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Abstract

Model comparison games are an important tool in both finite and unrestricted model the-
ory to prove when two structures satisfy the same sentences in a logic. Game comonads
encode particular model comparison games as comonads on the categories of structures.
This started with the work of Abramsky, Dawar, and Wang in 2017 on encoding pebble
games for finite variable logics. Since this initial work, several examples of comonads
have been engineered to capture a wide-range of logics relevant across different sub-fields
of theoretical computer science. Each game comonad provides a categorical characteri-
sation of an equivalence in a logic and its variants. The categorical constructions that
involve these comonads have proved to be a nice tool for organising tacit connections
between syntactic resources in logic, hierarchical approximations to constraint satisfac-
tion and isomorphism, and well-known combinatorial parameters such as treewidth and
tree-depth. Determining the commonalities shared amongst game comonads that en-
able them to have these features lead to the axiomatic formulation of arboreal category
and arboreal cover by Abramsky and Reggio in 2021. Arboreal categories axiomatise
the notion of category which has ‘tree-shaped’ objects and provide a native setting for
dynamic notions like simulation, bisimulation, and resource-indexing. Arboreal covers
are comonadic adjunctions to any ‘extensional’ category that allow application of these
dynamic notions to the ‘static’ objects of the extensional category. Game comonads all
arise as arboreal covers over categories of relational structures. The bridge drawn between
finite model theory and category theory via arboreal covers over relational structures pro-
vides benefits to both fields. For finite model theorists, arboreal covers provide a setting
for resource-sensitive constructions in model theory and allow categorical constructions
to be fruitfully applied—yielding new perspectives to concrete problems. For categorical
semanticists, tailoring and investigating abstract categorical constructions to this setting
poses new challenges for these constructions leading to interesting discoveries. In this

thesis, we exhibit a few contributions that serve to highlight these benefits:

» Relative-liftings of game comonads are used to capture logical equivalence for ‘en-
riched’ logics that contain symbols which carry specific interpretations, e.g. equal-
ity and connectivity predicates. In this thesis, we extend the Ehrenfeucht-Fraissé
comonad to multi-sorted structures and use relative lifting of this comonad to cap-

ture equivalence in monadic second-order logics.



o We explore a strengthening of the axioms of an arboreal category to arrive at the
notion of ‘linear arboreal category’. Using this notion, we show how to derive a
linear variant of a game comonad. For logical equivalences that are captured by
game comonads, this generalises the passage from branching-time behavioural rela-
tions, e.g. bisimulation to linear-time behavioural relations, e.g. trace equivalence.
For combinatorial parameters captured by the coalgebras of a game comonad, this
generalises the passage from tree-like parameters, e.g. treewidth to their path-like

variant, e.g. pathwidth.

o We show that coKleisli laws of functorial operations over game comonads recover
Feferman-Vaught-Mostowski theorems. Feferman-Vaught-Mostowski theorems are
a basic tool used to show when a operation that combines structures preserves

logical equivalence.

e One of the initial questions posed in the game comonads program was on the rela-
tionship between the pebbling comonad and the distribution-like quantum monad,
defined by Abramsky, Barabosa, de Silva and Zapata in 2017, used to capture the
notion of quantum homomorphism. By tailoring the definition of the Ehrenfeucht-
Fraissé comonad and quantum monad to commeasurable structures, we are able to
produce a distributive law suggesting a path towards ‘quantum finite model theory’.
As a side effect of this research, we also discovered a no-go theorem demonstrat-
ing that there is no comonad-monad distributive law between non-linear polynomial
comonads and monads which have a notion of ‘uniform sampling”. The proof method
and statement of the no-go theorem cover diverse range of (co)monads relevant to

categorical semantics in general.
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Chapter 1

Introduction

Category theorists look at structures as they “really are”; that is up to isomorphism.
Model theorists, on the other hand, look at structures through the deceptive lens of ex-
pressiblity in logic. That is, model theorists can only distinguish structures by properties
which are definable in a logic J. Formally, given two mathematical structures of the

same signature A and B, model theory is concerned with equivalence under the relation
A=,B=Voec J, AF¢p & BFE ¢.

The equivalence =7 is a key step in showing that a property P of structures is not
expressible in the logic J. To demonstrate inexpressibilty of P in J using the equivalence
relation =7, it suffices to construct structures A, B with A =; B such that P is true
in A, P is false in B. This is because if P were definable in J, then there would be a
sentence ¢op € 7, such that A E ¢p and B ¥ ¢p. However, this cannot be the case, since
by A =7 B, A and B satisfy the exact same sentences in J.

Model comparison games, also known as Ehrenfeucht-Fraissé games or bisimulation games,
are a tool to prove, given A and B, that A =7 B. An instance of a model comparison
game from A to B has two players, Spoiler and Duplicator. Spoiler attempts to disprove
that A and B are equivalent in =7 by choosing elements from these structures in order
to demonstrate a local difference between them. Duplicator, knowing Spoiler’s limita-
tions, must respond with matching elements that satisfy the same relations as Spoiler’s
choices. Formally, Duplicator wins the game by maintaining a partial isomorphism, con-
sisting of the chosen elements, between the two structures. In the case of non-isomorphic
structures A and B, Duplicator’s task is difficult as she must deceive Spoiler by respond-
ing with elements that evade the difference between A and B. Typically, these model
comparison games are graded by some (usually, finite) ordinal resource parameter which

constrains the local windows that Spoiler is allowed to play. Since equivalence in first



order logic is the same as isomorphism over finite structures, grading by equivalence by
some resource parameter is in fact essential for proving inexpressiblity results for logics

over finite structures.

1.1 Model comparison game comonads

One such example of a model comparison game is the k-pebble game capturing equivalence
in infinitary logic with at most k-many variables. This game was introduced by Immerman
in [47] to study PTIME properties of finite structures. The k-pebble game has two
variants: the one-sided variant introduced by Kolaitis and Vardi in [58] which has a tight
connection with the k-consistency test, and the bijection variant introduced in [48] which
has a tight connection with the k-Weisfeiler-Leman graph isomorphism test. Abramsky,
Dawar, and Wang [5] provided these games with a categorical interpretation in terms of
morphisms involving the k-pebble comonad P,. The coalgebras of this pebbling comonad
are equivalent to tree decompositions of width < k providing a coalgebraic definition of
treewidth. Consequently, the pebbling comonad formalises the previously folkloric, tacit
connections between finite variable logics, local consistency testing, Weisfeiler-Leman

isomorphism testing, and bounded treewidth classes.

In my masters thesis [81] and in a joint paper with Abramsky [12], we adapted the peb-
bling comonad construction to obtain comonads which capture the k-round Ehrenfeucht-
Fraissé game characterising equivalence in first-order logic up to rank &, and the k-round
bisimulation game characterising equivalence in modal logic up to depth k. These con-
structions were further developed upon in the journal version [13] of [12] by giving a suf-
ficiently categorical definition of back-and-forth systems (leading to the later axiomatic
developments in [9]), a theorem linking combinatorial parameters with positive-existential
fragments, and a family of parameterised Chandra-Merlin style correspondences. Since
then similar game comonads have been engineered to capture equivalence in guarded
logics [7], hybrid logic [8], description logic [20], logics with restricted conjunction [68],

and finite variable logics extended with all n-ary generalised quantifiers [25].

Every game comonad Cy, is a comonad over a category of o-structures Struct(o) or pointed
o-structures Struct, (o) for a relational signature 0. As model comparison games for logics
have no formal definition, these game comonads are not constructed systematically via a
general definition that applies to all cases. However, each game comonad Cy, is associated
to a logic J bounded by a resource parameter k. Every such game comonad exhibits the

same pattern of results which we review below.



Morphism power theorem Given a logic J; graded by some syntactic resource, e.g.
number of variables, quantifier rank, modal depth, there is an associated back-and-forth
model comparison game between structures characterising the equivalence =5 . Every
such game can be restricted to a one-sided or ‘forth’ variant, where Spoiler and Duplicator
do not switch structures, and Duplicator only has to preserve the relations between the
chosen elements (rather than preserve and reflect the relations). This game turns out to

characterise the relation
A= B.=VpeITT, AE = BE ¢

for the positive-existential fragment 3% 7, of J;. The existence of a Duplicator winning
strategy in a one-sided game from A to B is equivalent to the existence of a morphism

in the coKleisli category of Cy, i.e. a o-morphism of type Cy.A — B.

Isomorphism power theorem Every model comparison game we consider has a bi-
jection variant where Duplicator, prior to seeing Spoiler’s choice, chooses a bijection
between the universes of the two structures. After Spoiler makes his choice, Duplicator
makes her choice by applying the bijection to Spoiler’s chosen element. This bijection
game characterises equivalence =77 where #J, is J; extended with quantifiers of the
form d<,z and 3>,2z. These quantifiers state that there exists at most or at least n, re-
spectively, witnesses to x which satisfy the bound formula. The existence of a Duplicator
winning strategy in a bijection game is equivalent to the existence of an isomorphism in

the coKleisli category of Cy.

Coalgebra characterisation theorem The coalgebras A — C,.A for each Spoiler-
Duplicator game comonad provides the data of a forest cover or tree-like decomposition
of the o-structure A. Resource-indexing these comonads give coalgebraic definitions
of common combinatorial parameters, e.g. tree-depth, treewidth, pathwidth, hypertree-

width, used in graph theory and fixed parameter complexity.

Bisimulation power theorems The early research on these game comonads suffered
from a ‘Goldilocks problem’. In the first paper on the pebbling comonad [5], the preserva-
tion in the positive-existential fragment of k-variable logic and equivalence in k-variable
counting language had clean characterisations in terms of the coKleisli category of Py.
However, the full (unaltered) k-variable fragment was characterised in terms of an oper-
ation on the positional forms induced by coKleisli morphisms of P;. This positional form

was insufficiently categorical and thus, not easily adapted to the game comonads explored



in [12]. Nevertheless, the paper [12] did give an algebraic characterisation of these back-
and-forth equivalences in terms of a fixpoint operation on the set of coKleisli morphisms
between two structures. Finally, due to the insights of my co-author Samson Abramsky;,
this Goldilocks problem was resolved, in a satisfactorily categorical way, in the journal
extension [13] of [12]. There it was shown that for all the Ehrenfeucht-Fraissé, pebbling,
and modal comonads, the corresponding logical equivalence =7 could be captured by
using a modified notion of Joyal, Nielsen, and Winskel’s open map bisimulation [53] in
the category of coalgebras for Cj. This laid the foundation for the axioms of an arboreal
category which isolated the categorical properties that enable this notion of bisimulation

to be meaningful and applicable to all game comonads.

1.2 Arboreal categories

An arboreal category €, first formulated by Abramsky and Reggio in [9], axiomatises the
common properties shared amongst each game comonad’s Eilenberg-Moore category. In-
tuitively, an arboreal category captures the notion of category with “tree-shaped” objects.
An arboreal cover of category € by € is a comonadic adjunction L 4 R, where L: € — &,
R: € — €, and € is any category whose objects we view as ‘static’. The comonadic prop-
erty of the adjunction then allows us to view the object R(X) in C as a tree-shaped cover
of X which encodes a process for building up (parts of) of the object X in €. Via this ad-
junction objects in € can be compared using a notion of bisimulation that naturally arises
from the arboreal structure of €. Each example model comparison game comonad is the
induced comonad of an arboreal cover on a category of (pointed)-relational structures by

an arboreal category C.

Many concepts and results in both unrestricted and finite model theory can be formulated
more generically via arboreal covers. Applying these generic formulations to different

instances of arboreal covers has led to new results.

Lovasz-type theorem A classical result by Lovész in his seminal paper [61] is that
for all finite relational structures A and B, A is is isomorphic to B if and only if, for all
finite relational structures (over the same signature) C, the number of homomorphisms
from C to A is the same as the number of homomorphisms from C to B. Lovasz’s
theorem is a strengthening of the full and faithfulness of the Yoneda embedding for
the category of finite o-structures & = Struct’ (o). Namely, a corollary of Yoneda’s
lemma is that isomorphism between representable presheaves &(—, A) = &(—, B) in & is
equivalent to A = B. Lovasz had showed that, in the category &, this characterisation

of isomorphism could be weakened to pointwise isomorphism of presheaves, i.e. for all



C € Ob(€&), there is a bijection between the homsets €(C,.A) = E(C, B). Following this
result, weaker notions of equivalence were discovered to have analogous homomorphism
counting characterisations via restricting the class of test structures C. For instance,
Dvorak in [33] showed that counting homomorphisms from finite structures of treewidth
< k yields equivalence in k-variable logic with counting quantifiers. Grohe in [43] showed
that counting homomorphisms from finite structures of tree-depth < k yields equivalence

in counting logic with quantifier rank < k.

Dawar, Jakl and Reggio in [30] introduced a generalisation of Lovasz-type theorems that
applies to a class of categories which includes arboreal categories. Applying this result to
specific arboreal categories recover Dvorak and Grohe’s results. This result was applied in
joint work [68] with Yoav Montacute to obtain a new Lovasz-type theorem demonstrating
that counting homomorphisms from finite structures of pathwidth < k yields equivalence

in a restricted conjunction, walk counting fragment of k-variable counting logic.

Rossman-style equiresource preservation theorems Preservation theorems char-
acterise the syntactic form of sentence by the relation on models that preserve the truth of
the sentence. For instance, a classical result in (unrestricted) model theory attributed to
Los, Lyndon, and Tarski is the homomorphism preservation theorem (HPT) [85, 62, 82]
stating that a first-order sentence is preserved under homomorphisms if and only if, the
sentence is equivalent to a positive-existential sentence. Benjamin Rossman proved that
the HPT remains true when restricted to finite structures [79]. Rossman’s result is in
sharp contrast to many other preservation theorems in classical model theory which fail
over finite structures. As a warm-up for this finite HPT, Rossman proved an equirank
HPT demonstrating that a first-order sentence of quantifier rank < k is preserved under
homomorphisms if and only if, the sentence is equivalent to a positive-existential sentence
of quantifier rank < k [79]. Beginning with work from Thomas Paine in [73] and culminat-
ing in Samson Abramsky and Luca Reggio’s paper [11], the proof of Rossman’s equirank
HPT was reformulated in terms of arboreal covers. Generalising this proof yields similar
Rossman-style equiresource theorems covering a wider range of resource-bounded logics
with preservation under different semantic relations, e.g. modal depth and simulation
preservation, guarded depth and guarded simulation preservation. These Rossman-style
equiresource theorems point towards arboreal covers providing a framework for resource-
sensitive model theory without compactness. Given the inherent non-constructive nature
of compactness, this is a necessary restriction to address the needs of finite and algorith-

mic model theory.



1.3 Contributions of this thesis

Game comonads and their arboreal cover formulation have opened up the possibility of

applying categorical concepts to not only finite model theory, but other areas of logic

in computer science. The results of this thesis demonstrate how a categorical notion,

applied in the arboreal setting, unifies similar constructions or theorems within logic in

computer science:

(c1)

(C2)

Second-order logics via relative liftings of comonads. Each structure A of a language
in signature o specifies an interpretation R4 for each relational symbol R € o.
These interpretations of atomic symbols determine the base case in the semantics
of the language. However, often in model theory it is useful to have structures
where some of the atomic symbols are restricted to a fixed interpretation. That is,
these interpreted symbols are defined “in the same way” across different structures.
For instance, many logics contain an equality symbol which is interpreted, for every
structure A, as the equality of elements in the underlying universe A. Another
example is first-order logic with a connectivity predicate conn as in [80] defined
as the transitive closure of the edge relation in the Gaifman Graph G(A) of A.
As connectivity of G(A) is inexpressible in first-order logic over finite structures,
this logic is genuinely more expressive than ‘unenriched’ first order logic. Through
relative-liftings of game comonad, we can capture equivalence in these enriched log-
ics. First, we illustrate the technique of using relative liftings on Ehrenfeucht-Fraissé
comonads in order to capture equivalence in logics with equality and connectivity
predicates. Second, we adapt the definition of the Ehrenfeucht-Fraissé comonad to
multi-sorted structures. Finally, we use a relative lifting of this comonad to capture

equivalence in monadic second-order logic.

Linear time equivalences via an adjunction. By strengthening the notion of ar-
boreal cover to linear arboreal cover, we unify three disparate ways in which the
concept of ‘linearity’ appears within logic for computer science. The first such
thread is in the study of linear-time variants, e.g. trace equivalence and trace in-
clusion, of branching-time equivalences between processes, e.g. bisimulation and
simulation [83, 84]. The second such thread is in the study of fragments of infini-
tary logic related to linear Datalog [29]. The final thread is in the study of linear
variants of combinatorial parameters that are defined in terms of tree-like decom-
positions. For instance, pathwidth is the linear variant of treewidth. We begin
by adding two axioms to the notion of arboreal category to arrive at the notion
of linear arboreal category allowing us to define a linear arboreal cover. Next, we

show that every arboreal category € whose path objects satisfy a strong connected



condition has a linear arboreal subcategory @ containing the “linear tree-shaped
objects” and “leaf-preserving” morphisms. We also show how to construct, from an
arboreal cover of € by €, a linear arboreal cover of & by €~. This provides a general
method for deriving linear variants of game comonads. Finally, we exhibit linear
variants of the pebbling and modal comonads, demonstrating how their relationship

with linear variants of combinatorial parameters and behavioural equivalences.

Feferman-Vaught-Mostowski theorems via CoKleisli laws. Though the equivalence
relation =7 for many logics J is characterised using a corresponding Spoiler-
Duplicator game, in practice using these games directly can be cumbersome. The
composition method is a tool that finite model theorists use to mitigate this diffi-
culty by enabling modular reasoning [59]. This method involves building structures
by inductively applying operations on simple component structures. Feferman-
Vaught-Mostowski (FVM) theorems enable this method by demonstrating an op-
eration H preserves logical equivalence =;. More generally, we consider FVM

theorems of the form:
if Vi € [n] and A;, B; € Ob(C;), A; =7 B;, then H(A,,..., A,) =7 H(Bi,...,B,)

for logics Ji,...,Jn, J and a operation H: C; x --- x G, — C on categories of
(pointed) o-structures €y, ..., C,, C. First, we show how discrete transformations
can be re-interpreted as witnessing FVM theorems for positive-existential frag-
ments. Next, we show how coKleisli laws can be re-interpreted as FVM theorems for
logics extended with counting quantifiers. We exhibit translations between logics

and FVM theorems for clique-width operations as examples.

Towards quantum finite model theory via a mized distributive law. Parallel to the
discovery of the pebbling comonad P, was the discovery of the quantum monad Qg
[4]. The quantum monad characterises a notion of quantum homomorphism [65],
originally defined in terms of perfect strategies of non-local games, between rela-
tional structures. As alluded to in [4] and conjectured explicitly in [24], a mixed
distributive law of type PrQq — Q4P relating these two constructions may poten-
tially give rise to “quantum finite model theory”. More generally, we could ask for
what game comonads C;, does there exist a distributive law of type C,Qq — Q4Cr?
We address this question by first moving to a category of ‘commeasurable’ relational
structures Struct®(o). We then produce an Ehrenfeucht-Fraissé game comonad E{
and quantum monad QY tailored to this setting. Finally, we produce a distributive
law of type EP QS — QJEY.



Another aspect of the study of arboreal categories has been to motivate research into
concrete category theory. As part of the search for a distributive law of a game comonad
over the quantum monad, we made the following contribution to the general study of

mixed comonad-monad distributive laws in concrete category theory:

(C5) No-go theorems for directed containers over uniform choice. In a sense, the powerset
monad and distribution monads are crude version of the quantum monad operating
at the level of ‘possibilities’ or ‘probabilities’ rather than assigning measurement
outcomes to these possibilities. Similarly, most of the game comonads coincide (or
are minor variants of) the prefix list comonad over Set. Therefore, in order to
address the question of finding a distributive law of P, over Qg, we first explored
the question of whether the prefix list comonad distributes over the powerset monad
or distribution monad. Using a Plotkin-style argument, we show that there can be
no mixed distributive law of the prefix list comonad over the powerset monad. We
then generalise this result in two ways. First, we generalise the comonad and show
that every directed container which is not a coreader comonad has no distributive
law over the powerset monad. Second, we generalise the monad and show that
this same class of comonads has no distributive law over any monad which has a
meaningful notion of ‘uniform distribution’ This class of uniform choice monads
is axiomatised using semi-algebraic conditions. We then determine necessary and
sufficient conditions on semirings 8§ for the multiset Mg and distribution monads
Ds on that semiring to be uniform choice. We also exhibit the filter monad as a

uniform choice monad.

1.4 Outline and relationship to other work

In the following, I contributed underlying ideas, candidate constructions, proofs, and/or

exposition to the portions of joint work that appear in this thesis.
Chapter 2 sets out background material necessary for understanding the rest of the thesis.

Chapter 3 is a re-presentation of the content in Samson Abramsky and Luca Reggio’s
papers [9, 10]. The axioms of arboreal categories were motivated by the concrete ex-
amples of game comonads from Samson Abramsky, Anuj Dawar, and Penming Wang’s
paper [5], and my joint work with Samson Abramsky in the paper [12] and its extended
journal version [13]. These examples, presented as arboreal covers, are included in Sec-
tions 3.2.2, 3.2.3, and 3.2.4. Section 3.3 of Chapter 3 is about using relative liftings of

game comonads to capture equivalence in logics with interpreted symbols, e.g. equality



and connectivity predicates. This work generalises the use of relative comonads to for-
malise /-morphisms which appeared in [13]. The concept of I-morphisms first appeared
without this formalisation in [5] and was used to capture finite variable logic with equality.
Section 3.3.2 is on the contribution (C1) where we construct a multi-sorted Ehrenfeucht-
Fraissé comonad and use a relative-lifting of this comonad to capture equivalence in
monadic second-order logic. This construction and its application to capturing equiv-
alence in monadic-second order logic is joint work with Tom&s Jakl and Dan Marsden

appearing in the preprint [50].

Chapter 4 includes the details of contribution (C2) about linear arboreal subcategories.
The content of this chapter is from joint work with Samson Abramsky and Yoav Mon-
tacute in the conference paper [69]. This was motivated by the example of ‘linearising’
the pebbling comonad to obtain the pebble-relation comonad. Thus, the example of the
linear pebbling arboreal cover in Section 4.2.2 includes content from my joint work with
Yoav Montacute in the papers [68, 70] on the pebble-relation comonad. The example of

the linear modal arboreal cover in Section 4.2.3 is also from the preprint [69].

Chapter 5 is on the contribution (C3) demonstrating how coKleisli laws over game comon-
ads correspond to FVM theorems in logic. Section 5.2 explains how discrete transfor-
mations and coKleisli law can be interpreted as abstract FVM theorems for positive-
existential and counting logics. Section 5.3 illustrates this interpretation by semantically
recovering translations between logics using game comonads, and proving FVM theorems
about clique-width operations. This content of this chapter derives from joint work with

Tomas Jakl and Dan Marsden in the paper [52].

Chapter 6 is on the contributions (C5) and (C4) pertaining to comonad-monad distribu-
tive laws. Section 6.2 is on the contribution (C5) proving that there is no comonad-monad
distributive law for a class of comonads induced by directed containers and a class of mon-
ads which have a meaningful notion of ‘uniform choice’ formalised using semi-algebraic
notions. The content of Section 6.2.2 is joint work with Amin Karamlou in the forth-
coming paper [55]. Section 6.3.3 is on the contribution (C4) and where we construct a
distributive law of the Ehrenfeucht-Fraissé comonad E{ over the quantum monad QY
tailored to ‘commeasurable’ relational structures. The content of Section 6.3.3 is joint

work with Amin Karamlou and is ongoing [56].

Chapter 7 concludes this thesis with a summary and explanations of further research

directions.



Chapter 2

Background

This chapter gives an introduction to the concepts and notations in category theory and

finite model theory that I will employ in this thesis.

2.1 Set and order notations

For every n € N, we write [n] to denote the set {1,...,n} and (n) to denote the set
{0,...,n}. Given a sequence s = [z1,...,x,], we write s[i,j], where ¢ < 7, for the
subsequence [z;,...,x;| and s(i, j] for the subsequence [z;41,...,2;]. Given a sequence
s = [x1,...,2,] and index i € [n], we will write s[i] to denote the i-th element ;. Given
two sequences s, s, we write s C s if s is a prefix of s’ and ss’ for the concatenation
of the the two sequences. We write suffix(s, s’) for the sequence t such that st = s'. If
s=[(p1,a1),...,(pn,an)] is a sequence of pairs from a set [k] x A, then we write last,(s)
to denote an element a;, whenever p = p; € [k] is the last occurrence of p in the sequence
s. We will also denotes lists as @ = (aq,...,a,) € A", we will use [@] to denote the

support set {ai,...,a,}.
Given a partially ordered set (X, <), for x € X, the down set of z is
lz={yeX|y<uz} and

the up set of x is
te={yeX|z<y}

The strict relation < generated by < is defined as
r<yifr <yandx#y; and
the covering relation < generated by < is defined as

x <y if x <y and there is no z such that z < z < y.
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A partially ordered set (L, <) is linearly ordered if for all z,y € L

z<yory<uz.

Definition 2.1.1. A partially ordered set (7', <) is a forest if for all x € T, |z is finite
and linearly ordered by <. We say that < forest orders T'.

Given a forest (T,<), if x € T is such that for all y < z, y = z, then x is a minimal
element of T. The height of an element x € T, denoted ht(x), in a forest (7', <) is
the cardinality of the set | x\{x}. The height of the forest (T,<), denoted ht(T), is

max 7 ht(x). The set of successors of an element x € T is succ(x) := {2’ | 2’ > z}.

Definition 2.1.2. A function f: X — Y between two forests (X, <x) and (Y, <y) is
a forest morphism f: (X, <x) — (Y, <y) if for every minimal element z € X, f(z) is

minimal and for every z,2’, if + <x ', then f(x) <y f(2').

Viewing forests as partially ordered sets, this definition of forest morphism is equivalent

to height-preserving monotone map.

Definition 2.1.3. A forest (7, <) is a tree if there exists at most one minimal element
L called the root, i.e 1. € T such that for all x € T', L < x. We say that < tree orders

T. The tree with no root is the unique empty tree.

Definition 2.1.4. A (T, <) is a forest is a linear forest if every up-set 1z is finite and

linearly ordered.
If (T, <) is a linear forest and a tree, then it follows that < is finite and linearly ordered.

Definition 2.1.5. A tree (T, <) with root L is a linear tree if (T\{L}, <) is a linear

forest.

For a set X, we will use P(X) to denote the powerset of X. For a set function f,
P(f): P(X)— P(Y) is the direct-image function where

f(S) ={f(x)eY |z e S}

2.2 Model theory

Definition 2.2.1. A finite, relational signature o is a finite set of relational symbols

where every relational symbol R € o has an associated positive integer arity.

Remark 2.2.2. In model theory, signatures may contain constant symbols, function

symbols with associated arities, and moreover, are not necessarily finite sets. However,
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a common practice in the sub-field of finite model theory is to restrict to finite rela-
tional signatures. This restriction is not essential, but enables the theorems to be less

cumbersome to state.

Definition 2.2.3. A o-structure A is given by a set A, the universe of the structure A,

and interpretations R4 C A" for every relational symbol R € ¢ with arity r.

Formally, model theorists define a logic J to be a function from (relational) signatures
o to a collection J (o) of formulas ¢(Z) for some list of free variables Z. Each logic J
is equipped with a semantics relation F 7, defining when o-structure A paired with a
choice of parameters @ € A" satisfy a formula ¢(Z). As the logic and signature will often

be implicit, the assertion that A, @ satisfies a formula ¢(Z) will be denoted as:
A, d E p(Z).

For any two o-structures A, B, parameters a € A”,g € B", and free variables ¥ =
(x1,...,2,) we write

@) =7 (B,b) if V6(Z) € J(0), (A, a@) F 6(%) = (B,b) F ¢(); and

d) =7 (B,b) it Vo(7) € T (0), (A,d) F ¢(F) < (B,b) F ¢().

(

A,
(A,

A sentence in J (o) is formula of J (o) with no free variables.

2.2.1 First-order and infinitary logic

We assume the standard semantics and syntax of first-order logic, denoted FO, as
defined in [59]. Infinitary logic, denoted L., extends first-order logic with disjunc-
tions/conjunction over arbitrary (possibly infinite) sets of formulas. For both FO and
Lo, we will assume these logics are equality-free, i.e. there is no symbol that denotes
equality in the universe of the structure. From both first-order logic and infinitary logic,

we will consider three variants:

e 3L, and ITFO are the fragments of L., and FO, respectively, restricted to

positive-existential formulas, i.e. those without negations or universal quantifiers.

e 3L, and JFO are the fragments of £, and FO, respectively, restricted to exis-
tential formulas, those without universal quantifiers and negations only applied to

atomic subformulas.

o #L, and #FO are the extensions of £, and FO, respectively, with formulas that
involve counting quantifiers of the form 3<;z and 35,z for each ¢ € N. The formula

de;zp(z,y) has the semantics that there exists at most ¢ many witnesses to «
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—

satisfying the formula ¢ (z,¥). Similarly, the formula 35;2¢(x, 7) has the semantics

that there exists at least ¢ many witnesses to x satisfying the formula ¢(x, ).
We will grade FO, L, and their variants, by two resource parameters:

o Variables. For every k € N with k£ > 0 and any logic J mentioned in this section,

J¥ is the J restricted to formulas which only use the variables {z1,..., 2}

o Quantifier Rank. For every k£ € N with £ > 0 and any logic 7 mentioned in this
section, Jj is the J restricted to formulas whose nesting depth of quantifiers is at

most k.

For instance, FO*, £F, 3tLF 4LF denote the k-variable fragments of first-order logic,
infinitary logic, positive-existential infinitary logic, and infinitary logic with counting
quantifiers. Similarly, FOy, Ly, 37 Ly, #L; denote the fragments of first-order logic,
infinitary logic, positive-existential infinitary logic, and infinitary logic with counting

quantifiers restricted to formulas with quantifier rank < k.

When necessary, for a quantifier Q and a vector of variables ¥ = (y1, ..., ym), we will use
QY as a shorthand for the quantifier block Qy1Qys . .. Qyy,. A formula ¢(y) € 3T L, is
primitive if () only involves only atomics, conjunctions and existential quantifiers, i.e.

does not involve disjunctions.

2.2.2 Modal logic

We say signature o is a modal signature if for all symbols R € o, the arity of R is < 2.
We will assume each binary relation R, is indexed by a transition alphabet a € Act and
each unary relation P is associated to a propositional variable in PV. The reason for this
terminology is that pointed o-structures (A, a) of modal signatures o provide a semantics
for multi-modal logic M. Namely, if o is modal, for each unary relation symbol P € o
we assign a propositional variable p, and to each binary relational symbol R, € o, we
have modalities (J,, and ¢, which are interpreted using R as the accessibility relation
between worlds a € A in a o-structure A. As with first-order logic and infinitary logic,

we will investigate the analogous variants of M:

o 0T M is the fragment of M restricted to positive, {,-formulas, i.e. those without

negations or [, modalities.

o OM is the fragment of M restricted to {,-formulas and negations only applied to

propositions.

o #M is the extension of M with graded modalities O=" and ¢=" for every n € N

as in [32]. The semantic relation F is extended to interpret these formulas as:
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— (A, a) F O=™ if there exists at least n-many worlds a’ € A where (a,a’) € R
such that (A, a’) E 1.

— (A, a) E 0Z™y if there exists at most n-many worlds @’ € A where (a,d’) € R
such that (A, a) F 1.

We will also grade M and its variants by the modal depth, i.e. the nesting depth of
modalities. Thus, My, 0T My, OMy, #M, are the fragments of M, OT M, OM, #M,

respectively, restricted to formulas with modal depth at most k.

2.3 Category Theory

We assume the reader is familiar with the standard definitions of category, functor, natural
transformation, and (co)limits (see e.g. [14, 78] for details). For a category €, the class
of objects will be denoted Ob(€) and the class of morphisms will be denoted Mor(C).
Given objects X,Y € Ob(C), C(X,Y) denotes the class of morphisms of type X — Y
in Mor(C). For a category C, we will write X —¢ Y if there exists a morphism X —
Y € Mor(C) and X = Y if there exists an isomorphism X — Y € Mor(C). As all
the categories we consider are locally-small, C(X,Y') is always a set. Familiarity with
the definition of comonad and adjunction is helpful, but not strictly necessary, as we will

define generalisations of these concepts.

The category of locally small categories with functor will be denoted Cat. The category

of sets and functions will be denote Set.

2.3.1 Relative comonads
The following definitions are the dual of the definitions given in [17] on relative monads.

Definition 2.3.1. Given a functor J: J — C, a relative comonad on J is a triple
(T,e,(-)*) where T: Ob(J) — ODb(C) is an object mapping, for every X € Ob(J),
there is a morphism ex: TX — JX € Mor(C), and for every morphism f: TX —
JY € Mor(C), there is a coextension morphism f*: TX — TY € Mor(C) satisfying the

following equations:
(ex)" =idpxy eof'=f (gof) =g of

These equations allow us to extend the object mapping T: Ob(d) — Ob(C) to a functor
T: d — € where T(f) = (J(f) oex)*.

Definition 2.3.2. Given a relative comonad (T,e, (-)*) over J: § — €, the CoKleisli
category of T, denoted KI1(T), is defined such that
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« Ob(KI(T)) = Ob(g); and
« KI(T)(X,Y)=C(TX,JY).

e The composition g ogyry f: TX — JZ of two morphisms f: TX — JY and

g: TY — JZ is given by

X 551V 4% gz

e The identity morphisms are given by the counit

ex: TX — JX.

The ordinary notion of a comonad in coKleisli form [63] and the corresponding coKleisli
category can be recovered when J = C and J = ide. Observe that given a comonad
(T,e,(-)*) and a functor J: J — €, the functor T/ = T o J can be made into a relative
comonad (T”,¢’, (-)) on J, where €’y = e;x and the coextension mapping (-)" is defined
for f: T?X — JY to be the same as f*, i.e. f = f*: T — T’Y. We say that T is the
relative-lifting of T along J.

Given an ordinary comonad in coKleisli form, we can define a comultiplication morphism

dx: TX — TTX, where dx = (idrx)*, which satisfies the following equations:
T6X06X:6TX05X; TéXo6X:6TXo5X:ide.

The triple (T: € — C,¢,d), where T is a functor, € is a natural transformation, and o
is a natural transformation, is a comonad in standard form. Its coKleisli form can be

recovered by defining the coextension mapping (-)* as f* =T f o 4.

Definition 2.3.3. Given a comonad (T: € — C,¢,d), a coalgebra over T is defined as
a pair (A,a: A — TA), where A € Ob(C) and a € Mor(C), satisfying the following
diagrams:

dpooa=Taox (2.1)

€AOOé:idA. (22)
Definition 2.3.4. The category of coalgebras, or Filenberg-Moore category, associated
with a comonad T: € — €, denoted by EM(T), is defined as
o Ob(EM(T)) consists of coalgebras (A,a: A — TA);

« A morphism of type h: (4,a) — (B,) € Mor(EM(T)) is a morphism h: A —
B € Mor(C) such that Thoa = o h;

o Identity and composition are defined as in C.
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2.3.2 Relative adjunctions

Definition 2.3.5. A relative adjunction between a functor J: § — D and a category C
is two functors L: € — D, R: J — € and family of bijections:

¢xv: D(L(X), J(Y)) = C(X, R(Y))

which is natural in both arguments X, Y.

We recover the notion of ordinary adjunction when J = D and J = ldp. Given an ordinary
adjunction L 4 R, the unit of the adjunction has components nx = ¢x r(x)(idrix))
and the counit of the adjunction has components ex = gb]_%(ly)’y(id R(v))- Every ordinary
adjunction L: € — D 4 R: D — € yields a comonad (T, ¢,d) over D, where T = LR, ¢ is
the counit of the adjunction, and the component dx: LR(X) - LRLR(X) for X € D is
defined as L(nrx)). A resolution of T: D — D is an adjunction L: € =D A R: D — C
that gives rise to T as a comonad. There is a category of resolutions of T, denoted by
Res(T), defined as:

o The class Ob(Res(T)) consists of adjunctions (L 4 R,¢) with L: € — D and
R: D — € such that T = LR;

« A morphism of type K: (L 4R, ¢) — (L' 4 R, ¢') in Mor(Res(T)) where L: C —
D and L': ¢ — D is a functor K: € — €’ where the diagram

e
X
PN
K D
s
L
commutes in Cat;

o Identity and composition are defined as in Cat.

The terminal object of Res(T) is the forgetful-cofree adjunction U 4 F' where U: EM(T) —
Dand F': D — EM(T). Thus for every resolution (L 4 R, ¢) of T with unit n: ldp — RL,
there is a unique morphism K,: € — EM(T) given by the functor such that

« For every X € Ob(X) K\(X) = (L(X), L(nx): LX — LRL(X)). By T = LR and
the properties of the resolution (L - R, ¢), L(nx): L(X) — T(L(X)) is indeed a

coalgebra.
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o For every morphism f € C(X,Y), K,(f) is the commutative diagram:

L(nx)
—5

T(L(X))
jw(m
T(L(Y))

L(X)
f

L(ny)
—

L(Y)

A resolution L 4 R is a comonadic adjunction if this unique morphism K,: € — EM(T)
in Res(T) is an equivalence.
2.3.3 Factorisation Systems

Definition 2.3.6 (lifting property). Given a category € and morphisms e and m in C,
we say that e has the left lifting property with respect to m (or that m has the right lifting
property with respect to e), if for every commutative diagram as the left diagram below,

there exists a diagonal filler d such that the right diagram below commutes.
[ [ ] [ [ ]
[ ] [ ] [ ] [ ]

We denote this property by e h m. For any class M of morphisms in C, let "M denote

N

e
—
_m

the class of morphisms with the left lifting property with respect to every morphism in
M. The class M" is defined analogously.

Definition 2.3.7 (weak factorisation system). Given two classes of morphisms Q and M
in a category C, the pair (Q, M) is a weak factorisation system if the following conditions

are satisfied:
(1) For every morphism f in C, f = moe, where e € Q and m € M;
(2) Q="M and M = Q"

A weak factorisation system is proper if every e € Q is an epimorphism and every m € M
is a monomorphism. A proper weak factorisation system is stable if for every e € Q and

m € M, with the same codomain, there exists a pullback of e along m in Q.

Definition 2.3.8. A triple (€, Q,M) is a factorised category if (Q, M) is a stable proper

factorisation system of C.

Throughout this thesis, we will use some properties of factorised categories which we
enumerate in Proposition 2.3.9 below. This proposition is a restatement of [9, Lemma

2.5], but these are well-known results that also appear in reference material, e.g. [77]
and [37].
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Proposition 2.3.9. Let (C,Q,M) be a factorised category. The following statements
hold:

(a) Q and M are closed under composition.
(b) QNM = {isomorphisms}

(¢) The pullback of a morphism in M along any morphism in Mor(C), if it exists, is
in M.

(d) go f € Q implies g € Q.
(e) go f €M implies f € M.

We refer to members of M as embeddings (denoted by ) and to members of Q as
quotients (denoted by —). Given two embeddings m: S — X and n: T — X, we write
m < n to denote that there is a morphism i: .S — T such that m = n o 4. Note that
< induces a preorder on embeddings with the same codomain. The symmetrisation of
< induces an equivalence relation ~. The relation ~ can be characterised as m ~ n if
there exists an isomorphism 7: S — T such that m = n o. Let SX denote the class of
~-equivalence classes of embeddings with codomain X with the partial order < induced

by <. The ~-equivalence class with a representative m: S »— X is denoted [m].

2.3.4 Categories for model theory

The categories that we are primarily interested in are categories of relational structures

for fixed signature o.

Definition 2.3.10. Given a signature o, a o-morphism h: A — B is a set function

h: A — B such that for every relational symbol R € ¢ of arity n,
RA(ay,...,a,) = R3(h(a1), ..., h(ay,)),

for all a,...,a, € A.

Definition 2.3.11. A o-embedding h: A — B is an injective set function h: A — B such

that for every relational symbol R € o of arity n,
RA(ay,...,a,) < R3(h(a1), ..., h(ay,)),

for all aq,...,a, € A.

We use Struct(o) to denote the category of o-structures and o-morphisms. We let
Struct’ () denote the full subcategory of Struct(c) containing only finite o-structures.

We also consider the category of pointed o-structures and point-preserving o-morphisms
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Struct, (o). In Struct, (o), objects are pointed o-structures (A, ag). A morphism h: (A, ag) —
(B,bo) in Struct, (o) is a o-morphism h: A — B such that h(ag) = by. We let Struct! ()
denote full subcategory of Struct/ (o) containing only finite pointed o-structures. The sig-
nature of simple directed graphs contains one binary edge relation £ and we will denote
Struct(o) in this case as DiGraph. The category of simple undirected graphs Graph can
be seen as full subcategory of DiGraph whose objects are directed graphs with a sym-
metric edge relation. For every o-structure A, the Gaifman Graph of A, denoted by G(A),
is an undirected graph with vertex set A, where elements a,a’ are adjacent if a = a’ or
a,a’ appear in the same tuple of R* for some R € o. Since every o-morphism f: A — B
induces a graph homomorphism G(f): G(A) — G(B), we see that G: Struct(c) — Graph

is a functor.

When dealing with model-comparison games, we will need generalise the notion of o-
morphism to a binary relation between two o-structures which preserves relational inter-

pretations.

Definition 2.3.12. Given o-structures A, B, a binary relation v C A x B is a o-

correspondence from A to B if for all R € o with arity n,
R(al, c ,CLn) = R(bl, o ,bn)

if (Cbl,bl), e (Cl,n, bn) €.

If v is o-correspondence from A to B and its converse

7 = A{(b,a) | (a,0) €7}

is a o-correspondence from B to A, then we say that v is tight o-correspondence from
A to B. A o-correspondence v from A to B that is also a partial function is a partial
homomorphism. If ~ is partial homomorphism from A to B and ~¢ is a partial homomor-
phism B to A, then we say that v is a partial isomorphism. Equivalently, v is a partial

isomorphism if v is a tight o-correspondence and a partial injective function.
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Chapter 3

Arboreal Covers

The central topic of this thesis are the notions of arboreal category and arboreal cover
first introduced by Abramsky and Reggio in [9] and its follow-up journal version [10]. In
this chapter, we re-present the content of these papers and highlight the portions which
will be needed for the contributions of this thesis. We begin by introducing the the

following simple example of an arboreal category.

Example 3.0.1. Let F denote the category whose class of objects Ob(F) are the forests
defined in Definition 2.1.1 and whose class of morphisms Mor(F) are the forest morphisms
defined in Definition 2.1.2. Let T be the full subcategory of F whose class of objects
ODb(7) are trees defined in Definition 2.1.3. The categories F and T are equipped with

factorisation systems where

Q={q: (X,<x) = (V,<y) | q: X =Y surjective}; and
M={m: (X,<x) = (V,<y)|m: X =Y injective}.

(F,Q9,M) and (T, QnMor(T), MNMor(T)) are factorised categories as in Definition 2.3.8.

3.1 Arboreal categories

The definition of arboreal category is intended to formalise the intuitive notion of a
category consisting of “tree shaped” objects. In order to accomplish this, the definition
of arboreal category takes inspiration from the merelogical philosophy (that a whole is
determined by its parts) of many other constructions in category theory. To illustrate
what we mean by this philosophy, observe that in the category of Set, every set X is
a directed colimit of its finite subsets and inclusions between them. More generally, in
a locally finitely presentable category D, objects are generated via filtered colimits from

compact subobjects in a full subcategory Dy,. In a similar vein, in order to capture
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the notion of a category of tree-shaped objects €, objects of an arboreal category are
generated as colimits of their branches, or more precisely, path-shaped subobjects. For
this reason, we first need the intermediate notion of a path category which has enough

structure to contain a full subcategory €, of path objects.

3.1.1 Path categories

In this subsection, we will assume we have a factorised category (€, Q, M) as in Defini-
tion 2.3.8. Recall that a factorisation system (Q, M) induces a partially ordered set of
associated subobjects SX for every object X € Ob(C).

Definition 3.1.1 (path). An object P of C is a path if SP is a finite chain.

For every factorised category (€, Q, M), we denote the full subcategory of path objects
Cp. An embedding e: P — X € M is a path embedding if P is a path. For an object
X € €, let PX denote the subset of SX consisting of equivalence classes [e] such that
e: P — X is a path embedding.

Given a morphism f: X — Y this induces a set function Pf: PX — PY where [p] —

[3¢p] from the factorisation

Py 3P X

of fop. By [10, Lemma 3.5(a)], it follows that 3;P is a path, so 3¢p is a path embedding

and P f is indeed a function.

Definition 3.1.2 (pathwise embedding). A morphism f: X — Y € Mor(C) is a pathwise
embedding in C if for all path embeddings m: P — X, fom: P — Y is a path embedding.

For factorised categories G, we will use X —¢ Y to denote there exists a pathwise embed-
ding f: X — Y € Mor(C). It is easy to show using the lifting property of Definition 2.3.6
that for pathwise embeddings f: X =Y, [f om] = [Fym].

Definition 3.1.3 (open map). A morphism f: X — Y € Mor(C) is open in C if for

every commutative square of the form:

i

—

< —— O

—
f



where P,(Q € Ob(C,), there exists a diagonal filler morphism ) — X such that the

following two triangles commute:

P>—tQ
[ 7]
XT)Y

Since the triangle on the right commutes, by Proposition 2.3.9 (e), the diagonal filler
) — X is always an embedding.

Intuitively, an open map f: X — Y states that if a path P in the domain X, witnessed
by P »— X, can be extended to a path ) in the codomain Y, witnessed by @) — Y, then
P can be extended to a path ) in the domain X, witnessed by the diagonal Q) — X.

Moreover, this extension is the preimage of the path @ in Y under f.

Definition 3.1.4 (bisimulation). A bisimulation in € is a span X L Z % Y of open
pathwise embeddings f, g € Mor(C).

For factorised categories C, we will use X <»® Y to denote there exists a bisimulation
xLdz4vyime.

Definition 3.1.5. An object X € C is connected if every morphism X — | |;c; P;, where
{P;}icr is a small family of paths, factors through a coproduct injection P; — | l;c; P

This definition of connected differs slightly from the usual categorical formulation of
connectedness in two ways. Firstly, we only consider coproducts of paths, and secondly,
the coproduct injection P; — | l;c; F; is not required to be unique. This second relaxation

allows us to consider the initial object to be connected.

Definition 3.1.6 (path category). A factorised category (C,Q,M) is a path category if

it satisfies the following axioms:
(1) € has all coproducts [];c; X; where {X;} € Ob(€,) is small family of paths.
(2) For all paths P,@Q and Rin Cp, if P - Q — R € Q, then P — Q € Q.
(3) Every path P € C, of C is connected.

It is apparent from the axioms of a path category that the full subcategory C, of path
objects, induced by the factorisation system (Q, M), plays an important role for path

categories C.

Proposition 3.1.7. (F,9,M) as in Ezample 3.2.1 is path category.
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Proof. For an object (X, <) € Ob(F), each subobject [m| € S(X) corresponds to the
down set | x of an element x € X. Therefore, by the definition of path (Definition 3.1.1),
the path objects (P, <) € Ob(JF),) are precisely the objects such that < is a finite chain.
With this definition of JF, in place, we verify each of the axioms of path category and
show that F satisfies Definition 3.1.6.

To verify axiom (1), for any set S of finite chains {(Y;, <s)}ses € Ob(F,), we define
linear forest (X, <) such that X is the disjoint union [[,cg Ys and < is the disjoint union
[Tses <s. The object (X, <) € Ob(J) is the coproduct ¥(Ys, <;) of the chains in S.

Intuitively, axiom (2) is capturing the fact that forest morphisms preserve covering chains,
i.e. paths can be merged, but not shortened. To verify axiom (2), suppose that P,Q, R €
JF, with morphisms u: P — ) and v: () — R such that vou € Q. By the definition of
Q, we assume that v o u is surjective, and we must show that u is surjective. Since @) is
a finite chain, we can present () as ¢ < --- < ¢, where ¢; is the root of ) and ¢, is
the maximal element of (). Since v o u preserves covering chains, v(q;) < -+ < v(gy) is
a subchain of R. By v o u being surjective, for every i € [m], there exists a p; € P such
that v(u(p;)) = v(¢;) € R. By u preserving roots and P being a chain with a unique
root, u(p;) = ¢; where p; is the root of P. By u preserving the covering relation <, for

all i € [m], u(p;) = ¢;. Thus, every ¢; € @) has preimage p; € P, and u is surjective.

To verify axiom (3), consider paths @, Py, ..., P, € J, and morphism f: Q — Wiep, B
Since () is a finite chain, we can present () as ¢; < -+ < ¢, Where ¢ is the root of ) and
¢m is the maximal element of (). By f preserving roots, f(qi) is the root of P; for some
J € [n]. By f preserving the covering relation, for all i € [m], f(¢;) € P;. Thus, f factors
through the coproduct injection i;: P — Wicp Fi- O

For every object X € Ob(C) in a path category C, the subobject relation restricted to
P(X) is a tree-order. In particular, the root of [Lyx: 0 — X] € P(X) is computed from
the (Q,M) factorisation

~ 1x

0 0

X

of the unique map !y from the initial object 0 € Ob(C). The induced set function
P(f): P(X) — P(Y) for an f € C(X,Y) is a forest morphism. Thus, we restate [10,
Theorem 3.11].

Theorem 3.1.8. If C is a path category, X — P(X) induces a functor P: € — 7.
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Definition 3.1.9. An object X in a path category C is path-generated if X is the colimit

of the cocone consisting of all commuting triangles of the form

P Q

NS

X

where P and @) are paths.

Definition 3.1.10. An arboreal category is a path category in which all objects are
path-generated.

Definition 3.1.11. An arboreal category resource-indexed by parameter k is an arbo-
real category € equipped with a full subcategory G’; of C, for all k& > 0, closed under
embeddings with inclusions

1 2 3
C,—=C —=C —...

This induces a corresponding chain of full subcategories C;. of C
€1<—>€2(—>€3<—>...

with the objects of €, being those whose cocone of path embeddings with domain in C‘f’;
is colimit cocone in €. Since the chain C; — €y — €3 — ... is determined uniquely
by the choice of full subcategories (‘3’; of €,, we can denote a resource-indexed arboreal

category as {Cy}.

A corollary of Theorem 3.1.8, is that every arboreal category € has a natural resource
indexing {C} by height of the underlying branches. Explicitly, Cy is the full subcategory
of € consisting of objects X such that ht(P(X)) < k. We call this resource-indexing the
depth-indezing of €. This default indexing reflects the fact that model comparison games
are naturally parameterised by the number of rounds. For some arboreal categories C,
this is not the only way to resource index €. For instance, Example 3.2.3 of k-pebble

forest covers detailed below is a resource-indexing which is not a depth-indexing.

3.1.2 Games in arboreal categories

In the context of an arboreal category (€, Q, M), a bisimulation X < Z — Y in € can
be formulated as an abstract ‘path-matching’” back-and-forth game from X to Y over C.
This fulfils the original motivation for the notion of arboreal category: to extract the
common properties shared by the Eilenberg-Moore categories of game comonads which
enable them to encode model comparison games in logic. The following is the definition

of this abstract back-and-forth game:
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Definition 3.1.12. Let X, Y be objects in an arboreal category €. We define the back-
and-forth game G(X,Y) over C. Positions in §(X,Y) are given by pairs ([m],[n]) €
P(X)xP(Y). The initial position is given by the pair of roots ([Lx], [Ly]). During each

round of the game, Spoiler chooses one of the following moves:

« Spoiler chooses [m] < [m] in P(X). Duplicator then responds with [n] < [n] in
P(Y).

 Spoiler chooses [n] < [n/] in P(Y'). Duplicator then responds with [m] < [: m/] in
P(X).

Duplicator wins the round if she has a response and the resulting position ([m/], [n/]) is
in the set:
W(X,Y) :={(Im],[n]) | dom(m) = dom(n) in C}.

Duplicator wins G(X,Y) if for every round ¢ > 0 and every possible Spoiler choice,

Duplicator has a winning response.

Each game comonad does not only encode a back-and-forth model comparison game, but
also two forth variants. Thus in the abstract arboreal setting, the game §(X,Y’) over €

also has two variants.

« 79(X,Y) where Spoiler is forced to play a path in P(X), and thus Duplicator is
forced to respond with a path in P(Y").

. 3+S(X ,Y) has the same player restriction as “G(X,Y), but the winning positions

for Duplicator has been widened to the superset:

TW(X,Y) = {([m],[n]) | 3 dom(m) — dom(n) € Mor(C)}.

The notation for these games hints at the intuition that if §(X,Y) over € “captures”
equivalence in a logic J, then 3+9(X ,Y) over € captures equivalence in the positive
existential fragment 3% 7 of 7, 3S(X ,Y') captures equivalence in the existential fragment
37 of J. The abstract existential game *G(X,Y) and its connection with concrete

model-comparison games characterising existential fragments stems from the work [6].

In an arboreal category €, these abstract games provide an operational definition of

morphisms, pathwise embeddings, bisimulation, and isomorphisms in C.

Proposition 3.1.13. Let C be an arboreal category and X,Y € Ob(C). For the following

two statements, assume that the categorical product X x Y exists in Ob(C):

(1) Duplicator has winning strategy in ~G(X,Y) iff there exists a pathwise embedding
of X =» Y.
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(2) Duplicator has winning strategy in G(X,Y") iff there exists a bisimulation X < Z —
Y.

For the following statement, assume that the paths functor P: € — T is faithful:

(3) Duplicator has winning strategy in 3+S(X, Y') iff there exists a morphism X — Y.

Proof. Statement (1) is [10, Proposition 6.18]. Statement (2) is [10, Theorem 6.12].
Statement (3) is [10, Proposition 6.15]. O

These abstract games are the bridge for relating morphisms in € to the concrete model
comparison games used in logic. This will be illustrated through the examples in Sec-
tion 3.2. Further, by providing an operational definition of various morphisms in €,
these games allow for clean proofs for the implications between the different types of

morphisms. This is illustrated in the proofs of the following propositions from [9, 10].

Proposition 3.1.14. Let C be an arboreal category and X,Y,Z € Ob(C) such that
product of each pair exists in Ob(C). If Duplicator has a winning strategy in G(X,Y)
and winning strategqy in G(Y, Z) over C, then Duplicator has a winning strategy in §(X, Z).

Proof. This is [10, Corollary 6.13]. O

Proposition 3.1.15. If X < Z — Y is a bisimulation in C, then there exists pathwise
embeddings (and thus, morphisms) X =Y andY — Z.

Proof. This is [10, Lemma 6.20]. O

Finally, we make the following observation that isomorphic objects in € are bisimilar.

Proposition 3.1.16. If X =Y in C, then there exists a bisimulation X < Z —Y in C.

Proof. If f: X — Y is an isomorphism, then we set Z = X. The bisimulation is witnessed
by the span X X X Loy Ttis straightforward to verify that any isomorphism, including
idxy and f, is an open pathwise embedding. O

3.1.3 Arboreal covers and behavioural equivalences

As the previous section demonstrated, because objects in arboreal category € are tree-
shaped and generated by their branches, the category € is a native setting for formulating
dynamics notions, such as bisimulation, resource-indexing, and abstract path-matching
games. In order to apply these notions to relational structures and other ‘static’ objects

for any category €, we use a comonadic adjunction L 4 R from € to €. The comonadicity
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of the adjunctions allows us to view R(X) as tree-shaped cover of X € Ob(&€) where the

branches of R(X) represent a process which searches through or builds-up portions of X.

Definition 3.1.17. An arboreal cover of € by € is a comonadic adjunction

such that € is an arboreal category.

The following definition extends the notion of arboreal cover to resource-indexed arboreal

categories.

Definition 3.1.18. An resource-indexed arboreal cover of € by {Cy} is family of comonadic

adjunctions L - Ry for every k > 0 where {C} is a resource-indexed arboreal category,

Lkl Gk—>8 and Rki 8—>Gk

Definition 3.1.19. Consider a resource-indexed arboreal cover of € by {Cx}, and two
objects A, B of €. For all k > 0, we can extend the preorders —, =% ¢ = on objects

of Cx to apply to objects of € by using the functor Ry:
o A —¢ B if there exists a morphism Ry(A) — Ry(B) in Cy.
o A —¢ B if there is a pathwise embedding Ry(A) — Ry(B) in Cy.
o A ¢ Bif there is a bisimulation Ry(A) < Z — Ry(B) in Cy.
o A=Y Bif there is an isomorphism Ry(A) & Ry(B) in Cy.

A resource-indexed arboreal cover of € by {Cy} yields a family of comonads Cy: &€ — &€ on
€ related by inclusions ¢x<;: Cp — C;. Since an arboreal cover as a comonadic adjunction,
for every k > 0, Gy is isomorphic to the category of coalgebras EM(Cy) of the comonad
Cy.

Definition 3.1.20. Given an A € Ob(E), and a resource-indexed arboreal cover Lj, 4 Ry,
of &€ by {€} yielding the family of comonads {Cy: & — &£}, the C-coalgebra number of
A, denoted x®(A) is the least k such that there exists a Cp-coalgebra A — Cy(A).

Since L 4 Ry is a comonadic adjunction, Cj is isomorphic to the category EM(Cy),
so the C-coalgebra number could also defined as the least k such there there exists an

X € Ob(€) where Ly(X) = A.
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3.2 Example arboreal covers

Every example arboreal category in this section related to game comonads is a subcate-

gory or minor variant of the factorised category R(o) of forest-ordered o-structures.

Example 3.2.1. Given a signature o, we define a category of forest-ordered o-structures
R(c). In this category, objects are pairs (A, <4) where A € Ob(Struct(c)) and (A, <4) €
Ob(¥). A morphism h: (A, <4) — (B,<p) in this category is both a o-morphism h €
Struct(o) (A, B) of the underlying o-structures and a morphism of forests h € F((A, <4
), (B,<g)). The category R(c¢) is equipped with a factorisation system where

Q={q: (A, <4) = (B,<p) | ¢: A — B surjective},
M={m: (A <4) = (B,<p) | m: A— B o-embedding}.

The tuple (R(0),Q,M) is a factorised category as in Definition 2.3.8.

We also define a category R,(¢) which is the tree-analogue of R(¢). In this category,
objects are triples (A, ag, <) where (A, ap) € Ob(Struct,(0)), and (4, <) € Ob(T) with
root ag. A morphism h: (A, ag, <?) — (B, by, <) is the same as in R(c), but where
root preservation implies that h: (A, ag) — (B, by) is a morphism in Struct, (o). Similarly
to R(o), (R(0), ., M,) is a factorised category where Q,, M, are Q,M restricted to

functions which preserve the distinguished point.
Proposition 3.2.2. (R(0),Q,M) and (R.(0), ., M) are path categories.
Proof. The proof follows essentially the same lines as the proof of Proposition 3.1.7. The

key difference is that Q is the class of surjective o-morphisms and M is the class of

o-embeddings O]

3.2.1 Prefix list

As a warm-up to the game comonad examples, we first exhibit the non-empty prefix list
comonad, see e.g. [72], as arising from the arboreal cover of Set by the category of forests
F from Example 3.0.1.

Proposition 3.2.3. F is an arboreal category.
Proof. By Proposition 3.1.7, & is a path category. Suppose (X, <) € Ob(¥), then each
down set | z is a path subobject of (X, <). Observe that every forest (X, <) is colimit

cocone of consisting of inclusions from down sets | x < X for every x € X and inclusions

between them, i.e. for x < ', | x —| 2. O
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We derive the non-empty prefix list comonad N*: Set — Set from an arboreal cover of
Set by F. As part of this derivation, we first define the object mapping N*: Ob(Set) —

Ob(Set) which sends a set X to all non-empty finite sequences of elements in X, i.e.
NT(X) :={[z1,...,2,) | VR €N,zy,..., 2, € X}

For every X € Ob(Set), there is a function ex: N*(X) — X which maps a sequence
[x1,...,z,)] to its last element x,,. This mapping decomposes as N* = LoR where L is the
object mapping (X, <) — X of the forgetful functor L: F — Set and R is the mapping
X — (NT(X),E). In the following proposition, we show that for every ¥ € Ob(Set),

R(Y) and ey is a universal morphism from L to Y.

Proposition 3.2.4. L 4 R is an adjunction from F to Set.

Proof. Suppose f: L((X,<)) - Y € Mor(Set), we need to construct a unique forest
morphism ¢: (X, <) — R(Y) such that ex o L(g) = f. Since (X, <) is a tree order,
for every x € X, we can present | x as a finite chain x; < --- < x, = x and define

g(x) =[f(x1),..., f(z,)]. The function g is a forest morphism as

ry < =Lxy = [fle)] T T [ f(1), .- fzn)]
= g(x1) T - T g(wn).

where we use C to denote the covering relation of C. As the counit ex returns the last

element of the sequence, for every z € X, (ex o L(g9))(z) = f(z,) = f(x).

To demonstrate uniqueness, suppose ¢': (X, <) — R(Y’) such that ey o L(¢') = f. For
x € X such that | x is the chain x; < -+ < z,, = z, we know that ¢/(z;) is the i-th prefix
of ¢’(z) by ¢ being a forest morphism. Moreover, by the equation ex o L(¢g’) = f, the

last element of ¢'(x;) is f(x;). Since the i-th element of ¢’(x) is the last element of its

i-th preﬁx g/(xi)a g,<l’> - [f(xl)v T f(xn)] = g(l‘) [

Thus, from the standard properties of adjunctions, we can compute that:

o The functor object mapping R extends to functor R: Set — JF which maps a
function f: X — Y to the unique morphism R(f) = Ry satisfying ey o L(Ry) =
foex defined as Ry[zy,...,x,] = [f(z1),..., f(z,)].

o The counit maps ey of the universal morphism form a natural transformation and
is the counit of the adjunction L - R.

e The unit is a natural transformation 7: ldy — R o L where the component for
(X, <) maps an element x € X where | x is the finite chain z; < -+ <z, = z to

the sequence [x1,...,2,].
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We can conclude N*: Set — Set is a functor and obtain our derivation of the non-
empty of prefix list comonad (N7, &, d) where the comultiplication has components dy =

L(nr(x)). Explicitly, for every sequence s = [x1,...,z,] € NT(X),

dx(s) = [[x1], [x1, 22, ..., [T1, - - -, 2a]].

However, in order to show that L 4 R is an arboreal cover of Set by F, we must strengthen
Proposition 3.2.4 by demonstrating that L 4 R is a comonadic adjunction. This amounts
to showing that that the comparison functor K,: ¥ — EM(NT) is an isomorphism.
In particular, K, induces a bijective correspondence on objects yielding the following

concrete characterisation of N*t-coalgebras:
Proposition 3.2.5. There is a bijective correspondence between:
(1) N*-coalgebras x: X — NT(X)

(2) Forests (X, <), i.e. (X,<) € Ob(F)

Proof. Abstractly the definition of K/ is that for all ' € Ob(¥), K\(F') = (LF, Lnp: LF —
LRL(F)). Concretely, K, maps a forest (X, <) to (X, x) such that for each z € X where
| @ is the chain 71 < -+ < z; =z, x(x) = Ln(x) = [z1,..., 7]

Conversely, suppose that (X, x: X — N7T(X)) is a coalgebra. For x € X, let x(x) =
(21, ..., ], then the comultiplication dx applied to x(x) is [[z1], [z1,z2], ..., [21,. .., z;]].
Hence, equation (2.1) states that x(x;) = [x1,..., 7], for all i € [j]. The equation (2.2)
states that z; = x. Thus x: X — NT(X) is an injective function whose image is a
prefix-closed subset of N*(X). This allows us to define a forest order < where z < 2’
iff x(z) C x(z') Let K;': Ob(EM(NT)) — Ob(F) be defined as K, '(X,x: X —
N*(X)) = (X,<). By construction, K, o K; ' and K, ' o K, are the identity object
mappings. ]

This bijective correspondence extends to a isomorphism of categories ¥ = EM(NT).
Thus, demonstrating that L 4 R is a comonadic adjunction and an arboreal cover of Set
by F.

Proposition 3.2.6. L 4 R is an arboreal cover of Set by JF.

Proof. Proposition 3.2.5 demonstrates that K;: Ob(F) — EM(N1) is a bijective object
mapping, we must show that this bijection extends to morphisms and demonstrate that
the functor K,: § — EM(N ™) is an isomorphism.
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Abstractly, the definition of K| is such that for all f € F(X,Y), K(f) is the commutative
diagram

LX) 2 pRLx

L(f)l JL@W)) (3.1)

L) 2™, rry

where ¢(f) € Set(X, RLY) resulting from the bijection induced by the adjunction L - R.
Observe that for the covering chain x; < --- < x, ending in x, = =z of forest X,
o(f)(x) = [f(x1),..., f(z,)]. Diagram (3.1), for our case of the adjunction from F to
Set, expresses that as f preserves roots and the covering relation <, it follows that the

covering chain x; < -+ < x,, maps to the covering chain f(z1) < --- < f(z,).

Conversely, given a commutative diagram D expressing that v o g = N7T(g) o x for
some N*t-coalgebras (X, x: X — NT(X)) and (Y,v: Y — NT(Y)). We observe that D
commuting means that g preserves covering chains from K~1(X,y) to K~1(Y,v). Thus,

g preserves roots, the covering relation, and lifts to a morphism K; '(g) of J. ]

3.2.2 Ehrenfeucht-Fraissé

The category of forest covers R (o) is the full subcategory of R(o) whose objects (A, <) €
Ob(RE(0)) satisfy the following compatibility condition:

(E) If a,d’ € A are adjacent in G(A), then a < d’ or ¢’ < a.

Proposition 3.2.7. RE(0) is an arboreal category.

Proof. Since the paths of R(o) are the paths of the full subcategory R (c), RE(q) is a
path category. The path subobjects of an (A, <) € R¥(o) are the induced o-structures
on the down sets | a for every a € A. Condition (E) ensures that (A, <) can be realised

as the colimit cocone of these down sets. OJ

Let {R¥ (o)} be the depth-indexing of R (). Concretely, R¥ (o) is the category of forest
covers of height < k.

For every k > 0, we derive the k-round EF comonad E; from [12, 13] via the resource-
indexed arboreal cover of Struct(c) by RE(s). Intuitively, we think of the elements of
Ex(A) as Spoiler plays in the k-round positive-existential EF game. Thus, the universe
Ei(A) of o-structure Eg(A) is the subset of N*(A) consisting of sequences of length < k.

Just as with N T, the counit ¢: E;, — Idstruct(o) Teturns the last element. For every m-ary
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relation R € o, we define the interpretation

REEA (51 sp) & Vi, j € [m], s sjors; C s (pairwise comparability)

and RA(e(s1),...,e(5m)) (compatibility).

Note that the compatibility condition ensures that e4: Ex(A) — A is indeed a o-
morphism. Following a similar story to N, for every k > 0 we factor the object mapping
Ex as E, = Ly o R, where Ly is the object mapping (A, <) — A of the forgetful functor
Ly: RE(0) — Struct(o) and Ry, is the mapping A — (Ex(A), £). In the following propo-
sition, we show that for every A € Ob(Struct(c)), R(A) and e 4 is a universal morphism
from Lj to A.

Proposition 3.2.8. For every k > 0, Ly, - Ry, is an adjunction from RE (o) to Struct(o).

Proof. This proof is similar to the proof of Proposition 3.2.4, but with two additional
verifications: we must take into account the resource parameter k denoting height, and we
must check that the function constructed preserves relations. Suppose that f: Ly((A, <
)) — B € Mor(Struct(c)), we need to construct a forest-ordered o-morphism g: (A, <
) — Ri(B). Since (A, <) is a forest order, for every a € A, we can present | a as a
finite chain a; < -+ < a, = a and define g(a) = [f(a1),..., f(a,)]. As (A, <) has
height < k, n < k, and so g(a) € Ex(A). The proof of Proposition 3.2.4 demonstrates
that ¢ is a forest morphism. It remains to check that this definition of g preserves
relational interpretations, suppose R € o is a relation of arity r and that R*(a,,, ..., a;, ).
By Condition (E), a;,,...,a; are pairwise comparable in the tree order <, so there is
maximal element a, € {a;,,...,a; } such that {a;,...,a;} Cl a,. By the definition of
g, every g(a;,) is a prefix of g(a.), thus the pairwise comparability condition of R®+*®) is
satisfied. Since f is o-morphism and the last element of g(a;;) is f(a;;), the compatibility
condition of Rf+B) is satisfied. Thus, ¢ is a forest-ordered o-morphism. The proof that
g is the unique morphism such that €4 o Li(g) = f is no different than analogous step in
the proof of Proposition 3.2.4. O]

We compute the data of the adjunction L, 4 Rj and observe its similarity with the
corresponding data for the adjunction L 4 R from Section 3.2.1 yielding the prefix list

comonad NT.

« The functor Ry: Struct(c) — RE (o) maps a o-morphism f: A — B to the unique
forest-ordered o-morphism Ry (f) satistying eg o Ly(Ri(f)) = f o e4 defined as
Ri(f)lar, ... an] = [f(a1),..., f(an)]. As the length of Ri(f)(s) is equal to the
length of s, we can conclude that Ry (f) is morphism of forest order (A, <) to
(B, <). By f being o-morphism and Ry(f) preserving the prefix relation, we have
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that the pairwise comparability and compatibility conditions for the relational in-

terpretations RT5 are satisfied, so Ry(f) is a o-morphism.

o The counit maps €4 of the universal morphism form a natural transformation and

is the counit of the adjunction L, - Ry.

e The unit is a natural transformation 7: |dﬂz,§(a) — Ry o Ly where the component

(A, <) maps an element a € A where | a is the finite chain a; < -+ < a, = a
to the sequence a4, ...,a,]. By construction, for a; €| a, n(a;) is the j-th prefix
lai,...,a;] of [a1,...,a,], so n4 is indeed a forest morphism. Condition (E) and

a; being the last element of 7(a;) correspond to the pairwise comparability and

compatibility conditions which ensure that 7 is a o-morphism.

We can conclude Ej: Struct(o) — Struct(o) is a functor and obtain our derivation of
k-round EF comonad (E,¢,d) of [12, 13] where the comultiplication has components
0x = L(nR(X)). However, in order to show that L, 4 R} is a resource-indexed arboreal
cover of Struct(c) by RZ(o), we must strengthen Proposition 3.2.8 by demonstrating
that L 4 R is a comonadic adjunction. This amounts to showing that that the com-
parison functor K,: RE(s) — EM(E;) is an isomorphism. In particular, K; induces a
bijective correspondence on objects yielding the following concrete characterisation of
[E;-coalgebras. As a corollary, we demonstrate that tree-depth is equivalence to the E-

coalgebra number.
Theorem 3.2.9. There is a bijective correspondence between:
(1) Eg-coalgebras o: A — B A

(2) Forest covers of height < k, (A, <) € Ob(RZ(0)).

Proof. Concretely, the object mapping K;: R¥ (o) — EM(E;) can be described similarly
to the object mapping of the comparison functor in the proof of Proposition 3.2.5. Given
a forest cover (A, <), for each a € A, its predecessors form a chain a; < -+ < a;, with
aj = a, and j < k. We see that K\(A,<) = (A, a) where a(a) = Li(nu<))(a) =

[(Il, N ,G,j].

Conversely, suppose that a: A — E,A is a coalgebra. For a € A, let a(a) = [ay, ..., a;],
then the comultiplication 0 4 applied to «(a) is [[a1], [a1, a2], . . ., [a1, . .., a;]]. Hence, equa-
tion (2.1) states that a(a;) = [a1,...,q;], for all i € [j]. The equation (2.2) states that
a; = a. Thus a: A — E;A is an injective map whose image is a prefix-closed subset of
E. Defining a < o' iff a(a) C a(d’) yields a forest order on A, of height < k. If a,a’ are

adjacent in G(A), then for some ay,...,a, with a = a;, ’ = a;, we have R4(ay, ..., a,).
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Since « is a homomorphism, we must have RE*4(a(a,), ..., a(a,)). By the pairwise com-
parability condition in the definition of RE*4, a(a;), a(a;) are prefix comparable, so a;, a;
are <-comparable and condition (E) is satisfied. Thus (A, <) is a forest cover of G(A),
of height < k. We can define the inverse object mapping K, ': EM(E;) — RF(0) as
K (A 0) = (A, ). O

The combinatorial parameter of tree-depth for a o-structure A, denoted td(.A) is defined
as the minimum height of a forest cover of A. Thus, as an immediate corollary of
Theorem 3.2.9, we can use the E-coalgebra number to obtain a new definition of the

tree-depth of a o-structure.
Corollary 3.2.10. For every finite o-structure A, td(A) = x*(A).

The bijective correspondence of Theorem 3.2.9 extends to a isomorphism of categories
RE(0) =2 EM(Ey). Thus, demonstrating that L, - Ry, is a comonadic adjunction and an

arboreal cover of Struct(o) by Ey.

Proposition 3.2.11. L;, - Ry is a resource-indexed cover of Struct(a) by {RF (o)}

Proof. Theorem 3.2.9 demonstrates that K;: Ob(RE(a)) — EM(E,) is a bijective object
mapping, we must show that this bijection extends to morphisms and demonstrate that
the functor K;: RE¥(c) — EM(E}) is an isomorphism.

Concretely, the action of Ki: RE¥(c) — EM(E}) on morphisms can be described similarly
to the the comparison functor in the proof of Proposition 3.2.6. Given a morphism
[ (A <) — (B,<') € Mor(RE(0)) of forest covers, K(f) is the diagram D expressing
the equation S o Lg(f) = Ex(Li(f)) o a where K|(A, <) = (A, a) and K\(B,<") = (B, ).
As with the proof of Proposition 3.2.6, it follows from f being a forest morphism that
f preserves covering chains so diagram D commutes. We also additionally observe, for
the arboreal cover of Ly - Ry of Struct(c) by R¥ (o), that L(f) must o-morphism as f
is a forest-ordered o-morphism. Moreover, from f € Mor(Rf (o)) acting on chains of
height < k it must be that case that D involves Ex(L(f)) as Ex(L(f)) acts on sequences
of length < k.

Conversely, suppose we have commuting diagram D expressing § o g = Ex(g) o « for
coalgebras (A, «), (B, 3) € Ob(EM(E;)) and o-morphism g: A — B. We observe that
D commuting means that g preserves covering chains, i.e. a; < -+- < a, +— g(ay) < -+ <
g(ay), of height n < k from K~'(A, «) to K~(B,3). Thus, since g preserves roots, the

covering relation and is a g-morphism, it lifts to a morphism K, '(g) of R¥ (o). O
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We can now turn to the original motivation of defining R¥(s) and show how the be-
havioural relations in Definition 3.1.19, instantiated in this case, captures equivalence
in variants of FO,. We begin defining the concrete k-round EF game in order to show

RE(5) can encode this game.

Definition 3.2.12. Given o-structures A, B and k& > 0, we define the back-and-forth
k-round Ehrenfeucht-Fraissé game EFy (A, B) from A to B. During each round n < k of

the game,
o Spoiler chooses an element a,, € A or b, € B.
o Duplicator responds with an element b, € B or a, € A in the opposite structure.

Duplicator wins round n if the relation ~,, := {(a;,b;) | j < n} is a tight o-correspondence.
Duplicator wins in EFy(A, B) if for every round n < k and possible Spoiler choice,

Duplicator has a winning move.

The abstract back-and-forth game from Definition 3.1.12 has three variants which are

mirrored by variants of the concrete game EF (A, B):

« “EF(A, B) is the game where in every round, Spoiler is forced to play an a € A
and Duplicator is forced to respond b € B.

. 3+EFk(A, B) has the same player restrictions as “EFy(A, B), but additionally Du-
plicator’s winning condition has been weakened. Duplicator can win in I EF; (A, B)

if the relation 7 is a o-correspondence.

« #EF,(A,B) is the bijective variant of the game. In this game, at every round
n < k, Duplicator first chooses a bijection ¢,,: A — B. If there is no such bijection,
Spoiler wins automatically. Spoiler then chooses an a € A and Duplicator must

respond with v, (a). The winning condition is the same as EFy (A, B).

Remark 3.2.13. Recall from the discussion in Section 2.2.1, by default, the logics we are
investigating in this thesis are equality-free. Thus, the game EF (A, B) differs from the
usual Ehrenfeucht-Fraissé game in that the winning condition is weakened from partial
isomorphism to tight correspondence. Since the relation in the winning condition does not
preserve equality, we obtain that Duplicator winning strategy in our EFy (A, B) actually
characterises equivalence in equality-free FOy, [23]. Similarly, for the 3*EF. (A, B), the
winning condition has been weakened from partial homomorphism to correspondence,
and thus captures equality-free 3*FO,. The "EF,(A, B) and *EF (A, B) correspond
to equality-free AFO; and #FO;. Extending to logics with equality will be part of our

investigation in Section 3.3.
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With the definitions of the EF games in place, we can now proceed with the proofs of
the morphism, pathwise, bisimulation, and isomorphism power theorems for the resource-
indexed arboreal cover of Struct(c) by {R¥(0)}.

Theorem 3.2.14. The following are equivalent for all o-structures A, B:
(1) A=7"FOx 3
(2) Duplicator has a winning strateqy in > EF (A, B).
(3) Duplicator has a winning strategy in > G(Ry(A), Ri(B)) over RE(q).

(4) A=7B

Proof. For the (1) < (2) equivalence, [58] demonstrated a similar equivalence for the case
where 3tFO; has equality and the winning condition for Duplicator in 3+EFk(A, B)
is strengthened so that the chosen elements form a partial o-morphism. Eliminating
equality in 3TFOj, corresponds to weakening Duplicator’s winning condition from partial

o-morphism to o-correspondence.

For (2) < (3) equivalence, the proof is inductive. The base case is trivial, since 7 is the
empty set for k = 0, 7 is (vacuously) a o-correspondence. In the game 7 G(Ry,(A), R(B))
over R¥ (o), this corresponds to the initial position (L g, (4), Lr.5) € " W(Ri(A), Ri(B)).
For the inductive step, in round j + 1, observe that the history of Spoiler’'s moves in
F"EF (A, B) for the previous j rounds, is a sequence [ay, ..., a;] € Ry(.A) which is in bi-
jective correspondence with [u] where dom(u) is a chain of length j and the i-th element
of dom(u) is mapped to a;. The relations on dom(u) are such that u is an embedding,.
Spoiler playing a;;; in the next round of 3+EFk(A7 B) corresponds to Spoiler extending
[u] <[] € P(Ri(A)) for the corresponding round in * G(Ry(A), Rx(B)) where dom(u)
has one additional element r such that v'(r) = s’ = [a1,...,a;41] € Ri(A). Since v/
is an embedding, Li(dom(u')) is isomorphic to the induced substructure [| s'| of Ex(.A)
consisting of prefixes of §'. Similarly, Duplicator’s history of responses [by,...,b;] in
F"EF (A, B) corresponds to a [v] € Ry (1B). Duplicator’s response bj11 to Spoiler play-
ing a;4+1 in 3+EFk(.A, B) results in Duplicator responding to Spoiler playing [u'] > [u]
in " G(R,(A), Rp(B)) with ['] = [v] € P(Rx(B)) where the additional element 7' of
dom(v’) is mapped to v'(r') = t' = [by,...,bj11] € Ri(B). As with [«], Ly(dom(v")) is
isomorphic to the induced substructure [| t'] of E;(B) consisting of prefixes of ¢'. The
winning condition for Duplicator in 7 EF,(A, B) is that v = {(a;,b;) | i € [j + 1]} is a
o-correspondence which is equivalent to the existence of a o-morphism [| s'| — [| '], and
therefore a RE(o)-morphism dom(u’) — dom(v') € "W(Ry(A), Rx(B)). This is precisely
the winning condition for Duplicator in = G(Ry(A), Rx(B)) over RE (o).
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For (3) < (4) equivalence, we observe that, from morphisms in R¥ (o) preserving covering
chains, P: R¥(0) — T is faithful. Applying Proposition 3.1.13(3) to the case where
C=RF(0), X = Ry(A), and Y = Ry(B) yields the result. O

Theorem 3.2.15. The following are equivalent for all o-structures A, B:
(1) A=7FO0r B
(2) Duplicator has a winning strategy in *EF.(A, B).
(3) Duplicator has a winning strategy in >S(Ry(A), Re(B)) over RE (o).

(4)./44‘?515(0)8

Proof. For the (1) < (2) equivalence, the proof is similar to the (1) < (2) equivalence
in Theorem 3.2.14 above. Including all literals, in particular negative atomics, in the
logic 3IF Oy, corresponds to the fact that the relational interpretations restricted to the
all chosen elements at round 7 in the game "EF}, (A, B) must be reflected and preserved,

and so Duplicator’s winning condition at round n is a tight o-correspondence.

For the (2) < (3) equivalence, the proof is similar to the (2) < (3) equivalence in
Theorem 3.2.14 above. The key difference is that Duplicator’s winning condition in
FEF.(A, B) is that v = {(a;,b;) | i € [j + 1]} is a tight o-correspondence. This is equiva-
lent to the existence of a o-isomorphism [| s'] — [| #], and therefore a R¥ (o )-isomorphism
dom(u') = dom(v') € W(Rk(A), Ri(B)). This is precisely the winning condition for Du-
plicator in G(Ry(A), Ri(B)) over R (o).

For the (3) < (4) equivalence, since the right adjoint Ry, preserves the product A x B €
Struct(o), Ri(A) x Ry(B) € R¥(0). Applying Proposition 3.1.13(1) to the case where
€ =R¥(0), X = Rp(A), and Y = Ry(B) yields the result. O

Theorem 3.2.16. The following are equivalent for all o-structures A, B:
(1) A=FOr B
(2) Duplicator has a winning strategy in EFy (A, B).
(3) Duplicator has a winning strategy in G(Ry(A), Ri(B)) over RF (o).
(4) A B
Proof. For the (1) < (2) equivalence, the paper [23] demonstrated that equivalence in

equality-free FOy is characterised by the game EF (A, B) where the winning condition is

tight o-correspondence. This is the equality-free variant of the classic Ehrenfeucht-Fraissé
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theorem [34, 36]. For a textbook account of the classic Ehrenfeucht-Fraissé theorem see

e.g. [59].

For the (2) < (3), the proof is inductive. The base case is trivial, since 7 is the empty
set for &k = 0, v is (vacuously) a tight o-correspondence. In the game G(Ry(A), Rp(B))
over R¥ (o), this corresponds to the initial position (Lg, 4y, Lr,5)) € W(Rk(A), Ri(B)).
The inductive step splits into two cases. For the case where Spoiler chooses to play in
aj11 € A, in the j + 1 round, the argument is the same as in the equivalence (2) < (3)
of Theorem 3.2.15. If instead, Spoiler chooses to play b;11 € B in EFy(A,B) for the
round j + 1, then he extends the play from [v'] = [v] € P(Rg(B)) for the correspond-
ing round in G(R(A), Ri(B)) and Duplicator’s response a;y; means she extends the
play [u] = [u] € P(Rg(A)) for the corresponding round in G(Ry(A), Rx(B)). Duplica-
tor’s winning condition for EFy (A, B) is equivalent to Duplicator’s winning condition for

S(Ri(A), Ri(B)) over RF(c) as was demonstrated in Theorem 3.2.15.

For the (3) < (4) equivalence, since the right adjoint Ry preserves the product A x B €
Struct(o), Rp(A) x Ri(B) € RE(0) C R¥(0). Applying Proposition 3.1.13(2) to the case
where € = RE(0), X = Ri(A), and Y = R (B) yields the result. O

For the morphism, pathwise, and bisimulation cases we used the abstract ‘path matching’
games over R¥(s). By contrast, in order to prove the isomorphism power theorem,
we introduce the notion of branch bijective morphisms in Struct(c). Recall that by
the definition of adjunction in Definition 2.3.5, that morphisms f*: Rx(A) — Ri(B) €
Mor(R¥(0)) are in bijection with morphisms f: Lj(Rx(A)) — B € Mor(Struct(c)). By
Er = Li o Rg, f can be regarded as a coKleisli morphism f: E;(A) — B. For every
morphism f: Ex(A) — B and (possibly empty) sequence s € Ej(A) U {€}, we can define
the f-induced EF-branch function ¢s: A — B at s as 1s(a) = f(s[a]). Given a pair of
sequences of (s,t) € Ri(A) x R(B) such that |s| = |¢|, we define the induced EF -position
[(s,t) of (s,t) as

O(s,t) ={(a;,b;) | s=la1,...,an],t = [b1,...,b,]}.

Definition 3.2.17. A morphism f: E¢(A) — B € Mor(Struct(o)) is EF -branch bijective
if for every s € Ex(A)U{e}, the f-induced EF-branch function ¢s: A — B at s is bijective

and if s is non-empty, the induced position I'(s, f*(s)) is a tight o-correspondence.
Theorem 3.2.18. The following are equivalent for all finite o-structures A, B:
(1) A=#FOr B

(2) Duplicator has a winning strategy in * EF (A, B).
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(8) There exists a EF-branch bijective f: Eyx(A) — B.

(4) A=Y B

Proof. For the (1) < (2) equivalence, [44] demonstrated a similar equivalence for the
case where #FO, has equality and the winning condition for Duplicator in *EF (A, B)
is strengthened so that the chosen elements form a partial o-isomorphism. Eliminating
equality in #FQy, corresponds to weakening Duplicator’s winning condition from partial

o-isomorphism to tight o-correspondence.

For the (2) < (3) equivalence, this is immediate from definitions. At round n > 0
of #*EF(A, B) with previous Spoiler’s previous moves s = [ay,...,a,] € Ey(A) U {e},
Duplicator plays bijection ,: A — B. Conversely, we can define 13 as Duplicator
response ¢, in the n-th round of #*EFy(A, B) and then define f: Ey(A) — B as f(s[a]) =
¥(a). The winning condition of *EF.(A, B) is exactly that v, = I'(s, f*(s)) is a tight

o-correspondence.

For the (3) < (4) equivalence, suppose f: Li(Ry(A)) — B is branch bijective, then via
the adjunction we obtain a morphism f*: Ry(A) — Ry(B). By induction on the length
of sequences s € Ei(A), we can conclude that f* is a bijection, by the fact that 1y is
bijective. We can conclude that f* is a o-isomorphism, by the fact that I'(s, f*(s)) is
a tight o-correspondence. Conversely, given an isomorphism f*: Ry(A) — Ry(B) with
inverse g*: R(B) — Ri(A), via the adjunction, we can produce f: Ly(Ri(A)) — B and
observe that this satisfies the conditions the f-induced EF-branch functions ¢s: A — B
are bijective. Further, I'(s,¢) with ¢t = f*(s) and ¢*(t) = s is a tight o-correspondence by
the fact that f*, g* are RE(o)-morphisms. ]

In summary, the behavioural relations of Definition 3.1.19 for the resource-indexed ar-
boreal cover of Struct(c) by {RF (o)} characterise equivalence for variants of first order

logic FOy, graded by quantifier rank.
Theorem 3.2.19. The following equivalences hold:
(1) A —>§E(U) B if and only if A=3"FOr 3
(2) A= B if and only if A =30k B
(3) A HfE(U) B if and only if A =FOr B
(4) A %JiE(U) B if and only if A =#¥O B (assuming A, B are finite)
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3.2.3 Pebbling

The category of k-pebble forest covers RF (o) has objects which are triples (A, <, p: A — [k])
where (A, <) € Ob(R¥(0)) and p: A — [k] is a ‘pebbling’ function satisfying an addi-

tional ‘active pebble’ condition:
(P) If a,d’ € A are adjacent in G(A) and a < o, then for all b € (a,d'], p(b) # p(a).

Note that since (A, <) € Ob(RE()), objects in this category RE (o) satisfy condition (E).
Morphisms in RE (o) are forest-ordered o-morphisms which preserve the pebbling func-

tion.

Proposition 3.2.20. {Rf(c)} is a resource-indexed arboreal category.

Proof. Observe that for every & > 0, the objects and morphisms, without the pebbling
function, are the objects and morphisms of R (¢). Thus, as in Proposition 3.2.7, R (o)
is arboreal by Condition (E) ensuring the each object (A, <,p) is colimit cocone of the

induced o-substructure on the down sets | a for every a € A.

Since a pebbling function p: [j] — A can be extended to a pebbling function p’: [k] —
A where j < k, there is a inclusion from the path subcategory of fRf (o) to the path
subcategory of RY (o). Equipping the collection {RF (o)} with these inclusions yields a

resource-indexed arboreal category. O

We derive the family of pebbling comonads Py, from the seminal paper [5] via the resource-
indexed arboreal cover of Struct(c) by {RF(c)}. For every k > 0, the universe Py (A) of
o-structure Py (.A) is the set of non-empty ‘pebbled’ sequences of A. Explicitly,

Pr(A) :=A{[(p1,a1),---, (Pn,an)] | Vn € N and Vi € [n], (p;, a;) € [k] x A}

Similar to N, the counit ¢: P}, — Idstruct(r) maps a pebble sequence to the last pebbled

element, i.e. [(p1,a1), ..., (Pn,an)] — a,. We also need a last pebble function p4 where
[(p1,a1), ..., (Pn,an)] = pn. For every m-relation R € o, (si,...,5,) € RP*M if and
only if

(1) Vi,j € Im],s; Csjors; C s (pairwise comparability)

(2) if s; C s;, then p4(s;) does not appear in [suffix(s;, s.)] (active pebble)

(3) (ca(s1),...,c4(5m)) € RP+A) (compatibility)

where s, = max{sy,..., S, } with respect to the prefix order C and for all i € [m],
suffix(s;, s.) is such that s, = s;suffix(s;, s«). As in the example of Section 3.2.2, for every

k > 0 we factor the object mapping P, as P, = Ly o Ry where Ly is the object mapping
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(A, <,p) — A of the forgetful functor Ly: RE (o) — Struct(c) and Ry, is the mapping
A — (Pr(A),C, p). In the following proposition, we show that for every A € Struct(o),

Ri(A) and e4 is a universal morphism from L to A.

Proposition 3.2.21. For every k > 0, L;, - Ry, is an adjunction from RE (o) to Struct(o).

Proof. This proof is similar to the proof of Proposition 3.2.4, but we must construct a

morphism g which preserves relations and the pebbling function. Suppose that
f: Li((A, <,p)) = B € Mor(Struct(o)),

we need to construct a forest-ordered o-morphism ¢: (A, <,p) — Ri(B). Since (A, <) is
a tree order, for every a € A, we can present | a as a finite chain a; < --- < a,, = a and
define g(a) = [(p(a1), f(a1)), ..., (p(an), f(a,))]. As the domain of pebbling function
p is [k], we observe that g(a) € Rg(A). The proof of Proposition 3.2.4 demonstrates
that ¢ is a forest morphism. By definition, p(g(a)), where p is the pebbling function in
tuple (Px(B),C, p), is the pebble p(a,) = p(a) on the last element f(a) of the sequence
g(a) so g preserves the pebbling function. It remains to check that this definition of
g preserves relational interpretations, suppose R € o is a relation of arity m and that
R*(as,,...,a;,). By Condition (E), a,,,...,a;, are pairwise comparable in the tree order
<, so there is maximal element a, € {a;,...,a;,} such that {a;,...,a;,} C| a.. By
the definition of g, g(a;,) is a prefix of g(a,), thus the pairwise comparability condition of
RF:®) s satisfied. By Condition (P), for all j € [m] such that a;, # a., p(a;;) # p(a.).
Thus, since p(g(ai;)) = p(a;;) is the last pebble of some prefix of the sequence g(a), the
active pebble condition of R is satisfied. Since f is o-morphism and the last pebbled
element of g(a;;) is f(a;;), the compatibility condition of Rf*®) is satisfied. Thus, g
is indeed a morphism of Rf(c). The proof that g is the unique morphism such that

g4 0 Li(g) = f is similar to the analogous step in the proof of Proposition 3.2.4. O

We compute the data of the adjunction L, - Rj and observe its similarity with the

corresponding data for the adjunction L, 4 Ry from Section 3.2.2 associated to Ej.

o The functor Ry: Struct(c) — RE (o) maps a o-morphism f: A — B to the unique
forest ordered o-morphism Ry (f) satisfying ez o Li(Ri(f)) = f o e4 defined as
B(F) (1,01 -, Bas@n)]) = (21 F(@1))s - (s f(an))]- As the length of Ry(f)(s)
is equal to the length of s, we can conclude that Ry(f) is morphism of forest order
(A, <) to (B,<). By R(f) preserving the prefix relation, pebble at each index,
and f being o-morphism, we have that the pairwise comparability, active pebble,
and compatibility conditions for the relational interpretations R%”5 are satisfied, so

Ry (f) is a o-morphism.
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e The counit maps €4 of the universal morphism form a natural transformation and

is the counit of the adjunction Ly - Ry.

e The unit is a natural transformation 7: IdekP(o.) — Ry, 0 Ly, where the component for
(A, <,p) maps an element a € A where | a is the finite chain a1 < -+ < a, = a
to the pebble sequence [(p(a1),a1), ..., (P(a,),a,)]. By construction, for a; €] a,
7(ay) s the j-th prefix [(p(ar), )., (play),a,)] of [(Blar),ar), . (plan), @)l
so 7 is indeed a forest morphism. Condition (E), condition (P), and a; being the last
pebbled element of n(a;) correspond to the pairwise comparability, active pebble,

and compatibility conditions which ensure that 7 is indeed a o-morphism

We can conclude Py : Struct(o) — Struct(o) is a functor and obtain our derivation of k-
pebble comonad (P, €, 0) of [5] where the comultiplication has components 64 = L(nga))-
Explicitly,

54((P1, @), > (o @a)]) = [(1r51), - (P 5]

where for all i € [n], s; = s[1,i] = [(p1,a1),- -, (Pn,a;)]. However, as in the previous
example sections, we must strengthen Proposition 3.2.21 to show that Ly 4 Ry is a
resource-indexed arboreal cover of Struct(c) by RF (o). This amounts to showing that
that the comparison functor K,: RF (o) — EM(PP;) is an isomorphism. In particular, K|
induces a bijective correspondence on objects yielding the following concrete character-
isation of Py-coalgebras and as a corollary define treewidth in terms of the P-coalgebra

number.
Theorem 3.2.22. There is a bijective correspondence:
(1) Py-coalgebras a: A — PrA

(2) k-pebble forest covers (A, <,p) € Ob(RE (7).

Proof. Concretely, the object mapping K;: Ob(RF (o)) — Ob(EM(P})) can be described
similarly to the object mapping of the comparison functor in the proof of Proposi-
tion 3.2.5. Given a k-pebble forest cover (A, <,p), for each a € A, its predecessors
form a chain a; < --- < aj, with a; = a. We see that K|(A,<,p) = (A, «a) where
a(a) = Li(nu,.<)(a) = [(a1, p(a1)), .. ., (a;, p(a))]-

Conversely, suppose that a: A — Pr.A € EM(P;) is a coalgebra. For a € A, let a(a) =
[(p1,a1), - ., (Pn,a;)], then the comultiplication 0 4 applied to «(a) is [(p1, 51), (P2, 52), - - -, (D}, 55)]
where s; = [(p1,a1), - .., (pi,a;)] for all i € [j]. Hence, equation (2.1) states that a(a;) =
la1,...,a;], for all ¢ € [j]. The equation (2.2) states that a; = a. Thus a: A — P, A

is an injective map whose image is a prefix-closed subset of Py. Defining a < o iff
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ala) C a(d) yields a forest order on A. Defining p(a) = p(a(a)) = p, yields a peb-

bling function p: A — [k]. If a,d’ are adjacent in G(.A), then for some ay,...,a, with
a = a;, a = a;, we have R*(ay,...,a,). Since a is a homomorphism, we must have
RP*4(a(ay),...,ala,)). By the pairwise comparability condition in the definition of

RFA| a(a;), afa;) are prefix comparable, so a;, a; are <-comparable and condition (E) is
satisfied. By the active pebble condition in the definition of R¥*4, p(a(a;)) # p(a(a;)).
Thus (A, <,p) is a k-pebble forest cover of G(A). We can define the inverse object
mapping K, ': Ob(EM(P;,)) — Ob(RE (o)) as K (A, a) = (4, <, p). O

A k-pebble forest cover (A, <, p), equivalently a Py-coalgebra of type A — Pr.A, encodes
the data of of tree decomposition of width < k. Tree decompositions are a common way of
defining the graph parameter treewidth. Treewidth is very ubiquitous parameter appear-
ing throughout many fields within theoretical computer science. Intuitively, treewidth is
a sparsity measure which captures how similar an arbitrary graph is to a tree. We now
review the definition of tree decomposition of width < k and treewidth in order to obtain

its characterisation in terms of Py.

Definition 3.2.23. A tree decomposition of simple undirected graph G = (V, ~) is a
tree (T, <,[) with labelling function [: T — P(V') that assigns a subset of vertices in G

to each node in T satisfying the following conditions:
(TD1) For all v € V, there exists some z € T, v € I(x).
(TD2) If v ~ ¢ in G, then for some z € T, {v,v'} CI(x)

(TD3) If v € I(x) NI(z'), then for all y € T" along the unique path from z to 2/,
v e l(y).

The width width(7") of a tree decomposition is given by max,cr |[(x)| — 1. The treewidth
tw(A) of a o-structure A is miny width(7") where T ranges over tree decompositions of
G(A). With this definition in place, we can show how a k-pebble forest cover (A, <, p)
encodes the data of tree decomposition of A with width < k.

Proposition 3.2.24. For all finite o-structures A, the following are equivalent
(1) There exists a k-pebble forest cover (A, <,p) € Ob(RE (o))

(2) A has a tree decomposition of width < k.

Proof. This is a consequence of [5, Theorem 6, Theorem 21], where the term k-traversal
was used instead of k-pebble forest cover. A proof is also given directly in [13, Theorem
6.4]. O
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Thus, as a corollary of Theorem 3.2.22 and Proposition 3.2.24, we can demonstrate that

the P-coalgebra number corresponds to treewidth.
Corollary 3.2.25. For every finite o-structure A, xF(A) = tw(A) + 1.

The bijective correspondence of Theorem 3.2.22 extends to a isomorphism of categories
RP () =2 EM(P;). Thus, demonstrating that L, 4 Ry is a comonadic adjunction and an

arboreal cover of Struct(o) by Py.

Proposition 3.2.26. Ly 4 Ry is a resource-indexed arboreal cover of Struct(o) by

{R¥ (o)}

Proof. Theorem 3.2.22 demonstrates that K;: Ob(RF(c)) — EM(P;) is a bijective ob-
ject mapping, we must show that this bijection extends to morphisms and demonstrate
that the functor K;: Rf (o) — EM(P}) is an isomorphism.

Concretely, the action of K;: RE (o) — EM(P;) on morphisms can be described similarly
to the the comparison functor in the proof of Proposition 3.2.6. Given a morphism
[ (A <,p)— (B,<',p') € Mor(Rf (o)) of k-pebble forest covers, K,(f) is the diagram
D expressing the equation 8o Liy(f) = Ei(Lix(f)) o @ where K\(A, <,p) = (A, a) and
K\(B,<',p') = (B,5). As with the proof of Proposition 3.2.6, it follows from f being a
forest morphism that f preserves covering chains and diagram D commutes. We also
additionally observe, for the arboreal cover of Ly - Ry of Struct(c) by Rf (o), that
Li(f) must be a o-morphism as f is a forest-ordered o-morphism. Moreover, from
f € Mor(RE (o)) preserving the pebbling function it must be the case that D involves
Pw(L(f)) as Pr(L(f)) preserves the pebbles in a sequence s € Pi(A), i.e. p € [k] being
the i-th pebble of s € Py (.A) implies p is the i-th pebble of Py (L(f))(s).

Conversely, suppose we have commuting diagram D expressing 5o g = Pr(g) o « for
coalgebras (A, a), (B, 3) € Ob(EM(P)) and o-morphism g: A — B. We observe that
D commuting means that g preserves covering chains, ie. a; < -+ < a, — g(a;) <

- < g(a,) and pebbles, i.e p(a(a;)) = p(B(g(a;)) for all ¢ € [n], from K~1(A, «a) to
K~1(B, 3). Thus, since g preserves roots, the covering relation, pebbling function, and is

a o-morphism, it lifts to a morphism K, *(g) of R (o). O

With the resource-indexed arboreal cover of Struct(a) by RF (o), we can demonstrate how
the behavioural relations in Definition 3.1.19, instantiated in this case, capture equiva-
lence in variants of £*. This is an axiomatic recovery of the some of the results in the
seminal pebbling comonad paper [5]. We begin defining the concrete k-pebble game in

order to show R (o) can encode this game.
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Definition 3.2.27. Given o-structures A, B and k > 0, we define the back-and-forth
k-pebble game Peby (A, B) from A to B. In this game, Spoiler and Duplicator each have
a set of [k] = {1,...,k} pebbles placed on the structures A and B. During each round n

of the game,

« Spoiler places a pebble p, € [k]| on either a,, € A or b, € B. If the pebble p, was
previously placed on an element, Spoiler moves the pebble to their newly chosen

element.

 Duplicator responds by placing the corresponding pebble p, € [k] on an element of
the opposite structure b, € B or a, € A.

This game played for n rounds yields sequences of pebble placements s = [(p1, a1), - - -, (Pn, @n)]

and t = [(p1,01),- -, (Pn, an)]. Duplicator wins round n if the relation
Yo 1= {(aP,b") | aP = last,(s), b’ = last,(t)}

is a tight correspondence. Duplicator wins the game Peby (A, B) if she has a winning

move for every possible Spoiler choice forever, i.e. for every round n € N.

As with the EF (A, B), the game Peby(.A, B) has three variants obtained using analogous

modifications:

. HPebk(A, B) is the game where in every round, Spoiler is forced to place pebbles
on elements a € A and Duplicator is forced to place her corresponding pebbles on

elements b € B.

« 7"Peby(A, B) has the same player restrictions as *Peby(.A, B), but additionally Du-
plicator’s winning condition has been weakened. Duplicator can win in ¥ Peb,, (A, B)

if the relation ~ is a correspondence.

« #Peby(A, B) is the bijective variant of the game. At round 0, the starting position
is the pair of empty sequences (sg,ty). At each round n + 1 of the game, assume
that (s,,t,) is the previous position consisting of sequences of pebble placements
on A and B.

— Spoiler first chooses a pebble p,1 € [k].

— Duplicator then chooses a bijection v,,,1: A — B such that for all p # p,1,
Uni1(aP) = P, (aP) = last,(t,) where a? = last,(s,). If there is no such bijec-

tion, Spoiler wins automatically.
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— Spoiler then places pebble p,.1 on a,1 € A and Duplicator must respond

by placing pebble p, 1 on ¥, 1(a,11). The sequences are updated as s,,1 =

Sn[(anrla anJrl)] and tny1 = tn[(pn+1: wn+1(an+1))]-
The winning condition is the same as Peby (A, B).

With the definitions of the pebble games in place, we can now proceed with the proofs of
the morphism, pathwise, bisimulation, and isomorphism power theorems for the resource-
indexed arboreal cover of Struct(c) by {R% (o)}

Theorem 3.2.28. The following are equivalent for all o-structures A, B:
(1) A=74" B
(2) Duplicator has a winning strategy in > Peby,(A, B).
(3) Duplicator has a winning strategy in > G(Ry(A), Ri(B)) over RE (o).

(4) A=7B

Proof. For the (1) < (2) equivalence, [58] demonstrated a similar equivalence for the
case where 3+ £* has equality and the winning condition for Duplicator in * Peby, (A, B)
is strengthened so that the pebbled elements form a partial o-morphism. Eliminating
equality in 3*L* corresponds to weakening Duplicator’s winning condition from partial

o-morphism to o-correspondence.

For the (2) < (3) equivalence, the proof is inductive. The base case is trivial, since
v is the empty set for j = 0, so v is (vacuously) a o-correspondence. In the game
¥ G(Ry(A), Ri(B)) over RF (o), this corresponds to the initial position (Lryay, Lrys) €
TW(R(A), Ri(B)). For the inductive step, in round j + 1, observe that the history of
Spoiler’s moves in 3JrPebk(A, B) for the previous j rounds, is a sequence [(p1, a1), . . ., (pj, a;j)] €
Ry(A) which is in bijective correspondence with [u] where dom(u) is a chain of length
J, the pebbling function of dom(u) maps the i-th element to p;, and the i-th element
of dom(u) is mapped to a; by u. The relations on dom(u) are such that w is an
embedding. Spoiler placing pebble p;;; on a;i1 in the next round of 3JrPebk(.A, B)
corresponds to Spoiler extending [u] < [u] € P(Ry(A)) for the corresponding round
in 7" G(R(A), Re(B)) where dom(u/) has one additional element r such that u/(r) =
s = [(p1,a1), .., (Pj+1,a;41)] € Ri(A) and the pebbling function of dom(u') maps
r to pj+1 € [k]. Similarly, Duplicator’s history of responses [(pi1,b1),...,(p;,b;)] in
3+Pebk(A, B) corresponds to a [v] € Ri(B). Duplicator’s response of placing p;;; on

b;+1 to Spoiler placing p;y; on a;q; in 3JrPebk(.A, B) results in Duplicator responding to
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Spoiler playing [u/] = [u] in *' G(Ry(A), Rp(B)) with [v/] = [v] € P(Ry(B)). The addi-
tional element r’ of dom(v’) is mapped to v'(r') = ¢’ = [(p1,b1), - .., (Dj+1,bj41)] € Ri(B).
The winning condition for Duplicator in the j + 1-round of > Peby(A, B) is that

Yit1 = {(aP,bP) | aP = last,(s'), b = last,(t)}
is a o-correspondence. This is equivalent the existence of a RE (o)-morphism dom(u’) —
dom(v') € "W(Ry(A), Ri(B)).

For the (3) < (4) equivalence, we observe that, from morphisms in R (o) preserving
covering chains, P: RE (o) — T is faithful. Applying Proposition 3.1.13(3) to the case
where € = RE(0), X = R(A), and Y = R, (B) yields the result. O

Theorem 3.2.29. The following are equivalent for all o-structures A, B:

(1) A= B

(2) Duplicator has a winning strategy in “Peby (A, B).

(3) Duplicator has a winning strategy in ~G(Ry(A), Rp(B)) over RE (o).

P (e

(4) A= B
Proof. For the (1) < (2) equivalence, the proof is similar to the (1) < (2) equivalence in
Theorem 3.2.28 above. Including all literals, in particular negative atomics, in the logic
3ALF corresponds to the fact that the relational interpretations restricted to the pebbled

elements at every round in the game 3Pebk(.A, B) must be reflected and preserved, and

so Duplicator’s winning condition at every round is a tight o-correspondence.

For the (2) < (3) equivalence, the proof is similar to the (2) < (3) equivalence in
Theorem 3.2.28 above. The key difference is that Duplicator’s winning condition in the
j 4 1 round of “Peby, (A, B) is that

Vi1 = {(a”,b") | a? = last,(s"), b" = last,(t')}

is a tight o-correspondence. This is equivalent to the existence a a R (o)-isomorphism
dom(u') = dom(v') € W(Ry(A), Rg(B)). This is precisely the winning condition for
Duplicator in “G(Ry(A), Rp(B)) over R (o).

For the (3) < (4) equivalence, since the right adjoint Ry, preserves the product A x B €
Struct(o), Ri(A) x Ry(B) € RE (o). Applying Proposition 3.1.13(1) to the case where
€ =R (0), X = Rg(A), and Y = Ry (B) yields the result. O

Theorem 3.2.30. The following are equivalent for all o-structures A, B:
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(1) A=*"B
(2) Duplicator has a winning strategy in Peby (A, B).
(3) Duplicator has a winning strategy in G(Ry(A), Ri(B)) over R (o).

(4) Acy B

Proof. For the (1) < (2) equivalence, [47] demonstrated a similar equivalence for the
case where £* has equality and the winning condition for Duplicator in Peby (A, B) is
strengthened so that the pebbled elements form a partial o-isomorphism. Eliminating
equality in £ corresponds to weakening Duplicator’s winning condition from partial

o-isomorphism to tight o-correspondence.

For the (2) < (3), the proof is inductive. The base case is trivial, since 7 is the empty
set for j =0, so v is (vacuously) a tight o-correspondence. In the game G(Ry(A), Ri(B))
over RF (o), this corresponds to the initial position (Lg, 4y, Lr,5)) € W(Rk(A), Ri(B)).
The inductive step splits into two cases. For the case where Spoiler chooses to pebble
Pj+1 on aji1 € A, in the j + 1 round of Peby (A, B), the argument is the same as in
the equivalence (2) < (3) of Theorem 3.2.29. If instead, Spoiler chooses to place pebble
pj+1 on bj; € B in Peby(A, B) for the round j + 1, then he extends the play from
[v'] > [v] € P(Ry(B)) for the corresponding round in §(Ry(A), Ri(B)) and Duplicator’s
response a;;1 means she extends the play [v'] > [u] € P(Ry(A)) for the corresponding
round in G(Ry(A), Rx(B)) over RF(c). Duplicator’s winning condition for Peby (A, B)
is equivalent to Duplicator’s winning condition for G(Ry(A), Ri(B)) over RF (o) as was
demonstrated in 3.2.29.

For (3) < (4) equivalence, since the right adjoint Ry preserves the product A x B €
Struct(o), Ri(A) x Rp(B) € RE (o). Applying Proposition 3.1.13(2) to the case where
€ =R (0), X = Rp(A), and Y = Ry (B) yields the result. O

Mirroring the EF case in Section 3.2.2, we will use the notion of Peb-branch bijec-
tive in order to obtain an isomorphism power theorem. By the definition of adjunc-
tion, morphisms f*: Ri(A) — Ri(B) € Mor(R”(s)) are in bijection with morphisms
f: Pp(A)) — B € Mor(Struct(c)) where we note that P, = Ly o Ry,. For every morphism
f:Pu(A) — B, (possibly empty) sequence s € Pr(A) U {e}, and pebble p € [k], we can
define the f-induced Peb-branch function vs,: A — B at (s,p) as ¢¥s,(a) = f(s](p, a]).
Given a pair of sequences of (s,t) € Ri(A) x Ri(B), which are of the same length and
have the same pebble at each index, we define the induced Peb-position I'(s,t) of (s,t)
as
['(s,t) = {(a®,0P) | p € [K], a® = last,(s), b = last,(t)}.
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Definition 3.2.31. A morphism f: Px(A) — B € Mor(Struct(c)) is Peb-branch bijec-
tive if for every s € Py(A) U {e} and pebble p € [k], the f-induced Peb-branch function
Ysp: A — B at (s,p) is bijective and if s is non-empty, the induced position I'(s, f*(s))

is a tight o-correspondence.

Theorem 3.2.32. The following are equivalent for all finite o-structures A, B:
(1) A=#"B
(2) Duplicator has a winning strategy in ¥ Peby(A, B).
(3) There exists a Peb-branch bijective f: Pr(A) — B.

(4) A= B

Proof. For the (1) < (2) equivalence, [44] demonstrated a similar equivalence for the
case where #LF has equality and the winning condition for Duplicator in #Pebk(A, B)
is strengthened so that the chosen elements form a partial o-isomorphism. Eliminating
equality in #LF corresponds to weakening Duplicator’s winning condition from partial

o-isomorphism to tight o-correspondence.

For the (2) < (3) equivalence, this is immediate from definitions. At round n > 0 of
#Peby (A, B), suppose Spoiler’s previous moves is the sequence s = [(p1, a1), . . ., (D, an)] €
Pr(A) U {e} and Spoiler plays pebble p, Duplicator plays bijection 5,: A — B. Con-
versely, we can define v, as Duplicator response bijection v, to Spoiler playing p in
the n-th round of #*Peby (A, B) and then define f: Py(A) — B as f(s[(p,a)]) = ¥s,(a).
The winning condition of #*Peby (A, B) is exactly that ~, = T'(s, f*(s)) is a tight o-

COI‘l"GSpOIldGIlCe.

For the (3) < (4) equivalence, suppose f: Li(Ry(A)) — B is branch bijective, then via
the adjunction we obtain a morphism f*: Ry(A) — Ry(B). By induction on the length
of sequences s € P;(A), we can conclude that f* is a bijection, by the fact that 1, is
bijective We conclude that f* is a o-isomorphism, by the fact that T'(s, f*(s)) is a tight
o-correspondence. Conversely, given an isomorphism f*: Ry(A) — Ry (B) with inverse
g*: Ri(B) — Ri(A), via the adjunction, we can produce f: Ly(Ri(A)) — B and observe
that this satisfies the condition that the f-induced Peb-branch functions v¢,,: A — B
are bijective. Further, I'(s,t) with ¢ = f*(s) and ¢g*(t) = s is a tight o-correspondence
follows from the fact that f*, g* are RY(o)-morphisms. O

In summary, the behavioural relations of Definition 3.1.19 for the resource-indexed arbo-
real cover of Struct(c) by {RF (o)} characterise equivalence for variants of finite variable

logic LF.
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Theorem 3.2.33. The following equivalences hold:
(1) A —>fp(a) B if and only if A=7"4" B
(2) A Aip(g) B if and only if A=3*" B
(3) A H?P(U) B if and only if A=*" B
(4) A ’éfp(a) B if and only if A=#*" B (assuming A, B are finite)

3.2.4 Modal

Throughout this example, we will work in the category of pointed o-structures Struct, (o)
where ¢ is a modal signature. Recall that since o is a modal signature, the set of binary
relations {R, | o € Act} is indexed by the transition alphabet Act, and the set of unary

relations P encode the truth of propositional variables in PV.

The category RM (o) defined in this example is the subcategory of a category of pointed
tree-ordered structures R, (o). Intuitively, this subcategory R (o) can be seen a category

of tree models for Ot M theories.

The subcategory RM (o) of modal tree-ordered o-structures has objects (A, <, ap) whose
tree-order < and transition relations { R | @ € Act} satisfy the following compatibility

condition:

(M) a < d if and only if there is a unique binary relation symbol R, € o such that
R a,d).

Proposition 3.2.34. RM (o) is an arboreal category.

Proof. Since the paths of R,(c0) are the paths of the full subcategory R (o), RM (o)
is a path category. The path subobjects of an (A, ag, <) € RM (o) are the induced o-
structures on the down sets | a = ag < -+ < a for every a € A. Condition (M) ensures

that (A, ag, <) can be realised as the colimit cocone of these down sets. O]

Let {RM (o)} be the depth-indexing of RM (o). Concretely, R¥ (o) is the category of

k-height modal tree-ordered o-structures.

For every k > 0, we derive the k-round modal comonad M, from [12, 13]. The universe
My (A, ap) of M(A,ag) consists sequences of transitions with length < k in (A4, ap).
Explicitly,

My (A, ag) == {ag =% ... ™ a, | n € N, R2 (4,1, a;)}.
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with distinguished point given by the sequence ay. Similar to NT, the counit e: M, —
Idstruct, (o) maps a transition sequence to the last state, i.e. ag 2 ™ a, — a,. For

every binary relation R, € o, we define the interpretation
RMr(Aa0) (g 1) & t is the extension of s = ag <5 ... =% a4 by ap_1 = a

For every unary relation P € o, PMs(4%0)(s) < PA(g(a)). As in the previous examples
of Section 3.2.2 and 3.2.3, for every k£ > 0, we factor the object mapping M, as M =
Ly o Ry where Ly is the object mapping (A, ag, <) — (A, ag) of the forgetful functor
Liy: RM(0) — Struct, (o) and Ry is the mapping (A, ag) — (M} (A, ag),as, =) where

C is the prefix relation on transition sequences, i.e. s T ay — ... =% q, if for some
i€ (n),s=a ... aq. In the following proposition, we show that for every

(A, ao) € Struct, (o), Rip(A, ap) and £(4,q,) is a universal morphism from Lj, to (A, a).

Proposition 3.2.35. For every k > 0, L, - Ry is an adjunction from RY (o) to
Struct, (o).

Proof. Suppose that f: Li((A, <,a9)) — (B,by) € Mor(Struct,(c)), we need to con-
struct a forest-ordered o-morphism g: (A, <,a9) = Ri((B,by)). Since (A, <,ao) is a tree
order, for every a € A, we can present | a as a finite chain ag < a; < -+ < a, = a.
By Condition (M), for every i € [n], there exists a unique transition relation R,, € o
such that R4 (a;_1,a;). We define g(a) = f(ao) = f(a1) = ... =% f(a,). As (A, <, a0)
has height < k, n < k and so g(a) € My(A, ap). The proof of Proposition 3.2.4 and
g(ag) = f(ap) = by demonstrates that g is a tree morphism. It remains to check that this
definition of g preserves relational interpretations. Suppose R, € o is a binary transition
relation and R%(a, a’). By Condition (M), a < d’, g(a') is the extension of g(a) by a = d/,
so REx(BY)(q a'). Suppose P € o is a unary relation, then since f(a) is the last element

of the transition sequence g(a) and f is a o-morphism, if P*(a), then P#B:b0)(g(a)).

To demonstrate uniqueness, suppose ¢': (A, <, a9) = Ri(B, by) such that ez, 0 Li(g') =
f. Fora € Asuch that | aisthe chainag < a; < -+ < a, = a, we know by Condition (M)
that this chain uniquely determines the transition sequence ag <% a; =% ... %% a,, = a.
Moreover, by ¢’ being a forest morphism ¢'(a;) is the i-th prefix of ¢’(a), and since ¢’ is
o-morphism, for all i € [n], R,,(g(a;—1), g(a;)). Thus, the i-th transition in the transition
sequence g(a) is «;. Further, by the equation ex o L(g’) = f, the last element of ¢'(a;),
gy

i.e. the i-th element of g(a) is f(a;). Combining these facts, we get that ¢'(a) = f(ag) —
2 f(an) = gla). O
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We compute the data of the adjunction Lp - Rj and observe its similarity with the
corresponding data for the adjunction L, - Ry from Section 3.2.2 yielding the k-round
EF comonad E,.

o The functor Ry: Struct,(0) — R (o) maps a pointed o-morphism f: (A, ag) —
(B, bo) to the unique tree-ordered o-morphism Ry (f) satisfying ez y) 0 Li(Ri(f)) =
f 0 &(aa) defined as Rp(f)(ag <5 ... = a,) = flag) =% ... =% f(an). As
the length of Ri(f)(s) is equal to the length of s, we can conclude that Ry(f) is
morphism of tree order (A, ag, <) to (B, by, <). By Ri(f) preserving a-successors
and f being o-morphism, we have that the interpretations for binary relations

REx(Bb) and unary relations P(B%) are satisfied, so Ri(f) is a o-morphism.

o The counit maps €4 of the universal morphism form a natural transformation and

is the counit of the adjunction L, - Ry.

o The unit is a natural transformation 7: Idngy(g) — Ry, o Li. To compute the com-
ponent (A, ag, <) of n observe that for an element a € A where | a is the finite
chain a; < --- < a, = a, by condition (M), there is a unique transition sequence
apg = ... =% a, which we define as n(a). By construction, for a; € a, n(a;)
is the j-th prefix a; L N a; of ag Lo B a,, s0 1 is indeed a
forest morphism. Condition (M) ensures that 1 preserves the binary relations. The
fact that a; is the last element of the transition sequence 7(a;) ensures that unary

relations are preserved. Hence, 7 is a o-morphism.

We can conclude M : Struct, (o) — Struct, (o) is a functor and obtain our derivation of
k-round modal comonad (M, €, §) of [12, 13] where the comultiplication has components
d(aa0) = L(NR(Aay))- Explicitly, for a transition sequence s = aq Lo B M, €
M (A, ap),

Ox(s) =80 5 51 2 ... M s,

where s; = a9 — a1 > ... =% q; for all i € (n). However, in order to show that
Ly - Ry, is a resource-indexed arboreal cover of Struct, (o) by RM (), we must strengthen
Proposition 3.2.35 by demonstrating that L 4 R is a comonadic adjunction. This amounts
to showing that that the comparison functor K,: Ry (o) — EM (M) is an isomorphism.
As with the previous cases of the k-round EF comonad and the k-pebble comonad, we

first demonstrate that the object mapping of K| is a bijective correspondence.
Theorem 3.2.36. There is a bijective correspondence:
(1) My-coalgebras v: (A, ag) — Mg(A, ap)

(2) k-height modal tree o-structure (A, ag, <) € Ob(RM (0))
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Proof. Concretely, the object mapping K,: RM (o) — EM (M) can be described similarly
to the object mapping of the comparison functor in the proof of Proposition 3.2.5. Given
a k-height modal tree tree o-structure (A, ag, <), for each a € A, its predecessors form a
chain a; < --- < a;, with a; = a, and j < k. By condition (M), this chain corresponds
uniquely to a transition sequence ag =% a; 2% ... = a;. We see that K,(A, <) = (A,7)
where a(a) = Ly(nu<)(a) = ag <5 a1 2% ... 2 q;.

Conversely, suppose that v: (A, ag) — Mg(A, ap) is a coalgebra. For a € A, let v(a) =

a2

P N a;, then the comultiplication §4 applied to y(a) is sp —> s; —»

. s; where 5; = ag 25 a; 25 ... g, for all i € (j). Hence, equation (2.1)
states that v(a;) = a9 <% a1 < ... L q;, for all i € (j). The equation (2.2) states
that a; = a. Thus a: (A,a9) = M(A4, ap) is an injective map whose image is a prefix-
closed subset of M (A, ap). Defining a < @ if a(a) C «(d’) yields a tree order A with
root ag and height < k. Since « is a homomorphism, we have for all binary relations
R, € o, RMr(Aa) (5 ) if and only if ¢ is the extension of s = ag ~% a; ~> ... Y a; by
a; ~* a4, so condition (M) is satisfied. Thus (A, ag, <) is a modal tree o-structure
of height < k. We can define the inverse object mapping K, *: EM(M;) — RM (o) as

Krl(('A? a0)77> = (Av G’OaS)' Il

Theorem 3.2.36 was stated and proved to exhibit the uniformity of the argument with
analogous theorems for the EF and pebbling comonads. However, we observe that, due
to the uniqueness in condition (M), the unit of 7 is in fact an isomorphism and the modal
adjunction Lj, - Ry, is a coreflection. Therefore, we can view R} (o) as isomorphic to a
subcategory of Struct, (o). The isomorphic subcategory is the full subcategory consisting
of synchronisation trees, and we get a conditional statement of when a coalgebra exists
for a modal structure (A, ag). We say a pointed o-structure (A, ap) in a modal signature
o is a synchronisation tree if every element a € A is reachable from ag via a unique
transition sequence ag % a; ... % a, = a. The height of a synchronisation tree (A, a)

is the maximum length of any path from the root ag.
Theorem 3.2.37. The following are equivalent:
(1) There exists a My-coalgebra v: (A, ag) — My (A, ap)
(2) (A, ag) is a synchronisation tree of height < k
Proof. Suppose there is a coalgebra v: (A,a) — My(A,a). For o' € A, let v(d') =
ap 5 ay 2% ... 2 a; where ag = a. The first coalgebra equation states that y(a;) =

ap =5 a; = ... g, for 0 < i < j. The second coalgebra equation states that a; =da.

Therefore, 7 is injective. By injectivity and since v is a homomorphism and thus preserves
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transitions, the path of transitions determined by ~v(a'), i.e. ag =% a1 =% ... s d s

unique. Hence, every @’ € A has a unique path from a, so the submodel generated by a

is a synchronisation tree. Since j < k, the height of the tree is at most k.

Conversely, suppose (A, ag) is a synchronisation tree of height < k, then for every o’ in
this submodel, there exists a unique path of transitions a =% - -- Yy /. We can define
the morphism 7: (A, a) — My(A, a) as v(d') = ag <5 a1... =5 a’. Since the path of
transitions is unique, the first coalgebra equation is satisfied. Moreover, since the last

element of y(a’) is @/, the second coalgebra equation is satisfied. ]

Given this concrete characterisation of Mj-coalgebras, we can define a combinatorial
parameter which coincides with the M-coalgebra number. The modal depth md(A4, ag) of
a modal structure (A, ag) is k if (A, ag) is synchronisation tree of height = k. In contrast
with the analogous results for the EF comonad and pebbling comonad, this result is
conditional. This is because the definition of objects in R () reflect information about
the structure of possible transitions. Thus, having Mj-coalgebra for any k at all puts a

strong constraint, i.e. being a tree, on the structure of the transition system.

Corollary 3.2.38. If (A, ag) is a finite synchronisation tree in modal signature o, then

(A, ag) = md(A).

Proposition 3.2.39. L, 4 Ry is a resource-indexed arboreal cover of Struct,(o) by

{Ry' (o)}

Proof. Theorem 3.2.36 demonstrates that K;: Ob(R¥ (o)) — EM(M],) is a bijective
object mapping, we must show that this bijection extends to morphisms and demonstrate
that the functor K;: R¥ (o) — EM(My) is an isomorphism.

Concretely, the action of K,: R¥ () — EM(M],) on morphisms can be described similarly
to the the comparison functor in the proof of Proposition 3.2.6. Given a morphism
[ (B,by, <) = (C,co, <') € Mor(R¥ (o)) of tree-ordered modal structures, K;(f) is the
diagram D expressing the equation v o Ly(f) = My (Lr(f)) o 8 where K\(B,by, <) =
((B,by), 5) and Ki(C,co,<") = ((C,cp),7). As with the proof of Proposition 3.2.6, it
follows from f being a tree morphism that f preserves covering chain and diagram D
commutes. We also additionally observe, for the arboreal cover of Ly - Ry of Struct, (o)
by R¥ (o), that L(f) must pointed o-morphism as f is a tree-ordered g-morphism which
preserves transitions in a sequence, i.e. by — by % ... =% b, maps to co — f(by) —>

. 2% f(b,) by condition (M). Moreover, from f € Mor(R¥ (o)) acting on chains of
height < k it must be that case that D involves M, (L(f)) as My (L(f)) acts on transition
sequences of length < k.
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Conversely, suppose we have commuting diagram D expressing yog = My(g) o S for coal-
gebras ((B,by), ), ((C,c),v) € Ob(EM(M})) and o-morphism g: A — B. We observe

that D commuting means that g preserves transition sequences, i.e. by =5 by 2% ... 2%

Qn

by = co =5 g(bo) =% g(by) =2 ... =% (by), of height n < k from K~((B,b), ) to
K~((C,cp),7). Thus, since g preserves transition sequences and is a pointed o-morphism,
it lifts to a morphism K, '(g) of RM (o). O

With the resource-indexed arboreal cover of Struct,(o) by R (o), we can demonstrate
how the behavioural relations in Definition 3.1.19, instantiated in this case, recover the
notions of simulation, property-preserving simulation, and bisimulation they generalise.
Thus, proving how this arboreal cover captures equivalence in modal logic. For the
following definition, given a pointed o-structure (A, ag) in a modal signature o, an element

a € A, and a transition relation o € Act, we will denote the set of a-successors to a as

Rii(a) ={d’ | Ry(a,a’)}.

Definition 3.2.40. Given pointed o-structures (A, ag), (B,by) and k& > 0, we define the
k-modal bisimulation game My ((A, ap), (B, by)). We start with position (ag, by). At each

round n + 1 of the game, with current position (a,, by):

« Spoiler chooses a transition associated to a binary relation R, € ¢ in one of the

structures A, B, e.g.
— If Spoiler chooses A, then Spoiler picks element a,, € RZ(a,).
— If Spoiler chooses B, then Spoiler picks element b, 1 € R5(b,,).

o Duplicator responds by choosing a corresponding transition in the opposite struc-

ture, e.g.
— If Spoiler chose A, the Duplicator responds with element b,,; € R5(b,).
— If Spoiler chose B, the Duplicator responds with element a, 11 € R2(a,).
« The position after round n + 118 (an41, bny1)-

Duplicator wins round n > 0 if for all unary predicates P € o, P*(a,) < P5(b,).
Duplicator wins the game My ((\A, ag), (B, by)) if she has a winning move for every possible

Spoiler choice and every round 0 < n < k.

As with previous cases, e.g. EF(A, B) and Pebg(A, B), My ((A,ag), (B,by)) has three

variants obtained using analogous modifications:
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o Mi((A, ao), (B, b)) is the game where in every round, Spoiler is forced to place
pebbles on elements a € A and Duplicator is forced to place her corresponding

pebbles on elements b € B.

e 7"ML((A, ao), (B, by)) has the same player restrictions as "M, (A, B), but addition-
ally Duplicator’s winning condition has been weakened. Duplicator can win in

3Jrl\/Ik(A, B) if for all unary predicates P € o, P*(a,) = PZ(b,).

o *Myi((A,ag), (B, b)) is the bijective variant of the game. At round 0 of the game,
the starting position of the game is (ag, by). At each round n + 1 of the game, with

previous position (a,, by ):
— Spoiler first chooses an action o € Act.

— Duplicator then chooses a bijection 1, 1: R (a,) — R5(b,). If there is no

such bijection, Spoiler automatically wins.

— Spoiler then chooses a, 11 € R (a) and Duplicator responds with 1, 1 (a,41) €
R5(b).

The winning condition is the same as Mg((A, ao), (B, by)).

With the definitions of the modal (bi)simulation games in place, we can now proceed with
the proofs of the morphism, pathwise, bisimulation, and isomorphism power theorems for

the resource-indexed arboreal cover of Struct, (o) by {RY (o)}
Theorem 3.2.41. The following are equivalent for all pointed o-structures (A, ag), (B, bo):
(1) (A ag) =M (B, bo)
(2) Duplicator has a winning strategy in 3+Mk((.A, ap), (B,by)).
(3) Duplicator has a winning strategy in > G(Ry(A, ao), Re(B,bo)) over RM ().
(4) (Aan) = (B.o)
Proof. For the (1) < (2) equivalence, this is the old result that simulation between

labelled transition systems, which can be phrased as the game 3Jrl\/Ik((.A, aop), (B, b))

preserves [,-free positive formulas. For a textbook account, see e.g. [21].

For the (2) < (3) equivalence, observe that elements [m| € P(Ri(A, ag)) are in bijective
correspondence with transition sequences s = ag <% a; <% ... ~% a;j such that m(r) = s
where 7 is the maximal element of the chain dom(m); and conversely, up to equivalence,

we can assume m is embedding mapping the transition sequence s into Ry (A, ap), i.e.
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for all ¢ € (j), the i-th element of dom(m) is a;. Therefore, Spoiler extending a transi-
tion sequence s by a transition a; % a;4; in the j + 1 round of =" My((A, ao), (B, b))
corresponds to Spoiler extending [m] by [m/] in 7 G(Rk(A, ao), Ri(B,by)) over R (q).
This similarly holds for Duplicator responses. The winning condition of position (a;, b;)
in 2" M((A, ao), (B, bo)) that PA(a;) = PB(b;) is equivalent to the resulting position
(Im], [n]) € "W(Rk(A, ao), Re(B, by)) for the game > G(Ry(A, ap), Ri(B, b)) over RM (o).

For the (3) < (4) equivalence, we observe that, from morphisms in R (o) preserving
covering chains, P: RM (o) — T is faithful. Applying Proposition 3.1.13(3) to the case
where € = RM(0), X = Ri(A, ap), and Y = Ry(B, by) yields the result. O

Theorem 3.2.42. The following are equivalent for all pointed o-structures (A, ag), (B, bo):
(1) (A, aq) =% (B, bo)
(2) Duplicator has a winning strategy in "My ((A, ao), (B, bo)).
(3) Duplicator has a winning strategy in 2S(Ri((A, ao)), Re((B,by))) over R (o).
(4) (Aan) =7 (B, o)
Proof. For the (1) < (2) equivalence, the proof is similar to the (1) < (2) equivalence in
Theorem 3.2.41 above. Including propositional variables and their negations in the logic

M, corresponds to the fact that the interpretations of unary relations on a,, b, at round
n in the game "My, (A, B) must be reflected and preserved, i.e. PA(a,) < P5(b,).

For the (2) < (3) equivalence, the proof is similar to the (2) < (3) equivalence in Theo-
rem 3.2.41 above. The key difference is that Duplicator’s winning condition for the posi-
tion (an,by,) in the n-th round of "My ((A, ao), (B, b)) is for all unary P € o, PA(a,) <
PB(b,). This is equivalent to the resulting position ([m], [n]) € W(Ry(A, ao), R.(B,bo))
for the game 2G(Ry(A, ao), Ri(B, b)) over R (o).

For the (3) < (4) equivalence, since the right adjoint Ry preserves the product (A, ag) X
(B, bo) € Struct, (o), Ri(A,ag) x Rp(B,by) € R¥ (o). Applying Proposition 3.1.13(1) to
the case where € = R (0), X = Ri(A,ag), and Y = Ry (B, by) yields the result. O

Theorem 3.2.43. The following are equivalent for all pointed o-structures (A, ag), (B, bo):
(1) (A, ao) =" (B, b)
(2) Duplicator has a winning strategy in My ((A, ag), (B, by)).

(3) Duplicator has a winning strategy in G(Ri((A, ao)), Ri((B,bo))) over R¥ (o).
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(4) (A ag) &7 @ (B,by)

Proof. For the (1) < (2), this is the classical result that bisimulation, which can be
phrased as the game My((\A, ap), (B, b)) characterises equivalence in My. This results

originates from [45]. For a textbook account, see e.g. [21].

For the (2) < (3) equivalence, the proof is similar to the (2) < (3) equivalence in
Theorem 3.2.42 above. The key difference is that Spoiler can now extend a position
(an,by) by choosing a transition b, — b,y1. Similarly, Spoiler can also extends posi-
tion ([m], [n]) by [n'] = [n] in P(Rk(B,by)). Thus, we have a correspondence between
plays in My ((A,ao), (B, b)) and G(Ri((A, ao)), Rx((B,by))) over RM(s). Duplicator’s
winning condition in My((A, ag), (B,by)) is equivalent to Duplicator’s winning condition
in G(R((A, ag)), Ri((B,bg))) over RY (o) as was demonstrated in Theorem 3.2.42.

For the (3) < (4) equivalence, since the right adjoint Ry, preserves the product (A, ag) X
(B, bo) € Struct, (o), Ri(A, ag) x Rp(B,by) € R¥ (o). Applying Proposition 3.1.13(2) to
the case where € = R (0), X = Ry(A, ap), and Y = Ry (B, by) yields the result. O

The isomorphism power theorems in Section 3.2.2 and Section 3.2.3 were conditional on
A, B being finite structures. This condition was related to the fact that injective branch
maps ¥: A — B that Duplicator plays are bijective for finite sets. In the modal case,
since Duplicator’s winning strategy in #*My,((A, ao), (B, bo)) relies on branch maps of the
form 1: R4(a) — R5(b) for a € A and b € B, we instead require that (A, ag) and (1, by)
are image-finite, i.e. for all a € A and R € o, RA(a) is finite.

By the definition of adjunction, morphisms f*: Ry(A,ag) — Ri(B,by) € Mor(RM (o))
are in bijection with morphisms f: My (A, ao) — (B,by) € Mor(Struct,(c)) where we
note that that M = Ly o Ry. For every morphism f: My (A, ag) — (B, by), transition
sequence ay —% aj... % a, € Mi(A,ag), and action a € Act, we can define the f-
induced M-branch function ¥ o: R2(a,) — RE(f(s)) at (s, ) as

ws,a(a) = f(ao — ay ... a_n> an i> a).

Definition 3.2.44. A morphism f: My (A, ap) — (B,by) € Mor(Struct, (o)) is M-branch
bijective if for every s € My (A, ag) ending in state a,, the f-induced M-branch function
Vsa: RA(a,) — RE(f(s)) at « is bijective, for all unary P € o, P*(ap) < P5(by), and
for all a,+1 € Ry(an), P (ant1) & PP(dsa(ant1))-

Theorem 3.2.45. The following are equivalent for all image-finite pointed o-structures

(A, CL(]), (B, bo)
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(1) (A, ag) =#Mx (B, by)
(2) Duplicator has a winning strategy in *My((A, ao), (B, by)).
(3) There exists a M-branch bijective f: My (A, ag) = (B,b).
(4) (Aan) = (B.by)

Proof. For the (1) < (2) equivalence, it was shown in [32] that a notion of graded
bisimulation, which can be phrased as the game #Mk(A, B) characterises equivalence in

#M,.. Graded bisimulation is related to the notion of resource bisimulation from [15].

For the (2) < (3) equivalence, we proceed by induction on the number of rounds.
At round 0, the position (ag,by) is winning for Duplicator if for all unary P € o,
PA(ag) < PB(by) which is the second item in the definition of M-branch bijective. At
round n + 1 of #My((A, ag), (B, b)), suppose Spoiler’s previous moves is the sequence
s =ay =5 a; 2 ... % q, and Spoiler chooses action o € Act, Duplicator plays bi-
jection . Re(a,) — RB(f(s)). Conversely, we can define 1), , as Duplicator response
bijection ,11: R (a,) — RE(b,) to Spoiler choosing a € Act in the n + 1-th round of
#Peby (A, B) and then define f: My (A, ag) — B as f(t) = 1sa(ani1) where t is the ex-
tension of s by the transition a,, =% a,,;. The winning condition of *M((A, ao), (B, b))
is that for all unary P € o and a, 41 € R (a,), PYany1) & PB(Ysa(ani1)), i-e. the third

item in the definition of M-branch bijective.

For the (3) < (4) equivalence, suppose f: Li(Rk(A, ag)) — (B,b) is branch bijective,
then via the adjunction we obtain a morphism f*: Ri(A, ap) — Ri(B,by). By induction
on the length of sequences s € Py(.A), we can conclude that f* is a bijection, by the fact
that 1, is bijective, and is a o-isomorphism, since unary relations are preserved and
reflection and the interpretation of binary relations R, is via extension by transitions
an = any1. Conversely, given an isomorphism f*: Ri(A,ag) — Ri(B,by) with inverse
" Ri(B,ag) — Ri(A, by), via the adjunction, we can produce f: Ly(Rg(A,a9)) —
(B, by) and observe that this satisfies the conditions the f-induced M-branch functions
Vsa: R2A(e(s)) — RB(f(s)) are bijective. Further, by f*, g* being RM (o)-morphisms, for
all unary P, P*(ag) < PB(by) and for all a, 11 € RY, PYany1) € PP(Ws(tng)). O

In summary, the behavioural relations of Definition 3.1.19 for the resource-indexed arbo-
real cover of Struct(c) by {RM (o)} characterise equivalence for variants of modal logic

M. graded by nesting depth of modalities.
Theorem 3.2.46. The following equivalences hold:
(1) (A, ag) = (B, b) if and only if (A, ag) =M (B, by)
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(2) ("4’ aO) 41(2 (Ba bO) Zf and O’Illy Zf (A7 aO) 30Mk (Ba bO)
(3) (A, ag) <% (B, b) if and only if (A, ag) =M+ (B, by)

(4) (A, ao) =% (B, by) if and only if (A, ag) =« (B, by) (assuming (A, ag), (B,b) are
image-finite).

3.3 Interpreted symbols

In this section, we extend the arboreal approach to capture logics that have interpreted
symbols. This addresses a gap in the use of arboreal covers. In particular, this extension
allows us to use arboreal categories to capture equivalence in logics with equality. We use
the machinery of relative comonads to address the gap, and show that relative-liftings of
game comonads enable us to capture a wider range of logics. Namely, after adapting the
definition of the Ehrenfeucht-Fraissé comonad for multi-sorted structures, we are able to

use this approach to capture equivalence in second-order logics.

3.3.1 Enriched logics

Throughout this chapter, we have only been able to use arboreal covers to give charac-
terisations of equivalence for logics without equality. However, model theorists typically

9

deal with logics where there is an atomic symbol ‘=’ interpreted on a structure A as
equality on the underlying universe A. To illustrate how to captures logics with equality
using game comonads, we will first consider adding equality to FO, making use of the

Ehrenfeucht-Fraissé comonad E; from Section 3.2.2 capturing this logic.

In order to add equality to FOy, we make explicit the use extra atomic symbol by moving
from the signature o to the signature o = o U{I} with an extra binary relation symbol
I. From there, in order to encapsulate the intended interpretation of equality, we consider
a functor J_: Struct(c) — Struct(c™) where

o For objects, A = (A, {R*}res), we define J_(A) = (A, {R"} reo, [) where I is
the equality relation on A, i.e. I* = {(a,a) | Va € A}.

o For morphisms f: A — B, the morphism J_(f): J-(A) — J_(B) has the same
underlying set function as f. As f is a o-morphism and set functions preserve

equality, J—(f) is a oT-morphism.

Let EZ" : Struct(o") — Struct(c™) denote the Ehrenfeucht-Fraissé comonad on Struct(o™).
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Definition 3.3.1. Given o-structures A, B and k > 0, we define the back-and-forth k-
round Ehrenfeucht-Fraissé game EF, (A, B) from A to B with equality. During each

round n < k of the game,
o Spoiler chooses an element a,, € A or b, € B.
» Duplicator responds with an element b, € B or a, € A in the opposite structure.

Duplicator wins round n if the relation

Tn = {(ajubj) ‘ J < TL}

is a partial o-isomorphism. Duplicator wins in EF; (A, B) if for every round n < k and

possible Spoiler choice, Duplicator has a winning move.

We can define the one-sided and bijective variants > EF= (A, B), "EF=(A, B), *EF=(A, B)
of EF; (A, B) as we did for EF (A, B). In particular, for the game > EF (A, B), Spoiler is

forced to play in A and Duplicator’s winning condition is that =, is a partial o-morphism.

The key lemma relating the game EF} (A, B) with equality and the game without equality
EF (A, B) involves translating the winning condition of Duplicator ‘along the functor J_".

This is formalised in the following lemma:
Lemma 3.3.2. For every finite relational signature o and A, B € Ob(Struct(o)):

o v is a partial o-morphism from A to B if and only if vy is a o -correspondence from

J_(A) to J_(B).

o 7 is a partial o-isomorphism from A to B if and only if v is a tight o™ -correspondence

from J_(A) to J_(B).
Here, we are viewing 7y as being specified by a subset of A x B.
Proof. Suppose v is a partial o-morphism from A to B, and consider pairs (a,b), (a’, ).
By ~ being a o-morphism, a = ¢/ = b =V’ By the definition of I/ 175) as equality on
the underlying universes, this implication is equivalent to 7 preserving the [-relation. As
the interpretations of the relations are unchanged by J, we see that v is o-morphism if and

only if v is a o-correspondence. The proof from the second item is the same, but using

the fact that the bi-implication a = o’ < b = b’ holds for partial o-isomorphisms. ]

Theorem 3.3.3. The following are equivalent:
(1) A=FOr B

(2) Duplicator has a winning strategy in EF; (A, B).
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(8) Duplicator has a winning strategy in EF(J-(A), J=(B)).

(4) Duplicator has a winning strateqy in G(Ry(J=(A)), Ri(J=(B))) over RE ().

(5) J-(A) <§ J-(B)
Proof. For the (1) < (2) equivalence, this is the classic Ehrenfeucht-Fraissé theorem [34,
36]. For a textbook account of the classic Ehrenfeucht-Fraissé theorem see e.g. [59].

For the (2) < (3) equivalence, for any Spoiler move EF~ (A, B), Duplicator responds with
the same element as she would in EF(J-(A), J-(B)), and vice-versa for the converse. By
Lemma 3.3.2, the relation v generated by this strategy is winning for Duplicator in
EF~(A, B), and similarly for the converse.

For the (3) & (4) < (5) equivalences, these follow from the corresponding equivalences
in Theorem 3.2.16. [l
Similar arguments can be repeated for the variants 3" FO, , IFO; , and #FO; of FO

yielding the following theorem.

Theorem 3.3.4. The following equivalences hold for all k > 0:

L

(1) J-(A) =% J_(B) if and only if A =3"FOk B
¢ J_(B) if and only if A =¥Ok B
e

)
(2) J-(A) =
(3) J=(A) <}
=(A)

J_(B) if and only if A =F° B

T

(
(4) J=(A) = J_(B) if and only if A =#FOx B

An additional example of an enriched logic is first-order logic with a connectivity predicate
conn, FO®™ which was explored in [80]. Connectivity cannot be expressed in bounded
quantifier rank fragments of first-order logic, so FO"" is strictly more expressive than
FO,. To encapsulate this example, we consider a signature 0<°™ = gU{conn, I'} which has
two additional binary relation I and conn ! and a functor Jeon,: Struct(c) — Struct(o™)

where

conn

« For objects A with universe A, we define Jeonn(A) as the o"-structure with uni-

verse A and relational interpretations:

— (a,ad') e [*ifa=d.

ISchirrmacher et. al. [80] introduce a logic with additional connectivity predicates conn,, of arity n+ 2
which express connectivity avoiding n many elements. For ease of presentation, we present the case
where conn = conng.
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— (a,a’) € conn? if there exists a path a9 = a —~ a; ~ -+ —~ a, = da’ in the
Gaifman graph G(A).

— RA = RJom(A) for all R € 0.

o For morphisms f: A — B, the morphism Jeonn(f): Jeonn(A) = Jeonn(B) has the
same underlying set function as f. As f is a o-morphism, f preserves the edge
relation of the Gaifman graph and thus the conn-relation, so Jeonn(f) is a o™-

morphism.

If we use FOP™ to denote first-order logic with connectivity predicate with quantifier
rank < k, then it is easy to see that we can use an analogous argument to the equality
case (Theorem 3.3.3) to obtain a characterisations of equivalence in this logic via the

relative comonad E; o Jeonn.

Theorem 3.3.5. Jeonn(A) <% Jeonn(B) if and only if A =¥ B

Proof. By Theorem 3.2.16, Jeonn(A) <35 Jeonn(B) is equivalent to Duplicator having a
winning strategy in EF(Jconn(A), Jeonn(B)). By [80, Theorem 3.9], equivalence A =FOK™
B is characterised by a modified version of the EF.(A, B) game where a position for
Duplicator is winning if, in addition to the chosen elements forming a partial isomorphism,
the connectivity predicate must be reflected and preserved. This is precisely the same as
a winning position for Duplicator in EFy(Jeonn(A), Jeonn(B)). O

3.3.2 Second-order logic

Monadic second-order logic (MSO) is the extension of first-order logic with quantifiers
JX and VX which quantify over subsets of the domain. A standard way of viewing
monadic second-order logic is to restrict the semantics of two-sorted first-order logic with
an additional symbol relating the two sorts. The semantics restriction to obtain monadic
second-order logic involves interpreting the first sort as the domain A, the second sort as
the powerset P(A) of A, and the additional binary relation symbol as the set membership

relation €.

Building from monadic second-order logic, general k-adic second-order logic extends first-
order logic by also allowing quantifiers that range over subsets of P(A™) for any n < k.
Similar to the monadic case, the standard semantics involves restricting the semantics of
(k)-sorted first-order logic where the n-th sort is P(A"™) for n > 0 and A for n = 0. Thus,

we need to extend our comonadic analysis to the setting of multi-sorted model theory.
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In the setting of multi-sorted model theory, we fix a set S of sorts. Signatures o come up
with relational symbols that have arities specified by vectors of sorts (s, ..., s,,) where

S1y--.,8m € 9.

Universes of o-structures are S-sorted sets rather than ordinary sets. An S-sorted set A
is an S-indexed family of sets. For such a family A, the set A denotes the component of
A at sort s € S. An element a € A, will be denoted a:s € A. An S-sorted o-structure A

has universe given by an S-sorted set A, and interpretations
RAC A, x - x A,

for every relational symbol R € o with arity (si,...,Sn,). The morphism between o-
structures is an S-sorted function h: A — B that is specified by an S-indexed family of
set functions hy: A, — B,. An S-sorted o-morphism h: A — B is a S-sorted function
h: A — B such that for every relational symbol R € o of arity (si1,...,Sm),

RA(ay:s1,. .., amism) = RE(h(ay:s1), ..., h(am:sm))

for all ay:si,...,am:5m € A. We will write Struct®(o) for the category S-sorted o-
structures and o-morphisms. Fixing a subset of I C S of sorts with equality, we can
define S-sorted FO** with equality on I sorts. In FO’*, variables z are equipped with a
sort s, denoted z:s, atomic formulas are either of the form R(zq:81,...,Zmn:S,,) whenever
R € o has arity (s1,...,S;,) or of the form z:s = y:s whenever s € I. Let FOi’S denote
logic with formulas of FO® with quantifier rank < k. For more details on multi-sorted

model theory, see Appendix A.

We ‘upgrade’ the Ehrenfeucht-Fraissé comonad to the S-sorted setting to capture equiv-
alence in FO?°. To begin, we first define the functor Ey: Struct®(¢) — Struct”(o),
suppose A € Ob(Struct®(0)), then we can define the universe Ef(A) of E{(A) induc-

tively as:

[ay:s1,. .., an:8,] € (EZA),, n<k Ant1 € As, o

[a1:81, -« QniSp, Qpp1:Snta] € (BRA)s, .

Mirroring the single-sorted case, the counit €: ldsiryct(ge) — E,f has components € 4 speci-
fied by an S-sorted function such that for every s € S € 4 returns the last element. The
coextension h*: Ey (A) — E7(B) of an o-morphism h: E{(A) — B is defined component
wise as

hs([ar:81, ..., an:8,]) = [hs (1), ..., hs, (an)]

where we note that s = s,,.

Proposition 3.3.6. (E, ¢, ()*) is a comonad in Kleisli form.
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The coalgebras of E; are forest covers (A, <) of o-structures A where the forest or-
der < is over the set [[,cg As. The coalgebra morphisms in EM(E}) are equivalent
to forest-ordered o-morphisms which preserve sort. Thus, applying Proposition 3.2.11,
{EM(E{} is an resource-indexed arboreal cover of Struct®(s). We now prove the gener-
alisation of Theorem 3.2.16 for this multi-sorted EF comonad. Let GE : Struct®(o) —
EM(E;) denote the cofree coalgebra sending a o-structure A to (E7(A),d4). Generalis-
ing from the ‘equality interpretation’ J_ in the single-sorted case, we consider a signature
ot = 0 U {Is}ses where for every sort s € I, there is relation I of arity (s,s). The
functor JL: Struct®(o) — Struct®(o*) encodes the equality interpretation by mapping a

o-structure A to the ot-structure JL(A) where I* = {(a,a) | a € A}.

Theorem 3.3.7. The following are equivalent for all o-structures A, B € Ob(Struct®(0)):
(1) A=FO:° B,
(2) Duplicator has a winning strategy in EF.°(A, B).

(3) There exists a bisimulation in GE2 (JL(A)) + X — GEL(JL(B)) in EM(EY).

Proof. For the (1) < (2) equivalence, this is a straightforward adaption of the single-
sorted proof. For details, see in Appendix A. For the (2) < (3) equivalence, following
the same lines as Theorem 3.2.16, a Duplicator winning strategy in EF,° (A, B) is equiv-
alent to a Duplicator winning strategy in G(GE: (A), GE: (B)) over EM(E;). Thus, by
Proposition 3.1.13(2), this equivalent to the existence of a bisimulation GE (J_(A)) +
X — GE(J_(B)) in EM(EY). O

Using a relative-lifting of this multi-sorted EF comonad, we can capture equivalence in
monadic second order logic MSOy, up to quantifier rank < k. Recall the syntax of MSO
extends FO with set variables X, Y ,etc. in addition to the ordinary variables x, y,etc., and
atomic formulas of the form z € X relating these two sorts of variables. The standard
semantics of MSO(o) is to interpret the set variables in P(A) for a o-structure A with

universe A and € as the set membership relation.

For any single-sorted signature o, we can encode this standard semantics by using a
functor Je: Struct(c) — Struct(c®) from a single-sorted signature o to a multi-sorted
signature 0°. The signature ¢° is a S-sorted signature with sorts S = {f,s} and ¢° =
oU{e}. For every r-ary relation R € o, the identical symbol in 0® has arity given by the
r-length tuple (f, ... f), the additional symbol e has arity (f,s).

The functor Je: Struct(o) — Struct(c®) encodes the standard semantics for MSO.
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« On objects, for A € Ob(Struct(o)), Je(A) is the 0® structure with universe given
by the {f,s}-set with A¢ = A and Ay = P(A) (powerset of A) and relational

interpretations
— e’ = {(a,5) |a € S}
— R =RAforall R € 0.

o On morphisms, a o-morphism f: A — B induces a o®-morphism with underly-
ing {f,s}-function where fr = f and fs is equal to the direct image function
P(f): P(A) — P(B). By definition of direct image, for all a € S C A, fe(a) €
fs(S), so Je(f) is a o®-morphism.

Typically MSO has equality on ordinary variables, so the standard semantics is encoded
by the composed functor J: Struct(c) — Struct(o®*) where J = Jf o J.

There is a bijective correspondence between formulas of FOp°(0®) and formulas of
MSOy (o). This bijective correspondence allows us to obtain the following obvious propo-

sition.

Using Theorem 3.3.7 and the bijective syntactic translation between formulas of MSOy (o)
and FO,*(0°), we obtain the following theorem demonstrating that the relative comonad

E7 o J on J: Struct(c) — Struct(oc®*) captures equivalence in MSOy.
Theorem 3.3.8. The following are equivalent for all o-structures A, B € Ob(Struct(o)):
(1) A=MSO) B,
(2) Duplicator has a winning strategy in EFy° (Jc(A), Je(B)).
(3) There exists a bisimulation in G® (J(A)) + X — GE(J(B)) in EM(ES).
Proof. Forthe (1) < (2) equivalence, there are syntactic translation maps F': MSO(o) —
FO’%(0°) and M: FO"¥(0°) — MSO(0) such that
e Fand M are inverses,
 forall p € MSO(0), AF ¢ & J(A) E F(p), and conversely,
e for all p € FO}°(0°), AE M(p) < J(A) E ¢.

For more details on this translation, see Proposition A.0.14. Thus, A =MSOx) B &
Je(A) =FO@) J (B) where I = {f} and § = {f,s}. The desired equivalence then
follows from the (1) < (2) equivalence of Theorem 3.3.7.
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For the (2) < (3) equivalence, this follows from the (2) < (3) equivalence of Theo-
rem 3.3.7 and J = Jf o J. O
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Chapter 4

Linear arboreal covers

In this chapter, we strengthen the notion of arboreal category to linear arboreal category.
The notion of linear arboreal category adds two axioms to the definition of arboreal cate-
gory that ensure that the branches of an object in our category, i.e. the path subobjects,

are ‘full paths’ or ‘traces’.

With this notion in place, we demonstrate that any arboreal category € whose objects are
strongly connected has a linear arboreal subcategory G related to € via an adjunction.
Composing an arboreal cover of & by C with this adjunction, yields a linear arboreal
cover of & by CF. The behavioural equivalences of Definition 3.1.19 when instantiated
for one of these linear arboreal covers yields linear-time variants of the corresponding

branching-time equivalence.

As the previous chapter demonstrated, many model-comparison games are instances of
a notion of bisimulation. In this chapter, we generalise the relationship between bisim-
ulation and its linear variant—trace equivalence. In particular, we show that the linear

variant of each of these model comparison games can be phrased as an ‘all-in-one’ game.

4.1 Linear arboreal categories

In an arboreal category, since every object X is path-generated, X is a colimit cocone
of its branches. For the notion of linear arboreal category, we would like to impose
additional conditions to exclude ‘non-trivial branching’ Branching appears in two forms
for an arboreal category €. The first form is evident in the objects of C. Namely, objects
in € are colimits of their branch subobjects. Thus to exclude branching in the objects
of €, we additionally require that every object X € Ob(C) is a coproduct of paths. The
second form is evident in the morphisms of €. In particular, path embeddings p: P — X

in € isolate a partial branch of X that can be extended in possibly multiple ways, via
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extensions j: P — (), to longer partial branches ¢: () — X where p = g o j. Thus to
exclude branching in the morphisms of C, we need a path embedding P — X to isolate
a ‘full path’ or ‘trace’ (rather than partial path). To accomplish this, we add an axiom
to ensure that paths in C have only trivial extension. We formalise these exclusions in

the following axiomatic definition.

Definition 4.1.1. A [linear arboreal category is an arboreal category € such that the

following two axioms are satisfied:

(L1) Every object X € Ob(C) is a coproduct

Y P

P,c0b(€,)
of path objects P;.

(L2) For any two non-initial paths P, @ if j: P — @ is an embedding, then j: P = Q) is

an isomorphism.
We say an arboreal category C is a quasi-linear arboreal category if (L1) is satisfied.

One counterintuitive consequence of condition (L2) is that the path objects in a bijective
or linear arboreal category, appear ‘externally’, i.e. from the perspective of the paths

P: C — T functor, rather trivial. This captured in the the following proposition:

Proposition 4.1.2. If C is an arboreal category satisfying (L2) and P € Ob(C) is a
path, then ht(P) < 1.

Proof. If P is the initial path, then by the definition of height, ht(P) = 0. If P is
not the initial path, then we show that P(P) has a unique non-root element. Suppose
[j: P" — P] € P(P) is a non-root element, then P’ is not the initial path. Thus,
by Axiom (L2), j: P’ ~ P is an isomorphism, and [j] = [idp]. The equivalence class
[idp] € P(P) is the unique non-root element of P(P). Since P(P) has only one non-root
element, ht(P) = 1. O

However, as will be demonstrated in the examples of Section 4.2, Proposition 4.1.2 hints
at that idea that ‘paths’ in the linear arboreal setting can be seen has types for full
behaviours, i.e. traces and, in terms of model comparison games, produce ‘all-in-one’

variants.

Another counterintuitive consequence of these axioms is that, bisimulations in € trivialise

to bidirectional pathwise embeddings.
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Corollary 4.1.3. Let C be a linear arboreal category, and suppose X,Y € €, the cate-

gorical product X x'Y exists in C. The following are equivalent:
(1) There exists pathwise embeddings h: X — Y and h': Y — X in Mor(C).

(2) There exists a bisimulation X Lz%yme.

Proof. For the (1) = (2) direction, by Proposition 3.1.13(2), the existence of a bisim-
lation X < Z % Y in € is equivalent to Duplicator having a winning strategy in
the abstract back-and-forth game G(X,Y") over € described in Definition 3.1.12. Given
pathwise embeddings h: X — Y and A': Y — X in Mor(C), we can construct such a
strategy. The game starts with roots ([Lx],[Ly]). If Spoiler chooses to extend [Lx]
with [m: P — X] > [Lx], then Duplicator responds with [hom: P — Y]. Clearly,
dom(h om) = dom(m) = P, so (|m],[hom|) € W(X,Y) and Duplicator wins the round.
Moreover, from Proposition 4.1.2 we see that every path in P(X) is of height at most 1, so
Spoiler has no more extensions of [m] and Duplicator wins the whole game G(X,Y") over
C. Similarly, if Spoiler chooses to extend [Ly] with [n: P — Y] > [Ly], then Duplicator
responds with [A' on: P — X] > [Lx]. As with the previous case, we can conclude that
Duplicator wins the whole game G(X,Y).

Conversely, the (2) = (1) is just the statement of Proposition 3.1.15. O

4.1.1 The linear adjunction

In this section, we construct a linear arboreal subcategory € from any arboreal category
C which satisfies a linearisable condition. The linear arboreal subcategory G is related
to C via a right adjoint to the inclusion functor I: € — €. Using this adjunction, we

can derive linear variants of many of the corresponding constructions in €.

To define the linearisable condition, we simply strengthen to notion of connectedness in

Axiom (3) of Definition 3.1.6 to the usual categorical notion.

Definition 4.1.4. An object X € Ob(C) is strongly connected if every morphism X —
Wicr P, where {P;} is a family of paths, factors through a unique coproduct injection
Pj = Wier P

The following condition, which we can define for any path category, is sufficient to guar-

antee that an arboreal category € contains an linear arboreal subcategory CF.

Definition 4.1.5. A path category is linearisable if every non-initial path P € € is

strongly connected.
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The linearisable condition is independent from the axioms of a path category. The fol-
lowing is an example, suggested by Luca Reggio to the author, of a path category which

is not linearisable.

Counterexample 4.1.6. Suppose k > 2, we define a full subcategory HTy of T where
the objects (T, <) of HT}, have height < k and satisfy the following condition:

(HT) For all z,y € T, if ht(xz) = ht(y), then x = y.

In other words, for every h < k, there is at most one x € T such that ht(x) = h. The
coproduct in HTj maintains the (HT) condition by merging elements of equal height
from each component. As HT}, is a full subcategory of T closed under quotients, HT}
inherits the property of being a path category from J. However, HTj3 is not a linearisable
path category. Namely, observe that if P is a path of height 2 and @) is a path of height
3, then there is a tree morphism P — P W () which factors both the through the injection
P — P and the injection P — (). This is because in P W () elements of () of height < 2

are merged with the elements of P.

For every linearisable arboreal category €, we construct a subcategory € which is a
linear arboreal category. To construct C¥, we first a construct the quasi-linear arboreal
G4 from € by restricting the objects of € to those which are generated by their maximal

paths.

Definition 4.1.7. A path embedding m: P — X is maximal if P is not initial and for

all n: P’ — X such that m <n, m ~ n.

Equivalently, m: P — X is maximal if the ~-equivalence class [m] is a maximal element
in the poset P(X). For every object X in a path category, let PT(X) be the subset of
maximal elements in P(X). With the definition of maximal in place, we obtain €% an

objects which are generated by their maximal paths:

Definition 4.1.8. An object X € C of a path category € is linearly path-generated if

X= | dom(m).

[m]ePT(X)
The following lemmas will be useful when working with linearly path-generated objects
in a linearisable arboreal category C.

Lemma 4.1.9. If C is a linearisable arboreal category and X € Ob(C) is linearly path-
generated, then for every mazimal [m] € PT(X), m = i, where ipy: dom(m) — X is

the coproduct injection.
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Proof. By the universal property of the coproduct X, there exists a unique morphism
u: X — X such that for all components dom(m) of X indexed by [m] € PT(X),
U 0 ip, = m. Since u o iy, = m and m: dom(m) — X is an embedding, by Propo-
sition 2.3.9(e), ify: dom(m) — X is an embedding for every [m] € PT(X). As m
is a maximal path embedding, dom(m) is a non-initial path. By € being linearisable,
dom(m) is strongly connected, so m: dom(m) — X factors through a unique coprod-
uct injection ip,: dom(n) — X obtaining the equality m = iy, © jn,. The morphism
Jm: dom(m) — dom(n) is an embedding by Proposition 2.3.9(e). Since m is a maximal
path and ip,: dom(n) — X is an embedding, j,, is an isomorphism, and [m] = [ij,)]. Up
to isomorphism, we can replace the component dom(n) of X with dom(m) and conclude
that m = ipy,). O

Lemma 4.1.10. If C is a linearisable arboreal category, X € Ob(C) is linearly path-
generated, and [p: P — X| € P(X) is not the root, then there exists a unique mazimal
element [m] € PT(X), such that [p] < [m].

Proof. Since [p: P — X] € P(X) is not the root, P is a non-initial path. By € being
linearisable, P is strongly connected. Since X is linearly path-generated, the path em-
bedding p: P » X factors through a unique coproduct injection p = i, o z for some
z: P — Q. By Lemma 4.1.9, m = i}, so p = m o z. By p being a path embedding and
Proposition 2.3.9(e), z is an embedding. Therefore, [p] < [m)]. O

The next step in our construction of € is to obtain €% from G by restricting to those
morphisms of C? that preserve maximal elements. Formally, such morphisms are defined

as follows:

Definition 4.1.11. A morphism f: X — Y € Mor(C) is a leaf morphism in € if for
every [m] € PT(X), P(f)([m]) = [3ym] € PT(Y).

Thus, CF is the subcategory of € where the objects are the linearly-path generated objects

of € and the morphisms are the leaf morphisms of C.

Proposition 4.1.12. If C is a linearisable arboreal category, then CL is a linear arboreal

category. In particular, C is a quasi-linear arboreal category.

Proof. By definition, the objects G and CF are the objects of € which are coproducts
of their maximal paths. Thus, C* and @ satisfy Axiom (L1) of Definition 4.1.1.

To show that CF satisfies Axiom (L2) of Definition 4.1.1, suppose P,Q are non-initial
paths and m: P — @Q € Mor(Cr) C Mor(€), we need to show that P = Q. Consider the
(Q, M) factorisation of moidp into quotient ¢: P — 3,, P and embedding 3,,idp: 3,,P —
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Q. Since m: P Q € Mor(CF) is a leaf morphism, [3,,idp: 3,,P — Q] € PT(Q). As Q
is a path, [idg] is the unique maximal element in P(Q), so there exists an isomorphism ¢

such that 7 such that 3,,idp = ¢ oidg. Hence, 3,,idp = 7 is an isomorphism 3,, P = Q.

On the other hand, since m = moidp = 3,,idpoq is an embedding, by Proposition 2.3.9(e),
the quotient ¢ is also an embedding. By Proposition 2.3.9(b), ¢ is an isomorphism P =
I P.

Composing these two isomorphisms allows us to conclude that P = @) as desired. O]
Since leaf morphisms preserve maximal elements, the object mapping X +— PT(X) ex-
tends to a functor P': CX — Set.

Proposition 4.1.13. If C is a linearisable arboreal category, X — PT(X) induces a
functor P": CY — Set from the linear arboreal subcategory C* of C.

Proof. Follows immediately from the definition of leaf morphism. ]

For the linear arboreal subcategory €L of an arboreal category C, there is an inclusion
I: CF — €. Paths of an object in X € Ob(CF) are essentially the maximal paths of
I(X) € Ob(©).

Proposition 4.1.14. For every object X € Ob(CL) and non-initial path P, if [m: P —
X] € P(X), then [I(m)] € PT(I(X)).
Proof. The function P(I(m)) maps the unique maximal path [id;p)] in P"(I(P)) to

[Hj(m)id](P)] ; [I(m) (@) id[(p)] = [I(m)]

where the starred equality follows from I(m) being a pathwise embedding. Since m: P »—
X € Mor(€F), I(m) is leaf morphism of €. By definition of leaf morphism, P(I(m)) =
[I(m)] is a maximal element in PT(I(X)). O

The inclusion I: C* — @ has a right adjoint 7': € — CF. The right adjoint 7" will be
central for computing from a game comonad its linear variant. To construct the object
mapping of T, suppose X is an object of arboreal category €, we define T(X) as the
coproduct in C of all paths of X. In notation,

T(X)= 4 dom(p).
[pleP(X)

For every X € €, by the universal property of the coproduct I(T(X)), there exists a
unique morphism % : I(T(X)) — X such that for all [p] € P(X), p = €% o i, where
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i : dom(p) — I(T'(X)) is the coproduct injection. The following theorem demonstrates
that for every object X € €, T(X) and €% is a universal morphism from I to X. Thus,
T extends to a functor T': € — G and is right adjoint to I.

Theorem 4.1.15. For cvery linearisable arboreal category C, I 4 T is an adjunction
from @L to C.

Proof. Suppose f: I[(X) — Y € Mor(C), we need to construct a unique morphism
g: X — T(Y) € Mor(Cl) satisfying €& o I(g) = f. By the definition of Mor(€L), it
suffices to construct a unique leaf morphism I(g): I(X) — I(T(Y)) in Mor(C) such that
el oI(g) = f. Since X € Ob(CL), we know that I(X) is linearly path-generated in €
and thus, a coproduct of () = dom(m) ranging over maximal path embeddings [m: @
I(X)]. Recall that for every such maximal element [m], we have the factorisation of fom
into:

Q "% 3,Q s Y (4.1)
such that [n,,] = P f([m]) € P(Y). Since [n,,] € P(Y’), we have corresponding component
of T(Y) and coproduct injection j,,: 3;Q — T(Y) such that ¥ o j,, = n,,. Thus, for
every component ) of the coproduct I(X), we have morphism j,, 0 ¢,,: Q@ — T(Y). By
the universal property of the coproduct (X)), we have a unique morphism 1(g): I(X) —
I(T(Y)) such that I(g) ©ipn] = jm © Gm-

To verify that el o I(g) = f, we compute the following equality for every component
dom(m) = @ of the coproduct I(X):

(ey 0 1(g)) 0 ifm) = &y 0 (I(g) © ifm])

= &y © (jm © Gm) 1(g) © ifm] = Jm © Gm
= (53 © Jm) © 4

= Mm © m EY © Jm = M
=fom Equation (4.1)
= foim Lemma 4.1.9

Thus, by the universal property of coproduct I(X), ek o I(g) = f.

Combining this equation, the universal property of I(g), and m = if,) from Lemma 4.1.9,

we obtain the following commutative diagram
Q —™ 3 #Q
[ pmy (4.2)

1x) 29, 1y 23y

—_ V=

f
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To verify that I(g) is a leaf morphism, consider maximal path embedding m: @ —
I(X) and suppose there exists an n: Q" — I(T(Y)) such that P(I(g))([m]) < [n]. By
equation (4.2), n,, being an embedding, and Proposition 2.3.9 (e), j,, is an embedding
and P(I(g))([m]) = [jm: 3sQ — I(T'(Y))]. To prove maximality of P(I(g))(|m]), we
need to show that [j,,] = [n|. By the supposition [j,,] < [n], there exists an embedding

z: Jp(e)@ — Q' such that the following triangle commutes:

J19)@ - Q'

By € being linearisable and () is a non-initial path, 3,Q) and @)’ are strongly connected.
By @’ being strongly connected and I(7'(X)) being a coproduct of paths, there exists a
unique coproduct injection j,,: R — I(T'(X)) such that n = j, o w for some w: @)’ — R.
However, from the equations n = j, ow, j,, = noz, we must conclude that j,, = j,owoz
and so the coproduct injection j,, factors through the coproduct injection j,. By 3;Q
being strongly connected, we conclude that j, = 7,,. Thus, we have that n = j,, o w,
R = 3;Q, and w: Q" — 3;Q. By n being embedding and Proposition 2.3.9 (e), w is
embedding and [j,,] > [n]. Combining with our supposition [j,,] < [n], we obtain that

[jm] = [n].

To verify the uniqueness of g, suppose there exists a ¢': X — T(Y) € Mor(CY) such
that ef o I(¢') = f. For every path [p] € P(Y), p = ef oip). In particular, for every
[m] € PT(I(X)), for the path

[n] = P(ey o I(¢))([m]) = P(ey o I(9))([m]) = P(f)([m]) € P(Y),

we have that n = ef o if, where i,: dom(n) — I(T(Y)) is the coproduct injection.
Thus, I(g) and I(¢g’) map m onto the same component dom(n) of I(T(Y)). Since I(g)
and I(g') are leaf morphisms, and [m] € P'(X) is a maximal path, g and ¢’ must map
[m] to the maximal path [i,)] € P(I(T'(Y))) corresponding to the full component dom(n)
of I(T'(Y)). By the universal property of the coproduct I(X), I(g) = I(¢'). As I is a
faithful functor, g = ¢'. ]

Throughout the rest of this chapter, n”: 1d — T o I and el': I o T — Id denote the unit

and counit, respectively, of the adjunction I 4 T.

As demonstrated in Chapter 3 the objective of arboreal categories C is to view its tree

shaped objects as covers of objects in another extensional category €. Consequently, we

75



would like to use the linear adjunction I 47T to produce an linear arboreal cover of & by

CF from an arboreal cover € by C.

Given the arboreal cover L 4 R of € by a linearisable arboreal category €, we can compose
this adjunction with the adjunction I 47T to obtain an adjunction Lol 4T o R between
& and CF. However, a priori, this adjunction may not be comonadic, and therefore may
not necessarily yield a linear arboreal cover of €& by GF. In Theorem 4.1.19, we show
that this composed adjunction is indeed comonadic. The proof uses Beck’s comonadicity
theorem which gives necessary and sufficient conditions for when a functor F' yields a
comonadic adjunction. One of the conditions in Beck’s theorem involves demonstrating
that equalisers of split pairs are created by F'. For this reason, we first prove some lemmas

about equalisers in arboreal categories.

Lemma 4.1.16. Let (C,Q, M) be an factorised category. Ifo: O — X equalises f,g: X —
Y and (eo: O — O,my: O — X) is the (Q, M)-factorisation of o, then my: O — X

equalises f,g.
Proof.

foo=goo o equalises f, g
fo(myoe,) =go(myoe,) 0 = m, o e, factorisation
(meO)OGO: (gomo)oeo

fom,=gom, quotient e, is an epimorphism
O

For the next two lemmas, we consider for all objects X in a linear arboreal category, the
subset Z C P(X) of elements whose representatives equalise f, g,i.e. z = [p: P»— X] € Z
if fop=gop. Let ZT be the elements which are maximal in the induced sub-poset of
ZinP(X),ie.ye€ Z"ifye€ Z and for all z € Z such that y < 2, y = 2.

Lemma 4.1.17. For every x € Z such that x # [L: 0 — X] there exists a uniquet € Z"
such that z < t.

Proof. By Lemma 4.1.10, every such x € Z is contained within a unique maximal element
m € PT(X). This allows us to partition Z into non-empty sets Z,, =] m N Z where
m € PT(X) and there exists an x € Z with x < m. As | m is a finite chain, Z,, is a finite
subset of a chain, and there exists a maximal element ¢,, € Z,,. To verify that t,, € ZT,
suppose that z € Z and t,, < z. It must be the case that z < m, if not then t,, < z < m/
for m’ # m € PT(X) which would contradict Lemma 4.1.10. Therefore, z € Z,,, and
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by the maximality of t,,, 2 = t,,. Ast,, € Z', we set t = t,, and the statement of the
theorem holds. O

Lemma 4.1.18. If (E,e) is the equaliser of morphisms I(f),1(g): [(X) — I(Y) in C
for X,Y € CF, then

(1) there is an equaliser (E',e') of f,g: X =Y in CL, and

(2) (E,e) = (I(E"),I(¢)) in C.
Proof. Take E’ to be the coproduct:

EF= W Q
[q: Q—X]ezT

Since E' is a coproduct of paths, E/ € CL. As every component of £’ has a morphism

@ — X, by the universal property of the coproduct E’, there exists a unique morphism

e: B — X.

Both statement (1) and (2) will rely on showing that (I(E’),I(e’)) is an equaliser of
I(f),I(g): I(X) — I(Y) in C. Since q: @ — X equalises f,g for all [¢: Q — X] € ZT,
it follows from the universal morphism property of coproducts that ¢’: E' — X equalises

f,g. By applying I, we see that I(¢') equalises I(f),I(g).

Now suppose that o: O — I(X) also equalises I(f), I(g), we need to construct a unique
morphism u: O — I(E’). We will accomplish this by constructing a cocone over I(E")
from the diagram of path embeddings into O. To begin, we will first consider the case
where the embedding p: P — O is not the root, i.e. P is non-initial. Recall that o: O —
I(X) induces a mapping which sends a path embedding p: P — O to a path embedding
my: 3,P — I(X) originating from the factorisation (e,: P — 3,P,m,: 3,P — I(X))
of oop: P — I(X). Since o equalises I(f),(g), oo p equalises I(f),I(g), and by
Lemma 4.1.16, m, equalises I(f), I(g). Since [p| # [L] and [m,] # [L], by Lemma 4.1.17,
there exists a unique [¢: @ — X] € ZT such that [m,] < [¢] in PX, i.e. there exists an
embedding j,: 3,P » @ such that m, = g o j,. Let z, = i o j, o e, where i| is the
unique coproduct injection from the component [q] € ZT to I(E'). Further, if p’: P’ » O
is a path embedding such that p = p’ o v for some embedding v: P ~— P’, then by the
function Po: PO — PX being monotone, there exists an embedding d,: 3,P — 3,P’
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and [m,] < [my] < [q]. It follows that z, = 2, ov:

p=pov
oop=o0op ov
My 0 €y = My O €y OV factorisation of o o p,00p’
(gojp)oe,=(qojy)oeyov My = q O Jp, My = qO Jy
qo (Jpoep) =qo (jpyoeyov)
Jp©€p = Jp O €y OV embedding ¢ is a monomorphism

Ug)OJpCEp =g OJp O €y OV

Zp =2y OV definition of z,, 2,

For the root path embedding 1: 0 — O, we take z;: 0 — I(E’) to be the unique
morphism from the initial object 0. Hence, from the cocone of path embeddings over
O, we have constructed a cocone over I(E’). Since O is path-generated, O is a colimit

cocone and there exists a unique morphism u: O — I(E").

Thus, we have shown that I(E’) is an equaliser of I(f), I(g) in C. Statement (1) that £’
is an equaliser of f, g is a special case of the above proof where O is assumed to be linearly
path-generated. Statement (2) that (I(E'),¢’) = (E,e) follows from the hypothesis that

(E,e) is an equaliser and that equalisers are unique up to isomorphism. O

Finally, with Lemmas 4.1.16, 4.1.17 and 4.1.18 in place, we can prove that the composed

adjunction L o I 47T o R is comonadic.

Theorem 4.1.19. If L 4 R is an arboreal cover of € by C, then Lol 4T o R is a linear

arboreal cover of € by CF.

Proof. For this theorem, it suffices to show that if L: ¢ — & is a comonadic functor,
then Lo I: CF — & is a comonadic functor. By the dual of Beck’s monadicity theorem,

a functor F': A — B is comonadic if and only if:
(1) F: A — B has a right adjoint.
(2) F reflects isomorphisms.

(3) A has equalisers of F-split pairs, and F' preserves those equalisers. More precisely,

for every diagram

(/)
X —— F(B) —= F(C)
F(9)
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in B that can be embedded in the commutative diagram

X —5 F(B) —= F(C) ,
N

the following diagram is an equaliser in A:
y !
Y — B ?i C .

Moreover, (F(Y), F(€')) = (X, e).

To obtain our proposition, we must show that if L satisfies conditions (1)-(3), then Lo I

satisfies conditions (1)-(3). We verify that L o I satisfies these conditions:

(1) The composition of adjoint L 4 R with adjoint I - 7" yields an adjoint Lol 4 T o R.
Therefore, L o I has a right adjoint T o R.

(2) Since L satisfies condition (2), L reflects isomorphisms. Further, as I is a fully-

faithful functor, I reflects isomorphisms. Therefore, L o I reflects isomorphisms.

(3) Consider the following split equaliser in &:

X o L(I(B) =2 M L{I(0))

By L satisfying condition (3), the following is an equaliser in C:

. 1)
Y —=— I[(B) —= I(C) .
1(9)
Moreover, (L(Y),L(€/)) = (X, e). By Lemma 4.1.18, there is Z € €L such that the

following is an equaliser in CL:

" f
Z —~— B ?i C .

and ([(Z),1(¢"))) = (Y,€'). Therefore (L(I(Z)),L(1(e"))) = (L(Y),L(¢))

(X, e). Hence, L o I satisfies condition (3).

12

By Beck’s comonadicity theorem, L o [ is comonadic. O

The following proposition allows us to transfer paths from X to their corresponding paths
in 7(X).
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Proposition 4.1.20. For every object X € C in a linearisable path category C, ek : I(T(X)) —
X is a pathwise embedding.

Proof. Suppose p: P — I(T(X)) is a path embedding, we must show that ek op: P »— X
is a path embedding. By construction I(7(X)) is a coproduct of small family of paths,
and so by connectedness axiom of path categories (Axiom (3) of Definition 3.1.6), p: P —
I(T(X)) factors through a coproduct injection i, : @ — I(T(X)). That is, there exists
a morphism j: P — @ such that i, o j = p. Since p is an embedding, by Proposition
2.3.9(e), j is an embedding.

8§(Op:€§( (i[m}Oj) p:i[m}oj

= (5 0ifm)) 0 j

—moj £X O ifm) =m
As m and j are embeddings, by Proposition 2.3.9 (a), moj: P — X is an embedding. [

Proposition 4.1.21. Ifg: X — Y € Mor(C) is a pathwise embedding, then T (g): T(X) —
T(Y) € Mor(CF) is a pathwise embedding.

Proof. To show that T'(g) is a pathwise embedding in CL, consider a path embedding
p: P— T(X) € Mor(Cl). Using the el-naturality square of g and precomposing with
path embedding I(p), we obtain the equation

ey o I(T(g)) o I(p) = gock o I(p)

Since ¢ is a pathwise embedding, by hypothesis, and €% is a pathwise embedding, by
Proposition 4.1.20, the composition on the right hand side is a path embedding. Thus,
efoI(T(g))oI(p) is a path embedding. By Proposition 2.3.9(e), I(T(g))ol(p) = I(T(g)op)
is a path embedding. As [ is faithful, 7'(g) o p is a path embedding. By definition, 7'(g)
is a pathwise embedding. O]

Proposition 4.1.22. If g: X — Y € Mor(C) is a open map, then T(g): T(X) —
T(Y) € Mor(CL) is an open map.

Proof. To show that T'(¢g) is an open map, consider the following commutative square in
etk
P— 5Q

I

T(X) —— T(Y)

(4.3)

S
S



Applying the inclusion I and composing with the e®-naturality square of g, we obtain

the commutative square (4.4)-left in C.

1) — . 1) 1Py — . 1)

1<p>1 II@) 1<p>1 qu)

HT(X)) qn 1T)) H(T(X)) d I(T(Y)) (4.4)
X — Y X % Y

By Proposition 4.1.20, ¢k and & are pathwise embeddings, so the two vertical sides of
the square (4.4)-right are path embeddings. By the hypothesis that g is an open map,
there exists a diagonal filler arrow d: I(Q)) — X obtaining the commuting triangles
of (4.4)-right. By the universal property of T being right adjoint to I, there exists a
unique morphism d': Q — T(X) such that €% o I(d') = d.

We claim that d': @ — T(X) is the diagonal filler of diagram (4.3). To show the top

triangle commutes:

ebol(p) =dol(j) top triangle of (4.4)-right
= el o I(d) o I(j) ekol(d)=d

—ck o I(d o) functorality of I
p=doj universal property of counit e for I 4T

To show the bottom triangle commutes:

ebollg)=god bottom triangle of (4.4)-right
=goekol(d) ehol(d)=d
=L o I(T(g)) o I(d) eF-naturality square of g
=l o I(T(g)od) functorality of I
q=T(g)od universal property of counit e for I 4T
By definition, T'(g) is an open map. ]

Theorem 4.1.23. Given a resource-indexed arboreal cover Ly - Ry of € by {Cr} and
two objects X,Y of €, for all k > 0,

(1) X =CY implies X =S Y.

(2) X =CY implies X —¢" Y.

81



(3) X <8V implies X <8 Y.

(4) X =Y implies X =" Y.

Proof. For (1), we note that X —¢ Y is witnessed by a morphism f: Ri(X) — R(Y) in
C. From this morphism we obtain a morphism Ty (f): Ty(Rr(X)) — Tp(Re(Y)) witness-
. GL

ing that X —; Y.

For (2), the result follows from the fact that if f is a pathwise embedding in €, then
Ti.(f) is a pathwise embedding in €} which holds by Proposition 4.1.21.

For (3), by the definition of X «++¢ Y| there exists a span of open pathwise embeddings

in Cx. Applying T}, we obtain the span

Ty (g) (

T (Ri(X)) Tw(Z) L, T (Ri(Y))

in CL. By Proposition 4.1.21 and Proposition 4.1.22, both T)(g) and Ty(h) are open
pathwise embeddings; so X <¢" V. For (4), the result follows from the fact that if f is
an isomorphism in €y, then Ty(f) is an isomorphism in €% which holds as every functor

preserves isomorphisms. O

4.1.2 A quasi-linear weak adjunction

In this section, we extend our analysis from the linear arboreal subcategory €L to the
quasi-linear arboreal category C%. Recall that C¢* is the full subcategory of C consisting
of only linear path-generated objects. Since €% is a full subcategory of €, unlike G, we

do not require that the morphisms between objects in €% to be leaf morphisms.

One key difference between G and CF is that the inclusion functor I7: €% — € is not a
left adjoint. Intuitively, this is because without the requirement that morphisms preserve
maximal elements, a partial branch of X represented by a path embedding P »— X in
G4t can embed into multiple full branches of X. However, I? can be paired with a weak
right adjoint 77: € — €. Weak right adjoints, originating from [54], are defined by

dropping the uniqueness requirement on factorisations:

Definition 4.1.24. If F': D — € is a functor, then a functor G: € — D is a weak right
adjoint of F if for all objects Y € Ob(€), there exists a quasi-counit ¢y : F(G(Y)) = Y
such that for every morphism F(X) — Y € Mor(€), there exists a (not necessarily
unique) morphism ¢g: X — G(Y) € Mor(D) such that f = {y o F(g).
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For every linearisable arboreal category €, the inclusion [9: G — € has weak right

adjoint T9: € — G4 defined in a similar manner as 7': ¢ — CF.

« For every object X € Ob(C),

TYX)= [ dom(p).
[PleP(X)

 For every morphism f: X — Y, by the universal property of the coproduct 79(X),
there exists a unique morphism 79(f): T%(X) — T9(Y’) such that T9(f) o ip =
i[3;p) © ¢p Where

p-*y3p Ty (4.5)

is the factorisation of fop: P — Y € Mor(C).

By the universal property of the coproduct, for every X € Ob(C), we have a unique
morphism (x: 19(T9(X)) — X such that for all [p] € P(X), (o = p.

Proposition 4.1.25. T is a weak right adjoint of 1.

Proof. The proof follows a similar argument to Theorem 4.1.15. Suppose f: I%9(X) —
Y € Mor(€), we need to construct a morphism g: X — T9(Y) € Mor(C%) satisfying
C(y o I%(g) = f. Since X € Ob(C), we know that I9(X) is linearly path-generated
in € and thus, a coproduct of ) = dom(m) ranging over maximal path embeddings
m: @ — I(X)]. Recall by equation (4.5) that for every such maximal element [m], we

have the factorisation of f o m into:
Q s 3,Q - Y (4.6)

such that [n,,| = Pf([m]) € P(Y). Since [n,,] € P(Y), we have corresponding component
of T9(Y') and coproduct injection j,,: 3;Q — T(Y') such that (y o j,, = n,,. Thus, for
every component ) of the coproduct I(X), we have morphism j,, 0 ¢,,: @ — T9(Y). By
the universal property of the coproduct (X ), we have a unique morphism 7%(g): I9(X) —
I9(T%(Y")) such that I9(g) © ifm) = Jm © Gm-

To verify that (y o I%(g) = f, we compute the following equality for every component
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dom(m) = @ of the coproduct 19(X):

(Cy 0 IU(g)) ©ifm) = Cy © (1%(g) © ifm))

= Cy © (Jm © Gm) 1%(g) © i) = Jm © Gm
= (Cv ©Jm) © g
= Tm © G Gy © Jim = N
=fom Equation (4.5)
= foipy Lemma 4.1.9
Thus, by the universal property of coproduct 19(X), ek o I(g) = f. ]

We now discuss the how the contrast between €% and G means that 79 is not right
adjoint to [9. Every path P can be seen as coproduct over the singleton family {P}
where we consider P as the domain of the maximal path [idp] in P(P), so every path is
linearly path generated and Ob(€¢") = Ob(C,). Consider a path embedding p: P — X
into a object X where there are at least two [b] € P(X) such that [o] < [p]. The
embedding p represents a partial branch of X which can be extended to at least two full
branches b: @@ — X. Indeed, for each [b] > [p] in P(X) we have an embedding m, such
that b = p o my, so we can construct a g,: P — T?(X) which maps P into the dom(b)
component of T9(X) defined as g, = i 0 my. Thus, there exists multiple morphisms
gy: P — T9(X) such that (x o [%(p) = gp. Note that of these g, for every [b] > [p], only

the unique g, is a leaf morphism which exists in €%.

Despite the pair (19,77) being merely a weak adjunction, we are able to use this con-
struction fruitfully. Example 4.2.3 will illustrate how this pairing can be used to give a

categorical definition of complete labelled trace equivalence.

4.2 Example linear arboreal covers

In this section, we examine the linear arboreal subcategories of the arboreal categories
from Section 3.2. Recall that many of the examples from Section 3.2 are minor variants
of the path category R(o) from Example 3.2.1, thus we first prove that this category is

linearisable.

Proposition 4.2.1. R(0) is a linearisable path category.

Proof. Suppose P, Py, ..., P, are paths in Ob(R(¢)), P is non-initial and there exists a
morphism f: P — W;cp,) Fi- Since morphisms in R(0o) are forest morphisms, f preserves

roots. The coproduct in R(o) does not merge roots, so the minimal element of P is
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mapped to the minimal element of P; for some j € [n]. As f preserves the covering
relation and coproducts in & do not merge paths, the non-initial z-th element of P must
be mapped to the z-element of P;. Thus, f factors uniquely through the coproduct
injection i;: Pj — W;cr, P and R(o) is linearisable. O

4.2.1 Pointed list

Mirroring the presentation of the examples in Section 3.2 of the previous Chapter 3, we
first warm-up by deriving the pointed list comonad N, from a linear arboreal cover of
Set by F. Thus, observing that the pointed list comonad N, is the ‘linear’ variant of

the prefix list comonad NV from Section 3.2.1.

Our first step is to the observe that the category of forests F from Example 3.0.1 is

linearisable.

Proposition 4.2.2. F is linearisable.

Proof. This is a special case of Proposition 4.2.1 since R(c) = F when o is the empty

signature. N

Thus, by Proposition 4.1.12, F has a linear arboreal subcategory F*. Concretely, the
objects of I are linear forests as in Definition 2.1.4 and the morphisms, in addition to
preserving roots and successors of elements as in F, also preserve ‘leaves’, i.e. maximal
elements. Intuitively, the objects X of % are simply disjoint unions of over a family of
chains P; and morphisms f: X — Y can only merge two components F;, P; of X into a
component () of Y if P;, P; and () all have equal height.

We exhibit the pointed list comonad N, as arising from a linear arboreal cover of Set
by FL. The underlying functor N,: Set — Set maps a set X to the set of non-empty

sequences of elements in X paired with an index into the sequence, i.e.
N(X) ={([x1,.--,zn)si) I n€Ny2q, ..., 2, € X and i € [n]}.

and maps a function f: X — Y to the function N,(f): N.(X) — N.(Y) which applies
f component-wise, i.e. N(f)([z1,...,xn],7) = ([f(z1), ..., f(xn)], 7).

In order to derive the comonad on N, from a linear arboreal cover, we recall from Sec-
tion 3.2.1 the arboreal cover L # R of Set by F which yielded the prefix list comonad
N7T. In this construction, L: F — Set is the forgetful functor and R: Set — F is
the cofree functor such that for X € Ob(Set), R(X) is the forest of non-empty se-
quences of elements of X and for f: X — Y, R(f) applies f component-wise, i.e.
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R(f)[x1,...,zn] = [f(x1),..., f(z,)]. On the other hand, by Proposition 4.2.2 and The-
orem 4.1.15, there is an adjunction I - T from FL to F. Concretely, I: F* — F is
simply the inclusion from the subcategory 3% to F and T': § — F¥ maps each branch

lx=x <+ <z, =z of aforest (X, <) it its own component | x consisting of the
same elements, i.e.
TX)=|] L=
zeX

As a set, the elements of T'(X) are pairs of the form (] x,x;) where x; €| x is the i-th
element of the chain | x = 21 < --- < x, = . To make this ‘underlining’ of the i-th

element z; explicit, we will consider T'(X) as consisting of pairs (z,1).

We compose the arboreal cover L 4 R with the adjunction I 4 T to obtain the adjunction
Lol 4T oR. In the following, we assume that n, e are the unit, counit of the arboreal

cover L 4 R and n*, e’ are the unit,counit of the linear adjunction I - T'.

o The left adjoint L o I: F* — Set is the forgetful functor mapping a linear forest
(X, <) to X and a forest leaf morphism f: (X, <) — (Y, <) to its underlying set
function L(f): X — Y.

 The right adjoint 7 o R: Set — F is the functor mapping X to the linear forest
(N.(X), <) where < defined by:

(s,i) < (t,j)if s=tandi<j

and a function f: X — Y to a forest leaf morphism with underlying function N,(f).
The functorial action of N,(f) preserves the distinguished index in the list, i.e.
N.(f)(s,i) = (t,i) where t = R(f)(s) and n is the length of s and ¢. Assuming that
n is the length of s and ¢, we can conclude that N,(f): T(R(X)) — T(R(Y)) defines
a leaf forest morphism which maps element (s,n) in the component | s of T(R(X))
corresponding to sequence s € R(X) to the element (¢,n) in the component | ¢ of
T(R(Y)) corresponding to the sequence t € R(Y').

e The counit €*: Lol oT o R — ldget is the composition € o Le*R. Explicitly, the
component of £* for a set X € Ob(Set) first maps (s, %) to the i-th prefix s[1,1i] of
s via the R(X) component of Le’ and then maps s[1,1] to its last element via the

X component of e. Thus, for s = [z1,...,2,] € R(X), (s,i) = x;.

e The unit 7*: Ildg — T o Ro Lo I is the composition TnI o n”. Explicitly, the
component of n* for a linear forest (X, <) € Ob(JFL) first maps the i-th element
x; in the component x; < --- < x, = x corresponding to maximal path | z of
X to (z,7) via n* and then maps (z,i) to the pair ([zy,...,z,],7) via the I(X, <)
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component of T'n. Thus, for z; € (X, <) in the maximal path z; < --- < x, = z of
X, n*(z;) = ([x1, .- 2], ).

The composition 7' o R: Set — F¥ maps X to (N.(X),<) and f to the forest leaf
morphism with underlying function N, (f). Since Lol — FL — Set is a forgetful functor,
we see that N, = Lol oT o R. Therefore, we have obtained our derivation, from the
adjunction Lol 4T o R of the pointed list comonad (N, €., ) where the comultiplication
has components dx = (L o I)(nrer)(x)). Explicitly, for every pair (s,i) € N.(X),

Ox(s,1) =([(s,1),...,(s,n)], 7).

As a corollary of Theorem 4.1.19 and Proposition 3.2.6, we show that Lol 4T o R is
and comonadic adjunction, and therefore, a linear arboreal cover of Set by F~. Thus,
FL =2 EM(N,).

Proposition 4.2.3. Lol 4T o R is a linear arboreal cover of Set by F~.

4.2.2 Linear pebbling

In this section, we derive a linear variant of the pebbling comonad from Section 3.2.3
from a resource-indexed linear arboreal cover of Struct(c) by {RFL(o)}. This linear
variant is the so-called pebble-relation comonad from [68]. Generalising the relationship
between the pebbling comonad and the pebble-relation comonad was the motivation for
axiomatising linear arboreal categories. Studying the pebble-relation comonad itself was
motivated by Victor Dalmau’s paper [29]. In [29], Dalmau links bounded pathwidth
classes to a restricted conjunction fragment of positive-existential finite variable logic
‘linearising’ the well-known connection between bounded treewidth classes and positive-

existential finite variable logic from [58].

Our first step is to the observe that the category of k-pebble forest covers Rf (o) is

linearisable.

Proposition 4.2.4. For every k > 0, RE (o) is linearisable.

Proof. Coproducts in RE (o) are computed as coproducts of the underlying forest-ordered
o-structures and the pebbling functions extended in the obvious way. The category of

R(c) is linearisable by Proposition 4.2.1, so we obtain that Rf (o) is linearisable. O

Thus, by Proposition 4.1.12, RF (¢) has a linear arboreal subcategory RE% (o). Concretely,
the objects of REL (o) are are the k-pebble linear forest covers (A, <,p) where (4, <) is
a linear forest. The morphisms f: (A, <,p) — (B,<',p’) are leaf forest-ordered o-

morphisms which preserve the pebbling function.
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We exhibit the family of linear pebble comonads P£ as arising from the linear arboreal
cover of Struct(c) by RE% (o). For every k > 0, the universe PF(A) of o-structure PL(.A)
is the set of underlined k-pebble sequences of A. Explicitly,

Pi(A) = {([(pr; @), -, (Pn, an)]0) | ¥n € N,i € [n] and Vj € [n], (p;,a;) € [k] x A}

where the index i in the th pair (s,i) € PF(A) indicates that (p;, a;) is underlined in the
sequence (s,7). Similar to N,, the counit e: Pﬁ — ldstryct(s) maps a underlined pebble
sequence to the underlined element, i.e. for s = [(p1,a1), ..., (Pn, an)], (s,4) — a;. We also
need a ‘underlined’ pebble function p4 where (s,i) — p;. For every m-relation R € o, we
define the interpretation ((s1,71), ..., (Sm,im)) € RE*) if and only if:

(1) Vj € m],s; =s (same component)
(2) pa(s,ij) does not appear in s(i;, ] (active pebble)
(3) (e(s,41),...,2(8,im)) € RA (compatibility)

where ¢ = max{iy,...,%,}. The functor PL maps the o-morphism f: A — B to the
o-morphism PE(f): PE(A) — PL(B) which applies f component-wise to the pebbled
elements, i.e. PE(f)([(p1,a1), .-, (Pn,anl, ) = ([(p1, f(a1)), .., (pn, fan))],4).

In order to derive the comonad on PZ: Struct(c) — Struct(o) from a linear arboreal cover,
we recall from Section 3.2.3 the resource-indexed arboreal cover Ly - Ry of Struct(o) by
RP (o) which yielded the family of comonads P,. In this construction, Ly: RE (o) —
Struct(o) is the forgetful functor, throwing away the order and pebbling function, and
Ry: Struct(o) — RE (o) is the cofree functor such that for A € Ob(Struct(c)), R(A)
is the k-pebble forest cover (Px(A),C,pa) on pebble sequences and for f: A — B €
Mor (Struct(c)), Ri(f) is the forest-ordered o-morphism whose underlying set function
applies f to each pebbled element. By Proposition 4.2.4 and Theorem 4.1.15, there is an
adjunction for every k > 0, I, 1 T}, from RL%(0) to RE (o).

We compose the arboreal cover L, - R, with the adjunction I, 4 T} to obtain the
adjunction Ly o I 4T o Ri. In the following, we assume that 7, ¢ are the unit, counit of

the arboreal cover L;, 4 R;, and n*, " are the unit,counit of the adjunction I, 4 T},.

o The left adjoint Ly, o Iy: REX (o) — Struct(o) is the forgetful functor mapping a
k-pebble linear forest cover (A, <,p) to A and a leaf, pebble-preserving, forest-
ordered o morphism f: (A, <,p) — (B, <, p’) to its underlying o-morphism func-
tion Li(f): A — B.
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o The right adjoint Ty o Ry: Struct(c) — REL(0) is the functor mapping A to the
k-pebble linear forest cover (PL(A), <, p4a) where < defined, as in the N, case, by:

(s,i) < (t,j)if s=tandi<j

and p4 is the function which returns the pebble p; on the underlined element 7 in the
pair (s,i). For a o-morphism f: A — B, (T} o Ry)(f) has underlying o-morphism
PE(f): PE(A) — PL(B). The functorial action of P£(f) preserves the distinguished
index in the list, i.e. PE(f)(s,i) = (t,1) where t = R.(f)(s), and the pebbles at
each position in the list, i.e. p4(s,i) = pg(t,4) for all i € [n]. Thus, PE(f) lifts to a
morphism T} (Ry(f)) € Mor(R (o).

e The counit €*: Ly oI} 0T}, 0 Ry, — ldsiryct(o) is the composition € o Le"R. Explicitly,
as in the N, case, the component of £* for a o-structure A € Ob(Struct(o)) first
maps (s,4) to the i-th prefix s[1,i] of s via the Rj(X) component of Lye® and
then maps s[1,i] to its last element via the X component of . Thus, for s =
[(p1,a1), ..., (Pn,an)] € Ri(A), £(s,1) = a;.

« The unit 7*: ldgrr(,) — Ty o Ry, o Ly, o Iy is the composition Tyl o n*. Explicitly,
the component of n* for a k-pebble linear forest cover (A, <,p) € Ob(RIE(0))
first maps the i-th element a; in the component a; < --- < a, = a correspond-
ing to maximal path | a of (A, <,p) to (a,i) via n* and then maps (a,i) to the
pair ([(p(a1),a1),...,(p(ay),a,)],i) via the I(A, <,p) component of Tn. Thus,
for a; € (A,<,p) in the maximal path a; < -+ < a, = a of A, n*(a;) =
([(p(ar), a1, ., (Dlan), an)], )

The composition Ty 0 Ry : Struct(c) — REE(0) maps A to (PL(A), <,p) and f to the leaf,
pebble preserving, forest-ordered o-morphism with underlying o-morphism PZ(f). Since
Ly o Iy: REE(0) — Struct(o) is a forgetful functor, we see that PL = L, o I}, o Ty o Ry.
Therefore, we have obtained our derivation, from the adjunction Ly o I o T} o Ry of

the linear k-pebble comonad (PL, e*, §) where the comultiplication has components dx =

(Lk o Ik) (N{1,0m,)(x))- Explicitly,
5X(Sa Z) = ([(pla (Sv 1))’ ) (pna (S’ TL))],Z)

for s = [(p1,a1), ..., (Pn,an)]. As a corollary of Theorem 4.1.19 and Proposition 3.2.26,
we conclude that Ly o I, 4 T o Ry is a comonadic adjunction, and therefore, a linear
arboreal cover of Struct(c) by REL (o). Thus, REL (o) = EM(PE).

Proposition 4.2.5. Lyo I}, - T},0 Ry, is a linear arboreal cover of Struct(o) by {RFE(0)}.
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A k-pebble linear forest cover (A, <,p), equivalently a PL-coalgebra of type A — PE,
encodes the data of a path decomposition of width < k. Path decompositions of graph
G are simply tree decompositions (7', <,[) where T is assumed to be a path. Pathwidth
of GG is defined similarly treewidth, as the minimum width of a path decomposition of G.
Just as a treewidth is a sparsity measure which captures how similar a graph G is to a

tree, pathwidth is a sparsity measure which captures how similar G is to a path.

We can define path decomposition of a graph G as simply tree decomposition (7', <, \)
as in Definition 3.2.23 where T is a path. However, it will be useful for our proofs to spell

this out explicitly.

Definition 4.2.6. Given a finite graph G, a path decomposition of A is a triple (X, <x,1),
where (X, <x) is a linearly ordered set and [: X — P(A) is a function satisfying the

following conditions:
(PD1) For every a € A, there exists x € X such that a € [(x).
(PD2) If a ~ d' € A, then a,d’ € [(x) for some z € X.

(PD3) For all y € [z,2'], I(z) Ni(z") C l(y), where [z,2'] is an interval with respect
to SX-

The width width(T") of a path decomposition is given by max,cr |I[(z)| — 1. As with the
definition of treewidth, the pathwidth pw(.A) of a o-structure A is miny width(7") where

T ranges over path decompositions of G(A).

We obtain the following proposition demonstrating that linear k-pebble forest covers
encode the data of a path decomposition of width < k-essentially establishing a linear

variant of Proposition 3.2.24.
Proposition 4.2.7. The following are equivalent for all finite o-structures A:
(1) A has a path decomposition of width < k.

(2) There exists a a k-pebble linear forest cover (A, <,p) € Ob(RLL(a))

In order to construct the pebbling function inductively from a path decomposition, we

will use the following intermediate data structure.

Definition 4.2.8 (k-pebbling section family). Given a path decomposition (X, <x, \)
of width < k for A, we define a k-pebbling section family for (X, <x,\) as a family of
functions {7, : A(z) — [k]} indexed by = € X, such that the following conditions hold:

(1) (Locally-injective) For every x € X, 7, is an injective function.
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2) (Glueability) For every z,2' € X
(2) ( y y , :

Tala@nA@) = To! A@)NA@) -

From a path decomposition < k, we can construct a k-pebbling section family.

Lemma 4.2.9. If (X, <x,\) is a path decomposition of width < k, then (X, <x,\) has
a k-pebbling section family {7, }rex-

Proof. By induction on the linear order <y for every x € X, we construct a k-pebbling
section family {7, }.ej, for (Y, <y,Aly), where Y = | z and <y=<xN (Y xY).

Base Case: Suppose r is the <x-least element. By the path decomposition X having
width < k, the cardinality of A\(r) is < k, thus we can enumerate the elements via an
injective function 7. : A(r) — [k]. By construction, 7, is injective, so {7} is locally-

injective. Glueability follows trivially as every x € | r is equal to r.

Inductive Step: Let 2’ be the immediate < x-successor of z. By the induction hypothesis,
there exists a k-pebbling section family {7,},c,. Let Vi, denote the subset of ‘new’

elements a € A(2') such that a € A(y) for every y <x '

Claim: For every y <x ', AM(y) N A(2’) C A(x) N A(z’). We show that this claim holds:
By (PD3), for all z € [y, 2], A(y) N A(z') € A(z). In particular, since y <x x <x 2/,
Ay) N A(2") € A(z). Therefore, A(y) N A(z") C A(x) N A(2).

From the claim and the definition of V,,, we have that A(z') = (A(z) N A(2’)) UV, where
LI denotes a disjoint union. This allows us to define 7,/ : A(2’) — [k] by cases on each of
these parts. Fix an injective function v, : V» — [k] enumerating V.. Let {iy,... i}

enumerate the elements of [k] not in the image of 7;|x@)na@). Define 7,0 @ A(2') — [k] as

(a) T.(a) if a € A(z) N A(2);
T$/ a oy
i; if a € Vy and vy (a) = j.

Injectivity of 7,» follows from the injectivity of 7, |x@)na@) and vy, To verify glueability,
it suffices to check that 7,/|xyrr@) = Tylrwa@) for vy € L2’ Since {7,}yc). is a
k-pebbling section family, for all y € |z, Ty|ax@)rr@) = Tzlaw)a@). By construction,
TelA@)A@) = To'|la@na@). By the claim, we have that A(y) N A(a") C A(z) N A(z').

Therefore, 7,|xy)na@) = To'[a@)nr@) - -

Proof of Proposition 4.2.7. (1) = (2) Suppose (X, <x, ) is a path decomposition of A
of width < k. We define a family of linearly ordered sets {(S;, <;)}, where each S; is the

vertex set of a connected component of G(A). To define the order <;, we define an order
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on <, and realise <; as the restriction of <, to S;. For every a € A, let z, € X denote
the <x-least element in X such that a € A(z,). Such an z, always exists by (PD1).
By lemma 4.2.9 there exists a k-pebbling section family {7, },cx. We then define <4 as
follows:

a<pd & 1w, <xxyortla) <7(d)if x, =24 =1

The glueability condition on k-pebble section family {7,} allows us to obtain a well-
defined pebbling function p : A — [k] from 7,. Explicitly, thinking of functions as their
sets of ordered pairs, p = Uyex 7. The tuple ({(S;, <;)},p) is a k-pebble linear forest

cover.

To verify that {(S;,<;)} is a partition of A into linearly ordered subsets, we observe
that by construction each S; is a connected component of A, and so {S;} partitions A.
Suppose a,a’ € S;, then by <x being a linear order, either z, <x zu, T, >x Ty, O
Tq = To. If x4 <x Ty Or T, >x T4, then a <; a’ or a >; a’ by the definition of <;. If
T, = Ty = x, then either 7,(a) < 7,(a’) or 7,(a) > 7,(a’) by the linear ordering < on [£].

Hence, in either case, a <; a/ or a >; d’, so <; is a linear ordering.

To verify Condition (E), suppose a —~ a’ € A. This means a,a’ are connected in G(.A),

and so are in the same connected component S; of G(A).

To verify Condition (P), suppose a —~ a’ € S;, a <; @/, and b € (a,d'];. By definition of
<iy o <x xp <x Zg. Since a —~ a’, by (PD2) there exists x € X such that a,da’ € A\(x).
By the definition of x, as the <x-least element of X containing o', we have z, <x x.
By transitivity of <y and z, <x =, <x x, we have that z, <x z. By (PD3), for
every y € [zq,2]x, AMzo) N A(x) € A(y). In particular, for =, € [z4,20]x C [24,2]x,
a € ANxp). Hence, a,b € A(z) and by the injectivity of 7,,, 7, (a) # 7, (b). It follows
that p(a) # p(b)

(2) = (1) Suppose A has k-pebble linear forest cover given by the partition {(S;, <;) }iep)
and pebbling function p : A — [k]. We define a linearly ordered set (A, <), where <4
is the ordered sum of the family {(S;, <;)}icpny. Explicitly, a <4 o' iff a € S;, o' € 5
for i < j or a <; d for i = j. We say that an element a is an active predecessor of a’ if
a <4 a' and for all b € (a,d']4, p(b) # p(a). Let A\(a) be the set of active predecessors of
a. The triple (A, <4, \) is a path decomposition of A of width < k.

To verify (PD1), observe that, for every a € A, a is an active predecessor of itself since
a <4 aand (a,a]s = @. Hence, a € A\(a).
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To verify (PD2), suppose a —~ o' € A. By condition (E), there exists an S; where
a,a’ € S;. Without loss of generality, assume a <; a/. By condition (P), for all b € (a, d'];,

p(b) # p(a). Therefore, a is an active predecessor of @', so a,a’ € A(a').

To verify (PD3), suppose b € [a,d’]4 and that ¢ € A(a) N A(a’). By ¢ € A(a) and b €
[a,a’] 4, we have that ¢ <4 a and a <4 b, so ¢ <4 b. By ¢ € \(d'), for all d € (¢, d']a,
p(c) # p(d). In particular, for all d € (¢,bla, p(c) # p(d). By definition, ¢ is an active
predecessor of b, so ¢ € A(b).

To verify the width of the decomposition < k, we need to show that for every a’ € A,
|IA(a')| < k. Assume for contradiction that |[\(a')| > k for some o' € A. Consider the
pebbling function restricted to A(a’), p|aw) : A(a’) — [k]. By the Pigeonhole Principle,
there must exist a, ¢ € A(a’) with a # ¢, such that p(a) = p(c). Without loss of generality
assume that a <4 c. Since a € A\(da’), a is an active predecessor of @', i.e. for all b € (a, a’] 4,
p(b) # p(a). In particular, since ¢ € (a,a]4, as a <4 c and ¢ € A(d'), then p(c) # p(a).
This yields a contradiction. O]

In analogy to Py, where k-pebble forest covers correspond to Py-coalgebras, we obtain as
a corollary of Proposition 4.2.5 and Proposition 4.2.7, that PE-coalgebras. Thus, we have
reproved the coalgebra characterisation theorem of [68] and obtain that the P*-coalgebra

number corresponds to pathwidth
Corollary 4.2.10. For all finite o-structures A, X" (A) = pw(A) + 1.

With the resource-indexed linear arboreal cover of Struct(c) by RP%(o), we can demon-
strate how the behavioural relations in Definition 3.1.19, instantiated in this case, capture
equivalence in restricted conjunction fragments 3+ A L* of 3t L* and IALY of IL*. This
will recover axiomatically recover some of the results of the pebble-relation comonad We

begin by defining these restricted conjunction fragments.

Definition 4.2.11. A restricted conjunction is a conjunction A ¥ where ¥ is a set of

formulas satisfying the following conditions:
(R) At most one formula ¢» € ¥ with quantifiers is not a sentence.

The logics 3" ALY and IALF are the fragments of 3*L* and L% in where each con-
junction is a restricted conjunction. Preservation and equivalence in 37 ALF, AL are
characterised by all-in-one ' APeby(A, B), > APeby (A, B) variants of the one-sided k-
pebble games 3+Pebk(.A, B), Peb, (A, B) from Section 3.2.3, respectively.
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Definition 4.2.12. Given o-structures A, B and k£ > 0, we define the all-in-one k-pebble
game ~ APeby(A, B) from A to B. In this game, Spoiler and Duplicator each have a set
[k] = {1,...,k} of pebbles. In the first and only round of the game,

« Spoiler announces a full play in the game "Peby (A, B):

s = [(p1,a1)7 cey (pn,an)]

 Duplicator responds with a compatible (same length and pebble at each index) full
play in the game “Peby (A, B):

t= [(plybl)u MR (pna bn)}

Duplicator wins the game if for all i € [n], the relation
v = {(a?,0P) | a? = last,(s[1,1]), 0P = last,(¢[1,1])}

is a tight o-correspondence.

The all-in-one positive k-pebble game 3+)kPeb;c(.A, B) is A Peby (A, B) where Duplica-
tor’s winning condition is weakened so that for every i € [n], 7; is only required to be

O'—COI'I'GSpOHdGIlCe.

In order to connect the games 3+JLPebk(.A, B) and ?APeby (A, B) with their correspond-
ing logics, we will need to construct the ‘maximal’ sentences associated with Spoiler plays

s in these games.

We say a collection v = {(p1,a1),- .., (Pn,a,)} of pebble placements on A is an active
window if the set of pebbles {p1,...,p,} is pairwise distinct. For each active window v
on A, we define the associated atomic diag¥(v) and literal diagrams diag ,(v) as:
diagh(v) = {R(x(ps,), -, x(pi)) | (piys@i,),s -, (ps,,05,) €v, R € o, and (ay,,...,a;,) € R}
diag 4 (v) = diag} (v)

U{=R(x(pi,),....,x(p:)) | (piy,a5,), -, (pi,, ;) €v,RE o, and (a;,, ..., a;) ¢ R}

where for every pebble p € [k], x(p) = =, is the associated variable in £*. Next, given a

sequence of pebble placements s, we define

Active(s) = {(p;, a;) | a; = last,,(s)}.

Using these definitions, we are able to associate to every (possibly empty) pebble sequence

s on A a sentence tp, € ALY encoding all the literals that are satisfied in every window
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of pebbled elemetns on A along Spoiler’s play s. We first construct the formulas tp’, by
induction on the length of s. For the base case, s = € is the empty sequence, and we set
tp. = T where T is true in every structure. For the inductive step, suppose t = s[(p, a)],
then

tp)(«’) = 3z, (/\ diag(Active(t)) A tp’ (7).
where we note that [:L?’] is the set of variables x(¢) such that ¢ # p and ¢ is active pebble
in ¢t. Finally, for every s, let tp, = 37tp’(Z). We can similarly define the positive variant
tps € 3T ALF by replacing diag 4(+) in the above definition with diag’(-).

We now prove the morphism power theorem relating equivalence in 3 A.L*, Duplicator

PL
winning strategies in 3+J&Peb(.A, B), and the relation —>?j @

Theorem 4.2.13. The following are equivalent for all o-structures A, B:
(1) A 33‘*‘)&5’“ B
(2) Duplicator has a winning strategy in 3Jr)&Peb;g(.A, B).
(3) Duplicator has a winning strategy in > G(Te(Ri(A)), Te(Ri(B))) over REL(0).

(1) A=X" B

Proof. For the (1) = (2) implication, suppose .4 =3"4L" B and consider Spoiler playing
pebble sequence s of length n in the one and only around of 3JerPebk(A, B). By con-
struction, the pebble sequence s on A witnesses all the existential quantifiers in tp] and
AEtp!. By A = I ALt B, B E tp!. Thus, there exists a corresponding pebble sequence
t on B which we take to be Duplicator’s response in 3+JkPeb;.C(A, B). Since tp/ contains
for every i € [n], the positive diagram diag™ (Active(s[1,i])), we can conclude that for
every i € [n], diag™ (Active(s[1,1])) C diag™ (Active(t[1,4])) and the induced +; is partial

homomorphisms. Thus, ¢ is a winning move for Duplicator in 3+)\Pebk(.A, B).

For the (1) < (2) implication, suppose Duplicator has a winning strategy in 3 APeby (A, B)
and consider a sentence ¢ € It AL* such that A F . We first assume that ¢ is primi-
tive, i.e. contains no disjunctions and every restricted conjunctions contains no quantified
sentences. Under these assumptions, by the restricted conjunction condition, every con-
junction only involves atomics formulas and at most one existentially quantified formula.
Thus, by A F ¢, there exists a pebble sequence s on A witnessing the existential quan-
tifiers in . Suppose Spoiler plays s in the one and only round of 3+J&Pebk(.A, B). By
hypothesis, Duplicator has winning response pebble sequence ¢t on B. By the winning
condition of 3JrJ&Pebk(.A, B), the pebbled elements in ¢ satisfy the atomic formulas in

. Therefore, the elements of ¢ witness the existential quantifiers of ¢ and B F ¢. For
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the case where ¢ is not primitive, we can inductively apply rewrite rules to pull all the
disjunctions outside the scope of quantifiers and all quantified sentences out of restricted
conjunctions. Thus, every sentence is a positive Boolean combination of primitive sen-

tences.

For the (2) < (3) equivalence, observe that every Spoiler play s of length j deter-
mines a path [m: P — Ty(Ry(A))] whose image are elements (s,7) € Ti(Ry(A)) for all
i € [n]. Conversely, every [m: P — T,(Ry(A))] contains the embedding of the sub-
structure induced by the elements (s,4) for all i € [n]. This bijective correspondence
similarly holds for Duplicator responses t and [n: P ~— Ti(R(B))]. Duplicator’s winning
condition of 3+J&Pebk(.A, B), i.e. partial homomorphism at every index in the chosen
plays (s,t), translates to the winning condition ([m], [n]) € TW(T(Ri(A)), Tx(Ri(B)))
in ¥ G(Tk(Ri(A)), Th(Ri(B))).

For the (3) < (4) equivalence, we observe that, from morphisms in RE% (o) preserving
covering chains, P: RE% (o) — T is faithful. Applying Proposition 3.1.13(3) to the case
where € = RPE(0), X = T (RL(A)), and Y = Ty, (Ry(B)) yields the result. O

We now prove the pathwise power theorem relating equivalence in 3t AL*, Duplicator

PL
winning strategies in 3+JLPeb(.A, B), and the relation —>?j ()

Theorem 4.2.14. The following are equivalent for all o-structures A, B:

(1) A=34" B

(2) Duplicator has a winning strategy in ~ A\Peby(A, B).

(3) Duplicator has a winning strategy in >G(Ti(Ri(A)), Ti(Ri(B))) over REE ().

(1) A=y "8
Proof. For the (1) = (2) implication, the proof follows the same lines as in Theo-
rem 4.2.14. The key difference is to use the type formulas tp, instead of tp,. Thus,
for every Spoiler play s of length n in 3)\Pebk(A, B), Duplicator’s response t is such that
for every i € [n|, diag(Active(s[1,i])) = diag(Active(t[1,47])). This allows us to conclude

that the induced ~; are partial isomorphisms and ¢ is a winning move for Duplicator in
EIAPebk<.A, B)

For the (1) <= (2) implication, the proof follows the same lines as in Theorem 4.2.14,
noting that Duplicator’s stronger winning condition in * APeby (A, B) of partial isomor-
phism means that the pebbled elements in the play ¢ satisfy the atomic and negated

atomic formulas in a primitive sentence ¢ € IALE.
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For the (2) < (3) equivalence, similarly to the analogous equivalence in Theorem 4.2.13,
we can associate Spoiler play and Duplicator response pairs (s, t) in 3+J\Pebk(.¢4, B) with
positions ([m], [n]) in G(Tx(Ri(A)), Tx(Ri(B))) over REX (o). The key difference is to
observe that the Duplicator’s winning condition 3JLPebk(.A, B), i.e. partial isomorphism

at every index in the chosen plays (s,t), translates to the stronger winning condition

([m], [n]) € W(T(Ri(A)), Te(Ri(B))) in “S(Ti(Ri(A)), Ti( Re(B)))-

For the (3) < (4) equivalence, since the right adjoint T} o Ry preserves the product
A x B € Struct(o), Ty (Ri(A)) x Ti(Ri(B)) € RE (o). Applying Proposition 3.1.13(1) to
the case where € = Rl'%(0), X = Ty(Ri(A)), and Y = T}.(Ry(B)) yields the result. [

As with the previous cases of arboreal covers/games comonads, we would like to obtain
a theorem demonstrating that isomorphism in the linear arboreal cover of Struct(o) by
{RPL(5)} captures logical equivalence in a logic with counting quantifiers. However,
counting quantifiers actually exhibit a hidden form of branching or unrestricted conjunc-
tion. To illustrate, consider the naive resource-increasing translation of 3"z () in the

counting logic to

Jryan N\ ow# AN o)

i#j€[n]
in the full logic. For quantified formulas ¢(x), this translation results in an unrestricted
conjunct. Thus, the “non-branching” fragment # A L* of #L* not only restriction con-

junctions, but also restricts to only counting ‘walks’ in a structure

Remark 4.2.15. Unfortunately, in the conference paper [68], we made a mistake in
our reasoning. The necessity of restricting the logic to use walk counting quantifiers
rather than (element-wise) counting quantifiers was overlooked. This was corrected in

the subsequent journal version [70].

We will formalise this idea by including in our logic # A £* special ‘walk pointer’ variables

and ‘walk counting quantifiers’.

In order to define our logic # A LF, we first define a logic IAL¥(Z). This logic is the same
as IAL* but in addition to the k-many ordinary variables X = {z1,..., 23}, we have
an another sort of infinitely-many variables Z = {z1, 25, ... } which we call ‘walk pointer
variables’ We also require that every existential quantifier 3z, is guarded with an equality
x; = 7 equating a ordinary variable z; with a walk pointer variable z;. Explicitly, the

formulas of AL (Z) can be defined recursively as follows:

-

) o= Rz, ....z) |~ | NV | V| 3zi(z; = 2z A2, 7)),

8y

»(Z,
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where R € o is an r-ary relation such that {z;,...,z;.} € [#] C {z1,...,2x}, p is
an atomic formula, AV is a conjunction of formulas ¥(Z, 2) satisfying (R), VU is a

disjunction of formulas ¢(%, 2), =; € [+/] and z; ¢ 2.

We can now define sentences of #AL* as disjunctions of formulas that involve counting
tuples of z-variables. Explicitly, the sentence of #ALF can be defined recursively as

follows:
o=\ | F (2, 20,0200, s 20,
where ® is a collection of sentences ¢, j € N and ¢(z;,, ..., 2, ) € IALF(Z).

Observe that in the syntax, the 37 walk counting quantifier only binds to formula ¢ (Z) €
JALF(Z) where every free variable is from the sort Z of walk pointer variables. For every

j € N, we define the semantics of 3 quantifier as:

o AEF (2, 2,0z, ., 2, ) if there exist exactly j-many tuples @ = (ay, ..., @)
such that A, a@ F ¥(ziy, ..., 2i,,)-

The quantifier F(z;,, ..., z;, ) in the logic # AL¥ is inspired by a similar k-walk quantifier
used in the logic defined in [60].

Recall that, a formula of o(F) € 3 ALK is primitive if it contains no disjunctive subfor-
mula and every restricted conjunction subformula \/ ¥ does not contain a sentence. From
definition of primitive formula and the condition (R), it follows that every conjunctive
subformula \/ ¥ of a primitive formula ¢(x) contains only literals and at most one quanti-
fied formula with a free variable. We similarly can define primitive formulas of IALF(Z).
Thus, we extend this definition to #AL*, and say a sentence of ¢ € #AL* is primitive
if it is of the form ¢ = F(z;,, ..., z;, ) (2, - - ., 2,,) if W(2) € IALE(Z) is primitive.

Proposition 4.2.16. Every sentence ¢ € #ALF is a disjunction of primitive subformu-

las.

Proof. Given a sentence ¢, we can inductively apply the standard rewrite rule
Fy(V ey, 7)) =\ Jyely, ©)
iel iel
along with commutativity of A,V to obtain an equivalent formula. From the semantics

it is clear that this standard rewrite rule also works for the walk counting quantifiers
Elj(Zil,...,Zim). ]

The equivalence relation =, c« is characterised by Duplicator winning strategies in an
all-in-one version # APeby (A, B) of the k-pebble bijective game #Peby (A, B) and thus,

isomorphism in KI1(P%).
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Definition 4.2.17. Given o-structures A, B and k > 0, we define the all-in-one bijective
k-pebble game # APeby (A, B). During the first and only round,

o Spoiler chooses a sequence of pebbles:

ﬁ: [pla"'apn]‘

« Duplicator chooses a bijection hy: A" — B".

» Spoiler chooses a sequence of pebble placements respecting p:

s=[(p1,a1),- -, (Pn;an)]

o Duplicator must respond with the list of pebble placements:

t=[(p1, 1), (P bn)]-
where hz([a1, ..., a,]) = [b1, ..., byl

Duplicator wins the round if for all ¢ € [n], the relation
v = {(a?,0P) | p € [k], a” = last,(s[1,1]), b" = last,(t[1,4])}

is a partial isomorphism.

In order to connect the game #APebk(A, B) with the logic #AL"* we need to construct,
as with the previous cases, the ‘maximal’ sentences associated to a Spoiler strategy in
this game. We retain the definitions of diag(v) and Active(s), and define new formulas
tpl(Z,7) € IALH(Z) which guard quantifiers with equalities of the form z, = z;. As
before, we construct these sentences by induction on the length of s. For the base case,
s = € is the empty sequence, and we set tp. = T where T is true in every structure. For

the inductive step, suppose t = s[(p, a)], then

tp)(7', #'2) = Jr,(x, = 2/ A )\ diag(Active(t)) A tp.(7, 2)).

Finally, we need quantify over the last active window of s. For every s of length n, we

define the tp,(z1,...,2n, 2’) = tp2(z1, ..., zn, 2') by induction up to n as follows:
1 Y _ / o
tps(zlvmm’ EERE Z) - Elxm(mpl =z N\ tps(xm’ <oy Tpysy 2 ))
i+1 T\ — _ i Y
tp, (21, 2 Ty Xy 2) = BT, (X, = 2 ANEDL(21, - Zim1, Ty -, T, 2))

We now prove the isomorphism power theorem relating equivalence in #ALF, the game
PL
# A\Peby(A, B), and the relation = @),
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Theorem 4.2.18. The following are equivalent for all finite o-structures A and B:
(1) A=#~" B,
(2) Duplicator has a winning strategy in ¥ APeby(A, B).
(3) A B,

Proof. For (1) = (2), suppose A =4, ,+ B. In particular, for every sentence of the
form ¢ = F(21,...,2.)tp%(21,...,20), AE ¢ & B F ¢. This determines a bijection
h: A™ — B"™ such that:

A, (ay, ... a,) FtpZ(z1,...,20) © B, (h(by), ..., h(b,)) EtpZ (21, ..., 2,)

By construction of tpZ(z1,. .., z,), the bijections h determine a Duplicator winning strat-
egy in # APeby(A, B).

For (1) < (2), suppose Duplicator has a winning strategy in * APeby (A, B). Consider
a primitive sentence ¢ of #ALF such that A F ¢. As ¢ is primitive, it is of the form
F(ziys .oy 2i, )0 (20, - -5 2i,,) for some j € N and primitive formula v(z;,,...,2,,) €
JALE(Z). From ), we construct Spoiler’s sequence of pebbles 7 = [p1,...,p,] in the
game 7 APeby (A, B) such that for all I € [m], ,, = 2

a existential quantifier. Let hy: A™ — B™ denote Duplicator response in her winning

, is subformula of ¢ guarding
strategy for * A\Peby (A, B). By A F ¢, there exist exactly j-many tuples @ = (ay, ..., ayy)
such that A, d F ¥(z;, ..., 2, ). Thus, for each of these tuples, we examine the play where
Spoiler plays the sequence [(p1,a1), - .., (Pm, am)]. Duplicator responds with the sequence
[(p1,b1), . - -, (Pm, bm)] such that hy(@) = b = [by,...,bn]. From the winning condition
it follows that B,g F (2, 2i,). Since hy is a bijection there are j-many tuples b
such that B, b U(ziyy .-+, 2, ). Thus, BE ¢. A similar argument shows that if B F ¢,
then A F ¢. By Proposition 4.2.16, every sentence in # A L¥ is a disjunction of primitive

sentences ¢. Therefore, A =, o+ B.
Let P;(A) denote the induced substructure of PL(A) on the subset of plays which follow
p:

Ps(A) =A{[(p1,a1), .-, (Pn,an)] | Vi € [n],a; € A}.

We can similarly define the substructure Py(B) of Pf(B).

For (2) = (3), suppose Duplicator has a winning strategy in * APeby(A, B). Suppose
Spoiler plays the pebble sequence p'= [py, . . ., p,] and Duplicator responds with ¢7: A" —
B". We define the o-isomorphism fz: Py(A) — Py(B) such that if ¢zla1,...,a,] =
b1, ..., by], then f3([(p1,a1),..., (Pnsan)],7) = ([(p1,01),- .- (Dn, bn)],7) for all ¢ € [n].
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Taking the coproduct of fz: Ps(A) — Pz(B) over all j € [k]<“ we obtain the isomorphism
f*:PLA — PEB. Composing with e yields the existence of the Kleisli isomorphism
f:PEA— B.

For (2) <= (3), assume there exists a Kleisli isomorphism f: PZA — B. We need construct
a winning strategy for Duplicator in #APebk(A, B), so suppose Spoiler plays the sequence
P = [p1,-..,pn). The coextension f* of the Kleisli isomorphism f when restricted to P;(.A)

is the isomorphism fz: P;(A) — Pz(B). For every [ay, ..., a,], there exists an [by, ..., by,],
such that for all i € [n], f3(([(p1,a1),..., (Pn,an)l,7)) = ([(1,01)s -, (Pnsbn)], 7). We
define Duplicator’s response to be the function ¢: A™ — B"™ which maps [ai,...,a,]
to [b1,...,b,). It follows from fz being an isomorphism that ¢ is a bijection. Namely.

consider g;: P3(B) — P5(A) to generated from the inverse g*: PEB — PEA of f*. There
exists a ¢: B" — A" such that ¢[by,...,b,] = [a1,...,a,] if and only for all i € [n],
95([(p1,01)5 -+ (P, b0)],7) = ([(p1, @1), - - -, (Pn, @n)], i). Clearly, by construction ¢~ = ¢.
Moreover, if Spoiler plays the sequence s = [(p1,a1), ..., (Pn, an)], then Duplicator must
respond with t = [(p1,01), ..., (Pn,bn)] as Y[ay,...,a,] = [b1,...,b,]. These sequences
determine relation v; for all ¢ € [n]. By fz being an isomorphism, we can show that ~; is
a partial isomorphism. Suppose R € ¢ and consider the pairs (a?, %), ..., (a?,b?) € ;
such that RA4(a?,... a%). By definition of v;, each q; = m4(s,z;) and a% = e4(s, j)
for some z; < i < n. Thus, by R4(a?,...,a?), we have that R4(e(s, 21),...,&(s, 2,))
and RPN ((s,2),...,(s,2,)). By fz being a morphism, RP®)(fs(s,21),..., fs(s,2))
and RF¥B)((t,z),...,(t, z,)). Applying e, we obtain that RF®)((t, z),..., (¢, z)) and
RB(b®, ... b%). A similar proof, using the inverse of fz, show that if RE(b%, ... b)),
then R4(a®,...,a?). Thus, 7; is a tight o-correspondence. O

Theorem 4.2.19. The following equivalences hold:

(1) A —>?§PL(°) B if and only if A=3"*" B

(2) A Aim(a) B if and only if A =>4 B

(3) A <—>$PL(U) B if and only if A=4" B

(4) A %’im(a) B if and only if A =#**" B (assuming A, B are finite)
Proof. Statements (1),(2), and (4) are Theorem 4.2.13, Theorem 4.2.14, and Theorem 4.2.18,
respectively. By Corollary 4.1.3 bisimulations are the same as bidirectional pathwise

embeddings in a linear arboreal category RFX(o), so Statement (3) follows from Theo-
rem 4.2.14. [
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4.2.3 Linear modal

In this section, we derive a linear variant of the modal comonad from Section 3.2.4 from

a resource-indexed linear arboreal cover of Struct, (o) by RYE(a).

Our first step is to the observe that the category of k-height tree-ordered modal structures

RM () is linearisable.

Proposition 4.2.20. For every k > 0, RM (o) is linearisable.
Proof. The proof is essentially the same as the proof of Proposition 4.2.1. n

Thus, by Proposition 4.1.12, R¥ (o) has a linear arboreal subcategory RM% (o). Con-
cretely, the objects of RML () are are the k-height tree modal structures (A, ag, <) where
(A, <) is a linear tree with root ag. The morphisms f: (A, ag, <) — (B, by, <) are leaf

tree-ordered pointed o-morphisms.

We exhibit the family of linear modal comonads M as arising from the linear arboreal
cover of Struct,(c) by RML(g). For every k > 0, the universe M¥ (A, ay) of pointed
o-structure ME(A, ag) is the set of underlined k-length transition sequence in modal

structure (A, ag) with the additional distinguished point ag. Explicitly,

My (A, ag) = {ao}

U{(ao = a1 = ... ® an,i) | n € N,i € [n] and Vj € [n], R (aj-1,a;)}

Similar to N,, the counit e: ML — Idstruct, (o) maps a underlined transition sequence to
the underlined state, i.e. for s = ag <% a; <> ... % a,, (s,4) = a;. For every binary

transition relation R, € o, we define the interpretation

M (A,a0) : o .
Ro* (x,y) < either x = ag,y = (s,1) and the first transition of s is a; or

x = (s,1),y = (s,i+ 1) and the i + 1 transition appearing in s is «

The functor ME maps the pointed o-morphism f: (A, ag) — (B,by) to the pointed o-
morphism ME(f): ME(A) — ME(B) which applies f component-wise to the transition
sequence, i.e. ME(f)(ag =5 ay =2 ... = a,,1) = (f(ag) =% f(ay) =5 ... 2% f(ay),1).

In order to derive the comonad on Mf: Struct,(s) — Struct,(o) from a linear arbo-
real cover, we recall from Section 3.2.4 the resource-indexed arboreal cover L, - Ry
of Struct, (o) by RM(s) which yielded the family of comonads M. In this construc-
tion, Lj: RM (o) — Struct,(o) is the forgetful functor, throwing away the order, and
Ry: Struct, (o) — RM (o) is the cofree functor such that for (A, ay) € Ob(Struct, (o)),

R(A, ap) is the k-height modal tree o-structure (M (A, ag), ap, C) on transition sequences
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and for f: (A,ap) — (B,by) € Mor(Struct,(c)), Ri(f) is the tree-ordered pointed o-
morphism whose underlying set function applies f to each state in a transition sequence.

By Proposition 4.2.20 and Theorem 4.1.15, there is an adjunction for every k > 0, I, 4 T}

from RML(a) to R¥ (o).

We compose the arboreal cover L, 4 Rj with the adjunction I < Tj to obtain the
adjunction Ly o I 4Ty o Ry. In the following, we assume that 7, ¢ are the unit, counit of

the arboreal cover L, 4 R, and n*, ¥ are the unit,counit of the adjunction I;, - Tj,.

o The left adjoint Ly, o I},: RME (o) — Struct, (o) is the forgetful functor mapping a
k-height tree modal structure (A, ag, <) to A and a leaf, tree-ordered o-morphism
fi (A ap, <) — (B, by, <') to its underlying pointed o-morphism L(f): (A, ag) —
(B, bo).

o The right adjoint T'o R: Struct,(c) — RML(g) is the functor mapping A to the
k-height linear tree modal structure (ME(A, ag), ag, <) where < defined, as in the
N*, by:

(s,i) < (t,j)if s=tandi<j

For a o-morphism f: (A, ap) — (B,by), (Tx o Rx)(f) has underlying o-morphism
ME(f). The functorial action of ME(f) preserves the distinguished index in the
list, i.e. ME(f)(s,i) = (¢,7) where t = Ry(f)(s) and the transitions in the sequence
s. Thus, ME(f) lifts to a morphism Ty (R (f)) € Mor(RME(o)).

e The counit e*: Lol oT o R — Idstrct, (o) is the composition € o Le*R. Explicitly,
as in the N* case, the component of £* for a set (A, ay) € Ob(Struct,(o)) first
maps (s,4) to the i-th prefix s[1,i] of s via the Ry(A, ag) component of Le’ and
then maps s[1,i] to its last element via the (A, ag) component of e. Thus, for
s=ag S a > ... ™ a, € Rp(A a), €(s,1) = a;.

o The unit n*: Id%m(g) — Tj,0Ry,0 Lol is the composition Tynl,on”. Explicitly, the
component of * for a k-height modal linear tree structure (A, ag, <) € Ob(RY (o))
first maps the i-th element a; in the component ay < a1 < --- < a, = a corre-

sponding to maximal path | a of X to (a,i) via n¥ and then maps (a,i) to the

pair (ag % a1 22 ... ™ a,,q) via the I(A,ap, <) component of T where by
Condition (M), ap % a; ~= ... %% a,, is the unique sequence corresponding to

chain ay < a1 < -+ < a, in I(A, ap, <). Thus, for a; € (A, ap, <) in the maximal
path a; < --- < a, = a of X, n*(a;) = (ap =% a1 =% ... & a,, ).

The composition T, 0 Ry : Struct, (o) — R (o) maps (A, ag) to (ME(A, ag), ag, <) and f
to the leaf tree morphism with underlying o-morphism MZ(f). Since Lol — RML (o) —

103



Struct, (o) is a forgetful functor, we see that Mk = L, o I o T}, o Ry. Therefore, we have
obtained our derivation, from the adjunction Lyo I - Ty o Ry, of the linear k-height modal
comonad (M}, ,,d) where the comultiplication has components dx = (L o I)(nor)(x))-

Explicitly, for every pair (s,i) € ME(A, ap),
Ox(s,1) = (ap = (s,1) = ... 2 (s,n),19).

for s = ag =% a1 = ... =% q,,. As a corollary of Theorem 4.1.19 and Proposition 3.2.39,

we show that Ly o I - T} o Ry is and comonadic adjunction, and therefore, a linear
arboreal cover of Struct, (o) by RML (o). Thus, Ry (o) =2 EM(ME).

Proposition 4.2.21. Ly o I, 4 Ty o Ry is a linear arboreal cover of Struct,(o) by
{RYE(0)}-

With the resource-indexed linear arboreal cover of Struct, (o) by R¥L(a), we can demon-
strate how the behavioural relations in Definition 3.1.19, instantiated in this case, recover
their linear variants—trace inclusion, labelled trace inclusion, and trace equivalence. Thus,

proving how this arboreal cover captures equivalence in linear fragments of modal logic.

A formula ¢ € QM is called linear if each conjunction in every proper subformula of
0 contains at most one formula with modal operations. Explicitly, the language ¢ A My

consists of the formulas ¢ in the recursive grammar:

pu=pleVeleAp| O, (4.7)
Yo=T|LIYVY | pAY|-pAY]|Oaty, peEPV,aecAct. (4.8)

This entails for example that O(Op A Og) is not a linear modal formula. Accordingly, let
O AM;, denote the fragment of O.M in which every formula is linear.

The fragments are related to linear-time behavioural equivalences which will exhibit as
arising from the linear arboreal cover of Struct,(c) by {R¥L(s)}. A pointed structure
(A, ag) in a modal signature o with binary relations {R,}acact indexed by transition
alphabet Act and unary relations P associated with propositional variables p € PV can
be re-encoded as a multi-modal Kripke model (A, ag, { RA}acact, V) where elements of A
are states, ag is a distinguished initial state, and a valuation map V: A — P(PV) where
p € V(a) if and only if P“4(a). With this re-encoding, we can define the set of labelled
traces of (A, ap):

Itraces(ag) = {V (ap)a1V (a1)az ...,V (a,) | n € N,Vi € [n](Ra,(ai-1,a:))}
Let Itracesg(ag) denote the set of traces V(ag)onV(a1)as ...,V (ay,) of length n < k.

Definition 4.2.22. Given two objects (A, ag) and (B, by) in Struct, (o), we define

104



o ag C' by if for all labelled traces V(ag)aiV(ay)ay. ..o,V (a,) € ltraces(ap), there
exists a trace V(bg)ay V' (b1)as ...,V (b,) € ltraces(by) such that V(a;) C V(b;) for
all i € [n].

o ag C'™ by if Itraces(ag) C ltraces(by). This equivalent is to ag C* by but with the
stronger condition that V'(a;) = V(b;).

If ag C¥ by, we say that there exists a trace inclusion from ag to by and that ag is trace
included in by. If both ag C"" by and by C"" ag, we write ag ~"" by and say that ag is label

trace equivalent to by.

Each of these relations can be graded by a resource parameter k > 0, e.g. C} for a grading
of C' where the definitions are restricted to traces of length < k, i.e. ltracesy(ag) and

Itracesy,(bo).

Though the behavioural relations C¥, C"* and ~'*" are rather simple to define, to exhibit
uniformity with the previous examples of arboreal covers, we observe that these relations
can be phrased as the existence of Duplicator winning strategies in all-in-one modal

games.

Definition 4.2.23. Given pointed o-structures (A, ag), (B,by) and k& > 0, we define the
all-in-one k-depth modal game A M ((A, ag), (B, by)) from (A, ag) to (B,by). In the first

and only round of the game,

 Spoiler choose a transition sequence of length n < k in (A, ao):

a2

ol Qn
S=ay — a1 —> ... —> Qp

 Duplicator responds with a corresponding transition sequence in (B, by). If there is

no such sequence, Spoiler wins.

t:bogalﬂw..a—%an

Duplicator wins the game if
PA(aZ-) 54 PB(bZ)
for all i € (n) and unary P € o.

The all-in-one positive k-depth modal game =AM, ((A, ao), (B, b)) is similar to 7 AM,((A, ag), (B, b))
where Duplicator’s winning condition is weakened so that for every i € (n) and unary
Pe o, P'A(CLZ‘) = PB<bz)

In order to connect to the games 7 AMy((A, ag), (B, by)) and TAM4((A, ao), (B, b)), we

construct ‘maximal’ sentences associated to Spoiler plays in these games.

105



For each transition sequence s € (A, ag), we construct ‘maximal’ sentences tp, € O AMy
and tp! € 0T AM;, such that (A, ag) F tp, and (A, ag) E tp is witnessed by the states
in the transition sequence s. We define these sentence tpf € Ot AMj, by induction on

the length n of transition sequences s. For the base case s = ag, we define

tp; = A »p
pEV(ao)

tp,= A\ oA A ¢
p€V (ao) qZV (ao)

For the inductive step, assume s’ is the extension of s by the transition a, = a1, we

define

tp) = Outpi A A\ b

PEV (an+1)
tpy = Qatp, A /\ pA /\ —q.
peV (an+t1) q¢V(an+1)

Intuitively, these sentences represent complete types (in the model-theoretic sense) as-
sociated to transitions sequences s in (A, ag). The following proposition solidifies this

intuition.

Proposition 4.2.24. For every p € OQAM,, or ¢ € 0T AMy, there exists a finite col-
lection of sentences W of the form ¢ = Ntp, or ¢ = \tpl, respectively, such that ¢ is
equivalent \/ W.

Proof. For every structure (A4, ag), we consider the conjunction of all tp, for every at

most k-length reachable transition sequence s in (A, ag):

(I)(A, CL()) = /\{tps ‘ S € Mk(A, ao)}.
Consider the collection Z(p) = {(®(A, ao) | (A, ap) F ¢}. The sentence p € QAM, is

equivalent to the (ostensibly) infinitary disjunction \/ Z(¢). However, since the relational
signature o is finite and the modal depth is bounded by k, by induction, there are only
finitely many inequivalent sentences in the collection Z(¢). Let W be a finite collection
of inequivalent sentences in Z(y) such that every sentence in Z(y) is equivalent one of
the sentences in Z(y). By construction, ¢ is equivalent to \/ W. The proof of the case
where ¢ € O A My, is similar. O

We now prove the morphism and pathwise power theorems demonstrating how the re-

ML ML
lations —>?§ @) and éi () capture equivalence in the linear fragments ¢+ AM; and
O LM, respectively, of OMj. Observe that these theorems also show that —¢" and —&"
are generalisations of the linear time behavioural relations C¥ and C}" as they coincide

in the case that € = RM (o).
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Theorem 4.2.25. The following are equivalent for all o-structures (A, ap), (B, by):
(1) (A ag) =0+ (B, by)
(2) ap C¥ by
(8) Duplicator has a winning strategy in 3+J&Mk((¢4, ap), (B,by)).
(4) Duplicator has a winning strateqy in 3+9(T;€(Rk(./4, ao)), Tr(Rr(B, bo))) over RML(q).

(5) (A,ag) =¢ 7 (B,by)

Proof. For the (1) = (2) implication, suppose (A, ag) =% *M* (B,b,). In particular for
every s € (A, ag), we have that (A, ag) F tp! = (B,b) F tp!. By construction the tran-
sition sequence s = ag —% a; =% ... 2% a, witnesses a label trace V(ag)a; ...,V (ay,)
and (A, ag) F tp!. Therefore, (B,by) F tp!, and there exists a corresponding transition

sequence t = by ~% by 2% ... % b, witnessing a label trace V(by)a; ...,V (b,) such
that V(a;) € V(b;). Thus, ag C} bo.

For the (1) < (2) implication, suppose ag C} by and that (A, ag) F ¢ for some ¢ €
Ot AM,. By Proposition 4.2.24, ¢ is equivalent to a sentence \/ .S where S consists of
sentences of the form ¢ = Atp,. Since (A, ag) F ¢ is equivalent to the disjunction \/ S
for at least one ¢ € S, (A, ap) E ¢. Thus, (A, ag) E Atp,, and there exists a collection
of transition sequences s = ay = a1 —= ... =% q, of (A, ap) witnessing label traces
L C ltracesy(ag) corresponding to each conjunct tp;. By the supposition, ag CI by,
we have that L C ltracesi(by), so there also exists a collection of transition sequences
t="by 5 b 2 ... 2% b, in (B,by) witnessing the same label traces in L, and also
corresponding to each conjunct tp;. It follows that (B,by) E Atp;, and (B,by) E ¢.

For the (2) < (3) < (4) equivalences, observe every pair (s,t) of transition sequences,
with s in (A, ag) and ¢ in (B, by) witnessing the same label trace is precisely a Spoiler play
and Duplicator response in 2 AMy((A, ag), (B, by)) which is in bijective correspondence
with a Spoiler play [m] and Duplicator response [n] in > G(T}(Ri(A, ao)), Te (R (B, by))).
The condition in the definition of CY that for all i € [n], V(a;) € V(b;) is equivalent
to Duplicator’s winning condition in 3JerMk((.A, ap), (B,by)) that for all unary P € o,
PA(a;) = PB(b;) and Duplicator’s winning condition in > §(T}(Rx(A, ao)), Te(Ri(B, by)))
that ([m], [n]) € "W(Tp(Ri(A, ao)), Ti(Rr(B, b))).

For the (4) < (5) equivalence, we observe that, from morphisms in R¥% (o) preserving
covering chains, P: RME (o) — T is faithful. Applying Proposition 3.1.13(3) to the case
where € = RME(0), X = Ty (Ri(A, ag)), and Y = T}, (R (B, by)) yields the result. O
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Theorem 4.2.26. The following are equivalent for all o-structures (A, ap), (B, by):
(1) (A, aq) 29Mr (B, by)
(2) ap CiF b
(8) Duplicator has a winning strategy in > AMy((A, ao), (B, bo)).
(4) Duplicator has a winning strategy in =S(Ti(Ri(A, a)), Tr(Rr(B, by))) over RME(q).

(5) (A,ag) —=¢ 7 (B,by)

Proof. The proof of the (1) < (2) equivalence follows same lines as the analogous equiv-
alence in Theorem 4.2.25 by taking into account negations on propositional variables

p € PV. This is done by replacing every occurrence of tp™ with tp in the proof.

For the (2) & (3) < (4) equivalences, we have the same correspondences between pairs
of sequences, Spoiler and Duplicator plays in and in as is the proof of Theorem 4.2.25.
The condition in the definition of Cif* that for all i € [n], V(a;) = V(b;) is equivalent
to Duplicator’s winning condition in > Mj((A, ao), (B, by)) that for all unary P € o,
PA(a;) < PB(b;) and Duplicator’s winning condition in > G(Tj(R(A, ao)), Te(Rr(B, bo)))
that ([m], [n]) € W(Tk(Rk(A, ap)), Tk(Ri(B, bp))).

For the (4) < (5) equivalence, since the right adjoint T} o Ry preserves the product
A x B € Struct(o), Tp(Ri(A)) x Ti(Ri(B)) € RE (o). Applying Proposition 3.1.13(1) to
the case where € = RYE(0), X = Ti(Ri(A)), and Y = T},(R.(B)) yields the result. [

Below, given a list @ = [aq, ..., a,] € Act® and pointed o-structure (A, ag), we define the

set of processes which follows this list of actions:

Sa(A, ag) == {ag =5 a1 == ... = a, | Vi € [n],a; € A}.

Let #AM), denote the extension of O AM; with walk counting modalities ', where
a = |og,...,q,] € Act” and m is a positive integer. Given a pointed Kripke structure
(A, ag), the semantics for this ¢} walk counting modality is defined by induction on the

length of a:
e AyaE OQlyif and only if A aF ¢

e AaF Oﬁmgp if for every mq, mg € N such that m = mqemg, there exists mg-many
a' € R4 (a) where A,d' E QZ=p.
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where a[5] denotes the concatenation of & = [« ..., a,] € Act and [5] for 8 € Act. The
syntax of this logic is the same as of O AM) but with the addition of formulas of the
form Q2 to the ¢ grammar of equation (4.7).

Definition 4.2.27. Given two pointed Kripke structures (A, ag) and (B, by) in Struct, (o),

bltr

we write ag ~°"" by if for every @ = [ay, ..., ay], there exists a bijection

fa: Sa<~'4: aO) — Sa<Ba b0)7

such that for each s = ag % ay... ™ a, and t = by =5 by ... 2% b, with fo(s) = ¢, we
have V (a;) = V(b;), for all i > 0. If ag ~P by, we say aq is bijective trace equivalent to
bo

As with C¥" and ~'"| we can also obtain the relation ~2* by restricting the definition of

. <
~PI £6 use action sequences a € Act=F

The relations C¥ and C could be formulated as the all-in-one k-depth modal games
T AML((A, ao), (B, by)) and *AM((A, ao), (B, bg)). Similarly we can phrase ~Pt as an
all-in-one bijective k-depth modal game #* AMy,((A, ag), (B, by)).

Definition 4.2.28. Given pointed o-structures (A, ag), (B,by) and k& > 0, we define the
all-in-one k-round modal game # AM,((A, ag), (B, by)) from (A, ag) to (B,bg). In the first

and only round of the game,
 Spoiler choose an action sequence of length n < k, a = [aq, ..., ay)
 Duplicator responds with a bijection fy: Sa(A, ag) — Sa (B, bo)

o Spoiler chooses a transition sequence

s=ay S a; ... a, € Su(A a)

e Duplicator is forced to respond with the transition sequence

f(s) =by 2 by 22 ... I b, € Sa(B,bo)
Duplicator wins the game if
P*(a;) < PP(by)
for all ¢ € (n) and unary P € o.
Theorem 4.2.29. The following are equivalent for all image-finite o-structures (A, ag), (B, bo):
(1) (A, ag) =M (B, by)

(2) ao N’lzltr bO
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(3) Duplicator has a winning strategy in * A\My((A, ag), (B, by)).

(4) (A a0) =) (B, by)

Proof. For the (1) = (2) implication, we associate to each action sequence o = [, ..., q,] €
Act=", a ‘maximal’ sentence tpja € OAMy, such that (A, ag) E tpja defined as:

tPla = On ( V tps) ANt
5€Sa(Aap) 5€Sa(Aan)
By hypothesis, (A,aq) =#*Mr (B,by). In particular, from (A, ay) F tpja, we can
conclude that (B, by) F tpﬁya. Since (B, bgy) satisfies the first conjunct of tpja, m =
|Sa (A, ag)| = [Sa(B,bo)| and there is a bijection fu: Sa(A, ag) — Sa(B,b). Since (B, by)
satisfies the second conjunct of tpj&’a, by the construction of tp,, if f,(s) =t for s =
ap =5 ar... 2 a, and t = by =5 by... =% by, then V(a;) = V(b;), for all i > 0.

Therefore, ag ~2' by.

For the (1) < (2) implication, suppose ag ~2% by, we need to show that for all ¢ €
HAMy, (A, a9) F ¢ < (B, by) E . By the definition of #AMjy, every ¢ is a positive
Boolean combination of sentences of the form "¢y where ¢ is formula in the 1) grammar
of equation (4.8). Thus, it suffices to show that (A, ag) F Oy < (B,by) E QX4 for all
action sequences a € Act=". By Proposition 4.2.24, there is a collection W of inequivalent
sentences ¢ such that each ¢ = Atp, and ¥ is equivalent to \/ ¢. The sentence (J'1)
is equivalent to \/ OZ(¢)¢ where - ,c n(¢) = m. We can partition the set of sequences
Sa(A, ap) into sets

Z<A7 aOa(b) = {S € Sa(Aa OJO) | ("47 aO) = ¢j — tps}

Intuitively, Z (A, ag, ¢) consists of the sequences s whose type tp, is in the conjuncts,
up to logical equivalence, of ¢ = Atp,. By the supposition ag ~2* by there exists a
bijection f: Sa(A,ag) — Sa(B,by). Moreover, if fo(s) =t for s = ag =% ay... = a,
and t = by =% by ... =% b, then V(a;) = V(b;) for all i > 0, we can conclude that f,
maps Z (A, ag, ®) to Z(B, by, #). Thus, (A4, a¢) F VO ¢ < (B,by) E \ O® ¢ Therefore,
(A, a0) F O & (B,by) £ O

For the (2) < (3) < (4) equivalences, observe that given isomorphism f: Ry(A, ag) —
Ri(B,by), we obtain for every @ = [aq,...,ay] € Act=F. a bijection fy: Sa(A,ay) —
Sa(B, by) defined as fo(s) =t where (t,n) = f(s,n). Conversely, a collection of bijections

{fa: Sa(Aa @O) — Sa(Ba bo)}aeActfk
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induces an morphism f: Ry(A,ag) — Ri(B,by) defined as f(s,i) = (fa(s),7). If fis an
isomorphism, then we have that V' (a;) = V (b;) for all i > 0 whenever the induced bijection
falag =5 ar... &% a,) = by =5 by ... 2 b,. Conversely, if every bijection {fatacacsk
satisfies the condition that labels are reflected and preserved, i.e. V' (a;) = V' (b;), then the
induced morphism f: Ri(A,ag) — Ry(B,by) is an isomorphism. These definition of ~P'r

can be phrased directly or as the game * AMy((A, ag), (B, by)). O

In summary, the behavioural relations of Definition 3.1.19 for the resource-indexed arbo-
real cover of Struct, (o) by {RML (o)} characterise equivalence various restricted conjunc-

tion, non-branching variants of modal logic M, graded by nesting depth of modalities.
Theorem 4.2.30. The following equivalences hold:
(1) .A ao

( @ (B, bo) if and only if (A, ag) =0 Me (B, by).
(2) (A,

(

(

)=
ao) =% 7 (B.bo) if and only if (A, ag) SOM (B, by).
) <

(3) (A, ag @ (B, by) if and only if (A, ag) =M+ (B, by).

(4) (A ap) = ") (B, bo) if and only if (A, ag) =7**M* (B, by) (assuming (A, ag), (B, by)

are zmage-ﬁmte ).

Proof. Statements (1),(2), and (4) are Theorem 4.2.25, Theorem 4.2.26, and Theorem 4.2.29,
respectively. By Corollary 4.1.3 bisimulations are the same as bidirectional pathwise
embeddings in a linear arboreal category RM* (o), so Statement (3) follows from Theo-
rem 4.2.26. [

4.2.4 Quasi-linear modal

We now show how to the abstract definition of the quasi-linear weak adjunction from
Section 4.1.2 can be applied to the resource-indexed modal arboreal cover of Struct, (o) by
{RM (o)} from Section 3.2.4 in order to obtain a categorical characterisation of complete

labelled trace equivalence.

Complete labelled trace equivalence is a linear-time behavioural relation that refines

'r by being able to distinguish between terminating processes

labelled trace equivalence ~
(complete traces) and other partial processes (traces). The set cltraces(ag) C Itraces(ag)
of complete labelled traces of ay consists of all labelled traces V'(agp)as ...,V (a,) such

that a, is terminal, i.e. there exists no a,; such that (a,,a,+1) € Rﬁ for some « € Act.
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Definition 4.2.31. Given two objects (A, ag) and (B, by) in Struct, (o), we write ag ~'*r
by if cltraces(ag) = cltraces(by) and ltraces(ag) = Itraces(by) and say ag is complete trace

equivalent to by.

As with label trace equivalence, we can obtain a grading ~ of ~“". Let cltraces;(ag) =

ltracesy,(ag) N cltraces(ap), then we define ag ~§™ by as cltracesy(ag) = cltracesy(by) and

ltracesy,(ag) = Itracesy(by).

Theorem 4.2.32. The following are equivalent for all (A, ay), (B, by) € Struct,(0):
(1) ag ~$¥ by
(2) There exists a bisimulation R} (A, ag) < Z — R}(B,by) in RM (o)

where R} = Il o T} o Ry,: Struct, (o) — RM (o).

Proof. Throughout both directions of this proof, we will use the fact that an element
[m] € P(R{(A, ag)) corresponds to a transition sequence m(r) = ag —% a; —> ... <% a,
in (A, ag) where r is the maximal element of the chain dom(m); and moreover, from a
transition sequence s, we can construct an element [m] € P(R] (A, ag)) where dom(m) is

the chain whose i-th element is a; and m: dom(m) — R{(.A, ag) is the obvious embedding,.

For the (1) = (2) implication, we proceed by contrapositive and suppose that there
is no bisimulation Rf(A,a¢) + Z — R} (B,by) in R¥(c). By Proposition 3.1.13(2),
Spoiler has a winning strategy in the game G(X,Y") over R} () with X = R}(A, a) and

Y = R} (B,by). There are three cases to consider:

o Spoiler wins at round 0, thus the domains of the roots are not isomorphic. This
implies that V (ag) # V (by). Therefore, Itracesy(ag) # Itracesy(by), and ag 2™ by.

e Spoiler wins at a subsequent round ¢ > 0. where the previous position is given by
([m], [n]) € W(X,Y), by choosing an extension [m': P — X] of [m] € P(X), i.e.
[m/] > [m], such that there is no winning Duplicator response. That is, for every
[n'] € P(Y) either it does not hold that [n'] > [n] or ([m/], [n]) € W(X,Y).

— In the case where there is no [n'] > [n], then [n: @ — Y] is a maximal el-
ement in P(Y). Suppose n corresponds to the transition sequence by =% b; =2
o2 b, in B. Since [n] is a maximal element, then V' (bg)a1V (by) . .. ap—1V (bs—1)
is a complete trace in cltracesy(by). On the hand, suppose m corresponds to the

Qt—1

transition sequence ag =% a; =% ... — a,_1, then by ([m], [n]) € W(X,Y),
V(ag)anV(ay) ... cn—1V(as—q) € ltracesg(ag) where V(b;) = V(a;) for all i €
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{0,...,t — 1}. However, since [m/] properly extends [m],
V(CL())CQV(G,l) R Oét,1V(at,1) = V(bo)OqV(bl) . CYt,1V(bt,1) ¢ cltracesk(ao).

Hence, cltracesy(ag) # cltraces;,(by) and ag £ by.

— In the case where ([m/],[n]) € W(X,Y), suppose that m corresponds to the
transition sequence ag <% a; 2% ... 2% q,_; of A and n corresponds to the
to the transition sequence by <% by 22 ... 2% by of B. As ([m],[n]) €
W(X,Y), we have that V(b;) = V(a;) for all i € {0,...,t — 1}. Suppose
[m’], properly extending [m], corresponds to the transition sequence ay %
ap 2 25 a1 25 g, However, since every proper [n'] = [n] extension is

a1

such that ([m’], [n']) € W(X,Y), there is no b; such that by =% by == ... ——
bi_1 =% b, and V(b)) = V(a;). Hence, ltraces;(ag) # Itracesy(by) and ag 5 by.

« Spoiler wins at a subsequent round ¢ > 0 by choosing an extension [n] of [n] € P(Y)
such that there is no winning Duplicator response This is symmetric to the previous

case.

For the (1) < (2) implication, we proceed by contrapositive and suppose that ag £$ by.
By Proposition 3.1.13(2), to show there is no bisimulation R{(A, ag) +— Z — RL(B,b) it
suffices to show that Spoiler has a winning strategy in G(X,Y’) over R (o) where X =
R}(A,ap) and Y = R} (B, by). By definition of ~{* either cltraces;(ag) # cltracesy(by) or

ltracesy.(ag) # Itracesk(bo).

o In the case where cltracesy(ag) # cltracesy(by), we can assume without loss of gener-
ality, there is some transition sequence ay — a; = ... =% q, in A witnessing the
complete labelled trace V(ag)onV(ay) ...V (as), but no corresponding transition
sequence by =5 a; =2 ... 25 b, in B witnessing the same complete trace. This al-
lows us to construct a Spoiler winning strategy in which Spoiler plays along the path
[m] € P(X) corresponding to the transition sequence ag % a; =% ... 2 g,
This results in the position ([m], [n]) in §(X,Y). Spoiler can extend [m] to the [m/]
corresponding to the transition sequence ag =% a; =% ... 2% q,, but there is is no

such extension [n'] of [n]. Thus, Spoiler wins §(X,Y) over R (o).

 In the case where Itracesi(ag) # Itracesy(by), we can assume without loss of gener-

ality, there is some transition sequence ay = a; = ... %% a, in A witnessing the

labelled trace V(ag)aiV(ay) ...V (a;), but no corresponding transition sequence
a2

bo =5 a; 2 ... 25 b, in B witnessing the same labelled trace. If consider the

corresponding path elements of transition sequences, we see that that for some
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[m] € P(X) corresponding to transition sequence s in A, and every [n] € P(Y),
([m], [n]) & W(X,Y). Thus, Spoiler wins the §(X,Y) over RY (o).
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Chapter 5

CoKleisli laws

Though model comparison games are a central tool for proving when two o-structures
are equivalent in a logic, finding Duplicator winning strategies in concrete cases can
often involve intricate combinatorial arguments. For this reason, (finite) model theorists
use higher-level methods that employ model-comparison games as a low-level tool, e.g.
locality, zero-one laws. Another such method involves inductively applying operations
F', on some base structures, to build-up a composite structure. For this method to
be useful in establishing inexpressiblity, the operations F' must be shown to preserve
equivalence =7 in the logic J of interest; or more generally, an n-ary operation F' may
map equivalence(s) =7 between input structures to the equivalence =7 in the output

structure:
if Vi € [n] and A;, B; € Ob(C;), A; =7 B;, then F(Ay,..., A,) =7 F(By,...,B,)

The first result of this type was theorem of Mostoswki [71] stating that binary Cartesian
products of structures preserve equivalence in first-order logic. Later, Feferman and
Vaught in [35] showed that infinite disjoint unions, infinite products, and a host of other
product operations also preserved logical equivalence. Thus, results of this type became
known as Feferman-Vaught theorems. We will refer these results as Feferman-Vaught-
Mostoswki, or FVM theorems.

5.1 Operations

Since we will be dealing with operations of arbitrary arity, we will need some notation
navigating product categories and conveying the types for these operations. Let C; be
a collection of categories with indices ¢ € I, we write [[;c; €; for the product category
where each object A € Ob(IT;c; C;) is I-indexed collection of objects A; € C; and each
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morphism f : A = B is an I-indexed collection of morphisms f;: A; — B; € Mor(C;).
If I is a finite set [n], we use C; X --- x €, to denote [[;c; C;. When the indexing set [
is clear from context, we will use = [Licr C. If F;: € — C; is an [-indexed collection
of endofunctors, then this induces a endofunctor F:@C = G If (Si: € — Cy,e4,0;) is
an I-indexed collection of comonads, then this induces a product comonad (g, g, 5) on @
which acts component-wise. From routine calculations, observe that KI(S) = [T KI(S;)
and for every i € I, if Us, 4 G, is the Kleisli resolution of S;: €; — C;, then we obtain

the Kleisli resolution Us = Gg of comonad S: € — €.

To illustrate these FVM theorems, we will use the binary disjoint union of o-structures,
which is the categorical coproduct W: Struct(o) x Struct(o) — Struct(o) in Struct(o), as
a running example. Recall that given two o-structures A;, As, the coproduct A; & A,

has universe given by the disjoint union
AU Ay ={(z, ;) | z € {1,2},a; € A;}; and
for every m-ary relation R € o, the interpretation

RAlwAz((zl7al)7 ceey (ZT7a’T')) <:> ElZ E {17 Q}V‘] E [m]’ Zj =

and R4 (ay, ..., ay).

The coproduct operation on o-structures extends to a functor W: Struct(o) x Struct(o) —
Struct(o) mapping morphisms f;: Ay — By, fo: Ay — By where the morphism f; W fo
where

(fl 2 f2>(z7a) = (2.7 fZ<a))

5.2 Discrete transformations and coKleisli laws

In this section, we show how to utilise the comonadic characterisation of logical preserva-
tion and equivalence, detailed in the examples in Section 3.2, to recover FVM theorems
for the positive-existential 377, and counting variants #.7; of the logic 7. associated to

a game comonad Cy.
The statement of the coproduct FVM theorem for 3" FO,, establishes that
Proposition 5.2.1. if A, =3 FO B, and Ay =FOr By, then A & Ay =3 FOk B, W B,.

To prove this statement using the k-round EF arboreal cover of Struct(c) by {RF (o)}, re-
call from Theorem 3.2.19 that A =7 FOr B is characterised by the existence of Ry (A) —
Rip(B) € Mor(RE(0)). By the adjunction L, -+ Ry witnessing the arboreal cover
Struct(o) by R¥ (o), this is equivalent to the existence of a morphism Ly(Ry(A)) — B €
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Mor(Struct(c)), which by Ly Rj = Ej we can write as a coKleisli morphism E;(A) — B.
If we assume, that for i € {1,2}, A; =7 FO« B;, then this witnessed by a pair of mor-
phisms f;: Ex(A;) — B;. To prove A; W Ay =3"FOr BB, W B,, we must construct a
morphism of type Ex(A; W Ay) — By W By. Observe that for every A;, Ay, we can define
a morphism k.4, 4, Ex(A1 & Ay) = Ex(Ay) WE,(As) defined as:

F‘:ALAQ([(217 a1)> ) (zm an)]) = (Zna [aj ’ Zj = anl (5'1)

If k(s) is in the z-th component of Ej(A;) WE(Az), let 7(s) be defined such that x(s) =
(z,7(s)). Composing with the coproduct f; W fo: Ex(Ay) WEL(A2) — By W By, we can
construct a morphism f; W fo 0 k4, 4,1 Ex(A1 W Ay) — By W By as desired. Abstracting
from this example to any operation F', we say that family of maps x z: TF (A) — F(S(A))
is a discrete transformation k: To ' — F o S. Using this terminology, the argument we
gave for coproducts clearly generalises to any collection of comonads and operation F' of
arbitrary arity, allowing us to interpret discrete transformations as witnessing an abstract

morphism FVM theorem:

Theorem 5.2.2. Suppose for every i € I, we have a comonad S;: C; — C;, a comonad
T: D — D, and a functor F: e —D. If for every A€ Ob(é), there exists a morphism

-, -,

k;: TF(A) — FS(A)

-,

then for alli € I, A;, B; € Ob(G,), A; —xys,) B implies F(A) =y F(B).

Proof. Suppose for all ¢ € I and A;, B; € Ob(C;), there exists coKleisli morphisms
fi: Si(A;) — B;. These induce a coKleisli morphism f : g(/_l‘) — B. Applying F and

composing with & 7, we obtain coKleisli morphism x 3o F'(f): T(F(A)) — F(B) for the

comonad T. N

Thus, by observing that {4, 4, }(4,,4,)eStruct(o)xStruct(s) 15 discrete transformation, we
may obtain the coproduct FVM theorem for 3" FO,, as a corollary of Theorem 5.2.2 and
Theorem 3.2.14.

Proposition 5.2.3. k is a discrete transformation.

Proof. We must verify that for every A = (A;, A;) € Ob(Struct(c) x Struct(c)), Kz
as defined in equation (5.1) is a o-morphism. Suppose R € o is a r-ary relation and

(51,...,8,) € RE(AWA) - By the pairwise comparability condition, there exists some

'Here, we are using ‘Haskell-style’ list comprehension notation, where [z; | ®(j)] is the sublist of
[1,...,2,] which satisfies the predicate ®(j). For example, given the list [(i1,a1), (i2,a2), (i3,a3)] =
[(1,a1),(2,a2), (1, as)], the notation [a; | i; = 1] denotes [a1, as] and [a; | i; = 2] denotes [as].
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maximal element s, = max{sy,...,s,} with respect to the prefix order. By the compat-
ibility condition, (g(s1),...,(s,)) € R4¥4 and so, by the definition of R41%42_ there
exists a z € {1, 2}, such that for all j € [r], e(s;) € A,. Since all of the £(s;) are in the
z-th component of A; W Ay and s; T s,, all of the k(s;) are in the same component of
E(A;) WE;(As) and we can assume £(s;) = (2,¢;). By t; C t, e(s;) = €(t;), we have
that (t1,...,t,) € R®() and (k(sy), ..., k(s,)) € REx(ADEEL(A2), O

Thus, we have recovered using game comonads the statement of the coproduct FVM
theorem for 3" FO,, (Proposition 5.2.1).

We now turn to proving a similar abstract isomorphism FVM theorem for counting logics.
The statement of the coproduct FVM theorem for #FQO,, establishes that
Proposition 5.2.4. . if A, =7#FO B, and Ay =7FOr B,, then A, W Ay =7FO By W By,

Just as coKleisli morphism —gjg,) characterises the preservation relation =3"FOk for
positive-existential 3*FO, coKleisli isomorphism =k, characterises the equivalence
relation =#FO, on finite structures, for FO,, extended with counting quantifiers #FO.
Since #FOy, is characterised by isomorphism in KI(Ey), we must that if A; Zxyg,) B
for i € {1,2}, then A; & Ay Sxyg,) Bi W B,. Since A; Zxq,) B, for each i € I, we have
a pair of morphisms in f;: A; — B; € Mor(KI(Ey)) and g¢;: B; — A; € Mor(KI1(Ey)),
which are in fact morphisms f;: Ex(A;) — B; € Mor(Struct(o)) and g;: Ex(B;) — A; €
Mor(Struct(c)) such that f; 0 g; = €4, and g¢; o f; = ep, since €, as a morphism in
Struct(o), is the identity in KI(E;). In the previous case, we saw how to produce a
morphisms k4, 4,0 f1¥ f2 and kg, B, 091 Wge. We can notate these morphisms as f1¥fs =
KAy.4, © f1W fo € Mor(KI(Ey)) and g1Wge = kg, 5, © g1 W g2 To prove the coproduct FVM
theorem, we must show that ‘&’ operation preserves isomorphisms in KI(Ey). This follows
from requiring the operation W on morphisms of KI1(E;) to distribute over composition
and preserve the identity in K1(E;). That is, we require W: KI(E) x KI(E;) — KI1(Ej)
to be a functor which extends W: Struct(o) x Struct(o) — Struct(o).

Definition 5.2.5. Given for all i € I, a comonad S;: €; — C;, and a comonad T: D — D,
a functor F: KI(S) — KI(T) is a coKleisli extension of functor F': € — D if the following

diagram commutes in Cat:
Gg*T TGT (52)

where for a comonad W on €, Gw: & — KI(W) denotes the functor that is the identity
on objects and for f: X —Y € Mor(&), Gw(f) = &y o W(f).
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Extensions of functors F' to coKleisli categories are in bijective correspondence with
natural transformations which distribute I’ over the underlying comonads. These are

called coKleisli laws.

Definition 5.2.6. Given a comonad for all ¢ € I, a comonad (S;: C; — C;,&;,0;), a

comonad (T, e, ), and a functor F': [[,c; €; — D, then a natural transformation
: TF — FS

is a coKleisli law if it satisfies the following two diagrams:

TF
/ y (5.3)
FS Fe F
TF K FS

LSF FEJ (5-4)
T2F — T, TFS —*5, FS§

For reference, we state explicitly the characterisation of coKleisli extensions via coKleisli

laws.
Proposition 5.2.7. There is a bijective correspondence between:
(1) coKleisli extensions F': KI(S) — KI(T) of functor F: € — D

(2) coKleisli laws k: TF — FS

Proof. The characterisation of coKleisli extensions via coKleisli laws is well-known folk-
loric fact. This proposition has been reproved either implicitly or as part of general
statements see e.g. [19, 74, 64, 49] for details. For the sake of completeness, we give a
proof sketch here. Given a coKleisli extension F: K1(S) — KI(T) consider the identity
morphism idg v : S(X) — S(X).

,Fg(Gg(X))) G identity on objects
,Gr(FS(X))) diagram (5.2)
e KI(T)(F(X), FS(X)) G identity on objects
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Thus, we can define kx = F’(idg(x)). From F being a functor and satisfying diagram (5.2),
it follows that x satisfies the counit diagram (5.3) and the comultiplication diagram (5.4)

in Definition 5.2.6 of coKleisli law.

Conversely, given a coKleisli law x: TF — F S of functor F: € — D, we can define
functor F': K1(S) — KI(T) where F(X) = F(X) for objects X € Ob(KI(S)) = Ob(C)
and for morphisms f € K1(S(X),Y) = €(S(X),Y), F(f) = F(f) o kx. The verification
the F' preserves identity and composition follows from the counit diagram (5.3) and the

comultiplication diagram (5.4). O

Using this correspondence, we can interpret coKleisli laws as witnessing an abstract

isomorphism FVM theorem.

Theorem 5.2.8. For every i € I, we have a comonad S;: C; — C;, a comonad T: D —
D, and a functor F': €= D. If there exists a coKleisli law

k: TF — FS

—,

then fO?“ all i € I, Ai, B; € Ob(@l) Al gKl(Si) B; z'mplies AF(A) gKl(qp) F(é)

Proof. By hypothesis, there exists coKleisli law x: To FF — F' o S. By Proposition 5.2.7,
there exists a functor F: K1(S) — KI(T) satisfying diagram 5.2. Suppose i € I, 4;, B; €
Ob(C;), A; Zkus,) Bi, then

Gs(A) =5 g(é) G identity on objects
F(Gg(A)) Zxury F(Gg(B)) F' preserves isomorphism
Gr(F(A)) Zgry Gr(F(B)) equation (5.2)

F(A) =KiT) F(B) G identity on objects

[]

Thus, returning to the coproduct example, if we show the family of maps s defined
in Equation (5.1) is a natural transformation and satisfies diagrams (5.3) and (5.4) in
Definition 5.2.6, we can obtain the coproduct FVM theorem for #FO; as corollary of
Theorem 5.2.8 and Theorem 3.2.18.

Proposition 5.2.9. k: E oW — Wo (Ex x Ey) is a coKleisli law.
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Proof. By Proposition 5.2.3, for every A € Ob(Struct(c) x Struct(c)), K z is a o-morphism.
To verify naturality, suppose fi: A1 — By, fo: Ay — B, are g-morphisms, and A =
(A1, Ay), B = (By,By) are objects in Struct(o) x Struct(c). We check that E,(f,) @
Ex(f2) ok g = kg o Ex(f1 W f2) is satisfied. Consider [(21,a1),. .., (2, an)] € Ex(A1 & A)

and let z = z,:

Ex(f1) W Ex(f2) 0 ki z([(21,01), - .-, (20, an)])
= Ex(f1) WEL(f2) (2, [a; | 2z = 2)]
= (2, Ex(f)([a; | 25 = 2)]))
= (2,[f:(a;) | 25 = 2)])

([(z1, fer (1)) (2 fon (an))])
( (fl t fg)(21,(11), SRR (fl 2 f2)(zn7an>])
= '%EO]Ek<f1 k f2)([(21>a1)7 R (Zm@n)])

—_—

rg
= kg
The counit axiom (5.3) states that if the last element s of Ex(A;WA,,) is (z,a) fora € A,,
then the last element of 7(s) in k(s) = (z,7(s)) is a. This is clear by the definition of
k. We have that ko Eix(k) 0 0(s) = (2,[s; | S.(s)]) where S, is the set of prefixes which
end in an element of A,. The comultiplication axiom (5.4) states that taking prefixes
of the restriction 7(s) of s to elements in the component of S, is the same as listing

the A, component restrictions 7(s;) of each of the prefixes s; in S,(s). This is clear by

inspection. O

Thus, we have recovered using game comonads the statement of the FVM coproduct
theorem for #FO, (Proposition 5.2.4).

Remark 5.2.10. In the paper [52], abstract bisimulation and pathwise embedding FVM
theorems were also obtained. This involved using the fact that for game comonads T,
EM(T) has equalisers. For any operation F', we could compute a specific equaliser
involving a coKleisli law x: TF — FS in order to define an extension £': EM(S) —
EM(T). The extended operation I’ must satisfy two axioms in order to show it preserved
bisimulations. To present these axioms in terms of F' instead of Ia , we tailored the
standard machinery of bilinear maps over strong commutative monads and documented
these adaptations in [51]. Though I had contributed ideas and candidate constructions
for these results, this was primarily the work of my co-authors and so is not detailed in
this thesis.
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5.3 Examples of coKleisli laws

Theorem 5.2.2 and Theorem 5.2.8 re-interpret of discrete transformations and coKleisli
laws in category theory as witnesses to abstract FVM theorems in logic.g In this section,

we apply this re-interpretation to game comonads recovering some results about logic.

5.3.1 Comonad morphisms and translations

One of the important special cases of coKleisli laws x: TF — FS is the case where
F =Ide and S, T are comonads on the same category C. A coKleisli laws of this form is a
comonad morphism x: T — S. In this section, we demonstrate how comonad morphisms

between games comonads correspond to translations between the logics they capture.

Proposition 5.3.1. The natural transformation k: Ey — P, with components defined
as:

kallar, ... a.]) =[(1,a1),...(n,a,)]

is a comonad morphism.

Proof. To verify k 4 is a o-morphism, suppose (s1, ..., s,) € R¥M for r-ary relation R €
0. Since k preserves prefixes, (k(s1), . .., k(s,)) satisfies the pairwise comparable condition
of RF*(W) by (s, ..., s,) satisfying the pairwise comparable condition of R¥+). Moreover,
since the last element of s is the last pebbled element of k(s), (k(s1),...,k(s,)) satisfies
compatibility condition of R¥+(4) by (sy, ..., s,) satisfying the compatibility condition of
RP*(Y) By definition of x and the pairwise comparable condition of RE+() the active
pebble condition is satisfied by (k(s1),...,x(s.)). Thus, (k(s1),...,x(s,)) € RP*) and

K4 is a o-morphism.

To verify naturality, suppose f: A — B is a o-morphism and consider [aq,...,a,] €

ki 0 B (f)(la1, ... an]) = ks([f(a1),. .., flan)])
= [(L, far)), ..., (n, f(an))]
=Pe(N)([(Lar), .-, (n,a0)])
=Pi(f) o ka(las, ..., a,])

Since the last element of s € Ej(A) is the last pebbled element of x(s) € Py(A), the
counit axiom (5.3) is satisfied. For every ¢ € [n], the i-th prefix of x(s) is k(s;) where
s; is the i-th prefix of s. Thus, the the comultiplication axiom (5.4) and & is coKleisli
law. [l
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Thus as a corollary of this proposition, Theorem 3.2.19 and Theorem 3.2.33, we recover
semantically the following statements about translating 3TFO; and #FO,, into 3+ LF
and #LF, respectively:

Corollary. For all k > 0 and o-structures A, B,

e if A3 B then A =3"FOr BB,

e if A=#" B, then A =#FO« 3.
For a pointed o-structures, we can view Py as a comonad over Struct, (o) where Py(A, ag)
has distinguishing point [(1, ag)].

Proposition 5.3.2. Let 0 be a modal signature. For every k > 0, the natural transfor-

mation k: My — Py with components defined as:
kalag =5 a5 .0 2% a,) = [(1,a0), (2,a1), ..., (14 (n mod 2), a,)]
is a comonad morphism.

Proof. To verify k is a o-morphism, suppose a =% @/, i.e. (a,a’) € R,, then by definition
k(a') = k(a)[(m,a’)] where m is not equal to the pebble on the last element of k(a).
Thus, the pairwise comparable, active pebble, and compatibility conditions of R+ are
satisfied by (k(a), x(a’)). For unary relations, PM+(420)(s) if and only if PA0)(Mx(s) if

and only if PPx(A4a0)(Pr(k(s)). Thus, k is a o-morphism.

To verify naturality, suppose f: (A, ag) — (B,by) is a pointed o-morphism and consider
ao ﬂ)al ﬂ> a_n> an, € Mk(A,ao).

kg o M(f)(ap 25 a1 25 ... 2% a,) = kp((bo =5 flar) 25 ... 2% f(ay))
=[(1,a0),(2,a1),...,(m,a,)]
:Pk(f)([(lvao)’(2’a1)7"'7(m’ an)])

=Pi(f) o kalag = a; 25 ... 2 a,)

where m = 1+ (n mod 2). Since the last element of transition sequence s € My(.A) is the
last pebbled element of k(s), the counit axiom (5.3) is satisfied. For every i € [n], the
i-th prefix of k(s) is k(s;) where s; is the i-th prefix of s. Thus, the the comultiplication

axiom (5.4) and & is coKleisli law. O

Thus as a corollary of this proposition, Theorem 3.2.33 and Theorem 3.2.46, we recover
semantically the following statements about translating O M, and #M, into 37 £2 and
#.L2, respectively:
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Corollary. For all o-structures A, BB,
e if A7 B then for all k > 0, A =Mk B.

e if A= B, then for all k >0, A =#Mx B.

5.3.2 Clique-width operations

One important application of FVM theorems is to algorithmic meta-theorems such as
Courcelle’s clique-width theorem [27]. Courcelle’s theorem proved that deciding MSO-
definable properties over graphs of bounded clique-width is in linear time. Clique-width,
like treewidth, is another important combinatorial parameter in graph theory. In fact,
clique-width can be seen as the ‘dense’ analogue of the sparse parameter treewidth. One
way of proving this meta-theorem is via FVM theorems that demonstrate that each
of the operation in the grammar for building bounded clique-width graphs preserves
equivalence in MSO. In this section, we use coKleisli laws to prove FVM theorems
that demonstrate that each of the operations in a clique-width grammar over Struct(o)
preserve equivalence in 37FO;, and #FO,. We define a naive generalisation of the
clique-width graph grammar to Struct(c). These operations work in the setting of m-
coloured o-structures. Thus, we extend our signature to o™ = o U {C; | i € [m]} where

each C; is a fresh unary symbol.

Definition 5.3.3. Given a set of [m] = {1,...,m} labels, we define the following m-clique

width expression grammar to produce relational structures Struct(c™).

« For every i € [m], a creation of a ¢™-structure C; with singleton universe whose

only element has colour C;

o For every i,j € [m] and i # j, a recolouring operation p;_,; which produces a

structure that recolours all the elements of colour C; to colour C;

o For every R € o with arity 7 and i = (i1,...,4,) € [m]", a R-creation operation 7715
which produces a structure adding all tuples C;, x --- x C;_ to the interpretation of
R.

o Coproduct of structures A; & A

We say a o™-structure B is a m-clique-width witness if it can be obtained by finite

application of the operations p;_,;, an and W applied to the base structures Cy,...,C,,.

Given a o-structure A, the clique-width cw(.A) is the least m such that A is the o-reduct

of an m-clique-width witness A’
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Remark 5.3.4. This naive generalisation of the clique-width grammar on graphs to
Struct(c) is used, for instance in [75]. However, as pointed out by Courcelle in [28],
this definition of clique-width breaks some of the desirable properties of clique-width
over graphs. In particular, in Graph, bounded treewidth classes of graphs are also of
bounded clique-width (but not conversely). However, under this naive definition, there
exist classes of g-structures which are of bounded treewidth, but unbounded clique-width.
Courcelle in [28] and Blumensath in [22] provide alternative generalisations which retain

the desirable properties of clique-width.

Since Proposition 5.2.9 established the coproduct W operation has a coKleisli law over E;,
we have already obtained an FVM theorem for this operation of the grammar involving
JTFO; and #FOy. It remains to prove the FVM theorems for p;_,; and 77%5.

In order to use the coKleisli method to obtain an FVM theorem for p;_,; involving 37 FOy,
and #FOy, we formulate the operation p;_,; as functor. For every ¢,j € [m], define the

functor p;_,;: Struct(o™) — Struct(c™) where

« On objects, for A € Ob(Struct(c™)) with universe A, p;_,;(A) has the same universe

A, and relational interpretations defined as:

orW = cAucst
i—j A m
QI = QM for all Q € 0™\{C;, Cy}

o On morphisms, note that a morphism f: A — B € Ob(Struct(c™)) induces a

morphism p;_,;(f) € Mor(Struct(c™)) with the same underlying set function.

For every A € Ob(Struct(c™)), we have a ¢”-morphism
fa: Bi(ping(A)) = pinsj(Er(A))

which as a set function is the identity on the universe E;(A) of Ex(A). These family of

maps specify a coKleisli law x: Ei 0 p;y; — piyj o Ey

Proposition 5.3.5. k4: E; 0 pisj = pij 0 Ey is a coKleisli law.

Proof. Since the underlying set function is the identity, verifying that x is natural and
satisfies diagrams (5.3) and (5.4) is trivial. All that remains to show is that for every

A € Ob(Struct(c™)), k4 is a o™-morphism. For clarity of notation, we use p = p;_;.
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Suppose Q € 0™, then we must show that Q%A C QPEA  We split into three cases:
For ) = P;, we have that:

w e CEPA) o £,

; w) € Cf(A)

& epu(w) € CUCH

& eq(w) € CHucs

)
)

(:>5A(w) GCZ-A or 5A(w) EC]A
@wGCiEkAorwGC’;E’“A
s we Ay oA

s we oY

The other two cases, @ = C; or Q € 0™\{C;,C;}, are easy to check. ]
Thus as a corollary of this proposition and Theorem 3.2.19, we recover semantically the
following FVM theorems about the recolouring operation p;_,;:
Corollary. For allk >0, 1,5 € [m|, and o-structures A, B,

o if AT B, then pi;(A) =7TFO% p(B).

o if A=#" B, then pi;(A) =#FO o (B).

We now proceed with proving FVM theorems for the R-creation operation and 3TFO
and #FO. For every R € o with arity r and i = (i1,...,i,) € [m]", we can formulate the

n#* operation as a functor nf: Struct(o™) — Struct(c™) where

« On objects, for A € Ob(Struct(c™)) with universe A, 75*(A) has the same universe

A, and relational interpretations defined as:

RT]ZB(A) :RAUCil VR XOz'T
QTQB(A) = Q" for all Q € e™\{R}

e On morphisms, note that a morphism f: .4 — B € Ob(Struct(¢™)) induces a
morphism 77 (f) € Mor(Struct(0™)) with the same underlying set function.

For every A € Ob(Struct(c™)), we have a ¢"-morphism

ra: Bi(pini(A)) = pinj(Er(A))

which as a set function is the identity on the universe E;(A) of Ex(A). These family of

maps specify a coKleisli law x: Ej 0 p;; — piyj o Ey

Proposition 5.3.6. rx: Ex ot — nf o By, is a coKleisli law.
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Proof. Since the underlying set function is the identity, verifying that  is natural and
satisfies diagrams (5.3) and (5.4) is trivial. All that remains to show is that for every
A € Ob(Struct(c™)), k4 is a o™-morphism. For clarity of notation, we use n = 7.
Suppose @ € o™, then we must show that Q%A C Q"Ex4A)  We split into two cases:

For Q) = R, suppose that (wy,...,w,) € RE(A) | then the wy, ..., w, are pairwise com-
parable and either (g,4)(w1), ..., &, (w,)) € R or ey (w;) € P;;‘ for all j < r. If
(enay(w1), ... enay(w,)) € R then by n(Ex(A)) and E;(A) having the same universe

and e,4) = €4, (ca(wr),...,ca(w,;)) € RA By the wy,...,w, being pairwise compara-
ble, (w1, ..., w,) € REA If g4 (w;) € P;;‘ for all j < r, then e 4(w;) € Plf and therefore
w; € Pg’“A for all j < r. Hence, (w,...,w,) € R%4 or (wy,...,w,) € P x -+ x PA.

Therefore, by definition of nf(EA), (wr, ..., w,) € R"ExA) and REA) C RiEeA),
For Q € 0™\{R}, the verification is trivial as 7125 does not change the interpretations of

these relations. O

Thus as a corollary of this proposition and Theorem 3.2.19, we recover semantically the

following FVM theorems about the R-creation operations 7725:

Corollary. For allk >0, R € o of arity r, i € [m]" and o-structures A, B,
o if AT B, then ni(A) =3"FO; nF(B).
« if A=#£" B, then nf(A) =#F0x nf(B).
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Chapter 6

Mixed distributive laws

In the previous chapter, we investigated coKleisli laws which were specified by families of
morphisms of type kx: T(F (X)) = F(S(X)) where F' is a functorial operation and S, T
are (products of) game comonads arising from arboreal covers of Struct(o) or Struct, (o).
We demonstrated how such laws reproduced Feferman-Vaught-Mostowski theorems in

logic.

In this chapter, we investigate special case of these laws where S = T and F' = M is
the underlying functor of a monad (M, n, ). Monads are dual to comonads and are
ubiquitous in mathematics and theoretical computer science. In this case, the coKleisli
law x of T over M must also satisfy additional coherence axioms with the unit » and

multiplication p of M so that « is also Kleisli law of T over M.

The original motivation for this line of research arose from the search for a graded distribu-
tive law x%: P, Qg — QuP: of the k-pebble game comonad P, over the graded quantum
monad Qg on relational structures from [4]. Just as the existence of a coKleisli morphism
P A — B corresponds to the k-consistency approximation A =3"4" B to A — B, a
Kleisli morphism A — QgB corresponds the ‘quantum homomorphism’ approximation
to A — B, originally defined in [65] via a non-local game. We could combine these two
approximations to A — B by investigating morphisms of type P, A — Qg B. A dis-
tributive law would give a mechanism for composing morphisms P, A — QB potentially

illuminating a categorical setting for quantum finite model theory.

As a side effect of our initial search for the distributive law x?: P,Qq — QiPs, we
ended up proving a no-go theorem demonstrating the non-existence of comonad-monad
distributive laws for (co)monads sharing some similar features as P, and Q4. Our journey
to this no-go theorem was by first making a series of three simplifications to the search

for a law k%: P,Qq — QuPs. The first step was to ignore pebbles and the grading of Py,
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simplifying the question to existence of a distributive law x: EQg — QgE. The second
step was to try to define kK on universes—ignoring the role of relations—simplifying the
question to the existence of a distributive law k: NTQg — QgN*t were NT is the prefix
list comonad [72] and Qg is the quantum monad on the empty signature. The final step
was to view the quantum monad ‘at the level of possibilities’ simplifying the question to
the existence of a distributive law x: Nt*P — PN* where P is the powerset monad. It
was this final step which led us to prove, using a Plotkin-style argument, that there is
in fact no distributive law of type N*P — PN*. Our final no-go theorem generalises
this argument to a much wider class of (co)monads showing that there is no distributive
law k: WM — MW where the comonad W is in a large class of directed containers Cy,
and M is in a large class of monads equipped with a notion of ‘uniform sampling’ Cy;.
Despite this no-go theorem, we will conclude that for structures in signatures ¢ which
have a distinguished binary reflexive, symmetric ‘commeasurability’ relation, there is a
graded distributive law k?: EY QY — QYE; where EY, QF are tailored versions of Ej,, Qq

that fit these commeasurable o-structures.

6.1 Monads and mixed distributive laws

We recall the definition of monad, dual to the definition of comonad defined in Section 2.3.

Definition 6.1.1. The triple (M: & — &,n,u) is a monad (in standard form) over
€ where M: &€ — & is functor, n: lde — M is the unit natural transformation, and
w: MM — M satisfying the following equations for every X € Ob(€)

px o Mpux = pix o pmix;  pix © Mgy = px o vy = idx

Two common examples of monads over Set are the powerset and distribution monads.

Example 6.1.2. The powerset monad (P,n, ) has underlying functor P: Set — Set
which maps an object X to the set of subsets P(X) and maps a function f: X — Y to
the direct image function P(f): P(X) — P(Y). The unit n: ldget — P has components
nx defined as nx(x) = {x}. The multiplication u: PP — P has components px defined
as pux(U) = UU. We can also define the finite powerset monad (Py,n, 1), non-empty
powerset monad (P*,n, u), and finite non-empty powerset monad (P}L, n, p). In each of
these cases, the unit and multiplications are just appropriate restrictions of the unit and
multiplication of the (full) powerset monad. In order to refer to these variants on the

powerset monad uniformly, we will use @ to denote one of P, PT, 7375, Py

129



Example 6.1.3. The discrete probability distribution monad (Dg+, 7, ) has underlying
functor Dgr+: Set — Set which maps a set X to the set of probability distributions
¢: X — RT, ie. functions such that for all but finitely many x € X, p(z) = 0 and
Yeex @(x) = 1, and maps a function f: X — Y to the function Dg+(f): Dg+(X) —
Dg+(Y) defined as

De-(f)(0) =Ay. Y. o).

z€f~1(y)
The unit n: ldges — Dg+ has components nx where nx (z) is the Dirac delta distribution

at point € X. The multiplication p: Dg+Dg+ — Dg+ has components px defined as

ax(W) =z Y ()i(a).

wEDR*F (X)

This monad is an instance of a wide class of distribution monads on Set that can be
defined over any semiring 8. These semiring monads are defined and investigated in
Section 6.2.3.

We conclude the background with the definition of comonad-monad mixed distributive

law.

Definition 6.1.4. A mized distributive law of comonad (W, e,d) over monad (M,n, i) is
a natural transformation x: WM — MW satisfying the following diagrams:

VV " %V (6.1)
WM _ MW

WM _ MW
\ / (6.2)
eM Me

M

WMM M pyw M —MEs MW
Wul luW (6-3)
WM MW

WM il MW
su| [ (6.4
WWM Y5 wMw Y MWW

With a mixed distributive law x: WM — MW for (co)monads W, M on category &, we
can define a biKleisli composition to compose morphisms of type WA — MB. Given
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morphisms f: WA — MB € Mor(€) and g: WB — MC € Mor(€), we can produce a

morphism

wASwwaA Y warp & vws XY vvie B me (6.5)

of type WA — MC € Mor(€).

6.2 No-go theorems

In this section, we build up to proving a general no-go theorem demonstrating that there
is no mixed distributive law of the form in Definition 6.1.4 for a wide class of comonads

Cyw and monads C;; over Set.

6.2.1 Prefix list comonad over powerset monad

We warm-up to the general no-go theorem by demonstrating that there is no natural
transformation of type k: Nt — pNT which satisfies diagram (6.1) and diagram (6.4).
Thus, there is no comonad-monad distributive law of the prefix list comonad over the
powerset monad. This work was motivated by the intuition that the unbounded EF
comonad E on the empty signature is N* and that the quantum monad ‘at the level of

possibilities’ is the finite non-empty powerset monad PJ?L.
Theorem 6.2.1. If (p,n) is the powerset endofunctor, and k: NTp — N7 is pointed
law, then for alll =[Y1,...,Y,] € NTpt(X) C Ntp(X),

/{([YVM toe >Yn]) = {[yh cee vyn] | Vi € [nLyz S 5/1} (66)

The proof of this theorem involves using as three step ‘Plotkin’-style argument where we
chase naturality squares. For the first two steps, we restrict to proving Equation (6.6)
holds for sequences | = [Y1,...,Y,] € NTp"(X) which satisfy the following pairwise

disjoint condition:
(PD) Foralli,j € [n],if Y;NY, # @, then i = j.

The first step in the proof of Theorem 6.2.1 is to prove the C inclusion in Equation (6.6)
using the unit axiom and chasing the naturality square for a ‘collapse’ function ¢; for

every l € NT(pH(X)) :

Lemma 6.2.2 (Collapse). If k satisfies the hypotheses of Theorem 6.2.1 andl = [Y1,...,Y,] €
Ntp™(X) C Ntp(X) satisfies condition (PD), then

/i([Ylv"'vYn]) C {[yh v 7yn] ‘ Vie [n]ayi € Yz}
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Proof. The argument proceeds in through two cases.

(1) Unpacking the unit axiom, we show that equation (6.6) holds if for all i € [n],
Y; = {y;}. Consider the singleton {[y1,...,ys]} € pT(NT(X))

{ly, -yl = v oo (v, - unl) definition of n
=kx o NT(nx)([y1, - -, yn)) unit axiom
= rx(x @), - nx(Yn)]) N* on morphisms
= rx([{yi}, - {yn}) definition of 7
=rx([Y1,...,Y,]) case supposition

(2) For all I = [Y3,...,Y,] € NT(p"(X)) and i € [n], since Y; # &, there exists a
y; € Y;. We construct a ‘collapse the Y;” function ¢;: X — X. The definition of

c: X - Xis
Cl($)={y

r otherwise
By the (PD) assumption, the function ¢ is well-defined. Observe that o™ (¢;)[Y1,...,Y})]
{y1}, ..., {yn}]- Chasing [ along the k-naturality square of ¢;, we obtain
Yi,..., Y] —=— kx([Y1,..., Y]
N*(@(Cz))l JiP(NﬂCz))
Hyidoo Awad] —— Iyl
where the bottom arrow follows from the first step. Since ' (NT(¢;)) maps the
set kx(l) to the singleton {[v1,...,ys]}, we can make two observations. Observe

that for every [yy,...,yh] € kx(1), N (e)([v},-- - v.]) = v1,-..,yn]. From the
definition of (N1 (¢;)), we conclude that

kx(D) S Ayl | Vi€ [n]yi € 7 (yi) = Vi
[l

The second step in the proof of Theorem 6.2.1 is to prove the D inclusion in Equation (6.6)
using Lemma 6.2.2 and chasing the naturality square for a ‘swap’ bijection b; for every
Le N*(p"(X)).

Lemma 6.2.3 (Swap). If k satisfies the hypotheses of Theorem 6.2.1 andl = [Y1,...,Y,] €
NtpT(X) C Ntp(X) satisfies condition (PD), then

/i([Ylv"'vYn]) = {[yh e 7yn] ‘ Vi€ [n]ayi € Yz}
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Proof. For all | = [Y1,...,Y,] € NT(pT(X)) satisfying condition (PD), we construct
a ‘swap’ bijection b;: X — X. Suppose [y1,...,y,] € NT(X) such that y; € ;. We
need to show that [yi,...,y,] € kx(I). By the previous case and the fact that kx(l) €
et (NT(X)) is a non-empty subset of N*(X), we know that there exists at least one
(Y1, y,] € kx(l) such that for all i € [n], yi € Y;. For every i € [n], let m;: X — X
be the permutation which swaps y, € Y; and y; € Y; while fixing every other element
of X. As m; fixes the set Y; and, by the (PD) condition, leaves Y, unchanged for all
J # i € [n], we can conclude that [ = N*(p"(m;))(l). Hence, by the x-naturality square
of m;, we have that ' (N*(m;))(kx(1)) = kx(l). Therefore, we can compose all these
swapping bijections (in any order) {m;};c[,, to obtain a bijection b;: X — X such that
Ot (NT(D))(kx (1) = kx(I). This means that:

[Yis s Yn) € Kx (D) = NTO)[yr, -, ) € mix (1)
= [b(y1), - -, b(yn)] € kx(1)
= [my1), - mlyn)] € rx(l)
= (Y1, Yn] € kx(1)

Since [y}, ..., y,] € kx(l), we can conclude that [y, ..., y,] € rx(1). O

In the final step for the proof of Theorem 6.2.1, we show that the pairwise-disjoint con-

dition (PD) does not constitute a loss of generality.

Proof of Theorem 6.2.1. Consider [ = [Y7,...,Y,] € NT(p" (X)) (the Y; are not nec-
essarily pairwise-disjoint), we first consider the set Z = [n] x X. There is a list I’ =
YY,....Y)] € Nt(p(Z)) where Y/ = {(i,y:) | Yy;: € Yi} € p(Z) satisfying (PD). By
construction, N*(p*(t))(l') = [ where t: Z — X is the projection onto the second com-
ponent. Since !’ satisfies (PD), we can use Lemma 6.2.2, Lemma 6.2.3 and the naturality

square of ¢t to compute that

rx (N T ()(1'))

o (N7 () (ry (1))

o (NTOWI(L 1), - ()] | Vi € [n],y; € Yi}))
(L p), .-, t(n, yn)] | Vi € [n],y; € Yi}

[y, ... ,yn] | Vi € [n],y; € Y3}

rx (1)

{
{
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Since every distributive law x: N*Tp — N must satisfy the unit axiom (6.1), then by
Theorem 6.2.1, for all lists with non-empty sets, x must satisfy Equation (6.6). However,
using this definition of x and chasing a simple element in N*p*({a,b}) reveals that it
cannot satisfy the comultiplication diagram (6.4). Therefore, there can be no distributive

law of the prefix list comonad Nt over the powerset pointed endofunctor (g, 7).

Theorem 6.2.4. There is no distributive law k: NTo — 9Nt of (N1, ¢,0) over (p,n, 1)

Proof. Suppose for contradiction there exists a distributive law x: Nt — oNT. As &
must satisfy the unit axiom (6.1), s is a pointed law of Nt over (p,n). Theorem 6.2.1
implies that for lists which contain only non-empty sets, the components of x satisfy
Equation (6.6). From equation (6.6), the definition of ¢, and considering the list [ =
[{a,b},{b}] € N*(p(X)) for X = {a,b}, we obtain the following inequality contradicting

the comultiplication axiom 6.4:

pdx o rx([{a, 0}, {b}]) = pdx ({[a, b], [b, b1})
= {llal, [a, 011, [[0], [, 0]]}
7# {llal, [a, 011, {101, [a, b1]; [[a], [b, 0]], [[6], [b, 011}
= rn+x ([{la], (B}, {[a, 0], [b, b]}])
= finex o N7 rx([[{a, b}], [{a, 0}, {0}1])
= knv+x © N'ix 0 dpx ([{a, 0}, {b}])

]

Interestingly, for the list I’ = [{b}, {a,b}], p(dx) 0 k(") = Kn+x © Ntkx 0 d,x(I'). The
last element is the returned by ¢ since that is the root position of N*. The fact that the
set {a,b} is in the root position of I’ whereas {a, b} is not in the root position of [ leads
to the difference in outcomes when chasing diagram (6.4). Indeed, we can generalise this
counterexample to directed containers since these are comonads that are equipped with
a notion of root position and subshape. This use of a two element set in the non-root

position is the key to generalising Theorem 6.2.1 to a class of directed containers.

6.2.2 Directed containers over uniform choice

We generalise the argument from Section 6.2.1 from the prefix list comonad N* to non-
linear directed containers W and from the powerset monad to any monad (in fact, any
pointed endofunctor) M which has a meaningful notion of ‘uniform sampling’. Directed

containers are class of comonads of Set whose underlying endofunctor specified by set of
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shapes and positions within those shapes. This is the notion of container over Set [1] as

in the following definition.

Definition 6.2.5. A container S < P, is a set S and a functor P: S — Set where we
consider S as a discrete category, i.e. P defines an S-indexed family of sets. We consider
S to be a set of shapes, and for each s € S, P(s) is the set of positions associated with a
shape s € S. The induced endofunctor on S< P is [S < P]: Set — Set where

o foraset X, [S<P|X ={(s,1)]|s€S,l: P(s) —» X}, and
o forafunction g: X — Y, [S<P]g: [S<P]X — [S<P]Y is defined as (s,1) — (s, gol).

We abuse terminology and say an endofunctor F': Set — Set is a container if F' = [S<P)|
for some set S and functor P: S — Set. Thus, a container F' = [S < P] is exactly a
polynomial endofunctor F: Set — Set given by the expression F = 3 .o y"®.

Ahman, Chapman, and Uustalu in [16], showed that comonads whose underlying end-
ofunctor is a container are equivalent to containers which are equipped with additional
‘directed’ structure. Intuitively, directed containers are containers where each position

has an associated subshape and every such subshape has a root.
Definition 6.2.6. A directed container D = (F,o,|,@®) consists of

e a container F' =[S < PJ;

for each shape s € S, a root position o5 € P(s);

for each position p € P(s), a subshape s | p € S;

for each position p’ € P(s ] p) in the subshape s | p, a translation into a position
p@sp' € P(s) in the global shape s € S;

satisfying the equations

slog=s sl(p®p)=(slplp (6.7)
P Ds Oslp =P = O bsp (68)
(p®sp) ®s D" =pDs (1) Dsyp D). (6.9)

A directed container D = ([S < PJ,0,],®), has an induced comonad ([S < P],&,6) of D

where:

o The counit has components defined as

ex(s,l: P(s) = X) = l(os)
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e The comultiplication has components defined as

dx(s,l: P(s) = X) = (s, \p.(s | p, \q.l(p ®s q)))

We will abuse terminology and say a comonad (W, e,0) is a directed container if it is

isomorphic to the induced comonad of a directed container.

In order to carve out this class of monads which have a meaningful notion of ‘uniform
sampling’, we take inspiration from the algebraic presentations of finitary monads which
arise from universal algebra. In particular, this perspective formalises a term as a natural
transformation into the free monad M associated to an algebraic theory. Thus, we define
a n-ary open term for an endofunctor M: € — € on a category C with finite products,
as a natural transformation 3: Ide X - - - X lde — M where the domain of /3 is endofunctor
sending an object X to its n-th Cartesian power X™. Beyond the algebraic portion of
this definition, we will also need to restrict to monads which have a meaningful notion of
support. Formally, working within the category of Set, we say that a pair (M, supp) is a
supported endofunctor if M : Set — Set is an endofunctor and supp: M — P is a natural
transformation from M to the covariant powerset functor. With these notions in place,

we arrive at our formalisation of a pointed endofunctor which has ‘uniform sampling’.

Definition 6.2.7. Given a supported pointed endofunctor (M, n,supp), a n-ary open
term B: Ide X -+ X lde — M for M is a n-uniform choice term if

(1) B is idempotent: For all X € Ob(Set) and z € X,

(2) B is commutative: For all X € Ob(Set), x1,...,x, € X, and permutations
™ [n] = [n],
ﬁ(xlv v 7xn) = /B(xﬂ'(l)7 s 7x7r(n))7

(3) supp preserves B: For all X € Ob(Set) and z1,...,2, € X,

supp(B(z1, ..., xn)) = {x1, ..., 20}

We will say M is a n-uniform choice pointed endofunctor if there exists a natural trans-
formation supp: M — P and n-uniform choice term [ for the supported pointed end-
ofunctor (M,n,supp). We will say a monad (M,n,u) is a n-uniform choice monad if
(M, n) is n-uniform choice pointed endofunctor. Since the powerset supported endofunc-

tor (P,n",idp) itself has n-uniform choice term 87 (zy,...,1,) = {x1,...,2,} for every
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n > 0, the terminology for condition (3) in Definition 6.2.7 is justified. In fact, for every
n-uniform choice endofunctor M, it follows that supp: M — P is a pointed endofunctor
morphism:

supp(1(x)) = supp(B(z,...,x)) = {z} = n" (). (6.10)
Moreover, we have a partial converse: every supported pointed endofunctor (M, n, supp)
such that supp: M — P is pointed endofunctor morphism is a 1-uniform choice endo-

functor where g = n.

For a n-uniform choice pointed endofunctor (M,n) with n-uniform choice term f and
X € Ob(Set), we define the set of terms as

UX):={B(x1,...,zn) | x1,..., 20 € X} C M(X).

To illustrate, take M to be the discrete probability distribution monad and define 3 as
1
Blxy, ..., z) = Z —T;.

i€[n]

In this case, the set U(X) contains uniformly samplings from multisets of X. That

is, B(x1,...,x,) is the probability distribution resulting from uniformly sampling from
the multiset of the input list [zq,...,z,]. In particular, if each of the xq,...,z, are
distinct, then B(z1,...,z,) is the uniform distribution on the subset {z1,...,z,} of X

of cardinality n.

Theorem 6.2.8. If ' = [S<P] is a container, (M,n) is a n-uniform choice endofunctor
with n-uniform choice term (3, and p: FM — MF is pointed law, then for all (s,l) €
FU(X) C FM(X),

supp(p(s,1)) = {(s,7) | Vp € P(s),5(p) € supp(l(p))}. (6.11)

The proof mirrors collapse-swap-relabel argument of the uniqueness proof of Theorem 6.2.1.
Thus, we prove analogues of Lemmas 6.2.2 and 6.2.3. Condition (1) that  is idempotent
is key to demonstrating the ‘collapse’ argument in Lemma 6.2.9. Condition (2) that § is

commutative is key to demonstrating that the ‘swap’ argument in Lemma 6.2.10.

Similar to Theorem 6.2.1, we first consider elements (s,l) € FM(X) where the following

pairwise disjoint condition holds:
(PDS) For all p,q € P(s), if supp(l(p)) Nsupp(l(q)) # &, then p =q.

Lemma 6.2.9 (Collapse). If F', M, and p satisfy the hypotheses of Theorem 6.2.8 and
(s,l) € FU(X) C FM(X) satisfies condition (PDS), then

supp(p(s,1)) € {(s,4) | Vp € P(s) € supp(l(p))}-
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Proof. The argument proceeds in two steps.

(1) Unpacking the unit axiom, we will show that equation (6.11) holds if (s,[) is such

that for all p € P(s), there exists a z, € X, I(p) = n(z,). There is function
Jj = Ap.x,: P(s) = X. Consider the singleton {(s, \p.x,)} € P(F(X)). For clarity

of notation, we use 7 for the unit of M and n” for the unit of P.

{(s, \p.7p)} = 1" (s, \p.w,) definition of n”
= supp(n(s, A\p.z)) equation (6.10)
= supp(p(F(n)(s, Ap.xp))) unit axiom
= supp(p(s, A\p-n(z,))) F functorial action
= supp(p(s, 1)) definition of [

From the above equation and {(s, A\p.z,)} = {(s,4) | Vp € P(s),j(p) € supp(l(p))},

we obtain that the desired result.

Forall (s,1) € F(U(X)) and p € P(s), by the definition of U(X), l(p) = B(a¥, ..., 2F)
for some a¥,... 22 € X, and supp(l(p)) = {a¥,..., 22} # &. Hence, for every
p € P(s), we can choose a y? = 2§ € supp(Il(p)) in order to construct a ‘collapse the
supp(l(p))’ function ¢: X — X. The definition of ¢: X — X is

o(z) = {yp it z € supp(I(p))

x  otherwise

By the (PDS) assumption, the function ¢ is well-defined. Next, we prove that
M(c) ol = Ap.n(y?). Suppose p € P(s):

M(c)ol(p) = M(c)(B(af, ..., 27})) l(p) € U(X)
= B(c(xh),. .., c(ah)) [B-naturality square of ¢
=6, ..., 9") definition of ¢
=n(y?) [ idempotent

Chasing (s, () along the p-naturality square of ¢ composed with the supp-naturality

square of F'(c), we obtain

(87l> }% p(87l> }% SUpp(p(S,l))
F(M(cnl lM(F(e)) IW(F(C))

(s, Apn(yP)) —"— n(s, Ap.y?) — {(s, A\p.y*)}

where the bottom left arrow follows from the first step. Since p(F'(c)) maps the set
supp(p(s,1)) to the singleton {(s, \p.y,)}, we can conclude that for every (t,j) €
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supp(p(s,1)), F(c)(t,7) = (s, A\p.y?). Since the function F(c) preserves shape, for
every (t,7) € supp(p(s,l)), t = s. Moreover, from the definition of p(F(c)), we

conclude that
supp(p(s,1)) € {(s,7) | Vp € P(s), j(p) € ¢ (yp) = supp(L(p))}-

]

Lemma 6.2.10 (Swap). If F, M, and p satisfy the hypotheses of Theorem 6.2.8 and
(s,1) € FU(X) C FM(X) satisfies condition (PDS), then

supp(p(s,1)) 2 {(s,j) | Vp € P(s) € supp(l(p))}-

Proof. For all (s,l) € F(U(X)) satisfying condition (PDS), we construct a ‘swap’ bi-
jection b: X — X. By the assumption that (s,l) € F(U(X)), for all p € P(s), there
exists zf, ..., 22 € X such that I(p) = f(f,...,22) and supp(l(p)) = {«f,...,22}. Sup-
pose (s,j) € F(X) such that j(p) = 22 € supp(l(p)), we need to show that (s,j) €
supp(p(s,1)). By the previous case and the fact that supp(p(s,)) € p(F (X)) is a non-
empty subset of F/(X), we know there exists at least one (s, j") € supp(p(s,!)) such that
J'(p) = 2% € supp(l(p)). For every p € P(s), let s,: X — X be the permutation which

swaps x?, ¥

zr¥ 2!

€ supp(l(p)) and (z 2'): [n] — [n] be the permutation which swaps z, 2’ € [n].

By construction, for all j € [n], s,(2}) = x{, ;- Next, we prove that M(s,) ol = I.

(J
Suppose p € P(s):

M(sy) o 1(p) = M(s,) (B, ...,a%)) I(p) € U(X)
= B(sp(al), ..., sp(2h)) [-naturality square of s,
= B(:cz(’z )1y ,x’(’z Z,)(n)) definition of s,
= fB(al,... aP) B commutative
=(p) l(p) € U(X)

Thus, the function s, fixes I(p) and by the (PDS) condition leaves I(¢q) unchanged for all
q # p,s0 F(M(sp))(s,1) = (s,1). Hence, we can conclude from the p-naturality square of

Sp-
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Therefore, we compose all these swapping bijections {s,},cp(s) (in any order) to obtain
a bijection b: X — X such that M(F(b))(p(s,1)) = p(s,l) and bo j' = j. By the
supp-naturality square of F'(b), we obtain that:

supp(p(s, 1)) = supp(M (F'(b))(p(s, 1))
= p(F'(b))(supp(p(s,1)))

Unpacking the definition of p(F'(b)) and using the above equality, we obtain that

(5,5") € supp(p(s,1)) = F(b)(s,5') € supp(p(s,1))
= (5,00 ") € supp(p(s,1))
= (s,7) € supp(p(s, 1))

Since (s, 7') € supp(p(s,1)), we can conclude that (s, j) € supp(p(s,l)) as desired. O

Finally, we complete the proof of Theorem 6.2.8 by repeating a version of the ‘relabel’
argument of Theorem 6.2.1 which demonstrates that assuming (PDS) does not constitute

a loss of generality.

Proof of Theorem 6.2.8. Suppose (s,l) € FU(X) where for all p € P(s), there exists
i, ..., 2P € X such that I(p) = B(af,...,aP). We factor | = M(t) o z where z: P(s) —
M(P(s) x X) is defined as

z(p) = B((p, 2Y), ..., (p,2}))

and t: P(s) x X — X is the projection onto the second component. By construction,
(s,2) € FU(P(s) x X) satisfies condition (PDS), so applying Lemmas 6.2.9 and 6.2.10,

we obtain the equation

supp(p(s, 2)) = {(s,m) | Vp € P(s), m(p) € supp(z(p))} (6.12)

Through diagram chasing, we obtain the desired equality:

supp(p(s, 1))

= {l=M({t)oz}
supp(p(s, M(t) o z))

= { definition of F' }
supp(p(£'(M(2))(s, 2)))

= { p-naturality square of ¢ }
supp(M (F'(t))(p(s, 2)))
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= { supp-naturality square of F(t) }
p(F(t))(supp(p(s, 2)))
= { equation (6.12) }
p(F'(1){(s,m) | Vp € P(s), m(p) € supp(2(p))})
= { definition of p }
{F(t)(s,m) | Vp € P(s),m(p) € supp(z(p))}
= { definition of F' }
{(s,tom) [ Vp € P(s), m(p) € supp(2(p))}
= {z(p) =8(p.#1),..-.(p,27)) }
{(s,tom) [ Vp € P(s),m(p) € {(p, %), ..., (p,7})}}
= {j=tom}
{(s,7) | Vp € P(5),j(p) € {t(p.#1), ..., t(p.2})}}
= { definition of ¢ }
{(s,7) | Vp € P(s),j(p) € {al,...,a7}}
= { supp preserves 3 }
{(s,7) | Vp € P(s),j(p) € supp(B(x1,...,27))}
= { definition of I(p) }
{(s,4) [ Vp € P(s),(p) € supp(l(p))}

]

The equation (6.11) we proved in Theorem 6.2.8 allows us to compute via a simple

counting argument the cardinality of the support of p(s,[) for (s,1) € FU(X).

Corollary 6.2.11. If F' = [S < P] is a container, and p: FM — MF, then for all
(5,1) € FU(X) C FM(X)

supp(p(s, 1))l = TI [supp(i(p))] (6.13)

pEP(s)

Proof. Equation (6.11) states that supp(p(s, 1)) is equal to the set of all pairs (s, ) where
for each position p € P(s), j(p) is a sample from the set supp({(p)). For each position
p € P(s), sample an element from supp(l(p)). Each sampling is independent, thus we
obtain the desired product. O

We use Cj; to denote the class of monads (M, n, 1) such that M is a n-uniform choice

endofunctor for n > 2.
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Theorem 6.2.12. If (W,e,§) € Cw and (M,n, 1) € Cyr, then there is no distributive law
p: WM — MW of (W,e,6) over (M,n, ).

Proof. Suppose for contradiction, there exists a distributive law p: WM — MW. By
Theorem 6.2.8, p must satisfy equation (6.11) for every (s,l) € W(U(X)). We will
construct an (s,1) € W(U (X)) which does not satisfy the comultiplication axiom (6.4).

As W € Cy, we have that |P(s)| > 2. Hence, there exists a position v € P(s) such
that v # os,. As M € Cj;, there exists a n-uniform choice term § for some n > 2.
Assume without loss of generality that X = {xy,...,z,,2}. Let [(v) = B(xy,...,2,)
and for all ¢ # v € P(s), l(q) = n(z). By construction, |supp(l(v))] = n and for all
q # v, |supp(l(q))] = {x}| = 1. From this construction of (s,!) and equation (6.13), we

calculate:
|(supp o M (dx) o px)(s,1)| = |(P(dx) osupp o px)(s,1)] supp-naturality of dy
= [supp(px(s,1))| dx injective
= I Isupp(i(p))l equation (6.13)
peP(s)
= [supp({(v))] supp(i(q))| =1 for ¢ # v
=n |supp(l(v)] =1

By contrast, consider (s,m) = W(px) o 0 (x)(s,!) and note by the functorial action of
w,
(s,supp o m) = W(supp o p) o dw(x)(s, ).
From the definition of § and Corollary 6.2.11, we have that
supp(m(p))| = 1] Isupp(i(p ®: @))I- (6.14)
q€P(slp)

Applying Corollary 6.2.11 again, we obtain the inequality:

Isupp o parcx) © Wi(px) 0 duexy(s, )l = T Isupp(m(p))| equation (6.13)
pEP(s)
= II II Isupp(i(p ®;q))l equation (6.14)

peEP(s) qeP(slp)
> [supp(l(v &5 0s10))[[supp(i(os B5 v))]
= [supp({(v))][supp({(v))] equation (6.8)

2 supp(1(v))| = n
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By our supposition, p satisfies the comultiplication axiom, so

(M(0x) o px)(s,1) = (pw(x)y o W(px) 0 dnx)) (s, 1)
|(supp o M (dx) o px)(s,1)| = [(supp © pw(x) © W(px) © drr(x))(s,1)]

n2n2

Contradiction, n > 2 implies that n % n?. O

Example 6.2.13. The discrete probability distribution monad (Dg+,n, ) from Exam-
ple 6.1.3 is in Cy;. This monad has a natural transformation supp: Dr+ — P which maps
a probability distribution to its underlying support, i.e. supp(¢) = {z | p(z) # 0}, and
for every n > 0, a n-uniform choice term (§: ldget X < -+ X ldget — D defined as

B(xy,...,T) = Z lxz

1€[n]

Example 6.2.14. Every variation of the powerset o monad, e.g. full, finite, non-empty,
from Example 6.1.2 has a transformation supp: @ — P given by the inclusion into the full
powerset functor. Moreover, for every n > 0, o has a n-uniform choice term [5: ldget X

-+ X ldget — g defined as

B(x1, ..., xn) = {21, ..., 2, }.

Both these examples are instances of monads M : Set — Set where elements of M (X)
could be considered S-weighted formal sums of elements in X for some semiring 8,
e.g. semiring of non-negative reals for Example 6.2.13 and Boolean semiring for Ex-
ample 6.2.14. In the following section, we determine necessary and sufficient conditions

for these monads to be in the class C;;.

6.2.3 Distribution and multiset monads of semirings

We begin by recalling the definition of semiring. A semiring is given by the data § =
(S,0s, 15,4+, ) where (S5,0s,+) is an ‘additive’ commutative monoid and (S, 1g,-) is a
‘multiplicative’ monoid where multiplication - distributes over addition +, i.e. for all
Y,z v-(y+z)=z-y+x-z, (y+z2)-x=y-r+z-x,and Og -z = 0g = x - 0s. A
semiring morphism is a set function preserving the addition, multiplication, additive unit,
and multiplicative unit. Since the semiring of natural numbers (N, 0, 1, +, %) is the initial
object in the category of semirings and semiring homomorphisms, for every semiring §,

there is a unique semiring morphism T%: N — 8.

The multiset monad over 8 is (Mg, n, 1) where Mg: Set — Set is the endofunctor such
that:
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o for aset X, Mg(X) is the set of all functions of type ¢: X — S where ¢ has finite
support, i.e. for all but finitely many = € X, ¢(x) = 0s. Due to the finite support

restriction, elements ¢ € Mg(X) can be written as formal sums ¢ = ¥ cx¢(x).z.
o for a function, f: X =Y, Mg(f): Ms(X) = Ms(Y) maps ¢ to Ay.X,cr-1¢)0().

« The unit has components defined as nx(z) = A, where A,(x) = 1g and A,(y) = Os
for y # x.

+ The multiplication has components defined as jx () = Az.Xyemyx)@(¥) - ().
We define the support of a multiset ¢ € Mg(X) as the set supp(¢) = {x € X | p(z) # 0s}.

The distribution monad (Dg, 7, i) over semiring 8 underlying functor Dg: Set — Set
where Dg(X) is the subset of Mg(X) such that elements ¢ € Mg(X) satisfy the normal-
isation condition Y x s; = 1g. The unit and multiplication of (Dg,, i) are obtained by

restricting the corresponding maps of the multiset monad to Dg(X).

In the case where the addition operation 4+ of § can be extended to an arbitrary sum
operation which also distributes over multiplication, § is a complete semiring. As this
sum operation in complete semirings is well-defined for infinite subsets, we can remove
the finite support restriction on the functions in Mg(X) and Dg(X) to obtain analogous

monads Mg® and Dg°.

We enumerate sufficient conditions for when a distribution Dg and multiset monad Mg
over a semiring 8§ is in the class of monads Cy; in order to understand the scope of
Theorem 6.2.12.

(US1) 8 is zero-sumfree: If a + b = Og, then a = 0s and b = 0s.

(US2) 8 has a natural non-trivial unit ns: There exists some n > 2 such that ng = T5(n)

is a unit. i.e. there exists t € 8 such that ngt = tng = 1g. If such a t € § exists,

then ¢ is unique and so we can denote ¢ as é
Lemma 6.2.15. Let M = Dg or M = Mg for some semiring 8. & is zero-sumfree if and

only if (M,supp™) is a supported endofunctor.

Proof. By contrapositive, assume that § is not zero-sumfree, then there exists r,t € 8§
such that r +t = 0g, but r # 0Og or t # 0g. Note that it follows from the semiring
axiom Os + a = a = a + Og, that r # 0g < t # 0s. Thus, both r # 0s and t # 0s. Let
X ={x,y,2}, A ={a,b} and f: X — A defined as z,y — a and z — b. Consider the
distribution ¢ = r.z + t.y + 1g.z € Dg(X). As r +t = 0O, ¢ satisfies the normalisation
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condition and is indeed a distribution in Dg(X). We obtain the following inequality:

(supp4 © Ds(f))(r-z + t.y + 15.2)

= supp,((r +t).a + 15.D) definition of Dg(f)
= supp,(1s.b) r+t=_0s
= {b} definition of supp
# {a,b} -y
=Pz, y, 2}) definition of P(f)
= (P(f) osuppy)(r.x +ty+ 1s.2) definition of supp, r # 0g

Therefore, supp, o Ds(f) # P(f) o suppy, the supp-naturality square of f does not

commute. Hence, the family of maps suppy is not a natural transformation.

Conversely, suppose 8 is zero-sumfree and that f: X — Y € Mor(Set). We must show

that suppy (Ds(f)()) = P(f)(suppx(¢)) for all ¢ € Ds(X). Suppose ¢ = 3ic; si.7; €
Ds(X) and for all i € I, s; # 0s. By definition of Ds(f), Ds(f)(¢) = Xyerx)(Zjes, 5i)¥
where J, ={i € I | z; € f~'(y)} C I and f(X) is the image of f. Since 8 is zero-sumfree,

; ; -ZeT0 W ver y = f(x;). W
the sums ;¢ ; s; are non-zero whenever x;). Hence, we can compute

suppy (Ds(f)(¢)) = {f(x) | i € I}
=P(f){z; |i € I}) P on morphisms

= P(f)(suppx(¥))

]

Lemma 6.2.16. Let M = Dg or M = Mg. 8 has a natural non-trivial unit ng if and
only if there exists a n-ary idempotent and commutative term : ldget X - -+ X ldget = M

forn > 2 defined as:
1
5(%7 e ,%) = Z — T
i€[n] g

In particular, if 8 is zero-sumfree, then [ is a n-uniform choice term.

Proof. Suppose & has a natural non-trivial unit ng and [ is defined, using ng, as in the

145



statement. To verify that [ is idempotent, suppose X € Ob(Set) and = € X, then:

1
Blx,...,z) = Z —. definition of /3
ns
i€[n]
1 o , .
=—() Ly distribution axiom of semirings
g i€[n]
1 o
= —ng.x definition of ng
ns
=lg.x ng is a unit
=n(z) definition of n

To verify 8 is commutative, suppose X € Ob(Set) and z1,...,x, € X, then:
ﬁ(l}r(l), ce ,Q?W(n)) = Z f.xﬁ(i) = Z 77% = ﬂ(xl, e ,xn)

where the starred equality = follows from the fact that rearranging terms in the formal

sum yields the same distribution.

Conversely, suppose 3 is idempotent and commutative n-ary open term for n > 2, then
we want to show that ng is a natural non-trivial unit. Consider a set of n distinct elements
X =A{x1,...,x,} and B(xy,...,2,) = ¢ € M(X). We want to show that ¢(z,) is the
inverse to ng. We first show that for every i € [n], p(z1) = ¢(x;). To accomplish this,
for every i € [n], consider the permutation 7,: X — X which swaps z; and z;. By
construction, 7;(x;) = x( 4(j) where (1¢): [n] — [n] is the transposition swapping 1 € [n]
and i € [n].

o(x:) = B(w1, ..., 20)(T:) o= p(x1,...,2,)
= 5@(1 D))+ L1 i)(n))(xi) £ commutative
= B(7i(x1), ..., 7i(2y))(2:) definition of 7;
= M(7;)(B(x1,. .., zn))(Ti) B-naturality square of 7
= M(7;) () () p=pB(z1,...,2n)
= Z o(z;) M on morphisms
x €T, ()
= (1) 7 (i) = {a}
We now show that ¢(x1) = ¢(x2) = - -+ = p(z,) is the inverse of ng. To accomplish this,
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we consider the ‘constant x; function’ ¢: X — X which sends every element in X to x;.

Is = n(x1)(xq) definition of 7
=[xy, ..., x1)(x1) £ idempotent
= Ble(xy), ..., c(xy)) (1) definition of ¢
= M(c)(B(z1,...,xn))(x1) B-naturality square of ¢
= M(c)()(x1) =B, 2n)
= Y o(zy) M on morphisms

cHoy) ={z1,...,0,} =X

||

™
S
&

=Y o(z) Vi € [n], o(x;) = p(a1)

From the identity axiom of monoids, i.e. p(x1) = ¢(x1)1ls = lsp(xy1), and the two distri-

bution axioms of semirings, we obtain that:

s = @(1)( Y 1s) = @(z1)ns; and

1€[n]

Is = (D Ls)p(x1) = nsp(a).

1€[n]

Thus, ¢(xq) is the inverse of ng, i.e. p(z1) = 7713 By n > 2, ng is a non-trivial unit.

Moreover, by B(x1,...,z,) = ¢ and the fact that ¢(x;) = ¢(x1) = % for all i € [n], 5 is

defined as in the statement of the theorem.

Finally, if we assume that 8 is zero-sumfree, then ng # 0g and % # 0s. Thus,

1
supp(B(@1, ..., 2q)) = supp( D —x;) = {@1,..., 2, }.
i€[n] s
Hence, in the case where § is zero-sumfree, 5 is a n-ary uniform choice term. n

Theorem 6.2.17. Let M = Dg or M = Mg for semiring 8. 8 satisfies conditions (US1)-
(US2) if and only if Dg € Cpr and Mg € Cyr. If 8 is also complete, then Dg° € Cy and
Mgo cCuy.

Proof. Follows from combining the statements of Lemma 6.2.15 and Lemma 6.2.16. For
the case of Dg° and Mg® when 8 is complete, we note that the proofs of these lemmas do

not make essential use of the finite support restriction. O

As a corollary, we obtain an instance of Theorem 6.2.12 for multiset and distribution

monads.
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Corollary 6.2.18. If W € Cy and 8 satisfies conditions (US1)- (US2), then there is no
distributive law p: WM — MW where M = Dg or M = Mg. If 8 is also complete, then
there is no distributive law p: WM — MW where M = Dg® or M = Mg°.

Example 6.2.19. The monads in Example 6.2.14 and Example 6.2.13 have a n-uniform
choice term for every m > 0. This example illustrates why the weaker condition of
having a uniform distribution of size n for some n > 2 genuinely widens the scope of
Theorem 6.2.12. The multiset Mg and distribution Dg monads over the (sub)-semiring
of non-negative rationals of the form gr for n,k € N are in Cj;. In this case, since 2
is not a unit, there are no uniform distributions ¢ € Dg(X) such that |[supp(yp)| = 2
However, for every k € N, 3% is a unit and so Ds(X) has uniform distributions ¢ such
that |supp(p)| = 3*.

As another application of Corollary 6.2.18, we show the non-existence of a distributive
law p: E o Dg+ — Dg+ o E where k > 1 and Dg+ is a lifting of the ordinary probability
distribution monad Dg+. This monad was defined in Adam Connolly’s Thesis [26] and
its Kleisli morphisms capture the basic linear programming relaxations (BLP) of the

constraint satisfaction problem.

Example 6.2.20. The BLP monad Dg+ has functor Dg+ : Struct(c) — Struct(c) which
sends a relational structure A to a new structure Dgy (A) with universe Dgy (A). For

every relation symbol R € o, we define

RPN — (Y ~(@)all] ..., S y(@).dm)) | v: R* = [0,1], 3 (@) =

dERA aeRA dERA

Unit and multiplication have the same element-wise definition as the distribution monad
Dg+ on Set.

Corollary 6.2.21. There is no distributive law p: Ek[ilg: — IiR:Ek

Proof. We can view Set as a full subcategory Set (o) of Struct(c) where a set X is iden-
tified with the object of Struct(o) with universe X and empty relational interpretations,
i.e. for every R € o, R* = &. Observe that the (co)monads E and Dp+ restrict to
the subcategory Set(c) and these restrictions can be identified with the (co)monads N
and Dgr+ over Set, respectively. Thus, if we suppose for contradiction there exists a
distributive law p: EDg+ — Dg+E over Struct(c), this would yield a distributive law
p': Nt*Dg+ — Dg+ NT over Set contradicting Corollary 6.2.18. A more formal categori-
cal proof of this argument may be found in [55]. O

To understand the limitations of Theorem 6.2.12 and Corollary 6.2.18, we exhibit some
examples of semirings which do not satisfy Conditions (US1)-(US2).
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Example 6.2.22 (Non-Example). Every ring R is not zero-sum-free, so the R-module

monad Mg and distribution monad Dg, by Lemma 6.2.15, are not in Cy,.

Example 6.2.23 (Non-Example). There are semirings which are zero-sum-free, but fail
to satisfy the condition (US2). For instance, the semiring of naturals (N, 0,1, +, %) does
not satisfy condition (US2). Therefore, although Cj; has many multiset monads over
other semirings 8, Cj; does not contain the ordinary multiset/bag monad M = My.
Moreover, Dy over the semiring (N, 0, 1,4, %) of natural numbers only has distributions

which are singletons and is, in fact, isomorphic to the identity monad.

Example 6.2.24 (Non-Example). For a example of a zero-sumfree semiring 8§ which
does not satisfy condition (US2), but where Dg is not the identity monad, consider
8 = N[z,y]/(x +y = 1). This semiring is the quotient of the free commutative semiring
on the set {z,y} by the equation x + y = 1g. The additional equation = +y = 1g
ensures that Dyg is not the identity monad by allowing for non-singleton distributions, i.e.
x.a+1y.b € Dg({a,b}). However, this is the only non-singleton distribution in Dg({a, b})
and neither x nor y are inverses to T%(n) for some n > 2. Thus, § does not satisfy
condition (US2), and Dg ¢ Cp;. We adapt this example in Section 6.3.2 as a step towards
demonstrating the existence of a distributive law of the EF game comonad over the

quantum monad on relational structures.

6.2.4 Filter monad

In this section, through the example of the filter monad, we demonstrate that the class
of monads under the scope of no-go Theorem 6.2.12 is not limited to multiset and distri-
bution monads. The filter monad (F,n, 1) over Set, appearing in [31], maps a set X to
the families of subsets U € F(X) which satisfy the following closure conditions:

(F1) If Se U and S C ', then S" € U.
(F2) f Se U and S" € U, then SNS" € U.

For a function f: X — Y, F(f): F(X) — F(Y) is the double inverse image function,
ie.

FHW)={TCY | fHT) €U}

The unit 7: ldges — F maps x € X to the family of subsets S C X such that z € S. The
multiplication of F is cumbersome to state formally, but as the proof of Theorem 6.2.12

demonstrates, we will not need it for this application.

We will now show that the filter monad is a n-uniform choice monad for every n > 1.
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To describe elements of F(X) we use the notation (S) for the filter generated by the
subset S of X. Given any filter U € F(X), it is uniquely determined by its minimal
element min(U) with respect to C. We define min(U) as the S € U such that if S’ € U
and S” C S, then S = 5. For the notation to be well-defined min(U) = S has to be
the unique element satisfying this minimality condition. To verify this, suppose S’ is also
minimal, then SN S C S and SNS" € U by (F2), by S being minimal SN S = S.
Similarly, SNS’ C S, s0 SNS' = 5’. Thus, by transitivity of equality, S = SN S = 5"
Hence, every filter U € F(X) is of the form (min(U)).

Lemma 6.2.25. The family of maps suppy : F(X) — P(X) indexed by X € Ob(Set)
suppy (U) = min(U)

form a natural transformation. In particular, (F,n,supp) is a supported pointed endo-

functor.

Proof. Suppose f: X — Y, then we need to show that P(f) o suppy = suppy o F(f).
Unpacking this expression, we need to show that for every U € F(X), the following

equality between sets holds:
min(F(f)(U)) = P(f)(min(U)) (6.15)

The following fact relating the preimage f~': P(Y) — P(X) and direct image P(f): P(X) —
P(Y) will be useful for our proof:
(IM) Forall SC X, T CY, P(f)(S) CT if and only if S C f~1(T).

Suppose T = min(F(f)(U)). By definition of F(f)(U), f~XT) € U. Thus, for S =
min(U), by (F2), fFH(T)NnS e U.

fH(TYynScCf T intersection
S C T S minimal, f~1(T)NS =S
PHS) T (IM)

Hence, by T being the minimal element of F(f)(U), P(f)(S) = T. Therefore, T =
P(f)(min(U)). O

Lemma 6.2.26. For everyn > 0, there is a n-uniform choice term (: ldget X - - - X ldget —
F for F with components Sx for X € Ob(Set) defined as:

Bx (1, .. xn) = {x1, ..., 20}).
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Proof. To verify idempotence, Bx(z,...,x) = ({x}) which is the family of subsets which
contain x € X, so fx(z,...,z) = nx(x). To verify commutativity, we note that a
permutation of the arguments of 3 just fixes the set {1, ..., z,} and thus fixes its closure.

To verify that supp preserves 3, we note that min({({z,...,z,})) is the set {zy,...,z,},
and so supp({{z1,...,z,})) = {x1, ..., 2.} O

From these two lemmas, we can conclude that the filter monad F € Cj; and obtain the

following corollary of Theorem 6.2.12:

Corollary 6.2.27. If W € Cy, then there is no distributive law p: WF — FW.

6.3 Examples of mixed distributive laws

In this section, we exhibit and verify a few example of mixed distributive laws that

involving (co)monads just outside the boundary of the general no-go Theorem 6.2.12.

6.3.1 Coreader comonad over powerset monad

The definition of the class of comonads Cy for which the no-go theorem applies is all
directed containers where there exists an s € S, |P(s)| > 2. Since directed containers
are equivalent to polynomial comonads, the class Cy can also be described as the class
of non-linear polynomial comonads over Set. From the definition of directed container,
the linear polynomial comonads are the ‘product by S’, also known as, the S-coreader
comonad for any set S € Ob(Set). For a fixed set .S, the underlying functor S x (-) of
the coreader comonad (S x (+),£,0) maps a set X to S x X and a function f to idg x f.
The counit has components defined as (s, x) = x and comultiplication has components
defined as (s, x) = (s, (s,x)). The identity comonad is recovered as the case where S is
a singleton. The coreader comonad on set S is isomorphic to the induced comonad of a
directed container on [S<P] where for every s € S, P(s) is the singleton set {T}. As P(s)
is trivial for every s € S, the directed container structure is such that oy, =T, s | T = s,
and T @&, T = T. Using the no-go Theorem 6.2.12, we can give a characterisation of

coreader comonads in terms of mixed distributive laws over the powerset monad.

Theorem 6.3.1. Let (W,¢e,0) be a directed container with W = [S<P]. W =5 x (-) is
the coreader comonad on S if and only if there exists a distributive law k: WP — PW.

Proof. = Suppose W = S x (-) is the coreader comonad. Let k: WP — PW be the

natural transformation with components defined as

kx(s,Y):={(s,t) |t €Y}
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for every Y € P(X) and s € S. It is easy to check that x satisfies the diagrams
(6.1),(6.2),(6.3),(6.4).

< Conversely, suppose that there exists a distributive law x: WP — PW. By the
contrapositive of Theorem 6.2.12 and P € Cy;, we must conclude that W ¢ Cy,. Negating
the definition of the class Cy, for all s € S, |P(s)| < 2. By W being a directed container,
for every s € S, there is root position oy € P(s), so P(s) is non-empty. Therefore,
|P(s)| = 1, so we can take P(s) = {T}. This is precisely the definition of the coreader

comonad. O

6.3.2 Prefix list comonad over single measurement monad

In this section, we explore a partial converse to Corollary 6.2.18, by constructing semirings
€ such that there is a distributive law p: NTD¢ — D N*t. For every n > 2, we consider
a generating set S = {ey,...,e,} to produce the free semiring Nley, ..., e,] on S, and a

set of equations A(n):

el = e; for every i € [n] (6.16)
e;e; = 0 for every i # j € [n] (6.17)
de=1 (6.18)
i€[n]
These equations generate an ideal (A(n)) in Nley, ..., e,]. Thus, we can define the quo-

tient semiring €™ = Nlex,-..,en] (A(n)). Throughout the rest of the section, we will assume
that &€ = E™ for some n > 2.

Remark 6.3.2. The equations (6.16)-(6.18) were deliberately chosen to mimic the prop-
erties of projectors on a Hilbert space which form a single projector-valued measurement
(PVM). These PVMs are convex sums of projectors arising in the context of quantum
information. We will introduce PVMs in the next example section, Section 6.3.3. Accord-
ingly, we refer to the semirings €" as single measurement semirings and the monad D¢ as
a single measurement monad. The construction of a distributive law p: NTDg — D Nt
is a warm-up to constructing a distributive law of the k-round EF comonad over the

quantum monad.
We now construct a distributive law p: Nt*Dg — D¢ N of the prefix list comonad N

over Dg. For every Y € Ob(Set), the component py is defined as

e i(y)) ifm=n

goee ey n:)\ sy Ym]-
py 1 ©n] [y Ym {O otherwise
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Which we can express as the formal sum:

Pyt on) = >, (H @i(yi)) Ty, -yl (6.19)

[Y1,--yn]€ \i€[n]

Proposition 6.3.3. p is natural transformation.

Proof. Suppose f: X — Y is a function. We define for every i € [n],

Vily) =De(fle)y) = > wilx). (6.20)

acf~'(y)

To verify the p-naturality square of f, consider [p1, ..., ¢, € NT(De(X)):

De(NT(f)) o p(s)
= { definition of p }

N*(Ds(f))( > (II (pi(Xi))'[xh"'axn])

[Z1,-szn ] ENT(X) i€[n]
= { D¢ on morphisms }

> (I wil@)) N ([ - - wal)

[@1,..,zn]ENT(X) i€[n]

= { N* on morphisms }

> (I wi@))-([f (1), - fla)])

@10, zn] ENT(X) i€[n]

Using the distribution axiom of semirings, for every index i € [n], we can inductively

‘pull-out all terms in the formal sum whose i-th element starts with y; = f(x;).

De(NT(f)) o px(s)

= { distribution axiom of semirings }

z Z 901(1'1)( H @](xj)[f(l‘l),af(l‘n)])

[1,.yZn]ENT(X) z1€F 1 (y1) 2<j<n

= { inductively apply distribution axiom }
Yo O X @)l X we(m2)) . (> eala))[f(@),- -, flaa)]

[21,xn] ENFT(X) z1ef~ (y1) z2€f " (y2) zn€f (yn)
= { equation (6.20) }

[1,.,zn]ENT(X)
= { support in image of N*(f) }

> r(y) - n(yn)-ly1, - - - Y]

[y1,-,yn]€ETM(NT(f))
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= { product notation and 0s terms for N*(Y)\Im(N*(f)) }
Z (H Yi(yi)) -1, - - Un)

[Y1,--yn]ENT(Y) i€[n]

= { definition of p (6.19) }
py([1, .. ¥n])
= { equation (6.20) }
py ([De(f) (1), -, De(f)(en)])
= { N7 on morphisms }

py o N (De(f))(s)

]

Before we verify that this definition of p indeed yields a distributive law, we first explain
why the counterexample, demonstrating that the failure of the comultiplication axiom at
the core of the no-go theorems, Theorem 6.2.4 and Theorem 6.2.12, can not be carried
out in the case of €. Recall that the counterexample in Theorem 6.2.4 traced the list
[{a,b},{b}] € N*(p({a,b})) around the comultiplication diagram 6.2. One chase around
the diagram yielded the set

{llal, [a, 0]], [[], [b, b1]}-

Whereas the other direction yielded the set

{llal, [a, 0]], [[8], [a, b1, [[al, [b, 611, [[0], [b, OIT }

with the additional ‘covariant’ lists [[b], [a, b]] and [[a], [b, b]]. If we attempt the same chase
for our definition of p, in the case where & = €2, we see that equation (6.17) eliminates
these covariant terms and equation (6.16) reduces the degree in the other ‘independent’

terms as in the boldfaced expressions below:

pn+x © NTpx o dp,x([e1.a + ez.b, 1.b])
= { definition of § }
pn+x © Nt px([ler.a + ea.b], [e1.a + e3.b,1.0]])
= { N7 on functions }
pn+x ([px([er.a + e2.]), px([e1.a + ez.b, 1.0])])
= { definition of p }
pN+X([61.[a] + 62.[5], 61.[&, b] + 62.[b, b]])
= { definition of p }
ei-[la], [a, b]] + ezex [[b], [a, b] + exez.[[a], [b, b]] + €3.[[b], [b, b]]

154



= { equation (6.17) }
¢i-[la], [a, b]] + 0.[[b], [a, b]] + 0.[[a], [b, 0] + e3.[0]. [b, 0]
= { remove 0 weighted terms }
e1.[lal, [a, b]] + e3.[[0], [b, ]
= { equation (6.16) }
el‘[[a]a [CL, b]] + 62.[[b], [ba b]]
= { definition of § }
61.(5)(([(1, b]) + 62.6}(([[), b])
= { D¢ on functions }
Dg <5x)({61.[a, b] + 62.[b, b]})
= { definition of px }
Dg((;X) e} px<[€1.a + 62.(), 1b])
Generalising this diagram chase to arbitrary elements allows us to verify the comultipli-

cation axiom (6.4) of Definition 6.1.4. We now proceed with verifying that p is indeed a

mixed distributive law.

Proposition 6.3.4. p: N"Dg — DN is a mized distributive law.

Proof. Unit: To verify the unit axiom (6.1), consider [zy,...,x,] € N*T(X):
po NT(n)([x1, ... za])

= { N7 on morphisms }

p([n(x1), ..., n(zn)])
= { definition of n }
p([l.xg, ..., 1.xy,])
= { definition of p and ¢; = 1.z; }

(IT 1)-[z1, - - - 2]

1€[n]

= { identity axiom & }
Lz, ... 2]

= { definition of n }
Mo o0

Counit: To verify the counit axiom (6.22), consider [p1, ..., p,] € NT(De(X)):

De¢(e) o p([o1,-- -, 0n)
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= { definition of p }

D¢(e) ( Z (H %(%))[%;Jn])
[

Z1,..,Tn] ENT(X) i€[n]
= { D¢ on morphisms }
> (I wilz)) ez, ... )
[Z1,--;zn]ENT(X) i€[n]
= { definition of ¢ }
[Z1,-xn]ENT(X) i€[n]
= { distribution axiom Proj(d) }

[z1

zn€X \[z1,..., Tn—1]ENT(X) i€[n—1]

= { normalisation }

> lon(w,).2n

rn€X
= {identity 1 € &€ }

Z on(Tn). 2y

rn€X
= { p, as a formal sum }

Pn
= { definition of ¢ }

5[()01, .. .,gOn]

Multiplication: To verify the multiplication axiom (6.3), consider [¥y, ..., ¥,] € NT(D¢(De(X)):

pn+x) © De(p) o poe ) ([P, -+, Wai])
= { definition of p }

pn+(x) © De(p) ( > IT wi(vi)-[er, - '7‘1071])

[p1,spn] ENF(De (X)) i€n]

= { D¢ on morphisms }

HN+(X) ([ ]Z IT wi(ei))-pler, - - 780n]))

,,,,, ENT(Deg (X)) i€[n]

..... EN+(Dg (X)) i€[n] [21,.... 2] ENT(X) i€[n]

LN+ (X) ( > IT wi(ei))-( > (I1 wi(sci))-[aih-..,xn]))
[©1,,0n]
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= { definition of p }

Z Z (H ‘I/z(%)%(xz)) -[$17---,$n

@150, Zn ] ENT(X) [@15e-pn] ENT (De (X)) \i€[n]
= { definition of p }

px ([ Z Z Uy (1) (pr(1))- 215 Z Z U, (0n) (n(Tn)).240]

p1€De (X) z1€X en€De(X) zn€X
= { definition of px }

px ([px (1), .-, px (Wn)])

= { N* on morphisms }
px o N*(ux)([P1, ..., ¥y])

Comultiplication: To verify the comultiplication axiom (6.4), we need to be explicit about

the number of monomials in €, so we assume that € = €". Consider ¢ = [¢1, ..., ¢n] € NT(De(X)):

pp, © N*(p) 0 d(p) = pp, o N (p)([[ea]s - [1, - s oml])
= poe ([o([21]); - p([21; - - -, om])])

= pp; (Zw(wl)-[ﬂfﬂw- > (11 %(ﬂsi))-[ﬂfl,---,xm])

[z1] [Z1,....xm] 1€[M]

> H( > H%(%))-[[xl]w-,[xl,---,wm]]
8=l

[$1,-..,8m]ET j€[m)] =[z1,...,x;] 1€[4]
where T' is the image of the dp,. Using the +-commutative and distributive axioms
of semirings we can rearrange the terms in the above expression to a more convenient
form. To attain this rearrangement, we first note that by the normalisation condition,
the weights in each of the ¢; must sum to 1. By the construction of €, the only such
sums are 1 itself and the sum of the monomials e; € € as in equation (6.18). Thus,
for every j € [m], either ¢; = l.z; for some z; € X or p; = el.le- + -+ epaf for
some x}, ...,77 € X. By equation (6.18), we can view the former case as instance of
the latter where for all z € [n], 27 = x;. Therefore, we can assume that for all j € [m],

J
w; = el.x} + - +e,.2}. Under this assumption, the only terms that are potentially non-

zero correspond to the cases where [s1,...,s,] € T is such that the s; = [27',..., 2]
for some z1,...,2; € [n|; so we define T, be the collection of all [sy,...,s,,] € T of this
form. With this definition and noting that for all j € [m] and i € [n], p;(z*) = e,, we

can write the above sum as:

ppe © N*(p) 0 6(p)



However, note that because of equation (6.17), all of the terms of the forme,, - --- - e,
where at least two of the zi,...,z, are not equal become 0. Intuitively, these terms
are the weights of the ‘covariant’ lists of lists and the terms that remain are for the
‘independent’ lists of lists: [[zf],...,[z],...,2%)]] for every z € [n]. More precisely, the

terms that remain are:

pp. o NT(p)odle) =3 | > 62”) N EE1 PR PR |

z€[n] \s=[z%,...,x3,]

6.3.3 Ehrenfeucht-Fraissé comonad over quantum monad

In this section, we exhibit a distributive law of a version of the k-round EF comonad
EY over a version of the quantum monad QF from [4] which are tailored to a category
of ‘commeasurable’ g-structures Struct®(c) defined below. We start by introducing the
quantum monad over the category of o-structures Struct(c) from [4]. The quantum
monad is not in fact a monad, but a graded monad. The definition of graded monad
is rather general and in fact, parametric over monoidal categories [40, 67]. However for
the purpose of introducing the quantum monad, we only need to define (N*, 1, x)-graded

monads.

Definition 6.3.5. A N*-graded monad ({M,},n, {#"™}) on € is a NT indexed family
of endofunctors M,,: € — &, a unit natural transformation n: Ide — M;, and graded
multiplication given by a family of natural transformations {p™" : M, M, = Mpm }nmen+

satisfying the following diagrams for every i, j, k € N*:

dik ok
MMM, 285 MMy MMM, 2225 MM,

Hi,ijl lui,jk Hi,ijl Lui,jk

e n
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Since our aim is to exhibit a distributive law of the k-round EF comonad over the NT-
graded monad Qg, we must also adapt Definition 6.1.4 of a comonad-monad distributive

law to take into allow for the N*-grading on the monad.

Definition 6.3.6. A mized distributive law of a comonad (W,n,d) over a NT-graded
monad ({My},n, {u®?}) is a family of natural transformations x%: WM, — MyW satis-

fying the following commutative diagrams for all d,d’ € N*:

V " W (6.21)
WM, ~ MW

WM, ! MW
\ / (6.22)
EMd MdE
M

lide/ Mdnd/
WMde/ e MdWMd/ —_— Mde/W

Wud,d'l Jud,d’w (623)
W Myq dd, MagW
WM, i MW
oMa | [0 (6.24)

Ww M, Y5 waw =Y LW

Distributive laws of graded comonads over graded monads are defined in [41]. Defini-
tion 6.3.6 above is an instance of this definition which the grading on the comonad is

trivial and the grading on the monad is given by the multiplicative monoid (N*, 1, x).

We now proceed with defining the NT-graded quantum monad Qg on Struct(c). In
quantum mechanics, pure states of a quantum system are vectors in a complex Hilbert
space. For quantum information, it is common to restrict to finite dimensional Hilbert
spaces. Let H,; denote the d-dimensional Hilbert space consisting of d-length tuples
of complex numbers. Classical information about a quantum system is obtained by
performing measurements on these states. Measurements are represented in a phase-
invariant way via projector-valued measurements (PVMs). To define PVMs we first define

(orthogonal) projectors.

Definition 6.3.7. Given a d-dimensional complex Hilbert space Hy4, a projector is a
matrix £ representing a linear map of type Hy — Hgq satisfying the equations F = E? =

ET where ET denotes the conjugate transpose of E.
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The d-dimensional identity matrix I; is a projector on the whole space Hy and the d-
dimensional zero matrix 04 is a projector on the zero subspace of H,4. Let Proj(d) denote
set of projectors on Hy. The product EF of two projectors E, F' is a projector if and
only if they commute EF — FFE = 04. The projector E is said to be orthogonal to F' if
EF = 0,. We are now ready to define PVMs.

Definition 6.3.8. Given a set A, a d-dimensional projector-valued measurement over A

or d-dim PVM over A is a function ¢: A — Proj(d) satisfying the following conditions:
(1) ¥ has finite support: For all but finitely many a € A, ¥(a) = 04
(2) ¥ is pairwise orthogonal: If a # &', then ¥(a)d(a’) = 04.
(3) normalisation: The sum Y ,c4V(a) = Iy

As with the probability distributions, we can write PVMs as a formal sums ¢ = Y. 4 ¥(a).a.

Given a d-dim PVM ¢ over A, the probability of measuring outcome a € A on a quantum
system in pure quantum state, represented as vector v € Hy, is v'Pv > 0 where P =
Y(a) € Proj(d). Two d-dim PV Ms 9,9 are jointly measurable if for all a,a’, ¥(a)

commutes with ¥'(a’).
We are now ready to define the N*-graded quantum monad ({Qg}, n, {u®%}) on Struct(o).

« Forevery d € NT, the object mapping of the endofunctor Qg : Struct(c) — Struct(o)

maps a o-structure A4 with universe A to a o-structure Qu(A) with universe
Qu(A) = {¥: A — Proj(d) | ¥ is a d-dim PVM.};
and for every m-relation R € o, (94,...,9,) € R if and only if
(1) for all ¢, j € [m], ¥; is jointly measurable with ¥;.

(2) If (al, . ,CLm) g R'A, then 791((1,1) ‘e ﬁm(am) = Hze[m] 191(CLZ> = Od.

o For every d € Nt and every o-morphism f: A — B € Mor(Struct(o)), the func-
torial action produces a g-morphism Qu(f): Qq(A) — Qu(B) mapping A-valued
PVM ¥ to B-valued PVM Ab. 3¢ p-1) ¥(a).

e The unit natural transformation 7: ldsyuct() — Qi has components 74: A —
Q:(A) for every A € Struct(o) where n4(a) = A, is the ‘Dirac delta PVM’:

I, ifa=d

Bald') = {01 if a # d
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e To define the multiplication of the quantum monad, we recall that given E €
Proj(d) and F' € Proj(d’), we can form the tensor product to obtain a projector
E ® F € Proj(dd’). Thus, for every d,d’, the transformation % : QuQu — Qua
has components ui{d, for every A € Struct(o) where

piO)=xa. Y OW) ®(a).
9eQy (A)

Evidently, the definition of the quantum monad resembles the definition of the discrete
probability distribution monad where R*-weighted convex sums are replaced with Proj(d)-
weighted convex sums, i.e. d-dimensional PVMs. In fact, taking into account that each
PVM consists of weights which satisfy idempotence £? = E and pairwise orthogonality
EF = 04 for F' # FE, the quantum monad most closely resembles the definition of the
single measurement monad from Section 6.3.2. In fact, Qg can almost be see as a distribu-
tion monad over the ‘semiring’ of d-dimensional projectors Proj(d). However, this is not
accurate as Proj(d) is not a semiring because the multiplication of projectors is a partial
operation, i.e. EF € Proj(d) is only a projector if £ and F' commute. Another salient
difference between the quantum monad and distribution monads, is that the graded mul-
tiplication of the quantum monad uses the tensor product, rather then the multiplication
of Proj(d). The use of tensor product, instead of projector multiplication, is important
for modelling quantum homomorphisms, but also manages to avoid the issue of Proj(d)’s

multiplication being partial.

Despite this, given the resemblance of Qg to D¢ and E;, to N T, we can attempt to mimic
the definition of p: N*D¢ — D¢ N+ by defining a graded distributive law x?: E, Qg —
QuE;, whose components k4 would send [p1, . . ., ¢,] to the PVM where [ay, . . ., a,] has the
weight [[;c; i(a;). However, the partiality of projector multiplication in Proj(d) means
that this would not be well-defined. We may avoid this partiality issue in defining x?
by moving from Struct(c) to the category of commeasurable o-structures Struct® (o). To
define Struct®(c), we must first define the category of reflexive graphs RGraph. The
objects of RGraph are undirected graphs G = (V, E) such that each vertex v € V has
a distinguished self-loop from (v,v) € E. Morphisms in RGraph are graph homomor-
phisms which send self-loops to self-loops. We write ® for the commeasurability relation.
The category of Struct®(o) has objects which are o-structures A such that the universe
A € Ob(RGraph) and that two elements a,a’ € A can be appear in related tuple if
a ® a’. Commeasurable o-structures form the category Struct®(o) where morphisms are

morphisms in RGraph in addition to the interpretation of relation symbols R € o.

We now adapt the definition of the k-round EF comonad produce a comonad (E}, ¢, §)

on commeasurable o-structures Struct”(c). The key difference between E; and E} is
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that E} only consists of sequences of elements which are pairwise commeasurable. For a
commeasurable o-structure A € Ob(Struct®(o)) with universe A € Ob(RGraph), the
universe EY(A) of E(A) has underlying set

EP(A) = {[a1,...,a,) | n <k, Vi € [n],a; ® a;}.

and commeasurability relation ® being prefix comparable, i.e. s ® s if s C s’ or §' C s.
Just as with Ey, the counit €: ldg,0(5) = EY returns the last element. For every m-ary

relation R € o, the define the interpretation

REW(sy,...,5,) & Vi j € [m],s; 05

and RA(EA(Sl), oy ea(sm))

Notice that since ® for Ej’(A), by definition, is prefix comparability this coincides with the
definition of relational interpretation R®4). The action of E{ on Struct®(c)-morphisms
and the definition § are defined as for E;.

Remark 6.3.9. Ostensibly, this move to the setting of commeasurable o-structures
Struct® (o) to fix the partiality issue in the definition of x? may seem unmotivated. How-
ever, this fix was inspired by a similar move in the study of logic for (quantum) contex-
tuality where total Boolean algebras are replaced with partial Boolean algebras [3, 57].
In that setting, similar to our case, partial Boolean algebras are equipped with a com-
measurability relation such that the meet and join operations are only well-defined for
commeasurable elements. Moreover, we can recover ordinary o-structures Struct(c) from
Struct(o) since there is a reflection U 4 G where U: Struct®(c) — Struct(o) is the
forgetful functor removing the commeasurability relation and G: Struct(c) — Struct® (o)
sends a o-structure A to the the commeasurable o-structure where the commeasurability
relation is the full relation, i.e. ® = A% Thus, if we take the relative-lifting of E; by
G': Struct(o) — Struct®(o), then the coKleisli category of the relative comonad E{ o G
over G is essentially the same as the coKleisli category of E;. Adding the full relation,
to the signature, as we did via the functor G: Struct(c) — Struct®(c), has precedence
in the study of quantum constraint satisfaction. Namely, adding the full relation was
required to ensure closure under primitive positive reductions when investigating the
quantum analogue of Schaefer’s dichotomy theorem on Boolean-valued constraint satis-

faction problems [18].

We now adapt the definition of the graded quantum monad to produce a NT-graded
monad ({Q5},n, {u®?}) on commeasurable o-structures Struct®(s). For a commeasur-
able o-structure A € Ob(Struct®(c)) with universe A € Ob(RGraph), the universe
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QY (A) of Q7(A) has the same underlying set as Qg(A), i.e. all d-dimensional PVMs over

A, and commeasurability relation defined as

Y © Y < 9 and ¥ are jointly measurable.
and if a ® @’ does not hold, then J(a)d(a’) = 0,.

For the other relations R € o, the interpretation R 5 the same set as R,

With these definitions of EY and QY in place, we are now able to officially define the
graded mixed distributive law of E over QY as the family of natural transformations

k% EPQY — QYEY with components defined as

[1Yi(a;) ifm=n

0, otherwise

K4 (01, ..., 0]) = Maa, - . ., am). {

Which we can express as the formal sum:

i€[n]

kG (01, ..., 0,]) = > (H ﬁi(ai)) Jaq, ... ay). (6.25)
(A)

Note the product in this definition of x is well-defined precisely because Ef was tailored

to only consists of lists which are pairwise commeasurable.

We first verify that, for each A € Ob(Struct®(o)) and d > 0, k% defined by equation (6.25)

is indeed a morphism in Struct® (o).

Proposition 6.3.10. For every A € Ob(Struct®(o)) and d > 0, the function k7 is a

Struct®(o)-morphism.

Proof. In the following, given a ¥ = [dy,...,9,] € EP(QY(A) and s = [ay,...,a,] €
E(A), we use the shorthand notation 9(s) = [T;c(, Vs(a:).

Suppose R € o is a m-ary relation and (9%, ..., 9™) € RE: Qi) where assume for all j €
[m], 99 = [¥],... ,ﬁi(j)] for some n(j) < k. We need to show that (k?(9'),. .., k%4 (I™)) €
RQS(ED (A)

To verify the joint measurability condition in the definition of RQG &Y (A) we first observe
that all of the elements ¥, ...,9™ are pairwise commeasurable, i.e. prefix comparable,
for all i,j € [m], ¥ C ¥ or 9 C 99. Without loss of generality, assume 9 C 99. Since
¥ is a list of pairwise commeasurable elements in Q5 (.A) and ¥ C 97, each of the PVMs
V¢ € [¥] is jointly measurable with every PVM 4 € [#9]. By the definition of jointly

measurable, for all a,a’ € A, ¥¢, € [#], and ¥ € [9], ¥ (a) commutes with ¥ (a’).
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It follows that for every s,s’ € Ei(A), 9%(s) commutes with 97(s’), so x¢(¥) is jointly
measurable with x%(97).

To verify the compatibility condition in the definition of RQdQ(ES(A)), suppose § = (S1,...,5n) &
Ey (A). We have to show that K (8) = [T;cp £%(9*)(s;) = 0. In this verification, as with
the joint measurability verification, we assume without loss of generality ¥ C 199. There

are three cases we consider:

(1) There exists i € [m], |s;| # |9|, then by definition of k¢, k%(¥%)(s;) = 04. Thus, in
this case, the whole product K(3) = 0.

Thus, we can assume the next two cases that for all i € [m], |s;| = [#].

(2) There exists i,j € [m] where s; Z s;. It follows that there exists some least
index ¢ where a. € [s;] is the c-th element of s; and a. ¢ [s;]. Let a. be the
c-th element of s; which is not equal to a.. By the assumption that 9% C 99,
for all z < n(i), 9. = ¥9. In particular, 9. = ¥J. Since the PVMs 9!,... 9™ are
pairwise jointly measurable, we can commute the terms of the product K(3) so that
Vi (a.)9i(al) are adjacent. Since a. # a, and projectors in PVMs are orthogonal,
Vi(ac)i(al) = Vi(a.)Vi(al) = 04. Thus, the whole product K(5) = 0.

(3) (ea(s1),...,e4(sm)) & RA. Since (¥,...,9™) € RE Qi) by the compatibil-
ity condition in the definition of R=:(Qd(A) (Dnays -+ Oy € R By the
compatibility condition of R () and (e4(s1), . ..,c4(sm)) & RA, we have that

19:1(1)(5A<81))'l9 (m €A Sm H 19Z €A S’L —Od.
1€[m)|
As with the previous case, by pairwise joint measurability of 9!, ...,9™, we can
rearrange the product so that the above sequence appears and conclude that K (§) =
0g4.

Thus, in all three cases, K (5) = [Ticim £4(9*)(s;) = 0 as desired. Since the joint measur-
ability and compatibility conditions are satisfied, (k4(91), ..., k% (™)) € R EA) and

x? is a o-morphism.

Observe that the definition of ® for QF(E(A)) is the same as any other relational
interpretation. Thus, we can repeat the proof above in the case where R = ©, to show
that x? preserves the commeasurability relation. Thus, we can conclude that ¢ defines

a morphism in Struct®(o). O

We next verify that for every d > 0, the family of morphisms {x% | A € Ob(Struct®(c))}

forms a natural transformation.
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Proposition 6.3.11. For every d > 0, £%: EY 0 QY — QY o EY is a natural transforma-

tion.

Proof. The proof follows essentially the same lines as Proposition 6.3.3. Suppose f: A —
B is a morphism in Struct®(c). We define for every i € [n],

i(b) = Qg (f) (i) () Z pi(a) € Qj (B). (6.26)

acf=1(b)

To verify the ¢ naturality square of f, consider s = [y, ..., p,] € EPQF(A):

Qi (E (1)) o r4(s)
— { definition of k¢ }

Q (EZ(f)) ( >, (I wia) al,---,an])

[a1,....an] EED (A) i€[n]
= { QY on morphisms }
Z H (101 az )([a1>"-7@n])
[a1,....an]EEY (A) i€[n
= { E? on HlOI"phlSHlS }

> (I wila).([f(ar), - flan)])

[a1,...,an]€EY (A) i€[n]

Using the distributive property of projectors in Proj(d), for every i € [n], we can induc-
tively ‘pull-out’ all terms [f(a1),..., f(a;)] in the formal sum whose i-th element starts
with b; = f(a;).

Q7 (B (f)) o kals)
= { distribution property of projectors }

Z Z Qol(al)( H on(aj>'[f(a1>7'"7f(an)]>

[a1,..., an}GJEkQ(A) ar€f~1(by) 2<j<n
= { inductively apply distribution property }
Yoo X wl@)( Y wela). (D walan))far).. ... flan)]
[a1,....an]€ED (A) a1€f71(b1) az€f~1(b2) an€f~1(bn)
= { equation (6.26) }
Z ¢1(b1)¢n(bn)[f(al)vaf(an)]
(a1.--an]€EP (4)
= { support in image of EJ(f) }

> 1(b1) - P (bn).[b1, - -, b

[b1,...bn]EImM(EY (f))
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= { product notation and 0 terms for Ef (B)\Im(E?(f)) }

. (I %) [bs, ... by

[b1,....bn]€ED (B) i€[n]

= { definition of x4 (6.25) }
HdB([qvbl? ce vwn])

= { equation (6.26) }
RE(1Q7 () (@), -+ Q7 () (wn)])

= { EY on morphisms }

K% o BR(Qq (f))(s)

]

Finally, we check that the collection of natural transformations x? for every d > 0 satisfies

the four diagrams of Definition 6.3.6 verifying that it is indeed a graded distributive law

of comonad E{ over graded monad QY.

Proposition 6.3.12. {k%: EYQY — QYE} }gen+ is a graded mized distributive law.

Proof. We must show that for diagrams in for the unit axiom (6.21), counit axiom (6.22),

multiplication axiom (6.23), and comultiplication axiom (6.24) in Definition 6.3.6 are

satisfied.

Unit: To verify the unit axiom (6.21), consider [ay, ...

k' o EP(n)(lay, . .

= { E? on morphisms }

v 1(an)])

K ([n(a1)

= { definition of n }

/ﬁl([hul, ..

S 1h.ay))

S an))

,CLn] € ES(A)

= { definition of x and ¢; = La; }

(H Il).[al, Ce ,an]

1€[n]

= { identity axiom Proj(1) }

Il.[al, e

, G

= { definition of 7 }

n([ai, ...

Counit: To verify the counit axiom (6.22), consider [p1, ...

Q5 () o k[epn, . ..

) )

79071])
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= { definition of % }

QY (e) Z H wi(a;)).Jar, ..., a,)

[a1,....an]€EY (A) €[n]
= { QY on morphisms }
Z (H pi(ai))-e([ar, ..., an])
[a1,....an]EEY (A) €[]
= { definition of € }
Z ( H pi(ai)).a
[a1,....an]EEP (A) €[]

= { distribution axiom Proj(d) }

Z Z H wi(a;) | Ynlan).an

an€A \[a1,....an—1]€EY (A) i€[n—1]

= { normalisation }

> Lagn(an)-an

an€A

= { identity I; € Proj(d) }

Z onlan).ay,

an€A
= { p, as a formal sum }

Pn
= { definition of ¢ }

5[()01, .. .,gOn]

Multiplication: For this verification, we will need to use the following the mixed product

property of the tensor product ®:
(E®Q F)(Ge H)=EG® FH (6.27)
To verify the multiplication axiom (6.23), consider [¥y, ..., ¥, ] € Ex(QF(Q%(A)):

HED (4 OQd/@ O/{ ([\Ill,...,\lln])
= { definition of x* }

o (1) © QG R > (TT wi(e))-len, - -, o)

[01,---n] €E (Q5 (A)) €[]

= { QY on morphisms }

,LLE@(A) Z H ‘Ij 901 901,---7S0n]>
[p1,0n] €EL QS (A)) €n]
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— { definition of % }

HES (4) > (T ®slea))-( (II @i(a))-las, - .., )

[p1,-n] €EL QS (A)) i€[n] [a1,...,an]€ED (A) i€[n]
= { definition of p }
Z Z quSOZ@HQOZaZ a17"'aan]
[a1,--,an] €EF (A) [p1,,0: €EL (QF (A)) €[n] i€[n]
= { equation (6.27) }
> > (IT wile)) @ i(ai).[ar, ..., ]
[a1,san]€E (A) [01,... 0] €EL (QS (4)) €[]
— { definition of k% }
ST Y (M eei(@)).an., Y Y (T ® ealan))-an)
p1€Q5 (4) mEA Pn€Qy, (A) an€A

= { definition of py }
K (D), ()]

= { E? on morphisms }

K OB ()W, ..., T,

Comultiplication: To verify the comultiplication axiom (6.24), consider [¢1,...,¢,] €

7 (Qq (A)):

kiqe © BX (57) 0 dqe (@1, - - on]) = kigo o B (5)([[1], [01, 2l - o, - ull)
= o (K (1), 1 (s 2al))

Using the notation ¢; = [p1,..., 9] and @;([as, ..., a;]) = Iliep; wi(as), we obtain the

following from the definition of x%:

/@‘éd@ oEg/{dochg([gol,...,gOn = H (1Y (s Y. ¢nls)s])

[al] s:[a1 ..... an]

= Z H(cpi(si)).[sl,...,sn]

[815ees sn]EEkQ (Ek@ (A))

Let S; = {s; = [a1,...,a;] € E(A) | pi(s;) # 0} and let T = {[sy1,...,5,] | si € Si}.

From the definition of ¢;, every term where [sq,...,s,] € T is 0. Thus, we obtain that:

O {COLLNTCINER B DI | (CCH RO
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In T, there are two types of terms, independent terms [sy, ..., s,] where for all ¢ € [n]\n,
s; C S;41, and covariant terms [s1, ..., S,| where for some i € [n], s; £ s;11. Let T, C T
and T, C T denote the set of independent and covariant terms respectively. Using this

notation, we obtain that:
QQOEk( )Oéqd@q@la---a@n]): Z H(‘pi(Si)).[Sh...,Sn]
+ > TIi(si)[s1,-- -, 50

[517 73n]ETc
For each element in ¢ = [s1,...,s,] € T., let i, be the least index such that s;, ¥
si;.+1. Using the fact that projectors in ¢y, ..., ¢, are commeasurable, we can rearrange

the terms in product [Je;(s;), such that the term ¢; (a;, )@ +1(aj ), where a;, is the
last element of s;, and a; is the penultimate element of s; 1, appears in the resulting
product. Since a;, # aj_and @;, (a;,), pi.+1(a; ) are different projectors of the same PVM
©i., we have that, o; (a;.)@i.+1(a;) = 0, and thus the product [¢;(s;) is 0 for every
[$1,...,8n] € T.. Thus, we obtain that:

Klgg OE%('L{CI) © (SQd@([@Dl, s 79071]) = Z H (Pz SZ 81’ o "Sn]

[31: 75n]€Tz

Using the fact that the projectors in the PVMs ¢y, ..., ¢, are commeasurable and that
each t € T, is of the form t = 0([ay,...,a,]) where for all i € [n], ;(a;) # 0, we can

rearrange the terms in the sum over 7, and obtain that:

Z H wila;)) . 0([ar, ... a,))
la1,...,an]ESn i€[n]
>

I ¢i(a:)-6(lar, -, an))

[al 5. aan] €Sp i€ [TL]

= Q%(9) ([ > 11 gpi(ai).[al,...,an])

Q1,...,an)ESn 1€[N]

= Q7 (8) o k%([e1, - .., pn))

]

Remark 6.3.13. The verifications that x? satisfies the counit and comultiplication di-
agrams in Proposition 6.3.12, in particular, establish that for every d > 0, there is a

coKleisli law of EY over Q. Thus, we may apply the abstract morphism (Theorem 5.2.2)
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and isomorphism FVM theorem (Theorem 5.2.2) to demonstrate that Qg preserves the
=FOr and =FO* relations, respectively. This is not a direct application, but involves
using the the relative-liftings of EY, QS along the functor R: Struct(c) — Struct®(o).

With this distributive law in place, we can compose morphisms of type Ex.A — Qg using
the expression from biKleisli composition in equation (6.5). This is rather interesting since
a biKleisli morphism E; A — QuB can either be interpreted as a ‘quantum strategy for
Duplicator in 3+EFk(A, B)’ or as ‘quantum perfect strategy in a homomorphism game
with Spoiler’s contexts in 3JrEFk(A, B)’. Finding a recipe for composing strategies across
these two types of games, given their non-categorical definitions would likely have been
difficult task without the use of (co)monads. Furthermore, as the no-go theorem from
the previous section indicates, these similar compositions are by no means guaranteed.
Exploring how the existence of this distributive law could be used to address questions
in quantum finite model theory is outside the scope of this thesis, but will be explored in

the forthcoming work [56] with my co-author Amin Karamlou.

170



Chapter 7

Conclusion

The paper Relating Structure and Power [13] demonstrated that the encoding of pebble
games in finite model theory, as comonad over relational structures, first discovered by
Abramsky, Dawar, and Wang in [5], was not simply coincidence, but one instance of the
wider phenomena of model comparison game comonads. However, this paper did more
than just provide an impetus for the game comonads research program, it also articulated
and cast the program as a part of a wider vision of unifying two research strands within

Logic in Computer Science:

Power: This strand uses logic to resolve questions of expressive power and algorith-
mic complexity in databases, constraint satisfaction, artificial intelligence, and

computer-assisted verification.

Structure: This strand studies semantics and compositionality in logic to facilitate the

creation of bug-free, correct, and modular software systems.
The goal of unification is to reap benefits to both strands.

For the Power strand, structural tools provide a perspective that organises, generalises,
and reformulates common arguments employed across different concrete problems.
This birds-eye view opens avenues to discover new variations of old results and new

instances of common constructions.

For the Structure strand, tailoring structural abstractions to these concrete problems
provide new challenges and motivate questions about these abstractions that drive

their further development.

Model comparison game comonads are instance of this vision by drawing a connection

between (finite) model theory, exemplifying power, and categorical semantics, exempli-
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fying structure. It is my belief that the contributions documented in this thesis provide

evidence that both these benefits have emerged from the game comonads program.

7.1 Summary of work

Second-order logics via relative-liftings In Section 3.3 of Chapter 3, we demon-
strated how a relative-lifting of the Ehrenfeucht-Fraissé comonad could be used to capture
equivalences in logics with equality. This technique of relative-lifting is not limited to
providing an interpretation for equality but for any interpretation that is functorial. In
particular, we showed how use relative-lifting to provide interpretations for first-order
logic with a connectivity predicate. By upgrading the Ehrenfeucht-Fraissé comonad to
the multi-sorted setting, we used this technique to obtain a relative comonad which cap-

tured equivalence in monadic second-order logic.

Linear arboreal covers In Chapter 4, we strengthened the axioms of arboreal cate-
gories to exclude ‘branching’ behaviours. We also showed that the any arboreal category
C satisfying a strong connectedness condition has a linear arboreal subcategory €. The
linear arboreal subcategory G is related to € via right adjoint 7': @~ — €. Utilising this
right adjoint, we demonstrated how to derive a linear arboreal cover from an arboreal
cover, and thus obtain linear variants of game comonads. These linear variants of game
comonads ‘linearise’ the branching behavioural relations native to €. This axiomatic
work motivated by generalising the passage from the pebbling comonad P, of to its linear
variant PZ i.e. the pebble-relation comonad from [68]. Through this example of the
linear pebble comonad P£, we showed how these linear behavioural relations are related
to all-in-one variants of the model comparison games. These all-in-one games capture
restricted conjunction fragments of 3*£* and 3L*, and the restriction conjunction with
global counting fragment of #.L*. Moreover, we showed that just as Pj-coalgebras en-
code the data of a tree decomposition of width < k, PL-coalgebras encode the data of a
path decomposition of width < k. Thus, yielding a coalgebraic definition of pathwidth.
Through the example of the linear modal comonad ME, we showed how the ‘branching’
relations of simulation, property-preserving simulation, bisimulation, and graded count-
ing bisimulation can be uniformly ‘linearised’ into trace inclusion, labelled trace inclusion,

labelled trace equivalence, and bijective trace equivalence.
FVM theorems via coKleisli laws In Chapter 5, we investigated given (products

of) game comonads S, T, how distributive laws of type x: SF* — FT reproduce FVM

theorems for functorial operations F'. First, we proved that merely having a ‘discrete’
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natural transformation of type x: TF — F'S is sufficient to obtain a FVM theorem for the
positive-existential fragments 377 of logics J captured by arboreal covers associated to
game comonads in the product S = [];c; S; and T. Second, we proved how if x satisfied the
axioms of coKleisli law then this was sufficient to obtain a FVM theorem for extensions
of J by counting quantifiers #.7. We discussed the conditions in [52] that x and F' must
satisfy in order to obtain a FVM theorem for the existential 37 and full fragments 7.
These abstract FVM theorems were illustrated by recovering classical FVM theorems for
coproduct operations. We also applied these theorems to the algebraic operations used to
build structures of bounded clique-width. In the case where F' was the identity functor on
either Struct(o) or Struct, (o), we semantically recovered translations between the logics

associated with game comonad T to the logic associated with game comonad S.

Comonad-monad distributive laws, negative and positive In Chapter 6, we con-
tinued our investigation of distributive laws by focusing on the case where the comon-
ads C = D = W were the same and F' was the underlying functor M of a monad
(M,n, ) satisfying additional coherence axioms with the unit 7 and multiplication p of
M. This investigation was motivated by the question of whether there existed a graded
comonad-monad distributive law x: E. Qg — QgE; where Qg is the quantum monad over
Struct(o) from [4]. The search for such a distributive law lead us to prove a general no-
go theorem demonstrating that there cannot exist any comonad-monad distributive law
p: WM — MW for wide class of comonads W € Cy, and monads M € C,; over Set. The
class of Cyy is all directed containers that are not coreader comonads, or equivalently, all
polynomial comonads which are not linear. The class of Cj; is all monads which contain a
‘uniform distribution’ of size > 2. As a corollary, we showed there are no distributive law
of the k-round EF or k-pebble comonads over the extension of the discrete probability
distribution monad to Struct(o) from Adam Connolly’s PhD thesis [26]. By contrast, we
exhibited a distributive law x: EY QY — QYEY for versions of Ef and QY tailored to
o-structures with a reflexive, symmetric commeasurability relation. These distributive
laws were based on a distributive law of the prefix list comonad k: NTDg — De N over
the distribution monad of the ‘single measurement semiring’ €. This illustrated that the
one of the key properties which enables a distributive law of EY over QY in contrast to
its classical cousin Dg_,, is the arithmetic of projector-valued measurements involved in
the definition of QY.
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7.2 Further directions

We conclude this thesis by mentioning important questions that arose from this research

and suggest directions of further inquiry.

Categorical definition of branch bijective, injective, surjective games In Sec-
tion 3.1.2 about the abstract games from [10], we exhibited the games > Peby (A, B),
FPeby (A, B), and Peby (A, B) as instances of abstract path matching games 3+9(X, Y),
IG(X,Y), and G(X,Y) which were defined for any pair of objects X,Y in an arboreal
category €. We also showed that #Pebk(/l, B) is equivalent to isomorphism between free
coalgebras Ry (A), Ry(B) in RE (). Can we define an abstract bijective game #G(X,Y)
which provides an ‘operational” definition of isomorphism in any arboreal category € sim-
ilar to how 3+9(X ,Y') provides a definition of morphism? One key restriction of bijective
games is that only coincide with equivalence in a logic extended with counting quanti-
fiers if the structures are finite. Does this mean that #S(X ,Y) can only be defined on
locally-finitely presentable (lfp) arboreal categories as in [76]7 Isomorphism in locally-
finitely presentable categories, where each object is a filtered colimit of compact/finite
objects, are characterised in terms of so-called ‘confluent sequences’ between the filtered
cocones that present an object [66]. The definition of confluent sequence was inspired by
back-and-forth model comparison games. Could a Duplicator winning strategy in an ab-
stract bijective game #S(X ,Y') for an Ifp arboreal category € be described as a confluent
sequence between the path embedding cocones that generate X and Y in C7 Further-
more, in the paper [25], and in Adam Connolly’s PhD thesis [26], for every n, k > 0, the
‘Hella’ game comonad H, ,, was defined so that isomorphism in the Kleisli category char-
acterised equivalence in k-variable logic extended with all n-ary generalised quantifiers
L*(Q,). The isomorphism power theorem for H,, ; was proved via looking at a n-ary ex-
tended version of the bijective k-pebble game. As an instance of the investigation in [25],
variants of this game, where f was weakened to be surjection or injection, were shown to
characterise the at least counting quantifier 3,, fragment of #L* and universal fragment
of £*. Can we similarly define the abstract branch-injective and branch-surjective games
in €7 What are the morphisms or constructions, e.g. pathwise embeddings, spans, etc.

in an arboreal category € which correspond to these games?

Relative comonads which are not relative-liftings In Section 3.3 of Chapter 3,
we demonstrated how lifting a game comonad C to a relative comonad Co J for a functor
J enables the study of equivalence in logics where symbols carry with them the intended
interpretation picked out by the functor J. However, not every relative comonad defined

as in Definition 2.3.1 is obtained by lifting of an ordinary comonad. Are there relative
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comonads which are not obtained through a relative-lifting of game comonad that could

be used to characterise equivalence in other logics?

Other (weak) adjoint constructions to capture different equivalences In Sec-
tion 4.1.1, we constructed an adjunction I - T from an arboreal category € whose
objects are strongly connected to linear arboreal subcategory € whose objects and mor-
phisms exclude ‘branching behaviour. We saw how that generalised forms of simulation,
property-preserving simulation, bisimulation and counting bisimulation native to € were
transformed into their linear variants trace inclusion, labelled trace inclusion, labelled
trace equivalence, and bijective trace equivalence in C*. Further, in the case where only
restricted to objects without branching behaviour, we obtained a weak adjoint 19 - T
from an arboreal category to a quasi-linear arboreal category C?. Illustrated with the
example 4.2.3, we also obtained a categorical characterisation of complete trace equiv-
alence. This reveals that by composing an arboreal cover €& by € with (weak) adjoint
functors on an arboreal category €, we can obtain additional behavioural equivalences to
the ones in Definition 3.1.19. What other (weak) adjoint functors on € exist that capture

additional equivalences in fragments of the logic J associated to €7

FVM theorems for operations with structures on indexing sets In Chapter 5,
we showed how considering coKleisli laws of game comonads over functors could recover
FVM theorems and logical translations. FVM theorems demonstrate when a operation
combining multiple structures preserves logical equivalence or maps equivalence in some
logic to equivalence in another logic. However, the original results of Feferman and Vaught
in [35] were more general by involving operations that had structure on the indices of the
input to an operation. Chapter 5 only recovered the case where the indices are a set, i.e.
have no structure. How do we recover these more general Feferman-Vaught-Mostowski

theorems?

No-go theorems for probability monads In Section 6.2.2, we proved that for
any non-linear polynomial Set-comonad, i.e. directed container which is not a coreader
comonad, does not have a distributive law over any Set-monad with a meaningful notion
of ‘uniform sampling’ The primary example of such a monad is the discrete probability
distribution monad Dg_,. However, Dg_, is only the most rudimentary example of a
‘probability monad’ investigated in probabilistic programming semantics [39, 46]. Typ-
ically, probability monads are defined over categories where objects have some amount

of topological structure. For instance, the Giry monad over measure spaces [42], the

175



Radon monad over compact Hausdorff spaces, and the Borel measure monad on topo-
logical spaces [39]. On the other hand, directed containers can be defined over a wide
class of categories [1]. Is there way to extend our no-go theorem to categories equipped
with a probability monad and have sufficient structure to define directed containers?
The Kleisli category for each of these probability monads are Markov categories [38].
In Markov categories, objects are equipped with a comonoidal structure. In particular,
this means that each object X has an associated copyy: X — X ® X morphism. De-
terministic morphisms f: X — Y, i.e. morphisms that do not exhibit any probabilistic
behaviours, are then axiomatised as morphisms which commute with the copy morphism,
i.e. copyy o f = (f ® f) ocopyy. In our proof of the no-go theorem, the failure of the
comultiplication axiom for a distributive law of N over Dg., amounts to a failure of
the uniform distribution on two elements to commute with the comultiplication for any
polynomial comonad which involves ‘copying’, i.e. is non-linear. Can the characterisation
of non-deterministic morphisms in Markov categories as not commuting with copy maps

be used to generalise our no-go theorem to other probability monads?

Decidable first-order logic via structure theory of arboreal covers One of the
first theorems during the emergence of mathematical logic and computer science in the
early 20th century proved that the satisfiability problem for first-order logic is undecid-
able. By contrast, the satisfiability problem for the much less expressive modal logic,
which we can consider as a fragment of first-order logic via a standard translation, is de-
cidable. Thus, since the field’s inception, practitioners have been searching for fragments
of first-order logic which are decidable, but more expressive than the modal fragment. In
fact, the holy grail of this research program is to characterise the most expressive fragment
of first-order logic with a decidable satisfiability problem. Much of this work has been
guided by proving decidable satisfiability problem for fragments which generalise features
of the modal fragment, for instance the two-variable fragment, guarded fragments, and
variable ordered fragments. These fragments seem to correlate with arboreal covers which
exhibit stronger structural properties, e.g. the arboreal cover capturing modal logic is a
coreflection and the arboreal cover capturing guarded logic satisfies the bisimilar com-
panion property articulated in [11]. By contrast, arboreal covers which do not satisfy this
property seem to correlate to expressive, but undecidable, fragments. Indeed, as Section
6 of the survey paper [2] formulates, we should be able to use the structural properties of
arboreal covers to classify the expressive power of logical fragments. Could a “tame-vs-
wild” structure theory of arboreal covers shed light on characterising the most expressive
fragment of first-order logic which has decidable satisfiability problem? As first step

towards this connection, we note that one of the techniques to show that a first-order
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fragment is decidable is to prove that the fragment has a so-called ‘tree-model property’.
Can the tree-model property be formalised abstractly in terms of arboreal categories and

covers?
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Appendix A

Multi-sorted model theory

Definition A.0.1. A S-sorted binary relation v from A to B is an S-indexed family of
subsets 75 C Ay x By

Definition A.0.2. Let I C S. A S-sorted binary relation v from A to B is a partial
function on I if for all s € I and a € Ay, (a,b1), (a,by) € s = by = by.

Definition A.0.3. Given a S-sorted binary relation from A to B, the converse relation

~¢ is a S-sorted binary relation from B to A such that:

(a,b) € v < (b,a) € v5 C By x A,

Definition A.0.4. An element @ = (a1:81,...,a,:8,) € As, X -+ X A, is said to be

A-vector of sort type (S1,...,Sn).

Definition A.0.5. A S-sorted signature o is a set of relational symbols R € o, each with

an associated arity given by a finite tuple (sy,..., s,,) of elements in S.

Definition A.0.6. An S-sorted o-structure A has universe given by an S-sorted set A,
and interpretations
RAC A, x---x A

Sm

for every relational symbol R € o with arity (si,...,Sm).

Similarly to the single-sorted case, a o-homomorphism is given by relation preserving

S-sorted function.

Definition A.0.7. An S-sorted o-morphism h: A — B is a S-sorted function h: A — B

such that for every relational symbol R € o of arity (si1,...,Sm),
RA(al:sl, e AiSm) = RB(h(al:sl), ooy h(amism))
for all ay:s1,...,Qm:Sm € A.
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We will write Struct” (o) for the category S-sorted o-structures and o-morphisms.

The syntax of S-sorted first-order logic with equality on [ in relational signature o,

FO’*() can be defined recursively. We present this syntax in pseudo-BNF form. We as-

sume, for every sort s € S, we have an infinite supply of variables x1:s, 95, ... ,y1:8, y2:S, . ..

The assumption is that when instantiated over S-sorted universe A, x:s varies over the

set As. For every vector of variables ¥ = (z1:81,...,2,:8,), we define formulas in J (%)
recursively:
O(T) = ty:s = tg:s (sel)
| R(t1:51,...,t:5,) (R of arity (s1,...,$))
| —¢(2)

| $1(Z) A 2(T) | $1(Z) V $2(7)
| Vy:so(y:s, @) | Jy:so(y:s, )

Finally, in order to define the winning conditions for the model comparison games in this

multi-sorted setting, we will need the following definitions.

Definition A.0.8. Given S-sorted o-structures A, B with universe A, B (respectively),
we say that S-sorted binary relation v from A to B is a o-correspondence if, for all R € o
with arity (si,...,Sn),

RA(ay,...,a,) = R5(by,... by,)

whenever (ay1,01) € Ys;s- -+, (An, bn) € s, -

Definition A.0.9. If 7y is a o-correspondence, from A to B, and ¢ is a o-correspondence

from B to A, then ~ is a tight o-correspondence from A to B

Definition A.0.10. Given a subset I C S of sorts, a o-correspondence v from A to B is

also a partial function on [ is a partial o-morphism on I.

Definition A.0.11. If v and ¢ are partial o-morphisms on I, then v is a partial o-

isomorphism on I.

Equivalently, v is a partial o-isomorphism on [ if it is a tight o-correspondence and
vs is a partial injective function for all s € I C S. We now prove the Ehrenfeucht-
Fraissé theorem for S-sorted first-order logic. We extending the notation from single-
sorted o-structures and let (A,d@) denote a S-sorted o-structure with a distinguished
choice of parameters @ = (a':s',... a™s") of sort type s = (s',...,s"). The structure
(A, @) can be equivalently thought of as the o-structure A in an extended signature
with constants of sort type s. In order to obtain an easy inductive proof, we will prove

the Ehrenfeucht-Fraissé theorem for these o-structures choice of parameters @ which
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provide interpretations for free variables in a S-sorted formula . Given two vectors @ =
(a':s', ..., a™s") of b= (blis',... b"s") of the same sort type in A and B, respectively,

we use 7y(d, E) to denote the S-sorted partial function such that a’ — b'.

Definition A.0.12. Given S-sorted o structures with distinguished vectors of the same
sort type (A, @), (B, b), the k-round S-sorted Ehrenfeucht-Fraissé game EFL((A, @), (B, b))
with equality on I sorts is played between two players, Spoiler and Duplicator. In each
round 7 < k,

« Spoiler chooses a sort s; € S and element a; € A, or b; € B,,.

« Duplicator responds with an element b; € B;, or a; € A, in the other structure’s

S; sort.

Duplicator wins round ¢, if the following S-relation ~;, defined component-wise,

-

Yi,s = (@, b)s U {(ajv b]) | for sj=sand j < i}

is a partial isomorphism on I of S-sorted o-structures from A to B.

Theorem A.0.13. The following are equivalent for all o-structures A, B with parameters

6,5 of the same sort type s:

-

(1) Duplicator has a winning strategy in EFy((A, @), (B, b))

(2) (A.@) =" (B.b)

Proof. (1) = (2) We prove the statement by induction on k. Suppose k = 0 and that
Duplicator has a winning strategy in EFy((A,a@), (B,b)). By the winning condition,

the relation v = ~(a,b) is a partial isomorphism. Hence, from the definition of partial

isomorphism, @ and b satisfy the same quantifier-free formulas in A and B, respectively.

-,

For the inductive step, suppose Duplicator has a winning strategy in EF;.1((A, @), (B, b))
and consider the sentence ¢ of rank k+1. It follows from the definition of quantifier rank,
that every sentence ¢ of rank k£ + 1 is a Boolean combination of sentences of the form
Jy:s1p(y:s) for sort s € S where 9 is a formula of rank < k. Hence, by recursion on the

=,

construction of formulas ¢(¥), it suffices to only prove that (A, @) F ¢(¥) < (B,b) E ¢(7)
for ¢ = Jy:sip(y:s, T).

Suppose (A, @) E Jy:s1p(y:s, &), then there exists some a € Ag, such that (A, ad) F ¥ (y:s, T).

Consider the EFy11((A, @), (B, b)) game where Spoiler plays s € S and a € A; in the first
round. Let Duplicator’s response be b € B, according to her winning strategy. Duplicator

-

then has a winning strategy in the EF((A, a@), (B, bb)) game by playing according the
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-

subsequent k£ moves of the EFy1((A, @), (B,b)) game. Hence, by the inductive hypothe-
sis, we have that for all o formulas ¢'(y:s, Z) of rank < k, (A,a) E ¢'(y:s,%) < (B,b) E

¢ (y:s,Z). In particular, (B,bb) E ¢(y:s,Z). Hence, B E Jy:sip(y:s, 7). A symmetric
argument establishes that B E Jy:si(y:s) = A E Jy:si(y:s).

(1) = (2) We prove the statement by induction on k. For k = 0, @ and gsatisfy the same

atomic and negated atomic formulas in A and B proving that v is a partial isomorphism.

—

For the inductive step, assume (A, @) and (B, b) satisfy the same formulas of rank & + 1.
We need to show that Duplicator has a winning strategy in the EF;,1((A, @), (B, b)) game.
Suppose, in the first round of k + 1, Spoiler chooses s € S and a € A,. By ¢ having
finitely many relational symbols and k finite, there is finite collection of in-equivalent for-
mulas ¢, ..., @y of rank k with variables (y:s, z:s1, . .., z:s,,) satisfied by ad, i.e. (A, ad) F
©i(y:s, @) where ¥ = (x:51,...,2:5,). Hence, (A, d) F Jy:s(Ai<ps 0i(y:5,7)). The sentence
Jy:5(Ni<ar pi(y:s, @) has rank k + 1, so by the supposition, B F Jy:s(A;<pr i(y:s, 7).
Therefore, there exists a b € B, witnessing the existential quantifier 3x:s; and so Duplica-
tor responds with this b € B,. By construction, (A, ad) E ¢(y:s, ) < (B,bb) E o(y:s, T)
for all ¢ formulas of rank < k. By the inductive hypothesis, Duplicator has a winning
strategy in the EF,((A, ad@), (B,bb)) game. Therefore, Duplicator proceeding in the sub-

sequent k£ moves of EFy1((A,d),(B,b)) according to the moves of EFy((A,a), (B,b))
yields a winning strategy for EF,.1((A, @), (B,b)). O

Proposition A.0.14. For all o-structures A, B,

A =MSOL) B if and only if Je(A) =FOL Je(B).

Proof. To simplify our reasoning we fix an enumeration of the the four types of variables
we have encountered thus far. We enumerate the ordinary and set variables of MSO(o),
respectively, as

T1,X2,T3,... and Xl,XQ,Xg, .

Similarly, we enumerate the f-sorted and s-sorted variables of FO'¥(), respectively, as
yr:f,yo:f, ys:f, ... and zy:s, 2918, 23'8, . ..

This allows us to write translations between the two types of formulas as follows. Let
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F: MSO(o) — FO"®(5°) be defined inductively as follows

F(x; € X;) = e(yi, 7))
Fla; = z;) = ypf = yef
F(R(xiy, iy, - i) = R(Wiys Yigs -+ -5 Vi)
FloAy) = Fp) NF()
F(=p) = ~F(p)
F(3zi ) = Fy:f F(p)
F(3X,;p) =3z:f F(p)

Similarly, we obtain a translation in the other direction M: FO™¥(0¢) — MSO(0)
defined by

By induction on the complexity of formulas, using the standard semantics, we can show
that for all ¢ € MSO(0), AE ¢ < J(A) E F(y) and conversely, for all p € FO.%(0°),
AEM(p) < J(A)E p. O
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