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Chapter 1

Introduction

In this thesis, we study classes of tense logics, understood as normal bimodal
logics equipped with a pair of adjoint modalities [] and ®. This thesis aims to
provide a systematic analysis of the lattices of tense logics and to obtain a deeper
understanding of the interactions between modalities by clarifying the relation
between the lattices of tense logics and those of modal logics. In particular,
we study logical properties such as tabularity, Post-completeness, finite model
property and Kripke completeness of tense logics, which will be introduced later
in this chapter. We also investigate the undecidability of logical properties in
lattices of tense logics.

Since the theory of modal logics provides the conceptual background for our
study, we first review basic facts and several key developments in modal logic.

1.1 Modal Logic

Modal logic is a well-investigated branch of mathematical logic concerned with
necessity-like and possibility-like operators, whose algebraic and relational seman-
tics are firmly grounded [96, 65, 75, 74]. The formal language -#f5 of modal logic
is obtained by adding to the propositional language a unary modality [J. A set
L C Form,, of modal formulas is called a normal modal logic if (i) the classical
propositional logic CPC is contained in L; (ii) O(p — q) — (Op — Ogq) € L; and
(iii) L is closed under the rules (MP), (Sub) and (Nec). Let K denote the least
normal modal logic.

Modal logic has developed into a central area of mathematical logic since the
introduction of the systems S1 to S5 by Lewis [77]. An important development
in modal logic was the establishment of relational semantics based on possible
worlds and accessibility relations, which was introduced by Kripke [75, 74] and
now known as Kripke semantics. A Kripke frame is a pair § = (X, R) where X
is a non-empty set and R C X x X is a binary relation on X. We write § F ¢
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2 Chapter 1. Introduction

if ¢ is valid in §. Let Fr and Fin denote the class of all Kripke frames and finite
Kripke frames, respectively. For all sets > C Form,,, of modal formulas and classes
IC C Fr of frames, we define

KX)={F €K : Vo € %(FE )} and Log(K) := {p € Form,,, : V§F € K(FE )}

For example, given a modal logic L, we see that Fin(L) and Fr(L) are the classes
of all finite frames and frames for L, respectively. We call Log(K) the modal logic
of IC. It is well known that K4 is the modal logic of transitive frames, that is,
frames (X, R) such that for all z,y,z € X if Rry and Ryz, then Rxz.

1.1.1 Logical properties of modal logics

Logical properties such as tabularity, the finite model property and Kripke com-
pleteness have been extensively investigated for individual modal systems.

Kripke completeness

A central logical property in modal logic is Kripke completeness, which has been
extensively studied since the 1960s. A modal logic L is Kripke complete if L is
the modal logic of its Kripke frames, that is, L = Log(Fr(L)). The modal logics
K, K4 and S4 are proved to be Kripke complete (see, e.g., [12, 29]). Moreover,
Fine [52] proved that an extension L of K4 is Kripke complete if bw, € L for
some natural number n, where the formula bw,, is defined as follows:

bw, = AOpi =\ O A (p; VOp))).

i<n i#j<n

There was a conjecture that every normal modal logic is Kripke complete, which
was disproved by Fine [51] and Thomason [121]: Fine [51] found a Kripke in-
complete extension of S4 and Thomason [121] presented a finitely axiomatizable
Kripke incomplete sublogic of S4. Simpler examples of Kripke incomplete modal
logics were provided later by van Benthem [125]. Cresswell [39] even established
the existence of a decidable Kripke incomplete normal modal logic which is finitely
axiomatizable.

Finite model property

A modal logic L enjoys the finite model property (FMP) if L is the modal logic of
its finite frames, that is, L = Log(Fin(L)). Equivalently, a modal logic L enjoys
the FMP if every modal formula ¢ ¢ L is refuted by some finite frame for L. The
finite model property is one of the most important logical properties in the study
of modal logics. Note that a modal logic is Kripke complete whenever it has the
FMP. It is worth noting that if a finitely axiomatizable modal logic L enjoys the
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FMP, then L is decidable, that is, there exists an effective algorithm for deciding
whether any given formula ¢ is in L.

On the positive side, many modal logics enjoy the FMP and there are several
well-understood techniques for proving this property, most notably filtration and
selective filtration (see, e.g., [12, 29]). These constructions provide systematic
ways of transforming models into finite ones. For example, by showing that each
of K, K4 and S4 admits filtration, we obtain that all of them have the FMP and
thus are decidable. Moreover, Segerberg [115] proved that an extension L of K4
has the FMP if bd,, € L for some natural number n, where the formulas bd,, are
defined inductively as follows:

bd; := GUpe — po,
bd,+1 = <0p, A —=bd,) — ph.

These modal logics are now known as modal logics with finite depth.

However, on the negative side, not every modal logic enjoys the FMP: Makin-
son [86] presented a logic L C S4 that lacks the FMP, while Fine [49] exhibited
a logic L O S4 without the FMP. These examples demonstrate that the FMP
is a nontrivial property and cannot be taken for granted even for logics closely
related to S4.

Tabularity

Among the logical properties studied in lattices of modal logics, tabularity is of
particular interest due to the strong restrictions it imposes on logics. Recall that
a modal logic L is consistent if L # Form,,. A consistent modal logic L is tabular
if and only if L = Log(§) for some § € Fin. The notion of tabularity was intro-
duced by Kuznetsov [76], motivated by the observation that tabular logics can be
characterized by ‘truth tables” and thus enjoy desirable properties. For example,
the well-understood logic CPC is tabular, which explains the effectiveness of truth
tables as a semantic method.

By general results on universal algebra by Funayama and Nakayama [56] and
Baker [2] that every tabular normal modal logic L is finitely aziomatizable, that
is, L is axiomatized by a finite set of formulas. Tabularity in normal modal logics
can be characterized by a family of modal formulas (see, e.g. [29, Chapter 12]).
Recall that for each natural number n, the modal formulas alt, and tra, are
defined as follows:

alt, :==0po VO(po = p1) V---VOPo A+ ADp1 — Dn),
tra, = A O'p— " p.

i<n

Then a modal logic L is tabular if and only if alt, Atra, € L for some n € w (see,
e.g., [29, p. 417]). By this characterization, none of K, K4 and S4 is tabular.
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1.1.2 Lattices of modal logics

The study of modal logic initially focused on particular modal logics such as K, K4
and S4. As these individual logics became better understood, attention gradually
shifted to classes of modal logics, for example, all extensions of a given particular
logic and extensions with particular axioms. This shift allows logical properties
to be analyzed at a higher level, thereby deepening our understanding of logics
and logical properties.

Later in this section, we will unavoidably encounter notions from lattice theory
and universal algebra, as we review research on lattices formed by modal logics
viewed as algebraic structures. To keep the exposition clear, we do not introduce
all of these notions here, but instead postpone their definitions to Chapter 2. For
more details, we refer the reader to [6], [21], and [60]. Nevertheless, we make
an effort to keep the presentation accessible to readers who are not familiar with
lattice theory or universal algebra.

For each normal modal logic L, let NExt(L) denote the set of all normal
extensions of L, i.e.,

NExt(L) := {L' D L : L' is a normal modal logic}.

It turns out that (NExt(L),C) is a complete lattice for every modal logic L. We
simply write NExt(L) for the lattice (NExt(L), C). For several modal logics, logical
properties of their extensions have been fully investigated and even the lattices
of their extensions have been fully characterized. For example, consider the logic

S43 =S4 OpANCqg—=>O(pAOYVO(pAG) VO(gNOp),

which is known to be the modal logic of linear frames. Bull [19] showed that
every extension of the modal logic S4.3 has the FMP by algebraic methods and
Fine [48] proved the same result via Kripke semantics. Moreover, Fine provided
a complete characterization of all extensions of S4.3 and showed that all of these
logics are finitely axiomatizable and so decidable. Further examples of fully char-
acterized lattices include NExt(KAlt), described by Bellissima [4], and NExt(K5),
characterized by Nagle and Thomason [99].

In contrast, many modal logics have lattices of extensions that are too com-
plex to admit a full characterization. Fine [50] showed that the lattice NExt(S4)
has cardinality continuum, i.e., [NExt(S4)| = 2% illustrating the combinatorial
richness of such lattices. Nevertheless, even for these lattices of modal logics,
some characterizations of the structure of these lattices can still be obtained.
Makinson [87] proved that the lattice NExt(K) contains exactly two co-atoms.
Recall that a consistent logic is called Post-complete if it has no proper consistent
extension. Then it follows that there exist precisely two Post-complete normal
modal logics. Post-complete extensions of modal logics were further investigated
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by Makinson and Segerberg [88], Sambin and Valentini [113] and Bellissima [5].
Blok [13, 16] investigated the cover relation in the lattices of varieties of modal al-
gebras. Rautenberg [108] studied the splitting varieties of Boolean algebras with
operators and characterized the splitting logics in the lattices of pre-transitive
modal logics.

Studying the structure of lattices of logics yields deep and general results
concerning logical properties. Rather than simply asking whether a single logic
has a given property, one can now study how logical properties are distributed
among lattices of logics.

From Kripke completeness to degree of Kripke incompleteness. As the
existence of Kripke incomplete modal logics has been established in [51, 121, 125,
39], one may ask the following questions: Do Kripke incomplete modal logics occur
only occasionally? How are Kripke (in)complete modal logics distributed in the
lattice NExt(K)? To answer these questions, we need systematic investigation of
Kripke (in)completeness.

Fine [51] introduced the notion of the degree of Kripke incompleteness. For
any lattice £ of modal logics and L, L' € L, we say that L and L’ are Fr-equivalent
(notation: L =g, L') if they have the same class of frames, i.e., Fr(L) = Fr(L’).
Then the degree df (L) of Kripke incompleteness of L in £ is defined to be the
cardinality |[L]| of [L]g,, where [L]g, .= {L' € L : L’ =g, L} is the set of all modal
logics Fr-equivalent to L. A modal logic L is called strictly Kripke complete in L
if df (L) = 1.

A celebrated result in this field was obtained by Blok [14], now known as
Blok’s dichotomy theorem for the degree of Kripke incompleteness in NExt(K):
every modal logic L € NExt(K) is either strictly Kripke complete or has the
degree of Kripke incompleteness 2¥. This theorem was first proved in [14] alge-
braically by showing that union-splittings in NExt(K) are exactly the consistent
strictly Kripke complete logics and all other consistent logics have the degree 2%,
Blok’s dichotomy theorem shows that, somewhat surprisingly, Kripke complete
modal logics occur only occasionally in NExt(K). However, since Blok’s proof re-
lies heavily on non-transitive frames, it is natural to ask whether the dichotomy
theorem holds for sublattices of NExt(K), especially for the lattices of transitive
modal logics such as NExt(K4) and NExt(S4). These problems remain open, see
[29, Problem 10.5].

From FMP to degree of FMP. General results on the FMP can also be
obtained by studying lattices of modal logics. For example, Kracht [72] studied
the relation between splittings and the FMP of modal logics. Fine [53] proved
a general result on the FMP that every subframe modal logic in NExt(K4) has
the FMP. Zakharyaschev [138, 139] generalized this result to cofinal subframe
logics above K4. Later, Bezhanishvili et al. [10] further generalized these results
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to cofinal subframe logics in NExt(wK4), where the modal logic wK4 is defined by
WwK4 =KpOOp = pVvop.

In a similar vein to the study of Kripke completeness, one may naturally ask
how the FMP is distributed in lattices of modal logics. Recently, Bezhanishvili
et al. [9] introduced the notion of the degree of FMP, an analogue of the degree
of Kripke incompleteness, obtained by replacing Fr with Fin in the definition of
the latter. Intuitively, a modal logic L has the degree of FMP « if there exist
« many modal logics share the same class of finite frames with L. This notion
provides a systematic framework for studying the FMP.

Note that every strictly Kripke complete modal logic has been proved to enjoy
the FMP (see [14]), the dichotomy theorem for the degree of FMP holds for K:
every modal logic L € NExt(K) has the degree of FMP either 1 or 2%. However,
Bezhanishvili et al. [9] proved the following anti-dichotomy theorem for K4 and
S4: For every cardinal &, if 1 < x < Xg or kK = 2%, then there exists L € NExt(K4)
(L € NExt(S4)) such that L has the degree of FMP & in NExt(K4) (NExt(S4)).

From tabularity to pretabularity. One important problem in modal logic is
to decide whether a given modal logic is tabular. In order to answer this problem
and study tabularity systematically, Kuznetsov [76] introduced the concept of
pretabularity. A modal logic L is called pretabular if L is not tabular while all
of its proper extensions are tabular. Esakia and Meskhi [44] and Maksimova [90]
provided full characterizations of pretabular modal logics in NExt(S4). Bellis-
sima [4] studied the finitely alternative modal logics KAlt,, and proved that there
exists exactly one pretabular logic in NExt(KAlt;). Note that every pretabular
logic mentioned above is decidable. Therefore, tabularity is decidable in both
NExt(S4) and NExt(KAlt;). On the other hand, Blok [17] showed that there exist
continuum many pretabular extensions of K4, indicating that the lattice NExt(K4)
is considerably more complex and that decidability of tabularity cannot be es-
tablished in the same way. In fact, Blok [16] further showed that tabularity in
NExt(K) is undecidable, while the decidability of tabularity in NExt(K4) remains
unknown [105, Section 5.

(Un)decidability of logical properties. To study the distribution of logical
properties such as Kripke completeness and tabularity in lattices of modal logics
and obtain a deeper understanding of these properties, the decidability of such
properties has also been investigated. More precisely, we call a logical property
P decidable in a class C of logics if there exists an algorithm such that, for any
finitely axiomatizable logic L € C, given by its finite axiomatization, the algorithm
decides whether L has the property P.! We refer to [29, Section 17.6] and [136]

"'We have to restrict to finitely axiomatizable logics because an input of an algorithm must
be a finite object; see Section 6.1.1 and [29, Section 17.1] for more discussions.
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for historical accounts.

On the positive side, it is well-known that consistency is decidable for normal
monomodal logics, in the sense that the set {¢ € Form,, : K@ ¢ = Form,,} is de-
cidable [87] (see also [29, Section 17.2]). Tabularity was proved to be decidable in
both Ext(IPC) and NExt(S4), where Ext(IPC) is the lattice of all superintuition-
istic propositional logics [76, 89, 90, 44]. Recently, Takahashi [119] proved that
being a union-splitting is decidable in NExt(K), which entails that being strictly
Kripke complete is also decidable.

However, Thomason [122] proved that Kripke completeness is undecidable
in the lattice NExt(K), that is, the set {¢ € Form,, : K& ¢ is Kripke complete}
is undecidable. Further undecidability results were obtained by Chagrov, who
showed that several logical properties, including the finite model property, de-
cidability and canonicity, are undecidable in lattices of modal logics [25, 24, 26,
27]. These results illustrate the high complexity of logical properties in lattices
of modal logics.

1.2 Tense Logic

Having briefly reviewed research in modal logic and the study of lattices of modal
logics, we now turn to tense logic, which was introduced for reasoning about
temporal notions such as past and future. Temporal logic has been studied for
many decades. The modern modal approach to temporal logic was initiated by
Prior [102, 103, 104] and has been extensively developed since then. Linear-time
temporal logic with ‘since’ and ‘until’ operators was introduced by Kamp [67]
and further studied by Burgess [20] and Xu [137]. Branching-time temporal logic,
originating in the work of Prior [103] and now widely applied in computer science,
has also been extensively studied (see [43, 110, 61, 69, 118]).

In this thesis, we focus on tense logic, the basic temporal logic introduced by
Prior [103]. Formally, the formal language £, of tense logic is obtained by adding
to 24 the diamond operator . The set Form; of all tense formulas is defined by

Form; > o u=p|L|(p—¢) Ly | ey,

where p € Prop. The dual modality Bl of # is defined by By := — ¢ —p. Formulas
of the form [y are read as ‘It is always going to be the case that ¢’, and formulas
of the form ® ¢ are read as ‘It was at some point in the past that ¢’

For the relational semantics, Kripke frames and models are defined as in the
modal case. Intuitively, a frame § = (X, R) can be viewed as a set X of time in-
stants equipped with a temporal precedence relation R. Then for all time instants
t1,to € X such that t; Rty, we say that t; is a history of ty and tq is a future of ;.
The truth condition for formulas € ¢ is given as follows:

M,z E®p ifand only if 9N,y F ¢ for some y such that (y,z) € R.
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We choose [] and 4 to be primitive modalities in .%;, since the core of tense logic
is the following adjointness of the modalities [J and #: A set L C Form, is called
a tense logic if CPC C L and L is closed under (MP), (Sub) and the adjointness
rule (Adj), where

® o — ) € Lif and only if o — [y € L. (Adj)

From an algebraic perspective, tense logic may therefore be regarded as the “logic
of adjointness”. On the other hand, equivalently, tense logics can be defined as
normal bimodal logics containing the following axioms:

p—Lepand p — B,

Intuitively, the former means that the current moment is always a possible history
of its possible future. The latter has a similar interpretation. Properties of time
and temporal notions can be studied using tense logic. However, since the aim
of this thesis is to obtain a deeper understanding of the interactions between
modalities, we do not engage with the philosophical analysis of time. Instead, we
study tense logics in the framework of polymodal logic, viewing them as bimodal
logics whose modalities interact naturally.

1.2.1 Transformations between modal and tense logics

Tense logics are closely related to modal logics. Let K; denote the least tense logic
and NExt(L) the lattice of extensions of L for each tense logic L. For a normal
modal logic L € NExt(K), let L™ denote the minimal tense extension of L. For
a tense logic L € NExt(K;), let L, and L_ denote the set of all #-formulas and
Ze-formulas in L, respectively. Then the transformations yield maps

()" : NExt(K) — NExt(K;) and (-)4,(-)_ : NExt(K;) — NExt(K),

relating modal logics and tense logics. For example, consider the tense logic
K4, = K, ® Op — OOp, which is known to be the tense logic of transitive
frames. Then one can easily check that (K4;), = K4 and K4* = K4,.

The preservation of logical properties under the maps (-)™ and (-); has been
thoroughly investigated: Wolter [128] proved that a subframe logic L € NExt(K4)
is elementary if and only if its minimal tense extension L™ is elementary, where a
logic is called elementary if the class of its Kripke frames can be defined by a set
of first-order formulas. Zakharyaschev [139] further proved that for each cofinal
subframe modal logic L € NExt(K4), we have that L is elementary if and only if
L is compact, that is, every L-consistent set of modal formulas is satisfied in some
§ € Fr(L). These results have been extended to their minimal tense extensions
by Wolter [129, Theorem 25|. Kikot et al. [68] showed that for each modal logic
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L, its minimal tense extension Lt admits filtration whenever L admits filtration
and L7 is Kripke complete.

The maps (-)™, (-); and (-)_ establish systematic connections between modal
and tense logics, allowing results obtained in one setting to be transferred to the
other. For instance, Bellissima [4] showed that every finitely alternative modal
logic is Kripke complete, where a modal logic L is called finitely alternative if
L D KAlt, = K& alt,, for some natural number n. Kracht [71] proved later that
every finitely alternative tense logic, i.e., a tense logic L such that both L, and
L_ are finitely alternative, is also Kripke complete. Further results illustrating
the close relationship between modal and tense logics can be found in the liter-
ature (see, e.g., [133, 134]). However, a number of negative results are known
concerning the minimal tense extension map (-)* and the modal fragment map
()4. For example, the composition ((-)7), of these maps is, in general, not the
identity map: there exists L € NExt(K) such that (L), # L (see [128, p.84]).
Wolter [130] constructed a transitive modal logic L O K4 with the FMP whose
minimal tense extension L' is Kripke incomplete. It follows that the FMP and
Kripke completeness are not preserved under (). It is still unknown whether the
map ()T : NExt(K4) — NExt(K4,) is injective (cf. [128]). These results illustrate
the difference between modal and tense logics, as well as their lattices.

1.2.2 Lattices of tense logics

Note that the map ()* : NExt(K) — NExt(K;) is not surjective: there exist
tense logics that are not of the form L™ for any modal logic L (see, e.g. [128]).
Consequently, to study the structure of the lattice NExt(K;) of tense logics, it is
not enough to focus only on tense logics of the form L*. Accordingly, our approach
is not limited to the study of tense logics via (-). In this thesis, we proceed with a
direct analysis of the lattices of extensions of tense logics. In fact, lattices of tense
logics turn out to be essentially different from lattices of modal logics. Recall that
the modal logic S4.3 of linear frames has been extensively studied by Bull [19] and
Fine [48]. Later, the linear tense logic Lin; .= K4, & (C®pVep — pVOpV @ p)
has also been thoroughly investigated in a series of papers by Wolter [131, 132,
129] (see also [136] for an overview). It has been proved in [130] that there are
countably many tense logics in NExt(S4.3;) that do not have the FMP (cf. [19]).
Chagrov and Shehtman [30] provided a full characterization of tabular tense logics
and showed that tabularity is not decidable in NExt(K4,).

However, the lattices of tense logics are still not completely understood, cer-
tainly not to the same extent as those of modal logics. In particular, several basic
questions concerning their structure and the distribution of logical properties re-
main open.

Degree of Kripke incompleteness (FMP). To the best of our knowledge,
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neither the degree of Kripke incompleteness nor the degree of FMP in lattices of
tense logics has been studied. Rautenberg [107] studied lattices of tense logics
and obtained basic results on splitting tense logics, and Kracht [71] characterized
all splitting logics in the lattices NExt(K;), NExt(K4;) and NExt(S4;). It is also
worth noting that tense logics are closely related to bi-superintuitionistic logics,
whose degrees of FMP have recently been studied by Chernev [38]. However, the
connection between splitting tense logics and strictly Kripke complete tense logics
remains unclear. It is also not known whether results on bi-superintuitionistic
logics can be fully generalized to the tense setting. To clarify these issues, two
natural questions arise:

(Q1) Do analogues of Blok’s dichotomy theorem hold for lattices of tense logics?

(Q2) Are union splittings in these lattices exactly the strictly Kripke complete
ones?

(Pre)tabularity and Post-completeness. As mentioned above, tabular modal
logics are fully characterized (see, e.g. [29]) and the characterization of tabular
modal logics can be easily generalized to tense logic. However, pretabularity
in tense logic has not yet been well understood. In particular, while pretabu-
lar modal logics over S4 have been characterized [44, 90], a characterization of
pretabular tense logics over S4, cannot be obtained directly from the correspond-
ing modal results. Indeed, pretabularity is a logical property concerning not only
a single logic, but all of its extensions. Thus, to understand pretabularity in
tense logic, we need to study the structure of lattices of tense logics. In fact, the
following problem has been open for several decades [107, p. 23]:

(Q3) How many pretabular tense logics are there in the lattice NExt(S4,;)?

Similarly, Post-completeness of a logic depends strongly on the lattice to which
it belongs. Recall that there are exactly two Post-complete normal modal logics
and both of them are tabular, while there exists a bimodal logic that has 2%
many Post-complete extensions (see, e.g., [87, 73]). It is also known that Post-
completeness is related to tabularity (see, e.g., [29]). However, Post-completeness
in lattices of tense logics has not yet been systematically studied. For example,
one may ask:

(Q4) How many Post-complete tense logics are there, and how can they be char-
acterized?

(Q5) What is the relation between Post-completeness and tabularity?
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(Un)decidability of logical properties. Results on (un)decidability of logical
properties indicate that interactions of modalities significantly affect the com-
plexity of lattices of logics. Wolter [131, 133] studied the decidability of logical
properties in NExt(Lin;): the decision problems for Kripke completeness, the finite
model property, and decidability are all decidable. Chagrov and Shehtman [30]
proved that tabularity is undecidable in NExt(K4,), and even that consistency
is undecidable in NExt(K4,). However, decidability of logical properties in tense
logic is not fully investigated yet. For example, little is known about the de-
cidability of logical properties in NExt(S4;) and the decidability of other logical
properties such as Kripke completeness, the FMP and decidability remain open
for NExt(K4,).

The questions mentioned above illustrate that the study of lattices of tense
logics is of considerable theoretical interest, as these lattices differ substantially
from those of modal logics. In this thesis, we contribute to this line of research
by establishing several new results concerning these questions. Our aim is to
obtain a clearer picture of the structure of the lattices of tense logics and of the
distribution of logical properties within them. This will also lead to a deeper
understanding of the interactions between modalities.

In the following section, we present the organization of the thesis, explain how
these questions are addressed, and summarize the main contributions.

1.3 Organization and Main Contributions

In this section, we give a brief overview of the organization of the thesis, the main
problems studied in each chapter, and the main techniques used in their proofs.

1.3.1 Organization

The thesis is divided into two parts. The first part consists of Chapters 3 and 4,
which study Post-complete, tabular and pretabular tense logics. As indicated
in Figure 1.1, tabular logics form an upset in the lattice of tense logics, while
Post-complete logics and pretabular logics form anti-chains. All of these logics lie
near the top of the lattices of tense logics. In this part, we focus on the following
logical properties:

Chapter 3
(1) Post-completeness in the lattice NExt(Ky);
(2) tabularity in the lattice NExt(K,).

Chapter 4



Chapter 1. Introduction

the lattice NExt(S4;).

ost-complete

NEXt(Kt)

(Ch. 4)

Ky

Figure 1.1: The location of Post-complete, tabular and pretabular tense logics

The second part of the thesis consists of Chapters 5 and 6. In this part,
we turn from the study of logics near the top of the lattice to the study of the
structure of lattices of tense logics as a whole. In particular, we investigate the
following properties:

Chapter 5

(4) Degrees of Kripke incompleteness in NExt(K;), NExt(K4;) and NExt(S4;).
Chapter 6

(5) (Un)decidability of logical properties in NExt(K;), NExt(K4,) and NExt(S4;).

1.3.2 Main contributions

In this section, we summarize the main contributions of this thesis. We outline,
chapter by chapter, the principal results established and briefly indicate the main
ideas and techniques used in their proofs.

In Chapter 3, we study tabularity and Post-completeness in lattices of tense
logics. We give a new criterion for tabularity in NExt(K;) by introducing formulas
tabz for n > 1: a tense logic L is tabular if and only if tabf € L for some n € w.
The relation between our characterization and the one given by Chagrov and She-
htman [30] is clarified. For Post-completeness in NExt(K;), three characterization
theorems for Post-complete tense logics are obtained using closed formulas: (i)
the first theorem gives three equivalent conditions for Post-completeness of the
tense logic of finite rooted frames; (ii) a tabular tense logic L is Post-complete
if and only if L has only one rooted frame up to isomorphism; and (iii) a con-
sistent tense logic L is Post-complete if and only if it satisfies two conditions on
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closed formulas. The second theorem connects Post-completeness and tabular-
ity, which partially answers (Q5). Moreover, these results allow us to determine
the Post-numbers, that is, the numbers of Post-complete extensions, of several
tense logics, including K4;, D4, and B;. We prove that the Post-number of D4,
is 2% which implies that there exist continuum many Post-complete tense logics
thereby answering (Q4).

In Chapter 4, we study pretabular tense logics in NExt(S4;) with the aim of
determining the cardinality of pretabular extensions of S4;. We begin by studying
sublattices of NExt(S4;), namely, lattices of tense logics with bounded parameters,
and obtain a full characterization of pretabular fully bounded tense logics. We
then investigate some concrete tense logics where some of the parameters are
infinite: full characterizations for pretabular logics extending S4.3; and S4BP§:§J
are provided. The main result in this chapter is that there exist continuum many
pretabular extensions of S4BP§:§’. The proof relies on several new techniques,
most notably generalized Thue-Morse sequences, generalized Jankov formulas and
local t-morphisms. Consequently, we obtain the anti-dichotomy theorem for the
cardinality of pretabular extensions in NExt(S4;). In particular, we determine
that the cardinality of PTAB(S4;) is 2%, thereby giving a full solution to the
open problem (Q3) presented in [107].

In Chapter 5, we study Kripke completeness in lattices of tense logics. We
start with the lattice NExt(K;). Inspired by the proof of Blok’s dichotomy theo-
rem in [29], we establish a dichotomy theorem for tense logics: every tense logic
L € NExt(K;) has the degree of Kripke incompleteness either 1 or 2%, The proof
proceeds by showing that union-splittings in NExt(K;) are exactly the strictly
Kripke complete logics, while all other logics have the degree 2%. A key tech-
nique in the proof is the method of reflective unfolding. By similar arguments,
we obtain the dichotomy theorem of the degree of Kripke incompleteness for
NExt(K4,). Finally, we turn to the lattice NExt(S4;). We provide the following
characterization of the degree of Kripke incompleteness in NExt(S4,): iterated
splittings are strictly Kripke complete and all other logics are of degree 2%, The
dichotomy theorem of the degree of Kripke incompleteness for NExt(S4;) follows
immediately from the characterization. This resolves the open problem (Q1) in
the previous section. Consequently, strictly Kripke complete logics are no longer
the union-splittings in the lattice NExt(S4,), thereby answering the problem (Q2).

In Chapter 6, we study decidability problems for logical properties in lattices
of tense logics. We begin with the lattice NExt(K4,). First, we show that strict
Kripke completeness is decidable. We then turn to undecidable logical properties
and establish a general criterion (Theorem 6.2.5) for a logical property to be un-
decidable in NExt(K4;). This criterion yields the undecidability of several logical
properties, including Kripke completeness, the FMP and decidability. These re-
sults generalize those obtained by Chagrov and Shehtman [30]. We then turn to
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the lattice NExt(S4;). In this setting, strict Kripke completeness remains decid-
able. Moreover, consistency is decidable and there exist countably many tabular
logics for which the coincidence problem is decidable. On the other hand, we
show directly that logical properties, including Kripke completeness, tabularity
and decidability, are undecidable. Furthermore, there exist countably many tab-
ular logics for which the coincidence problem is undecidable. The proofs of these
results rely on a reduction technique inspired by Chagrov’s method. We adapt
this method to the tense setting by reducing the decision problem for a logi-
cal property in NExt(K4;) and NExt(S4;) to an undecidable problem concerning
Minsky machines. This approach provides a uniform framework for establishing
undecidability results for a wide range of properties in lattices of tense logics.

Finally, we conclude the introduction with the following list of main contributions:

Tabularity and Post-completeness: We provide a new criterion for tabularity
in NExt(K;) and clarify its relation to the characterization of Chagrov and
Shehtman [30]. We obtain several characterizations of Post-complete tense
logics and determine the cardinality of Post-complete extensions of logics
such as K4;, D4, and B;. Consequently, we show that there are 2% many
Post-complete tense logics.

o Pretabular tense logics over S4;: We determine the cardinality of pretabular
extensions of several sublattices of NExt(S4,). In particular, we prove that
there are 2% many pretabular logics over S4,, thereby resolving an open
problem posed in [107].

o Degrees of Kripke incompleteness of tense logics: We prove dichotomy the-
orems for the degree of Kripke incompleteness in NExt(K;), NExt(K4;) and
NExt(S4;), generalizing Blok’s theorem from the modal logic K to the tense
setting.

o Undecidability of logical properties: We show that strict Kripke complete-
ness is decidable in NExt(K4,) and NExt(S4;). For NExt(K4,), we provide
a general criterion for a logical property to be undecidable, which yields
the undecidability of properties such as Kripke completeness, the FMP and
decidability. For NExt(S4;), we prove directly that logical properties in-
cluding Kripke completeness, tabularity and decidability are undecidable.
Moreover, there exist countably many tabular logics L for which the coin-
cidence problem is undecidable.

Sources of the chapters

o Chapter 3 is based on:
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Chapter 2

Preliminaries

In this chapter, we review the basic notions and results concerning propositional
modal logics and tense logics that will be used throughout the thesis. Although
some minimal background was already introduced in the previous chapter, we
present here a more systematic account of the required preliminaries for the sake
of readability.

We presume familiarity with naive set theory. Let w denote the least non-zero
limit ordinal, i.e., the set of all natural numbers. We write O and E for the sets of
odd and even numbers in w respectively. Let Z and Z* be the sets of all integers
and positive integers respectively. The cardinality of a set X is denoted by | X]|.
The power set of X is denoted by P(X). We use Boolean operations N, U and
—(-) on P(X). Let X, X’ be sets. We write f : X — X' if f is a function from
X to X’. Moreover, f C X x X’ is called a partial function from X to X’ if
f:Y — X' for some Y C X. Given any (partial) function f, we write dom(f)
and ran(f) for its domain and range, respectively.

2.1 Modal Logic

Modal logics are sets of formulas closed under certain rules, and their formal
languages are obtained by extending a given base language with modalities (or
modal operators). In this thesis, we focus on modal logics based on the classical
propositional logic CPC which contains only finitely many unary modalities. We
therefore start with the basic definitions and results concerning CPC. We then
review the syntax, relational semantics, and algebraic semantics for modal logics.

2.1.1 Classical propositional logic

In this section, we review basic definitions and results on the classical proposi-
tional logic CPC. For more details, we refer the reader to [12, 29, 42, 82].

17
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2.1.1. DEFINITION. Let %, denote a propositional language consisting of a de-
numerable set Prop = {p; : i € w} of propositional variables, a propositional con-
stant L (falsum) and three binary propositional connectives A (conjunction), V
(disjunction) and — (implication). The set Form,, of all well-formed .Z),-formulas
is defined as follows:

Form,>¢u=p|[L]|(eAg)|(eVe)]|(p— ),

where p € Prop. Let T abbreviate L — L. For all formulas ¢, € Form,, we
write ¢ <> ¥ for (¢ — ) A (¥ — ). For every finite set I' of formulas, let
VI and AT be the disjunction and conjunction of all formulas in I, respectively.
In particular, let V@ = 1 and A@ = T. A formula ¢ is called atomic if
@ € PropU{L}. A substitution is a function (-)® : Form, — Form, such that

o 5= J_, and
o (poh)®=p*or® foralloe {A,V,—}.

Every substitution (-)*® is induced by the map s : Prop — Form,, such that s(p) =
p°. We identify (-)® and s if there is no danger of confusion. For each ¢ € Form,,
we write ©(q1,- - ,q,) if the propositional variables occurring in ¢ are among
Gy 5 qn. We write [v1/q1, -+ ,Yn/qn) for the substitution (-)* induced by:

s(p) = .
p, otherwise.

Moreover, we write ©[v1/q1, - -, Vn/qn] (Sometimes (1, -+ ,7,)) for the formula
obtained from ¢ by applying the substitution [y1/q1, -, Vn/qn)-

2.1.2. DEFINITION. The classical propositional logic CPC is the smallest set of
formulas containing the following axioms:

(A1) p—(¢—p),

(A2) p—=(@—=r)=(p—=q9—=—r1),
(A3) pPAq— D,

(Ad) PAG—q,

(AD) p—(a—pAa),

(A6) p—pVa,

(A7)

A7 q—pVgq,
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(A8) (=71 = g=r)=(pVae =),

(A9) 1 —p,

(A10)  pVp— 1),

and is closed under the rules Modus Ponens (MP) and uniform substitution (Sub):

(MP) from o and o« — 3 infer 3,
(Sllb) from @(p07 T >pn—1) infer a(wm T 7@%—1)-
In this thesis, the notion of a logic is defined as follows:

2.1.3. DEFINITION. Let .Z be a language and Form the set of all formulas in .Z.
Then a logic over .Z is a set L C Form that is closed under (MP) and (Sub).

Clearly, the classical propositional logic CPC satisfies Definition 2.1.3. Recall
that the intuitionistic propositional logic IPC is defined to be the smallest set of
formulas containing the axioms (A1) - (A9) and closed under the rules (MP) and
(Sub). Hence, IPC also satisfies Definition 2.1.3.

Next, we review the notions of derivation and proof.

2.1.4. DEFINITION. Given a set I' of formulas, a finite sequence of formulas
(@0, ---, pn) is called a derivation of ¢ from T" in CPC if:

(1) on = ¢;

(2) For each i < n, ¢; satisfies one of the following:

Yi = 8(§0j>~

The set I is called the assumption of the derivation. A derivation is called a proof
if its assumption is the empty set. We write I' -cpc ¢ if there is a derivation of ¢
from I'. We write Fcpc ¢ if @ Fcpc . Moreover, I' is CPC-consistent if I' #cpc L.

2.1.5. PROPOSITION. For all ¢ € Form,,
w € CPC if and only if Fcpc ¢.

It is well known that the deduction theorem holds for CPC:
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2.1.6. THEOREM (Deduction Theorem). IfI' C Form, and ¢, € Form,, then
C'U{¢} Fcpc ¥ if and only if T Fepe @ — 1.
Now we move to the semantics for the classical propositional logic CPC.

2.1.7. DEFINITION. A classical model is a subset 2t C Prop. Truth of formulas
¢ in the model M (notation: M F ) is defined inductively as follows:

ME L never

MEp if and only if pe M

MEeAY if and only if 9N F @ and M F ¢

ME VY ifand only if 9ME por ME Y

ME e —1 if and only if 9N E ¢ implies M E ¢
We say that ¢ is true in 91 or 901 satisfies @ if M F p. We write M F @ it M E
does not hold. In this case, we say that ¢ is false in 9t or 9 falsifies . A set
Y of formulas is true in MM if M F o for all o € . A formula ¢ is called valid

(notation: E ) if M E ¢ for all models 9. Moreover, we say that ¢ is a semantic
consequence of ¥ (notation: X F ¢) if M F ¢ for all M E X.

It is well known that CPC is sound and complete with respect to the semantics
given above, that is, the following theorem holds (see, e.g., [29, 42]).

2.1.8. THEOREM. For all ¢ € Form, and > C Form,,
Y Fepc w if and only if ¥ F .

Moreover, by the following proposition, the connectives A and V can be defined
by — and L and so the {—, L }-fragment £ of ., is as expressive as .7,

2.1.9. PROPOSITION. For all ¢, € Form,, the following holds
(1) E(pny) < ((p—= (= 1)) = 1),
(2) FlpVvy) e ((p—= 1) =)

The logic CPC is well studied and enjoys many desirable logical properties.
We now review some basic logic properties such as consistency and interpolation
property (see, e.g., [29]). These properties apply not only to logics over Form,,
but also to modal and tense logics that will be introduced later.

Consistency

A logic L over a formal language .Z is consistent if L # Form, where Form is the
set of all .Z-formulas. Note that ¥ 1. By Theorem 2.1.8, we see that 1 ¢ CPC
and so the following theorem holds:

2.1.10. THEOREM. CPC 1is consistent.
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Craig interpolation property

A logic L enjoys the Craig interpolation property (CIP) if for all pairwise disjoint
sets of propositional variables p,q,7 and formulas ¢(p,q) and ¢ (p,T) such that
Fr @ — 1, there exists v(p) satisfying k-, ¢ — v and Fp v — 9.

2.1.11. THEOREM. CPC has the Craig interpolation property.

The CIP is one of the most important syntactic properties of logic and has
been extensively studied in proof theory. In this thesis, however, it will not be
a central focus. For further discussion of interpolation properties, we refer the
reader to [124, 57, 22].

Local tabularity

Let L be a logic and ¢, ¥ are formulas. Then we say that ¢ and v are L-equivalent
if o <> 1 € L. Otherwise, we say that they are L-non-equivalent.

Recall that we write ¢(py,--- ,py,) if the propositional variables occurring in
@ are among pi,--- ,p,. Then a logic L is locally tabular if for each n € w,
the logic L contains only finitely many L-non-equivalent formulas of the form
©(p1,- -+ ,pn). Formally, L is locally tabular if for all n € w, there exists a finite
set U, of formulas such that:

for all w(p1, - ,pn), there exists ¢ € ¥, such that ¢ <> ¢ € L.

For the logic CPC, it is well known that a propositional formula ¢(py,- -+ ,p,)
can be characterized by a unique function f : 2" — 2. Thus, the following
theorem holds:

2.1.12. THEOREM. CPC is locally tabular.

Decidability

A logic L is decidable if there exists an effective method to decide whether a
formula ¢ is in L. For each formula ¢ € Form,,, one can decide whether ¢ € CPC
by examining its truth table. Thus, the following theorem holds:

2.1.13. THEOREM. CPC is decidable.

Post-completeness

A logic L is Post-complete if L is consistent and there exists no consistent logic
L’ such that L C L'. For example, since IPC C CPC C Form,, we see that IPC is
not Post-complete. It is also well known that the following theorem holds:

2.1.14. THEOREM. CPC is Post-complete.
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2.1.2 Syntax and relational semantics for modal logic

Now we move from the classical propositional logic to modal logics. For more
details, the reader can consult [12] and [29]. We first review basic definitions and
facts of modal logics. The formal language -Z5 of modal logic is obtained from
<, by adding a unary modality [J, where .Z) is the {—, L }-fragment of .Z,. The
set Form,,, of all modal formulas is defined by

Form,, > ¢ :=p| L | (¢ — )| Oy,

where p € Prop. For all formulas ¢,v € Form,,, we let =¢, @ A ¥ and ¢ V

abbreviate ¢ — 1, =(¢p — =) and ~¢ — ¥, respectively. The dual modal

operator < of [1is defined by < ¢ := =[—p. Substitutions are defined as usual.
Recall that a set L C Form,, of formulas is called a normal modal logic if

(1) CPC C L and L is closed under rules (MP) and (Sub);
(2) Ulp = q) = Hp —Uq) € L;
(3) L is closed under Necessity (Nec): « € Limplies o € L, for all &« € Form,,.

Let K denote the least normal modal logic. In this thesis, we simply use the term
modal logic to mean normal modal logic whenever there is no danger of confusion.
For every modal logic L and set X of formulas, let L & X denote the smallest
modal logic containing L U X. A modal logic L is consistent if L ¢ L; and L is
finitely axiomatizable if there is a finite set ¥ of formulas such that L = K& X.

A modal logic Ly is a sublogic of Ly (or Lo is an extension of Ly) if Ly C Lo.
Moreover, Lo is called a proper extension of Ly if Ly 2 Ly. For each modal logic
L, let NExt(L) denote the set of all normal extensions of L, that is

NExt(L) .= {L' O L : L' is a normal moal logic}.

A formula ¢ is deducible in L from a set I' of formulas (notation: I' k- ), if
¢ € L or there exist ¢y, -, ¢, € I' with (1 A--- A,) = ¢ € L. A set I' of
formulas is L-consistent if I' ¥, L. A set I' of formulas is maximal L-consistent
if I is L-consistent and it has no L-consistent proper extension.

The Kripke semantics for modal logic is given as follows:

2.1.15. DEFINITION. A Kripke frame is a pair § = (X, R) where X # @ and
R C X x X. We call X the domain of § and R the accessibility relation in §.
We write Rxy (or zRy) if (z,y) € R. For every Y C X | we define

RlY]| ={z€ X :3y e Y(Ryz)}.
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For all x € X, we write R[z] for R[{z}].

The cardinality of a Kripke frame § = (X, R) is defined to be the cardinality
| X| of its domain X. If |X| < Ny, then we say that § is a finite Kripke frame.
Let Fr and Fin denote the class of all Kripke frames and finite Kripke frames,
respectively.

In this thesis, we write frame for Kripke frame if there is no danger of confusion.

2.1.16. DEFINITION. Let § = (X, R) be a frame. Then a valuation in § is a
function V' : Prop — P(X). A Kripke model is a pair MM = (§F, V) where § is a
frame and V' a valuation in §. For every point z € X and formula ¢, we define
the relation 9, = F ¢ which is read as ‘p is true at x in 9N’ as follows:

M xkE L never

M,z Ep if and only if z € V(p), for all p € Prop
MzrxEe—1 ifandonlyif M xF por MaEY
M, x EOp if and only if 9,y F ¢ for all y € R[z]

Moreover, we say that (i) ¢ is valid at = in § (notation: §F,xz F @) if §,V,z F ¢
for every valuation V in §; and (ii) ¢ is valid in § (notation: §F ¢) if §,z F ¢
for every x € X.

As we shall see, Kripke frames provide an adequate semantic framework for
many modal logics. For example, the minimal normal modal logic K consists of
all formulas that are valid in every frame, and many modal logics can likewise
be characterized by suitable classes of frames. However, not every modal logic
is characterized by Kripke frames. This motivates the introduction of general
frames, which generalize Kripke frames and offer increased expressive power.

2.1.17. DEFINITION. A general frame is a triple F = (X, R, A) where (X, R) is
a frame and A C P(X) is a set such that

(1) @€ A,
(2) UNV € Aforall U,V € A,
(3) X\U€ Aand R7'U] € A, for all U € A.

We call kF = (X, R) the underlying frame of F and A C P(X) the set of internal
sets in [F. Let GFr denote the class of all general frames.

2.1.18. DEFINITION. Let F = (X, R, A) be a general frame. Then a map V :
Prop — A is called an admissible valuation in F. An admissible valuation V is
extended to the map V : Form,, — A as follows:

V(L) =2, Vip—=1v)=-V(e)uV(¥), V(O¢)=-R"[-V(o)].
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A general model is a pair M = (F,V) where F € GFr and V an admissible
valuation in F. We shall often refer to general models simply as models, and
write (X, R, V) instead of (F,V’). Let ¢ be a formula and x € X. Then (i) ¢
is true at x in 9 (notation: M,z E @) if © € V(p); (ii) ¢ is valid at z in F
(notation: I,z F ¢) if © € V(p) for every admissible valuation V in F; (iii) ¢ is
valid in F (notation: F F @) if F,x E ¢ for every x € X; and (iv) ¢ is valid in a
class of general frame K (notation: I E ) if F E ¢ for every F € K. For all sets
Y2 C Form,, of formulas and classes KU C GFr of general frames, let

KEXE)={FeK:FEX}and Log(K) = {p: KFE ¢}.
We call Log(K) the modal logic of K.

Let F = (X, R, A) be a general frame. We sometimes identify F with its
underlying frame kF if A = P(X). In this sense, every Kripke frame can be
viewed as a general frame of the form (X, R,P(X)) and so Fr C GFr. In fact,
most of the notions for general frames that will be introduced later in this thesis
can be naturally generalized to Kripke frames. So we say that the general frame
semantics generalizes the Kripke semantics. Some classical modal logics and their
frames are reviewed in the following example.

2.1.19. ExaMPLE. The modal logics K4, S4 and S5 are defined as follows:
e K4:=KoUUp — Up;
o S4=K4ap — p;
e S5:=54@p -0

Let R be a binary relation on a non-empty set X. Then we say that R is
o transitive if for all z,y, 2z € X, if Rry and Ryz, then Rxz;
o reflexive if Rxx holds for all x € X;
o symmetric if Rry implies Ryx for all z,y € X.

A frame § = (X, R) is said to be transitive if R is transitive. Moreover, we say
that § is a pre-order if R is both transitive and reflexive; and § is an equivalence
frame if § is a pre-order and R is symmetric.

It is well known that K4, S4 and S5 are the modal logics of transitive frames,
pre-orders and equivalence frames, respectively.

2.1.20. DEFINITION. Let F = (X, R, A) be a general frame. Then F is called

(1) differentiated, if for all distinct z,y € X, x € U and y &€ U for some U € A;
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(2) tight, if for all x,y € X such that y € R|z|, there exists an internal set
U € A such that y € U and R[z|NU = &;

(3) compact, if N B # @ for any B C A with finite intersection property;!
Moreover, we say that I is a

(4) refined frame, if F is both differentiated and tight;

(5) descriptive frame, if F is both refined and compact.

Let RFr and DFr denote the class of all refined and descriptive frames, respectively.

Next, we recall the main operations on general frames for modal logics: gen-
erated subframes, disjoint unions and p-morphisms.

Generated subframes

2.1.21. DEFINITION. Let F = (X, R, A) be a general frame and Y C X. The
subframe F|Y of F induced by Y is defined by F|Y = (Y, RY, A]Y'), where

RIY = RN(Y xY)and AlY = {UNY : U € A}.
The subframe of F generated by Y is defined to be F[R“[Y], where

R¥Y] = LEJ R"[Y]
and the sets R"[Y] are defined inductively by R°[Y] = Y and R""'[Y] =
R[R"Y]]. A general frame G is called a generated subframe of F if G = FIR[Y
for some Y C X. For all z € X, we write R¥[z] for R*[{z}]. We call F, =
FIR¥[z] the subframe of F generated by x. We call F a rooted frame if F = F,, for
some r € X.

Generated general subframes preserve validity, that is,

2.1.22. PROPOSITION. Let F = (X, R, A) be a general frame and G a generated
subframe of F. Then Log(F) C Log(G).

2.1.23. REMARK. In much of the literature, for a descriptive frame (sometimes
called a modal space) F = (X, R, A) and a subset Y C X the general frame
FY is considered a subframe of F only under the additional requirement that
Y € A (see, e.g., [8, 10]). In this thesis, we work primarily with general frames
and therefore do not impose this requirement.

1For all sets X and A C P(X), we say that A has the finite intersection property, if | B # @
for any non-empty finite subset B of A.
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Disjoint unions

2.1.24. DEFINITION. Let F = (F; = (X;, R;, A;))ier be a family of general
frames. Then the disjoint union of F is defined as W;c; F; = (X, R, A), where

o X = Ujer Xi x {i},
o« R:={((x,i),(y,7)): Rizy and i € I}, and
e A={UCX:VielI{yeX;:(y,1)eU} €A}

Validity of modal formulas is preserved under disjoint unions:

2.1.25. PROPOSITION. Let F = (F; = (X;, Ri, 4;))ier be a family of general
frames. Then for alli € I, v € X; and ¢ € Form,,, the following holds:

L‘!’Jie[ ]Fia (._'L'”L) I ¥ Zf and Only ZfIme# 2

As a corollary, we have Log(W;c; Fi) = N;er Log(TFy).

P-morphisms

2.1.26. DEFINITION. Let F = (X, R, A) and ' = (X', R’, A") be general frames.
A map f: X — X'is called a p-morphism from F to F’ (notation: f:F — F), if

o forall Y/ € A', we have f~![Y'] € A;
o forall x,y € X, if Ry, then R f(x)f(y); and

o for all z € X and ¢ € X', if R'f(x)y’, then there exists y € R[z] with
fly) =y

We write f: F — F' if f is a surjective p-morphism from F to F'. Moreover, F’ is
called a p-morphic image of F (notation: F — F') if there exists f : F — F'. For
a class KC of general frames, let M, (K) denote the class of all p-morphic images
of frames in .

It is well known that surjective p-morphisms preserve validity:

2.1.27. PROPOSITION. LetF = (X, R, A) andF' = (X', R', A") be general frames
and f:F — F'. Then for all x € X and ¢ € Form,,,

F,z F ¢ implies ' f(z) E .
As a corollary, Log(IF) C Log(F).

2.1.28. REMARK. Note that Kripke frames can be viewed as special general
frames. The operations of taking subframes, disjoint unions, and p-morphic im-
ages defined above therefore apply to Kripke frames as well.
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2.1.3 Algebraic semantics for modal logic

In this section, we review the algebraic semantics for modal logics, focusing on
basic definitions, key properties, and their connection to relational semantics. We
make an effort to keep this section self-contained. However, we assume familiarity
with basic notions from lattice theory and universal algebra. For concepts that are
not defined here, we refer the reader to standard textbooks on universal algebra,
such as [6], [21], and [60].

Universal algebra

Let us begin with some basic notions of universal algebra. In this thesis, we
consider only algebras of finite similarity type. Thus, a similarity type is a finite
tuple o = (k; : ¢ € n) of natural numbers. For each similarity type, we may fix a
set F'={f; :i € n} of function symbols. Then, an algebra 2 of similarity type o
is a tuple (A; f& -+, f* ), where A is a nonempty set and f3 is a k-ary function
on A for each i € n. We write (A; F) for 2 if there is no danger of confusion.
Throughout this thesis, all algebras under consideration are assumed to have the
same similarity type.

Lattices serve as a good example of algebras. In fact, lattices play a particu-
larly important role in universal algebra: on the one hand, lattice theory provides
a general framework for analyzing algebraic structures, and on the other hand,
lattices themselves form a well-behaved class of algebras. We therefore recall the
definition of lattices.

2.1.29. DEFINITION. A lattice is an algebra £ = (L; A, V) of similarity type (2, 2)
such that the following equations hold for all a,b, c € L:

aNb=bAa, aVb=>bVa,
(anb)ANe=aN (bAc), (avb)Ve=aV(bVec),
(aNb)Va=a, (aVb)ANa=a.

A lattice £ is said to be distributive if for all a,b,c € L,
alN(bVe)=(aNb)V(aAc).

2.1.30. DEFINITION. A bounded lattice is an algebra £ = (L; A,V,0, 1) of simi-
larity type (2,2,0,0) where (L; A, V) is a lattice and for all a € L:

a0 =0, aVl1l=1.

It is well known that lattices can also be defined order-theoretically.
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2.1.31. DEFINITION. A pre-order (X, R) is called a partially ordered set, poset
for short, if R is antisymmetric:

Vaey € X(Rxy A Ryr — © = y).

Let (X, R) be a poset and Y C X. Then an element a € X is called an upper
bound of Y if a > y for all y € Y. We call a € L the supremum or the least upper
bound of Y (notation: sup(Y)), if a < b for all upper bounds b of Y. Analogously,
an element a € L is called a lower bound of Y if a < y for all y € Y. We call
a € L the infimum or the greatest lower bound of Y (notation: inf(Y)), if a > b
for all lower bounds b of Y.

An equivalent definition of lattice is given as follows:

2.1.32. DEFINITION. A poset £ = (L, <) is called a lattice if every pair {a,b}
of elements has a supremum and an infimum. It is called bounded if L has a
least and greatest element. Moreover, £ is complete if every subset of L has a
supremum and infimum.

2.1.33. DEFINITION. Let L be a bounded lattice. An element a € L is called a
co-atom if a # 1 and there is no ¢ € L such that a < ¢ < 1.

The algebraic definition and the order-theoretic definition of lattice are equiv-
alent: Let (L; A, V) be a lattice. Then the relation < defined by

a<bifand onlyifaAb=a

is a partial order on L, and (L, <) is a lattice whose infima and suprema are given
by A and V, respectively. Conversely, if (L, <) is a lattice, then defining

aANb=inf({a,b}) and a V b = sup({a, b})

yields a lattice (L; A, V).

2.1.34. EXAMPLE. Since modal logics are closed under intersections, we obtain
that (NExt(L),C), or (NExt(L);N, &, L, Form,,), is a complete lattice for every
normal modal logic L. We simply write NExt(L) for the lattice (NExt(L), C).

Next, we review the notion of terms and equations. Let o = (k; € w : i € n)
be a similarity type and F' = {f; : i € n} the set of function symbols for o. Let
var = {x; : 1 € w} be a set of variables. Then the set T, of o-terms is defined to
be the minimal set such that

(1) var C Ty;

(2) fi(t17' N ,tkl) S Tg for all tl,' c ,tki € To and ¢ € n.
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An equation is a string of the form t; = t5, where tq,t, € T,,.

Let 2 be an algebra of the similarity type o. Then every term t € T, induces
a function t* on A naturally. If 3 = ¢2, then we say that an equation t; = t,
is satisfied in 2 (notation: A F t; = t3). Let X be a set of equations. Then
we say that X is satisfied in 2 (notation: A F X), if A F « for all o € .
For each equation «, we write Alg(a) for the class of all algebras satisfying «,
that is, Alg(a) == {2 : A F «a}. Similarly, for every set ¥ of equations, we write
Alg(X) for the class {4 : 2 F X}. On the other hand, for each algebra 2, we write
Equ(2l) for the theory of 2, that is, the set of all equations satisfied in 2. Thus,
Equ(A) = {a: A F a}. Again, for each class K of algebras, we write Equ(KC) for
the theory of K, namely, Ngcx Equ(2A). A class K is called an equational class if
K = Alg(Equ(K)).

As the reader might have noticed from Definition 2.1.30, the class of all (dis-
tributive) lattices is an equational class. In universal algebra, equational classes
are of central interest (see, e.g., [6]). By the celebrated Birkhoff’s Theorem, a
class IC of algebras is an equational class if and only if I is a variety, that is, K
is closed under subalgebras, homomorphic images and direct products. Thus, we
recall these three algebraic operators.

2.1.35. DEFINITION. Let 2 = (A; F) and B = (B; F) be algebras of the same
similarity type o = (k; € w: i € n). A map h: A — B is called a homomorphism
from 2 to B (notation: h:2A — B), if for each f; € F and ag,--- ,ax,_1 € A,

h(fim(a’(b T 7a‘ki_1>> - f?<h<a0)7 T 7h(aki—1))'

If h is surjective, we say that B is a homomorphic image of 2 and write h : 1l — B
or simply A — B. The map h : A — B is called an embedding (notation:
h = — $B) if h is injective. 2 is called a subalgebra of B if A C B and the
inclusion map i : A — B is an embedding from 2A to 8. Moreover, we say that
h : 20 — B is an isomorphism (notation: h : A = B) if h is bijective. The
algebras 21 and B are called isomorphic if there is an isomorphism h : A = 953.
For each algebra 2(, we write H(2), S(2() and I(2) for the class of all homo-
morphic images, subalgebras and isomorphic images of 2, respectively. For each
class K of algebras, we write H(K), S(K) and I(K) for {8 : FA € (B € H(A))},
{B:RAeLBeSR))}and {B:3A € L(B € 1(A))}, respectively.

Homomorphisms from an algebra are closely related to the congruence rela-
tions on it. For every algebra 21 = (A; F'), a binary relation = on A is called a
congruence relation if

e = is an equivalence relation,
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o for all k-ary function symbol f € F and aq,--- ,ax,b1,--- ,bp € A, if a; = b;
for all i € {1,--- ,k}, then

fﬁ(al’... Lag) = fm(bl,--- i),

Let Con(2() denote the set of all congruence relations on 2. Note that 1y =
Ax Aand Oy = {(z,z) : © € A} are always congruence relations on 2. Moreover,
Con(2l) is a bounded lattice whose bottom element and top element are Oy and
1g, respectively.

Let 2 be an algebra and € be a congruence relation on 2l. Then we define the
algebra A/0 = (A/0; F) as follows:

o A/0 :={[aly:a € A}, where [a]g :={b€ A: (a,b) € 0} for all a € A;
o [Ya1)g, -, lakls) = [f*(a1,--- ,ax)]s, for all k-ary function symbol f € F.

We call /6 the quotient algebra of 2 induced by 6. Moreover, we see that the
function [-]p : a +— [a]p is a surjective homomorphism from 2 to /0. Thus,
2A/6 € HL). On the other hand, for every homomorphism f : 2 — 9B, we define
the kernel ker(f) of f by

ker(f) = {(z.y) € A x A: f(x) = F(y)}.

Then the reader can readily check that ker(f) is a congruence relation on 2.
Now we are ready to state the Fundamental Homomorphism Theorem, which
shows the deep connection between congruence relations and homomorphisms:

2.1.36. THEOREM. Let A,*B be algebras and h : A — B. Then there exists a
unique injective homomorphism h : A/ ker(h) — B such that h o [Jxexny = h.
Moreover, if h is surjective, then h is an isomorphism.

In order to state Birkhoff’s Theorem, it remains to review the notion of direct
product of algebras. Recall that for a family (A;);e; of sets, the direct product
[Ticr Ai of (A;)ier is defined as follows:

[TA ={(a:1—|JA):Viel(a(i) € A)}.

icl i€l
2.1.37. DEFINITION. Let (2, = (A;; F))ier, be a family of algebras of the same
similarity type o = (k; € w:i € n). Then the direct product IT;c; 24 of (A))er
is defined to be the algebra (IT;c; Ai; F') such that for all i € n, | € L and
ao, -+ 5 k-1 € T Aiy

f}—[leLml(a07 e 7aki—1>(l) = f?[l<(l0(l)7 e ;aki—l(l))'

For each [ € L, the function m; defined by 7, : a — a(l) is called the l-projection
map. For each class I of algebras, we write P(KC) for the class of all direct
products of K.
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Let IC be a class of algebras. Then the variety V(K) generated by K is defined
to be the minimal class of algebras containing I and is closed under H, S and P.
It is well-known that V(K) = HSP(K) (see, e.g., [6]).

2.1.38. THEOREM (Birkhoff’s Theorem). Let K be a class of algebras. Then K
is an equational class if and only if IC is a variety.

Since our focus is on equational classes of algebras, i.e., varieties of algebras, it
is unavoidable to review the notion of subdirectly irreducible algebras. Subdirectly
irreducible algebras constitute the basic components in subdirect representations
of algebras within a variety [11] (see also [6, 21]). As a result, many structural
and representation-theoretic properties of equational classes can be reduced to
the study of their subdirectly irreducible members.

2.1.39. DEFINITION. Let (2; : i € I) be a family of algebras. Then an algebra 5
is called a subdirect product of (2; : i € I) if B is a subalgebra of [;c; ; and for
all 7 € I, the restriction of the i-projection ; : [[;c; 2l — 2U; to B is surjective.
Let € be an algebra and f : € — [[;c; ;. Then f is a subdirect embedding, or
f is a subdirect representation of €, if f[€] is a subdirect product of (; : i € I).

2.1.40. DEFINITION. An algebra 2 is called subdirectly irreducible, if for every
family (2; : i € I) of algebras and subdirect embedding f : A — [[;c; 2, there
exists j € I such that m;o f : A = ;. For each class K of algebras, let Kg denote
the class of all subdirectly irreducible algebras in K.

As the following theorem shows, subdirect irreducibility of an algebra 2 turns
out to be a property of the lattice Con(2().

2.1.41. THEOREM. Let A be an algebra. Then A is subdirectly irreducible if and
only if there exists 6 € Con(2) such that

o Oy #0;

« 0 C ¢ forall 9 € Con().

Recall that an algebra 2 is called trivial if |A] = 1. Then the celebrated
Subdirect Representation Theorem by Birkhoff [11] can be stated as follows:

2.1.42. THEOREM (Birkhoff). Every non-trivial algebra is isomorphic to a sub-
direct product of subdirectly irreducible algebras.
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Modal algebra

We now turn from general universal algebras to algebras for modal logics. We
begin by a brief historical review of the establishment of the algebraic semantics
for modal logic.

McKinsey and Tarski [96] studied the algebra of topologies and proved that
modal logic S4 is sound and complete with respect to the class of closure algebras.
The notion of closure algebras was later generalized by Boolean algebras with op-
erators (BAOs), which became a fundamental tool for investigating modal logics.
The close connection between algebraic and relational semantics was subsequently
clarified through representation and duality results. In particular, inspired by the
representation theorem for BAOs proved by Jénsson and Tarski [65, 66], Gold-
blatt [58, 59| discovered the duality between BAOs and descriptive frames (see
also [29, Chapter 7]). A closely related development was obtained by Esakia [47]
(see also [46]), who established the duality between closure algebras and topolog-
ical Kripke frames for the modal logic S4. Together, these duality results further
reinforced the conceptual link between algebraic and relational semantics.

There are many results obtained via the connection between algebras and
logics. For example, Maksimova [92] proved that there are at most 37 extensions
of S4 having the CIP by showing that for every extension L of S4, L has the CIP
if and only if the variety of BAOs for L has the super-amalgamation property.?
This characterization of the CIP allows us to study the CIP, a syntactic property
of modal logic, in purely algebraic terms. Maksimova [93] studied further the
relation between the CIP of modal logics and the super-amalgamation property
of their varieties of BAOs.

We now recall the definition of Boolean algebras.

2.1.43. DEFINITION. A Boolean algebra is an algebra 8 = (B;A,V,—,0,1) of
similarity type (2,2, 1,0,0) such that

e (B;A,V,0,1) is a bounded distributive lattice, and
o forallae B,aAN—-a=0and aV —-a=1.

We call —a the complement of a. As usual, we write B for (B;A,V,—,0,1) if
there is no danger of confusion. Let BA denote the class of all Boolean algebras.

2.1.44. REMARK. Since this thesis adopts — and L as the primitive Boolean
connectives, we introduce an alternative definition of Boolean algebras. Let B =

2Similar results for superintuitionistic logics have been obtained by Maksimova [91]. Re-
cently, Santschi and Voojis [114] completed Maksimova’s classification of modal logics in
NExt(S4) with interpolation.
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(B;—,0) be an algebra of the similarity type (2,0). Then we call 8 a Boolean
algebra if (B; A, V/, =" 0/,1") is a Boolean algebra defined in Definition 2.1.43,
where the functions A, V', =/, 0/ and 1’ are defined as follows:

e 00=0,1:=(0—=0);

o —(z):=(x —0), for all z € B;

o N(z,y) =~"(x = —'y) and V'(z,y) = (='z = y), for all z,y € B.
Conversely, given a Boolean algebra (B; A, V, =, 0, 1), one can verify that (B; =/, 0)
is again a Boolean algebra, where a —' b := —a V b.

Next, we recall the definition of modal algebras.

2.1.45. DEFINITION. A modal algebra is an algebra B = (B;[J) where B is a
Boolean algebra, and [J : B — B is a function such that for all a,b € B, the
following holds

e Hanb)=0aNDb;
o 11 =1.

Let MA denote the class of all modal algebras.

Note that every modal formula ¢ € Form,, can be viewed as a term in the
corresponding algebraic language. For example, the formula (p; A py) — ps can
be viewed as the term (x; Axy) — 3. Then for all modal algebras 2, we say that
v is satisfied in 2 (notation: A F ¢) if A E (¢ = 1). For each class K of modal
algebras, let

Log(K) == {¢ € Form,, : VA € C(AE ¢)}.

We call Log(KC) the modal logic of K. Conversely, for each set 3 of modal formulas,
let MA(X) denote the class of all ¥-algebras, i.e., modal algebras validating X.
Formally,

MA(X) ={A e MA:Vp e X(AE )}

Now we review the Lindenbaum-Tarski construction of modal algebras, from
which the completeness of algebraic semantics follows. Recall that Form,, is the
set of all modal formulas. Then the modal term algebra Form,, is defined to be
the algebra (Form,,; —,[], 1) such that

o for all p € Form,,, (y) = Uy;

o for all ,1 € Form,,, = (¢,%) = (¢ — ).
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The modal term algebra is also called the modal formula algebra. Let L € NExt(K)
be a modal logic. Then the binary relation =y on Form,, is defined as follows:

w =, ¢ if and only if p <> ¢ € L.

The reader can readily check that =, is a congruence relation on Form,,. Let 2(,
denote the quotient algebra Form,,/=;, which is called the Lindenbaum-Tarski
L-algebra. By [29, Theorem 7.2], we have Log(2(;) = L. Thus, we obtain

2.1.46. THEOREM. Let L € NExt(K). Then L = Log(2.) = Log(MA(L)).

By Theorem 2.1.46, a modal logic is always complete with respect to its modal
algebras. Moreover, the following theorem holds

2.1.47. THEOREM. Let A(MA) be the lattice of all subvarieties of MA. Then the
map MA : L — {2 € MA : A E L} is an isomorphism from NExt(K) to A(MA).

For a proof of Theorem 2.1.47, we refer the reader to [29, Chapter 7]. For a
more general version, see [126]. As a corollary, we conclude that there exist at
most continuum many subvarieties of MA.

Finally, we briefly mention the relation between the categories of modal alge-
bras and descriptive frames. Here we assume familiarity with the basic notions
of category theory and refer the reader to [85, 101] for the relevant definitions
and background. Let MA denote the category whose objects are modal algebras
and whose morphisms are homomorphisms of modal algebras. Moreover, let DFR
denote the category whose domain is the class DFr of all descriptive frames and
morphisms are p-morphisms. By [126, Theorem 67|, the following theorem holds:

2.1.48. THEOREM. MA and DFR are dually equivalent, i.e., DFR ~° MA.

We do not go into details here. Instead, in Section 2.2, we show more details
for the duality between the categories of tense algebras and descriptive frames for
tense logics. It follows from Theorem 2.1.48 that every modal logic L is equal to
the modal logic of its descriptive frames, that is, L = Log(DFr(L)).

2.1.4 Properties of modal logics

In this subsection, we review some important logical properties of modal logics,
some of which have been introduced in Chapter 1. Recall that the logical proper-
ties of consistency, local tabularity, decidability and Post-completeness have been
discussed in Section 2.1.1.
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Canonicity

A modal logic L is canonical if it coincides with the logic of its canonical frame
§*, which is defined as follows:

2.1.49. DEFINITION. The canonical model MM for a modal logic L is defined as
ML = (XE, RL, VL) where

(1) XT is the set of all maximal L-consistent sets of formulas;
(2) RL = {(z,y) € Xt x XL :p €y forall Op € x}; and
(3) VE(p) = {x € XL : p € 2} for each p € Prop.
The canonical general frame FL for L is defined as FL = (X, RE, AL), where
AL = {VE(yp) : ¢ € Form,,}.

The canonical frame F* for L is defined to be the underlying frame xF" of FL.

A general result on canonical modal logics was obtained by Sahlqvist [112],
who introduced a family of formulas, now known as Sahlquist formulas. It
was proved in [112] that every Sahlquist logic, i.e., modal logic axiomatized by
Sahlqvist formulas, is canonical. For example, modal logics K, K4, S4 and S5 are
all Sahlquist logics and so canonical. For the definition of Sahlqvist formulas and
more details on Sahlqvist’s theorem, we refer the reader to [12, Chapter 3.6] and
29, Chapter 10.3].

2.1.50. THEOREM (Sahlqvist’s Theorem). Let L be a modal logic aziomatized by
Sahlquist formulas. Then L is canonical, that is, L = Log(g*).

Kripke completeness

In this thesis, we will be mostly concerned with the notion of Kripke complete-
ness. A modal logic L is Kripke complete if L = Log(Fr(L)). Note that every
canonical modal logic is Kripke complete. Consequently, many results on Kripke
completeness have been obtained using the canonical frame method (see, e.g., [29,
12]). For example, by Theorem 2.1.50, we have

2.1.51. THEOREM. FEvery Sahlquist modal logic is Kripke complete.

Consequently, each of K, K4, S4 and S5 is Kripke complete.
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Finite model property

A modal logic L enjoys the finite model property (FMP) if L = Log(Fin(L)). In
this case, we also say that L is finitely approximable. Clearly, since Fin C Fr,
the FMP implies Kripke completeness. In fact, the FMP is strictly stronger than
Kripke completeness, even in the lattice NExt(S4) (see, e.g., [49]).

General results have been obtained for subframe logics and cofinal subframe
logics (see [53, 138, 139, 10]), which are defined as follows:

2.1.52. DEFINITION. Let F = (X, R, A) be a descriptive frame. Then we call F/
a subframe of F if F' = F[Y for some Y € A. Moreover, a subframe F[Y of F is
called cofinal if R[Y] CY U R [Y].

A modal logic L is called a (cofinal) subframe logic, if the class DFr(L) of its
descriptive frames is closed under (cofinal) subframes. That is, for all F € DFr(L)
and F’ € DFr, if F is a (cofinal) subframe of F, then F' € DFr(L).

Let wK4 .= K® OO p — p VvV <Op. The following theorem was proved in [10].
2.1.53. THEOREM. FEwvery cofinal subframe logic L € NExt(wK4) has the FMP.

2.1.54. EXxaAMPLE. Consider the modal logic wK4.1 := wK4 O p — OUp. By
Chen and Ma [35], wK4.1 is a cofinal subframe logic. By Theorem 2.1.53, wK4.1
has the FMP. A direct proof can be found in [35, Section 4].

It is worth noting that the FMP is closely related to decidability. A well
known theorem is as follows:

2.1.55. THEOREM. Let L be a modal logic. Suppose L is finitely axiomatizable
and has the FMP. Then L is decidable.

Since each of K, wK4 K4, wK4.1, S4 and S5 has the FMP, they are decidable.

Tabularity and pretabularity

The last logical properties we review in this section are tabularity and pretab-
ularity. A modal logic L is said to be tabular if it is the modal logic of some
finite modal algebra 2. By the duality between finite frames and finite modal
algebras (see, e.g., [126, 29]), a consistent modal logic L is tabular if and only
if L = Log(J) for some § € Fin. A characterization of tabular modal logics is
provided as follows (see, e.g., [29, p. 417]).

2.1.56. THEOREM. A modal logic L € NExt(K) is tabular if and only if alt, A
tra, € L for somen € w, where alt,, and tra,, are the formulas defined as follows:
alt, =UOpoVO(po = p1) V- VO(po A+ App1 — Dn),

tra, = A 'p — " p.

<n
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As a corollary, we see that none of K, wK4, K4, wK4.1, S4 and S5 is tabular.
Tabular tense logics will be studied in Chapter 3.

In order to study tabularity systematically, Kuznetsov [76] introduced the
concept of pretabularity. A modal logic L is called pretabular if L is not tabular
but all of its proper extensions are tabular. A famous result about pretabular
modal logics is the following theorem obtained by Maksimova [90] and Esakia
and Meskhi [44] independently:

2.1.57. THEOREM. There are exactly 5 pretabular extensions of S4 and all of
them are finitely axiomatizable and finitely approximable.

We will study pretabular tense logics in Chapter 4.

2.1.5 Polymodal logic

So far, we have reviewed the preliminaries on normal modal logics with a single
modal operator [J. Most of the definitions and properties can be generalized to
normal polymodal logics, that is, modal logics with multiple modalities. Formally,
for each n € Z™*, the language %, of n-modal logic is obtained by adding modal
operators L, - -+ ,[J,,_1 to .Z,. The set Form,, of n-modal formulas is defined by

Form, 2o u=p| L] (¢ —=¢) | Ty,

where p € Prop and ¢ € n. A normal n-modal logic is a set L C Form,, such
that (i) CPC C L; (ii) Di(p — ¢) — (Lip — U;q) € L for all i € n; and
(iii) L is closed under (MP), (Sub) and (Nec;) for all i € n. Let K,, denote the
least normal n-modal logic. Relational semantics and algebraic semantics can be
naturally generalized to n-modal logics. As in Sections 2.1.1 and 2.1.4, the logical
properties that have been discussed so far can be defined for polymodal logics as
well (see, e.g., [29]). The following completeness theorem holds for all n € Z*:

2.1.58. THEOREM. Let L € NExt(K,,). Then L = Log(DFr,(L)) = Log(MA,,(L)).

In the next section, we review tense logics, which are a particular class of 2-
modal logics. For a more comprehensive discussion of polymodal logics, we refer
the reader to [126].

2.2 Tense Logic

In this section, we review preliminaries on tense logics. Tense logics are modal
logics with two modalities [J and €. The formal language £, of tense logic is
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obtained from .5 by adding the diamond operator €. The set Form; of all tense
formulas is defined by

Form; 2 pu=p|L](p—=¢)|Op|®p,

where p € Prop. Intuitively, formulas of the form [J¢ are read as ‘It is always
going to be the case that ’, and formulas of the form € ¢ are read as ‘It was at
some point in the past that ¢’. We choose [J and € to be primitive modalities
in %, since the adjointness of [] and € (see Definition 2.2.1) is one of the most
important properties of tense logics.

The connectives T, A, V and the modality < are defined as usual. The dual
M of @ is defined by By = - —p. Let var(y) denote the set of all propositional
variables in ¢. We call ¢ a closed formula if var(p) = @. For each n € w, let

Prop(n) = {p; : i < n} and Form,(n) := {¢ € Form, : var(¢) C Prop(n)}.

A substitution is an endomorphism (-)* : Form; — Form, of the formula algebra
Sorm,. The modal depth md(yp) of ¢ is defined as follows:

md(p) = 0,
md(L) =0,
md(p — ) == max {md(p), md(¢)},
md(O¢) == md(p) + 1,
md(® ) :=md(p) + 1

2.2.1. DEFINITION. A tense logic is a set of formulas L C Form; such that
(Tau) CPC C L;
(Adj) ®p — ¢ € Lif and only if p — O € L;
(MP) if o, o — ¢ € L, then ¢ € L;
(Sub) if p € L, then ¢* € L for every substitution s.

The least tense logic is denoted by K;. The proof-theoretic notions such as con-
sistency, L-consistency and deduction are defined analogously to the modal case.

2.2.2. REMARK. Let L be a tense logic. Then the dual (Adj?) of (Adj) holds:
(Adj?) O — ¢ € L if and only if ¢ — B € L.

Indeed, assume & — 1p € L. Then ) — O—p € L. By (Adj), ® Y — —~p € L
and so ¢ — My € L. The other direction is similar.



2.2. Tense Logic 39

Note that we could also choose B as a primitive modality instead of ®. The
following propositions show that tense logics can in fact be defined as normal
bimodal logics equipped with additional axioms.

2.2.3. PROPOSITION. Let L be a tense logic. Then for all X € {{T, W} :
(1) ®(pAq) < (KpAKgq) € L; and
(2) XT € L.

Proof:
Suppose L is a tense logic. For (1), we prove only C(p A q) <» (Op Algq) € L.
Since Op ACqg — Op € L, by (Adj), we have #(dpAq) — p € L. Analogously,
®(pAq) — q € L. Thus, we obtain that ¢(dp Alq) — p A g € L and so
OpAOq) — OpAq) € L. Since (pAq) = O(pAq) €L, by (Adj), we have
®pAgq) = (pANq) € L. Then ®0(pAq) - p € L and ®(pAq) — q € L.
By (Adj) again, O(pAq) = 0Op e LandO(pAq) —UOg € L. Hence, O(p A q) —
Op Agq € L. Now we see that the case X = B follows from (Adj?).

For (2), since T — T € L and T — T € L, by (Adj) and (Adj?), we have
T—MBTeLland T—-0OTe€L. Thus, BT € Land T € L. O

2.2.4. PROPOSITION. Let L C Form;. Then L is a tense logic if and only if
(1) L is a normal bimodal logic, and
(2) p—0O®pe Landp —BOp € L.

Proof:

Suppose L is a tense logic. Then (1) follows from Proposition 2.2.3. For (2), since
®p > ®pc Land Op— Op € L, by (Adj) and (Adj?), we have p — C@®p € L
and p — BOp € L.

Suppose L C Form; satisfies (1) and (2). Let ¢,¢ € Form,. Suppose ¢ —
Oy € L. By (1), o — @y € L. By (2), ®J¢Y — ¢ € L. Thus, ® ¢ — ¢ € L.
Suppose € — ¢ € L. Then by (1) and (2), J€®p -y € L and p — € p €
L, which entails that ¢ — v € L. Thus, (Adj) holds. Note that (Tau), (MP)
and (Sub) follow from (1). Hence, L is a tense logic. O

Similar to the modal case, for every tense logic L and set of formulas 2, let
L ® ¥ denote the smallest tense logic containing L U Y. A tense logic L, is a
sublogic of Ly (or Ly is an extension of Ly) if Ly C Ly. Lo is called a proper
extension of Ly if Ly D L. For every tense logic L, let NExt(L) be the set of all
extensions of L, that is,

NExt(L) :={L' D L: L' is a tense logic}.
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Clearly, (NExt(L),C) is a complete lattice with top Form; and bottom L. For
tense logics L1 C Lo, we define the interval between L, and L, as follows:

[Ly, L) = {L € NExt(K,) : Ly C L C Ly}.

2.2.5. REMARK. In this thesis, we use the notation NExt(L) for both modal and
tense logics. The intended interpretation will always be clear from the context.

2.2.1 Relational semantics

Now we move to the Kripke semantics for tense logics.

2.2.6. DEFINITION. A Kripke frame for tense logic is a pair § = (X, R) where
X # @ and R C X x X. The inverse of R is defined as R™' = {(y,z) : Rxy}.
The inverse of § is defined as the frame §~' = (X, R™1). For every Y C X, let

RY]={z€ X:3yeY(Rzy)}.

For all z € X, we write R™![z] for R™'[{z}].
Let Fr and Fin denote the class of all frames and finite frames, respectively.

The Kripke semantics for tense logic is given as follows:

2.2.7. DEFINITION. A Kripke model is a pair M = (§, V) where § = (X, R) is
a frame and V' : Prop — P(X) is a valuation in §. For every point z € X and
formula ¢, we define the relation ‘@ is true at x in 9’ (notation: M, x F ¢) by

Mz E L never

M zEp if and only if x € V(p), for all p € Prop
MarEep—1 ifandonly if M xF por MaEY

M,z EOe if and only if 9,y F ¢ for all y € R[z]
Mz ®p if and only if 9,y F ¢ for some y € R[]

As the reader might have noticed, Kripke frames for tense logics and those for
modal logics are exactly the same as mathematical objects (see Definitions 2.2.6
and 2.1.15). However, general frames for tense logics are different from those for
modal logics.

2.2.8. DEFINITION. A tense general frame is a triple F = (X, R, A) where (X, R)
is a frame and A C P(X) is a set such that

(1) @ € A;

2) UNV e Aforall U,V € A;
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(3) X\ U,R[U],R"\[U] € A for all U € A.

Again, we call kF = (X, R) the underlying frame of F and A C P(X) the set of
internal sets in F. Let GFr denote the class of all tense general frames. We simply
write general frame for tense general frame if there is no danger of confusion.

Differentiated and compact tense general frames are defined as in the modal
case. A tense general frame F = (X, R, A) is tight if for all z,y € X such
that y ¢ R[z], there are internal sets U,V € A such that z € U\ R~ ![V] and
y € V'\ R[U]. Again, F is refined if F is both differentiated and tight; and F is
descriptive if F is both refined and compact. Let RFr and DFr denote the classes
of all refined and descriptive tense general frames, respectively.

We use the notations GFr, RFr and DFr for classes of tense general frames,
whereas in the previous section the same notation was used for modal general
frames. Throughout this thesis, whenever the meaning is clear from the context,
we allow this kind of ambiguity in order to simplify notation.

The general frame semantics for tense logic is given as follows:

2.2.9. DEFINITION. Let F = (X, R, A) be a general frame. Then a function
V' : Prop — A is called an admissible valuation in F. An admissible valuation
V i Prop — A is extended to V' : Form; — A as follows:

V(L) =g, Vip =) ==V(p) UV (¥),
V(®yp) = R[V(p)], V(@) = —R'[-V(p)].

A general model is a pair M = (F, V) where F € GFr and V' is an admissible
valuation in F. Truth and validity are defined analogously to the modal case, and
we use the same notation. For all sets ¥ C Form, and classes K C GFr of general
frames, let

KEX)={FeK:FEX} and Log(K) = {p € Form; : K E ¢}.
We call Log(K) the tense logic of K.

The reader can readily check that the general frame semantics generalizes
the Kripke semantics for tense logics. Next, we recall the main operations on
general frames: generated subframes, disjoint unions, and tense-morphisms (t-
morphisms). These operations are defined differently for tense general frames
than for modal ones. In addition, we also recall ultraproducts of general frames.

Generated subframes

Let F = (X, R, A) € GFr. Since we have modalities for both R and R™!, the
definition of generated subframes is closely connected to the relation Ry defined
as follows.
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2.2.10. DEFINITION. Let § = (X, R) be a Kripke frame and z € X. For all
n € w, we define R}[r] inductively as follows:

R[z] == {x} and R[""'[z] := R}[z] U R[R}[z]] U R [Ry[«]).
Moreover, we define R;[z] := R}[z] and Ry[z] == Uye, RE[2].

The reader can readily check that for each Kripke frame § = (X, R), the
binary relation Ry is exactly (= URU R™!) on X. In other words,

Ry ={(z,y) € X x X : & =y or Rxy or Ryx}.

It follows by induction on n that for all x,y € X, if y € R}'[z], then there exists
k <n and a sequence (x; : i < k) such that

(1) x = x,
(2) y =k, and
(3) %it1 € Ry[z;] for all i < k.

In this case, we call (z; : i < k) a path from x to y of length k.
Before introducing the definition of generated subframes, we introduce the
diamond modalities AS" associated with the binary relations Ry.

2.2.11. DEFINITION. For each n € w and ¢ € Form;, we define AS"¢ by:
Ao = and AS"Tlp = AS"p V OAS"p V ¢ AS"p,

The dual V=" of AS" is defined by V="¢ := =AS"—.
For example, we have

AS'p=pVOpV ep,

A2y = ASlp VO AS) v @ ASly
=pVOpVepVvVO(pvOpVep VepvopV ep)
SpVOpVepVOipVOepV eOpV €2,

The following lemma is straightforward.

2.2.12. LEMMA. Let F = (X, R, A) be a general frame and M = (F, V') a model.
Then for all x € X, ¢, € Form; and n € w,

(1) M,z E AS"p if and only if M,y E ¢ for some y € Ry [x].

(2) F,x & A" whenever F,y k ¢ for some y € R}[x].



2.2. Tense Logic 43

Proof:
(1) follows from an easy induction on n and (2) follows from (1) immediately. O

Now we introduce the definition of generated subframes.

2.2.13. DEFINITION. Let F = (X, R, A) be a general frame and Y C X. The
subframe F|Y of F induced by Y is defined by F|Y = (Y, R[Y, AlY'), where

RIY =RN((Y xY)and AlY ={UNY : U € A}.

The subframe of F generated by Y is defined to be FIRY[Y]. A general frame G
is called a generated subframe of F if G = F[R{[Y] for some Y C X.

For all z € X, let F, denote the frame F[ R [x]. Then we call F, the subframe
of F generated by x and x a root of F,. We call F a rooted frame if F = F[ Ry 7]
for some xz € X. For each class I of general frames, we write I, for the subclass
of all rooted elements in K, that is, K, .= {F € K : F is rooted}.

In general, given a rooted frame § for bimodal logic, it is not true that every
point in § is a root of §. However, for rooted frames in tense logic, this is true.
The key observation is that given a path (x;: i < k) from z to y, the sequence
(rp—; 1 < k) is always a path from y to z. As the following proposition shows,
every point in a rooted frame can be regarded as a root.

2.2.14. PROPOSITION. Let F = (X, R, A) be a rooted general frame. Then
RY[r] = X for allz € X. As a corollary, F =T, for all v € X.

The following lemma captures a basic stabilization property of Ry

2.2.15. LEMMA. Let F = (X, R, A) € GFr and x € X. Then for every n € w,

RY[z] = Rg“[x] if and only if RY[z] = RY|x].

Proof:
The right-to-left direction is trivial. Suppose R[z] = R}*'[z]. Then by induction
on k > n, we have Rf[z] = R}[z]. Thus, Ry [z] = Uye, RE[z] = R} [x]. O

It should be clear that if a general frame is differentiated or tight, then so are
its generated subframes. Moreover, the following proposition holds:

2.2.16. PROPOSITION. Let F = (X,R,A) € DFr and v € X. Then F, € RFr.

Next, we establish several propositions concerning the truth of formulas in GFr.
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2.2.17. PROPOSITION. Let F = (X, R, A) be a general frame, x € Y C X and
n € w. Suppose RY[x] C Y. Then for all p € Form; such that md(p) < n,

F,x E ¢ if and only if FIY,z E .

Proof:
By induction on md(¢p). 0

Consequently, generated subframes preserve validity, that is,

2.2.18. PROPOSITION. Let F = (X, R, A) be a general frame and G a generated
subframe of F. Then Log(F) C Log(G).

The following lemma shows that, over rooted general frames, taking intersec-
tions of tense logics corresponds exactly to taking unions of their frames.

2.2.19. LEMMA. Let Ly, Ly be tense logics and KK C GFr,.. Then K(L; N Ly) =
K(L1) UK(Ls).

Proof:

Clearly (L1 N Ly) O K(Ly) UK(Lg). Take any F = (X, R, A) € K(L; N Ly).
Suppose F & K(Ly) U K(Lg). Then there are ¢; € Ly, 9 € Ly and z,y €
X such that F,x ¥ ¢ and F,y ¥ 5. Moreover, we may assume there is no
common variable in ¢/; and 5. Thus, there exists a valuation V' in F such that
F,V,x F =y and F,V,y F —a)y. Since F is rooted, y € R}[x] for some n € w.
Thus, F,V,x E =, A =V="1),. Note that ¢, V V=" € L1 N Ly. Then we have
F & KC(Ly N Ly), which leads to a contradiction. 0

Disjoint unions

The definition of disjoint unions is essentially the same as in the modal case.

2.2.20. DEFINITION. Let F = (F; = (X, Ri, A;))ier be a family of general
frames. Then the disjoint union W;c; F; = (X, R, A) of F is defined as follows:

e X = UiGIXi X {Z},
e R:={((x,7),(y,i)) : Rjzy and i € I}, and

e A={UCX :Viel{yeX;:(y,i) e U} e A))}.

Validity of tense formulas are preserved under disjoint unions:
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2.2.21. PROPOSITION. Let F = (F; = (X;, Ri, 4;))ier be a family of general
frames. Then for alli € I, v € X; and ¢ € Formy, the following holds:

Wier Fi, (z,0) ¥ @ if and only if F;, x ¥ .
As a corollary, we have Log(W;cr Fi) = Nier Log(Fy).

Next, we introduce t-morphisms, i.e., p-morphisms for tense general frames.

T-morphisms

2.2.22. DEFINITION. Let F = (X, R, A) and F' = (X', R’, A’) be general frames.
A map f: X — X'is called a t-morphism from F to F’ (notation: f:F — F’), if

o forallY' € A/, f71[Y’] € A; and
o forall x € X, f[R[z]] = R'[f(x)] and f[R™'[z]] = R"'[f(z)].

We write f: F — F and f: F 2 F if f is a surjective and bijective t-morphism
from F to ', respectively. Moreover, F' is said to be (i) a t-morphic image of F
(notation: F — F') if there exists f : F — F’; and (ii) isomorphic to F (notation:
F = F') if there exists f : F = F'. For each class £ C GFr, let My(K) and
[(KC) denote the classes of all t-morphic images and isomorphic images of general
frames in K, respectively.

The following proposition can serve as an alternative definition of t-morphisms:

2.2.23. PROPOSITION. LetF = (X, R, A) andF' = (X', R, A’) be general frames.
Then f :TF — F" if and only if the following conditions hold:

(1) for allY' € A’, we have that f7'[Y'] € A;
(2) for all x,y € X, if xRy, then f(z)R f(y);
(3) forallz € X andy € X', if f(x)R'Y, there exists y € R[z| with f(y) = v/,

(4) for all x € X and v € X', if y R~ f(x), there exists y € R*[x] with
fly) =y

2.2.24. FacT. Let § = (X, R) be a rooted frame, §’' = (X', R’) a frame and the
function f : §F — § an injective t-morphism. Then for all z,y € X, Rxy if and
only if R'f(z)f(y). As a corollary, if §' is rooted, then f: § = §'.

2.2.25. LEMMA. Let F = (X, R, A), G = (Y, S, B) be general frames, f:F — G
and xz,y € X. Suppose f(x) = f(y). Then

f[R[z]] = f[R[y] and f[R™[z]] = fIR™'[y]].
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Proof:
It follows from f : F — G that f[R[z]] = S[f(2)] = S[f(y)] = fIRly]l. Analo-
gously, we obtain that f[R™![x]] = f[R™[y]]. O

By the following proposition, onto t-morphisms preserve validity of formulas:

2.2.26. PROPOSITION. LetF = (X, R, A) andF' = (X', R', A") be general frames
and f:F — F'. Then for all x € X and ¢ € Formy,

F,z E ¢ implies F', f(z) E

As a corollary, Log(F) C Log(F').

Ultraproducts

We review the definition and basic results about ultraproducts of general frames
(c.f. [73]). Recall that for a Boolean algebra B, a subset F' C B is called a filter
in B if all of the following hold:

(1) 1 e F;
(2) forall a,b € F,aNbe€ F;and
(3) foralla € Fand b€ B, a <bimplies b € F.

A filter F in B is called (i) a proper filter if 0 € F'; (ii) an ultrafilter if F is proper
and for all b € B, exactly one of b € F and —b € F holds. Moreover, a filter F' is
called a principal filter if ' = {b € B :b> a} for some a € B. For a non-empty
set I, we say F'is a (proper, ultra-) filter over I if F'is a (proper, ultra-, principal)
filter in P(I).

Now we are ready to define ultraproducts of frames and general frames. For
more details, we refer the reader to [73, Chapter 5.7].

2.2.27. DEFINITION. Let (§; = (X;, R;))icsr be a family of frames and U an
ultrafilter over I. Then the ultraproduct [1; & = (X, R) of (F)ies is defined by:

o X is the wltraproduct of (X;)icy, 6., X = [Iy X; = {[z] : © € [Le; Xi},
where

[x] = {yEHX,- el x(i)=y(i)} e U},

iel

o forall z,y € [Tie; Xy, ([z],[y]) € Rif and only if {i € I : Rz (i)y(i)} € U.
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2.2.28. DEFINITION. Let (F; = (Fi, 4;))ier be a family of general frames and
U an ultrafilter over I. Then the witraproduct T]y F; of (F;)iesr is defined as
(ITy §i, A), where the set A of internal sets is

{[P]: P e HAZ-},

where

[P] = {[x] € I;IX {iel:x(i)e P(i)} e U}.

2.2.29. PROPOSITION. Let (F; = (X;, R, A;))icr be a family of general frames,
U an ultrafilter over I and [ F; the ultraproduct of (F;)ier. Then for all P,Q €
[L;er Ai, the following holds:

=[Pl =[{=P):ie )], [PIN Q] = [(P() N Q) =i € I)],
R[[P]] = [(R:[P(i)] - i € T}], R[P)] = (R~ [P(0)] - i € I)].

As a corollary, [1y F; is a general frame. Moreover, if F; is differentiated (respec-
tively, tight) for each i € I, then [Ty F; is differentiated (respectively, tight).

Proof:

The fact that [[; F; is a general frame follows from [73, Proposition 5.7.1]. Sup-
pose F; is differentiated for each ¢ € I. Take any distinct [z],[y] € X. Then
J={jel:xz(j)#y(j)} € U. Foreach j € J, there exists P; € A; such that
x(j) € Pjand y(j) € P;. Let [P] € A be such that P(j) = P; for all j € J. Then
clearly, [z] € [P] and [y] & [P], which entails [[;; F; is differentiated. The case
for tightness is similar. O

2.2.30. THEOREM. Let (M; = (F;,V;))ier be a family of models, V = (V; :i € I)
and U an ultrafilter over 1. Let [V] be the valuation in [ F; such that [V] :p+—
[(Vi(p) : i € I)]. Then for allx = (z; :i € I) and p € Formy,

(1) TIg Fi, [V], [x] E @ if and only if {i € I : M, x; F o} € U.
(2) Wicr Fi E @ implies [Ty Fi E .

Proof:

(1) follows from [73, Theorem 5.7.2]. For (2), suppose W;c; F; F . Take any
y = (y; : ¢ € I) and valuation V’ in []y; F;. Note that for all j € w, V'(p;) = [P}]
for some P; € [[;e; A;. For all i € I, let V! be the valuation in F; such that
V/(p;) = P;(i) for all j € w. Then we see V' = [(V/ : i € I)]. Since W,c;F; F ¢,
we have {i € [ : F;,V/,y; F ¢} =1 € U. Then by (1), [Ty F:, V', [y] E . O
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2.2.31. REMARK. Let L be a tense logic. By Theorem 2.2.30, GFr(L) is always
closed under ultraproducts. However, Fr(L) is not closed under ultraproducts in
general. Consider the logic L = K; @ grz", where grz" is the Grzegorczyk formula:

grzt = OO(p — Op) = p) — p.

As we will see later in Section 2.2.4, a frame § validates grz™ if and only if § is a
Noetherian pre-order, i.e., a pre-order containing no infinite ascending chain (see
also [29, Proposition 3.48]). For each n € Z™, let €h,, be the reflexive-transitive
chain of n elements, that is, €h,, = (n,<). Let U be a non-principal ultrafilter
over w. Then clearly, €h,, € Fr(L) for all n € Z*. However, it is not hard
to verify that [];; €h, contains an infinite ascending chain, which entails that

2.2.2 Tense algebras

In this section, we review the algebraic semantics for tense logics. Let us begin
with the definition of tense algebras.

2.2.32. DEFINITION. A tense algebra is an algebra 2 = (A; A, Vv, —,[0, €,0, 1) of
the similarity type (2,2,1,1,1,0,0) where

o (A;N,V,7,0,1) is a Boolean algebra;
o forall z,y € A, ®x <y if and only if x <[y.

We often write (A,[], ®) for 2 if there is no danger of confusion. Let TA denote
the class of all tense algebras. Moreover, let TA denote the category whose objects
are tense algebras and whose morphisms are homomorphisms of tense algebra.

As in the modal case, tense logics are closely related to varieties of tense algebras.

2.2.33. THEOREM. Let A(TA) be the lattice of all subvarieties of TA. Then the
Junction TA : L — {A € TA: A E L} is an isomorphism from NExt(K;) to A(TA).

As a consequence, every tense logic is algebraically complete.
2.2.34. COROLLARY. For every tense logic L € NExt(K;), we have that
L = Log(TA(L)).

Let DFR denote the category of tense descriptive frames, that is, the category
whose objects are elements of DFr and whose morphisms are t-morphisms. Then
we have the following duality between DFR and TA:
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2.2.35. DEFINITION. The functor (-), : TA — DFR is defined as follows:

o For each A = (A;[J,®) € TA, the descriptive frame A, = (Xgy, Ry, Aq) is
defined by

— Xy is the set of all ultrafilters in ;
— for all z,y € Xy, Ryzxy if and only if {a € A:0a € x} C y; and
— Ay = {p(a) : a € A}, where ¢(a) = {x € Xy : a € z} for each a € A.

o For each homomorphism f : A — B of tense algebras, the map f, : B, —
2, is defined by f.(y) = f[y] for all y € X.

The functor (-)* : DFR — TA is defined as follows:
o For each F = (X, R, A) € DFr, we define the tense algebra

F* = <A1F;ﬂ7U7X \ (')7DF7’IF7®7X>
by taking Ap = A, O : a— X \ (R7'[X \ a]) and €5 : @ — R][a].

o For each t-morphism f : F — G, we define f*: G* — F* by f*(y) = f~'[y]
for all y € Ag.

For all 2l € TA and F € DFr, the maps ¢g : A — 2.* and e¢p : F — F*, are
defined by

pa(a) ={x € Xy :a €z} and ep(x) ={U € Ay : x € U}.

The reader can check that the functors (-)* and (), are well-defined and ¢, ¢
are natural isomorphisms. Moreover, the following theorem holds.

2.2.36. THEOREM (Duality). ((*)«, (-)*, v, €) is a duality between TA and DFR.
As a corollary, DFR ~° TA and the following proposition holds:
2.2.37. PROPOSITION. For all tense logic L, we have that
L = Log(DFr(L)) = Log(RFr.(L)).

Proof:

The equation L = Log(DFr(L)) follows from Theorems 2.2.36 and 2.2.33. Let
F = (X,R,A) € DFr(L) and = € X. By Proposition 2.2.16, the subframe F, of F
generated by z is refined. Note that Log(F) = Log({F,. : € X'}). Thus, we have

L = Log(DFr(L)) D Log({F, : F € DFr(L) and = € F}) D Log(RFr,(L)) D L,

which entails that L = Log(RFr.(L)). O
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2.2.3 Finitely alternative tense logics

Throughout this thesis, we will encounter many tense logics with bounded param-
eters, for example, tense logics of bounded depth, bounded width and bounded
degree of reachability (see Chapter 4). These logics will play important roles in
our study. In this section, we recall finitely alternative tense logics from [84]. This
gives an initial picture of how we approach the study of lattices and properties of
tense logics.

Let n,m € w. A tense logic L is called (n,m)-alternative if L O T,,, =
K; @ {alt}, alt, } where the formulas alt! and alt_ are defined by:

alt) == Opo VO(po = p1) V- VO(pPo A ADu_1 = Dn)
alt,, =Mp, VE(po = p1)V---VI(po A A Pp1 — D).

By definition, T,,,, is the minimal (n, m)-alternative tense logic. We say that L
is finitely alternative it L O T,,,, for some n,m € w.

2.2.38. LEMMA. For every differentiated F = (X,R,A) € GFr, z € X and
n,mecuw,

(1) F,x & alt} if and only if |R[z]| < n;
(2) B,z E alt,, if and only if |[R7[z]| < m.

Proof:

For (1), suppose |R[z]|| > n. Let W = {wy,--- ,w,} C R[z] such that |W| > n.
Since F is differentiated, there exists a valuation V' in F such that V(p;) = W'\
{wg, ..., w;} for all i < n. Clearly F,V,x ¥ alt}, which entails F,z ¥ alt). The

n?

other direction is straightforward. The proof of (2) is similar. O

Now we show that every finitely alternative tense logic is Kripke complete.

2.2.39. DEFINITION. Let F = (X, R, A) € GFr. Then F is said to be image-finite
if |Ry[z]| < W for all z € X.

2.2.40. LEMMA. Let F = (X, R, A) € GFr be image-finite. Then
(1) |Ry[z]| <o for allz € X andn € w.
(2) If F is differentiated, then Log(FF) = Log(kF).

Proof:
For (1), we prove by induction on n. The case n = 0 is trivial. Suppose n > 0.
Then by induction hypothesis, we have
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|RY ]| < ZyeRgfl[ﬁ] | By[y]| < No.

For (2), it suffices to show Log(F) C Log(xF). Take any ¢ ¢ Log(k[F). Then there
exists x € X and a valuation V in s such that xF, V.2 ¥ ¢. Let d(p) = m.
By (1), R{*[z] is finite. Since I is differentiated, there exists a valuation V' in F
such that V' (p) N R}*[x] = V'(p) N R{*[z] for all p € Prop. Thus, (kF,V)[R]"[z] =
(F, V')IR*[z]. Note that d(¢) = m. Hence, we have F, V', x ¥ ¢, which entails
¢ ¢ Log(F). O

As a corollary, we obtain canonicity of finitely alternative tense logics.
2.2.41. LEMMA. Let F € GFr(T,,,,) be differentiated. Then Log(F) = Log(kIF).
2.2.42. THEOREM. FEvery L € NExt(T,, ) is canonical and so Kripke complete.

For proof details of Lemma 2.2.41 and Theorem 2.2.42, see [84].

2.2.4 Transitive tense logics

In this section, we focus on transitive general frames and transitive tense logics. A
tense logic L is called transitive if L € NExt(K4;), where K4, := K, @Op — OOp.

Let us start by reviewing some famous transitive tense logics S4;, Lin;, S4.3,
and S5;, which are defined as follows:

o S4, = K4, &Up — p;
e Linp =K4 0 (COpVveOp - pVOpV ep);
e S43, =S4, (COpVe) 5 pVOpV ep);
e S5, =S4, @ p— OOp.
A frame § = (X, R) is called linear if R is a linear relation on X, that is,
Vey € X(Rxy V Ryx V x = y).
Then the following proposition holds:
2.2.43. PROPOSITION. Let § = (X, R) be a frame. Then
(1) § E S4; if and only if § is a pre-order;
(2) § E Lin, if and only if § is transitive and linear;

(3) §E S4.3, if and only if § is a linear pre-order;
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(4) § E S5 if and only if § is an equivalence frame.

We then review some basic notions and facts about transitive general frames.

2.2.44. DEFINITION. Let F = (X, R, A) € GFr(K4,) and x € X. Then the cluster
generated by x, denoted by C(z), is defined as follows:

C(z) = (R[] N R™'[a]) U {x}

A subset C' C X is called a cluster in F if C = C(z) for some x € X. We call C
a (1) proper cluster if |C| > 2; (ii) non-degenerated cluster if C N R # &; and (iii)
degenerated cluster if |C| = 1 and R[C = &. Moreover, we call § a cluster if X
is a cluster in §.

2.2.45. DEFINITION. Let F = (X, R, A) be a transitive general frame and n €
Z*. We say F is of girth n (notation: gir(F) = n) if there exists a cluster C' in
[F such that |C| = n and there is no cluster in [F of larger size. We say that the
girth of F is infinite and write gir(F) = Ry, if for all k& € Z™, there exists a cluster
C in F such that |C| > k.

As the reader can see, girth measures the maximal size of clusters. Unlike
the parameters that will be introduced in Chapter 4, there exists no formula that
bounds girth. Nevertheless, there exist formulas whose validity guarantees that
the girth is bounded. Consider the formulas grz* and grz~ defined as follows:

grzt =00(p —Op) = p) = p

grz- =H(l(p —MWp) = p) — p.
The formula (grz") is known as the Grzegorczyk formula. Recall that a frame
§ = (X, R) is called Noetherian if it contains no infinite ascending chain. By [29,
Proposition 3.48], a frame validates grzt if and only if § is reflexive, transitive,

antisymmetric and Noetherian. Recall that for a frame § = (X, R), we write § !
for the frame (X, R™!). Then the following proposition holds:

2.2.46. PROPOSITION. Let § = (X, R) € Fr(S4;) and v € X. Then
(1) &,z E grzt if and only if § is antisymmetric and Noetherian,
(2) §,x E grz™ if and only if ' is antisymmetric and Noetherian;

(3) §,x Egrz” if and only if ',z F grz*.
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The final task in this section is to show that the girth of finitely generated
refined frames are bounded. We begin with the definition of finitely generated
frames. Recall that a tense algebra 2 = (A;J, ®) is finitely generated if there
exists a finite subset B of A such that for all a € A, there exist by,--- ,b, € B
and ¢(p1, -+ ,pn) € Form; such that a = (by, -+ ,b,). Then a general frame
F = (X, R, A) is called finitely generated, if the tense algebra F* = (A;[Jy, ®p) is
finitely generated.

Let 9t = (X, R, V) be a model and ¥ a set of formulas. Then for all z,y € X,
we say « and y are equivalent with respect to ¥ (notation: x =y, y) if

{¢ € Form; : M,z E p} = {p € Form, : M,y F ¢}.

2.2.47. LEMMA. Let M = (X, R,V) be a model and C C X be a cluster in the
frame (X, R). Supposen € w, x,y € C' and T =propn) Y- Then © =g,m) y.

Proof:

The proof proceeds by induction on . The case ¢ € Prop(n) follows from
T Zprop(n) ¥ immediately and the Boolean cases are standard. Consider the case
w =0%. Suppose M,z E . Then M, z F ¢ for all z € R[y]. Since C is a cluster
and z,y € C, we see R[z] = Rly|]. By induction hypothesis, I, z E ¢ for all
z € Rly]. Thus, M,y E . Symmetrically, MM, y E ¢ implies M, = F ¢. Note that
R™'[x] = R~'[y], the proof for the case p = #1) is similar. O

Now we are ready to prove the following theorem:
2.2.48. THEOREM. Let F € RFr be finitely generated. Then gir(F) < N,.

Proof:

Let F = (X, R, A) be generated by Uy, --- ,U,_1 € A for some n € w. Let V be a

valuation in F such that V (p;) = U, for alli < n. Then A = {V(¢) : ¢ € Form;(n)}.
Let M = (IF, V). Since F is differentiated, & Zrorm,(n) ¥ for any distinct z,y € X.

Take any cluster C'in F. By Lemma 2.2.47, & Zpyop(n) y for any distinct z,y € X.

Thus, |C| < 2™ < V. Since C' is chosen arbitrarily, gir(F) < 2" < Ny. O

So far, we have provided the necessary preliminaries on modal and tense
logics, including their semantic and algebraic foundations. With this background
in place, we now turn to the main subject of this thesis. Beginning with the next
chapter, we undertake a systematic study of the lattices of tense logics.






Chapter 3

Tabularity and Post-Completeness in
Tense Logic

In this chapter, which is based on [34], we study tabularity and Post-completeness
in lattices of tense logics. Let us recall some notions and results from [29, 73].
Recall that a polymodal logic L C Form,, is tabular if L = Log(2l) for some
finite modal algebra 2. Blok and Kohler [18] provided a finite axiomatization
for every tabular quasi-normal logic.! Finite axiomatizability of tabular normal
modal logics follows from general results on universal algebra by Funayama and
Nakayama [56] and Baker [2]. It is well-known that tabularity in normal modal
logics can be characterized by a family of modal formulas alt,, and tra, (see, e.g.
[29, Chapter 12]). Similar result holds for polymodal logics [29, p.430]. Every
tabular modal logic has finitely many extensions and all of them are tabular, and
all tabular modal logics are finitely axiomatizable (see [29, 136]).

Recall that a (normal) polymodal logic L C Form,, is Post-complete if L #
Form,, and there exists no consistent proper (normal) extension of L. Research
on the Post-complete modal logics dates back to McKinsey [95]. Post-complete
extensions of modal logics were studied by Makinson and Segerberg [88], Sambin
and Valentini [113] and Bellissima [5]. Recall that a is a co-atom in a bounded
lattice £ if a # 1 and there exists no b € £ such that a < b < 1. Algebraically, a
normal polymodal logic L C Form,, is Post-complete if L is a co-atom in the lattice
NExt(K,,). In general, Post-completeness is not merely a property of a logic, but
also a property of the lattice to which it belongs. In lattices of quasi-normal
monomodal logics and polymodal logics, Post-completeness is quite complicated
(see [29, 88, 116, 55]). For example, Chagrov [23] proved that there are 2% Post-
complete quasi-normal modal logics extending K4 (see also [29, Theorem 13.15])
and there exists a bimodal logic that has 2% many Post-complete extensions
(see, e.g., [73]). However, Makinson [87] showed that there are exactly two Post-

1A quasi-normal modal logic is a set L D K closed under (MP) and (Sub).

95
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complete logics in NExt(K) (see also [29, 73]). Post-completeness is also related
to tabularity. A consistent quasi-normal modal logic is called anti-tabular if it
has no finite models. A quasi-normal modal logic L is anti-tabular if and only
if all Post-complete extensions of L are not tabular. If a quasi-normal modal
logic L O K4 has infinitely many Post-complete extensions, it has an anti-tabular
extension (see, e.g., [29, Theorem 13.22]).

In this chapter, we study tabularity and Post-completeness in lattices of tense
logics. A characterization of tabularity in NExt(K;) has been given by Chagrov
and Shehtman [30]. They proved that a tense logic L is tabular if and only if
a, N B, € L for some formulas «,, and 3,. We give a new criterion of tabularity
in NExt(K,) by defining formulas tab! with n > 1 (Theorem 3.1.8). We discuss
the relation between our characterization and the one given by Chagrov and
Shehtman [30] in Remark 3.1.11. As far as Post-completeness in NExt(K;) is
concerned, it is known that there exist infinitely many Post-complete tense logics
(132, 84]. In this chapter, we give three characterization theorems for Post-
completeness in NExt(K;): (i) the first theorem gives three equivalent conditions
for Post-completeness of a tense logic Log(F) where § is a finite rooted frame
(Theorem 3.2.13) — Rautenberg’s characterization of tabularity of tense logics in
[107] follows from this result; (ii) a tabular tense logic L is Post-complete if and
only if L has only one rooted frame up to isomorphism (Theorem 3.2.19); and (iii)
a consistent tense logic L is Post-complete if and only if it satisfies two conditions
on closed formulas, i.e., formulas without propositional variables (Theorem 3.3.4).
Using these results, we determine the Post-numbers, the number of Post-complete
extensions, of tense logics such as K4,, D4, and B;. As a corollary, we obtain that
there exist continuum many Post-complete tense logics.

This chapter is structured as follows. Section 3.1 gives some preliminaries on
tabularity of tense logics and a new characterization of tabularity in NExt(Ky).
Section 3.2 proves two characterization theorems on Post-completeness in the set
of all tabular tense logics. In Section 3.3, we give a characterization theorem for
Post-completeness in NExt(K;). Section 3.4 provides some concluding remarks.

3.1 A New Characterization of Tabularity in NExt(K;)

In this section, we first review the definition and basic properties of tabular tense
logics. Then we present a new characterization of tabularity in tense logics and
compare our characterization with the one given by Chagrov and Shehtman [30].

3.1.1. DEFINITION. A tense logic L is called tabular if L = Log(%l) for some finite
algebra 2A; and non-tabular if L is not tabular. Let TAB be the set of all tabular
tense logics.

By the duality between finite tense algebras and finite frames, we have
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3.1.2. PROPOSITION. Let L be a tense logic. Then L is tabular if and only if (i)
L = Log(F) for some finite frame §; or (ii) L is inconsistent, i.e., L = Form,.

In what follows, we adopt Proposition 3.1.2 as an alternative definition of tabular
tense logics and use it without further mention.

For a class IC of general frames, recall that the quotient /= of K by iso-
morphism is defined by /= = {[F]~ : F € K}, where [F]~ = {F' € £ : F =2 F'}.
We say that KC is finite up to isomorphism (notation: || < W) if [IC/=| < No.
Moreover, we write |[IC| = n if |K/=| = n for some n € w.

It is not hard to verify that K is finite up to isomorphism if and only if there
exists a finite set K' = {F; : i < n} such that K is included in the class of all
isomorphic images of X', i.e., L C I(K').

3.1.3. PROPOSITION. Let L be a tense logic. If L = Log(K) for some class IC of
finite frames such that |KC| < W, then L is tabular.

Proof:

Suppose L = Log(K) for some class K of finite frames such that || < N,. If
I = @, then L is inconsistent and so tabular. Suppose K # &. Then there
exists a finite set ' = {F; : ¢ <n} of general frames such that K C I(K'). By
Proposition 2.2.21,

L = Log(K) = Log(K') = Log (| F).

i<n
Note that since l¥;.,, F; is a finite frame, we conclude that L is tabular. O
As the reader might have already noticed, tabularity is a rather strong logical

property. By definition, if a tense logic L is tabular, then L has the FMP and is
therefore Kripke complete. Moreover, the following theorem holds:

3.1.4. THEOREM. Let L be a tabular tense logic. Then
(1) L is canonical;
(2) L is finitely axiomatizable;
(3) L is decidable.

Proof:

Take any L € TAB. For (1), if L is inconsistent, then L is canonical trivially.
Suppose L is consistent. Then L = Log(F) for some frame § with |§| =k € w. It
follows that § F alt} A alt;. Thus, Tjx C L. By Theorem 2.2.42, L is canonical.
For (2), note that L = Log(2() = Log(V(2l)) for some finite tense algebra 2. Since
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V(2() is a finitely generated congruence-distributive variety of tense algebras, L
is finitely axiomatizable (see, e.g., [6, Corollary 5.40]). (3) follows from (2) since
L has the FMP. O

Let us now introduce our new characterization for tabular tense logics. Our
characterization is based on the formulas tab!, which are defined as follows:

3.1.5. DEFINITION. For each n € w, the formula tab) is defined as
tabl = < (A" A - A AP,
where ; == —pg A --- A =p;_1 A p; for each i < n. Note that 1y = py.
For example, we have

tab] = (A%l A A=)
_‘(Aglpo A ASI(“po Ap1))
=((po VCpoVepo) A ((mpo Ap1) VO(—po Apr) V €(—po Apr))).

Now let us take a closer look at the formulas tab’. We first show that for
any general frame, if the formula tabz is valid at a point x, then x can access at
most n points in n steps. Recall from Definition 2.2.10 that R}[z] is the set of all
points accessible from x in n steps. Then we have the following lemma holds:

3.1.6. LEMMA. Let F = (X,R,A) € RFr and x € X. Then for alln € w,
F,z E tab? if and only if | R [z]| < n.

Proof:
Let F = (X, R, A) be a refined frame. Take any x € X. Suppose |R}'[z]| > n.
Then there exists W = {wo, -+ ,w,} C Rf[z] such that [W| =n + 1. Since F is
differentiated and W is finite, there exists admissible sets Uy, -+ ,U, € A such
that U; N W = {w;} for all : < n. Let V be a valuation in F such that V' (p;) = U;
for all i < n. By Lemma 2.2.12(1), we have F, V, z E AS™); for all i < n. Hence,
F,x ¥ tab.

Suppose F,z ¥ tabf. Then F,V,z E ﬁtabg for some valuation V in F. Let
M = (F,V). Take any i < n. Then 9,z E AS");. By Lemma 2.2.12(1),
I, w; F 1; for some w; € RY[z]. Note that {wp, -, w,} C Rf[z] and w; # w;
for i # j < n, we see that |R}[z]| > n. O

Moreover, by the construction of tabg,
validates tabg, then x can access at most n points in arbitrarily many steps.
Thus, as we will explain in Chapter 4, the formulas tab’ imply a form of ‘tense
pre-transitivity’.

we can even show that if a point x
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3.1.7. THEOREM. LetF = (X,R,A) € RFr and x € X. Then for alln € w,
F, 2 & tab? if and only if | R[] < n.

Proof:

Note that R[z] C R{[z], the right-to-left direction follows from Lemma 3.1.6
immediately. For the other direction, suppose F,x F tabf. By Lemma 3.1.6,
|R}[x]] < n. It suffices to show that R}[r] = R{[z]. Towards a contradiction,
suppose RP'[x] # R¢[z]. By Lemma 2.2.15, Ri[z] # R;*'[z] for all i < n. Thus,
1 = |R)[z]| < |R}[z]| < --- < |R}[z]|, which entails |R}[z]| > n and contradicts
the assumption |R}[z]| < n. Hence, R} [z] = Rf[z] and so [R{[z]| < n. O

Now we are ready to prove our new characterization theorem.

3.1.8. THEOREM. For every tense logic L € NExt(K;), we have that
L € TAB if and only if tab’ € L for some n € Z*.

Proof:

The case when L is inconsistent is trivial. Suppose L is consistent. Suppose
L € TAB. Then L = Log(F) for some frame § with |§| = n € w. By Lemma 3.1.6,
3§ F tab?, which entails tab? € L. Suppose tab! € L for some n € Z*. Take any
rooted refined frame F = (X, R, A) € RFr,(L) and = € X. Since tab’ € L, we
have F,z F tab]. By Theorem 3.1.7, |R¢[z]| < n, which entails |F| < n. Thus,
|F| < n for every F € RFr,(L), which entails |RFr,(L)| < RX,. It follows from
Proposition 2.2.37 that L = Log(RFr,(L)). Hence, by Proposition 3.1.3, we have
that L € TAB. O

Given the characterization, we obtain the following theorem:

3.1.9. THEOREM. Let L € TAB. Then the following hold:
(1) NExt(L) C TAB; and
(2) NExt(L) is finite.

Proof:

For (1), take any L' € NExt(L). By Theorem 3.1.8, tab. € L C L’ for some
n € w. By Theorem 3.1.8 again, L' is tabular. For (2), note that V(L) has only
finitely many subvarieties (see [6, Corollary 5.12]), by duality, NExt(L) is finite.
O

A tense logic L has codimension n with n € w, if there exists a chain L =
Ly C Ly € -+ C L, = Form; which cannot be refined (see, e.g., [73, 109]). By
Theorem 3.1.9, we have the following corollary
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3.1.10. COROLLARY. Fwvery tabular tense logic is of finite codimension.

In the lattice NExt(S4) of modal logics, every tabular logic has only finitely
many immediate predecessors, and all of those are tabular. Thus, in NExt(S4),
modal logics of finite codimension are exactly tabular modal logics. For more
details, see [29, Chapter 12]. However, as we will see in Section 3.3, in the
lattice NExt(K;), a tense logic of finite codimension is not necessarily tabular. In
Chapter 5, we will see that even in NExt(S4,), there exists non-tabular logics of
codimension 3.

3.1.11. REMARK. The characterization of tabularity given by Chagrov and She-
htman [30] uses formulas «, and 3, with n > 1 which are defined as follows:
(1) «, is the conjunction of all formulas of the form

(i AMi(ye AMa(ys Ao A My_in)) -+ ),
(2) B, is the conjunction of all formulas of the form
My Mg(Mgpayn A= A Mg n),

where s < n, each M; € {O, ¢} with 1 < i < s+ n, and for each 1 < i < n,
Yi=D1 A APi—1 AP ADig1 A+ - App. For every frame § = (X, R) and x € X,
(i) §,z ¥ «, if and only if there exists a route (zg,-- ,x,_1) with z = zy and
x; # x; for all ¢ # j < n; (ii) §,z ¥ B, if and only if there exist s < n and
y € Ri[z] with |R[y] U R™'[y]| > n. It follows that

() if Sy 2 F i A By, then [§,| < f(n) = Si55(n — 1.
By these results, the tabularity in tense logic is characterized as follows ([30]):
(1) A consistent logic L € TAB if and only if a,, A 5,, € L for some n > 1.

Theorem 3.1.9 also follows from (I). For every n > 1, we can show the difference
between tabg and o, A 3,. Consider frames §1,§2, ®; and &, in Figure 3.1.
Clearly, §1,w1 F a, A B, if and only if §o,ws F a,, A B, for each n,m > 1.
It follows that for any n,m € Z*, the formulas o, A 3, cannot distinguish the
pointed-frames (§1,w;) from (F2, wy). However, §,w; F tab? and §o, wy K tab?.
On the other hand, for all n > 1, &, F tab! if and only if &, & tab’. However,
B1,ur Eaz A B3 and By, us ¥ az A Ss.

Intuitively, the formulas tab’ give a better characterization of the cardinality
of frames, while the formulas a,, A 3,, provide more information about the struc-
ture of frames. By Lemma 3.1.6, we can replace the function f(n) in (f) with
n when the cardinality of a frame is concerned. For every rooted frame §, the
formula «,, A 5, gives only the upper bound f(n) for the cardinality |F|, while
the formulas tab! tell the exact cardinality of §, in the sense that |§| = n if and
only if § F tab! and § ¥ tab! ;.
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Figure 3.1: Frames §1, 82, 1 and &,

3.2 Post-completeness in TAB

A characterization of Post-completeness in TAB has been given in [107, Proposi-
tion 2] without giving a proof. In this section, we provide two characterizations.
Let us first recall the definition of Post-completeness and Post-numbers:

3.2.1. DEFINITION. A tense logic L is Post-complete if L is consistent and there
is no consistent proper extension of L. Let PCOM be the set of all Post-complete
tense logics. The Post-number of a tense logic L is the cardinality PN(L) =
INExt(L) N PCOM|.

In this section, we present a new characterization that is called the first Post-
completeness theorem (Theorem 3.2.13). Our characterization is closely connected
to closed formulas. Recall that a formula ¢ € Form, is called a closed formula
if it contains no propositional variable, i.e., var(¢) = @. Let Form! denote
the set of all closed formulas. Note that Form; forms the formula algebra, and
Form? forms the closed formula algebra. A closed substitution is a homomorphism
(-)* : Form; — Form!.

Let us begin with Rautenberg’s characterization of Post-complete tabular
tense logics [107], in which the notion of contraction, a special kind of parti-
tion, plays a central role. A partition of a nonempty set X is a subset 6 C P(X)
such that @ ¢ §, Ud = X and A} N Ay = @ for all A;, Ay € 5. We write Part(X)
for the set of all partitions of X. For § € Part(X) and z € X, we write d(z)
for the element A € 0 such that # € A, and call d(z) the block of x. The trivial
partition of X is Idx = {{x} : x € X}. A partition 0, is a refinement of ds, if for
every A € 4, there exists B € d; with A C B.

Partitions and equivalence relations are two sides of the same coin. Recall that
a binary relation = on a set X is called an equivalence relation if it is reflexive,
transitive and symmetric. We write Eq(X) for the set of all equivalence relations
on X. Let X be a non-empty set. Given any partition ¢ of X, we define

=s={(z,y) € X x X : 0(z) = 0(y)}
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and call it the equivalence relation induced by 0. On the other hand, given an
equivalence relation = on X, we define

o= ={[z]z 1z € X}

and call it the partition induced by =. It is not hard to show that the functions
(1)s and ()= are the inverse functions of each other.

3.2.2. DEFINITION. Let § = (X, R) be a frame. A partition ¢ of X is called a
contraction, if for all z,y € X, the following conditions hold:

(C1) if Rxy and 2’ € 6(z), there exists y' € d(y) with Ra'y'.
(C2) if Ryx and 2’ € 6(z), there exists y' € §(y) with Ry'z’.
Let Ctr(§) be the set of all contractions of §.

Obviously, for every frame § = (X, R), the trivial partition Idx belongs to
Ctr(gF). Then a frame § has no nontrivial contraction if and only if |Ctr(F)| = 1.
Given the relation between partitions and equivalence relations, we have

3.2.3. DEFINITION. Let § = (X, R) be a frame and = an equivalence relation on
X. Then we say that = induces a contraction if d— is a contraction, that is, for
all z,y € X,

(C1) if Rxy and x = 2/, there exists y' = y such that Rx'y'.
(C2') if Ryx and = = 2/, there exists ' = y such that Ry'x’.

It was claimed in [107] that, a tabular tense logic L is Post-complete if and
only if L = Log(§) for some finite rooted frame § with |Ctr(F)| = 1. Let us
take a closer look at the contractions to get a better understanding of the claim
above given by Rautenberg. We prove the following lemmas to show the relation
between contractions and t-morphisms.

Recall that for all functions f : X — Y, the kernel ker(f) is defined as follows:

ker(f) ={(z,2) € X x X : f(z) = f(2")}.
Then the following lemma holds:

3.2.4. LEMMA. Let § = (X, R) and §' = (X', R') be frames and f : § — §'.
Then ker(f) induces a contraction of §.

Proof:

It suffices to show that (C1’) and (C2’) hold for ker f. Take any x,2',y € X such
that f(x) = f(2') and Rxy. By f:§ — §, we obtain that R f(x)f(y). Thus,
R f(«')f(y) and there exists ¢y € R[] such that f(y') = f(y). Hence, (C1’)
holds. Analogously, we see that (C2') also holds. O
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3.2.5. LEMMA. Let § = (X, R) be a frame and § € Ctr(§). Then the function
d:x v 0(x) is a t-morphism from § to §/d = (X/§, R/0), where

X/ =26 and R/6 = {(6(x),0(y)) € 6 x 0 : T2’ € §(x)3y" € §(y)(Rx"y')}.

Proof:

It is clear that Rzy implies (§(x),0(y)) € R/6 for all x,y € X. Take any v € X
and A = 0(z) € 6. Suppose (6(z),A) € R/). Then there exists 2’ € 6(z) and
2" € §(z) such that Rx'z’. Note that x € d(2), by (C1), there exists y € R[z]
such that y € 0(2'). Then we have §(y) = A. Symmetrically, by (C2), for all
z € X and B €0, if (6(z), B) € (R/6)”", then there exists y € R™![z] such that
d(y) = B. Hence, 6 : § — §/9. O

By Lemma 3.2.5, we see that every contraction of § could induce a t-morphism.
On the other hand, by Lemma 3.2.4, every onto t-morphism f : § — § induces
a contraction of §. Thus, by Rautenberg’s claim, a tabular tense logic L is Post-
complete if and only if L = Log(F) for some finite rooted frame § such that
M;(§) = I(F), i.e., every t-morphic image of § is isomorphic to §. By the duality
between finite frames and tense algebras, we see that a tabular tense logic L is
Post-complete if and only if L = Log(2l) for some finite subdirectly irreducible
tense algebra 2 admits no proper subalgebras.

Now we give a new characterization of Post-completeness in TAB utilizing
closed formulas. In what follows, for each frame § = (X, R) and = € X, the
closed theory CT(z) of z in § is defined as CT(x) = {¢ € Form? : §,z F ¢}.

3.2.6. DEFINITION. Let § = (X, R) be a frame. The 0-filtration §¢ of § is defined
by §°¢ = (X, R°) where

(1) X¢={[z].:x € X}, where [z].={y € X : CT(z) =CT(y)}.
(2) R°[z].[y]. if and only if O € CT(x) for every ¢ € CT(y).

We write 05 for X¢ and call it the 0-partition of X by §.
It is not hard to verify that 05 is a partition of §. Moreover, we have

3.2.7. LEMMA. Let § = (X, R) be a frame and § € Ctr(§). Then
(1) for all x,y € X, y € 6(x) implies CT (x) = CT(y);

(2) 6 is a refinement of &5.
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Figure 3.2: A frame § where 05 is not a contraction

Proof:
For (1), take any z,y € X such that y € d(z). It suffices to show that for every
formula ¢ € Form!, §, « F ¢ if and only if §,y F ¢. We prove by induction on ¢.
The atomic and Boolean cases are trivial. Let ¢ =[Jv. Suppose §,z ¥ ¢. Then
there exists y € R[z]| such that §,y ¥ ¢. By (C1), there exists ¢y’ € d(y) N R[z].
By induction hypothesis, §,y ¥ 1, which entails §, 2’ ¥ ¢. Suppose §,z’ ¥ .
By (C2), we see that §,z ¥ ¢. The case ¢ = 41 can be proved analogously.

(2) follows from (1) immediately. O

Lemma 3.2.7 shows that every contraction is a refinement of 5. Thus, if %
itself is a contraction, then it is the maximal one. However, in general, 05 is not
a contraction of §. Consider the non-transitive frame § depicted in Figure 3.2.
The reader can readily check that CT'(x) = CT'(2') and [y]. = {y}, thereby 65 is
not a contraction of §.

In what follows, we introduce the notion of 0-saturated frames and show that
for every O-saturated frame §, the partition 5 is the maximal contraction of §.
It follows that for all finite rooted frame §, d5 is the maximal contraction of §.

3.2.8. DEFINITION. Let § = (X, R) be a frame and Y C X. Then we say that
a set of closed formulas X is satisfiable in Y, if there exists y € Y such that
S,y F @ for all p € 3; and X is finitely satisfiable in Y, if every finite subset of X
is satisfiable in Y.

A frame § is called 0-saturated, if for all z € X and X C Form?:

(1) If ¥ is finitely satisfiable in R[xz], then X is satisfiable in R|x];

(2) If X is finitely satisfiable in R[], then ¥ is satisfiable in R~![z].

3.2.9. LEMMA. Let § = (X, R) be 0-saturated and f : X — X€ be the function
such that f(x) = [z]. for allz € X. Then f : § — §° is a surjective t-morphism.
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Proof:
Clearly, f is surjective. Take any z,y € X. Suppose Rzy. Then clearly, for all
¢ € Form?, we have that §,y F ¢ implies §,2 F O ¢. Thus, R[z].[y].. Assume
Re[z].[y].. It suffices to show that there exists z € R[x] with [z]. = [y].. We show
that C'T'(y) is finitely satisfiable in R[x]. Take any finite subset © = {1, -+ , ¢, }
of CT(y). Then Oy A=+ A py,) € CT(x), ie., §,2 E (1 A -+ Agy,). Then
© is satisfiable in R[x]. Hence, CT'(y) is finitely satisfiable in R[z]. Since § is
O-saturated, there exists z € R[z| with §,z F ¢ for all ¥» € CT(y). Note that
CT(y) € CT(z). Suppose x € CT(y). Then —x € CT(y) € CT(z) and so
X & CT(z). Hence, CT(y) = CT(z) and so [y, = [z]..

Similarly, R¢[y].[z]. implies [z]. = [y]. for some z € R~[z]. Hence, [ : § — F°
is a surjective t-morphism. 0O

It follows from Lemmas 3.2.9 and 3.2.4 that the following lemma holds:
3.2.10. LEMMA. If § = (X, R) is a 0-saturated frame, then 65 € Ctr(g).

By Lemmas 3.2.10 and 3.2.7(2), we see that for a O-saturated frame §, the
O-partition 05 is the maximal contraction of §. Then the following theorem holds:

3.2.11. THEOREM. If§ = (X, R) is a 0-saturated frame, then
|Ctr(S)| =1 if and only if 05 = Idx

Proof:

By Lemma 3.2.10, 6§ € Ctr(§). Since Idx € Ctr(§), we see that |Ctr(F)| = 1
implies 65 = Idx. Suppose 05 = Idyx. By Lemma 3.2.7(2), we have § C 65 = Idx
for all 6 € Ctr(§). Thus, |Ctr(§)| = 1. O

Now, let us focus again on tabular tense logics. We show that every finite
frame is O-saturated, and then apply the results obtained above to study Post-
completeness of tabular tense logics.

3.2.12. LEMMA. If § is a finite frame, then § is 0-saturated and Log(F) C
Log(§°).

Proof:

Let § = (X, R) be finite, € X and ¥ C Form}. Let R[z] = {x¢, -+ ,7,} and
|R[z]| = n + 1. Suppose that ¥ is not satisfiable in R[z]. Then for every i < n,
there exists ¢; € ¥ with §,2; F —g;. Hence, §,z F O=(pg A -+ A ¢,). Let
© ={¢o, - ,n}. Then O is not satisfiable in R[x], which entails that ¥ is not
finitely satisfiable in R[z]. Similarly, if ¥ is finitely satisfiable in R[], then 2
is satisfiable in R™'[z]. Thus, § is O-saturated. By Lemma 3.2.9, § — §°. By
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Proposition 2.2.26, Log(§) C Log(F°). O
Next, we present and prove the first Post-completeness theorem.

3.2.13. THEOREM (The first Post-completeness theorem). Let § = (X, R) be a
finite rooted frame. The following are equivalent:

(1) Log(3) is Post-complete;

(2) =3

(3) for every z,y € X, CT(z) = CT(y) if and only if x = y;
(4) |Ctr(3)| = 1.

Proof:

By Theorem 3.2.11, (2), (3) and (4) are equivalent. Now we show that (1) implies
(3). Assume Log(F) € PCOM. For a contradiction, suppose there exists x # y €
X such that CT(x) = CT(y). Recall that [z]. = {z € X : CT(z2) = CT(x)}.
Since § is finite, there exists ¢, € CT(z) such that §,z F -, for all z ¢ [z]..
Since § is rooted, y € R}[z] for some n € w. Let M = (F, V') be a model such that
V(p) = {z}. Then it is not hard to verify that 9,z ¥ (¢, A p) = V="(0, — p).
Thus, § ¥ (p. Ap) = V="(p, — p). Let §¢ be the O-filtration of F. Since F is
finite, by Lemma 3.2.12, Log(§) C Log(F¢). Note that [z]. is the only point in
X¢ validating ¢,. Then § F (¢, Ap) — V="(¢, — p). Hence, Log(F) < Log(F¢)
which contradicts the assumption Log(§) € PCOM.

Now we show that (2) implies (1). Suppose § = §¢ and Log(§) C L for some
consistent tense logic L. Let X = {xg, -+ ,2z,} and | X| = n+1. Since § = §¢, for
every i # j < n, CT(z;) # CT(x;). Thus, for each i < n, there exists ¢; € Form}
such that forallz € X, §,z F ¢; if and only if z = z;. Let & = (Y, 5) be a rooted
frame for L. Now we show that §¢ = &°¢. It suffices to show Y¢ = X¢ Take any
y € Y. Clearly, V<, ¢ € Log(§) € L. Then &,y F ¢;, for some i, < n. Note
that {¢;, — ¢ € Form} : §,z;, F ¢} C Log(F), we have CT(y) = CT(x;,). Thus,
Ye C X¢ Take any z, € X. Note that since AS"g,, € Log(F), there exists y € Y
such that CT(y) = CT(xy). Hence, § = &°. Since |§| = n+ 1, by Lemma 3.1.6,
we obtain that § F tab’,,. Then & E tabzﬂ. Since & is rooted, by Lemma 3.1.6,

n+1:
® is finite. By Lemma 3.2.12, L C Log(®) C Log(®°) = Log(F) € L. Then
Log(§) = L. Hence, Log(F) € PCOM. 0

3.2.14. REMARK. We could also prove that § = §¢ implies Post-completeness of
Log(J) by duality. Suppose § = §°. Let L = Log(§). Then V = V(L) = V(F*).
Since §* is finite and V(L) is congruence-distributive, by Jénsson’s Lemma, V; =
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HS(F*). Since § = §¢ by Lemmas 3.2.4 and 3.2.7, every t-morphic image of
§ is isomorphic to §. Then S(F*) = I(F*). Since § is rooted, we have that
H(E*) = 1({1,§"}), where 1 is the trivial tense algebra. Thus, Vg = 1({1,§"}),
which implies by Birkhoft’s theorem that there exists no nontrivial subvariety of
V. Thus, L is Post-complete.

By Theorem 3.2.13, we can check Post-completeness of Log(F) for certain
finite frames §. For example, consider frames $1, $2, 3, H4 in Figure 3.3 and
their logics Ly, Lo, L3 and L4 respectively. For $1, 9, and $3, we can distinguish
distinct points by closed formulas as in Figure 3.3. However, for the frame )y,
we have that CT'(z) = CT(y) while z # y. By Theorem 3.2.13, Ly, Ly and L;
are Post-complete but L4 is not. In fact, 5 = $H, and Ly C Lo. Note that L;
was incorrectly claimed not to be Post-complete in [107].

o T uw IDL B
m

0L Y
\/QOT/\OT %\/'
|
3 4

Figure 3.3: Frames $1, 2, $H3 and H4
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3.2.15. EXAMPLE. For each n € Z*, let €h; denote the strict chain of n ele-
ments, that is, €h> = (n,<). The frame €h; is depicted in Figure 3.4. It is
clear that for each i < n, the formula (" L A O" 0D T s true only at i. By
Theorem 3.2.13, Log(€hy) is Post-complete for all n € ZT.

Consequently, the following theorem holds:
3.2.16. THEOREM. There exists Ny Post-complete tabular tense logics.

By Theorem 3.2.13, we also obtain the following corollary on decidability of
Post-completeness for tabular tense logics:

3.2.17. COROLLARY. Post-completeness of the tense logic Log(F) for a given
finite frame § is decidable. That is, given any finite frame §, there exists an
effective way to decide whether the tense logic Log(F) is Post-complete.

Proof:

Let § = (X, R) be a finite frame. Then Ctr(§) is finite. By Theorem 3.2.13, it
suffices to check if there exists a non-trivial contraction in Ctr(F). It should be
clear that this procedure terminates. O
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Figure 3.4: The frame €h°

The reader should note that in Corollary 3.2.17, we take a finite frame as
the input. It does not follow that given any formula ¢, we could decide whether
K: @ ¢ is Post-complete. In fact, as we are going to show in Chapter 6, the set

{¢ € Form, : K; @ ¢ is Post-complete}

is undecidable. In what follows, we are going to give another theorem on Post-
completeness of tabular tense logics, which characterizes Post-completeness of
tabular tense logics via the number of rooted frames for L up to isomorphism.
As a corollary, we show that the set

{o Atabl € Form, : K, @ ¢ is Post-complete}

is decidable for all n € w.
Recall that for a class IC of general frames, we write || = n if /=] = n,
i.e., the cardinality of the quotient /= of K by isomorphism is n.

3.2.18. LEMMA. Let § = (X, R) be a finite rooted frame. If L = Log(§) €
PCOM, then |Fr.(L)| = 1.

Proof:

Let § = (X, R) be a finite rooted frame and X = {xg, -+ ,2,-1}. Assume
L = Log(F) € PCOM. By Theorem 3.2.13, for all z,y € X, CT(z) = CT(y) if
and only if z = y. Then there exist @g,- - -, Yn_1 € Form! such that

(1) for all y € X and i < n, we have that §,y F ¢; if and only if y = x;.
Indeed, we have the following claims:

(i) tabl € L. Since § is finite and rooted, by Lemma 3.1.6, § F tab’.



3.2.  Post-completeness in TAB 69

(i) AS"p; € L for every i < n. Since § is rooted, for every y € X, we obtain
R}yl = X. Thus, § F A="y; for every i < n.

(ili) ¢; Ap; = L € L whenever ¢ # j < n. This follows from ().
(iv) if Rz;x;, then p; = O, € L. This follows from (7).

Suppose ® = (Y, S5) € Fr,(L). By (i) and Lemma 3.1.6, |Y| < n. By (ii) and (iii),
for every ¢ < n, there exists y € Y with &,y F ¢; A \;; ~¢;. Hence, |Y| = n.
Let Y = {yo, - ,Yn_1}. Without loss of generality, let &,y; E ¢; for each i < n.
Let f: X — Y be the function such that f(x;) = y; for each i < n. Clearly f is
bijective. Assume Rz;z;. By (iv), ¢; = O¢; € L. Since in &, ; holds only in
y; and ¢; holds only in y;, we have Sy;y;. Similarly, Sy,y; implies Rx;x;. Then
§ = 6. Hence, Fr.(L) is a singleton up to isomorphism and so |Fr,(L)|=1. O

3.2.19. THEOREM (The second Post-completeness theorem). Let L € TAB. Then
L is Post-complete if and only if |Fr.(L)| = 1.

Proof:

Let L € TAB. Assume |Fr,(L)| = 1. Suppose L C L' where L’ is a consistent tense
logic. By Lemma 3.1.9 (1), L’ is tabular. By Theorem 3.1.4, L’ is Kripke complete
and so L' = Log(Fr,(L')). Clearly Fr.(L") C Fr,(L). Then L = Log(Fr.(L)) C
Log(Fr.(L")) = L'. Hence, L = L'. Tt follows that L € PCOM.

For the other direction, suppose L € PCOM. Since L € TAB, there exists a
finite frame § = (X, R) with L = Log(F). Let x € X. By Proposition 2.2.18,
Log(J) C Log(F.). Since L € PCOM, L = Log(F) = Log(F.). By Lemma 3.2.18,
|Fr.(L)| = 1. O

3.2.20. REMARK. From an algebraic point of view, we see that a tense logic
L € TAB is Post-complete if and only if the variety V(L) contains only one
subdirectly irreducible tense algebra up to isomorphism.

The second Post-completeness theorem gives a new characterization of Post-
completeness in TAB. Consider frames in Figure 3.3 and their tense logics which
are tabular. Note that Fr.(L;) = {$;} for i = 1,2,3, and Fr.(Ls) = {$2,94}.
Then Ly, Ly, L3 € PCOM and Ly ¢ PCOM. Moreover, we have

3.2.21. COROLLARY. Given anyn € w and formula ¢ = 1 Atab® | it is decidable
whether the tense logic Ky & ¢ is Post-complete.
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Proof:

Consider the set X of all rooted frames whose domains are subsets of n. It is
straightforward to verify that X is finite and every rooted frame for K, & ¢ is
isomorphic to some frame in X. By Theorem 3.2.19, it suffices to check one by one
whether a rooted frame § € X validates . Clearly, this procedure terminates.
Hence, Post-completeness of K; & ¢ is decidable. O

3.3 Post-completeness in NExt(K;)

In this section, we explore Post-completeness in the lattice NExt(K;) and prove
the third Post-completeness theorem (Theorem 3.3.4). Note that Theorem 3.2.13
gives a characterization of Post-completeness of Log(F) where § is a finite rooted
frame. We first show that there exists a Post-complete tense logic which has no
finite frames. In what follows, the 0-general frame based on a frame § = (X, R)
is defined as §* = (W, R, A*) where A* = {V(p): p € Form?} for arbitrary
valuation V in §. The definition of A* does not depend on the choice of valuation
V. From the view of duality, A%* is exactly the subalgebra of the dual §* of §
generated by the bottom element &.

3.3.1. PROPOSITION. Let N = (w, <) where < is the strict natural order on w.
Let L = Log(M*). Then Fin(L) = @ and L is Post-complete.

Proof:
Towards a contradiction, suppose § F L for some finite frame § = (X, R). Note
that (i) ®M L VE 1L ¢ L, (ii) NM* 0 (" T A 1) for all n € w, and (iii)
N* m EML forallm > 0. Thus, (ML — O(¢" TAN'™ 1) :n cw} C L. Since
§E L, by (i), we have § = ¢l L VB L. Then for every n € w, {r € X : §,z F
&' T AN 1} # @. It follows immediately that § is infinite. Thus, Fin(L) = &.
To show that L is Post-complete, it suffices to show that L & ¢ is inconsistent
for any ¢ ¢ L. Take any ¢ ¢ L. Then M* V,z F - for some admissible
valuation V in 9* and x € X. Let var(¢) = {p1,--- ,pn}. For every p €
var(yp), we choose a closed formula v, € Form! with V(p) = V(¢,). Let s be a
substitution with s(py) = 1, for each 1 < k < n. Then M* 2 F —p* and so
Bl — (C—p®V —p®) € L. Suppose L & ¢ is consistent. Then F F L & ¢ for
some descriptive frame F = (X, R, A). By F F L, we have F,z, F B L for some
o € X. ByBL — (O—p®V —p®) € L, we have F,y E —p® for some y € X.
Then F ¥ ¢ which contradicts F F L & ¢. Then L & ¢ is not consistent. Hence,
every proper extension of L is inconsistent and so L € PCOM. O
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3.3.2. REMARK. Note that the notion of a 0-general frame generalizes that of 0-
filtration, in the sense that 0O-filtrations apply only to O-saturated frames, whereas
a 0-general frame can be constructed for an arbitrary frame. Both of them aim
to preserve only the information that can be characterized by closed formulas.
Moreover, the reader can readily verify that for any O-saturated frame §, we have

Log(3°) = Log(F*).

3.3.3. LEMMA. Let § = (X, R) be a frame and L = Log(F*). For every formula
¢ € Formy, we have that p & L implies ¢* & L for some closed substitution s.

Proof:

Assume ¢ € L. Then §* V,z F = for some # € X and admissible valuation V/
in §*. For each p € Prop, we choose ¢, € Form] with V(p) = V(1,). Let s be
the closed substitution with s(p) = 1, for each p € Prop. Then §* z F —¢*. By
F* = L, we have ¢* & L. O

Now we are ready to state and prove the third Post-completeness theorem.

3.3.4. THEOREM (The third Post-completeness theorem). A consistent tense logic
L is Post-complete if and only if the following conditions hold:

(1) for every p € Form?, if —ap & L, then AS™) € L for some n € w; and

(2) for every ¢ € Formy, if ¢ & L, then ¢* & L for some closed substitution s.

Proof:
Assume I, € PCOM. For (1), suppose that there exists ¢ € Form{ such that
—p & L and AS™) & L for all n € w. Now we show that ¥ = {V="—) :n € w}
is L-consistent. Suppose not. There exist ni, -+ ,n, € w with =(VS"1—) A
o AVS—) € Ly e, ASMYp V-V ASWY) € Lo Clearly, if 1 <i < j <k,
then AS"iy) — ASMyp € L. Let h = max{ni,--- ,n.}. Then ASh) € L which
contradicts AS"1) & L. Hence, ¥ is L-consistent. Let 2 be a maximal L-consistent
set with ¥ C 2. Then FL E L. By FL£ E ¥, we have FL  —¢). Hence, FL = L.
Then L C Log(FE) which contradicts L € PCOM. For (2), Log(FL) C Log((F*)*).
By L € PCOM, L = Log(F%) C Log((§*)*) = L. By Lemma 3.3.3, (2) holds.
Assume L ¢ PCOM. For a contradiction, suppose that both (1) and (2)
hold. By the assumption, there exists a formula ¢ & L such that L' = L & ¢
is consistent. By ¢ ¢ L and (2), ¢* ¢ L for some closed substitution s. Then
—=p* & L. By (1), AS"—p* € L for some n € w. Then AS"—p* € L. By
©* € L', we have V="¢* € L' which contradicts AS"—* € L' 0

The third Post-completeness theorem (Theorem 3.3.4) provides a syntactic
characterization of Post-completeness. We now turn to tense logics of general
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frames. Our first observation is that for any finite rooted frame, the tense logic
of the 0-general frame based on it is always Post-complete. More precisely, we
obtain the following corollary:

3.3.5. COROLLARY. IfF = (X, R) € Fin is rooted, then Log(F*) is Post-complete.

Proof:

Let § = (X, R) be a finite rooted frame. It suffices to show that the conditions
(1) and (2) in Theorem 3.3.4 hold. For (1), assume ¢ € Form! and —¢) ¢ Log(F*).
Then there exists + € X with F* 2 ¥ —¢. Then §*, 2 F 9. Let n = |X|. Then
F* E As"). Moreover, (2) follows from Lemma 3.3.3. O

We could easily generalize Corollary 3.3.5 to infinite general frame:

3.3.6. COROLLARY. Let § = (X, R) be a rooted frame. If X = R[z] for some
v € X and n € w, then Log(F*) is Post-complete.

Proof:

Suppose X = R[z] for some x € X and n € w. It suffices to show that conditions
(1) and (2) in Theorem 3.3.4 hold. For (1), assume ¢» € Form) and = & Log(g*).
Then §*,y F 1 for some y € X. By the assumption, = € R}[y] and so R;"[y] = X,
which yields AS?") € Log(g*). Note that (2) follows from Lemma 3.3.3. O

It was pointed out by an anonymous referee of [34] that our results contradict
those of Kracht [71]. In the following remark we clarify this issue. For readers
familiar with Kracht’s work [71], our results may appear to contradict his. In the
following remark, we clarify this issue.

3.3.7. REMARK. Given a normal modal logic S and tense logic L, let ST be the
smallest tense logic containing S, and L, be the normal modal logic L N Form,,.
This gives maps (-)™ : NExt(K) — NExt(K;) and (-); : NExt(K;) — NExt(K). If S
is Kripke complete, then (S*), = S. However, the map ((-)7) is in general not
injective; there exists S € NExt(K) such that (S*), # S (see, e.g., [128, p.84]).
Recall that a tense logic L has codimension n for some n € w if there exists
a chain L = Ly C Ly € --- € L, = Form; which cannot be refined. Kracht [71,
Corollary 16] claims that every extension of K4, of finite codimension is Kripke
complete and finitely alternative. However, this claim is incorrect. Here we give
a counterexample. Consider the general frame 91* in Proposition 3.3.1. In fact,
Log(M*) € NExt(K4,) is of codimension 1. Since 91 is transitive and has no infinite
descending chain, we have 91* = H(HMp — p) — Mp. For every o € Form?, V(¢) €
A* is either finite or cofinite. Then M* E ~(Cp AD(p — O(—=p A<Op))). Every
transitive frame validating =(Cp AO(p — O(=p A< p))) does not contain infinite
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ascending chains. Every frame validating l(lp — p) — Hp is irreflexive, i.e.,
contains no reflexive point. Then for every § € Fr(Log(M*)), SECT — OO L.
Clearly 9* £ O T — O L. Hence, Log(91*) is Kripke incomplete and so it is a
counterexample for Kracht’s claim. Furthermore, by checking Kracht’s proof, we
find that it is based on the following claims:

(K1) If L € NExt(K4;) is of finite codimension, then L. is tabular.
(K2) For all S € NExt(K) and L € NExt(K;), S C L, if and only if ST C L.

Here the operations (-)4 and (-)* are explained above. Note that (K2) holds. This
is shown as follows. If S € L, C L, then S C L and so ST C L. Assume St C L.
Let ¢ € S. Then ¢ € ST C L and so ¢ € L NForm,, = L,. Hence, S C L,.
However, the statement (K1) does not hold. For a contradiction, suppose (K1)
holds. Consider again the logic L = Log(9*) € PCOM. Obviously alt} ¢ L for
every n € w. Then L @ alt) = Form, for all n € w. By (K1), L, is tabular. Then
K alt,, C L, for some m € w. By (K2), K; @ alt), = (K& alt,,)* C L which is
impossible. Hence, (K1) does not hold.

Using the third Post-completeness theorem and its consequences, we can show
some results on the Post-number of some tense logics. Recall that the Post-
number PN(L) of a tense logic L is the number of Post-complete extensions of
L. For tense logics Ly and Lo, if Ly C Lo, then PN(Ly) < PN(L;). In particular,
since |[NExt(K;)| = 2%, we have PN(L;) = 2% implies PN(Ly) = 2™. Let us
consider tense logics in Table 3.1.

Df =K, ®aOT D; =K, o &T
D;=K,pOT ANGT B.=K,®p—0LCp

T, =Kiep—>3Cp K =K, pOOp = Cp
D4 =D @ OCp - Op D4, =D; @OOp = Op

Table 3.1: Tense logics axiomatized by 4, D, B and T

As we will see in Chapter 4, for every tense logic L listed in Table 3.1, we have
INExt(L)| = 2%. However, as the following propositions show, their Post-numbers
differ significantly.

3.3.8. PROPOSITION. PN(D;) = PN(T;) =1 and PN(B;) = 2.

Proof:

(1) Let L € PCOM N NExt(D;). Let F = (X, R,A) be a general frame with
FE L Then FEOT A®T. Hence, Rx] # @ # R™[x] for every z € X. Let
F, = ({o},{(0,0)},{@,{c}}). Let f: X — {o} be the function with f(z) = o
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for all x € X. The reader can readily check that f is a t-morphism from F to F..
Then F, F L. Hence, L = Log(F,) = K; @& p <» Op. By Theorem 3.2.13, Log(F,)
is Post-complete. Then PCOM N NExt(D;) = {Log(FF,)} and so PN(D;) = 1. By
D, C Ty, we see PN(T;) < PN(D,) = 1.

(2) Let L € PCOM N NExt(B;). Let F = (X, R, A) be a rooted general frame
with F E L. Then L = Log(F). Now we have two cases:

(a) R = @. Since F is rooted, X = {eo} and A = {@&,{e}}. Hence, L =
Ke @ OL.

(b) R # @. Then R[z|UR™!z] # @ for every z € X. Note that O T «+» @ T €
B: C L. Thus, R[z] # @ and R '[z] # @ for every x € X. Hence, O T, €T € L,
i.e., Dy C L. By the proof of (1), L = K; @ p <> Op.

Hence, PCOM N NExt(B;) = {K; & p <> Op,K; 0L} and so PN(B;) =2. O

3.3.9. PROPOSITION. PN(D4;") = PN(D4; ) = 2% and hence PN(D}) = PN(D; ) =
PN(K4,) = 2%,

Proof:

(1) PN(D4;") = 2%. For every subset I C w\{0,1},let I* = {i* : i € [}. Let §; =
(X1, Ry) be the frame where X; =w U I* and Ry = {(n,m) Ew X w:n <m} U
{(n*,m) e I" xw:n <m}. (Examples of frames §g,F25) and §p where P is
the set of prime numbers are presented in Figure 3.5.) Clearly, X; = (R;);[0] for
every I C w.

For every I C w\{0,1}, let L; = Log(§*). Recall that for every general frame
F = (X,R, A), FE D4/ if and only if R[x] # @ and R[R[z]] C R[z] for all z € X.
Then it is clear that for every I C w, §%* E D4;" and so L; € NExt(D4;"). Moreover,
by Corollary 3.3.6, L; is Post-complete. Thus, to show that PN(D4;") = 2% it
suffices to show that L; # L; when I # J.

Suppose I # J. Let i € I\ J without loss of generality. By S}",z’ WL
and i*Ryi, we have §%, i* £ OM*! L. Note that R;[i*] = {k € w: &k >i}. Then
3* k= & T for each k € R;[i*]. Note that R, '[i*] = @. Then %, i* FEL A
OWY! LAD® T. By X; = (Rp)3[i*], we have AS2 (M LA™Y LAD®' T) € L.

Now we show that —(l LA L AJ#'T) € L;. Towards a contradiction,
suppose —(ll L ACE ™ L ALJ®' T) ¢ L;. Then there exists y € X; with Sf}‘, Yy E
Bl AOET | AOJ® T. Then R; '(y) = @ which yields y € J* U {0}. There
are two cases:

(a) y = j* for some j > i. Then Ry[y] € {l€w:1>i} and so §%,y ¥
O L, which contradicts the assumption.

(b) y € {I* : 1 < i} U{0}. Note that % i — 1 =W L and yR,(i — 1), we have
S?, y E OWF L, which contradicts 3"}', yEO® T,

Hence, ~(l L ACH ' L A[J®' T) € L;, which entails V=2~ (l LACE T 1A
@' T)c Lyandso AS? (ML AONT™ L AD® T)c L;\ Ly. Hence, L; # L.
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Figure 3.5: Frames §g, §{2,5) and §p

(2) PN(D4, ) = 2%. The proof is similar to (1). It suffices to observe that for
each I Cw)\ {0,1}, § = (X1, (R;)™") is a frame for D4, . O

Let us conclude this section with the following anti-dichotomy theorem for
Post-numbers of tense logic:

3.3.10. THEOREM. For every k such that 0 < k < Ry or k = 280, there exists a
consistent tense logic L € NExt(K;) such that PN(L) = k.

Proof:

Recall that Log(€h;) € PCOM for all j € Z*. For every n € Z*, let L, =
Log({€hs : 1 <i < n}). Then we see that PN(L,) = n. Moreover, we have that
PN(N;c Log(€h5)) = Ry, By Theorem 3.3.9, PN(D4,") = 2%, O

3.4 Summary

In this chapter, we obtained a series of results on tabularity and Post-completeness
in tense logic. In particular, we established a new characterization of tabularity,
two characterization theorems for Post-completeness in tabular tense logic, and
a characterization of Post-completeness in the lattice of all tense logics. We also
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determined the Post-numbers of several tense logics and proved an anti-dichotomy
theorem for Post-numbers.

In the next chapter, we are going to study the boundary of tabular tense
logics, namely, the pretabular tense logics.



Chapter 4

Pretabularity in Tense Logics

In this chapter, which is based on [33], we further investigate tabularity by ex-
amining the boundary of tabular tense logics, namely, pretabular tense logics.
Recall that a logic is pretabular if it is not tabular but all of its proper consistent
extensions are tabular. For any normal modal and tense logic L, let PTAB(L)
denote the set of all pretabular tense logics in NExt(L). In general, given a lattice
L of logics, tabularity in £ is decidable if the following holds:

(i) every non-tabular logic has a pretabular extension;
(ii) there are finitely many pretabular logics in £;
(iii) every pretabular extension of £ is decidable.

Indeed, by (i), a finitely axiomatizable logic L € L is non-tabular if and only if
L C L’ for some pretabular logic L' € L, and the latter condition is decidable by
(ii) and (iii). Consider the intuitionistic proposition logic IPC the lattice Ext(IPC)
of all intermediate logics. Kuznetsov [76] showed that (i) holds for Ext(IPC)
and every pretabular extension of IPC has the FMP. Maksimova [89] provided a
full characterization of pretabular intermediate logics, which entails that there
exist exactly 3 pretabular superintuitionistic logics and all of them are finitely
axiomatizable. Combining the results above, we see that tabularity in Ext(IPC)
is decidable in the following sense:

Given any ¢ € Form, one can effectively decide whether IPC & ¢ is tabular.

Similar results have been obtained for the modal logic S4: Esakia and Meskhi [44]
and Maksimova [90] provided independently full characterizations of PTAB(S4)
and showed that |PTAB(S4)| = 5. On the other hand, Blok [17] showed that there
exist 2% pretabular logics extending K4, which means that the lattice NExt(K4)
is highly complex, and the decidability of tabularity cannot be established via a
complete characterization of pretabular logics.

77
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In this chapter, we study pretabular tense logics in NExt(S4;). Our aim is
to determine the cardinality of PTAB(S4;). As indicated by Kracht [71], the
lattice NExt(S4,) is far more complex than its modal counterpart NExt(S4). We
therefore begin by studying sublattices of NExt(S4;). For modal logics, transitive
modal logics with bounded forth-width and depth have been thoroughly studied,
see [50, 53, 29]. In the tense setting, however, the presence of a past-looking
modality motivates to study logics not only with bounded depth and forth-width,
but also with bounded back-width and degree of reachability (r-degree for short).
Intuitively, a tense logic L is of r-degree [ if every rooted frames for L can be
generated within [ back-and-forth steps from any point. As we shall see later, the
r-degree is a crucial parameter for tense logics.

For all n,m, k,l € Z* U {w}, we define S4BPZ’}m to be the tense logic of all
frames with forth-width, back-width, depth and r-degree no more than n,m,k
and [, respectively. We give first full characterizations of PTAB(S4BPZ:l,n) where
n,m, k, [ are finite. Then we move to lattices NExt(S4BPﬁ’fm) where some of the
parameters are infinite. The first logic we consider is S4BP‘f”11 , where the depth
is unbounded and all other parameters are bounded by 1. Note that S4BP°1"7’11 is
exactly the tense logic S4.3; of all linear frames. We give a full characterization
of PTAB(S4.3;) and prove that |[PTAB(S4.3;)| = 5. Moreover, we show that every
logic in PTAB(S4.3;) is finitely axiomatizable and has the FMP. As a corollary,
tabularity in NExt(S4.3;) is decidable. Then we turn our attention to the lattice
NExt(S4BP§:°2"), where the logic Ga is proved to be the unique pretabular logic
of infinite r-degree. We provide a characterization of the rooted frames of Ga
and identify an error in the characterization of NExt(Ga) given in [71]. More-
over, we provide a full characterization of PTAB(S4BP§:§’) and show that every
logic in PTAB(S4BP§:‘2“) has the FMP. It follows from the characterization that
IPTAB(S4BP3%)| = Ny.

Based on the above, we can already observe a key difference between PTAB(S4)
and PTAB(S4;): the former is finite, whereas the latter is infinite. Moreover,
there exist pretabular tense logics, such as Ga, whose modal fragment are not
pretabular. Next, in order to address the problem of determining the cardinality
of PTAB(S4;), we move from the lattice NExt(S4BP3%) to NExt(S4BP3%), where
the bound of back-width is increased from 2 to 3. The main result we obtain is
that |PTAB(S4BP§:§)| = 2% To prove this result, we introduce the generalized
Thue-Morse sequences, generalized Jankov formulas and local t-morphisms. It
follows that the following anti-dichotomy theorem for the cardinality of pretabular
extensions in NExt(S4;) holds:

For all K < Ny or k = 2% there exists L € NExt(S4,) such that [PTAB(L)| = &.

Consequently, we determine that the cardinality of PTAB(S4;) is 2%. This gives
a full solution to the problem presented in [107]. At the same time, this result
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also indicates that decidability of tabularity in NExt(S4;) cannot be established
via pretabular logics.

This chapter is structured as follows. Section 4.1 introduces generalized
Jankov formulas and local t-morphisms. In Section 4.2, we present tense logics
S4BPZ:Im with bounded parameters including depth, width and r-degree; and stud-
ies their basic properties. Section 4.3 gives a characterization of PTAB(S4BPZ”lm)
for each n,m, k,l € Z*. In Section 4.4 we provide a characterization of PTAB(S4.3;).
Section 4.5 gives a characterization of PTAB(S4BP§:§J) and proves the anti-dichotomy
theorem for the cardinality of pretabular logics extending S4BP§:§’. It also high-
lights the connection between Kracht’s work on the lattice NExt(Ga) in [71, Sec-
tion 4] and our results. Section 4.6 introduces generalized Thue-Morse sequences
and defines a continual family of pretabular logics in NExt(S4B ng‘;), which shows
that |PTAB(S4;)| = 2%, Section 4.7 summarize this chapter.

4.1 Generalized Jankov Formulas and Local t-
morphisms

Jankov formulas are widely used in the study of lattices of intermediate logics and
modal logics (see [63, 40, 72, 108, 133]). Fine [50] developed frame formulas for
finite rooted S4-frames, which are similar to Jankov formulas for finite subdirectly
irreducible Heyting algebras. For a survey of Jankov formulas and Fine formulas,
we refer to [7]. The Fine formula for § is refuted by an S4-frame & if and only
if § is a p-morphic image of a generated subframe of &. In this section, we
introduce the generalized Jankov formulas for image-finite Kripke frames and
local t-morphisms, which will be one of the main tools we use in this chapter.
Given any rooted image-finite frame § = (X, R), z € X and k € Z™, we associate
the generalized Jankov formula J*(F,x) to it. We show that for any frame
& = (V,5) and y € Y, (&,y) validates = J*(F,z) if and only if there is no
k-t-morphism f : (&,y) —* (§,x). This generalizes Jankov formulas for finite
algebras or finite rooted frames defined in [40, 50].

Recall that a general frame F = (X, R, A) € GFr is said to be image-finite if
|Ry[x]| <R for all 2 € X. By Lemma 2.2.40(1), R}[x] is finite for all & € w. Now
we introduce generalized Jankov formulas for image-finite frames.

4.1.1. DEFINITION. Let § = (X, R) be an image-finite frame and = € X. Let
k € Z" and (z; :i € n) be an enumeration of Rf[xz] where z = . Then the
formula J*(F, z) is defined to be the conjunction of the following formulas:

(1) po AV=F(pg V-V pn_1)

(2) V=F(p; — —p;), for all i # j
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(3) V=F1((p; = Opj) A (pj — ®p;)), for all Rx;x;
(4) V=F1((pi = =Op;) A (pj — —®py)), for all z; & R[z;]
J*(F,x) is called the Jankov formula of (§,z) of degree k.

Intuitively, J*(§,z) is a formula that describes the subframe §[Rf[z] of an
image-finite frame §, while the classical Jankov formula describes its correspond-
ing finite frames. Let V' be a valuation in § such that V(p;) = {x;} for all i € n.
Then it is not hard to check that §,V,z F J*(F,x). Thus, §,x ¥ ~J*(F,z) for
any k € Z*. If X = Rf[z], then § is finite and the formula J*(§F, z) captures all
the information about §. In this sense, our formulas generalize Jankov formulas.

Next, we introduce local t-morphisms of frames:

4.1.2. DEFINITION. Let § = (X, R) and § = (X', R') be frames, x € X and
2’ € X'. For each k € Z™", a partial function f : X — X' is called a k-t-morphism
from (§,z) to (§,2') (notation: f : (§,2) —=F (§F,2')), if dom(f) 2 Rf[z],
f(z) =2’ and

for all y € Rf’l[x}, we have f[R[y]] = R'[f(y)] and f[R™'[y]] = R’_l[f(y)].

We call f: X — X' a local t-morphism if it is a k-t-morphism for some k € Z™*.
Moreover, f : (§,z) =% (§,2') is said to be full if ran(f) 2 (R})“[2'].

As the reader might have noticed, a local t-morphism f : (F,z) =% (§,2')
is in some sense a ‘t-morphism for points in Rf’l[x] " By definition, f is a t-
morphism from § to § if Rf’l[x] = X and f is full. It is also not hard to verify
that if f : § — § is a t-morphism and f(z) = 2/, then f : (§,z) = (§,2') for
all k € Z+.

Proposition 2.2.26 shows that t-morphisms preserve validity. We now show
that k-t-morphisms also preserve validity, but only for formulas of modal depth
at most k.

4.1.3. LEMMA. Let § = (X, R) and §' = (X', R') be frames, x € X, 2’ € X' and
k€ Z*. Suppose f: (§,z) =% (§',2'). Then for all ¢ € Form; with md(yp) < k,

S, x E @ implies §, 2" E o.

Proof:
Suppose §', V', 2’ ¥ . Let V be a valuation in § such that V(p) = f~[V'(p)] for
all p € Prop. It suffices to prove the following claim:

4.1.4. CLAIM. For alll <k, y € R{'[z] and + € Form, with md(y)) <,

§.V.y B if and only if §, V', f(y) E .
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Proof:
By induction on [. The case [ = 0 follows from the definition of V' immediately.
Let [ > 0. By induction hypothesis, y and f(y) agree on all formulas with
modal depth at most [ — 1. Take any v € Form; with md(y) < [ — 1. Suppose
5, V.,y E ®v. Then §,V,z F v for some z € R7[y]. Since z € Rff—(l_l)[x], by
induction hypothesis, &, V', f(z) E 7. Since f(z) € f[R™[y]] = R"'[f(y)], we
obtain that §', V', f(y) F ®~. Suppose §,V’, f(y) E ®~. Then §', V' 2 E ~ for
some 2’ € R''[f(y)]. Since R''[f(y)] = f[R~'[y]], there exists z € R~'[y] such
that f(z) = 2/. Because z € Rg_(l_l)[a:], by induction hypothesis, §,V,z E 7,
which entails §, V,y F €. Since f[R[y]] = R'[f(y)], by a similar proof, it follows
that §,V,y E O~ if and only if §', V', f(y) EO~. O
By Claim 4.1.4, since z € R[z], f(z) = 2’ and md(p) < k, we have §, 2 ¥ ¢. O

By Jankov’s lemma [63], refutation of a Jankov formula means existence of
particular p-morphisms. We now generalize Jankov’s lemma by showing that if
a generalized Jankov formula J*(&,y) is refuted by some pointed frame (F,x),
then there exists a k-t-morphism from (§, z) to (&,y).

4.1.5. LEMMA. Let § = (X, R) be a frame, & = (Y,S) an image-finite frame,
x€X andy €Y. Then for all k € ZT,

T, 2 ¥ =TS, y) if and only if there exists f: (F,z) =5 (&,y).

Proof:

Suppose f : (§,z) =% (&,y). Since &,y ¥ ~T*(®,y) and md(T*(&,y)) = k, by
Lemma 4.1.3, we have §,z ¥ ~7%(®,y). Then there exists a valuation V in §
such that §,V,z ¥ ~J"(&,y). Let (y; : i € n) be an enumeration of Sf[y] used
in the definition of J*(&,y). We define the function f : Rf[z] — Y as follows:

for all z € Rf[x], we let f(z) = y; if and only if z & p;.
Since z E V=F(py V- -+ V p,_1) and x E V=F(p; — —p;) for all i # j, we obtain
that Rf[z] C Use, V(p:) and RE[z] NV (p;) NV (p;) = @ for all i # j. Thus, f
is well-defined. It suffices to show that f : (§,z) =% (&,y). Since y = yo and

x E po, f(x) = y. Take any z € Ré“_l[x]. Then f(z) = y; and z F p; for some
¢ €n. For all y; € Y, we have

y € S[f(z)] =2 E V=R p, — Opj) = 2 EOp, = y; € fIR[Z]];
and we also have

y; € SIf(2)] = 2 EVSFY(p; = =Opj) = 2 =Op; = y; € fIR]2]].
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Thus, we obtain that f[R[z]] = S[f(z)]. Similarly, the reader can check that
fIR7z]] = S7Y[f(2)]. Hence, (§,z) =" (&,y). O

For the purposes of this thesis, we are primarily interested in full local t-
morphisms. By definition, to verify that a local t-morphism f : (§,z) =% (&,y)
is full, one needs to show that ran(f) 2 S¢’[y], where & = (Y, S). However, we are
not always able to obtain direct information about Sy [y]. Thus, in what follows,
we provide a sufficient condition (Lemma 4.1.7) for showing that f is full, one
that requires information only about f itself. To this end, we first introduce the
notion of sufficient local t-morphisms.

4.1.6. DEFINITION. Let f : (§,2) —F (§',2') be a local t-morphism. Then a
subset Y C Rgfl[:ﬂ] is called sufficient if f[Ry[y]] C f[Y] for all y € Y. We say
that f is sufficient if there is a nonempty sufficient set Y C dom(f).

4.1.7. LEMMA. Let § = (X, R) and § = (X', R') be frames, x € X and 2’ € X'.
Suppose k € Z+ and f : (F,x) =% (§,2') is sufficient. Then f is full.

Proof:

Suppose Y C dom(f) is sufficient and y € Y. We show by induction on n that
(R)2[f(y)] € f[Y] for all n € w. The case n = 0 is trivial. Let n > 0. Take any
2 € (R);'[f(y)]- By induction hypothesis, f(z) = 2’ for some z € Y. Since Y
is sufficient, we have that (R})[2'] = f[Ry[z]] C f[Y]. Thus,

Useq-1ry CROHZ] € 1Y)
which entails (R')}[f(y)] € f[Y]. Hence, (R)¢[f(y)] C f[Y] C ran(f). O

As a corollary, we obtain

4.1.8. THEOREM. Let§ = (X, R) and § = (X', R') be rooted frames, x € X and
e X' Letke€Z" and [ : (T,x) =F (§F,2). IfRé“_l[x] =X, then f: § - §

s a surjective t-morphism.

Proof:

Since f : (F,z) —=F (§F,2') and Ré“_l[x] = X, we see that f : X — X' is a
t-morphism. Since X C Rf’l[:c] is sufficient, by Lemma 4.1.7, f is full. Note that
§ is rooted. Thus, f: F — § is a surjective t-morphism. O

By Lemma 4.1.5 and Theorem 4.1.8, the following theorem holds:

4.1.9. THEOREM. Letk € ZT, § = (X, R) be a rooted frame, & = (Y, S) a rooted
image-finite frame and y € Y. Suppose X = Rf‘l[x] for allz € X. Then

T — & if and only if ¥ -~T*(&,y).
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4.2 Tense Logics over 54, with Bounded Param-
eters

Recall that S4; is the tense logic of pre-orders. As was stated in the introduction
of this chapter, our aim is to determine the cardinality of PTAB(S4;). Thus,
from this section onward, we focus on tense logics in NExt(S4;). Unless otherwise
specified, general frames are always assumed to be reflexive and transitive.

To study a lattice with a complex structure, it is often useful to investigate its
simpler sublattices. For example, a better understanding of the lattice NExt(K4)
of transitive modal logics can be obtained by studying transitive modal logics
with bounded depth and width. Segerberg [115] proved that every modal logic
of finite depth enjoys the FMP and Fine [52] showed that every modal logic of
finite width is Kripke complete.

Inspired by these results, in this section we introduce tense logics with bounded
parameters, that is, extensions of S4; with bounded depth, forth-width, back-width
and r-degree. We investigate their basic properties and study their pretabular
extensions.

Let us start by introducing chains in general frames and the notions of depth,
forth-width and back-width of general frames.

4.2.1. DEFINITION. Let F = (X, R, A) be a general frame for S4,, o an ordinal
and Y = (y; € X :i < a) a sequence of elements in X. Then

e YVis called a chain in F if Ry,y., for all A <y < o

o Yiscalled a strict chain in F if it is a chain and y ¢ R[y,] forall A <y < a;
e Y is called a (strict) co-chain in F if it is a (strict) chain in F~;

« YV is called an anti-chain in I if y\ &€ Rly,| for all A # v < a.

The length I()) of a strict chain Y = (y; € X : i < ) is defined to be .

Let n € Z*. We say that x € X is of depth n (notation: dep(x) = n), if there
exists a strict chain Y in F[R[z] with {())) = n and there is no strict chain of
greater length. Otherwise, x is said to be of infinite depth and we write dep(x) =
No. We define the depth dep(FF) of F by dep(F) = sup {dep(x) : x € X'}. Let L be a
tense logic. Then the depth dep(L) of L is defined to be sup {dep(F) : F € RFr(L)}.
We say that a tense logic L (a general frame FF) is of depth n if dep(L) = n

(dep(F) =n).
We say that € X is of forth-width n (notation: wid™ (z) = n), if there exists
an anti-chain Y C R[z] with |Y| = n and there is no anti-chain in R[x] with

greater size. Otherwise, we write wid® (z) = R,. Similarly, we define wid™ (F) =
sup {wid" (z) : # € X} and wid* (L) = sup {wid" (F) : F € RFr(L)}.
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We define the back-width of z in F to be the forth-width of x in F~'. The
notations wid ™ (z), wid™ (F) and wid™ (L) are defined analogously.

Intuitively, depth characterizes the maximal length of chains, while width
captures the maximal size of anti-chains under some restriction.

Next, we introduce the notion of reachability degree, an important parameter
for tense logics and, more generally, for polymodal logics. Intuitively, the reach-
ability degree measures how many steps are needed to generate the whole frame
from a single point. More precisely, we have the following definition:

4.2.2. DEFINITION. Let F = (X, R, A) € GFr be a general frame and z € X.
Let k € Z*. Then we say x is of reachability-degree (r-degree) k (notation:
rdg(x) = k), if Ré“_l[x] # Rf[z] = Ry[z]. Specially, rdg(z) = 0 if RY[z] = {x}
and rdg(z) = N if Rf[z] # R{"'[z] for any k € w.

We define the r-degree rdg(F) of F by rdg(F) = sup {rdg(z) : € X}. For a
tense logic L, we define the r-degree rdg(L) of L by rdg(L) = sup {rdg(F) : F € RFr(L)}.

4.2.3. REMARK. Recall that a normal modal logic L is said to be pre-transitive
if there exists n € w such that ("p — "™ p € L. In the tense setting, a tense
logic of finite r-degree is similar to a pre-transitive modal logic in the sense that
the existence of a master modality, say AS", is guaranteed. As we will see later,
a tense logic L is of finite r-degree if and only if A<"*1p — AS"p € L for some
n € w. It is worth noting that the tense logic S4; is not of finite r-degree.

Let us introduce formulas that bound the parameters mentioned above:
4.2.4. DEFINITION. For each n € Z*, we define formulas br,,, bw;} and bw,, by

brn — AgnJrlp N Aﬁnp
bw, = A\ Opi = \/ Opi A (p; VOpy))

i<n 1#j<n
bw,, = /\ ®p, — \/ *(p; A\ (p; vV ®p;))
i<n i#j<n

Moreover, we recall the definition of bd, for n € Z* (see, e.g., [29, Chapter 3]).

bd, = SUpg — po
bd].H_l = Q(Dpk A _'bdk) — Dk

Specially, we define bd,, = br, = bw] =bw_ = T.
bw,

The following proposition shows that the formulas bd,,, bw;, bw, and br,
bound the depth, forth-width, back-width, and r-degree of refined frames, respec-

tively.
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4.2.5. PROPOSITION. Let F = (X, R, A) € RFr(S4,), v € X and n € Z*. Then
(1) F,x E bd,, if and only if dep(x) < n.
(2) F,z Ebw if and only if wid™ (z) < n.
(3) F,x E bw, if and only if wid™ (x) < n.

(4) F,x FE br, if and only if rdg(x) < n.

Proof:
The proofs of (1) - (3) are analogous to those of [29, Propositions 3.42 and 3.44],
while the proof of (4) is similar to that of [29, Corollary 3.35]. O

4.2.6. REMARK. Proposition 4.2.5 holds for also refined frames for K4, we leave
the proofs to the reader.

The tense logic of rooted frame with uniformly bounded r-degree enjoys de-
sirable property. In particular, finite rooted frames validating such logics can
be obtained from the corresponding generating frames by taking generated sub-
frames. More precisely, we have the following theorem.

4.2.7. THEOREM. Let {F; € Fr,: i € I} be a family of rooted frames and k € w.
Suppose L = Log({§; : i € I}) and bry, € L. Then Fin,(L) C U;er My (F5).

Proof:

Take any & = (Y, S) € Fin,(L) and y € Y. Since & ¥ -~ J*1(&,y), it follows that
TS, y) ¢ L. By L = Log({3; :i € I}), we have §; ¥ ~J*1(8,y) for some
i € I. Note that bry € L and §; £ L. Thus, rdg(§;) < k. Then by Theorem 4.1.9,
we obtain §; — &. Hence, & is a t-morphic image of §;. By arbitrariness of &,
we obtain that Fin.(L) C U;cr Mi(F:). O

By the duality between finite tense algebras and finite frames, we obtain

4.2.8. THEOREM. Let IC be a family of subdirectly irreducible tense algebras and
K’ be the class of all finite members in Vg (KC). Suppose K E bry. Then K' C S(K).

Now we are ready to define the notion of tense logics with bounded parameters.

4.2.9. DEFINITION. Let k,l,n,m € Z* U {w}. We define the logic S4BPﬁ:lm by

S4BP}!, = S4: & {bdy, bri, bw,, bw;, }.
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We say that a tense logic L is with bounded parameters if L O S4BP,’§:Zm for some
k,l,n,m € ZT U {w} such that min{k,I,n,m} < w. Moreover, we say that a
tense logic is fully bounded if L D S4BPﬁ:lm for some k,1,n,m € Z*. Let S4BP=™0
denote the set of all fully bounded tense logics.

Lots of well-studied logics are closely related to tense logics with bounded
parameters. For example, the tense logic S4.3; (Lin; @ Dens; in [132]) of linear
frames turns out to be equal to S4BP°1"7’11 . The tense logic Ga of garlands introduced
by Kracht [71] is exactly S4BP§:‘2‘J @ grzt.

In this section, our final task is to show that tense logics of finite depth and
width are Kripke complete. Recall that a proper cluster C' in a general frame
F = (X,R,A)is a cluster C' of X such that |C| > 2. One of our key observation
is the following lemma:

4.2.10. LEMMA. Let k,n,m € Z* and F = (X, R, A) be a refined frame for
S4BP,’§’7‘;. Suppose F contains no proper cluster. Then F is image-finite.

Proof:

We first prove that R[z] is finite for all x € X by induction on dep(x). Suppose
dep(z) = 1. Then R[z] = {z} and so |R[z]| = 1. Suppose dep(z) > 1. Consider
the set Y = {y € R|x] : dep(y) = dep(z) — 1}. Since F contains no proper cluster,
for all y,3/ € Y, neither Ryy’ nor Ry'y. Thus, Y forms an anti-chain in R[z|. By
Proposition 4.2.5, Y is finite. Note that R[z] = {z} U U,ecy R[y]. By induction
hypothesis, R[x] is finite. Similarly, by induction on n — dep(x), we show that
R~*x] is finite for all # € X. Thus, Ry[x] = {«} U R[z] U R~ ![x] is finite for all
x € X and so F is image-finite. O

Recall that a general frame F = (X, R, A) is called finitely generated if
(A;0g, ®R) is a finitely generated tense algebra. Recall also that a general frame
F is of finite girth if there exists an n € w such that every cluster in F is of size at
most n. By Theorem 2.2.48, every finitely generated refined frame F € RFr(K4,)
is of finite girth. Thus, by Lemma 4.2.10, we obtain:

4.2.11. LEMMA. Let n,m,k € Z* and F = (X, R, A) be a finitely generated
refined frame for S4BPZ”‘;’n. Then T is image-finite.

As a consequence, the following theorem holds:

4.2.12. THEOREM. Let n,m,k,l € Z* and L € NExt(S4BPy%). Then L is
Kripke complete. Moreover, if L € NExt(S4BPZ:lm), then L has the FMP.
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Proof:

Let IC be the class of all rooted finitely generated refined frames of L. By

Lemma 4.2.11, every frame in K is image-finite. By Lemma 2.2.40(2), we obtain

that L = Log(K) = Log({xF : F € K}), which entails that L is Kripke complete.
Suppose L € NExt(S4BPfL117n). Take any F = (X, R, A) € K and x € X. Since

F is rooted, by Lemma 2.2.40(1) and Proposition 4.2.5, we see that X = Ré[x] is

finite. Thus, every frame in I is finite, which entails that L has the FMP. O

4.2.13. COROLLARY. If L € S4BP<™ and grzt € L, then L is tabular.

Proof:

By Theorem 4.2.12, L has the FMP. Take any § € Fin.(L). Because grz* € L,
by Proposition 2.2.46, there is no proper cluster in §. By Lemma 2.2.40(1) and
Proposition 4.2.5, the cardinality of the rooted frames of L without proper cluster
has an upper bound, i.e., there exists d € Z* such that || < d for any rooted
frame & € Fr(L) without proper cluster. Thus, tab? € Log(Fin.(L)) = L. By
Theorem 3.1.8, L is tabular. O

4.2.14. REMARK. The reader can notice that reflexivity of frames plays almost
no role in the above proofs. In fact, it is also natural to drop axiom T and define
tense logics K4BPﬁ’fm with bounded parameters. Basic properties above can be

easily generalized to that case. In particular, Theorem 4.2.12 holds for K4BPZ’7in.

4.3 Pretabularity in Fully Bounded Tense Log-
ics

In this section, we study the fully bounded pretabular logics, that is, pretabular
logics in S4BP<"0. We obtain a full characterization of pretabular logics which are
fully bounded. By Theorem 4.2.12, every logic in S4BP<" is Kripke complete.
As we shall see later, it turns out that a tense logic L € S4BP<™° is pretabular if
and only if L = Log(F) for some rooted frame § with certain conditions.

Recall that a frame § = (X, R) is called a skeleton if it contains no proper
cluster. Let us now generalize the notation of skeleton to pre-skeleton, which will
play a central role in our characterization of pretabular logics in S4BP<™.
4.3.1. DEFINITION. Let § = (X, R) be a frame. Then for each cardinal A and
x € X, we define the frame §3 = (X7, R3) as follows:

e X7 =XWNY, where NY ={z;:0<i<Xand i€ w};
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Figure 4.1: Examples of skeleton and pre-skeleton

e R =RU(CY x R[z])U (R [z] x C)U(CY x CF), where C§ = Ny U {z}.

A frame & is called a \-pre-skeleton if & = §5 for some skeleton §. Moreover,
we call & a pre-skeleton if & is a \-pre-skeleton for some \ > 0.

Intuitively, §3% is the frame obtained from § by replacing one reflexive point z in
S by a cluster with 1+ A points. The reader can readily verify that pre-skeletons
are those frames containing exactly 1 proper cluster. It should be clear that §
and §5 share the same skeleton and have the same r-degree, width and depth. In
what follows, without loss of generality, we always assume that X N Ny = @.

4.3.2. EXAMPLE. Concrete examples of skeletons and pre-skeletons are provided
in Figure 4.1: the frame § is a skeleton and the frames §5° and §7* are pre-
skeletons, where C5° = {x3, z31, 235} is a 3-cluster and C*3 = {x3}U{z3; : 0 <i < w}

is an w-cluster.

Let us take a closer look at the skeletons for fully bounded tense logics. Recall
that for a frame § = (X, R), we write F* = (X, R¥) for the skeleton of F defined
by X% ={C(x): 2z € X} and R® = {{C(x),C(y)) : Rxy}.

4.3.3. LEMMA. Let F = (X,R,A) € RFrr(S4BPﬁ’7lm) for some k,l,n,m € Z7.
Then

(1) the skeleton (kF)° of kF = (X, R) is finite.

(2) C € A for every cluster C CW.
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Proof:

For (1), by Proposition 4.2.5, kF € RFrr(S4BPfL’fm). Note that s contains no
proper cluster. By Lemma 4.2.10, F is image-finite and so (1) follows from
Lemma 2.2.40(1). For (2), let (C;),., be an enumeration of clusters in F such
that C' = C. Let ¢ € C. For each i < s, take a point ¢; € C;. Suppose ¢; € R[c].
Since F is tight, ¢; € U; and ¢ ¢ OU; for some U; € A. Since F is differentiated,
¢; € Ul and ¢ € U] for some U] € A. Let V; = (U; N U/) U R7'[U; N U/]. Then
c; € Viand ¢ ¢ V;. Since V; C R7!V;], we have C; C V; and C NV, = @.
Suppose ¢; € R|c|. Since ¢; € C, we see ¢; ¢ R7'[c]. By a similar argument,
there exists V; € A with C; C V; and C NV, = @. Then it is not hard to see that
C=X\U, Vi€ A 0

By Lemma 4.3.3, we see that for each rooted refined frame [F for fully bounded
tense logics, the skeleton of its underlying frame is always finite and every cluster
in I is an admissible set. Thus, we can safely obtain t-morphic images of F that
has girth 1.

4.3.4. LEMMA. Let § = (X, R) be a frame, v € X and o a cardinal. Then
there exists an onto t-morphism [ : §2 — §. Moreover, suppose F = (F=, A) €

(e 2]

RFrr(S4BPfL:l7n) for some k,l,n,m € Z*. Then F' = (F,{fla] :a € A}) is a t-

morphic image of F,

Proof:
Recall that §Z = (X2, R?), where X7 = XUNZ. Let f : XZ — X be the function
defined as follows:

xr  otherwise.

fly) = {y tyed

By the definition of §7, it is clear that f is a surjective t-morphism from g7 to
5. Let A’ = {f[a] : a € A}. By Lemma 4.3.3(2), we obtain that f~'[a'] € A for
all a’ € A’. Thus, F' = (§, A) is a t-morphic image of F. O

Lemma 4.3.4 indicates that we can always obtain t-morphic images of a fully
bounded refined frame by ‘squeezing’ clusters in it. As a consequence, we have

4.3.5. THEOREM. Let § = (X, R) be a frame of girth o. Suppose F = (§, A) is
a rooted refined frame for S4BPﬁ’fm for some k,l,n,m € Z*. Then there exists a
t-morphic image F' of F whose underlying frame KF' is an a-pre-skeleton.

Next, we show that every fully bounded refined frame based on an infinite
pre-skeleton can be simulated by a set of finite frames.
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4.3.6. LEMMA. Let k,l,n,m € Z7, § = (X,R) € Fin, and x € X. Suppose
A >R and F = (§%, A) € RFr(S4BPL ). Then §2 € My(F%) for all s € w.

Proof:

Let s € w and CY denote the cluster in F generated by x. By Lemma 4.3.3,
Cy € A. Note that CY is infinite and F is differentiated, there are pairwise
disjoint Uy, -+ ,Us € A such that U;<,U; = C%. Let D = {do,--- ,d,} = C7
denote the cluster in §7 generated by x. We define the map f : X{ — X7 by

di if Yy < Ui,
y  otherwise.

Note that since § is a finite frame, the reader can readily check that f~![y] € A
for all y € X7. Hence, f is a t-morphism from [F onto §?. O

Recall that we write Prop(n) for the set {p; : i < n} of propositional variables
and Formy(n) for the set of all tense formulas built up from Prop(n).

4.3.7. DEFINITION. Let 9 = (X, R, V) be a model and C' C X a cluster. We
call D C C an n-approximation of C'if for all ¢ € C, ¢ =pop(n) d for some d € D.

4.3.8. LEMMA. Let M = (X, R,V) be a model and C' C X be a cluster in §. Let
Y be a subset of X such that X \ C CY and Y NC is an n-approximation of C.
Then for ally € Y and ¢ € Formy(n), we have

M,y E ¢ if and only if MY,y E .

Proof:

Let MY = (Y, S). The proof proceeds by induction on . The case ¢ € Prop(n)
is trivial and the Boolean cases are standard. Consider the case ¢ = . Suppose
M,y E ¢. Then M,z E ¢ for all z € R[y]. Since Sly] C R[y], by induction
hypothesis, MY, z E ¢ for all z € S[y]. Thus, M|Y,y E ¢. Suppose M,y ¥ ¢.
Then M,z ¥ ¢ for some z € R[y]. Assume z ¢ C. Since X \ C C Y, we
see z € Y. By induction hypothesis, MY, z ¥ ¢ and so M[Y,y ¥ ¢. Assume
z € C. Since Y N C is an n-approximation of C', there is 2’ € C'NY such that
% =prop(n) #'- By Lemma 2.2.47, 9, 2’ ¥ 1). By induction hypothesis, M[Y, 2’ ¥ ¢
and so M[Y,y ¥ p. The case p = €1 can be proved analogously. O

Lemma 4.3.8 shows that to refute a formula, it is not necessary to have an
infinite cluster. Then we can prove the following lemma:

4.3.9. LEMMA. Let § = (X, R) be a skeleton and x € X. Then for all A > Ny,
Log(33) = [ Log(&7)-

new
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Proof:

Note that §5 — §7 for each n € w. Thus, Log(F3) C Npeo Log(FE). Suppose
©(po, -+ yPm—1) & Log(F%). Then §%,V E ¢ for some valuation V in §3. Let
M = (F%,V). Since Prop(m) is finite, there exists a finite m-approximation C
of Cf such that z € C. Let Y = X UC. Clearly, §jp_; = §3[Y. Note that
X3\ Cf CY. By Lemma 4.3.8, MY ¥ ¢, which entails ¢ ¢ Log(Ti¢_;) and so
¥ € ﬂnew Log(‘grmz) 0

As a consequence, by Lemma 4.3.6, we obtain the following theorem

4.3.10. THEOREM. Let§ = (X, R) be a finite skeleton, x € X and F = (§%, A) €
RFr.(S4BP™! Y for some k,1,n,m € Z* and A\ > R,. Then

Log(33) = Log(37;) = Log(F) = ] Log(3,).

new

Next, we introduce the notion of c-irreducible pre-skeleton, which will play a
central role in our characterization of fully bounded pretabular tense logics.

4.3.11. DEFINITION. Let A > 0. Then a A-pre-skeleton § is called c-irreducible
if

M:(F3) = 1({8%, : 0 <m < A}) UM(F).
Otherwise, §3% is c-reducible.

Intuitively, a pre-skeleton §% is c-irreducible if and only if there exists no t-
morphic image of §5 that is not isomorphic to §3 but has the same girth as §3.
In other words, every t-morphism from §5 ‘squeezes’ the cluster C¥.

4.3.12. EXAMPLE. Consider the frames §; and §» in Figure 4.2. We see that §; is
c-reducible, since §» is a t-morphic image of §;. However, §s is c-irreducible, since
for every non-injective t-morphism f from §o, the f-image is always a skeleton.

Ty T2

S1 52

Figure 4.2: A c-reducible frame and a c-irreducible frame

In what follows, our aim is to show that for all finite rooted skeleton §, the
tense logic Log(§%) is pretabular if and only if §7 is c-irreducible. To show this,
we first study t-morphisms from pre-skeletons.
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4.3.13. LEMMA. Let § = (X, R) and & = (Y, S) be frames of finite depth and
x € X. Suppose f:F — & and |C(f(x))| > 2. Then

(1) |C(y)| > 2 for some y € Rlz].
(2) |1C(y)| > 2 for some y' € R™'[x].

Moreover, if § = (§) is an n-pre-skeleton for some n > 1, then
(3) for all z € X, C(2) is proper if and only if C(f(z)) is proper.
(4) flC(x)] = C(f(x)).

Proof:

For (1), let f(z) = yo and dep(F) = k. Since |C(yo)| > 2, there exists y; € C(yo)
with yo # y1. Since f is a t-morphism and Sf(z)y;, there exists 1 € X such
that f(x1) = y; and Rxx;. Again, since Sf(x1)yo, there exists o € X such
that f(x2) = yo and Rxize. By repeating this construction, we get an R-chain
(r; € X 11 <2k+1) such that @ = zo, f(2e) = yo and f(z241) = y1 for all
i < k. Since dep(F) = k < 2k + 1, we see that z,,, = x; for some m <[ < 2k + 1.
By transitivity of §, we obtain x,,,1Rx; = x,, and so C(z,,) = C(x;,41). Note
that since f(x.,) # f(Zmy1), we have z,,, # 41 and so |C(zy,)| > 2. Item (2)
can be proved analogously.

For (3), suppose C(f(z)) is proper. Then |C(f(z))| > 2. By (1) and (2), there
are z; € R[z] and 2, € R7![2] such that |C(z;)| > 2 and |C(z2)| > 2. Since § is a
pre-skeleton, there is exactly 1 proper cluster C' in §. Thus, C(z1) = C(z) = C.
Since zpRzRzy, we have z € C' and so C(z) = C, which implies C(z) is proper.
Suppose C(z) is proper. Then z € C(x) and so C(f(z)) = C(f(x)) is proper.

For (4), it is clear that f(y) € C(f(x)) for all y € C(z), which entails
flC(x)] € C(f(z)). Let uw € C(f(x)). Since f is onto, f(z) = u for some
z € X. Since C(u) = C(f(x)) is proper, by (3), C(z) is proper. Note that C(z)
is the only proper cluster in §, we obtain that z € C(x) and so v € f[C(x)].
Thus, f[C(2)] = C(f(x)). =

Lemma 4.3.13 shows that a t-morphism between proper pre-skeletons always
sends proper clusters to proper clusters. It is worth noting that the assumption
that § is a pre-skeleton in Lemma 4.3.13(3) is necessary. Consider the t-morphism
f depicted in Figure 4.3. The 1-cluster {x} is mapped to a proper cluster.

The following lemma shows another central property of t-morphisms between
pre-skeletons.

4.3.14. LEMMA. Let § = (X, R) and & = (Y, S) be finite skeletons. Then the
following are equivalent:
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Figure 4.3: A t-morphism maps a 1-cluster to a proper cluster

(1) §& — &Y for some 1 <m <n<w;

(2) §i — &) foralll <k <w.

Proof:

Clearly (1) follows from (2). Suppose f : F& — &Y. Let Xy = X \ C(z) and
Yo = Y\ C(y). By Lemma 4.3.13(3-4), f[C?] = C¥ and f[X,] = Y. For
any k > [, there exists g : Cf — C/. Let f' = fIXpand h = gU f'. Tt is
straightforward to verify that h : § — &/. O

Now we focus on c-irreducible w-pre-skeletons and their tense logics. By
Lemma 4.3.14, we have

4.3.15. LEMMA. Let§ = (X, R) and & = (Y, S) be finite rooted skeletons, v € X
and y € Y. Suppose §7, and &Y are c-irreducible. Then

Log(F) = Log(&Y) implies % = &Y.

Proof:

Let k = rdg(F) + rdg(®). Since §¢ F Log(F%) and F¢,x ¥ ~T*(F%, 1), we
obtain ~J*(§%, z) ¢ Log(®Y) and so &Y ¥ -~ J%(F% ). By Theorem 4.1.5 and
Theorem 4.1.8, we have &Y — §7. It follows from Lemma 4.3.14 that &7 — F7.
Analogously, we can show that § — &7. Then |&Y| = |F7| and by Fact 2.2.24,
we obtain that §f = &Y. 0

In the following lemma, we show that an w-pre-skeleton is c-irreducible when-
ever the corresponding 1-pre-skeleton is c-irreducible.

4.3.16. LEMMA. Let § = (X, R) € Fin be a skeleton and x € X reflexive. Then

T is c-irreducible if and only if §7 is c-irreducible.
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Proof:

The right-to-left direction follows immediately from Lemma 4.3.13(4). For the
left-to-right direction, take any $)’ € M(F*) such that $ is not isomorphic to
§*. Let h: §7 — $’. By Lemma 4.3.13, § is of the form §?, for some m < w.
If m =0, then £’ € M;(§) by Lemma 4.3.14. Suppose m > 0. By Lemma 4.3.14,
we have that 7 € My(F7). Note that M(F7) = I({F7}) U M(F) and there is no
frame in M;(§) of girth greater than 1. Thus, H7 = §{ and so ' = HZ =F2. O

Lemma 4.3.16 allows us to decide the c-irreducibility of an w-pre-skeleton
by examining its finite counterpart, which enables the use of generalized Jankov
formulas. Now we are ready to provide a characterization of pretabularity for
tense logics of pre-skeletons.

4.3.17. LEMMA. Let § = (X, R) be a rooted finite skeleton and x € X. Then

Log(§%) is pretabular if and only if §7 is c-irreducible.

Proof:
Suppose §7 is c-reducible. Then there exists a frame &, such that &, 2 §{ and
By € M(FT) \ Mi(S). Let f: F7 — Bo. Note that CT is the unique proper
cluster in §7. We claim |f[CT]| > 1. Suppose |f[CT]| = 1. Then f[CT] = {yo}
for some yg € Bg. Then we define f' : §F — Bg by f'(z) = yo and f'(z) =
f(z) for all z € X \ {z}. It is clear that ' : § — &¢. Thus, &, € M(F),
which is a contradiction. Thus, f[CT] = C(f(z)) is a proper cluster in &,. By
Lemma 4.3.13(3), & is a 2-pre-skeleton and so &y = &Y for some & = (Y, 5). It
suffices to show Log(®Y) 2 Log(F?). Since §f — &, by Lemma 4.3.14, §* — &Y
and so Log(®Y) D Log(F®). Consider the formula ¢ = ~J*(F%, x) where k =
rdg(§) + 1. We show that ¢ € Log(®Y)\ Log(F?). Clearly, ¢ & Log(F?). Suppose
v & Log(®Y). By Lemma 4.3.9, Y ¥ ¢ for some m € w. By Theorem 4.1.9, we
have that Y, — 7. It follows from Lemma 4.3.14 that &, = &Y — F7. Thus,
I557| = |®o] and so f : FT — B¢ is injective. By Fact 2.2.24, we obtain that
By = §7, which contradicts our assumption.

Suppose §7 is c-irreducible. By Lemma 4.3.16, we have that §7, is c-irreducible.
Take any L 2 Log(F~). By Theorem 4.2.12, L = Log(Fin,(L)). Then it follows
from Theorem 4.2.7 that

Fin,(L) & Fin,(Log(35)) € Mi(F5) = 1({7, - 0 <m < w}) UM(F).

Thus, there exists n € Z* such that Fin,.(L) C I({F% :0<m <n}) U M(F),
which entails that L = Log(Fin,.(L)) is tabular. Clearly, Log(§*) is non-tabular.
Hence, Log(§*) is pretabular. O



4.3.  Pretabularity in Fully Bounded Tense Logics 95

Our final task in this section is to characterize pretabularity for fully bounded
tense logics. The key observation is that every pretabular tense logic can be
represented as the logic of an infinite rooted refined frame, which we establish
using ultraproducts of general frames.

4.3.18. THEOREM. Let L be a non-tabular tense logic. Then Fin,(L) # RFr.(L),
i.e., there exists an infinite rooted refined frame F such that F E L.

Proof:

Since L is non-tabular, by Theorem 3.1.8, tabf ¢ L for any n € w. By Proposi-
tion 2.2.37, L = Log(RFr.(L)). Thus, for all n € w, there exists F,, = (X,,, R, An) €
RFr.(L) and z, € X, such that F,, z, ¥ tabz. By Lemma 3.1.6, we have
F,,x, ¥ tab’ for all m > n. By Theorem 2.2.30(1), [Iy; F,, [z] # tabl for any
n € w, where U is a non-principal ultrafilter over w and x : n — z,, for all n € w.
Let G = ([Iy Fn))- By Theorem 2.2.30, [y F,, F L, which implies G = L. Note
that G € RFr, and G, [z] ¥ tab? for any n € w, by Lemma 3.1.6, we see that
G € RFr.(L) \ Fin,.(L). O

4.3.19. COROLLARY. If L is a pretabular tense logic, then L = Log(F) for some
rooted refined frame F.

Proof:

Since L is non-tabular, by Theorem 4.3.18, there exists an infinite rooted refined
frame I such that F E L. Note that Log(F) O L is non-tabular and L is pretab-
ular. Thus, L = Log(F), which concludes the proof. 0

Now we provide the characterization of pretabular fully bounded tense logics.

4.3.20. THEOREM. Let L € S4BP<™. Then L is pretabular if and only if L =
Log(§%) for some c-irreducible rooted pre-skeleton F7.

Proof:

The right-to-left direction follows from Lemma 4.3.17 immediately. For the other
direction, suppose L is pretabular. By Theorem 4.3.18, L = Log(F”) for some
infinite rooted refined frame F”. By Theorem 4.3.5, there exists A\ > 8, and a
t-morphic image F’ of F” such that xF’ is a A-pre-skeleton. Then F’ is of the form
(§%, A), where § is a finite skeleton. Since S4BP7’fb:lm C L, by Theorem 4.3.10, we
see that L C Log(F') = Log(F%). Because L is pretabular, L = Log(F%). By
Lemma 4.3.17, §7 is c-irreducible. O

By Lemma 4.3.9 and Theorem 4.3.20, we have
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4.3.21. THEOREM. Every pretabular logic in S4BP<X has the FMP.

Let us conclude this section with the following theorem about the cardinality
of pretabular extensions of fully bounded tense logics:

4.3.22. THEOREM. For all k,l,n,m € Z*, we have that |PTAB(S4BP*! )| < X.

,m

Proof:
Take any skeleton § € Frr(S4BPfl”lm) and z € §. It is not hard to see that |§| <

|Ri[z]| < (k(m+ n))'. Thus, there are only finitely many skeletons validating
S4BPL!.. By Theorem 4.3.20, [PTAB(S4BPy! )| < Ny. O

, M

4.3.23. REMARK. We will see in Section 4.5 that there exist countably many
pretabular logics in S4BP<™. In fact, as we have mentioned, it always makes
sense to drop reflexivity and consider fully bounded tense logics above K4,. Then
we could generalize our results and show now that there exists countably many
such pretabular logics. Recall that €h s = (n, <) is the strict chain of n-elements.
For each n € Z*, consider the tense logic L,, of the w-pre-skeleton (€h)°. Clearly,
for all 4,5 € Z*, we have L; # L; whenever i # j. It is also easy to see that
(€h5)? is c-irreducible for all n € w. By generalizing Lemma 4.3.17, we see that
L, is pretabular for all n € w.

4.4 Pretabular Tense Logics in NExt(54.3;)

In Section 4.3, we studied pretabular fully bounded tense logics and gave their full
characterizations. In the present section, we turn our attention to tense logics
with weaker restrictions. As a representative case, we consider the tense logic
S4.3; defined by

S43, =S4, 0 (CepVep - pVOpV ep).

It is known that S4.3; is the tense logic of linear pre-orders. Note that S4.3, =
S4BP°1J7’11 , which indicates that frames of this logic has strong restrictions on forth-
width, back-width and r-degree, while imposing no restriction on depth.

Linearity is important in the research of tense logics. The tense logic S4.3;
and its modal fragment S4.3 have been well investigated. Bull [19] and Fine [48]
showed that every extension of S4.3 has the FMP. By characterizations of pretab-
ular logics over S4 in [44, 90|, we have that |PTAB(S4.3)| = 3. Wolter [132] proved
that every extension of S4.3; is finitely axiomatizable. The aim of this section is
to prove the following:

There are exactly 5 pretabular tense logics in NExt(S4.3;).
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To prove the theorem above, we first show that the tense logic Grz.3; is the
unique pretabular logic in NExt(S4.3;) with infinite depth, where

Grz.3;, = S4.3, ® {grz", grz" }.

Recall that for each n € Z*, we define the n-chain €h,, by €h,, = (n,<). It is
well known that Grz.3; is the tense logic of all finite chains, that is,

Grz.3; = N“_, Log(¢h,,).
4.4.1. LEMMA. Let F € RFr.(S4.3;) and n € Z". Then
dep(IF) > n implies €, € M(FF).

Proof:

Let F = (X, R, A). Since dep(F) > n, by Proposition 4.2.5(1), F ¥ bd,,. Then
there exists a valuation V and a co-chain (x; : i < n) in F such that F, V., x; E Op;
and F,V,z;,1 F —p; for all + < n. We define the function f: X — n+ 1 by:

n—i ifxeVOp)\V({@pis1) andi <n
fz) = .
0 otherwise.

Clearly, f~'[D] € P for all D C n+ 1. Take any j < n and = € V(Op;). Note
that I is linear, by ;11 FOpj1 A —pj, we see © € R[z;41] and so z € V(Opj41).
Thus, V(Op;) € V(Opigr) for all i < n. Hence, f: F — €h,_ ;. O

It follows from Lemma 4.4.1 that Grz.3; is the maximal logic with infinite
depth. More precisely, the following theorem holds:

4.4.2. THEOREM. Let L € NExt(S4.3;). Then L C Grz.3; iff dep(L) = N,.

Proof:

The left-to-right direction is trivial. Suppose dep(L) = Xy. Then for each n € Z*,
there exists IF,, € RFr.(L) such that dep(F,) > n. By Lemma 4.4.1, we have
F,, — &b, ,,, which entails €h,,, F L. Thus, L C (:_, Log(¢h,,) = Grz.3,. O

Now we show that Grz.3; is the only pretabular logic with infinite depth.
4.4.3. LEMMA. Grz.3; is pretabular.

Proof:

Let L 2 Grz.3;. Note that bry € Grz.3;, by Theorem 4.2.7, Fin,(Grz.3;) =
Unez+ Me(€h,,). By Theorem 4.4.2 and Proposition 4.2.5(1), dep(L) < 8y and
so bd, € L for some n € Z*. Thus, Fin,.(L) = M;({€h,,}) for some n € ZT.
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By Theorem 4.2.12, L has the FMP. Thus, L = Log(Fin,(L)) = Log(€h,,), which
entails that L is tabular. Hence, Grz.3;, € PTAB(S4.3;). O

To characterize pretabular logics with finite depth, we introduce some auxil-
iary definitions. Recall that for a skeleton § = (X, R) and z € X, we write §%
for the A-pre-skeleton generated by (§, x).

4.4.4. DEFINITION. Let tp = {£,+4, —, o}. For all A such that A < w, we define
¢h3 = (%1)9\7 Ch;\r = (€b2)?\7 ¢hy = (6[32)%\ and ﬂ)f = (Q:hz)%\-
For all ¢ € tp, let L' = Log(€h.).

The frames €h3, €h{, €hy and Chf\[ are depicted in Figure 4.4.

o

@é?@

O

¢h, ¢hy ¢hy ¢hy
Figure 4.4: Frames €h3, €hy, €hy and Ch

4.4.5. PROPOSITION. For eacht € tp, the tense logic L' is finitely axiomatizable.
More precisely, the following holds:

(1) L° =S5, =543, @ (Op — OCp),

(2) Lt =54.3; ® {bdy,0Cp — O0Op},

(3) L= =543, ® {bd,, He&p — ¢Mp} and

(4) L* =54.3, ® {bd;, [ 1Op — OLp,Mep — &Mp}.

Proof:
The proof is standard. O

In what follows, we show that L*, LT, L~ and L° are exactly the pretabular
logics in NExt(S4.3;) of finite depth. As a corollary, we obtain that

PTAB(S4.3,) = {L* L™, L™, L° Grz.3,}
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4.4.6. LEMMA. For allt € tp, the logic L' is pretabular.

Proof:
Since €hY is c-irreducible, by Lemma 4.3.17, L! = Log(€h')) is pretabular. O

4.4.7. LEMMA. Let t,s € tp. Thent = s if and only if L' = L*.

Proof:
Follows immediately from Lemma 4.3.15. O

By Lemmas 4.4.6 and 4.4.7, we see that L*, L, L~ and L° are pairwise dif-
ferent pretabular logics of finite depth. It remains to show that there is no other
linear pretabular logics of finite depth. By Theorem 4.3.20, we could focus on the
logics of c-irreducible w-pre-skeletons.

4.4.8. LEMMA. Let § = (X, R) € Fr,(S4.3;) be a skeleton of finite depth and
x € X. Then the following holds:

§2 is c-irreducible if and only if F% is isomorphic to €l for some t € tp.

Proof:

The right-to-left direction is trivial. For the other direction, suppose §7, is c-
irreducible. Let Y™ = R[z] \ C(z) and Y~ = R !z] \ C(z). We claim that
Y*| < 2 and |[Y~| < 2. Suppose |YT| > 2. Then let & = (X, Ry) where
Xo =Y UC(z)U{y} and Ry is the reflexive-transitive closure of (Y~ x C(z)) U
(C(x) x {y}). It is obvious that & € M (FZ) \ [({F% : n < w}), which contradicts
the fact that §7 is c-irreducible. Similarly, |Y | > 2 implies §% is c-reducible,
which is impossible. Thus, |[Y*| < 2 and |Y~| < 2. Then we have the following
4 cases:

1

Y+, Y| 0,0). In this case, §* = €h_.

2) ([Y*],|Y | Then 3% = €h_.

(1) ¢ ) = {0,0).
(2) ( ) =(0,1).
(3) (Y[, [Y~[) = (1,0). Then §Z = &b
(4) (Y[, Y] )-

(1,1). Then §% = €hZ.

Hence, 2 is isomorphic to €h., for some ¢ € tp. O

4.4.9. THEOREM. There exists exactly 5 pretabular logics in NExt(S4.3;). More
precisely, PTAB(S4.3;) = {L*, L, L=, L°, Grz.3;}.
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Proof:

By Lemmas 4.4.3, 4.4.6 and 4.4.7, we see that {L*, LT L=, L°, Grz.3,} C PTAB(S4.3;)
and [{L* LT, L=, L° Grz.3;}| = 5. Take any L € PTAB(S4.3;). Suppose dep(L) =
Ny. By Theorem 4.4.2 and Lemma 4.4.3, we obtain that L = Grz.3;. Suppose
dep(L) = n < X,. By Proposition 4.2.5, L € NExt(S4BP’f,’11). It follows from The-
orem 4.3.20 that L = Log(F?) for some c-irreducible rooted §%. By Lemma 4.4.8,

F2 is isomorphic to €h’, for some t € tp. Hence, L = Log(¢h’) € {Lt:t € tp}. O

By Proposition 4.4.5 and Theorems 4.2.12 and 4.4.9, we have

4.4.10. THEOREM. Let L € PTAB(S4.3;). Then L is finitely axiomatizable and
has the FMP. Hence, L is decidable.

Moreover, by Theorems 4.4.9 and 4.4.10, we have

4.4.11. THEOREM. Tabularity in NExt(S4.3;) is decidable. That is, given any
formula @, it is decidable whether S4.3; & ¢ is tabular.

Generally speaking, Theorem 4.4.11 concerns a higher level of decidability: it
is not merely about the decidability of logics, but about the decidability of logical
properties within lattices of logics. For further discussion of the decidability of
logical properties, see Chapter 6.

4.5 Pretabular Tense Logics in NExt(S4BP§:°2‘J)

In this section, we study pretabular logics over S4BP§:§. Comparing to 54.3;, the
tense logic S4BP§:‘2" has weaker constraints on the width of logics (allows forth and
back width no more than 2 instead of 1), but a stronger constraint on the depth
(allows only depth 2). As we will see in this section, rooted frames of S4BP§:°2‘J
are ‘garlands’ and ‘hoops’. We provide a full characterization of PTAB(S4B ng;),
and it turns out that the cardinality of PTAB(S4BP3%) is Ry. Thus, we have a
constructive proof for the claim in [107] that PTAB(S4;) is infinite.

Before characterizing the pretabular logics in NExt(S4B P%:;’), we need to define
some finite skeletons of S4B ng;, namely, the (co)-garlands and hoops. These finite
skeletons will play an important role in our proof.

4.5.1. DEFINITION. Let &7 denote the frame (Z, R,) where
R, ={(i,1) : 1€ Z}U{(2i+1,20) : i € Z} U{(2i + 1,2i + 2) : i € Z}.

For all A < w, we define &, as the frame & [(1+ ). For each n € O, we define ),
as the frame (1+n, (R.[(1+n))U{(n,0)}). We call &,, an n-garland and §,, an
n-hoop. Let G = {&, :necw}, G ={(6,) " :necw}and H = {9, :n c O}
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Figure 4.5: The garlands &,, and hoops $,, for some n € O

The frames &z, &,, and $,, are depicted in Figure 4.4.
We first show that every (co)-garland and hoop is a t-morphic image of &.

4.5.2. LEMMA. GUG TUH U{B,, (B,) '} C M(&y).

Proof:
It is easy to see abs(-) : &z — &, where abs(+) is the absolute value function
defined as follows:

—x  otherwise.

if o >
abs(x):{x itz >0,

Take any n € w. Then the function h, : x — x mod (1 + n) is a t-morphism
from &4 to $,,. Moreover, g, : &, — &,,, where

g(z) =

r mod 2n if (' mod 2n) < n;
2n — (r mod 2n) otherwise.

Thus, GUH U {&,} C M,(62) and so G- U {(&,,) "'} € My((&2)™"). Note that
s: 1+ o+ 1is an isomorphism between &z and (&z)~". Thus, GUG ' UH U
{®0, (B0) '} € My(&2). 0

Next, we show that rooted skeletons for S4B ng are exactly the garlands and
hoops. To do this, we introduce the following auxiliary fact:

4.5.3. FACT. Let § = (X, R) € Fr,(S4;) be a skeleton. Then the following holds:
(1) If § E bdy, then for all x € X, R[z] = Ry[z] or R '[z] = Ry[z].
(2) If § F bdy A bwy, then for all z € X, |R[z]| < 3.

(3) If § E bdy A bws, then for all x € X, |[R7!z]| < 3.
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Proof:
The proof is standard, we omit it here. O

4.5.4. LEMMA. Let §=(X,R) € Fr,,(S4BP§:§J) be a skeleton and x € X. Then
(1) FIRp[z] e (GUG T UH) foralln € w.
(2) $1B;[z] € (GUGTUHU{®,, (6,) ", 82}).

Proof:

For (1), the proof proceeds by induction on n. When n = 0, we see § [Rg [z] = B,.
Let n > 0. By induction hypothesis, S[Rg_l[x] € (GUG'UH). Suppose
FIR; ' [x] € (). Then |Ry[y] N Ry~ '[z]| = 3 for all y € X. By Fact 4.5.3, we
have R}[z] = Rg_l[a:] and so §[RY[r] € I(H). Suppose STRg_l[:U] € 1(G). Then
there exists f : &,, = F R}~ [z] for some m 6 w. Since Rﬁ’l[ ] € RP[z] # X, by
Lemma 2.2.15, R}~ '[z] # RP[x] and so Ry[f(0)] € Ry~ '[z] or Ry[f(m)] € Ry~ '[x]
Then we have the following three cases:

« Ry[f(0)] € Ry '[a] and Ry[f(m)] € RI™'[z]. Note that {f(m — 1), f
Ry[f(m)], by Fact 4.5.3, there exists a umque point y € Ry[f ( ] \
Clearly, Ri[y] N Ry ~'[z] = {f(m)}. Thus, fU {{m+1),y} : G
SRy (2],

« R[f(0)] ¢ Ry '[a] and R;[f(m)] € R} '[z]. By a similar argument and
Fact 4.5.3, there is a unique point y € R7'[f(0)] \ Rj’f_l[a:], and we see
that ¢ : (Bppq) = = SR} [x], where g(0) = y and g(1 + k) = f(k) for all
0<k<m.

o)
iy

[x].

I=—1N

o Ry[f(0)] & Rg_l[:v] and Ry[f(m)] € Ry~ '[z]. Again, by Fact 4.5.3, there
exists a unique point y € Rﬁ[f( )] \ Ry~ '[z] and a unique point z €
R f(0)] \Rg‘l[a:]. Suppose y # z. Then G (Bppo) ' = SR} [x], where
9(0) =2z, g(lm+1) =y and g(1 + k) = f(k) for all 0 < &k < m. Otherwise,
y = z and we see that f U {(m + 1,y)} : Ny = FIRY[2].

Suppose IRy [z] € (G ) Then § 'R} ~'[z] € I(G), which entails [ R} [z] €
I(G). Thus, §TR}[z] € 1(G~"). Since § is rooted, (2) follows from (1). O

Let Ga = Log(®y). The following theorem shows that Ga is the maximal logic
in NExt(S4BP§:‘§’) with infinite r-degree.

4.5.5. THEOREM. Let L € NExt(S4BP3%). Then

L C Ga if and only if br,, € L for anyn € Z™.
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Proof:

The left-to-right direction is trivial. For the other direction, suppose br,, ¢ L
for any n € Z*. Take any ¢ ¢ Ga with md(¢) = k. Then &z,m ¥ ¢ for
some m € Z. Since bry. o ¢ L and L is Kripke complete, there exists a frame
§=(X,R) € Fr.(L) and € X such that §,z ¥ bry,». Then §°, C(x) ¥ bryo
and so rdg(C(x)) > 4k 4+ 2. Let & = sz(RS)glkH[C’(m)]. By Lemma 4.5.4,
® cl(GUGTUH). Since rdg(C(x)) > 4k +2, & & |(H). Suppose g : & = &,
for some [ € w. Since rdg(C(x)) > 4k + 2, we see | > 4k + 1. Let f:1+1 —
Z be the function such that f(z) = x +m + (m mod 2) — 2k. Then we see
fog: (S,y) =1 (&z,m), where y is such that g(y) = 2k — (m mod 2). By
Lemma 4.1.3, §,2 ¥ ¢ and so ¢ & L. O

4.5.6. COROLLARY. Let F C GUG ' U®H be infinite. Then Ga = Log(F).
It follows that Ga is pretabular:
4.5.7. THEOREM. Ga € PTAB(S4BP3%).

Proof:

Clearly, Ga is non-tabular. Take any L 2 Ga. By Theorem 4.5.5, br, € L
for some n € Z*. By Lemma 4.5.4, Fr.(L) C I(GU G U®H). Tt follows from
Corollary 4.5.6 that Fr,.(L) C I(F) for some finite F = {§F; : i <n} C GUG'UH.
By Theorem 4.2.12, we see that L = Log(P,.,, §:) is tabular. O

In what follows, we give a characterization for pretabular logics over S4BP§:§)
of finite r-degree. Note that every tense logic in NExt(S4BP§:°§) of finite r-degree
is fully bounded. Thus, to study pretabularity, we now focus on c-irreducible
pre-skeletons. The following lemmas (Lemma 4.5.8 and 4.5.9) characterize c-
irreducible pre-skeletons based on finite garlands.

4.5.8. LEMMA. Let m <n € w, §7 be a pre-skeleton and f : (&,)7" — §7. Then
(1) S (f(m)] = {m} and f[f(my)] = {mi};
(2) for all different k,1 € 1+n, f(k) = f(I) implies k + 1 = 2m;
(3) if 2m < n, then f: (&)™ = 7.

Proof:

Recall that the domain of (&,)7" is (1 +n) U {m;}. Since f : (&,)7* - §7, by
Lemma 4.3.13, f[{m, m1}] = {z,x1} is the unique proper cluster in §7. For (1),
take any k € (&,,)7". Suppose f(k) = f(m). Then C(f(k)) is a proper cluster. By
Lemma 4.3.13, C(k) is proper. Since f(m) # f(my) and {m,m;} is the unique
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proper cluster in (&,,)7", we see k = m. Hence, f~![f(m)] = {m}. Similarly, we
obtain that f~![f(mq)] = {m}.

For (2), take any different k,l € 1+ n such that f(k) = f(I). By (1), k
m # 1. Let §7 = (X, R). Then there exists a € Z* such that f(m) € Rg[f(k)] \
Ry~ [f(k)]. Thus, f(m) € f[RE[K))\ f[R;'[K]] and f(m) € fRE[I]\ fIRE (1]
By (1), m € R§[k] \ R{™'[k] and m € Rg[l] \ R¢™'[I]. Since k # I, We see
{k,l1} ={m —a,m + a}. Thus, k+1=2m.

For (3), suppose 2m < n. By (1) and (2), f7'[f[y]] = {y} for all y €
{m,mi} U{ke€l+n:k>2m}. Since 2m + 1 € R'[m + a] \ R}*[m — a] for
all a < 'm, by (2), we see f[f[k]] = {k} for all k£ < 2m. Thus, f is injective and
s0 11 (B = 3. 0

4.5.9. LEMMA. Let m,n € w. Suppose n > 0 and 2m < n. Then
(1) (&,)7" is c-irreducible if and only if 2m # n.
(2) ((&,)")™ is c-irreducible if and only if 2m # n.

Proof:

Note that M, (((6,)”)7) = {F ' : § € M((6,,)7)}, (2) follows from (1) immedi-
ately. For (1), suppose 2m # n. By Lemma 4.5.8(3), (&,,)}" is c-irreducible. For
the other direction, suppose 2m = n. Let f: X — (1+m)U{m;} be defined by:

x if v <m orxz=mq;
n —x  otherwise.

Thus, f: (&,)7" — (&,,)]". Since n > 0, we see n > m and so (8,,)7" Z (&,)]".
By Lemma 4.3.13, (8,,)7" € M¢(®,,). Thus, (&,,)}" is c-reducible. O

It is worth noting that there exists no c-irreducible pre-skeleton based on
hoops. More precisely, the following lemma holds:

4.5.10. LEMMA. For alln € O and m < n, the frame (9,)7" is c-reducible.
Proof:
Suppose n = 4k + 1 for some £k € w and m € E. Then we let the function

fr(dk+2)u{mi} — (4k +2) U{(2k),} be defined as follows:

fa)= | @ T2 —m) mod (4h+1) ifwe (dk+2)
o (2k) otherwise.
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It is clear that f : (£,)7 = (9,)?. We define the function ¢ : (4k+2)U{(2k),} —
(2k+1)U{0:} by

i =
9(@) 0; otherwise.

{l if abs(x —2m) =l and z € (n+ 1);

Then we see that g : ($,)2F — (Bary2)?, which entails go f : (£,)7" — (Gapi0)).
Note that (Gori2)) € Mi(H,) and (Soi0)) Z (9,)7, (H,)7 is c-reducible.
Assume m € O. Then we can construct maps f' : (£,)7 = ($€,)*™ and
g (9)F o (Bgppr)” )Y similarly, which also implies that (£),)7 is c-
reducible. Analogous arguments work for the case n = 4k + 3 for some k € w. O

Now we are ready to prove the main theorem of this section:

4.5.11. THEOREM. The set PTAB(S4BP§:§’) is characterized as follows:
PTAB(S4BP3%) = {Ga,S5;} U {Log((®,)™), Log(((&,) ")) : 2m < n € Zt}.

Proof:

Note that S5, = L° and S5; D S4BP§:‘2”, by Theorem 4.4.9, S5, is pretabular. By
Theorem 4.5.7, Ga € PTAB(S4BP§:°2J). Take any 2m < n € w. By Lemma 4.5.9
and Lemma 4.3.16, (&,,)7 is c-irreducible. By Theorem 4.3.20, Log((®,,)7) is
pretabular.

Take any L € PTAB(S4BP§:‘§). Suppose br, € L for any n € Z*. Then by
Theorem 4.5.5, L C Ga. Since L is pretabular, L = Ga. Suppose br,, € L for some
n € Z*. Then L € PTAB(S4BP3%). By Theorem 4.3.20, L = Log(3?) for some
c-irreducible rooted finite pre-skeleton. By Lemma 4.5.4, § € (G UG U H).
If |§| = 1, then §° = (&) and so L = S5,. Suppose |§| # 1, then |F| =
1 + n for some n € Z*. By Lemma 4.5.9 and Lemma 4.5.10, §* = (8&,,)7 or
F° = ((&,)" ") for some m € w such that 2m # n. If 2m < n, then we are
done. If 2m > n, then we see that % 2 (&,)"™ or § = ((&,)” )™, Thus,

w

L e {Log((®,)7):2m <n € w}. 0

4.5.12. EXAMPLE. Note that the frame §7? given in Figure 4.1 is isomorphic to
((65)™")°, by Theorem 4.5.11, we see that Log(F") is pretabular.

4.5.13. THEOREM. |PTAB(S4BP3%)| = ;.

Proof:
By Theorem 4.5.11, |PTAB(S4BP3%)| < R,. Take any n,m,k,! € w such that
2m < n and 21 < k. It is clear that (6,)™, ((6,)” )™, (&;), and (&, ")), are

pairwise non-isomorphic. By Lemma 4.3.15, their logics are pairwise different.
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Thus, by Theorem 4.5.11, |PTAB(S4BP3%)| = X;. O

Moreover, we show the following anti-dichotomy theorem for the cardinality
of pretabular extensions in NExt(S4BP§:°2J):

4.5.14. THEOREM. For all k < X, there ezists L € NExt(S4;) such that
|IPTAB(L)| = k.

Proof:

By Theorem 4.5.13, |PTAB(S4BP§:§J)| = Ny. Obviously, Log(€h,) D S4BP§:§u and
|IPTAB(Log(€h,))] = 0. Take any x € Z*. Let F = {(6,41)? :n <k} and
L = Nzer Log(F). Then |F| = k. Note that bd; ¢ L and br,; € L, {Ga, S5} N
PTAB(L) = @. Take any & € {(&,)™, ((&,) )" :2m <n € Z*}. Suppose
3% ¢ F. Then similar to the proof of Lemma 4.3.15, we see J™€®)*%(F? 1) ¢
L. Thus, § € F if and only if Log(§) 2 L. By Theorem 4.5.11, PTAB(L) =
{Log(§) : § € F}. By Lemma 4.3.15, |PTAB(L)| = &. O

As a corollary, we have
4.5.15. THEOREM. Fvery pretabular logic in NExt(S4BP§:;}) has the FMP.

Proof:
Follows from Lemma 4.3.9, Corollary 4.5.6 and Theorem 4.5.11 immediately. O

4.5.16. REMARK. The results obtained in this section are closely related to the
ones in [71, Section 4]. The logic Ga was defined to be S4, @ {grz, alt] , alt; , bds }.
Garlands &,, were also defined there. It was proved that Ga = Log(®,) =
Nnew Log(®,,) is pretabular.

However, there are some problematic claims in [71, Section 4], which makes
the characterization of NExt(Ga) given there incomplete. It was claimed that a
rooted frame § validates Ga if and only if § = &,, for some n € w. It follows that
{Log(®,,) : n is prime} is the set of all logics in NExt(Ga) which are of codimension
3. However, as Lemma 4.5.4 shows, the class of rooted frame for Ga is I(G ug—tu
HU{&,, (6,)"", &2}), which is not the same as 1(G). Consider the frames $)3 and
(62)71, as shown in Figure 4.6. Then we see that )3 F Ga but $5 2 &,, for any
n € w. Moreover, note that tabl A ~J*(®s3,0) € Log($)3) and tabs ¢ Log($s),
we see that Log($s3) € {Nicr Log(®;) : I C w}. Thus, Log(H3) is missing in the
characterization given by Kracht [71]. It is also straightforward to show that
Log((®2) ") & {Nies Log(®y) : [ C w}.
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Figure 4.6: The garland (&)~ and hoop 3

4.6 Pretabular Tense Logics in NExt(S4BP§:§”)

So far, we have studied several families of tense logics with bounded parameters
and constructed countably many pretabular logics in NExt(S4;). In this section,
we investigate the pretabular tense logics extending S4BP§:§’, which imposes a
weaker constraint on back-width than S4BP%3§: namely, back-width at most 3 is
allowed instead of 2. As we will see shortly, the class of rooted frames for S4BP§:§J
is much more complicated than that for S4BP§:°2’.

The aim of this section is to show that [PTAB(S4BP3%)| = 2%, that is, there
exists continuum many pretabular logics extending S4BP§:§J. The strategy is as
follows: We first construct a continual family of sequences of integers by gen-
eralizing the Thue-Morse sequences. Based on these sequences, we construct
corresponding ‘umbrella-like’ frames. Then we show that their logics are pairwise
different and pretabular. As a corollary, |PTAB(S4,)| = 2%, which answers the
open problem about the cardinality of PTAB(S4,) given in [107].

In the following subsection, we review the preliminaries on sequences and
introduce the notion of generalized Thue-Morse sequences.

4.6.1 Generalized Thue-Morse sequences

For all i,j € Z, we write [i,j] for {k € Z :i <k < j}. A subset I of Z is said
to be an interval in Z if for all 4,5 € I, [i,j] CI. Amap t:7Z — Z is called a
translation if there exists k € 7Z such that t(i) = i + k for all i € Z. We write
t : a > b for the translation t such that t : i +— (i4+b—a) for all i € Z. Let X be
a non-empty set. An X-sequence is a partial function f : Z — X where dom(f)
is an interval in Z. Let Seq(X) and Seq<"°(X) denote the sets of all X-sequences
and finite X-sequences, respectively.

Let « : [a,b] — X be a nonempty finite sequence such that «(i) = z;_, for
all i € [a,b]. Then we write (a, (zg, -+ ,xp)) for a. We write (g, -+ ,xp) for a if
a=0.

Let av, B € Seq(X). Then we say (i) « is embedded into 5 (notation: o < ), if
aos C [ for some translation s. (ii) a is finitely covered by B (notation: o < 3),
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if v < 8 for all finite sequence v C «. (iii) a and 3 are similar (notation: o =~ 3),
if a = fand f < a. a and g are dissimilar if o % f3.

4.6.1. REMARK. As the reader might have already noticed, our notion of a se-
quence is slightly more general than the usual one: X-sequences are partial func-
tions from Z to X, but not simply functions from ordinals to X. The main
reason for this choice is that we need to consider infinite sequences that extend
in both directions. This feature turns out to be essential for the construction in
Definition 4.6.12 as well as for the proofs such as the one of Lemma 4.6.16.

Next, we introduce some operations on sequences. The first is the notion of
concatenation of sequences. Since the domains of finite sequences are intervals
of integers instead of natural numbers, we need a slightly general definition of
concatenation of sequences.

4.6.2. DEFINITION (Concatenation). Let « : [a,b] — X and § : [¢,d] — X be
finite X-sequences for some nonempty set X. Then we define a *x 5 by

O-/*B = <a(a)7"' ,a(b),ﬁ(c),--- 75(d>>
The sequences of * 5 and « * 37 are defined as follows:
atxB={a,axp)and a* B = (c+a— (b+1),ax*p).

Let (a; : i € n) be a finite tuple of finite X-sequences. Then we write ag * oy *
Sk QU OF Qv -+ - Qi for (-+ - (g * p) % -+« % ay_9) * 1. Moreover, let

Qo kK ke kg = (g% % Q1) % Q)T % (Ut %0+ % g q).

The notation in Definition 4.6.2 looks complicated, but the idea behind is
simple. Given any finite tuple A = («; : i € n) of finite X-sequences, the sequence
Qo % -+ % Q| % -+ % vy is designed to be the concatenation of A which always
preserves the index of a,,. An example is given in Table 4.1.

4.6.3. DEFINITION. Let X be a non-empty set, A C Seq(X) and n € w. Then
the set Conc(A, n) of all n-concatenations of A is defined as follows:

Conc(A,n) ={ap - ap_1: Vi <n(o; € A)}.

Let Conc(A) = U;e, Conc(A,n).

In what follows, we will mainly focus on 2-sequences, that is, {0, 1}-sequences.
For each 2-sequence « : Z — 2, the inverse @ of « is defined by

a(x) =1— a(x), for all z € dom(a).
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Z e+ -5 4 -3 -2 -1 01 2 3 4 5 6
o a b ¢ d

15} X y z

v u v ow

a* f3 a c d x y =z
al x 3 a b ¢ d x y z
axBxyxal--- X y z u v w b ¢ d

Table 4.1: Example of concatenations of sequences

Now we are ready to introduce the Thue-Morse sequence, which was origi-
nally introduced by Thue [123] and rediscovered by Morse [98]. The Thue-Morse
sequence o' is the 2-sequence defined by o' = ¢, of, where

o of = (0); and
o af =q;xa;q forall i > 0.

The sequence a! has many nice properties. For example, o' is shown to be
overlap-free, i.e., xSz € o for any 2-sequence 8 and = € {0,1} (see, e.g., [54,
Proposition 5.1.6]). Another notable property of the Thue-Morse sequence is that
it is uniformly recurrent (see, e.g., [83, p.30-31]), a notion defined as follows:

4.6.4. DEFINITION. Let o : Z — 2 be a map. We say that a is uniformly
recurrent if for all finite subsequence 5 of a, there is n € w such that g < ( for
all ¢ <« with [(] > n.

As we shall see later, uniformly recurrent 2-sequences play a central role in
our proofs. To construct continuum many pretabular logics, we need to obtain
a continual family of uniformly recurrent 2-sequences. We generalize the Thue-
Morse sequence as follows:

4.6.5. DEFINITION (Generalized Thue-Morse sequence). Let f : w — 2. For
each ¢ € w, the finite binary sequence Yy; is defined as follows:

« Xp=1(0,0,1);
T . —F
i X£i+1 = Xgi * (f(21)) * Xéci;
- . ;
N X£i+2 = X£i+1 * <f(QZ + 1)> * X£i+1 .

Let x/ = Ujcw X{ . Then we see x/ is a function from Z to 2. The sequence x/ is
called the generalized Thue-Morse sequence generated by f.
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4.6.6. ExAMPLE. Consider the maps f :w — {0} and g : w — {1}. Then the
sequences x/ and ¢ are constructed as follows:

Z |- 8 -7 6 5 4 -3 2 -1012345¢67
X 00 1

Y 00 1 1 1 0
X5 1 1.0 1 0 0 1 0 001 10
% 1 1 0 00 1 1 001 1110
X! 1 1.0 1 0 0 1 0 0 1 1 10 0
X7 1 1 0 0 0 1 1 0111101

We now study the properties of the generalized Thue-Morse sequences. The
first task is to show that every generalized Thue-Morse sequence is uniformly
recurrent (Lemma 4.6.9).

4.6.7. LEMMA. Let f € 2, j < i € w and v(j) = 2'77. Then there are
Qg+, Q) € {Xf,xf} and ng, -+ ,nyj)—1 € 2 such that

X{ R ang * () =11 () -1 (5) -

Proof:
The proof proceeds by induction on ¢ — j. The case i — 7 = 0 is trivial. Suppose
1 — 7 > 0. By induction hypothesis, X{ R QN+ Qy(j41) N (j) Qw(j+1) for some

Qg, 5 Qy(j41) € {Xfﬂ,xfﬂ} and ng, -+ ,n,+1-1 € 2. Note that for all [ <
v(j + 1), we have oy ~ }m,;3? for some 3}, 37 € {ch,xf} and m; € 2. Thus,

X!~ BlmoBEng - - -ny(j+1)_1Bl{(jﬂ)my(ﬂl)ﬁg(jﬂ), which concludes the proof. O

As a corollary, we have
4.6.8. LEMMA. Let f € 2¥. Then for all j € w,

X = Conc({x10, x/1,xJ0,x/1}).

Intuitively, Lemma 4.6.8 says that the generahzed Thue-Morse sequence x/

is builded up by iterating elements in {XJO X; 5| X; 1} It follows that the
generalized Thue-Morse sequences are uniformly recurrent.

4.6.9. LEMMA. Let f € 2°. Then x/ is uniformly recurrent.
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Proof:
Take any finite subsequence a < yf. Then a < le_l for some ¢ € w. Let
n = 2(]x/| +1). Take any v < x! with |y| > n. By Lemma 4.6.8, we see

that 5 <  for some 3 € {x/0,x/1,x/0,x/1}. Note that since x/; < x/ and
X{_l < X{, we obtain that a < 5 < 7. O

The final task in this subsection is to show that given distinct functions f, g :
w — 2, the sequences x/ and y¢ are dissimilar (Lemma 4.6.11).

4.6.10. LEMMA. Let f € 2¥ andi € Z'. Let o : [a,b] = 2 and 8 : [¢,d] — 2 be
2-sequences such that o =~ X{ and 8 ~ axa. Then for every translationt : 7. — 7.,

(1) aot C B impliest: aws c;

(2) aot C B impliest: b d.

Proof:

We prove (1) and (2) together by induction on . Suppose i = 1. Then we see that
o ~ 001£(0)110, 8 =~ 110£(0)0012001£(0)110 and 5 ~ 001f(0)110z110£(0)001.
It is not hard to verify that both (1 ) and (2) hold. Let i > 1. Assume i € Q.
Then o ~ X/ f(i — )x/y and B~ x] f(i — Dx], m X[ fi—T)x! ;. Suppose
aot CB. Lety=alla,a+ x| —1], 7 = alb+1—|x/|,8], A = Blc,c+ o] — 1]
and X' = f[[d + 1 — |a|,d]. Then either yot C X or v/ ot C X. By induction
hypothesis, we see t : a — c. The case for 3 is similar. O

4.6.11. LEMMA. For all f,g € 2%, we have that f = g if and only if x/ = x7.

Proof:
The left-to-right direction is trivial. For the other direction, suppose that f # ¢
and x/ < x9. Then there exists i € w such that f(i) # g(i) and f(j) = g(j) for
all j < i. Without loss of generality, assume f(i) = 0 and i € E. Then Yh ~
Y1 £+ 1)xJox!. By Lemma 4.6.8, x# < Conc({x?,,0, Xf+11 10,07 1)).
Since g(i) = 1 and f(j) = ( ) for all j < i, x\1 = x/1x]. Then we see
that y9 =< Conc({xflx X /1, xIox/o 1}) However, by Lemma 4.6.10,
neither y; 1)(Z <Ay~ 1)(Z f(z +1)x iOXz nor x; OXZ < 4 holds. Thus, X{H yd
x?, which contradicts Xf =< Y. 0
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4.6.2 Umbrellas and their properties

We are now ready to construct the frames for S4BP%Z§J, which we call umbrellas.

For each sequence o : Z — 2, we define a frame 3, and call it the umbrella
induced by «. Using a key property of 3, (Lemma 4.6.23), we show that Log(3,)
is pretabular for every uniformly recurrent o : Z — 2.

We start by introducing the definition of umbrellas.

4.6.12. DEFINITION. Let 3¢ = (Zy, Ry) and 31 = (Z1, R1) be frames as depicted
in Figure 4.7. To be precise, we define

o Zyp=AHa;:i<6}U{by, b1} U{c;:i<2},
o 7y = ZyU{ag,ar}, and
e Ry = Ri[Zy,
where R; is the reflexive-transitive closure of the union of the following sets
o {(az, azit1) 11 <4}
o {(azit2, a2;11) 11 < 3}
o {(bo, b1), (bo, a1), {co, c1), (c2, €1), (o, az) }-
For each o : Z — 2, we define the frame 3, = (Z,, R,) as follows:
o Zo=Wicz Zae) = {(x,1) 1 x € Zy) and i € Z}
o (x,i)R,(y,7) if and only if one of the following holds:

— 1= j and R, 2y;
—j=1i+1, f(i) =0, z = a5 and y = ay;
—j=i+1, f(i) =1,z =ar; and y = ao.

The frame 3, is called the umbrella induced by a.

In what follows, let o : Z — 2 be an arbitrarily fixed sequence on Z and
30 = (Z,R). Our main task is to show that Log(3,) is pretabular. To make
the proofs below easier to read, we re-indexed the elements in Z by an onto map
l: Z — Z where:

* 1({ao,0)) = 0;

o for all <ai7j>7 <ai’7j,> € Z? l<<ala.7>) < l(<ai/7j/>) if and Only if (1) J < j/ or,
(ii) j=7"and i<,
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S/ \V/\VAREIV/ \V/VAVS
AL A

Figure 4.7: The frames 3¢ and 3;

o foralli<2and jeZ, l({b,7))=1a,7));
o foralli<3andje€Z l({cj)=1as7)).

It is easy to see such map f exists and is unique. To simplify notations, we write
S 3 and ¢, o for (a;, j), (bi,j) and (c;, ), respectively. We also
write a; for aj. A fragment of the re-indexed frame 3, is shown in Figure 4.8.
For all 4 j6Zsuchthatz<],wedeﬁneZ[z jl={z€Z:i<l(z2) <j}

Note that for all a’!, b2 cZ3 € Z, we have i; + 7; € E, and jo, 73 € O.

VY VAAVAVIVAW
RRAVER Y

Figure 4.8: Fragment of relabelled 3,

Before proving the main lemmas and theorems of this section, we present the
following auxiliary propositions and lemmas:

4.6.13. PROPOSITION. Let f : (§,z) =% (§,2') and Y C Rg_l[x]. Then Y is
sufficient if one of the following holds:

(1) for all y € Y, there are u,v € Y with f(y) = f(u) = f(v) and R[u] U
R[] CY;
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(2) there exists Z CY such that Ry(Z] C Y and f[Y] = f[Z].

Proof:

Suppose that (1) holds. Take any y € Y. Then we see that f[R[y]] = R'[f(y)] =
R'[f(w)] = f[R[u]] C f[Y]. Similarly, f[R7'[y]] = f[R'[v]] € f[Y]. Thus,
fIRsy]] € fIY]. Because y is arbitrarily chosen, we obtain that f is sufficient.
Note that since (2) implies (1), we see that f is sufficient if (2) holds. O

4.6.14. LEMMA. Let & = (Y, S) be a rooted frame and f : (34,20) =" (&, 90).
Then for all i < j such that Z[i,j] C R} (2], Z[i,j] is sufficient if f[{zi, v;}] C
F1 21, 30\ A, 53],

Proof:
Note that Ry[Z[i,j] \ {z;,x;}] € Z[i,j]. By Proposition 4.6.13, f[{z;,z;}] C
f1Z]i, 7] \ {zi, z;}] implies that Z[i, j] is sufficient. O

4.6.15. PROPOSITION. Let § = (X, R), § = (X', R') be frames, x € X, 2’ € X'
and [ : (§,2) =F (§,'). Then for allm <k, z,2" € R"[z] and f(z) = f(Z),

IR 2] = fIR'[Z]] for alln € w such that n+m < k.

Proof:

The proof proceeds by induction on n. The case n = 0 is trivial. Let n > 0.
Take any w € Rj[z]. Then there exists u € Ry~ ![2] such that w € Ry[u]. By
induction hypothesis, f(u) € f[R]™'[z ]] = f[R" '[2]] and so f(u) = f(u') for

some u' € Ry~ '[2]. Note that since u,u’ € Rk 1[ |, we have

fIRs[u]] = RYy[f(u)] = Ry [f ()] = FIRy[u]].

Thus, f(w) € f[Ry[u]] = f[Ry[v']] € fIR}[2]]. By arbitrariness of w, f[R}'[z]] C
fIRP[Z']]. Analogously, f[R}[2]] € fIR}[2]]. Hence, f[RP[2]] = f[R}[~]]. =

Intuitively, Lemma 4.6.14 provides a simple criterion for sufficient local t-
morphisms whose domain is 3,. Moreover, Proposition 4.6.15 shows that if two
points have the same image under a local t-morphism f, then their neighborhoods
are ‘equivalent” w.r.t f.

We now turn to the most combinatorial part of this section. Our aim is to
prove Lemma 4.6.24, which states that if & is an infinite rooted frame for Log(3.,),
then every finite fragment of & is also a finite fragment of 3,. To establish this
result, we need the following lemmas (Lemmas 4.6.16, 4.6.21 and 4.6.23):
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4.6.16. LEMMA. Let & = (Y,S) € Fr.(S4y), 20 € Z, yo € Y and n € w. Suppose
[ (3a,20) =" (B, y0) and f is not sufficient. Then for all x,y € {a,b,c} and
i,J,k,1 € Z such that f(x}) = f(yr), the following holds:

(1) if xt,yf € R{™®[z), then i+ k € E;

(2) if x',yf € Ry, then x = b implies y # c;
(3) if xi,yf € Rg‘%[zo], then x = b implies y # a;
(4) if 2%, yf € Rplz], then x = ¢ implies y # a.

Proof:
For (1), suppose z,yf € Ry*"®[z] and i + k ¢ E. Assume i € E. Then for each

z € {af,yr}, we have f(x) = f(2}) = f(yf) and R[yf]U R~'[2}] C {2}, y'}. By
Proposition 4.6.13(1), {«%,y} is sufficient. Assume i € Q. Then R™'[yf|UR[z!] C
{«%, yr'}, which also implies that {«%,yf} is sufficient.
For (2), suppose z%, yf € R{*'%[2], # = b and y = ¢. Then we have two cases:
(2.1) i = 1. By (1), k = 1. By Proposition 4.6.15, we see {f(89), f(b])} =
FIRABY] = FIRet]) = (F(e), £(ch), F(e2)}, which entails f(d) = £(c2) = F(B0).
Let X = {09,b},¢f, ¢/} Then Rybj] U Ry[cf] € X. Note that X C R[™'®[z],
f(cf) = f(9) and f(c;) = f(b;), by Proposition 4.6.13, we see X is sufficient.
(2.2) i # 1. Then ¢ = 0 and so k € {0,2}. By (2.1), f(b]) # f(cj). If k=2,
then by Proposition 4.6.15 and (1), f(bj) = f(cj), which is impossible. Thus,
k = 0. By Proposition 4.6.15 and (1), we see f(aj) = f(cll) and f(a;) = f(b)).
Consider the set X' = Z[j, j] U Z[1,1]. Clearly, X' C RZ[z!] U Rf[yf] C RI™"®[20].
Note that Ry[X'\ {a},a/}] € X’ and f[{a]j,a/}] C f[X'\ {a],a;}], we see X' is
sufficient. Thus, this case is impossible.
For (3), let z = b and y = a. We first prove the following two claims:

4.6.17. CLAIM. Suppose i = 1. If :E;-,ylk € Rg+15[zo], then j =1+ 2.

Proof:

By xé,yl’“ € R;HB[,ZO], we see Z[min(j, (), max(j,{)] C Rg“s[zo]. Suppose [ = 7.
Then f(bjl) = f(a]l) By Lemma 4.6.14, Z[j, j] is sufficient. Suppose [ = j + 2.
Then by Proposition 4.6.15 and (1), we have f(b) = f(c}), which contradicts
(2.1). Suppose I > j +2. By (1) and Proposition 4.6.15, we see f(b9) = f(ai-1)
and f(a;) = f(ai—2). Note that a;_2 # a;, we see f[{a;,a;}] C f[Z[j,1] \{a;, a:}].
By Lemma 4.6.14, Z[j,1] is sufficient. Suppose [ + 2 < j. By (1) and Proposi-
tion 4.6.15, we see f(b?) = f(ai+1) and f(a;) = f(ai12). Note that aj19 # a;, we
see fl{a;,a}] C fIZ[l, 5]\ {a;,a;}]. By Lemma 4.6.14, Z[l, j] is sufficient. 0

4.6.18. CLAIM. Suppose i = 1. If xz-,ylk € RQL—W[ZO], then j # 1 + 2.
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Proof:
Suppose j =1+ 2. Then k € {5,7}.

(a) k = 5. Consider the frame 3, with labels in Figure 4.9. By Propo-
sition 4.6.15 and (1), points with same label have the same f-image. Then
flel-s) € fl{aj+1,05}]. By (2), f(cly) # f(b)) and so f(aj) = f(ci,). Note
that f(a;—2) = f(a;) and Z[1—2, j+1] C RI'®[z], by Lemma 4.6.14, Z[I—2, j+1]
is sufficient, which is impossible.

(b) k = 7. Consider the frame 3, with labels given in Figure 4.10(a). By
Proposition 4.6.15 and (1), we see that points with same label have the same
f-image. Moreover, we see that f(c) ,) € f[{ajss,¢),5}]. Suppose f(c],) =
flajys). Note that Z[l — 4,5 + 3] € R{"'®[2], by Lemma 4.6.14, Z[l — 4, j + 3]
is sufficient. Suppose f(¢j,) = f(c),5). By (1) and Proposition 4.6.15, we can
verify that in Figure 4.10(b), points with same label have the same f-image. Then
f(bi_g) € fl{ajs2, aji6}]. Note that {ajia,aji6,bi_g} S Ry ™[2], by Claim 1,
fi_g) & fllajr, ajie}]. =

Now we are ready to prove (3). Suppose z,yf € R*°[z)]. By Claims 4.6.17
and 4.6.18, we have i # 1. Then ¢ = 0. By (1) and Proposition 4.6.15, we
have that f(b}) € {f(ai-1), f(@1)}. Note that {b},ai-1,a111} C R[], by
Claims 4.6.17 and 4.6.18, f(bj) & {f(ai—1), f(ai11)}, which is impossible.

For (4), let z = ¢ and y = a. Again, we first prove the following two claims:

4.6.19. CLAIM. Suppose z',y; € Rg”[zo]. Then i # 2.

Proof:
Suppose xé,y{“ € Rg“[z()] and i = 2. By (1), 7+ 1 € O. Suppose | = j + 1. By
Proposition 4.6.15 and (1), f(a;) = f(¢}). By Lemma 4.6.14, Z[j,1] is sufficient.
Similarly, [ = j — 1 implies Z|l, j] is sufficient. Suppose [ > j + 3. By Propo-
sition 4.6.15 and (1), f(a;) = f(a;—3). By Lemma 4.6.14, Z[j,[] is sufficient.
Similarly, [ < j7 — 3 implies Z[l, j] is sufficient. Suppose | = j — 3. By Proposi-
tion 4.6.15 and( ) we obtain that f (b)) € f[R} [al]] = f[Rf[c H fHS, cj, 31
Since {bl 17637 ]7 ]} < Rn+16[20] by (2), ( ) & f[{C CJ’C] ] Suppose
Il = j+3. Then £k = 0 or £k = 6. Ifk—Othenby()andProposi—
tion 4.6.15, we see f(0,,) € f[Ri[a]] = fIR;[}] = fl{c),c},c3}], which con-
tradicts (2). Suppose k = 6. Consider the relabelled frame in Figure 4.11. By
Proposition 4.6.15 and (1), points with same label have the same f-image. Thus,
Fys) € LF(), Flaj 1)} Note that {bq el a; 1} C RI[z], by (2) and (3),
fOLs) & {f(c ) flaj-1)}. U

4.6.20. CLAIM. Suppose x%,yf € Ry [z]. Then i # 1.
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Proof:
Suppose @,y € Ry*'[z] and i = 1. Note that Ry[af] C R}?[z], by (1) and
Proposition 4.6.15, f(c?) € f[Ry[af]]. By (2) and (3), k = 3 and f(¢f) = f(c3).
1
G

]
By Proposition 4.6.15, f(cj) = f(c;), and thus {c},¢j, ¢}, ¢}, 3} is sufficient. O

—

Finally, we are ready to prove (4). Suppose xé, yr € Rg[zo]. By Claims 4.6.19
and 4.6.20, we see that ¢ € {1,2}. Then ¢ = 0. By (1) and Proposition 4.6.15,
we have f(cj) € {f(ai-1), f(ars1)}. Note that {c},ai_1,ai1} S R =), by
Claims 4.6.19 and 4.6.20, f(c;) & {f(ai—1), f(ai41)}, which is impossible. O

4.6.21. LEMMA. Let & = (Y, S) € Fr.(S4,), 20 € Z, yo € Y and n € w. Suppose
[ (3a,20) =" (B, y0) and f is not sufficient. Then for all x,y € {a,b,c} and
i,j,k,1 € Z such that f(x}) = f(yF), the following holds:

(1) if &%, yf € Ry 2], then i = k;
(2) fo37yl]€ S R?[zo], th@nj =[.

Proof:
Take any 2,y € RY[zo] such that f(z}) = f(y;). By Lemma 4.6.16, x = y and
i+ k € E. For (1), consider the following three cases:

(1.1) z = b. Then i,k < 2. Since i + k € E, we see i = k.

(1.2) x = ¢. Then i,k € {0,1,2}. Suppose i # k. Then {i,k} = {0,2}. Sup-
pose i = 0. By Proposition 4.6.15, f(a;) € f[Rs[c)]] = f[Rs[c]]] = {f(cf), f(c1)}-
Since f : (3a,20) =" (&,10) and {a;, ¢}, ¢} € R{*'[20], by Lemma 4.6.16(4),
we have f(a;) € {f(¢)), f(c!)}, which is a contradiction. Analogously, i = 0 is
also impossible.

(1.3) z = a. Then i,k < 7. We first show the following claim:

4.6.22. CLAIM. If 2l yf € R[], then i € E implies i = k.

Proof:
Consider the following cases:
(a) 2 € {i,k}. Suppose i = 2. By Proposition 4.6.15, f(b)_,), f(c},,) €
R2[aF]]. Since R%[a¥] € R}""[z)], by Lemma 4.6.16, k € E and there are
Il 114 # L # 0], PY )
bit, 2 € RE[af], which entails k = 2. Analogously, k = 2 implies i = 2.

(b) 0 € {i,k}. Suppose i = 0. By Proposition 4.6.15, we see f(b), ;) €
fIR?[af]], which entails k € {0,1,2}. By Lemma 4.6.16(1) and (a), we have that
k = 0. Analogously, k = 0 implies i = k.

(c) 4 € {i, k}. Similar to the argument for (b).

Since i + k € E and i,k < 7, by (a)-(c), we see i = 6 if and only if £ =6. O
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Now we are ready to complete the proof for case (1.3). If i € E, then i = k
follows from Claim 4.6.22 immediately. Suppose ¢ € 0. By Proposition 4.6.15
and the definition of Z, we have f[{a!"},a’,;}] C f{a;7,al,}]. Note that
{aj_1,aj41} C R[], by Claim 4.6.22, {i — 1,i'} = {k — 1,k'}. Suppose i # k.
Then i — 1 — I ¢ {(k+1,0}and k—1 = ¢ € {i+1,0}. Ifi—1 = 0, then
k € {5,7}, which contradicts the fact that £k — 1 € {i+ 1,0} = {2,0}. Thus,
i—1l=k+1landsok—1=0. Then ¢ € {5,7}, which contradicts the fact that
i—1e{k+1,0} ={2,0}. Hence, i =k.

For (2), suppose j < [. By Lemma 4.6.16 and (1), z = y and i = k. By
Proposition 4.6.15, f(a;) = f(a). Note that aj,a; € R[z}] U R}[y/], we see
Ryla;] U Ryla;] C Rg“[zo]. Then by (1), f(aj_1) = fla- 1) Thus Z[j — 1,1 is
sufficient. Analogously, 7 > [ implies that Z[l — 1, j] is sufficient. By assumption,
f is not sufficient, which leads to a contradiction. Hence, j = . O

4.6.23. LEMMA. Let & = (Y,S) € Fr, be an infinite frame. Let zo € Z, yp € Y
and n € w. Suppose [ : (3a,20) =" (&,40). Then g = fIR}[20] is injective.

Proof:

Take any z1, 2o € dom(g). Then there exists x,y € {a,b,c} and i, j, k,| € Z such
that z; = a:é and z, = yF. Suppose f(z1) = f(22). Then by Lemmas 4.6.16 and
4.6.21, z =y, i = k and j = [, which entails z; = 2z, immediately. O

02
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Figure 4.9: For the proof of Claim 4.6.18(a)

4.6.24. LEMMA. Let = (Y, S5) € Fr,(Log(3.)) be an infinite frame. Then for
allk € w and y €Y, there exists x € Z such that &[SF[y] = 3, Rf[x].

Proof:
Since & F Log(3,) and &,y ¥ ~J*25(8, y), there exists z € Z such that 3.,z ¥
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Figure 4.10: For the proof of Claim 4.6.18(b)

~Jk26(8,y). By Proposition 4.1.5, there exists a map f : (34, ) =20 (F,v).
It follows from Lemma 4.6.23 that g = f[R{f[m] is injective. By Fact 2.2.24,
g: R¥lx) = Ry =

Now we are ready to prove the following lemma:
4.6.25. LEMMA. Ifa:Z — 2 is uniformly recurrent, then Log(34) is pretabular.

Proof:
Let L D Log(3.) be non-tabular. By Theorem 4.3.18, L C Log(FF) for some
rooted refined frame F. Note that F F alt] A alt;, we see that F is image-finite.
By Lemma 2.2.40, Log(F) = Log(kF). Let kF = & = (Y, 5). It suffices to show
that Log(34) 2 Log(®). Take any ¢ ¢ Log(3,). Then 3,, 2 ¥ ¢ for some z € Z
and there exists a finite subsequence 8 C « such that 3, [R;n d(e) (2] € 35. Recall
that « is uniformly recurrent, there exists ng € w such that g <« for all v < «
with |y| > ng.

Let m = 8(npg +3). Take any y € Y. By Lemma 4.6.24, &[S]"[y] = 3,[ R}"[7]
for some x € Z. By the construction of 3,, m is a large enough number such that
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élf—l cpo a;o() o9 o)
o] o\
o2 o0 0By, 4

3y C 3l Ry [z] for some v < a with |y| > ng. Thus, 3, [R?d(@ 2] €33 C 3, C
3ol R[] = &1S]"[y], which implies ¢ ¢ Log(&). Hence, Log(3,) 2 Log(®) 2
L D Log(3.) and so Log(3,) is pretabular. 0

By Lemmas 4.6.9 and 4.6.25, we have the following theorem holds:
4.6.26. THEOREM. For all f:w — 2, the logic Log(3,s) is pretabular.

To obtain continuum many pretabular logics, it remains to show that for all
functions f,g : w — 2, if f # g, then Log(3,) # Log(33). By Lemma 4.6.11, it
suffices to show the following lemma:

4.6.27. LEMMA. For all sequences o, B : Z — 2,

Log(3.) C Log(3s) implies 5 < c.

Proof:

Suppose Log(3,) C Log(35). Then 35 € Fr,(Log(3.)). Take any finite v < f.
By Lemma 4.6.24, we see that 3, can be embedded into 3,. By the construction
of 3, and 3,, we have v < «. Since v is chosen arbitrarily, we obtain f < . O

As consequences, the following theorems hold:

4.6.28. THEOREM. |PTAB(S4;)| > |PTAB(S4BP3)| = 2%,

Proof:
By Lemmas 4.6.11 and 4.6.27, [{Log(3,s) : f € 2}| = 2%. By Theorem 4.6.26,
we see that {Log(3,s) : f € 2¥} C PTAB(S4BP3%) C PTAB(S4,). O

4.6.29. THEOREM. For all cardinal k such that k < Ry or k = 2% we have that
|IPTAB(L)| = k for some L € NExt(S4,).
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4.6.30. THEOREM. For all cardinal k such that k < Ry or k = 2%, there exists
L € NExt(S4;) such that L has k Kripke complete pretabular extensions.

This gives a full solution to the open problem on the cardinality of pretabular
extensions of S4, raised by Rautenberg [107].

4.6.31. REMARK. Assume the Axiom of Choice (AC), the condition “x < Ry or
k = 2%7 is the same as “k < 287 It is natural to ask, for example, whether
Theorems 4.6.29 and 4.6.30 still holds without using the axiom of choice. To solve
this kind of questions, it might be useful to apply techniques from descriptive set
theory (see, e.g., [1]). We leave it as an open problem.

4.6.32. REMARK. As it is shown in this section, the logics Log(3,s) are pretab-
ular, Kripke complete and of finite depth. There exist modal logics in NExt(S4),
say Sb, which also satisfy these properties.

However, there are substantial differences between the lattices NExt(S4) and
NExt(S4;). For example, by [29, Theorems 12.7 and 12.11], the following claims
are true in NExt(S4), even in NExt(K4):

(i) every tabular logic has finitely many immediate predecessors;
(ii) every pretabular logic enjoys the finite model property.

On the other hand, we have the following conjecture: Fin,(Log(3,r)) = I({€h, €h,})
for any f € 2. This will give that Log(€h,) has a continuum of immediate pre-
decessors and Log(3,r) is pretabular but lacks the FMP. Thus, neither (i) nor (ii)
may hold in NExt(S4,). In order to prove this conjecture, we would need to show
that the critical exponent of y/ is always finite. We leave this to future research.

4.7 Summary

In this chapter, we introduced tense logics with bounded parameters and stud-
ied their pretabular extensions. We gave a full characterization of pretabular
fully bounded tense logics. Full characterizations for pretabular logics extend-
ing 54.3; and S4BP§:§u were provided. Moreover, we studied pretabular tense
logics in NExt(S4BP§:§’). It follows from Theorem 4.6.28 that the cardinality of
PTAB(S4BP3%) is 2%.

In fact, Theorem 4.6.28 suggests that a full characterization of PTAB(S4BP§:§)
or PTAB(S4,) is unattainable. Likewise, the decidability of tabularity in NExt(S4,)
cannot be obtained via pretabular logics. However, this does not mean that
research on pretabular tense logics in NExt(S4;) is exhausted; much remains to
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be explored. Some open problems have already been mentioned in the remarks
(see Remark 4.2.14 and Remark 4.5.16) and we outline a few further topics below.

One possible direction for future work is to investigate pretabular logics in
other sublattices of NExt(S4;). For example, consider the tense logic S4BP3:;’,
which has the forth-width and back-width 2 and the depth 3. The cardinality
of PTAB(S4BP§’:§) remains unknown. Similar to pretabular pre-transitive modal
logics, the pretabular logics of finite r-degrees are not well-understood.

Another direction for future work is to investigate pretabular logics in NExt(S4;)
with the FMP. Pretabular logics can be viewed as boundaries of tabular logics.
It is natural to consider that pretabular logics with the FMP act as the limit of
certain set of tabular logics. It is known that every pretabular modal logic in
NExt(K4) has the FMP (see [29, Theorem 12.11]). By Theorem 4.5.15, we obtain
that every pretabular tense logic in NExt(S4BP§Z°2J) has the FMP. However, sup-
pose that our conjecture in Remark 4.6.32 is correct. Then there exists a family
of Kripke complete pretabular tense logics lacking the FMP in NExt(S4BP§j§’).
This raises the following questions: (i) When does NExt(L) contain pretabular
logics lacking the FMP? (ii) How many pretabular logics with the FMP exist
in NExt(S4;)? Exploring these questions will deepen our understanding of the
lattices of tense logics.

So far, we have explored the upper part of the lattices of tense logics. We
first investigated the Post-complete tense logics, which are exactly the co-atoms
of these lattices. We then studied tabular and pretabular tense logics in NExt(K;)
and in sublattices of NExt(S4;), which are likewise located near the top of the
corresponding lattices. In the following chapter, we turn to the study of the
degree of Kripke incompleteness, which measures how far a logic is from being
Kripke complete and thus shifts our focus from the top to the entire lattice.



Chapter 5

Degree of Kripke incompleteness of
Tense Logics

In this chapter, which is based on [32], we study Kripke completeness at a higher
level by investigating the degree of Kripke incompleteness of tense logics. Recall
that a logic L is Kripke complete if L is the logic of some class of Kripke frames.
Existence of Kripke incomplete modal and tense logics has been established by
Fine [50], Thomason [120, 121] and van Benthem [125]. The notion of the degree
of Kripke incompleteness was introduced by Fine [51]. For a lattice £ of logics
and L, L' € L, we say that L and L’ are Fr-equivalent (notation: L =g, L') if they
have the same class of frames, i.e., Fr(L) = Fr(L’). Then the degree of Kripke
incompleteness of L in £ is defined to be the cardinality of [L]g, where [L]g, is
the set of all logics Fr-equivalent to L.

A celebrated result in this field is Blok’s dichotomy theorem for the degree
of Kripke incompleteness in NExt(K): every modal logic L € NExt(K) is either
strictly Kripke complete or is of the degree of Kripke incompleteness 2%, where
strictly Kripke complete means that the degree of Kripke incompleteness is 1,
i.e., there exists no logic L’ other than L such that Fr(L) = Fr(L’). This theorem
was first proved in [14] algebraically by showing that union-splittings in NExt(K)
are exactly the consistent strictly Kripke complete logics and all other consistent
logics have the degree 2%. Blok’s characterization shows the connection between
strictly Kripke complete normal modal logics and splittings of lattices of logics
in NExt(K). For further research on splittings of lattices of modal, tense and
subframe logics, we refer the reader to [135, 72, 70, 108]. A proof based on
relational semantics was given later in [29, Section 10.5]. The characterization of
the degree of Kripke incompleteness given by Blok indicates locations of Kripke
complete logics in the lattice NExt(K). Since Blok’s proof relies heavily on non-
transitive frames, it is natural to ask whether the dichotomy theorem holds for
sublattices of NExt(K), especially for the lattices of transitive modal logics such
as K4 and S4. These problems remain open, see [29, Problem 10.5].

123
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Generally speaking, except for Kripke incompleteness, one can always con-
sider C-incompleteness for classes C of mathematical structures, for example, the
class MA of all modal algebras, the class NF of all neighborhood frames and the
class Fin of all finite frames. Since every normal modal logic is complete with
respect to modal algebras (see, e.g., [29, Theorem 7.73]) we obtain that every
logic in NExt(K) is strictly MA-complete. The degree of modal incompleteness
with respect to neighborhood semantics has been extensively investigated, e.g.,
by Chagrova [31], Dziobiak [41] and Litak [78]. Litak [78] studied modal incom-
pleteness with respect to Boolean algebras with operators (BAOs) and showed
the existence of a continuum of neighborhood-incomplete modal logics extending
Grz. For more on modal incompleteness from an algebraic view, we refer the
reader to [79].

Bezhanishvili et al. [9] introduced the notion of the degree of FMP. The anti-
dichotomy theorem for the degree of FMP for extensions of the intuitionistic
propositional logic IPC was proved in [9]: for each cardinal k with 0 < k < Yy or
k= 2% there exists L € Ext(IPC) such that the degree of FMP of L in Ext(IPC) is
k. It was also shown in [9] that the anti-dichotomy theorem for the degree of FMP
holds for NExt(K4) and NExt(S4). Degrees of FMP in lattices of bi-intuitionistic
logics were studied in [38]. However, as far as we are aware, the degree of Kripke
incompleteness in lattices of tense logics has not been investigated systematically.

In this chapter, we study Kripke incompleteness in lattices of tense logics. We
start with the lattice NExt(K;) of all tense logics. Inspired by the proof for Blok’s
dichotomy theorem in [29], we prove the dichotomy theorem for tense logics, that
is, every tense logic L € NExt(K,) is of degree of Kripke incompleteness either 1
or 2%, This is proved by showing that union-splittings in NExt(K;) are exactly
the strictly Kripke complete logics and all other logics have the degree 2%, By a
similar argument, we prove the dichotomy theorem of the degree of Kripke incom-
pleteness for NExt(K4,). Finally, we turn to the lattice NExt(S4;). We provide the
following characterization of the degree of Kripke incompleteness in NExt(S4,):
iterated splittings are strictly Kripke complete and all other logics are of degree
2% where iterated splittings are intuitively splittings in the lattice of splitting
logics (For more details, we refer the reader to [135]). The dichotomy theorem
of the degree of Kripke incompleteness for NExt(S4,) follows from the character-
ization immediately. We show that proper iterated splittings in NExt(S4,) are
exactly extensions of Sb;, which entails that there are countably many strictly
Kripke complete logics in NExt(S4;). It also follows that in the lattice NExt(S4,),
strictly Kripke complete logics are no longer the union-splittings.

This chapter is structured as follows: Section 5.1 introduces reflective unfold-
ing of Kripke frames, which is one of the most important methods used in this
chapter. Section 5.2 gives preliminaries on splittings. In Sections 5.3 and 5.4,
we give characterizations of the degree of Kripke incompleteness and generalize
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Blok’s dichotomy theorem to the lattices NExt(K;), NExt(K4;) and NExt(S4;). In
Section 5.5, we give some concluding remarks.

5.1 Reflective Unfolding of Kripke Frames

In this section, we review the reflective unfolding of Kripke frames, which has
been introduced and studied by Kracht [71]. Recall the notion of reachability de-
gree from Chapter 4. Intuitively, for any n € w, by taking reflective unfolding of
a (transitive) non-cluster § that refutes ¢, we obtain a (transitive) Kripke frame
§(n) of reachability degree greater than n in which ¢ is still refuted. The reflec-
tive unfolding turns out to be one of the crucial constructions in our proofs of
the characterization theorems: to construct a set of pairwise different tense logics
which shares the same class of frames, as will be explained in the following sec-
tions, we need frames of large enough r-degree. In general, we could obtain such
frames by the unrevealing method (see [12]). However, if preservation of transi-
tivity is required, then unrevealing is insufficient and the technique of reflective
unfolding is required.

Let us start by introducing the formal definition of combinations of frames.
Recall that for a binary relation R on X, we write R’ for the transitive closure of
R, that is,

R =({R' 2 R: R is a transitive binary relation onX}.
Moreover, we call (X, R") the transitive closure of (X, R).

5.1.1. DEFINITION. Let § = (X, R) and ® = (Y, S) be frames such that XNY =
@, w € X and u € Y. Then we define the combination (Fuw+u®) = (Z,T) of §
and & at (w,u) by Z = (X UY)\ {u} and

T=(RUSU({w} x Su]))U (S u] x {w}))N(Z x Z).

Moreover, we write (Fw—+'u®) for the transitive closure (Z, T*) of (Fw+u®) and
call it the transitive combination of § and & at (w, u).

In Remark 5.1.2 and Example 5.1.4, we explain the notion of combination of
frames defined above.

5.1.2. REMARK. Let § = (X, R) and & = (Y, 5) be frames such that XNY = &,
w € X and u € Y. Consider the combination (Fw+u®) = (Z,T). Note that we
could give another equivalent definition of T as follows

o for all x,y € X, Txy if and only if Rzy;

o forall x,y € Y\ {u}, Tzy if and only if Sxy;
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o forall y € Y\ {u}, Twy if and only if Suy;
o forall y € Y\ {u}, Tyw if and only if Syu.

Intuitively, the frame (Fw+u®) = (Z,T) is obtained by taking the disjoint union
of § and & and then identifying the points w and u. Note that for all frames
§ = (X, R) and & = (Y, 5), we may always assume that X NY = &, since we are
free to rename the points of § and &. More precisely, this motivates the following
generalized definition:

5.1.3. DEFINITION. Let § = (X,R) and & = (Y,95) be frames, w € X and
u € Y. Then we define the combination (Fw+u®) = (Z,T) of § and & at (w,u)
by Z = (X x {0}) U(Y x {1}) \ {{u, 1)} and
T ={{{x,a),{y,a)) € Z x Z : {x,y) € RUS and a € {0,1}}U
({{w,0)} x {{z,1) : x € S} U ({{z,1) : 2 € ST ul} x {{w,0)}).

In what follows, when considering the combinations of frames, we always
presume that the domains of frames are disjoint and follow Definition 5.1.1.

5.1.4. EXAMPLE. A simple example of combination of frames is presented in
Figure 5.1.

Yy
' oo SN e SIS
/ N\ 1> T = NI
;o by b by
5 & (§z + a®) (Fz +' a®)

Figure 5.1: The combinations (Fz+a®) and (Fz+'a®) of F and & at (z,a)

As illustrated in Example 5.1.4, it is worth noting that b is not directly related
to y in (Fz + a®), while they are directly linked in (Fz+'a®). Next, we show
how points become linked in the transitive combinations of frames.

5.1.5. PROPOSITION. Let§ = (X, R) and & = (Y, S) be transitive frames, w € X
and u € Y. Consider the transitive combination (FJw+'u®) = (Z,T"). Then for
all z,2' € X and y,y' € Y \ {u}, the following holds:
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(1) Rxx' if and only if T'xx';

(2) Syy' if and only if T'yy';
(3) T'zxy, if and only if, (i) Rrw or x = w and (i) Suy;

(4) Ttyz, if and only if, (i) Syu or y = u and (i) Rwzx.

Proof:
Follows immediately from the construction of (Fw+'u®). O

Now we are in a position to introduce the notion of reflective unfolding:

5.1.6. DEFINITION. Let § = (X, R) be a frame. For each n € w, we write
§(n) for the frame (X(n), R(n)), where X(n) = {z,:2 € X} and R(n) =
{{zn,yn) : *Ry}. For all w,u € X and n € Z*, we define the n-r-unfolding
S = (X Iy ) of § by (w,u) inductively as follows:

o Fhu=5(0);
* Slzurfu = <S121}T,L'1;1u2n—2 + Ugn_13<2n — 1>>;
o T = (F2,wan1 + w2 F(20)).

Moreover, if § is transitive, then we call the transitive closure (§7,,,)" of &, , the
transitive n-r-unfolding of § by (w,u). A frame & is called a (transitive) reflective
unfolding of § if & 2§ | (& = (F ,)") for some n € Z" and w,u € X.

Intuitively, §7, ,, is obtained by taking n copies of § and combining them together
step by step at the points w; and wu;. It should be clear that the reflective unfold-
ing preserves reflexivity and rootedness, i.e., §y, , is rooted and reflexive if § is
rooted and reflexive, respectively. An example of reflective unfolding is given in
Figure 5.2.

The following lemmas (Lemmas 5.1.7 and 5.1.8) show that, for every frame
§ = (X,R) and all w,u € X, there always exist t-morphisms from the n-r-
unfolding §y, ,

ways exists a (transitive) reflective unfolding of § with arbitrarily large r-degree.

onto §. Moreover, under certain additional conditions, there al-

5.1.7. LEMMA. Let § = (X, R) be a frame and w,u € X. For each n € Z*, let
ne @ Xy, — X be the map defined by ny : xy — x for allx € X and k < n.
Then ny is a surjective t-morphism from §, ,, to §. Moreover, if § is transitive,
then ny is a surjective t-morphism from (§y )" to §.
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Figure 5.2: Examples for the reflective unfolding

Proof:

For all z; € X}, we have np[Ry, ,[2:]] = np[R(i)[x]] = R[z] = R[np(z;)] and
similarly ngp[R™", ,[z:]] = R™'[z] = R~'[ng(x;)]. For the transitive case, the key
observation is that for all 7,7 <n and x,y € X, if (R$7u)txiyj, then R'zry and so
Rxy. The rest is straightforward. O

The following lemma implies that for each rooted frame § = (X, R) and n € w,
if | X| > 1, then there is a reflective unfolding of § with r-degree greater than n.

5.1.8. LEMMA. Let § = (X, R) be a rooted frame, w,u € X and n € w. Suppose
w # u. Let S?Uﬁf = (Y,S). Then for allx € X and k < n+1 the following holds:

(1) If k € B and & # u, then Sy[xg] C Uiey, X (i);

(2) If k € E and x = u, then Syzx] € X (k) U X (k+ 1);
(3) If k € O and = # w, then Sylax] C Uiey, X (i)

(1) Ifk € O and x = w, then Si[zy] € X (k) U X (k + 1);
(5) Syler] © Uigrar X (i)

(6) S§wo] #Y.

Proof:
Items (1) - (4) hold by the definition of "2 Note that (5) follows from (1) -

(4) immediately. For (6), we obtain from (5) and an easy induction on n that

Sflzo] € U<, X(i). Since w # u, we see that X(n+1) € U<, X(i). Thus,
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SgL[CE()] 7é Y. (Il

As a consequence, we have

5.1.9. LEMMA. Let ¢ € Form;. Suppose ¢ is satisfied in some finite rooted frame
& which is not isomorphic to €hs. Then for each n € w, there exists a finite
rooted frame § = (X, R) such that ¢ is satisfied in § and rdg(§F) > n.

Proof:
Suppose ¢ is satisfied in some rooted frame & = (Y, S) 2 €h;. Suppose |Y| = 1.
Then S =Y x Y and so & = €h,. Let § = 8,1, where &, is the n-garland
defined in Definition 4.5.1. Note that €h; is a t-morphic image of §. Since
B = €h, and ¢ is satisfied in &, we obtain that ¢ is also satisfied in §.

Suppose |Y| > 2. Then there exists w,u € Y such that & w ¥ —¢ and
w # u. It now follows from Lemmas 5.1.7 and 5.1.8(2) that &3 w ¥ —¢ and

w,u )

rdg(®7213) > n. O

Next, we prove that a similar lemma holds for transitive rooted frames. In
general, transitivity is not preserved under r-unfolding. For example, for every
r-unfolding of the cluster €ls, its transitive closure is always of r-degree 1. Thus,
we need a lemma to ensure that the transitive closure of r-unfolding has large
enough r-degree.

5.1.10. LEMMA. Let § = (X, R) be a transitive rooted frame and w,u € X such
that w # u and (w,u) ¢ R. Letn € w and (Fo?)' = (Y, S). Then for allz € X
and k < 2n + 1, the following holds:

(1) Silzx] C Uicppe X (i);
(2) S¢lre] #Y.

Proof:
For (1), suppose k € O. Take any y; € Syxy]. It suffices to show that j < k4 2.
Suppose j > k + 2. Since y; € Sy[zy], either Szyy; or Sy;xy. Suppose Sziy;.
Recall that R" is the reflexive closure of R. By Proposition 5.1.5, we obtain
that R"zu and Sugy,;. Again, by applying Proposition 5.1.5 twice, we have (i)
Swi1y; and R'uw and (ii) Sugyoy; and R'wu. Since w # u, we have Rwu,
which contradicts (w,u) ¢ R. For the case Sy;xy, by a similar argument, we see
that R"wu and so Rwu, which also gives a contradiction. Thus, 7 < k+ 2. The
case k € E is similar. Hence, (1) holds.

For (2), by an easy induction on n, we have S}'[xo] C U;<a, X (i). Since w # u,
we see that X (2n 4 1) € U<, X (7). Thus, Sp[zg] # Y. O

As a consequence of Lemma 5.1.10, we obtain
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5.1.11. LEMMA. Let ¢ € Form; and L € {K4;,S4,}. Suppose ¢ is satisfied in
some rooted non-symmetric frame & € Fin.(L). Then for eachn € w, there exists
a rooted frame § = (X, R) € Fin,(L) such that ¢ is satisfied in § and rdg(F) > n.

Proof:

Let & = (Y,S) € Fin,(L) be non-symmetric. Then there exists w # u with
(w,u)y ¢ S. Since & satisfies ¢, there exists y € Y such that &,y ¥ —p. It follows
from Lemmas 5.1.7 and 5.1.10 that (&272)", yo ¥ —p and rdg((&22)") > n. Note
that (&2'+%)" is reflexive whenever & is reflexive. Hence, taking § = (&2)"
completes the proof. O

5.2 Splittings of Lattices of Tense Logics

Splittings were introduced as a concept of lattice theory by Whitman [127] and
systematically studied in the context of lattices of logics by McKenzie [94]. Later,
the notion of splitting played a core role in Blok’s characterization of the degree
of Kripke incompleteness [14]. In this section, we review the notion of splitting
and some results on the splittings of lattices of modal and tense logics obtained
by Blok [14] and Kracht [71]. For more on splittings of logics, we refer the reader
to [70]. Let us first recall the definition of splittings of lattices:

5.2.1. DEFINITION. Let £ = (L;A,V,0,1) be a complete lattice and a,b € L.
Then (a,b) is called a splitting pair in L if, for all x € L, exactly one of x < a
and x > b holds. In this case, we call b a splitting of £ and a a co-splitting of L.
The element b is uniquely determined by a and denoted by L/a or 0/a.

An element z € L is called a join-splitting in L if there exists a family
{b; i € I} of splittings in £ such that x = \/;c; b;.

Recall that for every lattice £ = (L; A, V) and a € L, we write Ta and |a for
the sets {b € L:b>a} and {b € L: b < a}, respectively. Then we see that (a,b)
is a splitting pair in £ if and only if b £ a, TbU la = L and 16N la = &. We
sometimes view Ta as a sublattice of L.

The notion of iterated splitting is defined as follows:

5.2.2. DEFINITION. Let £ = (L;A,V,0,1) be a complete lattice. Then iterated
splittings in L are defined inductively as follows:

o 0 is an iterated splitting in £;

o if z € L is an iterated splitting in £ and y is a splitting in T, then y is an
iterated splitting in L.
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Figure 5.3: The Boolean algebra P(3)

An iterated splitting x is called proper if x # 0.

The reader can readily check that for each iterated splitting « € L, there exist
ai,---,a, € L such that x = (0/ay)/--- /ay.

5.2.3. ExAMPLE. Consider the Boolean algebra 8 = (P(3); N, U) (see Figure 5.3).
Then ({0, 1}, {2}) is a splitting pair in 8, which implies that {0, 1} splits B and
{2} is a splitting in B. Note that ({0,2},{1,2}) is again a splitting pair in T{2}.
Thus, {1,2} is an iterated splitting in B.

Splittings of lattices are closely related to prime elements in lattices.

5.2.4. DEFINITION. Let £ = (L;A,V,0,1) be a complete lattice and = € L.
Then z is called a meet-prime element if for all {y; : i € I} C L, we have that
Nier ¥i < x implies y; < x for some ¢ € I. Dually, x is called a join-prime element
if for all {y; : i € I} C L, we have that x < \,;c;y; implies z < y; for some i € I.

The following proposition shows the relation between (co-)splittings and join-
prime (meet-prime) elements.

5.2.5. PROPOSITION ([94]). Let L = (L; \,V,0,1) be a complete lattice and x €
L. Then the following holds:

(1) z is a splitting in L if and only if x is join-prime in L;
(2) x is a co-splitting in L if and only if x is meet-prime in L.
For splittings in lattices of polymodal logics, we have

5.2.6. DEFINITION. Let Ly be a polymodal logic and Ly, Ly € NExt(Lg). Then
(Ly, Lo) is called a splitting pair in NExt(Lo) if, for all L € NExt(Lg), exactly one
of L C Ly and L O Ly holds. In this case, we say that
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o Ly splits the lattice NExt(Ly); and
o L, is the splitting of NExt(Lg) by L;.

We write Lo/ Ly for Ls. A polymodal logic L is called a union-splitting in NExt(Lg)
if L is a join-splitting, i.e., there exists a family {L;:i € I} of splittings in
NExt(Lg) such that L = @,c; L;. Iterated splittings in NExt(Lg) are defined
inductively as follows:

o Ly is an iterated splitting in NExt(Ly);

o if L is an iterated splitting in NExt(Lg) and L’ is a splitting in NExt(L),
then L' is also an iterated splitting in NExt(Lg).

In other words, L is an iterated splitting in NExt(Lg) if there are Lq,---, L, €
NEXt(L()) such that L = (Lo/L1>/ s /Ln

Let us review the splittings in NExt(K). A frame § = (X, R) is said to be
cycle-free if there exists no cycle x1,xs,--- ,x, such that z1RxoR--- Rx, Rx.
Clearly, a finite frame § is cycle-free if § F [J" L for some n € w. It was proved
by Blok [14] that a normal modal logic L splits NExt(K) if and only if L = Log(2l)
for some finite subdirectly irreducible modal algebra 2 such that 2 F [J" L for
some n € w. By the duality between finite frames and finite modal algebras, L
splits NExt(K) if and only if L = Log(§) for some finite rooted cycle-free frame §
(see [29, Theorems 10.49 and 10.53)).

5.2.7. EXAMPLE. A toy example of splittings in NExt(K) is provided in Fig-
ure 5.4. We see that (Log(€h;),D) is a splitting pair in NExt(K), where D =
K@ T, In fact, the modal logic D is the greatest splitting in NExt(K) and
(Log(€h,), Form,,) is the unique splitting pair in NExt(D) [14]. This also entails
that Form,,, = (K/Log(€h;y))/Log(€h,) is an iterated splitting in NExt(K).

It was also proved by Blok [14] that a normal modal logic L is a consistent
iterated splitting in NExt(K) if and only if L is the union of finitely many splittings.
Moreover, the following propositions hold:

5.2.8. PROPOSITION. There are 2% union-splittings in NExt(K).

Proof:

For each n € Z™, consider the frame §, depicted in Figure 5.5. Let n € Z™.
Since §, is cycle-free, Log(F,) splits NExt(K). For each non-empty I C Z*, let
L; = @®,;c; K/Log(§:). Then we see that L; is a union-splitting.

It suffices to show that for all non-empty sets I, J C Z* such that I # J, we
have Ly # Lj;. Without loss of generality, suppose there exists i € I'\ J. Consider
the formula

0= (OpAO—p) = OT2T AT L.
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It is not hard to see that §; F ¢ and §x ¥ ¢ for all k£ # i. Thus, K@ ¢ C Log(F,),
which entails that K & ¢ 2 K/Log(F;) and so K@ ¢ 2 L;. On the other hand,
take any j € J, we see that K@ ¢ ¢ Log(F;) and so K@ ¢ D K/Log(F;). Thus,
K@ ¢ D Ly. Hence, L; # L;. By arbitrariness of I and J, there are 2% union-

splittings in NExt(K).

It follows that there exist countably many iterated splittings in NExt(K).

O

Lattices of tense logics are substantially different from those of modal logics.
Splittings of lattices of tense logics have been investigated in [71]. The following
theorem gives a necessary condition for a logic to be a co-splitting in a lattice of

tense logics:
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5.2.9. THEOREM. Let Lg be a tense logic that enjoys the FMP. Suppose Ly splits
the lattice NExt(Lg). Then Ly = Log(F) for some finite rooted frame.

Proof:

Since Ly enjoys the finite model property, Ly = N {Log(F) : § € Fin,(Lg)}. Since
Ly splits NExt(Lg), by Proposition 5.2.5, Ly is meet-prime. Thus, Log(®) C L,
for some & € Fin,. By Theorem 3.1.8, L; is tabular. Thus,

Ly =N{Log(F) : § € Fin.(Ly)}.

Again, since L is meet-prime, we obtain that Log(§) C L; for some § € Fin,(L;).
Thus, we have L; = Log(§). O

By Theorem 5.2.9, if a logic L splits the lattice NExt(Lg) where Ly has the
FMP, then L = Ly/Log(§) for some finite rooted frame §. In this case, we write
Lo/§ for L. In fact, Theorem 5.2.9 follows from general results from universal
algebra (see, e.g., [6, Chapter 4]) and the duality between polymodal spaces and
polymodal algebras (see [126]). A generalization of Theorem 5.2.9 is as follows:

5.2.10. THEOREM. Let Ly be a polymodal logic that enjoys the FMP. Suppose Ly
splits the lattice NExt(Lg). Then Ly = Log(§) for some finite rooted frame.

Kracht [71] proved, using reflective unfolding, that there exists exactly one
splitting pair in NExt(K;) and in NExt(K4,), and exactly two splitting pairs in
NExt(S4;). More precisely, the following theorem holds:

5.2.11. THEOREM ([71, Theorems 21 and 22]). Let L € NExt(K;). Then
(1) L splits NExt(K;) if and only if L = Log(€hy).
(2) L splits NExt(K4,) if and only if L = Log(€hy).

(8) L splits NExt(S4,) if and only if L € {Log(€h,), Log(Ch,)}.

Note that there are countably many splittings and continuum many union-
splittings in NExt(K). Although there exists only 1 splitting in NExt(K;) and
NExt(K4;), as we are going to prove in Section 5.3, union-splittings in NExt(K;)
and NExt(K4,;) are still exactly the strictly Kripke complete logics. Moreover,
we will show that consistent iterated splittings in NExt(K;) and NExt(K4;) are
exactly the union-splittings. However, in Section 5.4, we show that strictly Kripke
complete logics in NExt(S4,) are exactly iterated splittings and there exist iterated
splittings which are not union-splittings in NExt(S4;).
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5.3 Kripke Incompleteness in NExt(K;) and NExt(K4;)

In this section, we generalize Blok’s dichotomy theorem for NExt(K) to the lattices
NExt(K;) and NExt(K4;) of tense logics. Blok [14] proved that a normal modal
logic L has the degree of Kripke incompleteness 1 in NExt(K) if and only if L
is a union-splitting of NExt(K). Bezhanishvili et al. [9] introduced the notion of
degree of FMP and proved the anti-dichotomy theorem for the degree of FMP for
the lattices NExt(K4), NExt(S4) and Ext(IPC).

For the lattices NExt(K;) and NExt(K4,) of tense logics, similarly, we prove
the dichotomy theorems by showing that the union-splittings of NExt(K;) and
NExt(K4;) are exactly those having the degree of Kripke incompleteness 1, and
all other tense logics have the degree of Kripke incompleteness 2%, respectively.
Moreover, we show that the degree of Kripke incompleteness coincides with the
degree of FMP in both NExt(K;) and NExt(K4,).

Let us start by introducing the precise definition of the degree of Kripke
incompleteness in lattices of polymodal logics.

5.3.1. DEFINITION. Let Lo be a polymodal logic and L € NExt(Ly). Then we
define the degree of Kripke incompleteness degng,(z,)(L) of L in NExt(Lo) by

degNExt(LO)(L) = |{L' € NExt(Ly) : Fr(L) = Fr(L)}|.

To simplify notation, we write deg,  for degyg. (). Moreover, we define the
degree of finite model property (degree of FMP) dfngx(r,)(L) of L in NExt(Lg) by

dfnexe(zo) (L) = [{L € NExt(Lo) : Fin(L’) = Fin(L)}|.
Analogously, we simply write df, for dfnec(zo)-
The following proposition follows from the fact that Fin(L) C Fr(L):
5.3.2. PROPOSITION. Let L 2 Lq be polymodal logics. Then deg; (L) < df,(L).

5.3.1 Degree of Kripke incompleteness in NExt(K;)

In this subsection, we focus on the degree of Kripke incompleteness and the degree
of FMP in NExt(K;). We write deg and df for degy, and dfk,, respectively.

Our main task is to prove the dichotomy theorem of the degree of Kripke
incompleteness for NExt(K;) (Theorem 5.3.18). As indicated by Blok [14], the
degree of Kripke incompleteness is closely connected to splittings. Thus, we first
investigate splittings in NExt(K;). By Theorem 5.2.11, (Log(€h7), K;/€hT) is the
unique splitting pair in NExt(K;). Clearly, Log(€hy) = K; & (UL AML). The
reader can readily check that {K;, K;/€h;} is exactly the set of union-splittings of
NExt(K;). Moreover, since K; enjoys the FMP, we see immediately that deg(K;) =
df(K;) = 1. Now, we take a closer look at the logic K;/€h; by showing the
following propositions:
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5.3.3. PROPOSITION. LetF € GFr, be a rooted general frame. ThenF = O TVeT
if and only if F 2 €hy.

Proof:
The left-to-right direction is trivial. Suppose F 2 €h;. Since F is rooted, we see
that R[z] U R™![x] # & for any x € X. Thus, FECT VeT. O

5.3.4. PROPOSITION. K;/€hT =K, & (OCTVeT).

Proof:

Since €hy E OT VT, we have K;/€hy C K, @ (OT V@T). Take any F €
GFr.(K;/€hT). Then F 2 €hy. By Proposition 5.3.3, F F O T V €T. Hence,
OTVeT € Log(GFr, (K, /€hT)) = K, /€hy. O

5.3.5. PROPOSITION. Let L € NExt(K;). Then L C K;/€h5 if and only if L = K.

Proof:
Suppose L € K;/€h7. Then L 2 K,/€hy and so L C Log(€hy). Thus,
¢hy € Fr(L). By Proposition 5.3.3, GFr,(L) = GFr,(K;), which entails L C

Log(GFr.(L)) C Log(GFr,(K;)) = K. O

So far, we have obtained a finite axiomatization of K;/€h and showed that
the interval [K;, K;/€hT] contains only two logics. Next, we show that union-
splittings and iterated splittings coincide in NExt(K;) (Theorem 5.3.7).

5.3.6. LEMMA. No logic splits NExt(K;/€h7).

Proof:

Towards a contradiction, suppose there exists a logic L that splits NExt(K;/€h7).
Since L 2 K;/€h5, by Theorem 5.2.11, L does not split NExt(K;). By Proposi-
tion 5.2.5, N;es L; C L for some family of logics K = {L; € NExt(K;) : L; € L,i € I}.
Foreachie I, let L =L, &(CTVe®T). Let K' ={L,:i€ [}. Takeany ¢ & L.
Since K;/€hs C L, we have (OCT V@T) — ¢ &€ L. Since ey Li C L, we have
that (OT VeT) — ¢ &€ L; for some i € I. Then there exists F € GFr(L;)
such that F £ (G T V€T) — . By Proposition 5.3.3, it is not hard to see that
FETVeT)and F ¥ ¢. Thus, ¢ & L;® (CT VeT) = L. Since ¢ is
arbitrarily chosen, WK’ C L. Note that L; € NExt(K;/€h7) and L] ¢ L for any
i € I. Since L splits NExt(K;/€h7), by Proposition 5.2.5, there exists i € I such
that L, C L. Thus, L; C L; C L, which contradicts the definition of K. O

As a corollary, the following theorem holds:
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5.3.7. THEOREM. Let L € NExt(K;). Then the following are equivalent:
(1) L is an iterated splitting in NExt(K;);
(2) L is a union-splitting in NExt(K;),
(3) L € {K, K, /ChTY

Proof:

By Lemma 5.3.6, K; and K;/€h} are the only two iterated splittings in NExt(Kj).
Thus, (1) and (3) are equivalent. It follows from Theorem 5.2.11 that (2) and (3)
are equivalent. O

We are now ready to show a part of the characterization theorem (Theo-
rem 5.3.18) of the degree of Kripke incompleteness for NExt(K;):

5.3.8. THEOREM. Let L be a union-splitting in NExt(K;). Then df(L) = 1.

Proof:

By Theorem 5.3.7, L € {K;,K,/€h7}. Clearly, df(K;) = 1. Let L = K,/€h5.
Suppose Fin(L') = Fin(K;/€h7) for some L' # K;/€hT. Note that K;/€hy =
K:® (O TV T) has the FMP, we see L' C K;/€h;. By Proposition 5.3.5, L' = K;.
Thus, €h; € Fin(L), which contradicts the fact that Fin(L') = Fin(K,/€h7). O

To complete the proof of the main theorem (Theorem 5.3.18), it is now suffi-
cient to fix a tense logic L € NExt(K;)\ {K;, K;/€h;} and show that deg(L) = 2%.
The proof idea is as follows: we construct for each I C Z* a general frame F;
such that Fr(L N Log(F;)) = Fr(L). Let L; = L N Log(F;). Then deg(L) >
{L;: 1 C Z"}| and we are done once we show the following:

L; # Ly for any distinct I, J C Z™.

In what follows, let I C Z* be arbitrarily fixed and we start with the con-
struction of F;. Intuitively, the general frame F; will be a combination of a finite
rooted frame §; and a general frame ;. On the one hand, the finite frame §,
is designed to refute some formula in L, since we have to ensure that L; # L,
for any different I, J C Z*, which requires L # L N Log(F;). On the other hand,
we have to construct F} properly to make the logics L; pairwise different and
share the same frames as L. The trick here is to choose §r, to be a finite frame
of sufficiently large r-degree, which ensures that F; and §; both work well after
being combined. More precisely, the following lemma holds:

5.3.9. LEMMA. For all ¢ & Kt/Q:f)f and n € w, there exists § € Fin, such that
§ ¥ ¢ and rdg(§) > n.
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Proof:

Take any ¢ € K;/€h;. By Proposition 5.3.4, K;/€hT =K, @ (O T V€ T) has the

FMP and so & ¥ ¢ for some & € Fin,.(K;/€h7). By Propositions 5.3.3, F 2 €h;.

Then the existence of required § follows from Lemma 5.1.9. O
By Proposition 5.3.5, there exists a formula ¢y € L such that ¢ & K;/€hT. By

Lemma 5.3.9, there is a finite rooted frame § = (X, Ry) and wy,uy; € Xy, such

that §p,wy ¥ o and uy, & Rgnd(“)[w,;].

5.3.10. EXAMPLE. Consider the tense logic K4;. Let ¢xs, = OOp — Op. Then
we see that ¢ks, € K4, \ (K¢/€hy). Moreover, we could take Fxa, = (Xka,, Fka,)
to be the non-transitive frame depicted in Figure 5.6. Clearly, (Rka, );[wo] # Xka,
and wy ¥ pKa,

Figure 5.6: A possible choice of §ka,

5.3.11. DEFINITION. For each I C Z*, let I}, = (Y, Sy, B;) be the general frame
defined as follows:

e Vi=wU{i*:iel\{1}}u{0*}.
e Sr={{n,m) cwxw:n<mpU{(*j):ie I\ {1} and i < j}U{(0,0%)}.

e By is the internal set generated by @.

The general frames F} were introduced in [34]. The tense logic of F} has no
consistent proper extension and no Kripke frame [34, Proposition 5.7]. Now we
define the general frame F; to be ((Frur + 0°kF}), Ar), where Ay is the internal
set generated by P(X).

5.3.12. ExaMPLE. Consider again the frame Fks,. Let P be the set of all prime
numbers. Then Fp is depicted in Figure 5.7. We see that the formula pgg, is
refuted at wy.
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Figure 5.8: The general frame Fy where 2,5 € [

In general, the general frames [F; are of the shape depicted in Figure 5.8.

Now we are in a position to show that for any I C Z*, the tense logic Log(F;)
has no Kripke frame (Lemma 5.3.14). Let & € w be such that |F.| < k and
X = (RI){f[v] for all v € X;. For each n € w and m € Z*, we define the formulas

Yo and 7, as follows:
e Y=ELAOR LAO'I' L and v =€y Ay,
o =0y A ymy ARLADONT,
5.3.13. LEMMA. For alln € w, m € Z* and v € Xy,
(1) Fr,x E 7, if and only if x = n;
(2) BFr,x B~ if and only if m € T and x = m*.

Proof:
For (1), we prove by induction on n. Let n = 0. Note that R; '[0] = &,

k € RE[0] and F;, k = W™ 1L we have F;,0 F 4. Suppose F;,z E 7. Then
F;,x = OF W™ L which entails that there exists a strict chain (z; : i < k) with
r = mo. Since |§L| < k, we see x ¢ X. Since Fr,o F BL AN L, we
have x ¢ ZT U {i* ;i€ I\ {1}}. Thus, 2 = 0. Let n > 0. By induction
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hypothesis, for all y € X;, we have F;,y F v, if and only if y = n — 1. Since
Ri[n — 1]\ R?[n — 1] = {n}, we have Fr,n F v, if and only if z = n.

(2) The right-to-left direction is trivial. Suppose F;,z E~. By Fr,z E O A
O—Ym-1, we have © ¢ X, U{l,l* € X;:l<m—1orl>m}U{m,(m—1)"}.
Since Fr,z FBMLADO" T, o #m—1. Byr € X; = X, W(wU{i*:i €1}), we
see m € [ and x = m*. O

5.3.14. LEMMA. Fr(Log(F;)) = @.

Proof:
Suppose there exists & = (Y,5) € Fr(Log(F;)). By an easy induction, we see
that V Nw is either finite or cofinite for all V' € A;. Thus,

Fr,1EO00(p — Op) — p) — Op.
By Lemma 5.3.13(1), F; E 7; — <444 for all @ € w. Thus, we have
GFEy — 00 —0p) —p) —0p) and & F {y; = Oryipr 10 € W}

Note that F; F ASF~, and +, is variable-free, there exists y € Y such that
&,y E . Since & F {7; = Cv41 11 € w}, we see that there exists an infinite
strictly ascending S-chain (u; : i € Z™) such that y = uy; and &, u; F ~; for all
i € Z*. Let U be a valuation in & such that U(p) = {ug; : i € Z"}. Then we see
that &, U,y ¥ OO(p — Op) — p) — Op. Hence, & £ v — (OO(p — Op) —
p) — Op), which contradicts & € Fr(Log(F;)). O

As a corollary, we have
5.3.15. LEMMA. Fr(L) = Fr(L;) for all I € P(Z").

Proof:
By Lemmas 2.2.19 and 5.3.14, Fr,.(L;) = Fr.(L) U Fr,.(Log(F;)) = Fr,.(L). O

By Lemma 5.3.15, we see that L; has the same frame as L for all I C Z*. It
remains to prove that distinct subsets I, J of Z" induce different tense logics:

5.3.16. LEMMA. For allI,J € P(Z"), if I # J then L; # L.

Proof:
Take any distinct I, J € P(Z"). Let i € I'\ J. It suffices to show that

¢, — ASFyr e L\ Ly,
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where the modality ASF is defined in Definition 2.2.11. By Lemma 5.3.13(2),
Fr,i* B ~f and so F; B ASFy*. Since ¢, € L, we see that —p;, — ASFy* €
LN Log(F;) = L;. Since ¢ ¢ J, by Lemma 5.3.13(2), we obtain F; F —+F. Note
that F; [RJ;“d(‘pL)[wL] ~ [RL;“d(“’L)[wL]. Thus, we have F;,wy, ¥ . Hence,
Fywp ¥ op VASFy and so —pp — ASkyx & L. O

Since L is chosen to be an arbitrary tense logic which is not a union-splitting
in NExt(K;), by Lemmas 5.3.15 and 5.3.16, we have

5.3.17. THEOREM. Let L € NExt(K,) \ {K¢, Ke/€h=Y. Then deg(L) = 2%.
We conclude this section by the following characterization theorems for NExt(K,):

5.3.18. THEOREM. Let L € NExt(K;). Then the following are equivalent:

(1) L is a union-splitting in NExt(K;).

(2) L is an iterated splitting in NExt(K;).

(8) df(L) = 1.

(4) deg(L) = 1.

(5) df(L) # 2%,

(6) deg(L) # 2%.

Proof:

The equivalence of (1) and (2) follows from Theorem 5.3.7. By Theorem 5.3.8,
(1) implies (3). Since |[NExt(K;)| < 2% by Proposition 5.3.2, (3) implies (4),
and (5) implies (6). Clearly (3) implies (5), and (4) implies (6). Finally, by
Theorem 5.3.17, (6) implies (1), which concludes the proof. O

The following dichotomy theorem follows immediately:
5.3.19. THEOREM. For all L € NExt(K;), deg(L) = df(L) € {1,2%}.

By Theorem 5.3.19, we see the similarity and difference between NExt(K;) and
NExt(K). Blok’s dichotomy theorem of the degree of Kripke incompleteness hold
for both. However, the dichotomy theorem of the degree of FMP holds for exactly
one of them, namely, NExt(K;) (cf. [9]). As we will see in the next subsection,
dichotomy theorems also hold for NExt(K4;), while it is still unknown whether the
dichotomy theorem of the degree of Kripke incompleteness for NExt(K4) holds.
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5.3.2 Degree of Kripke incompleteness in NExt(K4;)

Let us now move from the lattice NExt(K;) to NExt(K4;). The proof idea of
the dichotomy theorem for NExt(K4,) is similar to the one for NExt(K;). In this
subsection, we always presume that frames are transitive. By [71, Theorem 10],
(Log(€hy), K4;/€hT) is the unique splitting pair in NExt(K4,). Moreover, in this
subsection, we write deg and df for degy,, and dfa,, respectively.

Similar to the case for NExt(K;), the logics K4; and K4,/€h; are exactly the
union-splittings in NExt(K4,). Since K4; has the FMP, deg(K4;) = df(K4,) = 1.
Moreover, by arguments similar to those in Section 5.3.1, we have:

5.3.20. PROPOSITION. The following statements hold:
(1) for all F € GFr.(K4;), FEOT VT if and only if F 2 €hy;
(2) K4, /€hy = K4, & (OT VeT); and
(3) for all L € NExt(K4;), L C K4,/€h5 if and only if L = K4,.
By Proposition 5.3.20, the following theorem holds:

5.3.21. THEOREM. Let L € NExt(K4;). Then the following are equivalent:
(1) L is an iterated splitting in NExt(K4,);
(2) L is a union-splitting in NExt(K4;),

(3) L € {K4,, K4, /ehT}.

Proof:
By replacing every occurrence of K; in the proof of Theorem 5.3.7 by K4,, we
obtain the desired result. O

As a corollary, we have
5.3.22. THEOREM. For all union-splittings L in NExt(K4,), df (L) = deg(L) = 1.

Similar to the case for K;, we have already proved half of the main theorem
(Theorem 5.3.26). It is sufficient now to prove that deg(L) = 2™ for all non-
union-splittings L, i.e., L € NExt(K4;)\ {K4;, K4,/€h5}. The method we use here
is similar to the one in Section 5.3.1 and the key lemma is the following:

5.3.23. LEMMA. Let o & K4,/€h5. Then

(1) ¢ is refuted by some non-symmetric & € Fin,.(K4,),
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(2) for all n € w, there exists § € Fin,.(K4;) such that § ¥ ¢ and rdg(F) > n.

Proof:
For (1), take any ¢ ¢ K4;/€hy. By Proposition 5.3.20, K4,/€hT = K4, & (O T Vv
4 T) has the FMP. Then there exists § = (X', R’) € Fin,(K4;/€h7) such that
§ ¥ p. If § is already non-symmetric, then take & = § and we are done.
Suppose § is symmetric. Since §’ is rooted and transitive, § is a cluster. Note
that §' F O T VeT, wesee that R}[7] # @ for each 2’ € X" and so R’ = X' x X"
Let = (X, R) where X = X'x{0,1} and R = {{{z,a), (y,b)) € X x X : a < b}.
Consider the map f : X — X' defined by f({z,a)) = z for all (z,a) € X.
Obviously, f is a t-morphism from & to §'. Thus, & ¥ ¢ and (1) holds.

By Lemma 5.1.11, (2) follows immediately from (1). 0

We can now prove the following theorem:
5.3.24. THEOREM. Let L € NExt(K4,) \ {K4;, K4,/€hT}. Then deg(L) = 2%,

Proof:

Let L € NExt(K4;)\ {K4,,K4,/€h7}. By Proposition 5.3.20, L ¢ K4,/€h; and so
there exists ¢, € L\ K4;/€hy. By Lemma 5.3.23, there is a finite rooted frame
§r = (X1, Rr) and wp,uy, € X such that §,wp ¥ ¢ and uy, & R?d(“@) [wy]. For
each I € Z*, we define F; to be the general frame ((Frur +' 0*xF;), Ar), where
Ay is the internal set generated by P(X). Then F; is transitive. By essentially
the same proofs as those of Lemmas 5.3.13, 5.3.14, 5.3.15 and 5.3.16, we have

o Fr(L)=Fr(L;) for all I C Z™;
o I +# Jimplies Ly # Ly forall I,J C Z™".

It follows that 2% = |{L;: I C Z*}| < deg(L) < 2%. Hence, deg(L) =2%. O

5.3.25. REMARK. In the proof of Theorem 5.3.24, in order to preserve tran-
sitivity throughout the construction, we defined the general frames F; to be
((Frur +' 0*kF;), Ar) rather than ((Frur + 0*xF), Ar). In the basic modal case,
this construction no longer works. This is precisely the reason why we employ
the technique of transitive reflective unfolding.

By Theorems 5.3.21, 5.3.22 and 5.3.24, the following theorem holds:
5.3.26. THEOREM. Let L € NExt(K4,). Then the following are equivalent:
(1) L is a union-splitting in NExt(K4;).

(2) L is an iterated splitting in NExt(K4,).
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(8) df(L) = 1.
(4) deg(L) = 1.
(5) df(L) # 2%,
(6) deg(L) # 2%,
Again, we conclude the subsection with the dichotomy theorem:

5.3.27. THEOREM. For all L € NExt(K4;), deg(L) = df(L) € {1,2%}.

5.4 Kripke Incompleteness in NExt(S4;)

In this section, we move from the lattices NExt(K;) and NExt(K4,) to the lattice
NExt(S4;). In what follows, we write deg(L) for the degree of Kripke incomplete-
ness of L in NExt(S4;). Our aim is to prove the dichotomy theorem for NExt(S4;).
We first characterize the iterated splittings in NExt(S4;) and show that every
iterated splitting has the degree of Kripke incompleteness 1.

To show that all other tense logics L in NExt(S4;) are of the degree of Kripke
incompleteness 2%, we construct general frames closely connected to the Rieger-
Nishimura ladder, which is the underlying frame of the dual space of the 1-
generated free Heyting algebra (for more details, see [100, 111, 3, 117]). With the
help of these general frames, we obtain continuum many tense logics in [L]g, =
{L" € NExt(S4;) : Fr(L) = Fr(L’)}. This gives a characterization theorem for the
degree of Kripke incompleteness in NExt(S4;) and completes the proof of the
dichotomy theorem.

Let n € Z*. Recall that we write €h,, for the reflexive transitive chain of
length n and €I for the n-cluster, that is, €h, = (n,<) and €[, = (n,n x n).
We first give a characterization of the iterated splittings in NExt(S4;). The key
observation is the following characterization of the lattice NExt(S5;):

5.4.1. THEOREM. (NExt(S5;),C) = (w+1,>).

Proof:
By Proposition 4.4.5 and Theorem 4.3.10, we have

NExt(S5;) = {S5;, Form;} U {Log(€l;) : i € Z*}.
Thus, the lattice NExt(S5;) can be characterized as follows:
S5, C -+ C Log(€l;) C Log(€l;_1) C --- C Log(Cl;) C Form.

Hence, we conclude that (NExt(S5;),C) = (w + 1, >). O

As a consequence, the following theorem holds:
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5.4.2. THEOREM. Let L € NExt(S4,). Then L is an iterated splitting if and only
if L € NExt(S5;) U {S4,}.

Proof:
For the right-to-left direction, note first that S4, and S5, = NExt(S4,)/€h, are
iterated splittings. By Theorem 5.4.1, Form; = S5;/€l; and Log(€l) = S5;/Cl;4
for all k € Z+.

For the other direction, suppose L = (S4,/L1)/ - - /L, is an iterated splitting.
If n =0, then L = S4,. If n = 1, by Theorem 5.2.11(3), L € {S5;,Form;} C
NExt(S5;). Otherwise, n > 2. Then L O S4,/L; O S5;, which entails that
L € NExt(S5;) U {S4;}. 0

Now we can show that every iterated splitting L is of the degree of FMP 1,
which entails that the degree of Kripke incompleteness of L is also 1.

5.4.3. THEOREM. Let L be an iterated splitting in NExt(S4;). Then df(L) = 1.

Proof:

By Theorem 5.4.2, L € NExt(S5;) U {S4;}. Since S4, has the FMP, df(S4,) = 1.
Let L € NExt(S5;). Take any L' € NExt(S4;) such that Fin(L') = Fin(L). Then
Chy ¥ L. By Theorem 5.2.11, (Log(€h,),S5,) is a splitting pair in NExt(S4,),
which entails L' O Sb;, i.e., L’ € NExt(S5;). Note that every extension of Sb;
has the FMP. Thus, L = Log(Fin(L)) = Log(Fin(L’)) = L’. Since L is arbitrarily
chosen in NExt(S5;), we obtain that df(L) = 1 for all L € NExt(S5;). 0

5.4.4. REMARK. By Theorem 5.2.11, (Log(€h,),S5;) and (Log(€h,), Form;) are
the only two splitting pairs in NExt(S4;). Then {Form, S5;,S4;} is exactly the
set of union-splittings in NExt(S4;). By Theorem 5.4.3, every union-splitting in
NExt(S4;) has the degree of Kripke incompleteness 1. However, by Theorem 5.4.3,
we see that Log(€ly) is of the degree of Kripke incompleteness 1, while it is not a
union-splitting. Thus, not every strictly Kripke complete logic is a union-splitting.
In this sense, Blok’s characterization of the degree of Kripke incompleteness for
NExt(K) can not be generalized to NExt(S4;).

In what follows, we show that a tense logic in NExt(S4;) has the degree 2%
if it is not an iterated splitting. Let L € NExt(S4;) be an arbitrarily chosen
logic which is not an iterated splitting in NExt(S4;). Then it suffices to show
that deg(L) = 2%, The first key observation is the following lemma, which is an
analogue of Lemma 5.3.23.

5.4.5. LEMMA. Let ¢ & S4;. Then
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(1) ¢ is refuted by some non-symmetric & € Fin,.(S4;);
(2) for all n € w, there exists § € Fin,.(S4;) such that ¥ ¢ and rdg(F) > n.

Proof:

For (1), take any ¢ & S4;. Since S4; has the FMP, there exists § = (X', R') €
Fin,.(S4;) such that § ¥ ¢. If § is non-symmetric, then take & = § and we
are done. Suppose § is symmetric. Then R’ = X’ x X'. Let & = (X, R)
where X = X' x{0,1} and R = {((z,a), (y,b)) € X x X : a < b}. Then the map
f: X — X' defined by f({(z,a)) = z for all (x,a) € X is a t-morphism from &
to §'. Thus, & ¥ ¢ and (1) holds. By Lemma 5.1.11, (2) follows from (1). 0

Since L 2 S4,, there exists ¢ € L\ S4;. By Lemma 5.4.5, there exists
&1 € Fin,.(S4,) and wp,u;, € Xy with §p,wp ¥ ¢ and up & R;nd(@)[wL]. Next,
we construct a continuum-sized family of general frames (F; : I C Z™) such that
Fr(L) = Fr(L N Log(F;)) and L N Log(F;) # L N Log(F,) for any I # J C Z™.

5.4.6. DEFINITION. Let I € P(Z%). The frame §; = (Y7, S) is defined by:

e Y = AUBUCTU{xg, 21, %2,Y0,Y1,70,71,72,7" }, where A = {a; : i € w},
B={b:icw}and Cr={c¢;:i € TU{0}};

o Sy is the reflexive-transitive closure of the union of the following binary
relations:

Then the general frame F; is defined to be (§, A;), where §; = (X, R;) =
(Frur +' r3F;) and A;j is generated by P(Xp).

An example of the underlying frame §; of F; is as depicted in Figure 5.9.
Clearly, F; € GFr(S4,). The reader might notice that §;[({a;,b; : i € w}) is ex-
actly the Rieger-Nishimura ladder.

Let us prove some basic properties of the general frames ;.

5.4.7. LEMMA. Let k € w be such that |§.| +2 < k and rdg(F;) < k. Then for
all v € X7,

(1) Fr,x & bw; Abwy Abry;

(2) either Fr,x E grzt Agrz— or Fr,x F altf Aalt,.
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Figure 5.9: The frame §; where 1 € I and 2,3,7 € |
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Proof:

For (1), since X; = (Rp)f[z], we have F;,x & bry. Note that there exists no
anti-chain or zigzag of size greater than k. By Fact 4.2.5, Fy,x F bw; Abw, . For
(2), by Fact 4.2.5, if x € X U {r}, then F;,z F altf A alt;, and we are done.
Suppose x & X U {r;}. Then by Proposition 2.2.46, F;, z £ grz". To show that
F;,x E grz—, we first prove the following:

(1) for all U € Ay and co-chain D = (d; : i € w), either UN D or D\ U is finite.

We prove (f) by induction on the construction of U. Since D is an infinite co-
chain, the reader can readily check that every element of D is in the set AUBUC]
and so UND = @ for all U € P(X). The Boolean cases are straightforward.
Let U = (R)"'[V]. If DNU = @ then we are done. Suppose D N U # &.
Then d; € U for some ¢ € w. Note that D is closed under (RI)fl, this yields
that d; € (R;)"'[V] for all j > 4. Then D\ U C {d; € D : j < i} is finite. Let
U= R;[V]. It D\ U = @, then we are done. Suppose D \ U # &. Then there
exists d; € D\ U. Since U is closed under R;, we obtain that d; ¢ U for any
j > 1. Thus, D\ U C {d; : j < i} is finite, and so (t) holds.

Towards a contradiction, suppose F;, x ¥ grz=. Then F;, V,x ¥ grz~ for some
valuation V in F;. Let dy = . Then dy ¢ V(p) and there exists d; € (R;) ™" [do]
such that d; € V(—p A ®p). Thus, there exists dy € (R;)”'[dy] such that dy &
V(p). Note that there exists no proper cluster in F;. Thus, dy & Ryldy]. By
repeating the argument above, for every [ € Z™, if dy; is defined, then there exist
pOiIltS d21+1 and d2l+2 such that (1) d21+2R1d21+1R1d21; (ll) d21+2 € R[[dgl]; and
dorio & V(p). Thus, there exists a co-chain D = {d; : i € w} C R™![x] such that
DNV (=p) ={dy : 1l € w}. Thus, |DNV(p)| = |D\V(p)| = Ny, which contradicts
(t). Hence, F;,z E grz~ and so Fr,x F grz™ Agrz™ for any « ¢ X, U {r}. O

Next, we show that the tense logic Log(F;) has no infinite rooted Kripke
frame. For this, we use a celebrated theorem by Ramsey from set theory (for
more details, see, e.g., [64, Theorem 9.1]). For each set X and n € Z*, we write
[X]™ for the set of all n-element subsets of X, that is,

(X]"={Y C X :|Y|=n}
Ramsey’s theorem can then be stated as follows:

5.4.8. THEOREM. Let n,k € Z% and [ : [w]® — {1,--- ,n}. Then there exists
an infinite subset X C w such that f is constant on [X]*, i.e., |f][X]¥]| = 1.

Now we are ready to show the following lemma:

5.4.9. LEMMA. Fin,(Log(F;)) = Fr,.(Log(F;)).
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Proof:

Take any & = (Y,5) € Fr.(Log(F;)). Towards a contradiction, suppose & is
infinite. By Lemma 5.4.7(1), & F bry. Thus, we see that & is not image-finite
and so there exists y € Y such that |S[y]| > Ro or [S7![y]| > Ry. Assume
|S[y]] > Ng. By Lemma 5.4.7(1), &,y F bw; and so there exists no infinite anti-
chain in S[y|. Since S[y| is infinite, by Lemmas 2.2.38 and 5.4.7(2), it follows
that &,y F grz™ A grz—. By Fact 2.2.46, there is no proper cluster in S[y]. By
Lemma 5.4.7(2) again, &, z = grz™ A grz~ for all z € S[y] and so there exists no
infinite ascending chain or descending chain in S[y]. Now, take a countable set
Z ={z i €w} C Sy] and consider the function f : [w]* — {1,2,3} such that
forall i < j € w:

1, if 2;S%;;
f({zaj}) = 27 if szZi;

3, otherwise.

By Theorem 5.4.8, there exists an infinite subset I C w such that f is constant
on [I]?. Then we have three cases:

(1) f[[I]*] = {1}. Then Z' = {z; : i € I'} forms an infinite ascending chain in
Sly], which is impossible.

(2) fI[I]*] = {2}. Then Z' = {z; : i € I} forms an infinite descending chain in
Sly], which is also impossible.

(3) fI[I]*] = {3}. Then Z’' = {z; :i € I} forms an infinite anti-chain in S[y],
which is again impossible.

Thus, S[y] is finite. By a similar argument, we see that S~™![y] is also finite. Hence,
& is finite. As & was arbitrary, we obtain that Fin,(Log(F;)) = Fr,(Log(F;)). O

Let Ly = L N Log(F;). Now, our task is to show Fr(L) = Fr(L;). Note that
¢h, and €h, validate Log(F;) for all I C Z*. Unlike the situation in Section 5.3,
we can no longer show that Log(IF;) has no Kripke frames. However, we can still
show that adding the general frame F; does not have any Kripke frame that is
not isomorphic to either €h, or €h,. Thus, F; does not introduce any new Kripke
frames into Fr(L).

In the proof of the following lemma, we use local t-morphisms and generalized
Jankov formulas introduced in Section 4.1.

5.4.10. LEMMA. Fr,.(Log(F;)) = M(Ch,).
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Proof:

To simplify the notation, we drop the subscripts [ if there is no danger of confu-
sion. Note that since Log(FF;) ¢ NExt(S5;) and (Log(€h,),S5;) is a splitting pair
in NExt(S4;), we have €h, F Log(F;) and so Fr,(Log(F;)) 2 M;(€h,). Take any
® € Fr,.(Log(F;)). By Lemma 5.4.9, & is finite. Then there exists £ € w such that
rdg(®) < k, |§| +2 < k and rdg(F;) < k. Let J*(®) be the Jankov-formula of
& of degree k. Since & ¥ - J%(®), we see that F; ¥ -J%(&). Since FF; is rooted
and rdg(F;) < k, by Theorem 4.1.9, & is a t-morphic image of F;. Let f : F; — &
be a surjective t-morphism. Now it suffices to show that & € M,(€h,). Suppose
& & My(C€h,). Then we have

5.4.11. CLAIM. For allu e X \ Xy, f(u) = f(xg) implies u = xy.

Proof:
Take any u € X7\ Xy, such that f(u) = f(xg). Towards a contradiction, suppose
also u # xg. Then one of the following cases holds:

(1) u € {z1,90,7"}. By Lemma 2.2.25, S[f(xo)] = S[f(u)] = f[R[u]] = {f(u)}
and S7[f(zo)] = f[R[xo]] = {f(x0)}. Thus, & = €h,, which contradicts
the assumption.

(2) u = 5. Then clearly {x¢, 1, 25} is sufficient, which entails Y = { f(xo), f(z1)}.
Note that f(xg) & S[f(z1)]. Thus, & = €h,, which contradicts the assump-
tion.

(3) u = y;. Similar to (2), we see {xg,x1,%0,¥y1} is sufficient and so & = €h,,
which contradicts the assumption.

(4) None of (1)-(3) holds. Then u € R[ro] \ {r'}. By Lemma 2.2.25, f(rq) €
fIR7Yu]] = fIR zo]] = {f(z0)}. Again, by Lemma 2.2.25, we see that

fr"y e {f(xo), f(z1)}. By (1), f(r') = f(x1), which entails that {z, z1, 70,7}
is sufficient. Thus, ® = €h,, which again contradicts the assumption.

Hence, we conclude that f(u) = f(z¢) implies u = ¢ for all u € X \ X}. O

5.4.12. CLAIM. f(ao) # f(bo) # f(b1) # f(ao).

Proof:

Suppose f(ag) = f(by). By Lemma 2.2.25, f(zo) € f[R'[R[R b]]]. By
Claim 5.4.11, the only possible case is that f(ro) = f(x2), f(r1) = f(z1) and
f(xg) = f(u) for some v € Xy N R7'[ry]. Then we see that f(r') € f[R[xs]] =
{f(ao), f(x1), f(z2)}. It is not hard to see that f(r’) = f(xs) implies & = €h,,
and f(r') = f(x1) contradicts Claim 5.4.11. Thus, f(r') = f(ap) = f(bo),
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which entails f(y;) € f[R7'[r]] = {f(ao), f(x2)}. Since & ¢ M,(€h,), we have
f(y1) = f(xe) and f(yo) = f(x1), which again contradicts Claim 5.4.11. Thus,
f(ao) # f(bo). Note that since f(ag) = f(b1) implies f(ag) = f(by), we obtain
that f(ao) # f(b1).
Suppose f(b) = f(b1). Since f(y1) # f(b1), f(y1) = f(v) for some v €
“by) \ {b1}. Note that v € R '[ag] and f(ag) # f(by), it is not hard to
show that f(yo) = f(ao), which entails that f(z¢) € f[RZ[yo]] and contradicts
Claim 5.4.11. O

5.4.13. CLAIM. For alln € w, |f[{a; i <n}U{b:i <n+1}]| =2n+3.

Proof:

For each n € w, we write Z,, for the set f[{a; :i <n} U{b;:i <n+1}]. The
proof proceeds by induction on n € w. The case n = 0 follows from Claim 5.4.12
immediately. Let n > 0. By induction hypothesis, it suffices to show that

fan), f(bns1) & flZn-1] and f(an) % f(bnia). Since {fan-1), f(bn1)} <

f[R[an]] N f[R[bnt1]] and {f(an-1), f(bn—1)} € fIR[v]] for any v € Z,_4, we
have £(a). f (1) & F[Zo-1): Note that fbn) € fIR [ n+1]] \ f[Rlan]], we obtain
that f(an) 7é f( n+1)' 0

By Claim 5.4.13, f[A U B] is infinite and so & is infinite, which contradicts
Lemma 5.4.9. Thus, € M,;(€h,) and hence Fr,.(Log(F;)) = M;(Ch,). O

5.4.14. LEMMA. For all I CZ", Fr(L) = Fr(L;).

Proof:

Since L ¢ NExt(S5;) and (Log(€h,), S5;) is a splitting pair in NExt(S4;), we have
Chy E L and so M;(€h,) C Fr,.(L). By Lemmas 2.2.19 and 5.4.10, Fr.(L;) =
Fr.(L) U Fr,.(Log(F;)) = Fr.(L). Hence, Fr(L) = Fr(L;) for all I € Z*. 0

So far, we have obtained a family of logics which share the same class of
frames as L. It remains to show that the set {L;: I C Z*} of tense logics is of
the cardinality 2%. To do this, we generalize the modalities AS" and V=" as
follows:

5.4.15. DEFINITION. For all n € w and ¢, € Form;, we define Ai”(p by:
A =19 Nypand A3 k“gp Aw go\/<>(1p/\Aw (p)V.(Q/J/\AikQD)

As usual, we define the dual operator V¢ of A<" by V¢ Y= ﬁAinﬂgo
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5.4.16. PROPOSITION. Let 9 = (X, R, V) be a model, x € X and p,1 € Form,.
Then for all k € w, the following holds:

(1) M,z E Afbkgo if and only if there exists an Ry-path (x; : i < k') such that

. K<k
o I = :L‘O’

o M oz 1 E @ and M, x; EY for all i < K.
(2) M,z = A if and only if M,z E AZFp.

Proof:
By induction on k. O

Recall that for all formula ¢(p), we write ¢[g/p] for the formula obtained from
@ by substituting p with g.

5.4.17. DEFINITION. Let o := —bdg[qo, -, qx/Po, - , x| \B—p, where p, qo, - , qx €
Prop are propositional variables which do not occur in ;. Then we define

o Qny = AL A AS oy AV,
o Yy =€ NPy and @u, =P A TP
Yy = A§7g0$0 A Agﬁ—wzo and @y, 1=y A TPy
* Pag =Py, N TPy, Qv 1= €y Ay and @y, 1= Oy, AL 0a, A s
o pap =0(pp, Vor, VOO @0, ).
Moreover, for all [ € Z*, we define
¢ Yo = PaB N Yoy ANy AUy
* Qo = PaB N Pa_y N O 0y N0
o Yo = 0AB N Yo N =g, |-

The formulas defined in Definition 5.4.17 characterize points in F;.

5.4.18. LEMMA. Let U = AU BU{xo,x1,22,Y0,y1}- For allu € U and v € X,
(1) Froul o, — V=hor,

(2) for all valuation V in Fr, V(py,) # @ implies V(pap) = AU B and
Vipu) = {u}.
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(8) Fr,v ¥ —p, implies u = v,

(4) Fr & —pe, forany j & 1.

Proof:

For (1), recall first that §.,wy ¥ ¢r. Then there exists a valuation V' : Prop —
P(X) such that §r, V', wy E —pp. Since F; is differentiated and X, is finite,
there exists a valuation V' in F; such that the following conditions hold: (i)
VIiXp = V', (ii) V(p) = R[bk] U {xo,x1,22,v0,v1} and (iii)) V(g;) = R[b;] for
all i < k. Let 9 = (F;,V). Then M, b1 F po and M, w, F —pp. Since
rdg(F;) < k, M, 2o E V=3bd,, and there exists a p-path from zy to by of length
4, we see that M, zq F ¢,,. Note that M, ro F —p and V(pg) C Y;. Then
M, u b AS3py Vv —nV§4<pO for each point u € X; \ {xo}. Thus, x is the unique
point satistying ¢,,. By the construction of the formulas ¢,, the reader can now
easily check that V(¢ap) = AUB and M, u F ¢, for allu € U. Since w;, € Rf[u],
we have I, u F o, A ASF—p;.

For (2), let V' be a valuation in F; and 9t = (F;, V). Suppose M, vy E ¢q,
for some vy € X;. Then M, vy F A§4g00 and M, v; F ¢y for some v; € Xj.
By Proposition 4.2.5, R[v;] contains a chain of length greater than k. Thus,
vy € Rro) \ {ao,bo, b1, co} and so M, rg E —p. Then M, w E AS3p, V ﬂvg‘lgoo
for each point w € X; \ {xo}, which entails that V(p,,) = {xo}. Then clearly,
V(pag) = AU B and V(p,) = {w} for all w € U.

For (3), take any u € U and v € X;. Suppose Fr,v ¥ —p,. Then there exists a
valuation V' in F; such that F;, V v E ¢,. Let 9 = (F;, V). By the construction
of ¢, we always have F ¢, — AS™p, for some m € w. Thus, V(p,,) # 9. By
(2), V(pw) = {w} for all w € U, which entails u = v.

For (4), take any j ¢ I. Suppose F; ¥ —p.,. Then there exists v € X;
and a valuation V' in F; such that F;,V,v F ¢, . Thus, V(p,) # @. By
(2),V(pap) = AU B and V(¢,) = {w} for w € {a;j,a;+1}. Since j & I, we have
R 'a;]\ (AUBU R '[a;11]) = @ and so M E —¢,;,, which is a contradiction. O

Now we are ready to prove the following lemma:
5.4.19. LEMMA. For allI,J € P(Z"), I # J implies Ly # L.

Proof:
Take any distinct I, .J € P(Z"). Let i € I'\ J. It suffices to show that

e, = V=P e Ly\ Ly.

By Lemma 5.4.18(1), ¢., — V=Fp; & Log(F;) 2 L;. By Lemma 5.4.18(4),
., € Log(IF;). Since ¢ € L, we see V=Fp, € L. By substitutions, we may
always assume that ¢y, and ¢, contains no common variable, —p., V V=Fp, €
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LN Log(F;). Hence, p., — V=For € L. O

Note that L € NExt(S4;) is chosen to be an arbitrary logic which is not an
iterated splitting. By Lemmas 5.4.14 and 5.4.19, the following theorem holds:

5.4.20. THEOREM. Let L € NExt(S4,). If L is not an iterated splitting, then
deg(L) = 2%0.

Finally, we obtain our main results of this section:

5.4.21. THEOREM. Let L € NExt(S4;). Then the following are equivalent:

(1) L is an iterated splitting in NExt(S4;).

(2) df(L) = 1.

(8) deg(L) = 1.

(1) df(L) # 2%,

(5) deg(L) # 2%.
Proof:
By Theorem 5.4.3, (1) implies (2). By Proposition 5.3.2, (2) implies (3). Since
INExt(S4)| < 2%, (4) implies (5). It is obvious that (3) implies (5), and (2)

implies (4). It remains to notice that (5) implies (1) follows from Theorem 5.4.20
and Theorem 5.4.2. O

As a corollary, we obtain the following dichotomy theorem:

5.4.22. THEOREM. For all L € NExt(S4;), deg(L) = df(L) € {1,2%}.

5.4.23. REMARK. As we can see now, union-splittings in NExt(S4,) are still
strictly Kripke complete, while there exist strictly Kripke complete logics in
NExt(S4;) which are not union-splittings (see Remark 5.4.4). In fact, in the
lattice NExt(S5;), it follows from Theorem 5.4.1 that every logic is strictly Kripke
complete and every logic is an iterated splitting. Hence, so far, the notion of
iterated splitting fits better with strictly Kripke completeness in the lattices of
tense logics, in the sense that for L € {K;, K4;,S4;,S5,}, the iterated splittings in
NExt(L) are exactly the strictly Kripke complete logics.
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5.5 Summary

In this chapter, we obtained a series of results on the degree of Kripke incomplete-
ness in lattices of tense logics. We started by introducing the notion of reflective
unfolding and reviewing splittings of lattices. We gave characterizations of the
degree of Kripke incompleteness in NExt(K;), NExt(K4,) and NExt(S4;) and gen-
eralized Blok’s dichotomy theorem from NExt(K) to these lattices of tense logics.
By showing that the degree of Kripke incompleteness coincides with the degree
of FMP in all the lattices mentioned above, we also obtain a dichotomy theorem
for the degree of FMP in these lattices. These results show the similarities and
differences of the degree of Kripke incompleteness and the degree of FMP between
the lattices of modal and tense logics (cf. [9, 14]).

We claim that we could obtain more results on the degree of Kripke incom-
pleteness in lattices of tense logics by the method given in this chapter. For
example, consider the tense logic K4D = K4, @ © T, which is the tense logic
of serial frames. It is not hard to see that §, F T implies F; E O T for all
IF; defined in Section 5.3.2. Note that serial frames are closed under reflective
unfolding, we claim that degyyp+(L) = 2% for all proper extension L of K4D;'.
Similarly, since §; F grzt implies F; E grz™ for all F; defined in Section 5.4,
we claim that the dichotomy theorem holds for Grz" = K, @ grz*. Given that
the frames §; are frames for the bi-intuitionistic logic bilnt and every finite bi-p-
morphic image of §; is a bi-p-morphic image of €h,, we claim that the dichotomy
theorem for the degree of FMP holds for Ext(bilnt). This is left for future work.

Beyond identifying possible applications of the reflective unfolding method,
there remain many worthwhile directions for future research. We outline a few
such topics below:

By Blok’s characterization theorem, the union-splittings in NExt(K) are ex-
actly the strictly Kripke complete logics. We obtained in this work that Blok’s
characterization theorem can be generalized to the lattices NExt(K;) and NExt(K4;).
However, as we mentioned in Remark 5.4.23, every union-splitting in NExt(S4;)
is strictly Kripke complete while the inverse does not hold. Instead, iterated
splittings fit perfectly with strictly Kripke complete logics. So it is natural to
ask: what is the relation between union-splittings, iterated splittings and strictly
Kripke complete logics in the lattices of tense logics? For example, is an iterated
splitting always a union-splitting? Is it true that for all tense logic Ly and L, L is
a union-splitting in NExt(Lo) implies deg; (L) = 17 Is a strictly Kripke complete
tense logic always an iterated splitting?

As the reader might already notice, our method relies heavily on the reflective
unfolding of Kripke frames. In fact, the method used in this chapter applies to
only those lattices NExt(Lg) where Ly is preserved under reflective unfolding. For
example, if L is of finite r-degree, then our method fails. An important future
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work is to study the degree of Kripke incompleteness in lattices of tense logics of
finite r-degree, for example, NExt(S4.2;) and NExt(S4.3;). By [71, Proposition 23],
there are infinite splittings in both of these lattices, which indicates that the case
is quite different from the one for NExt(S4;). We believe these topics will require
new methods and techniques.

As we have shown in Sections 5.3 and 5.4, the degree of FMP and the degree of
Kripke incompleteness coincide in the lattices NExt(K;), NExt(K4,) and NExt(S4,).
The dichotomy theorem for the degree of FMP holds for all these three lattices.
Bezhanishvili et al. [9] showed the anti-dichotomy theorem for the degree of FMP
for NExt(K4) and NExt(S4). Here is a natural follow-up question: Is there any
tense logic L such that the anti-dichotomy theorem holds for NExt(L)?

In the next chapter, which will be the final chapter on tense logics in the thesis,
we study the decidability of logical properties in the lattices of tense logics.



Chapter 6

(Un)decidable Logical Properties of
Tense Logic

In this chapter, which is based on [36] and [37], we study the decidability of log-
ical properties of tense logics. A central part of the study of modal logic is to
determine whether a logic has a certain logical property, such as Kripke complete-
ness, the finite model property, tabularity, Post-completeness and decidability.
As mentioned in Chapter 1, from a global viewpoint, this gives rise to algorithmic
problems for classes of logics: in a class of logics, is it decidable whether a logic
in this class has a certain logical property? Recall that a property P is decidable
in a class C of logics if there exists an algorithm such that, for any finitely ax-
iomatizable logic L € C, given by its finite axiomatization, the algorithm decides
whether L has the property P.

The decidability of logical properties in lattices of modal logics has been stud-
ied. Thomason [122] showed the undecidability of Kripke completeness, and a
series of works by Chagrov and his co-authors [25, 24, 28, 27, 26] introduced a
general method to show the undecidability of various logical properties, including
the finite model property, first-order definability, decidability, tabularity, and the
coincidence with a fixed tabular logic. On the positive side, it was recently proved
in [119] that the property of being a union-splitting is decidable in NExt(K), which
entails that being strictly Kripke complete is also decidable. As we have men-
tioned in Chapter 4, the notion of pretabularity was introduced in order to study
tabularity, and it was proved that tabularity is decidable in both Ext(IPC) and
NExt(S4) (see [76, 89, 90, 44]). In fact, by Theorem 4.4.11, tabularity is also
decidable in NExt(S4.3;).

The (un)decidability of logical properties in a lattice of logics can also be seen
as a measure of the complexity of that lattice. Let us restrict to NExt(K4), which
is a sublattice of NExt(K). Then Kripke completeness, the finite model property,
and the interpolation property are still undecidable [25, 24]. However, since every
tabular logic has only finitely many immediate predecessors and all of those are
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tabular [15], the coincidence problem for any fixed tabular logic turns out to be
decidable [62, 106] (see also [29, Theorem 17.3]). As far as we know, the decision
problem of tabularity in NExt(K4) is still open [105]. The decision problem of the
FMP in NExt(S4) is proved to be undecidable by Chagrov and Zakharyaschev [28],
while the decision problem of Kripke completeness is still open for NExt(S4).
These results reflect our intuition that NExt(K4) is less complex than NExt(K)
and is more complex than NExt(S4).

Now we move to tense logics. Wolter [131, 133] studied decidability of logi-
cal properties in NExt(Lin;): Kripke completeness, the finite model property, and
canonicity are all decidable. Note that Lin; is an extension of Ky and the logics
Ky C K; € K4, C Lin; form a chain in NExt(Ky). Thus, results on decidability
of logical properties indicate that interactions of modalities significantly affect
the complexity of lattices of logics. This naturally raises the question of where
the boundary of decidability lies. Given that we know little about decidability of
logical properties in NExt(S4), it is also natural to study the decision problems in
NExt(S4;). Chagrov and Shehtman [30] proved that tabularity is undecidable in
NExt(K4,), and even that the coincidence problem for any fixed tabular tense logic
is undecidable in NExt(K4,). However, the decidability of other logical properties
such as Kripke completeness, strict Kripke completeness, the FMP and decidabil-
ity remained open for the lattices NExt(K;), NExt(K4;) and NExt(S4;). We will
resolve these problems in this chapter.

For the lattice NExt(K4,), we first show that strict Kripke completeness is
decidable. Then we turn to study undecidable properties. We provide a general
criterion (Theorem 6.2.5) for a logical property to be undecidable in NExt(K4,),
which yields the undecidability of, for example, Kripke completeness, the FMP
and decidability; see Corollary 6.2.14 for a more complete list of undecidable prop-
erties in NExt(K4;) following from the theorem. This illustrates the complexity of
NExt(K4;) is much higher than that of NExt(K4). Note that the results imply that
these properties are also undecidable in NExt(K;). Next, we move to the lattice
NExt(S4;). We prove that strict Kripke completeness is again decidable. More-
over, we show directly that properties including Kripke completeness, tabularity
and decidability are undecidable. We also show that there exist countably tabular
logics L such that the coincidence problem for L is undecidable. On the other
hand, we prove that consistency is now decidable and there exist countably many
tabular logics L in NExt(S4;) for which the coincidence problem is decidable.

Our proofs of Theorems 6.2.5 and 6.3.26 adapt Chagrov’s method to the tense
setting, reducing the decision problem of a logical property to an undecidable
problem regarding Minsky machines. While the overall strategy is similar, we
exploit the interaction between the two temporal modalities, which leads to a
more efficient encoding and a simpler construction. Minsky machines, also called
counter machines or register machines, are a type of mathematical model of com-
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putation as strong as Turing machines [97]. There exist a Minsky machine M and
a configuration ¢y of M such that it is undecidable whether a given configuration
of M is reachable from ¢y by a computation of M (see, e.g., [29, Theorem 16.3]).
Let us call this undecidable problem (). For the K4, case, given a logical property
P, we will find a logic L € NExt(K4;) that has P and construct a computable
reduction from () to the decision problem of P as follows. For a configuration c,
the reduction produces a logic L(c) € NExt(K4;) satisfying the following:

(1) if ¢ is reachable from ¢, then L(c) = L, which implies that L(c) has P;

(2) if ¢ is not reachable from ¢y, then L(c) does not have P.

Thus, if we could decide whether a logic in NExt(K4,) has P, we would be able
to decide the problem @): Given a configuration ¢, we compute the logic L(c) and
ask if it has the property P, the answer of which is also the answer of (). As @
is undecidable, it follows that P is undecidable.

Table 6.1 summarizes the results on the decidability of some major properties
discussed so far. The entries marked with T correspond to results established in
this thesis. It is worth noting that our new results do not follow directly from
the minimal tense extension map (-); : NExt(K) — NExt(K;) and undecidability
results for the modal cases: It is known that the map (-); is not injective [128],
while it remains unknown whether (-) [NExt(K4) is injective (see [134, p. 158]).
Wolter [130] presented a modal logic L O K4 with the FMP such that L, is
Kripke incomplete. This result implies that the map (-), preserves neither Kripke
completeness nor the FMP. It remains open whether decidability is preserved (see
(134, p. 132]).

This chapter is organized as follows. Section 6.1 introduces preliminaries on
decision problems and Minsky machines. In Section 6.2, we prove the main the-
orem for NExt(K4,;) and apply it to show the undecidability of logical properties.
In Section 6.3, we study decidability of logical properties in NExt(S4;). Finally,
Section 6.4 concludes this chapter with an overview of future work.

6.1 Decision Problems and Minsky Machines

6.1.1 Decision problem of logical properties

Recall that a tense logic L is decidable if it is decidable as a set, i.e., there exists
an effective method to decide whether a formula ¢ is in L. In this section, instead
of decidability of logics, we focus on decidability of logical properties. We refer to
29, Chapter 17] and [136] for a detailed introduction and survey of the decision
problems of logical properties for modal logics. We identify a property P in
the lattice NExt(Lg) with the set of logics in NExt(Lg) that satisfy P, that is,
P ={L € NExt(Ly) : L satisfies P}.
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Cons. | Tab. | Fixed Tab. | KC | FMP | sKC
NExt(K) v X X X X v
NExt(K4) v ? v X X ?
NExt(S4) v v v ? X ?
NExt(K,) X X X X X ?
NExt(K;) X X X xt | xt | V1
NExt(K4;) | x X X xt | xt | T
NExt(S4;) v xT | depends’ | xT | xT el
NExt(Ling) | v ? v v v 7

Abbreviations. Cons.: consistency; Tab.: tabularity; Fixed Tab.: coincidence with a fixed
tabular logic;

KC: Kripke completeness; FMP: finite model property; sKC: strict Kripke completeness.

Table 6.1: (Un)decidability of logical properties in monomodal and bimodal logics

6.1.1. DEFINITION. Let Ly be a tense logic. A logical property P is decidable in
NExt(Lo) iff the set {p : Lo ® ¢ € P} is decidable.

Following the convention, we restrict ourselves to finitely axiomatizable logics
because an input for an algorithm must be a finite object. We do not consider all
recursively axiomatizable logics since, as Kuznetsov showed, otherwise the only
decidable properties would be the trivial ones (see [29, Section 17.1]). Since most
logics we encounter in practice are finitely axiomatizable, this is not a serious
drawback. A finitely axiomatizable logic is encoded by a finite set of formulas
axiomatizing the logic, or equivalently, a single formula axiomatizing the logic.

Note that determining a logical property in a larger lattice of logics is at least
as hard as in a smaller one, in the following sense.

6.1.2. PROPOSITION. Let L € K,, and L' be an extension of L with finitely many
azioms. If a property P is decidable in NExt(L), then it is decidable in NExt(L').

Proof:

We may assume L' = L @ ¢ for a formula ¢. Let P be a decidable property in
NExt(L). Then, given a formula v, we can determine whether L' @ 1 has P by
asking whether L & (¢ A %) has P since the two logics are the same. O

Decidable logical properties in a lattice £ of logics are always closely related
to the splittings of £. A general result is that for any fixed splitting L, if L is
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decidable, then the coincidence problem for L is decidable. To be precise, the
following theorem holds:

6.1.3. THEOREM. Let L € NExt(K,,) be a polymodal logic that enjoys the FMP
and Ly a splitting in NExt(L). Then

(1) {¢ € Form,, : L& ¢ D Ly} is decidable;
(2) if Ly is decidable, then {p € Form,, : L & ¢ = Lo} is decidable.

Proof:

For (1), since Ly is a splitting in NExt(L), there exists L; € NExt(L) such that
Ly = L/L,. By Theorem 5.2.10, L; = Log(J) for some finite rooted frame §. It
suffices to show that

(t) {p € Form,, : L® ¢ D Lo} = {p € Form,, : § ¥ ¢}.
Take any ¢ € Form,,. Since Ly = L/L; and L; = Log(§), we have

Thus, (1) holds. Because § is finite, {¢ € Form,, : § ¥ ¢} is decidable and so (1)
holds. For (2), suppose Ly is decidable. Then {¢ € Form,, : L& ¢ C Ly} = Ly is
also decidable. Note that {¢ € Form,,: L® ¢ = Ly} = {¢p € Form,, : L& ¢ D Lo}
N{¢ € Form,, : L & ¢ C Ly}. Thus, we conclude that (2) holds. O

6.1.2 Minsky machines

The most commonly used method for proving the undecidability of a decision
problem is to construct a computable reduction to the problem from another
problem that is already known to be undecidable. In this chapter, we will use
an undecidable problem about Minsky machines. We recall the basics of Minsky
machines in the rest of this section and refer to [29, Section 16.1] and [97] for
more details; see also [29, Sections 16 and 17| for various applications of Minsky
machines to obtain undecidability results.

A Minsky machine with two registers (also called a register machine with
two registers) is a finite set of instructions acting on two registers. We will
only use Minsky machines with two registers, so we simply call them Minsky
machines. A Minsky machine has finitely many states. A register can store a
natural number and is assumed to be unbounded. So, a situation of a Minsky
machine is represented by a tuple (s,n,m), called a configuration, where s is
the current state and n and m are the natural numbers on each register. An
instruction operates on the state and one of the two registers: it increments the
number in the register, or tests if the number in the register is zero and decrements
it if not. More specifically, an instruction I has one of the following four forms:
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I =t — (¥, 1,0) means that I turns the state ¢ into ¢’ and increments the
first register,

e I =t— (¥ 0,1) means that I turns the state ¢ into ¢’ and increments the
second register,

e I =t — (t,—1,0)((t",0,0)) means that I turns the state ¢ into ¢ and
decrements the first register if the number in the first register is non-zero,
and turns the state ¢ into ¢’ otherwise,

e [ =t — (t,0,—1)((t",0,0)) means that I turns the state ¢ into ¢ and
decrements the second register if the number in the second register is non-
zero, and turns the state t into t” otherwise.

For example, after applying the instruction I = s — (s’,—1,0)((s”,0,0)) to
the configuration (s, n, m), we obtain the configuration (s’,n — 1,m) if n > 1 and
the configuration (s”,n,m) if n = 0.

In this chapter, Minsky machines are assumed to be deterministic, that is, for
each state t there is at most one instruction that acts on the state . For a Minsky
machine M, we write M : (s,n,m) ~ (t, k,1) if, starting from the configuration
(s,n,m), by applying the instructions in M, we can reach the configuration
(t,k,l) in finitely many (possibly 0) steps. For each configuration (s,n,m), let
Reachp({s,n,m)) denote the set

({1 - (M s (s,m,m) ~ (&K, I},

We call Reachp((s,n,m)) the reachability set of (s,n,m). We drop M if it is
clear from the context.

6.1.4. EXAMPLE. Let M = {(s,1,0)}. Then, for any n,m € w,
(k1) < (5,mm) = (8, B, D)} = {(5,m+i,m) < i € w}.

We will use the following undecidable problem, which is called the second
configuration problem in [29, Theorem 16.3].

6.1.5. THEOREM. There exist a Minsky machine M and a configuration (s,n, m)
such that the reachability from (s,n,m) in M is undecidable, that is, the set
{(t,k, 1) : (s,m,m) ~ (t,k, 1)} is undecidable.

In what follows, let M be a Minsky machine and (s,n,m) a configuration of
M such that the set Reachp((s,n,m)) = {(t,k, 1) : (M : (s,n,m) ~ (t,k, 1))}
is undecidable. The existence of such M and (s, n, m) is given by Theorem 6.1.5.
To simplify notation, we write Reach for the set Reacha((s,n,m}).
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6.2 (Un)decidable Logical Properties in NExt(K4;)

In this section, we focus on the decidable and undecidable logical properties in
the lattice NExt(K4;). We first show that strict Kripke completeness is decidable.
More precisely, the following theorem holds:

6.2.1. THEOREM. The following sets are decidable:
(1) {p € Form; : K&, & o = K4,/€h5};
(2) {¢ € Form, : K&, ® ¢ is a union-splitting};
(3) {¢ € Form, : K&, & ¢ is strictly Kripke complete}.

Proof:
(1) follows immediately from Theorem 6.1.3. By Theorem 5.3.21, we obtain that
{K4,,K4,/€hT} is the set of union-splittings. Note that K4, is decidable and

{p : K&; @& ¢ is a union-splitting} = K4, U {p : K&, & p = K4,/Chs}.
Thus, we conclude that (2) holds. By Theorem 5.3.26, (3) follows from (2). O

6.2.2. REMARK. Note that K;/€hT is the unique splitting in NExt(K;). By a
similar argument, we obtain that being strictly Kripke complete is also decidable
in NExt(K;).

Next, we turn to prove the general undecidability result (Theorem 6.2.5),
which implies the undecidability of various logical properties summarized in Corol-
lary 6.2.14. The proof idea follows Chagrov’s method of using Minsky machines
25, 24] (see also [136]). Since the Minsky machine M is finite, we may assume
that M contains ty many states, labeled as 0,...,ty — 1. To state our main the-
orem, we introduce the following general frame that encodes the information of
the problem Reach.

6.2.3. DEFINITION. Let F = (X, R, A) be the general frame defined as follows:
e X =TReachU{ay,b,,cn:n<w}U{d, b V'};

e R is the transitive closure of the union of the following binary relations:
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— Reach x Reach.
e A={U C X : U is finite or cofinite on {¢; : i € w}}.

It is clear that A is closed under N, —(-), R[-] and R~'[-], so F is well-defined
as a general frame. The underlying frame (X, R) of F is depicted in Figure 6.1.

SN
| |

bo

o ——— 06— @

a’ b
o as ba
F Ct—1 o °
Ct o [
Cty1 ® °

.0 ..

(t, k1)

Figure 6.1: The underlying frame of F
By Proposition 4.2.5(4), it follows that
6.2.4. LEMMA. F E AS6p — ASSp,
Now we state the main theorem of this section. Let
KC = {L € NExt(K4;) : L is Kripke complete}

and

DEC = {L € NExt(K4,) : L is decidable}.

6.2.5. THEOREM. Let P be a property and o € Form; be a formula such that

(1) FE a,
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(2) K& ®a € P, and
(3) P C KCUDEC.
Then P is undecidable, i.e., the set
{p € Form; : K4, & ¢ € P}

1s undecidable.

The rest of this section is dedicated to proving this theorem. We start by
introducing formulas that define a point or a set of points in F. Their meaning
is summarized in Lemma 6.2.6. For each n € w, we define the formulas ¢.,, @q,
and ¢y, as follows:

e Yo, =LHLARST:;

o Qo =" o, N O" M, for all n € ZF;

o Yo =0LNGMLACS*T);

o Va, = (Pag VO 0ao) Ny NOT A" 00 A= O" o, for all n € ZF;
c Yo =1L NGST NSO L;

o b, = (o, VO Pu) A0, AN O T A 0y, A2 O™y for all n € Z7F.

Note that these formulas are all variable-free. Intuitively, for each x € {a,b,c}
and n € w, the formula ¢, is designed to be true at exactly z,, in [F, regardless
of valuations. Moreover, we define

o A= (Pay VO Pae) NOmgpey AT
* ¢5 = (Pu VOpy) A7pe, N®T.

Similarly, ¢4 and ¢p are true exactly at {a, :n € w} and {b, :n € w} in F,
respectively. To simulate the action of +1 and —1 on the two tapes of M, we
define the following formulas:

o Ya=paADPaAN=OPa;
o YPh=paNOpaAA-OOpy;
e Yp=ppAppAN-ppg;

o UL =pp AOpp A=OODs,
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where pa, pg are fresh variables. Intuitively, if 14 is true at some point, then the
point must be a;, where i = min{j : a; F pa}; then ¢} is true at the next point,
namely, a;,1. A similar intuition applies to ¢ and ¥} as well. Moreover, a key
syntactic observation is: if s is the substitution [ ¢, /pa, ' o, /p5] for some

k,l € w, then s(v4) = ¢a,, s(¥h) = Pap.1> S(¥B) = s, and s(vf) = ©p,,,- This
will be used in Lemma 6.2.7.
Finally, for each state t of M and formulas 7, k € Form,, we define:

o(t,m, k) =@, NO=¢e, , AOTAOA(CT AO0) AR AOA(C K AO—g,).

As we will see in Lemma 6.2.6, the formula o (¢, 7, k) is true exactly at the point
(t,k,1) if the formulas m and & are true exactly at aj and by, respectively.

6.2.6. LEMMA. For any x € X, wvaluation V on F, and n € w, the following
holds:

(1) F,z E ¢, if and only if v = c,.
(2) F,x E @,, if and only if x = a,.
(3) F,x E vy, if and only if x = b,,.
(4) F,x E wa if and only if x € {a; : 1 € w}.
(5) F, 2 E pp if and only if x € {b; : i € w}.

(6) F,V,x & a if and only if V() = {a;} = {z} and V(¢3) = {air1} for
some 1 € w.

(7) B, Vo &= 4k if and only if V(¢a) = {a;} and V(}) = {aira} = {2} for
some 1 € w.

(8) F,V,x & vp if and only if V() = {bi} = {} and V(15) = {bis} for
some i € w.

(9) F.V.a £ 0 if and only if V(¢s) = {bi} and V(©5) = {bi1} = {a} for

some i € w.

(10) If V() = {ar} and V(k) = {b}, then F,V,x E o(t,m, k) if and only if
x=(t, k).

Proof:

We only prove (1), (4), (6), and (10) and leave the rest to the reader. The proof
of (1) proceeds by induction on n. Let n = 0. The right-to-left direction is clear.
Suppose F,z E ¢.,. Then R[z] = @ and R™'[y] # & for all y € R![z], which
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entails z = ¢o. Let n > 0. Suppose F,x F ¢.,. By the induction hypothesis,
Cn—1 € R[z|\ R[R[x]], thus = ¢,, and (1) follows.

For (4), the right-to-left direction is straightforward. For the other direction,
suppose F,x E p4. Then F, z E ¢,, VO @,,, which entails z € R™{ag]U{ap}. Since
F, 2 EO-p., AN ®T, we see that © € Reach and x # a'. Thus, z € {a; : i € w}.

For (6), the right-to-left direction is again straightforward. For the other
direction, suppose F,z E 14. Take any y € X such that F,V,y E 4. By (4)
y = a; for some i € w. By F,V,y F pa A = pa, we see that y is an R-maximal
point in V(pa) N{a; :i € w}. Since R is a linear order on V(pa) N {a; : i € w},
we have V(¢4) = {a;} = {z}. AsV(OCpa A=CCpa)N{a; i € w} = {ai1}, we
have V(1) = {ai41}-

For (10), suppose V(7) = {ax} and V (k) = {b;}. Then clearly, F,V,(t,k,[) E
o(t,m, k). For the other direction, suppose F,V,z E o(t,m,x). Then, F,V,z
O e, N O, which entails z = (¢, k', ) for some (', k',I'). By F,V,x E O, A
00, we have z € R™e]\R™![ei41] and so ' = ¢. Note that F, V, agy1 F OTA
O=pe,. By F,V,2 EOT AO=(Cm A, ), we see that z € R ag] \ R~ {as 1]
and so k' = k. Similarly, we obtain [ = {". Thus, z = (¢, k, ). O

Next, we encode the behavior of the Minsky machine M by formulas. With
each instruction I in M, we associate a formula Azl as follows.

o Azl = -aANAS0(t,1a,08) = "aANASPe(t ), ), if I =t — (t',1,0).
o Azl = -aNASa(t,ha,Vp) = ~aNASSa(t' Ya,0E), if I =t — (¥',0,1).

0 A A, @y, )] i 1 = £ = (¢, —1,0)({t",0,0)).

o Azl = [aNAZPo(t,ha, b)) = ~aAASSa(t' 1), ¥p)|A[CaAASDo(t, ), @p,) —

—a AASPa (P a, 0,)], if T =1 — (t',0,=1)({(t",0,0)).

Each formula encodes the behavior of the corresponding instruction.
Let AxM = Ajepq Axl. This is a well-defined formula since there are only
finitely many instructions in M.

6.2.7. LEMMA. For each configuration (t,k,l), if (t,k,l) € Reach, then
= AN AZPG(s, 00, 1,,) — " AAS(t, @, 01,) € Kb, © AzM.

Proof:

We prove by induction on the length of the computation of M. The base case
(t,k,l) = (s,n,m) is clear since the corresponding formula is a tautology. Con-
sider the computation of the form (s,n,m) ~ (t,k,1) — (£, k1), where I is the
last instruction applied. By induction hypothesis, we have

= A ASP0(S, Py, b, ) — A ASPa(t, 0o, , 1) € Kby @ AxM.
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So, it suffices to show
—a A ASo(t, Pays Pb,) = QN Ao (i, Paz> Pr:) € Kby @ Az M.

We distinguish cases according to the form of I.

e I=t— (t1,0). Then (£,k,I) = (¢, k +1,1). From Az we have
A A§5O'(t, ¢Aa ,QZ}B) — DA ASSU(t/’ 1/’?1_7 ¢B) € K4t © AzM.
By applying the substitution [OF ¢, /pa, O @i, /p5] to Azl, we obtain

—a A AZPo(t, Qo , o) = a0 NAZPO(t @y, o1,) € Kby & Az

e I =t— (t',0,1). This case is similar to the previous one.

e [ =t — (t',—1,0)((t",0,0)). We further distinguish cases depending on
whether k£ = 0.

% k> 1. Then (f,k,1) = (¢, k — 1,1). From Az we have
—a A ASa(t, T, vp) = ~a A Aot Ya,¥p) € Kb, @ AxM.
By applying the substitution [OF ! ., /pa, O s, /pB] to Azl we have

= AAZPo(t, Doy ) — a0 ANAZ (Y a0 L op) € Kb & AxM.

¥ k=0. Then (f,k,1) = (t",0,1). From Azl we have
—a A Ao (t, Qag, VB) — . NAZ (" Pag, V) € Kby & AxM.
Applying the substitution [0y, /pg], we have

= AN AP G (t, Pag, 0,) — ma AASPa(t” 0, 08,) € Kby © AxM.

e [ =1t— (t 0,—1)((t",0,0)). The proof is analogous.

Thus, we conclude our induction. O

6.2.8. LEMMA. FE Az M.
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Proof:

Take any instruction I € M. Suppose that I has the form ¢ — (#,1,0). Take
any point x and any valuation V on F such that F, V,z E ~a AAS?(o(t,14,9B)).
Then F,V,y E o(t,4,%¥p) for some y € X. Since F,V,y E Oihq A Oihpg, by
Lemma 6.2.6(6) and (8), there exists k,l € w such that V(¢4) = {ax} and
V(¥p) = {b;}. By Lemma 6.2.6(10), y = (¢, k,l) and so (s,n,m) ~ (t,k,l) by
the definition of X. Then, since I € M, we have (s,n,m) ~ (t',k+ 1,1). By
Lemma 6.2.6 (7), (8) and (10), F,V, (¢, k+ 1,1) E o(t,v¥},v¥5). So, we have
F,V.z E —a A ASS(o(t', ¢}, vp)). Thus, F F Azl. Similarly, F £ Azl for
instructions I € M of other forms. Hence, F E AxM. O

Now we construct the reduction. For each configuration (¢, k,1), we define the
logic

L(t, k1) = K4 @ AzM
S (_|Oé A ASE)O_(Sa Pan > @bm) — A ASSU(t7 Pay» (Pbl)) -
& (ma = V=(pe,, = ©0) A A, )

where
o = (M(M(p — Mp) — p) — Wp) AB((Og A —q) — ¢[FgAO—g)) NS L

and p,q € Prop are fresh variables with respect to AzM and «. Note that the
axioms of L(t, k,l) are computable from a configuration (¢, k, [).

6.2.9. REMARK. It is known that the inverse O(O(p — Op) — p) — Op of the
formula H(H(p — Hp) — p) — Mp can be used to axiomatize the modal logic
K4.Grz, which is a generalization of Grz. Frames for K4.Grz are Noetherian, but
need not be reflexive. For more details, we refer the reader to [45, 80, 81].

The subsequent lemmas show some properties of L(t,k,l). Intuitively, the
formula g is designed so that any extension of K4, @ ¢ is Kripke incomplete.
More precisely, we have

6.2.10. LEMMA. Let § = (Y, S) € Fr(K4;). Then §,y ¥ @o for anyy € Y.

Proof:

Suppose that §,y E ¢ for a contradiction. Since &,y E T2 1 § ¥ T2 L
for some irreflexive b € S~![y]. Now take any irreflexive point z € S~'[y]. Let
V. be a valuation in § such that V,(q) = S[z]. Then §,z F g A -q. By
Sy EBM(([dg A —q) — &(FqgAO—q)), we have §,2 F (g A O—q) and
so §, V., 2 E [PqA<O—q for some 2/ € S7Yz]. Then, 2 is again irreflexive
because otherwise §,V., 2 F ¢, and 2/ € S™![y] by the transitivity. Thus, there
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exists an infinite S™'-chain {z; : i € w} of irreflexive points in S™*[y]. Since F is
transitive, we see that z; # z; for any ¢ # j. Let V be a valuation in § such that
V(b) = {#; : j € w}. Then it is straightforward to check that §,V,y # H(M(p —
Hp) — p) — Mp, which contradicts §,y E ©o. O

On the other hand, the following lemma holds:
6.2.11. LEMMA. F, ¢, F .

Proof:
First, we show that F,¢,, F B(l(p — Hp) — p) — WMp. Take any valuation V'
on F. Then V(p) € A, so either V(p) N{c; : i € w} is finite or {¢; : i <w} \ V(p)
is finite. Let 9 = (F,V). Suppose M, c;, ¥ B(M(p — WMp) — p) — Mp for
a contradiction. Then 9, ¢;, F M(M(p — Mp) — p) and M, ¢;,, = ®—p. Thus,
R Ye) \ V(p) # 0, and for every x € R7'[ey,] \ V(p), we have I,z = ®(p A
@ —p). Since R Y¢y, ] = {ci : i > to}, it follows that both {¢; : i < w} NV (p) and
{¢; 1 i <w} \ V(p) are infinite, which is a contradiction. Thus, F,¢;, = R(B(p —
Hp) —p — Hp.

To show that F,c,, F B((Og A —q) — (P g A <O—q)). Take any point z €
R '[¢y,] and any valuation V in F. Note that R™'[c;)] = {c;:4 > to} since M
contains ty many states labeled as 0,...,tg — 1. Then z = ¢; for some i > t.
Let M = (F, V). Suppose M, ¢; = g A -¢g. Then M, ¢;41 F [ g A O g, which
entails M, ¢; F ®([FF ¢ AO—q). Thus, F,¢; F (dg A —q) — ([ ¢ A<O—g), and so
F,c;, FB((Og A —q) — (P g AO—q)).

Finally, F, ¢;, F &2 | follows from F, Ciot1 F [To+2 1 . Thus, we conclude
that I, ¢;, & 0. O

Now we prove the following lemmas that summarize how the reduction works.

6.2.12. LEMMA. Let (t, k,l) be a configuration such that (t,k,l) & Reach. Then
(1) FE L(t, k).
(2) L(t, k1) is Kripke incomplete.
(8) L(t, k1) is undecidable.

Proof:

For (1), we know from Lemma 6.2.8 that F £ AxzM. Since (t,k,l) ¢ X, by
Lemma 6.2.6 (2), (3), and (10), F E =0 (t, ¢a,, ¢p,) and so F E 2ASa (¢, 0, , 9p,)-
Similarly, since (s,n,m) ~» (s,n,m), we have F,(s,n,m) E o(s,¢a,,®s,. ). By
Lemma 6.2.4, F £ AS%0(s, 0a,, ¢p, ). Take any # € X and valuation V in F.
If F,V,z ¥ «, then F,V,z E =a A AS50(s, pa,, b, ) N "AS0(t, @, ¢p,), i-e.
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F,V,z ¥ —a A A0(S,0a,, @b,) — AN ASa(t,@u,0p). Thus, F E (ma A
ASP0 (8, Qars o) — "N ASPa(t, 0, 0b,)) — . By Lemmas 6.2.11 and 6.2.6
(1), FE @, — @o and so F E V=°(¢., — ¢o). By Lemmas 6.2.4 and 6.2.6 (1),
FE A%, . Thus, F = V=(¢., — o) A A g, . Hence, F E L(t, k,1).

For (2), it suffices to show that a € Log(Fr(L(t,k,1))), since o ¢ L(t, k,I)
follows from F & L(t,k,l) and the assumption F ¥ «. Take any Kripke frame
§ = (Y,S) € Fr(L(t,k,1)). Suppose § ¥ a. Then §,V,z F —a for some z € Y
and valuation V on §. Since § F L(t, k,1), we have §,z F —a — V=(¢,, —
©o) AN A=@,, . Thus, for any valuation V' that agrees with V' on the variables
occurring in «, we have §, V', 2 F ma and so §, V', x E V§5(<pcto — ©0) /\ASE’QD%.
Note that ¢o and « have no common variable and ¢, is variable-free. So, we
have §, 2 F V=*(¢., — @o) N APp,, . Since @, is variable-free, there exists
y € S7[x] such that §,y F ¢, , and so §, y F o, which contradicts Lemma 6.2.10.
Thus, § F «, and we conclude « € Log(Fr(L(t, k,1))).

For (3), it suffices to show that for any configuration (¢, k', 1), the following
are equivalent:

(i) (s,n,m) ~ (', k' I');
(i) ~a A ASP0 (s, Pa, s Pb,) = T NASo(t 0o, 0p,) € L(t, k,1).

This yields a reduction from the problem {{t',k’,I') : (s,n,m) ~> (t' k', I')} to
the decision problem of L(t,k,[), which implies the undecidability of L(t,k,1).
By Lemma 6.2.7, (i) implies (ii). Suppose (s,n,m) » (t',k’,l'). Since F ¥ «,
similar to the proof of (1), we see that F ¥ —a A AS%a(s, @, , Pp,,) — —a A
A=a(t', pa,, v,).- By (1) F E L(t, k1), we have ~a A AS0(s, @q,, Pp,) —
—a AN Ao (t', pa,,, pp,) ¢ L(t, k, 1), which proves the converse direction. O

6.2.13. LEMMA. For each configuration (t,k,l) € Reach,
L(t, k1) = K4 @ a.

Proof:

Let L = K4; @ . Tt is clear that L(t,k,1) C L. Suppose that (s,n,m) ~ (t,k,1).
By Lemma 6.2.7, =a AASP0 (s, 0a,, 0b,,) — " ANAS0(t, o, , pp,) € Kb & AzM.
So, a € L(t, k, 1) since (ma A ASPa (s, @a,, Pb,) = " NAZPa(t, 0o, 0b)) — @ €
L(t, k1), and thus L(t, k,l) = L. O

Now we are ready to prove the main theorem.
Proof of Theorem 6.2.5. Let P be a property and a € Form; be a formula such
that F ¥ o and K4, € P and P C KCUDEC. The reduction (¢, k,l) — L(t, k,1)
satisfies the following:
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o If (t,k,l) € Reach, then we obtain L(t, k,l) = K4; ® o by Lemma 6.2.13,
and so L(t, k,l) € P.

o If (t,k,l) & Reach, then L(t, k,1) ¢ KCUDEC by Lemma 6.2.12. Thus, we
have L(t, k1) ¢ P.

Hence, we obtain a reduction from the set Reach, which is undecidable, to the
set {¢ € Form, : K4, @ ¢ € P}, which is therefore also undecidable. |
As a corollary of Theorem 6.2.5, we obtain the following undecidability results:

6.2.14. COROLLARY. The following sets are undecidable:

(1) {¢ € Form; : K4, & ¢ is tabular},

(2) {¢ € Form, : K&, ® ¢ is locally tabular},

(3) { € Form; : K&, & ¢ has the FMP},

(4) {¢ € Form, : K4; & ¢ is decidable},

(5) {¢ € Form, : K4, ® ¢ is canonical},

(6) {¢ € Form; : K4, @ ¢ is Kripke complete},

(7) {p € Form, : K4, & ¢ = L}, where L is an arbitrarily fized tabular logic,
(8) {¢ € Form, : K4, & ¢ is consistent}.

Proof:

All properties in (1) - (6) are contained in KC U DEC. Since the logic Log(e) =
K4, @0 L AM_L is tabular, it has all properties in (1) - (6). Also, it is clear that
FFELOLABRL So, applying Theorem 6.2.5 with « =[] 1 AB L, we obtain the
undecidability for (1) - (6). For (7), take any tabular tense logic L. It follows
from Theorem 3.1.4 that there exists a formula « such that L = K4, & «a, and
every extension of L is again tabular. Since Log(F) is non-tabular, we have F ¥ «.
By Theorem 6.2.5, (7) is undecidable. For (8), it suffices to show the complement,
namely, the inconsistency is undecidable. This follows from (7) and the fact that
the inconsistent logic is tabular. O

6.2.15. REMARK. Since K4; = K;O O p — Op, it follows from Proposition 6.1.2
that the properties mentioned in Corollary 6.2.14 are also undecidable in the
lattice NExt(Ky).

6.2.16. REMARK. Recall that consistency is decidable in NExt(K) because the
lattice NExt(K) has exactly two co-atoms, namely, maximal consistent logics.
The result that consistency is undecidable in NExt(K4,) aligns with the fact that
there are 2% co-atoms in the lattice NExt(K4;) (Theorem 3.3.9).
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6.3 (Un)decidable Logical Properties in NExt(S4,)

In this section, we move from the lattice NExt(K4,) to its sublattice NExt(S4;).
As we are going to show, there exist some logical properties such as consistency
that become decidable, while most of the properties considered in Corollary 6.2.14
remain undecidable.

6.3.1 Decidable properties in NExt(54;)

Note that Form, is a splitting in NExt(S4;). By Theorem 6.1.3, consistency is
decidable in NExt(S4;). More precisely, the following theorem holds:

6.3.1. THEOREM. The set {¢ € Form; : S4; @ ¢ = Form,} is decidable.
Moreover, the following logical properties are decidable:

6.3.2. THEOREM. The following sets are decidable:
(1) {¢ € Form, : S4; @ ¢ is an iterated splitting},
(2) {¢ € Form, : S4; @ p is strictly Kripke complete},

(3) {¢ € Form, : S4, @ p = L}, where L is an arbitrarily fized iterated splitting.

Proof:

For (1), recall from Theorem 5.4.2 that NExt(S5;) U {S4,} is exactly the set of
iterated splittings in NExt(S4;). Clearly, the property of coinciding with S4, is de-
cidable. Since S5, is a splitting in NExt(S4;), by Theorem 6.1.3, the property of ex-
tending S5, is also decidable. Thus, {¢ € Form, : S4, @ ¢ is an iterated splitting}
is decidable. By Theorem 5.4.21, (2) follows from (1) immediately. For (3),
let L be an iterated splitting in NExt(S4;). The case L = S4; is trivial. The
case L € {Sb;, Form;} follows from Theorem 6.1.3. It suffices to consider the
case L = Log(Cl,) for some n € Z*. Note that L is a splitting in S5; and
{p:S4@p=L}={p:54,®p DS5}N{p:S5 @& ¢ = L}. By Theorem 6.1.3,
{¢ € Form; : S4; ® ¢ = L} is decidable and so (3) holds. O

Recall that in NExt(K4,), there exists no tabular logic L € NExt(K4,) such that
{¢ € Form, : K4; ® p = L} is decidable. However, by Theorem 6.3.2, there exists
a tabular logic L' € NExt(S4;) such that {¢ € Form; : S4, & ¢ = L'} is decidable.
This shows the difference between NExt(K4;) and NExt(S4;). As we are going
to show in Section 6.3.2, there exists a tabular logic L” € NExt(S4,) such that
{¢ € Form; : S4, & ¢ = L"} is undecidable.
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6.3.2 Undecidable properties in NExt(S4;)

In this section, we focus on undecidable logical properties in NExt(S4,). Instead of
providing a general undecidability result in NExt(S4;), we show directly that log-
ical properties listed in Theorem 6.3.26 are undecidable. Recall from Section 6.1
that M is a Minsky machine and (s,n, m) a configuration of M such that the set
Reach = {{t,k,l) : (M : (s,n,m) ~ (t,k,1))} is undecidable. We may assume
that M contains ty, many states, labeled as 0, ...,t)— 1. Again, to state the main
theorem, we introduce the following general frame.

6.3.3. DEFINITION. Let F = (W, R, A) be the general frame defined as follows:

e W=ABUCU{x,; :i <5} U{e}U{(t,k,1),: 1 <3and (t,k,1) € Reach},
where AB = {a;,b; : i <w} and C = {¢;, ¢} : i < ty},

e R is the reflexive-transitive closure of the union of the following sets:
= {(@is1, ai), (air1, i) 2 i € wE U{(biga, bi), (biva, a5) 1 i € w}
= {leiyr, i), (g, ) i < to} UL(c) i), (¢ aiva) 2@ < to}
= {lern, (6K, Do), (anr, (8 R, D), (b (8 K, 1)) < (8 K, 1) € Reachy
— {(z1, 20), (22, 20), (22, 23) : z € Reach}
— {(@o, 21), (co, 21), (w2, 1), (w2, 3), (24, %3), (24, a0), (w5, b0) }
= {le;bi) si e wpU{(e,cf,)}

o A={U CW :U is finite or cofinite in AB}.

The underlying frame of F is depicted in Figure 6.2.
To prove the main theorem, we first introduce some formulas that define a
point or a set of points in IF. Note that closed formulas do not work in this case.

6.3.4. DEFINITION. Let p,po, p1,p2 € Prop. We define the following formulas:
o 0= (PAO(pAOD))V Nica (i A Nigj<a D)),
o P, =0OR0-g*, ¢, = BOROE -, and ¢, = 0-p,, A\BOE-g,_;
o Dry = OPry N TPy, Puy = Pry NPy and @, = O ppy AWy,
* Pay = €0, N0z, 01y = € @u Aoy and @p, = O pg AU 700, A=
o ap =070 AO0e A (O 0, V $a,)

The semantical meaning of the formulas in Definition 6.3.4 is explained as
follows:
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Figure 6.2: The frame F
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6.3.5. LEMMA. Let V be a valuation in F. Then
(1) V(e") N ({0 <5} U{ao, bo}) = 2.

Moreover, if V(¢*) # &, then the following statements hold:
(2) for allu € {x; : 1 <5} U{ag, by, b1}, V(pu) = {u};
(8) V(pap) = AB = {a;,b; : i € w}.

Proof:
It is straightforward to verify that ¢* can be satisfied only at points w such
that either wid*(w) > 2 or dep(w) > 2. Thus, if ¢* is satisfiable at w, then
w & {x; i <5} U{ag,bp}. Thus, (1) holds.
For (2) and (3), suppose V(¢*) # &. By (1), we see that e € R™[V(¢*)]
and RV (¢*)] N ({x; 11 <5} U {ap,bo}) = @. Thus, R[R7'[V(¢*)]] = W\
P

{z0, T2, 23,74, 5} and R [R[R™V (¢*)]]] = W\{x3}, which entails that V( )
{zs}. Note that since {zs} = R [R[R'[R[R™ [x5]]]]] \ R™'[R[R™"[R[xs]]]], w
obtain that V' (,,) = {z5}. The rest of this proof is standard. O

6.3.6. LEMMA. F # —p*.

Proof:
Let V be a valuation in I such that V(p) = {ap,a2}. Then F,V,as F ¢*, which
entails F # —p*. O

Minsky machine simulation

Let wap[q'/¢*] be the formula obtained from ¢ 45 by replacing ¢* with ¢’. In other
words, paplq’/¢*] is defined in the same way as in Definition 6.3.4 but starting
with ., [¢ /¢*] = RO -¢ N® <@g’ Recall that in the proof of Lemma 6.3.5, we
only used the assumption that V(¢*) # () and the fact that V(*)N({x; : i < 5}U
{ap,bp}) = @. Thus, we obtain a similar lemma for pap[q¢’/¢*].

6.3.7. LEMMA. Let V' be a valuation in F. Suppose V(¢') # @ and V(¢') N
({x; i <b}U{ao,bo}) = @. Then, V(vapld/¢*]) = {ai,b; : i € w}.

6.3.8. DEFINITION. Let § = (¢,¢/,q"”) be a sequence of propositional variables.
We define the following formulas:

7(q) = ¢,
T,(g) = QDAB[Q,/QD*] ANOG AN A O=(Cq A" A Dﬁq/>
AV=(qV qd'V q" = papld /7)),
(@) = pasld' /@] AN=q" ANO(g ANB=g" A ®(¢ ANO=¢" A —q))
AO(g" AR =¢ ANO—qg AB—q) ANO—q'.
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To simplify notations, for each ¢ € Form,, we write Vag(p) for V(v)N{a;, b; : i € w}.
6.3.9. LEMMA. Let V be a valuation in F. Then for all i € w,

(1) (V(a),V(d), V(q") = ({bi}, {bis1}, {ai}) if and only if (V(7), V(7'), V(7)) =
({bir1}, {bir2}, {air})-

2) (V(9),V(d),V(q") = {ai}, {ais1}, {bis1}) if and only if (V (), V(7'), V(")) =
({air1}, {aiva}, {bia}).

Proof:

For (1), suppose (V(q), V(¢), V(")) = ({b}, {bis1}, {a}). Then V(r) = V(g') =
{bit1}. By Lemma 6.3.7, V(vap(d/¢*]) = {ai, b; : i € w}. It is straightforward
to verify that b0 € V(7') and a;41 € V(7”), and V(7)) UV (7") C{a;,b; : i € w}.
Note that (R7![b;]JNR™ [a;]\ R [bis1])N{as, b 1 i € w} = {a;11}, we have V(7) =
{a;;1}. Because (R™Mbiy1 )N R Mai])\ R ai1]) N{ai, b 11 € w}h = {bi1a}, we see
that V(T’) = {bH_Q}.

Suppose (V(7), V() V(")) = ({bis1}, {bisa} o }). Then V(g) = V(r) =
{bit1}. By Lemma 6.3.7, V(vap[d/¢*]) = {ai,b; i €w}. Note that since
F,V.bio E VgV ¢ V¢ — vald/e*]), we have that V(g V ¢ V q") C
{a;,b; : i € w}. Since F,V,a;41 E O(g AB—q" AN ®(¢ ANO—=¢" N\ —q)), there ex-
ists u € Rla;;1] such that F,V,u E g AB—q" A (¢ NTO—=¢" A —q), which entails
F, Vb1 EO=¢" A —q. Because F,V,a;11 F O(¢" AB=¢ ANO—qg AB—=q) A —¢”,
there exists v € R[a;1] such that v # a;11 and F,V,v E ¢"” AB—¢ AND—g AHE—q.
Note that F,V,b;y1 F O—=¢” and v € V(¢") C {a;,b; : i € w}. Thus, we have
v & R[b;+1] and so v = a;. Because F,V,a; F0—-g AB—q and F, V, b;,1 E —¢, we
have V(q) = Vag(q) = {b;}. Finally, by F,V,b;;; F O—-¢” and F,V,b;, E B—=¢",
we have Vyp(¢") = {a;}.

The proof of (2) is analogous. 0

A visualization of Lemma 6.3.9 is provided in Figure 6.3.
By the formulas introduced in Definition 6.3.8, we can define more formulas
for characterizing subsets of W.

6.3.10. DEFINITION. Recall that ¢y, ¢p,, and ¢,, are already defined. For each
1 > 1, we define

Pbi 11 IIT/(QObZ;l, Pb; 5 90111'71)7
Pa; = H(SObi,l, Pb; 5 900«1'—1)'

Moreover, we define the following formulas:

¢ ¥ = TYAB /\<><90ai+1 N QOAB) N D_‘(SOGH-Q N QOAB>7 for all i < lo;
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q// a; o o bZ q a; o o bl
I I
Ai+1 © o b1 ¢ < 47 Qi1 o o b1 T
7N 7N
dit2 O ° bito Ait2 © o biys 7/
q a o o b a; o o b
I I
q  Giy1 © o b1 (' <= T Q41 o o by
| N | N
Qi+2 © o bijio 7 Qip2 o o by T

Figure 6.3: Visualization of Lemma 6.3.9

* Yoo = ®Ps N s N0y N Py
* 0o =P, N Oy N A e, for all 1 <4 <t
* Yro =®p, N®pap;
* ¢r1 =UC@Rro A 7@ Ro;
* Yr2 = Cro A 2@ro A mpr1 AU 00, A 2@ aB;
* ¥r3 = ®Pra A "PYR0 N\ TPR2-
6.3.11. LEMMA. Let V be a valuation in F such that V(p*) # (0. Then
(1) for allu € {a;,b; 11 € w}, V(p,) = {u};
(2) for allu € {c;,c; i <to}, V(pu) = {u};
(3) V(pri) = {2 : = € Reach} for alli < 3.
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Proof:
(1) follows from Lemmas 6.3.5 and 6.3.9, and (2) and (3) follow from (1). 0

To simulate the Minsky machine M, we need one more family of formulas:

6.3.12. DEFINITION. For each state ¢ of M and formulas =, 7', 7", k, k', k" €
Form,, we define the formula o (¢, 7, 7", 7", k, k', ") as follows:

o(t,m, 7' 7" Kk, & K") =0ro N ® @, ., N,
AN®(op AN®OT AT ANO-7") AB—7' AR —7")
N ’((pRQ Ao ANB—-Kk A .—u-g”)_

We abbreviate o(t, 7, 7", 7" k, k', k") as o(t,7,K). As it is shown in the following
lemma, the formulas o characterize points of the form (¢, k,[),.

6.3.13. LEMMA. Let V' be a valuation in F such that V(¢*) # @. Then

(1) Suppose that there exists k,l € w such that (V (), V(x"), V(")) = ({bx}, {brks1}, {ar})
and (V(k),V(r), V(r")) = ({0}, {bis1}, {ar}). Then

(a) (t,k,1) € Reach implies V(o (t,7,RK)) = {(t,k,1),}; and
(b) (t,k,1) € Reach implies V(o(t,7,RK)) = @.

(2) Suppose V()
Then V(o(t,T,

t, k1)
t, k1)
){)az} V(n'") = {ait1} and V(n") = {biy1} for somei € w.

){) ai}, ( " =Aais1} and V(K") = {bis1} for some i € w.

Bl

(8) Suppose V (k)
Then V(o(t,T,

B

Proof:

For (1), let V' be a valuation satisfying the assumptions. We first show that
w = (t,k,l) whenever w € V(o(t,7,&K)). Take any w € V(o(t,7,&)). Since
F,V,w E ¢go, by Lemma 6.3.11(3), w is of the form (¢, k’,1'),. Because F,V,w F
¢, ANB-p., by Lemma 6.3.11(2), we see that ¢;;1Rw and w ¢ R[c,], which
entails ¢ = t.

By assumption, we have V(Om A O AO-7") = {agy1}. Since F,V,w E
®(or NOOTANOT ANO-7") A -7 ANB=7"), we see that F,V, (¢, K, I'), F
*(CnANOT" ANO-7") AM=7”, which entails that (¢/,k",1"); € Rlax+1]\ Rlax] and
so k' = k.

By F,V,w F ®(pps N ®x" AN B—-x A B=K"), we see that F,V, (', k',l'), F
¢ ' Nk, which entails that (¢, k",l"), € R[b11] \ R[b] and so I' = L.

Thus, w = (t, k,1),, which implies V(o (t,7,R&)) C W N {(t,k,1),}. It remains
to check that F,V,(t,k,l), E o(t,7,K) when (¢, k,1) € Reach. It is standard to



180 Chapter 6. (Un)decidable Logical Properties of Tense Logic

check that (i) F,V,(t,k, 1)y F vro A ® ., NB—g.; (i) F,V (¢, k1), E om A
S NCT"ANO-7") \B—-7' AB—7" and (iii) F,V, (¢, k, 1), F oro AN® K AB—K A
W-x". Thus, F,V,(t, k1), F o(t,7,%). Hence, (1) holds.

For (2), let V be such that V() = {a;}, V(7') = {a;11} and V(7") = {bi1}
for some ¢ € w. Then we see that V(Om A On” AD—7") = {bi12}. By the
construction of I, for any z € Reach such that z; € R[b; o], we have z; € R[a;] C
Rla;+1]. By Lemma 6.3.11, F,V £ op; A ®(On AT AO-7") — @7, which
entails that V(o (t,7,R)) = 2.

For (3), let V' be such that V (k) = {a;}, V(k') = {a;11} and V(") = {bi11}
for some 7 € w. Then it is clear that for all z € Reach, if z; € R[a;,1], then 25 €
R[biy1]. By Lemma 6.3.11, F,V E ppo N @Kk — ®£" and so V(o(t,7,R)) = @. O

Lemma 6.3.13 is for capturing the point (¢,k,[), via the formula o(¢,7,R).
However, as the reader might have noticed, the assumption on the valuation in
Lemma 6.3.13(1) is very strong, namely, we assume that (V' (7), V(7'), V(7")) =

({r}, {brs1}, {ar}) and (V(), V(£'), V(")) = {bi}, {0141}, {ai}). Thus, before
introducing the axioms that simulate the instructions of M, we need some extra
formulas to characterize the valuations which meet the assumption of Lemma 6.3.13(1).

6.3.14. DEFINITION. Let ¢ = (q,¢/,q") be a sequence of propositional variables.
We define the following formulas:

vs(@) =V="(qV ¢ Vq" = oap)
ANAS(oap ANgAO—¢ AN &g ANDO-qg" AB—q")
AAT(oap Agd AOgABR=g AO—g" AB—g")
ANAS (oap A" NO—=g AB—g AO-¢ AB—¢),

Y(@) =vs(q) N,

V(@) =¢s(@) N,

V"(q) =vs(@) N "

Moreover, for each formula ¢(g), let 7 (gq) be the formula obtained by applying
the substitution (—)" : [7(q)/q, 7(9)/d’, 7"(@)/q"] to ¢(q).

Note that ¢45 has no occurrence of ¢,q’,¢”, so it remains the same under

(=)™

6.3.15. LEMMA. Let V' be a valuation in F such that V(¢*) # @. Then the
following are equivalent:

(1) V(ys(q)) # 2;
(2) V(s(@) = W;
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(8) there exists i € w such that one of the following holds:

(o) V(q) = {bi}, V(¢') = {biy1} and V(¢") = {ai}.
(b) Vi(g) ={ai}, V() = {ain1} and V(¢") = {bis1}.

Proof:

The equivalence between (1) and (2) follows from the fact that F E AS%p —
A=Tp. The implication from (3) to (1) is straightforward. We now prove that
(1) implies (3). Suppose V(¢5(q)) # @. Then V(q¢V ¢ V ¢") C {a;,b;: 1 € w}.
By Lemma 6.3.5, there exist w,u’,u” € {a;,b; : i € w} such that F,V,u F ¢ A
O=¢" A\BR=¢" N, F, Vo' E ¢ ANO-¢" AB—=¢” and F, V" E ¢”’. Then we
see that {u,u'} N (R[u']U R™'u"]) = @ and v’ ¢ R[u]. By the construction of
F, either v” = a; or v”’ = b; ;1 for some i € w. Suppose u” = a;. Then we see
that u = b; and v’ = b; 1. Since F,V,a; E[O-qg AB—q and F,V,b;,1 F B—q, we
have V(q) = {b;}. It is also straightforward to check that V(¢') = {b;11} and
V(q¢") = {a;}. Thus, (a) holds. Similarly, if u” = b;;;, then (b) holds. Hence, (1)
implies (3). O

In other words, Lemma 6.3.15 says that 14(q) is satisfiable in (F, V') if and
only if V() forms a triangle as depicted in Figure 6.4.

/"

q a; o ] bl q q a; o o bz
a;+1 © ¢} bi+1 q/ q/ a;+1 o ¢} bi+1 q”
al_l,_Q O (@] b2+2 a“Z-‘rQ (@) (@] b1+2

Figure 6.4: Possible cases when ¢g(q) is satisfied

6.3.16. LEMMA. LetV be a valuation such that V (p*) # @ and one of V(1s(q))
and V(v (q)) is non-empty. Then there exists i € w such that one of the following
holds:

(1) V() = {bi}, V(¥') = V(") = {bia}, V(¥') = {a;}, V(') = {bir2}
and V(") = {ai1}-
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(2) V() =A{a:}, V(¥') = V(") = {aira}, V(¥") = {bina}, V') = {air}
and V(") = {2}

Proof:
Suppose V(15(q)) # @. By Lemma 6.3.15, one of the following cases holds:
Case 1.1. V(q) = {b;}, V(¢) = {biyx1} and V(¢") = {a;} for some i € w. By
Lemma 6.3.9, we have V(1) = {bis1}, V(7') = {bis2} and V(7") = {a;s1}. By
Lemma 6.3.15, V(v (q)) = V(¥s(g)) = W, which implies (1).
Case 1.2. V(q) = {a;}, V(¢') = {air1} and V(¢") = {bis1} for some i € w.
Similarly, by Lemmas 6.3.9 and 6.3.15, (2) holds.

Suppose V(v (q)) = V(vs(r,7',7")) # @. By the proof of Lemma 6.3.15,
one of the following holds:
Case 2.1. V(1) = {b;}, V(7)) = {bj41} and V(7") = {a;} for some j € w. By
F,V,a; E 7", we have F,V,a; F &¢” A —¢”, which entails j # 0. Let ¢ = j — 1.
Then V(1) = {bix1}, V(') = {biy2} and V(") = {a;41}. By Lemma 6.3.9,
V(g) = {b;}, V(¢') = {bis1} and V(¢") = {a;}. Thus, (1) holds.
Case 2.2. V(1) = {a;}, V(') = {a;31} and V(7") = {bj11} for some j € w.
By F,V,bj41 E 7", we have F, Vb1 E O(g A €¢'). Since V(¢') = V(1) = {a;}
and ag & R'[R[b1]], we see that j # 0. Let ¢ = j — 1. Then V(1) = {a;11},
V(7') = {ais2} and V(7") = {b;12}. By Lemma 6.3.9, we have V(q) = {a;},
V(e) = {ain} and V(¢") = {bisn}. By Lemma 6,315, V(£(@) = V(6s(3) =
W, which implies (2). O

For i € w, let [i/q] be the substitution (¢, /¢, ¢b,,./d, ¢a;/q"]. We also write
(i) for ¢[i/q]. Moreover, as usual, we abbreviate (¥(q),v'(q),¢"(q)) as ¥(q).

These notations apply to other formulas as well. For example, under our notation,
o(t,¥(q),(0)) is the substitution result of

U(tv ¢(Q)7 wl(g)v ¢/,<Q)v 19(7)7 wl(F)a ¢H (F)) [90170 /Ta b, /T/’ SOGO/T”]'

Now we are ready to introduce the axioms characterizing the instructions in

M.

6.3.17. DEFINITION. With each instruction I in M we associate a formula Azl
by taking:

. If]:t—><t/,1,0>7then
Ael = ¢ A ATTo(1,5(@), () — & A Ao, T (@), 5(7)
o« If I =t— (t,0,1), then

Azl == ¢* NAS o (t,0(Q), (7)) = ¢ AASa(t,9(q), YT (T)).
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o If I =t — (t/,—1,0)({¢",0,0)), then

e T =1t (#,0,—1)({t",0,0)), then

Azl =" AN ASTo (4,9 (q), ¥F (7)) = ¢" N Ao (', 9 (q), ¥(7)))
A" N Ao (t9(q),1(0)) = ¢* A Ao (", 9(7), ¥(0)))-

Let Az M = Njeaq Azl
6.3.18. LEMMA. F E Az M.

Proof:
It suffices to show that F E Azl for each instruction I € M. We show the cases
where I =t — (#',1,0) and I =t — (', —1,0)((¢",0,0)).

For the case I =t — (',1,0), let V be a valuation in F and w € W. Suppose

F,V,wkE o AASTo(t,1(q), (7).

Then, V(¢*) # 0 and V(o (¢, (q), ¥ (F))) # 0. By the construction of o, we have
V((q)) # @ and so V(¢s(q)) # @. By Lemma 6.3.16, either (i) V(¢/(q)) =
{br41} and V(¥"(q)) = {ar} or (ii) V(¥'(@)) = {ax+1} and V(4"(q)) = {bg4.} for
some k € w. It follows from Lemma 6.3.13(2) that (ii) is impossible. Thus,
by Lemma 6.3.16 again, we have V((q)) = {bx}, V(¥'(q)) = V(v (7)) =
{bra}, V(0" (@) = {ar}, V(@) = {brs2} and V("7 (7)) = {ar41}. Sim-
ilarly, by Lemmas 6.3.16 and 6.3.13(3), we see that V((7)) = {b}, V(¥'(F)) =
V(T (M) = {bin}, V(') = {a}, VT(T) = {biyz} and V(¢"(r) =
{a;11} for some [ € w.
Thus, it follows from Lemma 6.3.13(1) that

V(a(t,¥(q),%(r))) = {(t. k, D)o}

This implies that (t,k,l), € W, which yields (¢',k+1,1), € W by applying
I=t— (t,1,0). Again by Lemma 6.3.13(1), we have

V(o(t, 0¥ (@), (7)) = {(t' k+ 1,0} # 0.

Thus,
F,V,wE o AAZTo(t', 7 (q), (7)),

which entails that F, V,w E AxI.
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For the case I =t — (', —1,0)((¢",0,0)), let V be a valuation in F and
w € W. Then we have two subcases.
First, suppose that

F,V,wkE ¢* ANASo(t, 7 (7), ())

Then, V(¢*) # 0 and V(o(t,¥1(q),¢(T))) # 0. As in the previous case, by
a similar argument using Lemmas 6.3.16 and 6. 3 13 we have V(¢(q)) = {bx},
V'(@) = V@) = {brt, V(@"@) = {ar}, VW'T(@) = {bkya} and
V(4" (@) = {a1} for some k € w, and V((7)) = {bi}, V(§'(7)) = V(™ (7)) =
l{bm}a V(") = {a}, V('™ (7) = {bir2} and V(¢""(F)) = {ai41} for some
cw.
Thus, it follows from Lemma 6.3.13(1) that

V(o(t, 0% (@), ¥ (M) = {{t.k+ 1, 1)}
This implies that (¢,k+ 1,1), € W, which yields (¢, k,{), € W by applying I.
Again by Lemma 6.3.13(1), we have
V(e(t', ¥(@),v(7)) = {{t\ k, 1)} # 0.
Thus,
F.V.wk ¢" AATo(t',4(q), §(7)).
Next, suppose that
F,V,wk ¢o* NAS o (t ), ¥(T)).

(0
Then, V(p*) # 0 and V(o(t,1(0),%(7))) # 0. As in the previous case, by
a similar argument using Lemmas 6.3.16 and 6.3.13, we have V(¢(7)) = {b},

V') = VT 1) = {bia}, V') = {a}, V() = {by2} and
V(" (T)) = {aj31} for some | € w.
Thus, it follows from Lemma 6.3.13(1) that
V(o (t,1(0),9(7))) = {(t,0,1)p}

This implies that (¢,0,1) € Reach. By applying instruction I, we see that
(t",0,1) € Reach. Again by Lemma 6.3.13(1), we have

V(e (t",4(0),%(7))) = {{t",0,0),} # 0.
Thus,
F,V,wkE ¢ AA=To(t",4(0), (7)),
which entails that F, V,w E AzI. Since w and V are arbitrarily chosen, F F AxzI.
The other two cases follow analogously, and we conclude F E AzI. O

Now we turn to syntactic analysis of AzM. Recall that (i) denotes the substi-
tution result of ¥(q,q’,q")[¥v, /4 iy /4 Pa;/q"] and similar for other formulas.
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6.3.19. LEMMA. For any 1 € w,
(i) =i+ 1),
V() = ¢ (i+ 1),
() =P+ ).
Proof:
We only show the first case. Note that ¢ 45 has no occurrence of ¢,¢’,q". By
Definitions 6.3.8 and 6.3.10, we have
T(Z) = Pbit1s
T,(i) = ©@b;ya)
Tl/@) = Pa;yq-
So,
(i) = (Ws(r(@). 7' (@), (@) A7(@))[i/7)
= ¥s[r(i),7'(0), 7" ()] A 7 ()
- ¢S<90bi+17 2 Qpaiﬂ) A Pbita
= ¢(<1052'+17 Pbitas (pai+1)
=i+ 1).

The other two cases follow analogously. O
By Lemma 6.3.19, we can prove the following lemma.
6.3.20. LEMMA. For any configuration (t,k,l) € Reach,
©* ANAZTa(s,9(n),0(m)) — o* AASTo(t,P(k), (1)) € Sb, © AzM.

Proof:

We prove by induction on the length of the computation of M. The base case,
where (t,k,1) = (s,n,m), is clear since the corresponding formula is a tautology.
Consider the computation of the form (s,n,m) ~ (¢t,k,1) — (£, k,[), where I is
the last instruction applied. By induction hypothesis, we have

©* ANASTa(s,9(n),P(m)) — ©* AASTo(t,P(k), (1)) € S4; © Az M.
So, it suffices to show
o NASTo(t, k), 0(1) — ¢ AASTo (T, P(k), 0(1) € S4 @ Az M.

We distinguish cases according to the form of I.
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e I=t— (t1,0). Then (i,k, 1) = (t',k +1,1). From Azl we have
0" N Ao (t,19(q), ¥(T)) = " A ASTo (', 9T (q), §(T)) € S4 & AxM.
Applying the substitution [k/q, /7|, with Lemma 6.3.19, we obtain

o NATT (1T (R), B(1) = " A ATt Bk + 1), (1) € St & AxM.

e« [ =1t— (#,0,1). This case is similar to the previous one.

e I =t — (t',—1,0)((¢",0,0)). We further distinguish cases depending on
whether £ = 0.

% k> 1. Then (f,k,0) = (t',k — 1,1). From Azl we have
@ NAZTo(t, 07 (@), O(T) = ¢* AAZTa (', (), (7)) € Sh & AzM.
Applying the substitution [k —1/g, /7], with Lemma 6.3.19, we obtain
o NASTo(t,0(k), (1) = ¢ AASTo(t' (k- 1),4(1)) € S4 & AxM.

x k=0. Then (f,k,1) = (t",0,1). From Azl we have
©* ANASTo(t,10(0),0(F)) — " AASTa(t”,4)(0), (7)) € Sb, @& AxM.
Applying the substitution [[/7], we obtain
©* ANA=Ta(t,9(0),9(1) — " AASTa(t”,4(0),9(1) € S4, ® AxM.

e I =1t— (' 0,—1)((t",0,0)). The proof is analogous.

Thus, we conclude our induction. O

Reduction

Next, we construct the desired reduction. Similar to the construction in Sec-
tion 6.2, we first define tense logics L(t, k, () for all configuration (¢, k,1).

6.3.21. DEFINITION. For each configuration (¢, k,[), we define

L(t, k1) = S4; & bws @ br; & grz" @ grz~

® ArM (6.1)
@ (¢" A AT (s,9(n), P(m)) — " AN ATa(t, P(k), (1)) — ﬂ(go*)

6.2
D 90* — Q/JS((pboa ©by s 90110) (63)

D" = (Ys(q) = V(@) (6.4)
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The intuitive meaning of the axioms of L(¢, k,1) is the following.

6.1) is an axiom for simulating the instructions in M,

6.2) relates the logic L(t, k,[) to the configuration (t, k, ),
finds three points each resembling ag, by, b1 in T,

(
(
- (6.3)
o (6.4) forces an infinite descending chain from the three points provided by
(6.3), which would imply Kripke incompleteness.

6.3.22. LEMMA. For any (t,k,l) & Reach, we have F E L(t, k,1).

Proof:

It is clear that F = S4; A grz™ A br;. Note that the admissible sets of F are finite
and cofinite sets with respect to AB = {a;,b; : 1 € w}. Thus, F E grz—. To show
that F F bw; , it suffices to notice that there exists no w € W such that R~!{w]
contains an anti-chain of length greater than 5. By Lemma 6.3.18, F F AxM.
Suppose F, V,w E ¢* for some valuation V on F and w € W. Then V(¢*) # 0.
By Lemma 6.3.5, we obtain V' (py,) = {bo}, V(ep,) = {b1} and V(p.,) = {ao}-
By Lemma 6.3.15, V(¢s(®bys @by Pas)) = W and so F, V,w E ©¥s(©bys ©bys Pag)-
Thus, F & (6.3). Similarly, by Lemma 6.3.16, we have F F (6.4).

Now it remains to show that F = (6.2). Take any (¢, k,l) & Reach. Then the
point (t, k,1), does not exist in F, while (s,n, m), always exists since (s,n,m) ~»
(s,n,m). We show that the contrapositive of (6.2) is valid in F.

Suppose F, V, w E ¢* for some valuation V onF and w € W. Then, V(¢*) # 0.
It follows from Lemmas 6.3.5, 6.3.11, and 6.3.13 that

F,V, (s,n,m) E o(s,¢(n),(m))

and

V(a(t, (k) &(1))) = 0.
Thus, F,V,w ¥ ¢* A ASTo(s,9(n),v(m)) — ¢* A ASTo(t,9(k), (1)), which
entails that F, V,w F (6.2). Since V' and w are arbitrarily chosen, F F (6.2). O

Using this lemma, we show that L(t, k, [) is Kripke incomplete (Lemma 6.3.23)
and undecidable (Lemma 6.3.24) for any configuration (¢, k,{) € Reach.

6.3.23. LEMMA. For any (t,k,l) & Reach, L(t,k,1) is Kripke incomplete.

Proof:

Let (t,k,l) be a configuration such that (¢, k,l) € Reach. Then F E L(t, k,[) by
Lemma 6.3.22. Since F ¥ —¢* by Lemma 6.3.6, =¢* ¢ L(t, k,[). So, it suffices to
show —p* € Log(Fr(L(t, k,1))).
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Let § = (U, S) be a rooted Kripke frame such that § E L(t, k,[). Suppose
that § ¥ —¢* for a contradiction. Then §,V,w E ¢* for some valuation V in §
and w € U. By (6.3), F,V,w E ¥s(@py, ©by, Pag)- Let M = (F, V). Then there
exists wp, ug € U such that

M, wy E Pao N\ PAB /\D—'gobo /\lﬂgobo /\D—\Qpbl /\._|g0bl7
M, uo E oy A pap AU A=, A=, A €@y,

By O, ug E ® ¢y, there exists u; € S[ug] such that M, u; E ¢,,. Let U3 =
{wo, ug,u1}. Then clearly, STU; = {(wq,wo), (ug, uo), (u1,u1), (ur,ug)}. Note
that 9, w E V="(pp, — @ap) and § F bry. Thus, M, u; F p4p. Note that since
q,4q,q" do not occur in any of ©*, Va,, Puy, ©b, and wap (see Definition 6.3.4), we
may vary the value of ¢, ¢, ¢ while keeping the value of these formulas. For two
valuations Vi and V5, we write Vi = V5, if they agree on propositional variables
except for q,¢',q".

Let V' = V be a valuation such that V'(q) = {wo}, V'(¢') = {uo} and V'(¢") =
{ui}. Let M = (F,V’). Since STU; = {(wo, wo), (uo, uo), (u1,u1), (u1,u)} and
V' =V, we see that M, w F ¢* Apg(g). By § F (6.4), we obtain that I, w F
Y& (q) and so M, w E g(T). By the construction of 1g, there exist w; and uy such
that M, wy E 77(q) and M, uy E 7/(q). Let Uy = {wo, ug, u1, wy, us}. By the defi-
nition of 7" and 7", it is straightforward to check that (i) wy # s, (ii) wy, us & Uy,
and (iii) STUs is the transitive-reflexive closure of {(ug, uy), (w1, ug), (wy, wo), (u2, wo) }.
Thus, p4p is satisfied at wy, uy, uy in NV,

Thus, by repeating the argument above (e.g., consider the valuation V" =V
such that V'(q) = {w:}, V'(¢') = {u1} and V'(¢") = {us} for the next step), we
obtain two infinite descending chains {w; : i € w} and {u; : ¢ € w} in §. Therefore,
by Proposition 2.2.46, § ¥ grz~, which contradicts the assumption that § F
L(t,k,1). Hence, -p* € Log(Fr(L(t,k,1))), and we conclude that L(t, k1) is
Kripke incomplete. O

Figure 6.5 illustrates the proof of Lemma 6.3.23.
6.3.24. LEMMA. For any (t,k,l) & Reach, the logic L(t,k,1) is undecidable.

Proof:
Take any (t,k,l) € Reach. Then F = L(t, k, 1) by Lemma 6.3.22. We reduce the
Minsky machine problem Reach to the decision problem of L(t, k,1). Let (t/, k', ')
be an arbitrary configuration. If (¢, k’,l') € Reach, then by Lemma 6.3.20 we
see that

©" NASTo (s, (), d(m)) = " AASTa (', ) (K), ) (I') € L(t, k,1).
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Figure 6.5: Proof sketch of Lemma 6.3.23

Suppose (t', k', I') ¢ Reach. By Lemma 6.3.6, there is a valuation V' on F such
that V(¢*) # 0. Then similar to the proof of Lemma 6.3.22, it follows from
Lemmas 6.3.5, 6.3.11, and 6.3.13 that

F,V,(s,n,m) E a(s,¥(n),(m))

and

Vie(t', ¥(K), ¢(1")) = 0.
By Lemma 6.3.22, F E L(t, k, ), which entails that
0" N AT (s, T(n), B(m)) = o* A ATt T(K), B & Lt b, ).

Therefore, since Reach is undecidable, L(t, k,[) is also undecidable. O

6.3.25. LEMMA. For any (t,k,l) € Reach, the following holds:
(1) L(t, k,1) =S4, & {grz*,grz~, bwy , bry, —p*}.
(2) L(t, k1) is tabular,
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(8) L(t,k,l) is locally tabular,
(4) L(t,k,l) has the FMP,
(5) L(t, k1) is decidable,

(6) L(t, k1) is canonical,

(7) L(t,k,l) is Kripke complete.

Proof:

Take any (t,k,l) € Reach. By Lemma 6.3.20 and (6.2), ~¢* € L(t, k,[). Thus,
(1) holds. For (2), by the definition of ¢*, we see that bdy, bwy € L(t,k,1). Note
that bwy , brr,grzt € L(t, k,[). By Corollary 4.2.13, L(t, k,[) is tabular. (3) - (7)
follow immediately from (2). O

Finally, we are ready to prove our main theorem in this section:

6.3.26. THEOREM. The following sets are undecidable:
(1) {¢ € Form, : S4; @ ¢ is tabular},
(2) {¢ € Form; : S4; & ¢ is locally tabular},
(3) {¢ € Form, : S4; & ¢ has the FMP},
(4) {p € Form; : S4; ® ¢ is decidable},
(5) { € Form; : S4; @ ¢ is canonical},

(6) {p € Form, : S4; & ¢ is Kripke complete}.

Proof:
For (1), note that the reduction (t, k,l) — L(t, k,[) satisfies the following:

o If (t,k,l) € Reach, then L(t,k,l) is tabular by Lemma 6.3.25.

o If (t,k,l) & Reach, then L(t,k,l) ¢ KC by Lemma 6.3.23, which entails
that L(t, k,l) is non-tabular.

Thus, we obtain a reduction from the set Reach, which is undecidable, to the set
{¢ € Form, : S4, @ ¢ is tabular}, which is therefore also undecidable. Similarly,
(2) - (6) can be proved by applying Lemmas 6.3.25, 6.3.24 and 6.3.23. O
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6.3.27. THEOREM. There exist countably many tabular tense logics L for which
the coincidence problem is undecidable, i.e., the following set is undecidable:

{¢ € Form; : S4; & ¢ = L}.

Proof:
For each d € w, let Ly = S4; & {grz*, grz", bw; , brg 7, ~¢*}, and we define for
each configuration (¢, k, 1) the logic Ly(t, k, 1) as follows:

Ly(t,k,1) == S4; @ bws @ bry.; ®grz" @ grz-
@ AxM
® (9" AASTa(s,9(n), ¥(m)) — ¢* AAZTo(t, 0 (k),d(1))) = —p°
D 0" = Y5(Pbos Pb1s Pao)
® 9" = (Ys(@) = ¥5(7))-

Note that L4, # Lg, for all dy # dy. By Corollary 4.2.13, L, is tabular.
Clearly, if (t,k,l) € Reach, then Ly(t, k,l) = Lq. Since Ly(t, k,1) C L(t,k,1), by
Lemma 6.3.22, F E Ly(t, k,1). Similar to Lemmas 6.3.23, for all (¢, k,[) € Reach,
L4(t, k1) is Kripke incomplete and so Lg(t, k,1) # Lgq. Thus, (t,k,1) — L4(t, k,1)
is a reduction from the set Reach to the set {¢ € Form; : S4; & ¢ = L;}. Hence,
{¢ € Form, : S4, ® v = Ly} is undecidable for any d € w. O

6.3.28. REMARK. By Theorem 6.3.27, there exist countably many tabular logics
L in NExt(S4;) such that the coincidence problem for L is undecidable. On the
other hand, by Theorems 6.3.2 and 5.4.2; the sets {¢ : S4; ® ¢ = Log(€l,,)} are
decidable for all n € Z*. Thus, there also exist countably many tabular logics
L in NExt(S4;) such that the coincidence problem for L is decidable. Hence,
although a full characterization is still lacking, we have determined the number
of tabular logics L for which the coincidence problem is (un)decidable.

6.4 Summary

The main motivation behind this chapter is to understand how the interactions of
modalities affect the decidability of logical properties. We have shown that most
properties, as listed in Corollary 6.2.14, are undecidable in the lattice NExt(K4;).
Moreover, we have proved that in the lattice NExt(S4;), many logical proper-
ties are still undecidable, while consistency is decidable. In fact, by looking
into the proofs, we see that the same result holds for the lattice NExt(S4; &
{grz",grz—,bw; ,br;}). Unlike the case for K4;, we do not have a characteriza-
tion which captures those tabular logics L such that {¢ € Form; :S4, © ¢ = L}
is (un)decidable. We leave it for future research.
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The results obtained in this chapter, together with the known ones (see Ta-
ble 6.1), suggest that the interaction of modalities tends to increase the complexity
of decision problems for logical properties. Moreover, another observation from
Table 6.1 is that a stronger base logic tends to make properties decidable. The
undecidability results for NExt(K4,;) indicate that K4, is not strong enough in
this sense. We leave it for future research to analyze the decidability of logical
properties in the lattice of extensions of other bimodal logics. For example, the
tense logic Grz; of posets and the product logic S5 x S5 would be natural choices.
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Conclusion

In this thesis, we studied lattices of tense logics. We investigated Post-completeness,
tabularity and pretabularity in these lattices. We also investigated Kripke com-
pleteness and the finite model property by studying the degree of Kripke in-
completeness and the degree of FMP, respectively. Moreover, we studied the
decidability of logical properties in lattices of tense logics. In the course of these
investigations, we obtained a range of technical results that contribute to a more
detailed understanding of lattices of tense logics.

From a methodological perspective, the proofs in this thesis combined adap-
tations of known techniques with several new constructions tailored to the tense
setting. On the one hand, many arguments built on existing methods from modal
logic, such as O-filtration, splitting techniques, and reductions via Minsky ma-
chines. On the other hand, essential modifications were required to handle the
interaction between tense modalities. In particular, we systematically exploited
the interactions between the future-looking and past-looking modalities to sim-
plify constructions and obtain more refined results (for example, via reflective
unfolding). Moreover, several new technical ingredients were introduced. In the
study of pretabularity, a central role was played by frame constructions based on
generalized Thue-Morse sequences, which provided a flexible way of generating
large families of frames with controlled combinatorial properties. Together with
the use of generalized Jankov formulas and local t-morphisms, these techniques
formed a toolbox for analyzing the structure of lattices of tense logics and may
be of independent interest for the study of other polymodal systems.

Beyond the technical results on tense logics and their lattices, this thesis con-
tributes to a broader understanding of how the presence of multiple interacting
modalities affects the structure of lattices of logics. Compared with the well-
studied monomodal case, lattices of tense logics exhibit a more complex structure.
In particular, our results show that classical results concerning logical properties
such as Post-completeness, tabularity, and decidability may persist, fail, or take
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new forms in the tense setting. This suggests that tense logics provide a natural
setting for understanding how interactions between modalities influence proper-
ties of polymodal logics.

In what follows, we briefly summarize the main results obtained in this thesis.

Post-completeness and Tabularity. We first obtained a series of results
on tabularity and Post-completeness in tense logic. We established one new
characterization of tabular tense logics, two characterization theorems for Post-
completeness in tabular tense logic, and one characterization of Post-complete
tense logics. The Post-numbers of tense logics such as K4;, D4, and B; were de-
termined. We also proved the anti-dichotomy theorem for Post-numbers of tense
logic (Theorem 3.3.10). These results give a clearer picture of the top part of the
lattices of tense logics.

Pretabularity. We introduced tense logics with bounded parameters and gave
a full characterization of pretabular fully bounded tense logics. We also investi-
gated concrete tense logics with bounded parameters: full characterizations for
pretabular logics extending S4.3; and S4BP§:§J were provided. Finally, we studied
pretabular tense logics in NExt(S4BP§:‘§). By Theorem 4.6.28, the cardinality of
PTAB(S4BP§:§J) is 2%, Theorem 4.6.29 answers the open problem raised in [107].

Kripke completeness. We obtained a series of results on the degree of Kripke
incompleteness in lattices of tense logics. By studying the splitting lattices of
tense logics, we provided characterizations of the degree of Kripke incomplete-
ness in NExt(K;), NExt(K4,) and NExt(S4;). Consequently, we generalized Blok’s
dichotomy theorem from NExt(K) to these lattices of tense logics. By showing
that the degree of Kripke incompleteness coincides with the degree of FMP in
all the lattices mentioned above, we also obtained dichotomy theorems for the
degree of FMP in these lattices. These results illustrate both similarities and dif-
ferences of the degree of Kripke incompleteness and the degree of FMP between
the lattices of modal logics and tense logics (cf. [9, 14]).

(Un)decidability of logical properties. We generalized the undecidability
result for tabularity in NExt(K4;) by establishing a general criterion for the un-
decidability of logical properties, which implies the undecidability of Kripke com-
pleteness, decidability and the FMP. Then we moved to the lattice NExt(S4;). We
showed directly that logical properties such as Kripke completeness, tabularity
and decidability are undecidable. Moreover, we proved that there exist countably
many tabular logics L for which the coincidence problem is undecidable. On the
other hand, we proved that in NExt(S4;) there exist also countably many tabular
logics L for which the coincidence problem is decidable. These results indicate
the complexity of lattices of tense logics.



195

Future work

In this final section, we outline several directions for future research. While the
results obtained in this thesis advance the understanding of lattices of tense logics,
they also raise a number of natural questions and open problems. We highlight
some of these problems and suggest possible avenues for further investigation.

Kripke completeness, Post-completeness and tabularity. It is worth men-
tioning that so far all Post-complete tense logics we have studied are either tab-
ular or Kripke incomplete. So a natural question is: do Kripke completeness and
Post-completeness imply tabularity”? Our conjecture is that there exist continuum
many non-tabular Post-complete logics that are Kripke complete.

Pretabular logics in NExt(S4;) with the FMP. Pretabular logics can be
viewed as boundaries of tabular logics. Moreover, pretabular logics with the FMP
act as the limits of sets of tabular logics. As it is shown in [29, Theorem 12.11],
every pretabular modal logic in NExt(K4) has the FMP. By Theorem 4.5.15, every
pretabular tense logic in NExt(S4B ng‘;) has the FMP. However, if our conjecture
in Remark 4.6.32 is proved to be correct, then there exists a continuum-sized fam-
ily of Kripke complete pretabular tense logics lacking the FMP in NExt(S4B ng)
This raises at least two natural questions:

(1) When does NExt(L) contain pretabular logics lacking the FMP?

(2) How many finitely approximable pretabular logics exist in NExt(S4;)?

Degree of FMP of tense logics. We have shown in Sections 5.3 and 5.4 that
the degree of FMP and the degree of Kripke incompleteness coincide in the lattices
NExt(K:), NExt(K4;) and NExt(S4;). By the results obtained in Chapter 5, the
dichotomy theorem for the degree of FMP holds for all three of these lattices. On
the other hand, Bezhanishvili et al. [9] proved the anti-dichotomy theorem for
the degree of FMP for NExt(K4) and NExt(S4). This raises a natural follow-up
question: Is there any tense logic L such that the anti-dichotomy theorem holds
for NExt(L)?

Decidability of interpolation property. We have proved the undecidability
of Kripke completeness, finite model property and tabularity in NExt(S4,). How-
ever, the undecidability of the Craig interpolation property (CIP) does not follow
directly from our proof. In fact, the undecidability of the CIP for NExt(GL) is
established via a characterization of closed formulas, a method that does not ex-
tend to NExt(S4,) (see, e.g., [29]). Thus, we again have a natural question: Is the
CIP decidable in NExt(S4;)?
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To conclude, this thesis provides a systematic study of lattices of tense logics
through the investigation of tabularity, Post-completeness, and Kripke complete-
ness, as well as the decidability of logical properties in these lattices. The results
obtained here extend and refine known results from the monomodal setting, while
also revealing new phenomena arising from the interaction between tense modali-
ties. Although a number of questions have been resolved, many problems remain
open, indicating that the study of lattices of tense logics is far from complete.
We hope that the methods and results developed in this thesis will contribute to
further progress in this area and stimulate future research on polymodal logics.



Bibliography

J. P. Aguilera, N. Bezhanishvili, and T. Takahashi. “The Cardinality of
Intervals of Modal and Superintuitionistic Logics”. In: Abstract Booklet.
The Logic Algebra and Truth Degree 2025 (Siena, Italy). Siena, Italy,
2025.

K. A. Baker. “Finite Equational Bases for Finite Algebras in a Congruence-
Distributive Equational Class”. In: Advances in Mathematics 24.3 (1977),
pp- 207-243. 1ssN: 0001-8708. pOI: 10.1016/0001-8708(77)90056-1.

F. Bellissima. “Finitely Generated Free Heyting Algebras”. In: The Journal
of Symbolic Logic 51.1 (1986), pp. 152-165. 1sSN: 0022-4812. DOI: 10.2307/
2273952. JSTOR: 2273952

F. Bellissima. “On the Lattice of Extensions of the Modal Logics KAltn”.
en. In: Archive for Mathematical Logic 27.2 (1988), pp. 107-114. 1SSN:
0933-5846, 1432-0665. DOI: 10.1007/BF01620760.

F. Bellissima. “Post Complete and 0-Axiomatizable Modal Logics”. In:
Annals of Pure and Applied Logic 47.2 (1990), pp. 121-144. 1SSN: 0168-
0072. po1: 10.1016/0168-0072(90) 90066-B.

C. Bergman. Universal Algebra: Fundamentals and Selected Topics. eng.
Pure and Applied Mathematics : A Series of Monographs and Textbooks.
Boca Raton: CRC Press, 2012. 1SBN: 978-1-4398-5130-2.

G. Bezhanishvili and N. Bezhanishvili. “Jankov Formulas and Axiomati-
zation Techniques for Intermediate Logics”. en. In: V.A. Yankov on Non-
Classical Logics, History and Philosophy of Mathematics. Ed. by A. Citkin
and I. M. Vandoulakis. Vol. 24. Cham: Springer International Publish-
ing, 2022, pp. 71-124. 1SBN: 978-3-031-06842-3 978-3-031-06843-0. DOTI:
10.1007/978-3-031-06843-0_4.

197


https://doi.org/10.1016/0001-8708(77)90056-1
https://doi.org/10.2307/2273952
https://doi.org/10.2307/2273952
http://www.jstor.org/stable/2273952
https://doi.org/10.1007/BF01620760
https://doi.org/10.1016/0168-0072(90)90066-B
https://doi.org/10.1007/978-3-031-06843-0_4

198 Bibliography

[8] G. Bezhanishvili, N. Bezhanishvili, and R. Iemhoff. “STABLE CANONI-
CAL RULES”. en. In: The Journal of Symbolic Logic 81.1 (2016), pp. 284—
315. 1SSN: 0022-4812, 1943-5886. DOI: 10.1017/js1.2015.54.

[9] G. Bezhanishvili, N. Bezhanishvili, and T. Moraschini. “Degrees of the Fi-
nite Model Property: The Antidichotomy Theorem”. In: Journal of Math-
ematical Logic (2025). DOI: 10.1142/50219061325500060. 1sSN: 0219-0613.
DOI: 10.1142/50219061325500060.

[10] G. Bezhanishvili, S. Ghilardi, and M. Jibladze. “An Algebraic Approach
to Subframe Logics. Modal Case”. en. In: Notre Dame Journal of Formal
Logic 52.2 (2011). 18SN: 0029-4527. DOI: 10.1215/00294527-1306190.

[11] G. Birkhoff. “Subdirect Unions in Universal Algebra”. In: Bulletin of the
American Mathematical Society 50.10 (1944), pp. 764-768.

[12] P. Blackburn, M. de Rijke, and Y. Venema. Modal Logic. Cambridge Uni-
versity Press, 2001. 1SBN: 978-0-521-80200-0. bo1: 10.1017/CB09781107050884.

[13] W. J. Blok. “Varieties of Interior Algebras”. PhD thesis. Amsterdam: Uni-
versity of Amsterdam, 1976.

[14] W. J. Blok. On the Degree of Incompleteness in Modal Logic and the
Covering Relation in the Lattice of Modal Logics. 78-07. University of
Amsterdam. 1978.

[15]  W. J. Blok. “Pretabular Varieties of Modal Algebras”. en. In: Studia Logica
39.2 (1980), pp. 101-124. 1sSN: 1572-8730. DOI: 10.1007/BF00370315.

[16] W. J. Blok. “The Lattice of Modal Logics: An Algebraic Investigation”. en.
In: Journal of Symbolic Logic 45.2 (1980), pp. 221-236. 1sSN: 0022-4812,
1943-5886. DOI: 10.2307/2273184.

[17]  W. J. Blok. “The Lattice of Varieties of Modal Algebras Is Not Strongly
Atomic”. en. In: Algebra Universalis 11.1 (1980), pp. 285-294. 1SSN: 0002-
5240, 1420-8911. por: 10.1007/BF02483108.

[18] W. Blok and P. Kohler. “Algebraic Semantics for Quasi-Classical Modal
Logics”. en. In: Journal of Symbolic Logic 48.4 (1983), pp. 941-964. 1SSN:
0022-4812, 1943-5886. DOI: 10.2307/2273660.

[19] R. A. Bull. “That All Normal Extensions of S4.3 Have the Finite Model
Property”. en. In: Mathematical Logic Quarterly 12.1 (1966), pp. 341-344.
1SSN: 0942-5616, 1521-3870. DOI: 10.1002/malq.19660120129.

[20] J. P. Burgess. “Axioms for Tense Logic. I. “Since” and “until”.” en. In:
Notre Dame Journal of Formal Logic 23.4 (1982). 1SSN: 0029-4527. DOL:
10.1305/ndj£1/1093870149.

[21] S. Burris and H. P. Sankappanavar. A Course in Universal Algebra. New
York, NY: Springer New York, 1981. 1SBN: 978-1-4613-8132-7.


https://doi.org/10.1017/jsl.2015.54
https://doi.org/10.1142/S0219061325500060
https://doi.org/10.1215/00294527-1306190
https://doi.org/10.1017/CBO9781107050884
https://doi.org/10.1007/BF00370315
https://doi.org/10.2307/2273184
https://doi.org/10.1007/BF02483108
https://doi.org/10.2307/2273660
https://doi.org/10.1002/malq.19660120129
https://doi.org/10.1305/ndjfl/1093870149

Bibliography 199

22]

23]

[24]

[25]

[26]

[27]

28]

B. ten Cate, L. Kuijer, and F. Wolter. The Size of Interpolants in Modal
Logics. en. 2025. DOT: 10.48550/arXiv.2511.04577. arXiv: 2511.04577
[cs]. Pre-published.

A. V. Chagrov. “Varieties of Logical Matrices”. en. In: Algebra and Logic
24.4 (1985), pp. 278-325. 1sSN: 1573-8302. DOI: 10.1007/BF01984693.

A. V. Chagrov. “Undecidable Properties of Extensions of a Provability
Logic. I1”. en. In: Algebra and Logic 29.5 (1990), pp. 406-413. 1SSN: 0002-
5232, 1573-8302. por: 10.1007/BF02215288.

A. V. Chagrov. “Undecidable Properties of Extensions of the Logic of
Provability”. en. In: Algebra and Logic 29.3 (1990), pp. 231-243. 1SSN:
0002-5232, 1573-8302. DOI: 10.1007/BF01979939.

A. V. Chagrov. “The algorithmic problem of axiomatising a tabular normal
modal logic”. Russian. In: Logical investigations. Moscow: Nauka, 2002,
pp- 251-263. 1SBN: 5-02-013231-4.

A. V. Chagrov and L. A. Chagrova. “Algorithmic Problems Concerning
First-Order Definability of Modal Formulas on the Class of All Finite
Frames”. en. In: Studia Logica 55.3 (1995), pp. 421-448. 1SsN: 1572-8730.
DOI: 10.1007/BF01057806.

A. Chagrov and M. Zakharyaschev. “The Undecidability of the Disjunction
Property of Propositional Logics and Other Related Problems”. In: The
Journal of Symbolic Logic 58.3 (1993), pp. 967-1002. 1SSN: 0022-4812. DOI:
10.2307/2275108. JSTOR: 2275108.

A. Chagrov and M. Zakharyaschev. Modal Logic. en. Oxford University
Press, 1997. 1SBN: 978-0-19-853779-3 978-1-383-02617-7. DOIL: 10. 1093/
0s0/9780198537793.001.0001.

A. V. Chagrov and V. B. Shehtman. “Algorithmic Aspects of Propositional
Tense Logics”. en. In: Computer Science Logic. Ed. by L. Pacholski and
J. Tiuryn. Red. by G. Goos, J. Hartmanis, and J. Van Leeuwen. Vol. 933.
Berlin, Heidelberg: Springer Berlin Heidelberg, 1995, pp. 442-455. ISBN:
978-3-540-60017-6 978-3-540-49404-1. poI: 10.1007/BFb0022274.

L. Chagrova. “On the Degree of Neighborhood Incompleteness of Normal
Modal Logics”. In: Advances in Modal Logic. Vol. 1. CSLI Lecture Notes.
CSLI Publications, 1998, pp. 63-72.

Q. Chen. Degree of Kripke-Incompleteness of Tense Logics. 2025. DOTI:
10.48550/arXiv.2507.04533. arXiv: 2507.04533 [math]. Pre-published.

Q. Chen. “Pretabular Tense Logics over S4t”. In: Annals of Pure and
Applied Logic 177.10 (2026), p. 103807. 18SN: 0168-0072. DOI: 10.1016/j .
apal.2026.103807.


https://doi.org/10.48550/arXiv.2511.04577
https://arxiv.org/abs/2511.04577
https://arxiv.org/abs/2511.04577
https://doi.org/10.1007/BF01984693
https://doi.org/10.1007/BF02215288
https://doi.org/10.1007/BF01979939
https://doi.org/10.1007/BF01057806
https://doi.org/10.2307/2275108
http://www.jstor.org/stable/2275108
https://doi.org/10.1093/oso/9780198537793.001.0001
https://doi.org/10.1093/oso/9780198537793.001.0001
https://doi.org/10.1007/BFb0022274
https://doi.org/10.48550/arXiv.2507.04533
https://arxiv.org/abs/2507.04533
https://doi.org/10.1016/j.apal.2026.103807
https://doi.org/10.1016/j.apal.2026.103807

200

[34]

[35]

[40]

[41]

[42]

[43]

[44]

[45]

Bibliography

Q. Chen and M. Ma. “Tabularity and Post-Completeness in Tense Logic”.
en. In: The Review of Symbolic Logic 17.2 (2024), pp. 475-492. 1SSN: 1755~
0203, 1755-0211. por: 10.1017/81755020322000132.

Q. Chen and M. Ma. “The McKinsey Axiom on Weakly Transitive Frames”.
en. In: Studia Logica 113.6 (2025), pp. 1543-1566. 1SSN: 1572-8730. DOTI:
10.1007/s11225-024-10145-x.

Q. Chen and T. Takahashi. “Most Properties Are Undecidable for Tran-
sitive Tense Logics”. In: Electronic Proceedings in Theoretical Computer
Science. To appear. 2026.

Q. Chen and T. Takahashi. “Undecidable Properties in NExt(S4t)”. Am-
sterdam, 2026.

A. Chernev. “Degrees of FMP in Extensions of Bi-Intuitionistic Logic”.
MA thesis. Amsterdam: University of Amsterdam, 2022.

M. J. Cresswell. “An Incomplete Decidable Modal Logic”. en. In: Journal
of Symbolic Logic 49.2 (1984), pp. 520-527. 1sSN: 0022-4812, 1943-5886.
DOI: 10.2307/2274183.

D. De Jongh. “Investigations on the Intuitionistic Propositional Calculus”.
PhD thesis. Wisconsin: University of Wisconsin, 1968.

W. Dziobiak. “A Note on Incompleteness of Modal Logics with Respect to
Neighbourhood Semantics”. In: Bulletin of the Section of Logic 7.4 (1978),
pp. 185-189.

H.-D. Ebbinghaus, J. Flum, and W. Thomas. Mathematical Logic. en.
Vol. 291. Graduate Texts in Mathematics. Cham: Springer International
Publishing, 2021. 1SBN: 978-3-030-73838-9 978-3-030-73839-6. DOI: 10 .
1007/978-3-030-73839-6.

E. A. Emerson. “CHAPTER 16 - Temporal and Modal Logic”. In: Formal
Models and Semantics. Ed. by J. van Leeuwen. Handbook of Theoretical
Computer Science. Amsterdam: Elsevier, 1990, pp. 995-1072. 1SBN: 978-
0-444-88074-1. pOI: 10.1016/B978-0-444-88074-1.50021-4.

L. Esakia and V. Meskhi. “Five Critical Modal Systems”. en. In: Theoria
43.1 (1977), pp. 52—60. 1SSN: 0040-5825, 1755-2567. DOT: 10.1111/j.1755~
2567.1977.tb00779.x.

L. Esakia. “The Modalized Heyting Calculus: A Conservative Modal Ex-
tension of the Intuitionistic Logic”. In: Journal of Applied Non-Classical
Logics 16.3-4 (2006), pp. 349-366. 1SSN: 1166-3081. DOI: 10.3166/jancl.
16.349-366.


https://doi.org/10.1017/S1755020322000132
https://doi.org/10.1007/s11225-024-10145-x
https://doi.org/10.2307/2274183
https://doi.org/10.1007/978-3-030-73839-6
https://doi.org/10.1007/978-3-030-73839-6
https://doi.org/10.1016/B978-0-444-88074-1.50021-4
https://doi.org/10.1111/j.1755-2567.1977.tb00779.x
https://doi.org/10.1111/j.1755-2567.1977.tb00779.x
https://doi.org/10.3166/jancl.16.349-366
https://doi.org/10.3166/jancl.16.349-366

Bibliography 201

[46]

L. Esakia. Heyting Algebras: Duality Theory. en. Ed. by G. Bezhanishvili
and W. H. Holliday. Vol. 50. Trends in Logic. Cham: Springer Interna-
tional Publishing, 2019. 1SBN: 978-3-030-12095-5 978-3-030-12096-2. DOTI:
10.1007/978-3-030-12096-2.

L. L. Esakia. “Topological Kripke Models”. In: Doklady Akademii Nauk
214.2 (1974), pp. 298-301.

K. Fine. “The Logics Containing S 4.3”. en. In: Mathematical Logic Quar-
terly 17.1 (1971), pp. 371-376. 1SSN: 0942-5616, 1521-3870. DOT: 10.1002/
malq.19710170141.

K. Fine. “Logics Containing S4 without the Finite Model Property”. en.
In: Conference in Mathematical Logic — London "70. Ed. by W. Hodges.
Vol. 255. Berlin, Heidelberg: Springer Berlin Heidelberg, 1972, pp. 98-102.
ISBN: 978-3-540-05744-4 978-3-540-37162-5. DOI: 10.1007/BFb0059539.

K. Fine. “An Ascending Chain of S4 Logics”. en. In: Theoria 40.2 (1974),
pp. 110-116. 18SN: 0040-5825, 1755-2567. DOI: 10.1111/3 . 17552567 .
1974 .tb00081 . x.

K. Fine. “An Incomplete Logic Containing S4”. en. In: Theoria 40.1 (1974),
pp- 23-29. 1SSN: 1755-2567. DOT: 10.1111/3.1755-2567.1974.tb00076.
X.

K. Fine. “Logics Containing K4. Part 1”. In: Journal of Symbolic Logic
39.1 (1974), pp. 31-42. 18SN: 0022-4812. DOT: 10.2307/2272340.

K. Fine. “Logics Containing K4. Part I1”. In: Journal of Symbolic Logic
50.3 (1985), pp. 619-651. 1SSN: 0022-4812. DOI: 10.2307/2274318.

N. P. Fogg, V. Berthé, S. Ferenczi, C. Mauduit, and A. Siegel, eds. Sub-
stitutions in Dynamics, Arithmetics and Combinatorics. en. Vol. 1794.
Lecture Notes in Mathematics. Berlin, Heidelberg: Springer, 2002. ISBN:
978-3-540-44141-0. DOI: 10.1007/b13861.

P. Fritz. “Post Completeness in Congruential Modal Logics”. In: Advances
in Modal Logic 11 (2016), pp. 288-301.

N. Funayama and T. Nakayama. “On the Distributivity of a Lattice of
Lattice-Congruences”. In: Proceedings of the Imperial Academy 18.9 (1942),
pp- 553-554. 1SSN: 0369-9846. DOI: 10.3792/pia/1195573786.

D. M. Gabbay and L. L. Maksimova. Interpolation and Definability: Modal
and Intuitionistic Logics. en. Oxford Logic Guides 46. Oxford ; New York:
Clarendon Press, 2005. 1SBN: 978-0-19-851174-8.

R. Goldblatt. “Metamathematics of Modal Logic, Part 1”. In: Reports on
Mathematical Logic 6 (1976), pp. 41-78.


https://doi.org/10.1007/978-3-030-12096-2
https://doi.org/10.1002/malq.19710170141
https://doi.org/10.1002/malq.19710170141
https://doi.org/10.1007/BFb0059539
https://doi.org/10.1111/j.1755-2567.1974.tb00081.x
https://doi.org/10.1111/j.1755-2567.1974.tb00081.x
https://doi.org/10.1111/j.1755-2567.1974.tb00076.x
https://doi.org/10.1111/j.1755-2567.1974.tb00076.x
https://doi.org/10.2307/2272340
https://doi.org/10.2307/2274318
https://doi.org/10.1007/b13861
https://doi.org/10.3792/pia/1195573786

202
[59]

[60]

[61]

[62]

[70]

[71]

Bibliography

R. Goldblatt. “Metamathematics of Modal Logic, Part I1”. In: Reports on
Mathematical Logic 7 (1976), pp. 21-52.

G. Gratzer. Universal Algebra. en. New York, NY: Springer New York,
1979. 1SBN: 978-0-387-77486-2 978-0-387-77487-9. DOIL: 10.1007/978-0-
387-77487-9.

I. L. Humberstone. “Interval Semantics for Tense Logic: Some Remarks”.
en. In: Journal of Philosophical Logic 8.1 (1979), pp. 171-196. 1SSN: 1573-
0433. por1: 10.1007/BF00258426.

V. A. Jankov. “The construction of a sequence of strongly independent
superintuitionistic propositional calculi”. ru. In: Doklady Akademii Nauk
SSSR 181.1 (1968), pp. 33-34.

V. A. Jankov. “On the Relation between Deducibility in Intuitionistic
Propositional Calculus and Finite Implicative Structures”. In: Doklady
Akademii Nauk. Vol. 151. Russian Academy of Sciences, 1963, pp. 1293~
1294.

T. J. Jech. Set Theory. en. Pure and Applied Mathematics, a Series of
Monographs and Textbooks 79. New York: Academic Press, 1978. ISBN:
978-0-12-381950-5.

B. Jonsson and A. Tarski. “Boolean Algebras with Operators. Part 1”. en.
In: American Journal of Mathematics 73.4 (1951), p. 891. 1sSN: 00029327.
DOI: 10.2307/2372123. JSTOR: 2372123.

B. Jénsson and A. Tarski. “Boolean Algebras with Operators. Part I1.” In:
American Journal of Mathematics 74.1 (1952), pp. 127-162. 1SSN: 0002-
9327. por: 10.2307/2372074. JSTOR: 2372074.

H. Kamp. “Tense Logic and the Theory of Linear Order”. PhD thesis.
Ucla, 1968.

S. Kikot, I. Shapriovsky, and E. Zolin. “Filtration Safe Operations on
Frames”. In: Advances in Modal Logic, Volume 10. Ed. by R. Goré and
B. K. Kurucz. CSLI Publications, 2014, pp. 333-352.

R. Koymans. “Specifying Real-Time Properties with Metric Temporal
Logic”. In: Real-Time Systems 2.4 (1990), pp. 255-299. 1SSN: 0922-6443.
DOI: 10.1007/BF01995674.

M. Kracht. “An Almost General Splitting Theorem for Modal Logic”. en.
In: Studia Logica 49.4 (1990), pp. 455-470. 1SSN: 1572-8730. DOI: 10.1007/
BF00370158.

M. Kracht. “Even More about the Lattice of Tense Logics”. en. In: Archive
for Mathematical Logic 31.4 (1992), pp. 243-257. 1SSN: 0933-5846, 1432-
0665. por: 10.1007/BF01794981.


https://doi.org/10.1007/978-0-387-77487-9
https://doi.org/10.1007/978-0-387-77487-9
https://doi.org/10.1007/BF00258426
https://doi.org/10.2307/2372123
http://www.jstor.org/stable/2372123
https://doi.org/10.2307/2372074
http://www.jstor.org/stable/2372074
https://doi.org/10.1007/BF01995674
https://doi.org/10.1007/BF00370158
https://doi.org/10.1007/BF00370158
https://doi.org/10.1007/BF01794981

Bibliography 203

[72]

73]
[74]

[75]

[76]

[82]

[83]

[84]

M. Kracht. “Splittings and the Finite Model Property”. en. In: Journal of
Symbolic Logic 58.1 (1993), pp. 139-157. 1SSN: 0022-4812, 1943-5886. DOI:
10.2307/2275330.

M. Kracht. Tools and Techniques in Modal Logic. Elsevier, 1999. 1SBN:
978-0-444-50055-7.

S. Kripke. “Semantical Considerations on Modal Logic”. In: Acta Philo-
sophica Fennica 16 (1963), pp. 83-94.

S. A. Kripke. “Semantical Analysis of Modal Logic I Normal Modal Propo-
sitional Calculi”. en. In: Mathematical Logic Quarterly 9.5-6 (1963), pp. 67—
96. 1SSN: 1521-3870. DOI: 10.1002/malq.19630090502.

A. V. Kuznetsov. “Certain Properties of the Lattice of Varieties of Pseudo-
Boolean Algebras”. In: Resume of Communications and Papers. 11th All-
Union Algebraic Colloquium. Kishinev, 1971, pp. 255-256.

C. I. Lewis. A Survey of Symbolic Logic. University of California Press,
1918. 1SBN: 978-0-520-39825-2. DOI: 10.1525/9780520398252.

T. Litak. “Modal Incompleteness Revisited”. en. In: Studia Logica 76.3
(2004), pp. 329-342. 15sN: 0039-3215. DOI: 10.1023/B:STUD.0000032102.
67838.f2.

T. Litak. “An Algebraic Approach to Incompleteness in Modal Logic”.
Japan Advanced Institute of Science and Technology, 2005.

T. Litak. “The Non-Reflexive Counterpart of Grz”. In: Bulletin of the
Section of Logic 36 (2007), pp. 195-208.

T. Litak. “Constructive Modalities with Provability Smack”. en. In: Leo
Esakia on Duality in Modal and Intuitionistic Logics. Ed. by G. Bezhan-
ishvili. Dordrecht: Springer Netherlands, 2014, pp. 187-216. 1SBN: 978-94-
017-8860-1. pDoO1: 10.1007/978-94-017-8860-1_8.

F. Liu and M. J. B. Stokhof. Logic, Language and Philosophy: A Short
Introduction to Standard Logic. Stanford, California: Joint Research Center
in Logic, Tsinghua University & University of Amsterdam, 2024. ISBN: 978-
1-68400-083-8.

M. Lothaire. Algebraic Combinatorics on Words. Encyclopedia of Math-
ematics and Its Applications. Cambridge: Cambridge University Press,
2002. 1SBN: 978-0-521-81220-7. po1: 10.1017/CB09781107326019.

M. Ma and Q. Chen. “Lattices of Finitely Alternative Normal Tense Log-
ics”. In: Studia Logica 109.5 (2021), pp. 1093-1118. 1SSN: 15728730. DOTI:
10.1007/s11225-021-09942-5.


https://doi.org/10.2307/2275330
https://doi.org/10.1002/malq.19630090502
https://doi.org/10.1525/9780520398252
https://doi.org/10.1023/B:STUD.0000032102.67838.f2
https://doi.org/10.1023/B:STUD.0000032102.67838.f2
https://doi.org/10.1007/978-94-017-8860-1_8
https://doi.org/10.1017/CBO9781107326019
https://doi.org/10.1007/s11225-021-09942-5

204

[85]

[36]

[87]

88

[39]

[90]

[91]

[93]

[94]

Bibliography

S. Mac Lane. Categories for the Working Mathematician. Vol. 5. Graduate
Texts in Mathematics. New York, NY: Springer, 1978. 1SBN: 978-1-4419-
3123-8 978-1-4757-4721-8. pOI: 10.1007/978-1-4757-4721-8.

D. Makinson. “A Normal Modal Calculus between T and S4 without the
Finite Model Property”. en. In: Journal of Symbolic Logic 34.1 (1969),
pp- 35-38. 1SSN: 0022-4812, 1943-5886. DOI: 10.2307/2270978.

D. Makinson. “Some Embedding Theorems for Modal Logic.” In: Notre
Dame Journal of Formal Logic 12.2 (1971), pp. 252-254. 1sSN: 0029-4527,
1939-0726. DOI: 10.1305/ndj£1/1093894226.

D. Makinson and K. Segerberg. “Post Completeness and Ultrafilters”. en.
In: Mathematical Logic Quarterly 20.25-27 (1974), pp. 385-388. 1SSN: 0942-
5616, 1521-3870. DOI: 10.1002/malq.19740202502.

L. L. Maksimova. “Pretabular Superintuitionist Logic”. en. In: Algebra and
Logic 11.5 (1972), pp. 308-314. 18SN: 0002-5232, 1573-8302. DOI: 10.1007/
BF02330744.

L. L. Maksimova. “Pretabular Extensions of Lewis S4”. In: Algebra and
Logic 14.1 (1975), pp. 16-33. 1ssN: 0002-5232. DOI: 10.1007/BF01668576.

L. L. Maksimova. “Craig’s Theorem in Superintuitionistic Logics and Amal-
gamable Varieties of Pseudo-Boolean Algebras”. en. In: Algebra and Logic
16.6 (1977), pp. 427-455. 1ssN: 1573-8302. DOT: 10.1007/BF01670006.

L. L. Maksimova. “Interpolation Theorems in Modal Logics and Amalgam-
able Varieties of Topological Boolean Algebras”. en. In: Algebra and Logic
18.5 (1979), pp. 348-370. 1ssN: 1573-8302. DOI: 10.1007/BF01673502.

L. Maksimova. “Amalgamation and Interpolation in Normal Modal Log-
ics”. en. In: Studia Logica 50.3 (1991), pp. 457-471. 1SsN: 1572-8730. DOTI:
10.1007/BF00370682.

R. McKenzie. “Equational Bases and Nonmodular Lattice Varieties”. en.
In: Transactions of the American Mathematical Society 174 (1972), pp. 1-
43. 18SN: 0002-9947, 1088-6850. DOI: 10.1090/S0002-9947-1972-0313141~-
1.

J. C. C. McKinsey. “On the Number of Complete Extensions of the Lewis
Systems of Sentential Calculus”. en. In: Journal of Symbolic Logic 9.2
(1944), pp. 42-45. 1sSN: 0022-4812, 1943-5886. DOI: 10.2307/2268020.

J. C. C. McKinsey and A. Tarski. “The Algebra of Topology”. In: Annals
of Mathematics 45.1 (1944), pp. 141-191. 1SSN: 0003-486X. DOI: 10.2307/
1969080.

M. Minsky. Computation: Finite and Infinite Machines. eng. Rev. ed.
Englewood Cliffs, NJ: Prentice-Hall, 1967. 1SBN: 978-0-13-165563-8.


https://doi.org/10.1007/978-1-4757-4721-8
https://doi.org/10.2307/2270978
https://doi.org/10.1305/ndjfl/1093894226
https://doi.org/10.1002/malq.19740202502
https://doi.org/10.1007/BF02330744
https://doi.org/10.1007/BF02330744
https://doi.org/10.1007/BF01668576
https://doi.org/10.1007/BF01670006
https://doi.org/10.1007/BF01673502
https://doi.org/10.1007/BF00370682
https://doi.org/10.1090/S0002-9947-1972-0313141-1
https://doi.org/10.1090/S0002-9947-1972-0313141-1
https://doi.org/10.2307/2268020
https://doi.org/10.2307/1969080
https://doi.org/10.2307/1969080

Bibliography 205

98]

[99]

[100]

[101]

[102]

103]
[104]

[105]

[106]

107]

[108]

109

[110]

[111]

H. M. Morse. “Recurrent Geodesics on a Surface of Negative Curvature”.
In: Transactions of the American Mathematical Society 22.1 (1921), pp. 84—
100. 18SN: 0002-9947. DOI: 10.2307/1988844. JSTOR: 1988844.

M. C. Nagle and S. K. Thomason. “The Extensions of the Modal Logic
K 5”. en. In: Journal of Symbolic Logic 50.1 (1985), pp. 102-109. 1SSN:
0022-4812, 1943-5886. DOI: 10.2307/2273793.

I. Nishimura. “On Formulas of One Variable in Intuitionistic Propositional
Calculus”. In: The Journal of Symbolic Logic 25.4 (1960), pp. 327-331.
1SSN: 0022-4812. DOI: 10.2307/2963526.

B. C. Pierce. Basic Category Theory for Computer Scientists. en. Foun-
dations of Computing. Cambridge, Mass: MIT Press, 1991. 1SBN: 978-0-
262-66071-6.

A. N. Prior. Time and Modality. Oxford, England: Oxford University
Press, 1957.

A. N. Prior. Past, Present and Future. Clarendon Press, Oxford, 1967.

A. N. Prior. Papers on Time and Tense. Oxford: Oxford University Press,
1968.

W. Rautenberg, M. Zakharyaschev, and F. Wolter. “Willem Blok and
Modal Logic”. en. In: Studia Logica 83.1-3 (2006), pp. 15-30. 1SSN: 0039-
3215, 1572-8730. DOI: 10.1007/s11225-006-8296-2.

W. Rautenberg. Klassische und nichtklassische Aussagenlogik. de. Wies-
baden: Vieweg+Teubner Verlag, 1979. I1SBN: 978-3-528-08385-4 978-3-322-
85796-5. DOI: 10.1007/978-3-322-85796-5.

W. Rautenberg. “More about the Lattice of Tense Logic”. In: Bulletin of
the Section of Logic 8.1 (1979), pp. 21-26.

W. Rautenberg. “Splitting Lattices of Logics”. en. In: Archiv fiir Mathe-
matische Logik und Grundlagenforschung 20.3-4 (1980), pp. 155-159. 1SSN:
0933-5846, 1432-0665. DOI: 10.1007/BF02021134.

W. Rautenberg. A Concise Introduction to Mathematical Logic. en. New
York, NY: Springer, 2010. 1sSBN: 978-1-4419-1220-6 978-1-4419-1221-3. DOI:
10.1007/978-1-4419-1221-3.

M. Reynolds. “Axioms for Branching Time”. In: Journal of Logic and
Computation 12.4 (2002), pp. 679-697. 1SSN: 0955-792X. DOIL: 10.1093/
logcom/12.4.679.

L. Rieger. “On the Lattice Theory of Brouwerian Propositional Logic”. In:
Acta Fac. Nat. Univ. Carol. 189 (1949), pp. 1-40.


https://doi.org/10.2307/1988844
http://www.jstor.org/stable/1988844
https://doi.org/10.2307/2273793
https://doi.org/10.2307/2963526
https://doi.org/10.1007/s11225-006-8296-2
https://doi.org/10.1007/978-3-322-85796-5
https://doi.org/10.1007/BF02021134
https://doi.org/10.1007/978-1-4419-1221-3
https://doi.org/10.1093/logcom/12.4.679
https://doi.org/10.1093/logcom/12.4.679

206

[112]

[113]

[114]
[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

124]

Bibliography

H. Sahlqvist. “Completeness and Correspondence in the First and Sec-
ond Order Semantics for Modal Logic”. en. In: Studies in Logic and the
Foundations of Mathematics. Vol. 82. Elsevier, 1975, pp. 110-143. 1SBN:
978-0-444-10679-7. DOT: 10.1016/350049-237X(08)70728-6.

G. Sambin and S. Valentini. “Post Completeness and Free Algebras”. en.
In: Mathematical Logic Quarterly 26.22-24 (1980), pp. 343-347. 1SSN: 1521-
3870. por: 10.1002/malq.19800262203.

S. Santschi and N. C. Vooijs. Interpolation above S4. 2026. DOT: 10.48550/
arXiv.2604.22020. arXiv: 2604.22020 [math]. Pre-published.

Segerberg. “An Essay in Classical Modal Logic”. PhD thesis. Uppsala:
Uppsala Universitet, 1971.

K. Segerberg. “Post Completeness in Modal Logic”. en. In: Journal of
Symbolic Logic 37.4 (1972), pp. 711-715. 1SSN: 0022-4812, 1943-5886. DOL:
10.2307/2272418.

V. B. Shehtman. “Rieger-Nishimura Ladders”. In: Doklady Akademii Nauk
SSSR 241.6 (1978), pp. 1288-1291.

M. Steedman. “Chapter 16 - Temporality”. In: Handbook of Logic and
Language. Ed. by J. van Benthem and A. ter Meulen. Amsterdam: North-
Holland, 1997, pp. 895-938. ISBN: 978-0-444-81714-3. DOT: 10.1016/B978-
044481714-3/50021-7.

T. Takahashi. Decidability of Being a Union-Splitting. 2025. DOIL: 10 .
48550/arXiv.2510.14520. arXiv: 2510.14520 [math]. Pre-published.

S. K. Thomason. “Semantic Analysis of Tense Logics”. en. In: Journal of
Symbolic Logic 37.1 (1972), pp. 150-158. 1SSN: 0022-4812, 1943-5886. DOL:
10.2307/2272558.

S. K. Thomason. “An Incompleteness Theorem in Modal Logic”. en. In:
Theoria 40.1 (1974), pp. 30-34. 1SSN: 1755-2567. po1: 10.1111/j.1755~
2567.1974.tb00077 . x.

S. K. Thomason. “Undecidability of the Completeness Problem of Modal
Logic”. en. In: Banach Center Publications 9.1 (1982), pp. 341-345. 1SSN:
0137-6934, 1730-6299. DOI: 10.4064/-9-1-341-345.

A. Thue. “Uber Unendliche Zeichenreihen”. In: Norske Vid. Selsk. Skr.
Mat. Nat. KI. 7 (1906), pp. 1-22.

A. S. Troelstra and H. Schwichtenberg. Basic Proof Theory. 2nd ed. Cam-
bridge Tracts in Theoretical Computer Science. Cambridge University
Press, 2000. Do1: 10.1017/CB09781139168717.


https://doi.org/10.1016/S0049-237X(08)70728-6
https://doi.org/10.1002/malq.19800262203
https://doi.org/10.48550/arXiv.2604.22020
https://doi.org/10.48550/arXiv.2604.22020
https://arxiv.org/abs/2604.22020
https://doi.org/10.2307/2272418
https://doi.org/10.1016/B978-044481714-3/50021-7
https://doi.org/10.1016/B978-044481714-3/50021-7
https://doi.org/10.48550/arXiv.2510.14520
https://doi.org/10.48550/arXiv.2510.14520
https://arxiv.org/abs/2510.14520
https://doi.org/10.2307/2272558
https://doi.org/10.1111/j.1755-2567.1974.tb00077.x
https://doi.org/10.1111/j.1755-2567.1974.tb00077.x
https://doi.org/10.4064/-9-1-341-345
https://doi.org/10.1017/CBO9781139168717

Bibliography 207

[125]

[126]

127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

J. F. A. K. Van Benthem. “Two Simple Incomplete Modal Logics”. en.
In: Theoria 44.1 (1978), pp. 25-37. 1SSN: 0040-5825, 1755-2567. DOI: 10.
1111/3.1755-2567.1978.tb00830. x.

Y. Venema. “6 Algebras and Coalgebras”. In: Handbook of Modal Logic.
Ed. by P. Blackburn, J. V. Benthem, and F. Wolter. Vol. 3. Studies in
Logic and Practical Reasoning. Elsevier, 2007, pp. 331-426. bo1: 10.1016/
S1570-2464(07)80009-7.

P. M. Whitman. “Splittings of a Lattice”. In: American Journal of Mathe-
matics 65.1 (1943), pp. 179-196. 1SSN: 0002-9327. DOI: 10.2307/2371781.

F. Wolter. “Lattices Of Modal Logic”. en. PhD thesis. Freien Universitat
Berlin, 1993.

F. Wolter. “The Finite Model Property in Tense Logic”. en. In: Journal of
Symbolic Logic 60.3 (1995), pp. 757-774. 1sSN: 0022-4812, 1943-5886. DOTI:
10.2307/2275755.

F. Wolter. “A Counterexample in Tense Logic”. In: Notre Dame Journal
of Formal Logic 37.2 (1996), pp. 167-173. 1SSN: 0029-4527, 1939-0726. DOTI:
10.1305/ndjf1/1040046085.

F. Wolter. “Properties of Tense Logics”. en. In: Mathematical Logic Quar-
terly 42.1 (1996), pp. 481-500. 1SSN: 0942-5616, 1521-3870. DOT: 10.1002/
malq.19960420140.

F. Wolter. “Tense Logic Without Tense Operators”. en. In: Mathematical
Logic Quarterly 42.1 (1996), pp. 145-171. 1SSN: 0942-5616, 1521-3870. DOTI:
10.1002/malq.19960420113.

F. Wolter. “A Note on the Interpolation Property in Tense Logic”. en. In:
Journal of Philosophical Logic 26.5 (1997), pp. 545-551. 1sSN: 0022-3611,
1573-0433. DOI: 10.1023/A:1017956722866.

F. Wolter. “Completeness and Decidability of Tense Logics Closely Related
to Logics above K4”. en. In: Journal of Symbolic Logic 62.1 (1997), pp. 131—
158. 18SN: 0022-4812, 1943-5886. DOI: 10.2307/2275736.

F. Wolter. “The Structure of Lattices of Subframe Logics”. en. In: Annals
of Pure and Applied Logic 86.1 (1997), pp. 47-100. 1sSN: 01680072. DOTI:
10.1016/S0168-0072(96) 00049-8.

F. Wolter and M. Zakharyaschev. “7 Modal Decision Problems”. In: Hand-
book of Modal Logic. Ed. by P. Blackburn, J. V. Benthem, and F. Wolter.
Vol. 3. Studies in Logic and Practical Reasoning. Elsevier, 2007, pp. 427—
489. DOI: 10.1016/S1570-2464(07)80010-3.

M. Xu. “On Some U,S-Tense Logics”. en. In: Journal of Philosophical Logic
17.2 (1988), pp. 181-202. 1sSN: 1573-0433. DOT: 10.1007/BF00247911.


https://doi.org/10.1111/j.1755-2567.1978.tb00830.x
https://doi.org/10.1111/j.1755-2567.1978.tb00830.x
https://doi.org/10.1016/S1570-2464(07)80009-7
https://doi.org/10.1016/S1570-2464(07)80009-7
https://doi.org/10.2307/2371781
https://doi.org/10.2307/2275755
https://doi.org/10.1305/ndjfl/1040046085
https://doi.org/10.1002/malq.19960420140
https://doi.org/10.1002/malq.19960420140
https://doi.org/10.1002/malq.19960420113
https://doi.org/10.1023/A:1017956722866
https://doi.org/10.2307/2275736
https://doi.org/10.1016/S0168-0072(96)00049-8
https://doi.org/10.1016/S1570-2464(07)80010-3
https://doi.org/10.1007/BF00247911

208

138

[139)]

Bibliography

M. Zakharyaschev. “Canonical Formulas for K4. Part I: Basic Results”. en.
In: Journal of Symbolic Logic 57.4 (1992), pp. 1377-1402. 1sSN: 0022-4812,
1943-5886. DOTI: 10.2307/2275372.

M. Zakharyaschev. “Canonical Formulas for K4. Part II: Cofinal Subframe
Logics”. en. In: Journal of Symbolic Logic 61.2 (1996), pp. 421-449. 1SSN:
0022-4812, 1943-5886. DOI: 10.2307/2275669.


https://doi.org/10.2307/2275372
https://doi.org/10.2307/2275669

Index

Symbols: CT(x), 63
_X, 17 Ctr(3), 62
/a1, Y/ qnl, 18 dfr,, 135
i, 5], 107 deg;,, 135
[z]., 63 d=, 62
X, 17 5%, 63
A* 70 AS" 42
20/60, 30 dep(z), dep(F),dep(L), 83
Ay, 34 DFR, 34
2A — B, 29 DFr, 25, 41
Alg(X), 29 dom(f), 17
V. 42 Ja, 130
af % 3, 108 Eq(X), 61
a = 3,108 Equ(2(), 29
ax B, 108 —,, 62
ax Bt 108 E, 17
a =< 3,107 Ext(IPC), 77
a <6, 107 f:(§,x) =% (F,2), 80
AlY, 25, 43 PR, 45
BA, 32 FiF—TF, 26, 45
e, Fi, 26, 44 FiF =, 26, 45
C(x), 52 FL, 35
C, 87 FS, 88
¢hy, 98 o7
Chs, 67 F =T, 45
Con(21), 30 S, 40
Conc(A), 108 §¢, 63

209



210

F*, 70
S*, 35

s 127
5%, 87
§(n), 127
(Fwt+'ud), 125
(Fw+u®d), 125
Fin, 2, 40
Fin, 23
F — ' 26, 45
Form,,, 37
Form,,, 22
Form,,, 18
Form,, 7, 38
Form,(n), 38
Form{, 61
Fr, 2, 23, 40
F1Y, 25, 43
GFr, 23, 41
gir(IF), 52
H(K), 29
h:2A =3, 29
h:2A— B, 29
h:A — B, 29
1(KC), 29
Idy, 61
(), 45
inf(Y), 28
Jk(E, ), 80
Ksi, 31
K(X), 2,24, 41
kIF, 23
ker(f), 30
Zh, 22
Z,, 18
£, 7,37
Log(K), 2, 24, 33, 41
M, (KC), 26
M, (K), 45
MA, 34
MA(X), 33

INDEX

md(p), 38
~P 34
M=, 35
N, 87
NExt(L), 22, 39
0, 17
@, 22, 39
P(K), 30
Part(X), 61
PCOM, 61
e(qr,- -+ 1 qn), 18
eln/a, - m/anl, 18
PN(L), 61
P(X), 17
[Ler Ais 30
[Lier 20, 30
Iy F , 47
[Iy §i, 46
Iy X, 46
Prop(n), 38
PTAB(L), 77
Ry, 41
R, 40
Rz], R[X], 23
R°, 63
Ry[x], 42
R¥ 25
R[], 42
R%, 88

T 87
ran(f), 17
rdg(x), rdg(FF), rdg(L), 84
Reachp({s,n,m)), 162
RFr, 25, 41
R|Y, 25, 43
S(K), 29
S4BP<Y, 86
Seq(X), 107
Seq<™(X), 107
sup(Y), 28
TA, 48



INDEX

TA, 48

TAB, 56

ta, 130

var(y), 38

wid ™ (z), wid™ (F), wid™ (L), 83

wid™ (), wid™ (IF),wid™ (L), 84

X988

X{, 87

r=svy, 53

7,17

Zt, 17
Logics:

CPC, 18

IPC, 19

K4, 24

K, 1,22

K, 37

S4, 24

S5, 24

Ty, 50

wK4.1, 36

wK4, 36

B:, 73

D4, 73

D4, , 73

D,, 73

D/, 73

D; . 73

Grz.3;, 97

K4,, 51, 73

Lin,, 51

S4.3,, 51, 96

S4;, 51

S5y, 51

T, 73

S4BPM!

n,m?

85
Axioms:
alt)", 50
alt,,, 50
alt,,, 36
bd,,, 3

211

br,, 84

bw,", 84

bw,, , 84

bw,,, 2

grzt, 48, 52

grz—, 52

tab’, 58

tra,,, 30
X-sequence, 107
A-pre-skeleton, 88
[-projection map, 30
n-r-unfolding, 127

transitive, 127

algebra, 27
Boolean, see Boolean algebra
Lindenbaum-Tarski, see

Lindenbaum-Tarski algebra

modal, see modal algebra
quotient, see quotient algebra
sub-, see subalgebra
tense, see tense algebra
trivial, 31

binary relation
antisymmetric, 28
inverse of, 40
linear, 51
reflexive, 24
symmetric, 24
transitive, 24

Boolean algebra, 32

bounded lattice, 27, 28
co-atom, 28, 55

canonical frame, 35
canonical general frame, 35
canonical model, 35
chain, 83

anti-, 83

co-, 83

strict, 83



212

CIP, see logic, Craig interpolation
property
closed formula, 38, 61
closed theory, 63
cluster
n-approximation, 90
degenerated, 52
non-degenerated, 52
proper, 52
co-splitting, 130
congruence relation, 29
consistency, see logic, consistent
contraction, 61, 62
Craig interpolation property, see
logic, Craig interpolation
property

degree of finite model property, 135
degree of FMP, see degree of finite
model property

degree of Kripke incompleteness, 135
depth

of a point, 83

of general frame, 83

of tense logic, 83
derivation, 19
direct product

of algebras, 30

of sets, 30

embedding, 29
equation, 29
equational class, 29
equivalence relation, 61

filter, 46

principal, 46

proper, 46

ultra-, 46
finite model property, 2, 36
finitely axiomatizable, 22
finitely generated

INDEX

general frame, see general frame,
finitely generated

tense algebra, see tense algebra,
finitely generated

formula

L-consistent, 22

atomic, 18

closed, see closed formula

finitely satisfiable, 64

generalized Jankov, see
generalized Jankov formula

Grzegorczyk, 48

maximal L-consistent, 22

Sahlqvist, see Sahlqvist formula

satisfiable, 64

frame

cycle-free, 132

general, see general frame

inverse of, 40

Kripke, see Kripke frame

Noetherian, 52

umbrella, 112

general frame, 23

0-, 70

canonical, see canonical general
frame

cluster, 52

compact, 25, 41

descriptive, 41

descriptive, 25

differentiated, 24, 41

disjoint union, 26, 44

finitely generated, 53

generated subframe, 25, 43

girth, 52

image-finite, 50, 79

internal set, 23

isomorphic, 45

p-morphic image, 26

p-morphism, 26

refined, 41



INDEX

refined, 25
rooted, 25, 43
t-morphic image, 45
t-morphism, 45
tense, 40
tight, 25, 41
generalized Jankov formula, 80

homomorphic image, 29
homomorphism, 29

inclusion map, 29
interval
in Z, 107
of tense logics, 40
inverse
of binary relation, see binary
relation, inverse of
of frame, see frame, inverse of
of intervals in Z, 108
isomorphism, 29
iterated splitting, 130
proper, 131

join-prime element, 131
join-splitting, 130

kernel, 30

Kripke complete, 2, 35

Kripke frame, 1, 22, 40
O-filtration, 63
O-saturated, 64
linear, 51
transitive, 24

lattice, 27, 28

bounded, see bounded lattice

complete, 28

distributive, 27
Lindenbaum-Tarski algebra, 34
local t-morphism, 80

full, 80

sufficient, 82

213

logic, 19
consistent, 20
Craig interpolation property, 21
decidable, 21
extension, 22, 39
intuitionistic propositional, 19
locally tabular, 21
normal modal, 1, 22
Post-complete, 21
pretabular, 77
proper extension, 22, 39
tense, see tense logic

meet-prime element, 131

Minsky machine, 161

modal algebra, 33

modal depth, 38

modal logic
Fr-equivalent, 5
anti-tabular, 56
canonical, 35
consistent, 22
pre-transitive, 84
pretabular, 37
tabular, 36

model
canonical, see canonical model
general, 24, 41
Kripke, 23, 40

Modus Ponens, 19

Noetherian, see frame, Noetherian

partially ordered set, 28
partition, 61
0-, 63
refinement, 61
trivial, 61
path, 42
poset, 28
greatest lower bound, 28
infimum, 28



214 INDEX

least upper bound, 28 k-t-morphism, 80
lower bound, 28 local, see local t-morphism
supremum, 28 tabular
upper bound, 28 modal logic, 36

pre-order, 24 non-, 56

pre-skeleton, 88 pre-, see modal logic, pretabular,
c-irreducible, 91 see logic, pretabular
c-reducible, 91 tense logic, 56

pretabular tense algebra, 48
logic, see logic, pretabular finitely generated, 53
modal logic, 37 tense logic, 38

proof, 19 (n, m)-alternative, 50

finitely alternative, 50

i 1
quotient algebra, 30 fully bounded, 86

r-degree, 84 Post-complete, 61
of general frame, 84 Post-number of, 61
of tense logic, 84 tabular, 56

reachability-degree, see r-degree transitive, 51

with bounded parameters, 86

the third Post-completeness
theorem, 70

transitive closure

of binary relation, 125

of frame, 125
transitive combination, 125
translation

of sequences, 107

Sahlqvist formula, 35
Sahlqvist logic, 35
sequence

uniformly recurrent, 109
similarity type, 27
skeleton, 87

pre-, see pre-skeleton
splitting, 130

co-, see co-splitting

iterated, see iterated splitting ultraproduct, 46

join-, see join-splitting of general frames, 47

union-, see union-splitting of Kripke frames, 46
splitting pair, 130, 131 of sets, 46
subalgebra, 29 umbrella, see frame, umbrella
subdirect embedding, 31 uniform substitution, 19
subdirect product, 31 union-splitting, 132

subdirect representation of &€, 31

subdirectly irreducible, 31 valuation, 23

subframe admissible, 23, 41
cofinal, 36 variety, 29, 31
substitution, 18, 38 width
closed, 61 back-, 84

t-morphism forth-, 83



mE

BSOS ARG . I 2B R — A AR R LT O DK 26 T A
T & WIEPAUEASBE, HAAET O 5 & Mk . WHEZNAESHE L, K
3K R 5 A NExt(L) Ti— o Kiv Kéy LK S, 4 B2 duf
B K. Kay S4 TSR 2538 5. ASCRETRIST: (1) NExt(K,) b
BEseatE: (2) NExt(K,) ERIZEFIVER: (3) NExt(S4,) RMIBEIMER; (4)
NExt(K;)s NExt(K4,) L& NExt(S4,) bF@vBEE AT, (5) NExt(K,).
NExt(K4,) L% NExt(S4,) FiBik it () af )i,

A SO — R T I A B A v S T 3B 4, T e A M
W e At . SR I 2S8R AN T I S ARAL I A A . TR T
L7 tab? Y H T A I 2B — N T o T 52 A I B A B R —
SELY B — BN A IB R . FAl ) I H U T e 4 9 I 2S5 e L % D
SEANT B MM A, FEE— SR A R I TR, JER: TR
a, H1<a <N 5 a=2%, WEEEIEEN o M ASEEH,

YK, A<SCRFSE NExt(S4,) FEIBR B, %8 K E B 58 10 0
B WFESB A B R EA FEE R, WERTE Y B £ . %,
BATBINT B RO A8, 4 E A W5 52 4 S 2538 R i 5 4 21
Hi; FJS. 5y BI%IE S4.3, 5 S4BPYY MIMIESY 2K B5. WEESELAN
SABPYY MIMIFEIIY Tk, MIIfEEL T 6T S4, WIS Y BRI FF ] B8

AU SO 4 I A AR B IR 5k . Rk, 1 SRS 2SI R
bE R R SE A . Blok T NExt(K) B =4 5 B v L v R 5 4 B g — A
Zoisk R AT EBAIEH L e NExt(K) B ve B % v RS2 4 MRS 1 5 2%, A
SOK% ETRAE) T BN SRS NExt(K,). NExt(K4,) LUK NExt(S4,). Ffi1pE—
SIS RSB S R SE 2 R A K R

FLR, ASSCHFSE I A B B e SR T e e o RSB v ) — AN A ]
MR OB, T P A B R T B VT AN SO S B A
o SR A VEYE NExt(K4,) FTAEm; 2k, 48k R7e NExt(K4,)
R E R E R—RERIE BJR, EB S 5 55 55 A METE NExt(S4,) bRl
S, MEIIMERR . w B 0 e 4 Ve DL AT A AN T ) 5

215






Abstract

This thesis investigates the lattices of tense logics. A tense logic is a normal
bimodal logic equipped with a future-looking necessity modality O and a past-
looking possibility modality 4, with the modalities O and 4 forming an adjoint
pair. For each tense logic L, the set NExt(L) of all tense logics extending L forms a
lattice. Tense logics K;, K4, and S4; are analogues of the well-known modal logics
K, K4 and S4, respectively. In this thesis, we study the following topics: (1) Post-
completeness in the lattice NExt(K;); (2) tabularity in the lattice NExt(K;); (3)
pretabularity in the lattice NExt(S4;); (4) the degree of Kripke incompleteness in
NExt(K;), NExt(K4;) and NExt(S4;); and (5) (un)decidability of logical properties
in NExt(K;), NExt(K4;) and NExt(S4;).

The first part of the thesis studies logics near the top of the lattices of tense
logics, focusing on tabularity and Post-completeness. A tense logic is tabular
if it is the logic of a finite tense algebra. We give a new characterization of
tabular tense logics based on a family of formulas tab’. A tense logic is Post-
complete if it is consistent and has no consistent proper extension. We provide full
characterizations of Post-complete tabular tense logics and Post-complete tense
logics, respectively. Moreover, we study the Post-number of tense logics. We
show that for each cardinal o, if 1 < a < Xy or a = 2%, then there exists a tense
logic with Post-number a.

Next, we study pretabular tense logics in NExt(S4;), which form the boundary
of tabular tense logics, in the sense that a pretabular logic L is non-tabular
while every proper extension of L is tabular. We introduce tense logics with
bounded parameters and give a full characterization of pretabular fully bounded
tense logics. Then, we give full characterizations for pretabular logics extending
S4.3, and S4BP§:°2’, respectively. Finally, we show that there are continuum many
pretabular extensions of S4BP§:§’, which answers the open problem about the
cardinality of pretabular extensions of S4,.

The second part of the thesis focuses on the structure of lattices of tense logics
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218 Abstract

as a whole. To this end, we begin by studying the degree of Kripke incomplete-
ness of tense logics. A celebrated result in this area is Blok’s dichotomy theorem
of the degree of Kripke incompleteness for NExt(K), which states that every logic
L € NExt(K) is of the degree of Kripke incompleteness either 1 or 2%. We gener-
alize this dichotomy theorem to the lattices NExt(K;), NExt(K4;) and NExt(S4;).
Moreover, we discuss the relation between union-splittings, iterated splittings and
the degree of Kripke incompleteness.

Finally, we investigate the decidability of logical properties of tense logics. A
central theme of the study of modal logic is to determine whether a logic has a
certain logical property. In this thesis, we prove that strict Kripke completeness is
decidable in NExt(K4;). Also, we give a general criterion for a logical property to
be undecidable in NExt(K4;). Finally, we show that in NExt(S4,), strictly Kripke
completeness is decidable, while tabularity, Kripke completeness and decidability
are undecidable.
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