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Abstract

In this thesis we investigate various fragments of second-order logic that
arise naturally in considerations related to modal logic. The focus is on
questions related to expressive power. The results in the thesis are reported
in four independent but related chapters (Chapters 2, 3, 4 and 5). In Chap-
ter 2 we study second-order propositional modal logic, which is the system
obtained by extending ordinary modal logic with second-order quantifica-
tion of proposition symbols. We show that the alternation hierarchy of this
logic is infinite, thereby solving an open problem from the related literature.
In Chapter 3 we investigate the expressivity of a range of modal logics ex-
tended with existential prenex quantification of accessibility relations and
proposition symbols. The principal result of the chapter is that the re-
sulting extension of (a version of) Boolean modal logic can be effectively
translated into existential monadic second-order logic. As a corollary we ob-
tain decidability results for multimodal logics over various classes of frames
with built-in relations. In Chapter 4 we study the equality-free fragment
of existential second-order logic with second-order quantification of function
symbols. We show that over directed graphs, the expressivity of the frag-
ment is incomparable with that of first-order logic. We also show that over
finite models with a unary relational vocabulary, the fragment is weaker
in expressivity than first-order logic. In Chapter 5 we study the extension
of polyadic modal logic with unrestricted quantification of accessibility re-
lations and proposition symbols. We obtain a range of results related to
various natural fragments of the system. Finally, we establish that this
extension of modal logic exactly captures the expressivity of second-order
logic.
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CHAPTER 1

Introduction

Since the advent of relational semantics, modal logic has developed fast and
currently the field has a wide range of applications in different disciplines
ranging from computer science and artificial intelligence to economics and
linguistics. Due to its well manifest success, modal logic deserves a developed
mathematical background theory. This thesis contributes to the understand-
ing of the model theory of very expressive extensions of modal logic. The
focus is sharp; we digress very little from questions concerning expressivity
of fragments of second-order logic (SO) that are directly related to modal
logic. The article [21] in the Handbook of Modal Logic [3] is a relatively
recent survey giving an overview the current state of the model theory of
modal logic. See also [12], and see the Chapters 1-3 of [7] for background
information.

In this thesis we study various fragments of second-order logic that arise
naturally in considerations concerning extensions of modal logic. Under-
standing fragments of second-order logic can be very useful in the study of
non-classical logics with constructors giving them the capacity to express
properties not expressible in first-order logic (FO). A typical such non-
classical logic immediately translates into a fragment of second-order logic.
Armed with theorems about fragments of second-order logic, one may then
immediately obtain a range of results concerning the non-classical logic un-
der investigation. Such results can be, for example, related to decidability
issues or expressivity of the logic in question.

While the principal topic of the thesis is modal logic, the investigations
below can also be regarded as a study of (fragments of) second-order logic.
A notably wide range of the very difficult open problems in finite model
theory [44] are questions about the expressive power of fragments of SO.
For example, by Fagin’s theorem (see [44]) and due to the fact that PTIME
is closed under complement, separating universal second-order logic and ex-
istential second-order logic in the finite immediately separates PTIME from
NP. Difficult questions aside, a developed model theory of second-order
logic can help in the study of a wide range of mathematical problems, for
example in discrete mathematics. Since the expressive power of second-order
logic is very high and related questions have proved tough, it makes sense
to take rather small steps. Directing attention to fragments when devel-
oping the theory is a natural approach. While potentially directly useful,



insights about fragments also elucidate the role different logical constructors
(such as connectives and quantifiers) play in making the expressive power
of second-order logic. In this thesis we concentrate on fragments motivated
by investigations in modal logic, and from the point of view of second-order
model theory such systems are obviously not the only interesting fragments.
However, we believe that results about modal fragments of second-order logic
can ideally serve two purposes. They are results about second-order logic
and also potential tools for investigations in modal logic.

In Chapter 2 we study second-order propositional modal logic (SOPML).
Second-order propositional modal logic is the system obtained by extending
ordinary modal logic with propositional quantifiers 3P and VP. Informally, a
formula 3P is true if there exists an interpretation of P such that ¢ is true.
In the standard framework extending Kripke semantics, such propositional
quantifiers are monadic second-order quantifiers, i.e., quantifiers ranging
over subsets of the domain of a model. Johan van Benthem asks in [5]
whether the alternation hierarchy of SOPML is infinite over the class of
Kripke frames. (See Chapter 2 for the definition of alternation hierarchies.)
The question is also posed in the article [11] of ten Cate. We show in
Chapter 2 that the syntactic alternation hierarchy of SOPML induces an
infinite corresponding hierarchy of definable classes of Kripke frames. The
result has been published in [39].

Chapter 3 is an exercise in arity reduction of existential second-order
quantifiers. The investigations concentrate on two systems of modal logic
with existential prenex quantification of accessibility relations and proposi-
tion symbols, X} (ML) and ¥1(PBMLT). The system ©1(ML) is the logic
obtained by extending ordinary multimodal logic with existential prenex
quantification of binary accessibility relation symbols and proposition sym-
bols. PBML™ is the logic obtained by extending polyadic’ multimodal logic
with built-in identity relations (see Subsection 3.2.1) and with operators that
allow for the Boolean combination of accessibility relations; 31 (PBML™) is
the extension of PBML™ by existential prenex quantification of accessibility
relations and proposition symbols. PBML™ stands for “polyadic Boolean
modal logic with identity”.

The principal result in Chapter 3 is that formulae of %1(PBMLT) trans-
late into equivalent formulae of monadic E%. Recall that monadic E% is the
extension of first-order logic with existential prenex quantification of unary
relation symbols. We also establish that YX1(ML) translates into monadic
Y1(MLE), which is the logic obtained by extending multimodal logic with
the global modality and existential prenex quantification of proposition sym-
bols. Both translations lead to decidability results for multimodal logics over

'Recall that a Kripke-style modal logic where accessibility relations are not required
to be binary, but can be of a higher arity, is called polyadic. See Chapters 2 and 3 of this
thesis or Chapter 1 of [7] for the related definitions.
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various classes of frames. Chapter 3 is based on the article [25], which is
joint work with Lauri Hella. The investigations in the chapter are related to
a generalized perspective on modal correspondence theory and also an open
problem of Griidel and Rosen [23] asking whether %}(FO?) is contained in
monadic ¥1. See the chapter for further details. In addition to [25], modal
logic with quantification of binary relations has been studied for example in
[13, 42, 43, 53].

In Chapter 4 we study equalilty-free existential second-order logic with
function quantification, or fESOyo—=. The system fESO,,= is the fragment of
E% where second-order quantification is over function symbols only, and for-
mulae are equality-free. The original motivation for studying this fragment
stems from considerations related to Henkin quantifiers and independence-
friendly (IF) logic. Various interesting equality-free subsystems of IF logic
translate into fESO.,—. In particular, systems of independence-friendly
modal logic tend to translate into fESO,,—. For recent developments re-
lated to IF logic and IF modal logic, see for example [34, 35, 58, 65].

Despite the original motivations related to IF logic, we dwell very little
on IF logic in Chapter 4. In fact, we save the reader the trouble of getting
acquainted with IF logic altogether. After all, we believe that fESO,,—
is worthy of study simply because it is a relatively natural fragment of
1. We establish that fESO,,— admits a simple truth preserving model
transformation that enables an easy access to inexpressibility results. We
observe that fESO,,— and FO are incomparable in expressive power over
relational models whose vocabulary contains a binary relation symbol. The
situation changes if we restrict attention to finite models whose vocabulary
contains only unary relation symbols. The principal result of Chapter 4
is that over finite models with a unary relational vocabulary, fESO .- is
weaker in expressive power than first-order logic. The result is established
using an indirect argument that is, we believe, quite interesting in its own
right. The argument applies to a wide range of logics, not only fESO,,—.
We end the chapter by observing that fESO,,,— is strictly more expressive
than equality-free first-order logic over finite models with a unary relational
vocabulary. Chapter 4 is based on the articles [40, 41].

In Chapter 5 we study fragments of systems SOPMLE and SO(ML). The
system SOPMLE is the logic obtained by extending SOPML with the global
modality. The system SO(ML) is the logic obtained by extending polyadic
modal logic with unrestricted quantification of accessibility relations (of any
arity) and proposition symbols.

Consider formulae of SOPMLE of the type IPVQ ¢, where 3P and VQ
are strings of existential and universal propositional quantifiers, respectively,
and ¢ is free of propositional quantifiers. We call such formulae 3o formulae
of SOPMLE. We prove a range of results concerning the fragment. For
example, we identify a tool for establishing inexpressibility results that apply
to formulae of the fragment.

11



In Chapter 5 we also study the role of arity and alternation in second-
order quantification. Consider SOPML formulae of the type 3P ¢, where ¢
does not contain propositional quantifiers. We call the fragment of SOPML
that contains these formulae the ¥; fragment (of SOPML). We identify a
class of finite pointed models over which the expressivity of neither SOPML
nor ¥} (PBML™) exceeds the expressivity of the X1 fragment of SOPML, but
a formula of the type IRVP p—where R is binary, P unary and ¢ is free of
second-order quantifiers—immediately takes us beyond the expressivity of
the 31 fragment of SOPML. Finally, we show that second-order logic is equi-
expressive with SO(ML), thereby obtaining a kind of a modal normal form
for second-order logic. The results in Chapter 5 are previously unpublished.

1.1 Preliminary Considerations

Technical issues required in the chapters of the thesis are developed in the
chapters themselves. In spite of that, we summarize the main technical
conventions here.

We denote models by M, N, M’ etc. By a model we always mean a first-
order structure. (See Definition 1.1 of [15] for example.) We use this notion
of a model also in modal logic. The related details will be clearly developed
in the chapters. We consider models with a vocabulary containing relation
symbols and sometimes constant symbols. While it would be possible to
incorporate function symbols into the vocabulary of models in a natural
way here and there, we streamline the exposition by ignoring this possibility.
(Function symbols do play a part, however, in Chapter 4, where we consider
existential second-order logic with function quantification.) If M is a model,
we let Dom(M) denote the domain of the model. A pointed model is a pair
(M, w), where M is a model and w € Dom(M).

In the context of predicate logic, functions that interpret first-order and
second-order variable symbols in the domain of a model are called assign-
ments. If f is a function with the domain S, then by f we mean a function
g with the domain S U {z} such that

(2) = U if z ==,
== flz) if z # .

Note that it may or may not be the case that x € S.

We denote formulae of modal and predicate logic by Greek letters mostly.
We reserve the turnstile |= for predicate logic and the turnstile I- for modal
logic. If ¢ is a formula of predicate logic, then M, f = ¢ means that the
model M satisfies ¢ under the assignment f. Recall that A () is interpreted
to be a formula that is always true and \/ () a formula that is always false.
The symbol T denotes a formula that is always true and the symbol | a
formula that is always false.

12



While we have attempted to make the exposition of all results relatively
rigorous and self-contained, acquaintance with logic in general and modal
logic in particular is assumed. Familiarity with finite model theory is helpful,
and in Chapter 5, acquaintance with the very basics of the theory of finite
automata and formal languages is required.

13



CHAPTER 2

Modal Logic and Monadic Second-Order
Alternation Hierarchies

In this chapter we establish that the quantifier alternation hierarchy of
formulae of second-order propositional modal logic (SOPML) induces an
infinite corresponding semantic hierarchy over the class of finite directed
graphs. This solves an open question posed in [5] and [11]. We also pro-
vide modal characterizations of the expressive power of monadic second-
order logic (MSO) and address a number of points that should promote
the potential advantages of viewing MSO and its fragments from the modal
perspective.

2.1 SOPML and Monadic Alternation Hierarchies

In this chapter we investigate the expressive power of second-order propo-
sitional modal logic (SOPML), which is the system obtained by extending
ordinary modal logic by propositional quantifiers ranging over sets of domain
elements. Modal logics with propositional quantifiers have been investigated
by a variety of researchers, see [4, 6, 9, 11, 16, 18, 33, 36, 37, 38, 59, 60] for
example.

Johan van Benthem [5] and Balder ten Cate [11] raise the question
whether the prenex quantifier alternation hierarchy of SOPML formulae in-
duces an infinitely ascending corresponding hierarchy of definable classes of
Kripke frames. This is an interesting question, especially as ten Cate shows
in [11] that formulae of SOPML admit a prenex normal form representation.
We show that the semantic counterpart of the quantifier alternation hierar-
chy of SOPML formulae is infinite over the class of finite directed graphs.
This automatically implies that the semantic hierarchy is infinite over the
class of Kripke frames. Alternation hierarchies have received a lot of at-
tention in finite model theory, see [51, 52, 47, 56, 57, 61] for example. As
SOPML is a semantically natural fragment of MSO (see Theorem 6 in [11]),
we feel that our result is relatively interesting also from the point of view of
finite model theory.

Our main tool in investigating quantifier alternation in SOPML is a
theorem of Schweikardt [57] which states that the alternation hierarchy of
monadic second-order logic is strict over the class of grids. Inspired by the
approach of Matz and Thomas in [52], we employ a strategy loosely based

14



on strong first-order reductions in order to transfer the result of Schweikardt
from the context of grids to the context of a special class of finite directed
graphs that we define. Over this class the expressive power of SOPML coin-
cides with that of MSO, and hence we easily obtain the desired result that
the alternation hierarchy of SOPML is infinite over finite directed graphs.
The precise definition of strong first-order reductions (found in [51]) is of no
importance for the investigations in this chapter, as we give a self-contained
exposition of all our results.

As a by-product of the investigations concerning alternation hierarchies,
we discuss a simple, effective procedure that translates MSO sentences to
equivalent formulae of second-order propositional modal logic with the global
modality (SOPMLE). The procedure is based on a translation that bears
a very close resemblance to a translation of ten Cate in [11], and the con-
siderations related to the procedure are inspired by the approach in [11].
The procedure establishes that the expressive power of SOPMLE over fi-
nite/arbitrary relational structures coincides with that of MSO, and a trivial
adaptation of the related argument shows that replacing the global modal-
ity with the difference modality does not change the picture. Such modal
perspectives on MSO could turn out interesting from the point of view of
finite model theory, for example.

The chapter is structured as follows. In Section 2.2 we fix the notation
and discuss a number of preliminary issues. In Section 2.3 we show that
MSO = SOPMLE with regard to expressive power. Using an approach anal-
ogous to that in Section 2.3, we then define in Section 2.4 a special class of
directed graphs over which MSO and SOPML coincide in expressive power.
In Section 2.5 we first work with MSO, transferring the result of Schweikardt
to the context of the newly defined special class of directed graphs. Then,
using the connection created in Section 2.4, we finally establish that the
SOPML alternation hierarchy is infinite over directed graphs.

2.2 Preliminary Definitions

In this section we introduce technical notions that occupy a central role in
the rest of the current chapter.

2.2.1 Syntax and Semantics

With a model we mean a first-order model of predicate logic, and we re-
strict attention to models associated with a vocabulary containing relation
symbols and possibly constant symbols.

We fix countably infinite sets VARpp and VARgp of first-order and
second-order variables, respectively. Naturally we assume that the sets are
disjoint. We let

VAR = VARro U VARg0.

15



We let lower-case symbols z,y, z denote first-order variables. Upper-case
symbols X, Y, Z denote second-order variables. A union f of two functions

fFO : VARFO — Dom(M)

and
fso : VARSO — Pow(Dom(M)),

where M is a model and Dom(M) its domain, is called an assignment.
Monadic second-order logic is interpreted in terms of models and assign-
ments, so we write M, f = ¢ when a model M satisfies an MSO formula ¢
under an assignment f.

Let PROP be the smallest set T such that the following conditions are
satisfied.

1. If x € VARpo, then P, € T.
2. If X € VARgp, then Px € T.

The elements of PROP are proposition variables. Let
5250U51U52U5+

be a vocabulary, where Sy is a set of constant symbols, S; and Sy are sets of
unary and binary relation symbols respectively, and Sy is a set of relation
symbols of higher arities. We assume that S and PROP are disjoint. The
language L(S) of SOPML associated with the vocabulary S is the smallest
set T such that the following conditions are satisfied.

1. If c€ Sp, then ce T.

2. If Py € PROP, where # € VAR, then Py € T.
3. If Pe Sy, then PeT.

4. If o €T, then ~p € T.

5. ff peT and ¢ € T, then (¢ A¢) € T.

6. f Re Sy and p € T, then (R)p € T.

7. If R' € Sy is a k-ary relation symbol and ¢; € T for i € {1,....k — 1},
then (R')(p1,...,px-1) € T.

8. If P4, € PROP and ¢ € T', then 3P4 ¢ € T.

When SOPML is extended by the global modality, we obtain second-
order modal logic with the global modality, or SOPMLE (cf. SOEPDL
n [59]). The language L”(S) of SOPMLE associated with the vocabulary

16



S is the smallest set T satisfying the conditions listed above when defining
the language L(.S) of SOPML, and also the following additional condition.

If p €T, then (E)p € T.

Here we assume that E' ¢ S. The operator (F) is called the global diamond.

The elements of the sets L(S) and L¥(S) are called S-formulae, or al-
ternatively, formulae of the vocabulary S. The set of symbols in S that
occur in an S-formula ¢ is called the set of non-logical symbols of . Analo-
gous conventions apply to formulae of predicate logic: formulae of predicate
logic associated with a vocabulary S are called S-formulae or formulae of
the vocabulary S, and the set of non-logical symbols in S that occur in an
S-formula i of predicate logic is the set of non-logical symbols of 1. For ex-
ample, the MSO formulae 3XVz (P(z)AX (y)) and Vz(z = 2V Q(c) V X (z))
are both formulae of the vocabulary {P,Q,c}. Here P and @ are relation
symbols, X a relation variable, ¢ a constant symbol and x, y first-order vari-
ables. In addition to being a {P, @, c}-formula, the first formula is also a
formula of the vocabulary { P, Q} and a { P, c}-formula, for example. The set
of non-logical symbols of the first formula is {P}, and the set {Q, ¢} is the
set of non-logical symbols of the second formula. Notice that the identity
symbol is not considered to be a non-logical symbol. The SOPMLE formula
(EY(R)(P A Py) is, for example, a {c, R, P,Q}-formula. Here R, P,Q are
relation symbols, ¢ a constant symbol and P, a proposition variable. The
set of non-logical symbols of the formula is {R, P}. Notice indeed that the
symbol E associated with the global diamond (E) is not considered to be a
non-logical symbol.

Formulae of SOPML and SOPMLE are interpreted with respect to pointed
models. Recall that a pointed model is a pair (M, w), where M is a model
and w € Dom(M). In addition to pointed models, we also need objects that
interpret free occurrences of proposition variables in PROP. Any function

V : PROP — Pow(Dom(M)),

where M is a model, is called a valuation.

Let S be the vocabulary we defined above. Let M be an S-model with
w € Dom(M) = W. (An S-model, or a model of the vocabulary S, is a model
M’ such that the set of non-logical symbols that M’ gives an interpretation
to is exactly the set S.) Let V be a valuation that maps PROP to Pow(W).
We let IF denote the modal truth relation, which we now define for the model
M and for S-formulae of SOPML in the following recursive fashion.

Let c € Sy, P € S; and R € Sy. Let R € S be a k-ary relation symbol
for some integer k greater or equal to three. Let P» € PROP, where # is a

17



variable symbol in VARro U VARso. Let ¢, 9, 1, ..., pr_1 be formulae of
SOPML of the vocabulary S. We define

(M,w),VIFec & w=cM,

(M,w),V I~ P s wePM,

(M,w),VH— P# & we V(P#),

(M,w),VIF—¢ & (Mw),VIF e,

(M, w),VIF (e A1) & (M,w),VIFyand (M,w),V I,
(M,w),VIF 3Py & U CW((Muw),Vs IFy),
(M,w),V I (R) ¢ & Jue W(wRMu and (M, u) I ¢),
(M,w),VIE(R") (¢1,.,pp—1) < Fuj..ux_1 € W such that

R'™M(w,uq,...,up_1) and
(M, u;),V IF ¢; for each i.

The truth definition of SOPMLE is obtained by extending the above set
of clauses by the following additional clause.

(M,w),V Ik (E)p iff 3ue Dom(M)((M,u),V IF ).

As SOPML is a fragment of SOPMLE, in the remaining part of the current
subsection (Subsection 2.2.1) we only refer to SOPMLE formulae when fixing
conventions that apply to formulae of both SOPML and SOPMLE.

If a formula ¢ of SOPMLE does not contain free occurrences of propo-
sition variables, we may drop the valuation V' and write (M, w) IF ¢. An
SOPMLE formula without free proposition variables is called a sentence.
We extend the definition of the modal truth relation I to the context of
models (as opposed to pointed models) in the following standard way.

M - iff for all w € Dom(M), (M,w) IF ¢.

We also extend the truth relation of predicate logic to cover pointed models.
Let S be a vocabulary, M an S-model and ¢(z) an S-formula of predicate
logic with exactly one free variable, the first-order variable x. We define

(Mow)  p(a) il M.~ o),

where M, % = ¢(z) means that M satisfies p(x) when x is interpreted as
w.

Let S be a vocabulary and H), be a class of pointed S-models. We say
that an S-sentence ¢ of SOPMLE defines the class C' of pointed models with
respect to H,, if

C={(M,w) e Hy | (M,w) I ¢}.

We write
MODHP(QO) =C.

18



Similarly, we say that an S-formula ¥ (x) of MSO defines the class C of
pointed models with respect to H), if

C={(M,w) € Hy | (M,w) |= ¢ (2)}.

The formula 1 (z) is required to contain exactly one free first-order variable
and no free second-order variables. We write

MODy;, (¢(x)) = C.

Let H be a class of S-models. We say that an S-sentence ¢ of SOPMLE
defines the class C' of models with respect to H if

C={MecH|MIge}

This mode of definability is sometimes referred to as global definability. We
write

MODH(QO) =C.

Similarly, we say that an S-sentence ¥ of MSO defines the class C' of models

with respect to H if
C={MecH|MEy}

We write
MODg(¢) = C.

Two MSO formulae ¢ and ¢ are called uniformly equivalent, if the fol-
lowing three conditions are satisfied.

1. The two formulae have exactly the same set of free variable symbols.
That is, the subset of VAR of variables that occur free in ¢ is exactly
the same as the subset of VAR of variables that occur free in .

2. The two formulae have exactly the same set U of non-logical symbols.

3. The equivalence

M, flrye & M fEY

holds for all U-models M and all variable assignments f that map the
set VAR to the set Dom(M) U Pow(Dom(M)).

For example the formulae X (y) and X (y) V y # y are uniformly equivalent.
The formulae P(z)V —P(z) and Q(z) V —Q(x) are not uniformly equivalent
since they fail to have the same set of non-logical symbols. (The set of non-
logical symbols of the formula P(z)V —P(x) is { P} and that of the formula
Q(z)V-Q(z) is {Q}.) The formulae x1 = z; and x2 = x2 are not uniformly
equivalent since they fail to have the same set of free variable symbols.

Two SOPMLE formulae ' and 1’ are uniformly equivalent, if the fol-
lowing three conditions are satisfied.
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1. The two formulae have exactly the same set of free proposition vari-
ables. That is, the subset of PROP of proposition variables that occur
free in ¢’ is exactly the same as the subset of PROP of proposition
variables that occur free in v'.

2. The two formulae have exactly the same set U of non-logical symbols.
3. The equivalence
(M,w),VEY & (Mw),VEY

holds for all pointed U-models (M, w) and all valuations that map the
set PROP to the set Pow(Dom(M)).

Let x be a sentence of SOPMLE and 7(z) a formula of MSO with exactly one
free variable, the first-order variable x. The sentence x and the formula 7 (z)
are uniformly equivalent if they have exactly the same set U of non-logical
symbols, and if we have

(M,w)lFx & (M,w) En(z)

for all pointed U-models (M,w). An SOPMLE sentence x’ and an MSO
sentence 7’ are called globally uniformly equivalent, if the sentences have the
same set U’ of non-logical symbols, and if we have

MIFY & ME®

for all U'-models M.

When we informally leave out parentheses when writing formulae, the
order of preference of logical connectives is such that unary connectives have
the highest priority, and then come A,V,—, <> in the given order.

2.2.2 Grids and Graphs

Two classes of structures have a central role in the considerations that follow.

Definition 2.1. Let m,n € N>q and let
D=A{1,...,m} x{l,..,n}.

Let S; and Sy be binary relation symbols. Define two binary relations SlGd
and S§'¢ such that S{'¢ contains exactly the pairs of the type

((G,4),(i+1,5)) € DxD
and S$? exactly the pairs of the type

((i,§),(i,j+1)) € DxD.
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The structure Gd = (D,SlGd,S2Gd) is a grid, and the grid Gd is said to
correspond to an m x n matrix. The element (1,1) of the domain of a grid
is referred to as the top left element. We let GRID denote the class of grids.
Note that this class is not closed under isomorphism. In fact there would
be no problem calling GRID the set of all grids.

The other class of structures we shall consider is that of (nonempty)
directed graphs. A directed graph is a structure (W, R), where W # () is a
finite set and R C W x W a binary relation. When we refer to a graph we
always mean a nonempty, finite directed graph. We let GRAPH denote the
class of finite directed graphs.

2.2.3 Alternation Hierarchies

An MSO formula in monadic prenexr normal form consists of a vector of
monadic second-order quantifiers followed by a first-order part. Levels of the
monadic second-order quantifier alternation hierarchy measure the number
of alternating blocks of existential and universal second-order quantifiers of
MSO formulae in monadic prenex normal form. It is natural to classify
SOPML formulae in an analogous way. Below we give formal definitions of
alternation hierarchies. We only define the levels containing formulae that
begin with an existential quantifier, as this suffices for the purposes of our
discourse.

Let S be a nonempty vocabulary not containing function symbols. Let
Lro(S UVARgo) denote the first-order language associated with the set
S UVARgp. We define

¥0(S) = Lro(SUVARso)

and
Ynt1(S) ={3X1,...,3Xk~¢ | k€ Nand p € £,,(5)}.

The sets X,,(5) are levels of the syntactic alternation hierarchy of MSO.

We write ¥,, instead of X,,(S) when the vocabulary is clear from the
context. With [¥,] we refer to the equivalence closure of ¥,. In other
words, [X,] is the set of MSO formulae ¢ such that there exists some MSO
formula ¢’ € ¥, that is uniformly equivalent to .

Levels of the syntactic alternation hierarchy are associated with natural
semantic counterparts. Let H be a subclass of the class of all S-structures.
We define

Yn(H) ={C € Pow(H) | C = MODpg(yp) for some sentence ¢ € £,(5)}.

Similarly, we let

Zn(Hp)
={C € Pow(H,) | C =MODy, (¢(z)) for some formula p(z) € £,(S)},
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where H), is a class of pointed S-models.

We then deal with the quantifier alternation hierarchies of SOPML for-
mulae of the vocabulary S. The zeroeth level of the syntactic hierarchy of
SOPML contains all SOPML formulae free of propositional quantifiers, and
any formula 3P;...3P; —¢ belongs to the level n 4+ 1 iff ¢ belongs to the
n-th level. We let XM%(S) denote the n-th level of this hierarchy. On the
semantic side, we define

Syt (H)
= {C € Pow(H) | MODy(p) = C for some sentence ¢ € SME(S)},

where H is a subclass of the class of S-models. Similarly, we define

St (Hp)
= {C € Pow(H,) | MODy, (¢) = C for some sentence ¢ € S3%(S)},

where H), is a class of pointed S-models.

If for all n € N there exists a k > n such that 3, (K) # E,(K), we say
that the alternation hierarchy of MSO is infinite over K. Here K can be a
class of models or a class of pointed models. We define infinity of SOPML
alternation hierarchies analogously.

2.3 SOPMLE = MSO

In this section we show that second-order propositional modal logic with the
global modality (SOPMLE) has the same expressive power as MSO. The
result is closely related (for example) to the fact that the system H({, E)
of hybrid logic is expressively complete for first-order logic, see [3] and the
references therein. In the light of the considerations in [1, 2, 11], the result
is not that surprising.

In order to establish that SOPMLE is expressively complete for MSO,
we define a simple translation from the set of MSO formulae into the set of
SOPMLE formulae. The translation was inspired by a very similar transla-
tion defined in [11].

Let M be a model and

f: VAR — Dom(M) U Pow(Dom(M))

a related assignment. We let V; denote the valuation mapping from the
set PROP to the set Pow (Dom(M)) such that the following conditions are
satisfied.

1. V§(Py) = {f(x)} for all P, € PROP such that 2 € VARpo.
2. Vf(Px) = f(X) for all Px € PROP such that X € VARgo.
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Consider the formula
uniq(Py) = (E)Py A VPy(<E)(Py A P,) = [E](Py — Py)),

where [F] stands for =(F)—. The formula states that the proposition variable
P, is satisfied by exactly one element.

Let S be a vocabulary. Let P € S be a unary and R € S a binary relation
symbol. Let R’ € S be a k-ary relation symbol, where k is an integer greater
or equal to three. Let ¢ € S and ¢ € S be constant symbols. Let ¢ and
1) be MSO formulae of the vocabulary S. We define the following recursive
translation Tr from the set of MSO formulae of the vocabulary S into the
set of S-formulae of SOPMLE.

Tr(P(x)) = (E)(PAP)

Tr(X(y)) — (E)(PxAR,)
Tr(R(y) = (E)P.A(RIP)
Tr(R (z1,....z)) = (E)(Po, A{R)(Pry, ..., Py))
Tr(z = y) — (E)(P.AP))
Tr(c=x) = (E)(cNPy)

Tr(x = c) = (E)(P.Nc)

Tr(c={) = (E)(cA{)

Tr(~) = ~Tr(p)

Tr((pA)) = (Tr(p) ATr(y))
Tr(3z ) = 3P, (uniq(Py) NTr(y))
Tr(3X ¢) = 3PxTr(p)

Lemma 2.2. Let S be a vocabulary and let (M, w) be a pointed S-model
with the domain W. We have

MfEye & (Mw),VilETr(p)

for all MSO formulae ¢ of the vocabulary S and all assignment functions

f: VAR — W U Pow(W).

Proof. We prove the claim by induction on the structure of S-formulae ¢
of MSO. The basis of the induction is established by a straightforward
argument. The case where ¢ = —) for some formula 1) is trivial, as is the
case where ¢ has a conjunction as its main connective. Therefore we may
proceed directly to the case where ¢ = Jx v for some formula .

Assume first that M, f = Jz1p. Therefore we have M, f% |= ¢ for some
u € W. Hence

M w), v 2 )
Py
by the induction hypothesis. Thus

(M, w), Vs b 3P, (unig(P.) ATr()),
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as required.
For the converse, assume that

(M,w), Vs I+ 3P, (unig(Py) A Tr()).

Therefore U
(M,w), Vs 23 I uniq(Py) NTr(v)

for some U C W. As

U
(M, w),VfF IF uniq(Py),

T

we have U = {u} for some u € W. Therefore

(M, w), V¢ {;31} = Tr(y),

and thus M, f% = 1 by the induction hypothesis. Therefore M, f = 3z,
as required.

Finally, the argument for the case where the formula ¢ is of the type
3X ¢, is straightforward. O

We are now ready for the main results of the current section.

Theorem 2.3. Let S be a vocabulary. A subclass K of a class C of pointed
S-models is definable w.r.t. C by an MSO formula if and only if K is
definable w.r.t. C by an SOPMLE sentence.

Proof. Let ¢ be an arbitrary S-formula of MSO with exactly one free vari-
able, the first-order variable z. Let (M, w) be a pointed S-model with the
domain W, and let

f: VAR — W U Pow(W)

be an arbitrary assignment. The following equivalence holds by Lemma 2.2.
M feEe & (Mw), V- Tr(p)

We observe that the formula T'r(¢) has exactly one free proposition variable,
P,. We have the following equivalence.

(M, w), V; S84 I Tr(p)
=
(M, w) I 3P, (Py Auniq(Py) ATr(p))

By the two equivalences, it is clear that the sentence

3P, (P A uniq(Py) ATr(p))
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is an SOPMLE sentence uniformly equivalent to ¢.

For the converse, we define a trivial generalization of the standard trans-
lation (see [7]). Let s be an injection from PROP to VARgo. If P4 € PROP,
let X4 denote the variable s(P). The translation operator St takes as an
input a formula of SOPMLE and a first-order variable. We define the oper-
ator St recursively by the following clauses.

1. Sty(c) == xz=c

2.

0

(

to(P) == P(x)

3. Sty(Py) = Xu(z)

4. Sty(mp) = —Stu(p)

5. St ((p A1) = (Stua(p) A Sta(1))

6. Sta((R)p) := Fy(zRy A St,(¢))
Sta((R

(15 0k) )
= dyp Hyk(Rl(l' Y1, - -,Z/k) A Styl ((,01) AREA Styk (@k))

8. Stz((E)p) = x=xAJySty(p)
9. Stx(IPy ) = X4 St.(9)

Here c is a constant symbol, P a unary relation symbol, Py a relation
variable in PROP, R a binary relation symbol and R" a (k + 1)-ary relation
symbol. It is easy to see that if ¢ is a sentence of SOPMLE, then St,(y) is
an MSO formula uniformly equivalent to . O

Theorem 2.4. Let S be a vocabulary. A subclass K of a class C' of S-models
is definable w.r.t. C' by an MSO sentence if and only if K is definable w.r.t.
C by an SOPMLE sentence.

Proof. Let ¢ be an arbitrary MSO sentence of the vocabulary S. Notice
that T'r(¢) does not contain any free proposition variables. Let M € K be
a model and f a related assignment.

Assume that M |= ¢. Pick an arbitrary w € W. We have

MEe & M fEy
& (M,w),Vy IFTr(p)
& (M,w) IFTr(p),

where the second equivalence follows by Lemma 2.2. Hence, as w was chosen
arbitrarily, we conclude that M I+ T'r(p).
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Assume then that M |- Tr(yp). Pick an arbitrary u € W. We have
(M,u) IF Tr(p). Similarly to what we had above, we have

MEy & M fEe
& (M,u),Vy IETr(p)
& (M, u) - Tr(p).

Thus M | ¢. We conclude that
MEp & MIFTr(p).

For the direction from SOPMLE to MSO, Vx:St, () is an MSO sentence
globally uniformly equivalent to a sentence ¢ of SOPMLE. O

It is now straightforward to observe that with regard to expressive power,
SOPMLD = MSO, where SOPMLD denotes second-order propositional
modal logic with the difference modality. The language of SOPMLD is
obtained by extending the language of SOPML by a new unary opera-
tor (D)—similarly to the way we obtained the language of SOPMLE. A
pointed model (M, w) satisfies the formula (D) iff there exists a point
u € Dom(M) \ {w} such that (M, u) satisfies ¢. It is clear that SOPMLE
formulae can be expressed in SOPMLD. Therefore MSO formulae can be
expressed in SOPMLD. It is also clear that formulae of SOPMLD translate
into MSO.

2.4 Simulating Globality

The local nature of SOPML (cf. Proposition 4 of [11]) limits its expressive
power. In this section we define a class of structures over which this is not
the case. The key point is to insist that each structure contains a point
which connects to every point of the structure.

Definition 2.5. Let (W, R) be a structure with a binary relation R. Assume
that there is a point w € W such that wRu for all u € W. We call such
a point w a localizer. Structures with a localizer are called localized. If
(M,w) = ((W,R),w) is a pointed model where w is a localizer, we say that
(M, w) is l-pointed.

The notion of a localizer is similar to the notion of a spypoint applied in
hybrid logic literature (see the articles [2, 8] for example).

We then prepare ourselves for the next result (Lemma 2.6) by defining
local analogues of the formula uniq(P,) and the translation Tr defined in
Section 2.3.

Let uniqr(P,) be the formula

(RYP, AVP,((R)(Py A Py) = [R](P» — Py)),
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where [R] stands for ~(R)—. It is easy to see that if (W, R) is a model with a
localizer w € W, then (W, R),w), VP% I uniqr(P;) if and only if U = {u}
for some u € W.

We then modify the translation T defined in Section 2.3 to suit the
context of localized { R}-models. Consider the clauses that define the trans-
lation T'r. Restrict attention to the parts that apply to {R}-models. Re-
place the occurrences of the global diamond (E) by the diamond (R), and
also replace uniq(P,) by uniqr(P,). We denote the obtained translation by
Trgr. In other words, the translation Trg is the translation defined by the
following clauses.

Trr(X(y)) = (R)(Px N Py)
Trr(R(z,y)) = (R)(Px A (R)Py)
Trr(z=y) = (R)(PAPy)

Trr(—e) = ~Trr(p)

Tre((pAy)) = (Trr(e) ATrr(Y))
Trr(3zp) = 3P, (um’qR(Px) A TTR((p))
Trr(3X ¢) = 3JPx Trgr(p)

The following lemma is a local analogue of Lemma 2.2.

Lemma 2.6. Let M = (W, R) be a localized model. Let w € W be a localizer
of M. We have

M, fEe < (Muw),VilTrg(p)

for all MSO formulae ¢ of the vocabulary {R} and all assignment functions
f: VAR — W U Pow(W).

Proof. The proof is essentially the same as that of Lemma 2.2. O
The following lemma is a local analogue of Theorem 2.3.

Lemma 2.7. Let C be a class of I-pointed models. A class K C C of I-
pointed models is definable w.r.t. C by an MSO formula if and only if K is
definable w.r.t. C by an SOPML sentence.

Proof. Let the MSO formula ¢(z) define K w.r.t. C. The formula
aP, (Px ANuniqr(Py) A T’I’R(QD))

is an SOPML sentence corresponding to . The proof is essentially the same
as that of Theorem 2.3. Instead of using Lemma 2.2, however, we apply the
analogous lemma that applies in the context where we do not have the global
modality at our disposal, i.e., Lemma 2.6. ]
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Let C be a class of localized {R}-models. Let ¢ be an {R}-sentence of
SOPML such that for each model M € C, there exists at least one point
w € Dom(M) that satisfies ¢, and furthermore, every point u € Dom(M)
that satisfies ¢, is a localizer. We say that ¢ fizes localizers on C.

The following lemma is a local analogue of Theorem 2.4.

Lemma 2.8. Let C be a class of localized {R}-models and assume there
exists an SOPML sentence ¢ that fizes localizers on C. A class K C C of
localized models is definable w.r.t. C by an MSO sentence if and only if K
is definable w.r.t. C by an SOPML sentence.

Proof. Let ¢ be an MSO sentence that defines K w.r.t. C. Let M € C be
a model and f a related assignment. Let U C Dom(M) be the set of points
w € Dom(M) such that (M, w) I ¢. Notice that Trr(y) does not contain
free proposition variables. We have the equivalences

MEYy & M fEY
= VMGU(( R )Vf ”—TT‘R(dJ))
& YweU( (M,w)lFTrr())
& YweU( (M, w)lFe—Trr(¥))
& MIFp—Trr(y),

where the second equivalence follows by Lemma 2.6.
For the converse, Va St,(x) is an MSO sentence that corresponds to an
SOPML sentence x. O

2.5 The Alternation Hierarchy of SOPML is Infinite

In this section we prove that the alternation hierarchy of SOPML is in-
finite over the class of finite directed graphs. The following theorem of
Schweikardt [57] is the starting point of our argument.

Theorem 2.9. For all n € N>q, we have ¥,,(GRID) # 3, 41(GRID).

While a similar result holds for directed graphs?, on words and labeled
trees, for example, the alternation hierarchy of MSO is known to collapse to
the level £;. See [50] for a recent survey of related results.

In Subsection 2.5.1 we show how to encode grids by localized grid graphs,
a class of structures we shall define below (Definition 2.10). In Subsection
2.5.2 we then transfer the result of Theorem 2.9 to the context of localized

2See [51, 52]. In [51], the result for directed graphs is established via a reduction
from the class of grids to a certain subclass of directed graphs. Let us call this class C.
While we could prove Proposition 2.15 below via a reduction from the class C', we instead
prove it via a direct reduction from the class of grids. The two alternative approaches are
similar, but the approach via a direct reduction from the class of grids has presentational
advantages.
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grid graphs (Proposition 2.15) and [-pointed localized grid graphs (Proposi-
tion 2.16). The transferred results will be needed in Subsection 2.5.3, where
we show that the alternation hierarchy of SOPML is infinite over pointed di-
rected graphs (Theorem 2.17) and ordinary directed graphs (Theorem 2.18).

2.5.1 Encoding Grids by Localized Grid Graphs

In this subsection we define a map that sends each grid to a localized directed
graph that encodes the structure of the grid.

Definition 2.10. Let o : GRID — GRAPH be a map that transforms a
grid Gd to a directed graph a(Gd) = (W, R) such that

W = (Dom(Gd) x {0}) U (Dom(Gd) x {1})

and
R = { ((a,O), (a, 0)) | a € Dom(Gd) }
U { ((a,O), (a, 1)) | a € Dom(Gd) }
U {((a,0),(0,0)) | (a,b) € ST}
U { ((a,1),(b,0)) | (a,b) € S}
u { ((t,O), (a,i)) | a € Dom(Gd), i € {0,1} }
u {((t,1),(0) },

where ¢ = (1,1) is the top left element of the grid Gd. We call structures
in the isomorphism closure of a(GRID) localized grid graphs. We let LGG
denote this class of structures. We let LGG,, denote the corresponding class
of [-pointed grid graphs. See Figure 1 for an example of a grid and the
corresponding localized grid graph.

localizer Q @ Q
e ° °

SETY 7L

./Q [ ]
Figure 1: The figure shows a grid and its encoding. The localizer connects

to each point of the graph; for the sake of clarity, most arrows originating
from the localizer have not been drawn.

Q<——0
-
-~

e

The point (¢,0) connects to every point in the graph a(Gd), i.e., it is a
localizer. This property enables us to overcome difficulties resulting from
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the local nature of SOPML. We define the formula
U, (x) := xRz A Jy(zRy ANyRx Az # ).

The formula asserts that z = (¢,0). Insisting that (¢,1)R(¢,0) will help us
with a number of technical issues, such as defining the formula

Yy, (z) == —axRzx A Jy(zRy A yRz),

which asserts that z = (¢,1).

We then show that the encoding o : GRID — GRAPH is injective in the
sense that if a(Gd) and a(Gd’) are isomorphic, then Gd = Gd’. Note that
the arrows originating from the localizer of a localized grid graph make the
graph in some sense irregular in comparison with the grid it corresponds to,
and therefore injectivity of the encoding « is not an entirely trivial matter.

Lemma 2.11. The encoding o : GRID — GRAPH is injective in the sense
that if a(Gd) and a(Gd') are isomorphic, then Gd = Gd'.

Proof. Let a(Gd) = (W, R) = G and «(Gd’) = (W', R') = G’ for some grids
Gd and Gd’. Assume that f : W — W’ is an isomorphism between the
graphs. Let k& be the number of elements w € W with a reflexive loop. It
is clear that Gd corresponds to an m x n matrix such that m-n = k (cf.
Definition 2.1). The number of points w’ € W' with a reflexive loop must
also be k, as the two graphs are isomorphic. Thus the grid Gd’ corresponds
to an m/ x n/ matrix such that m’-n’ = k. To conclude the proof it suffices
to show that n = n'.

We shall show that for each ¢ € N>q, there is a first-order formula ¢;
such that for all M € GRID, we have a(M) | ¢; iff M corresponds to a
j x ¢ matrix for some j. The claim of the lemma then follows: as G = &,
they satisfy the same first-order sentences, and thus there is some i such
that both G and G’ satisfy the sentence ¢;, whence n =i =n/'.

We then show how to define the formulae ;. We deal with the case
where ¢ = 1 first. We let

= 3:5(¢t1(x) /\Elzly(ﬂ:Ry)),

where 371y stands for “there exists exactly one 3”. We then consider the
cases where ¢ > 2. We first define the formulae

ma(x) = Jy3z(¢y, (y) AyRz A —zRy A zRx A —zRx ),
succ(z,y) = Jz(xRz A zRy A —yRy).

We then define ¢; (where i > 2) in the following way.

@i = dwe..x; (7T2($2) /\( /\ S'LLCC(ZL'T,ZBT+1)) /\—Ely(xiRy))

2<r<i

It is relatively easy to see that formulae ; have the desired meaning. [
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2.5.2 The Alternation Hierarchy of MSO over Localized Grid
Graphs

In this subsection we show that results analogous to Theorem 2.9 hold for
localized grid graphs (Proposition 2.15) and I-pointed grid graphs (Proposi-
tion 2.16). We begin by showing how to transform any grid-formula ¢; € %,
into a graph-formula @y € ¥, that in a sense says the same about localized
grid graphs as ¢ says about grids. In this subsection we work exclusively
on formulae of MSO.

Lemma 2.12. For every grid-formula 1, there exists a graph-formula s
such that for all grids Gd and all assignments

[+ VAR — Dom(Gd) U Pow(Dom(Gd)),

we have

Gd,fEp1 < aGd), [ | e,

where the assignment function f’ is defined such that f'(z) = (f(x),0) and
f(X) = f(X) x {0} for all z, X € VAR. Furthermore, for all n € N, if
1 € [En], then @o € [E,]. If p1 is a sentence, then so is pa.

Proof. Consider an MSO formula x. Assume that y is of the form Qy/,
where Q is a (possibly empty) string of existential and universal monadic
second-order quantifiers, and Y’ is first-order. That is, x is in monadic
prenex normal form. Furthermore, assume that no second-order variable
symbol occurs twice in Q. Let us call such formulae clean. We will prove
that for every clean grid-formula ¢; there exists a clean graph-formula o
with exactly the same second-order quantifier prefix as that of ¢ such that
for all grids Gd and all assignments

f: VAR — Dom(Gd) U Pow(Dom(Gd)),

we have
Gd7f }: Y1 = a(Gd)7f/ ': Y2,

where f’ is exactly as in the statement of the lemma.

We prove the claim by induction on the structure of clean grid-formulae
1. In addition to the case for atomic formulae, we will discuss the cases
where the grid-formula ¢; is of the type —m, m A 7}, Jzm, IX m and
VX 1. In the cases where ¢ is of the type =7y, m A 7}, Jz 7, the formulae
m1 and 7] are first-order.

Let us then show how to define ¢y in the case where ¢ is atomic. If ¢
is of the type x = y or type X (y), we let p9 := 1. If ;1 is of the type xSy,
we let o be the following formula.

( @Z)to(l‘) A 1%(1/) — J—)

( wto (x) N ﬁq/}lto (y) — VZ(ZR?J — (wto (Z) Vz= y)) )
<_"¢}to(l’) A 7/}7&0(3/) - J—)

(_‘wto (x) A ﬂz/}lto (y) — xRyNz # y)

> > >
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If ¢y is of the type xSoy, we define o to be the following formula.

( ¢to($) A wto(y) - J—)
A ( Yio () N =y (y) —  Fz (wtl(z) A zRy) )
A (ﬂf‘/}to(x) A wto(y) — —L)
A (ﬁd)to () ANy, (y) — 3z (sz A—zRz N\ zRy) )

Assume then, for the sake of induction, that ¢; = —m;. The formula
w1 is first-order, and by the induction hypothesis, there exists a first-order
graph-formula 79 such that

Gd,f |: T = Oé(Gd),f/ lz 2

for all grids Gd and related assignments f. Let @9 := —mo. Similarly, in the
case where @1 = m A 7, we let g := my A 7), where the graph-formulae
7, T are again chosen by the induction hypothesis. In the case where
p1 = Jxmy, we let po 1= Jx(zRx A m2).

We then consider the case where ¢; = 3X 71. Let 71 = Q x1, where Q is
the string of monadic second-order quantifiers in 7. Let mo be the formula
corresponding to m; obtained by the induction hypothesis. Let m = Q xo.
Define

@5 = 31X (Vz(X (z) = zRx) A ).

It is easy to see that we have

Gd, f =1 & afGd), f' = ¢

for all grids Gd and related assignments f, but we still need to modify the
quantifier structure of ¢5. We let @3 be the formula

IXQ( V(X (z) — zRx) A x2),

which we observe to be uniformly equivalent to ¢}, and of the desired form.
None of the quantifiers in @ bind the variable X, since ¢; = 3X Q x; is a
clean formula.

Finally, let ¢; = VX m; = VXQ x1, where i is the first-order part of
1. This case is similar to the previous one. We obtain the formula Q 2
corresponding to @ x1 by the induction hypothesis, and let

@2 = VXQ(Vz(X(z) — zRz) = x2).
The formula @9 has the required properties. ]

Our next aim is to show that for each graph-sentence s € 3,, there
exists a grid-sentence ¢; € ¥, that says the same about grids as (3 says
about localized grid graphs. In order to establish this, we first need to
address a number of technical issues.
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We first fix VARpo = {x1,x2,x3,...}. In spite of this, we still continue
using meta-variables x, y, z occasionally, for the sake of readability. We then
define a new set of symbols

VAR/ VARFo

(VARso x {0})
(VARSO X {1})
(VARSO X {tg})

(VARSO X {tl}).

We denote the new second-order variables of the type (X,0), (X, 1), (X, )
and (X,t1) by X0, X!, X% and X%, respectively.

Let Gd be a grid. We partition the domain of the grid graph a(Gd) into
the following four sets.

ccccl

Vip = {((1,1),0) }
Vi, = { ((13 1), 1) }
Voo = {((z,9),0) € Dom(a(Gd)) | (z,y)# (1,1) }
Vi = {((z,9),1) € Dom(a(Gd)) | (,y)#(1,1) }

Let k : N>; — { 0,1,%9,%1 } be a function. We say that an assignment
[+ VAR — Dom(a(Gd)) U Pow(Dom(a(Gd)))

is of the type k if f(z;) € V() for all i € N>1. We call the function x an
assignment type.
Each assignment

[+ VAR — Dom(a(Gd)) U Pow(Dom(a(Gd)))
is associated with a related assignment
faa : VAR' — Dom/(Gd) U Pow(Dom(Gd))

defined in a way we specify next. For first-order variables © € VAR/, we
require that the condition

Va € Dom(Gd)(fau(w) =a < (f(x) = (a,0) or [(x) = (a,1)))
is satisfied. For second-order variables XY, X! € VAR’ we let

faa(X°) = {a€Dom(Gd) | (a,0) € f(X) }\{ (1,1) },
faa(XY) = {a€Dom(Gd) | (a,1) € f(X) }\{(1,1) }.

Recall that (1,1) is the top left element of the grid Gd. For second-order
variables X' where i € {0,1}, we let

{@} i ((1,1).4) € f(X),

0 otherwise.

foa(X") = {
We are now ready for the following lemma.
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Lemma 2.13. For every graph-formula ps with its variables from VAR and
every assignment type k, there exists a grid-formula ©f with its variables
from VAR’ such that for all grid graphs o(Gd) and all assignments

[+ VAR = Dom(a(Gd)) U Pow(Dom(a(Gd)))
of the type k, we have

Gd, faa F o7 & a(Gd), f = pa.

Furthermore, for all m € N, if o € [5,], then also ¢f € [E,]. If 2 is a
sentence, then so is f.

Proof. Recall the definition of clean formulae from the proof of Lemma 2.12.
We will prove that for every clean graph-formula @9 with its variables from
VAR and every assignment type k, there exists a grid-formula ¢} with its
variables from VAR’ such that for all grid graphs a(Gd) and all assignments

[ : VAR — Dom(a(Gd)) U Pow(Dom(a(Gd)))
of the type k, we have

Gd, foa = @1 & a(Gd), [ = @2,

and furthermore, the second-order quantifier prefix Q; of ©f can be obtained
from the second-order quantifier prefix Q5 of o by replacing each quantifier
3X in Q, by the string 3X°3X 13X 3IX?"  and each quantifier VY in Q, by
the string VY OVY vy toyyt

We prove the claim by induction on the structure of clean graph-formulae
2. In addition to the cases for atomic formulae, we will discuss the cases
where the graph-formula s is of the type —mo, M A x2, Jz w9, IX ™ and
VX mo. In the cases where (3 is of the type — w2, m2A x2, Jz 72, the formulae
w9 and Yo are first-order.

Assume first that 9 is atomic. If ¢ is x; = ;, then we let

o = {xl =x; when k(i) = k(j),
! 1 when k(i) # K(j).

Let topleft(z) denote the formula —3x(xS1z V £522). If o = x;Rx;, we
define ¢f according to the following table.
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Finally, if @2 = X (z;), we let @ = X*?)(z;). We have now established a
basis for an argument by induction.

If oo = —ma, we use m and the induction hypothesis to find 7f. We then
let ¢f := —7f. Similarly, if 92 = m2 A X2, we use the induction hypothesis
to find 7% and x7, and then let ¢f := 7 A x§.

Let w9 = Jxme and let k be an arbitrary assignment type. For the sake
of readability, when i € {0, 1,01}, we let K[z — 7] denote the assignment
type lﬁ:é. We apply the induction hypothesis to the formula 75 in order to

find formulae wf[”—)ﬂ, where i € {0, 1,0, 1}, such that
Gd, foa =177 & a(Gd), f

holds for all grid graphs a(Gd) and valuations f of the type x[z — i]. We
then use these four formulae and define ¢ to be the formula

Klz—to)
1

Jz (topleft(:n
\% topleft(x
(
(

) AN
) A Wf[z»—)h]
V. —topleft(z) A 0]
V. —topleft(z) N

1&[1»—)1])
1 .

We then consider the case where ¢y = 3X my. Let x be an assignment
type and let my = Q- Y2, where Q, is the second-order quantifier prefix of .
We find a grid formula 75 = @, x1 corresponding to the formula 75 and the
assignment type s by the induction hypothesis. Here Q; is the second-order
quantifier prefix of 7f. Consider the formula

of = 3IXIXIIXNIX(B AT,
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where [ is the formula

Vo (XO(z) v X (z) — —topleft(z))
A\
Vo (X' (z) v X (2) — topleft(z)).

The formula of is almost what we need, as we have

Gd, faa = af & a(Gd), f |= e

for all grid graphs a(Gd) and related assignments f of the type x. However,
we still need to modify the second-order quantifier structure of af. We
define

©f = 3AXIX1IXNIXTQ, (B A x1).

We observe that ¢f is uniformly equivalent to of. Since the formula ¢ is
clean, none of the quantifiers in @; binds any of the variables X°, X! Xto,
Xt

The case where po = VX 7y is similar to the previous case. We find
the formula 7§ = @ x1 corresponding to the formula 72 and an assignment
type k. We define

o = VXXX OYXG (B - xa),

where 3 is the same formula as in the previous case. The formula ¢} has
the required properties. ]

Corollary 2.14. For every monadic second-order graph-sentence po there
exists a monadic second-order grid-sentence w1 such that for all grid graphs
a(Gd),

Gd =1 & a(Gd) = ¢a.

The sentence w1 can be chosen such that it is on the same level of the
monadic second-order quantifier alternation hierarchy as @s.

Proof. Choose an arbitrary s and apply Lemma 2.13. O

The next two propositions will be needed later on, but they are also inter-
esting in their own right as they characterize the MSO alternation hierarchy
with respect to localized graphs.

Proposition 2.15. We have ¥,(LGG) # ¥,41(LGG) for all n € N>;.

Proof. Fix an arbitrary positive integer n. By Theorem 2.9 there is a class
of grids
C € ¥,11(GRID) \ £,(GRID).
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Let ¢1 € X411 define C w.r.t. the class GRID. We apply Lemma 2.12 to
find a graph-sentence @2 € 3,11 such that

Gd E p1 & a(Gd) E ¢

for all grids Gd. It is clear that ¢o defines, with respect to the class of
localized grid graphs, the isomorphism closure of the class o(C).

We then show that there exists no graph-sentence 1o € ¥, that defines
the isomorphism closure of the class a(C) w.r.t. the class LGG. Assume ad
absurdum that such a 1 exists. Use Corollary 2.14 to choose a related grid-
sentence 1. Now, since « is injective, the grid-sentence 1, € ¥, defines the
class C w.r.t. the class of grids. This is a contradiction. O

Proposition 2.16. We have ¥, (LGG}) # X,11(LGGy) for all n € N>q.

Proof. Fix an arbitrary n € N>;. By Proposition 2.15 there exists some
sentence ™ € ¥, 11 that defines some class

C € £,41(LGG) \ £, (LEC)
with respect to the class LGG. Thus the [-pointed version
w
Cp = { (Maw) | M e Ca M,fg ’:wto(x) }

of the class C' is definable w.r.t. LGG,, by the formula x = = A 7, which is
in [2n+1].

Assume that C), is definable w.r.t. LGG,, by some formula p(z) € X,,.
Let ¢(z) = Q(x), where 1(z) is the first-order matrix of p(x). The sen-
tence

Q 3z (Yo (x) ANp(z)) € By
defines the class C w.r.t. LGG. This is a contradiction. O

2.5.3 The Alternation Hierarchy of SOPML over Directed Graphs

We now prove that the alternation hierarchy of SOPML is infinite. We first
show this for pointed graphs and then for graphs.

Theorem 2.17. The alternation hierarchy of SOPML over the class of
pointed directed graphs is infinite.

Proof. Fix an arbitrary n € N>;. Then apply Proposition 2.16 in order to
find some class
Hy € %(LGGP) \ Zn(LGGyp)

of l-pointed grid graphs. By Lemma 2.7 there exists an SOPML sentence
that defines the class H, w.r.t. the class LGGy,.

Now, the class H, cannot be definable w.r.t. the class LGG, by any
SOPML sentence on the n-th level of the alternation hierarchy of SOPML.
Assume ad absurdum that ¢ € SME defines H, w.r.t. LGGp. Now St ()
is an MSO formula in 3, that defines H, w.r.t. LGG,. ]
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Theorem 2.18. The alternation hierarchy of SOPML owver directed graphs
is infinite.

Proof. Fix an arbitrary n € N. By Proposition 2.15 there exists a class
H € ¥, 13(LGG) \ X,,+2(LGG)

of localized grid graphs. We shall first establish that the class H is definable
in SOPML w.r.t. LGG.
Consider the following SOPML sentence.

¥ = YP.(Py — (R)P,) AVP, (Pm — 3P, (~Py A (R)(Py A (R)Pm))>

In order to see that 1 fixes localizers on LGG, notice that the localizer is
the only point u of a localized grid graph that satisfies the conditions

1. uRu,
2. Jv(v # u AuRv AvRu).

As the sentence v fixes localizers on LGG, Lemma 2.8 implies that the class
H is definable w.r.t. LGG by some SOPML sentence.

Assume then, for contradiction, that H € SM#(LGG). Thus there exists
an SOPML sentence m € M7 that defines the class H w.r.t. LGG. There-
fore the MSO sentence ¢ := Vx St, () defines H w.r.t. LGG. To conclude
the proof, it now suffices to show that there is an MSO sentence in ¥, 9
that is uniformly equivalent to .

We have 7 € ML Let 7 = Q ', where n/ is the part of 7 that is free
of propositional quantifiers. Consider the sentence

VX Q Va (X(a:) AVZ(X(2) 22 =2) = Stx(wl)>,

where Q’ is the vector of quantified unary second-order relation variables
obtained from @Q by replacing the quantified proposition variables in @Q
by the corresponding quantified relation variables given by the injection
s : PROP — VARg(o associated with the translation St. We assume that
the variable X does not occur in @/. It is easy to see that this sentence is
uniformly equivalent to ¢ and in [X,42]. O

As the class of Kripke frames is a superclass of the class of finite directed
graphs, we immediately obtain the following corollary.

Corollary 2.19. The alternation hierarchy of SOPML over the class of
Kripke frames is infinite.
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2.6 Chapter Conclusion

We have shown that the quantifier alternation hierarchy of SOPML induces
an infinite corresponding semantic hierarchy over the class of finite directed
graphs (Theorem 2.18). While establishing the result, we have defined the
notion of a localized structure and characterized the MSO alternation hi-
erarchy over localized (finite directed) graphs. Theorem 2.18 answers a
longstanding open problem from [5] (also addressed in [11]). The result is
also relatively interesting from the point of view of finite model theory, as
SOPML is a semantically natural fragment of MSO (cf. Theorem 6 in [11]).

In addition to obtaining the results related to alternation hierarchies, we
have observed that with regard to expressive power,

MSO = SOPMLE = SOPMLD.

Connections of this kind offer an interesting modal perspective on MSO. For
example, they immediately suggest alternative approaches to MSO games
(see [44] for the definition).

Finally, our techniques do not directly yield strictness of the alternation
hierarchy of SOPML. The reason for this is that conceivably, an MSO
formula ¢ € ¥,, cannot necessarily be translated to an SOPML formula in
YML | as the first-order quantifiers of ¢ translate to second-order quantifiers.
Therefore, it remains to be investigated whether the SOPML alternation
hierarchy is strict over finite directed graphs.
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CHAPTER 3

Monadic X} and Modal Logic with
Quantified Accessibility Relations

In this chapter we investigate the expressive power of a range of modal log-
ics extended with existential prenex quantification of accessibility relations
and proposition symbols. Let polyadic Boolean modal logic with identity
(PBML™) be the logic obtained by extending standard polyadic multimodal
logic by built-in identity modalities (see Subsection 3.2.1) and by construc-
tors that allow for the Boolean combination of accessibility relations. Let
Y1(PBML7) be the extension of PBML™ with existential prenex quantifica-
tion of accessibility relations and proposition symbols. The principal result
of the chapter is that X}(PBML™) translates into monadic 1. As a corol-
lary, we obtain a variety of decidability results in multimodal logic. The re-
sult can also be seen as a step towards establishing whether every property of
finite directed graphs expressible in ¥}(FO?) is also expressible in monadic
Y1, This question was left open in the article [23] of Gridel and Rosen.
The system E%(FOQ) is the logic obtained by extending the two-variable
fragment of first-order logic (FO?) by existential prenex quantification of
relation symbols of any arity.

3.1 Modal Fragments of >{ and Modal Correspondence The-
ory

The objective of modal correspondence theory is to classify formulae of modal
logic according to whether they define elementary classes of Kripke frames.3
On the level of frames, modal logic can be considered a fragment of monadic
I}, also known as YMSO, and therefore correspondence theory studies a
special fragment of VMSO. When inspecting a modal formula from the
point of view of frames, one universally quantifies the proposition symbols
occurring in the formula; it is rather natural to ask what happens if one also
quantifies binary relation symbols occurring in (the standard translation of)
a modal formula. This question is investigated in [42], where the focus is on
the expressivity of multimodal logic with universal prenex quantification of

31t is well known that if a class of Kripke frames is definable by a modal formula, then
the class is definable by a set of FO formulae iff it is definable by a single FO formula. See
[21] for example. Therefore it makes no difference here whether the term “elementary”
is taken to mean definability by a single first-order formula or definability by a set of
first-order formulae.
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(not necessarily all of the) binary and unary relation symbols occurring in
a formula. One question that immediately suggests itself is whether there
exists any class of multimodal frames definable in this system, let us call
it TI} (ML), but not definable in monadic second-order logic. The question
can be regarded as a question of modal correspondence theory. This time,
however, the correspondence language is MSO rather than FO. In addition
to [42], modal logic with quantification of binary relations is studied for
example in [13, 43, 53].

In the current chapter we investigate two systems of multimodal logic
with existential second-order prenex quantification of accessibility relations
and proposition symbols, X1 (PBML™) and X1 (ML). The logic X1 (ML) is the
extension of ordinary multimodal logic with existential second-order prenex
quantification of binary accessibility relations and proposition symbols. We
warm up by showing that ¥1(ML) translates into monadic ¥1(MLE), which
is the extension of multimodal logic with the global modality and existen-
tial second-order prenex quantification of only proposition symbols. The
method of proof is based on the notion of a largest filtration (see [7] for the
definition). We then push the method and show that ¥{(PBMLT) trans-
lates into monadic ¥, also known as IMSO. Note that both of these results
immediately imply that II1(ML) translates into VMSO, and therefore show
that MSO is a somewhat dull correspondence language for correspondence
theory of II1 (ML).

It could be argued that {—,U,N,o,* ~ E, D} is, more or less, the core
collection of operations on binary relations used in extensions of modal logic
defined for the purposes of applications. Here —, U, N, o, *, = denote the
complement, union, intersection, composition, transitive reflexive closure
and converse operations, respectively. The symbols E and D denote the
constant operations outputting the global modality and difference modality.
Logics using these core operations include for example PDL [17, 24], Boolean
modal logic [19, 45], description logics [31, 49], modal logic with the global
modality [22] and modal logic with the difference modality [55]. One of
the motivations for our study is that PBML™ subsumes a large number
of typical extensions of modal logic. As a corollary, the translation from
Y1(PBML7) into 3IMSO gives a range of decidability results for extensions of
multimodal logic over various classes of Kripke frames with built-in relations;
see Theorem 3.17 below.

We describe a possible application of Theorem 3.17. Let D be a class of
Kripke frames (W, Ry) and consider the class

C={ (W {Ri}ien) | Ri CW x W, (W,Ro) € D }

of multimodal Kripke frames. Assume the YMSO theory of D is decidable.
That is, the YMSO theory of the class of {Ro}-reducts of structures in C is
decidable. For example, C could be the class of countably infinite frames
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(W,{R;}ien), where Ry is a dense linear ordering of W without endpoints;
the MSO theory of (Q, <?) is known to be decidable [54]. Assume we would
like to know whether the satisfiability problem of multimodal logic—perhaps
extended with, say, the difference modality—with respect to C is decidable.
By Theorem 3.17 we directly see that, indeed, it is. Theorem 3.17 implies a
wide range of decidability results for multimodal logic. There exists a large
body of knowledge concerning structures and classes of structures with a
decidable MSO (and therefore VMSO) theory (see [62] for example).

Another motivation for the investigations in this chapter is related to
descriptive complexity theory [32]. Gradel and Rosen ask in [23] the question
whether there exists any class of finite directed graphs that is definable in
¥1(FO?) but not in IMSO. Let BML™ denote ordinary Boolean modal
logic with a built-in identity relation. Lutz, Sattler and Wolter show in the
article [46] that BML™ extended with the converse operator is expressively
complete for FO? over directed graphs. Therefore, in order to prove that
Y1 (FO?) < 3IMSO over directed graphs, one would have to modify our
translation from %1 (BMLT) into 3IMSO such that it takes into account the
possibility of using the converse operation. We have succeeded neither in
this nor in identifying a ¥1(FO?) definable class of directed graphs that is
not definable in AMSO. However, we find modal logic a promising framework
for working on the problem.

3.2 Preliminary Definitions

In this section we discuss technical notions that occupy a central role in the
rest of the chapter.

3.2.1 Syntax and Semantics of ¥} (PBML™)

The semantics of PBML™ is obtained by combining the semantics of Boolean
modal logic with the standard generalization of Kripke semantics to polyadic
modal contexts.

Let V be a vocabulary containing relation symbols only. Let Vi denote
the subset of V' containing exactly all the unary relation symbols in V. Let
Vi be the subset of V' containing all the relation symbols in V' of higher
arities, i.e., arities greater or equal to two. We define the set MP(V) of
modal parameters over V to be the smallest set S satisfying the following
conditions.

1. For each k € N>o, let idj, be a constant symbol. We assume that none
of the symbols idy, is in V. We have idy € S for all k € N>o.

2. f ReVp, then R€ S.
3. f MeS, then - M € S.
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4.

If MeSand NV €S, then ( MNN) eS.

Each modal parameter M is associated with an arity Ar(M) defined as
follows.

1.
2.
3.
4.

If M = idy, then Ar(M) = k.
If M =R eV}, then the Ar(M) is equal to the arity of R.
If M =-N, then Ar(M) = Ar(N).

If M = (N1 NN2) and Ar(N7) = Ar(N3), then Ar(M) = Ar(N7). If
Ar(Ny) # Ar(N2), then Ar(M) = 2.

The set of formulae of PBML™ of the vocabulary V is defined to be the
smallest set F' satisfying the following conditions.

1.
2.
3.
4.

If PeVq, then P € F.
If p € F, then —p € F.
If 1,092 € F, then (o1 A p2) € F.

If ©1,..., 1 € F and if M € MP(V) is a (k + 1)-ary modal parameter,
then (M) (o1, ..., %) € F.

Operators (M) are called diamonds. The modal depth Md(p) of a formula
© is the maximum nesting depth of diamonds in ¢.

1. M
2. M
3. M
4.

d(P) =0 for P € Vj.

d(—p) = Md(ep).

d((p1 A p2)) = maz({Md(p1), Md(p2)}).
Md((M)(o1,...,0)) = 1 + maz({Md(p1), ..., Md(pk)}).

Let M be a model with the domain A. The extension MM of a modal
parameter M over M is a relation of the arity Ar(M) over A. The extension
of R € Vj, over M is simply the interpretation RM of the symbol R. For
each k € Nxg, the extension id)! of the symbol idj, is the set

{ (w1, ...;wy,) € AF | w; = w; for all 4,5 € {1,...,k} }.

Other modal parameters are interpreted recursively such that the following
conditions hold.

1.

2.

If M ==N, then MM = AATMI\ /M
If M= (N1NN), then MM = NMANM.
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Note that if Ar(N7) # Ar(N2), then (M NAR)M = ().
The satisfaction relation IF for PBML™ formulae of the vocabulary V is
defined with respect to pointed V-models as follows.

1. If P € Vi, then
(M,w)IF P < we PM,

2. For other formulae, the satisfaction relation is interpreted according
to the following recursive clauses.

(M, w) IF —p & (M,w) .

(M, w),IF (o1 A p2) & (M,w) Ik ¢ and (M, w) IF pa.

(M,w) IF (M) (1,...,0) <<  there exist uy,...,ux, € Dom(M)
such that (w,ug,...,u) € MM and
(M, u;) Ik ; for all i € {1, ..., k}.

For each V-model M and each formula ¢ of the vocabulary V, we let ||¢||M
denote the set
{we€ Dom(M) | (M,w) ¢ }.

The set ||¢||* is called the extension of ¢ over M. When ¢ and v are
formulae of the vocabulary V', we write ¢ IF ¢ if

(M ,w)IFp = (M,w) -1

for all pointed V-models (M, w).

Let V be a vocabulary containing relation symbols only; V may be
empty, and V' may contain relation symbols of any finite positive arity. A
formula ¢ of 31 (PBML™) of the vocabulary V is a formula of the type

38,..3S,, ¥,

where the variables S; are relation symbols (of any positive arity) and
is a PBML™ formula of the vocabulary V U {S1,...,S,}. The sets V' and
{S1,...,Sn} are always assumed to be disjoint. Let (M,w) be a pointed
V-model. We define (M, w) IF ¢ if there exists an expansion

M = (M,SM, ... sM"

of the model M such that (M’ , w) IF 4. The set of non-logical symbols of
a X1 (PBMLT) formula x of the vocabulary V is the set of relation symbols
(of any arity) that belong to V' and occur in Y.

Let BML™ be the fragment of PBML™ where each modal parameter
occurring in a formula is required to be binary. The system ML is the
fragment of BML™ where the modal parameters are required to be atomic
binary relation symbols that belong to the vocabulary considered. Note that
the modal parameter ids is not considered to be part of the vocabulary. The
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system MLE is the extension of ML with the global diamond (F), i.e., the
diamond (—(ide N —idy)). Systems X1(ML) and ¥{ (MLE) are the fragments
of ¥1(PBMLT) defined by extending ML, and MLE with existential prenex
quantification of binary and unary relation symbols. Monadic %1 (MLE)
is the fragment of X1(MLE) where we only allow second-order quantifiers
quantifying unary relation symbols.

The systems I3 (PBML™), IT{ (ML) and I1} (MLE) are the counterparts of
the systems X1 (PBML™), X1(ML) and ¥1(MLE), but with universal second-
order quantifiers instead of existential ones.

Let ¢ be a formula of X} (PBML™) or I1} (PBML7) of the vocabulary V.
Let ¥(z) be a V-formula of predicate logic with exactly one free variable, the
first-order variable x. The formulae ¢ and ¥ (x) of are called V -equivalent
if for all pointed V-models (M, w), we have

(M,w)IFp < M,%}zw(az).

The formulae ¥ (z) and ¢ are uniformly equivalent if they have the same
set U of non-logical symbols and if the formulae are U-equivalent. (Recall
that neither the identity symbol of predicate logic nor any of the symbols
idy, is considered to be a non-logical symbol. For example the formulae
x =z A JyR(y,y) and IS IP (S)(ida N R)P are uniformly equivalent. The
set of non-logical symbols of both formulae is {R}.) Two ¥1(PBML™) for-
mulae ¢ and @2 of the vocabulary V' are V-equivalent if they are satisfied
by exactly the same pointed V-models. The formulae ¢; and @2 are uni-
formly equivalent if they have exactly the same set U’ of non-logical symbols
and if the formulae are U’-equivalent. Two V-sentences of predicate logic
are uniformly equivalent if they have exactly the same set T of non-logical
symbols and if they are satisfied by exactly the same T-models.

The reason we have chosen to define PBML™ exactly the way defined
above, is relatively simple. Firstly, BML™ extended by the possibility of
using the converse modality, is expressively complete for FO2. We do not
know whether X}(FO?) is contained in IMSO, but we will show below that
Y1(BML=) < 3MSO by establishing that even the extension ¥1(PBML™) of
¥1(BML™) with polyadic modalities is indeed contained in IMSO. Finally,
the reason we have included the modalities ¢dy for k£ > 3 in the language of
PBML™ is mostly due to technical presentation related issues. The reader
may, indeed, think that the modalities idy for k& > 3 are not very canoni-
cal. The modalities do, however, have some interesting features. Notice for
example that we can easily eliminate the use of conjunction from PBML™.
(We shall not make any use of this feature below, however.)

3.2.2 Types

In the current subsection we define the notion of a type for formulae of
PBML~™.
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Let V be a finite vocabulary such that V; # (). Let m’ be the maximum
arity of the modal parameters in V},. In the case Vj, = 0, let m’ = 0. Let m
be an integer such that 2 < m and m’ < m. Define the set

Sy =V, U{-R | ReVy} U {idy, ~id |2<k<m}

of at most m-ary atomic and negated atomic modal parameters over V. Let
k be an integer such that 2 < k < m. Let Sy (k) be the set that contains as
elements exactly the k-ary modal parameters in Sy. Notice that Sy (k) # 0.
Let Ty (k) denote the set whose elements are exactly the subsets T C Sy (k)
such that the following conditions are satisfied.

1. Exactly one of the modal parameters id; and —idj, is in the set T

2. If R € V}, is k-ary, then exactly one of the modal parameters R and
=R is in the set T.

Let f be a function with the domain Ty (k) that maps each T' € Ty (k) to
an intersection ' € MPy of the elements of T'. (There may be several ways
to choose the order of the members of T" and bracketing when writing the
modal parameter A. The order and bracketing that f chooses does not
matter.) The set

{ f(T) [T eTv(k) }

of modal parameters is the set of k-ary access types over V. We let ATPy (k)
denote the set of k-ary access types over V.

Let M be a k-ary access type over V, and let R € V}, U{idy} be a k-ary
atomic modal parameter. We write R € M if =R does not occur in M. Let
U C V and let N be a k-ary access type over U. We say that N is consistent
with M (or alternatively, M is consistent with A), if for all k-ary symbols
R € Uy U{idy}, we have R e M iff Re N.

Let (M, w) be a pointed model of the vocabulary V. We define

T?M,w),m = /\ P A /\ Q.

P e, Qe W,

(Mw) I+ P (Mw) W Q
The formula T(()Myw)’m is the type of (M, w) of the modal depth 0 and up to
the arity m. We choose the formulae T(()Mjw)’m such that if for some pointed
V-models (M, w) and (N,v) the types T(OMM)
equivalent,* then actually T(OM,w),m = T(ON,U),m' This means that the exact
syntactic form of the types of pointed V-models of the modal depth 0 and up

0 .
m and T(Nw)m ¢ uniformly

“Note that the types T(()M,’w)’m and T(n,.),m must have the same set of non-logical
symbols (the set V1), as the the models (M, w) and (N, v) are both V-models. Recall that
the set of non-logical symbols interpreted by a V-model is exactly the set V.
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to the arity m is chosen such that if two such types are uniformly equivalent,
then they are in fact the one and the same formula. We let TP%m denote
the set containing exactly the formulae 7 such that for some pointed model
(M, w) of the vocabulary V, the formula 7 is the type of (M, w) of the modal
depth 0 and up to the arity m. Clearly the set TP?/,m is finite.

Let n € N and assume we have defined formulae T(TLM7w),m for all pointed
models (M, w), and assume also that TPy, is a finite set containing exactly
all these formulae. We define

n—+1 n
T(A—)[_,w),m = 7—(M,w),m
NN M)(o,08) | 1<k<m-—1,
M € ATPy(k + 1),
01y .y O € TP"}M,
(M) I (M)(01,s %) }
A AN{-M)(or, o) | 1<k<m-—1,

M e ATPy(k+ 1),
01,08 € TPy

(M, w) IF (M)(01, s 8) }-

The formula T{LA}_%U) ., 1s the type of (M, w) of the modal depth n+ 1 and up

to the arity m. Again we assume some standard ordering of the conjuncts
and some standard bracketing, so that if two types T{LA}L)M and T(”Af i),m
of pointed V-models (M, w) and (N,v) are uniformly equivalent, then the
types are the same formula. We let TP”'H be the set containing exactly the
formulae 7 such that for some pointed model (M, w) of the vocabulary V',
the formula 7 is the type of (M, w) of the modal depth n + 1 and up to the
arity m. We observe that the set TP”% is finite.

We then list a number of properties of types that are straightforward to
prove. Let (M, w) be a pointed model of the vocabulary U, where U may be
infinite. Assume that Uy # (). Let V' C U be a finite vocabulary and let m be
as defined above, i.e., m is at least two and greater or equal to the maximum
arity of the symbols in V},. Assume that Vi # (). Let n € N. Firstly, (M, w)
satisfies exactly one type in TPy, . Also, for all 7 € TPy, and all I <n,
there exists exactly one type o € TPle such that 7 I 0. Notice also that
for each type 7 € TPy, there exists some pointed V-model that satisfies 7.
Let a € TPy, and let ¢ be an arbitrary formula of the vocabulary V' and
of some modal depth n’ < n. Assume that the maximum arity of the modal
parameters that occur in ¥ is at most m. Now either a IF ¥ or o IF =1, and
thus, for all points u,v € ||a||M, we have (M, u) IFF v iff (M, v) IF 9. Finally,
Y is V-equivalent to \/{a € TPY,,, | a |- ¢}. Notice that \/) = L, where
L is defined to be the formula (P A —P) for some P € V;.
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3.3 X}(ML) Translates into Monadic %} (MLE)

In this subsection we show how to translate ¥}(ML) formulae to uniformly
equivalent formulae of monadic X}(MLE). We begin by fixing a i (ML)
formula ¢. We will first show how to translate ¢ to a uniformly equivalent
formula ¢*(x) of IMSO. We will then establish that that the first-order
part of ¢*(x) translates to a uniformly equivalent formula of MLE.

Let ¢ := Q, where Q is a string of existential second-order quantifiers
and 1 a formula of ML. Let Vlw and VQw denote the sets of unary and binary
relation symbols, respectively, that occur in ¢. Define

vY=vluvy.

Let Qﬁb and Qg’ denote the sets of unary and binary relation symbols, re-
spectively, that occur in ). Define

QY =QVuUQy.

Let SUB, denote the set of subformulae of the formula ).

We fix a unary relation symbol P, for each formula o € SUBy. The
symbols P, are assumed not to occur in ¢. We then define a collection of
auxiliary formulae needed in order to define the translated formula ¢*(z).
Let

P', ~a, (879), (R)p, (S € SUB,

where P’ € pr, Re VQw \ Qg and S € Q’Qp. We define

b= Va(P () o Pl@),

oo = Ve (Pua(z) & ~Pa(@)),

o = V(P (@) (Po(@) A Py(2))),

bme = Ve (Pmp(@) © y(R(z,9) A BW)),

bse = Vo (Plgolw) « Ty(Access(,y) A Pr(y)) ),
where

Access,(z,y) = A (Px(y)—>P<S>X(:U)).

(S)x € SUBy

Finally, we define
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where Q" is a string of existential quantifiers that quantify the predicate
symbols P € Qlf and also the symbols P, such that a € SUB,.

We then prove that (M,w) I- ¢ implies M, % = ¢*(z). Assume that
(M, w) I ¢. Therefore there exists an expansion M of M by interpretations
of the binary and unary symbols in Q¥ such that we have (M, w) IF .
We define an expansion M; of M by interpretations of the unary symbols
occurring in @* For the symbols P € qu, we let PMi = PM2 For the
symbols Py, where a € SUB,, we define PM1 = ||a||Mz.

Lemma 3.1. Let (S)o € SUBy, where S € Q;p, and let v € Dom(M).
Then (Ma,v) I (S)o iff My, % = Jy(Accesss(z,y) A Py(y)).

Proof. Assume (M, v) IF (S)o. Thus (v,u) € SM2 for some point
u € ||o||M2 = PM1,
To establish that

v
M, - = y(Accesss(z,y) A Py(y)),

it therefore suffices to prove that for all (S)x € SUB,, if u € Pi\/ll, then
v e P<]\S4>lx' Therefore assume that u € P2 for some formula (S)x € SUBy.
As ||x||M2 = Pé‘/fl, we have u € ||x||M2. Since (v,u) € SM2 we have

(Mz,v) IF (S)x. As [|(S)x||Mz = P<J\S/'[)lx’ we must have v € P<]\S4)lx’ as desired.
Assume then that

v
M, - = EIy(Accessg(x, y) A Pg(y)).

Hence My, 34 |= Accessg(w,y) for some u € PMi = ||o||™2. Now, by
the definition of the formula Accessg(x,y), we observe that v € P(J\s/'[)la' As

[[(S)o||M2 = P(Aél;a’ we have v € [|(S)o||M2. Therefore (Ms,v) IF (S)o, as

desired. O
Lemma 3.2. Under the assumption (M, w) |- ¢, we have M, % = ¢*(x).

Proof. We establish the claim of the lemma by proving that
w
My, . = Oy N Pw(.ﬁ)

Since (Ma,w) IF v and ||||M2 = Pé)wl, we have My, % = Py(x). The non-
trivial part in establishing that M) = dy is showing that M) = (g, for
each (S)o € SUBy, where S € Q;b. This follows directly by Lemma 3.1, as
P~ [(S)el . O
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We then establish that M, % = ¢*(z) implies (M, w) IF ¢. Therefore
we assume that M, % |= ¢*(x). Therefore there exists an expansion M]
of M by interpretations of the unary symbols occurring in @* such that
Mi,% |= 6y A Py(x). We define an expansion Mj of M by interpretations
of the binary and unary symbols that occur in Q. For the symbols P € sz,
we define PM2 = PMi. For the symbols S € Qw, we let (v,u) € SM; if and

only if M7, = = Accessg(z,y).

Lemma 3.3. Let € SUBy, and v € Dom(M). We have (Mj,v) IF o iff
Mi, % = Py(x).
Proof. We establish the claim of the lemma by induction on the structure of

a. Since M| k= &y, the claim holds trivially for all atomic formulae P € Vfﬁ.

Also, the cases where « is of form =3, (8 A+) or (R)/3, where R € V;Z) \ Qg’,
are straightforward since M| = dy.

Assume that (M}, v) IF (S)o, where S € ng and (S)o € SUBy,. There-
fore (v,u) € SM2 for some u € ||o||M. Hence M, 2y | Accessg(x,y) by
the definition of SM5. We have P2 - ||o||M2 by the induction hypothesis.

Therefore u € Pé\/[ {, whence we have
v
My, o = Ey(AccessS (x,y) A Pg(y)).

Therefore, as M |= 1 (g),, we have My, 7 = Pg), ().
For the converse, we assume that My, ? = Pig), (). As My = g),, We
have
M{,% = Ey(AccessS(:E,y) /\Pg(y)).

Hence there exists some element u € P2"! such that 1, 7y [ Accessg(@,y).

Therefore (v,u) € SM2 by the definition of SM. Since u € P;V[{ and as

l|o||M2 = j i i by the induction hypothesis, we may therefore conclude that
(M, v) I (S)o. O

By Lemma 3.3 we immediately observe that since M{,% = Py(x), we

T

must have (M), w) |- ¢. Therefore (M, w) IF ¢. This, together with Lemma
3.2, justifies the following conclusion.

Theorem 3.4. Each formula of Y1 (ML) translates to a uniformly equiva-
lent formula of AMSO. The translation is effective.

We then establish that ¢* () is in fact expressible in monadic ¥1(MLE).

This is easy. Fix a symbol § € Qg’ and let A be the subset of SUB,, that
contains exactly all the formulae of the form (S)a. The formula

Jy (Accesss (z,y) A Pg(y))
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is uniformly equivalent to the following formula of MLE.

V (A Pourn®Er A BA A oR))

BCA (S)x € B (S)x € B (S)x € A\B

Thus we see that for each sentence v,, where a € SUBy, there exists a
formula of MLE that is uniformly equivalent to the formula z = = A ..
We may therefore draw the following conclusion.

Theorem 3.5. Each formula of ¥1(ML) translates to a uniformly equiva-
lent formula of monadic ¥} (MLE). The translation is effective.

The following corollaries are immediate.

Corollary 3.6. Let C be a class of unimodal Kripke frames (W, Ry). Let I
be a set of indices such that 0 € I and call

D = { (W {Ri}ier) | Ri CW x W, (W,Ro) €C }.

If the satisfiability problem of MLE w.r.t. the class C is decidable, then the
satisfiability problem of ML w.r.t. D is decidable.

Corollary 3.7. Each formula of 111(ML) translates to a uniformly equiva-
lent formula of monadic II3(MLE). The translation is effective.

3.4 Y}(PBMLY) Translates into IMSO

In this section we prove that each formula of ¥1(PBML™) can be translated
to a uniformly equivalent formula of IMSO.

3.4.1 An Effective Translation

In the current subsection we define an effective translation of formulae
of 31(PBMLT) to uniformly equivalent formulae of IMSO. Let us fix a
Y1H(PBML™) formula ¢ and show how it is translated. Let ¢ = Q 1,
where @ is vector of existential second-order quantifiers and 1 a formula of
PBML™. For presentation related results, assume w.l.o.g. that Md(¢) > 2
and that each symbol in @ occurs in ¥. We let m denote the maximum arity
of the modal parameters that occur in v. Since Md(¢) > 2, the formula 1
must contain diamonds, and therefore m exists and m > 2.

Let Vlw denote the set of unary relation symbols that occur in v, and let
Vhw be the set of relation symbols of higher arities occurring in . Let

VY =vYuvy.

Some of the relation symbols in V¥ may occur in the quantifier prefix Q and
some may not. Let qup denote the set of unary relation symbols that occur
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in Q. The set of relation symbols of higher arities occurring in @ is denoted
by QY. Let

Q¥ =QluQy.
For each k € N>g, we let ATP, (k) denote the set containing exactly the

k-ary access types over V¥. For each n € N, we let TPZ denote the set
TP, ,, of types. We define

™, = |J TP
i < Md(y)

We then fix a set of fresh (i.e., not occurring in ¢) unary predicate
symbols. We fix a unique unary predicate symbol P, for each 7 € TP,. We

also fix a unary predicate symbol P( M,B) for each pair (M, ) such that for

some k € {1,...,m — 1}, we have M € ATP,(k+ 1) and 3 € (TPf/\}/ld(iﬁ)fl)k'
The translation ¢*(z) of ¢ is the formula

<EIP)P eq? (EIPT>T € TP, (EIP(M, B)) ke {l,..m-1} V*(z) ,

M € ATPy(k+1),
B c (TPde("P)*l)k

where ¢*(x) is a first-order formula in one free variable, 2. We let Q" denote
the above vector of monadic existential second-order quantifiers.

One fundamental idea in the translation we will define is that the symbols
P; are used in order to encode the extensions of the types 7 € TPy,. This is
manifest in the way the model M is defined below and also in the content
of Lemma 3.13. While the symbols P; store information about extensions
of types, the symbols P( M, ) are used in order to encode information about
the extensions of the access types M € ATPy(Ar(M)). We use the sym-
bols P(M, ) when we define the formulae Accessp((z,y1, ..., yx) below. The
formulae Accesspy(z,y1, ..., yx) encode information about the extensions of
the access types M € ATP,(k + 1) in a way made explicit in Lemmata 3.8
and 3.12.

Before fixing the translation ¢*(z) of ¢, we define a number of auxiliary
formulae. The first formula we define ensures that for all n € {0, ..., Md(y)},
the extensions of the predicate symbols P., where 7 € TP%, always cover
all of the domain of a model and never overlap each other. We define

bwie=v2( NV (B@ A A oR@)))

0 < i < Md®) T € TP}, o € TP,
o #T

The next formula asserts that each symbol Pg, where 3 € TP{LMW)_I, must
be interpreted such that for all symbols P, where Md(r) < Md(/), the
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extension of Py is either fully included in the extension of P or does not
overlap with it. We let

Upaor =Vavy N\ (Pol@) A Palw) -
B € Tp)ldNI1

A (Pr(z) Pf(y)))-

re TPEMd(w)—l

Let k be an integer such that 1 <k <m —1 and let M € ATPy(k+1).
The next formula encodes information about the relation that the (k+1)-ary
access type M defines over a V¥-model.

Accessp (T, Y1y .., Yg) ==

\/ (Pown,5)@) APy w) A A Py () )

(B1eBk) = B € (TP )k

We then define formulae y,(z) that recursively force the interpretations of
the predicate symbols P; to match the extensions of the types 7 € TP,. The
content of this assertion is reflected in (the proof of) Lemma 3.13. First, let
TE TP?/). We define

w@= A P@ A N Q)
Pec VY, Qe vy,
kP T Q

Now let T € TPZH, where 0 < n < Md(y)) — 1. We define

xf(z) = /\ Jy1...y% (AccessM(x, YLy Yk)
k € {1,...,m—1},
M € ATP,(k+1),
(01,...,0%) € (TPP)F,
7 Ik (M)(o1,...,0k)

A Py (y1) Ao A Pak(yk)),

X, (x) = /\ =3y1...y% (AccessM(z, YLy ooy Yk)
ke {1,..,m—1},
M € ATP, (k+1),
(01,...,0%) € (TPP)¥,
T Ik ~(M)(o1,...,0k)

APy (y1) A ... A Py, (yk))»
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and

(@) == Pu(a) A xH@) A x5 (@),

where 7' is the unique type in TP, such that 7 I 7'.
Let k € {1,...,m — 1} and A C ATP(k + 1), where A # (). Let

(B, ) = B € (TPLIWTHE

The next formula encodes information about the set of (k + 1)-ary access
types that connect an element of the domain of a V¥-model to k-tuples of
elements (uq, ..., ux) such that for all 7, the element u; satisfies the type j;.
We define

’(ﬁ(A,E)(ZE) = /\ Jy1... 9% (AccessM(x,yl, s Uk)
Me A

A Pgy (Y1) A ... /\Pﬁk(yk))-

Our next aim is to define formulae t¥cons and 1., that ensure that

information about the extensions of the access types over V¥ is consistent
with the interpretation of the access types over V¥ \ QV, i.e., the access
types describing non-quantified accessibility relations.

Let k£ be an integer such that 1 < k < m — 1. Define a linear order
on ATPy(k + 1). For each set S C ATPy(k + 1), let S(i) denote the i-th
member of the set S with respect to this linear order. Let A C ATP(k+1)
be a nonempty set of access types. For each i € {1, ...,|A|}, define a k-tuple
Y; = (Yir s -, Yi, ) of variable symbols. Fix the collection of tuples so that no
variable symbol is used twice. Let y; # 7, denote the formula

Vo (cui= )

n € {1,...,k}

Let xa¢i)(z,7;) denote a first-order formula stating that the (k + 1)-tuple
(z,7;) is connected according to the unique (k + 1)-ary access type over
V¥\ QY that is consistent with the access type A(i) € A. Let 3 = (31, ..., Bx)
be a k-tuple of types in TPfd(w)_l. We let

Y@ = Fema( N BAR A
Jle{1,., |Al},
i#
A (a5 A Pay (i) A A Py (i) ) ).
i e {1,.., |A|}
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We define

Yeons = V$< /\ ( ¢(A7B)($) — X(A,E)(x) ) )

A C ATPy (k+1), A # 0,
Be (Tpf;j/fd(w)*l)k

Let R € ATPyy\qgu(k + 1), i.e., R is a (k + 1)-ary access type over
V¥ \ QY. We let C(R) denote the set of (k + 1)-ary access types over V¥
that are consistent with R. Let xz(«x,y1, ..., yx) denote a first-order formula
stating that the (k + 1)-tuple (x,y1,...,y%) is connected according to the

access type R. Let B = (B, ..., B) be a k-tuple of types in TPfL/ld(w_l. Let
M be (k + 1)-ary access type over VY. We let

X(RVB)(.’IJ) = Eiyl...yk( XR(Z, Y1, - yk) A Pg, (Y1) A ... A Pg, (yr) )
and
zp(Mjg)(x) i= Jz1...25 (Accessp(, 21, ..., 2) A Pay (21) A oo A Pg, (2x) ).

We define

A V:c( /\ (X(R,g)(@ - \/ ¢(M,B)(Jﬂ))>.

ke {1,..m-1}, M € C(R)
R € ATPV,/,\QQP (k+1),
E c (prd(w)*l)k

Finally, we define

(51/; = wumq A zﬂpack A ¢cons A w{:ons A /\ v <PT (iL‘) = Xr (1’))

T € TPy

and

p*(z) = @*( 5y A \/ P.(z) )
a e TPfZ“W),
alky

We then fix an arbitrary pointed model (M, w) of the vocabulary V¥\ QY.
In the next subsection we establish that

(M,w) IF ¢ < M,% = 0" (2).
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3.4.2 X}(PBML™) < 3MSO

We first show that (M, w) I- ¢ implies M, % = ©*(x). Thus we assume that
(M,w) IF . Therefore there exists some expansion M}, of M by interpre-
tations of the symbols in Q¥ such that (Mj,,w) IF 9. The subscript “h” in
M, stands for the word “higher” and indicates that Mj, is an expansion of
M by interpretations of symbols of the arity one and of higher arities.

We then define an expansion M; of M by interpreting the unary symbols
in Qllp and also the unary symbols of the type P, and P( M, B) where 7 is a

type in TPy, and where M € ATP,(k+1) and 3 € (TPyd(w)fl)k for some

kEed{l,..,m—1}.
For each P € Qlf, we define PMt = PMr_ For each 7 € TPy, we let
PMi = ||7||Mr. Let k € {1,....,m — 1}. Let M € ATP,(k + 1) and

(B, o) = B € (TPYMWTHE

We define P(]\//‘G[ ) to be exactly the set of elements v € Dom(M) such
that for some (u1,...,ux) € (Dom(M))*, we have (v, uy, ..., ux) € MM and

u; € ||Bi||Mr for all i € {1,...,k}. In other words, we define

P = MY(B s ) [V

Next we discuss a number of auxiliary lemmata, and then establish that

My, 5 9" (@).
The following lemma establishes that the formula Accesspy(x, y1, ..., Yr)
encodes information about the action of the diamond operator (M) on Mj,.

Lemma 3.8. Let n be an integer such that we have 0 < n < Md(v).
Let k € {1,...,m — 1}, and let (1,...,7¢) be a tuple of types in TP}. Let
M e ATPy(k +1) and v € Dom(M). We have

(Mh,U) IS <M>(T1, ...,Tk)
=
My, ? = Elyl...yk(AccessM(x, Yly ooy Uk) A Pry (Y1) A A PTk(yk)).
Proof. Assume that (Mp,v) IF (M)(71, ..., 7%). Thus there exists some tuple

(g, ceey ) € [|7e][M0 x5 [ [0

such that (v, ug,...uy) € MMr. Let
= Md(sp)—1
(BismsBi) = B € (TPYAI 71k
be the k-tuple of types in TP{LMW)_I such that we have u; € ||3;||*" for all
ie{l,..,k}. Thusv € PMi _ and therefore

(M, B)
vur Uk

My, ——...— | Accessp(x,y1, ..y Yg)-
TYr Yk
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As u; € [|r||[Mr = P2 for all i € {1, ..., k}, we have
vup o ug

My,
TYr Yk

= Accessp(x, Y1y ooy Yk) A Pry (Y1) A ooo A Py (Yg)-
Therefore

v
Ml? 5 ': Elylyk (ACC@SSM(f’?ayla 7yk) A PTl (yl) AN PTk (yk?))a

as desired.
In order to deal with the converse direction, assume that

v
My, . E ..y (AccessM(x,yl, v Uk) AN Pr(y1) Ao A PTk(yk)).
Therefore, for some tuple

M M
(ul,...,uk) S Pﬁ1 X ... X PTkl,

we have Ul
1 k

My, ——..— E Accessp(x,y1, s Yg)-
TYr Yk

My
Therefore v € P( M.B) for some tuple

(B, i) = B € (TPY/AI T

such that u; € Py for all i € {1,..,k}. We have Md(r;) < Md(8;)
for all ¢ € {1,...,k}. Also, by the definition of the model M;, we have
PMi = ||g||Mn for all o € TPy, so each set P21 is the extension of the type
o. Therefore, as u; € Pé\fl N PT]\i/[1 for all © € {1,...,k}, we conclude that

[18i[|Mr C ||7:||Mr for all i € {1,...,k}. Hence
[1Ba1Mr o< (| Bl [Mr [l [ [P0

Also, as v € P(% gy we have (v,u, ...,u},) € MM for some tuple

(U, e iy) € (B[ x o [ B M.
Therefore we conclude that (My,v) IF (M) (1, ..., ), as desired. O

We then establish a link between interpretations of the formulae x,(z)
and interpretations of the predicate symbols P, in the model Mj.

Lemma 3.9. Let v € Dom(M) and 7 € TPy. We have My, ? = Pr(z) iff
M, % ): XT(x)'
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Proof. As ||P||Mr = PM for all P € pr, the claim follows directly for all
TE TP%. Therefore we may assume that 7 € TPil. Throughout the proof,
we let 7/ denote the unique type in TPfyd(T)*l such that 7 I 7/.

Assume that My, 2 | Pr(z). As PM = ||7]|Mr, we have (Mj,v) IF 7.
As 7 Ik 7/, we have (Mj,v) I 7'. Since Pyl = [|7'||Mr, we conclude that
Ml,% ): PT/(ac).

We then establish that M, 2 = xf(z) A x; (). Let k € {1,...,m —1}
and assume that 7 I (M) (071, ..., 0%), where we have M € ATP(k+1) and

= for all i € {1,...,k}. As we have (Mj,v) |- 7, we also have
(Mp,v) IF (M)(o1,...,0%). Therefore, by Lemma 3.8,

v
M, ~ = yryk(Accessp(, Y1, o Yi) A Poy (y1) A oo A Poy (yi)).

Similarly, if 7 IF =(M) (o1, ..., 0%), we conclude by Lemma 3.8 that

v
Ml,; = —3y(Access (@, Y1, -, Yk) A Pop (Y1) A oo A Poy (yi)).-

Thus My, 2 = xit(z) A x5 (), as desired.

For the converse, assume that M, 2 = x-(x). In order to show that
M, = Pr(z), we will establish that (M, v) - 7. As PMt = ||7||Mn] this
suffices.

As My,? = Pp(x) and Pyl = ||7’||Mr, we immediately observe that
(Mp,v) IF 7"

Let 7 I (M) (o1, ..., 0), where M € ATP,, and o; € TPQM(T)_1 for all
ie{l,...k}. As My, 2 = xf(x), we have

v
M17 E ): Elyl'uyk(ACC@SSM(x,yh 7yk) A PO‘l (yl) ARTINA PO'k(yk))v

and therefore (M}, v) IF (M)(o1, ..., 0k) by Lemma 3.8. Similarly, if we have
7l ~(M)(0o1, ..., 01), then, as My, 2 |= x; (x), we conclude that

v
My, ~3yne(Accessaa(o, yn, s i) A Poy (1) A A Pay (31).

and therefore (M, v) IF =(M)(0o1, ...,0%) by Lemma 3.8. Thus (Mp,v) IF 7,
and hence My, 2 |= Pr(x), as desired. O

We then conclude the first direction of the proof of the claim that
(M, w) Ik iff M, 2 = ().

Lemma 3.10. Under the assumption (M,w) I ¢, we have M, % = ¢*(z).

Proof. We have assumed that (M, w) IF ¢ and thereby concluded that there
exists a model M}, such that (My,w) IF 1. We have then defined the model
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M7, and we now establish the claim of the current lemma by proving that
My, % |=1p*(x). Recall that ¢*(x) is the formula

6111 A \/ Pa(x) )

Md(v)
a € TP’«Z} s
a lk-

where 6., denotes the formula

wuniq A wpack A wcons A wéons A /\ Vi (P’T (:E) A XT(:C)> .

T € TPy

@) such

Let ¢/ denote a disjunction of exactly all the types a € TPQM
that a IF 9. As v and ¢/ are V¥-equivalent (and in fact uniformly equiva-
lent), we have (M, w) I+ 4. Therefore (M, w) IF « for some a € TPf/\}/ld(w
occurring in the disjunction. Hence, as ||o||"* = PMi we conclude that
My, % |= Pa(x).

We then show that Mi = teons. Let v € Dom(M) and assume that
My, ? = Q,Z)(Aﬁ)(az) for some nonempty A C ATP(k + 1) and some tuple of
types

(B, s ) = B € (TPLIWTHE
Recall that A(i) denotes the i-th access type in A with respect to the linear
ordering of ATPy(k + 1) we fixed. As My, 7 = ¢ 4 5)(2), we conclude by
Lemma 3.8 that (Mp,v) IF (A())(B1, ..., Bx) for each i € {1,...,|A|}. Thus
there must exist |A| distinct k-tuples

Ur, s T € [IBulM x Bl [M = Py s x PR

such that (v,;) € (A(i))Mr for each i. Let R; denote the access type over
V¥\ QY consistent with A(i). Recall that y Ag) (7, 7;) is a first-order formula
stating that the tuple (x,7;) is connected according to the access type R;.
We have (v,u;) € RZMh = RlMl for each i, and thus

ORTPTY
> *A& ): XA(i)(xv Yirs "'7yik) N PBI (yil) ARTRA Pﬁk(yik)

x yll yzk
for each .

We then establish that M; = ,,,,. Let k € {1,...,m — 1} and let R be

a (k 4 1)-ary access type over V¥ \ QY. Let v € Dom(M) and assume that

vur
Ty Yk
for some uy,...,ur, € Dom(M). Let M be the (k + 1)-ary access type such
that (v,u1,...,ux) € MMr. Thus (My,v) IF (M)(B1,..., Bt), whence by
Lemma 3.8, we have

My
My

= XR (Y155 yk) A Py (Y1) Ao A By (Y1)

v
My, o = 3212 (Access (@, 21, ..y 26) A Pay(21) A .o A Pg, (21)).
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Clearly M is consistent with R and hence we have M € C(R). Therefore
M,y ): 7vbéons'

We have M1 = Yuniqg N\ Ypack directly by properties of types. Therefore,
in order to conclude the proof, we only need to establish that for each type
7 € TPy and each v € Dom(M), My, 7 = P(x) <+ x-(x). This follows
directly by Lemma 3.9. O

We then show that M, ¥ |= ¢*(z) implies (M, w) IF ¢. Thus we assume
that M, % = ¢*(z). Therefore there exists an expansion M| of M by in-
terpretations of the unary symbols P, and P( MB) and also the symbols
P e QY, such that M], L=y ().

We define an expansion of M by interpreting all the relation symbols
in QY. We call the resulting expansion M ;. For each P € Q%, we define
PMy = PMi, Let v € Dom(M) and k € {1,...,m — 1}. Let

_ d()—

B=(Br,.... B) € (TP 1 HE,
Let Apy1 € ATPy(k + 1) be the set of access types M € ATP(k + 1) such
that for some tuple

M M!
(w1,...,ug) € Pyt X ... x Pgt,

we have vul
M, =2 =E = Accessm(x .
1’.’IJy1 Uk ): M( » Y1, 7yk)
As M satisfies the formula ©)cons, We see that there exists a bijection f from
the set Ax11 to a set

M M
B C Pﬁ1 X ... X Pﬁk

such that for all M € Agy1, we have (v, f(M)) € R%ﬁ, where R, is the

access type in ATPyy\quw(k + 1) consistent with M. Let S € Q}f be a
relation symbol of the arity k + 1. We define, for each M € A1,

(v, f(M)) € SMi iff SeM.

Recall that we write S € M if S occurs in the type M (i.e., =S does not
occur in M). We then consider the k-tuples in the set

(P x .. x P}y \ B.
Let the tuple (uj,...,ux) belong to this set. Let R be the access type in
ATPy 4\ gu (k + 1) such that (v, u1, ..., ux) € RMi. As M/ satisfies 1/, we
observe that there exists some M € ATP,(k + 1) consistent with R and
some tuple

/
!/

M M
(Ul .yup) € Pyt x ... x Pyt
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such that . .
p DU U A
e cceSSpm (T, Yty -y Yk )-
TYr Yk = ( )
Again let S € Q;f be a relation symbol of the arity k 4+ 1. We define
(v,ut,..,up) € SMh iff S e M.
For each v € Dom(M) and k € {1,...,m — 1}, we go through each tuple
B e (TPyd(w_l)k, and construct the extensions SMu of the (k + 1)-ary

symbols S € Q}f in the described way. This procedure defines the expansion

M; of M. As the model M] satisfies ¢uniq, the model Mj is well defined.
Next we discuss a number of auxiliary lemmata and then establish that

(M;,w) IF 1. The following lemma is a direct consequence of the way we

define the extensions SMi of the relation symbols S € Qf.

Lemma 3.11. Letv € Dom(M). Letk € {1,....m—1}, M € ATPy(k+1)
and (B, ..., Br) € (TPY "1k Then

(v, u1,...,u) € MMh
for some (uq,...,ux) € Pé\fl X e X Pé\fl if and only if we have

vuh
M|, ——2.. =k = Accesspq(z, y1, .. Yk
! TYr Yk ': ( )

M| M
for some (uy,...,up) € Pyt x ... x Pg .

The diamond (M) encodes information about the relation that the for-
mula Accessp(x,yi, ..., yx) defines over M{. The next lemma establishes
this link.

Lemma 3.12. Let n be an integer such that 0 < n < Md(v), and let
ke{l,..,m—1}. Let (ri,...,7) € (TP})* and M € ATPy(k+1). Assume

that ||7;||Mh = P2 for all i € {1,...,k}. Let v € Dom(M). Then
(M7, v) IF (M) (71, .o Tk)
if and only if
M{,% E Jy1...uk (AccessM(a:,yl, o Yk) A Pr(y1) Ao A Pr (yk))

Proof. Assume that (Mj,v) IF (M)(71,...,; 7%). Thus (v,uq,...,u) € MMn
for some tuple

M/ M/
(U1, .oy ug) € ||7]|Mh X oo x ||l |Mh = PR X x Pt
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As MY = Yuniq, we observe that for each i € {1,...,k}, there exists exactly

one type f3; € TPfl\}/ld(w)f1 such that u; € ng{. Therefore, by Lemma 3.11,

we have , ,
p LU U

My, ——...—= & Accessp(, Y1, -y Yk)
TYr Yk

for some (uf,...,u}) € Pé\i[{ X .. X PBZ\Z{. Pick an arbitrary j € {1,...,k}.
1. If n = Md(v)) — 1, then, as M7 |= ¢uniqg and u; € Pé\jl ﬂPT];./II, we have
Bj = 7j, and thus u’; € PT]y{.
. , M, M,
2. If n < Md(+) — 1, then, since M| = ¥peer and as u; € Pr;' N Pﬁj
and u; € Pé\f ', we again have uj; € ng L
Therefore

v
My, . = Jyr..yk (Accessp(z, y1, oo Yk) A Pry (Y1) A oo A Pry (k)

as required.
For the converse, assume that

v
My, e UBE L (Accesspa(, Y1, s k) A Pry(y1) A oo A Pry ().

Therefore UL U
M 22 2 Accessaq(x
17$y1 Uk ’; M( » Y1, 7?/1{:)
for some tuple
M! M!
(Ut oyu) € Pt x.ox Pt = ||my||Me x oox || [Me.

As M| = tuniq, we infer that for each u;, there exists a type j3; € TPQ/["M’)_1

such that u; € Pé\f !. By Lemma 3.11, we therefore have
(v, ), .., u}) € MM
for some tuple

/ / Ml Ml
(u1, . up) € Pt X ... x Pyt

Pick an arbitrary j € {1,...,k}. As above, we have the following cases.
M M
1. If n = Md(¢)) — 1, then, as/M{ = Yuniq and u; € Pyt 0 Prt, we have
Bj = 7j, and thus u]; € PT];/Il.
. M M|
2. If n < Md(+) — 1, then, since M{ |= tPpaer and as uj; € Pr,' N Pﬂjl

, M! . , M!
and u; € Pﬂ_l7 we again have u; € P.rj T
J
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Therefore, as we have P.f\i/[{ = ||7:||Mn for all i € {1,...,k}, we conclude that
(M;,v) = (M) (71, ..., 1), as desired. O

The next lemma establishes that extensions of the types 7 € TP, and
interpretations of the predicate symbols P, coincide.

Lemma 3.13. Let 7 € TPy and v € Dom(M). Then (M},v) Ik 7 if and
only if My, % |= Pr(x).

Proof. We prove the claim by induction on the modal depth of 7. If 7 € Tng,
then, as M{ | Va(Pr(x) <> x+(x)), the claim follows immediately.

Assume that (M}, v) - 7 for some 7 € TPZH, where 0 < n < Md(v).
We will show that

Mj, = b= Pp(@) Axd (2) A X (),

where 7/ is the type of the modal depth n such that 7 IF 7/. This directly
implies that M7, 2 |= Pr(z), since M| = Va(P-(z) < x(2)).

As 7 IF 7/, we have (Mj,v) IF 7'. Therefore M|, ? & P.(z) by the
induction hypothesis. In order to establish that M{, 2 = xf(z) A x5 (z),

let 7 I- (M)(oy,...,0k), where M € ATPy(k + 1), k € {1,...,m — 1} and
o; € TPy for all i € {1,...,k}. Therefore (M}, v) IF (M)(o1,...,01). Since

by the induction hypothesis we have ||o;||Mh = PO]-\Z./[{ forall i € {1,...,k}, we
conclude by Lemma 3.12 that

v
My, - = Elyl...yk(AccessM(x, Yly s Uk) A Py (Y1) A d A ng(yk)).

Similarly, if 7 IF =(M) (o1, ..., 0%), then we have

v
My, - E—3yp...yk (AccessM(x,yl, cos ) N Po (Y1) A oo A Py, (yk))

by the induction hypothesis and Lemma 3.12. Thus M7, 2 = x;}(z) Ax; (z),
and hence M7, 2 |= Pr(x), as desired.

For the converse, assume that Mj, 2 = Py(x), where 7 € TPZH. Now,
since M| = Va(Pr(z) <+ x-(x)), we conclude that M7, 2 |= x;(z). Therefore
Mji, % &= P (x), where 7' is the type of the modal depth n such that 7 I 7.
Thus (M;,v) IF 7/ by the induction hypothesis.

Let k € {1,....,m — 1} and M € ATP,(k + 1). Assume that we have
7 I (M)(01, ..., 01) for some o1, ..., € TP, As My, 7 = x-(x), we have
M, % = xt(z), and therefore

1z

v
My, . = Elyl...yk(AccessM($, Yly s Yk) A Poy(y1) A A Pak(?/k))-
Hence, as we have ||oy||Mh = Pg{ for all i € {1, ..., k} by the induction hy-
pothesis, we conclude that (M, v) IF (M)(o1,...,0%) by Lemma 3.12. Sim-
ilarly, if 7 IF =(M) (o1, ..., 0%), we conclude that (M}, v) Ik —(M) (o1, ..., 0%)
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by the induction hypothesis and Lemma 3.12. We have therefore established
that (M;,v) IF 7, as required. O

We then conclude the proof of the claim that M, % |= ¢*(x) if and only
if (M,w) IF .

Lemma 3.14. Under the assumption M, = ¢*(x), we have (M, w) IF .

Proof. We have assumed that M,% = ¢*(x) and thereby concluded that
there exists a model Mj such that Mj, ¥ = 1*(x). We have then defined
the model M;, and we now establish the claim of current the lemma by
showing that (M;,w) I .

As M{, % |= ¢*(x), we have M}, % |= P,(x) for some type a € TpMdW)
such that « I 1. Therefore (M;,w) IF o by Lemma 3.13. As a I- ¢, we
have (Mj,w) IF v, as desired. O

The following theorem now follows directly by virtue of Lemmata 3.10
and 3.14.

Theorem 3.15. Each formula of Y1(PBMLT) translates to a uniformly
equivalent formula of AMSO. The translation is effective.

The following corollary is immediate.

Corollary 3.16. Each formula of TI1(PBML™) translates to a uniformly
equivalent formula of YMSQO. The translation is effective.

Theorem 3.15 implies a range of decidability results.

Theorem 3.17. Let V and U C V be sets of indices. Let D be a class of
Kripke frames (W,{R;};cv). Consider the class

C={ W {Ri}icv) | Ri CW x W, (W,{Rj}jecv) €D }

of Kripke frames. Now, if the YMSO theory of D is decidable, then the
satisfiability problem for BML™ w.r.t. C is decidable.

Proof. Given a formula 1 of BML™, we existentially quantify all the relation
symbols (unary and binary) occurring 1, except for those in {R;};er. We
end up with a ¥1(BML™) formula ¢, which we then effectively translate to
a uniformly equivalent IMSO formula ¢*(x), applying our result. We then
modify this formula to an IMSO sentence y, which is uniformly equivalent
to the sentence Jz p*(z). Let X’ denote a sentence of YMSO uniformly
equivalent to —x. Using the decision procedure for the VMSO theory of D,
we then check whether the sentence x’ is valid over D. If it is, then 1) is not
satisfiable w.r.t. C, and if x’ is not valid over D, then 4 is satisfiable w.r.t.
C. O

64



3.5 Chapter Conclusion

In this chapter we have investigated the expressive power of modal log-
ics with existential prenex quantification of accessibility relations. We have
shown that ¥1(PBML™) translates into IMSO, and also that ¥1(ML) trans-
lates into monadic ¥1(MLE). These results directly imply that I3 (PBML™)
translates into YMSO and I} (ML) into monadic IT}(MLE). As corollaries of
the translations, we have obtained results that can be used in order to estab-
lish decidability results for (extensions of ) multimodal logics with respect to
classes of frames with built-in relations.

In the future we expect to strengthen the obtained results. The main
objective is to try to understand for what kinds fragments L of first-order
logic the system ¥1(L) collapses into IMSO. The next planned step in-
volves considering graded (polyadic) modalities. While directly interesting,
investigations along these kinds of lines could elucidate the role the arities
of existentially quantified relations play in making the expressive power of
(existential) second-order logic.

It also remains to be seen whether our investigations provide a stepping
stone towards answering the question about existence of a class of finite di-
rected graphs definable in ¥} (FO?) but not definable in IMSO. To show that
¥1(FO?) is contained in IMSO, one would have to extend the translation
from %} (BML™) into IMSO such that it takes into account the possibility
of using the converse operation.
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CHAPTER 4

Expressivity of Equality-Free Existential
Second-Order Logic with Function
Quantification

Let fESO denote the version of existential second-order logic where formu-
lae consist of a vector of existentially quantified function symbols followed
by a first-order part. In this chapter we investigate fESO in the equality-
free setting, concentrating on questions related to expressive power. Let
fESOyo= denote the fragment of fESO where formulae are required to be
equality-free. Various natural equality-free fragments of logics in the family
of independence-friendly (IF) logic translate into fESO,,,— via appropriate
Skolemization procedures, so insights concerning fESQO,,,— can be fruitful in
the study of such fragments. In particular, we believe that fESO,,,— can be
more or less directly useful in investigations related to independence-friendly
modal logics of Tulenheimo and Sevenster and others. We consider a range
of questions concerning the expressivity of fESO,,,— over models with a re-
lational vocabulary. For instance, we identify a model transformation which
preserves truth of fESO,,— formulae, thereby enabling an easy access to
inexpressibility results. Our principal result—from the technical point of
view—is that over finite models with a vocabulary consisting of unary re-
lation symbols only, the fragment fESO,,,= of second-order logic is strictly
less expressive than first-order logic (with equality).

4.1 Equality-Free Existential Second-order Logic with Func-
tion Quantification

The topic of this chapter is the expressivity of equality-free existential second-
order logic with function quantification, or fESOy,—. In this system second-
order quantifiers range over function symbols only. Insights about sentences
of the equality-free logic fESO,,— can be more or less directly useful for ex-
ample in the study of the independence-friendly modal logics of Tulenheimo
[64] and Tulenheimo and Sevenster [63] and others. Independence-friendly
modal logic is part of the family of independence-friendly (IF) logics intro-
duced by Hintikka and Sandu in [30]. See also [29] for an early exposition
of the main ingredients leading to the idea of IF logic, and of course [26] for
an even earlier discussion of ideas closely related to IF logic.
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Results concerning fESO,,,— apply to a wide range of equality-free logics.
For example, consider the delightfully exotic looking Henkin expressions of
the type

Vacl 31’2
Vag dxg

> o(z1, 2, 3, 4),

where a finite partially ordered quantifier precedes an equality-free FO for-
mula @(x1,x9, x3,x4) With exactly the variable symbols x1, x9, x3, x4 occur-
ring free. By the original semantics of Henkin [26], each such expression
is equivalent to a sentence of fESO,,—. Hence, whatever is inexpressible
in fESOy0—, is automatically inexpressible with Henkin expressions of the
above type. And, of course, results concerning fESO,,,— contribute to the
general program of studying fragments of second-order logic.

The study of fESO,,,— presented in this chapter was originally motivated
by questions related to IF logic and Henkin quantifiers, and an account of
the answers to those questions can be found in [40] and [41]. The current
chapter is very much based on the articles [40, 41], but the account given here
discusses only the system fESO,,—. The logic fESO,,= is worth studying
in its own right, and furthermore, the reader is spared the trouble of getting
acquainted with IF logic.

We begin our study by providing a very simple proof of the fact that
fESOyo— can define properties not definable in first-order logic FO (with
equality), when the vocabulary under consideration contains a binary rela-
tion symbol. We then define a simple model transformation that preserves
truth of fESO,,,— sentences, but not FO sentences. Therefore we observe
that fESOy0— and FO are incomparable with regard to expressive power.
We then ask whether fESO,,,— and FO are also incomparable when attention
is limited to nonempty vocabularies containing only unary relation symbols.
Our principal result is that over finite models with such a vocabulary,

FOpo= < fESOyo— < FO,

where FO,,— denotes first-order logic without equality. So far we have not
succeeded in establishing these results without the use of somewhat involved
combinatorial arguments. In addition to proving the results, we of course
also wish to reflect upon and promote the proof techniques applied.

4.2 Preliminary Definitions

Let U be a vocabulary; U may contain relation symbols, function symbols
and constant symbols. Recall that a U-formula of FO (or alternatively, an
FO formula of the vocabulary U) is an FO formula such that the set of
non-logical symbols that occur in the formula is subset of U. The equality
symbol is not considered to be a non-logical symbol.
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Let V' be a vocabulary containing relation symbols only. Formulae of
the vocabulary V' (or V-formulae) of the logic fESO are exactly the expres-
sions of the type 3f ¢, where 3f is a finite vector of existentially quantified
function symbols and ¢ is an FO formula of the vocabulary

V U{f]|f occursin 3f }.

The function symbols are allowed to be nullary, i.e., to be constant symbols.
The formulae of fESO are interpreted according to the natural semantics.
The set of V-formulae of the logic fESO,,,— is exactly the set of V-formulae
of fESO without equality. The set of non-logical symbols of a V-formula 1
of fESO is the set V' C V of symbols in V' that occur in 1.

Let V be a relational vocabulary. Recall that a V-model (or alterna-
tively, a model of the vocabulary V') is a model such that the set of symbols
interpreted by M is exactly the set V. In the current chapter a finite V-
model is a model M of the vocabulary V' such that Dom(M) is finite; the
vocabulary V' may be infinite.

Let V be a relational vocabulary and C' a class of V-models. Let ¢
and ¢ be V-sentences of predicate logic, possibly extended with generalized
quantifiers (see Section 4.5). The two sentences are C-equivalent if

MEe & MEY

for all models M € C.

Let V be a relational vocabulary and let C be a class of V-models. Let
L and L' be two systems (i.e., logics) of predicate logic. Below when we
say that L < L' over C (or L < L' with respect to C'), we mean that for
each V-sentence of L there exists a C-equivalent sentence of L. We say that
L £ L' over C if it is not the case that L < L’ over C. We say that L < L’
over C if L < L' over C and L' £ L over C.

Two sentences x and ' of fESO are uniformly equivalent if they have
exactly the same set S of non-logical symbols and if the sentences are C-
equivalent, where C is the class of all S-models. Let ¢’ and 1)’ be formulae of
first-order logic, possibly extended with generalized quantifiers. We say that
the formulae ¢" and v’ are uniformly equivalent in the finite if the following
conditions are satisfied.

1. The formulae ¢’ and v’ have exactly the same set T of free variable
symbols.

2. The formulae ¢’ and v’ have exactly the same set S of non-logical
symbols.

3. We have
M,h)z(p' & M,h):@//

for all finite S-models and all related variable assignments h interpret-
ing the variable symbols in T" in Dom/(M).
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4.3 Expressivity of fESO,,—- over Models with a Relational
Vocabulary

Let V be a relational vocabulary containing a binary relation symbol. We
begin the section by providing a very simple proof of the fact that over the
class of V-models, fESO,,,— £ FO.

Proposition 4.1. Let V be a relational vocabulary containing a binary re-
lation symbol R. Then there is a class of V-models definable by a sentence
of fESOyo=, but not definable by any sentence of FO. To witness this, a
sentence of the form AfVx 1, where f is a unary function symbol and v is
quantifier-free, suffices.

Proof. Consider the following sentence ¢ of fESO.

Ve (F(f@) =an fz)+2)

It is easy to see that this sentence is true in exactly those models whose
domain has an even or an infinite cardinality.

Let ¢’ be the fESO,,— sentence obtained from ¢ by replacing each in-
stance of the identity symbol = by the symbol R, i.e., ¢ is the sentence

3fVa:<f(f(x))Rm A ﬂf(x)Rx>.
Let C be the class of finite V-models M such that
RM = { (a,a) | a € Dom(M) }.

It is clear that with respect to C, the sentence ¢’ defines the class Ceyep of
models whose domain is even. A straightforward Ehrenfeucht-Fraissé game
argument shows that the class Ceyep is not definable with respect to C' by
any FO sentence.

Let D denote the class of all V-models. Since there is no FO sentence
that defines w.r.t. C the same class of models as ¢', there is no FO sentence
that defines w.r.t. D exactly the same class of models as ¢’. O

4.3.1 Bloating Models

We now define a simple model transformation that preserves truth of fESO,,,—
sentences.

Definition 4.2. Let V be a vocabulary such that each symbol in V is a
relation symbol of the arity one or two. (We restrict attention to at most
binary relation symbols for the sake of simplicity.) Let M be a V-model
with the domain A, and let a € A. Let S be any set such that SN A = (.
Define a V-model N as follows.
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1. The domain of N is the set AUS.
2. Let P € V be a unary relation symbol. We define PV as follows.

(a) Forallv e A, v e PN iff v € PM,
(b) Forall s€ S, s € PV iff a € PM.

3. Let R € V be a binary relation symbol. We define RY as follows.
(a) Forallm€ Ax A, ve€ RN iff v € RM.
(b) For all s € S and all v € A, (v,s) € RN iff (v,a) € RM.
(c) For all s € S and all v € A, (s,v) € RN iff (a,v) € RM.
(d) For all 5,s" € S, (s,s') € RV iff (a,a) € RM.
We call the model N a bloating of M. Figure 2 illustrates how this model
transformation affects models.

We note that the notion of a bloating is closely related for example to
the notion of a surjective strict homomorphism (see Definition 2.1 of [10]).

Figure 2: The figure shows three connected models of a vocabulary con-
sisting of one binary and one unary relation symbol. The shaded areas
correspond to the extensions of the unary relation symbol. The model in
the middle is a bloating of the model on the left. The model in the middle
is obtained from the one on the left by adding two new copies of the middle
right element. The model on the right is a bloating of the model in the
middle, obtained by adding two copies of the middle left element.

Theorem 4.3. Let V' be a vocabulary such that each symbol in V is a
relation symbol of the arity one or two. Truth of any V -sentence of fESO,0—
1s preserved under bloatings.

70



Proof. Let ¢ be a V-sentence of fESO,,,—. The sentence ¢ can be trans-
formed into a uniformly equivalent fESO,,,— sentence 3f ), where 3f is
a finite string of existentially quantified function symbols (some of them
perhaps nullary) and v is a first-order sentence such that the following con-
ditions hold.

1. The sentence 1) is of the type Va1)’, where Vz is a string of universal
first-order quantifiers and v’ is a quantifier-free formula.

2. The quantifier free part ¢’ of the sentence 1) is in negation normal
form, i.e., negations occur only in front of atomic formulae.

This normal form can be obtained by first transforming the first-order part
of o into prenex normal form without nested quantification of the same vari-
able, and then Skolemizing the first-order part of the resulting sentence. The
quantifier-free part of the resulting sentence can then be put into negation
normal form. The freshly introduced Skolem functions are prenex quantified
existentially, so the set of non-logical symbols of 3f ) is the same as that
of the sentence ¢. The process of transforming ¢ into the described normal
form does not introduce equality symbols, so 3f v is a sentence of fESO,,—.

Let M and N be as in Definition 4.2. The models there had the domains
A and A U S, respectively, and we used the element a € A in order to
define N. Assume that M |= . Therefore M = 3f ). We expand M to a
model M’ = (M, fM") such that M’ }= 1. We then expand N to a model
N’ = (N, fN') as follows.

1. For each k-ary symbol f, we let fN' | AF = M’ Note that when
k =0, i.e., when f is a constant symbol, then fV' = M’

2. For each k-tuple w € (A U S)* containing points from the set S, we
define the k-tuple w’, where every co-ordinate value s € S of w is
replaced by the element a. We then set fV' (w) = fM (@').

We then establish that N’ |= ¢. The proof is a simple induction on the
structure of the formula 1. For each variable assignment h with codomain
A, we let g(h) denote the set of all variable assignments with codomain
AU S that can be obtained from h by allowing some subset of the variables
mapping to the element @ to map to elements in S. We will show that for
every variable assignment h with codomain A and every subformula x of v,

M hl=x = VK egh) (N, KEX).

The cases for atomic and negated atomic formulae form the basis of the
induction. The claim for these formulae follows directly with the help of the
observation that h(t) = h'(t) for all h and b’ € g(h) and terms ¢ that contain
function or constant symbols, i.e., terms that are not variable symbols. We

71



will next prove this claim by induction on the function symbol nesting depth
of terms.

The basis of the induction deals with the terms whose nesting depth is
one, i.e., terms of the type f(z1,...,zx) and ¢, where the symbols z1, ..., zj
are variable symbols and the symbol ¢ is a constant symbol. It is immediate
that h(t) = h'(t) for all h and ' € g(h) and all such terms ¢ of the nesting
depth one.

Now let f(t1,...,t;) be a term of the nesting depth n + 1. By the in-
duction hypothesis, we have h(t;) = h'(t;) for each one of the terms t;
that is not a variable symbol. For the terms ¢; that are variable symbols
and for which h(t;) # a, we also have h(t;) = h'(t;). For the terms t;
that are variable symbols and for which h(t;) = a, either h/(t;) = a or
B (t;) € S. We therefore observe that we obtain the tuple (h(t1), ..., h(tx))
from the tuple (h'(t1), ..., A'(tx)) by replacing the elements u € S of the tuple
((W(t1),..., W (tx)) by the element a. Therefore we infer, by the definition of
the function f', that

V(R (), s B (1) = M (R(t1), ., B(tE)).

This concludes the induction on terms and thus the basis of the original
induction on the structure of ¥ has now been established. We return to the
original induction.

The cases for connectives are trivial, and the quantifier case is relatively
straightforward. We discuss the details of the quantifier case here.

Assume that M’ h = Vo a(z). We need to show that for all b’ € g(h),
we have N’ h/ = Vz a(x). Assume, for the sake of contradiction, that for
some h" € g(h), we have N', b |£ Vo o(x). Hence N', h""% b~ a(x) for some
u € AUS. To finish the proof, it suffices to show that A% € g(h%) for some
v € A. This suffices, as the assumption M’ h | Vx «(x) first implies that
M',hZ = «a(x), which in turn then implies, by the induction hypothesis,
that N', "% = a(x).

If u € A, let v =wu. Then, as h”" € g(h), we have h"% = h"2 € g(hZ).
If u € S,let v =a. Then, as h” € g(h), we have h"% € g(h%) = g(h%). O

An immediate consequence of Theorem 4.3 is that FO £ fESQO,,,— over
V-models because there exist first-order (-sentences (with equality) whose
truth is not preserved under bloating.

4.4 Expressivity of fESO,,,— over Finite Models with a Unary
Relational Vocabulary

We now turn our attention to finite models with a unary relational vocab-
ulary. Over such finite models, the picture is quite different from the case
where there is a binary relation symbol in the vocabulary. We will establish
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that over the class of finite V-models, where V' is an arbitrary nonempty
vocabulary containing only unary relation symbols, we have

FOpo= < tESO40= < FO.

We first show that fESO.,,— < FO, and then that FO.,,— < fESO,—.

4.4.1 f{ESO,.— < FO over Finite Models with a Unary Relational
Vocabulary

Let V be an arbitrary nonempty vocabulary containing only unary rela-
tion symbols. In the current subsection we show that fESO.,,,— < FO over
the class of finite V-models.” We begin by making a number of auxiliary
definitions.

Let U C V be a finite unary vocabulary. A wunary U-type (with the free
variable x) is a conjunction 7 with |U| conjuncts such that for each symbol
P € U, exactly one of the formulae P(z) and —=P(x) is a conjunct of 7; if
U = 0, then 7 is the formula x = . Let T' = {7y, ...,T|T|} be the set of
unary U-types.> The domain of each U-model M is partitioned into some
number n < |T'| of sets S; such that the elements of \S; realize, i.e., satisfy,
the type 7 € T. An element a € Dom(M) realizes (satisfies) the type 7; if
and only if M, 2 |= 7;.

Let n € N, and let kK = 2". Any relation

R C NF\ {0}

is a spectrum. We associate sentences of FO and fESO,,,— with spectra in a
way specified in the following definition.

Definition 4.4. Let ¢ be a V-sentence of FO or fESO,—. Let U C V be
the finite set of unary relation symbols that occur in the sentence ¢. Let
T ={71,...,77 } be the finite set of unary U-types. Let <T denote a linear
ordering of the types in T defined such that 7; <T 7j iff © < j. Define the
relation R, C NITI such that (n1, - N1|) € Ry iff there exists a finite U-
model M of ¢ such that for all ¢ € {1,...,|T|}, the number of points in the
domain of M that satisfy 7; is n;. We call such a relation R, the spectrum
of ¢ (with respect to the order <7).

Notice that the class of V-models that the sentence ¢ defines in the finite
is completely characterized by the spectrum R, € N ITl; there is a canon-
ical one-to-one correspondence between the isomorphism classes of finite

5In the case V = 0, we trivially have fESO.,= < FO, since we define fESO,,,— such
that there do not exists fESO 0~ formulae of the vocabulary @ at all.

5We assume that types have some standard ordering of conjuncts and bracketing, so
that there exist exactly 2Vl different unary U-types; for each subset S of U, there is
exactly one unary U-type 7 such that for each symbol P € U, P(z) is a conjunct of 7 iff
Pes.
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U-models that satisfy ¢ and tuples 7 € R,. See Figure 3 for an illustration
of a spectrum of an FO sentence with a unary relational vocabulary.

We now define a special family of spectra and then establish that this
family exactly characterizes the expressivity of FO over the class of (finite)
V-models.

|A\ PMA . | .’
+——+—+++++++
+——+—+++++++
+——+—t++++++
+——+—H++++++
+——+—+++++++
+——+—+++++++

N e slelends sbegse oy e sfe ke e i SN0
FF—F—======
—++—+H+++++++

—+—+—+++++++ .-

+—+————————

—+—+++++++++

| |PM|

Figure 3: The figure illustrates a stabilizing spectrum (see Definition 4.5)
that corresponds to some FO sentence 1) whose set of non-logical symbols
is {P}, where P is a unary relation symbol. A plus symbol occurs at the
position (i, 7) iff there exists a { P}-model M satisfying the sentence v such
that |[PM| =4 and |A\ PM| = j, where A = Dom(M). In other words, the
number of points in the domain of M satisfying the type P(z) is ¢, and the
number of points satisfying the type =P (z) is j. If ¢ is an FO sentence with
the set {P} of non-logical symbols, the spectrum of ¢ divides the xy-plane
into four distinct regions. The upper right region always contains either plus
symbols only or minus symbols only. In the top left region, any distribution
of plus and minus symbols is possible in the horizontal direction, but in
the vertical direction the distribution is uniform. The bottom right region
is similar to the top left region, but with an arbitrary distribution in the
vertical direction and a uniform distribution in the horizontal direction. In
the bottom left region, any distribution is possible. (The point (0,0) always
contains a minus symbol, however, since we do not allow for models to have
an empty domain.)

Definition 4.5. Let [ = 2! for some I’ € N. Let R C N! be a spectrum for
which there exists a number n € N> such that for all co-ordinate positions
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ie{1,..,1}, all integers k, k" > n and all my,...,m;—1,mjt1,...,m; € N,

(M, ..., mi—1, bk, mig1,...,my) € R
54
(ml,...,mi_l,k’,mi+1,...,ml) € R.

Such a number n is a stabilizer of the spectrum R. A spectrum with a
stabilizer is a stabilizing spectrum.

Proposition 4.6. A spectrum R is a stabilizing spectrum if and only if R
is the spectrum of some FO sentence.

Proof. Assume that R C NF is a stabilizing spectrum. Let n € N>q be a
stabilizer of R. Define the set S ={0,1,...,n} U {oo}, where oo is simply a
symbol. Define a function f: N — S as follows.

f(a:):{x ifx <n,

oo ifx>n.

Define
Ry = { (f(?"l), ,f(?"k)) ’ (7’1, ...,Tk) €R }

Notice that the set Ry is finite.
Let (s1,...,8%) € Ro. For each i < k, define a first-order sentence x; such
that the following conditions hold.

1. If s; < n, then x; asserts that there are exactly s; elements that satisfy
the type 7;.

2. If s; = oo, then y; asserts that there are at least n + 1 elements that
satisfy the type 7;.

Let (s, ,....s,) be a conjunction of the sentences x;. Let pr be a disjunction
of the sentences (s, . ), Where (s1,...,5;) € Ro. The set Ry is finite, so
the disjunction is a first-order sentence. Since R is a stabilizing spectrum
with a stabilizer n, we observe that the disjunction ¢g defines the spectrum
R, i.e., R is the spectrum of the first-order sentence ¢p.

The fact that each spectrum of an FO sentence is stabilizing is established
by a straightforward Ehrenfeucht-Fraissé game argument. O

We next define some order theoretic notions and then prove a number
of order theoretic results that are needed in the proof of the main theorem
(Theorem 4.10) of the current section.

A structure M = (A,<M) is a partial order if <M C A x A is a re-
flexive, transitive and antisymmetric binary relation. Given a partial order
M = (A, <M) we let <M denote the irreflexive version of the order <M.
A partial order is said to be well-founded if no strictly decreasing infinite
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sequence occurs in it. That is, a partial order M = (A4, <M) is well-founded
if for each each sequence f : N — A there exist numbers 4,5 € N such
that 4 < j and f(j) ¢ f(i). An antichain S C A of a partial order
M = (A, <M) is a set such that for all distinct elements s,t € S, we have
s #M t and t £M s. In other words, the distinct elements s and t are in-
comparable. A well-founded partial order that does not contain an infinite
antichain is a partial well-order, or a pwo.

Let M = (A, <M) and N = (B, <") be partial orders. The Cartesian
product M x N of the structures M and N is the partial order defined as
follows.

1. The domain of M x N is the Cartesian product A x B.

2. The binary relation <M*N C (A x B) x (A x B) is defined in a
pointwise fashion as follows.

(a,b) <MV (0 V) = (a <M ¢/ and b <V b')

For each integer k € N>; and each partial order M = (A, <M) we let
Mk = (AF, SMk) denote the partial order where the relation ngQ Al x AF
is again defined in the pointwise fashion as follows.

k .
(a1,...,a) <M (d},...,a}) o Vie{l,.,k}:a; <Md]

The structure M is called the k-th Cartesian power of M. We let (N, <)
denote the k-th Cartesian power of the linear order (N, <). When S C N¥,
we let (S,<) denote the partial order with the domain S and with the
ordering relation inherited from (N¥, <). In other words, for all 5,7 € S, we
have 3 <(55) 7 if and only if 5 <(M*<) 7. When u,v € N¥, we simply write
u < 7 in order to assert that w g(Nk7§) 7.

The following lemma is a paraphrase of Lemma 5 of the article [48],
where the lemma is credited to Higman [28].

Lemma 4.7. The Cartesian product of any two partial well orders is a
partial well order.

Variants of the following lemma are often attributed to Dickson [14].
The lemma follows directly from Lemma 4.7 above.

Lemma 4.8. (Dickson’s Lemma variant) Let k € N>q. The structure
(N*, <) does not contain an infinite antichain.

Proof. The structure (N, <) is a pwo, and by Lemma 4.7, the property of
being a pwo is preserved under taking finite Cartesian products. Thus the
structure (N¥, <) is a pwo. By definition, a pwo does not contain infinite
antichains. O
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Letl € N>j and let R C N! be a relation such that for all tuples @, 7 € N/,
ifu € Randw < v, then v € R. We say that the relation R is upwards closed
with respect to (N, <). When the exponent [ is known from the context or
irrelevant, we simply say that the relation R is upwards closed.

Theorem 4.9. If R is a spectrum that is upwards closed, then it is a stabi-
lizing spectrum.

Proof. Let I’ € N and | = 2", Assume that R C N! is a spectrum that
is upwards closed with respect to (Nl,g). We shall establish that R is
stabilizing. As () is trivially a stabilizing spectrum, we may assume that
R+0.

We begin the proof by defining a function f that maps each nonempty
subset of the set {1,...,l} to a natural number. Let I C {1,...,1} be
a nonempty set. Let R(I) denote the set consisting of exactly those tu-
ples w € R that have a non-zero co-ordinate value at each co-ordinate
position ¢ € I and a zero co-ordinate value at each co-ordinate position
je{1,..,1}\ I. Define the value f(I) € N as follows.

1. If R(I) = 0, let f(I) = 0.

2. If R(I) # 0, choose some tuple w € R(I). Let W C R(I) be a maximal
antichain of (R([), <) such that w € W, i.e., let W be an antichain of
(R(I), <) such that for allw € R(I)\ W, there exists some T € W such
that © < v or ¥ < w. By Lemma 4.8, the set W is finite. Therefore
there exists a maximum co-ordinate value occurring in the tuples in
W. Let f(I) to be equal to this value.

(Notice that we have some freedom of choice when defining the function f,
so there need not be a unique way of defining f.)
With the function f defined, call

n = maz({ f(I)|0#1C{1,..,01}}).

We will establish that n is a stabilizer of the relation R. We assume, for the
sake of contradiction, that there exist integers k, k' > n and also integers
M,y ey Mi—1, Miy1, ..., € N such that the equivalence

(ml7'-')mi—17k7mi+la"'7ml) €R
=
(m17°")mi—17k/7mi+17"‘7ml) €R

does not hold. Let k < k’. As the relation R is upwards closed, it must be
the case that

(m17"‘7m’i—17k7mi+17"‘7ml) g R
and
(ml,...,mi_l,k’,miJrl,...,ml) € R.
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Otherwise we would immediately end up with a contradiction. Call

wk’ = (mb...,mifl,k,mi+17"'7ml)
and

— /

Wy = (ml,...,mifl,k‘7mi+1a"'7ml)'

Let I* C {1,...,1} be the set of co-ordinate positions where the tuple wy
(and therefore also the tuple wy) has a non-zero co-ordinate value. Let
W(I*) denote the domain of the maximal antichain of (R([*), <) chosen
when defining the value of the function f on the input I*. The tuple Wy can-
not be in the set W (I*), since the co-ordinate value &’ is greater than n, and
therefore greater than any of the co-ordinate values of the tuples in W (I*).
Hence, as W (I*) is a maximal antichain of (R(I*), <) and wy € R(I*), there
exists a tuple w € W(I*) such that Wy < @ or @ < Wys. Since k' > f(I*),
we must have © < wy. Therefore, as also k > f(I*), we conclude that
U < wg. As R is upwards closed and w € R, we have w, € R. This is a
contradiction. O

The following theorem is the main result of the current section.

Theorem 4.10. Let V' be a vocabulary such that each symbol in V is a
unary relation symbol. We have fESO o= < FO over finite V-models.

Proof. By Theorem 4.3 it is immediate that FO £ fESQO,,= over finite
V-models. Therefore it suffices to show that fESO,,— < FO over finite
V-models. To show this, let ¢ be an arbitrary V-sentence of fESO,,,—. By
Proposition 4.6 it suffices to establish that the spectrum R, of the sentence
 is stabilizing. By Theorem 4.3, the spectrum R, is upwards closed. Hence,
by Theorem 4.9, R, is a stabilizing spectrum. O

Note that if the vocabulary V under consideration is finite, then The-
orem 4.10 applies not only to fESO.,.— but to any logic” such that the
definable classes of models with a unary relational vocabulary are closed
under bloating. Here the restriction to models with a finite domain is re-
quired. Too see why, let L be a logic whose language consists of exactly one
formula, 1. Let the semantics of L dictate that the formula v is true in a
model M if and only if the domain of the model M is infinite. Then truth
of L formulae is preserved under bloatings, but FO and L are incomparable
with regard to expressivity. Note also that our proof is nonconstructive in
the sense that without additional information, the current formulation of
the argument leaves it a conceivable possibility that there does not exist an
effective translation from the system L considered into FO.

"The term “logic” can here be identified with the compound expression “class of iso-
morphically closed classes of V-models”.
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4.4.2 FOyo= < fESOyo— over Finite Models with a Unary Rela-
tional Vocabulary

In this subsection we show that over the class of finite V-models, where V'
is a nonempty vocabulary containing only unary relation symbols, we have

FOuyo= < fESOyo=.

Let P € V and consider the fESO,,,— sentence

3 3gva ( P(f(2) A (P(x) & Plg(f())) ).

The sentence is true in a V-model M with three points, two of which sat-
isfy P(x). The sentence is not true in a V-model N with two points, one
satisfying P(x) and one not. However, we will show that there exists no
FOyo= sentence ¢ of the vocabulary V such that exactly one of the models
M and N satisfies ¢. We establish this by applying a very simple back and
forth argument. In the article [10], a characterization of the expressivity of
FOyo= is formulated in terms back and forth systems. We show that M and
N satisfy exactly the same FO,,— sentences by employing the tools defined
in [10].

Definition 4.11. (cf. Definition 4.1 of [10].) Let M and N be U-
models, where U contains relation symbols only. A relation
p € Dom(M) x Dom(N)

is a partial relativeness correspondence if for any n-ary relation symbol
R € U and any (a1,b1), ..., (an,by) € p,

(CLl,...,CLn) S RM = (bl,...,bn) S RN.

Definition 4.12. (cf. Definition 4.2 of [10].) Let M and N be U-
models, where U contains relation symbols only. Let A = Dom(M) and
B = Dom(N). We write M ~,, N, where n € N>, if there exists a sequence
(I e {0,1,...,n} Of sets Ij; of partial relativeness correspondences p C A x B
such that the following conditions hold.

1. Every I is a nonempty set of partial relativeness correspondences.

2. For each i € {1,...,n}, each p € I; and each a € A, there exists a
q € I;—1 such that p C ¢ and a € Dom(q).

3. For each i € {1,...,n}, each p € I; and each b € B, there exists a
q € I;_1 such that p C ¢ and b € Ran(q).

Proposition 4.13. (A weaker version of Proposition 4.5 of [10]) Let
M and N be U-models, where U is a finite vocabulary containing relation
symbols only. Then M and N satisfy exactly the same U -sentences of FO,,0—
of the quantifier rank n € N>, if and only if M ~,, N.
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We then prove the main result of the current subsection.

Theorem 4.14. Let V be a nonempty vocabulary containing only unary
relation symbols. We have FOyoz < fESOyo= over the class of finite V -
models.

Proof. Let M and N be as defined in the beginning of the current subsection
(subsection 4.4.2), with QM = QN = 0 for all Q € V' \ {P}. We separated
the models by a simple { P}-sentence of fESO,,,—. To conclude the proof, it
suffices to establish that for all n € N>y, all finite U C V' and all U-reducts
M U and N [ U of the models M and N, we have M [U ~, N [U. Let
n € N>y and let U C V' be finite. Define the sets Ij, of partial relativeness
correspondences in the following way.

2. Iy = {pU{(a,b)} | p€ Iy and M, %= P(z) & N,2EP2)}.

We immediately observe that the back and forth system (Ix)pcqo1,..,n}
satisfies the required properties, and therefore M [U ~, N [ U.

4.5 Chapter Conclusion and a Remark on Generalized Quan-
tifiers

In this chapter we have investigated the expressive power of fESO,,,— over
models with a relational vocabulary. The results obtained can be interesting
for example in the study of independence-friendly modal logics, and also
other systems in the family of independence-friendly logic. In fact, our
main result concerns models with a unary relational vocabulary, so the link
to independence-friendly modal logics there is somewhat indirect.

We have defined the notion of a bloating and shown that truth of fESO,,,—
sentences is preserved under bloating. This establishes an easy access to
inexpressibility results for logics that translate into fESO,,=. We have
observed that over {R}-models, where R is a a binary relation symbol,
fESOyo= is incomparable with FO with regard to expressive power. How-
ever, we have also established that when limiting attention to finite models
with a nonempty unary relational vocabulary, we have

FO o= < TESO4o= < FO.

The method of proof establishing the latter inequality via Dickson’s Lemma
is interesting in its own right. The most important notions we defined for
the purposes of the related argument are the notions of a spectrum and a
stabilizer. Indeed, stabilizing spectra seem to arise in various interesting
mathematical contexts. We end the chapter by demonstrating how stabiliz-
ing spectra can be used to characterize the extensions of first-order logic by
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unary generalized quantifiers that are genuinely more expressive than FO in
the finite.

A unary generalized quantifier of a finite width is an isomorphically
closed class of models N = (W, P, ..., Pév ), where each P; is a unary relation
symbol and k£ € N>;. The number k is the width of the quantifier. Let K
be a unary generalized quantifier of the finite width k. The extension of FO
with K is the system that extends the set of FO formulae according to the
following rule.

If ¢1,..., ¢ are formulae, then also Qxx;,, ..., i, (gol, s gok) is a formula.

The semantics is extended such that M, f = Qkxi,, ..., Ti, (gol, ey cpk) iff
M' = (Dom(M), PM' .., PM') € K,

where PjM/ = { a € Dom(M) | M,fﬁ E ¢; }. If Q denotes a class of

unary generalized quantifiers, then FO(Q) denotes the extension of first-
order logic with all the quantifiers K € Q.

Each unary quantifier K of a finite width k can be associated with a
spectrum Ry C N (2"), The quantifier K is a class of models of the vocabu-
lary U = {P,..., P,}. Let T = {71, ..., Tox } be the set of unary U-types with
the free variable z, ordered by the relation <7 such that 7; <” 7y iff 1 < g
We define (n1,...,n9r) € R if and only if there exists a model M € K such
that for each i € {1,...,2*}, we have

|{a€Dom(M)|M,%}:Ti}\ = n.

The quantifier K is a stabilizing quantifier if the spectrum Ry is stabilizing.
Note that even though the structure of the relation Rx depends on how the
linear order < is chosen, the property of being a stabilizing quantifier is
independent of the choice of <T Also note that we have defined a spectrum
to be a relation over the natural numbers, so spectra only encode the action
of quantifiers over finite models. This suffices for our purposes.

Theorem 4.15. Let V' be a finite relational vocabulary containing a rela-
tion symbol of the arity at least two. Let Q be a class of unary generalized
quantifiers of finite width. We have FO < FO(Q) over the class of finite
V-models if and only if Q contains a quantifier that is not stabilizing.

Proof. Assume first that Q does not contain a quantifier that is not sta-
bilizing. Let ¢ be an arbitrary sentence of FO(Q). Consider an arbitrary
subformula

ZD = QK.%'Z'I, ...,xik(wl, ceey ¢k)

of , where the formulae 1); are first-order and K is neither the universal nor
the existential quantifier. Since K is a stabilizing quantifier, there exists an
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FO formula 1’ that is uniformly equivalent to 1 in the finite. This is estab-
lished by a straightforward argument similar to that employed in the proof
of Proposition 4.6, paying close attention at each stage to which variable
symbols are to be considered free and which ones bound. Substituting v’
for ¢ in , we can eliminate an instance of the quantifier Q. Iterating the
procedure, we end up with a first-order sentence that is uniformly equivalent
to ¢ in the finite. Therefore it is not the case that FO < FO(Q) over the
class of finite V-models.

Assume then that Q contains a quantifier H that is not stabilizing. Let
m € N>; be the width of H. Therefore H is a class of models of the
vocabulary U = {P,..., Py,}. Let T = {11,...,7om } be the set of unary U-
types with the free variable z, ordered by <7 according to the subindices.
Let Ry be the spectrum of H according to the order <T,

Let n € N>1. Since the spectrum Ry is not stabilizing, there exist some
integers k, k' > n and some my,...m;_1,M;i1, ..., mom € N such that

(ml, My, k,mi+1, ...,mgm) € Ry

and
(ml, TG, ]{2/, LLL7S mgm) ¢ RH-

Let us say that the co-ordinate position i witnesses instability of Ry for
n. For each n € N>1, there exists some co-ordinate position that witnesses
instability of Ry for n. Let p € {1,...,2™} be a co-ordinate position that
witnesses instability of R for infinitely many n € N>q. Let K, denote the
class of finite U-models where each model contains at least 2" elements that
satisfy the type 7,.

We assume without loss of generality that there is a binary relation
symbol S € V. In the case there is no binary relation symbol in V, a
symbol of a higher arity can be used in order to encode a binary relation.
The resulting modification of the argument below is straightforward. We
define a map f that encodes each model in K, by a corresponding V'-model.
Let M € K,,. Choose a set

Ay = {a1,...,aam} € Dom(M)

such that M, % |= 7, for each a; € Ay For each i € {1,...,2"}, the
element a; € Ay is referred to as the i-th element of Apr. We let f(M) be
the V-model defined as follows.

1. Dom(f(M)) = Dom(M).

2. For all a;,a; € Ay, we have (a;,a5) € SS(M)
(a) i+1=j or
(b) i=j.
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3. For all a; € Ay and all v € Dom(M) \ Ay, we have (a;,v) € ST(M)
iff M,% ': Ti.

4. For all a; € Ays and all v € Dom(M) \ Ay, we have (v,a;) & ST,
5. For all u,v € Dom(M) \ Ay, we have (u,v) & ST(M),
6. For all relation symbols T € V, T # S, we have T/(M) = ¢

Call
C ={fM)|MecK,}

and
H = {f(M)| MeK,nNH }.

We then establish that H' is definable with respect to C' by a sentence of
FO(Q). We define, for each i € {1,...,2™}, a first-order {S}-formula x,(z)
such that for all f(M) € C and all u € Dom(f(M)), we have

FOD).~ [ xnla) & M.~ =

The encoding f(M) of each model M € C is constructed in such a way
that this is straightforward. For i € {1,...,2"™} \ {p}, the elements of f(M)
that should satisfy x-, (=) are exactly the S-successors of the i-th element of
Aps that are in Dom(M) \ Aps. The elements of f(M) that should satisfy
Xr,(x) are the elements that belong to Ay or are S-successors of the p-th
element of Ay;. Now, for each j € {1,...,m}, let ¢ p, (z) denote a disjunction
of exactly all the formulae x.,(z) such that 7; = Pj(x). Note that for all
f(M) € C and all u € Dom(f(M)), we have

JOO), S dp (@) & M.~ | Pi(a).
The {S}-sentence

Qu1, ..o, T (Up, (1), .., ¥p,, (Tm))

defines H' w.r.t. C.

We then show that the class H' is not definable w.r.t. C by any first-
order V-sentence. This follows by a straightforward Ehrenfeucht-Fraissé
game argument. Let n € N>;. We will define two V-models, one in H" and
the other one in C'\ H’', such that the duplicator (see [44]) wins the n-round
game played on the models.

Since the co-ordinate position p witnesses instability of Ry for infinitely
many elements of N>j, there exists some integers k, k' > n + 2™ and
liy.oylp—1,lpy1, ..., lom € N such that

Wg = (ll,...,lp_l,k,lp+1,...,lgm) € Ry
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and
Wy = (ll,...,lp_l,]{?/,lp+1,...,lgm) ¢ Ryy.

Let Mj denote a U-model such that the number of elements of M that
satisfy the type 7, is k, and for each ¢ € {1,...,2™} \ {p}, the number of
elements of M, that satisfy the type 7; is ;. Let M}, denote a model defined
similarly, but with k replaced by k’. That is, My is a U-model such that
the number of elements of M), that satisfy the type 7, is &/, and for each
i€{l,..,2m}\ {p}, the number of elements of M}, that satisfy the type 7;
is [;. The duplicator wins the n-round game played on the V-models f(My)
and f(Mjy). The duplicator plays according to the following strategy.

1. If the spoiler (see [44]) chooses an element already chosen in some
earlier round, the duplicator responds by choosing the corresponding
earlier chosen element in the other model.

2. If the spoiler chooses an element u not chosen in any earlier round, the
duplicator responds with an element v’ of the other model such that
the following conditions hold.

(a) The element u' has not been chosen in any earlier round.

(b) If the element w is chosen from the model f(Mj) and wu is the
i-th element of the set Ay, , then the duplicator chooses the i-th
element of the set Apy,, of f(My).

(c) Symmetrically, if the element u is chosen from the model f(Mj/)
and u is the i-th element of the set Apy,,, then the duplicator
responds by choosing the i-th element of the set Ay, of f(My).

(d) If u is chosen from the model f(M}) and we have u ¢ Ay, and
My, % |= 7i(x), then the duplicator chooses an element u' & Ay,

such that M/, % = 7;(x).

(e) Symmetrically, if u is chosen from f(Mjy/) and we have u ¢ Apy,,

and My, % = 7i(x), then the duplicator chooses an element

u' ¢ Apg, such that My, & = 7i(z).

We observe that the duplicator can play n rounds maintaining this strategy,
and the strategy is indeed a winning strategy. Since n was chosen arbitrarily,
we conclude that H' is not definable with respect to C' by any V-sentence of
FO. We conclude that FO < FO(Q) over the class of finite V-models. [J

The notion of a stabilizing spectrum generalizes to the context involving
all infinite cardinalities in addition to finite ones, and this leads to a natural
generalization of the notion of a stabilizing quantifier. However, Theorem
4.15 does not hold in the context involving infinite models in addition to
finite ones. Consider, for example, the quantifier “there exists infinitely
many”. This is a unary stabilizing quantifier of the width one, the smallest
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stabilizer being Ng. The extension of FO with this quantifier is of course
stronger in expressive power over V-models than the (finitary system) FO
alone.
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CHAPTER 5

On Fragments of SOPMLE and SO(ML)

Let SO(ML) denote the logic obtained by extending polyadic multimodal
logic by allowing for the unrestricted quantification of proposition symbols
and also relation symbols associated with diamonds. In this chapter we
investigate the expressivity of fragments of SO(ML) and also fragments of
second-order propositional modal logic with the global modality SOPMLE.
We identify a range of properties of simple fragments of the two logics. For
example, we obtain a simple tool for proving inexpressibility results for the
fragment of SOPMLE consisting of formulae of the type 3P VQ ¢, where ¢
is free of propositional quantifiers. The principal contribution of the chapter
is the relatively straightforward observation that SO(ML) is equi-expressive
with second-order logic SO. By showing this we identify a modal normal
form for second-order logic. Investigating (fragments of) second-order logic
from alternative perspectives—such as the ones provided by the systems
studied below—can elucidate the mathematical phenomena that give rise to
the expressivity of second-order logic.

5.1 SOPMLE and SO(ML)

In this chapter we investigate the expressivity of fragments of SO(ML) and
SOPMLE. We concentrate on the study of finite models, but unless oth-
erwise stated, the class of structures under investigation is not assumed to
be finite. We shall establish that both over models and pointed models,
SO(ML) = SO, and therefore the investigations below can also be regarded
as investigations of fragments of MSO and SO. (Recall from Chapter 2 that
SOPMLE = MSO with regard to expressive power.)

The chapter is structured as follows. In Section 5.2 we discuss a number
of preliminary issues. We begin Section 5.3 by observing that the argu-
ment of ten Cate in [11]—which establishes that formulae of SOPML with
diamonds corresponding to a binary relation admit a prenex normal form
representation—works almost as such also in the context of SOPML and
SOPMLE with polyadic modalities. We then show that already formulae of
the type 3P VQ ¢ of SOPMLE, where ¢ is free of propositional quantifiers,
can define any finite pointed directed graph up to isomorphism. We also
provide an analogous result that applies to SOPML. We call the fragment
of SOPMLE (SOPML), whose formulae are of the type 3P VQ ¢ specified

86



above, the Yo fragment.

Since any finite pointed directed graph is definable up to isomorphism
by a 3s formula of SOPMLE, there exists no model transformation that
preserves truth of 35 formulae of SOPMLE from a finite pointed directed
graph to a non-isomorphic pointed directed graph. However, in Section 5.4
we identify a family of model transformations such that for each & € N, there
is a non-trivial transformation that applies to formulae of the o fragment
of SOPMLE with k existential propositional quantifiers. We use this tool
to prove simple hierarchy results concerning the expressivity of fragments of
SOPMLE and SOPML.

In Section 5.5 we make use of a class of pointed models that we call
pointed ornamented words in order to study fragments of SOPMLE and
SO(ML). A major part of the related investigations draws its inspiration
from the study culminating to Biichi’s theorem in descriptive complexity the-
ory. We observe that while the X1 fragment of SOPML 8 exactly captures
regular languages, neither an increase in the number of allowed alternations
of propositional quantifiers nor an increase of the arity of prenex quanti-
fied existential quantifiers (i.e., a transition to the fragment of X1 where
the first-order parts of formulae are standard translations of formulae of
polyadic modal logic) takes us beyond regular languages. What is needed is
an increase in both arity and the number of alternations. Finally, in Section
5.6, we show that SO(ML) and second-order predicate logic SO coincide in
expressive power. This result applies to pointed models as well as models.

5.2 Preliminary Definitions

We assume that the reader is familiar with the basics of the theory of finite
automata and regular languages. For an introduction to the subject, see for
example [27].

In the investigations below we shall make use of a version of the notion
of a bounded morphism (see [7]). Let k € N, and let V = {R, P, ..., P} be
a vocabulary, where R is a binary relation symbol and P; are unary relation
symbols. A function f: W — U from the domain W of a model

M = (W,RM PM .. PM)
to the domain U of a model
N = (U,RN,PN,...,PN)
is a bounded morphism if and only if the following conditions are satisfied.

1. For all u € W and all i € {1,...,k}, we have u € PM iff f(u) € PN.

8TE %1 fragment of SOPML is the fragment containing exactly the formulae of the
type 3P ¢, where 3P is a vector of existential propositional quantifiers and ¢ is free of
propositional quantifiers.
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2. For all u,v € W, if uRMv, then f(u)RY f(v).

3. For allu € W and y € U, if f(u)R"™y, then there exists some v € W
such that uRMv and f(v) = y.

We say that there is a bounded morphism from a pointed model (M, w) onto
(N, w'), if there is a surjective bounded morphism f from the domain of M
onto the domain of N such that f(w) = w'.

Let ¢ be a sentence of SOPMLE of the type VP 1, where VP is a vector of
universal propositional quantifiers and v is free of propositional quantifiers.
The sentences of the type of ¢ are called II; sentences of SOPMLE. The
following proposition is easy to verify and can be regarded as part of the
folklore of modal logic.

Proposition 5.1. Let k € N and let V = {R, P, ..., Py} be a vocabulary
where R is a binary relation symbol and P; are unary relation symbols. Let
(M,w) and (N,v) be pointed V-models and assume there is a surjective
bounded morphism from (M,w) onto (N,v). Then, for all I, sentences ¢
of SOPMLE of the vocabulary V', (M,w) I+ ¢ implies (N,v) IF ¢.

5.3 Basic Properties of SOPMLE and SOPML

In [11], ten Cate shows that formulae of SOPML with a binary accessibility
relation admit a prenex normal form representation. Each formula of the
vocabulary {R, Py, ..., Py}, where R is a binary relation symbol and P; are
unary relation symbols, can be written in a form that begins with a string of
propositional second-order quantifiers, and this string is followed by an or-
dinary modal formula. The argument of ten Cate in [11] generalizes directly
to the context of SOPML (and also SOPMLE) with polyadic modalities, as
we shall next observe.

Similarly to what we defined in Chapter 2, we let unig(P) denote the
formula

(E)P ANYQ({E)(QAP) — [E](P — Q).

Here (F) is the global diamond. Let k& € N>o and let R be a k-ary relation
symbol. Let P and @ be unary relation variables. Let i € {1,...,k — 1}, and
let (T,...,P,..., T) denote the (k — 1)-tuple, where the i-th position has the
formula P, and every other position has the formula T := PV—P. Similarly,
let (T,...,PANQ,...;,T)and (T,...,PA—=Q,..., T) denote the (k — 1)-tuples
where the i-th positions have the formulae P A Q and P A —(Q) respectively,
and all other positions have the formula T. Let unig%(P) denote the formula

(R)(T,..,P,..T)
AYVQ((RY(T,...,PAQ,....T) = =(R)(T,...,PA=Q,....T)).

The following uniform equivalences are immediate.
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1. (E)3Py = 3P(E)¢
2. (E)WPy = 3QVP (unig(Q) A (E)(Q Ay))
3. (R) (gol,..., vi—1, AP Y(P), ©it1,-.- gok_l)
= 3P (R) (¢1,-r im1, Y(P'), @i, Q1)
4. (R) (@15 iz1, VPY(P), Qit1, e Q1)

= JQVF' (UmqiR(Q) A (RY (@15 i1, QAY(P'), @ity @k—l))

Here ¢(P') is the formula obtained from 1 (P) by replacing the free occur-
rences of P in ¢)(P) by P’. We assume that the variables @, P’ do not occur
free in the formulae ¢, ¥(P), @1, ..., Pr_1-

In the light of the above uniform equivalences, it is rather easy to con-
clude the following.

Proposition 5.2. (cf. Proposition 3 of [11].) Both SOPMLE and
SOPML admit a prenex normal form representation of formulae. That is,
for each SOPMLE (SOPML) formula there exists a uniformly equivalent
SOPMLE (SOPML) formula that is of the form Q 1, where Q is a string of

propositional quantifiers and v does not contain propositional quantifiers.

5.3.1 35 Formulae and Finite Models

In this subsection we investigate the 3o fragments of the logics SOPMLE
and SOPML over finite models. We show that any finite pointed { R}-model,
where R is a binary relation, can be characterized up to isomorphism by a
39 formula of SOPMLE. We also establish an analogous result that applies
to SOPML.

Let (M, w) and (M’,w’) be pointed models. We write (M, w) = (M’ w'")
if the models M and M’ are isomorphic via an isomorphism f that maps w
to w’. We call pointed models (M, w) and (M’,w’) isomorphic if and only
if we have (M, w) = (M’ w').

Proposition 5.3. Let R be a binary relation symbol. For each finite pointed
{R}-model (M, w) there exists a Xy sentence ¢ of SOPMLE such that for all
pointed {R}-models (M',w'"), we have (M’ ,w') IF ¢ iff (M,w) = (M',w').

Proof. Let M = (W, RM). Let |Dom(M)| = n and assume w.l.o.g. that
W ={1,..,n} and w = 1. Let unig¢*(P, Q) denote the formula

(EYP A ((E)(PAQ) — [E](P — Q)).
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Define the following formulae.

Y=\ unig"(P, Q)

1<i<n

bo=E\ (BAr A -B)
1<i<n je{l,n}, j#i

Y3 = |E] A\ (P — (R)P))
i,j€{1,..,n}, (i,j) € RM

Y4 = [E] A (P = ~(R)P;)

i?j e {17"'7n}7 (Z7J) gRM

Let ¢ be the formula
3P1...3PnVQ(P1 A1 N pa APy A ’(/J4)

Let (M',w') = (W,RM"),w') be a model and assume that we have
(W', RM"),w') IF . Thus

(M*,w') = (M, PM, .. PY7),w') Ib PLA g A s A pa AVQ oy

n

for some sets

pPM . PM Ccw.

The formula V@ 1, ensures that each set PiM " is a singleton set. The formula
19 makes sure that if u € W/, then there is some i € {1,...,n} such that
PiM* = {u}, and furthermore, PjM* N PlM* = () for all 5,1 € {1,...,n} such
that j = [. Thus we observe that the sets PiM " partition W’ into n singleton
sets. Define a bijection f : W — W’ such that for each i € {1,...,n}, we
have f(i) € PM". Tt is easy to see that f is an isomorphism from M to M’

and f(w) = f(w').
For the converse implication, it is clear that any pointed {R}-model
isomorphic to (M, w) satisfies . O

We then establish an analogue of Proposition 5.3 that applies to SOPML.
Let (M,w) = ((W,RM),w) be a pointed model. Define

LWy = {w},
2. Witl = Wi u{veW | uRMy for some u € W} }.
For each i € N, define
RMi = (w,0) EW x W |ue Wit veW:, (uv) € RM .
Here W1 = 0. Let d € N. We call the pointed model

(M, w) = ((We, RMi), w)
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the d-generated submodel of (M,w). A pointed model (N,v) whose d-
generated submodel is the model (N,v) itself, is called a root generated
pointed model of the depth d.

Proposition 5.4. Let d € N and let R be a binary relation symbol. For each
finite { R}-model (M, w) there exists a ¥o sentence ¢ of SOPML of the modal
depth d such that for all pointed {R}-models (N,v), we have (N,v) IF ¢ iff
(Mg, w) = (N, v).

Proof. Define

(R0 = o,
(R’ = o,
(R)"o = (R)(R)'p,
[R]'*'¢ = [R][R]'y
Also define
R =\ (R
j € {0,...,i}
[R¥¢ == N\ [RV¢
j € {0,...,i}

Let M = (W, RM). The statement of the proposition is trivial for the case
where d = 0, so assume that d > 0. Let |Dom(M)| = n and assume w.l.o.g.
that W = {1,...,n} and that w = 1. Let uniq¢*(P, Q) denote the formula

(R=IP A ((R)=U(PAQ) = [RIFU(P = Q).
Define the following formulae.

vri= N uniq'(P, Q)

1<i<n
vy =[RS \/ (Pi/\ A ﬁPj)
1<i<n je{l,...,n}, j#1
g = [R]="! A (P, — (R)P;})
i,j €{1,....,n}, (i,5) € RM
Wy = [R]=! A (P = ~(R)F))

Z'Lj E {1,...,”}, (1/7]) gR]\/j

Let ¢ be the formula

3P 3PNVQ(Pr Ay Aha A3 Ady).

The argument establishing that ¢ has the desired property is analogous to
the proof of Proposition 5.3. 0
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5.4 Y, Formulae of SOPML and SOPMLE with a Bounded
Number of Existential Quantifiers

By Proposition 5.3 it is impossible to design a model transformation that
preserves truth of 3y formulae of SOPMLE from a finite pointed { R}-model
(M, w) to a pointed {R }-model (N,v) such that (N,v) 2 (M, w). Proposi-
tion 5.4 establishes an analogous result that applies to finite root generated
pointed models; for an arbitrary d € N, there exists no model transforma-
tion that transforms a finite root generated pointed {R}-model (M, w) of
the depth d to a root generated pointed {R}-model (N,v) 2 (M, w) of the
depth d such that truth of all 35 formulae of SOPML of the modal depth
d is preserved from (M,w) to (N,v). In order to prove inexpressibility re-
sults that apply to X9 formulae of SOPMLE and SOPML, we will define
for each k € N a model transformation that preserves truth of X formulae
of SOPMLE with at most k existential propositional quantifiers. We then
use the transformations in order to prove a number of simple expressivity
related hierarchy results.

We begin by defining a number of notions needed later on. If M is a
model, we let T'ype(M) denote the isomorphism type of M. When we write
M =; M’ we mean that

f: Dom(M) — Dom(M")
is an isomorphism from the model M to the model M.

Definition 5.5. Let M = (W, RM) be a model with a binary relation and
let I € N>p. Let Ny,...,N; be finite disjoint submodels of M such that
N; = Nj for all 4,5 € {1,...,1}. Assume that Ni,..., N; are non-adjacent,
i.e., no two points u; € Dom(N;) and u; € Dom(N;), where i # j, satisfy
u; RM uj. Let F' be a set of isomorphisms

fij : DOT)’L(NZ) — Dom(Nj),

one for each pair (i,7) € {1,...,1} x {1,...,1}, such that any automorphism
obtained by composing the functions in F' is an identity function. Assume
that the following conditions hold.

1. If there is an i € {1, ...,1} such that uRMv; for some some

u € W\ U Dom(Ny,)

and some v; € Dom(N;), then uRM f;;(v;) for all j € {1, ...,1}.
2. If there is an i € {1,...,1} such that v; RMu for some some

u € W\ U Dom(Ny,)

and some v; € Dom(N;), then fi;(v;)RMu for all j € {1,...,1}.

92



We call the disjoint union

N :‘m@mwm = M| U Dom(Ny,)
kEe{l,.,l}

an adjacency-free isotropic sector of M. We call Type(N;) a sector compo-
nent type of N. Note that there may be several different sector component
types associated with N, depending on what is identified as a single compo-
nent of N; a sector component N; may consist of two or more non-adjacent
submodels of M. The number of components of a given type t is the sector
width of N with respect to the type .

We then define a model transformation that involves deleting compo-
nents of an isotropic sector.

Definition 5.6. Let M = (W, RM) be a model with a binary relation RM.
Let N = N1 l¢ ... N; be an isotropic sector of M and let each of the com-
ponents N; have exactly n elements. Let f : N>; — N>; be a function.
Assume that 0 < f(n) <1 <1 and let

S = Dom(M)\ ((Dom(Ny11) U...U Dom(Ny)).

We say that the model M [ S is obtained from the model M by an
f-conformal deletion. Any model that is isomorphic to a model that can
be obtained from M by a finite series of f-conformal deletions, is called an
f-conformal minor of M.

Assume that a model M’ is obtained from a model M by a finite series
of f-conformal deletions. Let w € Dom(M'). We define that any pointed
model (N, u) such that (N,u) & (M',w), is an f-conformal minor of (M, w).

Proposition 5.7. Let k € N and let ¢ be a Xo sentence of SOPMLE with
at most k existential quantifiers. Assume ¢ is a sentence of the vocabulary
{R}, where R is a binary relation symbol. Let f : N> — Nx>j be the
function such that f(z) = 2%% for all x € N>y. Let (M,w) be a pointed
{R}-model and (M',w') its f-conformal minor. Now, if (M,w) I+ ¢, then
(M w') IF .

Proof. Since (M',w') is an f-conformal minor of (M, w), there exists some
submodel M” of M obtained from M by a series of f-conformal deletions
such that w € Dom(M") and (M",w) = (M',w’). We assume w.l.o.g. that
(M, w') is (M",w). Furthermore, we assume w.l.o.g. that M’ = M" is
obtained from M by a single f-conformal deletion that affects a sector

N:M@mwm
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of the model M, deleting the components Ny 1, ...N;, where !’ > 2 ke[ Dom(N1)|
In other words, at least 2% 1PNVl components remain in the sector after
the deletion. We have

M' = M | (Dom(M)\ T),

where
T = Dom(Ny41) U ...U Dom(Ny).

Call
N' =N | (Dom(N)\T).

Since N is an isotropic sector, there must exist a collection F' of isomor-

phisms between the components N; of N that witness this. We let f;;,

where 4,5 € {1,...,1}, denote the members of such a witnessing collection.
Let

¢ = 3P..3BNVQ1..VQu 1,
where k' € N and ¢ is free of propositional quantifiers. Now, since
(M, w) IF3P,..3PNVQ1..YQ P,
there exist sets PM", ..., PM" C Dom(M) such that such that
(M*,w) = (M, PM" ., PM"),w) IF YQ1..¥Qu .
For each i € {1,...,1}, let N; denote the model M* | Dom(N;). We have
|{ Type(N;}) | ie{1,..,1} }| < 2FDomNIl

On the other hand, the sector N’ of the model M’ consists of the components
Ny, ..., Ny, so the sector width of N” is I/ > 2k Pom(N)l - Thus we can define
an expansion M'* = (M’, Pj /*,...,Péw*) of M’ such that PZM/* and PM"
agree outside IV, and furthermore, the following three conditions hold.

1. For each component N/, where i € {1, ...,1}, there exists a component
M’ | Dom(Nj), where j € {1,...,I'}, such that f;; is an isomorphism
from N} to M'* | Dom(Nj).

2. For each component M’ | Dom(Nj), where j € {1,...,I'}, there exists
a component NV;*, where ¢ € {1, ...,1}, such that f;; is an isomorphism
from N} to M"* | Dom(Nj).

3. For each i € {1,...,I'}, let N!* denote M"* | Dom(N;). Let

e C={N*|1<i<l},
e C'={N"|1<i<l}.

Also, let
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e [Nyle = {N*eC| N*=y, Ny}
o [Nyl = { N["eC"| N[" =, N}

We have | [N} ]o/ | < | [N}]o | forall m e {1,...,1}.
The three conditions above enable us to define a surjection
f:Dom(N) — Dom(N")

such that for each component N, we have f [ Dom(N;) = f;; for some
j € {1,..,1"} such that Ni* € [N/]c/. Let g be the identity function on
Dom(M) \ Dom(N). It is easy to see that the function h = f U g is
a surjective bounded morphism from (M* w) onto (M’*,w). Hence, by
Proposition 5.1, as

(M*,w) IFVQ1..YQ 1,
also
(M"™,w) IFVQ1..YQp .

This directly implies that
(M, w) I-3P..3PVQ1..YQy 1,
as desired. ]

It is now easy to prove the following two propositions.

Proposition 5.8. Let R be a binary relation symbol. For each k € N,
there exists a X1 sentence of SOPML with k + 1 existential propositional
quantifiers that defines a class of pointed {R }-models that is not definable
by any Yo sentence of SOPMLE with k existential propositional quantifiers.

Proof. Let M = (W, RM) be a model such that the following conditions
hold.

1. The domain W is finite.

2. There is an element v € W, called the centre, such that we have uRMv
for all v € W \ {u}. Furthermore, if v’ RMv’ for some u/,v" € W, then
v =wu and v # u.

Call such structures stars. Let C denote the class of all stars, and let C),
denote the class containing each pointed model (M, w) where M is a star
and w is the centre of the star M. Let ¢ be the formula

3P1...3Pk+1( A (R(AP A A -F) )

SC{1,....k+1} ieS je{l,... .k+1}\S

It is easy to see that for all (M, w) € Cp, we have (M, w) IF ¢ iff the centre
of M connects to at least 251 elements. By Proposition 5.7, it is immediate
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that there is no ¥y formula of SOPMLE with at most k£ existential propo-
sitional quantifiers that defines this property w.r.t. the class C),. Therefore
there is no { R }-formula in the 32 fragment of SOPMLE with at most k ex-
istential propositional quantifiers that defines w.r.t. the class of all pointed
{R }-models exactly the same class as . O

Let R be a binary relation symbol and let k£ € N>;. Let VP;..VP, ¢ be
an {R }-sentence of SOPML. Let K be the class of {R }-models that the
sentence VP...VPy ¢ defines. We say that the class K of Kripke frames is
frame definable by a formula with k types of proposition symbols.® Note that
here we are talking about expressivity with respect to models rather than
pointed models. We make the following very simple observation.

Proposition 5.9. For each k € N>1, there is a class of Kripke frames that
is frame definable by a formula with k + 1 types of proposition symbols, but
not frame definable by a formula with k types of proposition symbols.

Proof. Let k € N>1, and let A be the class of stars whose centre has less
than 2%+1 successors. The sentence

PP (BT = (A AR A N -R)))

SC{l,..k+1}  i€S GE Lkt 11\S

defines A with respect to the class C' of all stars.
Assume ad absurdum that some {R }-sentence of SOPML

VP,..V Py, 0,

where 9 is free of propositional quantifiers, defines the class A with respect
to the class C of stars. Therefore the second-order formula

Vo Sty (VPy..V P 1)
defines A w.r.t. C. Hence the formula
Jz St (IPy...3P, )
defines the class B = C'\ A w.r.t. C. Thus the SOPML formula
X = 3P..3P,~ Vv (R)3P..3P, )

defines B), w.r.t. Cp, where C), is the class of pointed models (M, w) where
M is a star and w is the centre of the star, and B, is the class of pointed

9The formula P V —P contains two occurrences (tokens) of proposition symbols, but
only one type of a proposition symbol. The formula (PV—P)V (Q A P) contains two types
of proposition symbols; there are three occurrences of symbols of one type (the type of P)
and one occurrence of symbols of the other type (the type of Q).
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models (N,v) where N € B and where v is the centre of N. The formula x
is uniformly equivalent to the 3; formula

X' = 3P.3P, (— vV (R)—)

of SOPML. The formula x’ therefore defines the class of B, w.r.t. C}, and
B, is the class of pointed models (M, w) such that the centre w of the star
M has at least 2%+ successors. By Proposition 5.7, it is immediate that
there is no ¥; sentence of SOPML of the vocabulary {R} with at most k
existential quantifiers that defines the class B), with respect to the class C),.
This is a contradiction. O

5.5 Modal Fragments of SO and Regular Languages

Let k € N and let {aq,...,ar} be a finite nonempty set of symbols. Let

V = {<, Qap AA3) Qak}

be a vocabulary where < is a binary relation symbol and the symbols @,
are unary relation symbols. Let n € N>q and let W = {1,...,n}. Let <M
be the strict linear order of natural numbers restricted to W, i.e.,

<M= {GHeWxW]|i<j}

Let
oL cw

al?

be unary relations such that the following conditions hold.

1. For all 4,5 € {1,...,k} such that i # j, we have Q% N Q% = 0.
2. For all i € {1,...,n} there exists some j € {1,...,k} such that i € Qé\f.

In other words, a subset of {QM, ..., Q(JI\Z} partitions the set W. The model

al?
M= (W, <M QM . QM

al?

is a word model over the letters {ay, ...,ax}.
We identify finite strings over {ay,...,a;} with word models over the
letters {ai,...,ar} in a one-to-one fashion. A string

U = Q4q...Q4,
of the length m is identified with the word model M™ such that
Dom(M*") = {1,...,m}

and for all j € {1,...,m}, we have j € Q%u We do not allow for the
J
domain of a model to be empty, and therefore the empty string does not
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have a model associated with it. Of course we could modify our encoding
scheme and overcome this problem; for example we could add an isolated
point to the domain of each word model, and the empty string would then
be encoded by a model whose domain would simply contain this isolated
point. However, for our purposes the above encoding scheme is fine.

Let X\ denote the empty string and let

{al, ceey ak}+ = {al, ceey ak}* \ {)\}

That is, {a1,...,ax}" is the set that contains exactly all finite strings over
the alphabet {a1,...,ax}, except for the empty string. Let L C {aq, ..., az} "
be a language over the alphabet {ay, ..., ar}. Let ¢ be a sentence of predicate
logic of the vocabulary V' = {<,Qq,, ..., Qa, }- We say that the sentence ¢
defines L, if the sentence ¢ is satisfied by exactly those word models over
{ai,...,ar} that are identified with a string in L. A proof of the following
theorem can be found for example in [44], where the exposition allows also
for empty models to exist.

Theorem 5.10. (A variant of Biichi’s theorem) Let A be a finite
nonempty set of symbols. A language L C AT is reqular iff L is definable by
an MSO sentence.

Let A be a finite nonempty set of symbols and let M be a word model
over the letters A. Let N be the expansion of M by the binary relation S
interpreted as the successor relation over the elements of the domain of M,
i.e.,

SN ={ (i,5) € Dom(M) x Dom(M) | j=1i+1}.

Let (N,v) be the pointed model where v is the minimum element with
respect to the order <%, i.e., v = 1. The model N is a pointed ornamented
word model over the letters A. We also call pointed ornamented word models
p-0-words.

Pointed ornamented word models are identified with finite strings in the
obvious one-to-one fashion. Let V' be the vocabulary of p-o-words over the
letters A. Let ¢ be a V-sentence of a system of modal logic, for example
SOPML. We say that the sentence ¢ defines the language L C AT if and
only if the set of p-o-words over the letters A that satisfy ¢ is exactly the
set of p-o-words that are identified with a string in L.

The next proposition characterizes the expressivity of the ¥ fragment
of SOPML over p-o-words. The article [20] discusses related results in the
context of temporal logic.

Proposition 5.11. Let A be a finite nonempty set of symbols. A language
L C A" is definable by a X1 formula of SOPML iff L is regular.
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Proof. Let A ={ay,...,ax} and let L C AT be a regular language. Therefore
L is the language accepted by some deterministic finite automaton

N = (Q757qS’F)7

where Q = {q1, ..., qn} is the set of states of N, ¢ is the transition function
mapping each pair (¢,a) € Q x A to some state in @, ¢s € @ is the start
state and F' C @) the set of accepting states.

We define a number of formulae that enable us to write a X7 formula of
SOPML that defines the language accepted by N with respect to the class of
all p-o-words over the letters A. If 1) is a SOPML formula, let [<]'1) denote
the formula ¢ A [<]¢). Fix a proposition variable X, for each state ¢; € Q.
These proposition variables will correspond to states that the automaton N
is in when scanning an input word. Define

ppare = <IN (XanC A X))

iE{l,...,’l’L} j€{17-~~7n}7 j#l

The formula ¢,q-¢ ensures that the variables X ,..., Xy, are interpreted
such that the corresponding sets always partition the domain of a p-o-word.

Define
Pstart = /\ (Qa - X5(Qsﬂa)>'
a€A

The formula @gtqr+ simulates the first state transition of the automaton.
Define

Ptrans = [<]/( /\ ((Xth A <S>Q¢1j) - <S>X5(Qi7aj))>'

1e{l,...,n},je{1,... .k}

The formula @s.qns simulates the state transitions of the automaton after
the first transition.
Let L be the formula (X, A =X, ) and define

pent = [<I([<1L =\ X,).

qEF

The formula ¢e,q simulates the accepting/rejecting procedure. The ¥; for-
mula

ED(q1 ...E|an (gop(m N @start N\ Ptrans N\ Spend)

of SOPML defines the language L.

For the converse direction, assume that L C AT is definable with respect
to the class of all p-o-words over the letters A by a ¥ formula ¢ of SOPML of
the vocabulary {<, S, Qq,, ..., Qa, }- Let ¢(y, z) denote a first-order formula
of the vocabulary {<} that defines the successor relation on any word model.
Let x(x) denote the IMSO formula obtained from St,(y) by replacing each
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atom of the type S(y, z) by the first-order formula ¢ (y, z). The formula x(x)
is a formula of the vocabulary {<,Qq,, ..., Qq, } that defines the language L
w.r.t. the set of all p-o-words over A. Let x(z) = 3X x/(x), where x/(z) is
the first-order part of x(z). Let min(x) be a first-order {<}-formula stating
in a word model that x is the minimum element. The IMSO sentence

3X Jz (min(z) A xX'(z))

defines the language L with respect to the class of word models over A. By
Theorem 5.10, the language L is regular. O

5.6 SO(ML) = SO

In this section we investigate the logic SO(ML), which is the system obtained
by allowing for the unrestricted quantification of proposition symbols and
accessibility relations in polyadic multimodal logic.

Recall the definition of the syntax of SOPML from Chapter 2. We define
the syntax of SO(ML) by extending the syntax of SOPML. As in Chapter 2,
let VARro and VARgp denote the sets of first-order and monadic second-
order variable symbols used in predicate logic, and let

PROP = { P, |z € VARro } U{ Px | X € VARso }
be the set of proposition variable symbols. Let the set
VAR;O = { Y%,n ‘ 1 € Nzl, n e NZQ }

be the set of relation variable symbols of arities higher than one used in
the syntax of second-order predicate logic SO. A symbol Y;, is an n-ary
relation symbol. We define SO without quantification of function symbols,
so the set of variable symbols used in SO is

Uso = VARpo UVARgo U VAR;O,

where the three sets on the right hand side are of course assumed to be
disjoint. The set of variable symbols used in SO(ML) is the set

Uy, = PROPU VAR;O.

As in Chapter 2, let
S=5US USUS;

be a vocabulary, where Sy is a set of constant symbols, S7 and Sy are sets of
unary and binary relation symbols, respectively, and S, is a set of relation
symbols of higher arities. We assume the sets S, PROP and VAR;O are
disjoint. The set of SO(ML) formulae of the vocabulary S is the smallest
set T" such that the following conditions are satisfied.
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1. If c € Sp, then c € T.

2. If Py € PROP, then Py € T.

3. If Pe Sy, then PeT.

4. f o € T, then —p € T.

5. fpeT and ¢ € T, then (pAp) € T.

6. f Re Sy and ¢ € T, then (R)p € T.

7. 1fYi0 € VAR;O and ¢ € T, then (Y;2)p € T

8. If R’ € S, is a k-ary relation symbol and ¢; € T for alli € {1, ..., k—1},

then (R)(p1, ..., ok-1) € T.

9. f Y, € VAR;CO is a k-ary relation variable symbol, k € N>3, and if

p; € T for all j € {1,....,k — 1}, then (Y; ) (o1, ..., pp—1) € T

10. If P4 € PROP and ¢ € T, then Py p € T.

11. It Y; , € VARgO and ¢ € T, then 3Y; , p € T.

An SO(ML) formula that does not contain free variables is called an
SO(ML) sentence. The set of non-logical symbols of an SO(ML) formula ¢

of the vocabulary S is the set S” C S of symbols that occur in S and ¢.

Let ¢ € So, P € S; and R € S2. Let Py € PROP be a proposition
variable. Let Yo € VAR;O be a binary and Y, € VAR;O an n-ary rela-
tion variable, n € N>o. Let k € N>3, and let R’ € S; be a k-ary relation
symbol and Y}, € VAR;FO a k-ary relation variable. Let ¢, v, 01, ..., 0p—1
be formulae of SOPML of the vocabulary S. Let (M, w) be a pointed model
of the vocabulary S, and let W = Dom(M). Let V be a valuation function

that interprets the variables in Uy, in the model M. We define

WVIETY, @
WV IF(R) ¢
SV IE(Yig) e

13 I

w=cM,

w e PM

w € V(P#),

(M, w), VI o,

(M,w),V I and (M,w),V I,

U C W((M,w),V% - ),

3K C W™ such that (M,w),V ¢ Ik ¢,
Ju € W(wRMu and (M, u) IF (p),

Ju € W such that (w,u) € V(Y;2)

and (M,u) IF ¢,
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(M,w),VIF(R")(p1,.c., pk—1) <  Fuj..up—1 € W such that
R™ (w,uy,...,up_1) and
(M, u;),V Ik ¢; for each 1,
(M, w), VIF(Y;r) (P10 op—1) < Fui..up—; € W such that
(w,ul, ...,uk_l) S V(}/j’k) and
(M, u;),V IF ¢; for each i.

We let £;SO(ML) denote the fragment of SO(ML) where formulae have
a prefix consisting of a block of existential second-order quantifiers, and the
prefix is followed by a formula free of second-order quantifiers. Similarly,
we let 32SO(ML) be the fragment of SO(ML) where formulae have a prefix
consisting of a block of existential second-order quantifiers followed by a
block of universal second-order quantifiers, and after this prefix there is a
formula free of second-order quantifiers.

Let A = {a,b}, and let W, denote the set of p-o-words over the letters A.
By Theorems 3.15 and 5.10, it is easy to see that there exists no 3;SO(ML)
sentence that defines w.r.t. W), a set corresponding to a non-regular lan-
guage. By Proposition 5.11 and Theorem 5.10 it is easy to see that the
Y1 fragment of SOPML is equi-expressive with MSO over W),. Therefore,
all together, starting from the 3; fragment of SOPML, neither increasing
the number of quantifier alternations of propositional quantifiers (moving to
SOPML) nor increasing the arity of quantifiable existential relations (mov-
ing to £;SO(ML) ) leads to an increase in expressivity over W,. What is
needed is an increase in both arity and alternation. It follows immediately
from well known results that the set of palindromes in A" is not a regu-
lar language. However, the set of p-o-words corresponding to palindromes
in A" is definable with respect to W), by a sentence of 33SO(ML), as the
following proposition establishes.

Proposition 5.12. Let A be a finite nonempty set of symbols. The set of
p-o-words corresponding to palindromes in AT is definable with respect to

W, by a sentence of ¥2SO(ML).

Proof. Again let [<]'¢) denote the formula ¢ A [<]1). Let X3 be a proposition
variable and let T and L denote the formulae X7 V = X7 and X7 A = X7,
respectively. We begin by defining a number of auxiliary formulae. Let us
first define

Cout—deg = 1</ ((RT A ((R)X1 = [RIX1))),

where R is a binary relation variable, to be existentially quantified later. The
formula Qous—geg Will ensure that the extension of R must have out-degree
one everywhere.

Let us then define

Pmin—maz = <R> [S]L
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Recall that S is in the vocabulary of p-o-words, corresponding to the suc-
cessor relation. The formula will ensure that the extension of R connects
the minimum element of the linear order of a p-o-word to the maximum
element.

Define

Pnext—prev = [<],((_‘X1 A _‘<S>X1 A <R>X1) — <S><R><S>X1>

This formula will ensure that if uRv such that v # v and not uSv, then
S(u) R S~1(v), where S(u) denotes the S-successor of u and S~!(v) the
S-predecessor of v.

Finally, define

Pmatch = [<]’( /\(Qa—><R>Qa)).

a€A

This formula will ensure that if uRv, then there is a letter a € A such that
u and v are both in the extension the same proposition symbol Q).
The formula

ERVXI ((poutfdeg N Qmin—maz N\ Pnext—prev A meatch)

defines the set of p-o-words corresponding to palindromes in AT with respect
to the class of p-o-words over the letters A. O

We then conclude the chapter by showing that SO(ML) = SO. A formula
of predicate logic ¢(x) that contains exactly one free variable (the first-order
variable z) is uniformly equivalent to a modal sentence ¢, if p(z) and ¢’
have exactly the same set S of non-logical symbols, and if also

M,% = o(z) o (M,w)lF ¢

for all pointed S-models (M, w). We will now show that for every second-
order formula without function symbols and with exactly one free variable
(which is a first-order variable), there is a uniformly equivalent sentence of
SO(ML). The converse statement is obvious by (a trivial generalization of)
the standard translation.

Theorem 5.13. Let ¢(x) be a formula of SO without function symbols
and with exactly one free variable, the first-order variable x. There exists a
sentence of SO(ML) that is uniformly equivalent to ¥ (x). Conversely, for
each sentence of SO(ML), there exists a uniformly equivalent formula of SO
with exactly one free first-order variable and no other free variables. There
exist effective translations in both directions.
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Proof. The proof of the current theorem is based on the proofs of Lemma
2.2 and Theorem 2.3.

Let 9(x) be formula of second-order logic without function symbols and
with exactly one free variable, the first-order variable x. We will define a
sentence 1’ of SO(ML) that is uniformly equivalent to ¥ (x).

Let S be the set of non-logical symbols that occur in ¢ (x). Let M be
an S-model and let f be a variable assignment function that interprets each
variable in Usp in M. Let Yjs € VARg?O be a binary relation variable
symbol that does not occur in the formula i (z). We let VfM denote the
valuation mapping that interprets each variable symbol in Uy, in M such
that the following conditions hold.

L. VfM(Px) = {f(x)} for all P, € PROP such that x € VARpo.
2. ( x) = f(X) for all Px € PROP such that X € VARgo.
3. (Ylyn) = f(Yin) for all Y;,, € VARY, \ {Yj2}.
4. (}/}72) Dom (M) x Dom(M).

Define

uniqy, ,(Pr) = (Yj2)P: N VP, (( 2)(Py A Pp) = [Yj2](Py — Py)).

Let X € VARgo and P,R,R',c,d € S. Let Y € VARSO be a second-order
variable of the arity two. Let k > 3, and let Y/ € VARJSFO be a second-order
variable symbol of the arity k. Let Z € VAR;O be a symbol of an arity at
least two. Let T'ry;, denote the translation defined by the following clauses.

Try,,(P(x)) = (Yj2)(PAF)

TTYQ(X(y)) = (Yj2)(Px A Py)
Try,,(R(z,y)) = (Yj2) (P A(R)Py)

T?“Y ,(Y(z,y)) = (Yi2)(Pe A(Y)Fy)
TTYJQ(R/(x17" 7mn)) = <)/},2>(P$1 A <R/><Pm27 7Pxn))
Try,,(Y' (@1, ....xr) = (Yj2)(Pey AY 'V Pry,..s Pay))
Try,,(x =y) = (Yj2)(Pa APy)

Try;,(c = x) = (Yj2)(cA )

Try;,(x = c) = (Yj2)(Px Ac)

Try;,(c=¢) = (Yj2)(cnd)

TTYj,Q (_‘90) = - TTYj,Q (SO)

Try;,((p A1) = (Try,,(¢) A Try;,(¥))
Try,,(3z o) = dP, (wu'qyj,2 (Pe) NTry,, (gp))
Try,, (X ¢) = dPx Try,, (¢)

Try,, (3Z @) = 37 Trym(«p)

The translation is almost identical to the translations Tr and Trp defined
in Chapter 2. We claim that

M flEe < (Mw),VMIETry (o)
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for all S-formulae ¢ of SO not containing the relation symbol Y; 2, all pointed
S-models (M, w) and all assignment functions f interpreting the symbols in
Uso in M. The claim follows by an argument that is practically identical to
the proof of Lemma 2.2, the only non-trivial case of the inductive argument
being the case concerning formulae of the type Jz . Using the claim we
infer that

MY ) e 00,V Ty ()

T

for all pointed S-models (M, w) and related assignment functions f. Notice
that the formula Try, ,(¥(x)) has exactly two free variables, P, and Yj».
Let m € N>1, m # j. Noting that the formula

VYmQVPy( <Ym,2><Ym,2>Py — <Ym72><i/j,2>Py )

asserts in any pointed model that Y} 2 must be interpreted as the total binary
relation, it is now easy to observe that the sentence

3;23P Y 2VE, ( (Vi) (Vi 2) Py = (Vi 2)(¥2) By) A
Py A unigy,,(P:) A TT}’]-,QW(@))

is uniformly equivalent to v (z).
The translation from SO(ML) into SO is a trivial extension of the stan-
dard translation. O

Of course a similar result applies to models as well as pointed models.
A sentence ¢ of SO(ML) is globally uniformly equivalent to a sentence of
second-order predicate logic ¢’ if ¢ and ¢’ have exactly the same set S of
non-logical symbols, and if also

ME¢ < Ywe Dom(M)((M,w)lF )
for all S-models M.

Theorem 5.14. There exists a globally uniformly equivalent sentence of
SO(ML) for each SO sentence that does not contain function symbols. Con-
versely, for each SO(ML) sentence there is a globally uniformly equivalent
sentence of SO. There exist effective translations in both directions.

Proof. The proof of the current theorem is a simple variation of the proof
of Theorem 5.13.

Let 1 be a sentence of SO and let S be the set of non-logical symbols
occurring in 9. Assume that S does not contain function symbols. Let Yj 2
be a relation variable symbol not occurring in . As above, we have

M flEe < (Mw),VMIETry (o)
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for all S-formulae ¢ of SO not containing the relation variable Yjo, all
pointed S-models (M, w) and all assignment functions f interpreting the
variable symbols in Usp in M. Notice that now Try,, (1) has exactly one
free variable, Y; 2. Again let m € N>, m # j. The formula

3509V 2Py (Vi) Vi) Py = (Y2} (Yi2)Py) A Ty, ().

is globally uniformly equivalent to the sentence . O

We conclude the section by observing that SO(ML) admits a prenex
normal form representation of sentences. Two formulae ¢ and ¢ of SO(ML)
are uniformly equivalent, if the following conditions are satisfied.

1. Exactly the same set U C Uy, of variables occur free in both formulae.
2. The formulae have exactly the same set S of non-logical symbols.

3. We have
(M,w),VIFp < (Mw),VIF.

for all pointed S-models M and all valuation functions V' interpreting
the variable symbols in Uy, in the model M.

Similarly, two formulae ¢’ and 1’ of SO are uniformly equivalent, if the
following conditions are satisfied.

1. Exactly the same set U C Ugo of variables occur free in both formulae.
2. The formulae have exactly the same set S of non-logical symbols.

3. We have
MfE¢ & M fEY

for all S-models M and all variable assignments f interpreting the
variable symbols in Ugp in the model M.

Theorem 5.15. Each sentence of SO(ML) can be effectively transformed
into a uniformly equivalent sentence of SO(ML) in prenex normal form,
i.e., a form where formulae begin with a prefiz of second-order quantifiers,
and the prefir is followed by a part free of second-order quantifiers.

Proof. Let ¢ be an arbitrary sentence of SO(ML). It is well known that any
formula of SO can be effectively transformed into a uniformly equivalent
SO formula in a form where a block of second-order quantifiers is followed
by a first-order part. Let ¢(z) denote a formula of SO that is uniformly
equivalent to St,(y) and written in a form Q x(z), where Q is a vector of
second-order quantifiers and x(z) is a first-order formula. Here St, denotes
a generalization of the standard translation operator.
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Use the procedure in the proof of Theorem 5.13 to convert 1 (z) to the
uniformly equivalent SO(ML) sentence

;23R Y 2Py ((Yin2) V2D Py = (Y2} (Y20 Py ) A
P A unigy;,(P) A Try,, () )

Call this sentence a. Since 9(z) is of the form Q x(z), where x(z) is first-
order, we observe that Ty, , (1 (x)) is of the form @, 3, where @/ is a vector
of second-order quantifiers and 3 is essentially an SOPML formula; 8 may
contain relation variables from VAR;CO, but all second-order quantifiers in 3
are propositional quantifiers. We know that SOPML admits a prenex normal
form representation of formulae by Proposition 5.2, and by the uniform
equivalences justifying Proposition 5.2, it is clear that the formula 5 can
be transformed into prenex normal form. Hence we conclude that we can
transform « into prenex normal form. O

5.7 Chapter Conclusion

In this chapter we have investigated fragments of SOPMLE and SO(ML)
and proved a number of straightforward expressivity-related results. Even
though technically a relatively simple result, the principal discovery of the
chapter is that SO(ML) is equi-expressive with SO and also that SO(ML) ad-
mits a prenex normal form representation. These results establish a modal
normal form for second-order logic. The normal form is an example of a
result that can provide alternative approaches to proving theorems about
second-order logic. After all, it seems that modal logic is often a lot sim-
pler to use than first-order logic. However, it is obvious that the normal
form based on modal logic is not the only interesting normal form possible.
Indeed, it would be interesting to identify even simpler normal forms for SO.
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CHAPTER 6

Concluding Remarks

In the above chapters we have investigated various fragments of second-order
logic, the common denominator of the fragments being that they are all di-
rectly related to extensions of modal logic. In Chapter 2 we answered an
open problem from [5] and [11] by showing that the alternation hierarchy of
SOPML is infinite. In Chapter 3 we established that ¥1(ML) translates into
monadic ¥{(MLE) and X}(PBML™) into IMSO, thereby identifying frag-
ments of X} that translate into IMSO. We showed how these observations
lead to decidability results for extensions of multimodal logic over various
classes of frames. In Chapter 4 we investigated the equality-free system
fESOwo=, which can be useful for example in the study of independence-
friendly modal logic. The main contribution of that chapter was the argu-
ment establishing that over finite models with a unary vocabulary, fESO,,,—
is weaker than FO. In Chapter 5 we proved a variety of results concerning
fragments of SOPLME and SO(ML). Among other things, we showed that
SO(ML) is equi-expressive with second-order logic, and thereby obtained a
modal normal form for second-order logic.

One of the two main open problems to be addressed in the future is
the question whether the alternation hierarchy of SOPML is strict. The
other one is the question of Gridel and Rosen asking whether ¥1(FO?) is
contained in AMSO. To show this, one would have to extend the translation
from X1 (BMLT) into IMSO developed in Chapter 3 such that it takes into
account the possibility of using the converse operation. In addition to these
two open problems, there are various other topics worth studying related
to the investigations in this thesis. For example, the program suggested
in Chapter 3 that involves classifying fragments L of FO such that ©1(L)
is contained in dMSO, is worth mentioning here. The next planned step
related to this program involves considering graded modalities.

Understanding modal fragments of second-order logic serves at least two
purposes rather directly. Firstly, developing the understanding of fragments
of second-order logic—also fragments that would not be characterized as
modal—is central in second-order model theory. A developed theory of
second-order logic can help solve difficult problems in finite model theory,
for instance. Secondly, theorems about modal fragments of second-order
logic can be used as tools in investigations of modal systems geared towards
applications. Various different kinds of theorems concerning a very expres-
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sive modal logic L immediately apply to all weaker logics that translate
into L. Given the success of modal logic in relation to applications, it is
quite clear that modal logic deserves a developed mathematical background
theory.
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