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Abstract

The purpose of this dissertation is to further previous work on coalgebras as infinite state-
based transition systems and their logical characterisation with particular focus on infinite

regular behaviour and branching.

Finite trace semantics is well understood [[DR95]] for nondeterministic labelled tran-
sition systems, and has recently [JacO4, [HISO6] been generalised to a coalgebraic level
where monads act as branching types for instance, of nondeterministic choice. Finite
trace semantics then arises through an inductive construction in the Kleisli-category of
the monad. We provide a more comprehensive definition of finite trace semantics, allow-
ing for finitary branching types in Chapter[5] In Chapter[6] we carry over the ideas behind

our definition of finite trace semantics to define infinite trace semantics.

Coalgebraic logics [Mos99] provide one approach to characterising states in coalge-
bras up to bisimilarity. Coalgebraic logics are Boolean logics with the modality V. We
define the Boolean dual of V in the negation-free fragment of finitary coalgebraic logics
in Chapter [/, showing that finitary coalgebraic logics are essentially negation free. Our
proof is largely based on the previously established completeness of finitary coalgebraic
logics [KKVO08§].

Finite trace semantics induces the notion of finite trace equivalence. In Chapter [§] we
define coalgebraic logics for many relevant branching and transition types characterising
states of coalgebras with branching up to finite trace equivalence. Under further assump-

tions we show that these logics are expressive.

Coalgebra automata allow us to state finitary properties over infinite structures essen-

tially by a fix-point style construction. We use the dualisation of V from Chapter [/| to

il
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prove that coalgebra automata are closed under complementation in Chapter [I0} This re-
sult completes a Rabin style [Rab69] correspondence between finitary coalgebraic logics
and coalgebra automata for finitary transition types, begun in [Ven04) KVO3]].

The semantics of coalgebra automata is given in terms of parity graph games [GTWO02].
In Chapter 9] we show how to structure parity graph games into rounds using the notion
of players power [vBO2] and how to normalise the interaction pattern between the players
per round. From the latter we obtain the coinductive principle of game bisimulation.

Languages accepted by coalgebra automata are called regular. Regularity is com-
monly [S1p96, HMUOQ3]] disproved using the pumping lemma for regular languages. We
define regular languages of coalgebras and prove a pumping lemma for these languages

in Chapter [I1]
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Chapter 1

Introduction

1.1 Coalgebras in Computer Science

Algebraic Datatypes In computer science finite datastructures are classically described
inductively. Finite binary trees with labels from a set Act, for instance, are either leafs or

nodes with two successor binary trees, as in the following OCaml [Rem00] code.
type ’a bintree = Leaf of ’a | Node of ’a * ’a bintree * ’a bintree

The above type definition is algebraic in the sense that bintree assigns an operational
meaning to Leaf, a unary function on the extension of bintree, and to Node, a binary

function on the extension of bintree, for each label in a.

Coalgebras Coalgebraically, a binary tree ¢ is a function o : § — Act+Act XS XS where
S is the set of subsets of # and o assigns to each subtree s € S either a label from Act, if s
is a leaf of ¢, or a label and two successor subtrees of s in z. The coalgebraic definition is

coinductive [Rut96|.

Definition 1.1.1 (7T-Coalgebras). Let C be a category, let S be an object in C, and let
T : C — C be a functor on C, a T-coalgebra is a structure S = (S,0) where o : S = TS

is a morphism in C. We call S the carrier and T the transition type of S.

State-Based Coalgebras Coalgebras have states if they live in concrete categories, such

as binary trees in Set. In our example above, the subtrees of ¢ form the states of the

1



2 CHAPTER 1. INTRODUCTION

| Algebras | Coalgebras
Operations Observations
Congruence Behavioural Equivalence
Initial Algebra | Final Coalgebra
Induction Coinduction

Table 1.1: Concepts from Algebra and Coalgebra

coalgebra (S, o). There are coalgebras which have no states, for instance coalgebras over
locales. In state-based coalgebras we can distinguish states, and then call these coalgebras

pointed. Pointed coalgebras play a significant role as models of coalgebra automata as in

Chapter [I0]

Definition 1.1.2 (Pointed 7-Coalgebras). When we distinguish a state s in a T-coalgebra
S = (S, 0), we call S pointed and write S = (S, o, s). Coalgebra morphisms f : S — '
between pointed coalgebras S = (S, o, s) and S’" = (S§’,07,5") preserve the distinguished

state, that is s' = f(s).

Coalgebras as Infinite Data Structures Unlike to the inductive definition, the coinduc-
tive definition allows us to define infinite binary trees. Table [I.2] shows examples of
coalgebras relevant in computer science, more of which can be found in [Rut96, RJ97,

Gum99]]. More complex applications include

e communication protocols [HKO7, [Has08]],
e object-orient programs [RTJO1, KisO3], and
e operating systems [HTSO02].

Table E] shows a comparison of concepts known in algebra and in coalgebras.
Next we give a preview of the essential definitions of coalgebras in Set, which can be
found in introductory texts, for instance [Rut96, Gum99, Jac05]]. The following definition

is a straightforward concretisation of the definition of coalgebras above.

Definition 1.1.3 (7-Coalgebras in Ser). A T-coalgebra in the category Set is a structure

S = (S, 0) consisting of a set S and a functiono : S — TS.

1Tableis an adaptation of Table 1.1 in [KupO6].
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Structure Example \ Transition Type

Streams e b __c ... Act X (=)

Infinite Binary Trees . Act X (=) X (-)
ya N
AN
Graphs "~ o P (Act X (-))
b
Non-Deterministic ¢) /\(.) 4L ...
Coalgebra Automata ’ ~— ’ NxP(Actx ()
—<
Parity Graph Games ()3 (v —="-- {3,V} x P(-)
N~

0.2-a
Hidden Markov % >< >% _
Models ) . ) Doi(Act X ()

Table 1.2: Examples of Coalgebras
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We choose a categorical framework for coalgebras in Set. Aczel [Acz88], Barwise
and Moss [BMO4] established a theory of coalgebras over sets purely in set theory. Aczel
replaced the wellfoundedness axiom of Zermelo-Fraenkel set theory [JecO6]] with the
non-wellfoundedness axiom and interpreted the resulting set theory in graph structures.
The graphs of coalgebras in Set, we use in Chapter generalise the graph models of
Zermelo-Fraenkel theory with the non-wellfoundedness axiom from the categorical side.

Informally the transition type of a coalgebra S can be throught of as providing a struc-
ture on the sucessor states. Coalgebra morphisms preserve the structure given by the

transition type as follows.

Definition 1.1.4 (Coalgebra Morphisms). A T-coalgebra morphism between T-coalgebras
S =(S,0)and S’ =(S’,0") in Set is a function f : § — S’ making the following com-
mute.

§ —=TS§ (1.1)

'

§'—~TS’

1.2 Parity Graph Games

We briefly introduce parity graph games. For more details we refer the reader to Chap-
ter[0] Parity graph games are two-player graph games. The vertices of the graph are the
positions in the game, the edges the admissible moves. Positions, admissible moves and

initial position form the arena of a graph game.

Definition 1.2.1 (Graph Games). A graph game for two players, 0 and 1, is a structure

G = Vo, V1, E,v;,Acc) consisting of
e disjoint sets Vy and V, of positions assigned to 0 and 1 respectively,
e an edge relation E C Vo U V| X Vy U V| of admissible moves,
e an initial position v; € Vy U Vy, and

e an acceptance condition Acc € (Vo U Vp)%.
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We have formulated the acceptance condition in the most general way. The acceptance
condition is typically formulated in terms of the Biichi, Rabin, Muller, or parity accep-
tance condition. It has been shown, that the Biichi acceptance condition is stricly less
expressive than the latter three acceptance conditions, and that the latter three are equally
expressive. The main advantage of the last is that graph games with parity acceptance

condition are historyfree determined [Mos91, [EJO1, Zi1e9§]].

Definition 1.2.2 (Parity Acceptance Condition). The parity acceptance condition Acc for
a game G = (Vy, Vi, E,v;,Acc) is given in terms of a priority function Q : Vo U V| — N,
such that Acc contains precisely those infinite plays p € (Vo U V,)® with the largest

infinitely often occurring priority from {Q € p(i) | i € w} being of parity 0.

1.3 Coalgebra Automata

Coalgebra Automata and Fix-Point Logics Coalgebra automata were introduced by
Venema in [Ven0O4] as an approach to introducing fix-point operators into Moss’ coal-
gebraic logic. Essential to this idea is a correspondence between automaton states and
formulas, which dates back to Rabin [Rab69] who used the correspondence to reduce the
decidability problem of monadic second order logic of binary (finitely branching) trees,

S28S, to the emptiness problem of binary tree automata.

Coalgebra Automata Generalising Classical Automata Venema observed that the clas-
sical types of automata, for instance word, tree, or graph automata, share a common

structure (Q, 6, g;, Acc), where

e (Jis a (finite) set of states,
e (1is a transition function,
e ¢; € Qs a state distinguished as initial, and

e Acc is an acceptance condition

The transition function varies for each type of recognised input. The following are exam-

ples of transition functions for nondeterministic automata.



6 CHAPTER 1. INTRODUCTION

] Type of Input \ Transition Function ‘

Words 0:0 — PlAct X Q)
Binary Trees | 6: Q — P(Act X O X Q)
Graphs 0:0 — PAct X PQ)

Table 1.3: Examples of Transition Functions for Nondeterministic Automata

Table[I.4]lists branching types commonly used for automata. We will formally intro-

duce branching types in Chapter |3|as monads in Setz.

| Type of Choice | Transition Function |

Determinism 0:0 — Act X Q
Nondeterminism | 6 : Q — P(Act X Q)
Alternation 0:Q — PiPy(Act X Q)
Probabilism 0:0 — D(Act X Q)

Table 1.4: Examples of Branching Types for Word Automata

The separation of the two powerset monads 5 and Py is to emphasise, that the two are
treated separately for acceptance. Probabilistic automata play no role in this dissertation,
but have been added for completeness. The first three have been shown in [KVO0S, [ KVOS]]
to be equivalent for all transition types. In Chapter [I0] we will introduce two further

branching types, which we will show equivalent to the first three.

Acceptance Behaviour of Coalgebra Automata The acceptance behaviour of a T-coalgebra
automaton in a pointed 7-coalgebra is given in terms of an acceptance game, which is a
parity graph game played by players 1 verifing acceptance and V disproving acceptance.
The major advantage of this type of acceptance condition, is that it equally expressive to
Muller or Rabin acceptance condition, and that parity graph games are historyfree deter-

mined.

Coalgebra Automata as Coalgebras In particular in Chapters [6] and [[ 1] we will take a
coalgebraic point of view on coalgebra automata. Looking at the definition we see that 7'-
coalgebra automata (Q, 6, q;, Q) contain a pointed PT-coalgebra (Q, 6, ¢q;). We can regard
the acceptance condition induced by € as augmentation, which determines the semantics

of (0, 0, q;) as we show in Chapter@
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1.4 Branching Types and Monads

In the case of coalgebra automata we have seen several examples of branching types and
anticipated that monads suitably formalise branching types. In the following we infor-
mally substantiate this claim and show how branching types can be added to coalgebras

in general.

1. Commutativity and Associativity Branching types allow to make choices about branch-

ing at any stage. Consequently we can take branching upfront.

AN - - 0
S X N

2. Deterministic Subbehaviour Branching types should allow trivial branching, that is

where only one branching choice is possible.

/ o / / o
\ ~ \ o \
3. Distributivity Branching distributes over transitions.
. (1.4)

The above properties are faithfully represented by monads. A monad (B, u,n) is a
functor B with an additional structure given by the natural transformations u, the multi-
plication of the monad, and n, the unit of the monad. These natural transformations are
subject to axiom 1. and 2. below.

Axiom 3. determines the interaction of the branching type with the transition type 7,

in terms of a natural transformation v : TB = BT, a distributive law of Band T.
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The axioms correspond to the properties 1.-3. of branching types above.

1. Multiplication

BBB .- BB (1.5)

Al \ |

BBy:B

2. Unit
B pp" B (1.6)

3. Distributive Law

T—2TB TBB—=*~ BTB =%~ BBT (1.7)

| 2 ) |-

BT TB - BT

1.5 The Semantics of Coalgebras

Coalgebras do not capture coalgebraic behaviour succinctly, as they may contain distinct
states with the same behaviour, and not comprehensively, as a single coalgebra may not
capture all behaviours admissible for the transition type. Coalgebra semantics takes the
role of a succinct and comprehensive structure capturing the behaviour of all coalgebras
for a particular transition type.

In this thesis we will consider the following three kinds of semantics for coalgebras:

1. final coalgebra semantics, which distinguishes coalgebra states up to T-bisimilarity,

2. finite trace semantics, which distinguishes coalgebra states up to finite trace equiv-

alence,

3. and infinite trace semantics, which distinguishes coalgebra states up to infinite trace

equivalence.
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In the following we briefly introduce each kind of semantics. For details on finite and

infinite trace semantics we refer to Chapters [5| and [6] respectively.

1.5.1 Final T-Coalgebra Semantics and 7'-Bisimilarity

Recall that coalgebras and coalgebra morphisms for a transition type 7 over a base cate-
gory C form a category, Coalg;(C). If Coalg;(C) has a final object Z = (Z, &), we call Z
the final T-coalgebra. For each T-coalgebra S = (S, o) then exists a unique 7-coalgebra

morphism f: S — Z.

S z TS (1.8)
| |

fl ITf

Y Y

Z : TZ

For coalgebras in Set, it turns out that f distinguishes states of S up to 7T-bisimilarity,

which is the largest 7'-bisimulation.

Being a final object, the final T-coalgebra is the limit of the empty diagram into
Coalg;(C). For C = Set and T finitary (accessible) we know [Wor0S, IAGT09] that the
final T-coalgebra is the limit of the final T-sequence. The finitary prefix Seq” of the final

T-sequence in the presence of a final object 1 is defined by

Seq"(n) := T"1 and Seq"(n <n+1) :=T"\y foralln < w (1.9)

as in the following diagram

T

1Tl T"1 T <— - (1.10)
Definition 1.5.1 (7-Bisimulations in Set). Let S = (S, o) be a T-coalgebra in Set. We
call a relation R C S x S a T-bisimulation on S, if there is a function r : R — TR making

the following commute.
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Ty Try

TS<—TAR—>TS (1.11)
O'T rl Ta’
|
S R S
3 T

Definition 1.5.2 (T-Bisimilarity in Ser). e T-bisimilarity on a T-coalgebra S is the

largest T -bisimulation on S.

o We say points s and s’ in a coalgebra S = (S, o) are bisimilar, if there is a bisimu-

lation R C § X § with (s,s") € R.

e Pointed coalgebras S = (S, 0, sy and S’ = (S, o, ") are bisimilar if (s, s") are bisim-

ilar in{S,o) +{(S’,0").

In this dissertation we will use that 7-bisimilarity over a T-coalgebra S = (S, o) is con-
tained in the kernel of a cone of S over the final sequence of T, which is defined induc-

tively as follows.

fo:=!sand f,4 :=Tf,00. (1.12)
as in the following diagram.
S <——=TS 1.13
Jo T fn ( )
f;z f;""l
(4 o e T T ()
T

In Appendix [C| we prove the following lemma.

Lemma 1.5.3. For any T-coalgebra S = (S, o), any T-bisimulation R on S is contained

in the kernel of the cone f : S = Seq’.

1.5.2 Finite Trace Semantics

Classically [DR9J]], finite traces in a nondeterministic labelled transition system are given

by words of consecutive labels. Recall that nondeterministic transition systems labelled
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in a set Act are coalgebras of transition type P(y/ + Act X (=)), where v/ + Act X () is the
transition type of words as coalgebras. Some results about the latter case can be found in
[PT99].

When we generalise from words to coalgebras of other transition types 7', T-coalgebras
assume the role of the finite traces of $7T-coalgebras. This observation is due to Ja-
cobs [Jac04]. In finite trace semantics, we dinstinguish # and T as branching and transi-
tion type, respectively. As a branching type ¥ embodies non-determinism.

Final coalgebra semantics is not suitable for coalgebras with branching, such as coal-
gebra automata accepting finite input, as it distinguishes states, which are not bisimilar
but have the same finite traces. The argument can be found in [BIM935]]. For example the

states x and x’ in the coalgebras below are finite trace equivalent, but not bisimilar.

20 Yo —2= 20 (1.14)
xX——sYy X
N N

4 yi—/—>4

Jacobs [Jac0O4] defined finite trace semantics as a cone over the following w-chain

Seqy, which is dually to Seq” defined as follows by
Seq;(n) :==T"0 and Seq;(n <n+1):=T"j;,foralln < w (1.15)

as in the following diagram

0—Th 70— g T g (1.16)

1.5.3 Infinite Trace Semantics

The definition of infinite traces relates to the one of finite traces in the following sense.
Recall that classically [DR93] finite traces in labelled transition systems are finite, that is
(v/-)terminated, words of adjacent labels. Infinite traces may not be terminated. Infinite

traces are generalised to coalgebras analogously to finite traces. In this dissertation we do



12 CHAPTER 1. INTRODUCTION

not consider the limit case. In the case of labelled transition systems, we consider thus

only such words of length up to w.

Bohm Trees In our definition of Chapter [6] infinite trace semantics assigns to the states
of a (B, T'))-coalgebra the infinite traces. We begin with an inductive definition of infinite
trace semantics in the style of Bohm trees, which are used in lambda calculus [Bar81]
to give a semantics to terms which admit an infinite reduction. Consider the following

modification of the combinator ®.

t = (Ax.Af.(xx))(Ax.Af.(xx)) (1.17)

The term ¢ admits an infinite sequence of S-reductions as follows.

(Ax.Af.(xx))(Ax.Af.(xx)) —pg
Af (Ax.Af.(xx))(Ax.Af.(xx)) —pg
Af AL (Ax.Af.(xx))(Ax.Af.(xx)) —pg

From these calculations it is obvious, that we can not give a finite semantics for ¢, that
is a normalised term. In Bohm trees one defines the semantics of lambda terms without
normal form to be L. Applying this idea to the above S-reduction sequence yields the

following sequence.

4 _>ﬁ
/lf._L —>ﬂ
ﬂf./lf.J_ _>ﬁ

Coalgebra Automata and Infinite Trace Semantics Another example of infinite trace

semantics can be found in automata operating on infinite input. Recall that 7-coalgebra
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automata are structures A = (Q, 6, g;, Q). Coalgebraically these automata can be con-
ceived as pointed coalgebras (Q, 6, g;) augmented with a priority function Q. Without
loss of generality, the latter can be assumed to determine the acceptance behaviour of A
on strictly infinite inputE] We argue that every such ) determines an infinite trace seman-

tics.

Coinductive Infinite Trace Semantics Although we set out with an inductive definition
of infinite trace semantics, we argue that infinite trace semantics are not necessarily in-
ductively definable. Furthermore according to the example of coalgebra automata, infinite
trace semantics is not uniquely defined. We thus introduce a coinductive characterisation
of infinite trace semantics in terms of invariants on sequences such as the one of inductive
infinite trace semantics. Thereby we deviate from the previous approach of Jacobs [JacO4]
and the parallel work of Cirstea [C10]. In Chapter @ we will reconcile Jacobs’ approach

with ours in greater detail.

1.6 Coalgebraic Logics

Coalgebraic Logics Moss [Mos99] defined the formulas a of coalgebraic logic to be of

the following form.

a:::TIJ_IﬂaI/\aI\/aIVa (1.18)

The semantics of V in a coalgebra S = (S, o) is defined by

S, s - Va if and only if (o (s), @) € Relr () (1.19)

Coalgebraic Logics as Initial Algebras Kurz [KurO1bl Kur0Ola] made precise that coal-
gebraic logics and coalgebras, which are the models of coalgebraic logics, correspond
under Stone duality [Joh86]]. Coalgebras live in the category Set of sets and functions,
whereas coalgebraic logics live in the category CABA of complete atomic Boolean alge-

bras. Coalgebraic logics is the initial algebra for a functor L, dual to the functor 7', that is

2The meaning of infinite for Set-coalgebras will be introduced in Chapter
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2L = T2 For finitary T, L can concretely be defined by Ind-Pro-completion from the

finitary case as in the following diagram.

r(_ Set” ____ CABA Q (1.20)

Pro
2( )

T, CFinSetOp _ FinBA sz

We are particularly interested in the following properties of coalgebraic logics.

e Invariance under 7-Bisimilarity We have seen that 7-bisimilarity is a semantical
equivalence between T-coalgebra states. A coalgebraic logic is invariant under
T-bisimilarity, if 7-bisimilar states satisfy the same formulas. Invariance under 7-
bisimilarity has been established in [Mos99] for infinitary coalgebraic logics and

restricts to the finitary case.

o Expressivity Conversely to the invariance under 7'-bisimilarity, a coalgebraic logic
is expressive, if logically equivalent states of T-coalgebras are T-bisimilar. Expres-
sivity has been established in the infinitary case in [Mos99]. The finitary case is
more intricate, confere [Kup06]. Kupke, Kurz, and Venema proved [KKV04] that
Kripke polynomial functors 7 and T-coalgebras lift to the Vietoris functor in the
category of Stone spaces [Joh86] and Stone coalgebras. The latter form classes of

models which have expressive coalgebraic logics.

e Completeness Completeness is to be understood relative to an axiom system, and
means that formulas are valid in coalgebraic logics if they can be derived. The latter
makes sense only if the logics are finitary. Kupke, Kurz, and Venema defined the

set M of axioms for finitary coalgebraic logics and proved it complete in [KKVO0S8].

Modal Logics Modal logics [BARVOI] allow us to describe properties of state based
transition systems in a finitary manner. The set of formulas of modal logics is defined as

follows.

pu=T|LI¢VeldNP|OP]| O (1.21)
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where the semantics of O and < are given as functions functions
o)1, [O(-)]s : 2° = 27* (1.22)

where 2 = {true, false} is the set of truth values. For a detailed account of the variants of
modal logics, we refer to the established literature.

Modal Correspondence Theory In modal correspondence theory, van Benthem [vB77]]
proved that modal logics is the bisimulation invariant fragment of first order logics aug-

mented with a binary relation symbol denoting transitions.

Coalgebraic Modal Logics Another approach to logics for coalgebras consists in coal-
gebraic modal logics [PatO1al [PatO1b) [PatO3b, [PatO3a, [Pat04]]. The idea underlying coal-
gebraic modal logics is the following. The semantics [[a]] of a formula a of modal logics
is a subset [[a] € Q. Since implication on the logical side is contravariant to inclusion
on the semantical side, [a] € 29. Semantically, O and < are then natural transformations
2¢ = 272, The previous observation makes the generalisation to a coalgebraic level of

generality possible in coalgebraic modal logics.
e Invariance under 7-Bisimilarity
e Expressivity [SchO5]

e Completeness

Coalgebraic Logics and Coalgebraic Modal Logics 0O and < can [BPVOS]| be translated

into coalgebraic logic such that
Oa ~» VO VvV V{a} and ¢Ga ~ Vi{a, T} (1.23)

and backwards such that

Va s D(\/ a) A /\ oa (1.24)

Leal et alii [Lea07, [Lea08) [ KLLO9] generalised the above translations to a coalgebraic level

of generality, and thereby showed that coalgebraic logic and coalgebraic modal logics are



16 CHAPTER 1. INTRODUCTION

interdefineable for accessible transition types.

1.7 Our Contributions in This Thesis

Finite Trace Semantics We adapted the definition of finite trace semantics from Generic
Trace Theory introduced by Jacobs by embedding into the Eilenberg-Moore category of
the branching type. Our finite trace semantics is applicable to finitary branching types.
Our definition of finite trace semantics uses continuous extensions of Kleisli-liftings of
functors suggested by Alexander Kurz. The work of Chapter [5is joint with Alexander

Kurz.

Finitary Coalgebraic Logics for Finite Traces We define finitary coalgebraic logics for
finite traces using dual adjunctions in Eilenberg-Moore categories induced by ambimor-
phic objects. The latter idea was suggested by Bart Jacobs. We prove finitary coalgebraic
logics for for finite traces invariant under finite trace equivalence and expressive under

additional conditions. The work of Chapter([7]is joint with Alexander Kurz.

Infinite Trace Semantics We modify finite trace semantics from Generic Trace Theory
and obtain an inductively defined generic infinite trace semantics in the style of B6hm
trees. We then abstract properties of generic infinite trace semantics, and obtain a char-
acterisation of infinite trace semantics which applies to generic infinite trace semantics,

Jacob’s infinite trace semantics, and the acceptance behaviour of coalgebra automata.

Complementation Lemma for Moss’ Coalgebraic Logics In joint work with Yde Ven-
ema, we define the Boolean dual of V in the negation-free fragment of finitary Moss’
coalgebraic logics, and thereby show that finitary Moss’ coalgebraic logics is essentially
negation-free. The result makes use of the completeness of Moss’ coalgebraic logics
proven by Kurz, Kupke, and Venema. The definition of the Boolean dual of V originates
with Yde Venema, and has been refined by Alessandra Palmigiano and an anonymous

referee to our paper [KVQ9].

Game Bisimulations We abstract the notion of rounds known for acceptance games of

automata and find a structuring of parity graph games. Using the structure we define a
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congruence relation, preserving the semantics of parity graph games. The definition and

the results are joint with Yde Venema.

Complementation Lemma for Coalgebra Automata Using the complementation lemma
and game bisimulations we show that languages of coalgebras accepted by coalgebra au-
tomata are closed under taking complements. Together with earlier results of Venema
and Kupke, the latter result establishes a Rabin-style correspondence between coalgebra
automata and Moss’ coalgebraic logics augmented with fix-point operators. The results

of Chapter[I0]are joint with Yde Venema.

Pumping Lemma for Coalgebra Automata We generalise pumping from words to arbi-
trary coalgebras in Set, and prove that languages of such coalgebras accepted by coalgebra

automata have the pumping property.

1.8 Outline

This thesis consists of five parts.

Foundations in Category Theory In Chapter [3] we review monads in Ser, Eilenberg-
Moore algebras of monads, and distributive laws of monads with functors. In Chapter [
we review categories of algebras, the Kleisli- and Eilenberg-Moore-categories of monads,

and the Kleisli-liftings of Ser-functors and their continuous extension.

Semantics of Coalgebras with Branching In Chapter [5| we review Generic Trace The-
ory, and propose an alternative definition of finite trace semantics in Eilenberg-Moore
Categories, which will play a central role in Chapter [§] In Chapter [6| we adapt the basic

ideas of Generic Trace Theory to obtain a characterisation of infinite trace semantics.

Coalgebraic Logics In Chapter |/| we define the Boolean dual of Moss’ modality V and
thereby show that Moss’ coalgebraic logic is essentially negation-free. In Chapter [§] we
propose generic coalgebraic logics characterising coalgebras with branching up to to fi-
nite trace equivalence. We prove the logics invariant under finite trace equivalence and

expressive under additional assumptions.
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Coalgebraic Automata Theory In Chapter[9) we review parity graph games and introduce
game bisimulations. In Chapter [I0] we show that language of coalgebras accepted by
coalgebra automata are closed under taking complements. Finally we show that languages

of coalgebras accepted by state-finite coalgebra automata have the pumping property.



Chapter 2

Notation

2.1

Set Theory
We write Y C, X to mean, that Y is a finite subset of X.
Let f : X — Y be a function, we denote by Gr (f) € X X Y its graph.

Let f : X — X be a function, we write f" to denote the n-fold application of f, such

that f! = f and f"*'(x) = f(f"(x)) for all x € X.

Let X be a set, X* denotes the set of (finite) words over X.

€ denotes the empty sequence.

Let X be a set, X* := X* \ {¢} denotes the set of finite non-empty words over X.

Let X be a set, x € X, and w € X*, then x.w denotes w with x prepended, and w.x

denotes w with x appended.

Let f : X — Y be a function, and let x € X and y € Y, we denote by f{x — y} the

function taking x — y and x’ — f(x’) forall x’ € X \ {x}.

Let Y be a set with a distinguished element O, and let x € X and y € ¥, {x — y}

denotes the function X — Y taking x — y and x’ € O for all X" € X'\ {x}.

19
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e We denote by X X Y := {(x,y) | x € X,y € Y} the cartesian product of X and Y. and
by mx : X X ¥ — X the projection morphism for X, and similarly for Y. If X = Y, it

may not be the case that 7y = 7y.

e We denote by X + Y := {(0,x),(1,y) | x € X,y € Y} the coproduct, that is disjoint
sum, of X and Y, and by kx : X — X +Y the injection morphism for X, and similarly

for Y. If X =Y, it may not be the case that kx = «y.
e Let X be a set, Ay := {(x, x) | x € X} denotes the diagonal relation.
For all sets X, Y, and X’ with X’ C X, and for all relations R C X X Y, we denote
e Rlx]:={yeY|(x,y) € R}forall x € X,
e RIX']:={yeY|dxe X.(x,y) € R} forall X’ C X, and
e Ry :={(x,y)| xe X', (x,y) € R} forall X’ C X.
For our convenience we adopt the notation from lambda calculus [Bar81]].
e Ax € X.t denotes the function {x — 7 | x € X}.

e When X is clear from context we omit it and write Ax.t for Ax € X.t.

2.2 Logic
In the following let ¢ and ¢ be formulas of a modal logic.

e M | ¢ means M is a model of ¢.

M, x - ¢ means that ¢ holds in M in state x.

¢ + ¢ means that ¢ entails .

F ¢ means that ¢ holds.

[#1s = {x| M, x I+ ¢} is the semantics of ¢ in the model M.
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2.3 Category Theory
Below let C and D be categories and X an object of C.
o idy is the identity morphism.
e [d. is the identity functor on C.
e (X) Il is the (binary) categorical product.
e (+) 2. is the (binary) categorical coproduct.

e We write X to denote the functor » — C taking all objects of D to X and all

morphisms to idy.

e [etT : C — C be a function, we write 7" to denote the n-fold application, such

that 7° = Id; and T™! = T(T").
Suppose initial and final object exist in C, respectively.
e 0 denotes the initial object of C
¢ 1 denotes the final object of C.
e iy is the initial object morphism 0 — X.
e !y is the final object morphism X — 1.
Let (C,®, I) be a monoidal closed category.

e We write [—, +] for C(—, +).

Composition of Arrows

We write the composition of arrows f : X — Yand g : Y — X as g o f (read "g after
f") and f; g (read f composed with g). We use the latter notation in Rel, the category
of sets and relation to comply with the standard notation in algebra, and the first notation

otherwise.
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Diagrams
Let D : 7 — C be a diagram over a category C indexed in a category 7 , then

e [imD is the limit of the diagram D.

e colimD is the colimit of the diagram D.

e |D| is the discrete version of D, that is the restriction of D to | 7|, the discrete version

of 7.



Part I

Foundations in Category Theory
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Chapter 3

A Review of Monads and Algebras over

Set

In the introduction we argued that functors are suitable transition types for coalgebras,
and monads are suitable branching types. In this section we introduce monads and their

algebras independently from coalgebras.

3.1 Definition of Monads

Monads are functors with the following additional structure.

Definition 3.1.1 (Monads). A monad (B, u,n) on a category C consists of
e a functor B : C — C, and natural transformations
e 1 :1d = B (unit), and
e 4 : BB = B (multiplication)

subject to the following conditions.

B—=.p"_B BBB = BB (3.1)
\ﬂu / Bﬂﬂ ﬂu
B BB#=B

25
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When the monad structure is clear from the context we omit mentioning the monad struc-

ture and denote the monad (B, u,n) as B.

3.2 Categories of Algebras for Monads

Definition 3.2.1 (Eilenberg-Moore Algebras for a Functor). Let C be a category and
T : C — C a functor on C. An Eilenberg-Moore algebra for T is a morphisma : TX — X
for an object X in C. We call X the carrier of a. A T-algebra morphism @ — S between T -
algebrasa : TX — XandB : TY — Y isamorphism f : X — Y suchthatBoTf = foa.
The Eilenberg-Moore algebras for a functor T and their morphisms form a category, the

Eilenberg-Moore category for the functor T.

The definitions of Eilenberg-Moore algebras for a functor and their category extend to

monads as follows.

Definition 3.2.2 (Eilenberg-Moore Algebras for a Monad). An Eilenberg-Moore algebra
for a monad B is an Eilenberg-Moore algebra a : BX — X for the functor B satisfying

the following additional conditions.
1. ao Nx = ldx
2. o Ba=aouy

Morphisms between Eilenberg-Moore algebras of a monad are defined as the morphisms
between the underlying Eilenberg-Moore algebras. The Eilenberg-Moore algebras for a

monad B and their morphisms form a category, the Eilenberg-Moore category of B.

Remark 3.2.3. Note that, the Eilenberg-Moore-category of the monad B embeds properly

into the Eilenberg-Moore-category of the functor B.

The category of Eilenberg-Moore algebras for a monad B over the category Set has a

forgetful functor U : B-Alg — Set with a left adjoint F : Set — B-Alg. The adjunction

F

Set” 1L B-Alg 3.2)
\/

U
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is defined explicitly for all Eilenberg-Moore algebras @ : BX — X and 8 : BY — Y, and

B-algebra morphisms f : @ — g by
e U(w):=Xand U(f) := f, and
o F(X):= juy and F(f) := uy o Bf.

Definition 3.2.4 (Kleisli-Categories for Monads B). The Kleisli-category KI(B) of a monad

B is the category of free Eilenberg-Moore algebras for the monad B.
The following can be found in greater generality in Chapter VI.3 of MacLane [Mac98]].

Lemma 3.2.5. There is a unique embedding functor K : KI(B) — B-Alg, such that

F=KF and U = UK.

3.3 Eilenberg-Moore Categories of Commutative Mon-
ads

Note that B-Alg may not be symmetric monoidal closed, but for commutative monads it

is. This is made precise in the following result, which is due to Kock [Koc70].
Theorem 3.3.1. The following are equivalent

1. B is a commutative monad.

2. B-Alg is symmetric monoidal closed with ® being the Kleisli-lifting of X.

We prove the two directions of this theorem separately below. In order to show that,

1 = 2, we use that commutative monads B admit a Kleisli-lifting of X as in Corol-

lary {23

Proof. We prove the two directions separately. Let B be commutative, we show that the

Kleisli-lifting KI(x) of X defines a symmetric monoidal structure on B-Alg.
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By definition F commutes with the Kleisli-lifting, such that FX (KI(x)) FY = F(X X
Y). For non-free algebras A and A’ we define the Kleisli-lifting as the continuous exten-

sion, that is the coequaliser of the following diagram.

FUGA’A/

FUFUA (KI(X)) FUFUA’ FUAKI(X))FUA’ 22 A @ A’ (3.3)

EFUAFUA!

We need to verify the conditions of the symmetric monoidal closure.

1. There is an object I in B-Alg with natural isomorphisms 44 : /® A — A and

W AR — A.

2. There is a natural isomorphismo,p5: A®A" — A’ ® A.

1. We choose I := F{x} and observe the following.

FUFUA FUA A (3.4)
N
F(UFUA X {x})) —= F(UA x {x A
T
FUFUA®I FUAQI ——=AQI
FUey®id;
and symmetrically,
FUFUA FUA A (3.5)
|
F({#*}x UFUA) — F({x} x UA) pa
| e |
I® FUFUA I® FUA - I®A
idi®F Uey idi®es

where A and p exist because of the universal property of coequalisers.



3.3. EILENBERG-MOORE CATEGORIES OF COMMUTATIVE MONADS 29

2. Follows through similar considerations as follows.

FUFUA® FUFUA' —= FUA® FUA' —=A® A’ (3.6)

F(UFUA x UFUA") —= F(UA x UA")

F(UFUA’ x UFUA) == F(UA’ x UA)

FUFUA' @ FUFUA——=FUA' Q@ FUA—A'"®A

The converse direction follows in particular from the bilinearity of ®. We suppose B-Alg

is symmetric monoidal closed for ® = KI(X), and show that B is commutative.

Bilinearity means in particular, that

(idpx ® €ry) o (€px ® idpyry) = (€px ® idpy) o (idryrx ® €ry) (3.7)

commute natural in X and Y. Taking the adjoint transpose along F 4 U and using that

F(—x+) = F(-)® F(+), we obtain

FUFX® FUFY 2% by @ FUFY X2 pX @ FY (3.8)
F(UFX X UFY) ——— F(X X UFY) — FXXY)
BX X BY - B(X X BY) —— = BB(X X ¥) ——~ B(X x Y)
and
FUFX ® FUFY 2525 prpx @ Fy 299 px @ FY (3.9)
F(UFX X UFY) ——— F(UFX X ¥) — F(XXY)
BX X BY B(BX x Y) BB(X x Y) B(X X Y)

BgT HXxY
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3.4 Examples

In this section we introduce monads on Set which are of interest as branching types, and
describe their Eilenberg-Moore algebras by means of axioms, which contribute to the
examples of trace logics in Chapter [§]

The simplest kinds of monads we consider are the identity monad and lift monad. The
commonly used finitary powerset and finitary multiset monad are subsumed by the semir-
ing monad for the boolean semiring and the natural numbers with the usual arithmetic
operations, respectively. The finitary multiset monad is also known as the Bag monad.
From the class of semiring monads we furthermore consider min semiring monads, which
played a role for instance in [Rut02].

In the following we define these examples of monads, and afterwards show syntax and

axiomatisation of their algebras.

Definition 3.4.1 (Monads in Ser). Table[3.1|defines examples of monads, where
o {x} denotes a multiset singleton containing x once and \ ) denotes multiset union,
e Sisasemiring S =(S,+,%,0,1),

o S, is a min semiring S,y = {S, min, +, 00, 0} as in Example[3.4.4)

’ Name H Functor B \ Unitn:Ild = B \ Multiplication i : B> = B
Identity monad 1d n=id u=id
KL — kL
Lift monad {LYy+1d nx(x) = k1 x Ux =1 KokjL = kL
KyKpX B K X
(Finitary) powerset monad | £ (P,,) nx(x) = {x} uxX) =X
Bag monad (NO) | axx) = ix] px(M) = M
Semiring monad (S(‘))w nx(x) = {x = 1} | ux(M) = Ax. Y, M(m) * m(x)
Min semiring monad (8,(7;2)0) nx(x) = {x — 1} | ux(M) = Ax.Min,, M(m) * m(x)

| (Sub-)distribution monad || D_; (D<) | nx(x) = {x = 1} | ux(D) = Ax. 3, D(d) *d(x) |

Table 3.1: Examples of Monads

Notation 3.4.2. We denote the function X — N taking an element x € X to 1 and every

other element of X to 0 by {x — 1}.
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The following axioms of semimodules for semirings can be found in the standard

literature, such as Chapter 14 of [Goll0].

Definition 3.4.3 (Semirings). A semiring is an algebraic structure S = (S, +,%,0,1)

satisfying the following axioms.

(X, +,0) is a commutative monoid, so that for all s,r,t € S,
1. Unit-Element: s = s+ 0
2. Commutativity: s +t=t+s

3. Associativity: s+ (r+1t)=(s+r)+t

(S, *, 1) is a monoid, so that for all s,r,t € S
4. Unit-Element: s = s = 1

5. Associativity: s (r=t) = (s*r)*t

The additive and multiplicative monoids interact such that for all s,r,t € S,
6. Annihilation: 0+ s =0=s5%0

7. Distributivity: s (r+1t) = (s*r)+ (s*1)

An example of semirings are min semirings.

Example 3.4.4 (Min Semirings). A min-semiring is an algebra S,,;, = (S, min, +, co, 0)

satisfying the following axioms.
The monoid (S, min, co) is idempotent

1. Idempotency: min(s, s) = s

The monoid (S, +,0) is commutative

2. Commutativity: S+r=r+S

0 is absorptive with respect to min,
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3. Absorption: min(0, s) =0
Next we show syntax and axiomatisation of the Eilenberg-Moore algebras for the example
monads above.
Proposition 3.4.5 (Algebras for the Monads in Definition[3.4.1). 1. The Eilenberg-Moore
algebras for Id are sets X.

2. The Eilenberg-Moore algebras for Lift are pointed sets (X, L), where L € X.

3. The Eilenberg-Moore algebras a : PX — X for the powerset monad are complete
(disjunctive) semilattices, satisfying the following axiom for all (Y;; C X)jer jey-
(a) Bottom element: L :=\/ (.
(b) Associativity: \/ic; V je; Yij = Vi jerxs Yij
4. The Eilenberg-Moore algebras a : PX — X for the finitary powerset monad are
(disjunctive) semilattices, satisfying the following axioms for all x,y,z € X.
(a) Bottom-Element: 1: xV L = x
(b) Idempotency: xV x = x
(c) Commutativity: xVy=yV x
(d) Associativity: xV (yVz)=xVy)Vz
5. The Eilenberg-Moore algebras « (NX )w — X for the finite multiset monad are
semimodules satisfying the following axioms for all
(a) Unit-Element: 0-x=0and0®n-x=n-x
(b) Commutativity: n-x@®&m-y=m-y®n-x
(c) Associativity: n-x@®(m-y®o-2))=n-x®&m-y)®o0-z2
(d) Absorption: n-x@®m-x=n+m)-x

6. Algebras for a semiring monad (S(‘))w for a semiring S = (S, +,%,0,1) are alge-

bras (M, 0y, ®, (s - (—))e5) satisfying the following axioms.

(M, 0y, ®) is a commutative monoid, so that
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(a) Unit-element: Oy @ m = m
(b) Commutativity: m®&n =n@®m

(c) Associativity: m® (n®o) = (mé&n)®o

Such that the additive monoid and the semiring S are compatible, such that
(a) s- mdr-m=(s+r)-m
(b) s-(r-m)=(s*r)-m

7. The algebras for the min-semiring monad (S(‘))w where S = (S, min, +, 00, 0) are

structures (M, 0y, ®, (s - (—)),es) satisfying the following axioms.
(M, 0y, ®) is a commutative monoid, so that

(a) Unit-element: 0y @ m = m
(b) Commutativity: m®&n=n@®m

(c) Associativity: m@® (n®o) = (mé&n)®o

Such that the additive monoid and the semiring S are compatible, such that

(a) Aggregation: s-m@®r-m = min(s,r) - m
(b) Composition: s-(r-m)=(s+r)-m
8. The Eilenberg-Moore algebras for the sub-distribution monad are convex sets sat-
isfying the following axioms for all x € X.
(a) Unit-Element: 0-x=0and0®r-x=r-x
(b) Absorption: r-x@®s-x=(r+s)-x
(c) Commutativity: r-x®s-y=5-y®r-x
(d) Associativity: r-x®(s-y®t-2)=(r-x®s-y)Pt-z

The proof is a basic exercise in algebra. Nevertheless the validity of the propositon above

has been questioned by a reviewer of our submitted paper [KK10], so that we spell out
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the proof for semiring monads. Recall that the latter subsumes finitary powerset, finitary

multiset, semiring and min-semiring monads.

Proof. Soundness Let X be a set, S = (S, +, *,0, 1) a semiring, and M = ((Sx)w s Mx)
the free semiring monad for the semiring S. We show that M is closed under the oper-
ations of semimodules above, and that with these operations M satisfies the axioms of

semimodules. We define forallm,n € M and s € S,
1. 0y := Ax.0,
2. m®n = Ax.m(x) + n(x), and
3. 5-m:= Ax.s * m(x).
Then (M, @, 0,,) is an additive monoid, so that for all m,n,0 € M,
1. m® 0y = Ax.m(x) + Oy (x) = Ax.m(x) = m,
2. m&®n = Ax.m(x) +n(x) = Ax.n(x) + m(x) = n®m, and

3. m®&(n®o) = Ax.m(x)+(n®o)(x) = Ax.m(x)+m(x)+o(x)) = Ax.(m(x)+n(x))+o(x) =

Ax(mdn)(x) + o(x) = (m@én)®o,

and the monoid (M, &, 0,,) is compatible with the semiring S, so that for all m,n € M and

seS,
l.smodr-m=Ax.s +mx)® Ax.r+mx) =Ax(s+r)smkx)=(s+r)-m
2.5 (rrm)y=s-(Axr+smx) =Ax.s*(r+mx) =Ax(s*xr)*m(x) =(s*r)-m

It suffices to show soundness for free S-semimodules.

Completeness We show that any structure M = (M, ®, 0, (s - (—))ses) for a semiring
S = (S, +,%,0, 1) satisfying the axioms of S-semimodules as above defines an algebra

for the monad (S(‘))w with the algebra map « : (SM )w — M, such that

a(f) = ED(fm) - m|me M, fim) 0} forall f e (S") (3.10)
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where EB{mo, ...,m,} makes the ellipsis notation m @ ... ® m, formal. The above defi-
nition is well-stated, since f has finite support by definition. It remains to show that « is

compatible with the monads laws.

e a ony = idy follows from the definition of n,, since a(ny(m)) = a({fm — 1}) =

1-m=m.

o wopuy = ao (8, from the associativity and commutativity of @ as well as the

compatibility of M with S.

3.5 Commutative Monads in Set

Definition 3.5.1 (Strength Law). A strength law for a monad (B, u,n) is a morphism

stxy : X X BY — B(X X Y) natural in X and Y such that the following commute.

X x BY — 2 x « BY (3.11)
\ \jSlX’Y
nxxy
B(X X Y)

X x BYY ey X x BY (3.12)
SZX.ByL tWX.Y

2

B(X X BY) ———— BX(X X ¥) —=— B(X X ¥)

Strong monads are monads with a strength law as above. Commutative monads are mon-

ads with a double-strength law.

Definition 3.5.2 (Double-Strength Law). A (B, i, ) be a monad with strength law dst has

a double strength law, if the following diagram commutes.

BX x BY — 2 _ BBX xY)—* _ BX(XxY) (3.13)
L dStXYY j
SIBY.X HXxY
B(X X BY) ———= B*(X X ¥) ———= B(X X Y)
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In the above diagram we omitted the bijection X X Y = Y X X. The double strength law
is the diagonal morphism dstxy : BX X BY — B(X X Y) natural in X and Y. We call a

monad (B, i, n) with a double strength law commutative.

Commutative monads admit unique extensions of multihomomorphisms, as in the

following definition.

Definition 3.5.3 (Multihomomorphic Extensions). Let (B, u,n) be a monad, a multi-
homomorphic extension of a morphism f : Xy X ... X X,.; — Y is a morphism ]T :

BXy X ... X BX,,_1 — BY making the following commute

Xo X ... X X, Y (3.14)
Xy X---XNX,_q l lny
BX, X ... X BX, | — BY

The equivalence stated in the following proposition above is proved by Manes and

Mulry in [MMO7]. For the proof we refer to the orginal paper.

Proposition 3.5.4. Let B be a commutative monad, then each function f : Xo X X; = Y

has precisely one multihomomorphic extension ]T: BXy, X BX; — BY.

Using Proposition [3.5.4] we can prove the following result, which will contribute to

our construction of trace logics later on.
Lemma 3.5.5. Let B be a commuative monad, then B = () or B) = 1.

Proof. Letmy : B0 X B0 — B0 and m; : B0 X B0 — B0 be the projection morphisms.
Both, 1y and m; are multihomomorphic extensions of the isomorphism f : @ X @ = () as
they both make 7 o (179 X 179) = 179 © f commute (7 € {mo, 7,}). By Proposition[3.5.4] thus

o = mrp, from which it follows that B has at most one element. O



Chapter 4

Distributive Laws and Functor Liftings

In this chapter we review the basic definition of the Kleisli-lifting of Ser-functors. The
new result of this chapter is a definition of the continuous extension of a Kleisli-lifting of

a Set-functor, which we will use in Chapter@ The details originate with Alexander Kurz.

4.1 Distributive Laws

Distributive laws as studied by Beck [Bec69], and Manes and Mulry [MMO7]], were con-
nected to the question, whether the composition of two monads (B, 1, 11) and (B», t2, 172)
yields a monad. B;B, is a monad if By and B, commute, that is have a natural transfor-

mation 7 : B,B; = B B,. r yields the multiplication of BB, as follows.

Bin (u1)
B,B,B,B, ——= B,B,B,B, =22 B, B, B, ——=— B,B, 4.1)

In this dissertation we are interested in distributive laws between monads and functors.

Definition 4.1.1 (Distributive Laws). A distributive law for a functor T and a monad
(B, u,n) is a natural transformation & : TB = BT commuting with the monad structure
of B such that

T—L.TB TBB == BT B =% BBT 4.2)

| 7 |

BT TB - BT

37
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4.1.1 Examples of Distributive Laws

Distributive laws are not guaranteed to exist for all pairs of a monad and a functor. For

our purposes the following cases are of sufficient interest.

Example 4.1.2. A distributive law n : TB = BT exists trivially, when
1. T =1d: m:=1idg, or
2. B=1d: n:=idr

The properties of distributive laws from Definition can easily be reduced to the

monad laws in Definition[3.1.1|

Example 4.1.3. Let T(-) := {+/} + Act X (=) be a Set-functor for a fixed set Act. T is the
functor which labels in Act or marks successful termination (V). With each of the monads

in Section T has a distributive law.
1. m: TP = PT: nx(\) :={}, nx(a,Y € X) :=={(a,x) | x € Y}.

221 : TN, = N, T: 1x() = Npracxx (), and nx(a, m)(a, x) = {(a,x) —

m(x),(b,x) — 0,%+ 0| a € Act,b € Act,b # a, x € X}

3. 1 : TD = DT: 7x() := iyeacxx(V), and nx(a,d) = {(a, x) = d(x), (b, x) -
0,V 0|ae€Act,beAct,b+a,x € X} where D € {D.y, D1}

The distributive laws of Exampled.1.3]are easy, because T is defined from coproducts.
In the next section we review the result that distributive laws exist also for functors made

up from binary products given the monad is commutative.

4.1.2 The Existence of Distributive Laws

When B is the powerset monad, the existence of a distributive law with a functor 7 is
closedly related to the existence of a relation lifting Rel; (—) as the following proposition
shows. Jacobs [JacO4] has accredited this result to Power. For the proof we refer to

Jacobs’ paper.
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Proposition 4.1.4. Let T : Set — Set be a functor preserving weak pullbacks, then there

is a distributive law nt : TP = PT defined such that
nx(a) ={b € TX | (a,b) € Rely (€)} (4.3)

Hasuo, Jacobs and Sokolova [HJS06] have also shown that the previous result gen-
eralises to commutative monads and shapely functors on Ser. The latter uniformly cover
many types used in algebraic specification, such as words, streams, trees, graphs, and

lists. For details see also [Jay93].

Definition 4.1.5 (Shapely Functors). Shapely functors on Set are defined inductively as
follows

Tu=1d|Act|TxT|| [T (4.4)
1
where Act is the constant functor with value Act and 1 is a set.

The following is Lemma 2.7 in [HJSO06]. The proof is by induction on the structure of

shapely functors. For the details we refer to the original paper.

Proposition 4.1.6. Shapely functors T and commutative monads B have distributive laws.

4.1.3 Some Properties of Distributive Laws

Distributive laws are in general not epic, and thus also not iso. The following lemma

provides an explanation.

Lemma 4.1.7. Distributive laws n : TB = BT for monads B and functors T are epic,

only ifnr : T = BT is epic.

Proof. This follows immediately from Axiom [4.2] of the definition of distributive laws.

O

Thus the following is the only monad among the examples we consider, which has an epic

distributive law.



40 CHAPTER 4. DISTRIBUTIVE LAWS AND FUNCTOR LIFTINGS

Example 4.1.8. Where B = Id, the distributive law n : TB = BT for any functor T is idr
and thus iso. Similarly, if T = Id, the distributive law n : TB = BT with any monad B is

idg and thus iso.
Nevertheless, we can find many examples of distributive laws, which are monic.
Example 4.1.9. The following distributive laws are monic.

1. ﬂ;jA"’X(‘) 1+ Act x P(=) = P + Act X (-)).

2. w1 At x (NO) = (NO#AD)
3. 7y T 1+ Act X D(=) = D1 + Act X (-))

4.2 Kleisli-Lifting of Functors on Set

A Kleisli-lifting of a functor commutes with the free B-algebra functor as in the following

definition.

Definition 4.2.1 (Kleisli-Liftings of a Functor). Let B be a monad and T a functor on Set,
and let F' : Set — KI(B) be the free functor into KI(B). A Kleisli-lifting T of T in KI(B)

is a functor T making TF' = F'T commute.

Kleisli-liftings are commonly defined from distributive laws. Both concepts are mu-

tually interdefinable as in the following proposition.

Proposition 4.2.2. The existence of a distributive law n : TB = BT between a monad
B and a functor T is equivalent to the existence of a functor lifting of T into the Kleisli-

category KI(B) of B.

Proof. Let n be a distributive law as above, we define the functor lifting T : KI(B) -

KI(B)
e on objects F’X of KI(B) as TF'X :=F'TX

e and on morphisms f : F’X — F'Y as Tf := (7TX OfT)

'(=)" yields the transpose of morphisms under the adjunction F’ 4 U’ : Set — KI(B)
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. -~ U~ — \T ~
Given a Kleisli-lifting 7 with TF’ = FT, we define m := (Tep) = UTep onrp. It
remains to verify the axioms of distributive laws from Definition[d.1.1] These axioms live
in Set, but we prove their adjoint transposes in B-Alg under the adjunction F 4 U, using

that the homsets B-Alg(F(—), +) = Set(—, U(+)) are in bijection.

1. We compute the following.

(mo T17)T = Definition of (—)°
err o Fmo FTny = Definition of 7
err o FU TEF o Fnryrpo FTn = Naturality of 7
err o FUT e o FUFTn o Fyp = FT =TF
err 0o FUTep o FUTFno Fny = FT =TF
err © Fnr = (nr)’ Definition of (=)

2. We compute the following.
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(ur o Brro np) = Definition of (-)°
€rr © F (ur o Bromg) = Functoriality of F
€rr o Fur o FUFmo Friyp = Definition of &

€rr © Fur o FUFUTEF o FU(FﬂTUF o TEFUF) o Fnryrur =

err 0 FUTer o FUT €pyr © Frirypur = €r o €ryr = Fu
err 0 FUTep o FUTFu o Frryryr = TF = FT
err o FU TEF o FUFTuo Fnryryr = Naturality of u
err o FU TEF oFnryro FTu = Definition of x
err o Fmo FTu=(mo T,u)T Definition of (=)'

O

In conjunction with Proposition [4.1.6] the previous proposition induces the following

corollary. This result is part of the work [HJS06] of Hasuo, Jacobs, and Sokolova.

Corollary 4.2.3. Commutative monads admit the Kleisli-lifting of a shapely functor.

4.3 Continuous Extensions of Kleisli-Lifted Functors

As in Definition 4.2.1] the Kleisli-lifting of a Sez-functor 7 into the Eilenberg-Moore cat-
egory B-Alg of the monad B is a functor T commuting with the free functor F : Set —
B-Alg such that

TF = FT (4.5)

As F = KFPland TF’ = F'T, the above can easily seen to be strengthened as

TK = KT (4.6)

2K is the comparison functor KI(B) — B-Alg. See also Section V1.3 of [Mac98].
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The latter characterises T as the left Kan extension of KT along K, where the natural
transformation @ : KT = TK is a natural isomorphism. In the following we define the
aforementioned left Kan extension pointwise.

Every B-algebra A arises from a coequaliser

FUFUA FUA A (4.7)
EFUA
in particular free B-algebras, A = FX.
FUerx €Fx
FUFUFX FUFX FX (4.8)

€EFUFX

Usingﬂ UK = U’ and F = KF’, the above appears equivalent to

KF/U/EF/X KeF/X

KF'UF'X

KF'U'FUFX KF'X 4.9)

KEF’U'F’X

We do not make explicit that by € in Diagram 4.9 and below we mean the preimage of €
from Diagram 4.8 under the full and faithful embedding K : KI(B) — B-Alg. Taking the

image of Diagram 4.9/ under T yields

TKF’U,EF/X TKEF’X

TKF'U'F'UFX TKF'UF'X TKF'X (4.10)

TKEF'U’F’X

We look for a natural transformation a : KT = TK. In fact arises, when we define T

as the coequaliser of KT F’U '€, and KTE},, VX

KTF'U'€,,,

KTF'UFUFX KTF'UF'X TKF'X 4.11)

!
KT €y prx

The following shows that the above defines T as the pointwise left Kan extension of KT

along K.

Lemma 4.3.1. Defined as above, TA is colim FKX—A KTX.

3We distinguish F : Set — B-Alg and U : B-Alg — Set from F’ : Set — KI(B) and U’ : KI(B) — Set.
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Proof. TA has a cocone in the comma categoryﬂ (K | A), in particular any object f :
KF'X — A of (K | A) is transposed under F 4 U to 7 : X — UA. KTF’ takes such a
fito KTF'fT : KTF'X — KTF'UA, which composes with the coequalising B-algebra
morphism into TA. This yields a component KT F'X — TA of the cocone of A.

For every cocone with object B there is a unique morphisms 4 : TA — B, because
the component g : KT F'U’F’X of cocone B coequalises KTF'U’e},, and KT €}, py- SO
that the existence and uniqueness of / follows from the definition of TA as the coequaliser
object in {@.TT). m|

Lemma 4.3.2. TK = KT.

Proof. The proof is an immediate consequence of the definition of T. O

Example 4.3.3. The continuous extension of the Kleisli-lifting of T(—) = {/} + Act X ()

for any monad is T(~) = F{+/} + Act - (-).

4See Definition
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Chapter 5

Finite Trace Semantics

Finite trace semantics has been extensively studied for nondeterministic [vG90] and prob-
abilistic [Seg95] labelled transition systems, and finds application for instance in the
semantics of automata. In Generic Trace Theory [JacO4, HISO7]] Jacobs, Hasuo and
Sokolova have generalised finite trace semantics not only to a coalgebraic [PT99] level of
generality in the transition type, but also to a wide range of branching types subsuming
the two previously mentioned. Their approach had several shortcomings, which we will
outline in Section We suggest a slight modification in Sections and which
allows us to eliminate several assumptions made in [HJSO7]] and thereby not only further

increase the generality of the definition, but also clarify the construction.
Assumption 5.0.4. In this chapter we assume that

1. Bis a monad on Set,

2. T is a functor on Set, and

3. there is a distributive law r : TB = BT.

Henceforth we fix a distributive law .

47
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5.1 A Review of Generic Trace Theory

In Generic Trace Theory [HJS06], finite trace semantics of (B, T')-coalgebras is defined
generically as cocones over the discrete w-chain sequence |Seq7ﬂ for the Kleisli-lifting T
of the functor T in KI(B).

Hasuo, Jacobs, and Sokolova have shown that the colimit of Seq; coincides with the
limit of the sequence formed by the stepwise projections along the initial sequence for 7,
if the following assumptions are met. The resulting finite trace semantics and finite trace

equivalence are coinductive.

Assumption 5.1.1. . The Kleisli-category KI(B) can be enriched in the category DCPO
of directed complete partial orders < with bottom element L and continuous mor-

phisms, such that the Kleisli-lifting T of T is a functor enriched in DCPO,.

2. Morphism composition is left-strict with respect to L, that is L o f = L for all

morphisms f.
Objects of DCPO, are directed complete partial orders with bottom element.

Definition 5.1.2 (Directed Complete Partial Orders). A partial order with bottom element

is a set X augmented with a binary relation <C X X X
1. reflexive, such that x < x for all x € X,
2. antisymmetric, such that x =y whenever x < yandy < x,
3. transitive, such that x < z whenever x < y and y < z for any x,y,z € X, and
4. there is a bottom element L € X with L < x forall x € X.
A directed set in a partial order (X, <) is a set Y C X, such that
1. Y is non-empty, and

2. forall x,y € Y thereisaz€ Y withx <zandy <z

!See Definition [B.1.13[for Seg7 and Definitions and[B.1.11{for discrete diagrams.
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A partial order (X, <) is directed complete, if all directed sets Y C X have a least upper

bound in X with respect to <. We denote the least upper bound of Y as \/ Y.

Directed complete partial orders with bottom element and their morphisms form a cate-

gory.

Definition 5.1.3 (The Category DCPO ). The objects of DCPO, are directed complete

partial orders with bottom element, and morphisms between directed complete partial

orders (X, <x, Lx) and (Y, <y, Ly) with bottom elements are functions f : X - Y
1. commuting with the order such that f(x) <y f(x) whenever x <x X/,
2. preserving the bottom element f(Lx) = Ly, and
3. continuous such that f(\/x X") = \/y fIX'] for all directed sets X" in (X, <x).

Remark 5.1.4. In Remark 3.6 of [HJS06], Jacobs et alii point out that, for their result to
hold, T need not necessarily be continuous, in the sense that T(\/ Y) need not be \/ T[Y]

for any directed set Y C KI(B)(X, Y) for any pair of objects X, Y in KI(B).
We give an explicit description of DCPO_ -enrichments.

Definition 5.1.5 (DCPO_ -Enrichment of KI(B)). An enrichment of the Kleisli-category

KI(B) of a monad B in DCPO, is characterised by the following axioms.

1. For every pair of objects X and Y, the homset KI(B)(X, Y) is ordered by a directed

complete partial order <xy. We will write <, when X and Y are clear from context.

2. For every pair of objects X and Y, there is a bottom element L in C(X,Y) with

respect to <, such that L < f for any morphism f € C(X,Y).
3. Composition is left-strict with respect to <, that is L o f = L for all morphisms f.

4. Composition is monotone with respect to <, thatis gyoh < goohand fog, < fog,

whenever g, < g, for all compatible morphisms f,g1,8», and h.

T is DCPO, -enriched, if
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5. T is monotone with respect to <, that is T(g,) < T(g,) whenever g, < g

Under these assumptions the following classical result of Smyth and Plotkin [SP82] holds.

For the proof we refer to the original literature.

Theorem 5.1.6. In a category C enriched in DCPO , the w-colimit of the initial sequence
of an endofunctor T on C coincides with the w-limit of the sequence formed by the step-

wise projections along the initial sequence of T, given either side exists.

Definition 5.1.7 (Finite Trace Semantics in Generic Trace Theory). In Generic Trace The-
ory, finite trace semantics tr® of a (B, T)-coalgebra S = (S, o, s;) is defined by inductive
construction of a cone (try),

l‘i"‘éJ = J—KI(B)(S,(D) and tr‘,fﬂ = Tl’l":;) oo (51)

as in the following diagram

S<Z=TS _ _ (5.2)
trg’ Ttry
o - To T
Let (d,) <., : Seqr = colim(Seqy) be the cocone of colim(Seqz) over |Seq].
colim(Seqz) (5.3)
do dps1
0 . T To

with (d,), <., componentwise, yields a family of morphisms (d,, o tr®) :

n<w

Composing (tr?)

n<w

S — colim(Seq7). By enrichment in DCPO ,, this family is a directed set in KI(B)(S, colim(Seqz))
and has thus an upper bound. In Generic Trace Theory, finite trace semantics tr® is de-

fined to be this upper bound.

Remark 5.1.8. Because Lkypys.) is uniquely defined, T(tr‘,;’) extends uniquely to a

n<w

cone, which by definition of (try), ., coincides with (tr?), _,..
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Theorem vields that the isomorphism colim(Seqzy) = Tcolim(SeqT) is the final
T-coalgebra taken in the enriched setting and that tr* is a T -coalgebra morphism, so that

finite trace semantics is coinductive.

Remark 5.1.9. The definition of finite trace semantics in Generic Trace Theory has sev-

eral drawbacks.

1. The enrichment in DCPO | is not unique, in particular one may define KI(B) to be

enriched over flat orders, and obtain finite trace semantics.

2. With the exception of trivial orderings, such as the flat ordering, the Kleisli-category
of finitary monads can not be enriched in partial orders directed complete. A com-
mon example is the finitary powerset monad, which as a branching type otherwise

has a well-understood finite trace semantics for many transition types.

The following example emphasises the dependency of finite trace semantics on the choice

of an order enrichment for Ki(B).

Example 5.1.10 (Subset-Ordering on KI(P)). A natural choice for an ordering on mor-
phisms in KI(P) is induced by the inclusion-ordering on subsets. Let X and Y be objects in
KI(P), morphisms f,g : X — Y can be ordered such that f < g if and only if f(x) C g(x)

for all x € X. We need to verify that the above soundly defines an order enrichment on

KI(P) as in Definition
1. In the free algebras of P, C is a complete partial order.

2. For each pair of objects X and Y, Lxy(x) := 0 defines a morphism as Lxy(xUYy) =

1xUly=0U0=0.
3. Forallf: Y—)Z,fO_LX,y = —LX,Z-

4. Forallf:X - Yandg,g : Y — Zwithg < g, thus g(y) C g'(y) forally € Y, and
in particular for those y in the image of f. Thus for all x € X, g(f(x)) C g'(f(x))
by functionality of f. Forallg : Y — Zand f, f' : X — Y with f < f’, and for all

x € X, f(x) C f'(x) and thus g(f(x)) C g(f'(x)) by monotonicity of g.
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The details of the following example appeared in [HasO8]].

Example 5.1.11 (Finite Trace Semantics for the Subset Ordering in KI(P)). Let the branch-
ing type be B = P and the transition type T(-) = {3/} + Act X () with KI(P) enriched in
the subset ordering. Let S = (S, o). For every n < w, try takes a state s € S into the set
of finite traces, that is \/-terminated Act-words, of depth at most n in o beginning from s.
That try < try means that tri(s) C tro(s) for all n < m < w. The colimit in < then means

the union, so that tr(s) = J,<, tr(s).

Definitions analogous to the subset ordering yield natural order enrichments for Kleisli-

categories of the following monads.

Example 5.1.12. Common to the following examples is that the order on morphisms is
inherited from their codomain. Thus it suffices to describe the ordering on objects of the

Kleisli-category, which are the free algebras of the branching type.

1. For the Bag-monad (N(‘))w and a set X, let m,n € (Nx)w. Then m < n if and only if

m(x) < n(x) forall x € X.

2. Let D, E € FX be sub-distributions over X, then D < E if and only if D(x) < D(x)

forall x € X.

Remark 5.1.13. For many relevant monads B, we can not find such an ordering on objects
of KI(B). Among these monads are the strict distribution monad D-, and the identity

monad Id.

Example 5.1.14 (Finite Trace Semantics for Flat Orders on KI(P)). An alternative to the

natural ordering above is an enrichment in flat orders, such that precisely Lxy < f and
f < fforall f: X — Y, where L is defined as for the natural order: Lxy(x) := 0. The

following Hasse diagram depicts an example of a flat order.

f” ce (54)
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1. Flat orders are directed complete partial orders.
2. Define L as above.
3. Forall f:Y — Z, Lyzo f = Lxz from which the following follows.

4. Forall f :Y > Zand g, g : Y — Z with g < g, then either g = g’ from which
go f =g offollows trivially, or g = L, sothat go f = L and thus go f < g’ o f.
Forallg:Y = Zand f, f' : X = Y with f < f’, either f = f’, sothat fog = f'og

and thus fog < f'og or f = Lyz, sothat Ly;,0g8 = Lxzandthus fog < f'og.

In our example let Ly y be the adjoint transpose of the function taking every element of X
into ) € PY under F 4 U. The stepwise embedding of the cone tr® yield a flat order as in

the following Hasse diagram.

L =1ty e iy “e- (5.5

The colimit of tr® is easily seen to be tré for some m < w, such that try = L for all

n <m, and try = try, for all n > m. Because tr?, , := Tt oof, tr = L foralln < w.

5.2 Non-Coinductive Finite Trace Semantics in Kleisli Cat-
egories

In this chapter we remove several assumptions from the definition of finite trace semantics
in Generic Trace Theory, and thereby loose the coinductive nature of finite trace semantics

and finite trace equivalence.

Remark 5.2.1. Our definition of finite trace semantics has several advantages over the

one in Generic Trace Theory, as it is

1. well-defined for finitary branching types, such as finitary non-determinism, and
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2. uniquely defined, that is independent from a choice of ordering.
Assumption 5.2.2. We assume that

1. B0 is not empty, anid

2. there is for each set X a map tx : X — B0 factoring through the final object map

such that 1y = 0.

X = B0 (5.6)

N A
{*}

3. There is a distributive law 7w : TB = BT.

By the axiom of choice we may choose a candidate for i), so that 2 implies 3. Henceforth

we fix a distributive law .

Remark 5.2.3. The details of 2. of Assumption replace the assumption in Generic

Trace Theory, that ix' : FX — F0 is the bottom element in the KI(B)(FX, F0).

Many relevant branching and transition types satisfy the above assumptions, as the fol-

lowing examples show.
Example 5.2.4. The following monads satisfy[l|and 2| of Assumption[5.2.2]

1. P satisfies the above conditions, as PO = {0} and 1x : x — 0 for all x € X, and for

a similar argument P,,, too.

2. (N(‘))w satisfies the above conditions, as (N”)w = {@} and ty : x — 0 forall x € X,

where () denotes the empty multiset.

3. Do satisfies the above conditions, as D0 = {0} and tx : x — {0} for all x € X,

where 0 is the empty distribution.
Proof. It remains to verify 2] of Assumption[5.2.2]for the examples above.

1. If X = 0, tx and !y are empty functions, so that Diagram [5.6] commutes trivially.
Otherwise, tx(x) = 0 = 1y(*) = 1y !x(x) for all x € X. The same argument is sound

for #,,.
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2. The same argument applies to (N(‘))w. If X =0, 1y and !x are empty functions, and

Diagramcommutes. Otherwise, tx(x) = 0 = L (%) =ty !x(x) for all x € X.
3. The same argument applies to D_; as well. If X = 0, ¢y and !y are empty functions,
and Diagram [5.6|commutes. Otherwise, tx(x) = 0 = 1,)(*) = t(y!x(x) for all x € X.
O

Example 5.2.5. Monads B with BO = 0 do not satisfy || of Assumption These
include Id and D—,.

Finite trace semantics is defined as a cocone over |Seg7| inductively from the morphism

L; : FS — F0, the transpose of ¢g under F 4 U. Henceforth we denote 0 := F(.

Definition 5.2.6 (Finite Trace Semantics). The finite trace semantics of a (B, T)-coalgebra

S =(§,0) is a cocone (tr; : S — THO),M, inductively defined as
try =15 and tr,, ;= Ttr* o o' (5.7)

for all n < w as in the following diagram

FS —2-TFS (5.8)
trg Ttry
0 - 7'0 70

Example 5.2.7. Consider the following example of a (B, T)-coalgebra S = (S, o) with

the branching type B = (N(‘))w and the transition type T(=) = {v/} + Act - (-).

1-a

Q 2a 1
Yo ey (5.9)

3b
We compute the finite traces of x and y for a successively increasing depth as follows.
1. try(x) =0and try(y) =0

2. 7)) = 1-a(try(x) +2-a(try () =1-a(0) +2-a(0) =0+0=0and tr{(y) =

1V +3-bErS(x))=1-+3-b0)=1-+
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3. =1-a(trPx)+2-atrPy) =1-a0)+2-a(l-y)=2x*1)-ay=2-ay

try’(y) and try’ for n > 2 can be computed similarly.

Finite trace semantics does in general not commute with the morphisms (Tnﬁo)w of
Seqz, because Tnﬁo embeds traces of depth up to n into the set of potential traces of depth
upton+ 1.

Taking 79 along BT" yields a sequence of morphisms (BT"t7g : BT"*'0 — BT"0),,.

These morphisms are the stepwise projections of the morphisms (BT" | z7¢),,-,, along USegz-.

n<w

Then we see that 7" commutes with the stepwise projections of the morphisms along

USeqz. The following proposition is based on 2 of Assumption [5.2.2]
Proposition 5.2.8. BTty o tr‘;l'HT = tr®" commutes for all n < w.

Proof. We prove the proposition by induction on n.

Because {x} is final, !37¢ © tr‘fT =!g commutes. By 2. of Assumption , tols =

trgﬁ and ¢,y0!prg = tprop commute, so that tgyg o tr‘l"T = trgﬁ and (79" © tr{ = try commute.
S —Z~BTS (5.10)
ot
jzraﬁ\ LﬂT@OBﬂquBTtrg
B0 <——BT0

LBTO

The induction step consists in the following chain of implications

l‘i’,‘fT = BT 179 0 tr:HJ" — 1
gty © Brtpng o BT 17" = figneig o Brpag 0o BTBT "ty 0 BTtr%,,! = 2.
Urneig © Brtpng o BTtr" = BT" 17 © piyning © Bitgmeg o BTtr‘;l’H% — 3.
e, " = BT g o1,
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1. functoriality of BT,
2. naturality of u and &, and
3. definition of #r®,
respectively. m|

Definition 5.2.9 (Finite Trace Equivalence). Let S = (S, o) be a (B, T)-coalgebra. Finite

trace semantics tr® for S induces an equivalence relation ~,.C S X S with

S ~yo 8 if and only if Vn < w.tr/(s) =, tri(s") (5.11)
forall s,s" € S, where the equality =, is taken in the free B-algebra FT"0. We call ~.
the finite trace equivalence over S induced by tr®.

Remark 5.2.10. The statement of Definition is equivalent to saying that finite trace

equivalence is the kernel ker tr® of finite trace semantics tr®.

In order to be able to use Definition [C.0.23|of T-bisimilarity as the largest 7-bisimulation,

we need to add the following assumption.
Assumption 5.2.11. We assume that T preserves weak pullbacks.

Proposition 5.2.12. In any (B, T)-coalgebra, BT -bisimilar states are finite trace equiva-

lent.

Proof. Recall from Lemma that BT -bisimilarity is contained in the kernel of the
cone f : S = Seq®”. We show that the adjoint transpose of 17 : § = Seqz under F 4 U

factors through f via a natural transformation g : Seq®” = BSeq, defined inductively as

80 =ty and g4y 1= Ugn+1g © Bripng 0 BT g, (5.12)

for all n < w. It remains to show that (#)" = g, o f, commutes for all n. In the base

case, n = 0, (,0ls = tg commutes by Assumption The induction step consists in
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the following chain of implications.

(tr ZU)T =8gnofn = by functoriality of BT
pomo BT(tr‘,‘l’)T oog=puonoBTg,oBTf,o0 = by definition of #r*

(tr;)H)T = gn+1 © [u+1

5.3 Finite Trace Semantics in Eilenberg-Moore Categories

In this section we mainly show that finite trace semantics for a branching type B defined
in the Kleisli-category KI(B) embeds into the Eilenberg-Moore category B-Alg. In Chap-
ter [§] we consider finite trace semantics in Eilenberg-Moore categories, only. In Proposi-
tion[5.3.3|we recover finite trace semantics as a final coalgebra coalgebra semantics in the
case where the final T—sequence has a limit after w steps. Then finite trace semantics and
the induced finite trace equivalence are coinductive as under the limit-colimit coincidence
assumed in Generic Trace Theory [HJSO7]. In this section we make the same assumptions

as in the previous one.
Assumption 5.3.1. We assume that
1. B0 is not empty, and

2. there is for each set X a map tx : X — B0 factoring through the final object map
such that ty = y,0!y.

X X B0 (5.13)

N A
{*}

3. There is a distributive law 7w : TB = BT.

Henceforth we fix a distributive law .
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Remark 5.3.2. The definition of finite trace semantics is embedded along K : KI(B) —

B-Alg in B-Alg, since
1. K preserves the initial object, and
2. K preserves the initial sequence because KT = TK commutes.

As B-Alg is complete, the final object 1 exists. In fact 1 is defined to be the B-algebra
{{*}, !p+}). From 1 we obtain the w”-chain Seq7 inductively as in Equation ll We

show that finite trace semantics 7 commutes with Seq” .
Proposition 5.3.3. Foralln < w, T"\g o Ktr® = T"1z, o Ty 0 Ktre .

Proof. We prove the proposition by induction over n. In the base case n = 0, !7, o Tl o

try =y o try by finality of 1. The induction step follows from the following chain of

implications.
T”!ﬂ o T Nyotr,, =T "yotr, = by functoriality of T
! I © T2y 0 Ttrpy o0 =T go Ttryo0 = by definition of 7

T+l Tn+2 T+l T
T Nz o T g otryy =T go Ttr},

O

Remark 5.3.4. If the limit lim(SeqT) exists, lim(SeqT) = Tlim(SeqT) are isomorphic,
and the isomorphism forms the final T—coalgebm. Then there is a unique T—coalgebra
morphism h : FS — lim(SeqT). If SeqT terminates after w steps, tr” = h coincide, and

finite trace semantics and finite trace equivalence are coinductive.
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Chapter 6

Infinite Trace Semantics

In Chapter E] we have defined finite trace semantics for (B, T)-coalgebras, which, infor-
mally speaking, assigns to each state of such a coalgebra a B-algebra term of its finite
traces. In this chapter we define infinite trace semantics for (B, T')-coalgebras which as-
signs to each state a B-algebra term of its infinite traces.

We will see that the acceptance behaviour of nondeterministic coalgebra automata
A = (0,0, q;,Q) forms an infinite trace semantics of the underlying transition structure
(0,0, q) conceived as a (P, T)-coalgebra parameterised in the priority function Q. Con-
sequently, infinite trace semantics is not uniquely defined.

Our approach to infinite trace semantics differs from the “possibly infinite traces”
of Cirstea [CiO]. “Possibly infinite traces” are defined based on Assumptions of

Generic Trace Theory, and the following.
e Bis an affine monad [Jac94], so that that B{x} = {x} are isomorphic.
e T preserves the limit of Seq’, so that the final T-coalgebra exists.

Under these assumptions the assignment of “possibly infinite traces” to states in (B, T)-
coalgebras is coinductive and unique, unlike our definition of infinite trace semantics.

In Section [6.T|we begin with an inductively defined infinite trace semantics in the style
of Bohm trees [Bar81,|Abr90]], which is not necessarily coinductive. Then we characterise
the codomain of generic infinite trace semantics and obtain a coinductively defined infinite

trace semantics, which subsumes not only the generic infinite trace semantics, but also

61
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the infinite trace semantics of Jacobs [Jac0O4]] and the acceptance behaviour of coalgebra

automata.
Assumption 6.0.5. In this chapter we assume that
1. Bis a monad on Set, and
2. T is a functor on Set, such that
3. there is a distributive law r : TB = BT.
Henceforth we fix a distributive law .
For later use in this Chapter, we define the following.

Definition 6.0.6. Let S = (S,0) be a (B, T)-coalgebra, and let u : BB = B be the
multiplication of B and n : TB = BT a distributive law for T and B, then we define for

alln < w
e 0":S — (BT)"'S such that 0° := id and o"*' := (BT)"o o 0,
o " : T"B = BT" such that n° : idg and 7' := mgm o T1",
o 7" : (BT)" = BT" such that ° := n and ™" := pzs1 o Brp. o (BT)7", and

e 1" : B" = B such that 1i° := n and "*' = u o Bu".

6.1 Generic Infinite Trace Semantics

We define generic infinite trace semantics 7™ inductively over the depth of horizon, such
that #r)’ describes the prefixes of infinite traces up to depth n. Informally, prefixes are
traces terminated by *, which stands for unknown behaviour. At depth 0, try’ assigns to

each state the unknown behaviour .

Definition 6.1.1 (Generic Infinite Trace Semantics). Let S = (S, o) be a (B, T)-coalgebra.
We define the generic infinite trace semantics of S to be the cone tr* : FS = |FSeq'|,

where F : Set — B-Alg is the free functor into B-Alg, Seq" is the final T-sequence
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as in Definition and |Seq"| is the discrete version of Seq”. Then tr™ is defined
inductively such that

try = Flg and try :=TtrY oo (6.1)

as in the following diagram.

FS %w 62)
ry ~ \
tr;.,o trn+l

n+1

Fix) e T Fix) T F{x)

Remark 6.1.2. In general tr™ does not commute with the morphisms in FSeq”, intuitively,
because o' appends to the front of traces, whereas FT" 1., forgets at the end of trace
prefixes. However, tr™ commutes laxly with the morphisms in FSeq" up to a relation,
which expresses that taking a step along o' we can not forget within the current horizon.

We will introduce the relation as a span in the next section.

Before we abstract from #*, we consider an example of the generic infinite trace

semantics of a (B, T')-coalgebra, which we have computed the finite trace semantics for in

Example

Example 6.1.3. Consider the following example of a (B, T)-coalgebra S = (S, o) with

the branching type B = (N(‘))w and the transition type T(=) = {y/} + Act - (-).

l-a

() 2 1

YT ey (6.3)
3-b

We compute the infinite traces of x and y for a successively increasing depth as follows.
1. try(x) = = and try (y) = *

2. 17 (x) = 1-a(ry(x)) + 2 - a(try(y)) = 1 -a(x) + 2 - a(x) = 3 - a(x) and
rP() =1+ +3-b(try(x)) = 1-+/ +3 - b().

3.(x) = 1-arP(x) +2-a@ry(y) = 1-aB-a(*) +2-a(l -+ +3-b(x) =
(1 %3)-aa(x)+ Q2= Day + 2 = 3)-ab(x) = 3 - aa(x) + 2 - a\/ + 6 - ab(x).
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try’(y) and tr,’ for n > 2 can be computed analogously.

6.1.1 Change of Perspective

As infinite trace semantics captures forgetting at the end, we will have to shift perspective
in our definition of generic infinite trace semantics to identify it as a special case of infinite

trace semantics as in Theorem [6.2.5] This shift in perspective consists in unravelling

Definition[6.1.1] as follows.
§—=- BTY'S —2L (BTY'BTS —— - - 6.4)
L(”S"f L(BT)”(trg")* j(BT)"BT(er")T
B{+} (BT)"B{*} (BT)"BT B{x}
m*,an?*,OTOBM L Hrn(oBal, ot l Hpnet () Bn;g’l 01'75,‘:1’
B{x} BT"{+} BT {x}

Lemma 6.1.4. For alln < w, (try)" = prn © Br} o T o (BT)'(trg) o 0.

Proof. By definition of tr*, ("), (T"),<w» and (o), =

6.1.2 Generic Infinite Trace Equivalence

Generic infinite trace semantics induces the following equivalence, identifying states with

the same infinite traces.

Definition 6.1.5 (Generic Infinite Trace Equivalence). Let S = (S, o) be a (B, T')-coalgebra
and tr° : FS = |FSeq"| the infinite trace semantics of S. We then define the generic infi-

nite trace equivalence ~;« in S as ~,~:= ker trr*.

In order to show that generic infinite trace equivalence contains 7-bisimilarity as the

largest T-bisimulation as in Definition [C.0.23] we need to add the following assumption.
Assumption 6.1.6. We assume that T preserves weak pullbacks.

Proposition 6.1.7. BT -bisimilar states are generic infinite trace equivalent.
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Proof. LetS = (S,0) be a (B, T)-coalgebra and let tr : FS = |FSeq’| be the generic
infinite trace semantics of S. We show by induction of the trace depth that the cone
f 1S = Seq®" of Definition factors #, such that rry°" = 77, o f, forall n < w as

follows.

(trO (tr°°) N Ty’ 6.5
BTn BTn+1 {*}
o
f—-- <—(BT)" (BT)"!{)

BT" (4

In the induction base, n = 0, we obtain (trg")T = T?*} o fo by definition of ##*. The induction

step consists in the following chain of implications.

(try) =10 f; =
Hrnei sy © Brtgagy o BT(tr;’f’)T Oy = HUgnifsy © Bitpngyy 0 BT( Ty O f,,) =
(trn+1) _T Ofn+1

where the second step follows from the definition of #*, 7, and f. O

6.2 Plausible Continuations in Infinite Traces

In Remark we argued that infinite trace semantics does not commute with FSeq’,
that is 7" = TF!y, o tr%,, does not hold in general for all n < w. In this section we
define for each n a relation <, on Nat(S, FSeq") such that ry <, TF '7(« o tr;,, induced

by a span on BT"{x} defined as follows.
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Definition 6.2.1. For each n < w, we define the following span.

n

T,
BT"BT{x} ——" < BBT"T{x}

MTnT(x

— L BTT{x) (6.6)
BT”!BT(*)l lBTﬂ!T(*)

BT"{x} n BT"{*}

IA

Example 6.2.2. In try’(x) of Example we find the following example of a span for

n=1.
Bﬂ;" * T={*
2 a(3 - b(%)) —— o (2% 3) - ab(x)) —2 . 6abs (6.7)
BT!BT<*)[ BT 7
2ax < 6ax

We show that (<,,),<., defines a categorical enrichment of BSeqT [w], that is the imag of
BSeq”, in preorders?} The enrichment of BSeq” induces an enrichment of Nat(S, FSeq")

by composition with the morphisms in BSeq”.

Proposition 6.2.3. For each n < w, <, is a preorder and thus a category.
1. Reflexivity If B and T preserve epis, for all € BT"{x}, ¢ <, ¢.

2. Transitivity For each n < w and ¢, & € BT"{x}, whenever ¢ <, Y and ¥ <, &,
then ¢ <, €.

Moreover, morphism composition commutes with (<,),<w, proving (<,)n<. a categorical

enrichment of BSeq" .

3. Monotonicity (<,).<w is left and right monotone with respect to morphism compo-
sition
Proof. 1. For each ¢ € BT"{*}, we need ay € BT"BT{x} such that ¢ = BT"!7( o rny(s 0
Bﬂ’}{*}(w) and ¢ = BT"!pr(¥). Since !z, 1s surjective and, by the assumption, also its
lifting BT !, there is a ¢’ € BT"T{x} such that ¢ = BT"!7(,(¢"). Put ¢ := BT"nr(¢").
Since 7 =!srp © nry commutes due to the finality of {x} in Set, BT"!pr(¢) = ¢.

Moreover ¢’ = pgpnr © Bﬂ’}{*}. Hence ¢ witnesses ¢ <, ¢.

I'See Definition|B.1.12
Preorders are categories as in Example



6.2. PLAUSIBLE CONTINUATIONS IN INFINITE TRACES 67

2. Transitivity of <, can be shown by multiplying the second B of BT"BT{*} in ¢ <, ¥

and the second B of BT"BT{*} in y <, £. The following diagram clarifies what we mean.

BT"BBT{+} " BBT"BT {+) (6.8)
BT",um)l W
n B )l
BT"BT{#) —" g a4 BT BT () 2 gy
BT”!BT{*)l BT”!T(*)L BT"!BT‘*)l BT”!T‘*)l
¢ € BT"{%} W € BT"{*} W € BT"{x) & € BT"{)

The upper row composes to (urirwy © Bry,,,) © BT"ur, which is equivalent to the
commutativity of the following diagram.
HT7BT (=

BT{ } T( }

BT"BBT{x) —% BBT" BT {+} 2 BT" BT {x} —% BBT"T ) (6.9)
lBT”,uT( L:“T”T(*!
Bn' .
BT"BT{+} — "'~ BBT"T{x) e BT"T{+)

Proving the commutativity of the diagram boils down to a combinatorial argument on

the definition of 7", using the naturality of 7 and .

3. Composing with BT"!7(., preserves <, that is for all n < w and ¢, € BT""'{x}, if

¢ <ps1 ¥, then BT"7(,(¢) <, BT"!7,4(¥). The following diagram depicts the monotonic-

ity property.

BT”TBT{*}%BBT”T{ VY BT T T ) (6.10)
LBT”T!BTM lBT"T!TM
BT"T{x} <l BT"T{x}
LBT"!T(*; jBT"!T(*;
BT"{x} <, BT"{x}

Intuitively, we obtain the witness for <, by taking the branching of the second B in
BT"BT{*} on step to the front. We then obtain the span as depicted in the following

diagram.
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BH?T*I'
m
BT"TBT{*} — BT"BTT{+} —— BBT"TT{x} — BT"TT{x} 6.11)
BT"?TT(*) s HTnT (%)
LBT”T!BT(*) lBT"BT!TM LBBT”T!T(*, lBT"T!T(*,
BT"T{*} BT"BT {+} — o BBT"T {} > BT"T{)
\ lBT”!BT(*) lBT”!T{*)
BT 7a)
BT"{*} <n BT"{*}

The pentagram on the left commutes because {*} is the final object in Set, the triangle on

top by definition of 7*!, and both squares by naturality of 7" and p. O
Definition 6.2.4. A cone tr : FS = FSeq' is an infinite trace semantics if

1. tris stable under T, that is trp. = Ttrn oo, and

2. trisincreasing, that is tr, <, Flpigtry. forall ¢ € FS.
Theorem 6.2.5. Generic infinite trace semantics is an infinite trace semantics.
Proof. We verify the properties of infinite trace semantics for .

1. That #r* is stable under T is part of the definition of .

2. tr* is increasing with respect to <.

BTY's ~ 22 (BT)*BTS (6.12)

n n
S TBrS

BT"S ———— BT"BTS

BT"o
BT™(try)! BT"BT(tr3)}
BT"B{+} <—— BT"BBT{x}

BT"B!pris)

HrniyoBry, Hrn BT (0B

BT"{) BT"BT{x)}

7

B —
BT" g7

T{+}
Al BBT"T{)

HTnT{+}

BT"{#} <—— BT"T{}

()

All squares from the top commute in order
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(a) by naturality of 7,
(b) by finality of {x}, and

(c) by naturality of u and 7.

According to Lemma [6.1.4] the left side of Diagram [6.12] defines #{’. It remains to

verify that the right hand side composes to 7, .

Hrnei(sy © Bpy,, © prnpris) © Bigr,, © BT"BT(try)" o T, = naturality of 7 and
n

fipneisy © B! o BT"™ ' (try) o pgnnig 0 Bl o Thg = definition of (7"),,,

/JT;H-I{*} e} Bﬂ'?:;l o BTn+1(tr(o)o)T o Tré;{g

Remark 6.2.6. In Proposition we have shown that bisimilar states are generically
infinite trace equivalent. This result does not generalise to infinite trace semantics. As a

technical reason we see that at depth 0 we may assign to bisimilar states different elements

of Bix).

6.3 Infinite Trace Semantics of Coalgebra Automata

In this section we revisit coalgebra automata [Ven04] from a purely coalgebraic perspec-
tive. We argue that nondeterministic 7-coalgebra automata A = (Q, 6, g;, ) are given by
their transition function 6, which is a pointed (¥, T')-coalgebra (Q, 6, g;), and by their ac-
ceptance condition, which determines an infinite trace semantics of (Q, 6). In Chapter
we give a more detailed account of coalgebra automata.

Recall from the introduction, Section that coalgebra automata are structures A =
(0,0,q;,Q), where 6 : Q — PTQ is the transition function of A. Q assigns to each state
q € Q arank Q(q) € N. The semantics of such a coalgebra automaton A in a pointed 7'-

coalgebra S = (S, 0, s;) is given in terms of a two-player parity graph game G(A, S), the
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acceptance game of A and S. The priority function € determines the outcome of infinite
plays.

In the original definition of coalgebra automata, acceptance is defined from the initial
states g; and s; of A and S as above. We may abstract from the initial states and say that
A accepts the state s € § of S from a state g € Q if (Q, 0, g, Q) accepts (S, 7, s). The set
of such pairs (g, s) equals the winning region Win3 of 3 in the acceptance game G(A, S).

The latter gives rise to our coalgebraic definition of acceptance behaviour.

Definition 6.3.1 (Acceptance Behaviour). Let A = (Q, 6, q;, Q) be a nondeterministic T -

coalgebra automaton and let S = (S, 0, s;) be a pointed T-coalgebra, we define Accg =

0 xS N Wing(G(A, S)).

In this section we show that every T'-coalgebra and every priority function Q deter-

mines an infinite trace semantics of the (¥, T')-coalgebra (Q, 6, g;) underlying A.

Lemma 6.3.2. For all T-coalgebra automata A = (Q, 0, q;, Q) and T-coalgebras S =

(S, 0o, sp), Accé2 is a coalgebra morphism from {Q,0) — (S, o), that is the following

commutes.
0 d PTQ (6.13)
Accgt lPTAccg
PS —pr PTS < PPTS < — PTPS

Proof. A coalgebra S = (S, 0, s) is accepted by A = (Q,0,¢,Q), thatis s € Accg(q), if
and only if 4 has a winning in G(S, A) from (g, s). She can choose an element a € 6(q)
and aset Z C Q X S with (a,o(s)) € Relr (Z), such that every element (¢, s’) € Zis a

winning position for 3, s” € Accg(q’). O

Theorem 6.3.3. The acceptance behaviour of a T -coalgebra automaton defines an infinite

trace semantics.

We prove the following more general Theorem subsuming Theorems [6.4.3]and [6.3.3]

Theorem 6.3.4. Let S = (S,0) be a (B, T)-coalgebra and let S’ = (S’,0") be a T-
coalgebra, such that h : o' — (yrs: o o) is a T—coalgebra morphism in KI(T), then

h' : S — BS’ defines an infinite trace semantics tr.
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Proof. We argue that tr defined by its adjoint transpose (¢r)" by

(tro)" := Blg, o h' and (tr,4)" := BT g, o pipuerg, 0 Bn 0 BTtr, o o (6.14)

is an infinite trace semantics for 6. The above definition is inductive in the sense, that it
appends to the front. Since infinite trace semantics is defined by forgetting at the end, we

need to change perspective, and show that the above satisfies

(tr,)" = BT"\s/ o ugng: o Brts, o Tgg, o (BT)'h' 0 0" (6.15)

forall n < w.

1. That #r is stable under T, so that (tr,,,)" = HUgnirg © Brrpng o BT (tr,)" o oo commutes,

follows from the naturality of u and «

2. The increasing sequence property follows from the commutativity of the four rect-

angles on the right in the diagram below for all n < w.

§—T ... (BTY'S 2% (BTy1s (6.16)
(BT)"h' (BTt
At (BT)'BS’ (BT)"*'BS’ =—== BT"TBS’
[rngs ang, OTZS, Hyntigr oBﬂgfl o‘r'g,;l, JBT”HS,
BS' 27 ... BT"S’ T, prntige BT"BTS’
Hpn+1groBmyg,
Blg/ BT"\g/ BT, BT”BT!S/J
. n n+1 n
B{x} - BT {*}<—Brﬂzﬂ*, BT} P BT"BT {x}
where

o the right top square commutes by definition of o™,
o the right bottom square commutes by naturality of u and &

e the left bottom square commutes by Lemma [C.0.26] and
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e the left top square commutes by Lemma|[6.3.2] as in Diagram below.
The following diagram commutes.

(BT)'o

(BT)'S (BT)'BTS (6.17)
(BT)"h' (PT)"BTh'
(BT)'BS (MY(BT) BTS (msgBT) BBTS (BT<)n—B”S,(BT) BT BS
BT"BS’ -25Z BT BTS’ ol
Bﬂ'g, Bﬂ;*s/
BBT"S' ——— BBT"TS’ BT"™'BS’
BBT"o Bali!
MUrng’ Hpn+lgr
BT"S’ — BT"TS’
BT"o"

e The top rectangle commutes by Lemma|[6.3.2}
o the three left squares commute by naturality of o, i, and 7, respectively; and

e the bottom right rectangle commutes by definition of .

6.4 Jacob’s Infinite Trace Semantics

Jacobs [Jac04] defined infinite trace semantics for (P, T')-coalgebras S = (S, 0). where
T admits a final coalgebra Z = (Z,&). The final T-coalgebra contains all 7-behaviours.
Jacob’s infinite trace semantics 77 of S is a relation 7r C § X Z, such that Tr[o(s)] C
&[Tr[s]] commutes. Such a relation is not unique. In Jacob’s infinite trace semantics we

choose the largest such relation 7r, which is bound to exist by the Knaster-Tarski theorem.

Definition 6.4.1 (Jacob’s Infinite Trace Semantics). Let S = (S, o) be a (P, T)-coalgebra
for a transition type T admitting a final T-coalgebra Z = (Z,&). Jacob’s infinite trace
semantics is a relation Tr C S X Z with the transpose Tr' : S — PZ, making the following

diagram commute.
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< PTS (6.18)

\)
Tt L LPTTH‘

PZ Pe PTZ i1z WTZ W PTPZ

Remark 6.4.2. That Diagram commutes, means that Tr is a T-coalgebra morphism

o' = (nrz o f)T-
The following theorem is an instance of Theorem [6.3.4]

Theorem 6.4.3. Jacob'’s infinite trace semantics is an infinite trace semantics in the sense

of Definition[6.2.4]
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Chapter 7

The Complementation Lemma for

Finitary Coalgebraic Logic

In this chapter we define the Boolean dual of V, the modality in Moss’ coalgebraic logic,
and thereby show that Moss’ coalgebraic logics is essentially negation free. V furthermore
plays a role in the definition of coalgebra automata, so that the complementation lemma
for finitary coalgebraic logics in this chapter contributes to the complementation lemma
for coalgebra automata in Chapter [10]

This chapter is joint work of the author with Venema published in [KVO09].

Notation 7.0.4. In this chapter we adopt the notational convention of [KKVO0S8]. L de-

notes the set of formulas in the finitary coalgebraic logic under discourse.

a,b,...e L a,pB,...€T,L
G ,...€PLL | DY,...e T,P,L
AB,...eP,T,

Table 7.1: Notational Convention for Coalgebraic Logic

Assumption 7.0.5. Towards finitariness and completeness of coalgebraic logics, and to-

wards stability of its semantics we make the following assumptions.

1. T : Set — Set restricts to finite sets,

2. is standard['} and
ISee Section for detailed treatment of standardness for weak-pullback preserving functors in Set.
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3. preserves weak pullbacks.

7.1 Preliminaries

Firstly we recall Moss’ coalgebraic logics from [Mos99]. Coalgebraic logics are parame-

terised in a functor 7.

Definition 7.1.1 (Syntax of Coalgebraic Logic). Formulas a of a coalgebraic logic L are

defined by the following grammer.

a:=T|L|—-alaAa|aVal|Va (7.1)

Definition 7.1.2 (Semantics of Coalgebraic Logic). The semantics of a formula a of coal-
gebraic logic in a T-coalgebra S = (S,0) is given in terms of v, for which we read

S, s I a as point s in S satisfies a. v is inductively defined as follows.

1. S,s+T

2.5, s ¥ L

3. S,skaAnbifandonly if S,s v aand S, s \ b

4. S,skaVbifandonlyifS,s v aorS,s b

5. S, s v Va if and only if (o(s), @) € Relr ()

When the modelling coalgebra is clear from the context, we omit of S.

Notation 7.1.3. We furthermore use the following abbreviations for T-coalgebras S =

(S, 0) and formulas a and b of L.

1 [alls:={s€S|S,sta}

2. a < bifandonly if [a]s C [b]s
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{by < by | (b1,by) € Z}
{Va < VB | (a,pB) € Rely (Z)}

Vi

{(V(TN\)® <a|®deSRDA)}
MVa|aeA}<a

V2

Va <a| (a,®) € Relr (€)
V(T\)® <a

V3

lanVa' < Lo €Ty(P),a #a} T <\ ¢
\Y%
a < Va

4

Figure 7.1: Axiom System M for Finitary Coalgebraic Logics

7.2 A Review of the Completeness of Finitary Coalge-
braic Logic

When the models of a logic £ admit complementation, negation is definable in L if the
axiomatisation of £ is complete. In [KKVO08|] Kupke, Kurz, and Venema have shown an
axiomatisation of finitary coalgebraic logic, and have proved it complete. We review parts
of this result in this section, as it is relevant for the dualisation of V and the complemen-

tation of coalgebra automata in Chapter[I0]
Theorem 7.2.1. The axioms V(1—4)P|as in Figure([7.2soundly and completely axiomatise
finitary coalgebraic logics, that is

tya<b < akb (7.2)

for all formulas a,b € L.

A stronger property than V3 tells us that disjunctions distribute over V as in the fol-

lowing lemma. This result will play a role in Section[10.3.2]

Lemma 7.2.2.
\v (TV) O = \/ (Va | (a, D) € Rely (€)) . (7.3)

forall® € TP,Q and a € TQ.

2See Definition [B.4.17|for SRD.
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Proof. We prove the lemma in two steps.

1. <is an instance of V3 for a = \/{Va | (o, ®) € Relr (€)}. Va < \/{Va | (a,D) €

Rely (€) for any (a, @) € Relr (€) is a fact of propositional logic.

2. It is a fact of propositional logic that €; Gr (\/) C<. Because we assume 7 to be
standard, Relr (€;Gr(\/)) € Relr (<) by 3. of Lemma [B.4.12] Since (a,®) €
Rely (€), (a,(T\/))®) € Rely (€;Gr(\/))) C Rely ().

7.3 One-Step Semantics of Coalgebraic Logic

Many constructions in coalgebraic logic can be carried out in a one-step manner. We
introduce one-step syntax and semantics for coalgebraic logic. Therefore we need to

parameterise coalgebraic logic in a finite set Q of propositional variables.

Definition 7.3.1. Given a Set-functor T, we define the functor Tx.
TvQ :={Va|a e TQ} (7.4)

Definition 7.3.2 (Depth One Formulas). Given a finite set Q of propositional variables

we define the set Lat,Q of depth one formulas over Q as Lat,Q := LatTyLatQ.

We can define the one-step semantics of coalgebraic logics relative to a valuation of Q in

the modelling coalgebra.

Definition 7.3.3. Let V : Q — P(X) be a valuation of Q in a T-coalgebra (S, o), we
define Il—(‘)/g S x LatQ and v{C TS x Lat,Q, as follows. For Il—(‘)/, we define s II—(‘)/ qif
seV(g), s II—(‘)/ AT (\/ 7, respectively) if s II—(‘)/ a for all a € T (some a € T, respectively);
and we define a relation II—Y such that o Il—‘l/ Va if (o, @) € Rely (ll—(‘)/), while for N\ and \/

the same clauses apply as for II—(‘)/ .
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Notation 7.3.4. We abbreviate
[al” :={s€S|sw a} (7.5)

and for clarity of notation we write V, s vy a instead of s vy a, and V, s | a instead of

sk a.

7.4 Complementation Lemma
Finally, we can define the Boolean dual A of V. By Boolean dual we mean the following.

Definition 7.4.1 (Boolean Duals of Depth One Formulas). Let a and b be depth one
Sformulas over a finite set Q, we say a is the Boolean dual of b if for any valuation V :

Q — PS and its complement V¢, [all is the set-complement of [b]] Viin§.

The idea underlying the following definition is of Venema. Alessandra Palmigiano and
an anonymous referee of [KV09]] suggested a simplification, which lead to the following

definition.

Definition 7.4.2 (Boolean Dual of V). For each finite set Q of propositional variables,

and each a € T, Q, we define the set D(«) C T, PQ as follows.
D(a) = {® € T, P,Base(a) | (. D) ¢ (Relr (¢)))} (7.6)
Define Aa to abbreviate the following formula in Lat,.
Ao = \/{V(T \) @) | ® e D)}, (1.7)

Here we see the connective )\ as amap )\ : P,0 — O, sothatTN\ : T,P,0 — T,0.

Recall the definition of the set Lat, Q of depth one formulas over a set Q, to be the set
LatTyLatQ. If we want to admit depth one formulas with A, the Boolean dual of V, we

need to consider the following.
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Theorem 7.4.3. For all a, Ao and Va are Boolean duals.

Proof. Fix an arbitrary set S, an arbitrary Q-valuation V in S, and an arbitrary element o
of TS.

First assume that V, o IF; Aa, thatis, V,o I V(T A\)® for some ® € D(a). Then there
is some relation Y C P(Q X S) suchthat Y C (n—(‘)/)”; Gr (/) and (O, 0) € Rely (Y). In order
to show that V¢, o I¢; Va, suppose for contradiction that there is some relation Z such that
(0, @) € Rely (Z) and V°, t I g for all pairs (¢, q) € Z. It follows that (o, @) € Rely (Z) and
Znky =0.

Now consider the relation R := Z;Y € PQ X Q, then clearly (®, ) € Relr (R) =
Relr (Z); Rely (Y). On the other hand, it follows from the definition of R that R C 3,
because for any (¢, g) € R there is an s € S such that (i) (¢, s) € Y implying V, s ¢ p for
all p € ¢, and (1) (s, g) € Z meaning that V, s ¢y g. But this gives the desired contradiction

since ® € D(a).

Conversely, assume that V¢,0 If; Va. In order to show that V,o I Aa we need
to find some ® € D(a) such that V,o -y V(T A\)(®). For this purpose, define a map
¢ : S — PBase(a) by putting, for any s € S, ¢, := {g € Base(a) | V, s I q}.

We claim that @ := T¢(0o) has the required properties. First of all, it follows by
construction that Gr (A o¢) C I, so that Gr (T ) ; Gr(T¢) C Rely (u—g). From this it is
immediate that V,o ; VT A(®). It remains to show that ® € D(a). For that purpose,
consider the relation Z := #;Gr(¢) € S x Q. It is easily verified that V¢, s Iy g for
all (s,q) € Z. Hence, we may derive from the assumption V¢,o If; Va that (o, @) ¢
Rely (Z) = Rely (3); Gr(T¢). But then it follows from (o, ®) € Gr(T¢) that (O, @) ¢

(Relr (3)), as required. O

Definition 7.4.4 (The Base Dualisation Map). Given a set Q we define the base dualisation

map oy : LatQ — LatQ and the one-step dualisation map 8, : Lat,Q — Lat,Q as follows:
P P p

00(q) 01(Va) = A(Tép)a
0o(A @) \/ 0ol¢] 01(AN@) = Voilé] (7.8)
oo(V @) = Adolg] oV = Adild]

Il
_
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Example 7.4.5. WithT =P and a = {q1 V q2, g3 A q4}, we may calculate that

01(Va) Algi N g2, q3 V qu)

= VOV V{gi Ag2} VV{g3 V qs} vV V(g1 Ag2) AN(q3 V q4), T}

The following is a corollary of the one-step complementation lemma. For the sake of

completeness of our argument we carry out the proof.

Corollary 7.4.6. For any set Q of propositional variables and any a € Lat,Q, the formu-

las a and 6,(a) are Boolean duals.
The corollary depends on the following easy lemma.
Lemma 7.4.7. For any lattice term a € LatQ, a and 6y(a) are Boolean duals.

Proof. For any pointed T-coalgebra (S, o, s) and valuation V : Q@ — PS we show that (*)

V,0 Ik a if and only if V¢, o I do(a) by induction on a.

1. If a is an element of Q, it is dyp(a) = a. As the point s is either in V(a) or V¢(a) but

not both, the property (*) holds.

2. Let ¢ C,, Q and suppose that (*) holds for every formula b € ¢. If a = A ¢, then
oo(a) = VV(P,00)p. Then V,o Iky a if and only if V,o Iy b for all b € ¢, if and
only if V¢, o o 6o(b) for all b € ¢, if and only if V¢, o Wy \/(P,00)¢, if and only if

Ve, o Ity dpla).

3. Through a symmetric argument, we obtain for a = \/ ¢, that V, o Iy a if and only if
V,0 kg b for some b € ¢, if and only if V¢, o Ity 6¢(b) for some b € ¢, if and only if
Ve, o o N\ dolel, if and only if V€, o Iy dp(a).

O

Proof of Corollary[7.4.6] For the following argument fix a depth one formula a € Lat, Q.
Then a and 6,(a) are Boolean duals if for any 7T-coalgebra (S, o) and valuation V : Q —
PS, V,o - aif and only if V¢, o 1 61(a).

In Theorem|/.4.3|set LatQ for Q. Every valuation V : Q — P§ extends uniquely to a

valuation V : LarQ — PS such that
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1. V(g) := V(g) for all g € Q, and

2. V(aV b) := V(a) U V(b) and

3. V(a Ab) :=V(a) N V(b) for all a,b € LatQ

For V, Lemma means that the following are equivalent

s € V(a)
V,olkga

Vc, o |}L() (50(61)

11101

s ¢ Vedy(a)

Then using Theorem [/.4.3| we obtain the following chain of implications.

‘_/,O' I Va —
(V)C,O' ¥ Aa =
V,oo - Va —

Ve, o ¥ AT do)a

In the remainder of the argument, we extend the previous over the lattice operators.

V,olri ¢V —
Vo gor Vo - =
VC,O' |}‘1 51¢ or VC,O' |}‘1 51(ﬂ (==

Vol 619 Aoy
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and

Vo ¢ Ay
V,ori ¢gand V,o -
VC,O' I 51¢ and VC,O' ¥4 51(ﬁ

Ve, o 6190V oY

!

|

!
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Chapter 8

Finitary Coalgebraic Logics for Finite

Traces

In Chapter [5] we have given a definition of finite trace semantics, and have shown that
finite trace semantics induces a notion of finite trace equivalence. In this chapter we
define logics to describe states in coalgebras with branching up to finite trace equivalence
in the style of Moss coalgebraic logics [Mos99]].

Recall, that Moss’ coalgebraic logics for T-coalgebras in Set consists of

1. adual adjunction 2 4 Uf between Ser and CABA, the category of complete atomic
Boolean algebras, consisting of the contravariant powerset functor 2 : Set —
CABA taking a set X to the set 2¥ underlying the free Boolean algebra generated
from X, and of the functor Uf : CABA — Set taking Boolean algebras A to the set

UfA of ultrafilters over A, and

2. alogic functor L on CABA with a denotation 6 : L2 = 27 defining respectively

the syntax and semantics of the operator V.

3. Given the above ingredients, Moss coalgebraic logics is the initial L-algebrzﬂ in
CABA and its semantics in a T-coalgebra (S, o) is the initial L-algebra map into the

L-algebra27 o § : L25 — 25,

ISee also Proposition 5 in [KKVO0S].
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| | Moss’ Coalgebraic Logic | Finite Trace Logics |

Base Category, Semantics || Set B-Alg

Base Category, Logics CABA B-Alg

Dual Adjunction 20 4 Uf [-,Q]4[-,Q]
Functor, Semantics T T

Functor, Logics L L

Denotation L20) = 270 L[-,Q] = [T(-),Q]

Table 8.1: Comparison of Moss’ Coalgebraic Logics and Finite Trace Logics

We define finite trace logics analogously. However, the Eilenberg-Moore category B-Alg
takes the role of the base category on the semantical and the logical side, and the Kleisli-

lifted functor T takes the role of T above.

1. The dual adjunction [—, Q] 4 [—, 2] on the Eilenberg-Moore category B-Alg of the
branching type B generated from an ambimorphic object Q2 takes the role of the

dual adjunction 2 4 Uf in the definition of Moss’ coalgebraic logics.
2. The logic functor L on B-Alg comes with a denotation ¢ : L[—, Q] = [T(—), Q].

3. Finite trace logics is then the initial L-algebra and its semantics in a (B, T')-coalgebra
(S, ) is the initial L-algebra morphism into the L-algebra [o",Q] 0 § : L[S, Q] —

[S, Q] where o' : FS — TFS is the adjoint transpose of o under F' 4 U.

Table summarises the analogy between finite trace logics and Moss’ coalgebraic log-
ics.

The idea underlying the definition of finite trace logics was suggested by Bart Jacobs.
The approach lead to the definition of finite trace logics for semiring monads using a
Morita-type dual adjunction between categories of semimodules. Alexander Kurz sug-
gested to abstract from categories of semimodules to symmetric monoidal closed cate-

gories, which underlie the definition of finite trace logics in this chapter.
Assumption 8.0.8. In this chapter we assume that
1. the branching type B is a commutative finitary monad on Set, and

2. the transition type T is a finitary functor on Set, such that
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3. finite trace semantics is definable for (B, T)-coalgebras as in Chapter 5]

Finite trace logics are parameterised in a dual adjunction on the Eilenberg-Moore
category of the branching type, a logic functor and its denotation. The logics then arise as
the initial algebra for the logic functor, its semantics by the logic functors denotation. In

this section we will construct these ingredients.

8.1 Dual Adjunctions from Ambimorphic Objects

Definition 8.1.1 (Ambimorphic Objects). An object Q of a category C is said to be ambi-
morphic, if for all objects X of C, C(X, Q) is an object of C.

In the situation of Definition[8.1.1] X + C(X, Q) defines a contravariant functor on C,

which we denote as [—, 2]. Moreover, [—, Q2] forms a dual adjunction on C.

Proposition 8.1.2. Let C be a symmetric monoidal closed category and Q an ambimor-

phic object in C, then [—, Q] 4 [—, Q].
Proof. C(X,[Y,Q]) = C(Y, [X, Q2]) are isomorphic natural in X and Y, since C(X, [Y, Q2]) =
CX®Y,Q)=CTYeX Q) =CY,[X, Q). O

Remark 8.1.3. As the adjunction [—, Q] 4 [—, Q] is dual, the unit v : Id = [[—,Q], Q]

plays the role of the counit as well.

The above proposition is applicable to our argument if B is commutative. In this case
the Eilenberg-Moore category for B over Set is symmetric monoidal closed, which is an

instance of the following theorem proved by Kock [Koc70].

Theorem 8.1.4. The category of Eilenberg-Moore algebras for a commutative monad

over a symmetric monoidal closed category is symmetric monoidal closed.

Towards expressivity of finitary trace logics, we assume €2 to be a coseparator. In Chap-

ter VI of [Joh86] discusses the coseparator condition in greater generality and detail.

Definition 8.1.5 (Coseparators). A coseparator in a category C is an object Q of C, such
that for any pair of morphisms f,g : X — Y in C with f # g, there is a morphism
h:Y — Q suchthatho f #hog
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We use the following property of coseparators in the Eilenberg-Moore category B-Alg of

B over Set.

Lemma 8.1.6. An ambimorphic object Q in B-Alg is a coseparator if and only if the unit

v:(—) = [[-,Q], Q] of the dual adjunction [—, Q] 4 [—, Q] is monic.

Proof. Let Q be a coseparator. Two distinct points a, b in a B-algebra A can be separated
by functions f,g : {*} — UA. Their adjoint transposes are B-algebra homomorphisms
fi,g" : F{x} - A with f # g and in particular f* # g*. By the coseparator condition
there is a morphism m : A — Q such that m o f7 # m o g and thus m(a) = mo fi(x) #
m o g'(*) = m(b), so that v is monic.

Suppose v is monic. Let f,g : A — A’ be B-algebra morphisms such that f # g.
Then there is an element a € UA such that f(a) # g(a). Because v is monic, there is a

morphisms m : A” — € such that m(f(a)) # m(g(a)) and thus mo f # mo g. O
The coseparator condition is not too restrictive for our purposes.

Example 8.1.7. For the branching types P, (N(‘))w and Dy, F{T} is a coseparator.
Assumption 8.1.8. Below we assume the following

1. B is a commutative monad on Set, so that B-Alg is symmetric monoidal closed and

all objects of B-Alg are ambimorphic, and
2. there is a coseparator Q in B-Alg.

We leave the question open which monads B admit a coseparating ambimorphic object in

B-Alg.

Remark 8.1.9. In most cases F{T} is a suitable coseparating ambimorphic object, be-

cause
1. F{T} exists uniformly for all branching types,
2. is a coseparator in most cases we consider, and

3. can be understood in terms of the operations and equations presenting B.
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The dual adjunction defined above is a dual equivalence only if the ambimorphic object

or the branching type are trivial. We leave the following remark without proof.

Remark 8.1.10. The dual adjunction induced by an ambimorphic object as above is not
a dual equivalence in many relevant cases, such as for the Eilenberg-Moore categories of

the monads in Section

Notation 8.1.11. Henceforth in this chapter we abbreviate [—, )] by Q.

8.2 The Logic Functor

If the dual adjunction Q 4 Q is a dual equivalence, the logic functor is the dual of the
functor T with LQ = QOT. However, since the dual adjunction in many cases is not a
dual equivalence, the logic functor is weakly dual, that is up to a natural transformation

0:LO= QT(—), which we call the denotation of L.

Definition 8.2.1 (Logic Functors). Let B be a branching type, T a transition type and let
T: B-Alg — B-Alg be the continuous extension of T as in Section We call a functor
L : B-Alg — B-Alg a logic functor for B and T if L comes with a natural transformation

0:LO= QT, the denotation of L.

For most B and 7, L is not unique, and neither is the assignment of the denotation.

However, we can find a canonically defined logic functor, the free one.

Example 8.2.2 (Free Logic Functors). The functor L := QTQ has a denotation 6 : LQ =
QT defined on objects X as 0y := QTUX : QTQQ = QT where v : Id = QQ is the unit

of the dual adjunction Q 4 Q.

Although, the free logic functor exists and is easily computed, it is unsuitable for our
definition of trace logics, as it not finitary for almost all B and 7 and hence likely does

not admit an initial algebra.
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8.3 Finite Trace Logics as the Initial Algebra of the Logic

Functor

We define finite trace logics as the initial algebra for the logic functor L. Its semantics is
determined by the initial L-algebra morphism and the denotation 6 which gives a seman-

tics to the modalities.

Definition 8.3.1 (Finite Trace Logics). Let B, T, and T as above, L a logic functor and
0:L0O = QT a denotation of L. We define finite trace logics as the initial L-algebra in
B-Alg

Lprrs: LI =1 8.1

The semantics [—]s of finite trace logics is defined in the lifting o : FS — TFS of a

(B,T)-coalgebra S = (S, o) by the initial L-algebra morphism as follows.

OFs g Qo'
LOFS —= QTFS —= QFS (8.2)

LII—]]ST ][[_]]S

LI I

LprLs

Notation 8.3.2. e Forany ¢ € and s € S, we denote ¢ s s to mean s € [[P]s.

e When B, T, L, and 6 are clear from the context, we omit the subscripts and denote

finite trace logic L7, by L.

The initial L-algebra £ : LI — I does not exist in general, but whenever L is finitary,
then / is the colimit of the w-chain SeqlE], and £ is the isomorphism LI — I. Let ¢ :
I = Seq; denote the colimiting cocone of I over Seq,. The following is the standard

construction of the initial algebra of a functor and can be found in [AK79].

Lemma 8.3.3. For finitary L, the colimit I of Seq, exists and L : LI — I is an isomor-

2See Definition



8.3. FINITE TRACE LOGICS AS THE INITIAL ALGEBRA OF THE LOGIC FUNCTOR93

phism as in the following diagram.

Jet—LI (8.3)

Ln+10_>‘ .

L1

Proof. Finitary L preserve finitary filtered diagrams. Segq, is finitary and filtered, so that
colim(LSeq,) = Lcolim(Seq, ). Finally, since 0 is initial, Lc extends uniquely to a cocone

¢’ over Seq, , such that ¢’ = c. m]

Note that ¢ satisfies ¢,,; = L o ¢,. We obtain the semantics of finite trace logics in a
(B, T)-coalgebra S = (S, o) as follows. Similarly to 7, I has a cocone d over Seq, , defined

explicitly as follows.

e dy:= iQFS

® dpy1 = Oj o 5FS ° Ldn

o' obry

OFX LOFX (8.4)
0 e L'0—— L"*10

Lo

Definition 8.3.4. We define a natural transformation e : Seq; = QSeqz inductively as

€0 := jgo and e,y = Oy o Ley, (8.5)

Lemma 8.3.5. The cocone d factors through Qtr®, such that d,, = Qtr? o e, for all n < w.

Proof. We prove the lemma by induction on n. For n = 0, dy = Qtr{j o eo because 0 is the
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initial object in B-Alg. From d,, = Qtry’ o e, we obtain the following chain of equations.

QO-T 00ps o Ld, =
Qo' 06 o LOtry o Le, =
Qo' o thr,‘;’ 0 07 © Le, =

Q(trw)n+l O €pt1

The semantics [—]s of £ in a modelling coalgebra S = (S, o) coincides with the universal

morphism of the colimit I = colim(Seq, ) as in the following diagram.

colimSeq, =~ QFS (8.6)

ﬂ sz

Seq;, === Q|Seq7|
8.4 Examples of Finite Trace Logics

In this section we instantiate finite trace logics for common examples of branching types,
to show that the abstract categorical definitions yield concrete axiomatisations. The tran-
sition type is uniformly the labelling functor T = {4/} + Act - (—) for a finite set Act of
labels. T is special as it is made up from colimits. Such functors have a straightforward
Kleisli-lifting and admit a straightforward definition of a logic functor, as Q preserves
colimits dually as limits. We emphasise that the definition of finite trace logics is not lim-
ited to functors built from colimits. We restrict ourselves to 7', as T is the most common

example studied in classical trace theory [DR95] and yields an easy presentation.

8.4.1 An Example of a Logic Functor

For functors T built from colimits we can find a logic functor easily, because Q preserves

colimits as limits. In our examples, we put Q := F{«}in Q := [—, Q]. Let T be defined as
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follows.

T(-) = {V}+Act-(-) (8.7)

Recall that the Kleisli-lifting of T in B-Alg is the functor.

T(-) = F{y} + Act - (-) (8.8)

For T we obtain the logic functor

L(=) := QF (V) x (=) (8.9)

with the denotation & : LQ = QT generated from

m € QF{+/} = mand (a, ) € Act - A > {a > ¢} € A (8.10)

where {a — ¢} our short-hand notation for a function, which is zero everywhere but ¢ at

a. Below we will see, what zero means in concrete instantiations of B.

Remark 8.4.1. As defined in (8.9), L is finitary.

8.4.2 Deterministic Streams

The branching type of deterministic streams is the identity monad Id. Recall that the

Eilenberg-Moore algebras of Id are sets.

Definition 8.4.2 (Finite Trace Logics for Deterministic Streams). Formulas of finite trace

logics for deterministic streams are of the following form.

p=¢pAPloVS|TILIVI )¢ (8.11)

Finite trace logics for deterministic streams satisfy the following axioms.
1. Unit-Element: TAN¢p=¢and LV ¢ = ¢

2. Absorption: TV¢=Tand LANdp=T
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3. Idempotency: ¢V ¢ =dand p A = ¢
4. Associativity: ¢V (¢’ V@) =@V @)V ¢ and d A (@ AP”) = (dAP) A"
5. Commutativity: ¢V ¢ =@’ V¢ anddp N¢ = ¢ N ¢’
6. Distributivity: ¢V (¢’ A¢") = (PAP)V(@AP") and pA (P’ V ¢") = (V')A (V)

for any formulas ¢, ¢’, ¢".

8.4.3 Finitarily Nondeterministic Streams

The branching type for finitary nondeterminism is the finitary powerset monad #,,. Recall

that the Eilenberg-Moore algebras of #,, are (join) semi-lattices.

Definition 8.4.3 (Trace Logics for Nondeterministic Streams). Formulas ¢ of finite trace

logics are are of the form

pu=T V| T|{a)¢p (8.12)
Trace logics for nondeterminism satisfies the following axioms of semi-lattices
1. Bottom-Element 1L: xV 1L = 1
2. Idempotency: xV x = x
3. Commutativity: xVy=yV x
4. Associativity: xV YV z)=(xVy Vz
and the following axiom of compatibility with the transition structure

5. {a) oV @) =(a)p V (a)¢’

8.4.4 Streams with Finitary Graded Branching

The bag monad (N7),, is the type of finitary graded branching. Its Eilenberg-Moore alge-

bras are semimodules in the semiring (N, +, %, 0, 1) of natural numbers.
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Definition 8.4.4 (Finite Trace Logics for Streams with Graded Branching). Formulas of

finite trace logics for streams with graded branching are of the form

p:=01dp@d|n-¢|VI{a) (8.13)

where n € N and a € Act.
Finite trace logics for streams with graded branching satisfy the following axioms of

the N-semiring (N, +, ,0, 1) for any formulas ¢, ¢’, ¢’
1. Unit-Element: 0-¢ =0andO0®n-¢p =n-¢
2. Commutativity: n-¢@®m-¢' =m-¢' ®n- ¢
3. Associativity: n-¢@(m-¢' ®o-z)=n-¢dm-¢')®o0-¢”
4. Absorption:n-¢@®m-¢p=mn+m)- ¢

where n,m € N, and the distributivity axiom, which stems from Act-I (in LI = F{~\/}+Act-I

being a semiring modules.
5. Aggregation: (ayn-¢ = n-{ayp
6. Branching: {a)(¢ ® ¢') = (a)p ® {(a)¢’

We obtain the language of trace logics for (N7), and T by iteration along the initial L-

sequence.
e UF( = {0} contains the empty linear combination 0

e ULFO = F{+/} = {n-+/ | n € N} contains the formulas specifying with which grade

a successful termination can be reached

o UL’KQ = U (F{\/} + Act - (F{\/})) = {n-+,{(a)-(n-+)) | n € N, a € Act} contains the
formulas specifying the grade of successful termination and for each label a € Act,

the grade of successful termination after passing through a

e and so forth
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8.4.5 Finitarily Probabilistic Streams

The branching type for finitary probabilism is the finitary sub-distribution monad (D),

Its algebras are finitary convex cones.

Definition 8.4.5 (Finite Trace Logics for Streams with Finitary Probabilistic Branching).

Formulas of trace logics for probabilistic labelled transition systems are then

=V 9| Pr-¢ (8.14)

where p € [0, 1] and a € Act.
Finite trace logics for streams with finitary probabilistic branching satisfy the following

axioms of finitary convex cones
1. Unit-Element: 0-x=0and0®r-x=r-x
2. Absorption: r-x®s-x=(r+s)-x
3. Commutativity: r - x®s-y=5-y®r-x
4. Associativity: r- x®(s-y®t-2)=(r-x®s-y)dt-z
and the following axiom of compatibility with the transition structure
5. Aggregation: (ayn-¢ = n-{ayp
6. Branching: (a)(¢ ® ¢") = {a)p ® (a)¢’

The above axioms allow formulas of I to be normalised into linear combinations of

formulas specifying individual finite Act-traces.

Probabilistic branching cannot be modelled with a semiring monad, because instead of
binary linear combination, probabilism requires convex combinations. The sub-distribution
monad provides the type for probabilistic labelled transition systems.

We can find the following two definitions for L. First, L(=) = F{y/} x (—)*“ with

denotation 6 : LOK = QKT being the natural isomorphism F{+/} X [K(=), F{x}]A" =



8.4. EXAMPLES OF FINITE TRACE LOGICS 99

[F{x} + Act - (=), F{x}]. Second, L(—) = F{y/} + Act - (—) with the denotation ¢ defined
such that

Sx(p - € Fix)) := 4N PV lacAct,xeX (8.15)

(ayx — 0

q-N—0
ox({a)(f : X — F{x}) € Act - DAIg(X, F{+})) :={ (a)x — f(x) |b€Act,b#a,xeX

byx =0
(8.16)

Because products and coproducts do not coincide in DAlg, we obtain in fact two dif-
ferent logics. We choose the more natural functor L(—) = F{+/} + (-)“. The initial se-
quence L resembles the one for graded labelled transition systems, because also for Dy,
[F{=}, F{x}] = F{«}. Note that the choice of L and ¢ has implications on the expressivity

of the so obtained trace logics.

8.4.6 Path-Minimising Streams

The branching type of path-minimising streams is the semiring monad (S(‘))w for the
min-semiring S,,;, = (N U {co}, min, +, oo, 0). Labelled transition systems of cost optimal
paths are branching in the semiring monad for the min-semiring S,,;,. We read natural
numbers and oo as costs, where co means unattainable. Costs accumulate along paths (+)

and at each node of branching, the cost optimal branch is chosen (min).

Definition 8.4.6 (Finite Trace Logics for Path-Minimising Streams). Formulas ¢, (¢;)ic;

of finite trace logics for path-minimising streams are of the following shape.

6= (Prni-oil(a) (8.17)

1

where the indexing set I is a finite.
Finite trace logics for path-minimising streams satisfy the following axioms of min-semiring

semimodules
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1. Unit-Element: 0-¢p =0andO0®n-¢p=n-¢
2. Commutativity: n-¢@®m-¢' =m-¢ ®&n- ¢
3. Associativity: n-¢@®(m-¢' @o-z2)=n-¢g@dm-¢')do-¢”
4. Absorption: n-¢@®m-¢p=n-¢pifn<m
where n,m € N, and the following axioms of compatibility with the transition structure
1. Aggregation: {ayn-¢ =n-{a)p
2. Branching: {a)(¢p ® ¢') = {a)¢p ® {(a)p’

Formulas for generic trace logics for such transition systems inhabit (right) min-
semiring semimodules. The semantic map [[—] assigns to a formula and a point in the
modelling coalgebra the least grade with which that point satisfies the formula. In free
(unquotiented) trace logics, a formula can be thought of as a statement about the costs of

the cost-optimal finite paths with given labels.

8.5 Invariance of Finitary Trace Logics under Finite Trace

Equivalence

A logic is invariant under logical equivalence if semantically equivalent states are logi-
cally equivalent, that is satisfy the same formulas. The semantic equivalence in our case
is trace equivalence. If trace semantics is final coalgebra semantics for T in B-Alg such as
in Generic Trace Theory [HJS06], invariance under finite trace equivalence follows from

[—1s factoring through the final coalgebra morphism #r&.

Proposition 8.5.1. If the final T—coalgebra Z = (Z,&) exists in B-Alg, finite trace logics

for any logic functor L and denotation ¢ is invariant under finite trace equivalence.
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Proof. We show that [-]s factors through Qr“ as in the following diagram.

O.T —_
OFS <27 OTFs <% LOFS (8.18)
]Qtr”
07 (03
[-1z
I La1L5

The left square commutes, because it is the image of a commuting square; the right square
commutes by naturality of 6. Thus both squares prove that O is an L-algebra mor-
phisms from Q& o 6, to Qo' o 6x. The initiality of Lz 75 proves that the left and right

triangle commute. O

Where L and T are finitary, the invariance under finite trace equivalence does not
depend on the existence of a final coalgebra, informally speaking, because finite trace

equivalence is defined inductively along the discrete initial 7—sequence.

Theorem 8.5.2. Finite trace logics are invariant under finite trace equivalence for all

logic functors L and denotations 6.

Proof. Recall that I = colim(Seq, ) has a cocone ¢ over Seq, . It follows from the universal
property of colimits that c is jointly epic. From the latter and Qtr“ oe = [—]s o cﬂfollows

the invariance under finite trace equivalence at once. O

8.6 Expressivity of Finitary Coalgebraic Logics for Finite
Traces

Recall the definition of [-]ls from Diagram (8.2) as the initial L-algebra morphism. Finite
trace logics are expressive, if [—]s : I — QFS is epic. However, epicness is unlikely, as
S is not restricted in its cardinality. It suffices to have £ epic on Qtr“[QF S ]. In our proof

of expressivity we use an argument with a similar rationale to the one in Klin [K1i07].

e : Seq;, = QSeqT is defined in
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Below we need the natural transformation 6* : TQ = QL defined from ¢ as follows.

UTo Qdg OLn

TO QQTQ OLQQ oL (8.19)

Theorem 8.6.1. L7, s is expressive if
1. Qs a coseparating ambimorphic object,
2. 0" is monic,
3. T preserves monomorphisms, and
4. Tand L are finitary.

Proof. Let S = (S,0) be a (B, T)-coalgebra, and let a,b € FS be points in the lifted
T-coalgebra o-'. Then expressivity of Lp7.1s means that a and b can be discerned by a
formula ¢, such that a s ¢ and b ¥g ¢, if tr®(a) # tr“(b). Abstractly, expressivity means

that I-g factors through tr“ followed by a monomorphism m as in the diagram below.

T-II-S
—~ /f\ —~
TFS — Tcolim(Seq7)——=T QI (8.20)
Ttr® A Tm
. [
|
of a| QLI

e

FS —— colim(Seq7)——= QI
\_/

IFs

We carry out the details of the proof in the following order below.
1. We define m : colim(Seqz) — Qcolim(Seq, ) and prove it monic in Lemma @
2. We prove Irs:= m o tr* the adjoint transpose of [—]s in Lemma[8.6.5]
3. The left square commutes, @ o tr® = Tt o o, by definition of #r*.

4. The right pentagon commutes, " o Tmoa=QLom, by definition of m.
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Since our proof of expressivity is situated on the semantics’ side, we begin with the defi-

nition of the adjoint transpose of ¢ : LQ = QT under Q 4 Q.

Definition 8.6.2 (Transpose of the Denotation). Define the transpose 6* : T 0 = QL of

the denotation 6 : LQ = QT as

6" 1= QLv o Qg o vz, (8.21)

Further below we will need the iterated version (5*)" : T"Q = QL" of 6" for all n < w.

") = idg and (5*Y'"*" := 55, 0 T(6")" (8.22)

6* gives us the explicit description of the adjoint transpose e’ : Seqz = QSeq, of e

defined in[8.3.4] such that

ey =igoandel, = 6},50Te;. (8.23)

Lemma 8.6.3. ¢ is the adjoint transpose of e, such that e}, = Qe,, o v for all n < .

Proof. We prove the lemma by induction on n. In the base case n = 0, eg = jgo =

Qigo © vo = Qe o vp commutes by initiality of 0. As an induction hypothesis we suppose
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el = Qe, o vz, for some n < w.

4

e = definition of e’
§poTel = definition of 6"
QLvp © Q610 © UFppag © Ffei = naturality of v
QLung 0 Qg1 © QQTeZ O UFiig = induction hypothesis
QLvpng © Qb grno © Q0T Qe, o QQTU;,IO O Uiy = naturality of ¢
QLvpng o QLQQe, © QLQUF © Qg © UFuerg = naturality of v
QLe, 0 QLv g7y © QLQUFn © Qb7 © Ugneig = Quoug =idg
QOLe, © Q67 © Uiy = definition ofe

Q€n+1 O UFu+1g

e’ yields an explicit definition of the adjoint transpose -s: FS — QI of [-]s : I — QFS.

IFs

FS —;wcolim(Seq;) —— limQSeq; == Qcolim(Seq, ) (8.24)
X ﬂdo /
ISeq7| === 0Seq,

where d° is defined as in Equation [8.26]

The morphism m : colim(Seq7) — QI = Qcolim(Seq;) = lim(Seq") is defined as the
universal morphism for the limit /im(Seq"™) with respect to the cone of colim(Seqz) over

Seq" in the following diagram.
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COllm(SeqT) —M”%\ (825)
0 / . 70 T+

[ ] T4

0 1 n n+1

0=1-——0L0 ') <~—— LHHO%---

Q Qi Q Q oL, Q
where for all n < w,

dS = Lcoltm(Seq =) and dn+1 = Tdo o . (826)

Lemma 8.6.4. m is monic.

Proof. The morphisms (e,),<., are monic, because ey = j,, 1S monic and, since e, :=
((5*)8Jrl o T”“eo, because (6*)" is monic for all n < w. The latter follows inductively
from (6%)° = idy being monic and, since "y = Ofn © 7(5*)", from T preserving
monomorphisms and 6 being monic.

We show inductively that (*) L"!;p0 0 ¢, 0 d,,, o @ = e, o d; commutes for all n. In
the base case, n = 0, (*) commutes by finality of 1 = Q0. The induction step consists in

the following chain of implications.

QLniLOOen+lOd+1 —enodo —

010 TOL ;g0 Te,0Td,,,0oa=06,p0Te,oTd, o« —
+1.

QLn iro © 6U,+10 © Ten+l od, n+2 — (5er0 © Ten o d2+1 -

n+l
QL™ jjpoenrod, n+2 = €n+1 © d

Since colim(Seq7) has a cocone over OSeq, , there is a unique morphism m : colim(Seqz) —
lim(QSeq;) commuting the with the cocone of colim(Seq7) and the cone of lim(QSeq, )

over OSeq; . The morphism m is monic, since the morphisms (e, od,,),<, : colim(Seqz) —
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lim(QSegq, ) are jointly monic, as for any object A of B-Alg with morphisms f,g : A —

colim(Seqz), itismo f = mogif and only if eod°o f = eod’og whichimplies f = g. O
We define IFg:= m o tr*, and prove IFs the adjoint transpose of [—]ls under Q 4 Q.
Lemma 8.6.5. +s= O[5 o vrs.

Proof. The proof is summarised in the following diagram.

IFs

FS QQFS ——= Qcolim(Seq,) (8.27)

UFS
tr“’“ QQtr’“ﬂ HQC
USeq

T Qe
Pl ==L — =

el

The left square commutes because of the naturality of v.

The right square is the image of Diagram [8.6|under Q and thus commutes.

We have shown the bottom triangle to commute in Lemma [8.6.3]

The outer quadrangle commutes by definition of I-.

Thus s= O[[—]s © vrg commutes. O

Example 8.6.6. In order to assert that finite trace logics for (B, T)-coalgebras as in The-

orem|8.6. | are expressive, we assume that
1. Qs a coseparating ambimorphic object,
2. 0" is monic.
3. T preserves monomorphisms, and
4. Tand L are finitary.

We claim that these assumptions are met in common cases by the examples of finite trace
logics in Section In all cases, T = {+J} + Act - Id for a finite set Act of labels, so that
uniformly T = F{\/} +Act - Id and L = QF{+J} X (-)*" and Q = F{x}.
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1. There are coseparating ambimorphic objects Q as of Example[8.1.7]
2. 0% is monic, since 9 is iso. We prove this claim separately below.

3. T preserves monomorphisms.

4. T and L are Sinitary.

We can show that 6" is monic generically for the examples of finite trace logics above.

Therefor we separate the claim into the generators 6y | riyy and 0y |« ac.ox. Recall that

Q = [_7 Q]

F{V) + Act - OX PN OQ(F{) + Act - OX) (8.28)
LQfSQ(F{\/HAct»QX)
Q(QF () x Xy — 2180 6 )} x (00X))
kot € Py} Am € QF(\).m(¢)
5}|KOF(\/)[ [
m € QF(\).m(¢) Am € QF(}m(9)

Kikgn' € Act - QX ———— AM € Q(F{\/} + Act - QX).M(kik,m’)

6;|k1Acl«QX[ [

Ag € X*".m(g(a)) =<———— A(h € QF{V}, f € (QOX)').f(a)(m)
Then
® 0y loFs) is monic by Lemma because Q is a coseparator, and

® 0% | acrox is monic because g ranges over the whole of XAct,
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Chapter 9

Game Bisimulations in Parity Graph

Games

In this chapter we briefly review the basic definitions of parity graph games, and show that
each parity graph game is equivalent to one, where we can distinguish some positions as
basic. These basic positions mark rounds in the plays of these parity graph games. Within
each round we can normalise the interaction pattern of the players using the notion of the
players power introduced by van Benthem in [vBO2]]. The normalisation lays foundation
to game bisimulations, which are congruence relations on basic positions. The work of

this chapter is joint with Yde Venema.

9.1 Preliminary Definitions
We recall the formal definition of parity graph games [GTWO02].

Definition 9.1.1 (Parity Graph Games). A two-player parity graph game G = (Vy, V1, E, v;, Q)

is played by two players, 0 and 1, on a bipartite graph (Vy, V1, E, v), the arena of G, where
o V =V,UV;with VynNV, =0 is the set of positions,
o E C V XV isthe edge relation of admissible moves, and

e v, € Vis distinguished as the initial position.
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The priority function Q : v — N assigns to each position v € V a natural number, and is

image-finite. A position v is called terminal if E[v] = 0.

Notation 9.1.2. We abbreviate V := V, U V.

Definition 9.1.3 (Plays). A play of a parity graph game G = (Vy, Vi, E,v;, Q) is a finite
or infinite sequence p € V* U V* of positions such that p(0) = v; and for all i < |p|,
(p(i), p(i + 1)) € E. The total plays of G are the infinite plays p € V® and the finite plays

p € V* with E[last(p)] = 0. The initial plays are the plays which are not total.

Definition 9.1.4 (Winning Condition). A total play p of a parity graph game G = (Vy, V1, E, v}, Q)

is winning for player 11 € {0, 1} if and only if

1. pis finite and last(p) € Vi_p, or

2. pis infinite and the largest priority occurring infinitely often is of parity 11

Notation 9.1.5. Since we identify players with their assigned parity, we can write 1 — 11

for the opponent of Tl.

We introduce strategies as partial functions on the set of positions, defined precisely
on the positions of one player. This definition is suitable because parity graph games
are history-free determined [Mos91, [EJ91, Z1e98]]. The latter means, that a player has
a winning strategy in a parity graph game if and only if she has one which takes into
consideration the current position only. For the full details and the proof of the following

theorem we refer to the original literature.

Theorem 9.1.6. Parity graph games are history-free determined.

Definition 9.1.7 (Strategies). A strategy of a player Il in a parity graph game G =

Vo, Vi, E,v;, Q) is a partial function f:V — V, which is

1. defined precisely on positions v from Vi with E[v] # 0 and

2. consistent with E, such that Gr (f) C E.
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Definition 9.1.8 (Plays Consistent with Strategies). A play p of a parity graph game
G = Vo, Vi, E,v;, Q) is consistent with a strategy f of a player 11 € {0, 1}, if for all

i <|pl—=1, f(p(D)) is defined and f(p(i)) = p(i + 1) whenever p(i) € V.

Definition 9.1.9 (Winning Strategies). A strategy f of a player Il in a parity graph game

G = Vo, Vi, E,v;, Q) is winning for Il if all plays consistent with f are winning for I1.

Definition 9.1.10 (Winning Positions). A position v in a game G = (Vy, V1, E,v;, Q) is
winning for player I1if 11 has a winning strategy in the parity graph game (V,, V1, E, v, Q).
The set of winning positions for 11 is called the winning region for Il in G, and is denoted

by ng

Definition 9.1.11 (Equivalence of Parity Graph Games). Two parity graph games G =
Vo, ViLE, v, Q) and G = (V{, V|, E', v}, Q) are called equivalent if each player 11 has a

winning strategy in G if and only if she has one in G'.

Proposition 9.1.12. Any parity graph game G = (Vy, V1, E,v;, Q) is equivalent to one

where each play is infinite.

Proof. Any play of G is finite if it ends in a position v € Vy of a player I1 where I1
can not move, that is E[v] = (. G can be transformed into an equivalent game G’ =

Ve, VI, E' v, Q) by
e adding states vy and v, to Vy and Vi, respectively,
e with edges (v, vpy) for both IT € {0, 1}, and
e priorities Q'(vyy) := I for both IT € {0, 1}.

Then for each state v € Vi with E[v] = @ we add an edge (v, vi_51) to E’. vy is a winning
position for player Il determined in an infinite play. E does not admit dead ends, so that
all plays in G are infinite. Moreover, instead of getting stuck, a player has to move into

the winning region of the opponent, so that indeed both games are equivalent. O
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9.2 Unravelling Parity Graph Games

The unravelling of a graph is a tree, that is an acyclic root graph. In the following we show
that the unravelling of the arena of a parity graph games defines a parity graph game. The

unravelled parity graph game is equivalent to the original one.

Definition 9.2.1 (Unravelling Parity Graph Games). Let G = (Vy, V1, E, v;, Q) be a parity

graph game, we define a parity graph game TS = (V! VI, E', v}, Q") such that
o Vi=ftweV'|w#e wO) =v, Yn<|w| - 1.(wn),whn+ 1)) € E}

o Vi :={we V' |last(w) € Vnu} for each 11 € {0, 1}

(w,w) € E"if w'| =|w|+ 1, w = w|,, and (last(w), last(w")) € E,

V)= (v,ﬂ and

Q' (w) = Q(last(w)).
Unravelling a parity graph game preserves its semantics.

Proposition 9.2.2. Any G = (V,, Vi, E, v;, Q) and its unravelling TS = (V!, VI, E', v}, )

are equivalent.

This proposition can easily be proven by establishing a game bisimulation between G
and T9. The concept of game bisimulations will be introduced shortly, and specialises in

the case of Proposition as follows.

Proof. Positions w in T9 correspond to positions last(w) in G, in the sense (1) that each
player has choices w’ in T9 corresponding to choices last(w’) in G. Thus every play
p’ = wowy ... 1in TY corresponds to a play p = last(wg)last(w;) ... of the same length [
such that at each index i < [, (2) Q'(w;) = Q(last(w;)) and thus p is winning for player I1

if and only if p is winning for IT. (1) and (2) are part of Definition m|

'(v;) denotes the one-character word v;.
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9.3 Structuring Parity Graph Games

We give a structure to parity graph games by distinguishing a set of positions, which

together with the terminal positions delimit rounds in parity graph games.

Definition 9.3.1 (Basic Sets of Positions). Given a parity graph game G = (Vy, V1, E,v;, Q),

call a set B C 'V of positions basic if
1. the initial position of G belongs to B;

2. any full play starting at some b € B either ends in a terminal position or it passes

through another position in B; and
3. Q) =0ifandonly ifv ¢ B.
We call positions in B basic.

Requiring a basic set of positions does not restrict the generality of parity graph games.
In particular we may choose the whole set of positions to be basic. The obtained structure

on the parity graph game is then trivial, however.

Proposition 9.3.2. Every parity graph game is equivalent to one which we can identify a

basic set of positions in.

Proof. LetG = (Vy, Vi, E, v, Q) be a parity graph game, we define G' := (V,, Vi, E, v;, Q)
with Q'(v) := Q(v) + 2 for all v € V. Then V itself forms a basic set B of positions, as we

show with the following argument concurrent to Definition[9.3.1]
1. vye Bas Q'(v;) # 0.

2. Any position v € B is either terminal or E[v] # @, in which case E[v] € B. Thus
any play passing through a basic position v either terminates immediately after v or

passes through a basic position from E[v] next.

3. By definition of Q’, Q'(v) > Oforall v € V.
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It remains to show G and G’ equivalent. First, we see that G and G’ have the same arena,
thus in every position v of G both players have the same choices as in v in G’, so that
strategies are transferable between the two games, and the set of plays consistent with a
strategy in one game coincides with the set of plays consistent with the same strategy in
the other game. Second, adding 2 uniformly to the priority of positions preserves their
parity. Thus a strategy for one player in one game is winning if and only if it is winning

for the same player in the other game. O
Basic positions delimit rounds of plays.

Definition 9.3.3 (Local Game Trees). Let B be a basic set of positions in a parity graph
game G = (Vy, V1, E,v;, Q). The local game tree associated with a basic position b € B
is defined as the following bipartite tree T® = (V?, Vf, E’, v?). Let V? be the set of those
finite paths B starting at b, of which the only basic positions are first(8) = b and possibly
last(B). The bipartition of V? is given through the bipartition of V, that is Vf_’l ={Be V|
last(B) € Vn} for both players I1 € {0, 1}. The root v’l’ is (b). The edge relation is defined
as E* .= {(B,Bv) | v € E[last(B)]}.

A node B € V? is aleaf of T? if |B| > 1 and last(B) € B; we let Leaves(T") denote the

set of leaves of T®, and put N(b) := {last(B) | € Leaves(T")}.

For the semantics of a parity graph game, only the basic positions matter. Intuitively,
the local games delimited by basic and terminal positions can be normalised to local
games consisting of only one choice of each player. The normalisations makes use of the

concept of the power of players [vB02].

Definition 9.3.4 (Powers). Let B be a basic set related to some parity graph game G =
Vo, Vi, E,v;,Q), and let b be a basic position. By induction on the height of a node
B € Vb, we define, for each player T1, the power of I1 at B as a collection Pﬁ(ﬁ) of subsets
of N(b):

o If3 € Leaves(T"), we put, for each player II,

PE(B) := {{last(B)}}. 9.1)
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o Iff3 ¢ Leaves(T"), we put

PY E’ j 1%
Po(B) = UPE() |y € EP(B)} ifp € ©.2)

(Uyepr@y | ¥y € P, ally) ifBe Vi,

Finally, we define the power of 11 at b as the set Pﬁ(b) = Pﬁ((b)).

Perhaps some special attention should be devoted to the paths 8 in T? with E*(8) = 0.
If such a S is a leaf of T?, then the definition above gives Pﬁ(ﬁ) = Plg_n(ﬂ) = {{last(ﬁ)}}.
But if B is not a leaf of 7?, then we obtain, by the inductive clause of the definition:
0 ifpeV?,
G —
PL(B) = - 9.3)
{0y ifpeVl .
Definition 9.3.5 (Local Games). Let G = (Vy, V1, E,v;, Q) be a parity graph game with
basic set B C V. We define a game G” local to a basic position b € B in G as the (finite
length) graph game played by 0 and 1 on the local game tree T = (V?, E®). Plays of this
game are won by a player 11 if their opponent 1 — 11 gets stuck, and end in a tie if the last

position of the play is a leaf of T".

Definition 9.3.6 (Local Strategies). A local strategy of a player Il in a local game G® =
(Ve Vb EP VY is a partial function f : VE — V? defined on such B if and only if E*(B)
is non-empty, then f(8) € E’(B). Such a local strategy for player II is surviving if it
guarantees that 11 will not get stuck, and thus does not lose the local game; and a local
strategy is winning for Il if it guarantees that her opponent 1 — 11 gets stuck.

Consider the play of the local game G® in which 0 and 1 play local strategies f, and
f1, respectively. If this play ends in a leaf B of the local game tree, we let Res(fy, f1) denote
the basic position last(B); if one of the players gets stuck in this play, we leave Res(fy, f1)

undefined. Given a local strategy fy for player 0, we define
Xy, = {Res(fo, f1) | fi a local strategy for player 1 }, 94)

and similarly we define Xy, for a strategy f for player 1.
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Proposition 9.3.7. Let G, B and b as in Definition let T1 € {0, 1} be a player, and

let W be a subset of N(b). Then the following are equivalent.
1. Pﬁ(b) is non-empty.
2. M has a surviving strategy f in G” such that X; € Pﬁ.

Proof. We prove the two directions separately.

Given a set W € Pﬁ(b), we define a surviving strategy fy for Il in the local game
G” such that each play consistent with fy will either end in win of II, that is a default of
1 —T1, or in a position in W. We define fy partially and recursively over plays of 77, such
that in each position S along a play consistent with f (*) there is a set W’ € Pﬁ(ﬁ) with

W’ € W. In the following let 8 be a position along a play consistent with fy,.

o If 3 € V%, then there is a position 8’ € E’(8) such that W € P%(5) by definition of

Pﬁ. For each such ', we can extend fy by fw(B) :=f'.

o If B € Vf_n, then for all positions 8 € E’(B), there is a set Wé, € Pﬁ(ﬁ’) with

W; © W by definition of Pﬁ(ﬂ). If some W;, is empty, II defeats 1 —1II in j'.

Moreover W = Ugepr (s (Wp).

As all plays of G” are finite, each play consistent with f will end either in a win for IT or
in N(b). In the latter case, (*) will hold in a position in 8 with last(8) € N(b), which by
definition of Pﬁ means that last(8) € W. Finally, fy can be arbitrarily extended to a fully

defined local strategy.

Let IT have a surviving strategy f in G°. Then each play of G” consistent with f ends
either in a position 8 where P?{ = {0}, or in a position 8 € N(b), where Pﬁ(ﬁ) = {last(B)}.
Beginning with these positions, we prove by induction over the length of plays in G”

consistent with f that (X;)z € Pﬁ(ﬁ) for each position S in such a play.

o If e Vi (Xp)p = (Xp)p € PSB) as PS(f(B)) C PS(B).

o Iff € Vlb_n, there is a set (Xy)p € Pﬁ(ﬁ) define as (Xy)g = Upepp(Xr)p by defini-

: G
tion of Py.
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In (b) put Xf = (Xf)(b)' O

Proposition 9.3.8. Let b be a basic position in a parity graph game G and let U C N(b)
such that U ¢ [Pﬁ(b)], then there is a set 'V € Plg_n(b) withU NV =40.

Proof. We prove by induction on the length of plays in G, that for each position 8 in G,
(*) if there is a set U C N(b) with U ¢ [PE(B)], then there is a set V € PY_(8) with

unv=0.

e Suppose B in N(b), if B € V% then [PS(B)] = N(b), and if B € V?_,, then P%(B) = 0,

1-11°

so that 8 satisfies (*).

e If otherwise 8 ¢ N(b) and B € V%, every U ¢ [Pg(,B)'l does not occur in [Pﬁ(ﬁ’)] of
any B8’ € E*[3]. Assuming (*) as the induction hypothesis, there is a corresponding
Vg in Plg_n(,B’) for any g’ with Vg N U = 0. Their union (Jgeps5 Vp does not

intersect U either, and occurs in Plg_n(,B) by definition of Plg_n.

o If3 ¢ N(b)and B € VP, U ¢ [P%(58)] means that there is a successor 8’ € E’[f]
such that U ¢ [Pﬁ(ﬁ)], so that thereisaset V € Plg_n(ﬁ’) with U NV = 0 taking (*)
as the induction hypothesis. Then V € Plg_n(,B) as Plg_n(ﬂ’) c Plg_n(ﬂ) by definition

G
of P{ ;.

9.4 Normalised Parity Graph Games

Previously we argued that the concept of a players power allows us to normalise the
interaction pattern between the players of a parity graph game. Formally, we obtain parity

graph games of the following shape.

Definition 9.4.1 (Normalised Parity Graph Games). Let G = (Vy, V1, E, v;, Q) be a parity
graph game with a basic set B of positions, the normalised parity graph game of G has an

arena

(BUPPB,PB,Gr(P)yU €,v,Q) 9.5)
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In the above definition the edge relation is determined by P,. The basic set of positions
of G is basic in the normalised game. Every round in the normalised game consists of a

choice of 0 followed by one of 1.

Definition 9.4.2 (Normal Parity Graph Games). A normal parity graph game is a structure

(B, P,b;, Q) with
e a single sort B of positions,
e a function Py : B — PPB,
e a position v; € B distinguished as initial,
e a priority function Q : B — N.

Normalised parity graph games are normal, which we emphasise by using the same
notation in both definitions. The latter definition will provide a frame to prove game

bisimulations congruence relations in the next section.

9.5 Game Bisimulations

Definition 9.5.1 (Game Bisimulations). Let G = (Vy, Vi, E,Q) and G’ = (V{, V|, E', Q')
be parity graph games with basic sets B and B’, respectively, and let 11 and 11" be (not
necessarily distinct) players in G and G', respectively.

A 1L, I1'-game bisimulation is a binary relation Z C B X B’ satisfying for all v € V and

V' € V' with vZV' the structural conditions
o (ILforth) YW € PS(v).AW’ € PS (v').Yw' € W'. 3w € W. (w,w') € Z,
o (1 —ILforth) VW € PY  (v).AW' € PY ,(v'). Yw' € W'.Tw € W.(w,w') € Z,
o (ILback) YW’ € PS,(v').AW € PS(v).¥w € WaAw' € W. (w,w') € Z,
o (1 -ILback) YW’ € P9 (v).AW € PY  (v).Vw e WIw' € W. (w,w') € Z,

and the priority conditions
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o (parity) Q(v) mod 2 = 11 if and only if Q' (v') mod 2 = 1T,

e (contraction) for all v,w € V and v',w' € V' with (v,v') € Z and (w,w’) € Z,

QW) < Q(w) if and only if Q") < Q).

In Condition (parity) above we identify players with their characteristic parity. Note
that in fact there are only two kinds of game bisimulations: the (0, 0)-bisimulations co-
incide with the (1, 1)-bisimulations, and the (0, 1)-bisimulations coincide with the (1, 0)-
bisimulations.

Game bisimulations are congruence relations. This result follows immediately from

the definition of game bisimulations.
Proposition 9.5.2. Game bisimulations are congruence relations.
Proof. We verify the properties of equivalence relations.

e Reflexivity: Let G be a parity graph game with a basic set B of positions, then Ap =
{(b,b) | b € B} is a (Il, IT)-game bisimulation. Ag meets the structural conditions
trivially as it is the diagonal relation on the basic positions of the same arena, and
meets the priority conditions as the basic positions on both sides have the same

priority.

e Symmetry: Let G and G’ be parity graph games with basic sets B and B’ of posi-
tions, and let Z € Bx B’ be a (I1, IT’)-game bisimulation. Then Z~! is a (IT', IT)-game
bisimulation. That Z~! meets the structural conditions follows from the symmetry
in the definition of game bisimulations, and that it meets the priority conditions

follows from Z meeting the priority conditions.

e Transitivity: Let G, G’, and G” be parity graph games with basic sets B, B’, and B”
of positions, and let Z C B X B’ be a (I1, [1")-game bisimulation and let Z" C B’ X B”
be a (IT",I1"”)-game bisimulation. Then Z;Z’ is a (I1,I1"”)-game bisimulation, as
Z; 7' satisfies the structural compositions, as (ILforth), (1 — I forth), (I,back), and
(1 — ILback) for Z and Z’ compose, and Z;Z’ satisfies the priority conditions as

(parity) and (contraction) compose.
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Additionally, game bisimulations are compatible with transitions in parity graph games
as in Definition[9.4.2] Formally, let B be a basic set of positions in a parity graph game G,
then there is an operator taking sets W € $%B to a normalised interaction pattern where
first IT chooses a set W € W, and then 1 — II chooses a basic position from W. Next we

show that game bisimulation is compatible with this operator.

e Congruence: Let G and G’ be parity graph games with basic sets B and B’ of po-
sitions, and let Z € B x B’ be a (I1, I1")-game bisimulation between G and G’. Fix
an arbitrary pair (b, b") € Z of game bisimilar positions. For any W € Pﬁ(b) there
isaset W e Pg:(b’), such that for any p € W there is a game bisimilar p’ € W’
and vice versa. Symmetrically, there is for any such W’ such a W. Moreover, the
previous two conditions hold also for 1 —IT in place of I1. These four conditions

are the converses of (I1,forth), (1 — Il forth), (IT,back), and (1 — Il,back).
O

In informal terms, the following theorem states that bisimilar games G and G’ are equiv-
alent in the sense, that any player I1 has a winning strategy in G if and only if she has one

in G'. Thus the theorem confirms soundness of our definition of game bisimulations.

Theorem 9.5.3. Let G and G’ be parity graph games and let 11 and 11" be players in the
respective game. If the initial positions of G and G are in a (I1,11")-game bisimulation,

then I1 has a winning strategy in G if and only if II' has one in G'.

Proof. LetG =(Vy, V|, E, Q) and G’ = (V{, V|, E’, ') be parity graph games with initial
positions vy and v;, and basic sets B and B’ of positions, respectively. We show that for
every strategy f of Il in G from vy, there is a strategy f’ of II' in G’ from v{ winning if
f is. The converse direction will follow through the symmetry in the definition of game
bisimulation.

We define f” such that the basic positions in any play p of G from v, consistent with
S are Z-related to the basic positions in some play p’ of G’ from v, consistent with f,
and vice versa. The latter direction will follow through the symmetry in the definition of

game bisimulation.
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Given f, we define f” inductively and show that all basic positions b and " in p and
p’ respectively meet the induction hypothesis that (b, ") € Z. Implicitly we make use of
Proposition

Let the play of G be in the basic position b, let the play of G’ be in the basic position
b’, and let (b,b") € Z. Since f is winning, there is a set W € Pﬁ(b) by definition of game
bisimulations Z[W] € P (b’). By Proposition|9.3.7, IT" has a local strategy f"" in G"
such that X,.v = Z[W]. Put f'(last(B)) := " (B) for all € G"". That f” is consistently
defined on positions in the round after »’, follows by construction of G’ and in particular
by the definition of basic positions.

If IT wins p immediate after b, () € Pﬁ(b), so that Z[0] = 0 € Pﬁ,(b’) and IT" wins in
ps’ immediately after b'.

It remains to treat the situation, where p is infinite and thus where p’ is infinite. As
the basic positions in p and p’ are stepwise related via Z, the largest priority occurring
infinitely often in p are of parity I if and only if the largest priority occurring infinitely

often in p’ are of parity I1". Thus if IT wins p, then I1" wins p’. m|



124 CHAPTER 9. GAME BISIMULATIONS IN PARITY GRAPH GAMES



Chapter 10

Complementation of Coalgebra

Automata

Coalgebra automata were introduced by Venema in [Ven04] as an approach to adding fix-
point operators to Moss’ coalgebraic logic. The idea is manifested in a correspondence
between coalgebra automata and coalgebraic logic. The (initial) states of coalgebra au-
tomata A correspond to formulas ¢, such that A accepts precisely those pointed coalgebras
S =(§, 0, s;) satisfying ¢ at s.

In previous work, Kupke and Venema [KVO035, IKVO08] have shown that coalgebra au-
tomata are closed under union, intersection, existential and universal projecting corre-
sponding to disjunction, conjunction, existential and universal quantification, respectively.
Then Venema and the author [KV09] have established that coalgebra automata are closed
under complementation, corresponding to negation on the logical side. The latter consti-

tutes the main contribution of this chapter.

Assumption 10.0.4. In this chapter we assume T : Set — Set to be a standard, weak-

pullback preserving functor which restricts to the category of finite sets.

10.1 A Review of Nondeterministic Coalgebra Automata

A well-studied form of automata are nondeterministic automata. Nondeterministic and

deterministic word automata are equally expressive. In fact the one can effectively be

125



126 CHAPTER 10. COMPLEMENTATION OF COALGEBRA AUTOMATA

translated into the other, as shown for instance in [Saf88]]. Kupke and Venema [KVOS]]

have proved a similar result for coalgebra automata.

Definition 10.1.1 (Nondeterministic Coalgebra Automata). Let T be a Set-functor, a non-

deterministic T-coalgebra automaton is a tuple {Q, 0, q;, Q) consisting of
e « finite set Q of automaton states,
e ¢ transition function 6 : Q — PTQ,
e an automaton state q; € Q distinguished as initial, and
e ¢ priority function Q : Q — N.

The transition function 6 : Q — PT Q takes automaton states g € Q to sets 8(q) C TQ
of T-structured automaton states. The automaton is to choose from each subset nondeter-
ministically.

The subsets of T'Q form the carrier of the free (disjunctive) semi-lattice over 7Q. This
observation gives rise to the equivalent definition of nondeterministic coalgebra automata
with a transition function of type Q — SLat'TyQ. We call such automata coalgebra
automata in logical form.

The acceptance behaviour of coalgebra automata is given in terms of parity graph

games parameterised in a 7T-coalgebra automaton and a 7-coalgebra to be recognised.

Definition 10.1.2 (Acceptance Games for Nondeterministic Coalgebra Automata). Let
A = (0,0,q,,Q) be a T-coalgebra automaton and let S = (S, o, s;) a T-coalgebra.
The acceptance game G(A,Y) is the parity graph game (V3,Vy, E,v;,Qg) defined as in
Table[I0.11

Note that we may assign positions from Q X § to either player as there is only one
choice. Only if we assign a player, the game graph is bipartite and the acceptance game
is well-defined as a two-player graph game. However, in later arguments it will be handy
to leave the assignment ambiguous.

Because there is only one choice in positions from Q X S, we may easily merge the

first two lines and make the admissible moves of (6(g), s) the admissible moves of (g, s).
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| Position | Player | Set of Admissible Moves | Qg |
(q.5) € O xS - [ {6(g), 9} Q(q)
(V1,5) €SLat'TyQ X S 3 {(a,s)|a€T} 0
(Va,s) e TyO x S B {ZCOXS |(a,0(5)) € Relr (Z)} 0
ZCOxS$ v |z 0

Table 10.1: Acceptance Games for Nondeterministic Coalgebra Automata

The presentation of the acceptance game as in Table [10.1]is to facilitate the presentation

of the acceptance game in logical form.

Definition 10.1.3 (Languages and Equivalence of Coalgebra Automata). We call the set
of coalgebras accepted by a coalgebra automaton A the language of A. Two coalgebra

automata with the same language are called equivalent.

10.2 Alternation

Nondeterminism means that 9 makes a choice before the transition step. This type of
choice can be logically completed giving a choice to V before the transition step. The so
obtained type of automata are alternating. Similarly, we may want to add a choice for 4
and V after the transition step. We call such automata transalternating. For our argument,
we need an intermediate form, called semi-transalternating automata. In addition to the
alternating choice before the transition step, only ¥ can choose after the transition step.
All of these kinds of coalgebra automata share a common structure, {Q, 6, g;, 2),
where only the branching type of 6 may vary. Table [10.2] summarises the branching types

of transition functions, we consider.

| Name | Type of Transition Function |
Deterministic 0-TyQ
Nondeterministic 0 — SLat' Ty Q
Alternating 0O —> Lat Ty Q
Semi-Transalternating | Q — Lat Ty SLat" Q
Transalternating Q — Lat Ty Lat Q

Table 10.2: Branching Types of Coalgebra Automata

where
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| Position | Player | Set of Admissible Moves | Qg |
(,8) € O XS {(6(q), 5)} Q(q)
(AT,8) € LatTyQ X S {(a,s)|aceT} 0
(V1,98 € LatTyQ X S {(a,s)|aceT} 0
(Va,s) e TyQO x S {ZC OXS |(a,0(5)) € Rely (Z)} 0
ZCQOxS Z 0

< W<

Table 10.3: Acceptance Games for Alternating Automata

e SLat’ (SLat") is the Ser-functor assigning to a set X the carrier of the free disjunctive

(conjunctive) semi-lattice generated over X, and

e Lat is the Set-functor assigning to a set X the carrier of the free lattice generated

over X.

10.2.1 Alternating Coalgebra Automata

Definition 10.2.1 (Alternating Coalgebra Automata). An alternating coalgebra automaton

is a structure A = {Q, 6, q;, Q) where
o () is the finite set of states,
e 0:Q — LatTQ is the transition function,
e g, € Q is the state distinguished as initial, and
e Q: O — N is the priority function.

Definition 10.2.2 (Acceptance Games of Alternating Coalgebra Automata). The notion
of an alternating T-automata accepting a pointed T-coalgebra S = (S, o, s;) is defined in
terms of the parity graph game G(A, S) given by Table[[0.5| A accepts a pointed coalgebra

S if and only if 4 has a winning strategy in the acceptance game G(A,S).

10.2.2 Semi-Transalternating Coalgebra Automata

Definition 10.2.3 (Semi-Transalternating Automata). A semi-transalternating 7-automaton

A =(0,0,q,,Q) consists of
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| Position | Player | Set of Admissible Moves | Qg |
(q,5) € QXS - | {6(g), 9} Q(q)
(Nier ai» s) € Lat,Q X S v {(a;, s) | i€l 0
(Vierai, s) € LatQ X S 1 [ {@,9liel} 0
(Va,s) e Ty LatQ x S B {Z C LatQ X S | (a, 0(s)) € Rely (Z)} 0
Z CLatQx S v |z 0
(N\ier @i §) € SLat"Q x S A {(a;,s) |i €I} 0

Table 10.4: Acceptance Games for Semi-Transalternating Automata

a finite set Q of states,

a transition function 0 : Q — LatTySLat" Q,

a state q; € Q distinguished as initial, and

a priority function Q : Q — N.

Definition 10.2.4 (Acceptance Games for Semi-Transalternating Automata). Let A =
(0, q1,0,Q) be a semi-transalternating automaton and let S = (S, o, s;) be a T-coalgebra.
The acceptance game G(A,Y) is the parity graph game (V3, Vy, E,v;,Qg) with v =
(q1, s1) and V3, Vy, E and Qg given by Table

10.2.3 Transalternating Coalgebra Automata

Definition 10.2.5 (Transalternating Automata). A transalternating T-automaton A =

(0,0, q;,Q) consists of
e « finite set Q of states,
e a transition function 0 : Q — Lat,Q,
e a state q; € Q distinguished as initial, and
e a priority function Q : Q — N.

Definition 10.2.6 (Acceptance Games for Transalternating Automata). Let A = (Q, q;, 0, Q)

be a transalternating automaton and let S = (S, 0, s;) be a pointed T-coalgebra. The
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| Position | Player | Set of Admissible Moves | Qg |
(g,5) € %S - [ {6(g), 9} Q(g)
(Nier @i»s) € La QxS | ¥V | {(ai,s) [iel} 0
(Vier ais s) € Lat; Q X § E {(ai, 8) i€} 0
(Va,s)e Ty LatQ x S B {Z C LatQ X S | (a, 0(s)) € Rely (Z)} 0
Z CLatQx S v |z 0
(Nier ai» ) € LatQ X S v {(a;,s) |iel} 0
(Vier @i, 5) € LatQ X S d {(a;,8) | i €I} 0

Table 10.5: Acceptance Games for Transalternating Automata

acceptance game G(A,S) is the parity graph game G(A,S) = (V3,Vy, E,v;,Qg) with
v = (g1, 57) and V3, Vy, E and Qg given by Table[10.5)]

10.2.4 Basic Positions in Acceptance Games

In the acceptance games for coalgebra automata of any of the above branching types we

can distinguish certain positions as basic.

Definition 10.2.7 (Basic Positions in Acceptance Games). Let A = (Q,7,q;,Q) be a T-
coalgebra automaton and S = (S, o, s;) be a pointed coalgebra recognised by A. In the

acceptance game G(A,S), positions from Q X S are called basic.

Basic positions allow us to dissect plays of acceptance games into rounds. The struc-
ture of these rounds is indicated in Tables [10.1] and [10.3l The dissection facilitates coin-
ductive proofs on the semantics of coalgebra automata. We make use of the technique in
particular to prove the soundness of the complementation algorithm in Section In
Chapter [9] we have introduced basic sets of positions in the more general context of parity

graph games.

10.3 Equivalence of Coalgebra Automata of various Branch-
ing Types

The classes of coalgebra automata of the previously mentioned branching types are equiv-

alent, and in fact effectively mutually indefinable.
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Embedding automata into a class of automata with richer structure, such as

Nondeterministic ~» Alternating ~»

Semi-Transalternating ~» Transalternating,

obviously preserves their semantics. The equivalence between nondeterministic and al-

ternating automata, and in particular
Alternating ~» Nondeterministic

has been established by Kupke and Venema in [KVO035]]. In [KV09] Venema and the author

have given effective translations
Transalternating ~» Semi-Transalternating ~» Alternating.

We repeat the argument in the remainder of this section.

10.3.1 From Transalternating to Semi-Transalternating Automata

Proposition 10.3.1. There is an effective algorithm transforming a given transalternating

automaton into an equivalent semi-transalternating one.

Definition 10.3.2. Let A = (Q,60 : Q — LatTLatQ, q;, <) be a transalternating automa-
ton, we define a semi-transalternating automaton A° = (Q,6°, q;, Q) such that 6°(a) :=

fo@where f: Lat;Q — Lat Ty SLat" Q is the map in Lemmal7.2.2
Then the following is a corollary of Definition|[10.3.2]and Lemma(7.2.2]

Corollary 10.3.3. A and A° are equivalent, for any transalternating automaton A.

10.3.2 From Semi-Transalternating to Alternating Automata

In this section we prove, that semi-transalternating and alternating automata are equally
expressive. In particular we prove an effective transformation of the first into the second

as in the following theorem.

Theorem 10.3.4. There is an effective algorithm transforming a given semi-transalternating

automaton into an equivalent alternating one.
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The transition function of the semi-transalternating automaton A is a function 6 :
Q — Lat Ty SLat" Q, whereas the transition function of the alternating automaton A° is
a function 6° : Q° — Lat TyQ°. The idea underlying the transformation is to push the
transalternation choice over to the next transition step.

Figure illustrates the idea on a play of the acceptance games G(A,S) and
G(A°,S). The intervals on the left and right demark rounds of G(A,S) and G(A°,S)
respectively.

In a first attempt, one may make A, q;, /\( g, and so forth states of A°, but then
we can not consistently assign priorities to /\,cx ¢, knowing {g; | kK € K} alone. If we
assign the priority of the state seen before, we preserve the semantics of A. The following

definition contains these two ideas.

Definition 10.3.5. Let A = (Q, 6, q;, Q) be a semi-transalternating automaton. We define

the alternating automaton A° = (Q°,0°,q;,Q°) by putting
e 0°:= QO xSLat"Q,
* q; = (q1,q1),
e O°%a,b) := Qa), and

o 0°:(QxSLat"Q) — Lat Ty(Q x SLat"Q) is given by

0°(q,) := |\ Lat Tyx,(0(p)). (10.1)

pza

Forany q € Q, k, : SLat"Q — (Q x SLat" Q) is the map defined by k,(a) := (q, a) for all

a € SLat" Q.

Proposition 10.3.6. Let A be a semi-transalternating automaton, then A and A° are

equivalent.

Proof. Instead of proving G(A, S) and G(A°, S) equivalent directly, we use Proposition9.2.2

and prove T94 and T94" equivalent.
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Figure 10.1: Transformation of Semi-Transalternating into Alternating Automata
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Every strategy f of a player ITin 794 extends uniquely to a strategy f° in 794" by
putting £°((v), Al(v)}) := (v;), and conversely every strategy f° of IT in 79" restricts
to a strategy in 79 such that every play p consistent with f corresponds to a play p°
consistent with f° such that p° = (A{v!}).p. Then p° is finite if and only if p is finite.
If p° is finite, the last positions of p° and p belong to the same player. If p° is infinite,
the largest priorities occurring infinitely often in p° and p are the same and thus have the
same parity. Thus player Il wins p° if and only if she wins p, and f° is winning for II if

and only if f is, and 794 and T9*"® are equivalent. O

10.4 Closure under Complementation

Theorem 10.4.1 (Complementation Lemma for Coalgebra Automata). The class of alter-

nating coalgebra automata is closed under taking complements.

We prove the above theorem by devising an algorithm complementing transalternating
automata and using that alternating and transalternating automata are effectively mutually

translatable as in Section [10.3

10.4.1 Complementation of Transalternating Coalgebra Automata

We treat states of transalternating coalgebra automata as formulas, thus the transition 6(gq)
from an automaton state ¢ is a depth one formula 6(g) € Lat,;Q over Q. Our definition of

complementing automata uses the step-wise dualisation which we introduced in Defini-

tion[7.4.41

Definition 10.4.2 (Complements of Transalternating Automata). The complement of a
transalternating T-coalgebra automaton A = (Q,0,q;, Q) is the transalternating au-
tomaton A° = (Q, 6 q;,Q°) defined with 6°(q) := 6,(0(q)) and Q°(q) = Q(q) + 1, for

all g € Q.

Lemma 10.4.3. Let A be a transalternating T-automaton, and S a T-coalgebra. Given a
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basic position (q, s) in G(A,S), and a relation Z C Q X S, we have:

Ze[Py(q,5)] = Vz,0(s) Ik 6(q)

Ze[Py(g,9)] = Vz,0(5) I 6:1(0(q)

The following proposition shows, that A° is indeed the complement of A.

Proposition 10.4.4. For every transalternating T -coalgebra automaton A, the automaton

A accepts precisely those pointed T-coalgebras that are rejected by A.

Proof. Clearly it suffices to prove for a given T-coalgebra S, state g of A, and point s in
S, that

(g, s) € Wind(G(AS, S) if and only if (g, s) € WinV(G(A, S)). (10.2)

We prove the above by means of a game bisimulation.

First we note that O X S is a basic set in both acceptance games, G(A, S) and G(A°, S).
The main observation is that the diagonal relation Idyys := {(g, 5),(q,5)) | g € Q,s € S}
is an V,d-game bisimulation between G(A, S) and G(A°,S). Since it is immediate from
the definitions that the diagonal relation satisfies the priority conditions, it is left to check

the structural conditions.

Leaving the other three conditions for the reader, we establish the condition (d,forth)

as an immediate consequence of the following claim:

for all Z € P§(q, s) there is a Z, C Z such that Z, € P§ (g, s), (10.3)
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which can be proved via the following chain of implications:

Z € Pg (g, 5)

= Vz,0(s) Ik 08(q) (Lemma|10.4.3))
= (V2), 0(s) 1 61(0(9)) (Corollary [7.4.6)
= (V2), 0(s) V1 6°(q) (Definition of 6°)
= Vze,0(s) 1 () ()
= Z° ¢ [P (g, 9)] (Lemma[T10.4.3)
= thereisaZy, € ch(q, sywithZ°NZ, =0 (Proposition[9.3.8)
= thereis a Zy C Z with Z, € Pgﬂ(q, s) (Elementary set theory)

In the above Z¢ denotes (Q X §) \ Z, and in the implication marked (1) we use the fact that

(Vz) = Vz. o

We conclude the complementation lemma with an observation about the size of automata

resulting from the complementation.

Theorem 10.4.5. For any alternating T -automaton with n states there is a complementing

alternating automaton with at most n x 2" states.

We single out the following case, which suitably generalises tree automata, for which

significantly lower bounds have been established in [Rab69, KisO7]].

Theorem 10.4.6. Let T be such that for any a € T, Q, the formula Va has a dual Aa €
LatTyQ. Then for any alternating T-automaton of n states there is a complementing

alternating automaton with at most n + c states, for some constant c.



Chapter 11

A Pumping Lemma for Regular

Languages of Coalgebras in Ser

Languages of words recognised by state-finite automata are called regular. In order to
show that a collection of words is not a regular language, one often [Sip96, HMUO3]
uses the following pumping lemma for regular languages, which has been introduced in

[BHPS61].

Theorem 11.0.7 (Pumping Lemma for Regular Languages of Words). The collection L
of words accepted by a state-finite automaton, satisfies the following pumping property:
There is a natural number I, the pumping length of L, such that every word in L longer

than | can be decomposed into segments u, v and w, such that
1. v| >0,
2. |luv| <1, and
3. w*w is contained in L,

where vt means any of {v,vv,vvv,...}.

Example 11.0.8. The pumping lemma is used to disprove regularity of the language L =
{a"b" | n € N} of words consisting of a substring of a’s followed by a substring of b’s of

the same length. The idea underlying the proof is informally the following. Any dissection

137
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of a word a"b" into uvw as in Theorem [[1.0.7 must be such that v lies completely in a"
or b". Otherwise pumping v yields a substring ba and thus a word not contained in the
language L. However pumping v in a" or b" yields words a"™™b" or a"b"™", not contained
in the language L either.

Any word a"b" is a coalgebra S, = (S, o, s;) of transition type T(—) = {\/} +{a, b} X ()

with
o S :={dV' | k<nu{b*|k<n)
o o(d*'b") := (a,d*b") and (V') := (b, b*) and o(€) := +/, and
e s5;:=a"b".

We will revisit this example in later sections of this chapter.

In this chapter, we prove a pumping lemma for languages of state-finite 7-coalgebra
automata. Before we can state a theorem analogous to Theorem m] above, we need to
define analogues of pumping length and the pumping operation for coalgebras. We only
consider coalgebras in Set. We argue that these coalgebras may be regarded as graphs
with additional structure, and define pumping along paths through these graphs. Thereby
we effectively reduce the pumping lemma for coalgebras in Set to the pumping lemma for

words.
Assumption 11.0.9. Below we assume T : Set — Set
1. to be standard and
2. finitary, and
3. to preserve weak pullbacks.
In order to make sense of the pumping lemma we define languages of coalgebras.

Definition 11.0.10 (Languages of Coalgebras). Let T be a functor on a category C. A
language L of T-coalgebras is a set of equivalence classes of pointed T-coalgebras with

respect to T—bisimilarityﬂ

ISee Definition
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11.1 Coalgebras in Ser as Graphs

Recall that a T-coalgebra S = (S, o, s;) in Set has a transition functiono : § — TS. An
element ¢ € TS can be thought of as a T-term that “uses” a subset Y € S. The latter is
made formal by the notion of Base as in Definition We think of Base(o(s)) as the

set of successor states of o-. For the base to be well-defined we need T to be standard as

in Assumption|[I1.0.9]

Composing o with Base yields a graph, that is a function Baseo o : § — £S. Unless

T restricts to finite sets, Base o o may have an infinite out-degree.

Definition 11.1.1 (Graphs of Coalgebras). Let S = (S, o, s;) be a T-coalgebra, we call

Base o o the graph of S.

Example 11.1.2. In Example the graph structure arises as follows.
1. Base(o(d**'b")) = Base(a, d"b") = {a*b")
2. Base(o(b**")) = Base(b, b*) = {b*)
3. Base(c(b®)) = Base(y/)) = 0

The intuition of coalgebras as graphs provokes the definition of concepts that are com-

mon for graphs, such as
1. reachable states,
2. subcoalgebras rooted in a state,
3. generated subcoalgebras, and
4. the depth of a coalgebra.

We explore these concepts towards a definition of pumping.

11.1.1 Reachable States

The set Reachs(s) C S of states reachable from a state s € S in a coalgebra S = (S, o, s7),

can be computed by closing Base(o(s)) under Base o o as in the following definition.
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Definition 11.1.3 (Reachable States). Let S = (S, 0, s;) be a T-coalgebra and s € S a
state of S, we define the set Reachs(s) of states reachable from s in o as the least set Y C S

which contains Base(o(s)) and is closed under union with Base(o(y)) forall y € Y.

Example 11.1.4. In Example |[1.0.5 we obtain a definition of Reachs from the graph

structure in Example[I1.1.2]
1. Reachs(a**'b™) = {ad'b" | I < kYU (b |I< n}
2. Reachs(b*"y = {b' |1 < k)
3. Reachs(b°) = Base(y/)) = 0

Lemma 11.1.5. For all standard functors T, T-coalgebras S = (S, o) and states s € §,

the set Reachg(s) is well-defined.

Proof. The proof is an application of the Knaster-Tarski theorem, observing that PS

forms a complete lattice and Y +— Y U Base[o[Y]] is a monotone function on £S. O

As Reachg(s) is a fix point, it is also a pre-fix point. This observation is important as it

allows us to define generated subcoalgebras.

Lemma 11.1.6. Reachs(s) is a pre-fix point of o in the following sense.

o[Reachs(s)] € TReachs(s)

Proof. By definition, Base(o[Reachs(s)]) € Reachs(s), so that by standardness of T,
TBase(o[Reachs(s)]) € TReachs(s), and using the definition of Base, o[Reachs(s)] C

TReachs(s). O
Reachability allows us to easily discriminate cyclic from acyclic coalgebras.

Definition 11.1.7 (Cyclic and Acyclic Coalgebras). A coalgebra S = (S, o) is cyclic if

there is a state s € S such that s € Reachs(s), and acyclic otherwise.

Below we will need the following property, which informally means that the coalgebra is

nowhere confluent.
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Definition 11.1.8 (Tree-likeness). A coalgebra S = (S, o, s;) is tree-like if for all s €
S and sy, 51 € Reachs(s) with so # s1, So € Reachs(s)) and s; ¢ Reachg(sy), it is

Reachs(sy) N Reachs(s;) = 0

Below we will show that for every pointed coalgebra there is a bisimilar one, which is

acyclic and tree-like. We will make these properties assumptions for our pumping lemma.

11.1.2 Generated Subcoalgebras

We define generated subcoalgebras analogous to generated subgraphs using the notion of

reachability defined above.

Definition 11.1.9 (Least Subcoalgebra Rooted in a State). Let S = (S, o) be a T-coalgebra
for a standard functor T and let s € S be a point of S. We define the least subcoalgebra

rooted in s as the restriction of o to Reachs(s).

Ss = <R€aChS(S),O' |Reach§(s)> (111)

The definition above is well-stated. The following is a corollary of Lemma[I1.1.6

Corollary 11.1.10. For any T-coalgebra S and any state s of S bb as above, S exists and

is a T-coalgebra.

Proposition 11.1.11. For any T-coalgebra S and any state s of S as above, S and S; are

bisimilar.

Proof. For the bisimulation relation, choose the diagonal relation Agygengs) 1= (57, 8") |
s € Reachg(s)}, then as Reachs(s) is closed under Base o o, all pairs of states in Ageaeng(s)

are bisimilar. O

11.1.3 Unravelling Coalgebras in Set

The unravelling of a coalgebra is defined similarly to the unravelling of graphs.
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Definition 11.1.12 (Unravelling of Set-Coalgebras). The unravelling of a pointed T -
coalgebra S = (S, o, s;) is defined to be the T-coalgebra S*™ = (S*, 0" : ST > TS, (s,))EI
with the transition function o*(w) := T, o o(last(w)), where t,, : S — S~ takes s — ws

foranyw e S*.

Unravelling a coalgebra preserves its semantics.

Proposition 11.1.13. For any T-coalgebra S = {(S,0 : § — TS) and state s € S,
(o,s) = (o™, (s)ﬂ are bisimilar.

Proof. 1t suffices to show that Gr (last) € S* X § is a bisimulation, which follows from

the definition of o* and | J, s+ Gr (1),, = (Gr (last))™". O

We obtain the following as a corollary of Proposition [[T.1.13] and Proposition 4.7 of
[VenO4], which states that if a coalgebra automaton A accepts a coalgebra S, then A

accepts any coalgebra bisimilar to S.

Corollary 11.1.14. A coalgebra automaton A accepts a coalgebra S if and only if A

accepts S’s unravelling S*.

Unravelling a coalgebra yields an acyclic tree-like coalgebra. The latter properties are

important for the proof of the pumping lemma in the next section.

Lemma 11.1.15. Let S = (S, 0, s) be a coalgebra and let S* be the unravelling of S.
w € S*. Then for any w,w’ € S*, w € Reachs-(w) if and only if w is a proper prefix of

/

w.

Proof. We prove the lemma by structural induction over the definition of Reach. In the

base case,

Base(o*(w)) = by definition of "

Base((Tk,,) o o(last(w))) = by Lemma[B.4.16|

K[ Base o o(last(w))]

28* is the set of non-empty words over S .
3(s) denotes the one-character word consisting of s.
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The induction step follows from the transitivity of being a proper prefix. O
The following is a corollary of the previous lemma.

Corollary 11.1.16. Let S = (S, 0) be a T-coalgebra, the unravelling S* of S is acyclic

and tree-like.
The following is a corollary of Corollary [IT.1.16

Corollary 11.1.17. Every T-coalgebra is bisimilar to an acyclic tree-like T-coalgebra.

11.1.4 Pumping Length for Coalgebras in Set

The unravelling of coalgebras induces a natural notion of depth. Since we are looking
to discriminate coalgebra states by finite depth, it suffices to approximate the depth from

below as in the following definition.

Definition 11.1.18 (Depth of Coalgebra States). Let S = (S, o) be a T-coalgebra, then

the depth of states in S can be approximated from below as follows.

e Every state s € S is of depth at least 0.

e Every state s € S is of depth at least n + 1, if there is a state s’ € Base(o(s)) of

depth at least n.
If a state s is of depth at least n for every finite n, we say s is of infinite depth.

Example 11.1.19. In Example |11.0.8| the depth of a state a*b for (k,1) € {(k,n),(0,1) |
k,l<n}isk+lL

Loops provide an immediate example of states of infinite depth.

Proposition 11.1.20. Let S = (S, o) be a cyclic T-coalgebra with s € Reachs(s) for some

state s € S, then s is of infinite depth.

Proof. That s is reachable from itself, means that there is a finite sequence sy, ..., s, of
length greater than 1 consisting of states with s = 59, s = s, and for each i < n, ;4| €
Base(o(s;)). By the definition of depth above, s is of depth at least strictly larger than s.

Using that s is of depth at least 0, it is easy to see that s is of infinite depth. m|
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The following lemma tells us that 7'-bisimilar states have the same depth. Consequentially
we can assign coherently a depth to equivalence classes of pointed 7-coalgebras under 7'-
bisimilarity, such as in languages of T-coalgebras. The latter appears in the definition of

the Pumping Lemmma in Theorem[I1.3.2]

Lemma 11.1.21. Let S = (S, 0) be a T-coalgebra and R C S X S a T-bisimulation on S.
For any pair of states (sy, s1) € R and any n € N, s is of depth at least n if and only if s,

is of depth at least n.

Proof. We prove one direction of the bi-implication, as the other follows through a sym-
metrical argument. Our proof proceeds inductively over n. In the base case, we show
for any pair (s, s") € R of states, that if Base(o(s)) is non-empty, then so is Base(o”’(s")).

Therefor we use the function r : R — TR making Diagram (11.2)) commute.

Tﬂ'sr

TS <—TR——TS’ (11.2)

T

§< R .y

Firstly if Base(o(s)) is non-empty, then so is Base((m o p)(s)). Since Base(o(s)) € R

it suffices to prove non-emptiness for the projection to S.

g o Base or = Base o Tmg o r = Base o o o ity (11.3)

Then the same steps as above with S’ in place of S and ¢ in place of o yield the proof

that Base(o”(s’)) is non-empty from the non-emptiness of Base(r(s, s)).

The induction step proceeds as follows. Combining the previous yields (s X 7m5/) o
Base o r = Base o 0 o (g X mg/). Using that Base(r(s, s")) C R, we see that for every

t € Base(o(s)) thereis at’ € Base(o’(s")) with (t,¢) € R. O
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11.2 Pumping Coalgebras in Set

In the case of words, the pumping operation takes a word
S=Uy...UVy...VgWp ... W, € Act” (11.4)

to the word

s = Uy... Uy ... VpVo...VigWo ... Wy, € Act™. (11.5)

The word s can be seen as a coalgebra o : § — {4/} + Act X § where S consists of all
suffixes of s and o-(0) = v/ and o-(a.t) = (a, ) fora € Act and ¢t € S. Pumping then replaces
each suffix v;...v,wy...w, for 0 < i < m with a suffix v;...v,vg...v,,Wp...w,, and
adapts the transition function accordingly. The following definition makes this algorithm

precise in the broader context of coalgebras.

Definition 11.2.1 (Pumping Set-Coalgebras Once). Let S = (S, 0, s;) be a pointed T-
coalgebra. A pumping situation in S is a pair of states sy, sy € S such that sy € {s;} U
Reachgs(s;) and s; € Reachs(sy). Pumping S once at (8¢, s1) yields a T-coalgebra S =

(87,07, 5)) as follows.

1. Putogy:=o0.

S0 S (116)

2. Define a function oy : S + Reach(o, s9) = T(S + Reach(oy, sy)) joining to o the

least subcoalgebra of o rooted in sy, 71 := 0 + (00)s, E]

KoSo KoS1 ——> (117)

KiSo—— " —=Ki§i ——

3. Define a function o, : S +Reachs(o, s) — T(S +Reachs(o, s)) such that o5(kosy) :=

Yo 1 S — S+Reach(co, so) and k| : Reach(c, so) — S +Reach(cy, s;) are the usual injection functions
for categorical coproducts as in Definition[B.2.5}
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o1(k189) and o5(t) := o 1(¢t) for all t € (S + Reachs(o, s)) \ {kos1}.

—>KopSg ——> "+ —> KpS1 (118)

K180 K151

Finally, put §" := § + Reach(c, 5), 0’ := 0, and s}, = kos;in S" =(S§’,07, 57).

Remark 11.2.2. The above algorithm is well-defined for standard T as X C X + S for all

sets X.

Example 11.2.3. We demonstrate pumping on ab. There are three ways to dissect ab into
uvw according to Theorem[I1.0.7\with v € {a,b,ab}. Each yields a pumping situation in

the corresponding coalgebra S, of Example|l1.0.8|as follows.

Pumping Situation
H u \ \ w || So \ S1 \ uvww
1.lela |b || ab b aab
2. la|b |€ | b € abb
3./le|ab|€ | ab € abab

Table 11.1: Example of Pumping

In each case pumping yields a T-coalgebra as follows. For the sake of a simple

presentation, we display the subcoalgebras (Sv‘ve{a,b,ab})mab rooted in the initial state koab.

1. (So)ar = Ukoab, kiab, kb, k€}, 04, kgab) with o, = {kpab — (a,kab),kab —

(a,k1b), k1b > (b, Kk 1€), k1€ - A/}

2. (Spwgar = Ukoa, kob, k1D, k1 €}, 04, Koab) with o, := {koa > (a, kob), kob > (b, k1b), k1D =

(b,KlE),KlE — \/}

3. Sap)igar = {koab, kob, k1ab, kb, k| €}, 04, kKoab) with o, := {kpab v (a, kob), kob

(b, k1ab), kjab v (a,k1b), kb > (b, k\€), k1€ > /}

The above coalgebras Seapapy are respectively bisimilar to the T-coalgebras corre-
sponding to the pumped words uvvw as in Example [I1.0.8] These calculations show by

example how pumping in coalgebras restricts to pumping in words.
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The following proposition shows as a corollary that pumping does not yield bisimilar

coalgebras in general.

Proposition 11.2.4. Let S = (S, 0, s;) be a T-coalgebra and let S' = (S, 0, s)) be the
result of pumping S at a pumping situation (sy, s1). Then S and S’ are bisimilar if and

only if s and s’ are bisimilar in S.

Proof. By definition of pumping, itis s € Reachgs(s;). Thus S =~ S’ only if 5" ~ k; 5" which

by definition of 7-bisimilarity holds if and only if s" =~ s, since

o(s") Rely (=) o’ (k15") Rely (=) (Tky)o(s) Rely (=) o(s) (11.9)

Pumping a T-coalgebra S = (S, o) once at a pumping situation (s, s”) yields a coalge-
bra S’ = (S’,0”’). The same pumping situation (s, s’) can then be found as («;s, k;s") in
S’. Pumping S’ at (k; s, k18”) yields a T-coalgebra S” = (§”,0”). In S” we find the same
pumping situation (s, s”) as (k2s, k»s"), and so forth. It is easy to see that pumping can be

iterated arbitrarily often.

Definition 11.2.5 (Iterated Pumping in Set-Coalgebras). Let S = (S, o) be a Set-coalgebra
and (sy, s1) a pumping situation in o. We define the iterated pumping S™ for any n < w

inductively as follows.
1. SW is defined as pumping S once at (s, s1).

2. Given the n-fold pumping S = (S™, ™) of S at (sy, 51), we define the (n+1)-fold

pumping ST = (SOD_ Dy of S at (50, 51) as pumping S™ once at (K,S0, KuS1).
We call pumping zero times in a T-coalgebra deleting in a T-coalgebra

Definition 11.2.6 (Deleting in a T-Coalgebra). Let S = (S,0) be a T-coalgebra and
(s, 8") a pumping situation in S. Deleting in S at (8¢, s1) yields a T-coalgebra S’ = (S, 0”")

such that o' (sg) := o(s1) and o'(t) := o(t) forallt € S \ {s}.
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Figure 11.1: Examples for Deleting and Pumping Once and Iteratedly in Ser-Coalgebras

i—tay 4., Y (11.10)
\/
X—

bty N 11.11)
b d b d v
KoX Koy K1X K1y K1Z
bty A Y (11.12)
b b b d v
KoX K1X Ky X Ky K2Z

1T 1T 1T 1T
u v v v w
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11.3 The Pumping Lemma

The pumping lemma states that regular languages have the pumping property.

Definition 11.3.1 (Pumping Property). A language L of pointed T-coalgebras is said to
have the pumping property if there is a natural number n, such that in all T-coalgebras S
in L of depth at least n we can find a pumping situationﬂ (80, $1) in S, such that deleting

and pumping arbitrarily often at (s, s1) yields a T-coalgebra in L.
We spend the remainder of this chapter on the proof of the following theorem.

Theorem 11.3.2. Languages of T-coalgebras accepted by state-finite T-coalgebra au-

tomata have the pumping property.

In the proof of the pumping lemma, we will need a property further strengthening
acyclicity and tree-likeness for coalgebras S = (S, o, s;). Informally, we require that (*)
successor states of states s € § do not occur more than once in o(s). In the example of
the binary tree functor 7(—) = Act X (-) X (—), we want that o(s) = (s’, s’") as opposed
to o(s) = (s, s"). However, Property (*) is not well-stated as we characterise successor
states by means of Base, which is defined up to isomorphism in Set, that is bijection. Thus
Base does not let us distinguish occurrences of the same states in o ().

For our proof it suffices to reduce Property (*) to the acceptance game G(A,S) as
follows. Recall that in basic positions (a, s), I chooses a relation Z € Q X S such that
(a,0(s)) € Relr (Z). Instead of (*) we require, that if A accepts S, 4 has a winning
strategy, such that f(a,s) € Q X § is left-unique for all positions (@, s) € TQ X S in all

plays consistent with f.

Lemma 11.3.3. For every coalgebra automaton A and coalgebra S such that A accepts
S, there is a coalgebra T bisimilar to S such that 1 has a winning strategy f in G(A,T)
with f(a,s) € Q X S left-unique for all positions (a,s) € TQ X S in plays of G(A,T)

consistent with f.

Proof. In the following we fix a winning strategy f for 4 in G(A,S). Then the proof

proceeds as follows.

3See Definition
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1. There is a coalgebra T = (BWinyG(A, S), p, (q;, S1)).
2. T is bisimilar to S, so that A accepts T.

3. d has a winning strategy f’ in G(A, T) such that f'(a,b) € Q X BWinyG(A,S) is

left-unique at all positions (@, b) € TQ x BWin3G(A, S) in plays consistent with f”.

1. By definition of the relation lifting Rel; (—), there is an epimorphism e : TBWin3G(A, S) —
Relr (BWin3G(A,S)). By Lemma [B.4.1| e has a section m : Relr (BWin3G(A,S)) —
TBWinsG(A, S) such that e o m = idrpwin,ga,s)- Note that m is not unique, and its def-
inition is subject to the axiom of choice. The restriction of the winning strategy of 3 to
BWinaG(A, S) is a function flgwinsga.s) : BWinaG(A, S) — Rely (BWin3aG(A, S)). From m
and flgwinsga,s) wWe define p := m o flawinsga,s)- Then T = (BWinsG(A, S), p, (g1, s7)) 1s a

T-coalgebra.

2. We show that R = {(s, (g, s)) | (g, s) € BWin3G(A, S)} is a bisimulation between S and
T. Then nirg o (0, (idrg,0) omo f o (8,ids)) = 0 o g and Trpwinsgas) © (0, (idrg, o) ©
mo fo(0,ids)) = (idrg,0) omo f o (6,ids) o mgwin,gas) as in the following diagram.

Thus R is a bisimulation between S and T.

TS <" Rel; (R) D T BWinaG(A, S) (11.13)
A \
| m |e
| 12

v | (0(idrg.r)omofo@ids))  Rely (BWinaG(A, S))
|
| T(idTQ,a')ofo(Q,l’ds)
|

S~—R s BWinaG(A, §)

3. Define f” such that

1. f'(q.(q,s)) := (@, (q, 5)) where (a, s) = f(6(q), s) and

2. fa@.(g,9) :=1(q.(q,s)) (g, 5) € fa,s)}

and let f” be defined arbitrary on all other positions of .
In order to show that f” is well-defined we will use a functionk : QxS — OX(QXS)

defined such that k(g, s) := (g,(q, s)). k is an embedding. Since T is standard, Rel; (-)
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preserves embeddings and Rel7 (k) is an embedding. By Lemma|B.4.11|and the definition
of m as the section of e, itis Rely (k) = (idyg, m)ok’ where k' : TOXTS — TOX(TOXTS)

takes k'(a, B) := (@, (@, B)).
1. @ € 6(q) because f is well-defined.
2. That (@, m(a, o(s)) € Relr (f'(a, (g, 5))) follows from (a, o(s)) € Relr (f(a, 5)).

Then every play p of G(A, T) consistent with f” will pass through basic positions only of
the form (q, (g, 5)), since the initial position of G(A, T) is (g;, (¢;, s7)) and all elements of
"o f'(q,(q, s)) are of the form (¢, (¢, 5')).

It remains to show f” winning. By definition of f”, 3 looses with f” a finite play p’
of G(A, T) only if she looses a finite play p of G(A,S) with f, where the basic positions
in p’ are stepwise the image of basic positions of p. Finally since Qg 1)(q,(q,s)) =
Qga.5)(q, s), 1ooses with f” an infinite play p” of G(A, T) only if she looses an infinite
play p of G(A, S) with f, where the basic positions in p’ are stepwise the image of basic

positions of p. By contrapositivity f” is thus winning since f is. O

Proof of Theorem[11.3.2] Because pumping can be iterated, it suffices to show that for ev-
ery coalgebra automaton A there is a natural number n € N, such that in any 7-coalgebra
S = (S, 0, s;) of depth at least n there is a pumping situation (s, s”) such that deleting or
pumping once at (s, s”) yields a 7-coalgebra S’ accepted by A. We will show that the
above holds for n = |Q| + 1.

Let S be a T-coalgebra accepted by A and of depth at least |Q|. By Corollary
we can assume without loss of generality that S is tree-like. As A accepts S, J has a

winning strategy f in G(A, S). We distinguish the following cases.

1. Inevery play p of G(A, S) consistent with f every automaton state g occurs at most

once in basic positions.

2. There is a play p of G(A,S) consistent with f and an automaton state g, which

occurs twice in basic positions (g, s) and (g, §”).

In each case we select a pumping situation (s, s1) as follows.
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1. We choose sy, s; € Reachs(s;) such that sy and s; do not occur in any basic position

in any play of G(A, S) consistent with f and s; € Reachs(sy).

2. Put sy = sand s; = §" for some pair (g, s) and (g, s) of basic positions in p with the

same automaton state q.

We then prove that deleting or pumping once at (s, s1) yields a coalgebra S” accepted

by A, providing a winning strategy f” for 3 in G(A, S’) in both cases.

Deleting Define f” := f{so — f(s1)}. Then f” is well-defined if in any play p of G(A,S)
consistent with f, sy occurs in at most a unique basic position. If otherwise there were
basic positions (g, o) and (¢’, sg) with g # ¢’, it is not necessarily f’'(q’, so) € (6(g), so).
By Lemma I1.3.3]the assumption does not restrict generality.

We then prove that f’ is winning, showing that the plays of G(A, S’) consistent with f”
correspond to plays of G(A, S) consistent with f under the forgetful function 2 : §' — §
defined by

h = ids{sy — s1} (11.14)

The forgetful function & extends to a function from the positions of the acceptance game

G(A, ') to the positions of the acceptance game G(A, S) such that

(g, h(s))  ifv=1(q,s)
h(v) :=1 (q,Th(s)) ifs=(qa)cQxTS (11.15)
(idg, h)(v) ifveP(QxS)

and extends to initial plays of G(A, S) such that

h(pv) := h(p)h(v). (11.16)

Defined as above, 4 has the following properties.

1. h commutes with admissible moves, that is A(E[v]) = E[h(V)], so that p’ is total if

and only if A(p) is.
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2. h preserves the assignment to players, such that 4(v) belongs to 4 in G(A, S’) if and

only if v does in G(A, S).

3. h preserves the priority of board positions, Q(h(v)) = Q'(v) for all v where 4 is

defined.
4. h commutes with f and f’, such that foh =ho f’.

Properties 1 and 2, if p’ is finite, and 1, 2, and 3, if p’ is infinite, entail that p’ is winning
for din G(A, S") if h[p’] is winning for 4 in G(A, S). Property 4 entails that f” is winning
for 4in G(A, S’) since f is winning for 4 in G(A, S).

Pumping Once Define [’ := (kof + k1 f){kos1 — k1 f(s0)}. Then f” is only well-defined if
in any play of G(A, S) consistent with f there is at most a unique basic position with s;.
If otherwise there are basic positions (g, s;) and (g’, s), it is not necessarily f'(g’, kos1) €
(0(q"), o' (kos1)). By Lemma [I1.3.3]|the assumption does not restrict generality.

Similar to the argument above we show that the plays of G(A’, S) consistent with f”
correspond to plays of G(A, S) consistent with f under a forgetful function 4 defined as

follows.

so if s = Kkosy
h(s):=13 s ifs=«kys and s’ # s (11.17)

’

s ifs=xKs

The forgetful function & extends to positions and initial plays of G(A, S) as in (11.15)) and
(I1.16) above. Moreover h has properties 1.-4. as above, so that by a similar argument as

the one above we obtain that f” is winning, since f is. |
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Chapter 12

Conclusions

12.1 Summary of Contributions

With this dissertation we have made several contributions to the theory of coalgebras with
branching, within the theory of coalgebras over Set, Generic Trace Theory of Jacobs et

alii, coalgebraic logic, and the coalgebraic automata theory of Venema et alii.

12.1.1 Finite Trace Semantics

In ChapterE] we have revisited Jacobs [JacO4, [HJS06, [HISO7]] and presented a definition,
which does not depend on the order-enrichment of the Kleisli-category of the branching
type and is applicable to finitary branching types. In Chapter [5| we have seen that the
order enrichment is ambiguous. Finitary branching types are important for the definition

of finitary coalgebraic logics for finite traces as in Chapter [§]

12.1.2 Infinite Trace Semantics

In Chapter [6| we have adapted the basic ideas underlying the definition of finite trace
semantics and have obtained an inductive definition of infinite trace semantics in the style
of Bohm trees. Generalising the the inductive definition lead us to a coinductive notion
of infinite trace semantics which subsumes the inductive one, as well as the acceptance

behaviour of coalgebra automata.

157
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Both, inductive definition and coinductive characterisation differ substantially from
previous work of Jacobs [JacO4] and parallel work of Cirstea [CiO]. Both aim to give
a unique coinductive definition. Jacobs defined infinite trace semantics for the powerset
monad as the branching type and for transition types admitting a final coalgebra. Cirstea
generalises Jacobs work to affine monads assuming an order enrichment of the Kleisli-
category following Generic Trace Theory of Hasuo et alii [HIS06]. We show that Jacobs’
infinite trace semantics, acceptance behaviour of nondeterministic coalgebra automata are

instances of our coinductive characterisation of infinite trace semantics.

12.1.3 Finitary Coalgebraic Logics

In Chapter [7] we have defined in joint work with Yde Venema the Boolean dual of Moss’
modality V. Thereby we showed that finitary Moss’ coalgebraic logics is essentially nega-
tionfree. Our proof is largely based on the previously established [KKVO08] completeness

of finitary Moss’ coalgebraic logic.

12.1.4 Finite Trace Logics

In Chapter [5| we have shown that finite trace semantics induces finite trace equivalence.
We have defined in Chapter [§] finitary coalgebraic logics in the style of Moss’ coalgebraic
logics classifying states in coalgebras with branching for many finitary branching and
transition types up to finite trace equivalence. Our logics are parameterised in a logic
functor and its denotation. We have shown that finitary coalgebraic logics for finite traces
are invariant under finite trace equivalence, and under further assumptions on the logic
functor and denotation expressive. In the latter we follow the more general framework of

Klin [KL107].

12.1.5 Game Bisimulations for Parity Graph Games

Parity graph games play a role in the definition of the acceptance behaviour of classical

and coalgebra automata. In Chapter[9 we have introduced in joint work with Yde Venema
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a structure to parity graph games into rounds and a normalisation of the interaction pattern
between the participating players, based on the power of players introduced by van Ben-
them [vB02]. We then define the congruence relation game bisimulation, which facilitates

proofs of the equivalence between games and between automata as in Chapter [I0]

12.1.6 Complementation Lemma for Coalgebra Automata

Using the complementation lemma for finitary Moss’ coalgebraic logics, we define for
any coalgebra automaton A one accepting the complement of the language of A. To-
gether with previous results of Kupke and Venema [Ven04, KV08, [IKVOS] we complete
the correspondence between coalgebra automata and coalgebraic logics augmented with
fixpoint operators following Rabin [Rab69]. We provide upper bounds on the size of
the complemented automata and reconciliate our observations with previous results in

[Ki1sO7]].

12.1.7 A Pumping Lemma for Regular Languages of Coalgebras in

Set

In Chapter [ T|we have reviewed coalgebras in Ser as graphs with additional structure, and
shown that each such coalgebra is bisimilar to one whose graph is acyclic and tree-like.
We have then reduced the pumping lemma for regular languages of coalgebras in Set to

the one for trees.

12.2 Some Open Questions and Directions for Future Work

In this dissertation we have left several questions unanswered.

12.2.1 Monads and Categories of Algebras

It remains an open question to characterise monads and functors, which admit distributive

laws.
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We have defined the continuous extension of the Kleisli-lifting of Set-functors in
Eilenberg-Moore categories. In particular for the existence of finite trace semantics and
finite trace logics the size of the Kleisli-lifting is important. We leave an understanding

of the latter to future work.

12.2.2 Finitary Coalgebraic Logics for Finite Traces

The definition of finite trace logics hinges on the dual adjunction induced by an ambi-
morphic object. We assumed that that the branching type B is commutative, so that every
object in B-Alg is ambimorphic. We leave open, whether non-commutative algebras ad-
mit an ambimorphic object in their Eilenberg-Moore algebras. We have furthermore left
open a characterisation of monads, which admit a coseparating ambimorphic object.

We have given several assumptions on the logic functor and its denotation under which
finitary coalgebraic logics for finite traces are expressive. We leave it to future work
as well to characterise branching and transition types allowing a logic functor meeting
these assumptions. In particular, we require that the branching type B is such that there
is a coseparating ambimorphic object in B-Alg. We leave the characterisation of such

branching types open.



Appendix A

Set Theory

A.1 Basic Set Theory

This dissertation is based on Zermelo-Fraenkel set theory with the Axiom of Choice.

Definition A.1.1 (Pointed Sets). A pointed set (X, x) consists of a set X and a distin-

guished element x € X.

Definition A.1.2 (Relations). Let X and Y be sets, a relation between X and Y is a subset

RCXXY.

Definition A.1.3 (Functions). A function f : X — Y from a set X to a set Y is defined
by its graph Gr (f) € X X Y such that for each x € X, there is a unique y € Y such that
(x,y) € Gr(f). We denote y by f(x).

Definition A.1.4 (Functions With Finite Support). A function f : X — N into the natural
numbers is said to have finite support, if f is zero almost everywhere, that is {x € X |
f(x) # O} has a finite cardinality. We denote the set of such functions by (NX)M. The

definition extends to R instead of N and in fact all pointed sets (Y, 0).

Definition A.1.5 (Upward Closure). Given a set X C PX, define

[(X]:={YCX|Y 2Zfor some Z € X}. (A.1)

161
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A.2 Order Theory

Definition A.2.1 (Preorders). A preorder on a set X is a binary relation (<) C X X X,

which is
1. reflexive, so that x < x, and
2. transitive, so that x < zif x <yandy < z,
forall x,y,z€ X
Definition A.2.2 (Partial Orders). A partial order on a set X is a preorder <C X X X, which
is
3. antisymmetric, so that x =y if x < yandy < x, forall x,y € X.

Definition A.2.3 (Directed Sets). A set X is called directed, if it comes augmented with a

partial order <C X X X, such that
1. X is non-empty, and

2. for every pair (y1,y) of elements of X, with a common lower bound x, such that

x < yy and x < y,, there is an element 7 € X such that yy < Z and y, < Z.

Definition A.2.4 (Partial Orders (continued)). 1. A partial order (X, <) is said to have

a bottom element, if there is an element L € X such that L < x for all x € X.

2. A partial order (X, <) is called complete, if all subsets Y C X have a least upper

bound.

3. A partial order (X, <) is called directed complete, if all directed subsets Y C X have

an upper bound.



Appendix B

Category Theory

We review the basic definitions of category theory, we need in this dissertation. All re-
sults in this chapter are well known and we repeat proofs when they contribute to the
understanding of the content of the main chapters of this dissertation. For a more concise

exposition we refer to the established literature [Kel0S, Mac98]].

B.1 Basic Category Theory

Definition B.1.1 ((Locally Small) Categories). A category C consists of
1. a collection Obj(C) of objects,

2. for each pair objects X and Y a set C(X,Y) of morphisms, the homset between X

and Y,
3. for each object X a canonical morphism idy : X — X,

4. for each pair of morphisms f : X — Y and g : Y — Z a morphism g o f (equiva-

lently, f;g) such thatidy o f = f = idy o f for all morphisms f : X —» Y
Morphisms f and g as in 3. are called compatible.
Example B.1.2. . The natural numbers, N, and < form a category.

2. The ordinal w with € forms a category.

163
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3. Any preordered set (X, <) is a category.
4. Sets and functions form the category Set.
5. Sets and relations form the category Rel.

6. Directed complete partial orders with bottom element and order-preserving func-

tions form the category DCPO,.
7. The free algebras for a monad and their homomorphisms form the category KI(B).

8. The Eilenberg-Moore algebras for a monad and their homomorphisms form the

category B-Alg.

Definition B.1.3 (Discrete Categories). A category C is discrete if for any pair of distinct
objects X and Y, C(X,Y) = 0. Every category C has a discrete version, which we denote
by ICI.

Definition B.1.4 (Dual Categories). The dual C” of a category C as above, is one where
all morphisms are inverted, that is for every pair of objects X and Y, C°P has a morphism

f: X — Y where C has a morphism f : Y — X.

Definition B.1.5 (Covariant Functors). A functor T : C — D between categories C and

D consists of
e amap T : Obj(C) — Obj(D) on the objects of C and D
e amap T on the morphisms, preserving

— the identity morphisms, such that Tidy = idrx

— and composition, such that T(go f) =TgoTf

Example B.1.6 (Covariant Functors). 1. Id : C is the identity functor taking objects

X +— X and morphisms (f : X = Y) — f.

2. Let X be an object of C, we denote by X the functor taking all objects to X and

morphisms to idy.
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3. P : Set — Set is the covariant power set functor taking sets X to their powersets

and functions f to their direct-image lifting Pf(Y € X) :={f(x) | x € X}.

4. Lat : Set — Set taking sets X to the free lattices generated from X, and functions

f 1 X = Y to the free lattice morphism LatX — LatY.

5. SLat : Set — Set taking sets X to the free semi-lattices generated from X, and func-
tions f : X — Y to the free lattice morphism SLatX — SLatY. We will distinguish
the disjunctive semi-lattice functors as SLat" from the conjunctive semi-lattice func-

tor SLat", although the distinction is purely syntactic. functor

Definition B.1.7 (Contravariant Functors). A contravariant functor T : C — D is a

covariant functor T : C — D.

Example B.1.8 (Contravariant Functors). 1. The contravariant powerset functor takes
sets X to the sets of their predicates, that is functions m : X — {0, 1}, and functions
f:X—>YtoQf : QY — QX taking predicates n : Y — {0, 1} to their composition
with f, that is predicates (n o f)(x) := n(f(x)).

Definition B.1.9 (Endofunctors). An endofunctor is a functor T : C — C, whose source

and target category coincide.

Definition B.1.10 (Natural Transformations). Let T,T’ : C — D be functors. A natural
transformation « : T = T’ is a collection of morphisms ax for each object X of C, such
that for all morphisms f : X - Y, T'f oax = ay o T f commutes. Nat(T,T") denotes the

set of natural transformations T = T'.

Definition B.1.11 (Diagrams). A diagram in a category D is a functor D : C — D, where

C is called the indexing category. A diagram is called discrete if C is a discrete category.

Definition B.1.12 (Images of Diagrams). Let D : C — D be a diagram. The image of D

is the subcategory of D consisting of

e objects DX for each object X of C and
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e morphisms Df : DX — DY for each pair of objects X and Y in C and morphisms
f:X—>YinC.

Functoriality of D asserts, that the image of D satisfies identity and compositionality laws

of categories.

In this thesis we meet frequently the chain diagrams Seq, and Seq” for functors T. The

following definitions make the explanations in the introduction formal.

Definition B.1.13 (Seq,). Given a functor T on a category C with an initial object O with
initial object morphism jy For any object X of C, we define the w-chain Seq,, which is
a diagram Seq; : w — C, where w is the category in 2. of Example[B.1.2] Recall, that
objects of w are elements of w and morphisms are given by €. Then Seq; is generated
from

Seqr(n) :=T"0 and Seqr(nen+1) :=T";;, foralln < w (B.1)

as in the following diagram

T1 T”/TO +1
0 T0 "0 70— (B.2)

Definition B.1.14 (Seq”). Given a functor T on a category C with an initial object O with
initial object morphism ;y For any object X of C, we define the w’’-chain Seq", which is a
diagram Seq" : w” — C, where w is the dual of category w as in 2. of Example

Then Seq” is generated from
Seq”(n) := T"1 and Seq"(n e n+ 1) := T"\y, foralln < w (B.3)

as in the following diagram

'r1 n " n+l
1 T1 1 T — ... (B.4)

Definition B.1.15 (n-Multi-Endofunctors). Let n € N be a natural number. An n-multi-

endofunctor is a functor T, whose source consists of an n-tuple of categories. T consists
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of
e amap T : Obj(C); X --- X 0bj(C), = D, and

o amap T on morphisms, preserving collectively

— identity morphisms, such that T : (idy,, ... ,idx,) = idrx,.,. x,) and
— composition component wise, such that T : (g10f,...,8.00) — T(g1,...,8)0
T(fi,---» fo)

Definition B.1.16 (Natural Transformations). A natural transformation  : S = T
between functors S,T : C — D is a collection of morphisms (ax)xecopjc), Such that
ay oSf = Tf oax commutes for all pairs of objects X and Y of C and morphisms

f 1 X = Y between them.

Definition B.1.17 (Adjunctions). Functors S : C — D and T : D — C are said to form
an adjunction such that S is left adjoint to T, written S 4 T, or equivalently T is right
adjoint to S, if D(S (-), +) = C(—, T(+)) are in bijection. We denote the bijection by (-)f

without stating the direction, as this is usually clear from the context.

1. An adjunction S 4 T has a unit, that is a natural transformationn : Id = TS in C,

and a counit, that is a natural transformation € : ST = Id in D, defined such that

o 1 :=(ids)’

o ¢:=(idy)'

2. Conversely we can define (=)' fromnande. Let f : X — TY andg : SX — Y, then

we define
o fli=¢goSf
o g :=Tgomny

Directions 1. and 2. are converse to each other.

Definition B.1.18 (Comma Categories). Let C and D be category, let D be an object of

D,andlet T : C — D be a functor. (T | D) denotes the category consisting of
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e objects which are morphisms TC — D in D for objects C of C,

e and for any pair of objects f : TC — D and f' : TC' — D in (T | D) morphisms

f — f’, which are morphisms g : C — C’ in C such that f = f’ o Tg commutes.

B.2 Limits and Colimits

Definition B.2.1 (Monomorphisms). A morphism m : Y — Z is called monic or a
monomorphism if for any pair of morphisms f,g : X = Y, f = g whenever mo f = mog.

A natural transformation is called monic, if all of its components are monomorphisms.

Definition B.2.2 (Epimorphisms). A morphism e : X — Y is called epic or an epimor-
phism if for any pair of morphisms f,g : Y — Z, f = g whenever f oe = g o e. A natural

transformation is called epic, if all of its components are epimorphisms.

Definition B.2.3 ((Weak) Pullbacks). A (weak) pullback of a diagram X Sy <i X' as
in ([B.3)) below consists of an object Z with arrows f : Z — X and f' : Z — X', making
go f =g o f commute. Moreover (Z, f, f) is universal such that for all objects Z' with
morphisms k : Z' — X and k' : Z' — X', there is an arrow h : Z — Z' making foh =k
and f' o h = k' commute. (Z, f, f') is a pullback if h is unique, and a weak pullback
otherwise.

z' (B.5)

\
7>y

Ao

X,—,>Y
8

Definition B.2.4 (Products). Let X and Y be objects in a category C. Their product, XX Y,
is an object with morphisms ty : X XY — X and nty : X X Y — Y universal in the sense,

that for every object Z with morphisms nt, : Z — X and nty, : Z — Y, there is a unique
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morphism h : X X Y — Z making the following diagram commute.

xY X -y (B.6)
A
|

Coproducts are dual to products.

Definition B.2.5 (Coproducts). The coproduct X +Y of objects X And Y of a category C is
an object with morphisms kx : X > X + Y and ky : Y — X + Y such that for every object
Z with morphisms K : X — Z and k}, : Y — Z, there is a unique morphismh : Z — X+Y

making the following diagram commute.

|

X—2Xx+y<L—vY (B.7)
h

|
/ I a
Kx \ Ky

Z

EN

Powers and copowers generalise the notion of products and coproducts. In this thesis, we

only use the following notion copowers in sets.

Definition B.2.6 (Copowers in Sets). Let Act be a set and let X be an object of a category
C, the copower Act-X is defined to be an object such that C(Act-X, Y) = C(X, YA natural

in Y for all objects Y in C.
Colimits subsume epimorphisms, coproducts and copowers.

Definition B.2.7 (Colimits). Let D : I — C be a diagram in C, then the colimit colimD

of D is the object satisfying

Nat(D,D’) = C(colimD, D") (B.8)

for any object D' in C.

Note that when we instantiate D’ := colimD in Equation [B.§] and insert the identity mor-

phism id .;imp : colimD — colimD on the right hand side, we obtain a uniquely defined
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natural transformation ¢ : D = colimD on the left hand side. We call this natural trans-

formation the cocone of colimD over D.

Proposition B.2.8. Let D be a diagram in C and let ¢ : D = colimD be the colimiting

cocone over D, then c is jointly epic.

Proof. Epicness follows from the universal property of colimits, that Nat(D, X) = C(colimD, X)

are in bijection for all X. O

B.2.1 Filtered Colimits and Finitary Functors

For more details on filtered colimits and finitary functors we refer to [AR94] and [ARV10]].

In this thesis, we only need Definition [B.2.13]

Definition B.2.9 (Filtered Categories). 1. C is non-empty, that is C has an object.

2. For any pair of objects X, Y € C, there exists an object Z € C and morphisms X — Z

and Y — Z.

3. For any pair of parallel morphisms f,g : X — Y in C, there exists a morphism

h:Y — Z making ho f = h o g commute.

Definition B.2.10 (Filtered Diagrams). A diagram D : C — D is filtered, if C is a filtered

category.
Lemma B.2.11. Seq, is a filtered diagram.
Proof. Seq, is a chain diagram and thus filtered. See also Example 2.3 of [ARV10]. O

Definition B.2.12 (Filtered Colimits). A colimit colimD of a diagram D is called filtered,
if D is filtered.

Definition B.2.13 (Finitary Functors). A functor T : C — C is finitary if T preserves finite

filtered colimits.
The following proposition follows immediately from Lemma[B.2.1Tand Definition[B.2.13]

Proposition B.2.14. Finitary functors T preserve the colimit of Seq;, so that the initial

T-sequence terminates after w steps.
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B.2.2 Equalisers and Coequalisers

Definition B.2.15 (Equalisers). The equaliser of a pair of morphisms fy, fi : X = Yisa

morphism e : Z — X such that fy o e = fi o e such that for all objects Z' and morphisms

’

e 7 — Xwith fyoe = fjoeé, there is a unique morphism h : 2’ — Z such that

eoh=¢.
bl ¢
Y=—X~—7 (B.9)
fo \ A
, I h
€ [

Zl

A proof of the following can be found for instance in [Mac98]].
Lemma B.2.16. Every equaliser is monic.
Coequalisers are dual to equalisers.

Definition B.2.17 (Coequalisers). The coequaliser of a pair of morphisms fy, fi : X > Y
is a morphism ¢ : Y — Z such that ¢ o fy = c o fi such that for all objects Z' and

morphisms ¢’ : X — Z' with ¢’ o fy = ¢’ o fi, there is a unique morphism h : Z — Z' such

that ¢ = ¢’ o h.
fo .
X?;Y—>Z (B.10)
. =
1 \hl
Y
ZI

The following lemma is the dual statement of Lemma|B.2.16
Lemma B.2.18. Every coequaliser is epic.

Lemma B.2.19. Let the following be coequaliser diagrams:

f ¢
A———=8B C (B.11)
2
I | |
f ¢
A/ BI CI
5

such that
1. A—> B— Cand A’ - B' — C’ are coequaliser diagrams

2. lo fi = f/ okjforbothie{l,2}
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3. h is the unique arrow determined given by the lower coequaliser
Then h is monic.

Proof. Suppose h were not mono, then we could construct an object D into which C’
embeds such that there is not a unique morphism C’* — D contradicting the universal

property of the coequaliser C’. O

B.2.3 Pointwise Construction of Kan Extensions

Definition B.2.20 (Left Kan-Extension). Consider the following diagram, where A, B,

and C are categories, and K : C - A, T : C — Band L : A — B are functors.

A-L-g (B.12)

The left Kan-extension of T along K, denoted LangT, is a functor L with a natural
transformation A : T = LK universal such that for any other functor L' : ‘A — B and
natural transformation I’ : T = L'K there is a unique natural transformation 6 : L = L’
such that g o A = A'.

The right Kan-extension is the defined dually.

Mac Lane [Mac98]] gave a construction of the right Kan-extension as limit. Next we give

the dual construction for reference.

Definition B.2.21 (Point wise Left Kan-Extension). Let (K | A) be the comma category
of arrows f : KC — A in A. Define the functor Oy : (K | A) — B as Ox(f) := TC.

Then define LC := colimQy,, given the colimit exists.
Definition is sound. The following is the dual of Theorem X.3.1 of [Mac98].

Theorem B.2.22. The functor defined in Definition is the left Kan-extension of T

along K.
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B.3 Monoidal Categories

Definition B.3.1 ((Strong) Monoidal Categories). A (strong) monoidal category {C,®, I)

consists of
e a category C,
e a two-multi-endofunctor C® C — C, and
e a distinguished object I € Obj(C)
such that
e /I®X 4 X p; X ® I are isomorphic, natural in X
e XQY)®RZZXQ(YR®Z)are isomorphic, natural in X, Y, and Z

Definition B.3.2 ((Strong) Symmetric Monoidal Categories). A (strong) monoidal cate-

gory C as above is symmetric, if X® Y and Y ® X are isomorphic.

Definition B.3.3 (Closed Category). A category C is closed, if for each pair of objects X

and Y, C(X,Y) is an object of C.

Definition B.3.4 ((Strong) Symmetric Monoidal Closed Categories). A (strong) symmet-
ric monoidal closed category is a closed (strong) symmetric monoidal category (C,®,I)

such that [X @ Y, Z] = [X, Y, Z]] are isomorphic natural in X, Y, and Z.
Example B.3.5. (Set, X, {x}) is a strong symmetric monoidal closed category.

Definition B.3.6 (Faithful Functors). A functor T : C — D is faithful if T is injective on

C(X,Y) for all objects X and Y of C.

B.4 Category Theory of Set

Lemma B.4.1. In the presence of the axiom of choice, every epimorphism e : X — Y has

a monic sectionm : Y — X, such that e o m = idy.
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Proof. Let ¢ be a choice function ¢ : {e"![y] | y € Y} — X, then define m(y) := c(e”'[y]).
Then m(y) € e”'[y] and thus e(m(y)) = y. o

Definition B.4.2 (Finitarisation of Set-Functors). Let T : Set — Set be a functor, we

define the finitarisation T, : Set — Set of T such that T ,(X) := \{TY | Y C, X}.

B.4.1 Standard and Weak-Pullback Preserving Functors

We adopt the following definition of standardness for Sez-functors, which has been used

in [Mo0s99, [Ven04]] for instance.

Definition B.4.3 (Standard Functors). A set functor T is standard, if T preserves inclusion.

ifXCYthenTXCTY (B.13)

The above definition differs from the definition of standardness in [AT90]]. The latter is

based on choice functors C; : Set — Set and Cy; : Set — Set defined such that

Ci: X {C:(f: X>Y)midy (B.14)
and
0 ifX=0 0 ifX=0
C()]:Xf—) C](fX—>Y)I—) (BIS)
{*} otherwise id;,, otherwise

Definition B.4.4 ((-Standard Functors). A functor T : Set — Set is called 0-standard if
T is standard and every natural transformation Cy; = T can be extended to a natural

transformation Cy = T.
The following lemma appears as Lemma A.2.12 in [Kup06].

Lemma B.4.5. Every standard weak-pullback preserving functor T : Set — Set is (-

standard.

Using Lemma [B.4.5] Theorem II1.4.5 in [AT90] implies the following theorem.
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Theorem B.4.6. Every weak-pullback preserving functor is naturally isomorphic to stan-

dard weak-pullback preserving one.

The following is Proposition II1.4.6 of [AT90], and is necessary for Definition to

be sound.

Proposition B.4.7. Any standard functor on Set preserves finite intersections.

B.4.2 Relations and Relation Liftings in Ser

Definition B.4.8 (Relations). A relation R is given by a span

R (B.16)
AN
X Y
which we denote by (nx,ny) : R — X X Y. The composition R; R’ of relations is a weak

pullback (ng,ng) : R;R" — RX R of my and ©t, as in the following diagram, defined such

that R; R’ :={(x,z) | Ay € Y.(x,y) € Rand (y,z) € R'}.

R:R (B.17)

N
R R’
VN TN
X Y VA

The relation lifting for a Set-functor T is a functor Rel; (=) on the category Rel of sets

and relations between them. The following definition makes this precise.

Definition B.4.9 (Binary Relation Lifting in Set). Let T be a weak pullback preserving
functor on Set, the relation lifting for T is a functor Relr (—) on Rel defined on relations

(nx,my) : R = X X Y by the following epi-mono-factorisation.

(Trx,Try)

TR

| _ -
| -
Y - Trxory)

Relr (R)

TXxTY (B.18)
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Concretely, we obtain the following definition.

Rely (R) :=={(x,y) e TX X TY | Az € TR.(Trx)(z) = x and (Try)(z) = y} (B.19)

The preservation of weak pullbacks is necessary to make Rely (=) functorial, in that it

commutes with relation composition as shown in Lemma

The definition of binary relation lifting by factorisation generalises to n-ary relations as

follows.

Definition B.4.10 (n-ary Relation Lifting in Set). Let T be a weak pullback preserving
functor on Set, the relation lifting for T is a functor Relr (=) on Rel defined on relations

(Txys - - -»7x, ) : R = [licn Xi by the following epi-mono-factorisation.

TR—— [l Xi (B.20)

Y ~Frxpemrx, )

R€lT (R)

Concretely, Relr (R) := {(xo,...,X-1) € [1;c, TX; | Iz € TR.(Tnx,)(z) = x; for all i < n}.
The preservation of weak pullbacks is necessary to make Relr (=) functorial, in that it

commutes with relation composition.

The definition of n-ary relation lifting for finite n does not add to the generality of the
definition of binary relation liftings. In general, (n + 1)-ary relation liftings reduce to

n-ary relation liftings. We show only the case for n = 2, as this is relevant in Chapter [[]

Lemma B.4.11. Let (nx,ny,n7) : R — X X Y X Z be a ternary relation, then R is in
bijection with a binary relation (nx, ng,,) : Rxyz — X XRyz where (7}, 1,) : Ry; > YXZ
with Ry; := {(y,2) | (x,y,2) € R}, such that Rxy; = {(x,(y,2)) | (x,¥,2) € R}. Then

Relr (Rxyz) = (idx, eyz)(Rely (R)) where eyz : Relr (Ryz) — TRy;.

Proof. It is a fact of set theory that ny = 7}, o 7, and 7z = 7/, o mz,, commute, so that
Tny = TnlyoTng,, and Try = Tn),o Trg,,. Then the lemma reduces to the commutativity

of all triangles in the following diagram, which follows from the definition of relation
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liftings.

TR < Relr (R) (B.21)

TRy,

TﬂX TXx e/
TRYZ RelT (RYZ)
Tﬂ/
Ty T, T,
TX TY TZ

The following lemma can be found for instance in [Kup06].

Lemma B.4.12. Let T be a standard functor preserving weak pullbacks, let X, Y and Z

be sets, and let R and R’ be relations as below.
1. RelT (A)X = ATX-

2. Let (nx,my) : R - X XY and (n),,n)) : R — Y X Z, then Rely (OR;R’) =

Relr (R) ; Relr (R)'.

3. Relr (—) is monotone, so that Rely (R) C Relr (R") if R C R’ for (nmy,ny) : R > XXY

(M, ) i R — X XY.

4. Rely (—) commutes with taking converse Rely (R) = Relr (R), where (nx,my) : R —

XXY.

Proof. 1. Axisarelation (my,y) : Ax — X X X, where ny = ), and thus T'ny = T'n,.
Thus by definition of relation liftings, (77x,77y) : Rely (Ax) — X X X is given by

rx = JT/TX, so that RelT (Ax) = ATX-

2. Rely (R;R’) = Relr (R) ; Relr (R") follows from the commutativity of the following

diagram.
Rely (R;R) ~——%—T(R;R) (B.22)
ﬂTRl >< LTT{R/
RelT (R) TR’ RelT (R)

)& Tﬂ'Z
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3. Monotonicity of Rel; (—) follows from the commutativity of the following diagram

and the definition of relation liftings, that is (B.19).

Relr (R ¢ TR (B.23)
(Tryx,Tny)
(mrx,wTY)

TXXTY c
(T, Try)
Rely (R') . TR’

4. The commutativity of Relr (—) with taking converses follows from the commutativ-

ity of the following diagram and the definition of relation liftings, that is (B.19).

Relr (R ¢ TR (B.24)
(Tﬂ'x,Tﬂ'y)
(trx.mry)
TXxTY
=y o T(-y
TY XTX
(W
(Tny,Try)
Relr (B) : TR

e

where o : TX X TY — TY X TX takes (a, ) — (8, @).

B.4.3 Bases and Redistributions

Definition B.4.13 (Base). Let T be a standard functor on Set, and let X be a set and

a € T, X, we define the base of a, such that
Base(a) = ﬂ{Y C.X|aeTy) (B.25)

The following lemma is Lemma 2.3.6 of [Kup06].

Lemma B.4.14. Let X and a be as in Definition then Base(a) is the smallest finite

subset Y of X such that @ € TY.
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Example B.4.15. Let T := (=) X (=) X (-), the base of (1,2,1) € T ,N is {1,2}.
The following lemma is known.

Lemma B.4.16. Base is a strict natural transformation T = P for all standard functors

T, in particular Base(T f) = (P f)Base for any function f.

Proof. Let X and X’ be sets, f : X — X’ a function, and let & € TX.

(Pf)Base(a) = (Pf) ﬂ{y |YCX,aeTY}=
(N®HY 1Y S X aeTy)=
(Y 1Y c@HX.(THaeTY)=

ﬂ{Y | Y C X', (Tf)a € TY} = Base (T f)a)

Definition B.4.17 (Redistributions). A set ® € TPX is a redistribution of a set A €
PTX if (o, D) € Relr (€) for all @ € A. A redistribution ® € P,T,X is slim, if ® €

TP, (Ugen Base(a)). We denote the set of slim redistributions of a set A as SRD(A).
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Appendix C

Coalgebras

Definition C.0.18 (Coalgebras and Their Morphisms). Let T be a functor on a category
C and S an object of C. We call a morphism o : S — TS in C a T-coalgebra and T the
transition type of o. A T-coalgebra morphism between T-coalgebras o : S — TS and

6:Y — TY is amorphism f : S — S’ making the following commute.

S—2. TS (C.1)

'

§'—=T§’
T-coalgebras and their morphisms form a category, which we denote by Coalg,T.

Definition C.0.19 (Final Coalgebras). The final object{Z, ) of Coalg,T is called the final

T-coalgebra.

Definition C.0.20 (Coproducts of Coalgebras). Let S = (S,0) and S" = (S’,0") be T-
coalgebras in Set for a standard functor T, their coproduct S + S’ in Coalgg,, is the T-
coalgebra, (S +S', 0 + 0’) defined such that (o + o’)(s) = o(s) and (o +7')(s") = o’ (s)

forall se S and s’ € S’.

Pointed coalgebras are coalgebras in which we distinguish a point. Pointed coalgebras
are not necessarily rooted in the sense that every point is reachable from the distinguished
point as in Section[IT.1.1] In this dissertation pointed coalgebras play mainly a role as the

structures recognised by coalgebra automata.

181



182 APPENDIX C. COALGEBRAS

Definition C.0.21 (Pointed Coalgebras). A pointed 7-coalgebra is a structure (o : S —
TS, sy where s € S is a point of 0. A coalgebra morphism between pointed T -coalgebras
S =(S,0,s1) and S’ = (S’,07,s)) is a T-coalgebra morphism f between (S,c) and

(87, 07) preserving the distinguished point, that is f(s;) = .

In the following we review a generic notion of bisimilarity valid in the category Set.

For an overview of other definitions of bisimilarity see Staton [Stall].

Definition C.0.22 (Observational Equivalence). States s and s’ in T-coalgebras S =
(S,0)and S" =(S’,0’), respectively, are said to be observationally equivalent, if there is
a T-coalgebra 7 = (Z,&) with T-coalgebra morphisms f : S — Zand g : S' — Z with
f(s) = g(s").

If T preserves weak pullbacks, observational equivalence as above is equivalent to the
bisimilarity as the largest 7-bisimulation as follows. The definition is due to Aczel and

Mendler [AMS9].

Definition C.0.23 (7-Bisimilarity and 7-Bisimulation between T-Coalgebras in Set). A
T-bisimulation between T-coalgebras S = (S,0) and S’" = (S§’,0") in Set is a relation

R C S X S’ such that there is a morphism r : R — TR making both sides of the following

commute.
Tm Tny
TS <—TR——=TS’ (C.2)
A
To- rl TO"
|
S R S’
3 ™

T-Bisimilarity between S and S’ is the largest T-bisimulation between S and S’.

Hermido and Jacobs [HJ97] observed that the previous definition can be reformulated

in terms of relation liftings as follows.

Definition C.0.24 (7-Bisimilarity and 7-Bisimulation between T-Coalgebras in Set). A
T-bisimulation between T-coalgebras S = (S,0) and S" = (§’,0”) in Set is a relation

R C S X S’ such that there is a morphism p : R — Relr (R) making both sides of the
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following commute.

TS <2 Rely (R) 2~ TS’ (C.3)
A
|
S<——R———5'
S

T-Bisimilarity between S and S’ is the largest T-bisimulation between S and S'.

Definition [C.0.23] coincides with Definition 1.5.1 of T-bisimulation and 7-bisimilarity
for standard functors 7', as a T-bisimulation R between T-coalgebras S and S’ as above
is a T-bisimulation on S + S’. We need Definition [C.0.23] for the following definition of

T-bisimulation between pointed 7-coalgebras.

Definition C.0.25 (7-Bisimilarity and 7-Bisimulation for Pointed 7T-Coalgebras in Seft).
A T-bisimulation between pointed T-coalgebras S = (S, o, s;yand S’ =(S', 07, s))isaT-
bisimulation R between (S, o) and (S’,c’) such that (s;, s;) € R. T-bisimilarity between

S and S’ is the largest T-bisimulation between S and S’.
In this dissertation we the presentation of 7-bisimilarity in terms of a cone of S over Seq’ .

Lemma C.0.26. For any T-coalgebra S = (S, o), any T-bisimulation R on S is contained

in the kernel of the cone f : S = Seq’ defined inductively such that

Jo:=lsand f,41 :=Tf,00. (C4)
Proof. Similar to S, R has a cone over the SeqT, such that

go:=lsand g, :=Tg,or (C.5)

as in the following diagram.

*} — e Tn <TT Tn+l
T{+)

(C.6)
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We use the commutativity of Diagram [[.T1]to prove that R C ker f, for all n < w for all n.

S z TS
T Tm
2 Tny
R 4 TR
i L L Tf,
8&n Tgn

(C.7)

In the base case n = 0, go = fo o 1y = fy o m; by finality of 1. The induction step we

obtain as follows.

ker .1 =ker(T f,o0) 2 r[TR] 2R

(C.8)
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