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Chapter 1

Introduction

This thesis studies various finitary modal languages for reasoning about coalgebras.
Coalgebras can be seen as abstract state-based systems or non-well-founded structures.
We first briefly explain what coalgebras are and how they are related to modal logic.
After that we discuss the issues concerning coalgebraic modal logic that are addressed
in this thesis.

1.1 Coalgebras

In this section we give a very short introduction to coalgebra. For a detailed intro-
duction to universal coalgebra the reader is referred to [JR97, Rut00]. Readers whose
background lies in modal logic and its algebraic semantics are recommended to consult
[Ven06]. The lecture notes [KurO1b, PatO3b] also provide an introduction to coalgebra
with a focus on coalgebraic modal logic.

1.1.1 Finite vs. infinite words

Instead of starting with a formal definition of what a coalgebra is, we first want to
give the reader some intuition. Our starting point is the following simple inductive
definition of the set A* of finite words over some alphabet A.

A"swi=€elaceA|lw-w.

Expressed in words this means that A* is the least set that contains the empty word €
and the one-letter word a for every letter a € A, and that is closed under composition
of words, i.e. if w; and w, are finite words then their concatenation w; - wy is also a
finite word.

This definition of the set of finite words should demonstrate the underlying pattern
of defining algebras: finite words are constructed from a collection of basic constants
using the algebraic operations. Associated with this perspective of operations as con-
structors comes a suitable notion of equivalence: Two finite words are equivalent if they
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| Algebra | Coalgebra |
operations observations
congruence behavioural equivalence
initial algebra final coalgebra
least fixed-point | largest fixed-point

Table 1.1: Algebra vs. Coalgebra

have been constructed out of equivalent (shorter) words. The definition of a congru-
ence formalizes this notion of equivalence. Let us now move to a coalgebraic example:
the set of infinite words A“ over some alphabet A. We can define A coinductively as
the largest set X with the property that for every element w of X there is a letter a and
some w’ € X such that w = a - w’, i.e. such that w consists of the letter a followed by
w’. As a consequence we can define so-called observations hd : A — A (“head”) and
tl: AY — A® (“tail”) that map an infinite word w = a - w’ to its first letter hd(w) = a
and to the remaining word tl(w) = w’. The set A“ together with these observations
(hd,tl) : A - A x A“ is an example of a coalgebra.

Note that, unlike the definition of the algebra of finite words, this coalgebraic defi-
nition of A“ does not carry information about how to construct elements of A“. Instead,
we can use the observations to obtain limited information about them. This leads to the
notion of behavioural equivalence or bisimilarity of two elements of a coalgebra: two
elements of a coalgebra are behaviourally equivalent, if we cannot distinguish them
using the observations. In our example this amounts to saying that two infinite words
wy, w, are behaviourally equivalent if their first letters hd(w;) and hd(w,) are equal and
their tails tl(w;) and tl(w,) are again equivalent.

1.1.2 Formal definition

The formal definition of a coalgebra involves basic notions from category theory. For a
brief summary of the category theory that is needed in this thesis the reader is referred
to Appendix A.

1.1.1. DerintTiON. Let C be a category and 7 : C — C be a functor. Then a T-
coalgebra is a pair (X,y) where X e Candy : X - TX € C.

Throughout this thesis we will only consider coalgebras for functors over so-called
concrete categories C, i.e. we can think of objects of C as sets, possibly together with
some additional structure. Given a T-coalgebra (X, y) we refer to X as the set of states
and to 7y as to the coalgebra map or successor function. The above example of the set
of infinite words can be easily seen as a coalgebra in this formal sense.

1.1.2. ExampLE. Let A be a set and T : Set — Set be the functor (A X _) which
maps a set X to the cartesian product A X X. Then the set A“ together with the map
(hd, tly : A — A x A® is a T-coalgebra.
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From a modal logic perspective the prime examples for coalgebras are Kripke frames
or transition systems.

1.1.3. ExampLE. A Kripke frame is a pair (W, R) such that W is a set of states or worlds
and R € W X W is a binary relation. It is easy to see that Kripke frames correspond
to P-coalgebras, where # : Set — Set denotes the power set functor: A Kripke
frame (W, R) corresponds to the P-coalgebra (W, R[_]), where R[] : W — W denotes
the function that maps a state w € W to the set R[w] € W of R-successors of w. A
P-coalgebra (X, y) on the other hand corresponds to the Kripke frame (X, R,) where
R, € X x X is defined by putting (x,y) € R, if y € y(x).

Many more examples of different types of objects with possibly infinite behaviour
which are captured by the definition of a 7T-coalgebra can be found in the literature,
see e.g. [Rut00].

It is legitimate to ask whether category-theoretic terminology is really needed for
the definition of a coalgebra. And, indeed, in the book [BM96] by Barwise and Moss
about non-well-founded and coalgebraic phenomena the authors do not use category
theory explicitly. In our work, however, the use of category theory is mandatory as one
of our claims in this thesis is that coalgebras for functors over base categories other
than the category of sets are interesting from a modal logic perspective. Moreover
the category-theoretic formulation of the definition of a coalgebra makes it easy to see
that coalgebras are indeed, as their name suggest, the categorical dual of algebras (cf.
Def. B.2.6 for the definition of an algebra for a functor).

Perhaps one of the strongest arguments for the categorical formulation of the defi-
nition of a coalgebra is that it enables us to define a very natural notion of a behaviour
preserving map between coalgebras. Let us first look again at the example of Kripke
frames.

1.1.4. ExampLE. Behaviour preserving maps between Kripke frames are the so-called
bounded morphisms. Given two Kripke frames (Wi, R;) and (W,, R,) a function f :
W, — W, is called a bounded morphism from (Wy, R;) to (W,, R,) if f satisfies the
following two conditions:

(1) forall we Wy, (w,v) € R, implies (f(w), f(v)) € R,, and
(1) if (f(w),v") € R, for some w € W; and v/ € W, then there exists some
v € W, such that (w,v) € R; and f(v) =V'.
These conditions can be concisely summarized in the following diagram:
PW, - PW,
Rl[_]T TRz[—]
W *j> W,

where for a function f : W, — W,, Pf = f[_] denotes the direct image function. It
can be easily checked that a function f : W; — W, makes the diagram commute iff f
is a bounded morphism between (W, R;) and (W5, R»).
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The notion of a T-coalgebra morphism generalizes bounded morphisms in a natural
way.

1.1.5. DerNITION. A T-coalgebra morphism f : (X,y) — (Y,0) between two T-coal-
gebras (X, y) and (Y, 9) is a morphism f : X — Y € C such that the following diagram
commutes

Tf
TX —TY
/| ls
X 7 Y

The category Coalg(7") has as objects T-coalgebras and T-coalgebra morphisms as
arrows.

In particular, the category Coalg(%) consists of Kripke frames as objects and bounded
morphisms as arrows. Therefore P-coalgebra morphisms provide a good notion of a
structure preserving map between Kripke frames. Again many more examples can be
found in the literature (cf. e.g. [Rut00]).

When talking about infinite words we mentioned that the coalgebraic notion of
equivalence between states is behavioural equivalence or bisimilarity.

1.1.6. DeriniTION. Let 7 : Set — Set be a functor and (X1, ), (X»,v2) be T-coal-
gebras. We say that two states x; € X; and x, € X, are behaviourally equivalent or
bisimilar if there is a T-coalgebra (Y, d) and T-coalgebra morphisms f; : (Xi,y;) —
(Y,6) and f, : (Xa,2) — (Y,0) such that fi(x;) = f2(x2).

In other words, two states are bisimilar if they can be identified by coalgebra mor-
phisms. That is, our definition of bisimilarity is based on our view that bisimilarity
should be the same as behavioural equivalence.

1.1.7. Remark. Note that this definition is not completely standard. Usually, one sees
as the definition of bisimilarity that two states are bisimilar if they are linked by a T'-
bisimulation (cf. A.3.5 for a definition). In many cases the two definitions coincide;
to be precise, this applies to all functors that preserve so-called weak pullbacks. All
so-called Kripke polynomial functors, which include the power set functor, have this
property.

Our perspective on the matter is that behavioural equivalence is the more funda-
mental notion. In the case that T preserves weak pullbacks, then the existence of a
T-bisimulation is a nice and concise way of capturing bisimilarity between two states.

Bisimulations also play a central role in modal logic, as modal logic can be seen as the
bisimulation invariant fragment of first-order logic ([Ben76]). Again the coalgebraic
notion generalizes the notion from modal logic: coalgebraic $-bisimulations (cf. Def-
inition A.3.5) are exactly the bisimulations from modal logic for the language without
propositional variables. For a proof of this fact we refer the reader to [Rut00, Example
2.1].
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We conclude this short introduction to coalgebra by mentioning the important con-
cept of a final coalgebra. A final coalgebra for a functor 7', if it exists, can be thought
of as the T-coalgebra that contains for each element x of an arbitrary 7-coalgebra ex-
actly one state that is bisimilar or behaviourally equivalent to x. In categorical terms
the final T-coalgebra is the final object in Coalg(T), i.e. for every T-coalgebra (X, )
there is a unique 7-coalgebra morphism into the final coalgebra. The set A“ from Ex-
ample 1.1.2 together with the coalgebra map (hd, tl) is the final (A X _)-coalgebra. The
final $-coalgebra, on the other hand, does not exist, or better, it is not a set. It is the
set-theoretic universe of non-well-founded set theory (cf. [Acz88]). A final coalgebra
that is very familiar to modal logicians is the so-called canonical model for the basic
normal modal logic K without propositional variables. We will see in Chapter 3 that it
is the final coalgebra of the Vietoris functor V : Stone — Stone.

1.2 Specifying coalgebras using modal logic

1.2.1 Why using modal languages?

We saw that Kripke frames, which constitute the standard semantics of modal logic,
can be seen as coalgebras, and that other notions from modal logic, such as the notion
of a bounded morphism and of a bisimulation, have their natural place on the level
of coalgebras as well. But there are many other examples where modal languages
are used to reason about coalgebras: Coalgebras generalize infinite structures, such as
infinite words, infinite trees or transition systems. Various modal languages have been
successfully applied to reason about these structures, e.g. LTL for infinite words, CTL
and CTL" for infinite trees and the modal u-calculus for transition systems.

But the close connection between coalgebras and modal logic is made manifest not
only in various examples. It was observed and made precise by Kurz in [Kur00] that the
duality between algebras and coalgebras can be extended to logics. His observation can
be summarized by the following slogan: Modal logic and coalgebras dualize equational
logic and algebras.

1.2.2 Coalgebraic modal logics

But which modal languages can be used for reasoning about coalgebras? This is in fact
an issue which is still under discussion.

Research on this question goes back to work by Moss ([M0s99]). Moss’ coalge-
braic logic is very general. It assigns a logical language to every weak pullback pre-
serving endofunctor on the category of sets. His syntax allows for infinite conjunctions
and contains a somewhat non-standard modal operator V. The idea of the V-operator
can be sketched as follows: Let ® be the collection of formulas of the language asso-
ciated to some functor 7 : Set — Set. Formulas in @ describe properties of states of
a given T-coalgebra (X, y). Then elements of the set 7® should describe properties of
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successor states, i.e. of elements in 7X. Therefore the language of coalgebraic logic
contains for each 7 € T® a formula Vr € ®@. The definition of the semantics exploits
the fact, that every weak pullback preserving functor 7 : Set — Set can be extended
to an endofunctor T on the category Rel. With this relation lifting we can lift the satis-
fiability relation = C X x ® between states and formulas to a relation T (k) C TX X T®.
The formula Vr is then defined to be true at some state x € X if y(x) makes 7 true, i.e.
if (y(x), 7) € T(F).

Moss’s coalgebraic logic was followed by work by Kurz ([KurOlc]) and Rossiger
([R6BO1, R6BO0]). Kurz defines a finitary, multi-modal language for coalgebras for a
limited class of endofunctors on Set that are of the shape

X ]_[(B,- +C:x X)% (A;,B;,C; € Set).
i=1
These functors include the one that is used to describe Mealy machines as coalgebras
and those functors which were employed in earlier work by Jacobs ([Jac96]) and Re-
ichel ([Rei95]) to model certain features, in particular encapsulation, of object-oriented
programming.

Rossiger’s idea in [R6B01, R6B0O0] was to consider an inductively defined class of
so-called polynomial functors and to inductively associate finitary multi-modal lan-
guages with them. A polynomial functor is a functor that can be constructed from the
identity functor and constant functors by forming products and sums of functors and
by allowing exponentiation of a functor with an arbitrary set. In particular all functors
that were considered by Kurz in [KurOlc] are polynomial. Jacobs extended the class
of polynomial functors to the class of so-called Kripke polynomial functors in [JacO1].
For the construction of these Kripke polynomial functors one can also use the power
set functor, which makes it possible to model non-deterministic systems.

A slightly different approach for defining a logic for polynomial functors is pro-
vided by the work of Goldblatt (see e.g. [Gol01]). Instead of working with modal
formulas he uses equations between terms that contain one variable. These variables
have states as possible values. Bisimilarity is characterized by Boolean combinations
of equations, i.e. two states satisfy the same equations iff they are bisimilar. Further
results of Goldblatt’s work are coalgebraic constructions of ultraproducts ([Gol03b])
and ultrafilter extensions ([Gol03a]).

Another line of research in the area of coalgebraic modal logic started with the work
of Pattinson in the papers ([PatO1, Pat03a, Pat04]). The central idea in his approach
is that the modalities for a coalgebraic modal logic should be interpreted as so-called
predicate liftings for an endofunctor 7' : Set — Set: natural transformations that map
predicates over a set X (of states) to predicates over the set 7X. Furthermore, Pattinson
introduces a derivability relation for coalgebraic modal logic that is parametrized in a
set of axioms.

What should be the criteria for deciding which modal language is suitable for rea-
soning about a given type of coalgebras? In this thesis we focus on three properties of
a logic:
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e soundness of a set of axioms w.r.t. the coalgebraic semantics, i.e. the property
that every theorem of the logic is valid on all coalgebras of a certain type,

e completeness of a set of axioms w.r.t. the coalgebraic semantics, i.e. the property
that every formula that is valid on all coalgebras of a certain type can be derived
from the axioms, and

e expressiveness', i.e. the property that two coalgebra states satisfy the same for-
mulas of the language iff they are bisimilar.

The inductively defined logics for Kripke polynomial functors have a sound and com-
plete axiomatisation (cf. [RoB01, JacO1]). Furthermore these logics are expressive if
the functor does not involve the power set functor. In [PatO3a] Pattinson states condi-
tions on a set of axioms for his coalgebraic modal logics to be sound and complete. He
also gives a sufficient condition for the predicate liftings to give rise to an expressive
language ([PatO4]). For a version of Pattinson’s language containing polyadic modal-
ities, Schroder recently improved on Pattinson’s earlier results ([Sch05]). We come
back to this issue in Section 2.2.3.

Moss’ coalgebraic logics are expressive for all functors 7 : Set — Set for which
they are defined, i.e. for standard and weak pullback preserving functors. There is,
however, neither a complete axiomatisation nor a conjecture of how a complete ax-
iomatisation of his logic could look like.

Before we finish this survey of different coalgebraic modal logics let us mention
that it is also possible to combine the different approaches. This was first pointed out
by Cirstea in [Cir04] by showing that one can compose expressive languages associ-
ated with coalgebras for certain functors to obtain expressive languages for coalgebras
for more complex functors, e.g. we can combine expressive logics for 7- and T5-
coalgebras into an expressive logic for T| X T,-coalgebras. In a continuation of this
line of research, Cirstea & Pattinson demonstrated in [CP04] that also proof systems
for coalgebraic modal logics can be combined in a similar fashion. This was applied
in loc.cit. to obtain axiomatisations of complex probabilistic systems which can be
modeled as coalgebras.

1.2.3 Issues concerning finitary modal languages

In this thesis we focus on modal languages for specifying coalgebras that have a finitary
syntax. This restriction brings up several issues:

Expressiveness Modal languages with finitary syntax are in general not expressive
with respect to the coalgebraic semantics given by Coalg(T) for a functor T :
Set — Set. This is in particular the case for ordinary modal logic (without

'This property is often also referred to as the Hennessy-Milner property. We use the term expres-
siveness, following existing work in the field of coalgebraic modal logic.



8 CHAPTER 1. INTRODUCTION

propositional variables) and $-coalgebras, i.e. Kripke semantics. A natural ques-
tion to ask is therefore, whether one can find a class of models for these logics
that allows for expressive finitary languages. In this thesis we propose to resolve
this issue by generalizing a well-known concept from modal logic, namely the
concept of a descriptive general frame ([Gol76]). This leads to our work on what
we call Stone coalgebras. (ct. 1.3.1 below).

Algebraic semantics Algebraic semantics is known to be useful for studying modal
logic with finitary syntax (cf. e.g. [BAVOI1, Chapter 5], [CZ97]). A first ex-
ploitation of that idea in the coalgebraic framework can be found in [JacO1] for
the inductively defined logics for Kripke polynomial functors. In this thesis we
define an algebraic semantics for Pattinson’s coalgebraic modal logic (cf. 1.3.2
below).

Fixed-point logics The examples of logics for specifying infinite structures in Sec-
tion 1.2.1 demonstrate that finitary languages usually need some fixed-point or
temporal operators in order to have the the ability to specify possibly infinite, on-
going behaviour, i.e. so-called liveness conditions. Venema ([Ven04]) addresses
this issue by defining a finitary version of Moss’ coalgebraic logic and by adding
fixed-point operators to it. Formulas of his coalgebraic fixed-point logic have
a natural automata-theoretic interpretation in terms of so-called coalgebra au-
tomata. In this thesis we discuss closure properties of coalgebra automata and
their non-emptiness problem (cf. 1.3.3 below).

1.3 Our contributions

1.3.1 Stone coalgebras

One of our results is that Stone coalgebras, i.e. coalgebras for functors on the category
of so-called Stone spaces, are a useful tool in studying coalgebraic modal logics. Our
starting point is the observation that descriptive general frames can be represented as
coalgebras for the Vietoris functor on the category of Stone spaces Stone. Although
we made this observation independently in [KKV04], with hindsight it may be read in
[Esa74], while we later found out that it had been made explicit in unpublished? lec-
ture notes by Abramsky ([Abr88]). Hence coalgebras for endofunctors over Stone are
a natural generalization of this concept. We apply this idea to the inductively defined
logics for Kripke polynomial functors. For every Kripke polynomial functor we define
a corresponding Vietoris polynomial functor on the category of Stone spaces and show
that the final coalgebra for these Vietoris polynomial functors can be constructed us-
ing a generalized version of the canonical model construction from modal logic. As a
corollary of this construction we obtain the result that the languages associated with Vi-
etoris polynomial functors have the Hennessy-Milner property. Furthermore we prove

2Very recently, Abramsky’s notes have been published as [Abr05].
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that for every Vietoris polynomial functor T and the logic associated to it there ex-
ists an adjunction between the algebraic semantics of the logic, defined as a category
of many-sorted algebras as in [JacOl], and the category of T-coalgebras. Finally we
give a characterization of those many-sorted algebras for which this adjunction is an
equivalence of categories.

1.3.2 Algebraic semantics of coalgebraic modal logic

We show that the algebraic semantics of any coalgebraic modal logic that is given by
a set of predicate liftings and a set of axioms of modal depth 1 can be formulated
as a category of algebras for an endofunctor L on the category of Boolean algebras.
Furthermore we relate the algebraic and the coalgebraic semantics via a natural trans-
formation ¢ and show that certain properties of ¢ entail soundness, completeness and
expressiveness of the logic. We will see that the soundness, completeness and expres-
siveness criteria are equivalent to earlier criteria given by Pattinson in [PatO3a, Pat04].
Our results improve on his work because we uniformly treat coalgebras for functors
over Set and Stone and our approach can be easily generalized to other base cate-
gories. For the case of Stone coalgebras, we obtain a characterization of duality: the
logic is expressive and fulfills Pattinson’s soundness and completeness criteria iff the
functor describing its algebraic semantics is dual to 7'.

1.3.3 Coalgebraic logics and coalgebra automata

Building on the work by Venema in [Ven04] on coalgebra automata we prove that cer-
tain results, that are already known about (finite) parity automata on (possibly) infinite
words, trees and graphs, can be obtained at the more general level of finite automata
on rooted coalgebras. The main result here is that alternating automata can always be
transformed into equivalent non-deterministic ones and that non-emptiness of coalge-
bra automata is decidable for a large class of functors. These results relate to coal-
gebraic modal logics because of the fact that coalgebra automata and formulas of the
so-called coalgebraic fixed-point logics are in one-to-one correspondence, a fact that
can be summarized by the slogan: Coalgebra automata are formulas.

Because of this close connection, the above automata-theoretic results have logical
corollaries: all coalgebraic fixed-point logics have the finite model property, and we
can prove the soundness of a certain distributive law for the V-operator.

1.4 Origin of the presented material

This thesis consists in large parts of earlier published material. The relation between
chapters and published papers is summarized in the following table.
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| Chapter | based on |

3 [KKV04]
4 [KKPO4]
5 [KVO05]

The thesis is structured as follows: In Chapter 2 we give an overview of the coalgebraic
modal logics that are discussed later on in this thesis. In Chapter 3 we present our
work on Stone coalgebras (cf. 1.3.1 above). In Chapter 4 we introduce the algebraic
semantics for coalgebraic modal logic (cf. 1.3.2 above). In Chapter 5 we prove closure
properties of coalgebra automata and, in doing so, we obtain corollaries for coalgebraic
fixed-point logic (cf. 1.3.3 above).



Chapter 2

Coalgebraic Modal Logics

In this chapter we introduce the logics for specifying coalgebras for a given functor
T that we will study in this thesis. Three different approaches are discussed: first
the inductively defined logics for Kripke polynomial functors (cf. Section 2.1), then
coalgebraic modal logics given by predicate liftings (cf. Section 2.2) and finally finitary
coalgebraic fixed-point logic (cf. Section 2.3). The chapter does not contain new
results but provides the necessary background for this thesis.

2.1 Inductively defined logics

The main idea of this approach is that we can already capture many interesting ex-
amples of T-coalgebras by focusing on an inductively defined set of endofunctors on
Set. Using the syntactic structure of these functors we can inductively define suitable
logics. This idea was first exploited by RoBiger in [R6B01, R6B00]. The approach we
are going to describe is slightly different from RoBiger’s and is basically taken from
[JacO1]. We will now first introduce the set of Kripke polynomial functors and then
state the definition of sound and complete logics for any such functor.

2.1.1 Kripke polynomial functors

2.1.1. DeriNiTioN. The set of Kripke polynomial functors (K PF ) is inductively defined
as follows:

KPF :=1d|A€FinSet|T+T|TxT|TP?, D e Set|PT,

where Id : Set — Set denotes the identity functor, for a finite set A we write A for
the constant functor mapping every set to A, and the + and X denote disjoint union
and binary product respectively. Furthermore given an arbitrary set D we write T? for
the functor mapping a set X to the D-fold product (or exponent) (TX)?. The class of
polynomial functors (PF) consists of all functors T € KPF that do not involve the
power set functor.

11
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Coalgebras for Kripke polynomial functors can be seen as abstract possibly non-deter-
ministic transition systems, coalgebras for polynomial functors as abstract determinis-
tic transition systems. In order to substantiate this claim we provide some examples.

2.1.2. EXAMPLE. 1. Coalgebras for the functor /d” correspond to deterministic tran-
sition systems in which every state has for each input e € E exactly one succes-
SOf.

2. Coalgebras for the functor (OxId)P correspond to similar transition systems with
the difference that when moving from one state to another the system produces
an output o € O (Mealy automata).

3. Coalgebras for the power set functor ¥ correspond to unlabeled graphs and there-
fore to non-deterministic transition systems.

In order to be able to define logics for Kripke polynomial functors we first have to
analyze the syntactical structure of these functors.

2.1.3. DerFiNniTioN. We inductively define paths between K PF's
pi=elm-plm-plki-plk-plevd-p|pow-p

and denote by PCons the set of path constructors PCons := {ry, 7, k1, k2, €v(d), pOW}.
Furthermore we define when two KPF's T and T, are related via a path p, which will
be denoted by p : T ~» T>.

€: T~T
ni-p: T'XTy~>T itp:Ti~~»T foriell,?2}
kKi-p: Ty+Tr,~»T ifp:T;~»T foriel{l,?2}
evid)-p: TP~ T’ ifp:T~T' fordeD
pow-p: PT ~» T’ ifp: T~ T

For a functor T € KPF we define the category Ing(7T") of ingredients of 7 as the
category with elements of Ing(7T) := {7’ | Ap.p : T ~» T’} U {Id} as objects and paths
as morphisms between them.

2.1.4. ExampLe. Let T be the functor P(O X Id). Then the category Ing(T) can be
depicted as in the diagram below (the identity arrows € : T ~» T have been omitted):

P(O x 1d)
J/pow
pow-my pow-ms
OxlId
SN
(0] 1d

The logic which we associate with a given KPF T is a many-sorted modal logic,
Ing(T) is the set of sorts and the modalities correspond to the path constructors. The
semantics of a formula ¢ of type 7’ on a T-coalgebra (X, y) will be given by a subset
of T’ X as we will see in the following subsection.
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(Bool,) ¢, € Formg ¢, € Formg
1€ Formg ¢1 — ¢, € Formg

(Bool,)

¢ € Formg, p:S1~~ S,and p € PCons

(modal)
[p]¢ € Formg,

¢ € Formy

(next)
next ¢ € Form,,

Figure 2.1: Closure rules

2.1.2 The logic MSML

We now turn to the definition of the syntax and semantics of the many-sorted modal
logic (MSM.L) for coalgebras for Kripke polynomial functors.

2.1.5. DeriniTioN. Let T be a KPF. The set of raw T-formulas is defined as follows:
pi=1lacA AecIng(T)| ¢ — ¢ |next ¢ | [plg, p € PCons.

Furthermore we use the standard abbreviations =@, ¢; A ¢o, ¢; V ¢,, and ¢ < ¢, and
we let

GV Py = (¢1 V $2) A =P A ).

Given a functor T € KPF the set of sorted formulas Form is defined as a family
(Formyg )gcmgr) of sets of raw T-formulas such that the following closure rules are
satisfied.

o for every S € Ing(T), Formg contains L and is closed under implication (cf.
rules (Bool;) and (Bool,) in Figure 2.1).

o for every §1,5, € Ing(T) and every path constructor p : §; ~» S, we can
construct formulas of type S by prefixing the modality [p] to formulas of type
S5 (cf. rule (modal) in Figure 2.1).

e formulas of sort 7' can be transformed into formulas of type Id using the next
modality (cf. rule (next) in Figure 2.1).

Formulas ¢ € Form,, of sort Id are called state formulas.

The idea for the inductive definition of the semantics of the logic can be sketched
as follows: Let Ty, T, € Ing(T) such that p : T\ ~» T, for some path constructor p and
let ¢ be a formula of the logic of type 7,. Furthermore assume that the semantics of
¢ is already defined. In order to define the semantics of the formula [p]¢ (which is of
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type T) on a T-coalgebra (X, y), we lift the semantics of ¢, i.e. a subset of T,X, to a
subset of 7 X.

To sum it up we need for every p : T; ~» T, a lifting that maps subsets of 7,X
to corresponding subsets of 71X for all X € Set. The next definition provides suitable
liftings.

2.1.6. DermniTiON. Let T be a KPF and let X be a set. Then we define for any two
functors T4, T, € Ing(T) and path p : T1 ~» T5, a function (_)" : P(T,X) — P(T,X)
by induction on the complexity of paths. For @ € T,X we put

at = «
a™P = ﬂl‘l[a”]
™t = m'[af]
P = Kla’]Uk[SaX] forT, =8, +S,»
a? = K [S 1X] U Kz[a/p] for T, = Sl + S2
a,ev(d)~p = ﬂ.(;l[a,p]
aPVr = BePTX|BCal} for p:T)~»T,.

For the reader, who is familiar with modal logic, we also want to formulate the seman-
tics of the inductively defined logics in terms of relations which will correspond to the
modalities of the language.

2.1.7. DeriniTioN. Let T be a KPF, let (X, y) be a T-coalgebra and suppose p : §1 ~»
S, € Ing(T). Then we define arelation R, C § ;XS ,X by induction on the complexity
of p. Forx e S X andy € §,X we let

xRy & x=y
XRy.,y ¢ dz.m(x)=zandzR,y i€ {l,
xR,y © dz.k(z)=xandzR,y i€{l,
XRpowpy :© dz.z € xandzR,y

These relations R, are used for an alternative formulation of the semantics of the logic
(cf. Remark 2.1.10). But first we use the lifting functions (_)” from Definition 2.1.6 to
define the coalgebraic semantics of MSM L.

2.1.8. DeriniTiON. Let (X,y) be an T-coalgebra for some 77 € KPF. For each § €
Ing(T") we define an interpretation function

[I}y,, : Forms — P(SX)

by induction on the structure of the formulas.

[, = 0
L6 = ¢l = (SX\[e11%,) U [ealy,,
lally, = (a)
[next g1y, = ¥ [[¢lx,|
II[P](P]](S;V) = (|I¢]]f)?,y))p forany p € PConss.t. p: 8~ S,.
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Furthermore for a formula ¢ € Formg and an element x of § X we write

X.y)hxks ¢ if xe gl

X.y) Es ¢ if [4ly,, = SX and
Coalg(T) s ¢ if forall (X,y) € Coalg(T) . (X,y) Es ¢.

2.1.9. Remark. The semantics of an MSM £-formula of sort S € Ing(7) is defined as
a subset of S X. We want to use MSM £-formulas to express properties of coalgebra
states x € X and hence state formulas are the most important formulas of the lan-
guage. The other formulas are only needed to give a uniform inductive definition of
the semantics.

2.1.10. Remark. Let (X, y) be a T-coalgebra, p : S1 ~» S, apath in Ing(7T) and ¢ be a
formula of sort S,. Then we can rephrase the definition of [[[p]¢]ls, using the relations
R, from Definition 2.1.7 as follows:

[[P1eNx,, = (x € S1X | Vy € $2X . xR,y = y € [97,)

i.e. [plg is satisfied at some x € § X if all R,-successors of x satisfy ¢. In other words
the semantics of MSM. L can be seen as a sorted variant of the Kripke semantics of
the O-operator of modal logic (cf. 3.1.8).

Having seen the definition of the semantics we next discuss the axioms and derivation
rules of the logic MSM L. Certainly every Boolean tautology should be derivable and
the set of derivable formulas should be closed under modus ponens. Furthermore every
modality of the logic should be normal and therefore the K-axiom O(¢; — ¢;) —
(O¢; — O¢,) should be an axiom of the logic, and the necessitation rule

4

F O¢

(N) .

should be a valid derivation rule of MSML. As mentioned above coalgebras for
polynomial functors correspond to deterministic transition systems. Hence all modal-
ities that correspond to polynomial functors should satisfy the determinacy axiom
—O-¢ — O¢. Furthermore the modalities [«;] describing the coproduct should ful-
fill some axiom expressing that if the successor of a state lies in S | X + S, X then it lies
in exactly one of them. This is expressed by the axiom (DC) below. All in all Jacobs
in [JacO1] arrives at the following axioms and derivation rules.

2.1.11. DeriniTion. Let T € KPF. For every S € Ing(T) we define a derivability
predicate -5 C Formg such that g ¢ for each Boolean tautology ¢ € Formg and g is
closed under modus ponens

Fs ¢1 — ¢ Fs &1

Fs &2
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for finite sets of constants A € Ing(7):
Fa \/aGAa

for the next-operator:
ks Next ¢ < —next —¢
Fia next (¢1 — ¢o) — (next ¢; — next ¢;)

for the [7;]-operator:
|_S1><S2 [ﬂ-l](b « _|[7Tl]_|¢

Fsixs, [Til(d1 — ¢2) — ([mild — [7i]1¢2)

for the [ev(d)]-operator:
kso [ev(d)]¢ > —[ev(d)]=¢
Fso [ev(d)](@1 — ¢2) — ([ev(d)]d) — [ev(d)]pn)

for the [«;]-operator:
Fsi+s, (0lk] DV(=[ke] 1)
Fsi+s, (0lki] L) = ([«ild < —[ki]—¢)
Fsi+s, [Kil(@1 = ¢2) = ([«ild1 — [kilp2)

for the [pow]-operator:
Fps [POW](¢1 — ¢2) — ([pow]g; — [pow]es)

Table 2.1: Rules and axioms of MSM.L

(DO)

(Det)
K)

(Det)
(K)

(Det)
(K)

(DC)
(Det)
(K)

(K)

kso [ev(d)]e

I‘powS [pOka

Fr @

Frq next ¢

(N)

ks, ¢

Fsixs, [7ild

(N)

ks @ (N)

ks, ¢

Fsixs, [Kilg

(N)

ks ¢ (N)
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In addition, the derivability predicates contain the axioms and satisfy the rules that are
listed in Table 2.1. The pair

((FOl’mS )seng(r)> (Fs)s EIng(T))
will be called the many-sorted modal logic of T and will be denoted by MSM L.

Given the logic of a KPF T it is natural to ask the question whether the logic is sound
and complete with respect to the coalgebraic semantics.

2.1.12. DeriniTion. Consider a KPF T and the corresponding logic MSM L. We say
that MSM Ly is sound w.r.t. the coalgebraic semantics if for all S € Ing(7) and all
¢ € Formg we have

ks ¢ implies Coalg(T) s ¢.

We say that MSM L7 is complete w.r.t. the coalgebraic semantics if for all § € Ing(T)
and all ¢ € Formg

Coalg(T) ks ¢ implies g ¢.
Soundness of MSM L7 is not too hard to prove.

2.1.13. ProrosiTion ([JacO1, LEmma 3.5]). Forevery KPF T the logic MSM L7 is sound
with respect to the coalgebraic semantics.

Proof. The claim is proven by induction on the length of the derivation. QED

Proving completeness is more difficult. A completeness proof for the class of poly-
nomial functors (not involving the power set functor) can be found in [R6801]. In
[JacO1] Jacobs extends this proof to Kripke polynomial functors. We obtain a com-
pleteness proof of MSM L for Kripke polynomial functors in Chapter 3 as a corollary
of the duality between the algebraic and coalgebraic semantics (cf. Corollary 3.4.12).

2.2 Logics given by predicate liftings

Next we are going to discuss a second family of logics, the coalgebraic modal logics
that are given by a set of predicate liftings and a set of axioms. In the definition of
sound and complete logics for Kripke polynomial functors, liftings of predicates played
a central role (cf. Def. 2.1.6). A more abstract definition of predicate liftings for an
arbitrary functor 7 : Set — Set was given in [Pat04] by Pattinson. He uses a multi-
modal (but not many-sorted) logic in which each modal operator corresponds to such
a lifting.

In this thesis we will be slightly more general and consider coalgebras for some
functor 7 : C — C. Here C will be either the category Set of sets and functions or
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Stone (the category of Stone spaces, cf. 3.1.2). In both cases we have a contravariant
functor
P:C® —» BA

mapping an object X € C to the Boolean algebra of predicates over X. In the case C =
Set, the functor P will be equal to the contravariant power set functor Q : Set®® — BA.
In case C = Stone we have P = Clp : Stone® — BA, where Clp is the functor
mapping a Stone space to the Boolean algebra of its clopen subsets (cf. Section 3.1.1).

2.2.1. Remark. We will only consider the above mentioned cases C = Set or C =
Stone. In abstract terms the categorical framework can be summarized as follows:

1. Cis aconcrete category, i.e. there exists a faithful forgetful functor U : C — Set.
2. C has a final object 1 € C.

3. There exists a contravariant functor P : C°® — BA and an injective natural trans-
formation 7 : P = QU where Q denotes the contravariant power set functor.

cop P BA
\ I~ /
U Q

Set”
This condition ensures in particular that P behaves on morphisms like the con-

travariant power set functor, i.e. Pf(U) = f~![U] for any given f : X > Y € C
and U € PY.

4. There is an object 2 € C such that there is a natural isomorphism 3~ : VP =
C(,2).

Another generalization in comparison to Pattinson’s earlier work is that we do not
require predicate liftings to be monotone, i.e. the modalities in our logic need not be
monotone. Instead they only have to satisfy the congruence rule, i.e. if ¢ and ¢ are
equivalent, then O¢ and Oy should be also equivalent.

2.2.1 Syntax and semantics
We first state the definition of a predicate lifting for a functor 7 : C — C and then

introduce the syntax and semantics of coalgebraic modal logic.

2.2.2. DeriNtTiON. Let T : C — C be a functor. An n-ary predicate lifting for T is a
natural transformation
A:VP" = VPT.

Here V : BA — Set is the forgetful functor.
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2.2.3. ReMArk. The reader who is not familiar with the notion of a natural transforma-
tion between two functors 7'y and T, can think of a natural transformation as a family
of functions (tx : 71X — T,X)xcc that is uniformly defined for all X € C, i.e. the
definition of 7x for some X’ € C does not depend on special properties of X’ but only
on properties that all X € C have in common. The formal definition can be found in
the appendix (cf. Def A.1.4).

The motivation for this definition will become clear after we introduce the language
of coalgebraic modal logic and its coalgebraic semantics: the fact that for every set
X the lifting from PX to PT X is a function, corresponds to the fact that all the modal
operators should satisfy the congruence rule

Fo oy
F[A]¢ & [y

and the naturality of the liftings entails invariance of coalgebraic modal logic under
bisimilarity (cf. Proposition 2.2.9). The occurrence of the forgetful functor V can be
explained by the fact that modal operators do in general not preserve (all the) Boolean
structure.

©)

2.2.4. DeriniTioN. Let T : C — C be a functor and A a set of predicate liftings for 7.
Then the language L(A) of coalgebraic modal logic is defined as follows

LIN>p=1|¢ — ¢|[A(P1,...,¢,) forde A n-ary.

Moreover we use the standard abbreviations —¢ = ¢ —L, ¢ Vi = ¢ — ¢ and

¢ AY = (=g V ).

2.2.5. DermNtTioN. Let T : C — C be a functor, A a set of predicate liftings for 7', and
(X,y) a T-coalgebra. Then the semantics [¢]lx,) € VPX of a formula ¢ € L(A) is
defined as follows

[[J-]](X,y) = 0

¢ — ¥y “Melleey YU [y
(A1, ..., ) xy) (VPy o Ax)([P11lixy)s - - - » [Pnllixy)-

We write

X,y),xE ¢ if x€[[pllx,) forxe X,
X, ) E ¢ if (X,y),xkE ¢forall x € X, and
Coalg(T) ¢ if (X,y) E ¢ forall (X,y) € Coalg(T).

The theory T'hx,)(x) of a point x is the collection of formulas which are satisfied by
that point, i.e.
Thixy(x) == {¢ | x € [Pllx )}

In case (X, y) is clear from the context we drop it, i.e. we write [_]], x = ¢ and Th(x).
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2.2.6. Remark. The interpretation of boxed formulas of the form [1]¢ can be explained
as follows: inductively we have already defined [[¢]] € X and we lift this predicate to
Ax([¢]) € TX. Then [A]¢ should be true in all points x € X with y(x) € Ax([¢]).

2.2.7. ExampLE. Let T be the functor P : Set — Set. We define two natural transfor-
mations 17, 1% : VQ = VQT by putting for every set X

A2:VQX — VQPX
U — PWU)

and

3:VQX — VQPX
U - {(VCX|VNU#0).

Then the coalgebraic semantics of boxed formulas [17]¢ and [A°]y on a given P-
coalgebra (X,y : X — $X) is calculated as follows:

{181 cxy)

R B
Y Py
{xe X |y < [¢llxy)
[2°160y = 7' [A3WBTexy))]
= ¥y lU S PX | UN[$lxy # 0}
= {xeX |y N [Py # 0}

If we view the $-coalgebra (X, y) as a Kripke frame (X, R,) with
XiRyx; & x; € y(xy),

we see that the coalgebraic semantics of the language given by A = {17, 21°} coincides
with the ordinary Kripke semantics.

The naturality of the predicate liftings ensures that the semantics of a formula is
preserved under 7'-coalgebra morphisms.

2.2.8.LemmA. Let T : C — C be a functor, A be a set of predicate liftings for T and
let ¢ € L(A) be a formula. Furthermore let (X,7y) and (Y,0) be T-coalgebras and let
f:(X,y) = (Y,0) be a T-coalgebra morphism. Then

XyhxE¢ i (Y,0),f(0)F ¢

Proof. We prove the following claim by induction on the structure of ¢

[¢lxy = £ TPl (2.1)
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The Boolean cases are trivial. Suppose that ¢ = [A](1, ..., ¥,) for some n-ary 4 € A.
To prove (2.1) we use the following diagram

vPy 2~ ypry s ypy
VP”fJ/ lVPT r lvp r
VP"X T‘ VPTX W‘ VPX

The left half of the diagram commutes because of the naturality of A and the right half
commutes because of f being a T-coalgebra morphism. We are now ready to finish the
proof:

[¢1lx) = AW, - ) ixy
= VP)’MX([Wl]](X,y), cee [[¢n]](X»)’)))
VP (VP (Wi T - - - [8nTlr)
Ty VRS ([Tl - - T8l rs)
= F Il
The claim of the proposition now follows easily from (2.1). QED

An immediate consequence of the proposition is the invariance of the semantics of
coalgebraic logic under bisimilarity.

2.2.9. Prorosrition. Let T be an endofunctor on G and A a set of predicate liftings for
T. Furthermore let (X, x) and (Y,y) be rooted T-coalgebras. Then (X,x) <1 (Y,y)
implies Th(x) = Th(y).

Proof. Suppose (X, x) and (Y, y) are T-bisimilar (cf. Def A.3.3). Then there is a rooted
T-coalgebra (Z, z) and Coalg(T)-morphsims f; : (X,x) — (Z,z) and f> : (Y,y) —
(Z,z) such that fi(x) = f2(y) = z. By Lemma 2.2.8 we therefore get Th(x) = Th(z) =
Th(y). QED

The converse of Proposition 2.2.9 is not always true. This leads to the definition of the
notion of expressiveness.

2.2.10. DeriniTioN. Let T : C — C be a functor and A a set of predicate liftings for
T. Then the corresponding language L(A) is called expressive if for all (X, y), (Y,0) €
Coalg(T)andxe X,yeY

Thix)=Th(y) = X x) <2rX,y).

2.2.11. Remark. This property of a modal language is also called the Hennessy-Milner
property.

Before we turn to the definition of the derivability relation of coalgebraic modal logic
we take a look at an example.
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2.2.12. ExampLE. Let T be the power set functor $ and let A7, A° be defined as in Ex-
ample 2.2.7. It is well known that £({1%, A°}) is not expressive, for a counterexample
to expressivity see [BdVO01, Example 2.23]. Now consider the finite power set functor
T =%, : Set — Set and the same predicate lifting as in Example 2.2.7 restricted to
finite sets, i.e.

Be(U) = P,U)
A54(U) VS, XIVNnU =0}

Then L({2%, 1°¢}) is expressive.

2.2.2 Derivability and the logic L(A, Ax)

As we will see there are rules and axioms which hold for any coalgebraic modal logic.
In addition, however, one needs axioms which depend on the functor under consider-
ation. As the language £L(A) does not contain propositional variables, the axioms of
coalgebraic modal logic are formulated as axiom schemes which contain certain meta-
variables. Furthermore the axioms are rather restricted as they are only built up from
formulas of modal depth not bigger than 1. In particular this means that well-known
axioms from modal logic such as the transitivity axiom O¢ — OO¢ are not allowed.

This restriction is to be expected as we are considering logics for coalgebras for a
functor and not for a comonad. Intuitively we can only axiomatize properties of lifted
predicates that depend only on 7 and A, i.e. properties of predicates which have been
lifted by some 4 € A once from X to TX. Properties of predicates which are lifted
twice (or more) will usually depend on properties of the coalgebra map of a given T-
coalgebra. This can be easily seen by spelling out the definition of the interpretation
of the formula [A][4]L on a T-coalgebra (X,y). Axioms of depth bigger than 1 will
therefore in general not be valid on all T-coalgebras for a certain functor 7', but only on
those T'-coalgebras whose coalgebra maps fulfill certain extra conditions. A solution
for this problem is to consider T-coalgebras for a comonad. In this thesis we will
restrict ourselves to the case of coalgebras for a functor.

2.2.13. DeriniTiON. Let T : C — C be a functor, A a set of predicate liftings for 7' and
X a set (of meta-variables). An axiom is a pair (¢, ) with

¢, € Tsg,({[A(P1, ..., ¢0) | A € A and ¢; € Ty, (X)}),

where Ty, () denotes the term algebra for the Boolean signature defined as in Defini-
tion B.1.3. We will write axioms (¢, ) also as equations ¢ = .

2.2.14. Remark. The set Ty, (X) can be also seen as the set of all Boolean formulas
over X. Note that we will not make an explicit distinction between Boolean formulas
and Boolean terms.
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The substitution instances of these “meta”-axioms are the axioms of the derivability
relation of coalgebraic modal logic. We first formalize what we mean by “‘substitution
instance” and then state the definition of the derivability relation.

2.2.15. DerintTioN. Let T : C — C be a functor, A a set of predicate liftings for T
and X a set. A substitution is a function o : X — L(A). Given a term ¢ € Ty, (X)
its substitution instance o(¢) € L(A) is defined as the image of ¢ under the inductive
extension of o to terms.

2.2.16. DerintTioN. Let T : C — C be a functor, A a set of predicate liftings for T
and Ax a set of axioms. We say that ¢ is modally derivable from Ax (Ax + ¢), if ¢ is
contained in the least set @ of formulas which

e contains o(¢) < o(¥) whenever o is a substitution and (¢, ) € Ax,
e is closed under propositional entailment,

e is for any n-ary A € A closed under the congruence rule

1 © Y b © Yy
[A(P1, ..., P0) & [AW, ..., ¥5)

(&)

After having defined the language L£(A) of coalgebraic modal logic that corresponds
to some set of predicate liftings and a notion of derivability, we can now give a formal
definition of the corresponding coalgebraic modal logic. We identify the logic L(A, Ax)
with the set of all formulas that are derivable from a given set of of axioms.

2.2.17. DerintTion. Given a functor T : C — C, a set A of predicate liftings for 7 and
a set Ax of axioms. Then L(A, Ax), the logic given by A and Ax, is defined as the set of
all formulas that are derivable from Ax, i.e.

L(A,AX) = {¢p € L(N) | AX + ¢}.

2.2.18. ExampLe. Consider again the power set functor and let A7, A° be defined as in
Example 2.2.7. Furthermore let Ax be the set consisting of the following two axioms:

[A°]T = T,
[A71(x1 Axp) = [A7]x A [A7]x,.

Then L({A", A°}, Ax) corresponds to the basic normal modal logic K without proposi-
tional variables.

In [PatO3a] sufficient conditions are provided for when the logic L(A, Ax) is sound
and complete. We are now only defining these properties and continue in Chapter 4
with a categorical analysis of coalgebraic completeness proofs.
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2.2.19. DerintTiON. Let T : C — C be a functor, A a set of predicate liftings for 7 and
Ax a set of axioms. Then L(A, Ax) is called

e sound if for all ¢ € L(A)
Ax+r¢ = Coalg(T) E ¢,

e complete if for all ¢ € L(A)
Coalg(lME¢ = AxF+¢.

The reader who is familiar with modal logic might find the restriction to axioms of
modal depth 1 very strong. It should be stressed, however, that the focus of research
in coalgebraic modal logic differs, at least up to now, from the one in modal logic: in
modal logic one studies various logics over structures of the same type (i.e. over Kripke
frames) whereas coalgebraic research is concerned with finding the basic modal logic
for different types of structures. It has been proven in various places in the literature
that the notion of a coalgebraic modal logic, given by a set of predicate liftings and a
set of axioms in the sense of Def. 2.2.13, covers interesting examples of various types
of logics, other than ordinary modal logic, see e.g. [CP04] for logics for the specifica-
tion of different types probabilistic systems and [HKO04] for a coalgebraic treatment of
monotone modal logic.

2.2.3 The language of all liftings

Coalgebraic modal logic provides an abstract framework for studying logics for T-
coalgebras whose languages are given by a set of predicate liftings. One problem
is, however, that there seems to be no canonical choice for the collection of predicate
liftings for a given functor 7. The difficulty of finding the right collection of liftings can
be avoided by considering the set of all predicate liftings for 7. The set of all liftings
for a given functor can be computed using the Yoneda Lemma (cf. Theorem A.1.6).
This was observed first by Schroder in [Sch05].

2.2.20. DeriniTION. For each Y € C there is an isomorphism
%, : VPY - C(Y,2),

mapping a predicate X € PY to its so-called characteristic function ) : Y — 2. Here
2 denotes the two element object in C, i.e. depending on C either the two element set
or the two element Stone space.

2.2.21. ReMaRk. The isomorphism X(Y_ , ¢ VPY — C(¥,2) maps a predicate X € PY to
the function

Y — 2

. 1 ifyeX
Y 0 otherwise.
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In the case C = Set it is obvious that this defines an isomorphism X(y_) :VQY —
Set(Y,2). For C = Stone one has to observe that for every Y € Stone a map f :
Y — 2 is continuous iff £71(0) and f~'(1) are clopen subsets of Y. Therefore there is
a one-to-one correspondence between clopen subsets of Y and continuous morphisms
f € Stone(Y, 2).

2.2.22. ProprosiTiON. There is a 1-1 correspondence
{1|1:VP"= VPT} = VPT(2")
given by U € PT(2") — A where
Ay 1 (Proo P €YY o {1 € TY |y o T(xb b )0 = 1),

Proof. The crucial observation here is that the family {X(Y_ )}Yec forms a natural isomor-
phism
% - VP = C(,2).

Therefore n-ary predicate liftings A : VP" = VPT are in one-to-one correspondence
with natural transformations A" : C(_,2") = C(T _,2). Instantiating the Yoneda Lemma
(cf. Theorem A.1.6 in the appendix) with X := 2" and S := C(T _, 2) give us that there
is an isomorphism

®C(T_,2),2” . Cat(C(_, 2"), C(T_, 2)) - C(TZ", 2)

Hence natural transformations A’ : C(_,2") = C(T'_,2) and elements of C(72",2) are
in one-to-one correspondence. All in all this gives us together with the isomorphism
C(T?2",2) = PT2" a one-to-one correspondence between n-ary predicate liftings A and
predicates over 72". That this one-to-one correspondence is computed as stated in the
proposition is not difficult to check. One only has to spell out how the isomorphism
Ocr_2)2» wWorks, which is given by the Yoneda Lemma. QED

In many cases the language corresponding to the set of all (finitary) predicate liftings
is expressive. This is the content of the following fact which was proven by Schroder
in [SchO5].

2.2.23. Fact. [SchO05, Corollary 38] Let T : Set — Set be an w-accessible functor and
A the set of finitary predicate liftings for 7. Then the language L(A) is expressive.

2.2.24. ReMARK. In fact the statement in loc.cit. is more general: instead for w one can
prove a similar result for an arbitrary regular cardinal k. The language will be, however,
not finitary anymore: one has to allow predicate liftings with infinite arity @ (o < k an
ordinal number) and infinite conjunctions of < « formulas.
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2.3 Coalgebraic fixed-point logic

Next we discuss a third approach for defining a modal language for reasoning about
coalgebras: coalgebraic fixed-point logic.

Coalgebraic modal logic has an obvious shortcoming !: we can only define a well-
behaved such logic for a given functor 7 : Set — Set if we can find the right set of
predicate liftings. There is no canonical choice for the right coalgebraic modal logic
for T-coalgebras besides the logic given by all predicate liftings (cf. Section 2.2.3).

The so-called coalgebraic logic as proposed by Moss in [M0s99] is more canonical.
The language of coalgebraic logic contains, independently of the given functor, only
one operator V and the semantics of this logical operator is defined for all functors in
a uniform way. The drawback of this approach is that it yields a language that is less
standard than the multi-modal language of logics given by predicate liftings. Moreover
coalgebraic modal logics can be defined for arbitrary functors on Set whereas in coal-
gebraic logic one requires the functor to be weak pullback preserving (cf. Def. A.2.4).

We will now state Venema’s definition of a finitary version of coalgebraic logic and
its extension by a smallest and greatest fixed-point operator as presented in [Ven0O4].

2.3.1 Finitary coalgebraic logic

Throughout this section we assume that 7' : Set — Set is a standard and weak pullback
preserving functor (definitions can be found in Appendix A). As remarked above the
requirement that the functor is weak pullback preserving seems to be a real restriction.
In Chapter 5 we will see that we could also define a coalgebraic logic for non-standard
functors.

2.3.1. DeriniTiON. Let X be a set. We say n € TX has finite T-base over X if there is a
finite set O C X such that 7 € TQ and define

T,(X) := {m € TX | m has finite T-base over X}.

2.3.2. Remark. We chose the notation 7',,(X) to indicate that we can define a functor

T,:Set — Set
X > T,X:=T,X)
e Thrw

It is not difficult to check that T, is well-defined if 7 is standard. If T is the power set
functor then T, is the finite power set functor.

'under the assumption that the functor 7' under consideration determines the appropriate logic for
reasoning about 7-coalgebras
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2.3.3. DeriNiTiON.  The language of (finitary) coalgebraic logic £7 is defined induc-
tively as follows:

Lio¢ = LT|pAp|lopVe
L3¢ = yeLl|onp|¢Ve|Vn neT (L)

o= g

ieN

The depth of a formula ¢ € L7 is defined as the smallest natural number i, such that

¢>e££.

2.3.4. ReMARk. From the definition it is clear that L7 is a set (in contrast to Moss’
original language which consisted of a proper class of formulas).

The reader might wonder why negation is not included in the language £7. The
reason for this is that we want to maintain the one-to-one correspondence between
formulas of coalgebraic (fixed-point) logic and coalgebra automata which has been
established in [Ven04] and which we will use in Chapter 5.

It is an open question whether we can always construct for a given coalgebra au-
tomaton an automaton that accepts precisely the complement language.

A positive answer to this question would mean that adding negation to the language
would be redundant: given a formula ¢ and its corresponding coalgebra automaton A 4
we could construct the automaton K(ﬁ that accepts the complement language of A 4. This
automaton K@ in turn, would correspond to some formula . This (itself negation-free)
formula ¢ would express the negation of ¢. For example in the case that 7T is the power
set functor, it is known that negation is redundant.

A negative answer to the above question, on the other hand, would imply that we
would have to adjust the notion of a coalgebra automaton if we wanted to extend the
language and to keep the correspondence with coalgebra automata at the same time. It
is not obvious how these “extended” coalgebra automata should look like.

The difference with Moss’s original definition is that the syntax only contains finite
conjunctions and, in addition to that, finite disjunctions. Moreover formulas of the
form Vr contain only elements 7 € T.LT which have a finite T-base. We will now
demonstrate that these conditions ensure that every formula ¢ has a finite construction
tree and therefore a finite set of subformulas.

2.3.5. DeriniTiON. Given X € Set and 7 € T,(X) we define the base of r as follows
Base(n) = ﬂ{Q Co X |meTQ}.

2.3.6. LemmA. For all X € Set and n € T,(X) we have € T Base(r), hence Base(r)
is the smallest finite subset of X with this property.
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Proof. It is easy to see that there is a finite family {Q;, ..., Q,} of finite subsets of X
suchthatm € TQ, foralli € {1,...,n} and

Base(m) = ﬂ 0..
i=1

Standard functors that are weak pullback preserving preserve finite intersections (cf.
Fact A.2.13), hence

T Base(r) = ﬂ TO,.
i=1
Because m € TQ; for all i € {1,...,n} we can conclude that 7 € T Base(r). QED

2.3.7. DeriNimioN. Let ¢ € L. Then the construction tree CTree(¢) of ¢ is defined as
follows

CTree(¢) = ¢ forgp e {L, T}
h1%¢>
CTree(¢1#¢2) =  CTree(s 1‘)/ \éTree(¢2) for & € {V, A}
e v S
CTree(Vn) = CTree(¢;) --- CTree(¢,) for Base(nr) = {¢y,...,d,}

The collection Sub(¢) of subformulas of ¢ is defined as the set of formulas ¢’ which
appear as labels in CTree(¢).

The following proposition justifies that we call £ a finitary language.

2.3.8. ProposiTioN. The construction tree of every ¢ € L7 is finite and therefore every
formula ¢ has only finitely many subformulas.

Proof. The proposition can be proven by an easy induction on the depth i, of ¢. For
the case ¢ = Vr one has to observe that iy, < i, for all € Base(r). QED

The semantics of the V-operator is now defined as follows: instead of lifting predicates
over some set X to predicates over 7X we lift the satisfiability relation between X and
L7 to a relation between TX and TL”. Then

xEVr o  yx)T(E)r. (2.2)

Here T : Rel — Rel denotes the (unique) lifting of T to the category Rel of sets and
relations (cf. Appendix A.2). We postpone the formal definition of the semantics and
first extend the language with fixed-point operators.
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2.3.9. Remark. Note that the definition of the semantics of a formula of the form Vr
in (2.2) is not circular: by Lemma A.2.14 we have

V(X)T(lz)ﬂ iff y(x)T(lerXxBase(n))”

and as the depth of formulas in Base(r) is strictly smaller than the depth of Vzr we can
inductively assume that = 7xxpase(r) has been already defined.

2.3.2 Adding fixed-points

In order to be able to extend the language of coalgebraic logic with fixed-point-operators
it is also necessary to add variables.

2.3.10. DeriNiioN. Let @ be a set of variables. The language u L (®) of coalgebraic
fixed-point logic with variables in @ is defined inductively as follows:

puLi(@s¢ = L T|ped|prd|ldVe|lupp, pe®@|vpp, pe®@
pLL (@) 3¢ = yeull |pAgl¢pVe|lupp, pe®|vpp, ped|
| Va, 1€ T,(uLll (D))
nL'@ = | Ll @)

ieN

The notion of a construction tree of a formula from Definition 2.3.7 can be easily
extended to the case of fixed-point logic.

2.3.11. DeriNiioN. Let @ be a set of variables and ¢ a formula in L7 (®). Then the
construction tree CTree(¢) of ¢ is defined as in Definition 2.3.7 using the following
additional clauses for variables and the fixed-point operators:

CTree(p) = p forpe ®
np-¢
CTree(np.¢) = \L for n € {u, v}
CTree(¢)

Again we define Sub(¢) to be the set of formulas which occur as labels in CTree(¢).

Regarding the syntax of coalgebraic fixed-point logic we have to introduce some ter-
minology.

2.3.12. DeriNiiON. Let @ be a set of variables and ¢ € uL7(®). An occurrence of a
variable p in ¢ is a leaf in CTree(¢) labeled with p. An occurrence of p in ¢ is called
bound if it has an ancestor in CTree(¢) labeled with a formula np.y for n € {u,v}.
Otherwise the occurrence is called free.
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We denote by BVar(¢) and FVar(¢) the set of bound variables of ¢ and the set of free
variable of ¢ respectively, i.e. the set of all variables p that have a bound occurrence
and the set of all variables that have a free occurrence in ¢ respectively.

Finally we denote by Var(p) the set of all variables occurring in ¢, i.e. Var(¢) =
BVar(¢) U FVar(¢).

2.3.13. DeriNiiON.  Let @ be a set of variables. A formula ¢ € u L7 (®) is called clean
if BVar(¢) N FVar(¢) = 0 and if for every p € BVar(¢) there exists a unique formula
nx.y, € Sub(¢), n, € {u, v} such that p € Sub(n,x.¢,). Furthermore we call ¢ a closed
formula if FVar(¢) = 0. .

The definition of the semantics of coalgebraic fixed-point logic uses so-called valua-
tions, i.e. functions assigning to each variable a subset of the model.

2.3.14. DeriNiTION. Let @ be a set of variables. A ®-valuation on X is a function V :
® — P(X). A triple (X, y, V) where (X,y) € Coalg(T) and V is a ®-valuation is called
®-model on (X, ).

Given a ®-valuation on X, p € ® and U C X we write V[p +— U] for the ®-
valuation on X defined as

U ifg=p

Vix = Ul(g) = { V(q) otherwise.

We are now prepared to state the definition of the semantics of coalgebraic fixed-point
logic.

2.3.15. DeriniTion. Let @ be a set of variables, V a ®-valuation and X = (X,vy) be
a T-coalgebra. We inductively define a relation EVC X x uLT(®) with the intended
meaning that (x, ¢) € E" if ¢ is satisfied at x € X under valuation V. In this case we
also write (X, y), x E" ¢. Furthermore we define [¢]lxv = {x € X | (X,y),x EV ¢}.
The inductive definition of =" is as follows:

X x EY 1,

Xx EY T,

X,x EY ped if xeV(p),

X,X FV ¢1 A ¢2 if X,X IZV ¢1 and X,x |:V ¢2,

Xx EY ¢1ver if XxE¢orX,xE" ¢,

X,x EY up.o if xe (WU CX|[¢lxvipsvg € U},
X, x ':V vp.¢ if xe U{U Q_X| U C [[¢]]X,V[pHU]}’
X,x EY Vrn if  (y(x),7) € T(EY  Busetn))»

In case for some ¢ € uL?(®) we have X, x £V ¢ for all valuations V, we drop the
superscript V and write X, x | ¢.

2.3.16. Remark. If ¢ € uLT(®) is a closed formula then X, x " ¢ for some valuation
Viff X, x | ¢, i.e. the semantics of a closed formula does not depend on the valuation.
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The semantics for the u- and the v-operator is the well-known smallest and largest
fixed-point semantics. In order to see this one has first to observe that for an arbitrary
formula ¢ € uL7(®) and an arbitrary T-coalgebra X = (X, y), the operator

|[¢]]X’V[p,_>_]:7)X - PX
U - [[¢]]X,V[pr—>U]

is monotone. Therefore we can apply the Knaster-Tarski fixed-point theorem to com-
pute the least and the largest fixed-point of [@]lx vi,—_; as the least pre-fixed point and
the largest post-fixed point of [¢]lx v, _j respectively. For more details we refer the
reader to [ANO1].

2.4 Conclusion

Common features

We presented the three main approaches for assigning a finitary modal language to a
given functor T : Set — Set. Properties that all of these approaches share, are:

o formulas specify properties of coalgebra states, i.e. the interpretation of a for-
mula ¢ on coalgebra (X, y) corresponds to a subset of X,

e the interpretation of a formula is invariant under bisimulations, and

e finitary languages have restricted expressivity.

The last item of our list is certainly a drawback of all these languages. Unfortunately
restrictions here seem to be unavoidable: Goldblatt showed in [Gol05] that a functor
T admits a (possibly infinitary) expressive language which has a set of formulas iff the
final 7'-coalgebra exists. This suggests that a similar result could be proven, showing
that logics with finitary syntax can be expressive only if the final T-coalgebra exists
and is not “too big”.
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Chapter 3

Stone coalgebras

In the previous chapter we presented three different approaches of defining a finitary
language for reasoning about 7-coalgebras for a given functor 7 : Set — Set. When
further investigating these logics we are facing two problems which are well-known in
modal logic:

1. The so-called inadequacy of Kripke semantics (cf. Section 3.1.2 below), i.e. the
problem that there are consistent modal logics that are not valid on any Kripke
frame, and

2. the fact that modal logic is lacking the Hennessy-Milner property with respect
to the class of all Kripke frames, i.e. there are states in Kripke frames that sat-
isfy exactly the same modal formulas and that are nevertheless not related by a
bisimulation.

A source of these problems lies in the fact that we reason with finitary formulas about
possibly infinite structures and, indeed, one way of solving the second problem is to
consider a modal language with infinite conjunctions (cf. e.g. [Ger96] for modal logic
and [Mos99] for the coalgebraic case).

Another way to tackle these problems in modal logic is to move from Kripke se-
mantics to general frame semantics. A general frame can be seen as a Kripke frame
(W, R) together with a (modal) algebra of admissible subsets of W. The idea is to
restrict the valuation of the propositional variables and hence also the semantics of ar-
bitrary formulas to these admissible subsets. A formula will therefore be valid on a
general frame iff it is valid on the algebra of admissible subsets. Soundness and com-
pleteness of modal logic with respect to the algebraic semantics can be easily carried
over to the general frame semantics. This is reflected by the categorical duality be-
tween the category DGF of descriptive general frames and the category MA of modal
algebras. Furthermore the so-called canonical frame based on the set of maximal con-
sistent sets of formulas can be shown to be the final object in DGF. As an immediate
consequence one can prove that descriptive general frames form a Hennessy-Milner

33
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class, i.e. states that cannot be distinguished by any modal formula are related by some
bisimulation (see Section 3.1.3 below).

In this chapter we propose Stone coalgebras, i.e. coalgebras for an endofunctor on
the category Stone of Stone spaces, as a natural generalisation of descriptive general
frames to the level of coalgebras.

To start with, in Section 3.2 we discuss those Stone coalgebras which correspond
to the descriptive general frames of modal logic. They are the ones that are associ-
ated with the Vietoris functor V : Stone — Stone, a topological analogue of the
power set functor on Set. V is a functorial extension of a well-known topological
construction which associates with a topology its Vietoris topology [Eng89]. This con-
struction preserves a number of nice topological properties; in particular, it turns Stone
spaces into Stone spaces [Joh82]. We will show that the category Coalg(V) of coalge-
bras for the Vietoris functor is isomorphic to the category DGF of descriptive general
frames and therefore dually equivalent to the category MA. Hence V-coalgebras pro-
vide a mathematically adequate semantics for modal logic. Furthermore the duality
MA =~ Coalg(V)° has as immediate corollaries the representation of modal algebras
as algebras for a functor H : BA — BA and the existence of the final V-coalgebra.

In Sections 3.3 and 3.4 we further substantiate our case for Stone spaces as a coal-
gebraic base category, by considering so-called Vietoris polynomial functors as the
Stone-based analogues of Kripke polynomial functors over Set (cf. Section 2.1.1).
Transferring the work of Jacobs [JacO1] that we summarized in Section 2.1 from the
setting of Set-coalgebras to Stone-coalgebras, we establish, for each such functor T, a
link between the category BAOr of T-sorted Boolean algebras with operators and the
category Coalg(T) of Stone coalgebras for T. In Section 3.3 we lay the foundations of
this work, introducing the notion of a Vietoris polynomial functor (VPF), the algebraic
and coalgebraic categories, and functors between these categories. Section 3.4 shows
that these functors form an adjunction between the categories BAOt and Coalg(T), for
any VPF T. Although this adjunction is not a dual equivalence in general, we will see
that each coalgebra can be represented by an algebra, more precisely, Coalg(T)® is
(isomorphic to) a full coreflective subcategory of BAOr. We identify the full subcat-
egory of BAOr on which the adjunction restricts to an equivalence and show that the
initial T-BAO is dual to the final T-coalgebra.

Finally in Section 3.5 we present an alternative representation of T-BAOs using
generators and relations (cf. e.g. [Vic89]). As a result we obtain a characterization of
those T-BAOs, which form the full subcategory of BAO+7 that is dual to Coalg(T), in
terms of free algebras.

The chapter is based on the earlier published paper [KKV04] which is joint work
with Alexander Kurz and Yde Venema. Furthermore the author thanks an anonymous
referee of [KKV04] whose comments lead to the material in Section 3.5.
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3.1 Stone duality

3.1.1 Basic Stone duality

One cornerstone on which this and the following chapter is built is the categorical
duality between Boolean algebras and Stone spaces, the so-called Stone duality. In
this section we are going to give a short summary of Stone duality and in doing so
we will fix our notation. For basic notions of general topology the reader is referred
to [Eng89].

3.1.1. Notation. For a topological space X we denote by O(X) the set of open subsets
of X, by CI(X) the set of closed subsets of X and by Clp(X) the set of clopen subsets of
X, hence O(X) N CI(X) = Clp(X).

When working with Boolean algebras one would like to think of them in terms of
the more concrete power set algebras, i.e. Boolean algebras that are based on the set
of subsets of a certain set and in which the Boolean operations are interpreted as the
corresponding set-theoretic operations. It is a well-known fact, however, that for each
X € Set the corresponding power set algebra (P(X),U,N, —, 0, X) is a complete and
atomic Boolean algebra (see e.g. [Ven06]). Therefore not every Boolean algebra can
be represented as a power set algebra.

Already in the 1930s Stone found a way to represent every Boolean algebra as
a subalgebra of some power set algebra (cf. [Sto36],[Sto37]). His solution was to
consider the Boolean algebras of clopen subsets of certain topological spaces, which
are nowadays called Stone spaces.

3.1.2. DeriNiTION. A topological space X = (X, 7) is called a Stone space if it is com-
pact, Hausdorff and zero-dimensional, i.e., has a basis of clopen subsets. We denote by
Stone the category of Stone spaces with continuous maps as morphisms.

In fact Stone proved not only that for every Boolean algebra B can we construct a
Stone space X such that B = Clp(X) but also that there is a correspondence between
Boolean homomorphisms and continuous functions on Stone spaces. In categorical
terms his results can be summarized by saying that the category Stone of Stone spaces
and the category BA of Boolean algebras are dually equivalent. This dual equivalence
is witnessed by two functors Sp : BA — Stone® and Clp : Stone®® — BA, which are
defined as follows:

Sp:BA — Stone® Clp : Stone®” — BA
B — SpB = (UB,1a) X  ClpX = Clp(X)
f:B,—>B, — f':SpB, — SpB, g: X, -»X, » g!:ClpX, — ClpX,.

Here f~! and g~! denote the inverse image functions, i.e.

7w {beB, | f(b)eu} forue UB,
g ') = {xeX;|gx)eb} forb e ClpXy),
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Figure 3.1: Stone duality
UfB is the collection of ultrafilters over B and 75 is the topology generated by the

collection of sets {b | b € B}, where forb € Bwe let b = {u € UB | b € u}.
Furthermore we define, for every B € BA and every X € Stone, morphisms

tiz:B — ClpSpB e : X — SpClpX
b — b x +— {beClpX|xeb)

We are now able to state Stone’s representation theorem.

3.1.3. THEOREM (STONE). The families of maps (€x)xestone and (1 )sepa give rise to nat-
ural isomorphisms € : Ildsine — Sp o Clp and ¢ : Idga — Clp o Sp respectively.
Therefore the categories BA and Stone are dually equivalent.

3.1.4. Remark. Note that this implies that a given Boolean algebra B is isomorphic to
Clp(SpB) and hence to a subalgebra of the power set algebra based on P(UfB).

We finish this brief introduction to Stone duality by stating how finite products and
coproducts in Stone are computed'.

3.1.5. Fact. Let X = (X1, 1) and X, = (X, 72) be Stone spaces. Then

e the product X; X X; of X and X, is the topological space that has the cartesian
product X; X X, as carrier set and whose topology has as base the set

{UxU, X1 xX,|U; €Tyand U, € 15},

e the coproduct X, + X, of X, and X, is the topological space that has the disjoint
uion X; + X, as a carrier set and whose topology has as a base the set

{UQX] +X2|UQX1 €T aIldUnXQGTz}.

For a proof of the fact that X; x X, and X + X, are indeed the product and coproduct
of the two spaces X, and X, the reader is referred to [Eng89]. Much more information
about Stone duality can be found in [Joh82].

'In fact we only state what binary products and coproudcts in Stone are, but this can be of course
easily generalised to arbitrary finite products and coproducts respectively.
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3.1.2 Duality for modal algebras

Before we turn to the extension of Stone’s representation theorem from Boolean alge-
bras to modal algebras we briefly recall some basic facts about normal modal logic.
For a more detailed introduction to the subject the reader is referred to standard text-
books about modal logic such as [BAVO01, CZ97, Kra99]. In the following we restrict
ourselves to the case of the basic modal language with one unary modal operator.

3.1.6. DeriniTION. Let @ be a set of propositional variables. The set FML(®) of modal
formulas with variables in @ is defined inductively as follows:

FML(®) :=L|pe®|—¢ | ¢ A ¢ | Op.
A logic is now identified with the set of theorems of that logic.
3.1.7. DeriNiTION. A normal modal logic is a set A of formulas such that

e A contains all tautologies,

O(p — q) — (Op — Og) € A,

A is closed under the rules modus ponens(MP) and necessitation (N):

o —->yYelA ¢€A(MP) peA

——(N)
yeA O¢ € A

A is closed under uniform substitution, i.e. if ¢ € A and o : ® —» FML(®) is a
function (a “substitution”) then o(¢) € A, where o(¢) denotes the formula that is
obtained from ¢ by replacing every occurrence of a propositional variable p € @
by the formula o(p).

The modal logic K is the smallest normal modal logic.
The most commonly used semantics for normal modal logic is Kripke semantics .

3.1.8. DerFiINiTION. A Kripke frame is a pair § := (W, R), where W is asetand R € WxW
is a binary relation. Let ® be a set of propositional variables. A Kripke model is a
triple Mt = (W, R, V) where (W, R) is a Kripke frame and V : ® — P(W) is a so-called
valuation function. Given a Kripke model Mt = (W, R, V) the semantics [¢]lq;x & W of
a formula ¢ € FML(®) is inductively defined as follows:

[Llm = 0
[plw = V(p)
[-¢llm = W\ [¢llm
[¢1 Aol = [d1llm N [d2llm
[O¢llm = [RIW¢Im)
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where

[RI(D) : P(W) — P(W)
VB {xeW|Vy.xRy = ye VL

Note that [R](_) preserves arbitrary intersections.

We say that a frame (W, R) validates a formula ¢ if for all valuation functions V
we have [¢lwry) = W. We say that a frame § validates a logic A if it validates all
¢ € A. In this case § is called a frame of the logic A and we denote by Frm(A) the set
of frames of A.

Many modal logics A are sound and complete with respect to Frm(A), i.e.
¢ A iff forall §F € Frm(A) . & validates ¢.

There are, however, examples of modal logics that are incomplete with respect to
Frm(A). For examples of such logics the reader is referred to [Fin74, Tho74, BdVO01].
The incompleteness originates from the fact that Kripke semantics is too weak to distin-
guish modal logics, e.g. Thomason’s logic A7 in [Tho74] is consistent but Frm(A7) = 0
and therefore Kripke semantics does not distinguish it from the inconsistent logic.
Boolean algebras with additional operators provide an algebraic semantics for modal

logic. The algebras corresponding to the smallest normal modal logic K are the so-
called modal algebras.

3.1.9. DeriNtTION. A modal algebra is a pair B = (B, f) such that
B=(B,V,A,—,1,T)

is a Boolean algebra and f : B — B preserves T and binary meets, i.e. f(T) = T and
f(by Aby) = f(by) A f(by) forall by, b, € B. The category of modal algebras as objects
and homomorphisms as arrows will be denoted by MA.

3.1.10. DeriniTioN. Let @ be a set of variables, B = (B, f) a modal algebra and V :
® — B a valuation. Then the algebraic semantics [[¢]lsy) € B of a formula ¢ €
FML(®) is defined as follows

[Llwsv) == L
[Py, = V(p)
[—¢lsy) = —lollwy
[¢1 A Gllsy)y = [l A ld2llsy)
[C¢llsy, = fIPlsy))-
We say B validates ¢ if [¢llsy) = T forall V : ® — B. Furthermore we say B

validates a logic A if B validates ¢ for all ¢ € A. The family of all modal algebras that
validate a logic A is denoted by V, (“the variety of A-algebras”).
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In contrast to the Kripke semantics, the algebraic semantics has the advantage that it
is adequate: all normal modal logics are characterized by the corresponding variety of
algebras.

3.1.11. THEOREM (ADEQUACY). For every normal modal logic A we have

o N iff forall B e V,\.Bvalidates ¢.

3.1.12. ReMark. Provided a deducibility relation +, for A such that ¢ € A iff 59,
adequacy amounts to soundness and completeness of algebraic semantics.

Modal algebras, however, are fairly abstract in nature and many modal logicians pre-
fer the intuitive, geometric appeal of Kripke frames. General frames, unifying the
algebraic and the Kripke semantics in one structure, provide a nice compromise.

3.1.13. DerINITION. A general frame is a structure ® = (W, R, A) such that (W, R) is
a Kripke frame and A is a collection of so-called admissible subsets of W that is

closed under the Boolean operations and under the operation [R]. A general frame
® = (W,R,A) is called

e differentiated if for all distinct wy,w, € W there is a ‘witness’ a € A such that
wi €aand wy € a,

e tight if whenever v is not an R-successor of w, then there is a ‘witness’ a € A
such that v € a and w € [R](W \ a), and

e compact if ( Ay # 0 for every subset Ay of A which has the finite intersection
property, 1.e. for every Ag € A such that for all finite sets B € A, we have
B #0.

A general frame is descriptive if it is differentiated, tight and compact.

The term ‘admissible’ subset is explained by the semantic restriction that allows only
those Kripke models on a general frame for which the extensions of the atomic formu-
las are admissible sets, i.e. a valuation V : ® — P(W) on a general frame (W, R, A) is
only admissible if V(p) € A for all p € ®. This leads to the following notion of validity
of a formula on a general frame.

3.1.14. DeriniTioN. A general frame (W, R, A) is said to validate a modal formula ¢ €
FML(®) if [[¢llwrv) = W for all valuations V : ® — A, i.e. for all valuations that are
“admissible”.

3.1.15. EXAMPLE. 1. Any Kripke frame (X, R) can be considered as a general frame
(X, R, P(X)).
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2. If B = (B,V,A,~, L, T, f) is a modal algebra then (UfB, R/, B), where R; =
{(uv) Vb . f)eu=beviandB={{uec UB|becu)|becB)isa
descriptive general frame.

3. If ® = (W,R,A) is a general frame then (A, U, N, —, 0, W, [R]) is a modal algebra.
Descriptive general frames can be nicely characterized in topological terms.

3.1.16. Fact. Let & = (W,R,A) be a general frame and let T, be the topology on W
generated by A. Then the following are equivalent:

1. ® is descriptive,

2. (W, t4) is a Stone space and R is point-closed, i.e. for allw € W we have R[w] €
CI(W, 7p).

Proof. (W, 7,) is a Stone space because a descriptive general frame is compact, differ-
entiated and the admissible sets are closed under the Boolean operations. The tight-
ness condition of descriptive general frames is equivalent to the fact that the relation is
point-closed. QED

Fact 3.1.16 is the key for extending Stone duality to modal algebras. Let us first in-
troduce the categories GF of general frames and DGF of descriptive general frames
before we state the duality MA ~ DGF®®.

3.1.17. DeriniTioN. [Gol76, Def. 5.11 A general frame morphism 6 : (W,R,A) —
(W',R’,A’) is a function from W to W’ such that (i) 9 : (W,R) — (W’, R’) is a bounded
morphism and (i) 6-'(a’) € A for all @’ € A’. General frame morphisms will be also
called continuous bounded morphisms. We let GF (DGF) denote the category with
general frames (descriptive general frames, respectively) as its objects, and the general
frame morphisms as the arrows.

In Example 3.1.15 we saw how to transform a modal algebra into a descriptive general
frame and vice versa. These constructions give rise to two functors

D: MA — DGF®*® M : DGF® - MA
(B,f) — (UB,R;,B) (W,R,A) — (A,[R])
h — h! 0 - 6!

where B and Ry are defined as in 3.1.15, (2).
3.1.18. TueorREM ([GOL76]). The categories MA and DGF are dually equivalent.

Proof. Let (W,R,A) be a descriptive general frame and W = (W, 7,) its associated
Stone space. Then the Stone isomorphism € : W — SpClpW e Stone is also an
isomorphism in the category DGF between (W, R, A) to D(M(W, R, A)). Likewise, for a
modal algebra B = (B, F) the Stone isomorphism ¢ : B — ClpSpB € BA can be shown
to be an isomorphism in MA between B and M(D®B). In this way € and ¢ give rise to
natural isomorphisms € : Idpge = Do M and i : Idya — M o D. QED
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A consequence of the duality MA ~ DGF*” is the adequacy of general frame semantics,
1.e. every normal modal logic can be characterized by its class of general frames. The
only thing which has to be observed is that for all modal algebras B we have that

B validates ¢ iff D(B) validates ¢ for all ¢ € FML(®D).

The adequacy follows then directly from the duality MA ~ DGF® and from the
adequacy of algebraic semantics (cf. Theorem 3.1.11). Hence the general frame se-
mantics combines the nice properties of both the Kripke semantics and the algebraic
semantics.

3.1.3 Modal logic is expressive for descriptive general frames

Descriptive general frames also form a so-called Hennessy-Milner class as remarked in
the introduction of this chapter. In this subsection we want to make this statement more
precise. In the following we only consider modal formulas without proposition letters.
In this case both the algebraic and the Kripke frame semantics are independent of a
valuation, i.e. we can interpret a formula on a Kripke frame and on algebra respectively
without mentioning a valuation function. We want to prove the following proposition,
which is “folklore” among modal logicians.

3.1.19. PropositioN. Let (Wi, Ry, A ) and (W;, Ry, Ay) be arbitrary descriptive frames
and wy € Wy, w, € W, such that for all (variable-free) modal formulas ¢ we have

wikEe¢ iff wiE¢.
Then wy and w, are bisimilar, i.e. (W1, Ri[_],w1) €9 (W2, Ro[_], w)).

3.1.20. Remark. We call two states w; € Wy, w, € W, of two Kripke frames (W, R)
and (W, R,) bisimilar if the corresponding rooted $-coalgebras (Wi, R[_],w;) and
(W3, Ry[ ], w,) are P-bisimilar. This notion of bisimilarity coincides with the usual no-
tion of bisimilarity for modal logic without proposition letters (cf. [M0s99, Section 2]).

In order to prove this proposition, we need the following facts that relate the algebraic
and coalgebraic semantics of modal logic.

3.1.21. Nortarion. We denote by Ly the initial object in MA, the so called Lindenbaum-
Tarski algebra of modal logic. The algebra Ly is defined as the modal term algebra,
which has as its carrier set the set of modal formulas FML(0), modulo the congruence
relation =:

p=y o ¢ o yYyekK

i.e. = identifies logically equivalent formulas.

Intuitively the Lindenbaum-Tarski algebra consists of the set of (variable-free) modal
formulas quotiented by derivable equivalence.
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3.1.22. Fact. The following are true:
1. The graph of a bounded morphism is a bisimulation.
2. Bisimulations are closed under composition.

3. Let DLya be the dual frame of the Lindenbaum-Tarski algebra. Then the states
x of DLy are in one-to-one correspondence with the maximal consistent sets of
formulas u, and for all x € DLy we have

xE¢ iff ¢e€u,.

For proofs of these facts we refer the reader to [BAVO1]. We are now ready to give the
proof of Proposition 3.1.19.

Proof of PI'Op 3.1.19. Let (Wl, R],Al), (Wz, Rz,Az) € DGF and wi € Wi, wy € W, as
described in the proposition. By the duality between MA and DGF we know that D Ly
is the final object in DGF, i.e. there are continuous bounded morphisms

fi: (W,Ri,A;) = DLya forie{l,2}.

The states w; and w, satisfy the same formulas according to our assumption. Let u
be this maximal consistent set of formulas satisfied in both w; and w,. According to
Fact 3.1.22 there is a (unique) state x in D Lya such that x satisfies the formulas in u.
Furthermore, as the graph of a bounded morphism is a bisimulation and the truth of
modal formulas is invariant under bisimulations, we get that f;(w;) = x fori € 1,2.
But then (wy, w;) € Gr(f) o Gr(f>)™ and Gr(f;) o Gr(f>)~ is a bisimulation according
to Fact 3.1.22. Hence w; € w; as required. QED

3.2 From Kripke to Vietoris

Since Kripke frames (and models) form prime examples of coalgebras (cf. Exam-
ple A.3.2), the question naturally arises whether (descriptive) general frames can be
seen as coalgebras as well. Our positive answer to this question is based on two crucial
observations from Fact 3.1.16. First, the admissible sets of a descriptive frame form a
basis for a Stone topology. Second, the successor set of any point is closed in this topol-
ogy. This suggests that if we are looking for a coalgebraic counterpart of a descriptive
general frame ® = (W, R, A), it should be of the form R[_] : (W,74) — (CI(W,74),79)
where 79 is some suitable topology on CI(W, 74), which turns CI(W, 74) again into a
Stone space. A good candidate is the Vietoris topology: it is based on the closed sets
of 7 and it yields a Stone space if we started from one. Moreover, as we will see,
choosing the Vietoris topology for 79, continuity of the map R[_] corresponds to the
admissible sets being closed under [R] (cf. Remark 3.2.7). Given a topological space
(X, 7), the natural question arises of what is the right notion of a hyperspace, i.e. a space
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which has as points subsets of the original space and which should correspond to the
power set construction on Set. In [Vie22] Vietoris proposed to consider the following
topological space based on the closed subsets of the original space.

3.2.1. DermniTiON. Let X = (X, 7) be a topological space. Define the operations

[2],(3) : PX) — PCIX)) by
5lU = {FeClX)|F cUj},
YW = {FeCIX)|FNnU=+0}.

Given a subset Q C P(X), define Vy, = {BIU|U € Q} U{(3)U | U € Q}. The
Vietoris space V(X) associated with X is given by the topology vx on CI(X) which is
generated by V; as subbasis.

In case the original topology is compact, there are other equivalent ways to generate the
Vietoris topology. This has nice consequences for the case that the original topology is
a Stone space.

3.2.2. LemmA. Let X = (X, T) be a compact topological space and let B be a basis
of T that is closed under finite unions. Then the set Vg forms a subbasis for vx. In
particular, if X is a Stone space, then the set Vcipx) forms a subbasis for vx.

The Vietoris construction preserves various useful topological properties; proofs of
this can be found in for instance [Mic51].

3.2.3. Lemma. Let X = (X, T) be a topological space.
1. If Xis compact then (CI(X), vx) is compact.
2. If X is compact and Hausdorff, then (CI(X), vx) is compact and Hausdorff.

3. If X'is a Stone space, then so is (C1(X), vx).

The last item shows that the Vietoris construction can be used to map objects in
Stone to objects in Stone. This gives rise to the following functor.

3.2.4. DeriniTioN. The Vietoris functor V on the category of Stone spaces is defined as
follows:

V : Stone — Stone
X — VX := (CI(X), vx)
[ X->Y - fl]1: VX - VY

where f[_] denotes the direct image function.
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3.2.5. Remark. The functor V is well-defined on morphisms, because for a continuous
function f : X — Y € Stone and a closed subset F' € CI(X) we have that f[F] € CI(X)
(cf. [Eng89, Theorem 3.1.8]).

The Vietoris functor provides us with the coalgebraic representation of descriptive gen-
eral frames as the categories Coalg(V) and DGF turn out to be isomorphic. Using
Fact 3.1.16 it is straightforward to verify that the following definition is correct, that is,
it indeed defines two functors.

3.2.6. DeriniTioN. We define the functor C : DGF — Coalg(V) via

(W,R,A) > (W,7a) 23 v(W, 1)

Here 7,4 denotes the Stone topology generated by taking A as a basis. Conversely, there
is a functor D : Coalg(V) — DGF given by

X,y) = (XR,,Clp(X))

where R, is defined by R,x;x; iff x, € y(x;). On morphisms both functors act as the
identity with respect to the underlying Set-functions.

3.2.7. Remark. For the well-definedness of D it is important that the continuity of 7y :
X — VX implies that Clp(X) is closed under the operation [R,] : Clp(X) — Clp(X).
This can be seen as follows: Let U be an arbitrary clopen subset of X. We have to
show that [R,](U) € Clp(X). Spelling out the definition of [R,] we calculate that

[R,1(U)

{x|R,[x] C U}

= {x|R,[x] € 3]U}
= {x|y) €[3]U}
=y ([3]0).

Because 7y is continuous and [3]U is a clopen subset of VX we can conclude that
[R,](U) is a clopen subset of X.

3.2.8. THEOREM. The functors C and D form an isomorphism between the categories
DGF and Coalg(V).

Proof. The theorem can be easily proven by just spelling out the definitions. QED

Hence descriptive general frames and V-coalgebras are essentially the same, but we
can extend this correspondence a bit further, namely to models on general frames.
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Figure 3.2: Duality for modal algebras

3.2.9. Remark. Recall that for a given set ® of propositional variables a Kripke model
is a triple (W, R,V : ® — P(W)). This can be represented as a set coalgebra

W&)(H[@z)xpw € Set,

where 2 = {0, 1} denotes the two element set and 7,(v(w)) := 1 if w € V(p). Analo-
gously we represent a Kripke model based on a descriptive general frame (W, R, A, V)
as a Stone coalgebra

(W.R[-])

(W, 74) (H,,eq) 2) x V(W,14) € Stone,

where 2 is equipped with the discrete topology and we exploited the correspondence
between Coalg(V) and DGF. The fact that v : (W,74) — [],ee 2 should be an arrow
in Stone and therefore continuous is equivalent to the fact that V(p) € A for all p € @,
i.e. continuity of the valuation is equivalent to the admissibility of the valuation.

Let us note some corollaries of Theorem 3.2.8. Clearly Coalg(V) is dual to MA.
3.2.10. CoroLLARY. The categories MA and Coalg(V) are dually equivalent.

Proof. The claim follows immediately from the duality MA ~ DGF and the isomor-
phism DGF = Coalg(V), cf. Figure 3.2. QED

Using the trivial duality (Coalg(V))°® = Alg(V°P) (cf. Def. A.1.2 and Def. A.1.3), it
follows that MA =~ Alg(V°P). With Stone® ~ BA we obtain the following.

3.2.11. CoroLLARY. There is a functor H : BA — BA such that the category of modal
algebras MA is equivalent to the category AIQ(H) of algebras for the functor H.

Proof. With the help of the contravariant functors Clp : Stone® — BA, Sp : BA —
Stone®, we let H = Clp o V°? o Sp. The claim now follows from the observation

that Alg(H) is dual to Coalg(V): An algebra HA A corresponds to the coalge-
bra SpA Beg SpHA = VSpA and a coalgebra X 4, VX corresponds to the algebra
HCIpX = ClpVX =% ClpX. QED

An explicit description of H not involving the Vietoris functor is given by the following
proposition.
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3.2.12. ProrosiTion. Let H : BA — BA be the functor that assigns to a Boolean al-
gebra the free Boolean algebra over its underlying meet-semilattice. Then AIQ(H) is
isomorphic to the category of modal algebras MA.

Proof. Let BA, be the category with Boolean algebras as objects and finite meet pre-
serving functions as morphisms, i.e. functions that preserve binary meets and the top-
element. Furthermore let MPF be the following category. An object of MPF is an
endofunction A 5 A € BA,. A morphism f : (A N A) — (A N A’) is a Boolean
algebra morphism f : A — A’ such that m’ o f = f o m. Itis easy to see that MPF is
isomorphic to the category MA and therefore we can finish our proof by showing that
Alg(H) and MPF are isomorphic.

In order to prove that Alg(H) and MPF are isomorphic categories, we first show
that BA(HA,A) = BA,(A,A), or slightly more general and precise, BA(HA, B) =
BA.(IA, IB) where I : BA — BA,. (We denote, for a category C and objects A, Bin C,
the set of morphisms between A and B by C(A, B), cf. A.1.1.) Indeed, consider the for-
getful functors U : BA — SF, V : BA, — SF to the category SF of meet-semilattices
with top element, and the left adjoint F' of U. Using our assumption H = FU, we
calculate BA(HA, B) = BA(FUA, B) = SF(UA,UB) = SF(VIA,VIB) = BA,(IA, IB).
Hence there exists an isomorphism

dap: BA(HA,B) — BA,(A, B)

that is natural in both A and B. The isomorphisms ¢4 : BA(HA,A) — BA.(A,A),
A € BA, give us an isomorphism ¢ between the objects (A, : HA — A) of Alg(H)
and the objects (A,m : A — A) of MPF. On morphisms, we define ¢ to be the identity.
To sum it up, we define a functor

®: Alg(H) — BA,
A,a) = (A daa(@)
e f
Let us check that @ is well-defined on morphisms. Suppose that f : (A, @) — (B, ap)
is an Alg(H)-morphism, i.e. f o @y = ap o Hf. This last equation can be written as
BA(H f, B)(@a) = BA(HA, f)(ap), 3.1

where BA(_,B) : BA® — Set and BA(HA,_.) : BA — Set are defined as usual
(cf. Def. A.1.5). We want to show that f : (A, ¢sa(@s)) — (B, dpp(ap)) is a MPF-
morphism, i.e. that ¢gg(ap) o f = f o paa(@s), 1.6. we have to show that

BAL\(f, B)(@5.5(ap)) = BAL(A, )(Paa(aq)). (3.2)

where again BA,(_, B) and BA,(A, _) are defined as in Def. A.1.5. The following cal-
culation shows that equation (3.2) holds and therefore that ® is well-defined on mor-
phisms.

naturality of ¢

BAL(f, B)(¢sp(ap) =" ¢ap(BAHS, B)(aa))
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"= $asBAHA, @)
natural_ity of ¢

= BAL(A, f)(@aalaa))

For proving that @ is indeed a category isomorphism one can easily define a functor
®~! : MPF — Alg(H) and show that ®~! is the inverse of ®. QED

3.2.13. Remark. Spelling out the construction of a free Boolean algebra over its un-
derlying meet-semilattice, we see that, given a Boolean algebra A = (A, V, A, —, L, T),
HA is the free Boolean algebra generated by the set {Oa | a € A} (the insertion of
generators being O : A — HA, a — 0Oa) and satisfying the equations OT = T,
O(a A b) = Oa A Ob. That is, the functor H describes how to obtain modal logic by
adding an operator to Boolean logic. As observed above this functor is the Stone dual
of the Vietoris functor. This observation was made earlier by Abramsky in [Abr88]
and is an instance of the general relationship between syntax and semantics as laid out
in his domain theory in logical form [Abr91].

We will use an abstract version of the construction of HA in Chapter 4 where we
are going to define the algebraic semantics for an arbitrary coalgebraic modal logic in
terms of a category of algebras for a functor L : BA — BA.

As another corollary to the duality we obtain that Coalg(V) has cofree coalgebras.
3.2.14. CoroLLARY. The forgetful functor Coalg(V) — Stone has a right adjoint.

Proof. We only sketch the proof. Consider the forgetful functors R : MA — BA,
U : MA — Set, V : BA — Set as depicted in the following diagram:

MA K BA

N

Set
It is well-known that U and V are monadic functors (cf. e.g. [Mac71, Theorem VI.8.1])

and that the category MA has coequalizers (cf. e.g. [Man76, Lemma 3.1.31]). From this
we can deduce that R has a left adjoint using Theorem 3.1.29 of [Man76]. Hence, by
duality, Coalg(V) — Stone has a right adjoint. QED

Finally, we show see how arbitrary general frames can be seen as coalgebras.

3.2.15. ReMark. (General Frames as Coalgebras) Stone spaces provide a convenient
framework to study descriptive general frames since the admissible sets can be recov-
ered from the topology: each Stone space X = (X, 1) has a unique basis that is closed
under the Boolean operations. In order to be able to represent arbitrary general frames
as coalgebras, we have to make two adjustments.

First, we work directly with admissible sets instead of with topologies: the category
RBA (referential or represented Boolean algebras) has objects (X, A) where X is a set
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and A a set of subsets of X closed under Boolean operations. It has morphisms f :
(X,A) — (Y, B) where f is a function X — Y such that f~!'(b) € A forall b € B.

And second, in the absence of tightness, the relation of the general frame will no
longer be point-closed. Hence, its coalgebraic version has the full power set as its
codomain. For X = (X,A) € RBA let WX = (P(X),vx) where vx is the Boolean
algebra generated by ({FF € PX | F C a} | a € A}. On morphisms let Wf = Pf.
This clearly defines an endofunctor on the category RBA, and the induced category
Coalg(W) is the coalgebraic version of general frames:

There is an isomorphism between GF and Coalg(W). 3.3)

The crucial observation in the proof of (3.3) is that, for X = (X,A) € RBA and R a
relation on X, we have that A is closed under [R] iff R[] : X — $X is a RBA-morphism
X — W(X). This follows from the fact that [R](a) = (R[_])"'({F € PX | F C a}).

The idea of using referential algebras instead of topological spaces for a coalgebraic
representation of general frame semantics was further exploited in [KP04]. There the
authors define a generalized version of the Vietoris construction which is applicable to
referential algebras of arbitrary so-called selfextensional logics.

3.3 Vietoris polynomial functors

3.3.1 Definitions

In this section we introduce the notion of a Vietoris polynomial functor (VPF) as
a natural Stone-analogue of the Kripke polynomial functors from Section 2.1.1 on
Set. This section can therefore be seen as a first application of the observation that
coalgebras over Stone can be used as semantics for coalgebraic modal logics. Much
of the work in this section consists of transferring the work by Jacobs in [JacO1] to the
topological setting. After introducing the Vietoris polynomial functors, we define, for
each VPF T, the category BAOr of T-sorted Boolean algebras with operators and their
morphisms.

3.3.1. DeriNiTioN. The collection of Vietoris polynomial functors , in brief: VPF's, over
Stone is inductively defined as follows:

Tu=I|A|T+T|TxT|T?|VT.

Here I is the identity functor on the category Stone; A denotes a finite Stone space
with the discrete topology (that is, the functor A is a constant functor); ‘+” and ‘X’
denote disjoint union (binary coproduct) and binary product in Stone, respectively (cf.
Fact 3.1.5); and, for an arbitrary set D, T? denotes the functor sending a Stone space
X to T(X)?, the D-fold product of TX.
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Stone SN Stone

jT
UStone l / \L UStone

Set Set

T
Figure 3.3: The corresponding Kripke polynomial functor T

Intuitively we can assign to every Kripke polynomial functor 7' : Set — Set a corre-
sponding VPF T on Stone. The next definition makes this intuition precise.

3.3.2. DeriNiTiON. For every KPF T we define the corresponding VPF Tby induction:

—

1d = 1 A = A
T +71T, = T, +7T, T\ XT, = T\ xT,
TP = TP PT = VT.

The inverse of this translation assigns to a VPF T his corresponding Kripke polynomial
functor denoted by T.

This correspondence between KPF's and VPF's is witnessed by a family of natural
embeddings.

3.3.3. DermvitioN. Let T € VPF, T = T and X = (X, 1) € Stone. Then we define an
embedding jg . Ustone IX — T UsioneX by induction on the structure of T:

J%{ = idUStoneX
J'?ED = idyggnen
J% ()"
X] +T> — [ ]Q , ng]
j;? xT> — < ];I; , J§2>
Je = Pi s

where [_, _] and (_, _) denote cotupling and pairing of functions respectively, and for
a function f : Y — Y’ the function f” maps a function g : D — Y to the function
fog:D—>Y.

With the help of j” it is now easy to transform T-coalgebras into T-coalgebras.

3.3.4. PropositioN. Let T € VPF. Then the family of embeddings (j3)xestone gives rise
to a injective natural transformation

jT Ustone o T = To Ustone (cf. Figure 3.3).
Furthermore the following definition gives rise to a functor

K : Coalg(T) — Coalg(T)

(Xa 7) — (UStoneX, ]g © UStone')’)
f:X>Y & Usonef.
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Proof. The naturality of j* is easy to check. The fact that K is well-defined on mor-
phisms is then a direct consequence of the naturality of j*. QED

In Definition 2.1.3 we defined paths and path constructors and used those paths to
define for every functor T € KPF a category of ingredients. The category Ing(T) of
ingredients of a Vietoris functor T is defined analogously.

3.3.5. DeriniTiON.  For every path p and all Ty, T, € VPF we define
p:TIWTZ if pZTIWTQ.

Furthermore we define Ing(T) to be the category with Ing(T) := {T’ | dp.p : T ~»
T’} U {I} as set of objects and paths as morphisms between them.

The logic MSM L associated with a T € VPF is the same as the logic associ-
ated with the corresponding KPF T. The coalgebraic semantics of MSMZ given in
Section 2.1.2 can be easily adjusted to the Stone-based setting.

3.3.6. DerNiTiON. Let T € VPF, T := T € KPF the corresponding Set-functor and let
(X,y) € Coalg(T). Then the logic MSM Lt associated with T is identical to the logic
MSML;: for every ingredient S € Ing(T) we define the set of formulas Formg :=
Form; and a derivability predicate s := +x € Formg. The logic MSM Ly is then
given as the pair

((FOl‘ms)SeIng(T), ("S)Selng(T)) -

Furthermore we define for every S;,S, € Ing(T) and every path p : S; ~» S, a
predicate lifting
(L : Clp(S,X) — Clp(SX).

These liftings are obtained by restricting the liftings (1) : P(SQX) - P(SlX) from
Definition 2.1.6 to clopen subsets and changing the clause for (1)P°"7 into

a®"? = [3]a’.

For every S € Ing(T) the coalgebraic semantics [[—]](Sx,y) : Formg — Clp(SX) is then
defined exactly like in Definition 2.1.8 for the corresponding sort § € Ing(T).

We will now define the Boolean algebras with operators associated with a VPF
and then see how they provide an algebraic semantics for the logic MSM L. The def-
inition of a so-called T-BAO may look slightly involved, but it is based on a simple
generalisation of the concept of a modal algebra. The generalisation is that instead of
dealing with a single Boolean algebra, we will be working with a family (®(S))seimgT)
of Boolean algebras. As before, we let BA, denote the category with Boolean algebras
as objects and finite-meet preserving functions as morphisms.
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3.3.7. DeriniTiON. (T-BAO) Let T be a VPF. A T-sorted Boolean algebra with oper-
ators, T-BAO, consists of a functor © : Ing(T)°® — BA,, together with an additional
map next : ®(T) — @) which preserves all Boolean operations. This functor is
required to meet the conditions

1. ®(A) = Clp(A),
2. the functions ®(r;) and ®(ev(d)) are Boolean homomorphisms, and
3. the functions ®(k;) induced by the injection paths satisfy

(@) P(k)(L) = 7D(k2)(L) and

(b) ~D(k)(L) < (P(k)(—@) < ~D(k;)(@)).

3.3.8. ExampLE. Let A = (A, g) be a modal algebra, cf. Definition 3.1.9. This alge-
bra can be represented by two different VI-BAOs. This functor has two ingredients
Ing(VI) = {I, VI} and one non-trivial path pow : VI ~» L.

1. ) := A, O(VD) := A, D(V) := g, and next = id.

2. ') := A, ®'(VI) := HA (cf. Proposition 3.2.12), ®’(V) : ®’(I) — @’'(VI) the
(meet-preserving) inclusion of generators, and next’ the unique Boolean algebra
morphism satisfying next’ o ®'(V) = g.

We will see that (©’, next’) is the VI-BAO obtained by considering the algebra (@, next)
from 1. as a VI-coalgebra and translating it back to an algebra, that is, in the notation
we are about to introduce, (®’, next’) = AC(D, next).

Another important example of an T-BAO is the initial T-BAO or Lindenbaum T-BAO.
3.3.9. DeriniTioN. Let T € VPF. Then we define the Lindenbaum T-BAO
Ly : Ing(T)*® — BA,.

We put L1(S) := Formg/=s for S € Ing(T) and we define for each p € PCons (cf.
Def. 2.1.3)s.t. p: S; »» S, € Ing(T) a function

Lr(p) : Lx(Sy) —  Lx(Sy)
¢ +— [ple.

Here =5 denotes the equivalence relation on Formg defined by
$1 =5 ¢ if ks 1 © ¢

Morphisms of T-BAOs are families of Boolean homomorphisms satisfying certain ad-
ditional conditions.
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3.3.10. DerintTiON. (BAOT) A morphism between T-BAOs (@', next’) — (®, next) is a
natural transformation 7 : @ — O such that for each ingredient S of T the component
ts : @'(S) — @(S) preserves the Boolean structure, t, = idcya) for all constants
A € Ing(T), and #; and #r satisfy next o t; = #; o next’. This yields the category BAOr.

3.3.11. Remark. To see that this definition is a natural generalization of the notion
of a morphism between modal algebras let us look at the morphisms in the category
BAOy;. If we represent two modal algebras (A, g;) and (A4, g>) as described in Ex-
ample 3.3.8 (1) as VI-BAOs (®,, next,), (©,, next,) it is easy to verify that a Boolean
morphism f : A; — A, is an MA-morphism iff the natural transformation ¢ given by
t; = ty; = f is a BAOy; morphism.

The following proposition states that Ly is the initial object in BAOr.

3.3.12. ProprosiTioN. Let T € VPF and Lt the corresponding Lindenbaum algebra.
Then for every (@, next) € BAOy there is a unique T-BAO morphism i®"®V : L —
(@, next).

Proof. By a standard argument. QED

The algebraic semantics of MSML is defined in a similar fashion as the algebraic
semantics of normal modal logic in Definition 3.1.10.

3.3.13. DeriniTioN. Let T € VPF and (®, next) € BAOr. Then for each S € Ing(T) we
define an interpretation function [[_]| (Sd),next) : Formg — O(S) by letting

[[J‘]](Stb,next) =1

[¢1 — ¢2]](S¢>,next) = _'[I¢1]]tsd>,next> v [MZ]](S‘I”“GXD’

[P ree = P[Pl nee) for p: S~ €lIng(T) and p € PCons,
[next ¢lligpey = NEXUMPIgpex)-

It is a matter of routine checking to see that [ Jlnexty factors through i‘®"V (cf.
Prop. 3.3.12) as follows:

L1° D(S) (3.4)

kan A‘)
s

Lx(S)

Formg

Here kan denotes the canonical morphism mapping a formula to its =g -equivalence
class in L. Therefore the algebraic semantics of a formula ¢ of sort S is the image
of its =g -equivalence class under the initial map i®. Using this observation we can
deduce that T-BAOs provide an adequate semantics for MSM L.
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3.3.14. ProrosiTioN. Let T € VPF and ¢ € Formg for some S € Ing(T). Then
Fs ¢ iff Y(®,next) € BAOr.[[¢lwnexty = T-

Proof. Let ¢ € Formg for some S € Ing(T). Suppose first that -5 ¢ and consider an
arbitrary (®,next) € BAOy. Then ¢ =5 T and therefore kan(¢) = kan(T). By the
commutativity of Diagram 3.4 we get

[¢lpnen = 15" (kan(g))
= i (kan(T))
= [[T]](Scb,next) =T.
Suppose on the other hand that [I¢]](S®,next) = T for all (O,next) € BAO;. Then in

particular [¢]], = T = [T]7, . Together with Diagram 3.4 this implies id , (kan(¢)) =
id r.(kan(T)) and hence kan(¢) = kan(T), i.e. ks ¢. QED

3.3.2 Linking algebraic and coalgebraic semantics

The aim of this section is to establish a link between the categories BAOt and Coalg(T)
by functors A : Coalg(T)*® — BAOr and C : BAOr — Coalg(T)? (cf. Prop. 3.3.22
below), i.e. between the coalgebraic and algebraic semantics of MSM L.

It is not difficult to transform a T-coalgebra into a T-BAO; basically, we are dealing
with a sorted version of Stone duality, together with a path-indexed predicate lifting.

3.3.15. LEmMA AND DErINITION. ((A) For each Vietoris polynomial functor T, each T-
coalgebra (X, y) gives rise to a T-BAO, namely, the ‘complex algebra’? functor A(X,y) :
Ing(T)°® — BA, given by

S — Clp(SX)
(P:S1wS) = (O :Clp($:X) — Clp(S,X)),

accompanied by the map next : Clp(TX) — Clp(X) given by next := y~1.
Proof. The claim can be proven by spelling out the definitions. QED

This transformation preserves the MSM L-semantics.

3.3.16. ProrosiTion. Let T € VPF, (X,vy) € Coalg(T) and ¢ € MSM.Lr a formula of
sort S. Then

ol (Sx,y) = [I¢]]§‘I(X,y)'

Proof. By spelling out the definitions. QED

2The name ’complex algebra’ stems from the tradition in modal logic, cf. [BAV01, Chapter 5]
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Conversely, with each T-BAO (®, next) we want to associate an T-coalgebra C(®, next).
Assume that T has the identity functor as an ingredient; given our results in the previ-
ous section, it seems fairly obvious that we should take the dual Stone space Sp®(I)
as the carrier of this dual coalgebra. It remains to define a T-coalgebra structure on
this. Applying duality theory to the Boolean algebras obtained from ® only seems to
provide information on the spaces Sp®(S), whereas we need to work with S(Sp®(I))
in order to define a T-coalgebra. Fortunately, in the next lemma and definition we
show that there exists a map r which produces the T-structure. The definition of r is as
in [JacO1]; what we have to show is that it works also in the topological setting.

3.3.17. Lemma AND DEerINITION. Let T be a VPF and let (®, next) be a T-BAO. Then the
following definition by induction on the structure of ingredient functors of T

ro(D(u) = u
ro(A)(u) (€)' (cf Thm. 3.1.3)
ro(S1 X S = (ra(S)(@Cr1) ™ @), ra(S)(P(r2) ™ (1))
o+ 0 = | ) ) <
ro(SP)(u) Ad € D. ro(S)(D(ev(d) ™ (u))
ro(VS) (1) {ro($)(¥) | v € UTQ(S) and @(pow)™ (u) € v}

defines, for every S € Ing(T) a continuous map
ro(S) : SpD(S) — SSpd(D).

Proof. Let S € Ing(T). Both claims (i.e. the one on well-definedness and the one on
the continuity of 7¢(S)) are proven simultaneously by induction on S.

We only consider the case of the Vietoris functor: assume that S = VS’. In order
to show that r¢(S) is well-defined, take an arbitrary u € Uf®(VS’) and consider the set
F = {v | v € UfD(S’) and ®(pow)~! (1) C v}. F is closed in Uf®(S")), because for any
V' € UfD(S)\ F there is an a € ®(pow)~' (u) such thata ¢ v/, whence F C a and V' ¢ a:
for every v ¢ F we can find an open set containing v’ and disjoint from F. But from F
being closed and the inductive hypothesis on r¢(S’) it follows that r¢(S)[F] is closed
as well, so by definition, r¢(S)(u) = re(S")[F] belongs to CI(S’'(Uf®(I))). This proves
that r¢(S) is well-defined.

We now turn to the continuity of r¢(S). It suffices to show that for an arbitrary
clopen set U C S’(Uf®(I)), all sets of the form ro(VS’)~}([32]U) and ro(VS') ' ((3)UV)
are clopen. We only consider sets of the first kind:

{u e UFD(VS’) | ro(VS")(u) € [2]U}
u | {ro(S")(v) | @(pow) ') € v} € U}
u| {v] d(pow)™ (u) € v} € ro(§) (V)

ro(VS) ™ ([31(U))
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According to the induction hypothesis, ro(S’)~!(U) is a clopen set, say with b € ®(S’)
such that r¢(S")"'(U) = b. This leads us to

ro(VS) N ([21U) = {ul|{v|D(pow)™'(u) Cv}C @}

= {u| vy e Uo(S"). (d(pow) () C v — b € v)]

2 (1| Dpow)(b) € u)

which shows that r4(VS")"!([3]U) is clopen. It remains to show that the equality (!)
indeed holds.

2: trivial.

C: Let v’ € Uf®(VS’) and suppose @(pow)(b) ¢ u’. We will show that under this
assumption there exists a v/ € Uf®(S’) such that ®(pow) !(u’) €1V and b ¢ V'. As an
intermediate step we prove that the set ®(pow)~! (1) U {—b} has the finite intersection
property. Suppose for a contradiction that there are ay, . . ., a, € ®(pow) ' («’) such that

/\ai/\—ub:J_.

1<i<n

Then we have A, a; < b and therefore we get by monotonicity of ®(pow)

u' > CD(pOW)[ /\ a;

1<i<n

< O(pow)(b).

As u’ is an ultrafilter we can conclude that ®(pow)(b) € u’, which contradicts our
first assumption. This means that the set ®(pow) ! («’) U {—b} has the finite inter-
section property and is contained in an ultrafilter v'. Clearly b ¢ V' and hence u’ ¢
ful vv € Ufd(S). (@(pow) ') < v — b € v)}. QED

The above lemma allows us to define a T-coalgebra for a given T-BAO.

3.3.18. DermNiTION. Let T be a VPF and let (@, next) be a T-BAO. We define the coal-
gebra C(®, next) as the structure (Spd(I), ro(T) o Sp(next)):

C(®, next) := Spo(I) P spd(T) X T Spa(I)

Again we can relate the semantics of a formula on (®, next) to the semantics of a
formula on C(®, next).

3.3.19. ProrosiTion. Let T € VPF, (®,next) € BAOr and ¢ € S for some S € Ing(T).
Then

[Pl @nexty € u € UID(S) iff ro(S)(w) € [@llc@.nex-

The maps A and C from BAOt to Coalg(T) and back can be extended to mor-
phisms. This will be done in the following two definitions.
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3.3.20. LEemma anD DerINITION. Let T € VPF and f : (X,y) — (X',y") € Coalg(T).
Then we define for every S € Ing(T) a map A(f)(S) : AX", Y )(S) = AKX, y)(S) by
letting A(f)(S) := Clp(Sf). The family A(f) := (A(f)(S))semgr) is a BAOr-morphism
from AX',y") to AKX, y).

Proof. Spell out definitions. QED

3.3.21. LEmMA AND DerINITION. Let T € VPF and t : (O, next) — (@', next’) € BAOs.
Then the map C(t) := Spt; : Sp®'(I) — Spd®(l) is a T-coalgebra morphism from
C(@’, next’) to C(®, next).

Proof. The proof is not difficult and similar to the proof of Proposition 5.3 in [JacO1].
QED

3.3.22. ProposiTioN. If we extend A and C as described in Definitions 3.3.20 and
3.3.21 we obtain functors

A : Coalg(T)®® - BAOr and C :BAOr — Coalg(T).

3.4 Duality between BAOr and Coalg(V)

In the previous section we encountered the functors A : Coalg(T)°® — BAO; and
C : BAOr — Coalg(T). Here we will study these functors in more detail, and show
that in fact they provide an adjunction between the categories BAO and Coalg(T).
We will define two families of morphisms, ag : AC(D, next) — (@, next) in BAO7,
and &) 1 (X,y) = CAX,y) in Coalg(T)°?, and prove that these are the counit and
unit witnessing the fact that A is left adjoint to C. Since the &’s will turn out to be
isomorphisms, this will then show that Coalg(T)°? is (isomorphic to) a full coreflective
subcategory of BAOr.

In contrast to the classical case of the duality MA ~ DGF?, we do not obtain a dual
equivalence between BAOr and Coalg(T). This is due to the fact, which the reader
might have noticed already, that the axiomatic definition of T-BAOs does not force a T-
BAO @ to respect T-structure. We take a closer look at this, characterizing the largest
full subcategory of BAO; on which the adjunction restricts to an equivalence. By
showing that the initial algebra of BAOr is exact, that is, belongs to this subcategory,
we obtain the final T-coalgebra as its dual.

We start by proving that every T-coalgebra has an ‘ultrafilter representation’: it
is 1somorphic to its double dual. Recall from Section 3.1.1 that for a Stone space Y,
€y : Y — SpClpY denotes the homeomorphism fixed by ey(y) := {a € Clp(Y) | y € a}.

3.4.1. THEOREM. Let T be a Vietoris polynomial functor, and let (X, y) be an T-coalgebra.
Then the map ex : X — SpClpX is a Coalg(T)-isomorphism witnessing that

(X, y) = C(AX,y)).
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Proof. We first show that for each sort S € Ing(T) the following diagram commutes:

rax.y(S)

SPAX, y)(S) SEpAX, y)(D)

S(ex)

SX

The proof is by induction on S. We will only treat the Vietoris functor, since all other
cases work exactly as in the proof of Lemma 5.6 in [JacOl]. In order to prove the
commutativity of the above diagram for S = VS’, take an arbitrary F' € VS’(X). Then,
unraveling the definitions of r, A and of (-)**", we find

Facey SN ex(F) = racy(S) [{v | A, v)(pow) " (esx(F)) v}
= Faxy)(S)[{v [ {a € Clp(SX) | (@)*" € &x(F)} € v]]
= raxyS)[{v I {a e Clp(S'X) | F C a} Cv}]
= {S(ex)() | x € F}
= S(ex)(F).
It is left to prove (!). For (2), take an arbitrary x € F', and define v, := €y x(x). Then for

all a € Clp(S’X) it holds that F' C a implies x € a, which is equivalent to a € ex(x) = v,;
in other words,v, satisfies the condition {a | F C a} C v,. Also, by the inductive

hypothesis we have that S'(ex)(x) = rawx,)(S")(€yx(x)). Taking these observations
together we see that S’ (ex)(x) € rac,)(S) [{v ] {a € Clp(S'X) | F C a} Cv}].

For (©), let v € UfACX,y)(S") be such that {a € Clp(S'X) | F € a} € v. By
Stone duality we know that (,, @ = {x} for exactly one x € S’X. This x must be an
element of F, because (\,c,a € (Ma | F € a} = F and we get eyx(x) = v. By the
induction hypothesis this is the same as saying r4.x,)(S")(v) = S'(ex)(v), which proves
the inclusion.

Now we proceed to prove the theorem: we calculate

CAX,y)) o & rac.y)(T) o (SpClp(y) o &)

(rac,)(T) o erx) oy,

(racy)(T) o SpClp(y)) o e
racx.y)(T) o (erx o y)

where the third step is by naturality of €. Now by commutativity of the above diagram
for T we find that C(A(X, y)) o ex = T(ex) oy, which is nothing but stating that ex is a
coalgebra homomorphism. But then since ex is an isomorphism between Stone spaces
we may conclude that it is also an isomorphism between the two given coalgebras. Qep

The functor C is not faithful in general; however, when it comes to morphisms having
a complex algebra A(X, y) as their domain, we can prove the following.

3.4.2. ProposiTioN. Let (X,y) be a T-coalgebra and (®,next) be a T-BAO. Further-
more let s,s" . AX,y) — (O,next) be morphisms in BAOr. Then C(s) = C(s")
implies s = s’.
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Proof. Let (X,y), (D,next), s and s” be as in the statement of the Proposition, and
assume that C(s) = C(s’). Then it is clear that we have s; = s;. With the help of
Lemma 3.4.3 below we therefore get s = 5. QED

The following lemma, which forms the heart of the proof of Proposition 3.4.2, is
stated separately because we need it again further on.

3.4.3. Lemma. Let (X,y) be a T-coalgebra and (®,next) a T-BAO. Furthermore let
5,8+ AX,y) — O© be natural transformations whose components preserve all the
Boolean structure, and such that sy = s; and s, = s, for all constants A € Ing(T).
Then s = s'.

Proof. Assume that we have two natural transformations s, s* : A(X,y) — (O, next)
as required in the lemma. In order to prove that s = s’, it suffices to show that

ss = v for all S € Ing(T). (3.5)

We will prove (3.5) by induction on S. In the base case (S = T or S = A for some
constant functor A), it follows immediately that sg = s7.

For the inductive step of the proof, we confine ourselves to a rough sketch of the
proof idea. In each case, in order to show that ss(a) = sg(a) for every clopen a of
SX, we try and find a clopen subbasis 8 such that ss(b) = s (b) for all subbasic b. For
instance, in the case that S = VS’, put

B = {b]be OP"[Clp(SXNNU{-b|b e (O*"[CIp(SX)]},

and let b € B. Then one can easily check that we have ss(b) = si(b) for all b € B
and by the fact that 8B is a clopen subbasis of the Vietoris topology one can use a
straightforward argument to show that s5 = . QED

We are now ready to show that the functors C : BAO; — Coalg(T)° and A :
Coalg(T)® — BAOr form a so-called dual representation. That is, C is right adjoint
to A and the unit of the adjunction is an isomorphism. We first define the unit & and
the counit « of the adjunction. Recall that we proved in Theorem 3.4.1 that £ is an
isomorphism; for r¢ see Definition 3.3.17 and for ¢y Theorem 3.1.3.

3.4.4. DermNiTION. (@, &) For a T-BAO (®, next) and a S € Ing(T) we define
(@ pexty | AC(D, next) — (D, next)

via @g(S) = vgs) © Clp(ro(S)), where vgs) denotes the inverse of the isomorphism
tags) : PS) — ClpSpd(S). For a T-coalgebra (X, y), we define

£y (X, y) > CAX,y) in Coalg(T)

as the inverse £z ) : CA(X,y) — (X, ) of the morphism €x,, : (X,y) = CAX,y)
in Coalg(T).
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Intuitively, the next theorem establishes a duality between Coalg(T) and BAO7 in
which every coalgebra (X, y) can be represented in a canonical way by the algebra
AX,y).

3.4.5. TueoreM. Let T be a VPF. Then A : Coalg(T)® — BAOrx is a full embedding
and has C : BAOr — Coalg(T)® as a right adjoint with ¢ and « as unit and counit.
That is, Goalg(T)® is (isomorphic to) a full coreflective subcategory of BAOr.

Before we turn to the proof of this theorem, we first show that « is indeed a mor-
phism of T-BAOs.

3.4.6. LEemmA. The family of maps @@ nexy(-) : AC(®, next) — (P, next) is a morphism
of T-BAOs.

Proof. We have to show that @ nex)(-) 18 a natural transformation and that g next)(-)
fulfills an additional naturality condition with respect to the next-operator.
Concerning the first claim we must prove that for all p : S ~» S’ in Ing(T) we have

(D(p) © a’(CD,next)(S,) = a’(CD,next)(S) o (—)p-

It suffices to show, by a case distinction, that this equation holds for paths of length at
most one. As all of these proofs boil down to a tedious but straightforward unraveling
of definitions, we confine ourselves to the case that p = pow and S = VGs’. Take an
arbitrary U € Clp(S’Sp®(I)) and let a € ®(S") be such that Clp(re(S))(U) = a. Then

a(@nexty(S)(U)P) (Vas) © Clp(ras)(U)PY)

(Vo) © ro(S) ™ HHF C U | F € §’'Sp®(I) closed})

= Vo (fu € UID(S) | ro(S)(w) € U})

= va ({u € UFD(S) | (ra(S")(v) | ©(pow) ') € v} € U})
= o ({u € UFD(S) | (v | ©(pow) ™' (1) € v} C Clp(re(S 1))(D)))
= o ({u € UI0(S) | (v | @(pow) ™ (u) € v} C &})

= o ({u € UFD(S) | @(pow)™'(u) v = a € v})

= Vo (fu € UID(S) | @(pow)(a) € u})

= D(pow)(a)

= ®(pow) (Ve © Clp(re(S))(U))

= (D(pow) o @ nexty(S")) (U)

and we get @@ next)(S) 0 ()P = D(POW) © @@ nexty(S’), as required.

Now we turn to the second claim. The ‘additional naturality condition with respect
to the next-operator’ is the following: next o @@ nexty(T) = @@ nexty(I) © Clp(re(T) o
Spnext). This is easily shown to hold (the second identity being due the naturality of
V).

@@ nexy (D) © Clp(ro(T) o Sp(next)) = wvaq © Clp(Sp(next)) o Clp(rem)
= nexto Ua(T) © Clp(i”cp(T))
= next o @ nex(T).

QED
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Proof of Theorem 3.4.5. For the adjunction it suffices to show ([Mac71], p. 81) that
for all (X,y) € Stone and for all f : C(®,next) — (X,vy) there is a unique s :
AX,y) = (D, next) such that the following diagram in Coalg(T) commutes:

Eaty
CAX,y) —2 = (X,7)

T

C(®, next)
Indeed, defining s = (o nexty © A(f), we calculate

& Xy © C(a’(d),next) o ﬂ(f ) = f(XJ’) ° Sp (a/((D,next)(I) o ﬂ(f )(I[))
&y © Sp(vaq © ro(l) o Clp(f))
&y © SP(CIp(f)) o Sp(vew))

[ © €0 © SPWor)

The last two steps use the fact that Sp and Clp are adjoint with (co)units v and €, see
Theorem 3.1.3 and Definition 3.4.4. Uniqueness of s is Proposition 3.4.2. To conclude
the proof, recall that a left-adjoint is full and faithful iff the unit is an isomorphism
([Mac71], p. 88). Hence A is full and faithful by Theorem 3.4.1. QED

We now turn to a characterization of the largest subcategory of BAOt on which
the adjunction from Theorem 3.4.5 restricts to a dual equivalence. The reader might
have noticed already that our adjunction is not a dual equivalence since the definition
of T-BAOs does not force a T-BAO (®, next) to respect T-structure. For example, if
S1 X S, is an ingredient of T then it may well be that D(S; X S;) # O(S;) + D(S,).

3.4.7. DeriNiTiON. Let S be a functor Stone — Stone. Then
S?:=Clpo S o Sp.
defines a corresponding functor S? on the category BA.

The following definition introduces exact T-BAOs, that is, those T-BAOs which do
respect T-structure.

3.4.8. DermniTiON. (exact T-BAQO) A T-BAO (@, next) is called exact if there is a Ing(S)-
indexed family of isomorphisms

75 : SUDD) — O(S)

with the following properties:
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o 7: ()%®() — @ is a natural transformation. Here the functor ()°(®(I)) is
defined as follows:

O%@D) : Ing(T)*® — BA,
S - SUDdD)
P:SiwS = (O S(@D) - S,%@D)

where (_)” denotes the predicate lifting from S, = Clp(S2(Spd(D))) to
$1%(@(@)) = Clp(S(Sp@(1))).

® 7] = Ug(y), Where again vg() denotes the inverse of the isomorphism o) : (1) —
ClpSp@(I)

® T, = idcipa) for every constant A € Ing(T).

BAOY. is the full subcategory of BAOr consisting of the exact T-BAOs.

We will now see that exact T-BAOs are precisely those T-BAOs (®, next) for which
the component @ (g nexty Of the counit of the adjunction is an isomorphism.

3.4.9. THeorREM. Let T be a VPF. The category BAOY is the largest subcategory of
BAOr on which the adjunction of Theorem 3.4.5 restricts to a dual equivalence to

Coalg(T).

Proof. Let B be the largest subcategory of BAOt on which the adjunction A 4 C re-
stricts to an equivalence. Then for any (®, next) € B the map @ next) : AC(P, next) —
(@, next) consists of a family of isomorphisms going from ACD(S) = S D)) to
@(S). Therefore we can define a family of isomorphisms 75 : S?(®)(I) — O(S) by let-
ting T = @@ nexy- 1t is straightforward to check that this family satisfies the conditions
in Definition 3.4.8. Hence (®, next) € BAO~.

Now let (®, next) € BAO7. We have to show that the counit &g next) 1S an isomor-
phism. As (@, next) € BAOS there is a family of isomorphisms

75 1 (ACD)(S) — D(S).

which is natural in S and for which we have 71 = voq) = @@ nexty(I) and 7, = idcipay =
(@ nexy(A) for all constants A € Ing(T). Using Lemma 3.4.3 one can therefore show
that s = (@ nex(S) for all S € Ing(T). But this means in particular that (g next) 1S an
isomorphism. QED

We now show that the final object in Coalg(T) is obtained as the dual of the initial
object in BAOy. This is a direct consequence of Theorem 3.4.5 and a special case of
the more general fact that the right adjoint C preserves colimits of diagrams that take
values in the A-image of Coalg(T)P.
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3.4.10. THEOREM. Let T be a VPF and Ly be the initial object in BAOy. Then C Ly is
final in Coalg(T).

Proof. We prove the theorem by showing that @, is an isomorphism, i.e. L1 € BAOX.
Finality of CLy follows then immediately from the duality between Coalg(T) and

BAO:.
Since L is initial there is a morphism i : L1 — ACLy. Since id, is the unique
morphism Ly — Lr it follows that @z, oi = idy.. We want to show thatio ay, :

ACLy — ACLy is in fact the identity on AC L. Since A is full (cf. Theorem 3.4.5)
there is f : CLy — CLy in Coalg(T) such that A(f) = ioa,,. We obtain @, o A(f) =
ap,oioay = ayp, = ap oA(decr,) and the universal property of the coreflection tells
us that f = idc,, hence, idacy, =10 @, and g, is iso. QED

As a corollary we obtain completeness of MSM Lt with respect to the coalgebraic
semantics.

3.4.11. CoroLLARY (CoMPLETENESS OF MSM L). Let T € VPF and suppose ¢ € Formg
is a formula of MSM L. Then

¥s ¢ implies I(X,y) € Coalg(T) s.t. [-¢ly,, # 0.

Proof. Suppose ¥s ¢, then obviously [[¢]l., # T. Since L was shown to be exact in
the proof of the theorem we have L = ACLy and therefore [¢]lac,, # T. But then
by Proposition 3.3.16 we have [[¢llc,. # T, 1.e. =¢ is satisfiable in C L. QED

But completeness with respect to the Stone coalgebra semantics is not exactly what
one is interested in. In general we want to specify properties of Set-based systems and
thus we are aiming at completeness with respect to Set-based coalgebras. Luckily this
is an easy consequence of Corollary 3.4.11.

3.4.12. CoroLLARY (CoMPLETENESS OF MSM.Lr). Let T € KPF and suppose ¢ € Formg
is a formula of MSM L. Then

¥s ¢ implies A(X,y) € Coalg(T) s.t. [¢1fy,, # 0.

Proof. Let ¢ € Formg for some S € Ing(T) such that ¥g ¢. For all ingredients
S € Ing(T) we write S for the corresponding VPF S. Because Fs ¢ and Fg=Fs We
know that ¥s ¢. Therefore there exists a T-coalgebra (X, §) such that [[ﬂ(b]](sx’ 5 F 0
by Corollary 3.3.16. This T-coalgebra can be transformed into a 7-coalgebra (X, y) :=
K (X, ) using the functor K : Coalg(T) — Coalg(T') from Proposition 3.3.4. Spelling
out the definition of K it is not difficult to see that [[—-gb]]qu’ 5 = [[—wﬁ]](gx’ 5 * (. Hence
[-¢1 ., # 0 and the proof is finished. QED

3.4.13. Remark. This completeness result was already contained in [JacO1]. The canon-
ical model construction in loc.cit. , however, works only for polynomial functors, i.e.
for KPF’s not containing the power set functor.
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3.5 Alternative view: Many-sorted algebras

In this section we are going to present a slightly different view on our results in the
previous sections. The algebraic semantics of MSML in terms of T-BAOs was first
defined by Jacobs in [JacO1] and we sticked to his terminology, because one of the
motivations of our work was to improve on Jacobs’ results.

Instead of representing T-BAOs as functors @ : Ing(T)®® — BA,, however, we
could have defined T-BAOs as many-sorted algebras. We will now present this alter-
native representation. As a result we obtain an algebraic explanation for the definition
of re in 3.3.17 and a characterization of the exact T-BAOs from Definition 3.4.8: the
exact T-BAOs will turn out to be those T-BAOs (@, next) which are freely generated
from the elements in O(I).

3.5.1. DeriniTioN. For each T € VPF we define the T-sorted algebraic theory (X, E) as
follows: the set of sorts is given by the ingredients Ing(T). The signature X contains

e for each sort S € Ing(T) the Boolean operations, i.e. for all S we have V, A €
ZSS,S’ - € ZS,S and T, L€ 21’5,

for each A € Ing(T) and each a € A a constanta € X 4,

for S? € Ing(T) and each d € D an operation [d, -] € Zg s,

for S| X S, € Ing(T) an operation — ® — € Zg s, 5,xs,>

for S| + S, € Ing(T) an operation — ® — € Zg s, 5,+s,, and

for each VS € Ing(T) an operation O € Xg ys.

The set E consists of all Boolean equations for the Boolean operations of each sort, all
the equations that hold in Clp(A) for A € Ing(T) and of the following equations, that
specify the behaviour of the other operators:

-ld,x] = [d, —x]

\/i[d7 -xi] = [da \/i-xi]

—|()C®y) = -x D -y
Vixi®y) = Vixi® Vi
Vix)®y = Vixi ®y)
x®(Viy) = Vi(x®y:)

-(x®y) = (x®T)V(T®-y)

oAx = Ai Ox;

where the occurring conjunctions /\; and the disjunctions \/; are required to be finite
or empty. In the latter case we have A ) = T and \/ 0 =L. A (X, E)-algebra is called
an T-sorted algebra (T — MAIg). Furthermore we denote by MAIgy the category with
T-sorted algebras as objects and with homomorphisms as arrows.
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We will now see that T-BAOs can be seen as T-sorted algebras with an additional
next -operator. First we show how to transform a T-sorted algebra into a T-BAO.

3.5.2. Lemma anp DeriNtTiON. Let T € VPF, A € MAIgr with T-sorted carrier set
(As)semgry and next : Ar — A; € BA, where for S € Ing(T) we denote by Ag
the Boolean algebra based on As . We define a functor @y : Ing(T)® — BA, by letting

o O(S) := Ag for S € Ing(T),
D(ev(d))(b) := [d, b] for ev(d) : SP ~» S € Ing(T),

DO(my)(b) :=b® T and O(my)(b) := TR Db form; : S; X S; »» §; € Ing(T),

Ok))(D) :=bd T and O(ky)(b) := T b fork; : S| + S, w» S; € Ing(T), and

®(pow)(b) := Ob for pow : VS ~» S € Ing(T).

Then the pair (Og,next ) is an T-BAO. Furthermore if t : A, — Ay € MAIgr then
(t1as)semg) © Po, — DOy, is a natural transformation.

Proof. @y is obviously well-defined on objects S € Ing(T). The fact that the arrows
®(p) € BA, for all p € PCons satisfy the T-BAO axioms can be deduced using the
equations for ®, ®, [d, _] and O from Definition 3.5.1.

Letz : Ay — A, € MAIgr. We have to show that s := (¢34, )semger) 15 natural. It
suffices to show the naturality of s for path constructors p € PCons. We only consider
the case pow : VS — S € Ing(T), in which we have to prove that the diagram below

commutes:
Dy, (VS) ———— Dy, (VS)

T Dy, (pOW) T Dy, (pOW)

Dy, (S) Dy, (S)

ss

But this follows from sys(®Dy, (pow))(b) = #(Ob) by definition, #(Ob) = Ot(b) by t €
MAIgr and O#(D) = Dy, (pow)(ss(b)) by definition. QED

3.5.3. Lemma anD DerINITION. Let T € VPF and (©, next) € BAOr. Then the following
defines a T-sorted algebra g,

o the carrier set is (As)seingcr) Where for all S € Ing(T) Ag is the carrier set of D(S),
e for each sort S the Boolean operations on As are interpreted as in ©(S), and

o the other operators are defined as follows:

[d, x] = D(ev(d))(x)
X1 ®xy = O(m)(x;) A D(rr)(x2)
X1©x = Ok)(x) A D(k2)(x2)

Ox = O(pow)(x).
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Moreover if t : (Oy,next;) — (O, nexty) is an T-BAO morphism, then the map s :
g, — Wy, defined by s(b) := t5(b) for b € As is an MAIgr-morphism.

For every functor T : Stone — Stone there exists by Stone duality a corresponding
functor T : BA — BA defined by T¢ := ClpoToSp (cf. Def. 3.4.7). ForaT € VPF we
can, however, give an explicit description of the dual functor on BA. The idea is that
for every operation on Stone spaces, such as the product and coproduct, there is a dual
operation on Boolean algebras. The next definition describes these dual operations on
Boolean algebras which are needed to define the dual of a VPF.

3.5.4. DeriniTioN. Let B, B, B, be Boolean algebras. Then we define

B? := BA(
B, ®B, := BA(
B,®B, := BA(
VB := BA(

[d,b]|d € D,beB}YE_)
b1 ® by | b; € Bi}|Eg)

by @b, | b; € Bi}|Es)

Oob | b € BYEy)

where Ej; ), Eg, Eg and Ej are the equations from Definition 3.5.1 for [d, ], ®, ®
and O respectively and BA (G | E) denotes the Boolean algebra presented by the set of
generators G and equations E (cf. appendix). These operations on BA can be easily
extended to operations on functors T : BA — BA, e.g. T, ®T, denotes the functor map-
ping B € BA to T\B @ T,B and a homomorphism f : B; — B, to the homomorphism
that maps a generator by ® b, € T|B; & T,B, to f(by) ® f(by) € T1B, & T,B,.

3.5.5. Derntmion. For an T € VPF we define the dual functor T by induction on the
structure of T as follows:

AT = Clp(A) If = IdBA
(TD)T = (TH? (T + Tz)T = T/eT,
(Ty xTy)! = TyeT,' (VD) = VioTt

3.5.6. Remark. The definition of (VI)" is similar to the definition of H in Proposi-
tion 3.2.12: the equation in E precisely expresses that the set of generators is a semi-
lattice, VI' is the free Boolean algebra over this semi-lattice.

The next lemma states that the functor T' indeed describes the Stone dual of a given
functor T.

3.5.7. LemMA. Let T € VPF. Then T? = T where T? is defined as in Definition 3.4.7.
Proof. This follows from the duality. QED

With the help of T' we can now describe the T-sorted algebras that are freely generated
by a given Boolean algebra.
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3.5.8. LemmA. Let T € VPF and B € BA. Then the free T-sorted algebra generated by
B denoted by ¥F(B) is defined as follows:

o forall S € Ing(T) we let As := S%(B), i.e. the carrier set As of sort S is given by
the carrier set of S* and the Boolean operation on Ag are interpreted as in S,

o for SP, S, X S,,S1 +S,,VS € Ing(S) the operations [d, _],®,® and O are inter-
preted as the insertion of generators, e.g. [d, ] maps an element b € S?(B) to the
generator [d, b] € (SP)’(B).

Proof. Let A be a T-sorted algebra with sorted carrier set (As)semgr) and f : B — Ay
a Boolean homomorphism. In order to show that Fr(B) is free over B we have to
prove that there is a unique morphism gy : Fr(B) — U such that (qa) 5 = f. First we
define for each S € Ing(T) a function g5 : Ag — Af by induction on the structure of
S € Ing(T).

Case: S = A for some constant functor A. Then qz(a) =acforallae A.
Case: S =1. Thengq; = f.

Case: S = S| X S,. Then gs,«s, is defined as the unique BA-homomorphism that ex-
tends the mapping (b; ® b,) = gs,(b1) ® gs,(b2). This unique extension exists,
because Ag xs, = BA({b; ® b, | b; € Ag }|Eg) and Aj s, satisfies all the equa-
tions in Eg.

The remaining cases of the definition of the gs’s are analogous to the last case. Finally
we define

gu: Fr(B) — U
a — gs(a) ifaeAg.

It is now not difficult to see that with this definition gy is the unique homomorphism
from Fr(B) to A with the property required in the lemma. QED

Consider now an arbitrary (®, next) € BAOr and the corresponding T-sorted al-
gebra Ay (cf. Definition 3.5.3). Then, according to Lemma 3.5.8, there is a unique
homomorphism gy, : Fr(®(I)) — g such that gy, ¢ = idog. Spelling out the def-
inition of Fr(®(I)) it is easy to see that this homomorphism corresponds to a Ing(T)-
indexed family of BA-morphisms gs : ST(®(I)) — ®(S). Using the isomorphism from
Lemma 3.5.7 we get a family of morphisms gs : S?(®(I)) — @(S). Spelling out the
definition one can now easily check that gs = Clp(r(S)), i.e. the re(S)-map from
Definition 3.3.17 is the Stone dual of gs.

In other words the family (7¢(S))secimgcr) corresponds to the dual of the gp-component
of the counit of the adjunction
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Fr(o)
/\
MAIgr 1 BA
\—/
U
Here U maps a T-sorted algebra U to its I-component A; € BA or to some fixed (arbi-
trary) Boolean algebra in case I ¢ Ing(T).

3.5.9. Prorosition. Let T € VPF. Then (O, next) € BAOr is exact iff Uy € T — MAIg
is freely generated by O(I).

Proof. If (®, next) is exact then by the definition of exactness there is a natural isomor-
phism 75 : OXDD)) — D). By Lemma 3.5.7 these isomorphisms give rise to a natu-
ral isomorphism 7s : (1)"(®(I)) — ®(), but this means that Ay, is isomorphic in MAIg~
to the T-sorted algebra which is freely generated by ®(), i.e. g is freely generated
by ®(I). The other direction can be proven in a similar way: as g is freely generated
by ®(I) we can show that there is a natural isomorphism Tg : ON(DT) — O() that
corresponds to a suitable natural isomorphism 7s : (_)°(®(I)) — ®(). QED

This result can be explained as follows: we know that the exact T-BAOs form a cat-
egory which is dually equivalent to Coalg(T). An element of Coalg(T) is determined
by its underlying Stone space X and its coalgebra map vy : X — TX. Dually this
means that an exact T-BAO should be determined by the Boolean algebra ®(I) and the
next -operator. This is precisely the case for those (O, next) € BAOr for which the
corresponding T-sorted algebra is freely generated by O(I).

3.6 Conclusions

What we have done so far can be viewed from various distinct perspectives. Here we
summarise some of these, indicating possible future research directions.

Stone Coalgebras and Modal Logic Research on the relation between coalgebras
and modal logic started with Moss ([Mo0s99]) although earlier work, e.g. by Rutten
([Rut95]) already showed that Kripke frames and models are instances of coalgebras.
Kurz ([KurOla, Kur0O]) showed that modal logic for coalgebras dualises equational
logic for algebras, the idea being that equations describe quotients of free algebras and
modal formulas describe subsets of final (or cofree) coalgebras. Another account of the
duality has been given in [KR02] where it was shown that modalities dualise algebraic
operations. But whereas, usually, any quotient of a free algebra can be defined by a
set of ordinary equations, one needs infinitary modal formulas to define all subsets of
a final coalgebra. As a consequence, while we have a satisfactory description of the
coalgebraic semantics of infinitary modal logics, we do not completely understand the
relationship between coalgebras and finitary modal logic. The results in this chapter
show that Stone coalgebras provide a natural and adequate semantics for finitary modal
logics, but there is ample room for clarification here.
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Another approach to a coalgebraic semantics for finitary modal logics was given
in [KPOS]. There, the idea is to modify coalgebra morphisms in such a way that they
capture not bisimulation but only bisimulation up to rank w. Since finitary modal logics
capture precisely bisimulation up to rank w, the resulting category Beh,, provides a
convenient framework to study the coalgebraic semantics of finitary modal logic. So
an important next step is to understand the relation between both approaches.

Stone Coalgebras as Systems We investigated coalgebras over Stone spaces as mod-
els for modal logic. But what is the significance of Stone-coalgebras from the point
of view of systems (that is, coalgebras over Set, cf. [Rut00])? What is the relation-
ship between Set-coalgebras and Stone-coalgebras? An interesting observation is here
that their notions of bisimilarity coincide. Recall that two elements of two coalgebras
are bisimilar iff they can be identified by some coalgebra morphisms. Since Stone
coalgebra morphisms have to be continuous, we expect that fewer states are identified
under Stone-behavioural equivalence than under Set-behavioural equivalence. But the
following holds.

Consider a Vietoris polynomial functor T : Stone — Stone and its corresponding
(Kripke polynomial) functor T : Set — Set. According to Proposition 3.3.4 there is a
functor K : Coalg(T) — Coalg(T). Now let (X, 1), (X3, y2) be two T-coalgebras and
X1, Xz be two elements in X, X, respectively. Then ((Xy,y;), x1) and ((X;, y2), x,) are
behaviourally equivalent iff (K(Xy,y;), x1) and (K(X5,v,), x,) are behavioural equiv-
alent. — Proof: ‘only if’ is immediate. The converse follows from the fact that T-
bisimilarity implies that x; and x, satisfy the same formulas. Therefore x; and x, get
identified by the maps from (X, ;) into the final T-coalgebra.

Generalising Stone Coalgebras Coalgebras over Stone spaces can be generalised
in different ways. We have seen that replacing the topologies by represented Boolean
algebras leads to general frames. But it will also be of interest to consider other topo-
logical spaces as base categories.

From the point of view of modal logic, it is interesting to investigate the Vietoris
functors on other base categories. For example, [Pal04] shows that the Vietoris functor
can be defined on Priestley spaces, leading to an adequate semantics for positive modal
logic. Recent results by Kurz and Bonsangue in [BKO05] generalize both the Vietoris
construction on Stone and on Priestley spaces to a setting in which one works with
the category of 7-spaces as base category and the category of so-called observation
frames as its algebraic dual equivalent. Also the work by Moss & Viglizzo in [MV04],
which has been carried further by Viglizzo in [Vig05], fits in this context. In loc.cit. the
authors consider polynomial functors over the category of measurable spaces in order
to model Harsanyi type spaces, a notion that has its origin in the foundations of game
theory.

Another generalization of our work is to move away from normal modal logics to
non-normal modal logics, i.e. logics in which the modal operators do not necessarily
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preserve finite conjunctions. In [HK04] a functor UpV : Stone — Stone is defined
and it is proven that UpV-coalgebras correspond to the descriptive general neighbour-
hood frames for monotone modal logic.

From the point of view of the theory of coalgebras, the value of the move from
Set to Stone as a base category can be explained as follows. For a functor on Set the
notion of behavioural equivalence is, in general, characterised by the whole terminal
sequence running through all ordinals. But often, one is interested only in finitary
approximations. In the examples considered in this chapter, the move from a functor
on Set to its version on Stone has the consequence that the final coalgebra is the
limit of the finitary approximants of the terminal sequence (and, therefore, behavioural
equivalence is completely characterised by the finitary approximants of the terminal
sequence). We expect that this idea of topologising a functor 7 in order to tailor the
behaviour of T-coalgebras to meet a specific notion of observable behaviour will have
further applications to universal coalgebra.

Coalgebras and Duality Theory Whereas many, or most, common dualities are in-
duced by a schizophrenic object (see [Joh82, Section VI.4.1]), the duality of modal
algebras and descriptive general frames is not. To see why this is so, write D :
MA — DGF, M : DGF — MA for the contravariant functors witnessing the du-
ality and suppose, for contradiction that there is a schizophrenic object S. That is,
assume that MA(A,S) = UD(A) where U denotes the forgetful functor DGF —
Set. Then Set(1,UG) = UG = UDMG = MAWMG,S) = DGF(DS,DMG) =
DGF(DS, G), showing that DS is a free object over one generator in DGF. But since
DGF-morphisms are also bisimulations it is not hard to see that such an object cannot
exist.

For suppose otherwise, i.e. suppose there is an S € MA such that for all G € DGF
we have Set(1, UG) = DGF(DS, G). It is obvious that that DS must contain at least
one state. Now let G; € DGF be the general frame consisting only of one irreflexive
point which we call x;, and G, € DGF be the general frame consisting of one reflexive
point x,. Then Set(1, UG;) has 1 element for i = 1,2 and hence by our assumption,
there are continuous bounded morphisms

fi:DS - G; fori=1,2.

The graphs Gr(f}), Gr(f>) of the bounded morphisms f; and f, are bisimulations and
bisimulations are closed under composition (cf. Fact 3.1.22). As a consequence R :=
Gr(fy) o Gr(f>)~, where Gr(f;)~ denotes the converse of Gr(f>), is again a bisimulation.
It is easy to check, however, that the pair (xy, x,) is an element of R. As x, was assumed
to be reflexive and x; has no successors both states cannot be related by a bisimulation.
Therefore we arrive at a contradiction and can conclude that the schizophrenic object
S does not exist.

On the other hand, the duality between MA and DGF is an instance of the duality
Alg(F°P) = Coalg(F) of algebras and coalgebras, with the Vietoris functor V as the
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functor F. It seems therefore of interest to explore which dualities are instances of the
algebra/coalgebra duality. As a first step in this direction, [PalO4] shows that the duality
between positive modal algebras and K*-spaces can be described in a similar way as in
Section 3.2 (although the technical details are substantially more complicated).



Chapter 4
Algebraic semantics of coalgebraic modal logic

In the last chapter we saw that the algebraic semantics of normal modal logic, which
is given by modal algebras, has a representation as a category of algebras for a functor
H : BA — BA (cf. Proposition 3.2.12 on page 46). In this chapter we are going to
show that this statement can be generalized to all coalgebraic modal logics that are
given by a set of predicate liftings and a set of axioms (cf. Def. 2.2.17).

Before going into a more detailed discussion of the content of this chapter let us
stress the fact that in our view the main contribution of this chapter lies not so much
in its technical results but in the observation that any coalgebraic modal logic L(A, Ax)
that is given by a set of predicate liftings A and a set of axioms Ax can be represented
by a functor L : BA — BA. If the functor L is dual to the functor T that specifies
the type of the coalgebras under consideration then the corresponding logic L(A, Ax)
is sound and complete with respect to its coalgebraic semantics and its language is
expressive.

The technical content of this chapter can be summarized as follows: We take as
given a functor 7 : C — C, with C either equal to Set or Stone, together with a set of
predicate liftings A for 7' and a set of axioms Ax. Then we can easily define an algebraic
semantics for the logic L(A, Ax) by considering certain Boolean algebras with operators
for the associated algebraic theory T(A, Ax): the signature of T(A, Ax) consists of the
signature of Boolean algebras together with an additional n-ary operator for each n-
ary predicate lifting 4 € A and the equations in T(A, Ax) are the Boolean equations
together with the axioms in Ax. The logic L(A, Ax) will be sound and complete with
respect to the algebraic semantics provided by Alg(T(A, Ax)), i.e. by the category of
algebras for the theory T(A, Ax).

We then define a functor L : BA — BA such that Alg(L), the category of alge-
bras for L, is isomorphic to Alg(T(A, Ax)). Therefore Alg(L) gives us a also a sound
and complete algebraic semantics for L(A, Ax). The algebraic semantics provided by
L-algebras has the advantage, that its format is very close to that of the coalgebraic
semantics. Therefore it allows us to establish a close connection between algebraic
and coalgebraic semantics.

71
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This connection is given by a natural transformation ¢ : LP = PT. Here P denotes,
in the case C = Set, the contravariant power set functor while in the case C = Stone,
P denotes the functor Clp, which maps a Stone space to the Boolean algebra of clopen
subsets. In order to be able to understand ¢ let us look at the following diagram.

L[ -lix,
L7 ——2 - IpX
\
5xl \
\

ar PTX 'aaxy
I

Py \L /
A
[[—]] Xy) ’

I —PX

Suppose we are given a T-coalgebra (X, y) and let (Z, ar) be the initial L-algebra.
We can think of 7 as the set of formulas of our logic modulo derivable equivalence.
The natural transformation 9, if it exists, gives us a possibility to transform the 7-
coalgebra (X, ) into the L-algebra (PX,Py o dx) as depicted on the right half of the
diagram. We will see that the coalgebraic semantics on a 7T-coalgebra (X, y) is then
obtained as the unique Alg(L)-homomorphism from the initial L-algebra (7, @) to the
L-algebra (PX,Py o 6x). This observation will be used to prove that the existence
of ¢ implies soundness of the logic w.r.t. the coalgebraic semantics: if formulas are
equivalent in the logic, i.e. if they belong to the same equivalence class of formulas
in 7, then they will be interpreted by the same predicate over X. Furthermore we
will show that completeness w.r.t. the coalgebraic semantics is entailed by injectivity
of ¢ and, in the case C = Stone, expressiveness of the language is a consequence of
surjectivity of ¢.

Sufficient conditions for soundness and completeness of a logic L(A, Ax) and for the
expressiveness of its language have been already given by Pattinson in [PatO3a, Pat04].
We will prove that our conditions formulated in terms of ¢ are equivalent to Pattinson’s.
This gives an explanation for his soundness, completeness and expressiveness results
and shows that they are in fact algebraic in nature. Note, however, that our result
generalizes Pattinson’s because we are dealing with both coalgebras over Set and over
Stone. Furthermore our setting will allow base categories that are different from these
two examples.

In the case that we are dealing with coalgebras over Stone spaces we prove the
main technical result of this chapter: a logic L(A, Ax) for a functor T : Stone —
Stone satisfies Pattinson’s soundness, completeness and expressiveness conditions iff
the corresponding functor L : BA — BAis dual to T (cf. Def. 4.3.19).

The structure of this chapter is as follows: In the first section we define the alge-
braic semantics, first as a category Alg(T(A, Ax)) of algebras with operators, then as a
category Alg(L) of algebras for a functor L : BA — BA. The definition of L contains
two parts: a syntactic part that operates on sets of terms and a part that operates on con-
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gruence relations. This “modular” definition of L becomes transparent by introducing
the category PBA of pre-Boolean algebras. A pre-Boolean algebra consists of a term
algebra for the Boolean signature and a congruence relation on it.

Having defined L : BA — BA, we recall the definition of the initial and the final
sequence of a functor in section 2. These functor sequences are the main tool for
proving that the injectivity of ¢ implies completeness of the logic.

In section 3 we show that we can define, under certain conditions, a natural trans-
formation ¢ : LP = PT that relates the algebraic and the coalgebraic semantics of the
logic. We then match properties of 6 with properties of the logic:

existence of 6  implies soundness of L(A, Ax)
injectivity of ¢  implies completeness of L(A, Ax)
surjectivity of § implies expressiveness of £(A) (for C = Stone)

In section 4 we show that Pattinson’s criteria for these properties, that we mentioned
above, are in fact equivalent to our conditions that are formulated in terms of 6. In this
way we obtain the announced characterization of duality.

The chapter is based on the earlier published paper [KKP04] which is joint work
with Alexander Kurz and Dirk Pattinson.

4.1 Definition of the algebraic semantics

Throughout this section we assume that we are given a functor 7 : C — C, where
C = Set or C = Stone (cf. Section 2.2), together with a set of predicate liftings A for
T (cf. Def. 2.2.2) and a set of axioms Ax (cf. Def. 2.2.13). Furthermore we asssume
that the functor 7" has at least one global element, i.e. an arrow from 1 to 7'1. Finally
we denote by

U A|g(ZBA) — Set

the forgetful functor mapping a Xga-algebra to its underlying set. Our aim is to describe
the algebraic semantics for the coalgebraic modal logic L(A, Ax) (cf. Definition 2.2.17)
with the help of a functor L : BA — BA.

4.1.1 Algebras for an algebraic theory

There is an obvious way of defining an algebraic semantics of coalgebraic modal logic
for a functor T: extend the Boolean signature Xga by n-ary operation symbols A for
each n-ary predicate lifting A € A to a signature X3,. Then the algebras for the alge-
braic theory (Z@A, Epga) that validate the axioms in Ax will yield a semantics for which
L(A, Ax) is sound and complete.

4.1.1. DerintrioN.  The algebraic signature X5, is defined as follows
oA = ZgaU{d | 1€ Al
and the arity of a A is defined to be o(1) := n if A is an n-ary predicate lifting.
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The axioms in Ax can now be interpreted as equations for the extended signature.
4.1.2. DeriNniTion. By T(A, Ax) we denote the algebraic theory (Z’E}A, Egp U AX).

In this way we get a direct connection between equational logic and coalgebraic modal
logic.

4.1.3. Lemma. Let ¢, € L(A) be formulas. Then
AXl‘(pHIﬂ l‘ﬁ‘ EBAUAXFEL¢%l//.

Proof. Both directions of this lemma can be proven in a standard way using induction
on the length of derivations. QED

The definition of the semantics of a given formula ¢ on an T(A, Ax)-algebra is an
immediate adaptation of the definition of the algebraic semantics of basic modal logic
(cf. Def. 3.1.10) to the multi-modal setting of coalgebraic modal logic.

4.1.4. DermniTioN. Given an T(A, Ax)-algebra A, we define the semantics of a formula
inductively as follows

[1]a = L7
[¢ - yla = -l¢llaVv” [¥]a
A1, ... ¢)a = 2 Apilla,- -, [¢u]la)-

We say that ¢ is true in A if [[¢]l4 = T. In this case we write A | ¢.

4.1.5. Remark. If no confusion is possible we will drop the superscripts and write L, V
and A instead of LA, v and A7

Soundness and completeness of Ax with respect to T(A)-algebras are easily obtained.

4.1.6. TueOREM. For all ¢ € L(A) we have
Ax+¢ iff AE ¢ forall Ae Alg(T(A, Ax)).

Proof. From Birkhoff’s completeness theorem for equational logic (cf. Theorem B.2.5)
we get
Epan UAx bgpL o 2 T it A ¢ for all A € Alg(T(A, Ax)),

which is by Lemma 4.1.3 equivalent to the claim. QED

It is, however, not obvious, how we could relate this algebraic semantics to the
semantics in which we are interested, namely to the coalgebraic one. Therefore we are
going to bring the algebraic semantics of the logic into a more categorical format which
is closer to (the dual of) the format of the coalgebraic semantics. In the remainder of
this section we will see how to represent T(A, Ax)-algebras as algebras for a functor L
on the category BA of Boolean algebras.
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4.1.2 (Pre-)Boolean algebras

Central in our definition of algebraic semantics for coalgebraic modal logic stands the
notion of a pre-Boolean algebra. The basic idea is that the functor L : BA — BA
will be built out of two components: one component working on formulas and another
component working on congruences. We will introduce now the category PBA of pre-
Boolean algebras. Objects of PBA consist essentially of a set of formulas together with
a so-called Boolean congruence relation. Then we define a functor £ : PBA — PBA
where the above mentioned components of L are made explicit.

Our motivation for defining the category PBA will become clearer when looking
at the definition of the functor L in the next subsection. It turns out to be easier and
conceptually cleaner to define first a functor £ : PBA — PBA and then the functor L
using the equivalence between the categories BA and PBA. Furthermore pre-Boolean
algebras will be useful when we discuss the soundness and completeness of coalge-
braic modal logic, because there we often want to reason about formulas rather than
equivalence classes of formulas.

4.1.7. DErINITION. A pre-Boolean algebra is a pair (T(G), =) where T(G) = Ty, (G) is
the term algebra for the Boolean signature over some set G and = C UT(G) X UT(G)
is a congruence relation such that T(G)/= (cf. Definition B.1.4) is a Boolean algebra.

So a pre-Boolean algebra abstractly describes a set of formulas for the Boolean signa-
ture together with a notion of logical equivalence that is closed under the axioms and
rules of propositional logic. Because we often will reason about equivalence classes of
formulas we introduce some notation.

4.1.8. NotatioN. Let A € Xga, = C UAXUA a congruence and a € A. Then we denote
by [al = the equivalence class of a in A/=.

4.1.9. ExampLe. The Xgp-algebra based on £(A) together with the relation 4+ := {(¢, ¢¥) |
Ax + ¢ — ¥ and AX + ¥ — ¢} is a pre-Boolean algebra.

Every Boolean algebra can be viewed as a pre-Boolean algebra. Before we for-
mally state this observation we first introduce some terminology.

4.1.10. DerintTioN. For A € BA we define

Ter(A) := Ty, (UA)
Diag(A) = {(Y1.42) € Ter(A) x Ter(A) | ¢ = 3},

where ¢* is inductively defined as

14 = 1

aA

W1 — yY)*

a for aeA

A A A
e P
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Furthermore for f : A; — A, € BA we let Ter(f) : Ter(A;) — Ter(A,) be the unique
Yga-morphism that extends the mapping

UA| 3 a f(a) € Ter(A,).
With this definition Ter is a functor from BA to the category of ga-algebras.

4.1.11. Remark. Expressed in words Ter(A) is the set of Boolean terms generated by
the carrier set of A and Diag(A) is the diagram of A encoding the equality relation
on A. Tt is not difficult to see that A is presented by Xga (UTer(A) | Diag(A)) (cf.
Def. B.1.10).

4.1.12. ProprosiTioN. Let A € BA. Then the pair TerA = (Ter(A), Diag(A)) is a pre-
Boolean algebra.

Proof. By definition we have that for all ¢, € Ter(A)

(¢,¥) € Diag(A) iff ¢* =y*
and Ter(A)/Diag(A) = A. Hence Ter(A)/Diag(A) is a Boolean algebra. QED

When defining morphisms between pre-Boolean algebras we want to make sure that
for two Boolean algebras A, A, there is an isomorphism between BA(A, A,) and the
set of morphisms from TerA; to TerA,. By requiring that every PBA-morphism is
preserving we ensure that every morphism between TerA, and TerA, corresponds to a
BA-homomorphism from A; to A,.

4.1.13. DeriniTiON. Let A, A, € Alg(Zga) and let =, C UA| X UA| and =, C UA, X
UA, be congruences. A preserving map between (A, =;) and (A,,=;) is a Xga-
morphism f : A; — A, such that

a; =1 a; implies f(ay) =, f(a,) forall aj,a; € A;.

The next lemma shows that preserving maps between two pre-Boolean algebras give
rise to Boolean homomorphisms between the corresponding Boolean algebras.

4.1.14. Lemma. Suppose that f : (A1,=1) — (Ay, =) is a preserving map. Then the
function

Qu(f) : A/=1 - Ay/=
[a]AI/El = [f(a)]Az/Ez

is a Boolean homomorphism.

Proof. The fact that f is preserving ensures that Qu(f) is well-defined. The proof that
Qu(f) is a homomorphism is straightforward and uses that f is a £ga-homomorphism.
QED



4.1. DEFINITION OF THE ALGEBRAIC SEMANTICS 77

In turn Boolean homomorphisms correspond to preserving maps between pre-Boolean
algebras.

4.1.15. LemmA. Let f : A} — A, € BA. Then

F@™) = (Ter(f)(W))™ 4.1)

and therefore Ter(f) : Ter(A,) — Ter(A,) is a preserving map from (Ter(A ), Diag(A,))
to (Ter(A;), Diag(A,)).

Proof. Equation 4.1 can be proven by induction on the structure of . That Ter(f) is a
preserving map follows then immediately. QED

In general however more than one such preserving map will correspond to the same
BA-morphism as the following example shows.

4.1.16. ExampLE. Let A := T(0) be the Boolean term algebra over the empty set of
generators and let = € UA X UA denote equivalence under propositional logic, i.e.
(A/=) = 2, where 2 is the two-element Boolean algebra. Furthermore we define the
following preserving map

fiA=) - (A=)
T ifa=T

Asa - .
{ a otherwise.

Then it is easy to check that f # id s =) and Qu(f) = Qu(id (s =)) = id>, 1.e. Qu identifies
the distinct preserving maps f and id s =).

In order to obtain a one-to-one correspondence between BA- and PBA-morphisms
we define an equivalence relation on preserving maps.

4.1.17. DerintTiON. Let (A, =), (A, =) be pre-Boolean algebras. Two preserving
maps fi, f> : (A, =) — (A,, =) are equivalent if

fila) =, fr(a) forallae A,.

In this case we write f; ~ f,. The equivalence class of a preserving map f will be
denoted by f.

We are now ready to define the notion of a pre-Boolean algebra morphism.

4.1.18. DerintTion. Let (A, =) and (A,, =;) be pre-Boolean algebras. A morphism
between (A, =;) and (A,, =) is an equivalence class f of a preserving map

fi(AL=) — (A, =).

We denote by PBA the category of pre-Boolean algebras and morphisms between them.
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4.1.19. Remark. The definition of a morphism as an equivalence class of functions is
unfortunately unavoidable in order to obtain an equivalence between the categories
PBA and BA. This equivalence is useful for proving facts in BA by proving the
corresponding result in PBA (cf. e.g. the proof that L is finitary in Section 4.2.1).
Another option would have been to use relations that satisfy certain extra conditions
as morphisms. We believe, however, that this alternative representation of the PBA-
morphisms would not simplify the presentation.

The following class of PBA-morphisms will be of special interest as they corre-
spond to injective BA-morphisms.

4.1.20. DeriniTion. We call a preserving map f @ (A1, =) — (Ay, =) reflecting if for

allay,a, € Ay, f(ar) =, f(ay) implies a; =, a,. A PBA-morphism f is called reflecting
if f and hence all g € f are reflecting.

4.1.21. LemmA. Let [ : (A1, =) — (A,, =) be a preserving map. Then f is reflecting iff
Qu(f) : Ay/=1 = A,/=, is injective.

Proof. Suppose f : (A}, =) — (A,, =) is reflecting and let a;, a, € A such that

Qu(f)([al]Al/zl) = Qu(f)([a2]A1/El)-
Unfolding the definition of Qu(f) we get f(a,) =, f(a,) and therefore we can conclude

by the fact that f is reflecting that a; =, a», 1.e. [ails, /=, = [a2]a,/=,- The converse
direction can be proven in a similar way. QED

Again this correspondence is mutual, i.e. every injective Boolean homomorphism
corresponds to a reflecting map between pre-Boolean algebras.

4.1.22. Lemma. Let f : Ay — A, € BA be an injective homomorphism. Then Ter(f) :
Ter(A;) — Ter(A,) is a reflecting map from (Ter(A ), Diag(A,)) to (Ter(A,), Diag(A»)).

Proof. The claim can easily be proven using equation (4.1) from Lemma 4.1.15. QEDp

We finish our introduction of PBA-morphisms with a characterization of the PBA-
isomorphisms.

4.1.23. Lemma. Let f : (A1, =) — (As, =») be a PBA-morphism. Then ? is an iso iff
1. f is reflecting and

2. forall ay € A, there is an ay € A, such that f(a,) =, a,.
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Proof. In case f fulfills the conditions 1 and 2 we first define a preserving map f~' as
follows:

[i(Ag,=) = (AL=)
a — da forsomea st f(a')=;a.

The map f~! is well-defined because of condition 2 and preserving because of condi-
tion 1. Moreover as a direct consequence of the definition of f~! we have forall a € A,
that £(f~'(a)) =, a. Therefore we get f o f~! ~ ids, -, and f o f-! = id. In the same
way we can see that f_‘l o f = id and hence f is an isomorphism.

For the other direction of the lemma suppose that f is an iso. Then there is a
PBA-morphisms g such that

o = E(Al,zl) and

8
fo

oql I

= id(Az,Ez)'

We now check that f fulfills properties 1 and 2 from our claim. In order to check that
f is reflecting suppose that f(a;) =, f(a,) for some aj,a, in A;. Then g(f(a;)) =
g(f(ay)) because g is preserving. As g o f = id we can conclude that a; =, a,. For
property 2 observe that we have f(g(a)) =, aforall a € A;. QED

The categories PBA and BA can be related by two functors.

4.1.24. Derinition. We define the following functors:

Ter : BA
A

f

Qu : PBA BA
B (A, =) Al =
fi(AL=E) > (A, =) B Qu(f): A= — Ay/=

PBA
(Ter(A), Diag(A))
{g 1 g ~ Ter(f)}

111

11

where f is some representant of f and Qu(f) denotes the function mapping an equiva-
lence class [alg, /=, to [f(@)],, =,

4.1.25. Remark. Note that Qu(f) is well-defined because the representant f of f is a
preserving map. Moreover the definition does not depend on the chosen representant.

These functors witness the equivalence between the two categories BA and PBA.

4.1.26. ProprosiTioN. The functor Qu : PBA — BA and the functor Ter : BA — PBA
form an equivalence between the categories BA and PBA.
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Proof. For every A € BA we define a BA-morphism

fa A — QuTerA

a = [a]Ter(A)/Diag(A)
and for every pre-Boolean algebra (T(G), =) we define a PBA-morphism
ha@.=) 1 (T(G), =) - Ter (Qu(T(G), =))
as the equivalence class of the preserving map

h(T(G),E) : (T(G), E) e Ter(Qu(T(G), E))
TG)>t = [trey=-

It is not difficult to check that the families (fa)aca and (E(T(G),E))(T(G),E)epBA are natural
isomorphisms Idga = Qu o Ter and Idpga = Ter o Qu respectively. Hence the functors
Qu and Ter form an equivalence. QED

4.1.27. Remark. It is possible to restrict the equivalence BA = PBA to an equivalence
between the category of Boolean algebras with injective homomorphisms and the cat-
egory of pre-Boolean algebras with reflecting PBA-morphisms (cf. Lemma 4.1.21 and
4.1.22).

4.1.3 Liftings and the functor L

The idea for defining the functor L : BA — BA is the following: for a Boolean algebra
A we think of the elements of Ter(A) as syntactic representations of the predicates over
some set X. Then elements of LA should represent lifted predicates, i.e. predicates over
TX. To define LA we therefore need two liftings:

e a syntactic lifting, which lifts the set Ter(A) whose elements describe predicates
over X to a set Lift(Ter(A)) (of Boolean terms) that describe predicates over 7X
and

e a congruence lifting, which lifts the congruence Diag(A) C Ter(A) x Ter(A)
to a congruence relation Lift(Diag(A)) C Lift(Ter(A)) x Lift(Ter(A)) taking into
account the equations Ax as they should give a description of the equations which
are satisfied by the lifted predicates over 7X.

We will combine these liftings and show that they give rise to a functor £ : PBA —
PBA. The functor L : BA — BA is then the composition of functors Qu o £ o Ter.
In particular this means that the Boolean algebra LA will be defined as Lift(Ter(A))
modulo Lift(Diag(A)).

We are now giving the definitions of the necessary liftings. They are essentially
defined as similar lifting operations in [PatO3a]. First let us look at the syntactic lifting.
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4.1.28. DeriniTion. Let W be a set. Then we define the Xga-algebra Lift(‘W) of lifted
formulas of rank 1 as follows

Lift('V) := T{AW 1, ... ¥) | Y1, ..., ¢, € ¥ and A € A n-ary}).

Here and in the next definition the set ¥ can be thought of as a set of Boolean
formulas. The congruence lifting is defined for arbitrary relations, but we will only use
it to lift Boolean congruences.

4.1.29. DeriNiTION. Let W be a set and R C V¥ x ¥ a relation. Then we view R as a set
of W-equations and define a Xga-congruence

LIft(R) := {(1. 5) € Lift(¥) x Lift(P) | Ega UAXUR -3 1 ~ s).

4.1.30. Remark. Note that in the previous definition elements of Lift(\) are considered
to be W-terms for the signature ZQA, 1.e.

Lift(¥) < Ty, (P).

This is important because, for example, we want to be able to deduce from (¢1,¥,) € R
that (A(1), A(2)) € Lift(R).

The next lemma shows that the two liftings together can be used to define a mapping
from pre-Boolean algebras to pre-Boolean algebras.

4.1.31. Lemma. Let (A, =) € PBA and recall that U denotes the forgetful functor from
AIg(ZBA) to Set. Then
L(A, =) = (Lift(UA), Lift(=))

is a pre-Boolean algebra.

Proof. Because Lift(=) is a £ga-congruence it is clear that LA := Lift((UA)/Lift(=) is a
well-defined Zga-algebra. We have to show that LA € BA, i.e. thatforall e, = e, € Ega
we have LA | e; ~ e;. Let e; = e, € Egp and let

ell_ift(UA), eSMUA) L (Liff(UA))" — Lift(UA)

5 :
be the term functions (cf. Definition B.1.5) on the pa-algebra Lift(UA).
Leta,,...,a, be arbitrary elements of Lift(UA). Then el.L'ﬂ(UA)(al ,...ay,) € Lift(UA),

i=1,2,and Egp tgL e&m(UA)(al e ly) X e;iﬁ(UA)(al, ...ay). Therefore we have by def-
inition of Lift(=) that (" "*(ay, ... a,), " "*(ay, ... a,)) € Lift(=) forall ay, ..., a, €
Lift(UA). Hence
et lalies- - ladw) = |¢f" M. a0,
[e;m(UA)(al, e an)]LA
= €§A([01]LA soeosl@nlpa)-
forall ay,...,a, € Lift(UA). As a consequence we get e-* = €5 which in turn implies

LA E e ~ e,. QED
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With the help of the liftings we can also map PBA-morphisms to PBA-morphisms. In
order to be able to do this we first show how we can lift preserving maps between
pre-Boolean algebras to preserving maps.

4.1.32. DeriniTion. Let (A, =) and (A,, =;) be pre-Boolean algebras and let f : (A, =)
— (A,,=,) be a preserving map between them. Then we let &(f) : Lift(UA,) —
Lift(UA,) be the Zga-morphism that extends the mapping

AW, Yn) = AfW), ..., f()  for A € A n-ary.

The following lemma shows that £(f) is a preserving map from (A, =) to L(A,, =)
and that £(f) is reflecting if f is.

4.1.33. LEemmA. Let (A, =), (A, =5) be pre-Boolean algebras and f : Ay — A; a
Yga-morphism. Then for all t,,t, € Lift((UA,)

1. if f is preserving then L(f) is preserving, i.e.
nLift(=)n  implies  L(f)(1)Lift(=2)L()(n2), (*)
2. if f is reflecting then L(f) is reflecting, i.e.

LO)Lf(=) L)) implies 1 Lift(=)1.

3. if f is preserving and g : Ay — A, is another preserving map such that f ~ g,
then also L(f) ~ L(g).

Proof. In order to prove 1, we have to show that (x) holds for all ¢;,7, € Lift(UA,).
So let 1,1, € Lift(UA,) and suppose t,Lift(=)t,, i.e. Egpn UAX U = b, 1) = 1. We
prove by induction on the length of the derivation of Egp U AX U = tgL, 1 = 1, that
Epp U AX U =) Fgr, £(f)(11) = L(f)(22) and therefore L(f)(7)Lift(=2)L(f)(%2).

Case: 1, ~ t, € Ega UAx U =,. Since =; does not relate terms in Lift(UA ) X Lift(UA,)
we see that #; = 1, € Ega U Ax, and the claim is trivial. (Note that equations in
Ega U Ax do not contain any parameters in UA; and therefore we get in this case

LHE) = 1)
Case: t; = 1. Then obvious.

Case: Egp UAX U = bgp ¥; = ¢; for ¢y, ..., ¢0,,¢1,...,¢, € UA, and by the congru-
ence rule of equational logic we derive

Egan UAX U = Fgp AWy, ... 80) = Ay, ..., By).

Then by Fact B.2.3 in the appendix we also have

Egp UAx U ()] FeL (Wi = ¢)[f] forallie(l,...,n}.
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Spelling out the definition of (_)[f] (cf. B.2.3) we get (¥; = ¢)[f] = f(W;) =
f(¢:). Moreover (=)[f] € =, because f is a preserving map. Therefore using
Fact B.2.2 we arrive at

Ega UAX U =) by, f(W)) = f(¢) foralliell,..., n},

and hence by the congruence rule of equational logic we get

Epgpn UAX U=y rgL A(fW1), ..., f(¥n)
= A(f(@1), ..., f(dn)).

The remaining cases of the induction are not difficult and can be treated using the
induction hypothesis. The second item of the lemma can be proven in a similar way.
To prove the last claim it suffices to show that

L(g)(@)Lift(=)L(f)(r) forall r € Lift(UA,).
This can be done by an easy induction on the structure of . QED
The next definition summarizes the results of the previous two lemmas.

4.1.34. DeriniTiON. We define a functor

L:PBA — PBA
(4.2) - Lh42)
Foo ePi=lglg~ N

where £(A, =) is defined as described in Lemma 4.1.31 and £(f) as described in Defi-
nition 4.1.32.

That £ is well-defined on morphisms follows from items 1 and 3 of Lemma 4.1.33.
Using the functors Qu and Ter from Section 4.1.2 we obtain an endofunctor on BA.

4.1.35. DeriNiTioN. The algebraic semantics functor L : BA — BA is defined as L :=
Qu o £ o Ter (cf. Figure 4.1).

4.1.36. REMark. In other words, in order to compute LA we first map A to its cor-
responding pre-Boolean algebra (Ter(A), Diag(A)), then lift both the syntax and the
semantics by applying the functor £ and finally we quotient the set of lifted formulas
Lift(Ter(A)) by the lifted congruence Lift(Diag(A)) to obtain again a Boolean algebra.

It is now straightforward to define the algebraic semantics given by L-algebras (cf. Def.
A.1.3 on page 147).



84 CHAPTER 4. ALGEBRAIC SEMANTICS

BA---%-- - BA
lTer QMT
PBA < PBA

Figure 4.1: The functors L and ¥

4.1.37. DeriniTion. For an L-algebra (A,a : LA — A) we define the (L-)algebraic
semantics [@]l(a.q) of a formula ¢ inductively:

[Llae = L
[¢ = Ylae = —-lollan VY l¥iaw
(AW, ) lae = (AP llaw,---» Wallaw)-

Before we finish this section we have a detailed look at how the functor L acts on
BA-morphisms. This will be useful for later calculations that involve L.

4.1.38. LEmmA. Let f : Ay — A, be a BA-morphism. Then Lf is the unique BA-
morphism that extends the mapping

[AW1, .. )]s, P [ATer(HWD, ..., Ter(HWu)] 14, -

Proof. Just spell out the definition of L = Qu o £ o Ter. QED
4.1.39. ProrosiTion. Let f: A; — A, be a BA-morphism. Then

(i) Lf is injective if f is injective and

(ii) Lf is surjective if f is surjective.

Proof. The first half of the proposition follows from Lemma 4.1.33(2) and the fact that
the functors Ter and Qu map injective BA-morphisms to reflective PBA-morphisms and
reflective PBA-morphisms to injective BA-morphisms respectively (cf. Lemma 4.1.22
and Lemma 4.1.21). The second half is an easy consequence of Lemma 4.1.38.  QED

4.1.4 Equivalence of Alg(T(A, Ax)) and Alg(L)

We presented two alternative ways of defining an algebraic semantics for coalgebraic
modal logic: one using algebras for an algebraic theory T(A, Ax) and another one using
algebras for the functor L. This generalizes the earlier observation that modal algebras
can be represented as algebras for a functor H : BA — BA (cf. Remark 3.2.13).

To finish our definition of algebraic semantics of coalgebraic modal logic we now
show that both approaches are in fact equivalent: the category Alg(L) of algebras for
the functor L is isomorphic to the category Alg(T(A, Ax)) and the functors which form
this equivalence preserve the semantics.
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4.1.40. LEmma anD DEerINITION. The following defines a functor:

E:AlglL) — Alg(T(A,Ax))
(A,a) — (A A% 1e A
fi(ALa) = (Ay,an) = frEA, o) — E(A, ).

where for every n-ary A € A we define A*® : (UA)" — UA to be the function mapping
(ab ceey an) to a,([/l(al’ ceey an)]LA)'

Proof. To prove that E is well defined on objects we have to show that E(A, @)
Ega U Ax. This is clear for the Boolean equations in Ega. Suppose on the other hand
that e; = e, is an equation from Ax with equation variables {x, ..., x,}. We can easily
show by induction on the structure of e; that for all ay, ..., a, € A we have

et Nay,....a,) = a ("W ay, .. ,a,,)]LA) fori e {1,2}. (4.2)

Then

ef(A’”)(al,...,an) @@ a([e&iﬂ(Ter(A))(al,...,a,,)] )
LA

*) Lift(Ter(A
= oS P, )] )

@42 E(A,
= 62( a)(al,---aan)

where (x) holds because

e|1_|ft(Ter(A)) (al . Ift(Ter(A))( aip,...

AX FgL cody) X e; , ),
and therefore (/"™ (ay,...,a,),e5" " (ay,...,a,)) € Lift(Diag(A)). Further-
more note that because all the axioms are of depth 1 the terms e;[x1/ay]...[x,/a,]
can be evaluated in Lift(Ter(A)) and therefore el.Lift(Ter(A))(al ,...,ay,) 1s well-defined.

In order to show that E(f) is a homomorphism if f : (A}, @) — (A, ;) is an
L-algebra morphism it suffices to check that E f = f commutes with the A’s. Consider

an n-ary predicate lifting A € A and arbitrary elements ay, ..., a, of A;. Then

by Def.

FA* ... a,) 2 flen(ar, ... an)l))
TET m (LA a)),)
A g ([ACTer(F)@n), ., Ter(F) @] s,
Ly (A @) @),

bygef. /I(Az,az) (f(al), ceey f(an)) .

QED
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4.1.41. Remark. It should be stressed that the proof of the previous lemma is the point
where we make essential use of the fact that we have restricted our attention to ax-
ioms of modal depth 1. The definition of the functor L would work also without this
restriction, but L-algebras would no longer correspond to algebras in Alg(A, Ax) and
therefore soundness and completeness of the logic L(A, Ax) with respect to Alg(L)
would no longer be guaranteed.

In the other direction, we can also map T(A, Ax)-algebras to L-algebras.

4.1.42. Lemma AND DEerINITION. The following defines a functor

A : Alg(T(A,Ax)) — Alg(L)
A=A 2" 2eA) » (A ar)
fi A ->HA —» f:iALaq)— (A ag),

where az : LA — A € BA is defined as a#([t].) := t".

Proof. We show first that for A = (A, {17 | 1 € A}) € Alg(T(A, Ax)) the map a4 :
LA — A is well-defined. For this it suffices to show that for all ¢, 1, € Lift(Ter(A)) we
have

t;Lift(Diag(A))t, implies #' = £

Suppose #, Lift(Diag(A))z, for some #,, 1, € Lift(Ter(4)), i.e.
Ega UAX U Dlag(A) FEL 6 R Bh.

We know that by definition A | Egp U Ax U Diag(A), hence A | t; = t, by the sound-
ness of equational logic, i.e. 7' = £]\.

Now let us check whether A is well-defined on morphisms. Let f : A; — A, €
Alg(T(A, Ax)). We have to prove that f : (A, @#,) = (Ay, @4,) is an Alg(L)-morphism,
which means that we have to show for all ¢ € Lift(Ter(A)) that the following diagram
commutes:

LA, LA,

(ly(l l \L[I{;{z

A14f>A2

Because LA, = Lift(Ter(A))/Lift(Diag(A)) it is enough to check the commutativity of
the diagram on the generators of Lift(Ter(A)). Let t = Ay, ...,y¥,) for some 1 € A
and ¢; € Ter(A). Then

@z, ([ Ter(AW). ... Ter(F)W)] s,
A (Ter(F)Wn)™, ... Ter(£)(W,)™)

aa (LF([AW1, - . )] 1))
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22, L W)
fQA@N, )
f (agh ([/l(wl’ ceey wn)]LAl ))

where the equalities marked by (x) hold because f is an Alg(T(A, Ax))-morphism. QED

4.1.43. TueOREM. The categories Alg(T(A, Ax)) and AlQ(L) are isomorphic. Moreover
the functors E : Alg(L) — Alg(T(A, Ax)) and A : AlQ(T(A, Ax)) — Alg(L) that witness
this fact preserve the semantics in the following sense: For all formulas ¢ € L(N\) we
have

[#laey = [Pllewa Sforall (A, a) € Alg(L)

(o1l = [¢]lax forall A e Alg(T(A, Ax)).
As a consequence the logic L(A, Ax) is sound and complete with respect to the alge-
braic semantics provided by Alg(L).

Proof. Unfolding the definitions from the lemmas 4.1.40 and 4.1.42 it is easy to show
that A o E = Idpagq) and E o A = Idpgraaxy. The statement about the semantics can
be proven by an easy induction on the structure of ¢. QED

This isomorphism between categories allows us to give a concrete description of both
the initial L-algebra and the initial £-algebra.

4.1.44. DerINITION. Let 4= {(¢, ) € L(A)? | AX + ¢ < ) and Fp = L(A)/Ar the
Lindenbaum algebra of T(A, Ax). We define an L-algebra (7, ay) by putting 7 := ¥, €
BA (we forget the A-part of the signature) and

CL’]ZLI - 7
[l —

4.1.45. ProprosiTiON. The pair (I, ay) is isomorphic to the initial L-algebra. In partic-
ular this means that ay is an isomorphism.

Proof. Immediate consequence of the isomorphism Alg(T(A, Ax)) = Alg(L) and the
fact that (1, a7) = AF,. QED

The last proposition enables us to formulate the L-algebraic semantics of coalgebraic
modal logic in a more categorical way.

4.1.46. CoroLLARY. Let (A,@) € Alg(L) and (I, ay) the initial L-algebra. Then the
interpretation function

[Jeaw : LA) — A

that maps a formula to its L-algebraic semantics is given as the composition of the
initial map i : (I,a7) — (A, a) with the map [_]; : L(A) — I as depicted in the
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following diagram:
Li4®

LI ——LA

| !
P P A S L |

\II:-]](;;(Y)—’

7
-

4.1.47. ReMark. In other words, the algebraic semantics of a formula ¢ on an L-
algebra (A, @) is given as the image of its equivalence class [¢]; in 7 under the initial
map. Note that this is another way of seeing that the logic is sound with respect to the
L-algebraic semantics: if Ax + ¢ then [¢]; = [T]; and therefore [@]la) = T. Later we
will demonstrate that a similar argument works for proving soundness of the coalge-
braic semantics provided that we can connect the algebraic and coalgebraic semantics
via a natural transformation ¢ : LP = PT.

In order to be able to represent the initial £-algebra we show that £(A) is in fact an
absolutely free Xga-algebra.

4.148. LemmMA. Let G = {¢p € L(A) | ¢ ¢ T(D)}, i.e. G is the set of all formulas
containing some A € A. Then L(A) = T(G).

Proof. Easy to check. QED

4.1.49. ProprosiTioN. The pair (L(A), 4+) € PBA together with the PBA-morphism a :
(Lift(L(A)), Lift(4r)) — (L(A), 4r), which is defined as the equivalence class of the
map ¢ — ¢N, is the initial -algebra.

Proof. First note that (L(A), 1) is indeed a pre-Boolean algebra, because we showed
in Lemma 4.1.48 that £(A) is in fact an absolutely free Xga-algebra. The claim follows
then from the isomorphism between BA and PBA and Proposition 4.1.45. QED

4.2 Functor sequences

Before we use our algebraic semantics to study soundness and completeness conditions
for coalgebraic modal logic we recall in this section the definition of the initial and the
final sequence of a functor. Furthermore we show that the functors £ and L are finitary,
i.e. their initial sequence converges after w steps.

4.2.1 The initial sequence of L

Our first objective is to describe the initial L-algebra as the least fixed point of L. This
fixed point can be obtained using the initial sequence (cf. e.g. [AK79]). We show
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Lo

i*ZPBA Qi*ZpBA

JIppa L7 ppA LLT pa L,

Figure 4.2: The initial w-sequence of £ : PBA — PBA

that L is a so-called finitary functor, i.e. the initial sequence converges after w steps.
Therefore we only need to look at the first w steps of the sequence.

Let T : C — C a functor, A a set of predicate liftings for 7 and Ax a set of axioms.
Furthermore let € and L the corresponding functors on PBA and BA respectively.

4.2.1. DeriNtioN.  Let D be a category that has small colimits.! The w-initial sequence
of a functor § : D — D is given as a family of objects {S ;};c,, given by

SO = ID
Snat = S(Sn)

together with a family of D-morphisms {f; : S; — S +1}icw, Where fy =it : Tp — §,
is the initial map and f,,; := S f,. Furthermore we define S, as the colimit of the
sequence (cf. Figure 4.2). We say that the w-initial sequence converges to (SS ., « :
SS, — Su) if @ is an isomorphism such that @ o S f; = f;; forall i € w.

The w-initial sequence of the functor £ : PBA — PBA is useful for stratifying the
language and the deducibility relation of coalgebraic modal logic. We first need the
definition of the depth of a formula.

4.2.2. DerinttioN. The modal depth of a formula ¢ € L(A) is defined inductively as
follows:

d(1L)
d(¢ — ¥) max(d(¢), d(y))
d([A(@1s - - -, Pn)) max(d(¢1), . ..,d(¢,)) + L.

The set of formulas of modal depth < n will be denoted by L,,(A).

0

The n-th element of the w-initial sequence of £ is based on those formulas which have
modal depth less or equal to n.

4.2.3. LemMA. For all n € w we have

ULIft"(T(0)) = L.(A).

I'We will consider the cases D = PBA and D = BA.
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Proof. One only has to spell out the definition of Lift (cf. Def. 4.1.28) and to observe
that ULift"(T(0)) € ULIft""'(T(0)). An easy induction on n completes the proof. QEp

The w-initial sequence of € also gives rise to a stratification of the deducibility relation
(cf. Definition 2.2.16).

4.2.4. DeriniTion. For every n € w we define an equivalence relation =, € £,(A) X
L,(A) by letting

=9 = =BA

=41 = Lift(z),

where =gp denotes derivable equivalence of Boolean formulas in classical proposi-
tional logic.

We are now going to prove that =, is equal to -+ restricted to formulas of modal depth
less or equal to n. To avoid possible confusion the reader should note that our definition
of =, does not require that a derivation of ¢ =, ¢ only contains formulas up to depth
n. This marks a difference with the similar definition in [Pat03a].

4.2.5. LEmMA. Let AX be consistent, i.e. AX ¥ 1, and ¢, € L,(A). Then

AxFp oy iff 6=
In other words we have for ¢, € L,(N\) that ¢ A+ Y iff ¢ =, .

Proof. In order to prove that ¢ =, ¢ implies Ax + ¢ < ¥ we prove the following
slightly more general claim:

forall ¢,y € L(A) EgaUAX U=, by ¢ ¢ implies Ega U AX by, ¢ = .
The proof works by induction on n and on the height of the derivation of
Egpn UAX U =, gL ¢Q5(//

For n = 0 the claim is trivial. Suppose now n =i+ 1, Ega UAX U =, Fgi, ¢ = ¥ and
let / be the size of the derivation. In case [ = 0 and ¢ =;,; ¥ we get by the definition of
=1 that Ega U AXU =g, ¢ = ¢ and therefore Egp U AX kg, ¢ = ¢ by the induction
hypothesis for i. In the other cases with / = 0 the claim is trivial. If [ = /" + 1 we look
at the last step of the derivation and use the induction hypothesis for I’ to complete the
proof.

For the other direction of the lemma it suffices to look at the case n = 0, as the other
cases are trivial. Suppose that there are two Boolean formulas ¢,y such that Ega U
AX Fg, ¢ < Y and suppose ¢ % Y, i.e. we cannot derive the equivalence between ¢
and ¥ in classical propositional logic. Then the logic

L= {¢|EBAUAXI—EL¢zTandngT((i))}

is a proper extension of classical propositional logic that is closed under substitution
and the rules of classical logic. Therefore L must be inconsistent, i.e. Le L. But this is
a contradiction to our assumption that Ax ¥1. QED
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Quly — Quy — Qufy) ——---

T

Ly L, L,

Figure 4.3: Relating L, and £,

We are now ready to show that the carrier of the initial £-algebra (£(A), 4F) is a colimit
of the w-initial sequence of £ and conclude that the initial sequence of £ converges
after w steps.

4.2.6. ProposITION. The w-initial sequence of the functor & converges to the initial -
algebra, i.e.

L, = (L), 4r).

Proof. We show that (L(A), ) is the colimit of the w-initial sequence of £. For
every n € w we denote by g; : & — (L(A),r) the inclusion map of L;(A) into
L(N), i.e. gi(¢) = ¢ for all p € L;(A). By Lemma 4.2.5 we know that all the g;’s are
preserving and reflecting maps and therefore their equivalence classes g; with respect
to the ~-relation from Definition 4.1.17 are reflecting PBA-morphisms. Furthermore
(L(A), 4F) together with the morphisms g; forms a cocone over the w-initial sequence
of £ as depicted in the following diagram.

(L(A), 4+)

Ippa 4 <,

A standard argument shows that (£(A), ) together with the family {g,};c, is indeed
the colimit of the w-initial sequence. Spelling out the definition of the isomorphism
a: L(LA),4r) = (L(A), 4F) from Proposition 4.1.49 we see that g, = a o £(g;) for
all i € w. Therefore we can conclude that the initial sequence of £ converges to the
initial L-algebra ((L(A), 4F), a). QED

This result can be directly transferred to the initial sequence of L by relating the
w-initial sequence of L and the Qu-image of the w-initial sequence of £ as depicted
in Figure 4.3. The idea is as follows: From the equivalence between PBA and BA we
deduce that the Boolean algebra Qu¥,, is equal to £, (A)/=, which is in turn essentially
the same as L,. The difference between the two is that for calculating Qu&, ., we take
the set of all formulas up to depth n, lift it and then quotient once by =,,; whereas to
define L,,; we lift the Boolean algebra L, (which correspond to the set of all formulas
up to depth n quotiented by =,) and then take again a quotient, i.e. we need n + 1
quotient operations to construct L,,; compared to 1 quotient operation for constructing
Qul,. The g,’s make this connection precise.
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4.2.7. DeriniTioN. For each n € w we define a function ¢, : Qu&, — L,, i.e. from the
quotient of the n-th element of the w-initial sequence of € to the n-th element of the
w-initial sequence of L, by defining gy : Qu¥y — L, to be the isomorphism between
Qufy = T(0)/=pa and the two-element Boolean algebra L, = 2 and by letting

qn+1 ¢ Qu8n+] - Ln+l
[ﬂ(lﬂl’---’lﬂm)]guﬁm = [A(Qn([l/’l]guﬁn)’---’Cln([lﬁm]Quﬁn))]LnH-

Before we show that the ¢,,’s are isomorphisms we first check whether our intuition
about Qu&,, is correct.

4.2.8. LEmMmA. For all n € w we have Qu&, = L,(A)/=,.

Proof. The claim follows from &, = (Lift"(T(0)), Lift"(=ga)) and from the fact that
Lift"(T(0)) = L,(A) (cf. Lemma 4.2.3) and Lift"(=ga) = =, (cf. Def. 4.2.4). QED

4.2.9. Lemma. For all n € w the function q,, : Qu&, — L, is a BA-isomorphism.
Proof. An easy proof by induction on n. QED

The lemma establishes a one-to-one correspondence between equivalence classes in L,
and equivalence classes of formulas in Qu&,. Later it will be convenient to directly talk
about the equivalence class in L, which corresponds to a certain formula ¢ € £L,(A).
To that aim we introduce the following notation.

4.2.10. DerintTION. For a formula ¢ € £,(A) we put

(), = qn([¢]QuEn)'

The close connection between ¥, and L, ensures that the w-initial sequence of L con-
verges.

4.2.11. CoroLLARY. The initial sequence of L converges after w steps and we have L, =

Qu(L,,) = LIA)/4r.

Proof. From Proposition 4.2.6 we know that the w-initial sequence of £ converges after
w steps and that Qu¥, = L(A)/4r. According to Lemma 4.2.9 the w-initial sequence
of L is connected via isomorphisms g, to the Qu-image of the w-initial sequence of £ as
depicted in Figure 4.3. Because Qu is part of an equivalence of categories it preserves
colimits and hence it is easy to see that L, is isomorphic to Quf, = L(A)/4+ = T,
where 7 is the carrier of the initial L-algebra. Hence LL, = L, i.e. the initial sequence
converges. QED
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4.2.2 The final sequence of T

Dually to the construction of initial and free algebras as colimits of the initial sequence
of the underlying endofunctor, the final or terminal sequence plays an important role
in the coalgebraic framework. Like for the initial sequence in the previous section,
it is sufficient to consider the finitary part, that is, the first w elements of the final
sequence. For a demonstration of the usefulness of the final sequence we refer the
reader to Worrell [Wor05].

4.2.12. DeriniTioN. Let C be a category with final object 1 and 7 : C — C a functor.
Then the final sequence of T consists of a sequence of objects (7)., given by

Ty = 1
T..,n = TT,.

and a sequence of morphisms (p; : Tiy1 — T))ic,, defined as
po = !r1:T1 -1 (the unique morphism into the final object)
pis1 = Tp.

To illustrate the importance of the final sequence for the theory of coalgebras we men-
tion the following theorem.

4.2.13. THEOREM ([WORO0S]). Let k be a regular cardinal and T : Set — Set be a k-
accessible functor®. Then the final sequence of T converges after k + k steps to the final
T-coalgebra.

In our logical context the object 7, encodes the types of behaviours which can be
described with a formula of depth n. This intuition is made formal by making use of
the well-known fact that every T-coalgebra (X, y) can be seen as a cone over the final
sequence of 7.

4.2.14. DerintTioN. Let (X,y) € Coalg(T). Then we define the sequence of n-step
behaviour maps (y, : X — T,)neo by letting

Yo = lx

Yis1 = Tyiovy.

4.2.15. Lemma. For every coalgebra (X, y) the carrier X together with the sequence of
n-step behaviour maps (y, : X — T,).ec. defines a cone over the final sequence of T.

Proof. Easy to check. QED

2A Set-functor T is k-accessible iff for all sets X we have TX = U{TY | Y C X and |Y| < «}.
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This cone consisting of the n-step behaviour maps can be used to define an n-step se-
mantics of coalgebraic logic. This is done by induction on n using the following lifting
construction, which lifts the interpretation of formulas of depth » to an interpretation of
formulas of depth n + 1. The following definition is crucial in what follows. It defines
how we lift a function, that interprets elements of a set (of formulas) @ as predicates
over some X € C, one level higher, i.e. to a function that interprets lifted formulas in
Lift(®) as predicates over TX.

4.2.16. DeriNiTION. Let @ be a set (of formulas) and d : ® — PX be a function
(interpreting elements of @ as predicates over X). Then we define a lifted function
Lift(d) : Lift(®) — PTX € Alg(Xga) as the inductively extension of the map

/l(¢19 L) ¢n) = /1X(d(¢l)’ R d(¢n))

Using this lifting of interpretation functions we define a sequence of Xga-morphisms
(d; - Li(A) > PT)),c., by letting
dy = i¥':T(0) — P1 (the initial map)
di1 = Lift(d)),

and call d,,(¢) the n-step semantics of ¢.

The connection with the coalgebraic semantics from Definition 2.2.5 is as follows.

4.2.17. ProposiTion. Let (X,y) € Coalg(T) and ¢ € L,(A). Then

[#1xy) = P(yu)(di(9)),
Le. (X,y), x E ¢ iff ya(x) € du(9).
Proof. This follows from an easy proof by induction on r. QED

Expressed in words the proposition means that the semantics [¢]] € TX of a formula
¢ with modal depth n is already determined by its n-step semantics, i.e. by the set
d,(¢) € T, of n-behaviours that it specifies.

In [PatO3a] Pattinson gave sufficient conditions for proving soundness and com-
pleteness of a coalgebraic modal logic for a Set-endofunctor. His conditions are for-
mulated in terms of the lifting Lift(h) of functions & : (A, =) — PX (cf. Def. 4.2.16).
We will now recall Pattinson’s result and later provide later an algebraic interpretation.
To state the result we have to introduce some terminology.

4.2.18. DeriNITION. Suppose Ax is a set of axioms.

(1) Ax is order-preserving iff for all preserving maps 4 : (A,=) — PX,
(A, =) € PBA and X € C we have that Lift(h) : (Lift(A), Lift(=)) —» PTX is
a preserving map.
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(i) Ax is order-reflecting iff for all reflecting maps & : (A,=) — PX,
(A, =) € PBA, and X € C we have that Lift(h) is a reflecting map.

4.2.19. Remark. Note that these conditions are not exactly the same as in [Pat03a].
First Pattinson deals in loc.cit. only with the case C = Set. Second he formulates the
condition not only for preserving maps but for arbitrary functions 2 : A — PX that
preserve the order, i.e. functions 4 such that a = a’ imply h(a) = h(a’).

Intuitively Pattinson’s condition says, that we can lift soundness and completeness of
the logic step-by-step: we can look at a preserving map & : (A,=) — PX as a sound
interpretation function because elements a;,a, of A (“formulas”) for which we have
a; = a, (“a; and a, are logically equivalent”) are interpreted by the same predicate
over X. Analogously, reflecting maps correspond to an interpretation that is complete.
An order-preserving and -reflecting set of axioms makes it possible to lift this abstract
soundness and completeness one-step higher, i.e. to formulas whose modal depth is
increased by one. In [Pat03a] it was shown that these conditions are sufficient to prove
soundness and completeness of the logic with respect to the coalgebraic semantics.

4.2.20. THeorREM ([PaTO3A]). Let T : Set — Set be a functor, A a set of predicate
liftings and Ax be a set of axioms.

(i) If Ax is order-preserving, then L(A, AX) is sound.
(ii) If Ax is order-preserving and -reflecting then L(A, AX) is complete.

We will now move to the definition of the natural transformation ¢ : LP = PT that
connects the algebraic and the coalgebraic semantics of the logic. After that we will
relate Pattinson’s result to properties of ¢ (cf. Theorem 4.4.1).

4.3 Coalgebraic semantics as a natural transformation

We are now going to connect the coalgebraic semantics and the algebraic semantics of
coalgebraic modal logic by defining a natural transformation

0:LP=PT.

We will demonstrate which properties of this natural transformation imply soundness
and completeness of the axioms and expressiveness of the language.

The functor sequences that we saw in the last section will be an important tool.
Based on ideas of Pattinson from [PatO3a] our proofs will be of the following form:
we have soundness and completeness for our base logic, i.e. for propositional logic.
If 6 has the right properties we can lift soundness and completeness along the initial
sequence of L: if the logic restricted to formulas of depth at most n, i.e. the set L, (A)
of formulas of depth at most n together with the congruence relation =, is sound and
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complete with respect to the n-step semantics from Definition 4.2.16, then the logic
restricted to formulas of depth n + 1 will be sound and complete with respect to the
n + 1-step semantics. In this way we obtain soundness and completeness for the logic
with respect to the coalgebraic semantics.

We will see in Section 4.4 that for the case C = Set our criteria for soundness and
completeness of L(A, Ax) and for expressiveness of the language are in fact equivalent
to Pattinson’s conditions. We improve on his earlier results in the following ways:

e The conditions formulated in terms of ¢ work both in the case C = Set and
C = Stone. Furthermore everything is formulated at a level of abstraction which
makes it possible to generalize the work to similar dualities.

e Pattinson’s earlier work seemed to be conceptually different from existing sound-
ness and completeness proofs in modal logic. Our results show that his work
matches with existing work on the algebraic semantics of modal logic.

4.3.1 Definition of §

4.3.1. DerintTioNn. Let X € C. Then we define a function
dy : (Lift(Ter(PX)), Lift(Diag(PX))) — PTX

as dy = Lift(()™), where (J)PX : Ter(PX) — PX is the function which maps a term
over PX (cf. Definition 4.1.10) to its interpretation in PX and Lift((_)"¥) is defined as in
Definition 4.2.16 on page 94. In case dy is a preserving map, then we denote by

§x : LPX — PTX

the BA-homomorphism 0y := Qu(dy) that is defined as in Lemma 4.1.14, i.e. dx([a]l;px)
= dx(a).

4.3.2. Remark. The intuition behind the function dy is the following: the map ()F¥ :
(Ter(PX), Diag(PX)) — PX can be seen as the most basic interpretation function that
we can think of. Boolean terms that are built up from predicates over X are again
interpreted as predicates over X, where we interpret the Boolean operators by their set-
theoretic counterparts. Trivially this interpretation function is sound and complete in
the sense that terms are identified if and only if they are (“logically”) equivalent w.r.t.
Diag(PX). The function dy is the lifted version of this sound and complete semantics.

Under the proviso that dy is preserving, it factors through some Boolean homomor-
phism dy. If all components of oy exist we obtain a natural transformation.

4.3.3. LemMmA. Suppose that 0y exists for all X € G, i.e. dy is preserving for all X € C.
Then the family (6x)xec gives rise to a natural transformation 6 : LP = PT.
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Proof. Suppose Oy exists forall X e Candleth : ¥ — X € C. We have to show that
the following diagram commutes:

Ox
LPX —PTX

LPhl \LPTh
0

LPY ——=PTY
It suffices to prove the commutativity of the diagram only for the generators of LPX:

PThSx([AW, ..., ¥n)]px)) = PTh(dx(A0. ... ¥n)))
= PTh(x(W,....u™))

naturagyof/l ﬂy(Ph(l//l]DX), o, Ph(lpEX))

Lemma 4.1.15

= ((Ter®hy@ )™, ..., (Ter®h)™)
P 4y (A(Ter(PR)(W1), . .., Ter(Ph)(Y,)))
Def of oy Sy ([ATer(Ph)(W), . . ., Ter(Ph)W,)] py)
bt s (LPR(AW - - U) ip)

QED

4.3.2 A functor linking algebraic and coalgebraic semantics

Different properties of 6 : LP = PT correspond to different properties of the logic.
This can be explained as follows: We know that the logic is always sound and complete
with respect to its algebraic semantics Alg(L). The existence of ¢ on the other hand
implies the existence of a contravariant functor from Coalg(7’) to Alg(L). This functor
preserves the semantics and therefore the existence of this functor implies soundness
of the logic. The proof of the fact that the injectivity of 6 implies completeness is more
technical and uses the final sequence of the functor 7. We postpone it until the next
section.

We will now present how we can use ¢ to define a functor A : Coalg(T) — Alg(L)
and then derive soundness from its existence. A remark on expressivity in the case
C = Stone will round up this section.

4.3.4. DeriNiTION. Suppose 6 : LP = PT exists. Then we define a functor
A : Coalg(T)® — Alg(L)
(X,y) — (PX,Pyody)
f:&Xy) = Xp) = Pf
This functor is obviously well-defined on objects. The naturality of ¢ ensures that A

is also well-defined on morphisms. In order to see that let f : (X,y) — (¥,&) be a
T'-coalgebra morphism and let us take a look at the following diagram:



98 CHAPTER 4. ALGEBRAIC SEMANTICS

LPf
LPY ——= LPX

(syl lax
PT

PTY L prX

Pgl lpy

PX?‘PY

The lower half of the diagram commutes because f was assumed to be a T-coalgebra
morphism and the upper half commutes by the naturality of 6. Hence the whole dia-
gram commutes which means that Pf is an L-morphism from A(Y, €) to A(X, y).

The functor preserves the semantics in the following sense.

4.3.5. LemmaA. Let (X,y) € Coalg(T), then [-lx, = [-laxy) ie. the coalgebraic
semantics of a formula in (X, vy) is equal to its algebraic semantics in A(X,y).

Proof. Easy proof by induction on the structure of the formula. QED

We can express the statement of the lemma also with the help of the diagram in Fig-
ure 4.4: the coalgebraic semantics on (X, y) is equal to the initial map from the initial
L-algebra (7, ar) into A(X,y). The proof that the existence of ¢ implies soundness of
the logic is short and similar to what we remarked earlier about soundness with respect
to the L-algebraic semantics in Remark 4.1.47.

4.3.6. ProposiTioN. If § : LP = PT exists, then L(A, AX) is sound, i.e. Coalg(T) E ¢
if Ax + ¢ for all ¢ € L(N).

Proof. If 6 exists we can define the functor A as in Definition 4.3.4. Suppose now
that Ax + ¢ and let (X,y) € Coalg(T). Then clearly [¢], = [T]s, i.e. ¢ and T are
in the same equivalence class in 7, and therefore by the diagram in Figure 4.4 we get

[Allxy = [Tlxy = X QED

Consider now the case C = Stone. Then the functor A is in fact an equivalence of
categories, provided that ¢ is a bijection.

Li

LT LPX
\
axl \
\
ary PTX 'aaxy
I
Pyl /
| y
LA o7 - PX
e

Figure 4.4: Coalgebraic semantics as an initial map
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4.3.7. Lemma. If 6 : LClp = ClpT exists and is bijective then A : Coalg(T)? —
Alg(L) is an equivalence.

Proof. The proof, which essentially uses Stone duality, is straightforward. One only
has to observe that the 57!, the inverse of ¢, enables us to define a contravariant functor
A~!: Alg(L)°P — Coalg(T). QED

This enables us to give a proof of the fact that surjectivity of 6 implies expressivity of
the logic.

4.3.8. ProrosiTioN. Suppose ¢ : LClp = ClIpT is bijective. Then L(A) is expressive.

Proof. We only sketch the proof. As ¢ is bijective we know that the categories
Coalg(T) and Alg(L) are dually equivalent. In particular the dual of the initial L-
algebra will be the final coalgebra. It is easy to see that states of coalgebras, that
satisfy the same formulas of the logic, can be mapped to the same state in the final
coalgebra. Hence states that satisfy the same formulas can be identified by coalgebra
morphisms and are therefore bisimilar. QED

4.3.3 Completeness

In the last section we saw that the existence of 6 : LP = PT implies soundness of
L(A, Ax). Relating injectivity of ¢ to completeness of the logic L(A, Ax) requires a
bit more technical machinery. Throughout this section we assume that the natural
transformation ¢ : LP = PT exists.

Recall that in order to show that the logic is complete we have to prove that the
following holds true for an arbitrary formula ¢ € L(A):

Coalg(T) E ¢ implies Ax F ¢.

For many modal logics completeness with respect to a class of Kripke frames can
be proven using a canonical model construction. This proof can be roughly sketched
as follows: The set of states of the canonical model of a modal logic is equal to the set
of maximal consistent sets of formulas of the logic and a formula is true at a state iff
the formula is contained in the corresponding maximal consistent set. If a formula ¢ is
valid on any Kripke frame of the logic then it will be in particular true in all states of the
canonical model, provided that the canonical model is based on a frame of the logic.
From the fact that ¢ is true in all states of the canonical model one can deduce that ¢
is contained in any maximal consistent set of the logic and therefore ¢ is a theorem of
the modal logic under consideration.

There are, however, cases in which a proof along these lines doesn’t work. One
reason for this is the fact that not all modal logics are strongly complete with respect to
Kripke semantics. Omitting the details we can think of strong completeness of a modal
logic as of completeness with the additional requirement that every maximal consistent
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set of the logic is satisfiable in a Kripke model of that logic. Modal logics that allow
for a completeness proof using the canonical model construction are strongly complete:
every maximal consistent set of formulas is satisfiable in the canonical model.

The situation for coalgebraic modal logics is very similar: the canonical model
of a logic for a Vietoris polynomial functor corresponds to its final coalgebra, and
completeness of the logic follows from the fact that every formula that is satisfied on
all states of the final coalgebra is a theorem of MSM L7 (cf. Corollary 3.4.11). Again
not all coalgebraic modal logics are strongly complete with respect to their coalgebraic
semantics.

4.3.9. ExampLe. The standard example for this situation is probably the modal logic K
on image-finite Kripke frames which is known to be sound and complete, but which is
not strongly complete. In our coalgebraic setting this logic can be represented as the
logic L(A, Ax) for the finite power set functor ,, : Set — Set that is given by the
predicate liftings A := {17, 1%~} from Example 2.2.12 and by the set of axioms of K
(cf. Example 2.2.18).

The argument for why L(A, Ax) is not strongly complete with respect to $,,-coalge-
bras can be sketched as follows: For each i € w let ¢; be the formula &'T A O L,
where O := [17%] and < := [1°“]. Then it is not difficult to see that

Coalg(P,) E @i = —~p; fori# j, i,jew (4.3)

Furthermore one can show that the set of formulas ® = {Oo; | i € w} is consistent be-
cause it is satisfiable in some $-coalgebra (note that the logic for - and #,,-coalgebras
is in both cases equal to K). Because of equation (4.3), however, it is easy to see that
® is not satisfiable in a state that has only finitely many successors. Hence the set ®
is not satisfiable in a state of a #,-coalgebra. The consistent set of formulas @ can be
extended to a maximal consistent @’ of formulas, which is of course also not satisfiable
on a P,-coalgebra. This means that the logic is not strongly complete with respect to
the class of #,-coalgebras.

Therefore we cannot use a canonical model argument for showing that the injectivity
of ¢ implies completeness with respect to the coalgebraic semantics without making
any additional assumptions. Instead we follow Pattinson’s ideas from [Pat0O3a].

His observation in loc.cit. was that we can use the final sequence of the functor T
to obtain for each n a coalgebra C,, that we call the canonical model for formulas up to
modal depth n. This coalgebra C, has the property that for all formulas of depth n the
n-step semantics d,, : £,(A) — PT, coincides with the coalgebraic semantics, i.e.

[¢lc, = du(¢) forall ¢ € Li(A), 4.4)

where the n-step semantics d, is defined as the function that maps formulas of modal
depth smaller or equal to n to predicates over T, the n-th element of the final sequence
of T (cf. Definition 4.2.16 on page 94).



4.3. COALGEBRAIC SEMANTICS AS A NATURAL TRANSFORMATION 101

What is still missing to prove completeness of the logic using Equation 4.4 is the
following fact, which we call n-step completeness: for all formulas ¢,y € L,(A) we
have

dn(¢) = du() implies ¢ =, ¢. 4.5)

This equation will follow from the injectivity of the natural transformation 9.

Both equations together suffice to prove completeness of L(A, Ax) with respect to
the coalgebraic semantics: Let ¢ € L,(A) be a formula of modal depth n such that
Coalg(T) [ ¢. Then in particular C, | ¢, i.e. [¢llc, = T. By Equation 4.4 this means
that d,(¢) = T and hence by Equation 4.5 we get ¢ =, T. As a consequence we get by
Lemma 4.2.5 that Ax | ¢.

We now proceed as follows: we first construct for every n the T-coalgebra C,
and prove that Equation 4.4 is indeed true. Furthermore we prove that the injectivity
of ¢ implies n-step completeness (Equation 4.5). Finally we obtain the result that
completeness of the logic is entailed by injectivity of 6.

We start by defining for all n € w the T-coalgebra C,,.

4.3.10. DeriNtTION. A global element of a functor T : C — Cisanarrowe : 1 — T1.
Lete(0) : 1 — T'1 be such a global element of 7 and define

ei+1)=Te@):T;, - T4,

where T; denotes the set 771, i.e. the ith element of the final sequence of T. Then for
all n € w we define C,, the canonical model for formulas of modal depth up to n, to be
the T-coalgebra (T,,e(n) : T, — T,,1) € Coalg(T). Any such T-coalgebra gives rise
to a cone over the final sequence of T as described in Definition 4.2.14 on page 93. We
denote by (e(n); : T, = Ti)iew the sequence of n-step behaviour maps into the final
sequence.

The key of proving that Equation 4.4 holds is the following technical lemma by Pattin-
son.

4.3.11. Lemma ([Pat034]). For all n € w and all k < n we have e(n);, = T*(r

). In
particular e(n), = idr,.

4.3.12. RemaRrk. Pattinson’s proof of this lemma is only formulated for C = Set but
works without changes also for the case C = Stone.

We are now ready to show that Equation 4.4 holds:

4.3.13. ProposiTioN. Letn € w and let C, = (T,, e(n)) be defined as in Definition 4.3.10.
Then for all formulas ¢ € L,(A) we have [¢llc, = d.(¢), where again d,, : L,(A) —
PT, is the n-step semantics of ¢.
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Proof. Let n € w and C, = (T,,e(n)). Furthermore recall from Lemma 4.2.17 on
page 94 that the semantics [¢]lc, of a formula ¢ € L,(A) is computed as follows:

(D1 (7,.e0) = P(€(1),)(dn()).

But e(n), is equal to idr, according to Lemma 4.3.11 and hence also P(e(n),) = idpr,.
Putting everything together we arrive at

(17, ey

P(e(n),)(du())
dn(9).

QED

We now turn to the proof of the fact that the injectivity of 6 : LP = PT implies n-step
completeness, i.e. we show that equation (4.5) from page 101 holds if ¢ is injective.
Our first observation is that the existence of ¢ implies that the n-step semantics d,, :
L,(A) — PT, factors through a Boolean homomorphism ¢, : L, — PT,. We first
define the ¢,’s and then prove that d,, factors through 9,,.

4.3.14. DeriniTion. For 6 : LP = PT we define for each n € w a BA-morphism ¢, :
L, — PT, by putting

8o = i'' (the initial map from L, = 2 to PT, = P1)
6n+1 = 6T,, o Léna

where we denoted the n-th element of the initial sequence of L and the n-th element of
the final sequence of T by L, and T, respectively.

The following observation is immediate from the fact that L preserves the injectiv-
ity and surjectivity of a morphism (cf. Proposition 4.1.39).

4.3.15. ProrosiTioN. For all n € w the Boolean homomorphism 6, is injective or sur-
jective if ¢ is injective or surjective respectively.

Proof. The claim can be proven with an easy induction on n. The map ¢ is always
an isomorphism. Inductively assume that ¢, is injective (surjective). Then Lo, is also
injective (surjective) by Prop. 4.1.39. But this implies injectivity (surjectivity) of 6,,,; =
0r, o Lo, under the condition that ¢ is injective (surjective). QED

The n-step semantics d, factors through ¢,,.
4.3.16. Lemma. Foralln € w and all ¢ € L, we have d,(¢) = 6,((9), ), i.e.
dy

A R
-En(A) T} Ln 767 >PTn

commutes for all n € w.
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Proof. The lemma is proven by induction on n. For n = 0 the n-step semantics
dy = i’ : T(0) — P1 is the initial Zga-morphism. The composition of maps 8o (_) L, 18
also a Xga-morphism from T(0) to P1, and therefore, as T(0) is the initial Xga-algebra,
we get dy = 69 o (), Letnow n = i + 1. Then L;,1(A) = Lift(£:(A)) and hence by
definition of Lift (cf. Def. 4.1.28) we get that L, is freely generated by the set

G ={AW1,...¥) | Y1,... ¥, € Li(A) and A € A n-ary}.

Therefore we have to check the commutativity of the diagram only on elements of G.
Let A(Yy,...,¥,,) be an arbitrary element of G. Then

S (AW aln) = 6n (L6 )
Def 42.10 o7, (L(si(QiH([/l('//l e l//m)]ngM)))
Def 227 or, (L(si( /1 qt’([‘/’l]Quﬁ,-)’ ces q"([wm]QuL’i))]Lm ))

Def. 4.2.10

= or, (L ( Ay >L vt <wm>L")]Lz‘+1 ))
Lemma 4.1.38 or ([/I(Ter(é )(<$1>L )y eens Ter(éi)«w’")Li))]LPT,-)
Def, of g dr, (/I(Ter(é N2 >L ) R TCI'(&)((lﬂm)Li)))

= Ar, ( Ter((si)((l//l)Ll-)) e (Ter((si)«w’")Li))PTi)

T Qg (8:(Wad)s - 0 L,))
A (i), .., i)
&y (A1, -, Ym)

i

TLH.

Def. 4.2.16

QED
We are ready to prove w-step completeness of the logic:

4.3.17. ProrosiTion. If 6 : LP = PT is injective then we have for all n € w and all
formulas ¢, € L,(A) that

dn(¢) = dn(lr//) lmplles =Y.

Proof. Let n be a natural number and ¢, ¥ € £, (A) formulas of modal depth < n such
that d,(¢) = d,(¥). By Lemma 4.3.16 we have 6,((¢); ) = d,(¢) and 6,({¢); ) = d.(¥).
Hence 6,((¢); ) = 6,({¥);,). From the fact that 6 is injective it follows that 6, is
injective as well (cf. Prop. 4.3.15) and therefore we get (¢), = (¢), . Unraveling the
definition of (_), (cf. Def. 4.2.10) this equation can be rewritten as

qn ([¢]Qu£n) =dn ([w]Quﬁn) :

Because the map ¢, : Qu¥, — L, is an isomorphism (cf. Lemma 4.2.9) we ob-
tain (@], = [¥]pue,- This, in turn, implies that ¢ =, ¢, because we know from
Lemma 4.2.8 that £, = L,(A)/=,. QED
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We proved both equation (4.4) and equation (4.5) of the introduction of this subsec-
tion. As mentioned above these equations enable us to prove completeness of L(A, Ax)
with respect to the coalgebraic semantics.

4.3.18. ProrosiTioN. [If d is injective, then L(A, AX) is sound and complete, i.e. we have

Coalg(T) E ¢ iff Ax + ¢ for all p € L(AN).

Proof. The direction from right to left is the soundness of the logic and it follows,
as demonstrated in Proposition 4.3.6, from the existence of 6. For the other direction
let ¢ be a formula such that Coalg(T) E ¢ and let n be the modal depth of ¢, i.e.
¢ € L,(A). Then in particular C, | ¢ and therefore by Proposition 4.3.13 we get
d,(¢) = T, = d,(T). From Prop. 4.3.17 we know that the logic is w-step complete
because ¢ is injective. Therefore we can derive from d,(¢) = d,(¥) that ¢ =, T. This
implies according to Lemma 4.2.5 that Ax + ¢ and the proof is finished. QED

We demonstrated that the injectivity of ¢ implies soundness and completeness of
the logic LA, Ax. In the case that we are working with the category of Stone spaces as
our base category we proved that surjectivity of ¢ implies the expressiveness.

Before we summarize these results for C = Stone in a theorem we introduce the
notion of when the functor L : BA — BAis dual to 7.

4.3.19. DeriniTion. We say that L is dual to T if the natural transformation ¢ : LP =
PT from Lemma 4.3.3 is injective and surjective.

4.3.20. Remark. If Lis dualto T, 1i.e.if 6 : LP = PT is an isomorphism then we have
indeed that L is isomorphic to the functor 79 : BA — BA that dually corresponds to
T : Stone — Stone (cf. Def. 3.4.7 on page 60).

4.3.21. THeorREM. Consider T : Stone — Stone, a set of predicate liftings A for T and
a set of axioms Ax. Let L : BA — BA be the functor given by Ax (Definition 4.1.35). If
Lis dual to T, then L(\, AX) is sound, complete and expressive.

Proof. The claim on soundness and completeness is contained in Propositions 4.3.6
and 4.3.18 above. Expressivity follows from 4.3.8. QED

4.4 A characterization of duality

In the previous section we have seen that the logic given by a set of predicate liftings
A and a set Ax of axioms is sound, complete and expressive if the induced functor L is
dual to T'. In this section, we investigate conditions under which is the case. Our main
result is Theorem 4.4.13, where we give a characterisation of this duality in terms of Ax
and A. More specifically, we have that L is dual to 7 if the axioms are order-preserving
and -reflecting (cf. Definition 4.2.18) and, additionally, the predicate liftings A allow
to distinguish all elements of 7'X.
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We discuss both aspects, the condition on the axioms and the condition of the
predicate liftings, separately. First we will show that 6 : LP = PT exists and is
injective iff the axioms are order-preserving and -reflecting. Then we will show for
the case C = Stone that ¢ is surjective iff the set of predicate liftings is “separating”.
Putting both results together yields the announced characterisation of duality.

4.4.1 Existence of 6 and injectivity

We start by showing that the canonical natural transformation 6 : LP = PT exists
and is injective iff the set of axioms Ax is order-preserving and -reflecting. In the
following we fix a set A of predicate liftings for 7. The main result of this section can
be formulated as follows.

4.4.1. THEOREM. Given a set of axioms AX for L(A), then AX is order-preserving and
-reflecting iff the corresponding d exists and is injective.

We need some preparations in order to be able to prove the theorem, which we split
into two parts. The first (and easy) part is the following lemma:

4.4.2. LemmA. Given a set of axioms AX for L(A), then
(i) If AX is order-preserving, then 6 exists.

(ii) If Ax is order-preserving and reflecting, then ¢ exists and is injective.

Proof.

(i) Recall from Def. 4.3.1 that for X € C the function dx is defined as
Lift((_)PX), i.e. the lifting of the term interpretation function

(O : Ter(PX) — PX.

According to our assumption Lift((_)?¥) is preserving as ()P is preserving
and therefore 6y can be defined as described in 4.3.1. As this works for all
X € C we get a natural transformation ¢ : LP = PT.

(i) Suppose now that Ax is order-preserving and -reflecting. Then as in the
first case we can show that y is a BA-morphism. As dx = Lift((_)"¥) is now
also order-reflecting we obtain, using Lemma 4.1.21, that dy is injective.

QED

To prove the second half of the theorem we take a closer look at the definition of the
lifting Lift(f) of some f : (A, =) — PX. First we need some notation.



106 CHAPTER 4. ALGEBRAIC SEMANTICS

4.4.3. NotatioN. Let A be in Alg(Xga), X an object in C and let h : A — PX be a Xga-
morphism. Then we denote by h* : A — Ter(PX) the Xga-morphism mapping a € A to
h(a) € Ter(PX), i.e. we regard h(a) as a term over PX (cf. Definition 4.1.10).

The following observation is obvious.

4.4.4. LemmA. Let (A, =) be a pre-Boolean algebra, X € C and let h : A — PX
be a Xgp-morphism. Then h : (A,=) — PX is a preserving map iff h* : (A, =) —
(Ter(PX), Diag(PX)) is a preserving map and h is reflecting iff h* is reflecting.

4.4.5. Lemma. Let (A, =) be in PBA, X an objectin C and let h : (A, =) — PX be a pre-
serving map. Then Lift(h) = dx o L(h*), where L(h*) is defined as in Definition 4.1.32.

Proof. Let A(yy,...,¥,,) € Lift(A). We calculate that

Lift()(AW, ... ¥m)) = Ax(h), ..., h(Ym))
= (@)™ )™
= dx (AL W), ... K (m)))
= dx (C()AW, ..., ¥m)

QED

The second half of Theorem 4.4.1 is now an immediate consequence.

4.4.6. LemmA. Let h : A — PX be a Xga-morphism and let (A, =) be a pre-Boolean
algebra. Then

1. If 6 exists and h : (A, =) — PX is a preserving map , then
Lift(h) : (Lift(A), Lift(z)) —» PTX
is preserving.
2. If in addition ¢ is injective and h is reflecting, then Lift(h) is also reflecting.

Proof. Suppose 6 exists and 4 : (A, =) — PX is a preserving map. Then according to
Lemma 4.4.5 we have Lift(h) = dy o £(h*). Because dy exists the function dy must be a
preserving map. Furthermore /" is preserving and hence also £(4*) (cf. Lemma 4.1.33).
Thus we can write Lift(#) as the composition of preserving maps and therefore Lift(h)
itself is a preserving map. The proof of the second half of the lemma is completely
analogous. QED

The proof of the Theorem 4.4.1 is now complete: Lemma 4.4.2 proves one direction
and Lemma 4.4.6 the other direction.
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4.4.2 Surjectivity

We now consider a logic for an endofunctor 7 : Stone — Stone, i.e. C = Stone and
P = Clp. Here we will see that requiring that the set of predicate liftings A for T is
“separating” (a notion taken from [Pat04]) is equivalent to the fact that the canonical
map 9 is surjective.

4.4.7. Derinttion. Let X € Stone.

1. A collection of clopens C C Clp(X) is called separating if the map

sc : X — P(Clp(X))
x = {UeClxeU}

is injective.
2. A set of predicate liftings A for T is called separating if for all X € Stone
ImyA(X) := {Ax(Uy,..., U, | 1€ A, Uy, ..., U, € Clp(X)}
is a separating set of clopens of 7X.

Intuitively a separating set of predicate liftings makes it possible to characterise
points in 7X(“successors”) by lifted predicates over X.

As it was shown in [Pat04] a coalgebraic modal language which has a separating
set of predicate liftings is expressive. We will now see that provided we have a sound
and complete logic for the functor 7 the fact that A is separating is equivalent to saying
that the functor L defining the algebraic semantics of our logic is the dual of 7.

Our main theorem states that ¢ is surjective if and only if the set A of predicate
liftings is separating. Before we state (and prove) the theorem, we collect some facts
on separating sets, which are necessary for the proof of the theorem.

4.4.8. Lemma. Let X = (X, 1) € Stone and let A C Clp(X) be a subalgebra of Clp(X).
Then s, is injective iff A = Clp(X).

Proof. The implication from right to left is immediate. To prove the other direction
suppose that s, is injective. Then one can easily see that

ﬂ{UeAlxe U = {x} (4.6)

for all x € X. To prove A = Clp(X) it suffices to show that A is a basis for the topology
on X. Suppose that W C X is open and let x € W. We have to show that there is a
clopen set U € A such that x € U C W. Because of (4.6) we know that forall y € -W
there is some U, € A such that x ¢ U, and y € U,. Hence -W C (J,._y U,. Because
of compactness of the topology there are y,...,y, € =W such that -W C (i, U,,.
Define V := —(Uj2,; U,,). Then V € A and x € V C W. Therefore A is a basis of the
topology on X. QED
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4.4.9. Lemma. Let X = (X, 1) € Stone and let C C Clp(X) be a clopen subbasis of the
topology of X. Then C is a separating set of clopens.

Proof. Let x,y € X and x # y. Then there is a U € Clp(X) such that x €e U and y € —-U.
As C is a subbasis of the topology there are Vi,...,V, € C such that

xeﬁVigU.
i=1

But this means that there is at least one V; € C such that x € V; andy ¢ V;, and
therefore sc(x) # sc(y). QED

4.4.10. Lemma. Let X = (X, 1) be a Stone space, C C Clp(X) a subset of Clp(X) and
define —C := {-U | U € C}. Then

Sc injective & Scu_c injective

Proof. The direction from left to right is obvious. For the other direction, suppose
Scu—c 1s injective and let x,y € X, x # y. Then according to our assumption

scu-c(X) # scu-c(y).

Therefore we can assume that there is V € CU —C such that x € Vandy € —V. We
distinguish the following cases:

Case V € C. Then clearly s¢(x) # sc(y).
Case V € —C. Then —V € C and hence -V € s¢(y) and -V ¢ sc(x).

Since V € C U —C, this finishes the proof. QED

Now we are ready to prove the main result of this section:

4.4.11. TueoreM. Let T : Stone — Stone be a functor, and suppose that L(A) is a
logic for T that has a order-preserving set of axioms Ax. Then A is a separating set of
predicate liftings iff the canonical ¢ : LClp = ClpT is surjective.

Proof. Given an order-preserving set of axioms we know that the map dx := Lift(())?%) :
Lift(Ter(ClpX)) — ClpTX factors through 6x : LClpX — ClpTX € BA, because we
proved in Theorem 4.4.1 that the fact that the set of axioms Ax is order-preserving
implies that § exists, i.e. that dx factors through 0y for all X € Stone. It is therefore
obvious that we have the following equivalence:

5% is surjective for all X € Stone iff  Lift(()“P) is surjective for all X € Stone.

We now show that the last property is equivalent to the fact that A is a separating set of
liftings.
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Suppose first that for an arbitrary X € Stone the map Lift((_)P%) is surjective. As the
domain of Lift((_)“"P*) is closed under the boolean operations it can be easily seen that
the image of Lift((_)“**) is equal to {Im AX))ciprx» the subalgebra of ClpTX generated
by Im,(X). Hence we get

CIpTX = Im(Lift(()™")) = (IMAC))eiprs -

This implies that Im, (X) U —Im4 (X) is a clopen subbasis of the topology of TX, where
again —IMp(X) := {-U | U € Imy(X)}. Using Lemma 4.4.9 and 4.4.10 we obtain that
the map s1m, () 1s injective. As X was arbitrary we can conclude that A is separating.

Now suppose that A is a separating set of liftings and s let X € Stone. Then sm,x) is
injective which also implies the injectivity of sy _jowx). As the image of Lift((_)“P%) is
a subalgebra of ClpTX it follows by Lemma 4.4.8 that Im(Lift(()“**)) = ClpTX. QEp

We note the following immediate consequence, which is the main result of this
section:

4.4.12. CoroLLARY. Let T : Stone — Stone be a functor, and suppose that L(A\) is a
logic for T that has a order-preserving set of axioms Ax. Then L(A) is expressive iff A
is separating.

Proof. Follows directly from the theorem and Proposition 4.3.8 QED

Summing up, we can now characterise duality between T and L in logical terms as
follows:

4.4.13. THEOREM. Let T : Stone — Stone, A a set of predicate liftings for T and let
Ax be a set of axioms. The following are equivalent:

(i) Ax is order-preserving and reflecting, and A is separating

(ii) LisdualtoT.

Proof. From Theorem 4.4.1 we know that Ax is order-preserving and reflecting iff
0 : LP = PT exists and is injective. Theorem 4.4.11 tells us that, under the proviso that
Ax is order-preserving, the language L(A) is expressive iff 6 : LP = PT is surjective.
Putting both statements together we arrive at the claim of the theorem. QED

Combining the above result with Theorem 4.3.21, both of the two equivalent con-
ditions above provide us with a sound, complete and expressive logic for T-coalgebras.
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4.5 Conclusion

General context

Our work stands in the broader context of employing Stone duality for providing a
state-based semantics for logical calculi that are represented by algebras. Here we un-
derstand Stone duality in a more abstract sense, like e.g. in [Joh82]. In this way not
only the already mentioned work by Jonsson and Tarski on Boolean algebras with oper-
ators ([JT51, JT52]) and the work by Goldblatt on descriptive general frames ([Gol76])
fit into this framework, but e.g. also the work by Abramsky on domain theory in logical
form ([Abr91]).

The general pattern of the above listed approaches is as follows: one starts with a
duality between a category A of algebras on the one hand, and a category of topological
spaces X on the other hand. This duality is then extended, in the first example, to the
duality between MA and DGF. In the work by Abramsky the duality is extended by
applying dual constructions to the category X = SFP of so-called SFP-domains and
to the dual category A of the corresponding locales. In our setting we have as a basic
duality the duality between A = BA and X = Stone. In this chapter we showed how
to lift this duality to a duality between functors 7 : Stone — Stone and L : BA —
BA, provided that we have an order-preserving and -reflecting set of axioms and a
separating set of predicate liftings for 7'.

Our results

The presented work explains and generalizes earlier results by Pattinson on coalgebraic
modal logic from [PatO3a] and [Pat04] (cf. introduction to Section 4.3). We defined an
algebraic semantics of coalgebraic modal logic in terms of a category of algebras for
a functor L : BA — BA. Furthermore we connected the algebraic and the coalgebraic
semantics via a natural transformation ¢ : LP = PL and showed that certain properties
of ¢ correspond to properties of the logic. In the case C = Stone we obtained what
we called a logical characterization of duality: L is dual to T iff L(A, Ax) is sound
and expressive and A is expressive. Our results are based on the duality between
Stone spaces and Boolean algebras, but our categorical formulation allows for further
straightforward generalizations to other dualities, for example to the duality between
the category of partially ordered sets and the category of spectral spaces.

Presenting functors

An interesting question concerning coalgebraic modal logics is, whether we can find
for any functor 7 : C — C a set of predicate liftings A and a set of axioms Ax such
that the language L(A) is expressive and the logic L(A, Ax) is sound and complete with
respect to the coalgebraic semantics. For C = Stone the solution could be as follows:
Given a functor T : Stone — Stone we can always look at the dual functor 79 : BA —
BA of T. Given our results the question whether we can find an adequate logic for
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reasoning about 7'-coalgebras can be reformulated into the question whether we can
represent the functor 7% : BA — BA with operations and equations, i.e. whether we
can find a set of predicate liftings A and a set of axioms Ax such that the corresponding
functor L : BA — BA is isomorphic to 7%, This type of question is not new. A
similar result has been proven already for Set-functors: Up to questions of size, any
set-functor can be presented by operations and equations, see [Rei83, 1.5], [Ros81],
and [AT90, Section 111.3.2,111.4.3].

Completeness via Jonsson-Tarski

As mentioned in the introduction, our completeness criterion in terms of ¢ corresponds
to the fact that we can lift the Stone representation embedding to the level of lifted
predicates. The completeness proof, however, uses an argument involving the final
sequence of the functor. From modal logic we know a much more direct completeness
argument which uses the so-called Jonsson-Tarski theorem: for every modal algebra
A = (A, f) we can define its canonical extension A* = (UsioneSpA, f*) such that the
Stone representation map ja : A — UgiponeSPA is a homomorphism between modal
algebras. In [KKPO5] we showed that this Jonsson-Tarski argument can be generalized
to our coalgebraic setting if we make an additional assumption on the functor.






Chapter 5
Closure properties of coalgebra automata

There is a close connection between automata theory and the theory of coalgebras
as has been pointed out in a number of papers, starting with [Rut98a]. It has to be
stressed, however, that there is a fundamental difference between this work and the
work on coalgebra automata which has been initiated by Venema in [Ven04]. Whereas
the former work is concerned with the question of how to model automata as coalgebras
the latter follows the slogan automata are formulas of some logic, namely formulas of
coalgebraic fixed-point logic (cf. Section 2.3) in our case.

Like formulas of coalgebraic logic, which are either satisfied or refuted at some
state in some given coalgebra, coalgebra automata accept or reject rooted coalgebras,
i.e. coalgebras together with some designated state. Because coalgebras can be seen
as abstract infinite objects coalgebra automata correspond to finite automata on infinite
objects.

Such automata have already found important applications in areas of computer sci-
ence where one investigates the ongoing behavior of nonterminating programs such as
operating systems. As an example we mention the automata-based verification method
of model checking [CGP0OO]. Work on automata on infinite objects also has a long
and strong theoretical tradition and its results link the field to neighboring areas such
as logic and game theory, see [GTWO2] for an overview. We mention Rabin’s decid-
ability theorem [Rab69] for the monadic second order logic of trees as an outstanding
example for a theoretical work in this area; to mention a more recent example, Janin
& Walukiewicz [JW935] identified the modal u-calculus as the bisimulation invariant
fragment of the monadic second order logic of labeled transition systems.

An interesting phenomenon in work about automata on infinite objects has been
that most key results hold for automata on infinite objects of different types alike, such
as automata on words, trees or graphs. This naturally raises the question, whether these
results can perhaps be formulated at the more general level of abstraction of coalge-
bra automata. In this chapter, which is in large parts based on the paper [KVO05], we
are going to answer this question in the positive by proving certain closure proper-
ties of coalgebra automata. In this way we obtain uniform proofs of existing results

113
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from automata on infinite words, trees and graphs. Furthermore we use the connection
with coalgebraic fixed-point logic to obtain several logical corollaries of our automata-
theoretic results.

This chapter is structured as follows: We will recall the definition of a 7-(coalgebra)
automaton for a standard, weak pullback preserving functor 7' : Set — Set. Then we
prove certain closure properties of 7-automata and our main result, namely that for
every alternating 7-automaton we can find an equivalent non-deterministic one. Fur-
thermore we show that the non-emptiness problem of 7-automata is decidable provided
that 7 maps finite sets to finite sets.

We then use the “automata are formulas” slogan to obtain corollaries of the above
listed results for coalgebraic fixed-point logics: we show that coalgebraic fixed-point
logics enjoy (a weak version of) the finite model property and, based on ideas from
the proof that coalgebra automata are closed under alternation, we prove the soundness
of a distributive law for the V-operator. In order to understand the relevance of this
last result one should note that there is so far neither an axiomatisation for Moss’s
coalgebraic logic nor a conjecture of what such an axiomatisation could look like. Our
distributive law can be added as a sound logical principle of coalgebraic logic to the
list in [Mo0s99, Sec.6] and might help to find an axiomatisation either of that logic or
of its finitary version.

The chapter is based on the earlier published paper [KVO05] which is joint work
with Yde Venema.

5.1 Coalgebra automata

Before we recall the definition of a coalgebra automaton from [Ven04] we first want
to provide some intuition for how coalgebra automata naturally generalise automata
running on infinite words, trees and graphs. This will be done by taking a closer look
at the definition of an infinite graph automaton. All the automata in this chapter will be
so-called parity automata. The acceptance condition of these automata is formulated
in terms of parity games. The terminology that we are going to use, when talking about
parity games, is listed in Appendix C.

5.1.1 Deterministic graph automata

5.1.1. DeriNiTion. Let C be a finite set. A rooted graph is a tuple (S, o, s;), where S
isaset,oc : S — P(S) is the successor function and s; € S is the root. A C-labeled
rooted graph is a tuple (S, o, y, s;) such that (S, o, s;) is a rooted graphandy : § — C
is a (coloring) function assigning to each s € S its color y(s) € C.

The following definition of a deterministic graph automaton and its acceptance
condition is essentially the same as the definition of a y-automaton from [JW95], with
the difference that we are only considering deterministic graph automata in this section.
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5.1.2. DermNiTiON. A deterministic graph automaton is a tuple A = (A,a;,C,A,Q)
where A is a finite set of states, a; € A is the initial state, C is a finite set (the al-
phabet), A : C X A — PA is the transition function and Q : A — w is a parity
function, i.e. a function from A to the set of natural numbers that has finite range (cf.
Definition C.0.9).

In order to be able to define when a graph automaton accepts a given graph we need
the notion of a run of the automaton.

5.1.3. DermNiTiON. Let A = (A,a;,C, A, Q) be a deterministic graph automaton and
(S, s7) = (S,0,7, s;) a C-labeled graph with labeling functiony : S — C. A run of
A on (S, sy) 1s a rooted graph (Y € S X A,p : Y — P(Y),(s;,a;)) such that for all
(s,a)eY

e forall a’ € A(y(s), a) there is an s’ € o(s) such that (s’,a") € p(s,a)
e forall 5" € o(s) there is an a’ € A(y(s), a) such that (s’,a’) € p(s, a).

A run is called accepting if for all (s,a) € Y we have A(y(s),a) # 0 and for all infinite
sequences a = (5o, ao)(s1, a1)(s2,az) ... with (so, ao) = (57, a;) and (s;41, air1) € p(s;, a;)
we have

max{Q(a) | (s,a) € Inf(a)} 1is even.,

where Inf() is the set of states that occur infinitely often in « (cf. Def C.0.8). The
automaton A accepts (S, sy) if there is an accepting run.

5.1.4. Remark. The parity condition can be understood as follows: The acceptance
condition should specify which runs of the automaton are accepting, i.e. an acceptance
condition is a way of encoding subsets of all infinite runs of the automaton. The parity
condition is particularly well-behaved as we will see when we move to the definition
of an acceptance game: parity games are history-free determined.

The example of a deterministic graph automaton illustrates that an important part of
constructing an accepting run of an automaton consists of constructing a bisimulation.
This is the content of the next proposition.

5.1.5. ProrposiTioN. Let C be equal to 1 (the “one-letter” alphabet), A = (A, a;, C, A, Q)
a deterministic graph automaton and (S, s;) a rooted graph. Then for Y C § X A we
have

Y is a bisimulation between (S, o, s7) and (A, A, ay)
iff
thereis p : Y — PY s.t. (Y,p,(s;,a;p)) is a run of A on (S, 0, s;).

where bisimulation refers to the usual notion of bisimulation between directed graphs
or transition systems (cf. Example A.3.9).



116 CHAPTER 5. CLOSURE PROPERTIES OF COALGEBRA AUTOMATA

Proof. Suppose first that there is a function p : ¥ — PY such that (Y, p, (s;,a;)) is a
run of A on (S, s;). Then spelling out the definition of a run we immediately get that ¥
is a bisimulation between (S, o, 57) and (A, A, a;).

For the other direction let Y € S X A be a bisimulation between (S, o, s;) and
(A,A,a;). Then by definition (s;,a;) € Y. Furthermore it is a well-known fact that
bisimulations between directed graphs are exactly the #-bisimulations between -
coalgebras. Therefore there is a function p : ¥ — #Y such that the following diagram
commutes

S Y A

A s

|
la’ P \LA
T, N T,
ps 4 py T pp

It is easy to check that (Y, p, (s;,a;)) is arun of A on (S, o, 5/). QED

5.1.6. REmark. We restrict our attention to the case that C = 1 in order to be able to
underline the central role that bisimulations play in the acceptance condition of a graph
automaton. If C contained more than one element, the connection between bisimula-
tions and runs of the automaton would become unnecessarily more complicated.

Therefore the acceptance game for a deterministic graph automaton can be formu-
lated using Baltag’s bisimulation game from [Bal00], which we will present next.

5.1.2 The bisimulation game

We state the definition of the bisimulation game in full generality, i.e. not only for
P-bisimulations but for 7-bisimulations for an arbitrary functor 7' : Set — Set.

5.1.7. DermniTioN. Let T : Set — Set and X = (X,y),Y = (¥,0) € Coalg(T). Then
the arena of the T-bisimulation game G(X,Y) is given by the following table

Position: b Player | Admissible moves: E[b] Q(b)
(x,y)eXxY | I |[{ZCXxY]|@Wx),6(0)eTZ}| 0
ZePXXY) v Z 0

where the second column indicates whether a given position b belongs to player 3 or
V, i.e. whether b € By or b € By (cf. Def. C.0.9) and TZ is the relation lifting of Z (cf.
Def. A.2.5).

5.1.8. Remark. Note that the parity function for the bisimulation game is just the con-
stant function that assigns to every position the parity 0. This means that all infinite
games are won by 1.

Intuitively 4 wants to show that two points are related by a bisimulation and V tries to
disprove I’s claim. This intuition is made explicit in the following proposition.
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5.1.9. PropostTioN. [BalO0] Let T : Set — Set be a weak pullback preserving functor
and (X, xp) == (X, v, xp), X,y;) == (Y,0,y;) rooted T-coalgebras. Then

X, xp) 27 X,y iff 3 has awinning strategy in G(X,Y) from (x;,y;).

Proof. We only sketch the proof. For the direction from left to right fix a 7-bisimulation
Z such that (x;,y;) € Z. Then it is not difficult to check that the strategy of 3 to move
from any position (x,y) € X X Y to Z is winning in G(X, Y) from position (x;,y;). The
other direction follows from the observation that the set Win3(G(X,Y)) of winning
positions of Jis a T-bisimulation. QED

The bisimulation game can be now used to reformulate the acceptance condition
for deterministic graph automata in terms of a parity game. The goal of player 1
will be to show that there is an accepting run of the automaton on a given rooted
graph. In case we forget about the alphabet (we consider the trivial alphabet C = 1)
we saw in Proposition 5.1.5 that this means that 4 has to make sure that there is a
bisimulation between the automaton and the rooted graph and this bisimulation fulfills
additional properties specified by the parity function of the automaton. This leads us
to the following reformulation of the acceptance condition of a graph automaton.

5.1.10. DeriniTioN. Let A = (A, a;, C, A, Q) be a deterministic graph automaton and
(S, s7) = (S,0,7, s;) a rooted C-labeled graph with coloring function y : § — C.
Then the acceptance game G(S, A) is defined as the parity graph game (cf. Definition
C.0.9) given by the following table

Position: b Player | Admissible moves: E[b] Q'(b)
(s,a) e S XA E {(YCS§ xXA|(0(s),Aly(s),a)) € PY} | Qa)
YeP(S xA) v Y 0

where Q" : (S X A) UP(S X A) — w is the parity function of the acceptance game. We
say that A accepts (S, s;) if 4 has a winning strategy in G(S, A) starting from position
(s, ap).

It is not difficult to see that there is an accepting run of a given graph automaton
A on a rooted graph (S, s;) (cf. Def.5.1.3) iff A accepts (S, s;) according to Defini-
tion 5.1.10.

The definition of the acceptance game of a deterministic graph automaton can now
be generalised to automata working on 7-coalgebras for an arbitrary standard weak
pullback preserving functor 7 : Set — Set.

5.1.3 Coalgebra automata

Compared to the deterministic graph automata that we discussed in the last section
T-coalgebra automata are a generalization in two directions: the first generalization is
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that 7'-coalgebra automata are operating on rooted 7-coalgebras for some weak pull-
back preserving functor 7 : Set — Set. The second generalization is a move from
deterministic to alternating automata.

In the previous section we restricted our attention to deterministic automata be-
cause we wanted to focus on the important role of the bisimulation game in the accep-
tance game of an automaton. In a play of the acceptance game of a deterministic graph
automaton 1 has to ensure that for every position (s, a) the set of successors o (s) of s
fulfill the conditions encoded in the set of successors A(a) of a. In a non-deterministic
graph automaton, A(a) consists of several successor sets @, D, ... € P(A) and 7 has
to show that there is a ® € A(a) such that o(s) fulfills the conditions encoded in ®@.
In an alternating graph automaton, A(a) consists of several sets of successor sets of a,
1re. Ala) = {¥{,¥,,...} where ¥; = {(D’i,(Dg, ...} € P(P(A)). It is now the task of 1
to show that there is a ¥ € A(a) such that for all ® € ¥ the set o(s) fulfills the con-
ditions encoded in ®. To sum it up: the move from deterministic to non-deterministic
automata adds an existential quantifier and the move to alternating automata adds a
universal quantifier to the acceptance condition.

Now we are prepared for the definition of a T-coalgebra automaton as it was intro-
duced by Venema in [Ven04].

5.1.11. DerintTioN. Let T : Set — Set be a standard weak pullback preserving functor
(cf. Appendix A.2.2). An (alternating) T-automaton is a quadruple A = (A, a;, A, Q)
with A some finite set (of states), a; € A the root, A : A — P(P(TA)) the transition
function and Q : A — w a parity map. A T-automaton is called non-deterministic if
all members of each A(a) are singleton sets. A T-automaton is called deterministic if
A(a) has exactly one singleton set as its only element.

The acceptance condition for 7T-automata is formulated in terms of a parity game
(cf. Definition C.0.9)

5.1.12. DeriniTioN. Let T : Set — Set be a standard weak pullback preserving functor
and A = (A4, a;, A, Q) a T-automaton. Furthermore let (S, s;) = (S, o, 5;) be a rooted
T-coalgebra. Then the acceptance game G(S, A) is given by the following table

Position: b Player | Admissible moves: E[b] Q'(b)
(s,a) e S XA E {(5,) e S XPTA| D € A(a)} | Qa)
(5,0) e S XPTA v {(s,0) e S XTA | ¢ € D} 0
(s,0) e S XTA | (Z e P(S xA) | (0(s),0) € TZ) 0
ZePS XA v Z 0

We say A accepts (S, s;) if 4 has a winning strategy from position (s, a;) in G(S, A).
Positions of the form (s, a) € S XA will be called basic positions of the game. A partial
play of the game of the form

(s,a) (5,D) (s5,9) Z
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with (s,a) € S XA, (s,D) € S XPTA,(s,90) € S XxTAand Z € P(S x A) will be called
a round of the play.

A class of rooted T-coalgebras will be called T-language . A T-language L is rec-
ognized by some T-automaton A if a rooted 7-coalgebra belongs to T iff it is accepted
by A. The T-language recognized by the T-automaton A will be denoted by L(A). A
T-language is called (non-deterministically) recognizable if it is recognized by some
(non-deterministic) 7-automaton.

5.1.13. Remark. It is clear from the definition of Q’ that only the basic positions of a
play, i.e., positions of the form (s,a) € § X A, are relevant to determine the winner.
Accordingly, in the sequel we will frequently represent a play of the game by the
sequence of basic positions visited during the play.

The definition of the acceptance game of a T-automaton reflects that 7-automata are
generalising deterministic graph automata in two ways. The first two moves of the
acceptance game are the part which reflects the generalization from deterministic to
alternating automata: in a position (s, a) the two players are using their power to de-
termine the “successor” of a. The second half of the game consists of the bisimulation
game formulated for arbitrary functors 7' : Set — Set (cf. Definition 5.1.7). The fact
that an essential part of the acceptance game of a T-automaton consists of the bisimu-
lation game is also reflected in the following fact which was proven in [Ven04] stating
that coalgebra automata work “modulo bisimulation”.

5.1.14. Fact. [VenO4, Prop. 4.7] Let T : Set — Set be a standard weak pullback
preserving functor and let (S, s;), (S, s7) be rooted T-coalgebras such that (Sy, s}) €7
(S, 57). Then A accepts (Sy, s;) iff A accepts (S,, 57).

But at first sight 7-automata seem not to be a proper generalization of graph au-
tomata, as they work only on 7'-coalgebras without allowing any coloring. This leads
to the definition of C-colored coalgebras and C-chromatic 7-automata.

5.1.15. DeriniTioN. Let 7 : Set — Set, C € Setand S = (S, 0) a T-coalgebra. Then a
C-coloring of S is afunctiony : § — C. The C-colored T-coalgebra S®y := (S, y,0)
can be identified with the C X T-coalgebra (S, (y, 0)).

5.1.16. DeriniTiON. Let C be a finite set. A C-chromatic T-automaton is a quintuple
A= Aa,C,AQ)suchthat A : AXC — PP(TA)) (and A, a;, and Q as for T-
automata).

Given such an automaton and a C X T-coalgebra S = (S, vy, o), the acceptance game
Gc(A, S) is defined as the acceptance game for T-automata with the only difference that
3 has to move from a position (s, a) to a position (s, @) such that ® € A(a, y(s)). See
Table 5.1 for the details.
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Position: b Player | Admissible moves: E[b] Q’'(b)
(s,a) e S XA | {(5,D) € S XPTA| D € Ala,y(s))} | Qa)
(5,0) e S xXPTA v {(s,0) e S XTA | ¢ € O} 0
(s,9)e S xXTA G| (ZeP(S xA)|(0(s),¢) € TZ} 0
ZeP(S xA) v Z 0

Table 5.1: Acceptance game for a chromatic 7 -automaton

5.1.17. ExampLe. The well-known word, tree and graph automata are instantiations of
this notion. They correspond to C-chromatic 7-automata for the following functors 7':

Automata on Functor
infinite words 1d
infinite binary trees | Id X Id
infinite graphs P

It was shown in [Ven0O4, Prop. 4.12] that C-chromatic T-automata and C X T-
automata have the same recognizing power. We will need the following fact about
C-chromatic T-automata when proving that coalgebra automata are closed under pro-
jection (cf. Section 5.2.1 below).

5.1.18. Fact. To any C X T-automaton A we can find a C-chromatic T-automaton A,
the chromatic T-companion of A, such that A and A ¢ accept the same CXT -coalgebras.

To be able to prove statements about 7-automata we will have to reason about
strategies of 1 in the acceptance game. Parity games are known to enjoy a strong form
of determinacy: in any position of the game board either 4 or V has a history-free
winning strategy (cf. Theorem C.0.12). Therefore we can focus on I’s history-free
strategies.

5.1.19. DeriniTion. Given a T-coalgebra S = (S, o) and a T-automaton A = (A, a;, A, Q)
a history-free strategy of 41in G(S, A) is a pair of functions

(DO:SXA->PTA, Z:S XTA - P(S xA)).

A partial strategy of the kind ® : § X A — PTA will often be represented as a map
® : S — (PTA)*; values of this map will be denoted as @, etc. Given a strategy (0, Z)
of Ain G(S, A) we let Win(®, Z) denote the set of positions of the game at which (D, Z)
is a history-free strategy of .

5.2 Closure properties

We now come to the central part of this chapter - the discussion of closure properties
of T-automata. This section is based on the paper [KV05]. Its main technical result
can be formulated as follows.
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5.2.1. THEOREM. Let T be some standard set functor that preserves weak pullbacks.
Then every T-automaton has a non-deterministic equivalent. Hence, a T-language is
recognizable iff it is non-deterministically recognizable.

When discussing closure properties we say that a class C of T-languages is closed
under some operation on 7'-languages if whenever we apply this operation to a fam-
ily of languages of C we obtain again a language in C. For example, one may easily
prove that the class of recognizable T-languages is closed under taking intersection
and union; with some more effort we will show that the class of non-deterministically
recognizable T-languages is closed under projection. Theorem 5.2.1 allows us to
strengthen the above list of closure properties as follows.

5.2.2. THEOREM. Let T be some standard set functor that preserves weak pullbacks.
Then the class of recognizable T-languages is closed under union, projections and
intersection.

Our proofs for these results are of course built on generalizations, to the coalgebraic
level, of (well) known ideas from the theory of specific automata. This applies in
particular to results on graph automata [JW95] and the abstract universal algebraic
approach of [ANO1].

Throughout this section we let T : Set — Set be some standard and weak pullback
preserving functor.

5.2.1 Closure under union, intersection and projection

In this subsection we show that the class of non-deterministically recognizable lan-
guages is closed under taking union and projection, whereas the class of recognizable
languages is shown to be closed under union and intersection. Combined with Theo-
rem 5.2.1, this suffices to prove Theorem 5.2.2.

We first define the sum and product of two T-automata, and prove that they recog-
nize, respectively, the union and the intersection of the languages associated with the
original automata.

5.2.3. DeriNTioN. Let A = (Ay, a7, Ay, Q) and A, = (A, a7, Ay, ) be two T-automata.
We will define their sum A, and product A.. Both of these automata will have the dis-
joint union

A12 = {*} U‘JA] @AQ

as their collection of states. Also, the parity function Q will be the same for both
automata:

0 ifa=x,
¥a) := { Q(a) ifac A,
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The only difference between the automata lies in the transition functions, which are
defined as follows:

[ M@ U @) ifa=+
Ad@"’{AﬁD ifac A,

An(a) = {D, U(I)2|CI)iEAi(a5)} ifa =«
T Ada) ifae A

Finally, we put A, := (A1, a;, Ay, Q) and A, 1= (Ap, a;, An, Q), where a; = *.

The following proposition presents the announced closure properties.

5.2.4. ProposiTiON. Let A and A, be two T -automata. Then for any pointed T-coalgebra
(S, s7) we have:

1. Ay accepts (S, s;) iff Ay or A, accepts (S, sp),
2. An accepts (S, sp) iff both A, and A, accept (S, sy).

3. Ay is non-deterministic if A and A, are so.

Proof. First suppose that the automaton A, accepts (S, s;). Hence by definition, 3 has
a winning strategy (®, Z) in the acceptance game G := G(S, A ) starting from position
(s7,*). Let i be such that ®(s;, *) € A(ag). It is then straightforward to verify that
(D, Z2), restricted to I’s positions in G(S, A;), is a winning strategy for 3 from position
(s7, af,). From this it is immediate that A; accepts (S, s;). The other statements of the
proof admit similarly straightforward proofs. QED

We now turn to the proof of the fact that 7-automata are closed under projection.
In the following all 7-automata are assumed to be non-deterministic. To facilitate the
presentation we will think of the transition function A as a map A — PTA and the first
component @ of a strategy (®, Z) for 4 in an acceptance game G(S, A) will be regarded
as a function of type A X § — TA (that is, we identify singleton sets with their unique
elements).

5.2.5. DeriniTioN. Let C be a finite set, A = (A,a;, A, Q) be a (C X T)-coalgebra au-
tomaton and A¢c = (A,a;,C, Ac, Q) its C-chromatic T-companion, see Fact 5.1.18.
Then we define the C-projection mcA := (A, a;, A, Q) where Ay (a) := Jqec Ac(c, a).

The C-projection of A accepts all the underlying rooted T-coalgebras of rooted C X T -
coalgebras that are accepted by A.

5.2.6. Lemma. If a C-chromatic T-automaton A accepts the (CXT)-coalgebra (S, s;) :=
(S,v,0, ;) then ncA accepts (S™, s;) := (S, T, sp).
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Proof. The proof is easy. One has to realize that a winning strategy (®, Z) of 7 in the
game for A is still a winning strategy of 9 in the ncA acceptance game. QED

The converse of this lemma however fails in general. Let A be some C X T-automaton
and let (S, o, s;) be a pointed T-coalgebra that is accepted by mcA. Then we know
that 4 has a winning strategy (®,Z) in G(S, rcA) from position (s;,a;). We would
like to ensure that (@, Z) is also a winning strategy in G(S, A¢) by defining a coloring
v : S8 — C asfollows: y(s) := cif there is a match of G(S, rcA), starting from position
(s7,ar) and conform I’s strategy, in which a position (s, a) occurs and O, € Ac(c, a).
In general, however, there may be distinct positions (s, a;) and (s, a,) that ¥ may force
the match to pass through, and it may not be possible to find a single ¢ € C such that
both ®;,, € A(c,a;) and ®;,, € A(c,ay). To avoid this problem we introduce now the
notion of strong acceptance.

5.2.7. DeriniTioN. Let A be a T-automaton and (S, s;) a rooted T-coalgebra. A his-
tory free strategy (@, Z) for 4 in the game G = G(S, A) initialized at (s, a;) is called
scattered if the relation

((sr,ant U | JiZos €8 X A (5,¢) € Win(®, 2)}

is the graph of some possibly partial function. Furthermore we say that A strongly
accepts the rooted coalgebra (S, s;) if 4 has a scattered winning strategy in the game
G(S, A) initialized at position (sy, a;).

Under the condition that A strongly accepts (S, s;) we can now prove the converse of
Lemma 5.2.6.

5.2.8. LemmaA. Let A be a C X T-automaton, and let (S, s;) be a rooted T-coalgebra
that is strongly accepted by nA. Then there is a C-coloring y : S — C of S such that
A accepts (S,v, 0, sp).

Proof. Let (®, Z) be a scattered winning strategy for 4in G(S, 7A) that exists according
to our assumption that (S, s;) is strongly accepted by mA. According to the definition
of scatteredness we can assign to every s € S a state a; € A such that a, = a;, and
if (s,a) € Z,, for some winning position (s, ¢) of 3, then a = a,. Then we define a
function y : § — C as follows. If there is a ¢ € C such that O, € Ac(c,a), then
we pick such a ¢ and put y(s) := c; if there is no such c, then we define y(s) := d for
some arbitrary d € C. It follows from these definitions that (®, Z) is a winning strategy
for 4in G (S @ y, A¢) from position (s, a;). From this it is immediate that A accepts
(S,y,0,s). QED

At first sight the acceptance condition of a T-automaton seems to be strictly weaker
than strong acceptance. One can easily think of an example of a T-coalgebra that is
not strongly accepted by some 7-automaton.
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5.2.9. Exampie. Let T = Id and A = (A,a;, A, Q) where A = {a;,a}, Ala;) =
{{ar}, {a}}, A(a) = {{a}} and Q(a;) = 1,Q(a) = 0. Furthermore let (S, s;) = ({*}, id},, *).
Then A accepts (S, s;) but does not strongly accept (S, s;).

The next lemma, however, shows that if a rooted coalgebra is accepted by some
automaton, but not strongly so, then we can always find a bisimilar pointed coalgebra
that is strongly accepted.

5.2.10. Lemma. Let A be a T-automaton, and let (S, s;) = (S, 0, s1) be a pointed T-
coalgebra that is accepted by A. Then there is a pointed T-coalgebra (S, 7, s;) such
that

1. (S,5) 27 (5,7, 5 and
2. A strongly accepts (S, T, 57).

Proof. The coalgebra S will be based on the set S := § X A, and as the root s; of S
we take the pair (7, a;). For the definition of the coalgebra structure o, we need some
auxiliary definitions.

First we define a coalgebramap 6 : S XA — T(S xA) such that (S,0)is isomorphic
to the A-fold coproduct of S. Recall the well-known fact that the forgetful functor U :
Coalg(T) — Set creates colimits (cf. [Bar93, Prop. 1.1]) and therefore the underlying
set of a colimit and the canonical morphisms into the colimit can be computed as in
Set. This means in particular that we can define 6 : § X A — T(S X A) as follows:
fora € Aletk, : S — § X A be the map that maps s € S to (s,a) € S. The set
S X A together with the maps k, : S — S X A is isomorphic to the A-fold coproduct
of S in Set. Because U creates colimits this means that we can find a coalgebra map
F:S xA — T(S xA) such that (S, &) € Coalg(T) together with the maps k, : § — S
is isomorphic to the the A-fold coproduct [[,.4 S of S in Coalg(T). In particular this
means that the «,’s are Coalg(7)-morphisms from S to (S,5). Letng : S XA — S be
the map that maps a pair (s,a) € S XA to S. Then it is easy to show that the fact that the
Kk,’s are coalgebra morphisms implies that 7rg : (S, ) — S is a coalgebra morphism as
well.

Second, given a relation R C S x A, define the relation R C S X A by putting

R :={((s,a),a) | (s,a) € R}.
Then clearly we have that R = Gr(rs)™ o R, and hence,
TR = Gr(Tng)” o TR. (5.1

Now let now (®,Z) be a winning strategy of 4 in G(S, A) from position (s, a;)
that exists according to our assumption. For the definition of & : § — TS, consider
an arbitrary element (s,a) € S, and distinguish cases. We first look at the case in
which (@, Z) is a winning strategy of 1 in the game G(S, A) from position (s, a), i.e.
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(s,a) € Win(®, Z). Using (5.1), it follows from (o(s), ®,,) € TZ;e,,) that we may
define o (s, a) to be some element in TS satisfying (o (s),0(s,a)) € Gr(Tng)™ and
(o(s,a),p) € TZ(S,Q)S’Q). If, on the other hand, (s,a) ¢ Win(®, Z), then we simply put
o(s,a) :=0(s,a).

It is completely straightforward to check that the map ns is in fact an T-coalgebraic
homomorphism from S onto S. From this, the first statement of the proposition follows
immediately.

For the second statement, define the strategy (®,Z) with @ : S x A — A and
Z:S xTA — P(S x A) as follows:

D: ((sa)b) = Dy
Z: ((s,a),9) — Zm&-

Since all relations chosen by 1 are of the form R, and all elements of such relations
are of the form ((s, a), b) with a = b, it is obvious that the set {((s, ay), a;)} U U{Zw |
(s,¢) € § X TA} is functional. In other words, the strategy is scattered.

Thus it is left to prove that (6, Z) guarantees 1 to win any match of g(g, A) starting
from (7, a;). To see why this is the case, consider an arbitrary position ((s, a), a) with
(s,a) € Win(®,Z), and abbreviate ¢ := ®,,. Then by definition, O((s,a),a) = 1)
and Z((s, a), ) = Zm = {((t,b),b) | (t,b) € Z,,}. From this observation it is easy to
derive that for any Q(g, A) match (s, a;)((s1,a1),a1)((s2,a3),a) ... thatis conform the
strategy (5, Z), the corresponding G(S, A) match (s;, a;)(s1,a;)(s2,a;) ... 1s conform
(®, Z). And since this strategy was supposed to be winning for 3 from (s, a;), it follows
that the g(@, A) match is, indeed, a win for 3. This proves the second statement of the
proposition. QED

5.2.11. ProrosiTioN. Let A be some (C X T)-automaton. Then the following are equiv-
alent, for every rooted T-coalgebra (S, s;):

1. ncA accepts (S, sp),

2. A accepts a (C X T)-coalgebra (S',y,0’,s") such that (S’,0”,s") and (S, s;) are
bisimilar.

Proof. 1 = 2: Suppose mcA accepts (S, s;). Then by Lemma 5.2.10 there is a
pointed T'-coalgebra (S’, 07, s”) that is bisimilar to (S, s) and that is strongly accepted
by mcA. But then by Lemma 5.2.8 there is a coloring y : §* — C such that A accepts
S, y,0,5).

2 = 1: This follows from Lemma 5.2.6 and that 7T-automata do not distinguish be-
tween bisimilar 7T-coalgebras (cf. Fact 5.1.14). QED

5.2.2 From alternating automata to nondeterministic ones

In this section we prove the main technical result of this chapter, Theorem 5.2.1. That
is, we will construct, for an arbitrary, alternating 7-automaton an equivalent non-
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deterministic T-automaton. Throughout this section we will be working with a fixed
(but arbitrary) 7-automaton A = (A, a;, A, Q).

Before going into the technical details of the construction, let us first provide some
of the intuitions behind our approach. These intuitions ultimately go back to ideas
of Muller and Schupp, see for instance [MS95], but in particular, our proof gener-
alizes work by Janin and Walukiewicz [JW95], using the approach of Arnold and
Niwinski [ANO1].

The main idea is to bring the players’ interaction pattern ¥4V in one round of
the acceptance games for A, into the ‘strategic form’ 3V (or more precisely: J3V).
Concretely, consider a basic position (s,a) € § X A in the acceptance game G(S, A) for
some T'-coalgebra S. From this position a play proceeds as follows:

e dpicks @ € A(a), moving to position (s, D);

e VY picks ¢ € @, moving to position (s, ¢);

e dpicks Z, C S X A with (o(s), ) € TZ,,, — this Z, is the new position;
e Y picks (t,b) € Z; as the next basic position.

Now the crucial point is that 3 may gather her family {Z, C § X A | ¢ € @} into one
single relation Zg € S X PA, and that we may modify the game in such a way that this
is an appropriate answer for 3. This approach would suggest to take (representations
of) subsets of A as the states of the new automaton A¢.

However, as is well-known from the literature, such a straightforward subset con-
struction may work for automata that operate on finite objects, in the case of automata
for (possibly) infinite objects this approach fails to make some subtle but crucial dis-
tinctions. The remedy, which brings us to the second fundamental idea underlying our
construction, is to use binary relations on A, rather than subsets of A, to bring the ac-
ceptance game into some kind of ‘layered-strategic’ form. Then, using the notion of a
trace through a sequence of such relations, we have an established tool at our disposal
for bringing the interaction pattern of the acceptance game into the required format.
Our contribution here is to show that all of this can be done in the abstract context of
coalgebras for an arbitrary standard, weak pullback preserving functor.

Now we are ready for the technical details of the construction.

5.2.12. DeriniTioN. Given a finite word p = R|R, ... R, over the set Rel(A) of binary
relations over A, a trace through p is an A-word @ = apa;a, . . . a; with k < n such that
ap = ay is the initial state a; of the automaton, and a;R;.1a;,; for all i < k. Similar
definitions apply to (finite or infinite) traces on infinite Rel(A)-words.

A trace a is a trap for 3 if A(a;) = 0 for some state a; on a; a trace « is bad if it is
a trap for 7 or, in case « is infinite, if max{Q(a;) | i € Inf(@)} is odd.

As we will see, traces may be associated with matches of the acceptance game for
A, bad traces with the ones that are lost by 3. Let us look at this in a bit more detail. As
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a consequence of the generality that we aim for, there are two different ways in which
d may loose a match. She may either get stuck at some finite stage of the match (either
at a basic position or at a position of the form (s, ¢) € S X TA), or survive for infinitely
many rounds but fail to establish the winning condition. Now the traces that are traps
for 4 will correspond to matches in which she gets stuck in a basic position, whereas
the other kind of badness will turn out to be an encoding of 9’s failing to win an infinite
match. For finite matches that 4 looses because of getting stuck in a non-basic position,
we do not need a corresponding notion for traces.

The first proposition that we need is a variation on well-known results. It concerns
the existence of a deterministic word automaton that accepts those words over Rel(A)
which contain no bad traces. Since there are two kinds of bad traces, this automaton
needs to perform a double task: it needs to recognize traps for 3, and it needs to take
proper care of the infinite words. It will be convenient to have the automaton perform
these two jobs more or less separately. That is, the automaton will have a special state
my signaling that 3 has been trapped. In order to formulate the proposition we need
some notation.

5.2.13. Notation. Given a deterministic automaton D = (D, d;, Z, 8, Qp) operating on
possibly infinite words with alphabet ¥ and transition function J, we let 5:DxX* > D
denote the iterated transition function, inductively defined by 5(d, €) = d and 6(d, aa) =
5(6(d, @), a).

5.2.14. ProrosiTioN. There is a deterministic word automaton
My = (M, my, Rel(A), po, o),
operating on Rel(A)-words, and containing a special state my, such that:
1. po(my,R) = my for all R € Rel(A),
2. for any finite Rel(A)-word p: ji(p) = my iff p contains a trap for 3,
3. for any infinite Rel(A)-word p: M accepts p iff p contains no bad traces.

Proof. We construct M, in several steps.

Step 1: We define a non-deterministic word automaton M’ = (M’, m}, Rel(A), ', Q")
by letting M’ := A U {x}, m} = a; and

i’ (m, R)

Rla] ifa # *and A(a) #0
* otherwise,

o [ Qm+1 if meA
¥m) = {0 if m=

It is not difficult to check that M’ accepts an infinite Rel(A)-word « iff @ contains
a bad trace.
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Step 2: We use several standard constructions from automata theory: first we trans-
form M’ into an equivalent nondeterministic Biichi automaton (cf. [GTWO02,
Chapter 1]) , and transform the resulting automaton into an equivalent deter-
ministic Muller automaton using the Safra construction (cf. [GTWO02, Theorem
3.6]). The resulting deterministic Muller automaton can be easily transformed
into a deterministic Muller automaton accepting the complement of the language
of M’. Finally we transform this deterministic Muller automaton into an equiv-
alent deterministic parity automaton which we call M. To sum it up we obtain
a deterministic parity automaton M = (M m,,Rel(A) w, Q ) that accepts the
complement of the language accepted by M/, i.e. M accepts an infinite Rel(A)-
word « iff it does not contain a bad trace.

Step 3: This is the last step of the construction in which we bring the automaton M
in the spec1a1 shape which is requlred by our proposition. To this aim we define
M:=M xPAU {my}, m; := m; x {a;} and

ol AY).R) = {n(/;tv(m,R), Uygear Rla]) if ic:}rli; ?SeeA.A(a);t@
Ho(my) = my.
Q(m,A")) = Q(m)
Qmy) = 1

QED

In the remainder of this section we fix the automaton My = (M, my, uy, o) and state
my as given in Proposition 5.2.14. We turn now to the main construction of the proof.
Below we define a non-deterministic automaton M; which operates on (PTA)*-colored
T-coalgebras, S @ @, that is, T-coalgebras S = (§,0) that are colored by the map
®: S — (PTA), ie. by a (potential) strategy of I in the game G(S, A) that is partial
in the sense of dealing with basic positions only. More precisely, for any position
(s,a) € S XA, we let the value @, , € PTA encode the move (s, {D;,}) € S XPTA. Our
aim with the automaton M; is that it will recognize precisely those pointed (PTA)"-
colored T'-coalgebras (S, o, @, s;) of which ® forms the basic part of a winning strategy
in the game G(S, A).Towards the end of this section we will see that this suffices to
prove Theorem 5.2.1.
For the definition of M; we need some preliminary definitions.

5.2.15. DerINITION. An object 2 € TPA is called an T-redistribution of a subset ® C
TAif (¢, Z) € T(€y) forall ¢ € ®.

An object I1 € TRel(A) is called an T-redistributive relational representation of an
element ® € (PTA)*, or shortly: an T-relation for ®, if (Tev,)(II) is a redistribution
of ®(a) for all a € A. Here ev, : Rel(A) — PA is the map given by ev, : R — R[a].
The collection of T-relations for ® € (PTA)* is denoted as Ry (D).
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The intuitions on these notions are as follows. Concerning redistributions, the point is
that for any 7-coalgebra S = (S, s;), any point s € § and any set ® € PTA, there is a
1-1 correspondence between:

e families {Z, C S XA | ¢ € O} of relations such that (o(s), ¢) € TZ¢, for all ¢ € D,
and

e pairs (Zg, Z) consisting of a relat_ion Zp €8 X PA, and an T -redistribution E €
TPA of @, such that (o(s),E) € TZo.

In brief, redistributions enable us to gather the information of a family {Z, € § X A |
¢ € @} of relation moves of 1 into one single relation Zg € § X PA.

However, this regrouping of information on I’s strategy in terms of redistributions
has one shortcoming: it is based on subsets of A whereas we already pointed out that
such an encoding will not suffice to encode the full flow of information when trans-
forming alternating automata into non-deterministic ones. This is where the notion
of an T-relation for ® comes in. The important observation is that any element I1
of the set TRel(A) has the right shape to represent a family {®, € PTA | a € A}:
the point is that we may use, for every a € A, the map Tev, : TRel(A) — TPA to
provide an element (7T ev,)(II) in the right set TPA of (potential) T-redistributions of
®. Thus, the definition of a Il € TRel(A) being an T-redistributive relational repre-
sentation of ® € (PTA)* forms, at least potentially, an adequate formalization of the
requirement that [T and @ ‘fit well together’. As we will see below, it also forms the
key to lead the flow of information in acceptance games for alternating automata into
a non-deterministic channel.

5.2.16. DeriNiTiON. Let M be the non-deterministic (PTA)”-chromatic T-automaton
(M, m;, (PTAY, 1, Qp), where u : M x (PTAY* — PPTM is the map defined by

({(Tp)AD) [T1 € RA(®)) ifm#m,
0 if m = my.

= |

Here u,, : Rel(A) — M is given by u,,(R) := po(m, R).

5.2.17. Remark. Let M, be as above, and S = (S, o, ®) some (PTA)*-colored T-
coalgebra. Note that the acceptance game G(S, M) is summarized in Table 5.2.

Given the definition of g, it is not hard to see that, from a position (s,m) € S X M,
with subsequent moves of 3, say, (s,{K}) € S XPTM and Z C S X M, we may associate
an element IT € TRel(A) and a relation Y C § X Rel(A) such that IT is an 7'-relation for
@, (Tw,)(ID) = K and (o(s),IT) € TY.

To start with, it is obvious from the definitions that there is some I1 € Ry (®d,), such
that (Tw,,)(IT) = K. Now define the relation Y := {(t,R) € § X Rel(A) | (t,u,(R)) €
Z}. Clearly, this relation is the composition of Z with the converse relation Gr(u,,)~
of the graph of the function s,,. From this it follows that 7Y = TZ o T(Gr(u,,)").
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Position: b | Type Player | Admissible moves: Q(b)
(s,m) SxM | {(s,{K}) € S XPTM | K € u(m,®(s))} | Qo(m)
(5,{K}) S XPTM v {(s,K)} 0
(s,K) SXTM | (ZeP(S x M) | (o(s),K) € TZ} 0
Z PSxM)| V |z 0

Table 5.2: Acceptance game for M

Also, rewriting (T, )IT) = K, we obtain that (I, K) € Gr(Tu,,) = TGr(u,,), so that
(K, 1) € (TGr(wn))™ = T(Gr(w,)™). Hence, from (o(s), K) € TZ it is immediate that
(o(s),II)eTY.

5.2.18. ProrosiTioN. For any pointed T-coalgebra (S, s;) and any (PTA)*-coloring ®
of S, the following are equivalent:

1. ® is part of a winning strategy for 1in G(S, A) form position (s, ay);

2. M accepts (S @ @, s;).

Proof. Recall that every infinite game may be represented as a tree, and that strategies
of either player, limiting the possible course of actions, can be represented as subtrees
of this game tree. Thus, both with a ®-extending strategy of 3 in G = G(S, A), and
with a strategy of 3 in the acceptance game G' = G(S @ ®,M;), we may associate
such subtrees of the game trees of G and G’, respectively. As it turns out, these two
trees turn out to be rather similar, and in fact, may be coded up into one and the same
structure. This observation forms the basis of our proof of the proposition.

More specifically, we will show the equivalence of both (1) and (2) to the statement
(3) below.

3. There is a labeled tree
X = (Xa X1, é:, u, Ha Q)9

where x; € X and ¢ : X — $X denote, respectively, the root and the successor
function of the tree, and u : X — S, 11 : X — TRel(A), and Q : X — Rel(A) are
labellings.

This tree is supposed to satisfy the conditions 3a—3d below. Here, and in the
sequel, we abbreviate ®,, as @,, and define W, := {(u,, Qy) | y € £(x)}. Branches
of the tree start at the root, and thus induce (finite or infinite) words over Rel(A).

(@) uy, = s;and Q,, = {(ar,ap)},
(b) forall x € X, I, is an T -relation for @,,
(c) forall x € X, (o(u,),T1,) € TW,.
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(d) X has no bad traces (that is, no branch of X induces a Rel(A)-word contain-
ing a bad trace).

As hinted at above, our intuition about X is that it represents a winning strategy
for 4 both in G and in G’ (in the case of G, of course, a strategy completing the par-
tial strategy ®). Counterstrategies of V in G correspond to branches of X, while his
strategies in G appear as traces on X. We show now that both statements (1) and (2)
listed in the proposition are equivalent to the statement (3) concerning the existence of
a labeled tree X satisfying the properties 3a-3d.
(1) =@O)
Suppose that @, together with Z : § X TA — P(S X A), is a history free winning
strategy for 4in G. We make some preparations for the definition of X.

First, define the following sets Y, €S XA and ¥, € S X Rel(A) by

Yo = | Zw

Qs q

Y, {(t,R) € S X Rel(A) | forallae A . Rla] =1{b | (t,b) € Y, }}.

The set Y;, contains exactly those positions that 3, playing her strategy (®, Z), may
expect as a possible next position after (s, a). The other set should be seen as a way to
represent the entire family {Y;, | a € A}. Recall that ev, : Rel(A) — PA is given by
ev, : R — Rl[a]. It is then easy to see that

Ys,u = Ys 0 Gr(evu)o B (52)

But it will also be clear that the relatiorl Y, is functional; let {; : S — Rel(A) be the
map such that Yy = Gr(¢;). It follows that T(Y,) = Gr(T'Z,), so if we define

I == (T ) (o (s)),
then we have ensured that (o(s), I1,) € TY,.
The most important claim is that

I1, is an T'-relation for @,. (5.3)

To see why this holds, _ﬁx a € A, and observe that it follows from (5.2), the definition
of £,, and the fact that T(Gr(f)) = Gr(T f) for any function f, that

T(Ysa) = GH(TZ) o Gr(Tev,) o T(3,). (5.4)

Now take some ¢ € ®;,. By the assumption that ® and Z form a winning strat-
egy for 4, it follows that (o(s), ¢) € T(Zw), so by monotonicity of T we obtain that
(0(s),9) € T(Yw). Hence from (5.4) and the definition of II; we may infer that
(IT,, ) € Gr(Tev,) o T(34). In other words, ((Tev,)I1,),¢) € T(34). Since ¢ was
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an arbitrary element of @, ,, this shows that (Tev,)(Il;) is an T-redistribution of @ ,.
Since this applies to all a € A, we have finished the proof of (5.3).

Now we are ready for the definition of the labeled tree X. The nodes of X will be
taken from the set S X Rel(A) X w, and the labellings u : X — S and Q : X — Rel(A)
are simply given as the first and second projection map. That is, u,g; = s and
QOsriy = R. The third projection function provides the height of the node. For the
definition of the labeling I1, € TRel(A), we simply look at the node u,; that is, we put
II, := II,,. Hence, it remains to define the tree structure of X, and this we will do by
the following induction on the height of the nodes. For the root of X we take the triple
(s7,{(az, ap)}, 0), while the successor map £ is given by

E(s, R, D) := Yy x {i+ 1},

that is, £(s, R, i) consists of those triples (¢, P, i+ 1) such that (¢, P) belongs to the set Y.

Now that we have completely defined the structure X, let us check that it satisfies
the conditions (3a-3d). To start with, the condition (3a) has been directly cooked into
the definition of X, while (3b) immediately follows from (5.3). For condition (3c), it
follows by a straightforward unraveling of the definitions that W, = Y, for all x € X.
Since the definition of IT, implies that (o(s), IT,) € TY, for all s € S, this directly gives
(3c). Finally, for the last condition on X, we may infer from the identity of W, and Y, ,
using the definitions of Y and Y, that any trace of X corresponds to a match of G in
which 3 plays her strategy (@, Z). Condition (3d) is then an immediate consequence
of the fact that this strategy was supposed to be winning for 3.

3) =1

Suppose that X is as described in (3). We have to prove that ® can be extended to
a winning strategy for 3 in G. Basically, what we will do is show that 3 can ‘keep
the match on X’, in the following sense. Her strategy will ensure, for any match in
which she plays this strategy, the existence of a branch x(x; ... (possibly finite) of X
such that for each partial play (so, ao) ... (sk, a;) of the match it holds that s; = u,, and
aiv1 € Oy, la;] for all i < k. Since X contains no bad traces by (3d), this guarantees
that she wins all infinite matches of the game. Hence, it suffices to prove that at any
finite stage k of such a match, she either wins immediately, or else she can keep the
above condition for one more round.

Suppose then that 4 have been able to keep this condition for k steps, arriving at
position (s,a) = (sk,ay), with s = u,. The first thing to note is that condition (3d)
implies that A(a) # 0, since ay .. . ay is a trace of X. But from A(a) # 0 it follows that
d may legitimately move @;, € A(a). If ®,, = 0 then 3 wins immediately, so suppose
otherwise. Let V’s answer be ¢ € @, ,, then 7 has to respond with arelationZ C S X A
such that (o7(s), ¢) € TZ. Our suggestion to 3 is to pick the relation Z C § x A given
by

Z =W, oGr(ev,)o 34 .

If this is a legitimate move for 4, then we are done. For, distinguish the following
cases. If Z = 0 then V gets stuck so 4 wins immediately. But if Z # (0 then with any
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(t,b) € Z that ¥ chooses as his next move we may associate, by definition of Z, a node
y € &(x) such that ¢ = u, and (a, b) € Q,. In other words, she either wins immediately
or indeed manages to keep the match on X for one more round of the game.

Thus it is left to show that Z is a legal move for 3 in G; that is, we must show that

(o(s), ) € TZ. (5.5)

For this purpose, first observe that the definition of Z and the properties of 7 and T
imply that L .
TZ =TW,oGr(Tev,) o T(3,). (5.6)

Now it follows from property (3c) of X that (o(s),I1,) belongs to TW,, and from
property (3b), that (Tev,)(Il,) is a redistribution of ®,,. In particular, it holds that
((Tev,)(I1,), ) € T(34), so that (IL,, ¢) € Gr(Tev,) o T(34). From this and (5.6) we
may infer (5.5).

2)=0)
Assume that f is a winning strategy for 3 in the game G’. We will define a labeled tree
X that intuitively corresponds to the game tree of G’, pruned according to this strategy
f.

Formally, elements of X will be taken from the set S X M X Rel(A) X w. This enables
a very straightforward definition of the labeling functions u, Q and I of X. The state
u, in S, and the relation Q, € Rel(A) that we associate with a node x, are simply given
by the first and third projection functions, respectively. That is, we put umri) =
and Q(s,m,R,i) =R

We now turn to the definition of the tree structure of X. As the root of the tree
we take the element (s;, my, {(a;,a;)},0). For the definition of the successor map &,
consider an arbitrary point x = (s,m,R,i) € X. Inductively assume that (s,m) is
a winning position for 3 in the game G. Suppose that K € TM and Z € S X M
are locally the basis of I’s strategy f, that is, suppose that f(s,m) = (s,{K}) and
f(s,K) = Z. Given our comments in Remark 5.2.17, we may assume the existence of
an object I, € TRel(A) and a relation Y, € S X Rel(A) such that I1;,, € Rp(®D;) and
(o(s),I,,,) € TY,,, and

K (T )L )
Z = {t,un(P)) | (1,P) € Y}

Now inductively we define

Es,m,R, i) = {(t,n,Pi+1)|(t,P) €Y,
and n = p,,(P)},
1I(s,m,R,i) = Hs,m-

Clearly then, every element of &£(s) encodes a response of V to I’s first two f-moves
from position (s,m). This encoding is very direct: (¢,n,P,i + 1) € &(s,m, R, i) cor-
responds to the move (#,n). It is then immediate that such (z,n) are again winning
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positions for 1, so that the required inductive condition is kept. This finishes the defi-
nition of X.

It is a straightforward exercise to check that X, thus defined, satisfies the conditions
(3a-3c). It should also require only little reflection to see that with each branch xx; . ..
of X we may associate a match of G’ in which 3 plays her winning strategy f. As we
will see now, this is the key for proving that X satisfies (3d).

For the technical details, suppose, for contradiction, that X contains a bad trace
a. We will only consider the case that « is finite, say, @ = a; ...ay, and bad because
A(ay) = 0. (The other kind of bad traces, which only applies to infinite traces, is
treated in a very similar way.) Let xj . .. x; be the branch of X that contains a. Writing
x; = (s;,m;, R;, i) for all i < k, and unraveling the definitions, we find that this means
that a;.; € Ry 1la;] for all i < k, and that mom, . ..my is the run of M, on the finite
Rel(A)-word RyR; . ..R;. Then it follows from Proposition 5.2.14 that m; = my,.

But, given the remark following the definition of £, we may equip V with a strategy
in G’ which, when played against I’s f, ensures that the match passes through the
basic positions (so, 1), . - . , (Sk, mi). By definition of M, it follows from m; = my that
u(my, @) = 0. Hence, 3 gets stuck at (s¢, m;) and immediately looses the game. Thus
we arrive at the desired contradiction.

3) =)

Let X be a labeled tree as specified in (3); we need to define a winning strategy for
din G’. The basic idea underlying this strategy will be that that the resulting match
corresponds to a branch of X.

More precisely, we will show that 3 can maintain the condition that with every
match (*) there exists a branch xox; . .. (possibly finite) on X such that u,, = s; at every
stage i of the match, and m;,; = uo(m;, Q,,,,) (at least, in case the match reaches the
stage i+ 1).

1 wins any match (sg, mo)(s;,m,)... in which she can maintain this condition in-
finitely long. To see why this is so, note that the infinite sequence mgm; ... corresponds
to the run of the automaton M on the infinite word Q,, Q,, . ... Now by condition (3d)
on X this word contains no bad trace, so by Proposition 5.2.14 it is accepted by M.
But then the sequence mym; ... meets the acceptance condition €, of M, which co-
incides with the acceptance condition of M. It is then immediate from the definitions
that the G'-match (so, mp)(s1,my) ... 1s won by .

Hence it suffices to show that at any finite stage of a match satisfying the above
condition, J can either win the game in the current round, or else prolong the condition
(*) for one more round. In order to show that this is the case, suppose that the match
has reached position (s, m;), and that play so far meets the above mentioned condition
(*), relative to the branch x(x; ... x;. In order to provide 4 with a move to make at
position (s, my), let us consider her set u(my, @, ) of alternatives.

Since X contains no bad traces, it follows from Proposition 5.2.14 that m; # my
for all i < k. Thus u(my, ®,,) is given as the set of all singletons {(7v)(I)} such

that IT € TRel(A) is an T-relation for @, , where v : Rel(A) — M is the map given



5.2. CLOSURE PROPERTIES 135

by v(R) := po(my, R). In particular, u(my, ®@,,) is not empty (which would mean an
immediate loss for J), since condition (3b), stating that IT,, € Ry(®,,), guarantees that
it contains K := (Tv)(Il,,). Thus we may set (s, {K}) as a legitimate move for 7 at
position (s, my). After this, ¥V has no choice but to pick (s, K). Then let 4 continue by
moving Z = {(t, (R)) | (t,R) € W, }, thatis, Z = W, o Gr(v). To verify the legitimacy
of this move, note that (o (sy), I1,,) € Tka by (3¢), so from K = (Tv)(Il,,) it follows
that (o(s¢), K) € Tka o Gi(Ty) =TZ, as required.

Finally, suppose that ¥V responds by choosing some pair (511, 7+1) € Z — the case
that Z = @ is an immediate win for 4. By definition of Z, there must be some y € &(x;)
such that (y, Q,) € W,, and my,; = po(my, Qy) = v(Q,). Hence by taking x;,; := y as
the associated node of the new position (s, m;.1) in the match, 9 has maintained the
condition (*) one more round, as required. QED

In the final step of the construction we have to transform M, into a non-deterministic
T-automaton A? that is equivalent to A. This last transformation is in fact easy —
relatively that is: we need an application of the closure under projection of non-
deterministically recognizable languages.

5.2.19. DerNiTioN. Let A9 be the T-automaton (M, my, u?, Qo) where M, m; and Q are
as in Definition 5.2.16, while

wlamy= ) nim.o)

es(PTAY

defines the transition map u¢ : M — PTM.

It is easy to check that A? is indeed non-deterministic, so clearly, the following
proposition, which is a straightforward corollary of the Propositions 5.2.11 and 5.2.18,
suffices to prove Theorem 5.2.1.

5.2.20. ProposiTioN. The automata A and A? accept exactly the same rooted T-co-
algebras.

Proof. Let (S, 0, s) be a pointed T-coalgebra. We will show that A accepts (S, d, s)
if and only if A? does. It is an immediate consequence of Proposition 5.2.11 that
(S,0,s) is accepted by A if and only if there is a pointed T-coalgebra (S’, 0", s")
which is bisimilar to (S, o, s) and admits a (PTA)*-coloring @ such that (S, o, @, s)
is accepted by M. Hence, invoking Proposition 5.2.18 we see that (S, o, 5) is accepted
by A? if and only if it is bisimilar to a pointed 7-coalgebra that is accepted by A. The
Proposition is then an immediate consequence of the fact that the class of coalgebras
recognized by an 7T-automaton is closed under bisimilarity (cf. Fact 5.1.14). QED

A short remark concerning the complexity of our construction seems in order.
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5.2.21. Remark. Although we do not go into the algorithmic details of our construc-
tion, we want to stress here that complexity theoretically, our results match known
results in automata theory. If we define the size of an automaton as its number of
states, the main observation is that the size of A? is equal to the size of M, and, in
particular, does not depend on the functor 7. In fact, combining well known results
about word automata, one may show that basically, the size of M is exponential in the
size of A.

5.2.3 Non-emptiness of coalgebra automata

An important problem concerning automata on infinite objects is the so-called non-
emptiness problem: Can we decide whether the language accepted by a given automa-
ton is empty or not? Given the results from [Ven04] the non-emptiness problem for
T-automata is equivalent to the question whether we can decide the satisfiability of a
given formula of the coalgebraic fixed-point logic from Section 2.3. This will be made
clear in Section 5.3 below.

Now we are going to give a partial solution for the non-emptiness problem of 7-
automata: If a 7-automaton accepts some rooted 7-coalgebra then it also accepts a
finite one. For non-deterministic 7-automata we can do better as the following theorem
which is the main result of this section demonstrates.

5.2.22. THEOREM. Let A = (A, a;, A, Q) be a non-deterministic T-automaton. Then A
accepts some rooted T-coalgebra S = (S, 0, s;) iff A accepts a rooted T-coalgebra
S" = (S, 0,s1) with |S’]| < |A|.

Proof. Let A be a T-automaton and (S, s;) a rooted T-coalgebra accepted by A. Then
w.l.o.g. d has a scattered history-free winning strategy (® : S XA —» TA,Z : SXTA —
P(S x A)) from position (s;, a;) in the acceptance game G = G(S, A) of the automaton.

The idea of the proof of the theorem is as follows: The coalgebra S” will be based on
A - the carrier set of the automaton. Our aim is to show that for any a in A we can find
some ¢, € TA such that the T-coalgebra (A,¢ : A — TA,ay) is accepted by A (again
we use the notation of writing ¢, instead of ¢(a)). For the definition of ¢ we would
like to use I’s winning strategy ® by letting ¢, := D, for some (s,a) € Win(®, Z).
The obvious problem with this approach lies in the fact that @ depends on both s
and a, i.e. there might be two different positions (s, @), (s2,a) € Win(®, Z) such that
D500 # Dis,0) and in this case it is unclear which of these values of ® we should
choose as the value for ¢,. This problem is overcome by making use once more of the
history-free determinacy of parity games.

For a € A we define A“ to be the automaton (A, a, A, Q), in other words A¢ is
the automaton that is obtained from A by changing the initial state from a; into a.
Furthermore recall that Win(®, Z) denote the set of positions of G for which (®, Z) is
a winning strategy for 1 and define

WRel(®,Z) = {RC S xA|A(s,4) € Win(®,Z) . R = Z, 4},
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i.e. WRel(®, Z) is the set of potential “relational” moves of Jin a play of G according
to her winning strategy. The non-emptiness game G’ of A is given by the following
table:

Position: b Player | Admissible moves: E[b] | Q'(b)
{aeA|d(s,a) € Win(D, Z2))} | A(a) Q(a)
peTA e WRel(®, Z) 0
Z € PWin(®, Z) Y {aeA|ds.(s,a)€”Z} 0

It is not difficult to see that (®, Z) can be used to construct a winning strategy for 4 in
G’ from position a; that is not history-free. To this aim we construct for each play of
G’ that starts in a; a shadow play of G starting in (s;, a;) that is conform with (D, Z).
During this construction we want to maintain the following condition (x): if a position
a € A is reached after n rounds of the play of G’ then there exists a s € S such that
the position (s,a) € S X A is reached after n rounds of the corresponding shadow play
of G. Then infinite plays of G’ are won by 1 because the corresponding shadow plays
of G are conform I’s winning strategy. All finite plays of G’ are trivially won by 3
because it is easy to see that 4 cannot get stuck in such a play. As a result we get that
d wins all G'-plays for which the condition () is maintained.

Let us see now how i is able to maintain condition (*) during a G’-play. Suppose
that we are at position a in a play of G’ that started in a; and that we are in the shadow
play of G in some position (s, a). Furthermore we assume that the (partial) play of G up
to now was conform I’s winning strategy. Then ’s strategy in G would be to move to
®,, € TA and then to some relation Z, o , € Win(®, Z) (as (¥, Z) is a winning strategy
we may assume that this relation only contains pairs (s’,a’) € Win(®, Z)). We suggest
3 to use this strategy also in G’, i.e. 3 moves in G’ from a to @, and then further to
Zo,,.- Then ¥ answers in G’ by moving to some a’ € A for which there is an 5" € §
with (s',a’) € Z;o,,. This move of V can be easily reflected in the shadow game:
V’s corresponding choice in G would be to move to (s’,a’). Hence 4 can maintain
condition (*) and as a consequence win an arbitrary play of G’ starting from a;. Note,
however, that the winning strategy of 1, that we described, is not history-free, as she
has to remember in every position of a play what her position in the shadow play would
be.

But the history-free determinacy of parity games together with the fact that 4 has a
winning strategy in G’ from position a; implies that she also has a history-free winning
strategy in G’ from position a; which can be encoded as a pair of functions

(6:A— TAY:TA — WRel(®,2)).

We will show now that A accepts the rooted 7'-coalgebra given as (A(¢), a;) := (A, ¢, a;).
This will finish the proof of the theorem.

In order to prove that (A(¢),a;) is accepted by A we show that 3 has a winning
strategy in G, = G(A(¢), A) from position (a;, a;). More precisely we show that the
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pair of functions (®’, Z’) defined by
q):z’,a
Zis

¢, for(d',a)e AxXA
Y; oY, for(a,¢)cAxTA

encodes a winning strategy for 4 in G4 from position (a;, a;). This is done by showing
that

1. all basic positions in a G4-play conform (®’, Z’) are of the form (a’, a’) for some
a’ € A and

2. for every partial G, play (a;, ar)ai,ai)(az, a) . .. (a,, a,) conform (@', Z’) there
is a partial G’-play q; . . . a, that is conform (¢, ).

Suppose we are at position (a,a) in an arbitrary play of g¢ that started in position
(ar,ar). Then 4 moves to @), = ¢, and further to Z’ = YN o Yy. In the corre-
sponding G’-play at position a she can move to ¢ and then further to Y,. These moves
are conform her G’-winning strategy (¢, Y). Now it is V’s turn to pick some element
(a1, a») € Y(; o Y4. As we assumed in the beginning of the proof that (®, Z) was a scat-
tered winning strategy and Y, € WRel(®, Z) it follows that a; = a,. Obviously V can
also move in the corresponding G’-game to a,. Therefore the above conditions 1 and 2
can be maintained round-by-round. As (¢, Y) is winning for 3 in G’ from position a;,
we can conclude that (®’, Z") is winning for 3 in game G, from position (a;, a;). QED

Using our previous result about alternation we get the following.

5.2.23. CoroLLARY. Let T : Set — Set be a standard weak pullback preserving functor
and A a T-automaton. Then A accepts some rooted T-coalgebra (S, s;) iff A accepts
some rooted T-coalgebra with finite carrier set.

Proof. Given a T-automaton A we can transform it to an equivalent non-deterministic
T-automaton A? (cf. Theorem 5.2.1) and then apply Theorem 5.2.22. QED

5.2.24. Remark. For concrete examples this is a well-known result: for example for
automata working on infinite trees it means that every tree automaton that accepts
some tree accepts at least one regular tree.

5.2.4 A remark about standardness

For T-automata operating on finite (algebraic) structures it is known that the condi-
tion that the functor 7 : Set — Set preserves weak pullbacks is necessary to be
able to transform an alternating automaton into an equivalent non-deterministic one
(cf. [AT90, Thm. VII.2.12]). This suggests that our assumption on the functor 7" be-
ing weak pullback preserving is necessary to prove the above closure properties. Our
second assumption that the functor also should be standard, however, can safely be
dropped as the following theorem, which is a special case of a theorem by Trnkov4,
shows.
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5.2.25. THeorEM. Let S : Set — Set be a weak pullback preserving functor. Then
there is a functor T : Set — Set such that

1. T is weak pullback preserving and standard and

2. there is a natural isomorphismt : S = T.

Proof. A proof of this theorem can be found in [AT90, Theorem III.4.5]. As mentioned
in the appendix our notion of standardness differs slightly from the one in loc.cit. which
we call 0-standardness (cf. Def. A.2.11). Because we are working with the additional
assumption that the functors are weak pullback preserving, however, we know that the
two notions of standardness coincide (cf. Lemma A.2.12) QED

5.2.26. Lemma anD DErINITION. Let S : Set — Set and T : Set — Set be functors
such that there is a natural isomorphism T : S = T between them. Then the functor

G, : Coalg(S) — Coalg(T)
(S,0) — (S,7x00)

f=1r
is a category isomorphism.

Proof. Obviously G, is well-defined on objects. The well-definedness on morphism is
a consequence of the naturaliy of 7. It is easy to check that this functor is a category
isomorphism with the functor G -1 : Coalg(7T") — Coalg(S) as its inverse. QED

Instead of defining §-automata for a weak pullback preserving but not necessarily
standard functor we can use the automata for the standardized version of the functor
for classifying S -coalgebras.

5.2.27. DerintTiON. Let S : Set — Set a weak pullback preserving functor, 7' : Set —
Set a standardization of S, i.e. S is standard and there is a natural isomorphism 7 : § =
T between S and T. Furthermore let A be a T-automaton. Then we say A accepts a
rooted S -coalgebra (X, y, x;) if A accepts G.(X,y, x;) == (X, Tx 0y, x1).

5.2.28. ExampLE. An important example for a weak pullback preserving functor that is
not standard is the filter functor ¥ : Set — Set which has been studied in [GumO1].

Recall that for an arbitrary set X a nonempty set F' C P(X) is called a filter over X
if

1. F is closed under finite intersections, i.e. U € FandV € Fimply UNV € F,
and

2. F is upwards closed, i.e. U € Fand U C Vimply V € F.
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The filter functor is defined as follows

F :Set — Set
X b {FCPX)|F is afilter over X}
(f:X->Y) » (Ff:FX->FY),

where for a filter F C P(X) we have
FHX)={VePX)|AU e F. flU]CV}.

The definition of a standardization ¥’ of ¥ needs some preparation. We say that a
filter F; over some set X; and a filter F, over some set X, are equivalent if

e forall U € F, thereis a U’ € F, such that U C U’, and vice versa
e forall U’ € Fthereisa U € Fy such that U’ C U.

In this case we write F'; ~ F,. Clearly ~ is an equivalence relation on the class of all
filters and we denote the equivalence class of a filter F' over some set X by

[F]:={F"| F’ is a filter over some set Y and F’ ~ F}.
We are now ready to define the standard functor ¥':

F':Set — Set
X b |{[F]|F €¥FX}
(f:X>Y) » (F'f:F'X>F'Y),

where (F' f)([F]) = [(F /)(F)] for [F] € ¥'X.

5.3 The connection with coalgebraic fixed-point logic

In the previous sections of this chapter we recalled the definition of coalgebra automata
and investigated several of their properties. But how does this material fit into the
framework of this thesis, i.e. where is the connection to finitary logics for coalgebra?
The answer to this question was already given in detail by Venema in [Ven04], where
the following two theorems are proven.

5.3.1. THEOREM. [VenO4, Theorem 2] Let T be a standard, weak pullback preserving
endofunctor on Set. Then every sentence ¢ € uL! of coalgebraic fixed-point logic can
be transformed into a T-automaton A, such that for any rooted T-coalgebra (S, s;):

S,sr E ¢ iff Ay accepts (S, sp).
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5.3.2. THEOREM. [Ven04, Theorem 3] Let T be a standard, weak pullback preserving
endofunctor on Set. Then any T-automaton A can be transformed into a uL” -sentence
@ such that for any rooted T-coalgebra (S, s;):

A accepts (S, s;) iff S, s; E Pa.

In other words sentences of coalgebraic fixed-point logic and T-automata are essen-
tially the same. This is a generalization of classical results from automata theory in
the same way as T-automata generalise automata on infinite words, trees and graphs.
The following table lists those classical correspondences between automata on certain
structures on the one hand and formulas of a suitable logic on the other hand.

Automata on (possibly) infinite | formulas of

words SIS

k-ary trees SkS

graphs the modal p-calculus

5.3.1 Finite model property

An important application of the correspondence between automata and formulas is the
reduction of the satisfiability problem of a logic to the non-emptiness problem of the
corresponding automata.

For coalgebra automata this is done using Theorem 5.3.1: a given formula ¢ €
uLT" is satisfiable in some T-coalgebra iff the automaton A4 accepts some rooted T'-
coalgebra.

In the previous section we saw that every T-automaton that accepts some rooted
T-coalgebra, accepts at least one rooted 7-coalgebra with finite carrier set. This gives
us immediately the following corollary - a weak finite model property of coalgebraic
fixed-point logic.

5.3.3. CoroLLARY. Let T : Set — Set be a standard, weak pullback preserving functor
and ¢ € uL" a sentence. Then ¢ is satisfiable in some rooted T-coalgebra (S, s;) if ¢
is satisfiable in some rooted T-coalgebra (S, s}) with a finite carrier set.

Proof. This is a consequence of Theorem 5.3.1 and Corollary 5.2.23. QED

Decidability of coalgebraic fixed-point logic does, however, not follow from this finite
model property. However, under the requirement that the functor 7 maps finite sets to
finite sets we can easily obtain decidability.

5.3.4. CoroLLARY. Let T : Set — Set be a standard and weak pullback preserving
functor that maps finite sets to finite sets. Then the problem whether a given sentence
¢ € uL" is satisfiable in some rooted T-coalgebra (S, s;) is decidable.
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Proof. Let ¢ € pL" and A, the corresponding 7T-automaton from Theorem 5.3.1.
Then we first transform A, into an equivalent non-deterministic automaton Ag =
(A,a;, A, Q) as described in Section 5.2.2 above. A careful inspection of the proof
of Theorem 5.2.22 shows that Ag accepts some rooted 7'-coalgebra (S, s;) only if it
accepts some rooted 7-coalgebra (A, a;, ¢) with the property that ¢(a) € A(a) for all
a € A. It is not difficult to see that there are only finitely many such 7-coalgebras,
because A and therefore also TA are finite sets. QED

5.3.2 A distributive law

The finite model property of coalgebraic fixed-point logic was an immediate conse-
quence from our work on closure properties of 7-automata. The material presented in
this subsection is motivated by the work on 7T -automata, but we do not explicitly make
use of the automata-theoretic framework.

Let us take a closer look at the precise connection between formulas in 4 £ and
T-automata: According to Theorem 5.3.2 we can assign to every automaton A =
(A,a;, A, Q) an equivalent formula ¢,. For every a € A let us denote by A“ the au-
tomaton that we can obtain from A by changing the initial state a; into a. Then we get
for each a € A a corresponding formula ¢ .. In this way we can define a function

t:A — uLl’

a B ¢Aa .
The following proposition is then not difficult to prove.

5.3.5. Proposition. Let T : Set — Set be a standard, weak pullback preserving func-
tor, A = (A, a;, A, Q) a T-automaton and (S, s;) a rooted T-coalgebra. Then A accepts
(S, s) iff

s,k \/ A\ VT,

DeA(ay) ped

This means that an alternating automaton accepts a rooted 7-coalgebra (S, s;) iff (S, s;)
satisfies a disjunction of conjunctions of V-formulas. In this perspective turning an al-
ternating 7 -automaton into an equivalent non-deterministic one is equivalent to replac-
ing a formula of the form \/ /\ V¢ by an equivalent formula which is only a disjunction
of V-formulas, i.e. into a formula of the form \/ Vi.

We know from Section 5.2.2 that we can always turn an alternating automaton into
an equivalent nondeterministic one. This suggests that we can find to every formula of
the form \/ /A V¢ an equivalent formula of type \/ Vi/. In the remainder of the section
we are going to prove that this is indeed the case. As a consequence we obtain a new
validity of coalgebraic (fixed-point) logic. Again redistributions play an important role
in the argument, but because we are working with finitary syntax we have to restrict
ourselves to finitary redistributions. In the following we fix some (arbitrary) standard
functor T : Set — Set, that preserves weak pullbacks.
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5.3.6. DeriniTiON. Let X € PTX be a subset of TX. Then the set D, (X) of finitary
T -redistributions of X is defined as

D(X) ={O € T,(PX) | O is a T-redistribution of X}.

where T,(PX) consists of the elements of T#X that have finite 7-base (cf. Def. 2.3.1
on page 26).

It will be convenient to view the conjunction of formulas as a relation in the fol-
lowing way.

5.3.7. Dernimion. Let £ € u LT be a set of formulas. Then we define a relation M, C
PL x L by letting

(@,¢)eny if goz/\CI),

5.3.8. Remark. Obviously the relation M, and therefore also its lifting 711, will be the
graph of a possibly partial function. This allows in the following to identify the sets of
successors My[®] and (77 2)[E] with their only element.

In order to be able to state the main result of this section we need the following
technical lemma. Expressed in words, it says that conjunction is well behaved with
respect to the notion of finite 7-base: consider a Z € T(P,(uL")) with finite T-base.
Then its conjunction & := (TT1)[Z] also has finite T-base and therefore V¢ is a formula
in our finitary syntax.

5.3.9.Lemma. Let E € Ty(Po(uL")). Then (T r)[E] € To(uLD).

Proof. Suppose = € T, (PuLT)) and let & = (Tl‘lﬂ o7)[E]. Furthermore define R to
be the restriction of M, ,r to Base(Z). Then obviously (E,¢) € Tl‘lﬂ o7 and because of
Lemma A.2.14 (E,¢) € TR. Hence ¢ € F(rng(R)) by the definition of T, where

rmg(R) := {¢ € u LT | AD € Base(Z) . (¥, ¢) € R).
As rng(R) is obviously finite we finally get & € T,,(uL"). QED
We are now ready for stating the main theorem of this section.
5.3.10. Tueorem. Let X C, T,(uL"), S = (S,0) a T-coalgebra and s € S. Then

S5k \Vr o thereisE e Dy(X) st S, 5 £ V(Trr) [E]
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Proof. =: Suppose S, s E A ex V7. We define B := |,y Base(r) and let
={(s',¢) € S X Base(n) | S, s" E ¢}.
According to our assumption we have for all 7 € X that (o (s), ) € TZ,. Now let
={(s", UrexZz[s']) | s" € S} € § X PB.

Note that by definition Z € § X 8 is obviously the graph of a function and that
therefore T'Z is the graph of a function as well. Furthermore observe that Z o 34 2 Z,
for all r € X. Hence for all m € X

(0(s),m) € TZ, C T(Zo 3g) = TZ o T3g.

Comblnmg this with the fact that 7Z is functional we get the existence of a unique
2 e TPB C TPuL" such that (o(s),E) € TZ and (E,7) € T 34 forall 7 € X. To show
that Z € D,,(X), it suffices to check that Z € T,,(PuL") but this is immediate, because
E e TPBand B C uL is afinite set.

Note that = fulfills the requirements of Lemma 5.3.9 and therefore V(TI‘I# o)[E] 1s
a well-defined formula. We want to prove that in fact S, s | V(Tl‘lﬂ c7)[E], i.e. that
(0(s), (T,2r)[E]) € T . We know that

(0(s),E) € TZ and (5,(TM,)[E]) € Tr,,

so it suffices to show that Z o 1, ,7C . Consider an arbitrary pair (s, ) € Z o Mr and
suppose (s,¥) € Zand y = A\ Y. Then

S5k \¥ o VeV SsEy < ZosCF,

and as we know that the last statement is true we can conclude that S, s F A Y.
&: Suppose now that there is a Z € D,,(X) such that S, s | (TT,,7)[E]. Then spelling
out the definitions we get

(o(s),m) € T(E o Mro3)  forall meX
and it is easy to check that
|: o |_|;£T c> g I:,
hence (o(s),7) € T k for all 7 € X and therefore S, s F Ngex V. QED

In case that 7" maps finite sets to finite sets we obtain a validity of coalgebraic logic.

5.3.11. CoroLLARY. Let T : Set — Set be a standard and weak pullback preserving
functor that maps finite sets to finite sets. Then for all T-coalgebras S and all X C,,
T,(uL") we get
sk AVvre \/ v(Tn)EL
meX EeD,(X)
Proof. The claim follows immediately from the theorem and the fact that under the
additional assumption on the functor the set D, (X) is finite. QED
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5.4 Concluding remarks

Relevance of Theorem 5.2.1

The fact that every T-automaton can be transformed into an equivalent non-deterministic
one has many important consequences. This has been demonstrated first by Muller and
Schupp in [MS95] for word and tree automata. In particular they show how to use this
fact for proving Rabin’s complementation lemma for tree automata: complementing an
alternating tree automaton is trivial. Therefore the complementation of a nondetermin-
istic automaton A can be reduced to the transformation of the alternating automaton,
that accepts the complement of A, into an equivalent nondeterministic one. This idea
can, however, not easily carried over to arbitrary 7-automata. The reason for this lies
in the asymmetry of the bisimulation part of the acceptance game of an 7-automaton.
In the future we would like to investigate this question in more detail.

Another well known application of (an instance of) Theorem 5.2.1 is related to
the modal p-calculus. Janin and Walukiewicz establish in [JW95] a one-to-one cor-
respondence between modal u-formulas and p-automata (graph automata) in general,
and between disjunctive modal u-formulas and non-deterministic y-automata in partic-
ular. In this context the transformation of an arbitrary y-automaton into an equivalent
non-deterministic one corresponds to proving that every modal u-formula is semanti-
cally equivalent to a disjunctive one. Disjunctive formulas play an important role in
Walukiewicz’s completeness proof of the modal u-calculus in [Wal0O]. A main step in
his proof is that the semantic equivalence of an arbitrary formula to a disjunctive one
is also a provable equivalence in Kozen’s axiomatisation of the modal u-calculus.

An application of Theorem 5.2.1 on the level of coalgebra automata, which we
presented in this thesis, is the solution of the non-emptiness problem of 7-automata
and, as consequence, the proof of the finite model property of coalgebraic fixed-point
logic. It will be interesting to compare our proofs to existing solutions to the non-
emptiness problem of word, tree and graph automata. In particular we would like
to compare our proof to existing proofs of the finite model property of the modal u-
calculus (cf. e.g. [Koz88, SE89)).

Other questions concerning coalgebra automata

The work on T-automata can be extended in many directions: as mentioned above in
Section 5.2.4 our requirement that the functor 7T is standard can be dropped without
problem. An immediate question is of course whether we can also define T-automata
for functors that do not preserve weak pullbacks and that still have the closure proper-
ties.

In the main proofs of this chapter we heavily used the fact that parity games are
history-free determined. Can we still prove similar results when we consider different
acceptance conditions, such as the Biichi, Muller and Rabin condition? The main
problem is that winning strategies cannot be assumed to be history-free anymore (cf.
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[Zie98]).

Another variation on coalgebra automata would be to consider different base cate-
gories, i.e. to define T-automata for functors 7' : C — C for some arbitrary category C.
One obvious choice here would be to take C = Stone. Acceptance by a T-automaton
could then correspond to the fact, that the negation of a formula is not provable.

Finally we would like to point out that there seems to be a close connection to
the work on coalgebraic trace semantics which was initiated by Jacobs in [Jac04] and
carried further by Hasuo and Jacobs in [HJ05a, HJOS5b].

Further consequences for coalgebraic (fixed-point) logic

We have shown that T-automata are closed under projection. It was observed by Ven-
ema that this has as an immediate corollary uniform interpolation of coalgebraic fixed-
point logic following similar work by D’ Agostino and Hollenberg in [DHOO].

Adding negation to the language of coalgebraic (fixed-point) logic is is also an
interesting issue which has been addressed already to some extent in [Mo0s99]. This
is of course closely related to the above mentioned problem of complementation of 7-
automata: if we want to maintain the correspondence between formulas and automata
while adding negation, we have to make sure that the recognizable languages are closed
under complementation.

In case that the functor 7 : Set — Set maps finite sets to finite sets we showed
that a certain distributive law is valid, i.e. it can be added as a sound axiom to a
possible axiomatisation of coalgebraic (fixed-point) logic. The question of a complete
axiomatisation of this logic remains of course open. A possible starting point could be
to use Kozen’s axiomatisation of the modal u-calculus to obtain an axiomatisation of
the T-logic for T = P.



Appendix A

Category theory

A.1 Basic notions of category theory

For basic notions of category theory such as categories and functors we refer the reader
to [Mac71]. The most important categories appearing in this thesis are listed in Ta-
ble A.1.

A.1.1. Noration. Let C be a category and A, B € C. Then we write C(A, B) for the
collection of morphisms between A and B. If C = Set we write [A, B] for Set(A, B).

A.1.2. DeriniTioN. Let C be a category and 7 : C — C a functor. Then C°? denotes
the opposite category which has the same objects as C and where all the arrows are
reversed, i.e. C(A, B) = C°?(B,A) for all A,B € C. Given an arrow f : A - B € C
we write f°° : B — A for the corresponding arrow in the opposite category. By
T : C* — C° we denote the opposite of T, i.e. T°?(A) = TA and TP f°P = (T f)°P.

A category that is important in this thesis is the category of algebras for a functor.

A.1.3. DeriniTiON. Let T : C — C be a functor on some category C. Then a T-algebra
is a pair (A, @) such that A is an object in C and @ : TA — A is a C-morphism. A
T-algebra morphism between two T-algebras (A, a;) and (A}, a;) is a C-morphism

‘ Category H Objects ‘ Morphisms ‘
Set sets functions
Rel sets relations
BA Boolean algebras | homomorphisms
Stone Stone spaces continuous functions
Cat categories natural transformations

Table A.1: Some important categories
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f Al = Aysuchthat ay o Tf = f o ;. By Alg(T) we denote the category of
T-algebras and T-algebra morphisms.

A.1.4. Derinition. Let 7,8 : C — D be two functors. A natural transformation A -
T = S isafamily (Ay : TX — SX)xec such that forall X, Y e Cand f : X — Y the
following diagram commutes

TX X~ 5Xx

4

TY -3y

A.1.5. DeriniTioN. Let C be a category. Then we define the following functors:

C(L,Y): Cep — Set CX,)): C — Set
X — C(X,Y) Y — C(X,Y)
(f:X->X) — C(f.Y) g:Y-Y) » CXg
where

C(f,Y): CX,Y) —» CKXY) CKXg: CXY) - CXY)
h — hof h — goh.

A.1.6. THEOREM (YONEDA LEMMA). Let S : C°? — Set be a functor and let X € C. Then
there is a natural isomorphism

®s.x : Cat(C(_, X),5) — SX.

A.2 Set-functors

A.2.1 Basic constructions
A.2.1. DeriniTioN. Given two functors T4, T, : Set — Set we define their product
T, X T, : Set — Set

X TX, XTX,
f TH T,

!

I

and their sum

T+ T, : Set — Set
TX, + TX,
f e TH+Th.

e
l
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Figure A.1: Weak pullback

Here for two sets X, X, we denote by X; X X, their cartesian product and by X; + X,
their coproduct, i.e. their disjoint sum. Furthermore for two functions f; : X; X X, and
Yy — Y, we define

X X1 XY - XoxX),
(x’y) = (fl(x)’fz(Y)),

and

f1+f21X1+Y1 - X2+Y2

A if xeX,
e {fz(x) if xev,

A.2.2. DeriNiTION. Let 7 : Set — Set be a functor and D a set. Then we define a
functor

TP : Set — Set
X - (TX)?:=[D,TX]
(f:X—>Y) » [DTf]:[D X]— [D,Y]

If n is a natural number we write 7" for the functor 7%

A.2.2 Standard and weak pullback preserving functors

A.2.3. DeriniTioN. Given a category C and two morphisms f: X - Zand g : Y — Z,
we call the triple (P, p; : P = X, p> : P — Y) a weak pullback of f and g if

(1) fopi=fopyand

(i) for all triples (P",p| : P — X, p, : P’ — Y) with f o p| = f o p/ there
is a morphism /& : P — P such that p; o h = p| and p; o h = p).

Figure A.1 illustrates the situation.
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(Tnx,Try)

TR———TXXTY
N 7
\N_ L///
TR

Figure A.2: Relation Lifting

A.2.4. DeriniTion. A functor T : C — C s called weak pullback preserving if (P, py, p2)
being a weak pullback of f and g implies that (TP, T p,, T p,) is a weak pullback of T f
and Tg.

A central role in coalgebraic logic is played by the so-called relation lifting.

A.2.5. DeriniTioN. Let T : Set — Set be a functor, R € X X Y a binary relation and
Ty R — X, my : R — Y the projection maps. Then we define the lifted relation
TRCTX XTY as the set

TR = {(x,y) | 3z € TR.Tnx(z) = x & Try(2) = y}.

A.2.6. REmark. Expressed in more categorical terms TR is obtained by factoring the
arrow (Tny, Tmy) : TR - TX X TY as shown in Figure A.2.

In case the functor 7" under consideration preserves weak pullbacks this relation lifting
gives rise to a functor 7' : Rel — Rel, where Rel is the category of sets and relations.

A.2.7.Fact. [Tm77] Let T : Set — Set be a weak pullback preserving functor. Then
the following defines a functor T : Rel — Rel, the unique extension of T to Rel:

T : Rel — Rel
X - TX
RCcXxY +— TR.

In particular this means that for a weak pullback preserving functor 7' we have T(Ro
S)=TRoTS,i.e. T preserves the composition of relations.

A.2.8. DerINITION. A functor T : Set — Set is called standard if for all sets X, Y such
that X C Y we have TX C TY and inclusion maps i : X < Y are mapped to inclusion
maps Ti : TX — TY.

Note that this definition of standardness, which has been used in various papers (cf. e.g.
[Mos99, Ven04]) differs slightly from the one which was used by Adamek and Trnkova
e.g. in [AT90]. To state the latter definition we first have to introduce the following two
Set-functors and the notion of a distinguished point of a Set-functor.
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C,:Set —» Set Co, : Set — Set
X - 1 X 0 if X=0
1 otherwise.

fomidy (f:X—=>7T) id; otherwise.

{oifxzo
A.2.9. DermNiTiON. Let 7 : Set — Set be a functor. Then a natural transformation
a: Cog = T is called a distinguished point of T .

A.2.10. Remark. A distinguished point of a functor 7" occurs “naturally” in 77X for all
nonempty sets X: If a is a distinguished point then ay : 1 — TX can be identified with
some element ay € TX. The naturality of @ means that for all non-empty sets X and Y
and all functions f : X — Y we have (T f)(ayx) = (T f)(ay).

Now we are ready to state the notion of standardness of a functor from [AT90]. In
order to avoid confusion we call it @-standardness.

A.2.11. DeriNiTioN. A functor T : Set — Set is called 0-standard if T is standard and
every distinguished pointa : Cy; = T of T can be extended to a natural transformation
a:C, - T.

In this thesis we are only considering standard functors that are also weak pullback
preserving. For weak pullback preserving functors standardness and 0-standardness
coincide as the next lemma shows.

A.2.12. LemmA. Let T : Set — Set be standard and weak pullback preserving. Then
T is also O-standard.

Proof. Let T be a standard and weak pullback preserving functor and let a be a distin-

guished point of 7', i.e. a : Co; = T. In order to prove our claim we have to extend a

to a natural transformation @ : C; = T. For all sets X # () we put therefore ay := ay.
Consider now two sets X and Y which are disjoint and nonempty and let Z := XUY

their union. Then the following diagram is a pullback diagram in Set
0y

0——Y
@Xl l
X—>XUZ
where the maps iy, iy are the inclusion maps. Because T is weak pullback preserving
the T-image of this diagram is a weak pullback diagram.
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1 ay
N
N o
b N
T0
TO—>=TY
ax
T@)(\L \LTIY
TX W‘ TZ

Because a is a natural transformation from Cy; to T we get Tiy o ay = Tiy o ay and
therefore, by the fact that the square in the above diagram is a weak pullback, we get
the existence of a function ay : 1 — 70 such that

T@X o E@ = day. (A])

In order to prove that with this definition a is indeed a natural transformation from
C, to T it suffices to show that for an arbitrary nonempty set U the diagram below
commutes.

_ TO
>
1 \ T0y
Y ru
Take an arbitrary function f : U — X. Then
TOyoay = TfoTOxoay Oy = fo0x)

= Tfoay (Equation A.1)
= ay (naturality of a)

Hence the diagram commutes and a is a natural transformation of type C; = T as
required. QED

In particular this yields an important property of standard and weak pullback preserv-
ing Set-functors.

A.2.13. Fact. Let T : Set — Set be a standard and weak pullback preserving functor.
Then T preserves finite intersections, i.e.

T(ﬁ U) = ﬂ TU..
i=1 i=1

Proof. The functor 7 is standard and weak pullback preserving and therefore according
to Lemma A.2.12 also @-standard. For a proof of the fact that (-standard functors
preserve finite intersections we refer the reader to [AT90, Prop. 111.4.6]. QED

We will need the following properties of the lifting of standard Set-functors.
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A.2.14. Lemma. Let T : Set — Set be a functor and R C X X Y a relation. Then
1. T(R*) = (TR)", where (L)~ denotes the converse relation,

2. z is monotone, ie. if S € X XY is a relation such that R C S, then we have
TRCTS, and

3. if T is standard, T commutes with restrictions, i.e. if X’ C X, Y’ C Y and
Rixxy # 0 then

7(R [X’XY’) = TR I TX'XTY’ -

Proof. Let j : R — R be the obvious isomorphism between R and R~ mapping (x,y) €
Rto (y,x) € R™. Then (1) easily follows from the commutativity of the following chain
of equivalences:

(v,x) € (TR)™ & Jze€TR.Tnk(z)=yand Tal(z) = x
& Az eTR.TA¥ (Tjiz)) =yand Tnk (Tj(z)) = x
& A7 €TR .Try (Z)=yand Tny (Z) =x
& (,x)eT(R).

The second claim of the lemma is an immediate consequence of the commutativity of

the following diagram:
S

TrS Tr
TX<—TS —>TY

ul

TR
To prove the third claim note that because R’ := Rxxy: # 0 we can define functions

ix : X = X',iy:Y — Y and iy : R — R’ which are semi-inverse to the respective
inclusion maps and which make the following diagram commute:

x> p-".y

i

4 < / S 4
X Us'é R Ty’ Y

The claim now follows from the following sequence of equivalences:

(,y) € TR) 17wy  © ] €TR.Tnx(x)=x€TX and Try(z) =yeTY
& dzeTR.Tix(Trx(z)) = xand Tiy(Try(z)) =y
“E" A e TR . Ty (Tig(z) = x and Try (Tig(2)) = y
© A7 eTR .Tay(d)=xand Tray () =y
&  (x,y)eTR.

Here the second equivalence follows from standardness of 7. QED
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A.3 Coalgebras

In this section we introduce some basic notions from universal coalgebra.

A.3.1. DeriniTioN. Let C be a category and 7 : C — C be a functor. Then a T-
coalgebra is a pair (X,y) where X e Candy : X —» TX € C. Let (X, y) and (¥, 6) be T-
coalgebras. A T-coalgebra morphism f : (X,y) — (¥,8)isamorphism f : X - Y € C
such that the following diagram commutes:

Tf
TX——TY
’T T(s
X ?‘ Y
The category Coalg(7") has T-coalgebras as objects and T-coalgebra morphisms as
arrows.
Rather than talking about 7'-coalgebras we will often talk about rooted T-coalgebras.

A rooted T-coalgebra is a pair (X, x;) where X = (X, y) is a T-coalgebra and x; € X is
an element of X, the so-called “root” of X.

A.3.2. ExampLe. The category Coalg(#) corresponds to the category of Kripke frames
and bounded morphisms (see e.g. [Rut95]).

One way of looking at coalgebras is that a coalgebra consists of some set of states
X and the coalgebra map y : X — T X allows us to observe certain properties of these
states. Coalgebra morphisms preserve and reflect observable properties of objects, i.e.
for a coalgebra morphism f : (X,y) — (¥, ) we want that x and f(x) are observably or
behaviourally equivalent. It turns out that this notion of behavioural equivalence gen-
eralizes existing notions of bisimilarity and therefore we refer to it as T-bisimilarity.

A.3.3. DermniTION. Let T : C — C be a functor, X = (X,y),Y = (¥,6) € Coalg(T),
x € Xand y € Y. Then we say (X, x) and (Y, y) are T-bisimilar if there is a (Z,¢) €
Coalg(T) and T-coalgebra morphisms f : (X,y) — (Z,&),g : (Y,0) — (Z, &) such that
f(x) = g(y). In this case we write (X, x) €7 (Y, y).

A.3.4. Remark. Note that our notion of bisimilarity is often referred to as behavioural
equivalence.

If T preserves weak pullbacks there is an alternative definition of bisimilarity in terms
of T-bisimulations due to Aczel and Mendler (cf. [AMS89]). We only state the def-
inition for the case that our base category is Set. The generalization to an arbitrary
category is straightforward, but not needed in this thesis.

A.3.5. DeriniTiON. Let 7 : Set — Set be a functor, X = (X,v),Y = (¥,6) € Coalg(T)
and Z € X X Y a binary relation. Then Z is called a 7-bisimulation if there is a function
p : Z — TZ such that the following diagram commutes
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X Z Y
\L'y vy lé
T v T,
px I pz T py

i.e. such that the projection maps nx, 7wy are T-coalgebra morphisms.

Following the ideas of Hermida and Jacobs in [HJ98] the definition of a 7-bisimulation
can be reformulated using relation lifting.

A.3.6. Fact. Let T : Set — Set be a functor, X = (X,y),Y = (,0) € Coalg(T)_and
Z C X x Y. Then Z is a T-bisimulation iff for all (x, y) € Z we have (y(x),d(y)) € TZ.

Proof. The claim, which is not difficult to prove, is an immediate corollary of [Rut98b,
Thm. 1.2]. QED

If T preserves weak pullbacks, then T-bisimulations match with the notion of T-
bisimilarity in the following sense.

A.3.7.Fact. Let T : Set — Set be a functor that preserves weak pullbacks and let
X, xp) =X, y,xp), (Y, yr) = (Y,6,y;) be rooted T-coalgebras. Then (X, x;) and (Y, y;)
are T-bisimilar iff there is a T-bisimulation Z C X X Y between X and Y with (x;,y;) €
Z.

A.3.8. REMaRrk. A similar claim could be proven in the case that 7 does not preserve
weak pullbacks if we worked with a more general definition of a T-bisimulation. We
work with the less general definition of a 7T-bisimulation because we need the charac-
terization in terms of relation lifting in the context of coalgebra automata.

A.3.9. ExampLE. Let T be the power set functor . Then P-bisimulations coincide with
the standard notion for bisimulation for transition systems, i.e. given two $-coalgebras
(X,vy) and (Y,9), a relation Z C X X Y is a bisimulation between (X, y) and (Y, 0) iff
(x,y) € Z implies

(i) forall x" € y(x) there is ay’ € d(y) with (x’,y") € Z and

(i1) forall y’ € d(y) there is an x” € 6(x) with (x’,y’) € Z.






Appendix B

Universal Algebra

In this part of the appendix we list definitions and facts from universal algebra that are
essential for our presentation. For detailed references on the topic the reader is referred
to [BS81, Wec92]. We use [Vic89] as a guideline for our account of presentations of
algebras using generators and relations.

B.1 Algebras

B.1.1. Derinition. A (finitary) algebraic signature is a set £ of operation symbols to-
gether with a function o : ¥ — w assigning to each operation o € X its arity o(0) € w.
If o(0) = n we call o an n-ary operation.

B.1.2. Derinttion. The Boolean signature consists of the two constants (“O-ary opera-
tions”) L and T, a unary operation — and the binary operations V and A.

B.1.3. DeriniTioN. Let X be an algebraic signature. A X-algebra A consists of a set A
together with operations o™ : A™ — A for every m and every m-ary operation symbol
o € X. Given two Z-algebras A, A, a function h : A; — A, is a homomorphism if
for all m-ary operations o € £ we have

h(o-ﬂl(ala R am)) = O-ﬂz(h(al), B h(am))
Given a set X we denote by Tx(X) the term algebra generated by X, i.e.

Ts(X)sti:=xeX|o(,...,t,) for oe€X n-ary,

and o =X, ..., t,) = o(t,...,t,). Furthermore we write #(xi,...,x,) if the only
generators x € X occurring in ¢ are in {xi,...,x,} and for terms sy,..., s, the term
t(s1,...,s,) is the term which is obtained from #(xy,..., x,) by replacing any occur-
rence of some x;,i € {1,...,n} by the corresponding term s;.

157
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B.1.4. DernNTION. Let T be an algebraic signature and A = (A, {c},ex) a Z-algebra.
An equivalence relation R € A X A is called a 2-congruence if for all n-ary operation
symbols o € X and for ay, ..., a,,d),...,a, we have

aRa, forallie({l,...,n} implies o™(ai,...,a,)Rc(d,...,d)).

Given a congruence R on A, the X-algebra A/R is the algebra which has the set A/R
of R-equivalence classes as its carrier set and for each n-ary o € X an operation

R (A/IR)" — A/R
(a)ams-- - ladap) — o™, an)

AR’

We also want to consider algebras for a signature that satisfy additional equations.
We first give the formal definition of an equation and then introduced (X, E)-algebras,
i.e. those X-algebras that satisfy the equations in E. In the following we fix some
(sufficiently large) set X of equation variables.

B.1.5. Derintion. Given a signature £ and a set A we define the set of A-equation
terms (for £) EquTy(A) inductively as follows

EquTy(A)se:=xeX|acA|o(e,...,e,) for o€X n-ary.

A pair (ey, e;) of A-equation terms is called an A-equation and will be denoted by e; ~
e,. Given a X-algebra A, every equation term e with equation variables xi, ..., x, gives
rise to a term function e” : A” — A where e”(ay, ..., a,)isthe terme[x;/a,]...[x2/az],
in which all the x;’s have been substituted by the a;’s, evaluated in A. We say A satis-
fies an equation e; ~ e, if 7' = €' and denote this fact by A [ ¢; ~ e,.

B.1.6. DeriNtTION. An algebraic theory is a pair T = (Z, E) such that X is an algebraic
signature and £ € EquTy(0) is a set of equations.

B.1.7. Derinition. Let T = (X, E) be an algebraic theory. Then A is an T-algebra if A
is a X-algebra and we have A | e; = e, for all e; = e, € E. We denote by Alg(T)
the category of all T-algebras with homomorphisms as arrows between them, where a
function i : A; — A, is a homomorphism between T-algebras if / is a homomorphism
between the underlying X-algebras.

B.1.8. DeriniTion. Let T be an algebraic theory. Then a presentation T (G | R) consists
of a set G of generators and a set of relations

R C{e; ~ ey | e1,e; € EquTy(G)}.

B.1.9. DeriniTion. Let T = (X, E) be an algebraic theory and T (G | R) a presentation.
A model for T(G | R) is a T-algebra B such that there is a function ingen : G — A and
the algebra AC is an (X U G, E U R)-algebra, where A is obtained by extending the
algebra A with constants (0-ary operation symbols) g for every g € G and interpreting
each g by g™ := ingen(g). In particular A satisfies all the G-equations in R.
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B.1.10. DermniTion. Let T be an algebraic theory. Then a T-algebra A is presented by
T(G | R) if A is amodel of T(G | R) and if B is another model of T (G | R) then there
is a unique homomorphism /4 : A — B such that

h(ingen(g)) = ingen(g) forall g € G.
We are going to use the following facts about presentations.
B.1.11. Fact. Let T be an algebraic theory. Then the following holds':
1. If A and B are presented by T (G | R) then A = B.
2. For every presentation T (G | R) there is an algebra A presented by T (G | R).

3. Every T-algebra A is presented by some presentation T (G | R).

B.2 Equational Logic

B.2.1. DeriNiTioN. Let X be an algebraic signature. The consequence relation vg; of
equational logic relates sets of equations for the signature X with equations for £ and
is defined inductively by the following rules:

(ey ey € E)

Axioms: -
E l_EL el ~ e2
Reflexivity: Evs e~e
Er: e ~e
Symmetry: EL €1 ® €
E FE‘L e X €
EtZ e ~e Er: e, ~e
Transitivity: EL ©1 ™ ©2 EL €2 ¥ €3
E I-EL e~ e3
Eryyp e = fi Et+E e, ~
Congruence: ELE /i EL €1 X (e
E |_EL O-(el’ cee en) ~ O-(fl, e ,fn)
segr E +x e~ e
Substitution: EL (x e X)

Etgy eilx = fl = ex]x = f]

where e[x := f] denotes the term obtained by replacing all occurrences in e of the
variable x by the term f. A X-derivation of some equation e; =~ e, from a set of
equations E is a finite tree such that

e the root is labeled by E +¢, e ~ e,

"Note that for 2. and 3. it is essential that we are working only with finitary signatures.
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e if a node is labeled by E +,; €| ~ ¢, and its children are labeled by E +3, f| ~
foseo s Ebgy S~ f3 then

S gl gl > o gl
Evrg i = 1 Erg, [I'= 1
EI—%Le’lze’z

1s an instance of one of the above rules,
¢ and any unlabeled node of the tree is a leaf.

We write +gr, instead of "%«:L if X is clear from the context. Furthermore for a X-
derivation D of E I—EL e; = e, we define Occ(D) to be the set of all equation terms
occurring in D.

We need the following facts about equational logic.

B.2.2. Fact. Let X be an algebraic signature, E C E’ two sets of equations for £ and
suppose that E +, e; ~ e,. Then also E’ +5; e ~ es.

B.2.3. Fact. Let G,G’ be sets, e; ~ e, a G-equation term, E a set of G-equation terms
and f : G — G’ a function. Then

Etg e1 ~ e, implies E[f] by (e1 = e2)[f],

where (e; = e;)[f] is the G’-equation obtained from e; = e, by replacing all occur-
rences of parameters g € G by f(g) € G’ and E[f] :={(ex €¢')[f] | e~ ¢ € E}.

B.2.4. Fact. Let X be an algebraic signature, let E be a set of G equations for £ and
suppose that there is a derivation of E +¢, e; ~ e, for some G-equation ¢; ~ e,. Then
there is a derivation D of E I—EL e; = e, such that Occ(D) € EquTy(G).

B.2.5. THEOREM (BIRKHOFF). Let (X, E) be an algebraic theory and ey, e; € EquTs(0)
be equation terms. Then the following are equivalent:

1. For all algebras A € AlIQ(Z, E) we have A = e = e, and
2. E I-EL el ~ e.

The definition of an algebra can be also formulated in category-theoretic terms. We
use at several places the notion of an algebra for a functor, which is the exact dual of
the definition of a coalgebra.

B.2.6. DeriNniTioN. Let 7 : C — C be a functor. Then a T-algebra is a pair (A, @)
where A is an objectin Cand @ : TA — A € C is a C-arrow. A T-homomorphism
between two T-algebras (A, 1) and (A,, @;) is a morphism f : A} — A, € C such that
ar0T f = foa,. The category Alg(T') has T-algebras as objects and T-homomorphisms
as arrows.
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B.2.7. Remark. Categories of algebras for a signature correspond to categories of al-
gebras for a functor. For the representation of algebras for an algebraic theory one
usually has to consider algebras for a monad, i.e. algebras for a functor that fulfill
certain extra conditions. For more details on the categorical treatment of algebras the
reader is referred to [Man76].






Appendix C

Parity games

Here we introduce the terminology we need concerning parity games. For a detailed
introduction to the subject we refer the reader to [GTWO02].

When looking at graph games we will have to talk about infinite plays of the game.
Infinite plays will correspond to infinite sequences of positions. Therefore we first have
to fix our terminology regarding finite and infinite sequences.

C.0.8. DeriniTION. Let B be a set. Then we define A* to be the collection of finite
sequence over A, A“ to be the collection of infinite sequences over A and A* = A*UA®
to be the collection of all sequences over A. Sequences, i.e. elements of A®, will be
denoted by small greek letters @, . ... For some @ € A“ we let

Inf(@) := {a € A | a occurs infinitely often in a}.

C.0.9. DerINtTION. A parity graph game is a tuple G = (B3, By, E, Q) where

e B3, By are disjoint sets of positions for the players 3 (“Eloise”) and ¥ (“Abélard”)
respectively,

e E C (B3U By) X (B3U By) is the edge relation and

e Q: B3U By — wis a parity function , i.e. a function from B3 U By to w with
finite range.

The set B := B3 U By is called the board of the game G, the triple (B3, By, E) is called
the arena of G.

A play or match consists of an initial state b; € B and a sequence of moves of the
players in that arena according to the following rules:

e In a position b € B3 player 4 has to move to some position b’ € E[b], where
E[b] :={b' € BsU By | (b,b’) € E}.

e In a position b € By player V has to move to some position b" € E[b].
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We will therefore identify a play of G from starting from position b; € B with a (pos-
sibly infinite) sequence of positions bob1b; ... such that by = b; and b;,; € E[b;].

A play B = bybib, ... from some position b; = by € B is said to be complete if
either

e B=by...b,is finite and E[b,] = 0, or
e [ 1is infinite.
If B is a complete play of G then we say 1 wins S if either
e B=by...b,and b, € By or
e B € B” and max{Q(b) | b € Inf(B)} is even.

Otherwise YV wins 3.

An important property of parity graph games is their history-free determinacy, i.e. the
fact that starting from any position of the arena either of the players has a history-free
winning strategy. We will now formally define the notion of such a winning strategy
and then state the theorem.

C.0.10. DeriniTION. Let G = (B3, By, E, Q) be a parity graph game, B = B3 U By the
set of positions. A strategy for 4 (V) is a function f mapping partial plays by . .. b, with
b, € B3 (b, € By) to some position b. We call f an admissible strategy for 3 (for V)
from position b if for all partial plays 8 = by ...b, with by = b and b, € B3 (b, € By)
we have f(B) € E[b,].

A strategy f for 3 (V) is called history-free if for all partial plays 8 and 8’ that end
on the same position b € B3 (b € By) we get f(B) = f(B), i.e. if f only depends only
on the actual position of the play and not on its history.

Let f be a strategy for 3 (V). Then a play § is called conform with f if for all proper
prefixes by ... b, of B ending on b, € B5 (b, € By) we have that by ...b,f(by...b,)is a
prefix of S.

A strategy f for 4 (V) is called winning strategy for 4 (V) in G starting from position
b € Bif fis an admissible strategy from position b and all complete plays S starting in
b that are conform with f are won by 3 (V).

A position b € B is called winning position for 3 (V) if there is a winning strategy
for 4 (V) in G starting from position b.

C.0.11. Notation. Let G = (B3, By, E, Q) be a parity graph game. Then we define

Wing(G) = {b € B3U By | b is a winning position for 1}
Winy(G) = {b € B3V By | b is a winning position for ¥}

Now we are ready to state the main result about parity games which is important for
the results in Chapter 5.
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C.0.12. THEOREM. Let G = (B3, By, E, Q) be a parity graph game and B = B3 U By
the set of positions. Then G is history-free determined, i.e. B = Winz(G) U Winy(G)
and a player that has a winning strategy from a position b in G has also a history-free
winning strategy.

Proof. The determinacy of parity graph games is a corollary of Borel determinacy
([Mar75]). For a transparent proof of the fact that parity games are history-free deter-
mined we refer the reader to [Zie98]. QED






Samenvatting

Het doel van deze dissertatie is het verbeteren van ons begrip van de hechte band tussen
modale logica en co-algebra’s. Deze band wordt niet alleen duidelijk uit het feit dat
Kripke frames een speciaal type co-algebra’s zijn, maar ook in meer algemene zin uit
het feit dat de relatie tussen modale logica en co-algebra vanuit categorie-theoretisch
perspectief gezien kan worden als de duale versie van de vruchtbare en bekende relatie
tussen equationele logica en algebra.

In de literatuur zijn verschillende typen modale talen voorgesteld om over co-
algebra’s te redeneren. In deze dissertatie beschouwen wij de volgende drie typen:
om te beginnen de inductief gedefinieerde talen voor Kripke polynomiale functoren,
die werden ontwikkeld in successievelijke publicaties van Kurz, Rofiger en Jacobs;
Pattinsons co-algebraische modale talen die voortkomen uit “predicate liftings”; en
finitaire coalgebraische dekpuntstalen, die werden geintroduceerd door Venema als
een aanpassing van Moss’ infinitaire coalgebraische talen.

In deze dissertatie stellen wij ons op het standpunt dat voor een logische taal
waarmee zinvol over co-algebra’s geredeneerd kan worden, de syntax van eindige aard
zou moeten zijn. Vandaar dat alle talen die wij bespreken eindig zijn. Talen met een
eindige syntax missen echter in het algemeen de Hennessy-Milner eigenschap.

Om die reden is het een natuurlijke vraag of we een klasse van co-algebra’s kun-
nen vinden die logica’s met een eindige syntax toestaat, die desondanks de Hennessy-
Milner eigenschap hebben. We stellen voor om dit vraagstuk op te lossen door een
bekend concept uit de modale logica te generaliseren: descriptieve gegeneraliseerde
frames. Deze descriptieve gegeneraliseerde frames kunnen gerepresenteerd worden als
co-algebra’s voor de Vietoris functor op de categorie van Stone topologieén. Vandaar
dat Stone co-algebra’s, dat wil zeggen co-algebra’s voor functoren over de categorie
der Stone topologieén, een natuurlijke generalisering van dit concept zijn.

Een manier om de expressiviteit van een modale taal te vergroten vormt het ge-
bruik van de zogeheten dekpuntoperatoren. Venema’s coalgebraische dekpuntslog-
ica’s hebben een finitaire syntax en bieden de mogelijkheid over oneindig, voortdurend
gedrag te redeneren. Deze logica’s kunnen beschouwd worden als een generalisatie
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van de modale mu-calculus, en zij kunnen, net als de modale mu-calculus, op een
automaten-theoretische wijze geinterpreteerd worden: er is een één-één corresponden-
tie tussen formules van coalgebraische dekpuntslogica en de zogenoemde co-algebra
automaten.

In deze dissertatie bewijzen we enkele afsluitingseigenschappen voor co-algebra
automaten en tonen aan dat het ‘non-emptiness probleem’ van een co-algebra au-
tomaat in veel gevallen beslisbaar is. Onze resultaten kunnen vanuit twee perspectieven
bekeken worden: In de eerste plaats generaliseren ze bekende resultaten aangaande
automaten op oneindige objecten, zoals automaten op oneindige woorden, bomen en
grafen. In de tweede plaats hebben onze resultaten logische gevolgen: we tonen aan
dat alle coalgebraische dekpuntslogica’s de eindige model eigenschap hebben. Hieruit
volgt in het bijzonder een bewijs voor de eindige model eigenschap van de modale mu-
calculus. Een ander gevolg is beslisbaarheid voor een grote klasse van coalgebraische
dekpuntlogica’s. Verder bewijzen we de correctheid van een bepaalde distributiewet
voor de V-operator.

Deze dissertatie is als volgt ingedeeld: na de Introductie in Hoofdstuk 1, geven we
een overzicht van de drie typen modale talen, die worden besproken in dit proefschrift.

Hoofdstuk 3 bevat een eerste toepassing van het idee om co-algebra’s over Stone
topologieén te beschouwen. We bekijken gedefinieerde logica’s voor Kripke polyno-
miale functoren: voor elke Kripke polynomiale functoren definieren we een corres-
ponderende functor op de categorie van Stone topologieén en verkrijgen we, in ons
vocabulaire, de klasse der Vietoris polynomiale functoren. Voor elke dergelijke func-
tor verkrijgen we de uiteindelijke co-algebra door middel van een aangepaste kanoniek
model constructie. In het bijzonder impliceert deze constructie dat de talen die geas-
socieerd worden met Vietoris polynomiale functoren de Hennessy-Milner eigenschap
hebben. Verder bewijzen we dat er voor elke Vietoris polynomiale functor 7" en de
daarmee geassocieerde logica een adjunctie bestaat tussen de algebraische semantiek
van de betreffende logica, gedefinieerd als een categorie van meersoortige algebra’s,
en de categorie van T-co-algebra’s. Ten slotte karakteriseren we de meersoortige alge-
bra’s waarvoor de adjunctie in feite een categorie-theoretische equivalentie vormt.

In Hoofdstuk 4 richten we ons op co-algebraische modale logica’s, die gegeven
zijn in termen van een verzameling “predicate liftings” en een verzameling axioma’s
met een modale diepte van 1. Gegeven een endofunctor 7' op de categorie der verza-
melingen of de categorie der Stone topologieén en een logica voor 7' ontwerpen we
een functor L op de categorie der Boolse algebra’s. De categorie der algebra’s voor
deze functor bepaalt de algebraische semantiek voor deze logica. Wij gebruiken deze
algebraische semantiek om een categorie-theoretische analyse te geven van de condi-
ties waaronder de logica correct en volledig is met betrekking tot de co-algebraische
semantiek. Dit doen we door de correctheid en volledigheid van de logica te relateren
aan eigenschappen van een natuurlijke transformatie die de functoren L en T verbindt.
In het geval dat T een functor is op Stone topologieén verkrijgen we het volgende re-
sultaat: De logica is correct en volledig en heeft de Hennessy-Milner eigenschap als L
duaal isaan 7T'.
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In Hoofdstuk 5 bewijzen we afsluitingseigenschappen van co-algebraische auto-
maten en laten we zien hoe het “non-emptiness” probleem efficient opgelost kan wor-
den voor een grote klasse van co-algebraische automaten. Het belangrijkste resul-
taat van dit hoofdstuk is het bewijs dat voor elke co-algebra automaat een equivalente
non-deterministische automaat geconstrueerd kan worden. Het bewijs is uniform in
alle typen co-algebraische automaten en in het speciale geval van boomautomaten im-
pliceert het Rabins Complementerings-lemma.
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