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Abstract

Modal logic for almost a hundred year has been an important topic in many aca-
demic disciplines, including philosophy, mathematics, linguistics and computer sci-
ence. Currently it seems to be most intensively investigated by computer scien-
tists. Among numerous branches in which modal logic, sometimes in disguise, finds
applications, are hardware and software verification, cryptography and knowledge
representation. This thesis is about the decidability and the complexity of satis-
fiability problem of some variants of modal logic. The first part contains results
concerning so-called elementary modal logics, while the second part is devoted to
the Halpern—Shoham logic.

Elementary modal logics. In many practical applications of modal logic, it is
natural to consider some restrictions of classes of admissible frames.

Traditionally classes of frames are defined by modal axioms. However, many
important classes of frames can be defined, in a more natural way, by first-order
formulas, e.g. the formula Vzyz.xRy A yRz — xRz defines the class of transitive
frames, corresponding to modal logic K4.

We prove that there is an universal first-order formula with only three variables
such that the local satisfiability problem and the global satisfiability problem are
undecidable. The results hold also for the finite satisfiability. We also prove that
universal Horn formulas may lead to undecidability if we use inequality or two modal-
ities.

On the positive side, we prove that the local satisfiability problem and the global
satisfiability problem for modal logic over the class of frames defined by any uni-
versally quantified, first-order Horn formula is decidable. Then we show that also
the finite satisfiability problem for modal logic over such classes is decidable. This
subsumes decidability results for many natural modal logics, including T, B, K4, S4,
Sb.

Halpern—Shoham Logic. The Halpern—Shoham logic is a modal logic of time
intervals. Some effort has been put in last ten years to classify fragments of this
beautiful logic with respect to decidability of its satisfiability problem. We com-
plete this classification by showing that the logic of subintervals, the fragment of the
Halpern—Shoham logic where only the operator “during”, or D, is allowed, is unde-
cidable over discrete structures. This is surprising as this, apparently very simple,
logic is decidable over dense orders and its reflexive variant is known to be decidable
over discrete structures. Our result subsumes a lot of previous negative results for
the discrete case, like the undecidability for ABE, BD, ADB, AAD, and so on.






Streszczenie

Badanie probleméw decyzyjnych dotyczacych réznych logik rozpoczelo sie juz w latach trzy-
dziestych ubieglego wieku. Poczatkowo traktowano je jako narzedzie czysto matematyczne,
w ostatnich dekadach jednak okazalo sie, ze istnieje duzo polaczen miedzy tymi problemami
a automatyczna weryfikacja, sztuczna inteligencja czy nawet przetwarzaniem dokumentow.
Ta praca jest po$wiecona klasyfikowaniu opisanych nizej logik modalnych ze wzgledu na
rozstrzygalnos¢ i ztozono$é problemu spelialnosci ich formut.

Elementarne logiki modalne. Klasycznym sposobem definiowania logik modalnych
jest podanie ich aksjomatéw - w ten sposéb powstaja najbardziej znane logiki, takie jak K,
S4, S5 czy T. Okazuje sie, ze tak zdefiniowane logiki maja naturalne semantyki wyrazone
za pomocy struktur Kripkego. W przypadku elementarnych logik modalnych ([18]) jest
odwrotnie - logike modalna tworzy sie przez ograniczenie struktur Kripkego zadana formuta
pierwszego rzedu, uzywajaca jednego predykatu (R) interpretowanego jako relacja przejscia
struktury. Przykladowo, logike S4 mozna zdefiniowaé formula Vryz.xRx A (xRy A yRz =
xRz). Taki sposéb definiowania logiki wydaje sie bardziej naturalny, jednak czasem prowadzi
do logik nierozstrzygalnych. Pierwsza czesé tej pracy zawiera dowdd, ze nawet bardzo prosta
formula (Voyz.—zRyV-axRzVyRxV zRxV zRyVyRz) moze prowadzi¢ do nierozstrzygalnej
logiki. Wynik ten jest dowiedziony za pomoca narzedzia, ktére wykorzystuje rowniez do
pokazania nierozstrzygalnosci innych interesujacych logik.

Oprécez negatywnych wynikéw, niniejsza praca wskazuje réwniez duza klase formut defini-
ujacych rozstrzygalne logiki modalne, mianowicie uniwersalne formuty hornowskie. W przy-
padku, gdy rozpatrujemy lokalng spetnialno$é, ztozonosé takich logik okazuje sie by¢ za-
wsze w PSPACE, podczas gdy w przypadku globalnej spelnialnosci moze wzrosna¢ do EXp-
TiME. Dokladna ztozonos¢ zalezy od pewnych wiasnosci formuly — niniejsza praca zawiera
szczegblowa analize wszystkich przypadkdéw. Okazuje sie, ze w zaleznosci od formuly problem
spetialnosci moze byé¢ w P, NP-zupely, PSPACE-zupely lub EXPTIME-zupeny.

Ponadto, rozpatruje réwniez problem skonczonej speinialnosci, ktéry czesto jest trak-
towany jako bardziej praktyczny od ogdlnej spetialnosci. Okazuje sie, ze réwniez ten prob-
lem jest zawsze rozstrzygalny dla logik definiowanych uniwersalnymi formutami hornowskimi.

Logika Halperna—Shohama. Logika Halperna—Shohama [15] stuzy opisywaniu rzeczy-
wistosci w oparciu o zdarzenia ktére trwaja, a wiec zajmuja pewien przedziat czasu. Pode-
jécie to znacznie rézni sie od klasycznego, w ktérym czas traktuje sie jako zbiér punktow.
Logika ta, zaproponowana pod koniec lat osiemdziesiatych, skitada sie z dwunastu opera-
torow modalnych opisujacych mozliwe relacje miedzy przedzialami w ustalonym porzadku.
Co wazne, logika sama w sobie nie czyni istotnych zalozen dotyczacych natury czasu — moze
on by¢ dyskretny, gesty, z konicami, bez koricow, liniowy, drzewiasty itd.

Logika Halperna—Shohama przez wiele lat nie wzbudzala wiekszego zainteresowania. Na
poczatku XXI wieku jednak, dzieki motywacji ptynacej od ludzi zajmujacej sie sztuczna in-
teligencja, badanie réznych fragmentéw tej logiki stalo sie bardzo popularne. Niniejsza praca
zawiera dowdd, ze bardzo maly fragment tej logiki, zawierajacy jedynie operator modalny
D, odnoszacy sie do podprzedzialéw, ma nierozstrzygalny problem spehialnoséci (lokalnej i
globalnej) w sytuacji, gdy rozpatrujemy porzadki dyskretne.
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Introduction






1. Modal logic

Modal logic was introduced by philosophers to study modes of truth. The idea was to
extend propositional logic by some new constructions, of which two most important
were QO and Uy, originally read as ¢ is possible and ¢ is necessary, respectively.
A typical question was, given a set of axioms A, corresponding usually to some
intuitively acceptable aspects of truth, what is the logic defined by A, i.e. which
formulas are provable from A in a Hilbert-style system.

One of the most important steps in the history of modal logic was the invention in
1960s of a formal semantics based on the notion of the so-called Kripke structures.
Basically, a Kripke structure is a directed graph, called a frame, together with a
valuation of propositional variables. Vertices of this graph are called worlds. For
each world truth values of all propositional variables can be defined independently.
In this semantics, O means the current world is connected to some world in which
p is true; and Uy, equivalent to =Q—p, means ¢ is true in all worlds to which the
current world is connected.

It appeared that there is a beautiful connection between syntactic and semantic
approaches to modal logic [38]: logics defined by axioms can be often equivalently
defined by restricting classes of frames. E.g., the axiom QOP — QP (if it is possible
that P is possible, then P is possible), is valid precisely in the class of transitive
frames; the axiom P — OP (if P is true, then P is possible) — in the class of
reflexive frames, P — OOP (if P is true, then it is necessary that P is possible) —
in the class of symmetric frames, and the axiom OP — OOP (if P is possible, then
it is necessary that P is possible) — in the class of Euclidean frames.

Thus we may think that every modal formula ¢ defines a class of frames, namely
the class of those frames in which ¢ is valid. A formula ¢ is valid in a frame K if
for any possible truth-assignment of propositional variables to the worlds of K, ¢ is
true at every world. To express this definition we require second-order logic, since
it involves quantification over sets of elements: for each variable P and a subset V'
of the set of worlds we have to consider the case in which P is true exactly in the
worlds from V. Note however, that many important classes of frames, in particular
all the classes we mentioned above, can be defined by simple first-order formulas.
For a given first-order sentence ® over the signature consisting of a single binary
symbol R we define g to be the set of those frames which satisfy ®.

It is not hard to see that some modal logics defined by a first-order formula are
undecidable. A stronger result was presented in [17]—it was shown that there exists
a universal first-order formula with the equality such that the global satisfiability
problem over the frames that satisfy this formula is undecidable. In [19], this result
was improved — it was shown that the equality is not necessary. The proof from
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[19] works also for local satisfiability. In this thesis, we show that even a very simple
formula with three variables without the equality may lead to undecidability.

Decidability for various classes of frames can be shown by employing the so-called
standard translation of modal logic to first-order logic. Indeed, the satisfiability of a
modal formula ¢ in Kg is equivalent to satisfiability of st(¢) A ®, where st(yp) is the
standard translation of ¢. In this way, we can show that even multimodal logic is
decidable in any class defined by two-variable logic [33], even extended with linear
order [35] or equivalence closures of two distinguished binary relations [21].

A number of decidability results may be obtained by adapting the results for the
guarded fragment [12]. It has been shown that many interesting extensions of this
logic are decidable, including some restricted application of fixed-points [13] and
transitive closures [27] in guards. These results often can be extended for the finite
satisfiability problem [2, 22]. The complexity bounds obtained this way, however,
are high — usually between ExPTIME and 2NEXPTIME.

The classes of frames we mentioned earlier, i.e. transitive, reflexive, symmetric
and Euclidean are decidable. They can be defined by first-order sentences even if
we further restrict the language to universal Horn formulas, UHF. Universal Horn
formulas were considered in [18], where a dichotomy result was proved, that the
satisfiability problem for modal logic over the class of structures defined by an UHF
formula (with an arbitrary number of variables) is either in NP or PSPACE-hard.
The authors of [18] conjecture that the problem is decidable in PSPACE for all
universal Horn formulas. We confirm this conjecture in this thesis.

In case of some UHF formulas, decidability of corresponding modal logics is shown
by demonstrating the finite model property, i.e. by proving that every modal formula
satisfiable over g has also a finite model in Kg. However, it is not hard to construct
a UHF formula ®, such that some modal formulas have only infinite models over Kg.
Assume e.g. that ® enforces irreflexivity and transitivity, and consider the following
modal formula: ¢p A OOp.

This naturally leads to the question, whether for any UHF formula @ the finite
satisfiability problem for modal logic over Kg is decidable. This question is par-
ticularly important, if one considers practical applications, in which the structures
(corresponding e.g. to knowledge bases or descriptions of programs) are usually
required to be finite.

Decision procedures for the finite satisfiability problem for modal and related
logics are very often more complex than procedures for general satisfiability. As
argued in [41], the model theoretic reason for the good behavior of modal logics is
the tree model property. A standard technique is to unravel an arbitrary model into
a (usually infinite) tree. Clearly such an approach is not sufficient if we are interested
only in finite models. In this thesis we are, however, able to prove that also finite
satisfiability problems are always decidable for logics over the classes defined by
universal Horn formulas.



2. Halpern—-Shoham logic

In classical temporal logic, structures are defined by assigning properties (proposi-
tional variables) to time points (time is an ordering, discrete or dense). However,
not all phenomena can be well described by such logics. Sometimes, we need to talk
about actions (processes) that take some time and we would like to be able to say
that one such action takes place, for example, during or after another.

The Halpern—-Shoham logic [15], which is the subject of the second part of this
thesis, is one of the modal logics of time intervals. Judging by the number of papers
published, and by the amount of work devoted to the research on it, this logic is
probably the most influential time interval logic. But historically it was not the first
one. Actually, the earliest papers about intervals in context of modal logic were
written by philosophers, e.g., [16]. In computer science, the earliest attempts to
formalize time intervals were process logic [36, 37] and interval temporal logic [34].
Relations between intervals in linear orders from an algebraic point of view were
first studied systematically by Allen [1].

The Halpern—Shoham logic is a modal temporal logic, where the elements of a
model are no longer — like in classical temporal logics — points in time, but rather
pairs of points in time. Any such pair — call it [p, q], where ¢ is equal to or later
than p — can be viewed as a (closed) time interval, that is, the set of all time
points between p and ¢q. HS logic does not assume anything about order — it can
be discrete or continuous, linear or branching, complete or not.

Halpern and Shoham introduce six modal operators acting on intervals. Their
operators are “begins” B, “during” D, “ends” F, “meets” A, “later” L, “overlaps” O
and the six inverses of those operators: B, D, E, A, L, O. It is easy to see that the
set of operators is redundant. For example, A, B and E can define D (B and E
suffice for that — a prefix of my suffix is my infix) and L (here A is enough —“later”
means “meets an interval that meets”). The operator O can be expressed using E
and B.

In their paper, Halpern and Shoham show that (satisfiability of formulae of) their
logic is undecidable. Their proof requires logic with three operators (B, E and A are
explicitly used in the formulae and, as we mentioned above, once B, E and A are
allowed, D and L come for free) so they state a question about decidable fragments
of their logic.

Considerable effort has been put since then to settle this question. First, it was
shown [24] that the BE fragment is undecidable. Recently, negative results were
also given for the classes BE, BE, BE, AAD, ADB,ADB, ADB, ADB 5, 8], and
BD [26]. Another elegant negative result was that OO is undecidable over discrete
orders [6].
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On the positive side, it was shown that some small fragments, like BB or EE,
are decidable and easy to translate into standard, point-based modal logic [10]. The
fragment using only A and A is harder and its decidability was only recently shown
8, 9]. Obviously, this last result implies decidability of LL as L is expressible by A.
Another fragment known to be decidable is ABBL [32].

A very simple, interesting fragment of the Halpern and Shoham logic of unknown
status was the fragment with the single operator D (“during”), which we call here
the logic of subintervals. Since D does not seem to have much expressive power (a
natural language account of a D-formula would be “each morning I spend a while
thinking of you” or “each nice period of my life contains an unpleasant fragment”),
logic of subintervals was widely believed to be decidable. A number of decidability
results concerning variants of this logic has been published. For example, it was
shown in [7, 31] that satisfiability of formulae of logic of subintervals is decidable
over dense structures. In [30] decidability is proved for the (slightly less expressive)
“reflexive D”. The results in [40] imply that D (as well as some richer fragments of
the HS logic) is decidable if we allow models in which not all the intervals defined by
the ordering are elements of the Kripke structure. On the negative side, no nontrivial
lower bound was known for satisfiability of this logic.

In the second part of this thesis, we show that satisfiability of formulae from the D
fragment is undecidable over the class of finite orderings as well as over the class of
all discrete orderings. Our result subsumes the negative results for the discrete case
for ABE [15], BD [26] and ADB, AAD [5, 8]. The logic of subintervals for finite
orderings is so simple that we are tempted to write that it is one of the simplest
known undecidable logics.
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3. Overview

The authors of [18] conjecture that the satisfiability problem of the modal logic over
any class definable by a UHF sentence is decidable in PSPACE. We confirm the
conjecture from [18] with the following theorem.

Theorem 3.1. Let ® be a UHF sentence. Then the local and the global satisfiability
problems for unimodal logic over Kg are in PSPACE and EXPTIME, resp.

This theorem extends the decidability results for some well-known modal logics,
e.g., T, B, K4, S4, and S5. It also works for some interesting classes of frames,
for which, up to our knowledge, decidability has not been established so far. An
example is the class defined by Vayzv(zRy A yRz A zRv — xRwv).

Then, we extend the result to cover the Horn formulas with equality. We prove
the following.

Theorem 3.2. Let ® be a universal Horn formula with equality. Then the local
and the global satisfiability problems for unimodal logic over Ko are in PSPACE and
EXPTIME, resp.

We also show decidability of the finite satisfiability.

Theorem 3.3. Let ® be a universal Horn formula. Then the finite local and the
finite global satisfiability problems for modal logic over Ke are decidable.

We also show that those results are optimal in many ways, showing that some
richer classes contain formulas which define undecidable logics.

Theorem 3.4. There exist three-variable universal formulas I, TV, universal Horn
formulas T';, T, with inequality, and universal Horn formulas 'y, T (all siz formulas
are without equality) such that the following problems are undecidable.

3.4.1 The global satisfiability problem for unimodal logic over Kr.
3.4.2 The local satisfiability problem for unimodal logic over K.
3.4.3 The global satisfiability problem for unimodal logic over Kr,.
3.4.4 The local satisfiability problem for unimodal logic over ICF;.
3.4.5 The global satisfiability problem for bimodal logic over Kr, .
3.4.6 The local satisfiability problem for bimodal logic over ]Cf'b'

The same holds if we consider only finite structures.



3. Overview

Related work. The results presented in this part of the thesis come from three
published papers [20, 29, 28]. The only actual exception is in Section 5 — Lemma
5.1 is a generalization of the technique used in [20] and [29]. Also, the undecidability
result for the bimodal case is not published.

10



4. Preliminaries

As we work with both first-order logic and modal logic we will help the reader to
distinguish them in our notation: we denote first-order formulas with Greek capital
letters, and modal formulas with Greek lower-case letters. We assume that the
reader is familiar with first-order logic and propositional logic.

Except for Section 5.4, we consider only unimodal logics. Modal logic extends
propositional logic with the operator ¢ and its dual (. Formulas of modal logic are
interpreted in Kripke structures, which are triples of the form (W, R, 7), where W
is a set of worlds, (W, R) is a directed graph called a frame, and 7 is a function that
assigns to each world a set of propositional variables which are true at this world.
We say that a structure (W, R, ) is based on the frame (W, R). For a given class of
frames K, we say that a structure is K-based if it is based on some frame from K.
We will use calligraphic letters M, N to denote frames and Fraktur letters 2,0 to
denote structures. To keep the notation light, we identify a structure (W, R, ) with
((W, Ry, ).

For a frame (W, R) and a subset W' C W, we define Ry = RN (W' x W').
Similarly, for a labeling function 7, we define 737 to be such that 7y (w) = w(w)
for all w € W’ and 7 x to be such that 7 x (w) = m(w)NX. We define the restriction
of a frame (W, R)y for W/ CW as (W', Ryy).

The semantics of modal logic is defined recursively. A modal formula ¢ is (locally)
satisfied in a world w of a model M = (W, R, ), denoted as M, w = ¢ if

(i) ¢ = p where p is a variable and ¢ € 7(w),
(ii) ¢ = —p where p is a variable and ¢ & m(w),

(iii) ¢ =1 V 2 and M, w = @1 or M, w = 2,

(iv) ¢ =1 Az and M, w = @1 and M, w = @2,

(v) ¢ = O¢’ and there exists a world v € W such that (w,v) € R and M, v = ¢,
(vi) ¢ =0¢’ and for all worlds v € W such that (w,v) € R we have 9, v | ¢'.

Note that in this paper all formulas are in the negation normal form. By |¢| denote
the length of ¢. We say that a formula ¢ is globally satisfied in 9, denoted as
M = ¢, if for all worlds w of M, we have M, w = ¢.

For a given class of frames K, we say that a formula ¢ is locally (resp. globally)
KC-satisfiable if there exists a K-based structure 91, and a world w € W such that

M, w = ¢ (resp. M E ).

11



4. Preliminaries

We employ a standard notion of a type. For a given formula ¢, a Kripke structure
M, and a world w € W we define the type of w (with respect to ¢) in 9 as
tpfp(w) = { : Mw |= ¢ and ¢ is subformula of ¢}. We write tpon(w) if the
formula is clear from context. Note that [tpy,(w)| < |¢|, where |p| denotes the
length of .

In our constructions we use the following terminology. A world w is k-followed
(k-preceded) in a frame M, if there exists a directed path (w,u,ug,...,ug) (resp.
(u1,ug,...,ux,w)) in M. Note that we do not require this path to consist of distinct
elements. We say that a world w is k-inner in M if it is k-proceeded and k-
followed. We use also naturally defined notions of oco-preceded, oo-followed, and
oo-inner worlds. In particular, a world on a cycle is co-inner.

The set of universal Horn formulas, UHF, is defined as the set of those ® over
the language {R} which are of the form VZ.®; A @3 A ... A ®;, where each ®; is
a Horn clause. A Horn clause is a disjunctions of literals of which at most one
is positive. We usually present Horn clauses as implications. For example, the
formula Vzyz.(xRy A yRz = xRz) A (xRx = 1) defines the set of transitive and
irreflexive frames. We often skip the quantifiers and represent such formulas as a
set of clauses, e.g.: {vrRy AN yRz = zRz,xRx = L1}. We assume without loss of
generality that each Horn clause consists of variables x, y and z1,z29,..., and is
of the form ¥ = 1, ¥ = xRz, or ¥ = zRy. We define V(v,,vy,v1,...,v;) as
the instantiation of ¥ with x = v,, y = vy, 21 = v1, 22 = v2, and so on, e.g.
(xRz1 N z1Rza N z0Ry = xRy)(a,b,c,d) = aRc A cRd N dRb = aRb. We consider
also the set of universal Horn formulas with equality, UHF=, and the set of universal
Horn formulas with inequality, UHF7, defined in a similar way.

We define the local (resp. global) satisfiability problem K-SAT (resp. global K-
SAT) as follows. For a given modal formula, is this formula locally (resp. globally)
K-satisfiable? For a given ® € UHF, we define K4 as the class of frames satisfying
®. We will be interested in local and global Kg-SAT problems.

When consider problems Kg-SAT and global Kg-SAT, formula @ is fixed and does
not depend on the input. However, the complexity depends on this formula. To hide
unnecessary details, we often use a function g. Please keep in mind that once ® is
fixed, g(|®|) can be treated as a constant, and, while considering complexity, the
precise value of g is not important (it will follow from the proofs).

To keep the notation light, we abbreviate N U {co} by Ny, and assume that n
mod oo = n for any n.

The following fact will prove useful.

Fact 4.1. Assume that X is a (possibly infinite) set of positive numbers that is
closed under addition. Then, there exists a finite subset X' of X such that ged(X) =
gcd(X"). Moreover, for each x > lem(X'), ged(X') divides x if and only if v € X.

The proof is straightforward, by employing Euclidian algorithm.
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4.1. Domino systems

4.1. Domino systems
By Zj, we denote the set {0,1,...,k —1}.

Definition 4.2. A domino system is a tuple D = (D, Hp,Vp), where D is a set
of domino pieces and Hp,Vp C D x D are binary relations specifying admissible
horizontal and vertical adjacencies. We say that D tiles N x N ¢f there exists a
function t : N x N — D such that Vi,j € N we have (t(i,j),t(i + 1,j)) € Hp
and (t(i,7),t(i,5 + 1)) € Vp. Similarly, D tiles Zi X Zy, for k,l € N, if there exists
t: ZpxZy — D such that (t(3, j), t(i+1 mod k,j)) € Hp and (t(i,7),t(i,j+1 mod 1)) €
Vp.

The following lemma comes from [3, 14].
Lemma 4.3. The following problems are undecidable:
(i) For a given domino system D determine if D tiles N x N.

(i) For a given domino system D determine if there ezists k € N such that D tiles
Zk X Zk.

The bounded-space domino problem is defined as follows. For a given triple
(D, Vp, Hp), where Vp, Hp C Dx D, and n = O(|D|), is there a tiling ¢ : Z, xN — D
such that for all K < n and [ € N, (¢t(k,1),t(k,l + 1)) € Vp and if £ < n — 1, then
(t(k,0),t(k + 1,1)) € Hp? It is an easy exercise that this problem is PSPACE-
complete.

13



5. Undecidability

In this section we work with signatures consisting of a single binary symbol R (ex-
cept subsection 5.4), and a number of unary symbols, including P;;, for 0 <i,j < 2.
Structures over such signatures can be naturally viewed as Kripke structures in which
R is the accessibility relation, and unary relations describe valuations of propo-
sitional variables. To simplify our notation we assume that subscripts in F;; are
always taken modulo 3, e.g. if i = 2,j = 2, then P, ;11 denotes Pog. We define
P = {Pz]|l,j S {0, 1, 2}}

This section is organized as follows. Subsection 5.1 provides a tool for all the
proofs. Subsections 5.2, 5.3, and 5.4 contain proofs of undecidability of global satis-
fiability problems for three modal logics. Finally, in Subsection 5.5 we discuss local
satisfiability problems.

5.1. Key tool

For [ € Ny, we define the grid &; as (W, R;, m;) where
o Wi ={ay|0<1i,j <1}
e a;jRayy iff i/ =iand j/=541 modlors =i+1 mod!and j = j;
e m(a;;) = {P;;} for all 4, j.

We say that a structure (W, R, ) is &;-like if W = W;, R; C R, and a;; Ra; ;7 implies
that |i—4'| mod [ <1and|j—j'| modl <1, and 7 = m;. Roughly speaking, &;-like
structure contains &; and, perhaps, some additional edges connecting worlds that
are close in grid. Figure 5.1 contains an example of such a structure.

We say that a structure (W, R, m) is an extension of &; if (Wr, Ryw,., (m1w,)p)
is &;-like, where W = {w € W|3i,5.P;; € w(w)} is a substructure consisting of
all elements satisfying variables P;;. Figures 5.2 and 5.3 contain examples of such
extensions.

We are ready to define our tool for proving undecidability.

Lemma 5.1. Let ® be a first order formula and ¢ be a modal logic formula such
that

(a) there exists a Kg-based model of ¢ which is an extension of Boo;

(b) for all k there exists a Kg-based model of ¢ which is an extension of gy ;

14



5.1. Key tool

(c) for each Kg-based model (W, R, ) of ¢ there is a homomorphism from S, into
<W7 R, 7T{7>> :

(d) for each finite Ko-based model (W, R, m) of ¢ there is a homomorphism from &,
into (W, R, mp) for some l € N.

Then the global satisfiability problem and the finite global satisfiability problem over
Ko are undecidable.

Proof. Let ® and ¢ be a formulas that satisfy the assumptions of Lemma 5.1. For
a given domino system D = (D, Dy, Dy) we define

NP=Xon N\ (AN
0<i,j<2

For every d € D we use a fresh propositional letter P;. Ag says that each world
contains a domino piece, )\g and A}g say that pairs of elements satisfying horizontal

and vertical adjacency relations respect Dy and Dy, respectively.

M= A\ (PanPy) = DO(Pr =\ Fa)),
deD d':(d,d")eDy

)\,}; - /\ ((Pd A RJ) - D(Pi,j—i-l — \/ Pd/)).
deD d':(d,d"eDy

Lemma 5.1 is a straightforward consequence of Lemma 4.3 and the following facts.

(i) D tiles N x N iff there exists a Kgp-based model of p A AP.

(i) D tiles some Zj x Zj, iff there exists a finite Kg-based model of o A AP.

Proof of (i), =. Let t be a tiling of N x N and 9t be a Kg-based model of ¢ which
is an extension of B.,. We construct 9 by extending the labeling of 91 in such a
way that for every i, j € N the element a; ; satisfies P;; j). It is readily checked that
M’ is as required.

Proof of (ii), =. If D tiles Zj x Zj, then it also tiles Zgy X Zsi. Let ¢ be a tiling
of Zsi X Zgy,. Let 9 be a Kg-based model of ¢ which is an extension of &3,. We
construct M’ by extending the labeling of M in such a way that for every 7, j € N the
element a; ; satisfies Py(; ;. Again, checking that M’ is as required is straightforward.

Proofs of (i) and (ii), <=. Let MM = (W, R, 7) be a (finite) Kg-based model of
@ A AP and f be a homomorphism from &, into (W, R,7wp). We define a tiling
t:NxN—=D(t:Z; x Zy — D , resp.) by setting ¢(i,j) = d for such d that f(i, )
satisfies Py (there is at least one such d owing to Ag). The formulas )\g , )\l‘g imply
that ¢ is a correct tiling. d
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5. Undecidability

5.2. First-order formulas with three variables
We define formulas I' and 7 satisfying the conditions of Lemma 5.1. Let
I' = Vayz.(xRy A ~yRx AN xRz A —zRzx) — (yRz V zRy)

It says, that if there are one-way connections from a world = to worlds ¥, z, then
there is also a connection (not necessarily one-way) between y and z. The &-like
structure illustrated in Fig. 5.1 (we assume that this structure is reflexive) is a model
of I'. Note that it is important that some connections are two-way.

A modal formula 7 says that every element satisfying P;; has three R-successors:
onein Pjy4 j, onein P; j 11, and one in P41 j41, and forbids connections from P11 ;11
to P; j+1, Pit1,5, and Pj;. If we consider now any element a in a model, we see that
7 enforces the existence of its horizontal successor ay, its vertical successor a, and
its upper-right diagonal successor a4 (see Fig. 5.1). By 7, the connections to these
successors are one-way, so we need, by I', connections between a; and ag4, and a,
and ag. Again, by 7, these connections have to go from ay to a4, and from a, to ag,
S0 aq is indeed a horizontal successor of a,, and a vertical successor of aj. Formally

T=T0 N /\ 7' /\7'
0<i,j<2

where 7y says that each element satisfies one of Pj;, T? ensures that all elernents

have appropriate horizontal, vertical and upper-right diagonal successors, and 7
forbids reversing the horizontal, vertical and upper-right diagonal arrows.

74y = Pij = (OPir15 A OPij1 A OPivijrn),

7i; = Pij = O(~Piz15 A=Pijo1 A=Pioy o).

Note that 7'5 allow for reflexive edges.

It is not hard to see that I' and 7 satisfy the requirements (a) (see Fig. 5.1) and
(b) (similarly) of Lemma 5.1. We prove that I" and 7 also satisfy (c) and (d).
Proof that I' and 7 satisfy (c). As in the case of the symbols P;;, when referring
to 7'5 or T;; we assume that subscripts are taken modulo 3.

First we show how to define the homomorphism f on N x {0}. Let f(0,0) = ¢ for
an arbitrary element ¢ of M satisfying Pyg. Such ¢ exists owing to 79 and Tg. Assume
that for some i > 0 we have defined f(i — 1,0) = a, and let a;, be an R-successor of
a satisfying P;y. Such aj, exists thanks to Tio_l o- Define f(i,0) = a,.

Assume now that f is defined for Nx {0, ... ,7j —1} for some j > 0. We extend this
definition to N x {j}. Let f(0,5 — 1) = a. By the inductive assumption a satisfies
Py j—1. Choose a, to be an R-successor of a satisfying Fp;. Such a, exists by 7'(?’]-71.
Set £(0,7) = ay.

Assume that we have defined f(i—1,7—1) = a, f(i—1,j) = ay, and f(i,j—1) = a.
By the inductive assumptions M = P;_1 j—1(a)AP;—1 j(ay)AP; j—1(an) AaRapNaRay,.
Choose a4 to be an R-successor of a satisfying Pj;. Such ag exists by 7; 0 Z1j-1- We
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Piiv1 Py

Figure 5.1.: A &.-like structure. Reflexive arrows are omitted for clarity.

put f(i,j) = aq. By 7'5, ap, ay and ag cannot be connected to a, so I' enforces R-
connections between aj, and a4, and between a, and a4. Since Ti? forbids connection
from a4 to ap, and from ag to a,, it has to be that M = apRag A ayRagy. This
finishes definition of f with the desired properties.

Proof that I" and 7 satisfy (d). We want to define for some k,! € Z a function
f:Zy x Zy — M satisfying;:

(a) M = Py (£ (i ),

(b) m }: f(Z,j)Rf(Z +1 mod k,j),

() ME f(i,7))Rf (1,7 + 1 mod1).

We define f as a partial function on N x N and then restrict it to an appropriate
domain. We first define f on N x {0}, exactly as in the proof of Part (i), <=. Since
9 this time is finite, it has to be that f(k,0) = f(k’,0) for some k > k’. To simplify
the presentation we assume k' = 0, but this assumption is not relevant. Observe
that for i € [0,k) we have M = f(i,0)Rf(i + 1 mod k,0). We extend the definition
of f to [0,k) x N inductively. Assume that f is defined on [0,%k) x {0,...,7 — 1}.
We define it on [0,k) x {j}. For each i € [0,k) we find an element a}, in M such
that M | Piy1j(al) A f(i,j — 1)Ra}. Such af) exists owing to T;?j_l. We set
f(i4+1 modk,j) = aj. Now I' and formulas of the type 72 enforce for all i € [0, k)
that M = f(i,7 — 1)Rf(i,7), and M = f(i, /) Rf(i + 1 mod k, j).

Finiteness of 9 implies now that for some [ > I’ we have f[[0,k) x {l} = f
[0,k) x {I'}. Again for simplicity we assume that I’ = 0. Observe that at this
moment f is as desired on Zj X Z;.

Finally, we extend f to f': Zy, X Zy,, — M for m = ged(k,l) in the obvious way.
The function f’ is the required homomorphism.
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5. Undecidability

Figure 5.2.: An extension of B, for the inequality case.

5.3. Undecidability for unimodal logic defined by Horn
formulas with inequality

Now we define a formula I'; and we prove that global Kr,-SAT is undecidable. In
the proof we use the inequality only to say that the out-degree of a vertex is large.
That is, we define an abbreviation deg>y(v) that uses the fresh variables uf, ..., u}
as follows.

deg>k(v) = /\ (vRuf) A /\ uj # uj

1<i<k 1<i<j<k

For example, the formula deg>5(v) = vRz says that all the worlds with out-degree
greater than five are connected to all worlds.
Now, we are ready to define the formula I'; that gives us undecidability.

I'i = xRy A xRu A uRz A deg>2(x) N deg>4(u) A deg>2(2) = yRz

The formula I'; contains only one Horn clause. Note that the structure illustrated
in Fig. 5.2 is a model of T;.

To get the undecidability we construct a modal formula 7; such that I';, 7; satisfy
the requirements of Lemma 5.1. Namely, 7; says that:

(i) each world is labeled with exactly one of the variables from the set {P;;|i,j €
{07 1, 2}} U{Alj‘zaj € {07 1, 2}} U{efjhvjv k€ {07 1, 2}}

(ii) every element satisfying P;; has (at least) three R-successors: one in P 1);,

one in Pj(;1 1), and one in A;;, and each of its successors satisfies F; 115, Pi(j+1),
or Aij;
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5.4. Undecidability for bimodal logic defined by Horn formulas

(iii) every element satisfying A;; has four successors: one in P11 mod 3)(j+1 mod 3)s
one in e%, one in eilj, and one in egj, and each of its successors satisfies

0 1 2

Blivn)(j+1); €j» €ij» OF €55-

(iv) every element satisfying ef’j has a successor satisfying A;; and and each of its
successors satisfies A;;.

All those properties are easy to express in modal logic. It is not hard to see that
I, 7 satisfy the requirements (a) (see Fig. 5.2) and (b) of Lemma 5.1.

Proof that I'; and 7; satisfy (c). First we define the homomorphism f on N x {0}
exactly as in the three-variables case.

Assume now that f is defined for Nx {0,...,7—1} for some j > 0. We extend this
definition to N x {j}. Let f(0,5 — 1) = a. By the inductive assumption a satisfies
Py j—1. Choose a, to be an R-successor of a satisfying Fp;. Such a, exists by T&»_l.
Set f(0,7) = ay.

Assume that we have defined f(i—1,7—1) = a, f(i—1,7) = ay, and f(i,j—1) = ay.
By the inductive assumptions M = Pi_1 j—1(a)AP;—1 j(ay) AP j—1(ap) NaRapAaRay,.
Choose aél to be an R-successor of a satisfying A;_1 ;_1 and a4 to be an R-successor
of a; satisfying P;;. Such a;,aq exist by properties (ii) and (iii) of ;. Moreover,
(iii) guarantees that a/, has the out-degree grater than 3, an therefore I'; enforces
R-connections from ay, to ag4, and from a, to ag. We put f(i,j) = ag. This finishes
definition of f with the desired properties.

Proof that I'; and 7; satisfy (d) is similar to the corresponding proof for three
variables case and the above proof and therefore we skip it.

5.4. Undecidability for bimodal logic defined by Horn
formulas

We start from the semantics of the bimodal logic. The frame of bimodal logic is a

triple (W, R, R'), where R, R" C W2. The semantics of this logic is defined as for
unimodal logic, but we have two more symbols (¢’,[J) and two more rules:

(vii) ¢ = O’'¢’ and there is a world v € W such that (w,v) € R and M, v = ¢/,
(viii) ¢ = '¢’ and for all worlds v € W such that (w,v) € R’ we have M, v |= ¢'.

Observe that the proof of Lemma (5.1) works well for the case of bimodal logic.
We define

I'y = 2Rz AxRs A zRu ANuR'y = xRy

Actually, for the global satisfiability case it is enough to consider simpler formula,
namely zRxz A zR'y = xRy, but it is harder to extend the result for this formula for
the local satisfiability case.

The formula 7, says that:
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5. Undecidability

Figure 5.3.: An extension of &, for the bimodal case. Relation R’ is marked by
dashed lines.

(i) each element is labeled with exactly one of the variables from the set { P;;|i, j €

(ii) every element satisfying P;; has three R-successors: one in Piy1)j, one in
Pi(j+1), and one in A;j;

(ili) every element satisfying A;; has no R successors and one R’ successor in
Plivni+1)-

It is now not hard to see that Fig. 5.3 contains a model of I'; and 7; and so that
I'; and 7; satisfy the assumption of Lemma 5.1.

5.5. Local satisfiability

Three variables case

Observe that our proof of the undecidability of global satisfiability over Kr works
for the subclass of reflexive models. This allows us to use the trick from [19] to cover
also the case of local satisfiability. We enforce by a modal formula the existence of an
irreflexive world and, by a first-order formula, we make it connected to all reflexive
worlds. Such a universal world can be then used to reach all relevant elements in
the model. The class of structures is defined by a formula I, which says that each
world with an incoming edge is reflexive and has an incoming edge from all irreflexive
worlds, and enforces I' for all reflexive worlds:

I'" = Vayz.((xRy A ~zRz) — (yRy A 2Ry))A
((zrRx NyRy A\ zRz) — (—mxRy V yRx V ~xRz V zRx V yRz V zRy)).
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5.5. Local satisfiability

In the modal formula we use a fresh symbol Py to distinguish an irreflexive world.
Now, for a given domino system D we can show that Py AC—=Py AOT AD(T ANP) is
locally (finitely) satisfiable over K iff D covers N x N (some Zj x Zj). This proves
Theorem 3.4.

Inequality case

The trick from [19], that reduces the local satisfiability problem to the global one,
requires a formula which is not a Horn formula, so we cannot use it. It turns out,
however, that only a slight modification is needed. Observe that our proof of the
undecidability of global satisfiability over Kr, works for the subclass of models such
that the out-degree of each world is bounded by four. Now, we enforce by a modal
formula the existence of a universal world with out-degree (at least) 5 and, by a
first-order formula, we make it connected to all worlds. As before, we used it to
reach all relevant elements in the model.

I = (deg>5(u) Au # v = uRv) AT}

In the modal formula we use a fresh symbols f1,..., f5 to guarantee that a world
with the degree at least 5 exists. Now, for each modal formula ¢ we define its
local version ¢! by /\ie{l,...,S} Ofin /\1§Z-<j§5 —O(fi A fj) AOg such that ¢! is locally
satisfiable over ICF; iff ¢ is globally (finitely) satisfiable over Kr,.

Bimodal case

In this case, the proof for the local satisfiability bases on the fact that in figure
presented in Fig. 5.3 no world has both R successors and R’ successors. Now we
require that all worlds with both R-successors and R’-successors is connected to all
worlds with at lest one predecessor.

I, =Ty A (zRuy A xRug ANvRy = zRy) A (zRuy A xR'ug AvR'y = xRy)

Note that Fig. 5.3 is a model of I". To reduce Ki-SAT to Kp-SAT, we simply
replace a formula ¢ by ¢! = OT A Q'T AOp. Clearly, ¢/ can be satisfied only
in a world that has both R successors and R’ successors. Such a world has to be
connected to all worlds which have at least one predecessors, and therefore ¢ has to
be satisfied in all such worlds.
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6. Model properties

6.1. Minimal tree-based models

In this section, we show that for every UHF formula ® and every modal formula ¢, if
© is Kg-satisfiable then it has a “nice” model. We start from an arbitrary Kg-based
model M = ¢ and unravel it (using standard unraveling technique, as in [38] and
[4]) into a model My whose frame is a tree with the degree of its nodes bounded by
|p|. Clearly the frame of 9%y is not necessarily a member of Kg. In the next step,
we add to My the edges implied by the Horn clauses of ®. This is performed in
countably many stages, until the least fixed point is reached. We observe that the
resulting structure, Mo, is still a model of ¢, and its frame belongs to K.

Formally, we say that an edge (w,w’) is a consequence of ® in M = (W, R), if for
some worlds vy,...,v, € W and ¥ = Uy € ® we have M = Uy (w,w’,v1,...,v5),
and Uy (w,w’,v1,...,vp) = wRw'. We denote the set of all consequences of ® in M
by C® (M). We define the consequence operator as follows.

Consgw(R) = RUCZ (W, R))

Now, the closure operator can be defined as the least fixed-point of Cons:

CLOSUREg, w (R) = U;~ CONS, - (R)

Example 6.1. Consider the tree (W, R) presented in Fig. 6.1 and ® = {zRz A
2Ry = yRy,xRx N xRy N xRz = yRz}. Reflexive edges belong to CONSq w(R),
dashed edges belong to CONS%RW(R), and dotted edges belong to CONS%W(R). Quick
check shows that CONS%W(R) = CONS%,}W(R) and therefore CONS%’W(R) is equal
to CLOSUREg 1 (R).

For a tree T = (W, R), we now define the T-based model of ® as €4(T) =
(W, CLOSUREg i (R)). We denote by ®* the set of the clauses from ® containing
a positive literal, i.e. all clauses of ® except those of the form W = 1. Note that
Co(T) is the smallest (w.r.t. inclusion of the set of edges) model of ®* containing all
edges from R. Of course, not all models can be obtained in this way. The following
lemma. shows, however, that we can restrict our attention to models that are 7-based
for some tree 7 with bounded degree.

Lemma 6.2. Let ¢ be a modal formula and let & € UHF. If ¢ is Kg-satisfiable,
then there exists a tree T with the degree bounded by |p| and a labeling w7, such that

(i) (T,m1) is a model of p;

(ii) (Co(T),m1) is a model of ¢ that satisfies .
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Figure 6.1.: A closure for ® = {xRz A zRy = yRy,xRx ANxRy N tRz = yRz}.

The result holds for the local satisfiability and for the global satisfiability.

The proof is in Section 6.6.

6.2. Definitions

We study several properties of models. The following frames will be useful.

Definition 6.3. We define the linear structure Lz as ({i:i € Z},{(i,i +1)|i € Z}),
and the infinite binary tree Too as ({s|s € {0,1}*},{(s,si)|s € {0,1}* Ai € {0,1}}).
For each s € Nu, we define I, = Lz, , where Wy = {i|0 < i < s}.

The structures L7 and T, play a crucial role in our proofs. We often reason in
the following way. If for some 7 a property P is satisfied in a world of €4(7), then
we show that it is also satisfied in some world of €4(Lz) or €4(75). Thanks to
the uniformity of those structures, we show that the property P is satisfied in all
g(|®|)-proceeded worlds. Then we show that P has to be satisfied in all g(|®|)-inner
worlds of €4 (7).

Now we define our most important tool. We say that a function f from M; into
Ma is a morphism iff for all worlds w,w’ if M; E wRw’, then Ms = f(w)Rf(w').

Observation 6.4. Let My, My be frames, let ® € UHF and let f be a function from
My into Ms. If f is a morphism from My into Ms, then f is a morphism from
Cop(My) into €p(My).

We use morphisms to transfer properties between €¢(7) and €4 (Lz) or €¢(Too)-
One morphism, we often use, is hy : T — Lz defined as follows. For each v at the
ith level of T, hy(v) = i. Now we define an important property that tells us whether
a UHF formula enforces edges between different branches of a tree.

Definition 6.5. We say that a formula ® € UHF forks at the level ¢ if for all s € T
with |s| = i and t,t' € {0,1}* there are no edges between s0t and slt’ in €¢(Ts).
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We say that ® € UHF has the tree-compatible model property (TCMP) if for each
1, ® forks at the level i.

It is not hard to see that if ® has the tree-compatible model property, then in all
tree-based models of ® there are no edges among the worlds from disjoint subtrees.
Indeed, if there is an edge between two different subtrees Sp, o of a model M, one
can define a morphism from M to 75 which maps &1 and Ss into disjoint subtrees
of 7. This implies that some world above &; and Sy does not fork, and ® does not
have the tree-compatible model property.

In the next section, we study the linear structure Lz, which turns out to be a good
approximation of paths in trees. The formulas without the tree-compatible model
property are discussed in Section 6.4.

6.3. The closures of linear structures

Now we study the possible shapes of €4(L7). We say that the edge (i, 7) is forward
if i < j, backward if i > j, short if |i — j| < 2, and long if |i — j| > 2. We say that
O forces long (resp. backward) edges if there is a long (resp. backward) edge in
Cs(Lz) and that ® forces only long forward edges if it forces long edges but it does
not force backward edges.

Definition 6.6. We say that ® € UHF satisfies
S1 if ® does not force long edges,

S2 if ® forces only long forward edges and there exist [, a1, as9,...,a; € N bounded by
9(|®|) such that for all worlds i, i + b, there is an edge from i to i +b in €o(Ly7)
if and only if b >0 and b — 1 is in the additive closure of {ai,az2,...,a;}.

S3 if ® forces long and backward edges and there exists m bounded by g(|®|) such
that for all worlds i, i + b, there is an edge from i to i + b in €5(Ly) if and only
if m divides |b — 1|.

Properties S2 and S3 look complicated, so we present a few examples. Below we
abbreviate zRui A uiRus A - -+ A uj_oRu;—1 A ui—1 Ry by xR.

Example 6.7. Consider a formula xR*y = yRx. Here, Property S3 is satisfied for
m = 3. For example, 0 is connected to 1, 4, 7 and so on, while 2, 5, 8 and so on are
connected to 0 (see Fig. 6.2a). In general, a formula xR'y = yRx satisfies Property
S8 with m =i + 1.

Example 6.8. Consider a formula p3 A @4, where ¢; = xRy = xRy. Here,
Property S2 is satisfied for | = 2, a1 = 2 and as = 3. For example, 0 is connected
to1l (as in L), 3 (because of p3), 4 (because of ¢4), 5 (because of v3, 0R3, 3R4,
and 4R5), and so on (see Fig. 6.2b). In general, for a formula of the form ¢; A ¢;
Property S2 is satisfied with | =2, a1 =1 —1 and as = j — 1.
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6.4. Forks

Figure 6.2.: Some closures for the linear structure.

It turns out that Properties S1, S2, and S3 cover all possible formulas.
Lemma 6.9. Fach ® € UHF satisfies S1, S2, or S3.

Now we show why these linear structures are important. In the tree-compatible
case, along each path almost all worlds are connected as in the linear structure. The
only exception is for the worlds that are close to the “end” of the model.

Lemma 6.10. Let ® € UHF, T be a tree and v;, vj be g(|®|)-inner worlds at the
same path. Then there is an edge from v; to vj in Co(T) if and only if there is an
edge from hy(v;) to hy(vj) in €s(Ly).

6.4. Forks

In this section, we study models of the formulas without the tree-compatible model
property.

Lemma 6.11. If & € UHF forks at level g(|®|), then it has the tree-compatible model
property.

This lemma says that if there is a world that does not fork, then no world below
some level forks.

We say that two worlds w,w’ of a frame M are equivalent if for each world u we
have uRw iff uRw'. Now we argue that if ® does not fork at the level ¢, then in
structures reachable from worlds at the level ¢ such equivalence is very common:

Lemma 6.12. Let & € UHF be a formula that does not fork, T be a tree with a
bounded degree and w be a world at level k = (|®| + 1)g(|®|) in €&(T). Then for

n =2k+1 and all i, all the n-followed descendants of w at level n+1 are equivalent
in the frame €4(T).
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Example 6.13. Consider the formula ® = {¢1, @2}, where 1 = xRz AzRy = yRy
and g3 = xRz Nz RyAxRz = yRz, and the tree in Fig. 6.1. The formula @1 enforces
the following property: each world that has a predecessor that has a predecessor is
reflexive. The formula @2 makes the relation R Euclidean except for the non-reflexive
worlds. Formula © forks at the first two levels.

6.5. Boundedness

The properties defined above are enough to prove the decidability, but not to obtain
the optimal complexity.

We say that a formula ® is bounded if €4 (Lz) is not a model of ®, and unbounded
otherwise. If the formula is bounded, then there is a k such that the length of each
path in each model of ® is bounded by k, and the value of k£ depends only on .
Recall that in problems Kg-SAT and global Ke-SAT formula ® is not a part of
input. Hence the exact value of k is irrelevant, since it is regarded as a constant.

Example 6.14. Consider any n € N and the formula ®,, = t1Rxo A xoRx3 N\ --- A
Tpn—1Rxy = L. It is not hard to see that a given structure is a model of ®,, if and
only if it does not contain a path of the length n.

Now we prove the polynomial model property for bounded formulas. The following
argument works for local and global satisfiability.

Let ® be a bounded formula and ¢ be a modal formula. Then for any model
M = (W,R,7) of ¢ and ®, we can find a W' C W such that 9ty is a model of
¢ and |W'| is polynomial in |p|. At first, we add an arbitrary world from 9t that
satisfies ¢ to W’. Then, recursively, for each world w in W’ and each subformula {1
of ¢, if w has a witness for (1) in W but not in W/, then we add one such witness
to W’. We proceed until a fixed-point is reached. Observe that since the length of
each path is bounded by k, then this procedure takes at most k recursive steps, and
in each of them, it adds at most |p| worlds for each element of W’. Therefore, at the
end we have |[W’| = |p[F and My is a model of ¢, so indeed we find a polynomial
model of . Of course, since ® is universal, (W', Ryy) satisfies ®.

Clearly, the polynomial model property leads to a straightforward nondetermin-
istic algorithm that guesses a model and verifies it.

Lemma 6.15. If ® is a bounded UHF formula, then Ke—-SAT is in NP.

6.6. Omitted proofs
6.6.1. Proof of Lemma 6.2

We start with an auxiliary lemma.

Lemma 6.16. Let M) = (W, Ry, 7) and My = (W, Ry, ) be two Kripke structures
sharing the universe and labeling, and such that R1 C Ro. Let ¢ be a modal formula.
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If for each (u,v) in Re \ Ry and each subformula of ¢ of the form O such that
My, v |= 1 there exists v’ such that (u,v’") € Ry and Mo, v’ = 1, then for each
v e W we have tpop, (v) = tpm, (v).

Proof. We want to show that for each subformula ¢ of ¢ and v € W we have
My, v = ¢ iff My, v = 1. The proof goes by structural induction on . The cases
where 1 is of the form P, 11 V 15 and —)’ are straightforward.

Suppose that » = Q¢ and v € W. If there exists a world w such that (v, w) € R;
and My, w = ¢’, then by the inductive hypothesis we know that My, w | ¢’ and
therefore My, v = 1.

If there exists a world w such that (v,w) € Rg and M, w = ', then by the
assumptions and the inductive hypothesis we know that there exists w’ € W such
that (v,w') € Ry and My, w = ¢, so My, v E .

If o) = (4’ then, similarly, using the inductive hypothesis for all its successors we
see that My, v | ¥ iff Mo, v = 9. O

Now we are ready to prove Lemma 6.2.

Proof. Assume that there exists 9t = (W, R, ) and uy € W such that 9t = ® and
M, ug = .

We construct My = (T, 77), where T = (Wy, Ro), by an unraveling of 9 as
follows. W is a subset of the set of finite sequences of elements of W. We define
Wy and Ry inductively. Initially, we put (ug) € Wy. Assume that (ug,...,ux) €
Woy. Let Ov,..., 01, be all formulas of the form O from tpoy(uy). There exist

u}CH,...,qu € W, such that for every i € {1,...,s} we have M = ukRu};H
and v; € tp;m(uzﬂ). For each such i we put (ug, . - . ,uk,u};H) into Wy and add
((wo,- -5 uk), (uo,.- up,up, ) to Ro. Define w7 as w7 ((uo,...,ux)) = w(ug).

Observe that 7T is a tree in which the degree of every node is bounded by |¢|.

Let f : Wy — W be defined as f((uo,...,ux)) = ux. By a straightforward
induction the reader may verify that, for every @ € Wy we have tpoy, (1) = tpom(f(1)).
This implies that T, (uo) = .

Now, in countably many stages we add to 7 the edges implied by ®. We put Mg =
T and we define the sequence of frames (M;);>o and models (9;);~o. The frames
(M;);>0 share the universe Wy and the structures (91;);~o share the universe Wj
and the mapping 7. For K > 0 let Mg = (W, CONSgWO(RO)), Mg = (Mg, 7).
Let My be the natural limit My, = (€ (M), 7).

We show by induction on K, that for each @, uy € Wy if Mg = @ Rida, then
M = f(u1)Rf(dz). It follows that for each i,y € Wy if My | @) Rz, then
M = f(ar) RS (d2).

For K = 0 the conclusion is a straightforward consequence of the definition of 2.
Assume that My satisfies the inductive hypothesis. For each wuy,is € Wy, if
Mr4+1 | Uy Ria, then either Myi = @ Riuz and by the inductive assumption
M = f(uy)Rf(u2), or for some vi,v3,...,0; € Wy and U3 = Uy € &, we have
My = Vi(ul,us,vi,v3,...,0;), and Wo(uy,us, vi,v3,...,0;) = ujRup. In this
case, My | Vq(ul,ud,01,03,...,0;) implies by the inductive assumption that
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M = Uy (f(ai), f(uz), f(01), f(02),..., f(vk)). Since M |= ¥y = Wy, we have
M = f(ur) RS ().
Let Moo = (Wo, Roo, m1). The frames My and My, have the same universe and

Ry C Ro. We show that for each @ € Wy we have tpon,_ (@) = tpom, (@). This implies
that M, (ug) E . Since the labeling of the worlds is the same, it is enough to
show that in 9y and 9., each world is connected with the worlds that satisfy the
same subformulas. We show that by induction w.r.t. the size of subformula 1) of ¢.

Clearly, for every edge (i, ¥) from R \ Rp and a subformula Qv of ¢, if a world
U satisfies ¢ in M, then by the inductive assumption we have ¢ € tpoy, (V) =
tpon(f (7)), and since M = f(@)Rf (V) we have that Oy € tpop(f(€)) = tpam, (@) (by
Lemma 6.16 applied to 9t; = My and My = M).

Finally, we have to prove that €4(Mj) = ®. By definition €4(My) satisfies
every U1 = Wy € &1, Suppose that €4(Mj) does not satisfy ¥ = 1 € &. For

some Wi, wWa, V1,03, ...,V we have €q(Mg) E U(wh,ws,vi,03,...,0;), but then
M = V(f(wr), f(wa), f(01), f(v3),..., f(UE)). This contradicts the assumption that
M = o. O

6.6.2. Proof of Lemma 6.9

Let us fix ® € UHF. The following definition will prove useful in the sequel. For
s € Z we define the shift function shg as shs(i) =i + s. Let M be a frame containing
Lz over the same universe, i.e. {i: i € Z}. We say that M is uniform if for every
s € Z the shift shg is an automorphism of M. We say that M is closed under

composition iff for every world i, positive k and a1, ao,...,a; € Z:
1. if M EiRi+ kand M = iRi+ ajA...Ni + ag_1 Ri + ai, then M |= iRi + ay,
and

2. if M EiRi— kand M =i+ apRi+ ap_1A...Ni+ a1 Ri then M |= iRi 4 ay.

A frame N is the composite closure of M iff N is the least (w.r.t. the relation R)
closed under composition frame containing M.

Lemma 6.17. Frame €4(Lz) is uniform and closed under composition.

Proof. Clearly, for every s € Z, the shift shg is an automorphism of Lz onto itself,
and due to Observation 6.4, shs is a morphism of €4(Lz) onto itself and it is a
bijection. Hence, shs is an automorphism of €4(Lz) and €4(Lyz) is uniform.

If MEiRi+kand €4(Ly) FiRi+ai Ni+aiRi+as A... Ni+ ag_1Ri + ay,
then the function g defined as

J if j <14
9(j) =< t+aj ifi<ji<i+k
J+ag otherwise

is a morphism of Lz into €g(Lz). Thus, by Observation 6.4, g is a morphism
of €4(Lyz) into €4(Ly). Since €4(Lyz) = iRi+ k, the morphism ¢ implies that
Co(Lz) | iRi + ay.
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Similarly, if M E iRi—k and M = i+ayRi+ax_1 A ... \Ni+aRi, then a
function

i ifj < 1 + af
9(j) = ttap——y ifita<j<itatk
J—ax—k otherwise

is again a morphism of €¢(Lz) into €4(Lz) and since €4 (Lyz) = iRi — k, the mor-
phism g implies that €4(Lz) = iRi + ay. O

For any uniform and closed under composition A” we define ng’i ={a: N E
iRi+a+1} and ng/ = Xéf’o. Since the function shg is an automorphism of N, for
any i we have Xéf’z =Xy

Lemma 6.18. Let N be a uniform and closed under composition structure.
(i) Ifa:,yeXﬁ}Y and x > 0, thenx—I—yEXg/.

(ii) If z,y € X@f and s,x > 0, then x + sy € ng.

(iii) For every a > 2, if —a € ng, then a € ng.

(i) If ng contains any positive number, then for all a > 0, if —a € XQ/, then
a € Xg.

Proof. For the (i) part, observe that if ' = 0Rz +1 and N' = ORy + 1, where
x>0, then N = (ORy + 1) A (y+ 1Ry +2) A ... (i +y +xRi+y +x + 1). Hence,
by composite closure N = iRi+x+y+1and x +y € ng. Property (ii) follows
from a straightforward induction based on (i).

For the (iii) part, note that if N' = OR—(a — 1) where a > 2, then due to uni-
formity we have in N that a + 1R2 and 2R—a + 3. Of course, —a + 3R—a + 2,
—a+2R—a+1, ..., —1R0. As N is closed under composition, it implies that
N = 0Ra +1.

Finally, for the (iv) part, let b € Xéf be a positive number and ¢ > 0. If ¢ = 1,
then we by Property (ii) for x = b, y = —1 and s = b — 1 we have a € Xg. If
a = 2, then consider two cases. If b is odd, we use Property (ii) for x = b, y = a and
s = (b+1)/2 to show that 1 € X} and, by (i), that 2 =141 € X§'. If b is even,
use Property (i) for # = b, y = a and s = b/2 — 1 to show that 2 € X}. If a > 2,
then the statement follows from Property (iii). O

Now we consider the case when €4 (Lz) contains long backward edges.

Lemma 6.19. Suppose that a uniform and closed under composition structure N
contains a backward edge and a long edge. There exists a finite subset X' of X{g[
such that ged(X') = ged(X4) and, for every b, N = iRi 4+ b+ 1 iff ged(X') divides
b.
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Proof. Due to Lemma 6.18 (iv), for any positive b, if —b € XQ/, then b € XQ/. This
implies that gcd(ng ) = ged(X™T), where X contains all positive elements from
X}. Thanks to Fact 4.1, there exists finite X such that for every b > lem(X') we
have N = iRi+ b+ 1 iff ged(X') divides b. We will show that for every b € Z, we
have b € X3 iff ged(X') divides b.

Of course, all elements of XQ/ are divisible by ged(X’). Suppose that b € Z is
divisible by gcd(X”’). Sine N contains backward edges and long edges, there exists
aj € Xé}/ such that a; < —1. From Lemma 6.18 we know that —a; € X{}Y and,
moreover, for any s > 0, b+ s - (—a;) € Xp. Let s be such that b = b+ s- (—a;) >
lem(X'). Since ged(X') divides b and —aj, b € X3. Due to additivity of Xg], we
conclude that b= (' +s-a;) € Xév. O

We say that a structure M is ¢, p-regular is for all b > 0
o if M |=iRi+ b+ 1 then p divides b;
e if b >t and p divides b, then M = iRi+ b+ 1.

We define the period of M, denoted by pi(M), in the following way. If there exists
t < oo and p such that M is t,p regular, then we put pi(M) = p (note that such
p is always unique). Otherwise, we put p = 0. Moreover, we define the threshold
tr(M) € Ny as the least number ¢ such that M is ¢, pi(M)-regular. Note that
pi(M) = 0 if and only if tr(M) = co.

For a given two worlds i, j, where i, j € Z, we define a distance between i and j,
dt(i,wj), as |i — j|. The following lemma explains that the threshold is an important
characteristic of a frame.

Lemma 6.20. Let M be a closed under composition, uniform frame with tr(M) <
oo and uy,...,ur be a sequence of integers. There is a sequence v1, ...,V such that
for every i,j € {1,...,k}

1. M | u;Ru; iff M | viRvj,

2. u; <wuy iff v <y, and

3. |vi —vj| < k-tr(M) + pi(M).

4. |vi —vj| = |uj —u;| mod pi(M) and |v; — v;| > tr(M) iff |u; — uj| > tr(M).

Moreover, for any a,b € {1,...,k} there is a sequence vi,..., v, such that v) =
Uq, v, = wp and for every i,5 € {1,...,k} M | wRu; iff M [= vl'-Rv;. and
min(dt(v],v},),dt(v,v;)) < (k —1) - tr(M) + pi(M).

1) 7a
Proof. Without loss of generality, assume that the sequence uyq, . .., u; is ascending.
Let j be such ujy1 — u; > tr(M) + pi(M). Define v}, = uj; — pi(M) for all
1 <4 <k—j. Since M is uniform, the relations among “;‘Hv . ,% are the same
as the relations among u;1,...,un.

Consider any ¢ < j and ¢ > j. Since u}, —u; — 1 > tr(M), there following
statements are equivalent:
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(i) there is an edge between u o and ug;

(iii

(i

)

(ii) pi(M) divides ul, —u; — 1;
) pi(M) divides uf, — u; — 1 + pi(M) = uy — u; — 1;
v)

there is an edge between uy and u;.

Clearly, ui,uo, .. .,uj,u;-H, ..., uy, satisfies 1 and 2, and u]Jrl uj < Ujip1 — Uj.
By iterating the operation deﬁned above finitely many times we obtain sequences
that satisfy the required properties. O

Let W = {i:i € Z} be a domain of €4(Lz) and R be any set of edges over W.
We define R® as a number such that (0, R*) € Conse(R)\ R and for each b such that
(0,b) € Consa(R)\R, |b| > |R?|, and if |b| = |R?®|, then b < R®. If Conse(R)\R = 0,
we put R® = 1.

We define the sequence of approzimations Ny, N1, ... of €4(Lz) in the following
way:

o No = Lz = (W, Ro) and
o Npi1 = (W, Rpy1) is the compositely closure of (W, R, U {(i,i + R))|i € Z}).

Clearly, the limit of the sequence Ny, N7, ... is €4(Lyz) and all approximations are
closed under composition and uniform.

Lemma 6.21. Let Ny, N1,... be the sequence of approzimations of €o(Lz) and n
be the number of variables in ®. For every i, if ./\/;I) contains long edges, then ./\/'I‘,I)
has the threshold bounded by n3(1082(n)~logs (PiN)) 1) o the period bounded by n.
Moreover, the sequence stabilizes after some finite index.

Proof. We prove the lemma by induction.

The induction base. If N, is the first frame containing a long edge, then N,_; is
equal to Lz or a reflexive or symmetric closure (or both) of £7. A quick check shows
that in this case both the threshold and period of N;D are bounded by n.

The induction step. Suppose that Ry > n - tr(Np) + pi(Np). The edge (0, R;) is
implied by the formula ® applied to some worlds uy, ..., u, with us = 0 and u = R
for some s,t. Let vq,...,v, be aresult of application of Lemma 6.20 to the sequence
uy,...,u, and the frame N,. Since the connections among vy, ..., v, are the same
as among ui, . . ., Uy, the edge (vs, v¢) is a consequence of ® in N,. If (vs, v) were an
edge in N, then also (0, R5) would, because of Property 4 of Lemma 6.20. But it
is not the case by the definition of R;. The existence of the edge (vs,v;) contradicts
the minimality of Rj. Therefore Ry < n - tr(Ny) + pi(Np).

Assume that R > 0.

Let j = Ry — 1. If j is divisible by pi(N;), then Njy1 is tr(N}), pi(Np)-regular,
and therefore tr(Np11) < tr(Ny) and pi(Npt1) = pi(Ny).

Assume otherwise, that j is not divisible by pi(Np).
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Let P = ged(pi(Np), j) and T = tr(Np) + j - pi(Np). Every number divisible by
P from the interval [0, pi(N,) — 1] is the remainder of some number form {j,2 -
Jso s pi(Np) - j} from division by pi(N,). Hence, every number b > 0 divisible by
P is equal to aj + ppi(N,) where o € {1,...,pi(Np)} and g € Z. If b > T, then
Bpi(Np) > tr(N,) and Bpi(N,) € Xéf". Thus, for every b > T, if P divides b, then
b e Xgp“. On the other hand, the frame M = ({i : i € Z},{(4,i+aP) : i €
Z,o > 0}) is closed under composition and it contains the frame N, and the edges
{(i,i+j+1):4 € Z}. It implies that N,y is contained in M and if b € Xéf"“,
then P divides b.

Hence, the threshold of NV, is bounded by T" and the period is equal P.

Observe that T = tr(Ny) + j - pi(N,) < (n? + 1) - (tr(N,) + 1). By induc-
tive assumption, it can be bounded by (n? + 1) - (n3(eg2(M)—log(PiN))+1) 4 1) <
nA+3ogs(m) e (iNe) T Since ged(pi(N)p,7) < pi(Np)/2, loga(pi(ANp)) — 1 <
log(pi(Np+1)) and - logy(pi(Ny)) > —(log(pi(Np+1)) + 1), we can conclude that
T < p3+30085(n)—logy (pPi(Np11))—3+1) — 4,3(logy(n)—logy (pi(Np+1))+1)

If R <0, then pi(Nj11) satisfies the condition of Lemma 6.19, i.e. there exists d
such that iRy iff d|j — 1 —1i. Of course, d is the period of Np+1 and its threshold

is equal 0. Moreover, since d divides all b € ngp and ngp contains a number from
the interval [2,n] we have d < n.
Finally, at every step p, either the period decreases or a new edge (0, R;) is added,

where |R5| < n-tr(Np) +pi(N,) and the period does not change. Hence, if between
step p1, p2 the period does not decrease and the frames N, , N, are different, then
they have the same threshold and |p; —p2| < 2-(n-tr(Np, ) +pi(Np,)). Hence, after at
most n -2 (n3082(M)—log2 (PiNp)+1) L ) steps the sequence Ny, N7, ... stabilizes. [

Now we are ready to prove Lemma 6.9. If €4(Lz) contains no long edges, then ®
satisfies S1 and we are done.

If €3(Ly) contains only forward edges, the let {aq,...,q;} be a minimal set such
that X is the additive closure of X gf’(EZ). It is not hard to see that [ and all aq, ..., q;
are smaller than the threshold of €4(Lz), and by Lemma 6.21 the threshold of
€3 (Lyz) is bounded by some nOUog2(n),

If €4(Lz) contains long and backward edges, then Lemma 6.19 implies that there
is some m such that for all worlds i, ¢ + b, there is an edge from i to ¢ + b if and
only if m divides |b — 1|. By Lemma 6.21 the value of m can be bounded by n.

6.6.3. Proof of Lemma 6.10

Let ® € UHF and n be the number of variables in ®. We start from two auxiliary
lemmas.

Lemma 6.22. Let s € N

(i) Let k be the mazimal number such that v is k-proceeded (k-followed) in Zs. If
v is k + 1-proceeded (resp. k + 1-followed) in € (Zs), then it is co-proceeded
(resp. oo-followed) in €g(Zy).
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(i1) If i,i+ j are co-inner in €g(Zs), then there is a morphism f from Lz into
Co(Zs) such that f(i) =i and f(i+j)=1i+j.

Proof. For part (i), let k£ be a maximal number such that v is k-inner in Zg. Assume
that k is also the maximal number such that v is k-proceeded in Zs;. Since v is
k+ 1-proceeded in €4 (Zy), there exists a path vy, v, ..., vk, k. If all worlds among
V1,02, ...,Vkt1, v are different, then at least one of them is a descendant of v and
therefore v belongs to a cycle in €¢(Z;) and is oo-inner. If v; = v; for some i < j,
then there is an infinite path ... v;, viy1,...,v; = v, V41, ... V5, V41, ..., V% + 1k
that proves that v is co-inner. The proof for the k-followed case is symmetric.

For part (ii), let ...v_9,v_1,i be a path that shows that i is co-proceeded and
i+ j,v1,v2,... be a path that proves that i 4 j is co-followed. We define f(l) equals
v for 1 <i,lfori <1< j, and v;—; otherwise. It is readily checkable that f is as
required. O

Lemma 6.23. There exists k = O(g(|®|)) such that for every s > 2 -k if u,v are
k-inner in €4 (Zs), then €4(Zs) = uRv iff €5(Ly) E uRwv.

Proof. Clearly, for every s and all u,v € Z,, €4(Zs) = uRv implies €4(L7) | uRv.
Let T and P denote the upper bounds on the threshold and the period of the
structures among Ny, N1, ... with finite threshold, b(p) = pn(T +n) and Ny, Ny, ...
be the sequence of approximations of €¢(Lz). We show by induction w.r.t. p that
if 3,4+ j + 1 are b(p)-inner in Zg; and N, = iRi+ j + 1, then €4(Z,) = iRi+ j + 1.

The induction base. The frame Ny = Lz contains only short, forward edges that
are also in Zs and therefore in €g(Z;).

The induction step. If Npy1 = N, then we are done. Otherwise, assume that for
every all s > 0,7 € Z if 4,1+ j + 1 are b(p)-inner in €4(Zs) and N, = iRi+j + 1,
then €4(Zs) = iRi+ j + 1.

We first discuss the case when N, contains only forward edges.

First, we show that for all s > 0,7 € Z if i,i + R, are b(p + 1)-inner in €¢(Z;),
then €¢(Zs) = iRi + R;. Let ui,ug,..., Uy, With u1 = i and uz = i + R;, be the
worlds that imply the edge (,7 + R;) in V1. We consider two cases.

If N, = Lz, then we may assume that ui,ug,...,u, are contained in {i —n,
i—n+1,...,i+n},soif i is n-inner in Zg, then €4(Zs) = iRi + R).

Otherwise, the frame NV, contains a long edge and, therefore, its threshold is finite.
Clearly, |R;| is smaller than tr(Npi1) + pi(Npy1), in particular it is smaller than
T+n. Let v1,v9,... be aresult of application of Lemma 6.20 to uq,u9,...,a =1and
b= 2. If v, vy are b(p+ 1)-inner, then all vy, ..., v} are b(p)-inner. By the inductive
hypothesis for all v,v" € {v1,...,v,}, if N} E vRw,, then €4(Zs) = vRw,s. Hence,
€s(Zs) = iRi + Ry,

If R} <0, then the above fact implies that for any s > 0 if some worlds 7,7 + R

are b(p+1)-inner in Z, then 4,7 + Ry, i+ Ry +1,...,11s a cycle, and therefore i and

i+ R} are oo-inner in €4(Zs). If some world i is not b(p + 1)-proceeded in Zs but it

is b(p+1)-proceeded in €4 (Z;), then by Lemma 6.22 (i) it is co-proceeded and, since
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it has a oo-inner descendant, it is co-proceeded. Therefore all b(p + 1)-inner worlds
in €4(Z;) are oo-inner. For any oco-inner worlds 7,7 4+ j Lemma 6.22 (ii) shows that
if €3(Lz) = iRi + j then €4(Zs) | iRi+ j. This proves the lemma and therefore
we can stop the induction here. S

It remains to consider the case when R, > 1. Let r = R) — 1. We observe that

XQ[”“ is the additive closure of ngp U{r}. Indeed, the set XQ/”“ contains ngp u{r}
and Lemma 6.18 implies that ngp“ is additively closed. On the other hand, for
every additively closed set Y the frame ({i:ie€ Z},{(i,i+j+1):i€Z,j€Y})is
closed under composition. Hence, X,gp 1 is equal to the additive closure of ngp U{r}.
Since ngp is additively closed, the set ngp“ isequal to{j+ar:a>0,j € XQ/”}.

Thus, we have to show that for every s,«,i € N, if i,i + j + ar + 1 are b(p + 1)-
inner in Z; and j € Xg”“, then €4(Zs) E iRi + j + ar + 1. We will show that by
induction w.r.t. a.

The base case, a = 0, follows from the inductive hypothesis for p, that is if
1,7+ j + 1 are b(p)-inner in €4(Z;) and N, = iRi+ j+ 1 (which means that j €
X27), then €4(Z,) = iRi + j + 1.

The induction step. Let t = s — (j +r(a— 1)). Assume that i,7 + j + ar + 1 are
b(p + 1)-inner in Z;. Then i+ r is b(p + 1)-inner in Z; and Z,. Hence, €4(Z;) =
iRi 4+ r — 1 and by the induction assumption €4 (Zs) =i+ rRi+ j + ar + 1.

Let us consider a function f defined as follows:

k Hk<i+r
f(k)_{k—i-j—i-(a—l)-r ifk>i+r

We have that f(i +7) =i4+rand f(i+r+1) =i+ j+ ar + 1, therefore Cq(Z;)
contains edge (f(i+r), f(t+r+1)). For k,k+1 # i+ r such that k,k+1 € T,
we have f(k),f(k+ 1) € Zs and Zs = f(k)Rf(k + 1). Hence, f is a morphism
from Z; into €4 (Zs). By Observation 6.4 f is a morphism from €4(Z;) into €¢(Zs)
and since €¢(Z;) E iRi+r+1, we have €4(Zs) E f(i)Rf(i+r+1). That is
Co(Z,) = iRi+j +ar + 1.

O]

For the proof of Lemma 6.10 is a consequence of Lemma 6.23. The proof of “="
is a simple application of Observation 6.4 to the morphism hy. For the “<”, let
0,1, ... be a path containing v; and v; such that v;, v; are g(|®|)-inner in this path
and let s € Ny, be the length of this path. Then this path is isomorphic with Z;.
Due to Lemma 6.23 there is an edge from h7(v;) to hr(v;) in €4(Lz) if and only if
there is such an edge in €4 (Zs), and therefore there is such edge in €4(7T).

6.6.4. Proof of Lemma 6.11

Let ® € UHF. For a tree (W, R), we define a partial closures Mgy, Mi, ...such
that Mo =T and M;11 = (W, Ri11) = (W, CoNSg w(R;)). Evidently, €4(7) is a
natural limit of the sequence of partial closures. We say that a partial closure M;
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is tree-compatible if for all worlds w, v, if there is an edge between w and v in M;,
then there is a path between w and v in 7. Clearly, if ® has the tree-compatible
model property, then all partial closures of 7., are tree-compatible.

Recall that |s| is the length of s. For a given word s, by sj;, we denote the prefix of
s0* with length k. In other words, s, contains first k letters of s, and if s is shorter
than k, then last k — |s| letters are 0.

Proof. Let k be a number from Lemma 6.23 and k&’ be a number from Lemma 6.21.
We show that if a formula ® € UHF does not fork on some level, then it does not
fork at a level k + nk’ +n, where n is a maximal number of variables in clauses from
.

Let Mg, My, ... be partial closures of 75, and p + 1 be the first index, such
that M), is tree-compatible and M, is not. In this case, there is a clause ¥ of
® such that for some worlds My = ¥ (uq,...,u;) for uy = sit, uy = si't’ for some
s,t,t" € {0,1}* and ¢ # i’. Since T, is isomorphic with all of its subtrees, we may
assume the all of those worlds are at levels greater that k.

If |s|] < k+ nk’ + n, then we are done. Otherwise, for each j € {1,...,1},
we define «/; in the following way. If u; is at the level m < |s| in T, we put

U = S JIf u;j = §"i"t", where |s"| = |s|, i € {0,1} and t" € {0,1}*, we set
u; — si""t where f = by if 1 = i and t = t? ] otherwise. A quick check shows that
Co(Too) = V(... up).

Let vs,v1,...,v; be a result of application of Lemma 6.20 to 77 (s), 7, (u}),
..o, ™7 (u}). Thanks to automorphisms of Lz we may assume that the world with
the lowest number among vs, v1,...,v; is k. Lemma 6.21 guarantees then that the
highest number is bounded by k + Ik’ + n. It is not hard to see that if there is an
edge between v} and u, in M, then there is also such an edge in €¢(Lz) between
77, (uj) and 77 (u), and thus there is an edge between vj, vjr.

Write vg = c. Let s’ = S|c- Now, for each v; of the form d, we define a world v} of
T in the following way. If u} is of the form sit for some i, t, then v} = s'it!, where

t! = t|o_|s|—1 (note that Lemma 6.20 preserves the order and therefore c—[s'|—1 > 0).
Otherwise, we put v} = sid. Note that each v} is at the level v;.

Lemma 6.23 guarantees that for each v;- and v;.,, if these worlds are at the same
path, then there are connected if and only if v;, v; are. It is not hard to see that 1}3-
and v}, are on the same path if and only if u; and uf, are. It means that W(vf,...,v;)
holds and therefore s is not forking and |s'| < k 4+ k'n + n. O

6.6.5. Proof of Lemma 6.12

For k; € N and k3 € Ny, we define the frame Y(ki, k2) as Toowy, , where Wy = {s :
s C0M+k2 v s C 0F11%2} (C denotes the prefix relation).

Let ® be a UHF formula that does not fork, n be the number of variables in ®
and m; = (n + i)g(|®|). We start with auxiliary lemmas.

35



6. Model properties

Lemma 6.24. Let m = my — 1. There exist x,y € [1,mg] such that |z — y| < mg
and Cg(Y(m,msy)) = 0P RQ™1Y"™.

Proof. Let Mo = To and for every i > 0let M1 = (W, Ri1) = (W, CONSg w (R;)).
The frame €4 (7T5) is the limit of My, My, .... Let i, p, pg, p1 be such that M, =
pOpoRplpy, but for all v, v, M; = vRv' implies that v,v" are along the same path
in 7. In other words the edge (pOpo, plp1) violates tree-compatibility.

Let v1 = pOpg, vo = plp; and wvs,...,v, be worlds such that ® applied to
V1, V2, ...,0, in M, implies the edge (pOpg,plp1) in M;;1. Since the function
[ Too = Too defined as f(u) = 0™2u is a morphism of M; into M;, we may
assume that |p| > mgo and all worlds vy, ..., v, are below the level mg in T5.

Let N be the result of removing, from €4 (Y(|p|,0)), all edges (p,p’) such that p
and p’ are on different paths in Y(|p|,00), i.e. p Z p' Ap' Z p. o B

Let g be a function from M, (containing 75 ) into N/ (containing Y(|p|, 00)) defined
as follows:

0lsl if |s| < |p1]
9(8) =3 o .
. olp1l zlsl—lp1l if |s| > |p1| and z is the (|p1| + 1)th letter in s

The function g is a morphism from M; into A such that g(p) = 0!, g(pOpg) =
0lPlolPol+1 and g(plp,) = olPILlPl+1, ; -

Let ly,...,1l, be levels of g(v1), ..., g(v,). The numbers [y, ..., 1, not smaller than
ma. Let I{,...,1% be the result of applying Lemma 6.20 to €4 (Lz) and the sequence
liy...yln. Fori,j € {1,...,n} we have |I} — %] < mo and the realtions in €q(Lz)
are the same among I{,... [ as among [1,...,1,.

Let m' be a maximal number such that I¢ > m’ iff ; > |p| and m = my — 1.
For each i, we define I} = I{ —m’ +m Since the shift sh(,_, is automorphism of

Co(Lyz), the realtions in €4(Ly7) are the same among lf,...,1;, as among ly,. .., l,.
Moreover, by the maximality of m, there is j such that73 = m+ 1, and therefore for
i€ {l,...,n} we have I} € [g(|®|), m2 — 1]. Since l; > my we have I} < [,.

We define worlds v}, ..., v, in Y(m, o) as follows: for i € {1,...,n},

/ {Omll‘m if v; = lrl1t— el
v; =

o4 otherwise (when v; = 0%)
By the definition of m, for 4,5 € {1,...,n} worlds v;, v; are along the same path
in Y(|p|, 00) if and only if vj, v} are along the same path in Y(m,oc). In particular

v}, v are on different paths.

Let N’ be the result of removing from € () (m,o0)) all edges (p,p’) such that p
and p’ are on different paths in Y(m,00). Since for all i,j € {1, 7,7n} the worlds
v, vj are g(|®|)-inner in N, we have N = v; Rv; iff they are along the same path in
Y(|pol,0) and €4(Lz) = l;Rlj. The same equivaence holds for A”. Then, for all
i,j € {1,...,n}, we have N = v;Ru; iff N |= viRvj. This implies that ® applied
to v, ...,v, in N7 implies the edge (v],v}).
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Finally, let N/ be the frame resulting from closure of Y(m,ms) w.r.t. ® along
paths. The frame N/ is a finite subframe of A”. The worlds v},...,v! belong
to N/ and they are g(|®|)-inner in M. Hence, Lemma 6.23 implies that for all
i,j € {1,...,n}, we have N/ |= viRv iff N7 = viRv}. Thus, Co(NT) | v} Rv).
Since v} = 04, vf, = 0"12~™ and €4 (N') = €4(Y(m, ms)), the result follows with
=11 —m<myand y=15—m<myg. O

Lemma 6.25. Let m,l,x,y € N be such that €4(Y(m,1)) E 0™T*R0™1Y. Then,
Co(V(m+ 1,1+ |z —y]) | 0" RO™HLIF where k = max(z,y).

Proof. Since rotation of branches, i.e. the function r : €4(Y(m,l)) = €&(V(m,1))
defined as f(0%) = 0% for z < m, f(0™*) = 0™1% for z <[ and f(0™1%) = 0™*Z for
z <, is an automorphism of €4()(m, 1)), we can assume that z < y.

The morphism f : Y(m,1) — Y(m,1) defined as f(s) = 01*l implies that €g(Y(m, 1))
contains edge (0™+* 0™1Y).

Finally, we define a function g : Y(m,l) — Y(m + 1,1 + |x — y|) as follows.

olpl+1 if p ends with 0 and [p| < m +z
g(p) = olpl+y—= if p ends with 0 and |p| > m + =
Op if p ends with 1

Since €o(Y(m + 1,1+ |z —y|)) E 0™T*RO™Y the function g is a morphism
from Y(m,1) to € (Y(m + 1,1+ |z — y|)) and, by Observation 6.4, it is a morphism
from €4(Y(m,1)) to €o(Y(m + 1,1+ |z —y|)). Hence, €o(Y(m+ 1,1+ |z —y|)) E
g(0™*)Rg(0™1Y). Since g(0"+*) = 0mH*+W=2) ¢(0™1Y) = 0™11Y, the result
follows.

O]

Lemma 6.26. There is x € [1,mq] such that €¢(Y(m1,myi2)) E 02 ROMI1ZHL

This lemma is a straightforward consequence of Lemmas 6.24 and 6.25.

Lemma 6.27. Let T be a tree of bounded degree and w be a world at level my in
T. There exists © € [1,mg]| such that for every i > 0, if uy,us are myo-followed
descendants of w in €o(T) at levels mi+x+i and mi+x+i+1, then €5(T) = uy Rus.

We remark that in contrary to Lemmas 6.24 and 6.25 in Lemma 6.27 the worlds
need to be my,1o-followed only in €4(7). Some worlds that are not m,,s-followed
in 7 may become m,,o-followed in €g (7).

Proof. Let m = my, € [1,mg] be such that for s; = 0% and sy = 0m1%+! we
have €4 (Y (m, my42)) = s1Rsy. Such z exists due to Lemma 6.26.

The proof is by induction w.r.t. 7.

The base case, i = 0. Let uj,us be myyo-followed descendants of w in €q(7T)
at levels m + x and m + = + 1. There is a morphism f of Y (m,m,42) into €4(7T)
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such that f(0™) = w, f(s1) = w1 and f(s3) = us for s; = 0™** and sy = 0m1!FL,
Therefore €4 (7) = w1 Rus.

The inductive step. Let uj,us be myyo-followed descendants of w in €4(7) at
levels m+z+ (i+1) and m+x+ (i+1)+ 1 and let v1, v2 be predecessors of uy, us in
Cs(T) at levels m+x+1i,m+x+i+1. Clearly, vy, ve are my,o-followed descendants
of win €4(7T). By the induction assumption, €4(7) &= (v Rvs).

Notice that there is a morphism g from Y(m, my,y2) into Y(m + x, my 42 — x) such
that g(0™%) = 0™+ and g(0™1%t!) = 0™T*~111. Since €¢(Y(m, my12)) | s1Rs2,
the morphism g, extended to a morphism from Y (m,my42) to Y(m + x, my42 — x),
implies that €4 (Y (m + x, My — ) E 02— L0RO™ 2111,

There is a morphism h of Y(m + x,my,12 — x) into €4(T) such that A(0"+o~1) =
va, h(0™**710) = w; and A(0™T*~'11) = us. By Observation 6.4, h is a mor-
phism from €4 (Y (m + z,mp12 — ) to €5(T). Since €o(Y(m + x,Mpy2 — ) |=
010 RO™ =11, we have €¢(T) | uj Rus.

O]

Let ® be a formula that does not fork at the level k, T be a tree of bounded degree,
w be a world at level m = m; and i > 0. Now we prove that all (m,,+2 + 1)-followed
descendants of w in €4 (7 ) at level m + mq + i are equivalent.

Let i > 0 and a,b be (my,42 + 1)-followed (in €5(7 ")) descendants of w at level
L =m+mg—+1i. It is sufficient to show that all predecessors of a are predecessors of
b. Let ¢ be a predecessor of a in €4(7). Clearly, ¢ is (mp+2 + 2)-followed in €5 (7).

Let p, (p») be the predecessor of a (b resp.). Let S, 0,Sa1 (Spo,Sp1) be the
partition of the successors of a (b resp.) such that worlds S, 1 are (my42)-followed
in €4(7) and worlds S, 1 are not. The sets S,1,Sp1 are nonempty, since a,b are
(mp4o+1)-followed. We define 7 as the frame, based on T, resulting from removing
from 7 worlds S0, Spo and their descendants in 7, i.e. the successors of a or b which
are not (my,42)-followed in €4(7) and their descendants (in 7). Additionally, 7
has the edges (pa,b), (pp, @) and edges (z,y) for z € {a,b} and y € S, 1USp1. Notice
that a,b have the same predecessors and successors in 7. Since ¢ is (mp42 + 2)-
followed in €4(7), it belongs to 7.

In the following we show three facts:

(i) €o(TT) EcRa (ii) €o(TH) E cRb (iii) €o(T) = cRb

In order to show (i), we consider a morphism f from 7 into itself, which is
identity on 7+ and maps worlds from S, and their descendants (in 7) into a path
of maximal length beginning in a. Similarly, worlds from Sj o and their descendants
are mapped into a path of maximal length beginning in b. We notice that the range
of f is contained in 7, since any maximal path beginning in a has to contain a
world from S, 1. Otherwise, when a maximal path 7 beginning in a contains a world
so from S, 0, there is a morphism which maps all the descendants of a on 7, and
this implies that sg is my42-followed in €4 (7).

Hence, the morphism f is really a morphism from 7 into 7+, f(a) = a and
f(c) = c. This implies that €4(7 ") = cRa.
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For (i), notice that since a and b have the same predecessors and the same
successors in 7, the function g which is identity on 7 except that it swaps a with
b is an automorphism of 7. Hence, by Observation 6.4 g is an automorphism of
€ (7). This implies that if a # ¢, then €4(T ) | cRb.

If a = ¢, then a is reflexive in €5(7 1) and ¢ implies that b is also reflexive in
€s(TT). Then, the function h from 7 into 7+ which maps all the descendants
of b on b is a morphism from 77 into €4(71). The composition of h with f is
a morphism from 7 into €4(7 ). The function h o f is also a morphism from
€s(T) into €4(7 ") which maps a to a and the descendants of b into b. Let s
be myo-followed descendant of b. Due to Lemma 6.27, €4(7) | aRs. Hence,
Co(TH) E ho f(a)Rho f(s) where ho f(a) =a and ho f(s) =b.

For (#ii), Lemma 6.27 implies that the identity is a morphism from 7 into €4 (7).
Hence, the identity a morphism from €4 (7 ") into €4(7) and €4(7 ") = cRb implies
Co(T) = cRb.

We showed that all predecessors of a are predecessors of b and, by symmetry, all
predecessors of b are predecessor of a, and therefore a and b are equivalent.
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A well-known result shows that every satisfiable modal formula is satisfied in a finite
tree. This tree-model property is crucial for the robust decidability of modal logics.
Standard restrictions of classes of frames lead to similar results, stating that some
“nice” models exists for all satisfiable formulas. Here we generalize those results for
the classes of models that are definable by the Horn formulas.

Recall that the UHF formula & is not a part of an instance. To prove the decid-
ability, it is enough to show that for every ® there is an algorithm solving Kg-SAT.
We are not going to present one uniform algorithm solving the satisfiability problem
for all UHF formulas, because the complexity of such algorithm would be high.

If @ is an inconsistent Horn formula, the satisfiability problem is in P (the answer
is always “no”). For the case of consistent bounded formulas, we already proved that
the satisfiability is NP-complete, (see Section 6.5).

Below we study consistent and unbounded formulas. We show different algorithms
for formulas that fork at all levels and for formulas that do not fork at some level.

7.1. Tree-compatible case

In the following subsections we study formulas that fork at all levels. We show
algorithms for formulas satisfying S1 and S2, and prove that it is impossible that a
formula, which forks at all levels, satisfies S3.

7.1.1. Formulas that do not force long edges

Assume that all edges in €4(Lz) are short. Here we can use standard approaches
to satisfiability of modal logic over the class of all models. For local satisfiability we
can bound the depth of tree-models and the degree of their worlds linearly in ¢ and
then check the existence of such models in a depth-first search manner in PSPACE
(see e.g. [23]; please note that while the cited result does not consider reflexivity and
symmetry, there are only some minor changes needed to cover these cases).

For the global satisfiability, we can enforce models of depth exponential with
respect to the length of the modal formula . The existence of models can be
checked by an alternating procedure, which first guesses the type of the root and then
guesses types of its children and universally repeats the procedure for the children.
This algorithm works in alternating polynomial space, and thus the problem is in
ExpTIME. The corresponding lower bound can be obtained by encoding the halting
problem for alternating Turing machine with polynomial space.
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7.1.2. Formulas that force only long forward edges

Assume that the condition S2 holds for some [, aq,...,a;. This case can be treated
similarly to the case of satisfiability over the class of transitive models, i.e. the case of
logic K4 (see [23] or Section 6.7 in [4]). Let A be the additive closure of {aq,...,a;}
and ¢ be the product of all positive a; (¢ = [];<;<; 4.0 i)

Let Py (v) be a set of proper k-inner predecessors of v in M and W; = {j|j < i}.
We have the following properties. B

For all a € A and i, Pz, (i) C Pz, (i +a) (7.1)
For all a € A and i, Pz, (i+a) "N W;—. C P, (i) (7.2)

For the (7.1) note that for any j € P, (i) we have i —j —1 € A and a € A, and
therefore j+a—1i—1 € A simply because A is closed under addition. Property (7.2)
follows from property S2 and fact that for each a € A there exists a’ € A such that
a=a mod cand a' < ¢ (which follows from Chinese remainder theorem).

Fori>k,Pr,(i)= |J Pri—a)ufi—1} (7.3)
a€A,a<2c

The inclusion “C” comes from property (7.1). For the “O” case, consider any k-
inner predecessor j of i. If i — j > 2¢, then Property (7.2) for a = c guarantees that
Jj€Pr,(i—j)onlyif je P, (i). If1 <i—j<2c theni—j—1¢c A Since jis a
predecessor of j 41,5 € Pr,(j+1) = P, (i — (i —j — 1)) and i — j — 1 < 2¢. Case
when i — j = 1 is trivial. S

For a given world w with a type ¢, we define universal requirements of w, denoted
by UR(w), as the subset of ¢ that consists of formulas of the form Oy. Moreover, we
define predecessors requirements of w, denoted by PR(w), as the set of the universal
requirements of the predecessors of w, i.e., | J{UR(v)|v is a predecessor of w}.

Clearly, property (7.3) implies that for all i > k

PR@i)= |J PR(i=a)UUR(@i—=1)UPRy(i) (7.4)
a€A,a<2c

where PR,;(wi) is a sum of requirements given by those predecessors of i that are
not k-inner.

Now, we are ready to design an alternating algorithm that guesses a tree-based
structure in top-down manner. For input ¢, it starts from guessing and verifying first
k levels. Then, the algorithm recursively calls procedure verify(head,URs, PR, o))
where

e head contains information about the first & levels of structure;

e PRs is a list of predecessors requirements of previous 2¢ k-inner worlds;
e CR is a set of predecessors requirements for the current world;

e Q1 is a subformula of .
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The procedure guesses a type t that satisfies ¢ and all requirements. Then it guesses
a subset of subformulas of ¢ in order to provide all witnesses for the current world,
and for each of them guesses whether they are k-inner. For each witness that is
k-inner it simply guesses and verifies the remaining levels (at most k — 1). For all
others witnesses, it universally calls itself for this subformula with PRs and CR
updated using Equation (7.4).

The algorithm described above verifies if ¢ has a model, but it may run forever.
Therefore we add one more parameter to procedure verify: a list of visited config-
urations (i.e. triples (PRs,CR, (1)), and additional condition: return “Yes” if the
same configuration is visited second time.

It is not hard to see that if this algorithm returns “Yes”, then it is possible to build
a model. Also, thanks to the property (i) of Lemma 6.2, if ¢ has a model, then it has
a tree-based model such that all witnesses for the world at the level k are realized at
the level k + 1. In such tree-based model, worlds are connected only if they are on
the same path in tree and, moreover, k-inner worlds v, w are connected if and only
if hy(v) and hy(w) are. Such a canonical model can be guessed and verified by the
algorithm. What remain to be explained is that this algorithm works in polynomial
time.

The key observation here is that predecessors requirements cannot shrink, i.e., if
we have two configurations (PRs1, CRy1,0t1) and (PRsg, C'Rg,o1b9) such that the
algorithm visits the second one after the first one, then for each »r € PRs; U {CR;}
(we abuse a notation here since no confusion will result) there is ' € PRsos U{CR}
such that » C r/. It means that the number of possible PRs lists can be bounded by
l|?¢-(2¢)!, and the number of all configurations can be bounded by |p|2¢+1-(2¢)!-|¢|,
which is clearly polynomial in |¢|. Therefore, after a polynomial number of steps
some configuration must occur twice. Since APTIME = PSPACE, it leads to the
membership is PSPACE in both global and local case.

7.1.3. Formulas that force long and backward edges

We prove that this case is not possible — S3 is inconsistent with the tree-compatible
model property.

Let ® satisfy S3 for some m > 0. Let & = g(|®|) and w = 0*. By Lemma 6.10
we see that there are edges from 0FF(+D(m=1) to pk+ilm=1) in ¢(T.,) for any i > 0.
Define h : Lz — €(T%) as h(z) = 0572071 for < 0 and h(z) = 0*1% otherwise.
Clearly h is a morphism, and by Observation 6.4 it is also a morphism from €¢(Lz)
to €(7%). Since in €4(Ly7) there is an edge from 1 to 1 — 3m + 1, there is also an
edge from 0F1 to 0¥+1=3m+1 and therefore w is not forking.

7.2. The tree-incompatibility

Let @ be a formula without the tree-compatible model property. Recall that two
worlds w, w’ of a frame M are equivalent if for each world u we have uRw iff uRw'.
We are going to exploit the property guaranteed by Lemma 6.12. We start with
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7.3. Sharpening the complexity

the observation that says that if we have two equivalent worlds v, w with the same
types, then we can remove one of them.

Observation 7.1. Let M = (W, R, 7) be a structure such that (W, R) = ®, and ¢
be a modal formula such that M = . If for all subformulas ¥ of ¢ satisfied by w

there is a world w' of M such that w # w', w,w' are equivalent and w' satisfies 1,
then for W' =W\ {w} we have (W', Ryjw) = ® and My = .

The proof is straightforward — the types of remaining worlds do not change.

Let 9 be a tree-based model based on the frame €(7). We denote by level i of
M the set of worlds from M such that the length of the path from root to w in T
(notice that 7 is a tree) is equal i.

Observation 7.2. Let ¢ be a formula and 9 be a tree-based model of ® and ¢.
Then there is a model of ® and ¢ such that the size of each level of M is bounded
polynomially in |p|.

First, observe that the number of worlds at level ¢ < 2g(|®|) can be bounded by
l¢|* because Lemma 6.2 guarantees that the degree of the tree is bounded by |¢|.
Thanks to Lemma 6.11, ® does not fork at level g(|®|). It follows from Lemma 6.12
that for all worlds w at the level g(|®|) and all i > 2g(|®|), all descendants of w at
the level ¢ are equivalent. Therefore, using Lemma 6.16, we can remove all but |¢|
of them. Since the number of worlds at the level g(|®|) can be bounded by [|(®,
the number of worlds at the level i > 2g(|®|) can be bounded by |p[?(®) . |¢]|, so
polynomially in |¢].

Observation 7.2 says that we can reduce the number of worlds needed at each level
by some polynomial of |¢|. The existence of such models can be verified by a non-
deterministic machine working in polynomial space that first guesses first 2g(|®|)
levels, and then recursively guesses and verifies the consecutive levels, similarly to
the tree-compatible case. Since the number of worlds needed at each level can be
bounded polynomially in |¢], such an algorithm would work in NPSPACE=PSPACE
[39]. We can conclude that here the satisfiability problem is in PSPACE. This ends
the proof of Theorem 3.1. However, it does not lead to the optimal complexity.

7.3. Sharpening the complexity

In this section, we study the satisfiability problems more carefully to obtain the
precise complexity. The complexity results are summarized in Table 7.1.

7.3.1. Formulas with TCMP

Proposition 7.3. For a given UHF formula @, if ® has the tree-compatible model
property and satisfies S2, then global Kg-SAT is in NP.
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7. The decidability

Properties of ¢ global-KCg-SAT | Kg-SAT

® is inconsistent P P

® is consistent and bounded NP-c NP-c

® is consistent, unbounded, ...

...has the TCMP and satisfies S1 ExpTIME-c PSPACE-c

... has the TCMP and satisfies S2 NP-c PSPACE-c

... has the TCMP and satisfies S3 impossible

...and does not have the TCMP and satisfies S1 PSPACE-c NP-c

...and does not have the TCMP and satisfies S2 NP-c NP-c
..and does not have the TCMP and satisfies S3 NP-c NP-c

Table 7.1.: A summary of a complexity of a satisfiability problem for modal logic
defined by Horn formulas.

Proof. Let ® satisfy S2 for some [,aq,...,a; bounded by g(|®|) and let ¢ be the
product of all a; and 9 be a T-based model of ¢ from Kg. We prove that ¢ has a
Ka-based model with the number of types bounded by |¢| - c.

We say that a world w at the level ¢ (of T) is saturated if for all k and every
successors w’ of w at levels i + ke, PR(w) = PR(w').

Observe that in 9 there is a world w such that the subtree rooted in w contains
only saturated worlds. Let 9 be this subtree. Of course, M’ is a Kgp-model of .
For each subformula (1) of ¢ and each i < ¢, if there is a world in 0’ at level jc+1
for some j that satisfies v, then we take a 1-type of one such world and call it £, ;.
It is not hard to see that there exists a model 91" that contains only w and worlds of
these types — we can construct such a model starting from w, and then recursively
constructing new levels that contain all needed witnesses for the previous level.

The non-deterministic algorithm proceeds as follows. First, it guesses sets of
requirements PRy, PRy, ..., PR. 1, and a subset of types of the form ¢, ;. If this
types are consistent with requirements and for each ¢, ; we can find £y, i41 mod c» - - - »
tis,i+1 mod ¢ Such that these types provide all needed witnesses for a world of type
ty.i, then it returns “Yes”, otherwise it returns “No”. Clearly, it works in polynomial
time and solves global Kg-SAT. O

Proposition 7.4. For a given UHF formula ®, if ® has the tree-compatible model
property, then Ke-SAT is PSPACE-hard.

Proof. We encode the QBF problem, adjusting the usual technique (see e.g. [23]).
Let P = 91p19aps . .. 9npp.p be an instance of QBF problem, where ¢; € {V,3} and
p is quantifier-free. We define a modal formula ¢ such that P is true is and only if
© has a Kg-based model.

We define an operator ;¢ = ¢ Ay ACCY A - - - AO%p. Formula ¢ contains the
variables ly,l1,...,l, and p1,...,p, and is a conjunction of the following formulas.

1. I
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7.3. Sharpening the complexity

. On(li = Oliy1) for each i < n such that ¥;41 =3

2
3
4. O, (L = O(lis1 A pit1) A O(lis1 A —pit1)) for each i < n such that ¥;41 =V
5. On((li Api = Op—ipi) A (li A —pg = O,—i—p;)) for each i < n

6

cOn(ln = 9)

Consider a tree 7 that consists of n+ 1 levels, and each world at i¢th level has one
successor if ¥; = 3 and two successors otherwise.

Assume that P is true. We define a labeling 7 of T inductively, starting from the
root. Let root satisfy only ly. Let w be at level 4. Define ;41 = m(w) \ {l;} U {lix1}.
If ¥; =V, then w has two successors and we set their labellings to be ¢;;1 and
tiv1 U {pit1}. Otherwise, if set the labeling of the successor of w to ¢;41 if formula
DiroDita - . . Unpy.p is satisfied for a valuation that makes true precisely the variables
from ¢;41 and t;11 U {p;i+1} otherwise. Then, (€¢ (T ), 7) is a Kg-based model of ¢.

On the other hand, if ¢ has a model, then we can show that 7 can be homomor-
phically embedded in this model and the image of this embedding is a justification
that P is true. O

Proposition 7.5. For a given UHF formula @, if ® has the tree-compatible model
property and satisfies S1, then global Kg-SAT is PSPACE-hard.

The proof is almost the same as the previous one, except that we replace the
conjunct 1 by I, = Olp.

7.3.2. Formulas without TCMP that do not force long edges

Proposition 7.6. For a given UHF formula ®, if ® does not have the tree-compatible
model property and satisfies S1, then it has a polynomial model property for the local
satisfiability problem.

Proposition 7.6 follows from the fact that in the local satisfiability case for any
tree-based model 9t based of €(7T) such that of My, 0 = ¢, we can simply remove
all worlds w that are at the levels greater than d, the quantifier depth of . Indeed,
S1 says that there are only short edges in closures and therefore the removed worlds
were not reachable by ¢. The resulting model contains at most |o|?8(®D+1 worlds
at first 2g(|®|) levels and then at most || worlds at each of remaining d — 2g(|®|)
levels, so clearly a polynomial number of worlds.

Proposition 7.7. For a given UHF formula ®, if & does not have the tree-compatible
model property and satisfies S1, then global Ko-SAT is PSPACE-hard.

Proof. To make the proof more readable, we consider only the formula ® = {sRt A
tRy N\ sRx = xRy}. Proofs for other cases are similar.

Let (D, Vp, Hp) be an instance of the bounded-space domino problem and n =
O(|D|). We define a formula ¢ = ). A1, Ay A ). over variables {to,...,tn—1}UD
where:
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7. The decidability

® Ye=Voep d N Ngwep apa(—dV =d);

o . = N\, Olis

o Uy = Nicy Naep(ti N d = (V(gaev,, Oti = d)));

® Un=Nicn1 Naep (O A d) = (V (g aren, Ot = d))).

Clearly, the reduction is polynomial. Suppose that 91 is a model of ® and ¢ and
vg is any world of 91. We define the tiling ¢ by repeating the following procedure.
For a given i, we define v;; as a successor of v; that satisfies ¢; and we put t(j,1) = d,
where d is satisfied in v;;. Note that 1), guarantees that such a successor exists, v,
guarantees that if there is more than one such successor, then all of them satisfy the
same d, and . guarantees that all worlds satisfy precisely one d. Finally, we set
vi+1 equal to any successor of v; that satisfies .

It is not hard to see that for all kK < n—1 and [ € N property (t(k,1),t(k+1,1)) €
Hp is guaranteed by 1y, since both v;; and wvg4q,; are successors of v;. To check
the other property, consider any [ € N and k& < nm. Since v Rviy1, v41 Rk 41,
and v Rvy ;, ® guarantees that we have vy, j Rvy, ;11 and therefore v, guarantees that
(t(k,0),t(k, 1+ 1)) € Vp.

We showed that if ¢ has a model that satisfies @, then the domino problem has a
solution. It should be now easy to see that the converse is also true. O

7.3.3. Formulas without TCMP that force only long forward edges

Proposition 7.8. For a given UHF formula ®, if & does not have the tree-compatible
model property and satisfies S2, then global and local Kg-SAT are NP-complete.

Proof. Let @ be a UHF formula that does not have the tree-compatible model prop-
erty and satisfies S2 for some [, aq,...,a;, ¢ be a modal formula and 9 be a tree-
based model of ® and ¢. Let ¢ = a; - --- - a; and for a world w at level g(|®|) and
i > g(|®|), set C* be the set of all descendants of w at level i. According to previous
observations, we may assume that the size of each such set is polynomial in |¢|. Our
goal is to show that for any w, it is enough to consider only polynomially many
non-isomorphic sets C;’. Clearly, it will make the algorithm described above run in
the polynomial time.

In Section 7.1 we showed similar property, but the technique used there is not
sufficient for this case — now, it is not enough just to satisfy one formula of the
form (1) at each level. We solve this problem in the following way: in each C;’, we
put as many witnesses as possible. We extend the notation from Section 7.1 defining
PR(X) = Uy,ex PR(w). Note that since all worlds in C}" are equivalent, for any
v € C we have PR(v) = PR(C}"). Moreover, Properties (7.1) and (7.2) also holds
in this case.

Observation 7.9. Let w,v be worlds such that v € C’;" for some j and let i be such
that g(|®]) < i < j and ¢ divides j—i. IfUR(v) € PR(C},) and PR(v) = PR(C}"),
then model obtained by adding a copy v' of v to C}* satisfies both ® and .
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7.3. Sharpening the complexity

Note that the set of successors of v is a subset of the set of successors of v/, and
therefore v has all the needed witnesses. Moreover, the set of predecessors of v’
is a subset of the set of predecessors of v, so v/ does not violate any predecessor
requirements. Finally, since v’ does not add any new requirements, it should be
clear that new model satisfies . Therefore the new model satisfies ¢ and, in an
obvious way, P.

Observation 7.10. Let w be a world at level g(|®|), let i > g(|®|), and let A =
{0,1,...} be a (possibly finite) set of consecutive numbers. Let C = |J{C{}, |a € A}
be such that for all j,j' € A, PR(C}’) = PR(CY) and PR(C},) = PR(C},).
Then, we can define a set C" with |C'| < || such that each element of | JC can be
replaced by a copy of an element from C' in a way such that the obtained model is

still a model of ¢ and .

Let C =|JC. We define a C" C C' in the following way. For every subformula of
o of the form ¢, if there is a type ¢ satisfying ¢ such that ¢ is realized in infinitely
many elements of C, then we take one world of this type and add it to C’. If there
is no such type, but there is a world in C' that satisfies ¢, then we find a maximal
J € A such that there is such a world v € C}},. and we add v to C’'. Clearly,
|C’| < |¢|. Then, we define C"H¢ = ¢’ n Uaea,a>j Citae and replace each G ;. by
C’¢. Note that such a model can be obtained by applying Observation 7.9 first,
and then Lemma 6.16, and therefore it satisfies both ¢ and ¢.

Let w be a world at level g(|®|) and ¢ be such that g(|®|) < i < g(|®|) + ¢. Prop-
erty (7.1) still holds and shows that the sequence PR(C}"), PR(C},.), PR(C{,,.) - - -
never shrinks, and the same holds for PR(C}" ), PR(C}}.,,), PR(C{9.11), ----
Therefore, the sequence C*, C}, ., C}' 5. can be split into at most |o|? subsequences
that satisfy the requirements of Observation 7.10, so the number of different sets
of the form C¥ can be bounded by |¢[3. Taking into account all possible w and 4,
we can bound the number of possible sets C% by |@[8I®) . ¢ |3, which is clearly
polynomial in . O

7.3.4. Formulas without TCMP that force long and backward edges

Proposition 7.11. For a given UHF formula ®, if ® does not have the tree-
compatible model property and satisfies S3, then it has the polynomial model property.

Proof. Suppose that ® does not have the tree-compatible model property and sat-
isfies S3 for some k,m. Observe that in €4(Ly) for all i > k and [ > 0, worlds 4
and i + Im are equivalent. Let 9t be a model of ¢. It follows from Lemmas 6.11
and 6.12 that for all w at the level g(|®|) and all 4, all descendants of w at levels
29(|®|) + 14, 29(|®|) + i +m, 2g(|®|) + i + 2m, ...are equivalent. Thanks to Lemma
6.16 we can remove all but polynomially many of them and obtain a smaller model
that still satisfies . We may repeat this procedure for all such w, finally obtaining
model of polynomial size in |¢]|. O
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7. The decidability

7.4. Horn formulas and equality

In this section, we prove Theorem 3.2. It is not hard to see that each negative
occurrence of equality may be eliminated by simply identifying variables. Thus, in
the rest of this section we focus on formulas without negative occurrences of equality.
For a given ® € UHF=, let ®# contain all the clauses of ® except for those with the
positive occurrence of equality.

We say that an UHF= formula ® essentially uses equality if there is a modal
formula ¢ such that ¢ has a ®#-based model but it does not have a ®-based model.
Clearly, if ® does not essentially use equality, then Ke—SAT is equal to Kgx—SAT.

Proposition 7.12. For any UHF= formula ® that essentially uses equality, Ke—SAT
and global Ke—-SAT are in NP.

Proof (sketch). Let ® be an UHF= formula that essentially uses equality.

Clearly, there is a tree 7 such that €g%(7) is a model of ®# but not a model
of ® — otherwise, every tree-based model over K4 would be a model over Kg,
contradicting the fact ® essentially uses equality. We consider two cases.

Suppose that there are two worlds w, v at different levels in 7 such that for some
clause ¥ = x =y of ® in €4%(7) the formula ¥ is satisfied for some instantiation
that substitutes z by w and y by v. Consider the morphism hy (recall that hy(w) = i
if w is at the level ¢) and the worlds hy(w) and hr(v). Clearly, in €4(Lyz) we
have ¥(hy(w), h7(v)). By the definition of hy we know that hy(w) # hy(v), and
therefore €4 (Lz) is not a model of ®. It implies that ® is bounded and therefore it
has the polynomial model property.

The other case is more interesting. In this case, there are worlds w, v at the same
level in 7 such that some clause of ® of the form ¥ = x = y is not satisfied in
Cp#(T) for some instantiation that substitutes x with w and y with v. An example
of formula with this property if vRx AvRy = x = y. It is not hard to see that there
are such worlds also in €4 (7).

We say that (possibly infinite) directed acyclic graph (DAG) is proper if it has a
root r such that all vertices of this DAG are reachable from r, and for all elements
v,v" all paths from v to v have the same length. Note that trees are special cases
of proper DAGs.

We adjust Lemma 6.2: if ¢ is Kg-satisfiable, then there exists a proper directed
acyclic graph T with the degree bounded by |¢| and a labeling 77, such that (7, 77)
is a model of ¢ and (€4 (T ), m1) is a model of ¢ that satisfies .

As for trees, we define the level of v in DAG as the length of path from the root to
v. Therefore, morphism w7 is well-defined also for DAGs. Then, we adjust Lemma
6.12: if, for any proper DAG T, w is a world at level g(|®|) in €4(7), then for all 4,
there is at most one g(|®|)-followed descendant of w at level 2-g(|®|)+7 in the frame
7. It means that the number of worlds at each level can be bounded by |¢|8(®D.
Then we show, as in the case of tree-incompatibility, that it is enough to consider
polynomial number of different types of levels, and therefore that both the global
and the local satisfiability problems are NP-complete. O
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8. Finite satisfiability

In this section, we show that for any ® € UHF, finite s—SAT and finite global
Ka—SAT are decidable. In case of some UHF formulas, decidability of corresponding
modal logics is shown in previous section by proving that every modal formula
satisfiable over K has also a finite model in g — for such a formulas, the finite
local (global) satisfiability problem is equal to the local (resp. global) satisfiability
problem and, therefore, has the same complexity. However, some logics lack the
finite model property (with respect to the given class of frames). Below we study
the satisfiability problem for all possible UHF formulas.

8.1. Formulas that do not force long edges

In this section, we consider formulas ® € UHF that satisfy S1. We have already
seen that often the logics defined by UHF formulas have the finite model property,
e.g., the logics defined by the bounded formulas. In such cases, the question about
the existence of a finite model is equivalent to the question about the existence of
any model, and therefore these problems have the same complexity. Below we study
unbounded (and therefore consistent) formulas.

8.1.1. Local satisfiability

Proposition 8.1. Fach unbounded UHF formula ® that does not force long edges
has the finite model property in the local satisfiability case.

Proof. Let 9 be a T-based model of a modal formula ¢ for some T such that
Cs(T) € Ko. Such a model exists due to Lemma 6.2. Since ® does not force long
edges, under the morphism A7 it follows that €4(7) can only contain edges between
states on identical or consecutive levels.

In order to obtain a finite model, we simply remove from 991 all worlds from levels
greater than |p|. Since the truth of ¢ depends only on the worlds that are reachable
from a root by a path with the length bounded by |¢| (in fact, by a modal depth of
©), the resulting model is a finite model of ¢ and, of course, it satisfies ® since P is
universal. O

We showed that ¢ has a Kg-based model if and only if it has a finite Kg-based
model, so Kg-SAT is equal to finite Kg-SAT.
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8. Finite satisfiability

Properties of ¢ finite global-Kg-SAT ‘ finite Kp-SAT
inconsistent P (TRIVIAL)
consistent and bounded FMP, NP-c
unbounded, satisfies S2 NExPTIME
unbounded, satisfies S3 FMP, NP-c

is unbounded, does not force long edges and ...

... forks at all levels and Lack of FMP, FMP,
merges at some level PSPACE-c PSPACE-c

... forks at all levels and

4 ¢ ¢ FMP, FMP,
06 1oL merge at ahy ExXPTIME-c PSPACE-c

level

...does not fork at some FMP, FMP,

level PSPACE-c NP-c

Table 8.1.: A summary of a results for the finite satisfiability problems for modal
logic defined by Horn formulas.

8.1.2. Global satisfiability

The case of global satisfiability is much more complicated. In the case of general
satisfiability, it was enough to consider the behavior of a first order formula on 75,
and Lz. In the case of finite satisfiability, we need one more structure, called X,
that contains a world with in-degree 2.

Formally, we define the frame X as (Wx, Rx), where Wx = {i|i € Z} U {i|i €
Z\{0}} and Rx = {(i,i+1}i € Z} U{(G,i ¥ Dli € 2\ {~1,0}} U{(=T,0), (0. T)}.
Fig. 8.1 contains a fragment of the structure X.

We say that a formula ® merges at a level k < 0 if in €¢(X) there is an edge from
k—1tok.

Example. Consider the formula ® = 2Rz A zRv A yRv = xRy over X. Clearly,
® implies an edge from —2 to —1, so ® merges at level 1. However, frames 75, and
L7 satisfy ®.

We consider three cases. For each formula ® of UHF such that ® does not force long
edges, merges at some level and forks at all levels, we show that the modal logic
over Ko does not have the finite model property (Proposition 8.3), and that the
global Kg—SAT is PSPACE—complete (Propositions 8.7 and 8.8). In the remaining
cases, i.e. the case of formulas that do not force long edges, do not merge at any
level and fork at all levels and and the case of formulas that do not force long edges
and do not fork at all levels, the decidability follows from the finite model property

20



8.1. Formulas that do not force long edges

(Propositions 8.9 and 8.10).

“a. &
oo

Figure 8.1.: A fragment of X" structure (solid edges). Consider a formula ® = yRw A
wRv A Rv = xRy that forces an edge (—1,—2). When applied to
x=w=0,y=—1and v =1, it implies edge (0,—1). Then, applied to
x=0,v=—1,w=—2and y = —3 it implies long edge (0, —3).

The following lemma shows an important regularity in models of formulas that
merge.

Lemma 8.2. Let & be an unbounded UHF formula that does not force long edges
and merges at a level k, MM be a model of ®, vi,ve,...,v; be a walk (i.e. a path, but
not necessarily simple) in M such that all v; are co-inner.

(i) If viRv;_. for some ¢ > 0, then for all i > ¢, v; Rv;_..
(ii) If vi_.Ruv; for some ¢ > 0, then for all i > ¢, v;_.Rv;.

Proof. Let ...,v_9,v_1,v9,v1 and vy, v;41,... be infinite walks in 9. Such walks
exist since vy and v; are oco-inner.

We prove (i) in by induction. Assume that for some i > 0 for all j > ¢ we have
vjRvj_.. We define a morphism A from X" into 91 as

Vitst1 if w=k+ s for some s <0
h(w) = ¢ Vicets if w=Fk+ s for some s >0
Vi—cts if w=k+ s for some s € Z

A quick check shows that h is a morphism and since €4 (X&) contains an edge from
k — 1 to k, 91 has to contain edge from v; to v;_e.

The proof of (ii) is similar and thus omitted. O
Now we use the above lemma to show the lack of finite model property.

Proposition 8.3. Each unbounded UHF formula ® that does not force long edges,
merges at a level k < 0 and forks at all levels lacks the finite model property in global
case.

Proof. Consider a formula 7 defined as the conjunction of the following formulas.
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8. Finite satisfiability

L Vieqi2343Pi N Nijeqi2,343,i ~(Pi A pj) (each world satisfies exactly one of
P1,P2,D3,D4)-

2. p1 = (Op2 AOpo)
3. p2 = (Ops A Ops)
4. p3 = (Op2 A Ops AO(p2 V p4))

5. pa = (Op1 Ap1)

D O-E-®
t&é&g&o

Figure 8.2.: An infinite model of .

An infinite model of this formula is presented in Fig. 8.2.

Assume that 91 is a finite model of 7 and let w be a world that satisfies p; in 1.
Quick check shows that such a world always exists. We define the path wg, w1, ..., w;
such that all worlds of the form wg;1o satisfy ps and all worlds of the form wg;41
satisfy ps. We do it recursively, starting from wg = w. Then, if i is odd, we find a
successor v of w;_1 that satisfies po. Such a successor exists because of the parts 2
and 4 of 7. If 7 is even, we define v as a successor of w;_; that satisfies p3 — it exists
because of 3. If v is already on the path, then we end the construction, otherwise
we put w; = v.

Since 9N is finite, the above construction terminates. It means that there is some
r < [ such that M E wKw,. Clearly, w; and wy are oco-inner. It follows from
Lemma 8.2 that M = w;_.Kwy. But w;_, satisfies py or ps, wy satisfies pg, and
parts 3 and 4 of 7 forbid such connections. Therefore there is no finite model of 7
based on a frame from KCg. O

In order to show the decidability we provide some auxiliary lemmas. We start from
a simple property of the global satisfiability problem — each satisfiable formula has
a model, which is strongly connected.

Lemma 8.4. Let ® € UHF, ¢ be a modal formula and M be a finite Kg-based
structure such that M = @. Then there is a Kg-based substructure N of M such
that N |= ¢ and the frame of N is strongly connected.
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8.1. Formulas that do not force long edges

Proof. Let My, Mo, ... M be a partition of M into maximal (w.r.t. number of
worlds) strongly connected components such that for any ¢ > j there is no path
from (any world of) 9 to 91;. Such a partition exists since the relation “there is a
path from v to w” is a preorder and, while considered on maximal strongly connected
components, it is antisymmetric (if there is a path from 91; to 91; and from M, to
M;, then M; and IN; are not maximal) and therefore it is an order.

We put 9t = M. Clearly, I satisfies @ since ® is universal. Moreover, since
each world from 91 has all its successors in 91 (there is no path to worlds in other
connected components), 91 satisfies . O

We say that a frame M is k-periodic if it consists of a pairwise disjoint, non-empty
sets of worlds Wy, Wy, ..., Wy such that for each v,w from M there is an edge
from v to w if and only if for some ¢ < k, v € W; and w € W; 04 k)41- Notice that
1-periodic frame is a clique. For each k € N we define the cycle Cy as Z; with one
additional edge, namely (k — 1,0). Clearly, each Cj, is k-periodic.

We are going to prove the decidability by showing that each satisfiable formula
has a model that is k-periodic for some k. In order to do so, we have to prove two
technical lemmas.

Lemma 8.5. Let & € UHF.

(a) If ® has a k-periodic model M, then Ci is a model of ®.

(b) If Cx is a model of ®, then any k-periodic frame is a model of ®.

(c) If Lz is a model of ®, then for all ¢ > |®|, C. is a model of ®.

(d) If for some ¢ > |®| the frame C. is a model of ®, then Ly is a model of ®.

Proof. For (a), observe that if a periodic model M that consists of sets Wy, Wa, ...,
Wi is a model of @, then Ci is isomorphic with an induced substructure of 9t that
consists of one world from every W;.

In the rest of the proof we use one more definition. We say that a morphism
h: M — M is complete if for all v,v" we have h(v)Rh(v') if and only if vRv". Note
that if there is a complete morphism h : M — M’ and ® does not hold in M, then
it does not hold in M’.

For (b), assume that there is a periodic frame M that consists of sets Wy, Wa,
..., Wy and is not a model of ®, but C; is a model of ®. We define a complete
morphisms f: M — Ci as f(v) =i for v € W;. Since ® does not hold in M and f
is a complete morphism, ® does not hold in C; — a contradiction.

We prove (c) as follows. Let ¢ > |®|. Assume that there is a clause U satisfied
in L7 but not in C., and let vy, va,...,v, be worlds of C. such that ¥(vy,...,v,) is
false. Let k be such that no world among v1, ..., v, is equal k. Consider the function
I Cefor,.ny — Lz defined as

f(s):{s for s > k

;—{—S for s < k
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8. Finite satisfiability

A quick check shows that the function f is a complete morphism. Since ¥(vy,...,vy,)
does not hold in C. , it follows that W(f(v1),..., f(v,)) does not hold in Lz. But
Ly E ¥, a contradiction.

For the proof of (d), let k& > |®|, ¥ = ¥ be satisfied in C; but not in Lz. Let
vy = 8,v1 = t,v3...,0, be worlds of L such that ¥(vy,...,vy,) is true, V' (vq,...,v,)
is not, and |s — ¢| is minimal. Let f(i) = ¢ _mod k be a morphism from Lz onto
Cr. Ift—s modk # 1, ¥ = W (f(v1),...,f(v,)) does not hold and we have a
contradiction. Otherwise, |s —t| > k —1 so there is a world [ such that [ is between s

and ¢ and [ is different from all of s,¢,vs, ..., v,. Then, morphism g : Lz, . 0,} =
Ly, defined as ¢g(s) = s for s < [ and g(s) = s — 1 otherwise leads to the contradiction
with the minimality of |s — ¢|. O

Lemma 8.6. Let ® be an unbounded UHF formula that does not force long edges.
Assume that for some i,j < 0, €o(X) contains an edge (i,j) or (i,7). Then j—i =1
and Cu(Ly) = Ly.

Proof. As X is symmetric, €5 (X) |= ¢Rj implies €4(X) = iRj. So we assume that

Co(X) = iR,
Let us consider a morphism f from X into £z defined as

f(k) = f(k) =k

If |j —¢| > 1, then there is a long edge in €4(Lz) and it contradicts the assumption
that X does not force long edges.

If j —i = —1, then the morphism f implies that there is an edge (j,j — 1) in
Cs(Lyz) and, since €4 (L) is uniform, for all k there are edges (k,k — 1) in €4 (Ly7).
We define another morphism ¢ to show that then €4(Lz) contains a long edge. Let
g be a morphism from X into €¢(Lz) defined as

( )_{\k| if w = k for some k

—|k| if w = k for some k

It is not hard to see that g is a morphism and therefore that €4 (Lyz) contains a long
edge (]i|, —|7]). An example is presented in Fig. 8.1.

If j = i, then the morphism f implies that there is a reflexive world in €4 (Lz),
and therefore all worlds are reflexive. Consider a morphism A from X" into €4(Lyz)
defined as

h(w) = 1 ifw=k for some k < i
10 otherwise

Since all worlds in €4 (Lz) are reflexive, h is indeed a morphism, so there is edge
(1,0) in €4(Lz) and, as in the previous case, all edges in €4(Lyz) are symmetric and
therefore €4 (Lz) contains a long edge.

For the proof of €4(Lyz) = Ly, recall that if €4(Ly) contains a symmetric or
reflexive edge, then it contains long edges. But ® does not force long edges, and
therefore €4 (Ly) = L. O
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8.1. Formulas that do not force long edges

In particular, the above lemma shows that if a first-order formula ® does not force
long edges and merges, then €4 (X’) does not contain symmetric or reflexive edges.

Proposition 8.7. Let ® be an unbounded UHF formula that does not force long
edges, merges at a level k < 0 and forks at all levels. Then finite global Ko-SAT is
in PSPACE.

Proof. Let ¢ be a modal formula and 9t be a model of ¢ and ® that is a strongly
connected component. Such a model exists due to Lemma 8.4. Assume that 91
contains at least two worlds.

We define a characteristic cycle of 91 as a walk vg, v1, ..., v;_1 that contains all
worlds from 9t and, moreover, in 2 there is an edge from v;_; to vg. Note that
such a characteristic cycle exists because M is strongly connected. For the better
readability, below we omit “ mod [” in subscripts of vs.

Our aim is to show that 9 is s-periodic for some s.

Let Xoyp € N be such that k € Xy if and only if there is v; such that 9 =
v; Rvj4+1. Lemma 8.2 implies that for all v; and k € Xon, M = v; Rv; k11

We show that Aoy is additively closed. Assume that x,y € Xyy. It means that
M contains edges (Vpqy+1,Voty+2) 5 (Vat1,Vatyt2) and (vo,vz41). We define a
morphisms A from X to M, the frame of I, as

Vs fw=k—1+sforalls<0
Vr+1 if w= E

Vgty+1+s ifw=~k+sforalls>0
Vgty+14s ifw=Fk+sforall scZ

h(w) =

We see that h(k — 1) = v and h(k) = vz4y+1, and since in 90 there is an edge from
k—1tok, x+y€ Xn.

Let X4y = {i mod l]i € Xon}. By Fact 4.1, Xéﬂ can be represented as {i- gcd(Xon)
mod [|i € N}. Define W; = {v;1j.gea(xm)|d € N}. Tt follows that all elements of W;
all successors in W;1, and therefore 9 is ged(Xon)-periodic.

We need to compress sets W;. For each ¢ and each subformula 1 of ¢, if there is
a world in W; that satisfies v, we mark one such world. Then we remove unmarked
worlds. It is easy to see that the types of worlds remain the same.

We have proved that all models of ¢ are s-periodic with the sets of the size
bounded by |p|, but the value of s can be arbitrary large. Now we show that there
is a NPSPACE (=PSPACE) procedure that checks, for a given modal formula ¢, if ¢
has a ®-based finite global periodic model.

The NPSPACE algorithm works as follows. First, it checks if there is a single world
or a single clique (1-periodic set) with the size bounded by ¢ that satisfy ¢ and ®
and if there is, it returns “Yes”. Otherwise, it guesses a set W with size bounded
by |¢| and then, recursively, it guesses the successive sets with size bounded by the

same number, checking if guessed worlds are consistent with their predecessor, and
9lel

||

returns “no” otherwise. The algorithm stops after ( > + 1 steps and returns “yes”.
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8. Finite satisfiability

If there is a model of ¢, then the algorithm returns “yes”. Indeed, we showed that
¢ has single world model or a s-periodic model with size of sets bounded by ||,
and the algorithm can simply guess this world or guess the consecutive sets of this
model.

If the algorithm returns “yes”, then it visited two sets satisfying the same subfor-
mulas, so there is a sequence of sets Vp, Vo, ..., Vi, V] with k& < 21#l such that each set
contains all witnesses needed by its predecessors. We build a s-periodic model that
contains sets Vi,...,V} repeated [|®|/k] + 1 times. Clearly, the obtained structure
satisfies ¢. By Lemma 8.6 L7 = €5(Lyz), and by Lemma 8.5 the obtained structure
is a model of . O

The corresponding lower bound follows from the encoding of the bounded-space
domino problem.

Proposition 8.8. Let ® be an unbounded UHF formula that does not force long
edges, merges at a level k < 0 and forks at all levels. Then finite global Kg-SAT is
PSPACE-hard.

Proof. We encode the bounded-space domino problem, keeping whole row of a so-
lution in one world. Let (D, Vp, Hp) be an instance of the bounded bounded-space
domino problem and n = O(|D|). We build a modal formula using variables p¢ for
t < n and d € D. The intended meaning of p? is that the point in the column 7 is
tiled by d. We define a formula 7! that guarantees that each point is tiled by exactly
one element of D as follows.

d d d’
:/\(\/pi/\ /\ =(p; AP ))
i<n deD d,d'eD,d4d!
Formula 7" will ensure that the tilling is consistent with the relation Hp.
/\ \/ )
i<n—1(d,d’ GHD

We ensure that each world has a successor that describes the row which is consis-
tent with the current one with respect to the relation Vp.

7 =0TA N VA0

i<n (d,d")eVp

Finally, we put 7 = 7! A 7" A 7% If (D, Vp, Hp) has a solution that consists of

rows r1,72,..., then among first n™ + 1 of them some rows r;,7; with ¢ < j have
to be the same. Let | = ¢(j —i). We encode the solution on €4(C;), such that s
represents a configuration ¢ + (s mod j). That ends the proof. O

Now we prove that formulas that do not force long edges, fork at all levels and do
not merge at any level, define logics with the finite model property. In the proof,
we start from an infinite tree-based model 90, and construct a very large structure
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8.1. Formulas that do not force long edges

that locally looks like a part of 91, but is finite. We need to do it carefully in order
not to violate the first—order formula.

Proposition 8.9. FEach unbounded UHF formula ® that does not force long edges,
forks at all levels and does not merge at any level k < 0 has the finite model property
i the global case.

Proof. Let MP be a tree-based model of ¢ and ® based on a tree 7°, n = |p| and
N = |®|. If there is a world in M without a proper successors, then the structure
that contains only this world is a model of ¢ and ®. Otherwise, all worlds are co-
followed. We assume that the degree of all worlds is equal n — if it is smaller, we
can duplicate any subtree.

Let w be any g(|®|)-inner world in 7%, T be a subtree of 7° induced by w, and
9 be a substructure of M that consists of the worlds from 7. Clearly, M satisfies
® and Property (i) of Lemma 6.2 guarantees that it is a model of ¢.

Let M be a set of worlds in 9. For each w € M, we define a tree S’,, as a subtree
of M rooted in w, S,, as a structure that contains first 2,V levels of §',,, and &, as
a substructure of 91 that contains the worlds from S,,. Let F be a set of all types
realized in 9. For each type t € F, we pick one world w; of this type and define
Gt = Gw and St = Sw

For each &;, we label leaves in S; in a consecutive way, e.g. from left to right, such
that leaves labeled with 1, 2, ..., n have the same parent and so on.

For each s € {0,1}, p € P and t € F, we define Tip as a copy of &;. We define
the finite structure 9, as a disjoint union of all possible T} . We say that a world
w is at a level k in T, if it is a copy of a world that is at a level k£ in &; and that it
is at a level k in M if it is at a level k in some tree of M. We say that a world v
is a parent of v in My, if wRv, v is at a level k and v’ is at a level k + 1 for some k.
For any two worlds v,v’ that are in the same tree, we define lca(v,v’) as the lowest
common ancestor of v and v’ (w.r.t. the relation parent). We define llca(v,v’) as
the level of lca(v,v") if such world exists and llca(v,v") = —1 otherwise.

We define a structure 9’ as a disjoint union of My and My with additional edges
defined as follows. Consider a tree Tgp and its leaf v labeled by p. Let w be a world
in M with the same type and t1,...,t; be types of successors of w in 7. For each
j < k we add an edge from v to the root of ‘Z%j,p and, if some connection between
w and its successors is symmetric, we make this edge symmetric as well. We do the
same for the leaves from 21y, but we connect them with the roots from 9.

It is not hard to see that all worlds in 9 satisfy . We prove that 9V satisfies ®.

Assume otherwise and let ¥ = ¥’ be the formula not satisfied in 9. There are
worlds vy, ..., v, such that U(vq,...,vx) holds but ¥/ (vy,...,vy) does not.

We define a function vy, : MM — {0,...,4N — 1} as

s—k for each v at a level s > k in M

vp(v) =< s+ 2N —k for each v at a level s in M,
s+ 4N — k for each v at a level s < k in M
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8. Finite satisfiability

Let k£ be such that no world among vy,...,v, is at a level k£ in My and 9.
A function f: 90V ¢, .3 — €a(Lz) defined as f(v) = vg(v) is a morphism.

It is not possible that ¥/ = 1, because then ® would not be satisfied in €4(Ly)
and since ® is unbounded, €4(L7) is a model of ® . Similarly, if ¥ = zRx, then
some world in €¢(Lz) would be reflexive and, since all worlds in 9t are g(|®|)-inner
in M, all worlds in 9 and so ¥/ (vy,...,vy) would be satisfied.

The only remaining case is ¥ = xRy. Let v be at a level [; in M, and vy be at
a level Iy is Ms,. There are two cases: either sy = s9 and |l — lo| < 1, or s1 # s
and one of v1, v is a root and the other one is a leaf. Otherwise, ® would force long
edges.

Assume that s1 < s9 and let k be such that no world among vy, ..., v, is at a level
k in 9. Consider a morphism g : 91y, . .3 — D defined as

g(v) =

v if v is at a level 4 > k in 9y and ¢’ is a parent of v
v otherwise

It implies that ® requires also an edge for some world that is not a leaf to some
root, and so by a morphism f we can show that ® forces long edges. The case when
81 > 89 is symmetric.

Assume that s; = so = 0. If v; = vy, then, by a morphism f, all worlds of €4 (L7)
are reflexive and ¥’ would be satisfied, as before. If vy is a parent of vy, then, by a
morphism f, all edges in €4(Lz) are symmetric and ¥ would be satisfied. So we
can assume that v; and vy are not on the same path in 9.

Assume that [; < N and I < N and let kK > N be such that no world among

v3,...,vN is at the level k in 95. We define a morphism h; : zm/mm,vn} — T as
follows.
h(v) = 0V () if vy (v) < 4N —k
W= ot —he+llca(v,vr) 5—llca(v,n) if v at level s and vi(v) > 4N — k

Let m = llca(vy,v2). Since v1 and ve are not on the same path, m < min(ly,l2).
Since hi(vy) = 0*V=Fth and hy(vy) = 0*N—Etm12=™ and hy is a morphism, it
implies that ® does not fork a the level 04V —F+m 4 contradiction.

Now consider the case when 7 > N and Iy > N. Let £ < N be such that no world
among vs, ..., vy is at the level k£ in 9.

If llca(vy,va) < k, then ® merges at some level. We prove it using the following
morphism hs : Sﬁ/r{vl,-..,vn} — X. Let Tgp be the tree that contains v;.

s —2N  if v at alevel s > k in My and llca(vi,v) >k
s —2N if v at a level s > k in My and lica(vy,v) < k
s if v at a level s in Dy
2N + s if v at a level s in My

hQ(U) =

It is readily checkable that hg is a morphism and it implies that ® merges at some
level.
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8.2. Formulas that force long edges

Let llca(vy,v2) > k. We prove that ® does not fork at some level. To this end,
let ¥’ be such that no world among vs,...,vy is at the level £’ in 91;. We define
Vi = Vo U Vg as follows. Set v € Vg if and only if v is at a level s > k in 90
and lem(vy,v) € {v1,v} (in other worlds, v is an ancestor or descendant of v; in
My). Finally, for each leaf w from V0 labeled by m and each ¢t € F, V1 contains
all worlds from levels less than k' in 7.

Let t = llca(vi,v2) — k, We define a morphism hg : ', 03 = Too-

hs (v) = M ifveVyory(v) <t
S 0t1ve(v)—t otherwise

It is readily checkable that hg is a morphism and it implies that ® does not fork
at the level t.
The case when s; = s9 = 1 is symmetric. O

In the case of formulas that do not force long edges and do not fork at some level,
the finite model property follows from the fact that each satisfiable formula has a
k-periodic model for some k.

Proposition 8.10. Fach unbounded UHF formula ® that does not force long edges
and does not fork at some level k > 0 has the finite model property in global case.

Proof. First, observe that €4(Lz) = Lz and, since ® is unbounded, L7 is a model
of ®. Let v be a world at a level g(|®|) and 9 be a model that consists of all
descendants of v at levels greater than 2g(|®|). By Lemmas 6.12, all worlds in 9V
at the same level are equivalent. Since the number of types is bounded, there exist
two levels k, 1 in 9’ such that k£ —1 > |®|+ 1 and the sets of types realized at a level
k and [ are equal. We create model 9" by removing all worlds at a level greater
than or equal to k and connecting all worlds from level £ — 1 to worlds from level
I. Finally, we define a model 9" by taking for each level one world of each type
realized at this level. A quick check shows that all 9V, 9", and 9" satisfies ¢ and
that 9" is finite.

Now we justify that 91" is a model of ®. Since Lz is a model of ®, Lemma 8.5
shows that Cy_; is a model of ®, and the same lemma shows that therefore any
k — l-periodic model is a model of ®. Model 9" is obviously k — I-periodic. O

8.2. Formulas that force long edges

For the formulas that satisfy S3, we proved the polynomial model property in Section
7. The rest of this section is devoted to formulas ® € UHF that satisfy S2.

First, observe that the modal logic defined by ® can lack the finite model property.
Consider, for example, (xRz A z1Ry = xRy) A (xRx = 1) and a modal formula
OT AOOT. A quick check shows that all models of these formulas are infinite (in
local and global cases). On the other hand, a modal logic defined by a formula
xRz A (xRz1 A z1 Ry = xRy) has the finite model property.
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We show that modal logic over Ko has the following property: if a formula ¢ has
a finite model, then it has a model of size bounded by |<,0|O(W’|). Clearly, it leads to
a NEXPTIME algorithm that simply guesses such a model and verifies it.

Consider a modal formula ¢ and its Kg-based model M with universe M. We
say that a world w is redundant for ¢ and model 9 if M;pp 1) 1S @ model of .
We prove the following lemma by showing that a model that is large enough has to
contain a redundant world.

Lemma 8.11. Let ® be unbounded UHF formula that forces long edges. If ¢ has a
finite Kg-based model, then it has a model of the size bounded by |p|°(#D).

Proof. Let ® be an unbounded UHF formula that satisfies S2 for some [ and a1, ..., q;
and ¢ be a modal formula with a Kg-based model 9.

Let ¢ = a;. Observe that for all i € Z and k > 0 we have €4 (Lyz) = iRi + ke + 1.

We start from bounding the number of worlds that are not g(|®|)-preceded. We
use the standard selection technique [4] — we start from an arbitrary world that
satisfies ¢, and then recursively for each world added in the previous stage we pick
at most |p| witnesses. Let 9 be a model obtained this way. We define the royal
part of M as the set of worlds that contain all worlds that are not g(|®|)-preceded
and the court as the set of g(|®|)-preceded worlds that were added as witnesses for
some worlds from the royal part. Clearly, the sizes of the royal part and the court
can be bounded by |¢[8(®D+1,

Let w be a g(|®|)-inner world not from the court such that for each subformula
O1p of ¢ such that 1 is satisfied in w there exists a g(|®|)-inner world wy # w that
satisfies ¢ and that there is a path from w to wy, with the length cj for some j. We
show that w is redundant.

Consider any predecessor w’ of w. If w’ is not g(|®|)-preceded, then it has all the
required witnesses in the court and the royal part. Otherwise, let ¢ be a subformula
of ¢ such that w satisfies 1). We show that there is an edge from w’ to wy. To this
end, consider a path vi,va,...,vg(a|), W', w, vi,véw..,véj, ww,vi’,vé’,...,v;’(‘él).
Such a path exists since w’ is g(|®|)-preceded and wy, is g(|®|)-inner, and there is a
straightforward morphism from Zyg(3|)124.; into this path. So it is enough to show
that there is an edge from g(|®[) +1 to g(|®|) + 14 ¢j + 1 in E(Lyy(a|)+2+)- By
earlier observations, €4 (Lz) contains an edge from g(|®|) + 1 to g(|®|) + 1 + ¢j + 1,
and Lemma 6.10 implies that there is an edge from g(|®|) +1 to g(|®]) +1+¢j+ 1
in &(Zog(|o)+2+¢5)-

By iterating the above argument we can remove all g(|®|)—inner worlds except
for at most |<p|c"‘p| worlds. Finally, we again use the selection technique to bound
the number of worlds that are not g(|®|)-followed by |¢|1#l - |[8(®D. Since ® is not
a part of an instance, we reduced the number of worlds to |¢|C#D. O

The above lemma leads to the following result.

Proposition 8.12. If ® is unbounded UHF formula that forces long edges, then
finite Kg-SAT and finite global Kg-SAT are in NEXPTIME.
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9. Overview

9.1. Main theorems

Our contribution consists of the proofs of the following two theorems:

Theorem 9.1. The satisfiability problem for the formulae of the logic of subintervals,
over models which are suborders of the order (Z,<), is undecidable.

Since truth value of a formula is defined with respect to a model and an initial
interval in this model (see Preliminaries), and since the only allowed operator is D,
which means that the truth value of a formula in a given interval depends only on
the labeling of this interval and its subintervals, Theorem 9.1 can be restated as:
The satisfiability problem for the formulae of the logic of subintervals, over finite
models is undecidable, and it is this version that will be proved in Section 10.

Theorem 9.2. The satisfiability problem for the formulae of the logic of subintervals,
over all discrete models, is undecidable.

An overview of the proofs. One possible source of undecidability, and the one
we are making use of, is the interaction of regularity and measurement. Consider
the following example proposition:

Proposition 9.3. The problem:

For a given reqular language L C X* and a given set B C Y2, do there exist a
natural number n and a word w € L such that |w| (the length of w) is greater than
n and for each sub-word avb of w (where a,b € X), if the length of avb is n, then
(a,b) € B?

is undecidable.

The proposition is obvious — if we can make sure that any two symbols in the
word, which are at distance n, are a “correct pair”, then we can easily encode a
Turing machine.

In Sections 10.2 and 10.3, we show how is it possible, in the logic of subintervals,
to encode any regular language.

But encoding the measurement is not that simple. The logic of subintervals is not
able — as far as we know — to measure the length of each sub-word of w. We need to
mark each endpoint of the measured interval by a symbol that does not occur inside
this interval. This means that we can only afford a bounded number of measurements
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taking place at the same time. Imagine we had four identical hourglasses, which we
are free to turn at any moment while reading consecutive symbols of the word.
This would not be enough to directly encode a Turing machine, but still enough
for undecidability. In Section 10.1 we describe a class of regular languages (one
regular language for each Minsky machine) for which the possibility of such four
simultaneous measurements leads to an undecidable non-emptiness problem. This
property is stated in Lemma 10.2 which is a counterpart of Proposition 9.3.

In Section 10.4, we define our measuring tool, which we call a cloud, and in Section
10.5, which completes the proof of Theorem 9.1, we show how to use it. Actually,
the idea here is very simple: how much you see is a monotonic function of how high
you are.

In the proof of Theorem 9.1, the measuring device, the cloud, is existentially quan-
tified. Its role is identical with the role of the number n in Proposition 9.3. “They”
provide it, together with the word w, and we only check that all the specification
conditions are met. This approach would not work in the situation of Theorem 9.2.
The reason for that is that the logic of subintervals gives no means (that we are
aware of ) to specify the requirement that all the intervals of the cloud are finite (i.e.,
contain a finite number of elements of the order). Or — using other words — that
time periods measured by the hourglasses are finite. This could lead to pathologies
that we do not even want to think about. Instead, in Section 11, we build our
own hourglass which we call the parabola. It is not as good as the cloud — its size
increases from time to time. But a closer look at Lemma 10.2 shows that we can
live with it. And, unlike the cloud, the parabola does not suffer from the possible
pathologies of discrete orderings.

Related work. The results presented in this part are based on the LICS paper
[25]. However, this thesis contains some additional results and more detailed proofs.

0.2. Preliminaries

Orderings. Originally, Halpern—Shoham logic was defined for any order that satisfy
the “linear interval property”, i.e. for each a,ci,co,bif a < c1, a < ¢, ¢g < b, and
ca < b, then ¢; < ¢ or co < ¢;1. In such orderings, when we restrict our attention to
the operators that look only “inside” of an initial interval, such as D, the reachable
part of the ordering is totally ordered. For that reason in the rest of this paper we
consider only the total orderings.

As in [15], we say that a total order (DD, <) is discrete if each element is either
minimal (maximal) or has a predecessor (successor); in other words for all a,b € D
if a < b, then there exist points a’,b’ such that a < a/, b’ < b and there exists no ¢
with a <ec<ad ord <e<b.

Semantics of the D fragment of logic HS (logic of subintervals). Let (D, <)
be a discrete ordered set '. An interval over D is a pair [a,b], with a,b € D and
a < b. A labeling is a function v : I(D) — P(Var), where I(D) is the set of all

'To keep the notation light, we will identify the order (DD, <) with its set D
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intervals over D and Var is a finite set of propositional variables. A structure of the
form M = (I(D), ~) is called a model.

We say that an interval [a, b] is a leaf iff it has no subintervals (i.e., a = b).

The truth values of formulae are determined by the following (natural) semantic
rules:

1. For all v € Var, we have M, [a,b] = v iff v € y([a, b]).
2. 0, [0, B] |= ~ it M, [0,] £
3. MM, [a,b] = 1 A @2 i D, [a, b] = @1 and M, [a, b] |= pa.

4. M, [a,b] E (D)y iff there exists an interval [a’,b'] such that M, [a', V'] &= ¢,
a<da,b <b,and [a,b] # [d,V].

Boolean connectives V, =, < are introduced in the standard way. We abbreviate
~(D)=¢ by [D]p and ¢ A [D]p by [Gle.

Note that we use the proper subinterval relation D (the prefixes and suffixes are
treat as subintervals), but our technique works also in the strict case, where instead
of [a,b] # [a’, V'] we assume that a # o’ and b # b — see Section 12.3. On the other
hand, if we remove the condition [a,b] # [a’,V/], then the problem is known to be
decidable[30].

A formula ¢ is said to be satisfiable in a class of orderings D if there exist a
structure D € D, a labeling ~, and an interval [a, b], called the initial interval, such
that (I(D),~),[a,b] | ¢. A formula is satisfiable in a given ordering D if it is
satisfiable in {ID}.

Useful formulae. We will often use the formulae of the form \; that are satisfied
in the intervals with the specific length. We define those formulae as \; = (D) T A
—(D™1)T, where the exponentiation D is defined as usual:

(D% = o,

(D¥)¢ = (D)(D*1)¢ for all k > 0.

It is readily checked that Ay is as required — for example, A\g = T A [D]L — it is
satisfied in the intervals with no subintervals, i.e. the intervals with the length 0.
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10. Proof of Theorem 9.1

In Section 10 we only consider finite orderings.

Our representation. We imagine the Kripke structure of intervals of a finite
ordering as a directed acyclic graph, where intervals are vertices and each interval
[a, b] of length greater than 0 has two successors: [a + 1,b] and [a,b — 1]. Each level
of this representation contains intervals of the same length (see Fig. 10.1). As usual,
each vertex is associated with a subset of propositional variables.

m ’\
p,q,tuz

A A l
AAAAAAAAA

Figure 10.1.: Our representation of order ({0,1,...,5}, <).

10.1. The Regular Language L4

In this section, for a given two-counter finite automaton (Minsky machine) A we
will define a regular language L4. There is nothing about the logic of subintervals
in this section — we are just preparing an undecidable problem which will be handy
to encode.

Let @ be the set of states of A, and let Q' = {¢’ : ¢ € Q}. Define B = {f, f,, s, s}
and B’ = {b' : b € B}

The alphabet X of L4 will consist of all the elements of @ U Q' (jointly called
states), symbols z and 2’ (jointly called X-symbols) and of all the subsets (possibly
empty) of B and of B’. Talking about the subsets of B and B’, we will not respect
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types, saying for example “f,. occurs in the word v” rather than “there is a symbol
in v that contains f,.”.

Symbols (of ¥ containing) f and f’ (s and ') will be called first (resp., second)
counters. Symbols f, and f, (s, and s}) will be called first (resp., second) shadows
(or shadows of the first/the second counter).

The language L4 consists of the words w over ¥ that satisfy the following seven
conditions:

C1. The first symbol of w is the initial state gy of A and the last symbol of w is
either g or ¢/, where ¢ is one of the final states of A.

By a configuration, we will mean a maximal sub-word! of w, whose first element
is a state (called the state of the configuration) and which contains exactly one state
(so that w is split into disjoint configurations). A configuration will be called even
if its state is from @ and odd if it is from Q’.

C2. Odd and even configurations alternate in w. All the non-state symbols oc-
curring in even configurations are subsets of B and all the non-state symbols
occurring in odd configurations are subsets of B’.

C3. Each configuration, except for the last one (which only consists of a state)
contains exactly one first counter and exactly one second counter.

We want a word from L 4 to encode a sequence of configurations of A which, once
an additional distance constraint is satisfied (see Lemma 10.2), will be a correct
accepting computation of A. So, except for a state of A, in each configuration, we
need to remember the values of the two counters. We define the value of the first
counter of a configuration as the number of symbols (strictly) between the state of
the configuration and its first counter. The same applies to the second counter.
Example. A configuration with the state ¢, the first counter set to 3, and the
second counter set to 4 can be stored as a word ¢@00{f, fr, s, }{s}00z (the meaning
of f, sy, and x will be defined later).

Using this language, we can state:
C4. In the first configuration, the value of both the counters is zero.

Which can also be read as: The second symbol of w contains f and s.
Now the role of shadows is going to be revealed:

C5. There are no shadows in the first and the last configuration. Each configura-
tion, except for the first and the last, contains exactly one first shadow and
exactly one second shadow.

!By a sub-word, we mean a sequence of consecutive elements of a word, an infix or a prefix or a
suffix.
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10. Proof of Theorem 9.1

In reading the next condition, it is good to have in mind that the position of a
shadow in a given configuration, relative to the state of the configuration, will be
enforced, by the distance constraints of Lemma 10.2, to be the same as the position
of the corresponding counter in the previous configuration.

Since the format of an instruction of A is:

If the state is $q$
and the first counter equals/does not equal O
and the second counter equals/does not equal 0
then change the state to $q_1$
and decrease/increase/keep unchanged the first counter
and decrease/increase/keep unchanged the second counter.

it is clear what we mean, saying that configuration C in word w matches the as-
sumption of the instruction I.

C6. If C' and (4 are consecutive configurations in w, and C' matches the assumption
of an instruction I, then:

— If I changes the state into ¢;, then the state of C is ¢y.

— If I orders the first (second) counter to remain unchanged, then the
first (resp., second) counter in C; coincides with the first (resp., second)
shadow in C1.

— If I orders the first (second) counter to be decreased, then the first (resp.,
second) counter in Cj is the immediate predecessor of the first (resp.,
second) shadow in Cf.

— If I orders the first (second) counter to be increased, then the first (resp.,
second) counter in C is the immediate successor of the first (resp., sec-
ond) shadow in C.

One remaining condition is the following:

C7. There is exactly one x in each even configuration. All the counters and shadows
of the same configuration are to the left of z. Each x is followed by a state
symbol. The same holds for odd configurations and z’.

This completes the definition of the language L 4. It is clear that it is regular —
each of the seven conditions above can be checked by a very small finite automaton.
Before we formulate Lemma 10.2, which will be our main tool, we need one more
definition:

Definition 10.1. Let w € L and let cvd be a sub-word of w, (where ¢,d € 3). We
will call cvd an interesting infix if there is exactly one X symbol in v and one of the
following conditions holds:
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1. ¢ and d are states;
2. ¢ is a first counter and d is a shadow of the first counter;

3. ¢ is a second counter and d is a shadow of the second counter.

Notice that the condition that there is exactly one X symbol in v is a way of
saying that positions of ¢ and d belong to two consecutive configurations.

Lemma 10.2. The following two conditions are equivalent:

(i) Two-counter automaton A, starting from the initial state qo and empty coun-
ters, accepts.

(i) There exists a word w € L and a natural number n such that the length of all
the interesting infixes of w is n.

Proof. For the = direction consider an accepting computation of A and take n as any
number greater than all the numbers that appear on the two counters of A during
this computation plus 3 (this is for X-symbols, states and the counters). For the
<« direction, notice that the distance constraint from (ii) implies that the distance
between a state and the subsequent first (second) shadow equals the value of the
first (resp., second) counter in the previous configuration. Together with condition
5, defining L 4, this implies that the subsequent configurations in w € L4 can indeed
be seen as subsequent configurations in the valid computation of A.

O

Since the halting problem for two-counter automata is undecidable, the proof of
Theorem 9.1 will be completed once we write, for a given automaton A, a formula
U of the language of the logic of subintervals which is satisfiable (in a finite model)
if and only if condition (ii) from Lemma 10.2 holds. Actually, what the formula ¥
is going to say is, more or less, that the word written (with the use of the labeling
function ) in the leaves of the model is a word w as described in Lemma 10.2,
condition (ii).

In the following subsections, we are going to write formulae ®orient; ®r 5 Peloud,
and ®Piengn such that Porient A Pr, A Peloud A Plength Will be the formula ¥ we want.

10.2. Orientation

As we said, we want to write a formula saying that the word written in the leaves
of the model is the w described in Lemma 10.2, condition (ii).

The first problem we need to overcome is the symmetry of D — the operator does
not see a difference between past and future, or between left and right, so how can we
distinguish between the beginning of w and its end? We deal with this problem by
introducing five variables L, R, sg, s1, S2 and writing a formula ®qjent which will be
satisfied by an interval [a, b] if [a, a] is the only subinterval of [a, b] that satisfies L and
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10. Proof of Theorem 9.1

[b, b] is the only subinterval of [a,b] that satisfies R, or [b,b] is the only subinterval
of [a, b] that satisfies L and [a, a] is the only subinterval of [a, b] that satisfies R, and
all the following conditions hold:

e any interval that satisfies L or R satisfies also one of s, s1, or so;
e cach leaf is labeled either with sy or with sy or with so;
e cach interval labeled with sy or with s; or with s9 is a leaf;

e if ¢,d, e are three consecutive leaves of [a, b] and if s; holds in ¢, s; holds in d
and s holds in e then {7, j, k} = {0,1,2};

e the initial interval has the length at least 3.

If [a,b] = Porient, then the leaf of [a,b] where L holds (resp., where R holds) will
be called the left (resp., the right) end of [a, b].

Let exactly-oneof(Y) =V ey (Y A Nyey () —y') be a formula saying (which is
not hard to guess) that exactly one variable from the set Y is true in the current
interval. ®gient is the conjunction of the following formulae:

(i) (D)(D)(D)T
(i) [G]((Ao = ezactly_one_of({s0,s1,52})) A (50 V 51V 53 = Ag))
(iii) [G](A2 = (D)so A (D)s1 A (D)s2)
(iv) [GILV R = sV 1V s3)
(v) (DYRA (D)L
(vi) [GI(L = —R)
(vil) Viego,1,20 (D)L A si) A [D](A A(D)L = =(D)5(i-1) moa 3))

(Viil) Viego,1,20 (DY (R A 53) A [D](A A (DYR = (D) 5(i41) moa 3))

Formulae (i), (ii), (iii), and (iv) express the property defined by the conjunction
of the five items above (notice, that A\g means that the current interval is a leaf).

Formula (v) says that there exists an interval labeled with R and an interval
labeled with L.

Formula (vi) states that no interval satisfies both L and R.

Formula (vii) guarantees that no interval containing exactly 2 leaves, which is
a superinterval of an interval labeled with L and s;, can contain a subinterval la-
beled with s(;_1) poq 3. It implies that an interval labeled with L can only have one
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10.3. Encoding a Finite Automaton

superinterval containing exactly 2 leaves — if there were two, then their common su-
perinterval containing 3 leaves would not have a subinterval labeled with s(;_1) noa 3,
thus contradicting (iii).

Finally, formula (viii) works like (vii) but for R.

N PV P N A

sy (S (8 (Sy

N A \ \ S A %
Sy B (S 8y

Figure 10.2.: Two possible models that satisfy the formulae from Section 10.2.

In the rest of paper, we restrict our attention to models satisfying formula ®gjent,
and treat the leaf labeled with L as the leftmost element of the model.

Notice that everything we did above can be applied not only to the whole model,
but also to any subinterval of the model. We will say that set U marks the left
endpoint of interval [c,d] if some u € U holds in [¢,¢] and no v/ € U holds in any
other subinterval of [c, d]. Analogously we define what it means that a set marks the
right endpoint of an interval. What we proved in this section is:

Lemma 10.3. There exists a formula mle(U) (and mre(U) ) which is true in interval
[a,b] if and only if U marks the left (resp. the right) end of [a,b].

Notice that we only know how to express the fact that u € U is valid in the left
end of [a,b] if u does not occur anywhere else in this interval.

10.3. Encoding a Finite Automaton

In this section, we show how to make sure that consecutive leaves of the model, read
from L to R, are labeled with variables that represent a word of a given regular
language.

Lemma 10.4. Let A = (X, 9,¢°, F,5), where ¢ € Q, FC Q, C Q@ x X x Q be
a finite—state automaton. There exists a formula ¥ 4 of the D fragment of Halpern—
Shoham logic over alphabet Q U X that is satisfiable (with respect to the valuation
of the variables from Q) if and only if the word, over the alphabet ¥ written in the
leaves of the model, read from L to R, belongs to the language accepted by A.

Proof. 1t is enough to write a conjunction of the following properties.

1. In every leaf, exactly one letter from ¥ is satisfied (so there is indeed a word,
written in the leaves). Moreover, the letters from ¥ are true at leaves only.
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2. Each leaf is labeled with exactly one variable from Q. Moreover, the variable
from Q are true at leaves only.

3. For each interval whose length is 1, if this interval contains an interval labeled
with s;, with a € ¥, and with ¢ € Q, and another interval labeled with
5(i+1) moa 3 and with ¢’ € Q, then (g, a,¢’) € 0 (notice that we rely here on the
assumption that ®pient holds in the model).

4. The interval labeled with R is labeled with such ¢ € Q and a € X such that
{(q,a,q') € 0 for some ¢’ € F.

5. The interval labeled with L is labeled with ¢°.

Clearly, a model satisfies properties 1-5 if and only if its leaves are labeled with an
accepting run of A on the word over ¥ written in its leaves. The formulae of the D
fragment of Halpern—Shoham logic expressing properties 1-5 are not hard to write:

1. [G]((Ao = exactly_one_of (X)) A (VX = Ao))

2. [G]((Ao = exactly_one_of(Q)) A (\V/ Q= N\o))

w

Gl A(D)si AN (D) sit1 moa 3 = V(g aqyes (D) (8iANgAQ) AN (D) (Sit1 moa 3AG")),
for each 7 € {0,1,2}

4. [G](R = \/<q,a,q’)€6,q’€]-'(q A a))

ot

- [GI(L = ¢")

Now, let A be a finite automaton recognizing language L 4 from Section 10.1. We
put ®;, =Y 4. ]

10.4. A Cloud

We still need to make sure that there exists n such that each configuration (but the
last one) has length n — 1 and that each interesting infix has length exactly n. Let
us start with:

Definition 10.5. Let M = (I(D), ) be a model and p a propositional variable. We
call p a cloud if there exists k € N such that p € v([a,b]) if and only if the length of
[a,b] is exactly k.

So one can view a cloud as a set of all intervals of some fixed length. Notice, that
if the current interval has length & then exactly k + 1 leaves are reachable from this
segment with the operator D.
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10.4. A Cloud

Figure 10.3.: An example of a cloud.

We want to write a formula in the language of the D fragment of Halpern-Shoham
logic saying that p is a cloud. In order to do that, we use an additional variable e.
The idea is that an interval [a, a + n] satisfies e iff [a + 1,a + n + 1] does not.

Let ®.ouq be the conjunction of the following formulae.

1. (D)(p A (D)L) — there exists an interval that satisfies p and this interval
contains the leftmost element of the model.

2. [G](p = [D]—-p) — intervals labeled with p cannot contain intervals labeled
with p.

3. [GI((D)p = (D)(pAe)A(D)(pA—e)) — each interval that contains an interval
labeled with p actually contains at least two such intervals — one labeled with
e and one with —e.

Lemma 10.6. If M, [agn, bon] = Peloud, where agy and boy are endpoints of M, then
p is a cloud.

Proof. We will prove that if an interval [z, y| is labeled with p, then also [z +1,y+1]
is labeled with p. A symmetric proof shows that the same holds for [z — 1,y — 1],
so all the intervals of length equal to m, where m is the length of [z, y], are labeled
with p.

This will imply that no other intervals can be labeled with p and p is indeed a
cloud. This is because each such interval either has a length greater than m, and thus
contains an interval of length m, and as such labeled with p, or has a length smaller
than m, and is contained in an interval labeled by p, in both cases contradicting 2.

Consider an interval [z, y] labeled with p. Interval [z, y + 1] contains an interval
labeled with p, so it has to contain two different intervals labeled with p — one labeled
with e and the other one with —e. Suppose, without loss of generality, that [x,y] is
the one labeled with e, and let us call the second one [u,t]. If ¢ <y + 1, then [u,{]
is a subinterval of [z, y] and is labeled with p, a contradiction. So t =y + 1.

Let us assume that v > z+ 1. The interval [u — 1, y+ 1] must contain two different
intervals labeled with p. One of them is [u,y + 1], and it cannot contain another
interval labeled with p, so the other one must be [u — 1, y] or one of its subintervals.
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But then it is a subinterval of [z,y] (because u — 1 > x + 1 — 1 = z) which also is
labeled with p, but this leads to a contradiction. So u =z + 1. O

10.5. Using a cloud.

10.5.1. An example

Before we proceed into the technical aspects of encoding the automata, let us show
a simple example of the usage of a cloud.

Let A, be a finite automaton that recognizes the language defined by the regular
expression (ac*bc*)*. Consider the formula ®gpjent A Py, 4 I each model of p, leaves
contain some word w accepted by A. Our goal is to force the following property.

(e) There exists n € N such that each maximal block ¢ that is between a and b
has the length n.

We use a cloud. In fact, n will be equal to the length of the intervals in the cloud.
Property (e) can be expressed as a conjunction of ®¢,,q and the following formulae.

(i) [Gl(p = ~((D)a A(D)b))
(i) [Gl(p = (D)(a Vb))

Figure 10.4.: An example of using a cloud.
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Now, consider two examples in Figure 10.4. At the left side, the red vertex contains
no subinterval that satisfies a or b — it contradicts Formula (ii). At the right side,
the red vertex contain a subinterval that satisfies ¢ and a subinterval that satisfies
b — it contradicts Formula (i). Therefore, this block of ¢ has to have the length 2,
equal to the length of the intervals in the cloud.

10.5.2. Encoding two-counter automaton

Let us now concentrate on models which satisfy ®grient A 1, A Pelond. Since Pejoud
is satisfied, then p is a cloud. Let n denote the number of leaves contained in the
intervals that form the cloud. Since ®,, is satisfied, we know that the word written
in the leaves of the model must belong to L4. What remains to be done is writing
a formula ®jengn that would guarantee that the distance constraints from Lemma
10.2 are satisfied in this word.

The following lemma is just a restatement of Definition 10.1 in the language of
the last paragraph of Section 10.1:

Lemma 10.7. Let w € Ly and let v be a sub-word of w. Then v is an interesting
nfiz if it contains exactly one X -symbol and one of the following conditions holds:

e one of the endpoints of v is marked with a state from Q) and the other endpoint
is marked with a state from Q';

e the left endpoint of v is marked with f (f', s, s') and the right endpoint is
marked with f. (f., s., sr, resp.).

Using the formulae mle and mre from Section 10.2, it is straightforward to trans-
late the conditions of the lemma into a formula Phiiyteresting Saying that the current
interval is interesting:

[G]((mle(Q) Amre(Q") V (mle(Q) Amre(Q)) = interesting)
[G](mle({l € Z|f €1}) Amre({l € E|f] € I}) = interesting)

[G](mle({l € X|s € I}) Amre({l € X|s,. € l})) = interesting)
(

A G
A [Gl(mle({l € Z|f" € I}) Amre({l € Z|f, € l}) = interesting)
A G
A [G](mle({l € Z|s' € 1}) Amre({l € Xl|s, € I}) = interesting)

Note that the part about containing exactly one X-symbol comes for free here from
the definition of the language and the properties of mle and mre. Now, we are ready
to write ®Piengtn-

q)length = (Dinteresting VAN [G] (interesting = p)

which means that if what you see is exactly an interesting interval, then you are
exactly on the level of the cloud.
This ends the proof of Theorem 9.1.
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The idea of the proof of Theorem 9.2 is exactly the same as of Theorem 9.1. But,
because of the possible pathologies of discrete orders, almost all the details of the
proof will now be much more complicated.

11.1. Damage assessment

Let us see which of the constructions form Section 10 can be saved in the new
context.

Orientation In the new situation we still can, as we did in Section 10.2, write
formulae enforcing that the model has its left endpoint, marked with L, and its
right endpoint, marked with R. But the trick with labeling each three consecutive
elements with sg, s1 and s9, which we used to define direction inside the model will,
in the discrete case, orient only the locally finite fragments of the model (i.e., those
maximal sets C of elements of the ordering such that, for each a,b € C the interval
[a, b] contains only finitely many elements).

On the other hand, if the model is infinite, then the left endpoint has its successor,
which has a successor, etc. so that we have a copy of the ordered set of natural num-
ber as an initial fragment of the model. We will identify elements of this fragment
with natural numbers. If formula ®..nt is satisfied, then the set of natural numbers
is oriented as in Section 10.2.

It also turns out that we can actually force the model to be infinite. To do that,
take a new variable nat, and write a formula ®,,,; saying that:

e nat only holds at leaves;
e [ implies nat;

e if an interval contains two leaves, and in some of those two leaves nat holds,
then it holds in all of them;

e there is an leaf where nat does not hold.

Those properties can by expressed using D in the following way:
o [G](nat = Xo)
o [G](L = nat);

e [G](M A (D)nat = [D]nat);
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e (D)(M\g A —nat)

Let now @grient be the formula ®Pgrient A Prot. From now on, we assume that all

the models under consideration satisfy (IDgrient.
The regular language Lff‘ and the finite automaton. In the finite satisfiability
case, the set of satisfiable formulae was recursively enumerable. Now, as we will see
later, it is coRE-hard. This means that we now need, for a given Minsky machine
A, to write a formula U?, of the logic of subintervals, which will be satisfiable if and
only if A does not accept. We can assume that A has only one final (accepting)
state ¢y and that the machine runs forever if this state is not reached. So the formula
we are going to write in this chapter should be satisfiable if and only if the machine
A runs forever and never reaches q;.

Since we still want to represent the computation of A as a word written in atoms
of the model (to be more precise, in the atoms that are natural numbers), we must
be ready to deal with an infinite word. The method the transition function of an
automaton is encoded in Section 10.3 still works, so we can encode any automaton
on infinite words with a ”"safety accepting condition”, which means that it accepts a
word if no forbidden state is entered during a run. Let Li be the language of infinite
words satisfying conditions [C1] — [C7] from Section 10.1 (with the obvious exception
of the parts of conditions [C1], [C3] and [C5] which concern the final configuration)
and additionally

C8. The third symbol of w is its first X-symbol.

Clearly, Lff‘ can be recognized by an automaton with safety accepting condition.
So we can write a formula ® Ll which will be satisfied in a model if and only if the

word written in atoms being natural numbers belongs to LdA. Notice that ® rd will
be satisfied also by some words which only consist of finitely many configurations
(last of them ending with infinitely many empty symbols). This cannot be prevented
by a safety automaton, and we will need to find another way to forbid such words.
Lemma 10.2. The last remark leads to one change in Lemma 10.2. Another change
will result from the fact that, in the new context we do not have the cloud anymore
— the method it was defined does not translate to discrete orderings. So we no longer
will be able to make sure that all the interesting infixes have the same length. But
it turns out that we do not really need that much.

Definition 11.1. We say that an infinite word w is nice if for each pair v, u of
interesting infizes such that v begins earlier than wu, if k is the number of X -symbols
between the left endpoint of v and the left endpoint of u then |v| + k = |u|.

The following version of Lemma 10.2 is easy to prove:

Lemma 11.2. The following two conditions are equivalent:

(i) Two-counter automaton A, started from the initial state qo and empty counters,
runs forever.
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11. Proof of Theorem 9.2

(i) There exists a nice word w € Li’g with infinitely many X -symbols in w.

Notice that if there are two interesting infixes of a nice word, whose left ends are
in the same configuration, then their lengths are equal. This is exactly what we need
to be sure that the values of counters in each configuration are correctly reflected
by the positions of shadows of the counters in the following configuration.

The second consequence of the fact that a word is nice is that the length of a
subsequent configuration is always one plus the length of the previous one. This
means that, if the first configuration was long enough to contain the values of the
counters, then each configuration will be long enough, regardless of the possible
unbounded growth of those values. And it follows from condition [C8] that the first
configuration is long enough.

Having the idea on mind, proving Lemma 11.2 is straightforward.

11.2. The parabola

Let us remind that we identify the initial fragment of the model with the set N.

Definition 11.3. Let 9 = (I(D),~) be a model and p,pg,x, 2z’ be a quadruple of
variables. We call the quadruple p,pg,x,x’ the parabola if:

(i) only leaves are labeled with x or with ', and the leaf [3, 3] is labeled with x;
(ii) [1,4] is labeled with p;

(#3) if [i, j] is labeled with p and [i,1] is not labeled with x or with x’, then [i+1, j+1]
18 labeled with p;

(iv) each interval labeled with p contain a subinterval labeled with x or with x’, but
no such interval marks the right endpoint with x or with x';

(v) all intervals labeled with pgp mark the right endpoint with x or with 2';

(vi) no subinterval of an interval labeled with p can contain a subinterval with x
and a subinterval with x';

(vii) if [i, 7] is labeled with p and x (resp., x') marks the left endpoint of [i, ], then
[i + 1,7+ 1] is labeled by pg (see Figure 11.2);

(viii) if [i,j] is labeled with pg, then [i,j + 1] is labeled with p;

(ixz) no other interval whose left endpoint is a natural number are labeled with p.
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11.2. The parabola

Figure 11.1.: A fragment of the parabola.

Notice that the z, 2’ from the parabola coincide with the X-symbols from 3, which
means that if p, pg, z, 2’ is the parabola then there are infinitely many X-symbols
in w, and, in consequence, w consists of infinitely many configurations — a property
that could not be enforced by a safety automaton alone.

The variable pg is auxiliary in some sense - we use it to mark in each row that
contains p, the first column after the columns with p. In other words, an interval
[i, 7] will be labeled with pg if [i —1,j —1] is labeled with p and [i — 1,7 — 1] is labeled
with x or 2’ (so, therefore, [i,j 4 1] should be labeled with p) — see Figure 11.2.

The role of variable p is as the role of cloud — we will use it to guarantee that
the interesting infixes have the right length.

Lemma 11.4. Let M = (I(D),~) be a model and p,pg,z,x’ be the parabola in IN.
Let w € Li be the infinite word of symbols written in the natural numbers of 9.
Then the following two conditions are equivalent:

(i) w is a nice word with infinitely many X -symbols;
(ii) each interesting infix of w is (as an interval) labeled with p.

Proof. Condition [C8] implies that the fourth symbol of w is a state symbol, and
consequently, that [1,4] is the first interesting infix of w, and condition (ii) from the
definition of the parabola implies that it is labeled by p.

Notice that conditions from the definition of parabola guarantee that if [i, j] is
labeled with p, then there exists an interval labeled with p that begins in ¢ + 1 and
has the length greater by one than [i, j] if there is an X-symbol in [i, 4] (conditions
(vi)-(viii)) and has the same length as [i, j|] otherwise (condition (iii)). It implies
that the length of intervals labeled with p is increased by one with each X-symbol,
so the length of two intervals labeled with p whose left ends are separated by k
X-symbols differs by £ — exactly as in the definition of a nice word. The condition
(iv) guarantee that there are infinitely many X-symbols. O

The idea behind the formula @gar is simple. At first, note that we still can use
formulae mle and mre defined exactly as in the definition of a cloud to define the

parabola.
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11. Proof of Theorem 9.2

Let us @gar be the conjunction of the following formulae (they correspond to the

properties from Definition 11.3).
(i) [G](z V2" = Xg) A(D)(A3 A (D)L N mre({z}));
(ii) (D)(p A (D)L A X3) (recall that by definition L is satisfied in [1, 1]);

(iii) [GI(((D)p A —mle({z}) A—mle({a'})) = (D)(p Ae) A (D)(pA—e)) (we use an
auxiliary variable e in the same way as for cloud);

(iv) [Gl((mre({z}) vV mre({2'})) = —p) A[G](p = (D)(z V 2'));

(v) [Gl(pe = mre({z}) V mre({2'}));

(vi) [Gl(p = [DI([D]-~z v [D]=a"));

(vi) [G]((mle({y}) A (D)(p Amie{y}) A[D][D]=p) = (D)pe A [D][D]-pg) for each

y € {z,2'};
(vii) [G]((D)pe A [D][D]=pg A =(mle({z}) v mre({2'})) = p);

(ix) [G](p = [D]—p) (it works as for cloud).

mle({x}) p. e
mre({x'})

Figure 11.2.: A place where the parabola from Figure 11.1 is lifted, zoomed in.

It turns out that we can simply put @iingth = ®length- Now we can finish the proof
of Theorem 9.2 defining
vl =@l

orien

d
t N (I)L‘zl N N (I)length

par
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12. More results

12.1. Superinterval relation

Our theorems hold also for D instead of D. But the changes to the proof need to be
significant. Consider, for example, formulae [D](D)T and [D](D)T. The first one is
not satisfied in the discrete case, but the second one is satisfied over, e.g., N.

Another important difference between the models for the logic with D and for
the logic with D is that in linear discrete orders all intervals have either 0 or 2
subintervals with the maximal size, while an interval may have only one superinterval
with the minimal size (e.g. over the naturals, the interval [1,5] has only one such
superinterval — [1, 6]).

In other words, the leaves are not always well-defined in case of D. There can be
no interval that satisfies [D]T in a model, and even if there is such interval, then it
is the only one. Therefore we have to pay more attention while encoding a regular
language.

To handle it, we use a cloud to define pseudo-leaves — a set of intervals on the
same level that satisfies a special variable lea f. Once we defined leaves, we guarantee
that nothing wrong happens above the leaves, ie. [D](leaf = [D]A,cper —0)-
The idea is that having pseudo-leaves, we can simply adopt the formula from the
proof of Theorem 2 to prove undecidability, replacing D by D and \; by A;, where
o = (DYleaf A ~(D"leaf.

As the successor (predecessor) function is well defined in discrete linear orders for
all points except for the maximal (minimal, resp.) one, it should be clear what we
mean by ¢+ k (¢ — k, resp.), where ¢ is a point and k is a natural number — it is
just a successor (predecessor, resp.) function iterated k times. Now we are going
to write a formula ®; that is satisfied only in models with pseudo-leaves. More

leaves

precisely, 9, [a, b] = O iff there exists a superinterval [c,d] of [a, b] such that:

leaves
(i) M, [e,d] = L Nleaf A=l

(ii) For each even k € Z such that [c+ k,d + k] is in the model, M, [c+ k,d + k]| E
leaf N =l

(iii) For each odd k € Z such that [c+ k,d + k] is in the model, M, [c + k,d + k] E
leaf Nl

So all the leaves are at the same level at least in some fragment of the model that
contains an interval which labeled with L (so the place where a word from a regular
language starts) and is long enough to contain the infinite world.
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12. More results

The technical aspects of D, ves

as for cloud. Note that the last property is a little bit stronger, as explained before

(below [G]e stands for ¢ A [D]yp).
e (D)(leaf N L)

are not surprising — there are almost the same

e [G|({D)leaf = (D)(leaf Nl.) A (D)(leaf A =l.))
o [G](leaf = [D] A\,eyar )

3 S S S S
Now, for a given automaton A, we define 2, . (® 74 Doars Pl ath

) as @2

orient

(P Ld> @gar, @flength, resp.) by replacing every occurrence of D by D and every
occurrence of \; by A,. Let U = @7 A®S . A CIJSLfIA NP ar N Plpgin- It 1s easy to

check that the formula W® is satisfiable if and only if A started from the initial state
qo and empty counters, runs forever. We conclude this discussion with the following
theorem.

Theorem 12.1. The satisfiability problem for the formulae of the logic of superin-
tervals, over all discrete models, is undecidable.

12.2. Global satisfiability

The global satisfiability problem is defined as follows. For a given formula ¢, does
there exist a structure D such that every point of D satisfies ¢? The question about
the global satisfiability of formulae has been studied in literature, e.g., in [11] or
[17]. For a basic modal logic the global satisfiability problem is ExpTIME-complete,
while the classical (local) satisfiability problem is PSPACE-complete.

We show that the global satisfiability problem is very easy for D, a little bit more
complicated for D (but still in NP), but becomes undecidable as soon as we allow
both D and D.

We start with the following proposition.

Proposition 12.2. The global satisfiability problem for the logic of subintervals is
NP-complete.

Proof. Let ¢ be a formula and 9t = (I(D), v) a model of ¢ such that for all w € I(D)
we have M, w = ¢. Let i € D. We define M’ = (1({i}),~) where +/([i,4]) = v([z, ]).
It is easy to see that I, w = .

Therefore in this case we have a single-interval model property, and checking for
the existence such a model can be done in NP. The NP lower bound comes from a
trivial reduction from SAT. O

Now we prove that if we have both D and D, then the global satisfiability problem
is much harder.

Proposition 12.3. The global satisfiability problem for the fragment DD of the
Halpern—Shoham logic is undecidable.
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12.2. Global satisfiability

Proof. For a given two-counter automaton A, let U be a formula defined in section
11. Let u be a fresh variable. Define

W9 = (u = U9 A (~u = (D)(D)u V (D)(D)u)

Clearly, any model 99t that globally satisfies W9 contains an interval w labeled by
u and 9, w |= U?. For the other direction, if we have a model 9 and an interval w
such that 9, w = ¥?, then we can create a model 9 from 9 by labeling w by u
and all other intervals by —u. Then 9 globally satisfies W9. ]

Both proofs are almost straightforward. Now we prove less obvious proposition
about D.

Proposition 12.4. The global satisfiability problem for the logic of superintervals
is NP-complete.

Proof. Let ¢ be a formula and 9 = (I(D), ) a model of ¢ such that for all w € I(D)
we have 9, w = . If there is a maximal interval in I(ID), then we simply proceeder
like for D and obtain a single-point model.

Suppose that there is no maximal interval in I(D). We define a modal type of an
interval w, denoted by mt,,, as a set of subformulae of ¢ of the form (D)’ satisfied
in w. Note that if w is a superinterval of w’, then mt, C mt,s. Therefore there
exists an interval [ag, bg| such that for all superintervals v of v we have mt, = mt,.

We define a set of intervals 7 in the following way. For each ¢, which is a
subformula of ¢, if there exists a superinterval of [ag, by that satisfies 1), then we
put one such interval in 7. Observe that the size of is polynomial in the size of ¢.

Let {to,t1,...,tx—1} be aset T written more explicit and f : I(Z) — be a function
such that for each w € I(Z) we have f(w) = t|j4.4]| mod k-

We define a structure MM’ = (I(Z),~'), where v/([a,b]) = v(f([a,b])). We claim
that 9 is a model of ¢.

We prove by the induction of the structure of ¢, that for all ¢, which is a subfor-
mula of ¢, and all w we have M, w |= ¢ iff M, f(w) = 1.

Let [a’, V'] be an interval of .

e If ¢ is a propositional variable p, then 9, f([d’,V]) = ¢ iff p € y(f([¢/,V])) =
v ([d,b]) iff I, [d’,b] = .
e The cases when ¥ = =)/ or ¢ =4’ V)" are straightforward.

o If » = (D)y) and M, [d’, V'] = ¢, then there exists a superinterval [¢,d’] of
[a’,b] such that I, [/, d'] = ¢'. By the inductive assumption, M, f([¢/,d]) &
¢'. The intervals f([c,d']) is a subinterval of [ag, bo], and therefore mt (4 y,
contains t. Since mt(q, b)) = Mt ([’ 1)), We have M, f([a,V]) |= 2.

If ¢p = (D) and M, f([a’,V']) = 1, then there exists an superinterval [a, b]
of f([a’,b']) such that 9, [a,b] = ¢'. ¢ is a subformula o ¢, so there is an
interval [c,d] € T that satisfies ¢’. Let [¢/, d'] be a superinterval of [a, '] such
that f([¢/,d']) = [¢,d]. By the inductive assumptions, [¢,d’] satisfies ¥’ and
therefore M, [a', V] = 9.
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12. More results

The existence of a model of the form (I(Z),~') can be checked in NP. The algo-
rithm simply guesses a modal type of all intervals in the model and a set 7, and
then simply verify that the modal type is consistent with the types in T.

O

12.3. Strict D

The strict D, denoted as D, is defined as follows.

M, [a,b] = (Dc)p iff there exist an interval [a’,b'] such that M, [a', V'] E ¢ and
a<a <b <b.

Our undecidability result holds also for D, there are just some minor technical
details to handle. Here we will only describe how we label the leaves with a special
variable [ in that case — the remaining modifications are similar and are left to the
reader.

In the D case, the labeling of leaves is easy — the formula Ag does it. But in the
D¢ case, a similar formula would label also the intervals of length 1. To avoid it, we
use auxiliary variables a, b, ¢, A, B and the conjunction of the following properties:

(i) Each interval of length at most one is labeled with exactly one of a,b, ¢, A, B.
(ii) No interval of length greater than 1 is labeled by a,b, ¢, A, or B.
(iii) Each interval of length at least 2 contains an interval labeled with a, b, or c.

(iv) Each interval of length at least 4 contains intervals with all five auxiliary sym-
bols.

Condition (iii) guarantees that the intervals of length 0 are cannot be labeled with
A or B. Observe that the intervals of length 4 contain exactly 2 strict subintervals
of length 1 and exactly 3 strict subintervals of length 0, and due to (iv) those 5
intervals have to contain 5 auxiliary symbols, so the intervals of length 1 have to be
labeled with A and B. Figure 12.1 contains an example of such labeling.

The formulae expressing properties (i)-(iv) are easy to express using D. Finally,
we can define Aj =aVbVe.

12.4. Arbitrary orderings

The question whether the D fragment is decidable over the class of all (total) or-
derings is still open. However, our technique can be used to proof the following
proposition.

Proposition 12.5. The satisfiability problem for the formulae of the DD fragment
of Halpern—Shoham logic over the class of all total orderings is undecidable.
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12.4. Arbitrary orderings

with 5 different
symbols Contains an interva
labeled with

Contains intervals ]
a lower-case letter

Figure 12.1.: A labeling of leaves in the strict case.

Proof. For the strict D case, consider the formula ¢ defined as follows

[GI([Dc]L = (Dc)([D][D]L)).

This formula is satisfiable in orderings such that for each reachable interval [a, a
there exist b, ¢ such that b < a < ¢ and the interval [b, ¢] contains at most 4 points
(including a, b, c). It implies that a has both predecessor and successor. Therefore
the reachable part of the ordering is discrete.

Now we would like to say that all discrete orderings satisfy ¢, no matter which
initial interval we choose. It is not entirely true — the formula is not satisfied if
the interval [z, x] is reachable, where z is the maximal or the minimal point. But
this is the case only if the interval [z,z] is initial, so we can simply fix that: let
¢ =V ([Dc]LA[Dc]L).

Now we can use the formula U9 A’ (where ¥? is the formula from the proof of the
undecidability of the D fragment in the discrete case) to proof the undecidability.

The proper D case can be solved in the same way, however the proof is much more
technical. O

The proof bases on the fact that we allow the intervals of the form [a,a]. The
question of what happens if we exclude such intervals remains open.
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