,(,). By the inductive hypothesis, u has a label
of the form Q 4 ® = +*. We distinguish two subcases.

Case 1: some active premise v; ,» of 7(u) is provable (as a plain sequent).
Then, ¢ = L. We proceed from u as follows:

eiﬂb - Fi, ab = J

00 T aolTo, (a0) Ty, - [an] T, (@)1, 3 = L7

Let o’ be the unique immediate successor of u. Note that u' and v; ,» have
the same label. Let T be a JS proof of b(I';),« = &. We insert a copy
of T on top of v/, propagating the annotations in v’ upwards and ignoring
them in the copy of 7. It is easy to see that every leaf in the resulting cone
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= [u,—=)p

.. is either axiomatic or a successful repeat with companion in

c
C.

Case 2: no active premise of 7(u) is provable. Then, assuming the modal
actions to be ordered such that V' = {aq, ..., ax_1} for some k < n, we have:

w=Lly(Z)A N ([ai]bvi A <a‘>L”i,ob> '

i<k abell;

At u, we break down ¢, by successive applications of RA, obtaining the
following sequents: 2 4 ® =/, for £ € (y(X); Q4@ = (aj)ey ,, fori <n

and o’ € TI;; and Q 4 ® = [a]s2, for i < k.

;7

At each Q 4 ® = (a;)12 = we apply LO with premise Q' 4Ty, a® = 12

Vi ab
and map the resulting vertex via 7 to v; 4.

)
i,ab

Similarly, at each @ 4 ® = [a;]«5 we apply RO with premise Q" 4T = ¢,

v,
and map the resulting vertex via 7 to v;.

We are now ready to establish that JSFT" = ¢r.

By construction, Pr is a possibly infinite tree with conclusion I' = (1 and such
that every leaf of Pr is axiomatic or a successful repeat. We show that every
infinite branch 7 in Pr passes through a successful repeat, whence it follows that
Pr can be pruned into a JS proof of I' = ¢p.

Let (xg,x1,...) be the infinite sequence of interpolation variables unfolded, in
that order, in w. For every ¢ < w, let [; be the repeat in 7 pre-interpolated by x;,
and let ¢; and p; abbreviate ¢, and py,, respectively. Note that [; < ;4 for every
i < w. Let N > 0 be such that all variables xy,Xn1,... are unfolded infinitely
often in 7, say in a tail 7’ of 7 such that all variables unfolded on 7" are among
XN, XN+1, - - - By Proposition 1.2.11, there is some k£ > N such that [, < Iy, Ivi1,---
Moreover, we may assume that py < p; for every i > N with x; # x;.

Let N < m < n be such that x,, = x,, = x, and let 7" be the finite subsequence
of 7’ from the m-th unfolding in 7 of an interpolation variable up to, and including,
the n-th one. We distinguish two cases.

Case 1: x;, is of type v. The consequents at the first unfolding of x; in 7" have
the form xg,Lz'Ty where , = i, ¢’ = alxg, and x is the first name for x; not
occurring in the control.

Suppose that Rres is not applied after the unfolding. Looking at the unfoldings
of interpolation variables, the consequents in 7" then look like this:

a ,dz a'z a'xbm+1 a'wby 2 a’zb,_y a'zbp—1 o za’
lebk’ 7~~'axm+1a m+1 s s Xp1 s bn—1 7~“7Xk 7Ak

Note that a’x is preserved due to the priority of x;. By construction, the name z
is reset at the last step, yielding a successful repeat with companion the second
vertex in 7.
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Suppose now that Rres is applied after the first unfolding of x; in 7”. In this
case we have @’ = a”z’ for some a”, and the consequents in 7" look like this, again

paying attention only at unfoldings of interpolation variables:

"0 1", "0
a’z'x a'z! a"z'bp—2  a"z'by a""z'bp—1 a2’z

XI%7Lk 7Lk s Xp_1 sl sy N ) Yk
As before, a”z’ is preserved due to the priority of x;. By construction, z’ is reset
again at the last step, yielding a successful repeat with companion the third vertex
in 7"

Case 2: x; is of type p. The consequents at the first unfolding of x; in 7"
have the form xj, LZI, where o’ == ax;. As Rres is not applied after the unfolding
because no name is introduced, the consequents in 7" look like this, again paying
attention only unfoldings of interpolation variables:

Xjrs LZ/, o ,xf,;H, Lf,;i”{“, o ,xf;/,b’{’Q, Lfﬁ'{’l, ce Z/b”’17 LZ/,
As before, @’ is preserved due to the priority of x;,. We claim that this last repetition
is successful with companion the second vertex in 7.

Since xj, is a p-variable, we know that inv(l;) is of the form wz, where x is

preserved and reset in [cg, lx]7.. Also, 7(n”) is a path through Tr of the form

T(ﬂ-”) = (lk)f\[c/w lm+1]7}f\' o A[Cana 17171]7}/\[611717 lk]’]}

By Proposition 1.2.12, x is preserved throughout 7(7") because Iy, < i1, .-, Ly, SO
x is also preserved throughout 7”. Finally, by Proposition 1.2.3 [ck, lg]r. C 7(7"),
whence z is reset in 7.

We have thus established:
5.3.8. PROPOSITION. JS+HT = .

It only remains to verify that JS F (p = A for a A given as in Theorem 5.3.1.
In particular, Voc(I') N Voc(A) C V.

Fix a normal JS proof P of I' = A given by Lemma 5.3.5, and let P* be the
result after identifying each repeat | € Repp and its companion ¢;.° We define 7;°
analogously.

If w is a prefix of the control of a sequent © 411 = X, we denote by w;, (wg)
the result after removing from w all names for variables in ¥ (respectively, IT).

We inductively build a (possibly infinite) JS derivation Pa with conclusion
tr = A, together with partial maps v : Pa — Tr and § : Pa — P* such that the
following hold for every u € Pa:

9Note the difference between P® and P°: the former identifies repeats and companions,
whereas the latter does not.
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(i) The label of §(u) is of the form © 4 A = =, where A is such that ~(u) has
label O 4 A = @. If A = &, then u has label © 4 @ = =, and otherwise
the label of u is of the form € Lf/(u) = =, where Qp = Op.

(i) If w is a path through Pa, then §(m) is a path through P* and ~(x) is the
path on 77 corresponding to d() given by Lemma 5.3.5.1

Let the root of Pa have label i = A, and map it via v to the root of Tt and via
0 to the root of P°. For the inductive case, assume that u € Px has been defined.
We distinguish several cases, ordered below from greatest to lowest priority in the
construction of Pa:

(i) d(s) is a leaf. Note that d(s) must be axiomatic by the definition of P* and
the fact that P is a proof.

If 6(u) is an instance of ax, for a literal £ ¢ {1, T}, then ¢ € Voc(I') N
Voc(A) C V, whence by the construction of pre-interpolants we may apply
LA finitely many times at u to reach an instance of ax,.

If §(u) is an instance of axt, then by the inductive hypothesis so is w.
Otherwise, d(u) is an instance of ax, and thus so is v(s), whence ¢, = L
and u is also an instance of ax .

(i) ~y(u) is an axiomatic leaf (so an instance of ax, ). As before, u is an instance
of ax .

(iii) y(u) is a repeat, say y(u) = | € Repy. with companion c. By the inductive
hypothesis, u has label 2 4 x}* = =. We unfold x; by applying Ly or Lv at
u, obtaining ' 419" = =, where @’ := alx;, and b = @ if x; is of type v and
otherwise b is the first name for x; not occurring in 2. Let v be the unique
immediate successor of w. If Lres is not applicable at v, let 6(v) = 6(u)
and y(v) := ¢. Otherwise, apply Lres at v and map both v and its unique
immediate successor to d(u) via d, and to ¢ via .

(iv) A rule R among RA, RV, Rog, Ry, Ry, Rthin, Rres and wk is applied at §(u).
Note that wk cannot affect the antecedent because it is not applied anywhere
in 7r. We apply R at u. For every immediate successor v of u, let 6(v) be
the corresponding successor of 6(v) and set v(v) == y(u).

(v) A rule R among LA, Loy, Ly, Ly, Lthin, Lres is applied on the left at o(u).
By the inductive hypothesis, the label of u is of the form Q 4.==. We

apply wk at u with premise Q 4 ¢ = Z.!' Let v be the unique immediate

19Gtrictly speaking, Lemma 5.3.5 yields paths on 7. But, clearly, every such path determines
a unique path through 7;°.

" This ‘degenerate’ application of wk is needed for paths on Pa to be mapped to paths on T
and P°.
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successor of u. We let y(v) (6(v)) be the unique immediate successor of y(u)
(respectively, 0(u)).

Rule LV is applied at d(u). The label of §(u) is of the form
© - A7 (500 \ @1)0‘ = E?

and by the inductive hypothesis u has label Q 4 £y (A) A (10 V 11)* = Z and
LV is applied at y(u). We first apply LA and wk at u to obtain the sequent
QA (o Ve1)* = Z. Let up and uy be the vertices thus created, with wg <9>A
up. We apply LV at u; and let v; be the immediate successor of u; with label
Q= =, for i < 1. Let v(ug) == v(u1) = (u), 6(ug) = d(uy) = d(u). Fi-
nally, let d(v;) be the immediate successor of §(u) with label © 4 A, ¢ = =,
and let y(v;) be the immediate successor of v(u) with label O, 4 A, ¢f = @.

Rule RO is applied at §(u). Then, in P* we have:

O 4A= =

RO 6 T, @ = [blo-, (b)=, ¥

Note that b € Voc(A). By the inductive hypothesis, O* is applied at v(u). If
~(u) has pre-interpolant L, then by the inductive hypothesis u is an instance
of ax; and we stop, so assume that no active premise of y(u) is provable. In
Tr we have:

O {(H)i,ac _{Fi,ac = J | 1 < n,oz“ S Hz} {@2 _|Fz = J | 7 Sn,ai (S V}
O H [ag|T, (ao)Ip, . . ., [an| T, (an) 11, ¥ = & ’

where we have omitted the empty leaf. Let v; o be the immediate successor
of y(u) for the active premise ©; ,c 41, o = &, and v; the immediate suc-
cessor for the passive premise ©; 41'; = @.

Assuming the modal actions to be ordered such that V = {ap,...,ak_1}
for some k < n, we have

L= ly(s) = EV(E) A /\ ([ai]l’vi A /\ <ai>Lvi,aC> :

i<k acell;

We distinguish two further cases:

a) b € Voc(T'). Since b € Voc(A), it follows that b = a; for some i < k. We
apply the following rules at u, where the double line indicates finitely
many applications of LA and in the end an instance of wk to remove

fv(Z):



242 Chapter 5. Uniform Interpolants from Cyclic Proofs

VA =02
i <k ot €I} {[ailey, [ 1 <k} = [be”, (b)E, ¥
Q1% = [b]es, (b)Z, ¥
We map the vertex at the top via § to the unique immediate successor
of §(u), and via v to v;. All intermediate vertices are mapped to v(u)
via v and to d(u) via o.
b) b & Voc(l'), i.e., b # a; for all i < n. We apply the following rules at u,
where the double line is as in the previous case:
V4o = ¢ =
i <k,a¢elli}, {[a | i <k} = [ble (b)Z,¥
Q" = [b]e°, (b)=, T
We map the vertex at the top via ¢ to the unique immediate successor
of d(u), and via v to the immediate successor of v(u) for the trivial

premise @ = &. All intermediate vertices are mapped to ~y(u) via v
and to d(u) via 4.

(viii) Rule LO is applied at d(u). Then, in P* we have:

RO T G,

\C

af

R T (@,

L0 O HA ¢ =E
6 1 [bA, B, (b)y* = (b)Z, U

By the inductive hypothesis, O* is applied at v(u). If v(u) has pre-interpolant
1, then by the inductive hypothesis u is an instance of ax, and we stop.
Assume, then, that no active premise of y(u) is provable.

In 7r we have:

O {@mc _|FZ‘7O[C:> %] | i STL7OéC GHl}{Gl—(Ei@ | 1 Sn,ai S V}
© - [30}F07 <30>H03 L) [an]rm <an>Hn7 Y=o

where we have omitted the empty leaf. Let v; 4 be the immediate successor
of y(u) for the active premise ©; ,c 4T, @ = &, and v; the immediate suc-
cessor for the passive premise ©; 41", = @.

Assuming the modal actions to be ordered such that V' = {ag,...,ak_1}
for some k < n, we have

L=ty = v (B) AN ([aiﬂvl A A (aiﬂvi,ac) :
i<k ac€ell;

Note that, by the inductive hypothesis, b = a; for some i < n and A =
I';. We claim that, moreover, a; € V. Suppose not. Then, a; ¢ Voc(A)
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because Voc(A) NVoc(I') C V, so the immediate successor of (u) has label
O 11, ¢* = @. By Lemma 5.2.7 and Theorem 5.2.4, b(I';),¢ = @ is
provable in JS, contradicting the assumption that no active premise of v(u)
is provable (as a plain sequent). Hence, b =a; € V.

We apply the following rules at u, where the double line is as in the
previous case:

Q" A Lﬁwc ==
OO b, = bE e
i< ko’ € IL}, (@i, |i < k} = (b)E, ¥

Q4.7 = (b)Z, U

af

WO T (s

We map the vertex at the top via d to the unique immediate successor of
d(u), and via v to v; . All intermediate vertices are mapped to y(u) via
and to d(u) via d.

The following proposition captures the relation between the repeats in P and
the repeats in Tr:

5.3.9. PROPOSITION. Letl € P be a repeat with companion c. If u,v € Pa are
such that w <p, v and §(u) = §(v) = I, then there are repeats ly,ly, ... 1, in Tr
such that:

(Z) l()<)ll<)"'an,'

(i) y([w,vlps) = [y(w) lolr ™ (co, Ll ™+ (enny Il ™ (eny ¥(0)] ™2

where ¢; abbreviates cy,.

Proof. By construction, the labels of v(u) and ~(v) are identical, so either v(v) is
a repeat with companion ~(u), or v loops back from some repeat to its compan-
ion when going from ~(u) to v(v), because every branch in Tr ends at the first
encounter of an axiom or a repeated label. In either case, there is some vertex in
[u,v]p, whose y-image is a repeat in Tr.

Let (ug, ..., uy,) be the list of all such vertices in order of appearance in [u, v]p, .
Let I; == vy(u;), and let ¢; be the companion of I;. Then, v([u, v]p,) is the path

[y(w); 7wl (7 (o), ¥ (wa)lz. ™= (Y (wn1), Y (un) ™ (7 (), (V)] 7

2For simplicity, we implicitly assume that multiple contiguous occurrences of a vertex in
~([u,v]p,) are counted and treated as a single occurrence. This is clearly innocuous.
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whence by construction of v we have:

7([u7 U]PA) = [’Y(u)v l0}7’rﬁ(007 ll]?}A' o A(cn—lv ln]ﬁh(cm ’Y(U)}ﬁ"

Clearly, lp <l < -+ <1,. [ |

Finally, we are ready to show that JS F i = A.

By construction, P is a possibly infinite JS derivation with conclusion (p = A.
Moreover, all leaves of Pp are axiomatic. It thus suffices to show that any infinite
branch 7 of Pa passes through a successful repeat.

We say that a repeat [ € Repp is encountered in 7 if 7 passes through some
vertex u such that §(u) = [.

Case 1: there is a tail 7" of m where all vertices have labels with empty ante-
cedent. This is the case if, and only if, () is finite (terminating at a trivial premise
& = & of some O* vertex). Let (lo,l1,...) be the infinite sequence of repeats in P
that are encountered, in that order, in 7. Since 7’ is infinite, there is some N > 0
such that Iy, lyy1,... are all encountered in 7’ infinitely often and every repeat of
‘P encountered in 7’ is among Iy, Iy11, ... Note that we have [y <lyy1 <+, so by
Proposition 1.2.11 there is some k& > N such that I, < Iy, Iny1, ..., that is, inv(lx)
is a prefix of invl; for all i > N.

Let 7 be the finite subsequence of 7’ from the first encounter of I, in 7 up
to, and including, the next encounter of [ in 7/. Since every label of a vertex
in 7 has empty antecedent, the first and last vertices of 7" are labelled with the
same annotated sequent, so it suffices to show that some name is preserved and
reset in 7. Let us write invly, = wx, where x is preserved and reset in [¢y,, lx]p.
By Proposition 1.2.12, invly is preserved in [c;,,l;]p for every i > N, whence z is
preserved in 7. And [¢,,lx]p € 7" by Proposition 1.2.3, so x is also reset in 7’
and we are done.

Case 2: all the vertices in 7 have labels with non-empty antecedent. In this
case, v(m) is an infinite path through 7;°, so let (xo,x1, . .. ) be the infinite sequence
of interpolation variables unfolded, in that order, in 7. Let [; be the leaf in Tt
pre-interpolated by x;, and let p; and ¢; abbreviate, respectively, p,, and ¢;,. As
before, we have [; < ;11 for every i < w. Let N > 0 be such that all variables
XN, XN11, - - - are unfolded infinitely often in 7, say on a tail 7’ of 7 such that every
interpolation variable unfolded on 7’ is among Xy, Xx 11, - - .. By Proposition 1.2.11,
there is some k& > N such that I < Iy,Ini1,... and pp < p; for every i > N with
x; # x;.. We distinguish two further cases.

Case 2.1: xi is of type p. Since P is finite, there are & < m < n such that:

(1) X = Xm = Xp;
(ii) the m-th and n-th unfoldings of interpolation variables in 7 occur at vertices
whose labels have identical consequent.
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Let 7 be the finite subsequence of 7 from the m-th unfolding of an interpolation
variable up to, and including, the n-th one. The antecedents at the first unfolding
of x;, in 7" have the form x{, 1§, where ¢, is the pre-interpolant of ¢y, a’ = alx,
and x is a name for x;. Suppose that @’ does not end in a name for x, so that Lres
is not applied immediately after the unfolding. Then, the antecedents in 7” look
as follows, again paying attention only at unfoldings of interpolation variables:

a ,dz a'x a’xzby a'zhl, o a'zby—m1 a'zhl, . gl
Xk’[’k 7"'7Xm+l7Lm+17'"7anln " 7Ln71n " 7-'~7Xk; e 7Lk .
The sequence a'z is preserved because pr < Pmsi,--..Pn_1. By construction, z
+1, ) )

is reset at the last step, yielding a successful repeat with companion the second
vertex in 7. The case when @' ends in a name for x; is similar.

Case 2.2: xy, is of type v. Let (go, g1, - ..) be the infinite sequence of repeats in
P that are encountered infinitely often, in that order, in a tail 7" of ©’ such that
every repeat in P encountered in 7’ is among go, g1, ... We have ¢; < ¢;41 for all
¢ < w, so by Proposition 1.2.11 there is a j > 0 such that g; < go,¢1,.... Let us
write invg; = wx and denote by (wz)p, the restriction of wz to names for variables
inT.

We claim that z is a name for a variable in the consequent (i.e., in A). Suppose
not. Let 7” == 7" N 6" (Ujcw(Cq, git1]p). Observe that 7 is a tail of 7. By
Proposition 1.2.12, wz is preserved in [cg,, gi+1]p for every ¢ > 0, so wz is preserved
in 7.

Since all variables xy,Xy41, ... are unfolded infinitely often in 7", by Propos-
ition 1.2.3 we have [¢;, ;] € ~v(n”) for every ¢ > N. Hence, by assumption
(wz), = wrx is preserved in [¢;, [;] 7. for all ¢ > N. In particular, wyx is preserved
in [eg, lg]7m. So, since xi is of type v, wrx is a prefix of invr.(I), where invr.
denotes the invariant map for Tr.

We shall now find a successful repeat I; € Repz. such that invz.(l;) is a prefix
of wrz, and thus of invr.(I;) as well. This will contradict the minimality of p, and
conclude the proof that z must name a variable in A. We find such a repeat I; by
tracing onto 7;° a path on P° starting and ending at the repeat g;. We know that
x is preserved and reset in [cy,, g;]p, and we are assuming that 2 names a variable
in I". Hence, x will also be preserved and reset on the path traced on the template.

Let u,v € 7" be such that u <p, vand d(u) = 6(v) = g;. By Proposition 5.3.9,
there are repeats [, ...,/ in Tr such that:

(i) holi<- -2l

(i) ([, vlpy) = [y(w), ol (o bl (hrs Bl (G v (V)]s
where ¢, abbreviates cp. For every 0 < i < mn, let y; be the interpolation variable
assigned to lf. Note that every y; occurs in the sequence (Xy,Xn41,---)
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Since y([u, v]p,) C y(n"), wrz is preserved in v([u,v]p,). And x is reset in
[cq;, 9j]p, which is included in 0([u,v]p,) by Proposition 1.2.3. Hence, x is reset
at some vertex p € y([u,v]p,). Let us see that there is some ¢ > N such that
P S [Cl‘7 ll]Tr

Suppose that p € [y(u), {7 If v(v) € [p, —)7., then there is some i > N such
that l; € [p, =)7 and ¢; € [p, =)7., so p € [¢;, Li]7.. And if v(v) € [p, =) 7., then
7(v) is a repeat with companion ~(u) and, since y(v) € y([u, v]7.) C y(7"), there
is some ¢ > N such that x; is the interpolation variable assigned to v(v), whence
again p € [¢;, [;]7.. Now suppose that p € (¢],, 1), 1|7 for some 0 < m <n — 1.
It p € [d,.ll,]5 we are done because y,,, = x; for some ¢ > N. Otherwise I/, ¢
[p, —)7 and thus, since we unfold y,, infinitely often in 7", there must be some
i > N such that [; € [p,—)r and ¢; ¢ [p,—)7., whence p € [¢;,l;i]7.. Finally,
suppose that p € (¢, 7(v)]7.. We reason as in the previous case but with ¢/, and
I} in place of ¢/, and [, respectively.

We have thus found some ¢ > N such that x is preserved and reset in [¢;, ;] 7.
Hence, I; is a successful repeat in Tr, so invy.(l;) is a prefix of wrz and p; < pg.
This contradicts the minimality of py. Therefore, x cannot be a name for a variable
inT.

Finally, we show that x witnesses a successful repetition on the infinite branch
m. Since P is finite, let u,v € 7 be such that:

(i) u <p, v;
(ii

(iii

X, is unfolded at v and at v;

the labels of u and v have identical consequent.

)
)
)
(iv) @ is reset in [u, v]p,.

The unfolding of x; at « has the form xj, LZ/7 where o’ = alx;, and the unfolding
of x;, at v looks like x{'*,tf". Note that a’ is preserved due to the priority of
xi. Therefore, the unique immediate successor of v is a successful repeat with
companion the unique immediate successor of wu.
Conclusion: every infinite branch in Pa passes through a successful repeat.
We have thus established:

5.3.10. PROPOSITION. For every A such that the sequent I' = A is closed, well-
named and guarded, and Voc(A)NVoc(T') CV, if ISET = A, then JSSE = A.

Putting Propositions 5.3.8 and 5.3.10 together yields the uniform interpolation
theorem stated above (Theorem 5.3.1).
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5.4 Conclusion

Uniform interpolation for the p-calculus was first established in [32] by automata-
theoretic means. We have provided a purely proof-theoretic construction (and veri-
fication) of uniform interpolants in the cyclic system due to Jungteerapanich [76]
and Stirling [144]. From a proof-search with generic consequent, a modal equa-
tional system is obtained the solution of which is the desired uniform interpolant.

Our strategy readily yields uniform interpolants for the Gédel-Lob provability
logic GL by means of Shamkanov’s cyclic system [134] examined in Chapter 2.1% As
in the case of the modal p-calculus, uniform interpolants are represented as equa-
tional systems, solutions for which may be computed following a simple, purely
syntactic algorithm relying on the well-known fixpoint theorem for GL,' for in-
stance the method due to Reidhaar—Olson [114].

One subtle difference between the cases of GL and the modal p-calculus is that
the verification of the interpolant in GL utilises an extension of the cyclic calculus
with the rule:

To ¢= G
This extension merely addresses the lack of explicit fixpoint quantifiers in GL.

The other cyclic systems examined in Chapter 2, however, do not seem ad-
equate for this construction. Indeed, GL seems to be the exception rather than the
norm.

Consider S4Grz, for instance, and the cyclic system Grzg,. for the logic due to
Savateev and Shamkanov [130]. An appropriate notion of template can be defined,
and the equational systems can be solved by appealing to the fixpoint theorem of
S4Grz [93]. However, the fact that the (transitive) modal rule of Grzq. has two
premises, only one of which yielding ‘good’ cycles, coupled with the lack of explicit
fixpoint quantifiers in S4Grz, does not allow the verification process to go through.
We conjecture that similar problems arise for K4Grz.

Craig interpolation for iGL was recently shown in [57]. It is a syntactic proof
relying on a cut-free sequent calculus for iGL. Uniform interpolation for iGL, on the
other hand, remains an open problem (see [56, Ch. 3]). A cyclic calculus for iGL
can be readily obtained from Shamkanov’s system for GL [69, 136]. Our method
will probably not work in this setting either, for the same reasons that it fails for
S4Grz.

We leave for future work investigating the adaptability of our strategy to these
and similar logics.

BThat GL enjoys uniform interpolation was first shown by Shavrukov [135].
MFirst proved, independently, by de Jongh and Sambin [124].
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Another natural continuation of our work in this chapter is to study whether
our method yields uniform Lyndon interpolants for the p-calculus, i.e., interpolants
that respect the polarities of the literals.
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Cyclic and ill-founded proof-theory allow proofs with infinite branches or paths,
as long as they satisfy some correctness conditions ensuring the validity of the
conclusion. In this dissertation we have designed a few cyclic and ill-founded
systems: a cyclic one for the modal logic K4Grz; and ill-founded and cyclic ones
for the temporal logics CTL* and iLTL. Lastly, we have used a cyclic system for
the modal p-calculus to obtain a proof of the uniform interpolation property for
the logic which differs from the original, automata-based one [32].

Adding cycles to ordinary sequent calculi for K4 and S4 yields cyclic proof sys-
tems for the Gédel-Lob provability logic (GL) and the Grzegorczyk logic (S4Grz),
respectively [134, 130]. Rather than isolated contrivances, we argued in Chapter 2
that these systems arise from a natural correspondence between cycles in proofs
and infinite chains in frames that enables the former to capture frame condi-
tions involving the latter. We proposed to understand cyclic companionship by a
combination of proof-theoretic and semantical considerations. According to our
explanation, one should be able to obtain a cyclic system for the weak Grzegorczyk
logic K4Grz by adding cycles to a system for K4. We showed that this is indeed
the case, thus establishing that K4Grz, like GL, is a cyclic companion of K4.

Our work in Chapter 2 likely applies to logics with frame conditions similar
to the ones of GL, S4Grz and K4Grz, for example S4.2Grz and S4.3Grz. But we
suspect that not all flavours of converse well-foundedness are amenable to the
cyclic approach. In this regard, an interesting line of research seems to us to be
the study of the relation between cyclic companionship and modal definability.

In the first part of Chapter 3, we introduced a cut-free, cyclic hypersequent
calculus for the full computation tree logic CTL*. Local soundness of inferences
is immediate, and a global correctness condition ensures that cycles yield valid
conclusions. Hypersequents offer a natural framework for accommodating the
existential (E) and universal (A) path quantifiers of the logic, as well as their

249
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interplay with the next operator X. Fach ‘sequent’ in a hypersequent is a labelled
set of formulas, either A® or E®, interpreted as ‘along all paths, \/ ® is the case’
and ‘along some path, A ® is the case’, respectively. Through this interpretation,
a natural system of ill-founded proofs arises wherein every infinite path of a proof
must contain either an infinite sequent trace of type A through which some infinite
formula trace stabilises (on a release operator), or an infinite trace of type E in
which all infinite formula traces stabilise.

A simple annotation mechanism on formulas allows us to isolate a finitary
condition which suffices to guarantee that a derivation is a proof. Annotations,
however, do not seem capable of handling all of the complexity of infinite branches
in ill-founded derivations. Indeed, purely existential branches, i.e., those the suc-
cess of which is not witnessed by any universal trace, seem beyond the scope of
the simple annotations that we have used.

A promising alternative is provided by automata theory. Correctness condi-
tions on branches are w-regular, so it seems reasonable to suppose that one could
encode a deterministic automaton recognising infinite branches in the syntax of
the system, by means of a more complex annotating mechanism than the one we
have used. This idea is partially applied in [47] to a tableau for satisfiability of
CTL" formulas, and [37] investigates the correspondence between annotations for
the p-calculus and automata determinisation procedures.

In the second half of Chapter 3, we isolated a class of ‘inductible’ cyclic proofs
whose cycles can be transformed into inductive arguments based on the following
Park-style characterisation of until:

BV (anXy) =y
(BV (aAX(aUp))) = alUp alUp — v

In the end, we arrived at a Hilbert-style system and compared it to a fragment of
a known axiomatisation for the full logic due to Reynolds [115]. Our axiom system
is complete for a well-known variant of CTL" obtained by allowing the evaluation
of formulas in a bigger class than serial models.

Chapter 4 introduced a cut-free cyclic proof system for the intuitionistic linear-
time temporal logic iLTL, with a fully finitary correctness condition. The calculus
uses labelled formulas in order to accommodate the interplay between the ‘tem-
poral dimension’, represented by the modal rule for the next operator X, and the
‘intuitionistic dimension’, corresponding to the right-implication rule R—. Simple
annotations on release and until formulas suffice to provide a finitary character-
isation of good infinite branches. The most natural continuation of the work in
Chapter 4 is to try to adapt our system to the version of iLTL obtained by imposing
not only forwards confluence, but backwards too.

Lastly, in Chapter 5 we gave a proof of the uniform interpolation theorem for
the modal u-calculus which differs from the original, automata-based one [32]. We
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constructed uniform interpolants from cyclic derivations in the system for the p-
calculus due to Jungteerapanich [76] and Stirling [144]. The approach works also
for GL by means of Shamkanov’s cyclic system [134], but this seems to be the
exception rather than the norm. In the absence of explicit fixpoint quantifiers,
or so it seems, our method cannot be applied to systems more complex than
Shamkanov’s.
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Samenvatting

Dit proefschrift, waarvan de titel in het Nederlands luidt Cyclische Bewijssystemen
voor Modale Dekpuntlogica’s, gaat over cyclische en niet-welgefundeerde bewijssys-
temen voor modale dekpuntlogica’s, met of zonder expliciete dekpuntkwantoren.

In de cyclische en niet-welgefundeerde bewijstheorie zijn bewijzen toegestaan
met oneindige vertakkingen of paden, zolang ze maar voldoen aan bepaalde cor-
rectheidsvoorwaarden die de geldigheid van de conclusie garanderen. In dit proef-
schrift ontwerpen we een aantal cyclische en niet-welgefundeerde systemen: een
cyclisch systeem voor de zwakke Grzegorczyk modale logica K4Grz, gebaseerd op
onze uitleg van het verschijnsel van cyclische kompanen; en niet-welgefundeerde
en cyclische systemen voor de volledige berekeningsboom-logica CTL* en de in-
tuitionistische lineaire temporele logica iLTL. Alle systemen zijn snedevrij, en de
cyclische systemen voor K4Grz en iLTL hebben volstrekt eindige correctheidsvoor-
waarden.

Ten slotte gebruiken we een cyclisch systeem voor de modale p-calculus om
een bewijs te verkrijgen van de uniforme interpolatie-eigenschap voor deze logica
dat verschilt van het originele, op automaten gebaseerde bewijs.
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Abstract

This thesis is about cyclic and ill-founded proof systems for modal fixpoint logics,
with and without explicit fixpoint quantifiers.

Cyclic and ill-founded proof-theory allow proofs with infinite branches or paths,
as long as they satisfy some correctness conditions ensuring the validity of the
conclusion. In this dissertation we design a few cyclic and ill-founded systems: a
cyclic one for the weak Grzegorczyk modal logic K4Grz, based on our explanation
of the phenomenon of cyclic companionship; and ill-founded and cyclic ones for the
full computation tree logic CTL" and the intuitionistic linear-time temporal logic
iLTL. All systems are cut-free, and the cyclic ones for K4Grz and iLTL have fully
finitary correctness conditions.

Lastly, we use a cyclic system for the modal p-calculus to obtain a proof of
the uniform interpolation property for the logic which differs from the original,
automata-based one.
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