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Foreword

I still wonder whether the title of this thesis is the right one or whether it should
have been somehow different. I admit I like it. However, the first idea that came to
my mind and that, in my opinion, described properly the thesis has been something
very similar to the following:

“On the semantics and on the structure of place/transition Petri nets
in their status of nicely intuitive formalization of the notion of causality
and influential instance of the concurrency paradigm, and on the rela-
tionships which they bear to other models for concurrency, investigated
by means of processes, unfoldings, infinite computations, some algebra,
some category theory, ...”

The reader will probably agree that a similar title would not fit nicely in what-
ever page layout. Since this was certainly my opinion, I followed the aesthetic
motivation and I decided to shorten it drastically, arriving gradually to the actual
title. However, I must admit that probably my choice has not been nice to the
“other models for concurrency” which disappeared completely from the title. (Not
from the thesis, though!) Well, T shall make justice here by saying that, despite the
title, I consider the part of the thesis dealing with “other models” as relevant as
the others.

A similar remark applies indeed to categories: although category theory is not
explicitly mentioned in the title, it plays a considerable role in the formal devel-
opment to follow. This is because it provides a formal framework in which certain
interesting questions can be asked naturally and (sometimes) answered.

In order for the reader to get in tune with the author’s choice of dedicating
(large part of) his doctoral thesis to the issue of categorical semantics for Petri
nets, I indicate below the two “postulates” upon which such a choice is based.

i) Petri net are interesting from the point of view of noninterleaving concurrency,
since, informally speaking, they are flexible enough to model all the sensibile
cause/effect interactions which may occur between a set of computing agents;
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i1) Category Theory is useful both “in the small” to look for appropriate axiomatic
descriptions of algebraic structures, e.g., such as the processes of net, and “in
the large” to establish formal relationships between different structures, e.g.,
how to translate uniformly from Petri nets to transition systems.

In other words, the first point above means that a convincing causal semantics
for Petri nets is likely to yield convincing causal semantics for a large class of other
models. The second point, instead, implies that the categorical paradigm possesses
a good ability of abstracting away from undesired details, while keeping consistency
of the desired ones. I would consider it an excellent outcome if this thesis could
convince a skeptic reader at least of the second postulate.
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On the Semantics of Petri Nets: Processes,
Unfoldings and Infinite Computations.
An Overview

This thesis is concerned with Petri nets [109] and related models of concurrency.
Petri nets are unanimously considered among the most representative models for
concurrency, since they are a fairly simple and natural model of concurrent and
distributed computation. Notwithstanding their “naturality” —perhaps because of
that—Petri nets are, in our opinion, still far from being completely understood.

The focus here is on the semantics and on the structure of Petri nets. To
address the issue, we exploit standard categorical tools which on the one hand
help in aziomatizing the structure of net computations as monoidal categories, via
left adjoint functors corresponding to free constructions, and, on the other hand,
provide a nice framework to formalize the intuitive connections between nets and
other models of concurrency, via adjunctions which express translations between
models.

PROCESS SEMANTICS FOR PETRI NETS

In recent works, DEGANO, MESEGUER AND MONTANARI [97, 16] have shown that
the semantics of Petri nets can be understood in terms of symmetric monoidal
categories—where objects are states, arrows processes, and the tensor product and
the arrow composition model respectively the operations of parallel and sequential
composition of processes. This yields an axiomatization of the causal behaviour of
nets as an essentially algebraic theory whose models are monoidal categories.

More precisely, [16] introduces the concatenable processes of a Petri net N,
a slight refinement of GOLTZ AND RESIG’s non-sequential processes of N [36]
on which an operation of sequential composition can be defined, and shows that
they can be characterized abstractly as the arrows of a symmetric strict monoidal
category P[N]. However, [16] provides only a partial axiomatization of the non-
sequential behaviour of N, since the construction of the category P[N] is based
on a concrete, seemingly ad hoc chosen, underlying category of symmetries. We
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present here a completely abstract, purely algebraic description of the category of
concatenable processes of N.

The construction of the concatenable processes of N is unsatisfactory in another
respect: it is not functorial. In other words, given a morphism between two nets,
which can be safely thought of as a simulation, it may not be possible to identify a
corresponding monoidal functor between the respective categories of computations.
This situation, besides showing that perhaps our undestanding of the structure of
Petri nets is still incomplete, prevents us to identify the category (of the categories)
of net behaviours, i.e., to axiomatize the behaviour of Petri nets “in the large”.

We present an analysis of the functoriality issue and a possible solution based
on the new notion of strong concatenable processes of N, a refinement of concaten-
able processes still rather close to the standard notion of non-sequential process.
We show that, similarly to the concatenable processes, the strong concatenable
processes of N can be axiomatized as the arrows of a symmetric strict monoidal
category Q[N], and that, differently from P[], Q[.] is a functor. The key feature
of Q] is that it associates to a net N a monoidal category whose objects form a
free, non-commutative monoid. The reason for renouncing to the commutativity
of such monoids is a strong negative new result which shows that Q[] is a reason-
able proposal: under very mild assumptions, no mapping from nets to symmetric
strict monoidal categories with commutative monoids of objects can be extended
to a functor. Clearly, the functoriality of Q[ ] provides a category of symmetric
monoidal categories which is our attempt to identify the category of net computa-
tions.

UNFOLDING SEMANTICS FOR PETRI NETS

A seminal approach to net semantics is the NIELSEN, PLOTKIN AND WINSKEL’S
unfolding [106]. This approach explains the behaviour of nets through a chain of
coreflections

Safe < Occ <= PES <~ Dom,

where Safe, Occ, PES and Dom are, respectively, the categories of I-safe nets,
occurrence nets, prime event structures and dI-domains. Roughly speaking, the
unfolding semantics consists, as the name indicates, in “unfolding” a net to simple
denotational structures in which the identity of every event in its computations is
unambiguous. The relevance of these constructions resides in the fact that they
provide 1-safe Petri nets with an abstract semantics where causality is taken in full
account. In addition, the unfolding a 1-safe net IV to an occurrence net has the
great merit of collecting together all the processes of N as a whole, so accounting
at the same time for concurrency and nondeterminism.

We show how the unfolding semantics of 1-safe nets can be extended to the full
category of Petri nets, by presenting a chain of adjunctions

PTNets « DecOcc « Occ,
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PTNets and DecOcc being, respectively, the category of Petri nets and a category
of appropriately decorated occurrence nets.

This work has already appeared in [98, 99].

PROCESS VERSUS UNFOLDING SEMANTICS FOR PETRI NETS

In order to reconcile the process and the unfolding semantics for Petri nets, we in-
troduce a new symmetric strict monoidal category DP[N| whose arrows represent a
new notion of process, here called decorated concatenable processes. Decorated con-
catenable processes give a process-oriented account of the unfolding construction,
in the precise sense that, for a net N, the preorder category of decorated concaten-
able processes and the partial order of finite configurations of the associated event
structure are equivalent. In other words, the following diagram commutes up to
isomorphism.

Categories of Decorated Processes

\

\ / Preorders

Prime Event Structures

Nets

It is to be stressed that our concern here is at the level of a single net, which means
that the correspondence we establish is not functorial. Nevertheless, we think that
this is an interesting result, since DP|[_] provides a natural and unified account of the
algebraic/category-theoretic, the process-oriented and the unfolding/denotational
views of net semantics.

This work appears also as [100, 101].

MOoODELS RELATED TO PETRI NETS

The case graph of a Petri net, and thus its behaviour, can be understood also as
a transition system with some added structure which makes it possible to identify
a relation of concurrency between transitions, see e.g. [105, 146], where this is
stated in categorical terms. This brings to the foreground several models which
have recently appeared in literature and which are based on the idea of extending
transition systems to a noninterleaving model, see e.g. [129, 2, 132, 115, 146], and
calls for an investigation of the relationships between nets and such models.

We present here a broad study of transition systems with independence achieved
by formally relating them with several other models by means of reflections and
coreflections. Table A summarizes the categories of models we consider and Fig-
ure A, where arrows represent coreflections and “backward” arrows represent re-
flections, the cube of relationships we prove.
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Beh./Int./Lin. Hoare languages HL
Beh./Int./Bran. Synchronization Trees ST
Beh./Nonint. /Lin. deterministic Labelled Event Structures dLES
Beh./Nonint./Bran. | Labelled Event Structures LES
Sys./Int./Lin. deterministic Transition Systems dars
Sys./Int./Bran. Transition Systems IS
Sys./Nonint./Lin. deterministic Transition Systems with Independence | dTSI
Sys./Nonint./Bran. | Transition System with Independence TSI

Table A: The models

S ———

C C
dTSI dTs

LES

G A

C C
dLES «—— HL

Figure A: The cube of relationships

It is interesting to observe that each of the models chosen is a representative
of one of the eight classes of models obtained by combining the following three
parameters, which are among the most relevant parameters with regard to which
models for concurrency can be classified:

Behaviour or System models;
Interleaving or Noninterleaving models;
Linear time or Branching time models.

When modelling a system, of course, a choice concerning these parameters cor-
responds to choosing the level of abstraction of the resulting semantics. Then,
once the behaviour of a system—in particular of a Petri net—has been specified
in terms of a transition system with independence, it is possible to translate it by
means of the adjoint functors in Figure A to another semantics at the desired level
of abstraction.

Apart from transition systems with independence, which are new, and deter-
ministic labelled event structures, each of the other models is a canonical and
“universally” accepted representative of its class. Unfortunately, for the class of
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behavioural, linear-time, noninterleaving models there does not, at present, seem
to be an obvious choice of a corresponding canonical model. However, although
not canonical, the choice of deterministic labelled event structures is certainly fair
and, more important, it is not at all compelled. In order to show this, and for
the sake of completeness, we investigate the relationships between this model and
two of the most-studied models in the class: the pomsets of Pratt [114], and the
traces of Mazurkiewicz [94]. In particular, we introduce a category dSL of deter-
ministic languages of pomsets and a category GTL of generalized trace languages in
which the independence relation is context-dependent. These categories are proved
equivalent to dLES. In other words, we present the chain of equivalences

dSL = dLES = GTL

which, besides identifying models which can replace dLES in Figure A, also intro-
duces new interesting deterministic behavioural models for concurrency and formal-
izes their mutual relationships.

This work has already appeared in [124, 125, 126].

INFINITE COMPUTATIONS OF PETRI NETS

When modeling perpetual systems, describing finite processes is not enough: we
need to consider also infinite behaviours. Actually, infinite computations of Petri
nets have occasionally been considered [9], mainly in connection with acceptors of
w-languages [138, 12, 49]. These approaches, of course, focused just on sequential
computations and treat nets simply as generalized automata. Our interest, instead,
resides on processes, i.e., on structures able to describe computations more inten-
sionally, taking into account causality. More precisely, we aim to define an algebra
of net computations which includes infinite processes as well. To the best of our
knowledge, this issue is still completely unexplored.

In order to fulfill our programme, we first address the general issue of com-
pletion of categories by colimits of arbitrary chains. Since chain cocompleteness
coincides with the completeness by colimits taken over filtered index categories
and for technical reasons filtered colimits are also needed, we present the theory
of cocompletion of categories by such kind of colimits. More precisely, for CAT
the 2-category of locally small categories, for any infinite cardinal R, we define
a Kock-Zéberlain (KZ-)doctrine [76, 149] Ind(-)y: CAT — CAT which associates
to each locally small category its completion by N-filtered colimits, or its N-ind-
completion (ind standing for inductive), and such that the N-filtered cocomplete
categories with functors preserving N-filtered colimits are exactly the algebras for
the doctrine. Although related results have already appeared in several different
forms in the literature, e.g. [71, 43, 76, 149, 58], the presentation here is a rather
complete survey which integrates the best features of the existing approaches and
explores the application of these ideas to computer science.
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small locally small
monoidal strict monoidal monoidal strict monoidal
non
S symmetric MonCat sMonCat MonCAT sMonCAT
T
R symmetric SMonCat SsMonCat SMonCAT SsMonCAT
I
C | strictly
T symmetric sSMonCat sSsMonCat sSMonCAT sSsMonCAT
non

S | symmetric MonCat* sMonCat* MonCAT* sMonCAT*
T
R irie | SMonCat' | SsMonCat* | SMonCAT' | SsMonCAT:
@) Y —_—
N | strictly
G | symmetric sSMonCat* sSsMonCat* sSMonCAT* sSsMonCAT*
M | non
O | symmetric MonCat** sMonCat** MonCAT** sMonCAT**
N
(I) symmetric SMonCat** SsMonCat** SMonCAT** SsMonCAT**
D .
A | strictly
L | symmetric sSMonCat** sSsMonCat** sSMonCAT** | sSsMonCAT**

LEGENDA: The data in the definition of monoidal categories and functors (see Sec-
tion A.2 for the relevant definitions) give rise to many combinations according to
whether the monoidality and the symmetry are strict or not and so on. To fix no-
tation, we propose the nomenclature above. The idea is that, since we consider the
categories with strict monoidal functors as the “normal” categories, we explicitly
indicate with simple and double superscripted x’s the categories with, respectively,
strong monoidal functors and simply monoidal functors. This is indicated by the
leftmost column in the table. Clearly, the categories of symmetric monoidal cate-
gories consists always of symmetric monoidal functors. Moreover, sS means strictly
symmetric while sMon means monoidal strict. We distinguish between categories
of locally small and of small categories by using uppercase letters in the first case.
Of course, there is an analogous table for the categories above considered as one-
dimensional categories. We use a single underline in order to distinguish the two
situations.

Table B: A nomenclature for categories of monoidal categories
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Then, we show that the cocompletion doctrine, when applied to a symmetric
monoidal category, yields a symmetric monoidal category. More precisely, we show
that the KZ-doctrine Ind(-), lifts to a KZ-doctrine on any of the 2-categories of
monoidal categories appearing in Table B, which, from the technical point of view,
is main result of Chapter 3.

We discuss how this result generalizes the algebraic approach to the process
semantics of Petri nets to the case in which infinite processes and composition
operations on them are considered. In particular, the infinite processes of a Petri
net can in this way be given an algebraic presentation which combines the essentially
algebraic presentation of monoidal categories with the monadic presentation of their
completion in terms of KZ-doctrines.

We should like to remark mention that, since in the last years many computing
systems have been given a semantics through the medium of category theory, the
general pattern being to look at objects as representing states and at arrows as
representing computations, the theory of cocompletion of categories yields a general
method to construct and manipulate infinite computations of those systems. The
main purpose of Chapter 3 is to substantiate this claim by studying in detail the
case of Petri nets.

This work appears also as [123].
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Chapter 1

Processes and Unfoldings

ABSTRACT. The sematics of Petri nets has been investigated in several different ways.
Apart from the classical “token game”, we can model the behaviour of Petri nets via
non-sequential processes, via algebraic approaches, which view Petri nets as essentially
algebraic theories whose models are monoidal categories, and, in the case of safe nets, via
unfolding constructions, which provide formal relationships between nets and domains.

In this chapter we extend Winskel’s result to PT nets and we show that the unfolding
semantics can be reconciled with the process-oriented and the algebraic points of view.
In our formal development a relevant role is played by a category of occurrence nets
appropriately decorated to take into account the history of tokens. The structure of
decorated occurrence nets at the same time provides natural unfoldings for PT nets and
suggests a new notion of processes, the decorated processes, which induce on Petri nets the
same semantics as that of the unfolding. In addition, the decorated processes of a net form
a symmetric monoidal category which yield an algebraic explanation of net behaviours.

In addition, we propose solutions to some open problems in the algebraic/categorical
theory of net processes.

| would rather discover one cause
that gain the kingdom of Persia.

Democritus

| problemi sono universali.
Le soluzioni sono individuali.
Just do it.

Nike's commercial

This chapter is based on joint work with José Meseguer and Ugo Montanari [98, 99, 100,
101] and on [121, 122].
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Introduction

Petri nets, introduced by C.A. Petri in [109] (see also [110, 119, 120, 30]), are
a widely used model of concurrency. This model is attractive from a theoretical
point of view because of its simplicity and because of its intrinsically concurrent
nature, and has often been used as a semantic basis on which to interpret concurrent
languages (see for example [140, 108, 139, 15]).

For Place/Transition (PT) nets, having a satisfactory semantics—one that does
justice to their truly concurrent nature, yet is abstract enough—remains in our view
an unresolved problem. Certainly, several different semantics have been proposed in
the literature. Most of them can be coarsely classified as process-oriented semantics,
unfolding semantics or algebraic semantics, though the latter class is not as clearly
delimited and not as widely diffused as the former two. Of course, such classes
are not at all disjoint, as this chapter aims to support. We further discuss these
approaches below.

At the most basic operational level we have of course the “token game”, the com-
putational mechanisms semantics of Petri nets. The development of theory Petri
nets, focusing on the noninterleaving aspects of concurrency, brought to the fore-
ground various notions of process, e.g. [111, 36, 9, 97, 16]. Generally speaking, Petri
net processes—whose standard version is given by the Goltz-Reisig non-sequential
processes [36]—are structures needed to account for the causal relationships which
rule the occurrences of events in computations. Thus, ideally, processes are simply
computations in which the explicit information about such causal connections is
added. More precisely, since it is a well-established idea that, as far as the theory
of computation is concerned, causality can be faithfully described by means of par-
tial orderings—though “heretic” ideas appear sometimes—abstractly, the processes
of a net N are ordered sets whose elements are labelled by transitions of N. In
concrete, in order to describe exactly what multisets of transitions are processes
of and what are not, one defines a process of N to be a map m:©® — N which
maps transitions to transitions and places to places respecting the “bipartite graph
structure” of nets, where © is a finite deterministic occurrence net, i.e., roughly
speaking, a finite deterministic 1-safe acyclic net whose “flow relation” induces a
partial ordering of its elements, the minimal and maximal elements of which are
places. Of course, the role of 7 is to “label” the places and the transitions of ©
with places and transitions of N in a way compatible with the structure of N.

The main criticism raised against process models is that they do not provide
a semantics for a net as a whole, but specify only the meaning of single, deter-
ministic computations, while the accurate description of the fine interplay between
concurrency and nondeterminism is one of the most valuable features of nets.

Other semantic investigations have capitalized on the algebraic structure of PT
nets, first noticed by Reisig [119] and later exploited by Winskel to identify a sen-
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sible notion of morphism between nets [141, 144]. The clear advantage of these
approaches resides in the fact that they tend to clarify both the structure of the
single PT net, so giving insights about their essential properties, and the global
structure of the class of all nets. Providing, for example, useful net combinators
associated to standard categorical constructions such as product and coproduct,
which can be used to give a simple account of corresponding compositional opera-
tions at the level of a concurrent programming language, such as various forms of
parallel and non-deterministic composition [143, 144, 97].

An original interpretation of the algebraic structure of PT nets has been pro-
posed in [97], where the theory of monoidal categories is exploited to the purpose.
Unlike the preceding approaches, [97] yields an algebraic theory of Petri nets in
which notions such as firing sequence, case graph, relationships between net de-
scriptions at different abstraction levels, duality and invariants find adequate al-
gebraic/categorical formulations. However, generally speaking, the algebraic ap-
proaches are often too concrete, and a more abstract semantics—one allowing
greater semantic identifications between nets—would be sometimes preferable.

Roughly speaking the unfolding semantics consists, as the name indicates, in
“unfolding” a net to simple denotational structures in which the identity of every
event in its computations is unambiguous. More precisely, very attractive for-
mulation for such a semantics would be an adjoint functor assigning an abstract
denotation to each PT net and preserving certain compositional properties in the
assignment. This is exactly what Winskel has done for the subcategory of safe
nets [143]. In that work—which builds on the previous work [106]—the denotation
of a safe net is a Scott domain [128, 133], and Winskel shows that there exists a
coreflection—a particularly nice form of adjunction—between the category Dom
of (coherent) finitary prime algebraic domains and the category Safe of safe Petri
nets. This construction is completely satisfactory: from the intuitive point of view it
gives the “truly concurrent” semantics of safe nets in the most universally accepted
type of model, while from the formal point of view the existence of an adjunction
guarantees its “naturality”. Winskel’s coreflection factorizes through the chain of
coreflections

Ul &[] L[]
Safe ~y Occ PES Dom
N[ Pr(]

where PES is the category of prime event structures (with binary conflict relation),
which is equivalent to Dom, Occ is the category of occurrence nets [143] and < is
the inclusion functor.

Recently, various attempts have been made to extend this chain or, more gen-
erally, to identify a suitable semantic domain for PT nets. Among them, we re-
call [115], where, in order to obtain a model “mathematically more attractive than
Petri nets”, a geometric model of concurrency based on n-categories as models of
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higher dimensional automata is introduced, but it is not clear whether the mod-
elling power obtained is greater than that of ordinary PT nets; [50], in which the
authors give semantics to PT nets in terms of generalized trace languages and
discuss how using their work it could perhaps be possible to obtain a concept of
unfolding for PT nets; and [23], where the unfolding of Petri nets is given in term
of a branching process. However, the nets considered in [23] are not really PT nets
because their transitions are restricted to have pre and post-sets where all places
have no multiplicities. A yet more recent approach is [51], where the unfolding is
explained in terms of a notion of local event structure. Finally, we would like to
cite [105, 46, 107].

A large part of this chapter is devoted to present an extension of Winskel’s ap-
proach from safe nets to the category of PT nets. We define the unfoldings of PT
nets and relate them by an adjunction to occurrence nets and therefore—exploiting
the already existing adjunctions—to prime event structures and finitary prime al-
gebraic domains. The adjunctions so obtained are extensions of the corresponding
Winskel’s coreflections.

The category PTNets which we consider for the unfolding functor is quite gen-
eral. Objects are PT nets in which markings may be infinite and transitions are
allowed to have infinite pre- and post-sets, but, as usual, with finite multiplicities.
The only technical restriction we impose, with respect to the natural extension
to nets with infinite markings of the general formulation in [97], is the usual con-
dition that transitions must have non-empty pre-sets. Actually, the objects of
PTNets strictly include those of the categories considered in [143, 144]. Although
a technical restriction applies to the morphisms—they are required to map places
belonging to the initial marking or to the post-set of the same transition to disjoint
multisets—they are still quite general. In particular, the category PTNets has ini-
tial and terminal objects, and has products and coproducts which faithfully model,
respectively, the operations of parallel and non-deterministic composition of nets
as in [144] and in [97]. It is worth remarking that, while coproducts do not exist
in the categories of generally marked, non-safe PT nets considered in the above
cited works, they do in PTNets. This quite interesting fact is due to the aforesaid
restriction we impose on the arrows of PTNets.

Concerning the presentation of these results, in Section 1.5 we start the formal
development regarding the unfolding semantics by defining the category PTNets.
In the same section it is shown that it has products and coproducts. In Section 1.6
we introduce a new kind of nets, the decorated occurrence nets, which naturally
represent the unfoldings of PT nets and can account for the multiplicities of places
in transitions. They are occurrence nets in which places belonging to the post-set
of the same transition are partitioned into families. Families are used to relate
places corresponding in the unfolding to multiple instances of the same place in the
original net. When all the families of a decorated occurrence net have cardinality
one, we have (a net isomorphic to) an ordinary occurrence net. Therefore, Occ is

5



CHAPTER 1. PROCESSES AND UNFOLDINGS

(isomorphic to) a full subcategory of DecOcc, the category of decorated occurrence
nets. Products and coproducts of decorated occurrence nets are studied in the
second part of Section 1.7.

In Section 1.7, we show an adjunction ((_)*,U[]):DecOcc — PTNets whose
right adjoint U[] gives the unfoldings of PT nets. This adjunction restricts to
Winskel’s coreflection from Occ to Safe as illustrated by the following commutative
diagrams:

Ul OF

PTNets —————— DecOcc PTNets DecOcc
Safe T Occ Safe <———— Occ

i.e., the left and the right adjoint, when restricted respectively to Safe and Occ,
coincide with the corresponding adjoints of Winskel’s coreflection.

Then, in Section 1.8, we relate decorated occurrence nets to occurrence nets
by means of an adjunction (D[], F[]) : Occ — DecOcc, where F[] is the forgetful
functor which forgets about families. Moreover, the diagram

PTNets L DecOcc

JA l]—'[—] (1.1)

_— >
Safe TR Occ

commutes.

Therefore, we get the desired adjunction between Dom and PTNets as the
composition of the chain of adjunctions

Ul
PTNets DecOcc

&[] L[]
Occ PES Dom
N[ Pr(]

It follows from the commutative diagram (1.1) that, when PTNets is restricted
to Safe, all the right adjoints in the above chain coincide with the corresponding
functors defined by Winskel. In this sense, this work generalizes the work of Winskel
and gives an abstract, truly concurrent semantics for PT nets. Moreover, the
existence of left adjoints guarantees the “naturality” of this generalization.
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We have already mentioned that the three views of net semantics we are dis-
cussing are not mutually exclusive. In fact, a unification of the process-oriented
and algebraic views has recently been proposed in [16] (see also [17]), by showing
that the commutative processes [9] of a net N are isomorphic to the arrows of a
strictly symmetric monoidal category T[N]. Moreover, [16] introduced the con-
catenable processes of N to account, as the name indicates, for the issue of process
concatenation. Let us briefly reconsider the ideas which led to their definition.

Given the definition of process discussed above, one can assign the natural source
and target states to a process m:© — N by considering the multisets of places of
N which are the image via 7 of, respectively, the minimal and maximal (wrt. to
the ordering identified by ©) places of ®. Now, the simple minded attempt to
concatenate a process my:©1; — N with source u to a process my: 09 — N with
target u by merging the maximal places of ©®y with the minimal places of ©1 in a
way which preserves the labellings breaks down immediately. In fact, if more than
one place of u is labelled by a single place of N, there are many ways to put in
one-to-one correspondence the maximal places of ©y and the minimal places of ©
respecting the labels, i.e., there are many possible concatenations of my and 7y,
each of which gives a possibly different process of N. In other words, process
concatenations has to do with merging tokens rather than merging places, as the
above argument shows clearly.

Therefore, any attempt to deal with process concatenation must disambiguate
the identity of each token in a process. This is exactly the idea of concatenable
processes, which are simply Goltz-Reisig processes in which the minimal and maxi-
mal places carrying the same label are linearly ordered. This yields immediately an
operation of concatenation, since the ambiguity about token indentities is broken
using the additional information given by the orderings. Moreover, the existence of
concatenation brings us easily to the definition of a category of concatenable pro-
cesses. It turns out that such category is a symmetric monoidal category in which
the tensor product represents faithfully the parallel composition of processes [16].
The relevance of this result resides in the fact that it describes processes of Petri nets
as essentially algebraic theories (whose models are given by symmetric monoidal
categories), which indeed is a remarkable property.

Naturally linked to the fact that they are algebraic structures, concatenable
processes can also be described in abstract terms. In [16] the authors give such
an abstract description by providing for each net N a symmetric monoidal cate-
gory P[N] whose arrows are in one-to-one correspondence with the concatenable
processes of N. Since this category is obtained as a “free” (in a weak sense to
explained later) construction, this yields an explanation of Petri net processes as a
term algebra by means of which one can easily “compute” with them. In particular,
the distributivity of tensor product and arrow composition in monoidal categories
is shown to capture the basic facts about net computations, so providing a model
of computation for Petri nets.
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However, strictly speaking, the category P[N] is only partially axiomatized
in [16], since it is built on a concrete category of symmetries Sym  which is con-
structed in an ad hoc way. After recalling in Section 1.1 the basic facts about the
algebraic approach to Petri nets as given in [97, 16, 17], in Section 1.2 we show
that also Sym, can be characterized abstractly, thus yielding a purely algebraic
and completely abstract characterization of the category of concatenable processes
of N. Namely, we shall see that P[N] is the free symmetric strict monoidal cate-
gory on the net N modulo two simple additional axioms. We remark that a similar
conjecture has been proposed in [37].

In spite of accounting for algebraic and process-oriented aspects in a simple
and unified way, the approach of [16] is still somehow unsatisfactory, since it is not
functorial, a property which would be greatly recommendable indeed, since it would
guarantee (to a certain extent) a “good” quality to the semantics induced by P[].
More strongly, given a morphism between two nets, which can be safely thought
of as a simulation, it may be not possible to identify a corresponding monoidal
functor between the respective categories of computations. This situation, besides
showing that perhaps our understanding of the algebraic structure of Petri nets is
still incomplete, has also other drawbacks, the most relevant of which is probably
that it prevents us to identify the category (of the categories) of net behaviours,
i.e., to axiomatize the behaviour of Petri nets “in the large”.

In Section 1.3, we present an analysis of the issue of functoriality of the pro-
cess semantics of nets founded on symmetric monoidal categories, and a possible
solution based on the new notion of strong concatenable processes of N, introduced
in Section 1.4. These are a slight refinement of concatenable processes which are
still rather close to the standard notion of process: namely, they are Goltz-Reisig
processes whose minimal and maximal places are linearly ordered. In the paper
we show that, similarly to the concatenable processes, the strong concatenable pro-
cesses of N can be axiomatized as a free construction on N, by building on N
an abstract symmetric monoidal category Q[N] and by proving that the arrows
of Q[N] are isomorphic to the strong concatenable processes of N.

The key feature of Q[.] is that, differently from P[], it associates to net N a
symmetric monoidal category whose objects form a free, non-commutative monoid.
The reason for renouncing to commutativity, a choice that at a first glance may
seem odd, is explained in Section 1.3, where the following negative result is proved:

under very reasonable assumptions, no mapping from nets to symmetric
monoidal categories whose monoids of objects are commutative can be
extended to a functor, since there exists a morphism of nets which
does not have a corresponding symmetric monoidal functor between
the appropriate categories.

Thus, abandoning the commutativity of the monoids of objects seems to be a price
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which is necessary to pay in order to obtain a functorial semantics of nets. Then,
bringing such condition to the net level, instead of taking multisets of places as
sources and targets of computations, we consider strings of places, a choice which
leads us directly to strong concatenable processes. Correspondingly, a transition
of N will be represented by many arrows in Q[N], one for each different “lineariza-
tion” of its pre-set and its post-set. However, such arrows will be “linked” to each
other by a “naturality” condition, in the precise sense that, when collected together,
they form a natural transformation between appropriate functors. Such naturality
axiom is the second relevant feature of Q[] and it is actually the key to keep the
computational interpretation of the new category Q[N] surprisingly close to the
category P[N] of concatenable processes.

Clearly, the functoriality of Q[] allows us to identify a category SSMC®, to-
gether with a “forgetful” functor from it to the category of Petri nets, which rep-
resents our proposed axiomatization of net computations in categorical terms. Al-
though we are aware that this contribution constitutes simply a first attempt to-
wards the aim, we honestly think that the results illustrated here help to deepen
the understanding of the subject. We remark that the refinement of concatenable
processes represented by strong concatenable processes is similar and comparable
to the one which brought from Goltz-Reisig processes to them. Of course, the
passage here is more “hazardous” on the intuitive ground, since it brings us to
model Petri nets, which after all are just multiset rewriting systems, using strings.
However, it is important to remind the negative result in Section 1.3, which makes
strong concatenable processes interesting, showing that, in a sense, they are the
least refinement of Goltz-Reisig processes which yield an operation of sequential
composition and a functorial treatment.

Getting back to the relationships between the various kind of semantics for Petri
nets, concerning process and unfolding semantics, in the case of safe nets the ques-
tion is easily answered by exploiting the existence of a coreflection of Occ into Safe,
which directly implies the existence of an isomorphism between the processes of N
and the deterministic finite subnets of U[N], i.e., the finite configurations of EU[N].
(More details about such correspondence will be given in Section 1.9.) Thus, in this
case, the process and unfolding semantics coincide, although it should not be forgot-
ten that the latter has the great merit of collecting together all the processes of IV
as a whole, so accounting at the same time for concurrency and nondeterminism.

In Section 1.9, we study the relationships between the algebraic paradigm, the
process semantics described above and the unfolding semantics for PT nets given
in Sections 1.5-1.8. We find that, in the context of general PT nets, the latter two
notions do not coincide. In particular, the unfolding of a net N contains information
strictly more concrete than the collection of the processes of N. However, we show
that the difference between the two semantics can be axiomatized quite simply. In
particular, we introduce a new notion of process, whose definition is suggested by
the idea of families in decorated occurrence nets, and which are therefore called

9
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decorated processes, and we show that they capture the unfolding semantics, in the
precise sense that there is a one-to-one translation between decorated processes
of N and finite configurations of EFU[N]. Then, following the approach of [16],
we axiomatize the notion of decorated (concatenable) process in terms of monoidal
categories. More precisely, we define an abstract symmetric monoidal category
DP[N] and we show that its arrows represent decorated concatenable processes.

The natural environment for the development of a theory of net processes based
on monoidal categories is, as illustrated in [16], a category Petri of unmarked nets,
i.e., nets without initial markings, whose transitions have finite pre- and post-sets.
Although there seem to be no formal reasons preventing one from extending the
theory to nets with infinite markings, such an extension would be at least technically
rather involved. Therefore, our choice here is to follow [16] and define DP[_] on the
category Petri of unmarked nets with finite markings introduced in [97].

On the other hand, since the existence of left adjoint functors for F[_] and &[]
requires infinite markings, and since the unfolding of a net is considered with respect
to an initial marking, PTNets and all the categories of nets considered in [98] (and
in related works) are categories of marked nets whose transitions have possibly
infinite pre- and post-sets. Moreover, because of technical reasons, the transitions
are forced to have nonempty pre-sets. In order to solve such discrepancy, we simply
restrict our attention to a category MPetri* of marked nets whose transitions have
nonempty pre-sets and finite pre- and post-sets. Therefore, summing up, our result
is that the following diagram commutes up to isomorphism for each net N with
initial marking u in MPetri*

DPI[]

Petri SsMonCat
e e
MPetri* PreOrd
Lr(-]
PTNets ——= DecOcc Occ PES

Ul Fl el

where the two leftmost arrows represent respectively the insertion of N in Petri
obtained by forgetting the initial marking and the injection of N in PTNets, (u]-)
indicates the construction of the (comma) category of the objects under u in DP[N],
SsMonCat is the category of the symmetric strict monoidal categories, PreOrd is
the category of preorders and Lr returns the finite configurations of prime event
structu+res ordered by inclusion. In this sense, we claim that DP[] is, at the same
time, the algebraic, the process-oriented and the category-theoretic counterpart of
the unfolding construction.

It is to be stressed that our concern here is not “in the large”, i.e., on the
structure of the category of nets, but at the level of a single net, which means that
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the diagram above is defined only at the object level, i.e., the correspondence we
establish is not functorial. Of course, this is due to the fact that DP[], exactly
as P[], is not a functor. Nevertheless, we think that this is an interesting result,
since it provides a natural and unified account of the algebraic, the process-oriented
and the denotational views of net semantics. We remark that a similar approach
has been followed in [107] in the case of elementary net systems—a particular
class of safe nets without self-looping transitions—for unfoldings and non-sequential
processes.

Finally, we conclude this chapter by briefly discussing some natural variations
on the unfolding theme in order to justify further the construction.

NOTATION. Given a category C, we denote the composition of arrows in C by the usual
_o _in the usual right to left order. The identity of ¢ € C is written as id.. However,
we make the following exception. When dealing with a category in which arrows are
meant to represent computations, in order to stress this computational meaning, we write
arrow composition from left to right, i.e., in the diagramatic order, and we denote it by
_;—. Moreover, when no ambiguity arises, id. is simply written as c. We assume that
tensor product binds more strictly than arrow composition, i.e., f ® g;h ® k stands for
(f®9); (h®k). The reader is referred to the Appendix for the categorical concepts used.
A thorough introduction to category theory can be acquired from any of the textbooks [90,
1, 103, 127, 26, 92].

REMARK. Concerning foundational issues, following [89], we assume as usual the existence
of a fixed universe 4 [55, 136, 43] of small sets upon which categories are built (see
also Appendix A.1). However, since the explicit distinction between “small” and “large”
objects plays a significant role only in Chapter 3, in this and in the following chapter we
shall avoid any further reference to small sets. Of course, in order to make the categories
we shall define in Chapter 1 and Chapter 2 agree with the definition given in Appendix A.1,
it is enough to read “set” as “small set” where appropriate.

1.1 Petri Nets and their Computations

In this section we briefly recall some of the basic definitions about Petri nets [109,
110, 120] (for a comprehensive introduction to the theory, see [119]). In particular,
we remind their algebraic description as introduced in [97] and their processes [111,
30, 36, 9, 16].

It is easy to notice that a graph can be thought of as a functor from the category
e—<>e to Set, the category of sets and functions, whose object component
selects a set of arcs and a set of nodes and whose arrow component picks up the
source and target fuctions. Needless to say, a morphism of graphs is then a natural
transformation between the corresponding functors. Thus we have Graph, the
category of graphs, automatically defined as a category of functors [92] (see also
Appendix A.1).

11
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DEFINITION 1.1.1 (Graphs)

A graph is a structure G = (9%, 8&;: Ag — Ng), where Ag is a set of arcs, Ng is
a set of nodes, and 8% and 8}, are functions assigning to each arc, respectively, a
source and a target node.

A morphism of graphs from Gy to Gy consists of a pair of functions (f, g), where
fiAc, = Ag, and g: Ng, — Ng, are such that the following diagrams commute.

0 1

AG L Na AG L Na

fl lg and fl lg

AG’ ﬁ NG’ AG’ % NG’
2, oL,

This gives the category Graph of graphs.

Of course, there is no particular reason to restrict oneself to Set; one could con-
sider graphs over any category without loosing the structural properties of graphs.
Yet more interesting is to consider graphs with some algebraic structure on nodes
and arcs. This leads directly to monads [90, 22] (see also Appendix A.1), and in
particular monads on Graph. Since the kind of “algebraic graphs” one would like to
capture do not necessarily have the same algebraic structure on the arcs and on the
nodes, one arrives to the following general pattern. Given two monads (7,7, u) and

(T",n', ') together with a morphism of monads ¢: T = T”, consider the mapping

80 oA T/a()
A?N ~ TAHT’AT:BFT’N.

It is not difficult to show that this gives a monad on Graph, whose unit and
multiplication are, respectively, (n,n’) and (u, ). The main interest is then on
the categories of free algebras for such monads. For example, the basic category
of Petri nets considered in [97] is an instance of this pattern obtained by choosing
the identity monad for T and the “commutative monoids” monad for 77, and other
useful instances are also discussed in [97]. In this sense Petri nets are monoids. Let
us give the relevant definitions.

Given a set S, and a function p from S to the set of natural numbers w, we write
[1] to indicate the support of p that is the subset of S consisting of those elements
s such that p(s) > 0. Moreover, we denote by S® the set of finite multisets of S,
i.e., the set of all functions from S to w with finite support. Of course, any function
g: So — S1 can be “freely” extended to a function g@: SSG — S? defined by
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This definition makes (-)® an endofunctor on Set. Consider now a finite multiset
of finite multisets ¢: S® — w. It can be considered a formal “linear combination”
of multisets, and thus identified with the multiset p such that

uls) =Y o)v(s).

vesS®

It is then easy to see that (_)® is a commutative monad [72, 73, 74, 75] on Set whose
multiplication is the operation of linear combination of multisets above and whose
unit maps s € S to the function which yields 1 on s and zero elsewhere. Clearly,
the (_)®-algebras are the commutative monoids and the (_)®-homomorphisms are
monoid homomorphisms.

We shall represent a finite multiset 1 € S as a formal sum @, g u(s) - s.
Moreover, we shall often denote € S% by @, ; nis; where {s; | i € I} = [i]
and n; = p(s;), i.e., as a sum whose summands are all nonzero. For instance, the
multiset which contains the unique element s with multiplicity one is written as
1-s, or simply s. In this setting, the multiplication of finite multisets is written as

D o= @ o (@) =B 3 manto)
HES® peES® seS s€S puese®

while the monoid homomorphism condition for a function g: S§ — S¢ is

P uls) - g(1-5).

SESy

Finally, given S’ C S, we will write @5’ for P, g 1 -5 =P, g s

g(p)

DEFINITION 1.1.2 (Petri Nets)
A Place/Transition Petri (PT) net is a structure N = (9%, 0%: Ty — S%), where
T is a set of transitions, S is a set of places, and 9%, and d3; are functions.

A morphism of PT nets from Ny to Ny consists of a pair of functions (f, g), where
fiTn, — T, is a function and g: Sﬁo — Sﬁl is a monoid homomorphism such
that (f,g) respects source and target, i.e., they make the two rectangles obtained
by choosing the upper or lower arrows in the parallel pairs of the diagram below
commute.
Ry
—_—
Tny 2 SW,
N,
! lg
Ry
_—
Tn, —— ~S§,
oy

This gives the category Petri of PT nets.
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This describes a Petri net precisely as a graph whose set of nodes is a free
commutative monoid, i.e., the set of finite multisets on a given set of places. Source
and target of an arc, here called transition, are meant to represent, respectively,
the marking which enables the transition, i.e., the states which allow the transition
to fire, and the marking produced by the firing of the transition.

Observe that we are only considering finite markings. Although this is clearly
a restriction, it does not have serious drawbacks on the pratical ground of system
modelization and verification. Moreover, it usually does not have strong conse-
quences also from the theoretical point of view, since, to the best of our knowledge,
not many notions in the theory require the existence of infinite markings. However,
we shall encounter two of those notions in which infinite markings are needed, one
in Section 1.5 and one in Chapter 3, since the existence of a left adjoint for the
unfolding functor requires infinite markings and, of course, so do infinite computa-
tions.

NoTATION. To simplify notation, we assume the standard constraint that Tny NSy = G—
which of course can always be achieved by an appropriate renaming. Moreover, we shall
sometimes use a single letter to denote a morphism (f, g). In these cases, the type of the
argument will identify which component we are referring to. Observe further that by the
very definition of free algebras, an (_)®-homomorphism g: S?,O — Sj?, , which constitutes
the place component of a morphism (f,g), is completely defined by its behaviour on
SNy, the generators of the free algebra S;‘?,O. Therefore, we will often define morphisms
between nets by giving their transition components and a map g: Sy, — Sﬁl for their place
components: it is implicit that they have to be thought of as lifted to the corresponding
(0)®-homomorphisms.

Another point which is worth raising concerns the observation that the mor-
phisms in Petri are total, while in the literature nets (and many other models)
are often provided with partial morphisms (see e.g. [144, 146]). Since the intuition
about morphisms in categories of models of computation is that they represent
“simulations,” partial morphisms model situations in which some computational
step may be simulated vacuosly. Partial morphisms may be recovered in this ap-
proach simply by considering a sligthly refined monad for the algebra of transitions,
namely the lifting monad.

A pointed set is a pair (5, s) where S is a set and s € S is a chosen element
of S: the pointed element. Morphisms of pointed sets are functions that preserve
the pointed elements. Therefore, pointed set morphisms provide a convenient way
to treat partial functions between sets as total functions. Of course, this yields
a monad (_)g on Set whose functor part adds a pointed element to a set, whose
multiplication forgets it and whose unit is the inclusion of S in S + {x}.

We will regard S? also as a pointed set whose pointed element is the empty
multiset, i.e., the function which always yields zero, that, in the following, we denote

by 0. Of course, this is nothing but defining a morphism of monads o: (-)g = (-)®
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where og:(S,%) — S% sends * to 0 and s to 1-s. Thus, following the general
pattern above we have the following definition.

DEFINITION 1.1.3 (Pointed Petri Nets)

A pointed (PT) net is a structure N = (9%, 0%: (In,0) — S%), where (Ti,0) is
a pointed set of transitions, S is a set of places, and 8% and 93, are morphisms of
pointed sets.

A morphism of pointed nets from Ny to Ny consists of a pair of functions (f,g),
where f:Tn, — Tn, is a morphism of pointed sets and g: Sﬁo — 51%1 is a monoid
homomorphism such that (f, g) respects source and target, ie., go 03, = 0%, o f
and go 8y, = Oy, o f. In other words, a pointed net morphism is a morphism of
the underlying PT nets which, in addition, preserves the pointed element.

This gives the category Petriy of pointed nets.

The next issue we need to treat concerns the initial marking, i.e., the initial
state, of a net. It is rather common to consider the kind of nets we defined above
closer to system schemes than to systems, since they lack an initial state from which
to start computing and, of course, different initial markings can give rise to very
different behaviours for the same net. Although this distinction is clearly agreeable,
we shall not put much emphasis on it, since in the categorical framework this is
not always necessary. We shall for instance define processes and computations of
unmarked nets, so obtaining the collection of the computations for any possible
inital marking, the point being that it is always possible to recover all the relevant
information about the behaviour for a given marking via canonical constructions
such as comma categories [90] (see also Appendix A.1).

DEFINITION 1.1.4 (Marked Petri Nets)
A marked (pointed) PT net is a pair (N, uy), where N is a (pointed) PT net and
uy € Sﬁ is the initial marking.

A morphism of marked (pointed) PT nets from Ny to Ny consists of a (pointed)
PT net morphism (f,g): Ngo — Ny which preserves the initial marking, i.e., such
that g(un,) = un; -

This gives the category MPetri of marked PT nets and the category MPetri, of
marked pointed nets.

Transitions are the basic units of computation in a PT net. A transition ¢
with 0% (t) = u and 9} (t) = v—usually written ¢: u — v—performs a computation
consuming the tokens in u and producing the tokens in v. A finite number of
transitions can be composed in parallel to form a step, which, therefore, is a finite
multiset of transitions. We write u[a)v to denote a step a with source u and
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target v. The set S[N] of steps of N is generated by the rules:

t:u — v in N and w in S® u[o)v and v'[B)v" in S[N]
(u®w)[t)(v®w) in S[N] (udu)|adp)(vdv)in S[N|

Notably, this construction can be defined using the general pattern given above
by considering also for the transitions the commutative monoid monad.

DEFINITION 1.1.5 (Petri Commutative Monoids)

A Petri commutative monoid is a structure M = (8%;,0%;: (Tar, +,0) — S;‘&),
where (Thr, +,0) is a commutative monoid, S is a set, and 8, and 8}, are monoid
homomorphisms.

A morphism of Petri commutative monoids from My to M, consists of a pair of
functions (f, g), where f:(Tn,,+,0) — (Tn,,+,0) and g:SJ??0 — Sﬁl are monoid
homomorphisms which respect source and target.

This gives the category CMonPetri of Petri commutative monoids.

Then, we have the following.

PROPOSITION 1.1.6 (Steps are Petri Commutative Monoids)
Given a net N in Petri, consider the Petri commutative monoid

SINT = ((9R)®, (On)®: Ty — S9).

There is a transition a:u — v in S[N] if and only if u[a)v belongs to S[N].

Moreover, S[N] is the universal Petri commutative monoid on N. Thus, S[-] extends
to a functor which is left adjoint to the forgetful functor CMonPetri — Petri.

Proof. TImmediate. v

Observe that there are obvious left adjoint functors also for the forgetful functors
CMonPetri — Petri, and Petri;, — Petri and their composition is the functor S[_]
given in the previous proposition.

Petri 1 Petri, 1 CMonPetri

A finite number of steps of N can be sequentially composed thus yielding a step
sequence. The set of step sequences, denoted SS[N], is given by the rules:

win S® ugla) - . - [An—1)un in SS[N] and uy,[op)tn4+1 in S[N]
u[@)u uglag) - -+ [@n—1)[an)tunt1 in SS[N]
16
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Following the same idea which led to Petri commutative monoids, one could try
to define a structure which captures step sequences by providing Petri commuta-
tive monoids with a sequentialization operation which makes them be categories.
However, such a structure would be richer than needed, since, besides sequences of
steps, we would also have around steps built of sequences. The need to relate such
“induced” arrows with step sequences brings directly to monoidal categories.

DEFINITION 1.1.7 (Petri Categories)

A Petri category is a structure C = (0%,0%: (Tc,+,0) — Sg&, -, id), where
(02,0L: (T, +,0) — S&) is a Petri commutative monoid, id: Sc — T¢ is a func-
tion which associates to each u € S an arrow id(u):u — u and _; . Te x Te — T
is a partial function, called sequentialization, defined on the pairs («, 3) such that
b () = 02(B). In addition, they satisfy the axioms:

i) 0%(c; B) = 0% () and k(s B) = OL(B);
i) a;id(0 (@) = o and id(9¢(a)); e = a;
iti) (o B);y = o (B57);
w) (a+a); (B4 ) = () + (s ), for zu—wv, otu' — 0

B:iv—w, [B:v—w.

Thus, in other words, a Petri category is a strict monoidal category [90] (see Ap-
pendix A.2 for further references) which is strictly symmetric and whose object set
form a free monoid.

A morphism of Petri categories from Cy to Cy is a morphism (f, g) of the underlying
Petri commutative monoids which, in addition, preserves identities and sequential

composition, i.e., f(id(u)) = id(g(u)) and f(a; B) = f(a); F(8).
This gives the category CatPetri of Petri categories.

As before, there is a left adjoint 7[_]: Petri — CatPetri to the forgetful functor
CatPetri — Petri. It can be easily defined as follows.

ttu —wvin N u in S%
t:u — v in T[N] w:u — u in T[N]

a:u—wvand fiv—win T[N] «a:u—vand ;v — v in T[N]
a; f:u — win T[N] a®dd:udu —v@v in T[N]

subject to the equations which make it a strictly symmetric strict monoidal cate-
gory, the empty marking 0 being the unit and the u € S® being the identities.

17
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It is easy to realize that 7[] factors through S[.], and therefore we have the
following chain of adjunctions.

—_— >y e >y . ——

Petri L Petri, L CMonPetri 1L CatPetri

The interesting fact about Petri categories is that the axioms of monoidal cate-
gories induce identifications also on step sequences, thus yielding a representation
of net behaviour which is more abstract than step sequences. More precisely, the
arrows of T[N], called commutative processes in [16], have been found in [9], even
though following different motivations and through quite a different formalization,
and characterized as the least quotient of step sequences which is more abstract
than processes [36]. In order to be more precise on this we first need to introduce
the classical notion of process of a Petri net.

Unlike step sequences, processes provide a causality oriented explanation of net

behaviours, which is achieved by decorating sequences with explicit information
about the causal links which ruled the firing of the transitions in the sequence. As
usual, one assumes that such links may be expressed faithfully as a partial order
of transitions, the ordering being considered a cause/effect relationship (however,
see [44, 45, 116, 117, 112] for criticisms about this assumption). Thus, roughly
speaking, a process of a net N consists of a partial order built on a multisubset
of transitions of N. The formalization of this gives the following notion of process
net.
NOTATION. In the following, we use the standard notation ®a, for a € Sy, to mean the
pre-set of a, i.e., *a = {t € Ty | a € [05(t)]}. Similarly, a® = {t € Tn | a € [0%(®)]},
the post-set of a. These notations are extended in the obvious way to the case of sets
of places. Recall that the terminology pre- and post-set is used also for transitions to
indicate, respectively, *t = [0%(¢)] and t* = [9x (t)].

DEFINITION 1.1.8 (Process Nets)
A process net is a net © such that

i) for allt € Tg

(a) 03(t) # 0 and A1) #0;
(b) for all a € Se it is 9 (t)(a) < 1 and 9§ (t)(a) < 1;

it) for all a € Se, it is |*a| < 1 and |a®| < 1, where || gives the cardinality of
sets;

iii) < is irreflexive, where < is the transitive closure of the relation
<'={(a,t) | a € Se,t€To, t €a®}U{(t,a) | a € So, t € To, t € *a};
moreover, Vt € To, {t' € To | t' <t} is finite.

Let Petri, be the lluf' subcategory of Petri determined by the morphisms which

IFollowing [26], a lluf subcategory of A is a subcategory which has the same objects as A.

18



1.1. PETRI NETS AND THEIR COMPUTATIONS

map places to places (as opposed to morphisms which map places to markings).
Then, we define ProcNets to be the full subcategory of Petri, determined by
process nets.

Thus, in process nets every transition has non-empty pre- and post-set. More-
over, each place belongs at most to one pre-set and at most to one post-set. This
makes of the “flow” relation < be a pre-order. Thus, requiring it to be irreflexive,
which is equivalent to requiring that the net be acyclic, identifies a partial order on
the transitions. The constraint about the cardinality of the set of predecessors of
a transition is then the fairly intuitive requirement that each transition be finitely
caused. (See [143] for a discussion in terms of event structures of this issue.) The
expert reader will have already noticed that the process nets above are the usual
(deterministic) occurrence nets. However, we prefer to reserve this terminology for
the kind of nets used in the context of the unfolding semantics in Section 1.7.

DEFINITION 1.1.9 (Processes)
Given N € Petri, a process of N is a morphism 7:©® — N in Petri
process net. We say that m: © — N is finite if © is so.

where © is a

* 7

Let Proc[N], the category of processes of N, be the comma category (ProcNets|N)
of the process nets over N in Petri,. We shall denote by Proc[N] the full subcat-
egory of Proc|[N] consisting of the finite processes.

We recall that the objects of Proc[N] are morphisms 7: © — N in Petri,, while
its morphisms ¢: m — 7’ are morphisms : © — ©’ such that the following diagram
commutes.

o—F——¢

W

Thus, Proc[N] may be considered as a generalization of the usual “prefic ordering”
of computations. For the purpose of defining processes at the right abstraction
level, we need to make some identifications of process nets. Of course, we shall
consider as identical process nets which are isomorphic and, consequently, we shall
make no distinction between two processes m:© — N and 7':©®’ — N such that
there exists an isomorphism ¢: ® — ©’ such that 7’ o ¢ = 7. Observe that the
choice of Petri, for 7 is relevant, since, also in the case of pointed nets, we certainly
want processes to be total and to map a single component of the process net to a
single component of N. Otherwise said, processes are nothing but labellings of ©
with an appropriate element of N.

It is worth noticing that the usual definition includes only finite processes, al-
though infinite ones have been considered for instance in [9]. We consider the
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broader definition above, since in Section 3.7 we shall be talking about infinite pro-
cesses. However, in this section we only consider finite processes. Moreover, the
definition of processes for nets is usually given with respect to some initial marking.
In the following, we shall briefly see that, in this setting, this does not make any
difference.

DEFINITION 1.1.10 (Marked Process Nets and Processes )

A marked process net is a pair (©,u) where © is a process net and u is the set of
the minimal (wrt. <) elements of ©, which are necessarily places. Let MProcNets
denote the full subcategory of MPetri, consisting of marked process nets ad mor-
phisms, MPetri, being the lluf subcategory of MPetri consisting of the morphisms
which map places to places.

The category MProc[(N,u)] of processes of a marked net (N,u) is the comma
category (MProcNets| (N, u)) of the marked process nets over (N, u) in MPetri,,
i.e., a process of marked nets is obtained by considering processes which map the
minimal elements of process nets to u, the initial marking of N. Similarly to the
previous case, MProc[(N, u)] will denote the category of finite processes of N.

There is the following obvious link between Proc[N] and MProc[(N,u)].

ProrosiTION 1.1.11

MProc[(N,u)| (respectively MProc,[(N,u)]) is the full subcategory of Proc|[N]
(respectively Proc[(N,u)]) consisting of those processes m:© — N such that
7(min(©)) = u, where min(©) denotes the set of minimal elements of ©.

We can now get quickly back to the characterization of 7[N] we referred to ear-
lier. Observe that, by definition, processes are more concrete than step sequences,
i.e., different processes may give rise to common step sequences, corresponding to
the fact that different partial orders may have common linearizations. On the other
hand, different step sequences may be sequentializations of the same process

PROPOSITION 1.1.12 (Step Sequences and Petri Categories)

For N in Petri, the arrows of T[N], i.e., the commutative processes of N, are
obtained by quotienting the processes of N by the least equivalence such that if a
step sequence is a linearization of two different processes, then they are equivalent.

Proof. See [9, 16]. v

The categories of processes Proc[N] are not completely satisfactory, at least
for two relevant reasons. Firstly, when “categorizing” computational formalisms
the focus is on representing states—respectively types, formulas—as objects and
computations—respectively terms, proofs—as arrows, and this is because the focus
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is actually on computations and, after all, categories consist mainly of arrows.
Therefore, to consider Proc[N] as a satisfactory solution would be, at the very least,
out of the current mainstream of research. Secondly, both the monoidal structure
of Petri nets and the monoidal structure which intuitively should be enjoyed by the
computations of a concurrent system under the operation of parallel composition
are not reflected in Proc[N]. Clearly, T[N]| does not suffer of these problems.
However, the very observation that 7[N] provides a description of the behaviour
of N even more abstract than step sequences of course put it out of the game, since
we are looking for a causal semantics for nets. It is easy to realize that the problem
with 7[N] concerning causality is due to the strict symmetry which confuses the
“causal streams” of computations. Therefore, a possible way out of this problem is
to look for a non strictly symmetric version of 7[N], where the flow of causality is
taken into account by the symmetry isomorphism.

Of course, another possible solution consists of looking for a version of Proc[N]
in which the processes are represented by arrows, sequential composition being the
concatenation of processes. More strongly, inspired by the current trends in the
development of the theory of computation, one would certainly like to describe
the processes of a net IV as an algebra whose operations model a minimal set of
combinators on processes which capture the essence of concurrency. Clearly, in the
present case, the core of such algebra must consist of the operations of sequential
and parallel composition of processes. The problem which arises immediately is that
non-sequential processes cannot be concatenated when multiplicities are present: in
order to support such an operation one must disambiguate the identity of all the
tokens in the multisets source and target of processes. In other words, one must
recognize that process concatenation has to do with tokens rather than with places.
This is the approach followed in [16] where the above sketched variation of the
processes of N is modelled by means of a symmetric strict monoidal category P[N].
Next, we briefly recall such a construction, which represents the meeting point of
the two development lines indicated above.

A symmetric strict monoidal category (SSMC in the following) is a structure
(C,®,e,7), where C is a category, e is an object of C, called the wnit object,
®:C x C — C is a functor, called the tensor product, subject to the following
equations

®o<®><1£> = ®O<1£X®>; (1.2)
®o(elc) = Ig; (1.3)
® o <1£,§> = 12; (14)

where e: C — C is the constant functor which associate e and id. respectively to
each object and each morphism of C, (_,_) is the pairing of functor induced by

the cartesian product, and - is a natural transformation ® — ® o A, where A is
the endofunctor on C x C which “swaps” its arguments, subject to the following
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Kelly-MacLane coherence axioms [87, 62, 67):

(Vz,2 ® Z'dy) o (idy ® 'Yy,Z) = YzQy,z; (1.5)

Vye ©Voy = gy

Of course, equation (1.2) states that the tensor is associative on both objects and
arrows, while (1.3) and (1.4) state that e and id. are, respectively, the unit object
and the unit arrow for ®. Concerning the coherence axioms, axiom (1.6) says that
~y,z 18 the inverse of 7, ,,, while (1.5), the real key of symmetric monoidal categories,
links the symmetry at composed objects to the symmetry at the components.?

REMARK. Adapting the general definition of monoidal category to the special case of
SSMC’s, one finds that there is a further axiom to state, namely 7. = id,. Observe
however that it follows from the others. In fact, by (1.3) we have that e ® e = e and
thus Ye,e = Ye®e,z, which by (1.5) is equal to (Ye,z ® ide) © (ide ® Ye,»). Now, by (1.3)
and (1.4) we have that Ye,.s = Ye,a © Ye,» and thus, multiplying both terms by 7, and
exploiting (1.6), we have Ye,z = idegs = idq.

A symmetry in a symmetric monoidal category is any arrow obtained as com-
position and tensor of components of v and identities. We shall write Sym to
denote the lluf subcategory of a symmetric monoidal category C whose arrows are
the symmetries of C. It is important to stress that, in our context, i.e., from the
point of view of the semantics of concurrency, symmetries provide a precise and
elegant way to account for causality streams in computations. This will be clear
shortly.

A symmetric strict monoidal functor from (C, ®,e,v) to (D, ®’,e’,v'), is a func-
tor F: C — D such that

Fle) = ¢, (1.7)
Fz®y) = F)& Fy), (1.8)

Let SsMonCat be the category of SSMC’s and symmetric strict monoidal func-
tors (see also Appendix A.2 and Table A.3). In the following, we shall be concerned
with a particular kind of SSMC’s, namely those whose objects form a free commu-
tative monoid. Let SSMC® be the full subcategory of SsMonCat consisting of
such categories. Remarkably, a very similar kind of categories have appeared as
distinguished algebraic structures also in [88], where thery are called PROP’s (for
Product and Permutation categories) , and in [85]. The difference between the
categories we use and PROP’s is that the monoid of objects of the latter have a
single generator, i.e., it is the monoid of natural numbers with addition.

2Strictly speaking the coherence axioms of SSMC’s consists of both (1.5) and (1.6). However,
by abuse of language, we shall often say “the coherence axiom” to refer to (1.5).
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Let N be a PT net in Petri. In order to define P[N], we start by introducing the
vectors of permutations (vperms) of N, which will play the role of the symmetry
isomorphism of the symmetric strict monoidal category P[N].

REMARK. A permutation of n elements is an automorphism of the segment of the first
n positive natural numbers, i.e., an isomorphism of {1,...,n} with itself. Permutations
can be represented by a matrix-like notation: the permutation o such that o(i) = o is

written as
o1 O3 +++ Onp :

Sometimes we use a graphical variation of the notation above, according to which the
permutation o is depicted by drawing a line from 4 to o () (see for example Figure 1.5 in
page 34).

The set II(n) of the n! permutations of n elements is a group under the operation of
composition of functions. The unit element of II(n) is the identity function on {1,...,n}
and the inverse of ¢ is its inverse function o~*. The group II(n) is called the symmetric
group on n elements, or the symmetric group of order n!. As a notation, when o € II(n),
we write |o| = n. Due to its triviality, the notion of permutation of zero elements is
never considered. However, to simplify notation, we shall assume that the empty function
J: @ — & is the (unique) permutation of zero elements. Observe that I1(0) and II(1) are
isomorphic, consisting each of a single permutation; in other words, they are (abstractly)
the same group.

We say that o € II(n) is a transposition if there exists ¢ < n such that o (i) = i+1, o(i+1) =
i and o (k) = k elsewhere. We shall denote such a o simply as {i — ¢+1,i+1 — ¢}. Thus,
transpositions are just “swappings” of adjacent elements. They are a relevant kind of
permutations, since any permutation can be written as the composition of transpositions.

DEFINITION 1.1.13 (Vectors of Permutations )

For u € S]??, a vperm s:u — w is a function which assigns to each a € Sy a
permutation s(a) € I(u(a)). Givenu = nia; @...®nyay in S, we shall represent
a vperm s on u as a vector of permutations, (0q,,...,0q,), Where s(a;) = 04,
whence their name.

Thus, the vperms on a given u € Sf\)} are a product of permutation groups.
Moreover, they form a symmetric monoidal category under the operations defined
below (see also Figure 1.1).

DEFINITION 1.1.14 (Operations on vperms)
Given the vperms s = (0a,,...,0q,):u — u and ' = {0y, ,...,0,, ):u — u their
sequential composition s;s':u — w is the vperm (04,;0,, ,...,04,; 0y, ), Wwhere o; 0’

is the composition of permutations, which we write in diagrammatic order.

/

3Vperms are called symmetries in [16]. Here, in order to avoid confusion with the general
notion of symmetry in a symmetric monoidal category, we prefer to use another term.
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(aaatbb (@ aabb (@aaatbb

(@ aabp b (@ aabb) (@aabphb

(@ab @aaaabbb
o 1= A L)
(aabp (aaaapbh

(aaaaapdpbd

v(@@@(ﬂﬂ”@)

aaaaapbphbd

Figure 1.1: The monoidal structure of vperms

Given the vperms s = (04,,...,0q,):u — w and s’ = (0, ...,0,,):v — v (where

possibly 0,; = @ for some j), their parallel composition s ® s":u®v — u® v is the
vperm
(00, ® 0;1, ey Ogp ® U;k>,

where

no o) if0 <z <|o|
(U®U)(x)_{ o' —lo|) +o] iffo| <z <|of+ |0

Let v be {1 — 2,2 — 1) € II(2) and consider u; = nia; ® ... ®niay, i = 1,2, in
S® the interchange vperm v(u1,us) is the vperm (o4, ,...,04,): U1 ® us — Ui G usg
where
r+n2 if0<z<nt
Uaj (:C) = { ] /

o1 a1 1 2
T —n; 1fnj<z§nj+nj

It is now immediate to see that _;_ is associative. Moreover, for each u© € S®
the vperm v = (idy,, ..., idqa,):u — u, where id,, the identity permutation, is of
course an identity for sequential composition. Let us consider ®. For 0 the empty
multiset on S, the (unique) vperm s: 0 — 0 is clearly a unit for parallel composition.
Moreover, it follows immediately from the definitions that ® is strictly associative,
but not commutative. Furthermore, ® and _; _ satisfy the equations

(p®p);(@@d)=mq®@;qd) and idy, ® idy = idugy.
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PROPOSITION 1.1.15 (Symg is symmetric strict monoidal)

Given a net N, let Symy be the category whose objects are the elements of S]%
and whose arrows are the vperms s:u — u for u € S® with the given identities and
composition. By the pevious arguments above, this is a category.

Consider the mapping ®: Symy X Sympy — Symy defined as follows

Sym X SymN®—>SymN

(u, ) ———ud v

(Sﬁs’)l l(5®5’)

(u,v') ——u
By the equations given above, ® is a functor, and since it is strictly associative,
Sym  is a strict monoidal category.

Consider the permutation v = {1 — 2,2 — 1} in II(2). It is easy to verify that, for
any s:u — u and s':v — v, we have the following equalities

Y(uw,v); (5" ®@s) = (s@5);7v(u,v)
(v(u,v) ® idy); (idy @ y(u,w)) = y(u,v S w)
7(“71));’7(1)7“) = idu@v

the first of which expresses that the family v = {v(u,v)}uvesym, is a natural
transformation and the others correspond to axioms (1.5) and (1.6). It follows that
Sym y is a symmetric strict monoidal category with symmetry isomorphism ~y.

Observe that, although Sym 5 is in general not strictly symmetric, it keeps being
so on the objects. More strongly, the objects form a free commutative monoid.

DEFINITION 1.1.16 (The category P[N])
Let N be a net in Petri. Then P[N] is the category which includes Symy as
subcategory and has the additional arrows defined by the following inference rules:

t:u —vinTy

t:u — v in P[N]

a:u—vand fiv - v inPIN] a:u—vand:v — win P[N]
a®pfudu —v@v in P[N] a; f:u — w in P[N]

plus axioms expressing the fact that P[N] is a strict monoidal category:
a;idy =a=idy;a and  (a;5);0 = o;(6;9)
(a®pB)®@i=a®(B®F§) and idy@a=a=a® idy
(o ® a1); (Bo @ B1) = (ao; Bo) @ (a3 B1)  for  aquzu; — vy, Bitvi — w;
Y(u,u'); @ a=a® B;y(v,v) for au—wv, giu —
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and the following axioms involving vperms and transitions

t;s =t wheret:u — v in Ty and s:v — v in Symy, (D)
s;t =t wheret:u — v in Ty and s:u — u in Symy.

Thus, P[N] is build on the category Symy by adding the transitions of N and
freely closing with respect to sequential and parallel composition of arrows so that
P[N] is made strict monoidal. The axiom involving vperms extends the naturality
of v to the newly added arrows. The other axioms vy must satisfy do not depend
on the new transitions and so they follow directly from Proposition 1.1.15.

The intended interpretation of the data above is as follows. As usual, a single
transition tg:ugy — v consumes the tokens in ug and produces those in v. Of
course, given t(: v — wy, in the composition to; t(, we say that ¢}, causally depends
on tg. Consider now ¢1:u; — v and ¢]:v — wy. Then, in accordance with the fact
that (to ® t1); (ty @ t)) = (to;t() @ (t1;t}), we may stipulate that in the process
(to @ t1); (th @ t)):uo ® u1 — wo @ wy the transition ¢; depends on ¢y and the
transition t} depends on t1, while in (to ®t1); (t] ® ) it is to that causes t} and t;
that causes t. Of course, both of those scenarios are possible since in P[N] we
have that (t{ ® t]) # (] ® t,). Now, since

(to @ t1);7(v,0); (th @ 1)) = (to @ t1); (] @ 15),

vperms may be viewed as formal operations that “exchange causes”, by exchanging
the tokens produced by parallel transitions. Observe that this interpretation is also
well supported by the particular form that the interchange vperm takes on disjoint
pairs u and v. Then, y(u,v) is the identity, corresponding to the fact that in this
case no ambiguity is possible concerning what transition produced what token in
u @ v and, therefore, (to ® t1); (t{, ® t}) and (to ® t1); (¥} ® t;) have in this case to
be considered as the same process. Now, the meaning of the “naturality” of v is
apparent. The same applies to the axiom s;t;s’ = ¢ since exchanging two tokens
consumed by or produced by a single ¢ does not influence the causal behaviour.

As alredy mentioned, this nice interpretation of the arrows of P[N] may be
pursued further by relating them to a slight refinement of the classical notion of
finite process, namely the refinement consisting of adding a suitable layer of labels
to the minimal and maximal places of finite process nets.

DEFINITION 1.1.17 ( f-indexed orderings)
Given sets A and B together with a function f: A — B, an f-indexed ordering of
A is a family {, | b € B} of bijections {y: f~1(b) — {1,...,|f~1(b)|}, with f~1(b)
being as usual the set {a € A | f(a) = b}.

Therefore, an f-indexed ordering of A is a family of total orderings, one for each
of the partitions of A induced by f. By abuse of language, we shall keep calling an
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O O
® ©
Figure 1.2: A net and one of its concatenable processes m:2a — b® ¢

f-indexed ordering of C' C A any ordering obtained by considering the restriction
of f to C. In the following, given a finite process net O, let min(©) and max(0)
denote, respectively, its minimal and maximal elements, which must be places.

DEFINITION 1.1.18 (Concatenable Processes )
A concatenable process of N is a triple CP = (¢, L) where

e 1:© — N is a finite process of N;
o ( is a m-indexed ordering of min(©);

e L is a w-indexed ordering of max(0©).

Two concatenable processes CP and CP' are isomorphic if their underlying pro-
cesses are isomorphic (in Proc;[N]) via an isomorphism ¢ which respects the or-
dering, i.e., such that €, (¢(a)) = lra)(a) and L;,(W(b))(ga(b)) = L@ (b) for
all a € min(O) and b € max(0). As in the case of processes, we shall identify
isomorphic concatenable processes.

Concatenable processes can be represented by drawing the underlying process
nets and labelling their elements according to 7, £ and L. When |77 1(a)| = 1 for
some place a, we omit the trivial labelling. Figure 1.2 shows a simple example. We
use the standard graphical representation of nets in which circles are places, boxes
are transitions, and sources and targets are directed arcs whose weights represent
multiplicities, unitary weights being omitted.

As the reader will have already guessed, it is clearly possible to define an oper-
ation of concatenation of concatenable processes, whence their name. We can asso-
ciate a source and a target in SJ% to any concatenable process CP, namely by taking
the image through 7 of, respectively, min(©) and max(©), where © is the underly-
ing process net of CP. Then, the concatenation of (m: ©g — N, £°, L%):u — v and
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Figure 1.3: The process of Figure 1.2 as tensor of two simpler processes.

(m1:©1 — N, 0, LY):v — w is the concatenable process (m:© — N, ¢, L):u — w
defined as follows.

e In order to simplify notations, suppose that Se, and Se, are disjoint. Let A be
the set of pairs (x,y) such that 2 € max(©), y € min(0), mo(y) = a = 71 (z)
and LO(x) = ¢1(y). By the definitions of concatenable processes and of their
sources and targets, an element of max(©g) belongs exactly to one pair of A,
and of course the same happens to min(©). Consider Sy = Se, \ max(©g)
and S1 = Se, \ min(©1). Then, let ing: Se, — So U A be the function which
is the identity on z € Sy and maps = € max(©1) to the corresponding pair in
A. Define inq: S, — S1 U A analogously. Then,

0 = (0°,0"Te, +To, — (SoU S UA)P),
where
— % =ing 08y +inf 00 ;
— Ot =ing 08y, + inf 0 0§, ;

e Suppose m; = (fi,gi), for i = 0,1 and consider the function g(z) = g;(x) if
z € S; and g((z,y)) = go(x) = g1(y) otherwise. Then m = (fo + f1,9).

o (o(z) = 0(x) if z € min(Op) and £,((z,y)) = €9(z) if (z,y) € min(O).
o L,(z)=LLl(z) if » € max(0©1) and L,((z,y)) = LL(y) if (z,y) € max(0).

Under this operation of sequential composition, the concatenable processes of N
form a category CP[N] with object the finite multisets on Sy and identities those
processes consisting only of places, which therefore are both minimal and maximal,
and such that ¢ = L.
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ololololo

Figure 1.4: A transitions t: na — mb and the symmetry y(a ©b® ¢,a @ b) in P[N]

Concatenable processes, of course, admit also a tensor operation ® such that,
given CPy = (7p: ©g — N, (°, L%):u — v and CPy = (71: 01 — N, {1 LY/ — o/,
CPy ® CP; is the concatenable process (m:© — N, ¢, L):u® v — v ® v given
below.

° ©= (33, +0% ,05 +0& :Te, +To, — (Se, + Se,)?),
® T =T+ m;

o (o(ing(z)) = £3(x) and L4 (in1(y)) = |7 ' (a)| + €4 (y)-

o La(ing(x)) = LY(x) and La(in1(y)) = |mg ' (a)] + Li(y)-

The concatenable processes consisting only of places are the analogous of the
vperms. In particular, for any u = nia; ®- - - ®ngax and v = m1b1 B - - Hmpby, the
concatenable process which consists of as many places as elements in the multiset
u® v, ie, X n; + X" m;, mapped by 7 to the corresponding places of N and
such that L, (x) = v(a;) + La,(z) and by, (x) = Ly, (x) — u(b;) corresponds to the
interchange vperm ~(u,v) (see also Figure 1.4). Moreover, the category CP[N]
enjoys the axioms (1.2)—(1.6) for _; _, .® _and + as given above. Therefore, CP[N] is
a SSMC. Tt is easy to see that the subcategory of symmetries of CP[N] is isomorphic
to Sym . Finally, since the transitions ¢ of N are faithfully represented in the
obvious way by concatenable processes with a unique transition which is in the
post-set of any minimal place and in the pre-set of any maximal place, minimal
and maximal places being in one-to-one correspondence, respectively, with 9% (t)
and 9% (t) (see also Figure 1.4), it is possible to show the following.

ProrosiTION 1.1.19
CP|N] and P[N] are isomorphic.
Proof. See [16]. v
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Furthermore, it can be shown—and it is indeed easy to get convinced—that
concatenable processes are the least refinement of processes on which such a se-
quentialization may be given. In other words, they are the finest concretion of
classical processes which may act as arrows in a category. Observe that this con-
sideration, together with the fact that concatenable processes correspond with the
arrows of P[N], links the two approaches we discussed earlier: making 7 [N] not
strictly symmetric and making the objects of Proc[N] be the arrows of some cate-
gory.

As already remarked in the introduction, P[N] provides an axiomatization of
the causal behaviour of N which, however, builds on the concrete choice of the
category of vperms on Sy as the subcategory of symmetries of P[N]. Clearly, it
would be nice to be able to give an abstract characterization also of Sym . This
is what we shall do in the next section.

1.2 Axiomatizing Concatenable Processes

In this section we show that the category of vperms Sym, can be described in
abstract terms, thus yielding a fully axiomatic characterization of concatenable
processes. We start by showing that we can associate a free SSMC to each net N.
Although this fact is not very surprising, our proof of it will give a “minimal”
description of the free category on N which will be useful later on.

ProrosiTION 1.2.1
The forgetful functor U: SSMC® — Petri has a left adjoint F: Petri — SSMC®.

Proof. Consider the category F(N) whose objects are the elements of S% and whose
arrows are generated by the inference rules

UES% aand bin Sy ttu —vin Ty
idy:u —uin F(N) cop:a®b—a®dbin F(N) t:u— vin F(N)

azu—vand v — v in F(N) ou—vand B:v — win F(N)
a®Biudu —v@dv in FN) a; B:u — w in F(N)

modulo the axioms expressing that F(NN) is a strict monoidal category, namely,

ajidy = a=1idy;a and (o5 8);7 = a;(6;7),
(a®B)®y=a®(B®y) and ido®a=a=a® ido, (1.10)
idy ® idy = idyey and (@ ®ad); (6@ 48) = (a;8) ® (o 3),

the latter whenever the righthand term is defined, and the following axioms

Ca,b; Cb,a = Zdaé})b (111)
Cu;(BRa) = (a®fP);cy for aru— v, Biu’ — v (1.12)
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where ¢y, for u,v € S& denote any term obtained from c, 5 for a,b € Sy by applying
recursively the following rules (compare with axiom (1.5)):

Co,u - Zdu - Cu,0
Cavu,o = (ida ® Cupw);i (Cayp ® idy) (1.13)
Cu,vPa = (Cu,v & ida); ('Ldv ® Cu,a)

Observe that equation (1.12), in particular, equalizes all the terms obtained from (1.13)
for fixed u and v. In fact, let ¢y, and ¢, , be two such terms and take v and 3 to
be, respectively, the identities of u and v. Now, since id, ® idy = idugy = idy ® idy,
from (1.12) we have that cuw = ¢, in F(N). Then, we claim that the collection
{C“’U}u,UES;g is a symmetry natural isomorphism which makes F(N) into a SSMC and

that, in addition, F(N) is the free SSMC on N.

In order to show the first claim, observe that the naturality of ¢ is expressed directly
from axiom (1.12). Then, we need to check that for any w and v we have cy,v; Co,u =
idugv, which follows easily from (1.11) by induction on the least of the sizes of u and v.

base cases. If w = 0 or v = 0 then the thesis follows from the first of (1.13). If instead
|u| = |v| = 1, then required equation is (1.11).

inductive step. Without loss of generality, assume that u = a ® «’. Then, by (1.13),

Cuw; Cou = (1da ® Cul w); (Cayo ® tdy); (Coja @ idyr); (ida @ €y )
(ida ® cur,0); ((Cawi Cv,a)) ® idy); (ida @ Cyur)

(ida ® Cyr 0); (ida @ Cyour)

ida @ (Cut v Cou) = 1da ® idy @y = idugw.

Consider now the net UF(NN) obtained from F(N) by forgetting about its categorical
structure. More precisely, the markings of UF(N) are the markings of N and its
transitions are the arrows F(N) with the given sources and targets. Consider then
the Petri net morphism n: N — UF(N) where 7, is the identity homomorphism and n;
is the obvious injection of Ty in Ty g (). We show that 7 is universal, i.e., that for any
SSMC C in SSMC® and for any Petri net morphism f: N — U(C), there is a unique
symmetric strict monoidal functor F: F(N) — C which makes the following diagram
commute.

N —1—=UJF(N)
7 lu(F)

Let C = (C,®,0,v) and f: N — U(C) be as in the hypothesis above. Then, in order
for the diagram to commute and in order for F to be a symmetric strict monoidal
functor, its definition on the generators of F(N) is compelled to be:

F(u) = fp(u)7 F(t) = ft(t)7 F(Zdu) = ZdF(u)? F(Cll,b) = ’Yfp(a)’fp(b)'
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Of course, also the extension of F to composition and tensor is uniquely determined,
namely, it must be F(a; 3) = F(8) o F(a) and F(a® 8) = F(a) ® F(3). To conclude the
proof we only need to show that F is a well-defined symmetric strict monoidal functor,
since, in this case, it is necessarily the unique which makes the diagram commute.

In order to show that F is well-defined, it is enough to see that it preserves the axioms
which generates F(IV). Since C is a strict monoidal category and since F(id.) = idF(,),
axioms (1.10) are clearly preserved. Moreover, since C is symmetric with symmetry
isomorphism v, we have that

F(ca,b; Cb,a) = YF(b),F(a) © VF(a),F(b) = 1F(a)aF(b) = idF(amb)s

i.e., F respects axiom (1.11). Thus, the last missing steps are to show that F preserves
axiom (1.12) and that it is a symmetric strict monoidal functor, which actually reduces
to show that for each u and v we have F(cu,w) = YF(u),Fv)- We start by showing, by
induction on the structure of the ¢’s, that for any term ¢, generated from (1.13), we
have F(Cu,v) = ’YF(u),F(v)-

base cases. If u = 0 then ¢y, = id, and thus F(cu,») = idf(,). However, we have

already shown in the remark in page 22 that <., = id, holds in any symmetric
monoidal category. Thus, since F(u) = 0, we have F(cu,u) = YF(u),F(v) as required. A
symmetric argument applies if v = 0. If instead |u| = |v| = 1, the claim is proved by

appealing directly to the definition of F.

inductive step. Suppose that © = a @ u’. Then, exploting the induction hypothesis,
Flcuw) = (YF(a),Fo) ® tdF@r)) © (idF@a) ® YF(u'),F(»)) and thus, by the coherence ax-
iom (1.5) of symmetric monoidal categories, we have F(cu,») = VF(a)@F(u’),F(v) Which is
VF(a@u'),F(v)» 1-€+s VF(u),F(v)- 1f instead we have that v = v' ®a and c,,, is generated by
the last of (1.13), then the claim is proved similarly by using the inverse of (1.5), i.e.,
Vo,yez = (idy @ Ya,2) 0 (Ya,y ® id), which, of course, holds in any symmetric monoidal
category.

Now, since F(cu,v) = YF(u),F(v) and since v is a natural transformation, it follows
immediately that F preserves axiom (1.12).

This shows that JF is left adjoint to U, in symbols F 4 U. v

Thus, establishing the adjunction Petri — SSMC®, we have identified the free
SSMCon N as a category generated, modulo some equations, from the net N viewed
as a graph enriched with formal arrows id,, which play the role of the identities,
and cqp for a,b € Sy, which generate all the needed symmetries. In the following,
we speak of the free SSMC on N to mean F(IV) as constructed above.

REMARK. Observe that the above choice is the only sensible one for the notion of free
SSMC on N. In fact, the notion of free algebra, or free construction, makes sense only
when one has a functor F which is left adjoint to a forgetful functor. or, in other words,
when you have a monadic functor. Then, the free algebra on an object a is F(a). Now, it
is not possible to have a forgetful functor from a category of SSMC’s to Petri unless one
restricts oneself to SSMC®. Ergo the term “free” makes sense only in this case.
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The following is the adaptation to SSMC’s of the usual notion of quotient al-

gebras characterized, as usual, by a universal property. It is worth noticing that
the theory treats only the quotient of categories obtained by imposing equalities of
arrows belonging to the same homset.

PROPOSITION 1.2.2 (Monoidal Quotient Categories)

For a given SSMC C, let R be a function which assigns to each pair of objects a and b

of C a binary relation R, on the homset C(a,b). Then, there exist a SSMC C/R
and a symmetric strict monoidal functor Qg: C — C/R such that

i) If fRapf" then Qr(f) = Qr(f');

it) For each symmetric strict monoidal H: C — D such that H(f) = H(f’) when-
ever fRqpf', there exists a unique functor K: C/R — D, which is necessarily
symmetric strict monoidal, such that the following diagram commutes.

c— & ¢

H

/R
lK
D

Proof. Say that R is a congruence if R, is an equivalence for each a and b and if
R respects composition, i.e., whenever fR, [’ then, for all h:a’ — a and k:b — b,
we have (ko f o h)Ru (ko f oh). Clearly, if R is a congruence, the following
definition is well-given: C/R is the category whose objects are those of C, whose
homset C/R(a,b) is C(a,b)/Rap, i.e., the quotient of the corresponding homset of C
modulo the appropriate component of R, and whose composition of arrows is given by
[glz o [flr = [g o flx. In fact, since R, is an equivalence C/R(a,b) is well-defined,
and since R preserves the composition, so is the composition in C/R.

Let C = (C,®,e,7). Call R a ®-congruence if it is a congruence in the above sense
and it respects tensor, i.e., if fR,,f’ then, for all h:a’ — b and k:a” — b, we have
(h® fRk)Rargawar brobeb (h® f'®@K). Tt is easy to check that, if R is a ®-congruence,
then the definition [f]g ®[g]r = [f®g]x makes the quotient category C/R into a SSMC
with symmetry isomorphism given by the natural transformation whose component
at (u,v) IS [Yu,0]® and unit object e.

Observe now that, given R as in the hypothesis, it always possible to find the least
®-congruence R’ which includes (componentwise) R. Then, take C/R to be C/R’
and Qg to be the obvious projection of C into C/R. Clearly, Qg is a symmetric
strict monoidal functor.

Now, let H:C — D be a monoidal functor as in the hypothesis and consider the
mapping of objects and arrows of C/R to, respectively, objects and arrows of D given
by K(a) = H(a) and K([f]x) = H(f). It follows from definition of functor that the
family {Sa,b}4pec, where 844 is the binary relation {(f,g) | H(f) = H(g)} on C(a,b),
is a congruence. Moreover, since H(f ® g) = H(f) ® H(g), we have that {8a,b}apec
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123 123
1239 1239

123 123
= 2349 = (12349

123 123
12349 12349

123 123

Figure 1.5: Some instances of the axioms of permutations

is a ®-congruence. Then, if H satisfies the condition in the hypothesis, i.e., if R C §,
since R’ is the least ®-congruence which contains R, we have that fR; ,g implies
H(f) = H(g), i.e., K is well-defined. Moreover, since H is a functor, it follows that
K({idal) = ifhi oy = idi ) and K([glxo[f]) = H(g)oH(f) = K([glx)oK([fl), i
K is a functor. In the same way, one shows that K([f]x ® [g]x) = K([f]x) ® K([g]®)-
Then, since K([yu,0]%) = H(yu,v) = 7{<(u),K(vy where 7/ is the symmetry isomorphism
of D, one concludes that K is in SsMonCat.

Clearly, K renders commutative the diagram above and it is indeed the unique functor
which enjoys such a property for the given H. v

Our next step is to show that P[N] is the quotient of F(NN) modulo two simple
additional axioms. In order to show this, we need the following lemma, originally
proved in [104] (see also [11]).

LEmMMA 1.2.3
The symmetric group II(n) is (isomorphic to) the group G freely generated from
the set {7; | 1 <1i < n}, modulo the equations (see also Figure 1.5)

TiTi+1Ti =  Ti+1TiTi+1;
Ty = 7T ifli—jl > 1 (1.14)
TiTq = €]

34



1.2. AXIOMATIZING CONCATENABLE PROCESSES

where e is the unit element of the group.

Proof. The proof is by induction on n. First of all, observe that for n = 0 and n = 1 the

set of generators is empty and the equations are vacuous. Hence, G is the free group
on the empty set of generators, i.e., the group consisting only of the unit element,
which is (isomorphic to) II(0) and II(1).
Suppose now that the thesis holds for n > 1 and let us prove it for n + 1. It is
immediately evident that the permutations of n + 1 elements are generated by the n
transpositions, i.e., by those pemutations which leave all the elements fixed but two ad-
jacent ones, which are exchanged. Moreover, the transpositions satisfy axioms (1.14),
as a quick look to Figure 1.5 shows. It follows that the order of G must be not smaller
than the order of II(n + 1), i.e., |G| > (n + 1)!, where |_| gives the cardinality of sets.
Moreover, there is a group homomorphism h: G — II(n + 1) which sends 7; to the
transposition (¢ ¢ + 1), and since the transpositions generate II(n + 1), we have that
h is surjective. Thus, in order to conclude the proof, we only need to show that h
injective, which clearly follows if we show that |G| = (n + 1)!.

Let H be the subgroup of G generated by {71,72,...,7n—1} and consider the n + 1
cosets Hi, ..., Hyy1, where H; = Hrp - 1 = {270 - 7 |2z € H}, 1 <i <mn, and
Hny1 = H. Then, for 1 <i<n+1and 1 < j < n, consider H;7;. The following
cases are possible.

i > j+ 1. By the second of axioms (1.14), 7; is permutable with each of 7, ..., Tn
and, therefore,
Hity = Htn---7iTj

= Hrjmn -7

= Hrp -1 = H;.
1 < j. Again by the second of (1.14), 7; is permutable with each of 7, ..., 7j—2 and,
therefore,
Hity = Hrmn -7y

= Hrp Tjp1TyTj—1Tj -+ Ti

= HrTp  Tj41Tj—1TjTj—1-+Ti by the first of (1.14)

= HTj_1Tp+ Tj417jTj—1- - Ti by the second of (1.14)
= Hn-- -7 = H;.

i=j. Then Hj7; = H7y, - - - 757;. i.e., by the third of (1.14), Hryp oo mjp1 = Hjqq.
Z:]+ 1. Then Hj+1Tj =HT,- CTi41T = HJ‘.

In other words, for 1 < j < n, the sets Hy ... H,+1 remain all unchanged by post-
multiplication by 7;, except that H; and H,;41 which are exchanged with each other.
Now, since each element of GG is a product 74, - - - 73, , it belongs to Hry, --- 75, , i.e., to
one of the H;. Hence, G is contained in the union of the H;’s. It follows immediately
that, if H is finite, we have that |G| < (n+1)-|H|. However, by induction hypothesis,
H is (isomorphic to) II(n), and thus H is finite and |H| = n!. Therefore, |G| < (n+1)!,
which concludes the proof. v
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The lemma above is easily adapted to vperms as follows.

LeEmMMA 1.2.4

The arrows of Sym » are generated via sequential composition by the vperms of the
kind id, ® y(a,a) ®id,: u®2a v — ud 2a ® v. Moreover, two such compositions
yield the same vperm if and only if this can be shown by using the axioms (compare
with (1.14) by distributing the terms on the two sides of the equality sign)

((idu@a & 7(047 a) & Zdv) 5 (Zdu & ’Y(a’a a‘) ® idaGBU))B = idu@?ﬂl@va
((idy @ y(a,a) @ idopey) ; (idupoa @ V(b b) @ idy))? = idugramobme,  (1.15)
(idy ® y(a,a) @ id,)?

iduéBQa@U-

where f™ indicates the composition of f with itself n times.

Proof.  Concerning the first claim, a vperm p = {(0a,,...,04,) coincides with the
tensor 04, ® -+ ® 04, which, exploiting the functoriality of ®, can be written as
(0a; ® -+ ® tduy,); ;5 (idu; @ -+ @ 0a,). Now, since oq; is a permutation, it is a
composition of transpositions, and since the transposition 7;: na — na can be written
as id(;—1)a ®¥(a, @) ® id(n_;—1)q in Sym y, we have 04, = (idw @(ai,ai) @idyr);--+;
(idu;c ® v(ai,ai) ® idug). Therefore, the vperms id, ® v(a,a) ® id, generate via
composition all the vperms of Sym .

Concerning the axiomatization, it is easy to verify that the equations (1.15) hold
in Sym, (compare with Figure 1.5). On the other hand, suppose that the sequences

p o= (iduy ®(a1,01) ® idey ;- (i ©(n ) © i)

evaluate to the same vperm o, ® --- ® o.,. We have to show that p and ¢ can be
proved equal using axioms (1.15) . To this aim, observe first that every a; appearing
in p and every b; appearing in ¢ must be one of the ¢;’s. Moreover, observe that,
by repeated applications of the second of (1.15), we can reorganize p and ¢ in such a
way that all the terms involving ¢;—if any—are grouped together and immediately
followed by all the terms involving co—if any—and so on. Let us denote by p’ and ¢’
the terms so obtained and let us focus on the sequences p; and ¢; of terms involving ¢;
respectively in p’ and ¢’. The following cases are possible.

i) p} and ¢, are both empty. Then, there is nothing to show.

ii) Either p} or gj—without loss of generality say p,—is empty. Then, o, is the
identity and since ¢, evaluates to it, by Lemma 1.2.3, g can be proved equal to
the identity permutation using axioms (1.14). Now notice that the axioms (1.14)
coincide with the axioms (1.15) instantiated to ¢;. Therefore, the proof that
. is the identity permutation can be mimicked to prove using instances of ax-
ioms (1.15) that ¢; is an identity in Sym,. Then we can drop ¢, from q'.

iii) Both p; and g; are nonempty. Then, they must both evaluate to o, and, there-
fore, they can be proved equal using axioms (1.14). Then exploting the observa-
tion in the previous case, p; and ¢, can be proved equal using axioms (1.15).
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Thus, p and g are proved equal using axioms (1.15), which concludes the proof. v’

We are now ready to show the promised characterization of P[N].

ProprosITION 1.2.5
P[N] is the monoidal quotient of the free SSMC on N modulo the axioms

Cap = ida@b ifa, be SN and a 7é b) (116)

s;t;s =t ift € Ty and s, s’ are symmetries. (1.17)

Proof. 'We show that P[N] enjoys the universal property of F(N)/R stated in Propo-
sition 1.2.2, where R is the congruence generated from equations (1.16) and (1.17). It
follows then from general facts about universal constructions that P[N] is isomorphic

to F(N)/R.

First of all observe that P[N] belongs to SSMC®. Therefore, corresponding to the
Petri net inclusion morphism N — UP[N], there is a symmetric strict monoidal
functor Q: F(N) — P[N] which is the identity on the places and on the transitions of
N, i.e., such that

Q(a) = a ifae€Sn,
Q(t) = t ifte TN7
Q(Ca,b) = ~(a,b) ifa,beSn.

Thus, since y(a,b) = idqgs if a # b € Sy, we have that Q(cep) = Q(idags) for
a # b € Sy. Moreover, since Q is a symmetric monoidal functor, it sends symmetries
to symmetries. Therefore, since (1.17) holds in P[N], if s and s’ are symmetries and
t € Tn, we have that Q(s;t;s’) = 5;¢;5 = t = Q(t). We shall show that Q is
universal among the functors which equalize the pairs (ca,p, idags) With a # b and the
pairs (s;t;s’,t) with s and s’ symmetries and t € T

We start by showing that Sym, can be embedded in Symg(yy, though not via a
symmetric strict monoidal functor. Consider the mapping G of objects and arrows
of Symy to, respectively, objects and arrows of Symg(,, which is the identity on the
objects and such that

G(idy ®y(a,a) ® idy) = idy ® Caya ® idy,
Gpg) = G(p);Glg)
G(idy) = idy.

It follows from Lemma 1.2.4 that the above definition defines G on all vperms. Thus,
in order to see that G is a functor we only need to see that it is well-defined which,
by exploiting Lemma 1.2.4, can be seen by showing that it respects axioms (1.15).

i) From (1.13) we have that (ide ® ca,a); (Ca,a ® 1da) = Ca®a,a and then from (1.12)
we have caga,a; (ida ® Ca,a) = (Ca,a ® ida); Cawa,a, Which, again by (1.13), yields
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(ida &® Ca,a); (Ca,a ® ida); (ida ® Ca,a) = (Ca,a ® ida); (ida ® Ca,a); (Ca,a ® ida)7
which is ((ide ® Ca,a); (Caya @ ida))3 = id3sq. Then, tensoring both terms by id.,
on the left and id, on the right and using (1.10), we have the required equality
((idu@a ® Ca,a ® Zdv)) ('Ldu ® Ca,a ® ida@v))a = idu@Sa@v

i1) By two applications of the last of (1.10), we have
(Ca,a ® Zd2b)7 (id2a & Cb,b) = (Ca,a & Cb,b) = (id2a & Cb,b); (Ca,a & id2b)-

Then, applying the tensor of id,, and id, as before, the required equality follows.
i11) (idy ® Ca,a ® idy); (idu ® Ca,a ® 1dy) = idum2a@v follows immediately from (1.11).

Therefore, G is a functor. Of course, G is not symmetric strict monoidal, since
G(v(a,b)) = idagb # Cap, i-e., axiom (1.9) does not hold. However, G is monoidal in
the sense that conditions (1.7) and (1.8) hold. The claim is immediate for (1.7), while
G(s®s") = G((s®idy); (idy @ 5")) = (G(3) ® idy); (idu ® G(5')) = G(s) ® G(5).

Let C = (C,®,e,7) be a SSMC and suppose that there exists a symmetric strict
monoidal functor H: F(N) — C such that, for any pair a # b € Sy and for any
symmetries s and s', H(cap) = H(idags) and H(s;t;s") = H(t). We have to show
that there exists a unique K: P[N] — C such that H = KQ. We consider the following
definition of K on objects and generators

~

(w) = H(uw) if ue S,
(s) =
®) =

extendend to P[N] by K(a; 8) = K(a); K(8) and K(a® 8) = K(a) @ K(3). First of all,
we have to show that K is well-defined, i.e., that the equations which hold in P[N] are
preserved by K. To this aim, recall that P[], by definition, is the category generated
on top of Sym ,; from the transitions of N modulo the axioms of monoidality, i.e., (1.2)—
(1.6) plus the functoriality of ® and the naturality of the symmetry isomorphism, and
axioms (V). Now, since H is symmetric strict monoidal and since G is monoidal, it is
immediate to see that the functoriality of ® and the axioms (1.2)—(1.4) are preserved.
The key to show that the same happens for the naturality of the symmetry, (1.5)
and (1.6) is to show that K(v(u,v)) = YK (u),K(v)- In fact, once this fact is established,
the aforesaid points follow from the fact that C is a SSMC. Thus, we proceed to prove
our claim by induction on the least of the sizes of u and v.

=~

(G(s)) if sis a symmetry

H
H(t) if t € T,

=~

base cases. If u = 0 then y(u, v) = id, and since K(0) = e, we have that K(y(u,v)) =
1dK(w) = Ve,K(v)- Otherwise, if v = 0, a symmetric argument applies. If instead
|u| = |v| = 1, we have the following two cases.

u=v = a. Then K(v(a,a)) = H(ca,a) = YK(a),K(a)> since H is symmetric.
u # v Then K(y(u,v)) = H(idug,) which, by hypothesis on H, is vk ) K (v)-
inductive step. Suppose that v = a ® «’. Then, by the coherence axiom (1.5),

K(y(u,v)) = (K(v(a,v)) ® idgry) © (idk@) ® K(y(u',v))) and thus, exploting the
induction hypothesis, K(v(u,v)) = (7K (a),K(v) ® 1dK (u)) © (44K (a) ® VK (u/),K (v)), Which,
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again by (1.5), is YK (a)oK(u),K(v)> 1-€ YK(a@u’),K(v)- If instead we have that v = v’ ®a
the induction is mantained similarly by using the inverse of (1.5).

Thus, the last step we have left is to prove that axioms (¥) are mantained. This is clear,
since if s is a symmetry, then G(s) is also a symmetry. Therefore K(s;t) = H(G(s);t) =
H(G(s);¢;id) = H(t) = K(¢) and, reasoning in the same way, K(¢;s) = K(¢). Now,
the fact that K is a functor follows from its own definition and from the fact that G
is so. Observe that, by showing that the symmetry isomorphism of P[N] is preserved,
we have actually shown that K is a symmetric strict monoidal functor.

Our next task is to show that H = KQ. This is of course the case for objects and
transitions. Observe further that, since Q is symmetric strict monoidal, we have that
Q(cuw) = v(u,v), whence it follows that KQ(cu,u) = YH(u),Hw) = H(cu,0). Now,
since the symmetries of J(n) are by definition generated via tensor and composition
from ¢ and from identities, we conclude that H and KQ coincide on Symg(ny- Then,
one proves that H = KQ by proving, by easy induction on the structure of the terms,
that each arrow of F(INV) can be written as the composition of symmetries and arrows
of the kind id, ® t ® id,, for t € Tn.

Finally, concerning the uniqueness condition on K, observe that it must necessarily
be K(idy ® v(a,a) ® idy) = idHw) ® VTH(a),H(a) ® idH(v), Which, by Lemma 1.2.4,
defines K uniquely on Sym . Moreover, the behaviour of K on the arrows formed as
composition and tensor of transitions is uniquely determined by H. Therefore, the
proof is concluded. v

The next corollary gives an alternative form for axiom (1.17).

COROLLARY 1.2.6
Axiom (1.17) in Proposition 1.2.5 can be replaced by the axioms
t; (idy @ Caq ®@idy) = 1 ifteT anda € S,
(idy ® Caq @ idy);t = 1 ifteT anda € S. (1.18)

Proof. Since (idy ®7a,a ®1dy) and all the identities are symmetries, axiom (1.17) implies
the present ones. It is easy to see that, on the contrary, the axioms above, together
with axiom (1.16) implies (1.17).

Let s:u — u by a symmetry of (V) and suppose s # id,. By repeated applications
of (1.13), together the functoriality of ® , we obtain the following equality:

s = (idu; ® Caypy @ idu,);.. .5 (idu), ® Cay by, @ ido,)

for some h € w. Moreover, by exploiting axiom (1.16), we can drop every term in
which a; # b;. Thus we have

s = (idu; ® Cay,ar ® 1w, ); ... ; (iduy, ® Capiap @ idoy,) (1.19)

for some k < h. Then, by (1.19) and repeated applications of the axioms (1.18), one
can prove s;t;s’ = t. v
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The next corollary sums up the purely algebraic characterization of the category
of concatenable processes that we have proved in this note.

COROLLARY 1.2.7
The category P[N] of concatenable processes of N is the category whose objects
are the elements of SJ% and whose arrows are generated by the inference rules

UES% ain Sy t:u —vinTy
idy:u — uw in PIN] cqaa®a—adainP[N] t:u—vinP[N]

a:u— v and f:u' — v in PI[N]  a:u— v and 8:v — w in P[N]
a®pudu —v@v in P[N] a; f:u — w in P[N]

modulo the axioms expressing that P[N] is a strict monoidal category, namely,

ajidy = a =idy;a and (o B);7 = o (B57),
(a@p)@y=a® (By) and idy®a=a=a® idy,
idy ®idy = idugy and (a@®a');(B® ) = (a;8) @ (s 5),

the latter whenever the righthand term is defined, and the following axioms

Ca,a;Caa = idagd
t(idy ® Caa®idy) = t ifteT,
(idy ® Caa®idy)it = t ifteT,
Cuw; (BRa) = (a®B);cpw foraiu—v, Biu' — v

where ¢, , for u,v € S% is obtained from c,,, by applying recursively the following
rules:

Cap = idegy fa=0o0rb=0or(a,be Sy anda#b)
Caup = (ida ® Cu,v)? (Ca,u ® Zdu)
Cu,v®a = (Cu,v & Z‘da); (Zdv & Cu,a)
Proof. Easy from Proposition 1.2.1, Proposition 1.2.5 and Corollary 1.2.6. v

1.3 A Functorial Construction for Processes

Among the primary requirements usually imposed on constructions like P[] there is
the functoriality. One of the main reasons which support the choice of a categorical
treatment of semantics is the need of specifying further the structure of the systems

40



1.3. A FUNCTORIAL CONSTRUCTION FOR PROCESSES

under analysis by giving explicitly the morphisms or, in other words, by specifying
how the given systems simulate each other. This, in turn, means to choose precisely
what the relevant (behavioural) structure of the systems is. It is therefore clear
that such morphisms should be preserved at the semantic level. In our specific
case, the functoriality of P[] would mean that if N can be mapped to N’ via a
morphism (f, g), which by the very definition of net morphisms implies that step
sequences of N can be simulated by step sequences of N’, there must be a way,
namely P[(f, g)], to see the processes of N as processes of N'.

Unfortunately, this is not possible for P[_]. More precisely, although it may be
possible to find a tricky way to extend P[] to net morphisms, it is definitely not
possible to make it a monoidal functor, i.e., a functor which respects the monoidal
structure of processes, which is certainly what is to be done in our case. The
problem, as illustrated by the following example, is due to the particular shape
of the symmetries of P[N] which, on the other hand, is exactly what makes P[N]
capture quite precisely the notion of processes of N.

ExamMPLE 1.3.1

Consider the nets N and N in the picture below. We have Sy = {ag,a1,bo, b1}
and Ty consisting of the two transitions to:ag — by and t1:a; — by, while Sg =
{@, by, b1} and Ty contains to:a — by and t1:a@ — by.

«Q) Om O

| to | |t ] To 7

O O 2O O

Consider now the net morphism (f, g) where f(t;) = t;, g(a;) = @ and g(b;) = b;,
fori=0,1. We claim that (f, g) cannot be extended to a monoidal functor P[{f, g)]
from P[N] to P[N]. Suppose in fact that F is such an extension. Then, it must be
F(to & tl) = F(to) (%] F(tl) = 1?0 & El. MOI"GOVG‘I‘, SiHCG‘ to & tl = tl X to, we WOU]d
have

to @t ZF(tl ®t0) =t Qto,
which is impossible since the leftmost and the rightmost terms in the formula above
are different in P[N].

It is easy to observe from the above discussion that as soon as one tries to impose
axioms on P[N] which guarantee to get a functor, one annihilates all the symmetries
and, therefore, destroys the ability of P[N] to cope with causality.
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The problem can be explained formally by saying that the category Sym,
sitting inside P[N], is not free, and that is why we cannot find an extension to
P[N] of the morphism (f,g): N — N « P[N]. In fact, Proposition 1.2.5 shows
that Sym y is the free category of symmetries on S5% modulo axiom (1.16), i.e., the
SSMC which has Sjﬁ as objects and whose arrows are freely generated from a family
of formal arrows ¢, ,, for u,v € Sﬁ modulo the axioms which express that c is a
natural transformation, the axioms (1.2)—(1.6) of SSMC’s, and the axiom

Ca,b = ida@b if a 7& b in SN.

Clearly, it is exactly this conditional axiom with a negative premise which prevents
Sym  from being the free model of the axioms (and us from getting any free models
of them). To make things worse, the theory illustrated so far makes it clear that,
in order for P[N] to have the interesting computational meaning it has, such an
axiom is strictly needed.

There does not seem to be an easy and satisfactory solution to the functoriality
problem for P[]. A possible solution which comes naturally to the mind would
consist of looking for a non strict monoidal functor, i.e., a functor F together with
a natural transformation ¢: F(z1) ® F(x2) = F(x; ® x2) which substitutes the
equality required by strict functors. However, simple examples show that this idea
does not bring anywhere, at least unless P[] is heavily modified also on the objects,
since it is not possible to choose the components of ¢ “naturally”.

However, we present here a solution to the problem based on a rather radical
change of models for net behaviours. Namely, instead of considering SSMC’s with
commutative monoids of objects, we choose as semantic domain a category SSMC®
of SSMC’s whose objects form free, non-commutative monoids. The reason for
renouncing to commutativity is explained in the following subsection. The most
interesting thing is, in our view, that the objects of SSMC® still admit a very nice
computational interpretation. We are aware that our approach is to be considered
only a first step towards a satisfactory solution. With the same strenght, however,
we believe that our results contribute to deepen the understanding of the subject.

A NEGATIVE RESULT ABOUT FUNCTORIALITY

In this subsection we show that the problem illustrated in Example 1.3.1 is serious,
actually deep enough to prevent any naive modification of P[] to be functorial.

ProrosiTioN 1.3.2

Let X[] be a function which assigns to each net N a symmetric strict monoidal
category whose monoid of objects is commutative and contains Sy, the places of N.
Suppose further the group of symmetries at any object of X[N] is finite. Finally,
suppose that there exists a net N with a place a € N such that, for eachn > 1, we
have that the symmetry of X[N] at (na,na) is not an identity.
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Then, there exists a Petri net morphism (f, g): No — Ny which cannot be extended
to a symmetric strict monoidal functor from X [Ny| to X[Ny].

Proof. The key of the proof is the following observation about monoidal categories.
Let C be a symmetric strict monoidal category with symmetry isomorphism c. Then,
for all @ € C and for all n > 1, we have (Ca,(n—1)a)"™ = id, where, in order to simplify
notations, throughout the proof we write na and c;; , to denote, respectively, the tensor
product of n copies of a and sequential composition of n copies of ¢, ,. To show that,
consider for i = 1,...,n the functor F; from C", the cartesian product of n copies of
C, to C defined as follows.

Fi

ct C

(1, ..y Tn) ———> T Tn - Titl
(f1ss fn)l (fir-fnfrfigy1)

(Y1ye vy Yn) P Yi" " Yn " Yit1

Moreover, consider the natural transformations ¢;:F; — F;41, ¢ =1,...,n — 1 and
¢n: Fr, — I} whose components at x1,...,%, are, respectively, Cog iy Ty mi_y
and ¢z, 212, Finally, let ¢ be the sequential composition of ¢1,...,¢n. Then

¢ is a natural transformation x---z, — x1-- T, built up only from components
of ¢. From the Kelly-MacLane coherence theorem [87, 62] (see also Appendix A.2)
we know that there is at most natural transformation consting only of identities and
components of ¢, and since the identity of F; is such, we have that ¢ = idr,. Then,
instantiating each variable with a, we obtain (ca,(n—1)a)" = idna, as required.

It may be worth to observe that the above property holds also for n = 0, provided we
define 0a = e and cgw = id.

It is now easy to conclude the proof. Let N’ be a net such that, for each n, we have
Crana 7 1d, where ¢’ is the symmetry natural isomorphism of X[N’]. Analogously,
let N be a net with two distinct places a and b and with no transitions, and let ¢’ be
the symmetry natural isomorphism of X[N]. Since the group of symmetries at ab is
finite, so is its cyclic subgroup generated by cq s, i.e., there exists k > 1, the order of
the subgroup, such that (cq,)* = id and (cap)" # id for any 1 < n < k.

Let p be any prime number greater than k. We claim that the Petri net morphism
(f,g): N — N’, where f is the (unique) function & — T+ and g is the monoid ho-
momorphism such that g(b) = (p — 1)a and g is the identity on the other places of N,
cannot be extended to a symmetric strict monoidal functor F: X[N] — X[N’]. In fact,
from the first part of this proof, we know that (c4,(p—1ya)” = 1. Moreover, by general
result of group theory, the order of the cyclic subgroup generated by cq, (p—1), must
be a factor of p and then, in this case, 1 or p. In other words, either c, (,—1)a = id
or (Cq,(p—1)a)” # id for all 1 < n < p. If the second situation occurs, then we have
F((ca)®) = id and also F((cap)®) = (cﬂ:(a)’F(b))k = (c;’(pfl)a)k # id, i.e., F cannot

exists. Thus, in order to conclude the proof, we only need to show that, in our hypoth-
/ /

a,(p—1)a 7 td. To this aim, it is enough to observe that ¢, ,_1),

esis, ¢ = id implies
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Chana = id for n =p — 1, which is against our hypothesis on N'. In fact, ¢}, ,—1)s =

ac/(kfl)a’(pfl)a;c;’(pfl)anm whence it follows directly that C/(pfl)a,(pfl)a = id. v

The contents of the previous proposition may be restated in different terms
by saying that in the free category of symmetries on a commutative monoid M
there are infinite homsets. This means that dropping axiom (1.16) in the definition
of P[N] causes an “explosion” of the structure of the symmetries. More precisely, if
we omit axiom (1.16), we can find some object u such that the group of symmetries
on v has infinite order. Of course, since symmetries represent causality, this makes
the category so obtained completely useless for the kind of application we have in
mind.

The hypothesis of Proposition 1.3.2 can be certainly weakened in several ways,
clearly to the price of complicating the proof. However, we avoided such compli-
cations, since the conditions stated above are already weak enough if one wants
to regard X[N] as a category of processes of N. In fact, since places represent
the atomic bricks on which states are built, one needs to consider them in X'[N],
since symmetries regulate the “flow of causality”, there will be ¢jq nq different from
the identity, and since in a computation we can have only finitely many “causality
streams”, there will not be categories with infinite groups of symmetries. Therefore,
the given result means that there is no chance to have a functorial construction of
the processes of N on the line of P[N] whose objects form a commutative monoid.

THE CATEGORY Q[N]

This subsection introduces the symmetric strict monoidal category Q[N] which is
meant to represent the processes of a Petri net N and which supports a functorial
construction. This allows us to characterize the category of the categories of net
behaviours, or, in other words, to axiomatize the behaviour of nets “in the large”. In
fact, although [97] and [16] clarify how the behaviour of a single net may be captured
by a symmetric strict monoidal category, because of the missing functoriality of P[],
nothing is said about what the semantic domain for Petri nets is.

Necessarily, there is a price to be payed. Here, the idea is to abandon the
commutativity of the monoids of the objects. More precisely, we build the arrows
of Q[N] starting from Sym},, the free category of symmetries over the set Sy.
This makes transitions to have many corresponding arrows in Q[N]; however, all
the arrows of Q[N] which differ only for instances of transitions will be equated by a
“naturality” condition which, therefore, guarantees that Q[N] remains close to the
category P[N] of concatenable processes. Namely, the arrows of Q[N] correspond
to Goltz-Reisig processes in which the minimal and the maximal places are totally
ordered.

Similarly to Sym ,, Symp serves a double purpose. From the categorical point
of view it provides the symmetry isomorphism of a symmetric monoidal category,
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while from the semantics viewpoint it regulates the flow of causal dependency. It
should be noticed, however, that here the point of view is strictly more concrete
than in the case of Sym . In fact, generally speaking, a symmetry in Q[N] must be
interpreted as a “reorganization” of the tokens in the global state of the net which,
when reorganizing multiple instances of the same place, as a by-product, yields a
exchange of causes exactly as Symp does for P[N].

NoTaTION. In the following, we use S® to indicate the set of (finite) strings on set S, more
commonly denoted by S*. In the same way, we use ® to denote string concatenation, while
0 denotes the empty string. As usual, for u € S®, we indicate by |u| the lenght of u and
by u; the its i-th element.

The construction of S®, which under the operation of string concatenation is
the free monoid on S, admits a corresponding monad ((-)®,n, u) on Set. In this
case (-)® is the functor which associates to each set S the monoid S® and to each
f:So — Si the monoid homomorphism f®: Sy — S such that f€(u) = @ f(u;),
ns: S — S® is the injection of S in S€ and pg: S®° — S is the obvious monoid
homomorphism which maps a string of elements of S® to the concatenation of its
component strings. Recall that the algebras for such a monad are the monoids and
the homomorphisms are the monoids homomorphisms.

DEFINITION 1.3.3 (Permutations)

Let S be a set. The category Sym§ has for objects the strings S® and an arrow
p:u — v if and only if p € II(|u]), i.e., p is a permutation of |u| elements, and v is
the string obtained from u by applying the permutation p, i.e., vy = ;.

Arrows composition in Sym’ is obviously given by the product of permutations,
i.e., their composition as functions, here and in the following denoted by _; _.

Graphically, we represent an arrow p: 4 — v in Symg by drawing a line between
u; and vy(;), as for example in Figure 1.6. Of course, it is possible to define a
tensor product on Symg together with interchange permutations which make it
be a symmetric monoidal category (see also Figure 1.6, where ~ is once again the
permutation {1 — 2,2 — 1}).

DEFINITION 1.3.4 (Operations on Permutations)
Given the permutations p:u — v and p’:u' — v in Symy their parallel composition
pRpiu®u — vV is the permutation such that
. () if0 < i< |ul
i P . , /
Pi = Jul) + |ul - if fu] <i < uf 4[]

Given o € 1I(m) and m strings u; for i = 1,...,m in S®, the interchange permu-
tation o(uy, ..., um) is the permutation p such that
h—1 h—1 h
p)=i=Y Jusl+ Y gl A fugl <i <> Jugl.
J=1 m(§)<m(h) Jj=1 Jj=1
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a a b (@aabpbaalb
aap @ddadbbb

@abxaaabb)

7(@&@,@&(1[)[)))

(@aa'pbaal)

Figure 1.6: The monoidal structure of Symy

Clearly, ® so defined is associative and furthermore a simple calculation shows
that it satisfies the equations

(p®p);(@@d)=mq®@;qd) and idy, ® idy, = idugy.

It follows easily that the mapping ®: Symyg x Symg — Symg defined by

Syms x Symyg £ 5 Sym

(u, /) ————u®v

(pyp’)l i(pé@p’)

(v,?") F——— v @

is a functor which makes Symyg be a strict monoidal category. Finally, the sym-
metric structure of Symy is made explicit by the interchange permutations.

PROPOSITION 1.3.5 (Sym¥ is symmetric strict monoidal)
For any set S, the family v = {v(u,v)}uvesymz provides the symmetry isomor-
phism which endowes Sym's with a symmetric monoidal structure.

Proof. Recall that y(u,v) is the interchange permutation defined from the permutation
v={1—2,2— 1} in II(2). It is just a matter of few calculations to verify that, for
any p:u — u’ and p’:v — v’, the equations which define a symmetry isomorphism i.e.,
the naturality and axioms (1.5) and (1.6), which in the current case reduce to

Y(u,v); (P @p) = (pep )y, v)
(y(u,v) ®w); (v y(u,w)) = y(u,v @ w)
Y(u,v);y(v,u) = iduge
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aqabbaab

= W

® = (@aabbaayp

a ap ><

aaabbaald

Figure 1.7: The parallel composition of permutations

hold. Observe that, in fact,
) i+ v if0<i<|u
Y(u,0)(@) = § , ,
i—lul if Jul < < Jul + ol

which shows the second equation. Moreover, it implies that (y(u,v);(p’ ® p))(i) is
p(i) + |v] if 0 < i < |u| and is p’(i — |u|) if otherwise |u| < i < |u| + |v|. On the other
hand, we have that ((p ® p’);y(v/,v"))(3) is p(i) + |v'| = p(3) + |v| if 0 < ¢ < |u| and
P (i — |u]) + |u| = |u| = p'(5 — |u|) if |u| < i < |u] + |v|]. Therefore, the first equation is
shown. Concerning the last equation, we have that

i+ v if0<i<|u
(v(w,v) @w)(i) = ¢ i —|ul i |u] <i<|ul+ |y
i if Ju| + |v] <@ < |ul + |v| + |w]

and, since

i w| if o] <@ < o]+ |yl
= ful A o] 4 fu] <@ < o]+ ful + |w],

i if0<i<|vf
(v ®y(u, w)) (i) = {

we have the required equality. v

The previous proposition justifies the use of the name symmetries for the arrows

of the groupoid category Symyg. The key point about Symyg is that it is a free
construction.

ProposiTiON 1.3.6
Let (C,®,e,7) be a SSMC and F be a function from the set S to the set of objects
of C. Then, there exists a unique symmetric strict monoidal functor F: Symg — C
which extends F'.

Proof. To shorten notation, in the proof we write u to indicate id,. There is of course

a compelled choice for the behaviour of F on the objects: the monoidal extension of
F i.e., the mapping

F(0O)=e and F(u®v)=F(u)® F(v) for u,v € S%.
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Concerning the morphisms, we know by Lemma 1.2.3 that each arrow in Sym} can
be written as composition of transpositions. Moreover, observe that the transposition
{i—i+li+l1—-i}:u®Ra®RbR®v — u®b®a® v, where u is a string of length i — 1,
coincides in Sym} with the tensor of v(a,b):a® b — b® a with appropriate identities,
namely (u ® v(a,b) ® v). Thus, recalling also that 0 ® y(a,b) = v(a,b) = v(a,b) ® 0,
the following definition defines F on all the arrows of Sym¥.
Flu®y(a,b)®v) = Fu)®vr@)re @ Fv) abe S, uve 5%
o) = FG)oF). (1.20)

Observe that both the equations (1.20) are forced by the definition of symmetric strict
monoidal functor, i.e., axioms (1.7)—(1.9) in page 22. It follows that the extension of F'
to a strict monoidal functor, if it exists, is unique and must be given by (1.20). Then,
in order to conclude the proof, we only need to show that F is well-defined and that it
is a symmetric monoidal functor.

We first show that F is well-defined. To this aim, it is enough to show that the
axioms (1.14) of Lemma 1.2.3 are preserved by F. In fact, this implies that applying
the definition of F to two different factorizations of p actually yield the same result,
i.e., it implies that F is well-defined. Concering axioms (1.14), the third one matches
directly with the fact that the inverse of yr(q) F(») 18 YF(b),F(a), While the second one
follows easily from the fact that - ® _ is a functor. In fact, in the hypothesis, we have

= (u®v(a,b) ®vRcRdRw) and 75, = (LR DR a®v®y(c,d) ®w). Thus, we have

F(rism) = (F(w) ® F(b) ® F(a) ® F(v) @ vr(e),F(a) ® F(w)) o
(F(u) @ Vr(a),Fn) ® F(v) @ F(c) @ F(d) ® F(w))

) @ VF(a),Fb) @ F(v) @ YF(e), F(ay @ F(w))

) ® YE(a),Fv) @ F(v) ® F(d) @ F(e) @ F(w)) o

(F(u) ® F(a) ® F(b) ® F(v) ®@ VF(e),F(ay ® F(w))

= (7-11 Tl)

Finally, concerning the third axiom, we have

Frisrivsm) = (F(u) @ vr@) o) ® Fla) @ F(v)) o
(F(u) @ F(b) ® VF(a),F(e) @ F(v)) 0
(F(u) @ Yr(a),Fn) ® Fc) ® F(v))
= (F(u) @ F(b) ® VF(a),F(e) ® F(v)) 0
(F(w) @ YF(a),FyeFe) ® F(v))
= (F(v) @ YF(a),Fe)oFr) @ F(v)) 0
(F(u) @ F(a) ® vr@),Fe) ® F(v))
) @ F(e) ® VF(a),F) @ F(v)) 0
(F(u) ® YF(a),Fe) @ F(b) @ F(v)) 0
(F(u) @ F(a) ® vr@),F(e) ® F(v))
= F(rit1;77ir1)

= (F(u
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where the third equation is by naturality of v and the others follow from the coherence
axiom for ~.

Let us prove now that F is a symmetric monoidal functor. Since C is a symmetric
strict monoidal category, we have that ve.o = Vege,e = Ye,o @ €0 €@ Yo,z = Ve, © Ve,z,
and since 7., is invertible, it follows that ve,» = id,. Of course, the same holds for
every symmetric strict monoidal category. Therefore, since F(id,) = F(v(0,u)) and
Ye,F(u) = tdF(u), we have that the F(id.) = idf(,). This, together with the second of
the equations (1.20), means that F is a functor.

Observe that for p:u — v and p’:u’ — v' in Sym¥ we have p®@p' = (p@u'); (v @ p)
(see also Figure 1.7). Then, we have that

Flp@p') =Fv@p)oFpau) = (Fv) @ F@)) o (Fp) ® F(u') = F(p) ® F(p),
i.e., F is a strict monoidal functor.

Finally, thanks to the coherence axiom for symmetries, i.e., axiom (1.5), we have that
v(a,b® ¢) = (v(a,b) @ ¢); (b ® y(a,c)) and thus, by the aforesaid axiom and by the
coherence of 7,

F(v(a,b® ¢))

F((v(a,b) ® ¢); (b ®@~(a,c)))
(F(b) ® Yr(a),F(e) © (YF(a),F(v) ® F(c))
= VF(a),F(b)®F(c) = TF(a),F(b®c)"

Now, by considering the inverse of (1.5), we have y(a®b, c) = (a®7(b, ¢)); (v(a,c)®b)
and VFab),Fe) = (VF@),Fe) ® F(b)) o (F(a) ® YFw),F(e))- Therefore, it follows easily
by induction that F(y(u,v)) = YF(u),F(v)- Then, F maps each component of the sym-
metry natural isomorphism of Sym} to the corresponding component of v, i.e., Fis a
symmetric monoidal functor. v

In other words, the previous proposition proves that the mapping S +— Symyg

extends to a left adjoint functor Set — SsMonCat. Equivalently, we can say that
Symy is the free symmetric strict monoidal category on the set S.

REMARK. It may be worth remarking that this adjunction does not exist if SsMonCat
is replaced by SsMonCat* (see Appendix A.2) or, a fortiori, by SsMonCat™”, since
the last category does not admit a free category of symmetries on a set S. In fact, a
mapping F' from S to the objects of a symmetric monoidal category (C,®,e,a, A, p,7)
can be extended to a (non-strict) monoidal functor F from Sym¥ to C in two different
way, namely,

FO0) = e Flu®v) = F(u)®F(v);
F(y(u,v)) = YF(u),F(v)> F(P®P,) = F(P)®F(Pl)7

with ©° = id and ¢ = 1dF (o)) 0F(y) and

) & Flu®v) = F(v)
F(v(u,v)) = Vr@),rw; Fp®p')

|
-
’E\
=
R ®
-
puy
=
gl

with ¢° = id and ¢ = YF(z1),F(zsa)-
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COROLLARY 1.3.7

Let S be the symmetric strict monoidal category whose monoid of objects is S®
and whose arrows are freely generated from a family of arrows ¢, ,:u® v — v ® u,
for u,v € S®, subject to the axioms (1.2)—(1.6) (with ~ properly replaced by c)
plus the axiom which expresses the naturality of {cy .}y ves®. Then S and Symyg
are isomorphic.

Proof. By definition, S is the free monoidal category on S. In fact, since the axioms
which define S hold all symmetric strict monoidal categories, it is immediate to verify
that S enjoys the universal property stated in Proposition 1.3.6. Then, exploiting in
the usual way the uniqueness condition in this universal property, we have that the
functors F: Syms — S and G: S — Sym¥ which are identity on the objects and which
map, respectively, v¥(u,v) t0 cu,» and cy,» to v(u,v) are each other’s inverse. v

Now, we can define of Q[N]. In the following, given a string u € S®, let M (u)
denote the multiset corresponding to u. In the following, given a net N we denote
by Sym} the category Symy, .

DEFINITION 1.3.8 (The category Q[N])
Let N be a net in Petri. Then Q[N] is the category which includes Sym} as
subcategory and has the additional arrows defined by the following inference rules:
t:M(u) = M(v) in Ty
typ:t — v In Q[N]

a:u — v and B:u' — o' in Q[N] a:u — v and B:v — w in Q[N]
a®pBu@u —vev in Q[N] a; f:u — w in Q[N]

plus the axioms expressing the fact that Q[N] is a symmetric strict monoidal cate-
gory with symmetry isomorphism ~, and the following axiom involving transitions
and symmetries.

Pitu o = tuw;q where pru — v’ in Sym}yy and g:v — v' in Sym’y. ()

It is worthwhile to notice that axiom (®) entails, as a particular case, the ax-
ioms (¥) of P[N]. In fact, axiom (®) asserts that any diagram of the kind

u
tu,ul/
v

commutes. Now, fixed u = v’ and v = v/, choosing p = id and q = id one obtains,
respectively, the first and the second of axioms ().

tu’

!

- &

.
Y
q

<

Exploiting Corollary 1.3.7, it is easy to prove that the following is an alternative
description of Q[N].
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ProposiTioN 1.3.9
Q[N] is (isomorphic to) the category C whose objects are the elements of S5 and
whose arrows are generated by the inference rules

= Sf\?} u, v in S}% t: M(u) = M(v) in Ty
dyu—=uinC cypu®v—ou®uvinC tuviu—vin C

a:u—wvand v -0 inC a:u—vandB:v— winC
a®Bueu —vev in C o;B:u — win C

modulo the axioms expressing that C is a strict monoidal category, namely,
a;idy = =idy;a and  (a;5);0 = ;(8;9),
(a@p)@iI=a® (I and idy®a=a=a® idy, (1.21)
idy ® idy = idugy, and (a®d');(B®@ ) = (a;8) @ (/s 5),

the latter whenever the righthand term is defined, the following axioms expressing
that C is symmetric with symmetry natural isomorphism c

Cuw; (BRa) = (a®B)jcpy foraiu—wv, fiu’ — 0,
Cu,o@uw — (Cu,v & Zdw), (Zdv ® Cu,w)v (122)
Cu,w; Coou = idu@v;

and the following axiom corresponding to axiom (®)

Pity i q =ty where p:u — v’ and ¢:v" — v are symmetries.

Proof. Tt is enough to observe that the definition of C is simply the definition of Q[N]
enriched with the axiomatization of Sym}, provided by Corollary 1.3.7. v

The previous proposition is relevant since gives a completely axiomatic descrip-
tion of the structure of Q[N] which can be useful in many contexts. In the following,
we shall time by time use as definition of Q[N] and Sym} the one best suited for
the intended application.

Next, we show that Q[_] can be lifted to a functor from the category of Petri nets
to an appropriate category of symmetric strict monoidal categories and symmetric
strict monoidal functors. The issue is not very difficult now, since most of the work
has been done in the proof of Proposition 1.3.6. We start by showing that O[]
is a pseudo-functor from Petri to SsMonCat, the standard category of SSMC’s,
in the sense made explicit by the following proposition. Precisely, we extend Q]
to a mapping from Petri net morphisms to symmetric strict monoidal functors in
such a way that identities are preserved strictly, while net morphism composition is
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preserved only up to a monoidal natural isomorphism. In order to do that, the key
point which is still missing is to be able to embed N into Q[N]. To this purpose,
we assume for each set S a function ing: S® — S® such that M(ing(u)) = u, i.e.,
a function which chooses a “linearization” of each u € S®. Clearly, corresponding
to different choices of the functions ing we shall have a different—yet equivalent—
extension of Q[_] to a pseudo-functor. We would like to remark that this apparent
arbitrariness of Q[] is not at all a concern, since the relevant fact we want to show
now is that such an extension exists. Moreover, we shall see shortly that introducing
the category SSMC® one can completely dispense with the ing. In the following,
given a net N, we shall use iny to denote ing, .

REMARK. An elegant way to express the idea of “linearization” of a multiset, would be to

look for a morphism of monads in: (_)® < (1)®. This would indeed simplify the following
formal development and would actually make Q[] be a functor Petri — SsMonCat.
However, such a morphism does not exist. It is worth noticing that this is because it is
not possibile to choose the ing “naturally”.

PROPOSITION 1.3.10 (Q[.]: Petri — SsMonCat)

Let (f,g): No — N be a morphism in Petri. Then, there exists a symmetric
strict monoidal functor Q[(f, g)]: Q[No|] — Q[N1] which extends (f,g). Moreover,
Qlidn] = idg[n) and Q[(f1,91) © (fo. 90)] = Q[(f1, g1)] o Q[(fo, 90)]-

Proof. Let (f,g): No — N1 be a morphism of Petri nets. Since g is a monoid homomor-
phism from the free monoid Sﬁo to S?}l, it corresponds to a unique function g onsy,

from Sn, to Sj‘\;}l, where 7 is the unit of the “commutative monoids” monad, whence we
obtain g = inn, ©gonsN,: SNy — S?}l, i.e., a function from Sy, to the set of objects of
Q[N1]. Then, from Proposition 1.3.6, we have the symmetric strict monoidal functor
F: SymSN0 — Q[N:]. Clearly, the objects component of F is fisn, © §%, where [i is
the multiplication of the “monoids” monad. Finally, we extend F' to a functor F from
Q[No] to Q[N1] by considering the symmetric strict monoidal functor which coincides
with F' on Symy, and maps tu,.:u — v to f(t)F), Fw: F(u) — F(v). Since monoidal
functors map symmetries to symmetries, and since f(t) is transition of Ny, it follows
immediately that F preserves axiom (®), i.e., that F is well defined.

Next, we have to show that the above definition makes Q[_] into a pseudo-functor. First
of all, observe that whatever inn, the function Sy — S]% oy S’?\?} is the inclusion of Sn
in Sf\?. It follows easily from the uniqueness part of the universal property stated in
Proposition 1.3.6 that Qidn]: Q[N] — Q[N] is the identity functor. Now consider
(fo,90): No — Ny and (f1,91): N1 — N2 and, for i = 0, 1, let F; be Q[(f;, g:)]: Q[N:] —
Q[Ni+1] and F be Q[{f1 o fo, g1 © go)]. We have to show that F = F,Fy. Let u € S;%O.
By definition, we have that F(u;) = inn, o g1 o go(u;) is a permutation of F1Fo(u;) =
fisy, © G® o Go(ui) and, therefore, there exists a symmetry s;: F(u;) — FiFo(u;) in
Q[N3]. Then, we take s, to be s1 ® -+ ® sn: F(u) — F1Fo(u), where n is the lenght
of the string u. We shall prove that the family of the s,, for u € Sf\’}o is a natural

transformation F = F1Fg. Since s is clearly a monoidal transformation and each s, is
an isomorphism, this concludes the proof.
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We must show that for any a: u — v in Q[No] we have F(a); sy = su; F1Fo(a). Exploit-
ing the characterization of Q[Ny] given by Proposition 1.3.9, we proceed by induction
on the structure of . The key of the proof is that s is monoidal, i.e., Sugy = Su ® Su.
If o is an identity, then the claim is obvious. Moreover, if « is a transition ¢y,
then we have F(a) = f1 o fo(t)Fu),Fv) and FiFo(a) = fi(fo(t))F, Fou),F1Fo(w) and
the thesis follows immediately from axiom (®). Let us consider now a = y(u,v).
Since F and F1Fy are symmetric strict monoidal functors, the equation we have to
prove reduces to y(F(u), F(v)); v ® su = su ® su;7(F1Fo(w), F1Fo(v)) which certainly

holds since the family {v(u,v)} ® Is a natural transformation z1 ® 2 — z2 ® x1.
0

u,vES
If a = o ®d”, where o’:u/ — v' and o”:4” — v” then, by induction, we have
F(a');8y = suw;FiFo(a’) and F(o');s,n = sun;FiFo(a’). Therefore, we deduce
F(a') @ F(a/"); 8y @ Sy = 84r @ 513 F1Fo(a’) @ FiFo(a”), i.e., F(a); sy = su; FiFo(a).
Finally, in the case o = o';a”, where o’:u — v and o”:u — w, the induction is
mantained by pasting the two commutative squares in following diagrams, which exist
by the induction hypothesis

F(u) — % S FF (u)

Thus, F(a); sv = su; FiFo(a), which concludes the proof. v

Therefore, due to technical reasons concerned with the naturality of choice of
the functions in, Q[] fails to be a functor from Petri to SsMonCat. It is only
a pseudo-functor. However, it is worth remarking that this failure is intrinsically
different from the situation of P[] and that the pseudo-functoriality of Q[.] is
already a valuable result. In fact, in the case of P[], we cannot lift net morphisms
to functors between the categories of processes, a failure which may possibly rise
doubts on the structure chosen to represent the processes of a single net, while
in the case of Q[], we just cannot define arrow composition better that “up to
isomorphism”. This simply brings us to the conclusion that SsMonCat is not the
correct target category for the functorial construction we are searching. Indeed, as
we shall see in the following, it is easy to identify a category SSMC® of symmetric
strict monoidal categories such that Q[] is a functor Petri — SSMC®. Actually,
this construction is already implicit in Proposition 1.3.10 and consists of taking
an appropriate quotient of SsMonCat. Moreover, we shall provide Q[] with a
“backwards” functor SSMC® — Petri.

DEFINITION 1.3.11 (Symmetric Petri Categories)
A symmetric Petri category is a symmetric strict monoidal category C whose monoid
of objects is the free monoid S® for some set S.
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For any pair C and D of symmetric Petri categories, consider the binary re-
lation Rc p on the symmetric strict monoidal functors from C to D defined as
F Rc,p G if and only if there exists an monoidal natural isomorphism o:F = G
whose components are all symmetries. Clearly, Rc p is an equivalence relation.
Moreover, if F: C' — C and G":D — D’ are symmetric strict monoidal functors,
then whenever F Rcp G we have G'FF Re/ pr G'GF. In fact, if 0:F = G then
G'oF:FFG = FGG’, where G’'oF is clearly monoidal and all its components are
symmetries. In other words, the family R is a congruence with respect to functor
composition. Therefore, the following definition makes sense.

DEFINITION 1.3.12 (SSMC®)

Let SSMC® be the quotient of the full subcategory of SsMonCat consisting of
symmetric Petri categories modulo the congruence R. We shall refer to SSMC® as
the category of the symmetric Petri catogeries.

Of course, concerning SSMC® there is the following easy result.

PROPOSITION 1.3.13 (Q[]: Petri — SSMC?®)

Q| ] extends to a functor from Petri to SSMC®.
Proof. For (f,g): No — N1, let Q[(f, g)] be the equivalence class of the symmetric strict
monoidal functor from Q[Ny] to Q[N1] described in Proposition 1.3.10.

Then, by the cited proposition, for any PT net N, we have that Qidn] = [ido[n]]®,
which is the identity of Q[N]. Moreover, we have proved that, given (fo, go): No — N1
and (f1,91): N1 — Nz in Petri, then there exists a monoidal natural isomorphism
s: Q[{f1 0 fo,g1 0 go)] = Q[{f1,91)] © Q[(fo,g0o)] whose components are symmetries.
Then, Q[(f1 o fo, g1 © go)] = Q{f1,91)] © Q[(fo, go)] in SSMC? i.e., Q[] is a functor
from Petri to SSMC®. v

Observe that, when describing Q[(f, ¢)] in SSMC®, there is no need to con-
sider the family of functions in, since the extensions of (f, g) to a symmetric strict
monoidal functor corresponding to different choices of ing yield the same functor in
SSMC®. Interestingly enough, the following proposition identifies a functor from
SSMC® to Petri. It is worth remarking that this is only a first step towards a
result needed to answer to the legitimate possible criticism about SSMC®. In fact,
in principle, the functoriality result for Q[.] could be due to a very tight choice of
the category SSMC®. We shall further discuss this issue shortly.

PROPOSITION 1.3.14 (G[]: SSMC® — Petri)
Let C belong to SSMC® and let A be the set of arrows of C. Consider the equiva-
lence relation ~ on A defined by

S
- 2 - ,u/

lf’ commutes.
_— v

/

u
a~ [ ifand only if Js,s’ in Symc at
v ’
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Then, the structure G[C] = (8°,0': A/~ — S9P), where
e S is the set of generators of the objects of C;
o (aiu— v]) = M(w);
o 0 (jaru — v]) = M(v);

is a Petri net. In addition, given a morphism F:C — D in SSMC®, consider the
pair of mappings (f, g) of arrows, respectively objects, of C to arrows, respectively
objects, of D such that f([a]~) = [F(a)]~ and g(M(u)) = M(F(u)). Then, defining
G[F] to be (f,g) makes G into a functor from SSMC® to Petri.

Proof. TFirst of all, observe that ~ is an equivalence relation on A. In fact, since the
identities are symmetries, ~ is reflexive, since the symmetries are invertible arrows,
~ is symmetric, and finally since the composition of symmetries is a symmetry, ~ is
transitive. Therefore, A/~ is well defined.

Recall that, by definition, the symmetries of C are generatared by tensoring and
composing instances of the symmetry isomorphism 7 and identities. Then, since
Yup:U @V — v Q@ u, it follows immediately that whenever s:u — v is a symme-
try, then M(u) = M(v). Then, if (a:u — v) ~ (B:u — v'), we have M(u) = M(u')
and M(v) = M(v'). Therefore, 8° and 8" are well defined functions and, thus, G[C]
is a Petri net.

Now let F:C — D be a morphism of symmetric Petri categories, let So and S; be,
respectively, the sets of generators of the objects of C and D, and let (f, g) be the
pair of mappings defined in hypothesis. Since the monoid of objects of C is free,
the object component of F is determined by its behaviour on the generators, i.e.,
for each u € S§, we have F(u) = @), F(u;). Then, if M(u) = M(v), we clearly
have M(F(u)) = M(F(v)), which implies that g: S — S? is well defined. In ad-
dition, g(0) = g(M(0)) = M(F(0)) = M(0) = 0 and g(u D v) = gM((u®v)) =
M(F(u) ® F(v)) = M(F(u)) ® M(F(v)) = g(u) & g(v), ie., g is a monoid homomor-
phism. Concerning f, let A, ~, A" and ~’ be the set of arrows and the equivalence on
them of, respectively, C and D. Then, consider a: v — v and 3:u’ — v’ in C and sup-
pose that a ~ 3. Then, there exist symmetries s and s’ such that o; s’ = s; 3, and since
symmetric strict monoidal functors preserves symmetries, we have that F(a) ~" F(3),
ie., fi A/~ — A'/~ is well defined. Then, since (f, g) clearly respects the source and
target functions, we have that (f, g): G[C] — G[D] is a morphism in Petri.

Suppose now that F R F and let (f,g) and (f’,g’) be, respectively, G[F] and G[F'].
Since there is a monoidal transformation o: F — F' whose components are symmetries,
for all u € S, we have a symmetry o,: F(u) — F'(u), whence M(F(u)) = M(F (u)),
i.e., g = g'. Moreover, for all a:u — v, we have F(a); 0, = ou; F'(a), whence F(a) ~'
F(a), ie., f = f'. Thus, G[] is a well defined mapping of functors in SSMC®
to arrows in Petri. Let us demonstrate that such a mapping is actually a functor.
Clearly, G[1¢| = idg|c). Then, consider Fo: C; — C, and F1: C; — C,, and suppose
that the objects of C, are generated by the set S;, for ¢ = 0,...,2. Moreover, let
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(fi,9:):G[C;] — G[C, ] be G[F] for i = 0,1, and let (f,g) = G[F1Fo]. Then, for all
u € SY, we have g1(go(M(u))) = g1(M(Fo(u)) = M(F1Fo(u)), i.e., g1ogo = g. In the
same way, f1(fo([a]~)) = fi([Fo(a)]~) = [FiFo(a)]~, i.e., f1 0 fo = f, which concludes
the proof that G[] is a functor. v

As already mentioned, a legitimate question about SSMC®, and therefore about
the functoriality of Q[], concerns whether the congruence R which defines SSMC®
induces too many isomorphisms of categories. In other words, one may wonder
whether Q[_] makes undesired identifications of nets. The best possible answer
to such a question, of course, would be a result showing that Q[] has a right
adjoint functor. However, it is not difficult to verify that G[] is not such a functor.
Nevertheless, we think that a right adjoint to (a functor whose object component
coincides with that of) Q[.] may exist, perhaps modulo some minor modifications
to SSMC® (and therefore to the arrow component of Q[]).

However, for the time being, Proposition 1.3.14 provides a basis for the following
observation on our construction. First of all, notice that the relation ~ will never
equate arrows corresponding to different transitions, since, if ¢ # t' € Ty, there
do not exist any symmetries such that s;t,.;s" = t;,,,. Therefore, the inclusion
nn: N — GQIN] which is the identity on the places and maps a transition to its
equivalence class is injective (more formally is mono). Then, by the very defini-
tion of G[], we have that for any (f, g): Ny — N; in Petri the following diagram

cominutes.

GOINy —229 GOy

nNUJ\ an\]\

No (£.9) M

In other words, any functor GO[(f, g)]: GQ[No] — GQ[N;] in SSMC® restricts
to a mapping between Ny and N; (viewed as substructures of, respectively, G QO[N]
and GO[N] via the inclusions 7y ) whose place component is g and whose transition
component sends [t]. to [f(¢)]~. It follows that if GO[(f, g)]: GQ[No] — GQO[N1] is
an isomorphism, then (f, g): No — N; has to be so.

1.4 Strong Concatenable Processes

In this section we introduce a slight refinement of concatenable processes and we
show that they can be abstractly represented as the arrows of the category Q[N].
In other words, we find a process-like representation for the arrows of Q[N]. This
yields a functorial construction for the category of the processes of a net N. Once
again most of the work has already been done in the proof of Proposition 1.3.6 and
therefore our task now easy.
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1 2
ONNO
][]
@ ©

2 1

Figure 1.8: A strong concatenable process for the net of Figure 1.2

DEFINITION 1.4.1 (Strong Concatenable Processes)

Given a net N in Petri, a strong concatenable process of N is a tuple (m, ¢, L)
where m:© — N is a finite process of N, and £: min(0) — {1,...,| min(©)|} and
L:max(©) — {1,...,|max(0)|} are isomorphisms, i.e., total orderings of, respec-
tively, the minimal and the maximal places of ©.

An isomorphism of strong concatenable processes is an isomorphism of the under-
lying processes which, in addition, preserves the orderings ¢ and L. As usual, we
shall identify isomorphic strong concatenable processes.

So, a strong concatenable process is a non-sequential process where the minimal
and maximal places are linearly ordered. Graphically, we shall represent strong con-
catenable processes by the usual representation of non-sequential processes enriched
by labelling the minimal and the maximal places with the value of, respectively, ¢
and L. An example is shown in Figure 1.8.

As for concatenable processes, it is easy to define an operation of concatenation
of strong concatenable processes. We associate a source and a target in Sf\?} to
each strong concatenable process SCP by taking the string corresponding to the
linear ordering of, respectively, min(©) and max(®). Then, the concatenation of
(m0:©9 — N,lo,Lo):u — v and (m1:0; — N,¢1,L1):v — w is the strong con-
catenable process (m:© — N, ¢, L):u — w defined as follows (see also Figure 1.9),
where, in order to simplify notations, we assume that Sg, and Se, are disjoint.

e Let A be the set of pairs (z,y) such that x € max(0y), y € min(6;) and
£(y) = L(x). By the definitions of concatenable processes and of their sources
and targets, each element of max(Qg) belongs exactly to one pair of A, and
of course the same happens to min(©;). Consider Sy = Seg, \ max(6g) and
S1 = S, \min(0;). Then, let ing: So, — SoU A be the function which is the
identity on x € Sy and maps z € max(©1) to the corresponding pair in A.
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Define ini: Se, — S1 U A analogously. Then,
0 =(9°0"Te, +To, — (SoUS;UAP),
where
— 9" =ind 09}, + inf 09 ;
— ol =ind 08(190 + infP o@él;
e Suppose m; = (fi,9i), for i = 0,1 and consider the function g(z) = g;(x) if
a € S; and g((z,y)) = go(z) = g1(y) otherwise. Then m = (fo + f1,9).
o /(x) ={o(x) if x € min(Op) and £((x,y)) = lo(x) if (x,y) € min(O).

o L(y) = Li(y) if y € max(01) and L((z,y)) = L1(y) if (z,y) € max(O).

ProposiTiON 1.4.2

Under the above defined operation of sequential composition, the strong concaten-
able processes of N form a category CQ[N| with identities those processes consisting
only of places, which therefore are both minimal and maximal, and such that ¢ = L.

Strong concatenable processes admit also a tensor operation ® such that, given
SCPO = (7‘(‘02 @0 —>,£0,L0):u — v and SCP1 = (71'1! @1 — N,fl,Ll):u’ — ’Ul7
SCPy ® SCP; is the strong concatenable process (m: 0 — N, 4, L):u®@u — v Qv
given below (see also Figure 1.9).

e O =(0Q,+393,,05, +94,:Te, + To, — (Se, +Se,)?),
o T =T+

L(ing(z)) = Lo(z) and £(in1(y)) = | min(Og)| + ¢1(y).
L(ing(z)) = Lo(x) and L(ini(y)) = |max(01)| + L1(y).

Observe that ® is a functor CO[N] x CQ[N] — CQ[N]. The strong concatenable
processes counsisting only of places are the analogous in CQ[N] of the permutations
of Q[N]. In particular, for any u,v € SJ?}, the strong concatenable process which
consists of places in one-to-one correspondence with the elements of the string
u ® v mapped by 7 to the corresponding places of N, and such that £(u;) = 4,
0(v;) = |u|+4, L(u;) = |v|+¢ and L(v;) = i, plays in CO[N] the role played in Q[N]
by the permutation «(u,v) (see also Figure 1.10).

ProrosiTioN 1.4.3
The lluf subcategory of CQ[N] consisting of the processes with only places, which
we call permutations, is a symmetric strict monoidal category isomorphic to Sym’y.
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Figure 1.9: An example of the algebra of concatenable processes

Proof. Let Sym be the subcategory of the permutations of CQ[N]. In order to show
that it is a symmetric strict monoidal category, we need to verify that ® restricts to a
functor from Sym x Sym — Sym which satisfies axiom (1.2)—(1.4) and to check that
Sym satisfies axioms (1.5) and (1.6) with respect to the symmetries 7(u,v) defined
above. Moreover, it must be verified that the collection of the ¥ (u,v), u,v € S?}, is a
natural transformation. These tasks are really immediate and thus omitted.

Concerning the relationships of Sym with Sym}, observe that, by Proposition 1.3.6,
there exists a functor F from Sym} to Sym, corresponding to the identity function
on Sf\%, which is the identity on the objects. Moreover, since for any u,v € Sf\%,
the strong concatenable processes from u to v in Sym are clearly isomorphic to the
permutations p: u — v in SymJ,, we have that F is also full and faithful. Therefore, F
is an isomorphism. v

Finally, the transitions ¢ of N are faithfully represented in the obvious way by
processes with a unique transition which is in the post-set of any minimal place and
in the pre-set of any maximal place, minimal and maximal places being in one-to-
one correspondence, respectively, with 9% (t) and 9% (t). Thus, varying £ and L on
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1 n

1 n n+1 n+m
OROIOR®
m—+1 m+n 1 n

Figure 1.10: A transitions ¢, ,:u — v and the symmetry v(u,v) in CQ[N]

the process corresponding to a transition we obtain a representative in CQ[N] of
each instance t, , in Q[N] of ¢ (see also Figure 1.10). In the following C" denotes
the n-th power of C, i.e., the cartesian product of n copies of C. Moreover, for
n > 2, we use ®": C" — C to indicate ® o (1c X ®) 0+ 0 (lcn-2 X ®).

LEMMA 1.4.4
Let C be a symmetric strict monoidal category. For each permutation o of n
elements, n > 2, let F,: C" — C" the functor which “swaps” is arguments according
to o, i.e.,

Fo

c" c"
(@1, Ty) —————(To(1) -+ Ta(n))
(fl,---7fn)l l(fau),m,f,,(m
(Y151 Yn) Yo (1)s - Yo(n))

Then, there exists a natural isomorphism v,: ®" = ®" o F,. We shall call v, the

“o-interchange” symmetry.

Proof. From Lemma 1.2.3 we know that each permutation of n elements can be written
as a composition of transpositions, where, for i = 1,...,n — 1, the transposition 7; is
the permutation which leaves fixed all the elements but ¢ and ¢ 4+ 1, which are (of
course) exchanged. This formalizes the intuitive fact that a permutation can always
be achieved by performing a sequence of “swappings” of adjacent integers. Then,
assume that o is 7, o---o7;;. We show the thesis by induction on k.

base case. If K = 0 then o = id, and thus 1g» is the isomorphism looked for.

inductive step. Let o’ be 7;,_, o---o7;,. Then, by inductive hypothesis, we have a
o’-interchange symmetry v,: ®" — ®" o F,/. Now, let iy be ¢’(i) and consider the
natural isomorphism

T = 'Ldacg,(l) QK- dea,/(iil) ®’7xa’(i)’xa’(i+1) & 'ded/(iJrZ) R ® ded/(n)
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from ®™ o F,/ to ®" o FU/OTI.IA Of course, since 7, 0 0’ = o, we have that v, is the
(vertical) composition 7.« 7v,/: ®@" — Q" o F,.

Observe that, since ¢ admits several factorizations in terms of transpositions, in prin-
ciple many different 7, may exist. However it is worth noticing that this is not the
case. In particular, there exists a unique o-interchange symmetry, as follows from the
Kelly-MacLane coherence theorem (see [87, 62]) which, informally speaking, states
that, given any pair of functors built up from identity functors and ®, there is at
most one natural transformation built up from identities and components of the sym-
metry v between them. Of course, the uniqueness of v, can also be shown directly
by exploiting the coherence axioms (1.5) and (1.6) of SSMC’s and the axioms (1.14)
which characterize the symmetric group II(n). v

Observe that in case C in the proposition above is Q[N], then the o-interchange
symmetry is exactly the family {o(uq,..., un)}ul,...,unesj% of the interchange per-
mutations as defined in Proposition 1.3.4. To show this, it is enough to verify
that the given family of arrows is a natural transformation from z; ® --- ® x,
t0 To(1) @+ @ Ty(n)- Then, the claim follows from the uniqueness of 7,. The
o-interchange symmetry plays a relevant role in the proof of the following proposi-
tion.

PRrROPOSITION 1.4.5
CQ[N] and Q[N] are isomorphic.

Proof.  First of all observe that CQ[N] satisfies axiom (®) of Definition 1.3.8, the
symmetries and the (instances of) transitions being as explained earlier. In order to
prove this claim, let T, = (7o, fo, Lo) and Ty = (m1,£1, L1) be different instances
of some transition ¢ and let S:u — u' and S:v — o' be symmetries of CO[N].
Moreover, suppose that S~! and S’ correspond, respectively, to the permutations
p:u’ — wand g:v — v in Q[N]. Then, S™*; T, ;S is (isomorphic to) (w0, polo, goLo).
Consider now the function g: Se, — Se, such that g(z) = £7 ' (p(£fo(x))) if 2 € min(Oo)
and g(x) = L7'(q(Lo(z))) if * € max(0;). Clearly, by definition of ©g and O,
g is an isomorphism. Moreover, since for each x € min(Qy) and y € max(0¢) we
have gy (z) = Upeo (2)) A0 VLg(y) = Ug(r, () it follows that m1(g(z)) = up, 40y =
Ui (ty(2)) = Uto(x) = To(x) and that m1(g(y)) = UL, (4(y)) = Ya(Lo(y)) = VLo(w) = T0()-
Therefore, we have an isomorphism (f, g®): 09 — O, where g@’:Sg’0 — Sgl is the
free monoidal extension of g and f is the function which maps the unique transition
in @ to the unique transition in ©1. Then, S™'; Ty,0; S" = Ty o, i-e., () holds.

Thus, since by definition Q[N] is the free symmetric strict monoidal category built on
Sym’y plus the additional arrows in T and which satisfies axiom (@), there is a strict
monoidal functor H: Q[N] — CQ[N] which is the identity on the objects and sends the
generators, i.e., symmetries and transitions, to the corresponding strong concatenable
processes. We want to show that H is an isomorphism.

fullness. It is completely trivial to see that any strong concatenable process SCP may
be obtained as a concatenation SCPy;...; SCP, of strong concatenable processes
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SCP; of depth one. Now, each of these SCP; may be split into the concatenation
of a symmetry S§, the tensor of the (processes representing the) transitions which ap-
pear in it plus some identities, say u; ® ®j T J’ and finally another symmetry Si. The
intuition about this factorization is as follows. We take the tensor of the transitions
which appear in SCP; in any order and multiply the result by an identity concaten-
able process in order to get the correct source and target. Then, in general, we need a
pre-concatenation and a post-concatenation with a symmetry in order to get the right
indexing of minimal and maximal places. Then, we finally have

SCP = Sg; (ul ® ®j le); (S?i S(%)S cee (S{L_1§ S{JL)S (u" ® ®j Tjn)§ ST

which shows that every strong concatenable process is in the image of H.

faithfulness. The arrows of Q[N] are equivalence classes modulo the axioms stated in
Definition 1.3.9 of terms built by applying tensor and sequentialization to the identi-
ties i¢d., the symmetries cy,., and the transitions t¢.,.,. We have to show that, given
two such terms a and (3, whenever H(a) = H(3) we have a =¢ 3, where =¢ is the
equivalence induced by the axioms (1.21), (1.22) and (®).

First of all, observe that if H(«) is a strong process SCP of depth n, then « can be
proved equal to a term

o = 505 (1du, ® ®j 7';);81; o3 8n=1; (idu, ® ®j Tj");sn

where, for 1 <1i < mn, T} = (t;)ulvl and the transitions t;, for 1 < j < n;, are exactly
the transitions of SCP at depth ¢ and where sg,...,s, are symmetries. Moreover,
we can assume that in the i-th tensor product ®j 7; the transitions are indexed

according to a global ordering < of Tn assumed for the purpose of this proof, i.e.,

o< < tiw for 1 < i < n. Let us prove our claim. It is easily shown by
induction on the structure of terms that using axioms (1.21) « can be rewritten as
ai;...;ap, where a; = ®k &, and & is either a transition or a symmetry. Now,

observe that by functoriality of ®, for any o’:u' — v, ;v — v” and s:u — u, we
have o’ @ s®a” = (idy @R idyr); (o’ @id, ®a”), and thus, by repeated applications
of (1.21), we can prove that « is equivalent to So; @1;51 ... ; Sh—1; @n, where So, ..., 5h—1
are symmetries and each @; is a tensor ) * £ of transitions and identities. The fact
that the transitions at depth ¢ can be brought to the i-th tensor product, follows
intuitively from the facts that they are “disjointly enabled”, i.e., concurrent to each
other, and that they depend causally on some transition at depth i — 1. In particular,
the sources of the transitions of depth 1 can be target only of symmetries. Therefore,
reasoning formally as above, they can be pushed up to @; exploiting axioms (1.21).
Then, the same happens for the transitions of depth 2, which can be brought to as.
Proceeding in this way, eventually we show that « is equivalent to the composition
S0; Q1581 - - .} 8n—1; Qn; Sn Of the symmetries So, ..., S, and the products &; = ®k é;
of transitions at depth i and identities. Finally, exploiting Lemma 1.4.4, the order of
the 5; can be permuted in the way required by <. This is achieved by pre- and post-
composing each product by appropriate o-interchange symmetries. More precisely,

let o be a permutation such that ®k Zi(k) coincides with id.; ® ®j 7';7 and suppose
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that E; ul — v}, for 1 < k < k;. Then, by Lemma 1.4.4, we have that

U(UZL e 7u}cl)7 (®k E’;(k:)) = (®k g;),g(vi, B '7U1ii)7

and therefore, since o(uj,...,uy,) is an isomorphism, we have that

(idu, ® ®]. T;) =o(ul,... 7,%1_)71; (®k E;);a(vi, . ,v,ii)A

Now, applying the same argument to [, one proves that it is equivalent to a term
B = po;Bo;p1;...Pn-1;Bn; Pn, Where po,...,p, are symmetries and (3; is the product
of (instances of) the transitions at depth ¢ in H(3) and of identities. Then, since
H(a) = H(B), and since the transitions occurring in 3; are indexed in a predetermined
way, we conclude that §; = (idu, ® ®j 7"})7 where 7_'; = (t;)@;’; ie.,

uJ UJ
o= 503 (iduy @ @ (4)u1 1) 5155 8013 (iduy @ Q) (] )uz om); 5n
B = po;(idu, ® ®j(t;)a}’ﬂ});p1; e Pn—1; (tdu, ® ®j(t?)ﬂ?j?);pn (1.23)

In other words, the only possible differences between o’ and 3’ are the symmetries
and the sources and targets of the corresponding instances of transitions. Observe now
that the steps which led from « to o and from 3 to 8’ have been performed by using
the axioms which define Q[N] and since such axioms hold in CQ[N] as well and H
preserves them, we have that H(a') = H(a) = H(B) = H(B’). Thus, we conclude the
proof by showing that, if @ and 3 are terms of the form given in (1.23) which differ
only by the intermediate symmetries and if H(«) = H(8), then o and § are equal
in Q[N].

We proceed by induction on n. Observe that if n is zero then there is nothing to show:
since we know that H is an isomorphism on the symmetries, sop and po, and thus a
and 3, must coincide. To provide a correct basis for the induction, we need to prove
the thesis also for n = 1.

depth 1. In this case, we have

a = 50;(idy ® ®j(tj)uj,vj); s1

B = po;(idu® ®j (tj)ﬁja’_)j);pl‘
Without loss of generality, we may assume that po and p: are identities. In fact, we
can multiply both terms by pgl on the left and by pl_1 on the right and obtain a pair
of terms whose images through H still coincide and whose equality implies the equality
in Q[N] of the original a and .
Let (m:© — N,¢,L) and (7:©® — N,Z, L) be, respectively, the strong concatenable
processes H(id. @ ®j (tj)u;v;) and H(idu ® ®j (tj)a; ;). Clearly, we can assume
that H(so) and H(s1) are respectively (mo:©9 — N, €' ¢) and (m1:©1 — N, L, L"),
where Qg is min(0), ©; is max(®), mg and 71 are the corresponding restrictions of ,
¢ and L' are the orderings respectively of the minimal and the maximal places of ©.
Then, we have that H(so; (édu ®®j (t7)u;.0;); 51) is (€, '), and by hypothesis there
is an isomorphism ¢: © — O such that 7oy = 7 and which respects all the orderings,
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ie., £(p(a)) = £'(a) and L(p(b)) = L'(b), for all a € ©p and b € O1. Let us write
idy ® ®j (tj)uj,vj as ®k &k and idy, ® ®j(tj)ﬁj,1—,j as ®k &k, where &, respectively
&k, is either a transition (;)u;,v;, respectively (¢;)a;,s,, or the identity of a place in u.
Clearly, ¢ induces a permutation, namely the permutation ¢ such that £,y = @ ().
In order for ¢ to be a morphism of nets, it must map the (places corresponding to the)
pre-set, respectively post-set, of (¢;)u;,v; to (the places corresponding to the) pre-set,
respectively post-set, of (Ls(j))a,;).5,(;- It follows that (1, L, L’), which is H(s1),
must be a symmetry obtained by post-concatenating the component at (o1, ..., 0, ) of
the o-interchange symmetry in CQ[N] to a tensor product ®j S} of symmetries, one
for each t occurring in «, where Sj:v; — ¥;, whose role is to reorganize the tokens in
the post-sets of each transitions. Reasoning along the same lines, we can conclude that
(70, £,£"), which is H(so) ™!, must be a symmetry obtained by concatenating a tensor
product ®j S’% where S’?: uj — U; is a symmetry and the component at (a1, ..., dx,)
of the o-interchange symmetry. Then, since H is an isomorphism between Sym gy and
Symeo(ny> So and s1 must necessarily be, respectively, o (a1, .. ., tx,) " (idu ®®j 59),
and (idy ® ®j sj);0(P1, ..., 0k,), where sJ:@; — u; and s}:v; — ¥, are symmetries.

Then, by distributing the tensor of symmetries on the transitions and using axiom (®),
we show that

a = o(b,...,0) " " (ide ® ®j 895 (t3)uy ;5 8); 0 (01, ..., k)
= 0’(’[117 . ,ﬂki); (Zdu ® ®j(tj)ﬁj’ﬂj);0'(1_)17 e ’l_)ki)7
which, by definition of o-interchange symmetry, is (id,, ®®j (tj)a;,5;). Thus, we have
a =¢ [ as required.

Inductive step. Suppose that n > 1 and let o = o’;0’ and 8 = 3'; 8", where

o = so;(idul®®j7'jl);51;.“;sn_1 and o = (idun®®j7'j”);sn
B = po;(iduy ®Q; 7 );p1;- . ipn—1 and B = (idu, ® Q,7);Pn

We show that there exists a symmetry s in Q[N] such that H(a';s) = H(B') and
H(s™'; ") = H(B"”). Then, by the induction hypothesis, we have («/;s) =¢ # and
(s a") =¢ B”. Therefore, we conclude that (o/;s;8 %) =¢ (8;8"), ie., that
a = (3 in Q[N].

Let (m:© — N, ¢, L) be the strong concatenable process H(«) = H(B). Without loss of
generality we may assume that the strong processes H(c’) and H(3') are, respectively,
(m:© — N,0',L*) and (7:©" — N, ¢, L"), where ©' is the subnet of depth n — 1
of ©, ¢’ is the appropriate restriction of £ and finally L and L? are orderings of the
places at depth n — 1 of ©. Consider the symmetry S = (7:© — N, £, L) in CQ[N],
where

e O is the process nets consisting of the maximal places of ©’;

e 7:© — N is the restriction of 7 to ©;
o /= LO‘/;
o L=1".
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Then, by definition, we have H(a'); S = H(B'). Let us consider now o” and §”.
Clearly, we can assume that H(a”’) and H(3") are respectively (7”:©" — N, ¢ L")
and (7”:©"” — N, ", L"), where ©” is the process net obtained by removing from ©
the subnet ©', L” is the restriction of L to ©”, and ¢* and ¢°" are orderings of
the places at depth n — 1 of ©. Now, in our hypothesis, it must be LY = £ and
L% =% which shows directly that S~ H(a”) = H(B"). Then, s = H~1(S) is the
required symmetry of Q[N].

Then, since H is full and faithful and is an isomorphism on the objects, it is an
isomorphism and the proof is concluded. v

1.5 Place/Transition Nets

In this section we introduce the category PTNets of Place/Transition (PT) nets, as
appeared in [98] and the (by now) classical categories Safe of safe nets and Occ
of occurrence nets [143]. These are basically categories of marked pointed nets as
defined in Section 1.1 with a major difference: infinite markings in which, however,
each place has a finite multiplicity are allowed. Moreover, we shall not allow always-
enabled transitions, i.e., transitions with empty pre-set. Finally, a slight restriction
is imposed on the morphisms in PTNets. The final subsection is devoted to the
study of compositional properties in PTNets.

REMARK. As remarked earlier in Section 1.1, these generalizations and restrictions are
required in order to define the unfolding semantics for nets. We should like to stress
that, in particular, they are needed only to enforce the existence of a left adjoint to the
unfolding functor U[_]: PTNets — Occ, the latter not depending at all on them. We shall
make use of this observation later on in Section 1.9.

THE CATEGORIES PTNets, Safe AND Occ

Given a set S, let S™ denote the set of multisets of S, i.e., the set of all functions
from S to the set of natural numbers w, and by S™M= the set of multisets with
(possibly) infinite multiplicities, i.e., the functions from S to w,, = wU {c}. We
keep using the notation [u] also for u € S™M= to denote the subset of S consisting
of those elements s such that u(s) > 0.

Since the set of multisets does not give rise to a monad, some care must be used
in order to define nets with infinite markings. Clearly, a multiset y € SM= can
be represented as a formal sum @, g uu(s) - s. Given an arbitrary index set I and
{n; € w.. |i € I'}, we define ;¢ rn; to be the usual sum in w if only finitely many n;
are nonzero and o otherwise. Then, we can give meaning to linear combinations
of multisets, i.e., multisets of multisets, by defining

D non- @ (Do) B T nts) o

peSMoo peSMoo seS s€S  pesMoo
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A ()M>-homomorphism from Sé\/[“’ to 8’1M°° is a function g: Sé\/[“’ — 8’1M°°
such that

9(1) = P u(s) - g(1- ),

SESy

where 1 - s is the formal sum corresponding to the function which yields 1 on s and
zero otherwise. Actually, it is worth noticing that (_)*> defines a monad on Set
which sends S to SMe, whose multiplication is the operation of linear combination
of multisets and whose unit maps s € S to 1-s. In these terms, SM> is a (_)Me—
algebra and a (_)™e-homomorphism is a homomorphism between (_)M~-algebras.
NoOTATION. All the notations we used in the case of finite multisets are extended to S™
and S™Me_ In particular, as in the case of S, we shall regard SM also as a pointed
set whose pointed element is the empty multiset 0. We shall often denote a multiset
u € SM= by @ie] nisi where {s;|i € I} = [u] and 7; = p(s:), ie., as a sum whose
summands are all nonzero. In case of multisets in S™, instead of n:, we will use n;, ms, . . .,
the standard variables for natural numbers. Finally, given S’ C S, @S/ stands for for

69565’ l-s= 69565’ S-

DEFINITION 1.5.1 (PT Nets)
A PT net is a structure N = (9%,0%: (Tn,0) — S3,un) where Sy is a set of
places; T is a pointed set of transitions; GR,, 8}\, are pointed set morphisms; and
un € S is the initial marking. Moreover, we assume the standard constraint that
9% (t) = 0 if and only if t = 0.

A morphism of PT nets from Ny to Ny consists of a pair of functions (f, g) such
that:

i) f:Tn, — Tn, Is a pointed set morphism;

i) g S]/\\,/l(fc — S%‘“ is a (L) —~homomorphism;
ii) O, o f =god}, and Oy o f =gody,, ie., (f,g) respects source and target;
w) glun,) = un,, i-e., {f,g) respects the initial marking;

v) Vb € [un,], 3la € [un,] such that b € [g(a)]
Vt € Ty, Vb € [Ox, (f(t)], Fla € [9y, (t)] such that b € [g(a)].

This, with the obvious componentwise composition of morphisms, defines the cat-
egory PTNets.

TERMINOLOGY. The reader will have noticed that we have used the name “PT nets” for
both the objects of Petri and PTNets. In order not to confuse the reader, in the rest
of this part, unless differently specified, PT net, or simply net, will indicate an object of

PTNets.
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A PT net is thus a graph whose arcs are the transitions and whose nodes are the
multisets on the set of places, i.e., markings of the net. Transitions are restricted
to have pre- and post-sets, i.e., sources and targets, in which each place has only
finitely many tokens, i.e., finite multiplicity. The same is required for the initial
marking. To be consistent with the use of zero transitions as a way to treat partial
mappings, they are required to have empty pre- and post-sets. Moreover, they are
the only transitions which can have empty pre-sets. Observe that PTNets contains
also the empty net, i.e., in our setting the net with empty set of places and having
the unique transition 0. This is an interesting net, since it is the terminal object
in the category and can be useful for defining other nets recursively. The initial
object of PTNets is the net consisting of a unique place s, of no transitions, and
whose initial marking is 1 - s.

Morphisms of PT nets are graph morphisms in the precise sense of respecting
source and target of transitions, i.e., they make the two rectangles obtained by
choosing the upper or lower arrows in the parallel pairs of the diagram below

a?vo “
E——— | oo
Tn, - SN0 (GEEY SNU
BNU
f g
%,
_ >
()

commute. Moreover they map initial markings to initial markings.

A ()Ms>-homomorphism g: SJ/\\,/(I)‘” — SJJ\\,/I”, which constitutes the place com-
ponent of a morphism (f, g), is defined by its behaviour on Sy,, the generators of
S%“’. Therefore, as in the case of (1)® morphisms, we will often define morphisms

by giving their transition components and simply a map ¢: Sy, — Sj\\,/llw for their

Moo

place components, which should be considered lifted to (_)*'>~~homomorphisms.

The last condition in the definition means that morphisms are not allowed to
map two different places in the initial marking or in the post-set of some transition
to two multisets having a place in common. This is pictorially described in the
figure below, where dashed arrows represent the forbidden morphisms and the initial
marking is given by the number of “tokens” in the places. Recall that sources and
targets are directed arcs whose weights represent multiplicities and that unitary
weights are omitted.
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Such a condition will play an important role while establishing the adjunction
between PTNets and DecOcc. In fact, it is crucial for showing the universality of
the counit of the adjunction. Moreover, it is the part of this condition concerning
the places in the initial marking which makes coproducts exist in PTNets.

The set S[N] of steps for a net N in PTNets is defined exactly as for the nets in
Petri (see Section 1.1). Concerning step sequences, only the sequences leaving from
the initial marking are considered. Thus, in this case, the set of step sequences,
denoted as SS[N], is given by the rule:

un[ao)vo, - . -y unfap)v, in S[N] and u; = v;—q, i =1,...,n
un[ag)ar) -« - [an)v, in SS[N]

The set R[N] of reachable markings of N is the set of markings which are target
of some step sequence, i.e.,

R[N] = {v | I (un[ag) - - [an)v) in SS[N]}.

Since step sequences are of finite length, and each step consists of finitely many
transitions, from the conditions on uy, % and 9% in Definition 1.5.1, it is easy to
see that R[N] C S3*. Now, we recall the definition of a well-known class of nets:
safe nets.

DEFINITION 1.5.2 (Safe Nets)
A PT net N is safe if and only if

vte Ty, PIoN1®] = 0x(t), i=0,1, and
Vo e RIN], PBl] = v

This defines the category Safe as a full subcategory of PTNets.

Observe that @[v] = v is a compact way of saying that each s € S has multi-
plicity at most one in v. Therefore this definition is exactly the classical definition
of safe nets. Since in the rest of the chapter we will often state and check conditions
on both 9%, and 9%, we will use 9% ranging over them.

Morphisms of safe nets have a nice characterization in terms of their behaviour
on the elements of pre- and post-sets.

PROPOSITION 1.5.3 (Characterization of Safe Net Morphisms)

Let Ny and N; be safe nets. Then (f, g): Ng — N Is a morphism in Safe if and only
if f is a morphism of pointed sets from Ty, to Ty,, g is a () ~homomorphism
from SJ/\\,/:“’ to S]/\\,/ll"" such that Vt € T,, Vb € [un,]U[dk, ()], @lg(b)] = g(b), and
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i) [9(uny)] C [un,] and Vb € Jun,], Ibo € Jun,] such that by € [g(bo)];

i) V€ T, To(0l, ()] € [0, (F(0)] and
Vb, € [[6}\,1 (f(t))]], dlbg € [[ leo (t)]] such that b; € [[g(bo)]]

Proof. (=) The proof is completely trivial, but observe that there is no need to use
condition (v) in the definition of PT net morphisms: in fact if there were b1 in [un, ]
or [d, (f(t))] and b, b’ respectively in [un,] or [, (t)] such that b1 € [g(b)] N [g(b")],
by definition of morphism, it would be g(un,)(b1) = un, (b1) > 2 or g(Oy, (t))(b1) =
On, (f(t))(b1) > 2. But this is impossible, since N; is a safe net.

(<) Conditions (i), (%) and (v) in the definition of PT net morphisms are already
present. Points (i) and (i) above imply that

[uri] = (J{I9(@)] la € [un,]} and [0k, (FEN] = | J{[9(a)] |a € [O, (D]} -

Now, since @P[g(a)] = g(a) and all the [g(a)] in the unions are disjoint, we obtain
9(un,) = un, and g(dn, () = O, (f(1)). v

COROLLARY 1.5.4 (Correspondence with Winskel’s Safe Nets)
Winskel’s category of safe nets [143], called Net, is a full subcategory of Safe.

Proof. The conditions given in the above proposition are a characterization of mor-
phisms in Net [143, Proposition 3.1.9], while the objects in Safe strictly contain
the objects in Net. In fact, the objects of Net are the objects of Safe with sets
of places, initial markings and post-sets which are non-empty, and without isolated
places—places belonging neither to the initial marking nor to the pre- or post-set of
any transition. v

Since in the proof of Proposition 1.5.3 the demonstration of the = implication
never used the fifth axiom of PT net morphisms, we have shown an easier charac-
terization of morphisms between safe nets: (f, g): Ng — Np is a morphism in Safe
between the safe nets Ny and N if and only if conditions (i), (ii), (iii) and (iv) of
Definition 1.5.1 hold, i.e., condition (v) is already implied by the structure of safe
nets.

Another important class of nets is that of occurrence nets. They are safe nets
with a nice stratified structure whose minimal element constitute the initial mark-
ing. The definition is very close to that of process nets, the difference being that
here we allow “forward branching”, i.e., non-determinism.

DEFINITION 1.5.5 (Occurrence Nets)
A occurrence net is a safe net © such that

i) a € [ue] if and only if *a = &;
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i) for all a € Se, |*al <1, where || gives the cardinality of sets;
iii) < is irreflexive, where < is the transitive closure of the relation
<'={(a,t) |a € Se,t €To, t ca®}U{(t,a) |a € Seo,t € To, t € *a};

moreover, for allt € Tg, {t' € To |t/ <t} is finite;

iv) the binary “conflict” relation # on Te U Sg is irreflexive, where

Vi, ts € To, ty #m ta < [05(t1)] N [08(t2)] # @ and t; # ta,
Ve,y € ToUSe, * # y< Jt1,to € To : t1 #m to and t1 < = and ty X vy,

where < is the reflexive closure of <.

This defines the category Occ as a full subcategory of Safe.

From Definition 1.5.5 and Corollary 1.5.4, it is immediate to see that Winskel’s
category of occurrence nets [143], here called Occ,,, is a full subcategory of Occ.
However, since all the results in [143] easily extend to Safe and Occ, in the following
we will ignore any difference between Safe and Net and between Occ and Occy,,.

COMPOSITION OF PT NETS

Products and coproducts are importante constructions for nets, and generally in
categories of models for concurrency, due to their natural role, respectively, in the
operations of parallel and non-deterministic composition [144]. In this section, we
show that the category PTNets has both products and coproducts and, studying
the relationships between the computations of the composed nets and those of the
original nets, we clarify in what sense products and coproducts are related to the
operations of parallel and non-deterministic composition.

While in the categories of safe nets and of occurrence nets products and coprod-
ucts exist [144], the category of PT nets with initial markings introduced in [144]
has products but does not have coproducts. In [97], it is shown that coproducts
exist in the full subcategory of PT nets whose initial markings are sets rather than
multisets. However, due to the additional condition (v) in Definition 1.5.1, we can
prove the existence of coproducts of any pair of objects in PTNets.

Given the PT nets Ny and N;, we define
No x Ny = (8%, x 0%, , 05, x On,: (Tng X Ty, (0,0)) — SV x SR, (ung, uny)) -

Since S x S = (Sw, + Sn, )M, and Syt x Sy = (S, + Sy, )M = Syt~ @
Szf\\a“”, where + is the disjoint union of sets and @ the coproduct in the category

of multisets (with possibly infinite multiplicities) and (_)*e-homomorphisms, we
have that Nog x N is indeed a net with places Sy, + S, -
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'@ : :
| l ) N
[0 [to,0)] [©00)]
: L
2
1@ o c d
Ny N1 Ng x N1
The PT nets Ny, N1, and their product Ny x Ny

Now, consider the projections mp: Ng X N1 — Ny and 71: Ng X N1 — N; defined
by
T ((to,tl)) :ti and T ((Uo,’ul)) = Uj.

It is easy to see that they are morphisms in PTNets.

PROPOSITION 1.5.7 (Product of Nets)
Ny x N1, with projections my and 71, is the product of Ny and Ny in PTNets.

Proof. Observe that, given any PT net N and morphisms ho: N — Np and h1: N — Ny,
the map (ho, h1): N — No x Ni defined by

(ho, ha)(t) = (ho(t), h1(t)) and (ho, h1)(u) = (ho(u), b1 (u))

is a PT net morphism. So, clearly, m; o (ho,h1) = h;, and (hg,h1) is the unique
morphism for which that happens. v

The product of the nets Ny and Ny is their parallel composition with synchro-
nization, in the precise sense that each step sequence of Ny x Nj is the parallel
composition of a step sequence of Ny and a step sequence of N1, and viceversa.
Since transitions of Ny x Nj are of the forms (¢9,0), (0,t1) or (¢o,t1), for t; € Th;,
1 =0, 1, the product models both asynchronous and synchronous interactions of Ny
and Ny, where transitions of the form (¢, 0) or (0,1) correspond to either N1 or Ny
staying idle, while transitions of the form (¢o, 1) correspond to steps in which both
Ny and N; proceed together, synchronizing to each other. This result, formally
stated in the next proposition, coincides with those in [144, 97].

In the following, given a PT net morphism h: Ny — Ni, we will denote by h®
the unique (-)™e-homomorphism from ij\,j” to sz\\,f“’ generated by the transition
component of h. Observe that, since such a component is a function, h® maps finite
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multisets to finite multisets. In particular, h® can be defined on such multisets
simply by:
h®(t) = h(t) and h®(a ® B) = h®(a) @ h®(B).

PROPOSITION 1.5.8 (Product and Parallel Composition)

The sequence un, x N, [0) - - - [an)v belongs to SS[No x N1] if and only if, fori = 0,1,

the sequence m;(unyx N, ) [T5 () - - - [ () )i (v) belongs to SS[N;].

Therefore, v € R[Ny x Np] if and only if m;(v) € R[N;] for i =0, 1.

Proof. Tt suffices to show that u[a)v is in S[No x N1] if and only if 7; (u)[7P (@)} (v)

is in S[N;], i =0, 1.
Suppose a = @J. E(,(t%, tjl) The ‘only if” implication follows directly from the fact that
7o and 71 are PT net morphisms. In fact, by definition of S[N], u[a)v in S[No x N1] if
and only if u = w@®jeJ uj, v = w@®jeJ vj, and the (8], ¢]): u; — v; are transitions
of No x Ni. Thus, we have that m;(¢],¢]): mi(u;) — mi(v;) is a transition (possibly 0)
of N;, i1 =0,1, j € J. Therefore, for i =0, 1,

(mitw) © @ miu)) [ D (e 1)) (m(w) © P mitws) ) is i SV,
j€J = =

i.e., mi(u)[7®(a))mi(v) belongs to S[N;], i = 0, 1.

In order to show the ‘if’ implication, observe that to:mo(u) — mo(v) in Ny and
ti:m(u) — m(v) in N1 implies (to,t1):uw — v in No x Ni. In fact, by definition
(to,t1): (mo(u), m1(u)) — (mwo(v), m1(v)), and since S%";Nl is the product of Sm"o and
Sm“ with projections the place components of my and 71, we have (mo(u), ™1 (u)) = u
and (mo(v), m1(v)) = v.

Assume 7;(u)[7P ())mi(v) in S[N;], i = 0,1, and u = (uo,uyl)w = (% 0"). Then,

K3

by definition of S[N;], we have that u* = w' @ @J.EJUj, v =w e @, vl and

jeg Vi
m(té,t{):u; — vl in Ni, i = 0,1, j € J. Now consider u; = (u, uj), ij: (v),v))
and w = (w® w'). Clearly, we have u = w @ ®j€JUj7 v =w® ®jej1)j and
i (t,t]): mi(uj) — mi(v;) in N;. Therefore, (¢),t]):u; — v; in N;, 1 =0,1, j € J and
we have

(’U} @ @Uj) [@(té,t{)>(w@ @’l}j) in S[NO X ]\71]7
j€d jed =

i.e., u[a)v in S[Ng X Ny]. v

EXAMPLE 1.5.9 (Parallel Computations)
Consider again the nets of Example 1.5.6.

The step (2a,3b)[(to, t1))(c, 2b @ 2d) of Ny x Ny corresponds to the steps
2a[t0>c OfNO and 3b[t1>2b @ 2d 01(‘1\717
(2a, 3b)[(t0,0))[(0,t1))(c, 20 ® 2d) corresponds to 2alty)[0)c and 3b[0)[t1)2b & 2d.
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We now consider coproducts in PTNets. Suppose un, = €, nia; and uy, =

@, m;b;. Consider S = (Sn, — [un,]) + (Sn, — [un,[) + ([un,] x [un,]) and the

(-)Me-homomorphisms «;: ([[uNl]])M"o — ([un,] x [[uNl]])M‘”, 1 =0,1, defined by

aola) = @, el (g, )
ar(b;) = @ikm(gziij’mj)(a“bj)’

where lem(n;, m;) is the lowest common multiple of n; and m;.

Let us define v; = (a; @ 5;): SZ/\\[/;” — SMe i = 0,1, where f3; is the injection
of (Sn, — [un, )™M= in (Sn, — [uno] + Sn, — [un,])™*>. Observe that ; restricts
to a pointed set morphism from S3! to SM. Let &}y be ;0 9y : (T,,0) — SM,
for 7,5 = 0,1. Now, define

No+ N1 = ([610\&)’ 59\11]’ [611\/0’ 511\/1]: (Ta 0) - SM’VO(UNO) = ’71(UN1)) )
where (T,0) is the coproduct of pointed sets (Tn,,0) and (Ty,,0), i.e., the quo-
tient of their disjoint union obtained by identifying the two pointed elements, and

[6}'\,0,5}'\,1] denotes the unique pointed set morphism induced from the coproduct
(T,0) by &%, and oy .

ExAaMPLE 1.5.10

@ @ =
| l 4
t

N

o]
2
The PT nets Ny, N1, and their coproduct Ng + Ny

(a,b)

[\

[\

¢ a () c() d

Ny No + Ny

The injections in;: N; — Ny + Ny, ¢« = 0,1, are defined as
ini = <h:i7ryi>a

where ; is the injection of (Ty,,0) in (7,0). It is immediate to see that the in;
are PT net morphisms.
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Given any PT net N and a pair of morphisms hg: Ng — N and hi: N1 — N, let
[ho, h1]: No + N1 — N be the map such that

[ho, hl](t) = hz (tl) ift= ’LTLZ(tI) for t/ € TNi
[ho, h1](c) = hi(c) if ¢ = in;(c’) for ¢ € Sy, — [un,]

[ho, h1](ai, b;) = @D { 1cm(717k>ck ¢k € [ho(as)] N [[hl(bj)]]}

ni,mj

where ny, is the coefficient of ¢ in un. To simplify the notation, in the proof of the
following proposition we will denote [ho(a;)] N [h1(b;)] by [S(a:, b;)].

Remember that v € SM is a function from S to w. Therefore, u(a), for a € S, is
the multiplicity of a in w.

PROPOSITION 1.5.11 (Coproducts of Nets)
Ny + N1, with injections ing and iny, is the coproduct of Ny and Ny in PTNets.

Proof. We show that for any PT net N and for any pair of morphisms ho: No — N,
hi: N1 — N, [ho, hi] is the unique morphism in PTNets such that [ho, h1] 0 in; = h;.
First we have to show that [ho, h1] is well-defined, i.e., that 171“ is actually a

cm(n;, m;)
natural number. If ¢ € [ho(a;)] then ho(a;) = rrce®u and so ho(nia;) = nirkcr®n,u.

Thus, by definition of PT net morphisms, we know that un(cx) = ni7, and so it must

be n;rr = ni. In the same way, there exists ¢, such that m;qr = ni. Therefore ny is

divisible by lem(n;, m;).

Now, observe that [ho, h1] o in; = h;. This is clear for transitions and for places in

Sn, — [un,]. So, consider a; € [un,]. We have

lem(n;, m;)

hosha(inoa:)) = [ho, ] (€D, 2 (as,b,))
= @, 0 g, (0, 8))
lem(ng, my n
@j (nl ) @ { lcm(ni 'm/j)CIc
@B, { Weor | er € [S(ai, )]} -

Since for each ¢i € [ho(a;)] there exists a unique b; such that ¢, € [h1(b;)], the last
term is equal to

Nk
D
ng

The same argument goes through for b; € Jun,].

o € [[s(ai,bj)]]}

Ccr € [[ho(az)]]} = @ {rkck | ho(ai) = TLCk EBU’} = ho(ai).

To prove uniqueness, suppose that there exists h such that h o in; = h;. Clearly,
h = [ho, h1] on the transitions and on places in Sy, — [un,] and in Sn, — [un,]-
Therefore, in order to show that h coincides with [ho, hi] we need to show that it does
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so for (ai,b;) € [un,] X [un,]- Since h(ino(a;)) = ho(a;) and h is a morphism, we
have

®, %h(ahly) = @ { % | e €lhoai)}
D, {Bhex | o € 3]}

lem(ng, m;
- B, (m i)

' (69{ lcm(zi,mj)ck

o € [[s(ai,bj)]]}).

In the same way, we obtain that

lem(n;, m; lem(ng, m;
®. (mj J)h(a"’bﬂ') =&, (mj 2 D { lcm(Zf, my)

cr € [[s(ai,bj)]]}l

Now fix ¢ and j. Since ¢; € [S(ai, b;)] for a unique pair (a;, b;), the summands in the
above equalities are all distinct except for @{1 T ek | ex € [S(ai, bs)]}, which

. i Cm(ni7 mj)
appears in both. Therefore it must be

h(ai,b;) = @ { lem(n;, mj) Ck

[ [[S(ai,bj)]]} which is [ho,hl](ai,bj).

The last thing we have left to show is that [ho, h1] is a morphism in PTNets. But now
this task is trivial and is therefore omitted. v

The coproduct of Ny and Nj is their non-deterministic composition in the sense
that the two nets are put side by side to compete for common resources (tokens).

Differently from the CCS non-deterministic operator [102], the result of such a
composition cannot be thought of simply as the system which performs an initial
choice between passing the control to Ny or to N; and discards the net which
has not been chosen. Nevertheless, we think that it gives the right notion of non-
deterministic composition of PT nets. In fact, since a resource can be consumed and
produced several times during a single computation, it is possible that the composed
net returns several times to a state in which common resources are present and the
two nets compete for them. Clearly, there is no reason why the outcome of such
competitions should always favor the same net. This is illustrated by the following
example.

EXAMPLE 1.5.12
Consider the simple PT nets Ny and N; given in the picture below together with
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their coproduct Ny + Nj.

J0
|

<a,b>/@
@ 5
1@

1@,

Ny Ny No + N1

The initial marking (a,b) of No+ Nj is a state in which a resource is non-determini-
stically assigned either to to or to t;. This state is reached again and again, and
each time the choice is repeated.

This kind of behaviour is characteristic of the coproduct in many categories of
models which admit cyclic behaviours, like, for instance, transition systems.

In addition, since the resources are present in multiple instances (multiple tokens
in a place), while the computations of Ny and N; are also computations of No+ Ny,
they are not the only computations that the coproduct net can perform: the non-
deterministic interaction between Ny and Nj gives rise to joint computations which
are not purely injections of computations from one of the original nets. In other
words, since providing Ny with the resources it needs does not necessarily consume
all the available instances of such resources, it is possible that N7 can also have,
at the same time, other instances of the same resources. This is shown by the
following example.

EXAMPLE 1.5.13 (Non-deterministic Computations)

a(ss) ()b 3 €3 (ab)
| l J

1@, d gv) O O

Ny No + Ny

[\

The steps 6(a, b)[2t)2¢ and 6(a,b)[3t1)3d of Ny + Ny correspond, respectively, to
the step 2a[2tg)2c of Ny and to the step 3b[3t1)3d of Ny.
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The step 6(a, b)[to @ t1)c @ d is a computation of Ng + Ny which is not the image
of a computation in one of the original nets.

However, as anticipated above, all the computations which either Ny or N7 can
perform are computations which Ny + N7 can perform; viceversa, all the computa-
tions of Ng+ V7 consisting of markings and steps from N; are actually computations
of N;. This is stated in the next proposition, whose proof simply follows from the
fact that ing and in; are PT net morphisms and is, therefore, omitted.

PROPOSITION 1.5.14 (Coproduct and Non-deterministic Composition)
Let i belong to {0,1}. Then, the step sequence

ini(un,)[ing (o)) - - - [in (an)) ini (v)

belongs to SS[Nog + N1 if and only if the step sequence up;,[ao) - - [an)v belongs

To strengthen the intuition about the coproduct construction, it is worth recall-
ing that in the case of safe nets all the resources are present in a unique copy. This
fact can be thought of as forcing a choice between the two nets in the assignment
of resources. Therefore, for safe nets, the computations of Ny + N7 are alternating
sequences of computations of the original nets, i.e., each step is either a step of Ny
or a step of Ny. This is stated in the next proposition, which is a rephrasing in
the present context of [144, Theorem 5.11, pg. 219] and whose proof is, therefore,
omitted.

PROPOSITION 1.5.15 (Coproduct and Safe Nets)
Let Ny and N7 be safe nets.

Then ula)v belongs to S[Ny + Ni], for some u € R[Ny + N1], if and only if there
exist i in {0, 1}, v’ in R[N;] and (v'[o/Yv") in S[N;] such that in;(u’) = u, in;(v') = v
and inf (') = a.

Therefore, all the step sequences of Ng + Ny are of the form
inig (un,, ling, (a0)) [ing] (o)) -+ [in, | (ew—1)))ling, (aw))ini, (vi, ),
where i1, ...,ix € {0,1}, v;, € R[N;,], and o is a step of Ny, j = 1,... k.

Then, u € R[Ny + N1| if and only if u = in;(u;) for u; € R[N;] and i € {0,1}.

It is interesting to observe how in this case the standard coproduct construction
actually implements a sophisticated mechanism of distributed choice. Consider two
safe nets Ny and N; whose initial markings are respectively a1 & --- ® a, and
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b1 ® - ®by,. Then, the initial marking of Ny + N7 can be thought of as an n x m
matrix whose (7, j)-th entry represents the token (a;, b;).

by ... b ... by

ai

a;

Gp

From the definition of 83, , v, , it is immediate to see that if a; is the pre-set of a
transition to in No, then the pre-set of tg in No+ Ny contains (a;,b1)®- - - @ (ai, b ),
i.e., a whole row of the matrix. Now, since a transition ¢y of Ny enabled at up,
requires at least one of the tokens in wuy, in order to fire, say a;, the firing of ¢g
in Ng + N7 will result in consuming all the tokens in the i-th row of the matrix.
It follows that no transition of N7 can be enabled, since for any 7 = 1,...,m, the
token (a;,b;) is missing. Therefore, the firing of ¢y prevents any transition of Ny
from firing until the possible cyclic behaviour of Ny+ N7 eventually generates again
the tokens in un,+nN, -

We conclude this discussion about coproducts considering the case of occurrence
nets. Since cyclic behaviours are not possible in occurrence nets, the coproduct
net, after having performed the first step, cannot reach anymore a state in which
common resources are available. In this case, therefore, the coproduct net can be
seen as the system which performs an initial choice between the original nets—by
assigning to one of them the resources it needs—and forgets about the other. This
is formally stated in the following proposition.

PROPOSITION 1.5.16 (Coproduct and Occurrence Nets)
Let ©¢ and ©1 be occurrence nets.

Then, all the step sequences of Og + ©1 from the initial marking are of the form
ini(ue, )[ing (o)) - -~ [in” (a))ini(v;),
where i € {0,1}, v; € R[O;], and «; is a step of ©;, j = 1,... k.

We conclude this section with some remarks about the relationships between
products and coproducts in the other categories of nets introduced in Section 1.5.

It is easy to see that products and coproducts of safe nets viewed as objects in
PTNets are again safe nets. Therefore, we have that products and coproducts exist
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in Safe and that they are given by the same constructions just defined for PT nets.
The same applies for coproducts in Occ.

However, the product of two occurrence nets in PTNets is not necessarily an
occurrence net. This can be easily seen by looking back at Example 1.5.6, which
shows that condition (%) in Definition 1.5.5 of occurrence nets is not preserved by
the product construction. Nevertheless, products exist in Occ and the result that
the product of two occurrence nets is (isomorphic to) the unfolding of their product
as safe nets [144] can be immediately extended to our setting: considering that
the unfolding of PT nets defined here coincides on safe nets with Winskel’s (see
the following Theorem 1.7.8), we have that the product of two occurrence nets is
(isomorphic to) the unfolding of their product in PTNets.

1.6 Decorated Occurrence Nets

In this section, we introduce DecOcc, the category of decorated occurrence nets,
a type of occurrence nets in which places are grouped into families. They allow a
convenient treatment of multiplicity issues in the unfolding of PT nets. We will use
the following notational conventions:

[n,m]  for the segment {n,...,m} of w;
[n]  for [1,n];
[k]; for the i-th block of length k of w — {0}, i.e., [ik] — [(i — 1)&].

DEFINITION 1.6.1 (Block Functions)
We call a function f:[n] — [m] a block function if n = km and f([k];) = {i}, for
t=1,...,m.

In other words, a block function from [n] = [km] to [m] is a function making
the diagram
m times
[n] = [k + + [#]
ml = 0+ o+ (1

commute, where the upper isomorphism maps the segment [k]; to the i-th copy of
[k], and the lower maps i to the i-th copy of [1].

The place component g of a PT net morphism (f, g): Ng — N; can be thought
of as a multirelation (with possibly infinite multiplicities) between Sy, and Sk,
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namely the multirelation g such that agnb if and only if g(a)(b) = 7. Indeed,
this is a (generalization of a) widely used formalization of net morphisms due to
Winskel [141, 144]. In the case of morphisms between occurrence nets, since by
definition such nets have no isolated places—i.e., places belonging neither to the
initial marking nor to any pre- or post-set—as an immediate corollary to Propo-
sition 1.5.3, we have that g is a relation and that the inverse relation ¢g°?, defined
by bg°Pa if and only if agb, restricts to (total) functions gf: [un,] — [un,] and
g?f}: [05, (f ()] — [0, (t)] for each t € Ty,. We will use these functions in the
next definition.

DEFINITION 1.6.2 (Decorated Occurrence Nets)
A decorated occurrence net is an occurrence net © such that:

i) Se is of the form \J,c 4 {a} X [na], where the set {a} x [n.] is called the
family of a. We will use a" to denote the family of a regarded as a multiset;

it) Ya € Ae, Vz,y € {a} X [n.], *z="y.

A morphism of decorated occurrence nets (f,g):©9 — ©; is a morphism of oc-
currence nets which respects families, i.e., for each [a’] C Se,, given x = *[a’]—
which is a singleton set or the empty set by ii above and the definition of occurrence
nets—we have:

i) g(a®) = @,c;, bf, for some index set I,;

i) g 0 g;¥ oing, is a block function, where
7o is the projection of {a} X [ng] to [ng],
7,1 is the inverse bijection from [n,] to {a} x [n,], and

97 {bi} x [np,] — {a} x [ng] is g2P restricted to {b;} x [n,].
The composition in (ii) can be summarized by means of the diagram

{a} % [na] <2 {b;} x [ns,]

This defines the category DecOcc.

A family is thus a collection of finitely many places with the same pre-set,
and a decorated occurrence net is an occurrence net where each place belongs to
exactly one family. Families, and therefore decorated occurrence nets, are capable
of describing relationships between places by grouping them together. We will
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use families to relate places which are instances of the same place obtained in a
process of unfolding. Therefore, morphisms treat families in a special way: they
map families to families (condition (7)) and they do that in a unique pre-determined
way (condition (9)). This is because what we want to describe is that o is mapped
to b¥. Hence, since the way to map a family to another family is fixed by definition,
in the following we will often define morphisms by just saying what families are sent
to what families.

Observe that the full subcategory of DecOcc consisting of all nets © such that
So = U,eaola} x [1] is (isomorphic to) Occ. Observe also that, since the initial
marking consists exactly of the elements with empty pre-set and, by point (i)
in Definition 1.6.2, elements of a family have the same pre-set, for a decorated

occurrence net ue is of the form @, af.

The following is a useful property of decorated occurrence net morphisms which
directly follows from their definition.

PROPOSITION 1.6.3 (Decorated Occurrence Net Morphisms)

Let ©¢ and ©1 be decorated occurrence nets and (f,g): ©9 — ©1 a morphism in
DecOcc. Then

V[bE] C [un,], 3'[a’] C Jun,] such that [b¥] C [g(a’)] and
v[b"1 < [0, (fF )], ANa’] € [0k, ()] such that [b7] C [g(a™)].
We have seen that for occurrence nets and decorated occurrence nets simple

concepts of causal dependence (<) and conflict (#) can be defined. The orthogonal
concept is that of concurrency.

DEFINITION 1.6.4 (Concurrent Elements)
Given a (decorated) occurrence net © (which defines <, < and #), we can define

o Forz,y € ToUSe, z coy iff ~(x <y ory <z or x # y);
e For X CTo U So, CO(X) iff
(Ve,ye X, zcoy)and {t€To | I € X, t X x}| € w.

As a first step in relating the categories DecOcc and PTNets, we define a functor
from decorated occurrence nets to PT nets.

DEFINITION 1.6.5 ((_)": from DecOcc to PTNets)

For © = (83,08 (To,0) = (Uyea,{a} x [na))™, ue), let () denote the ()Mo
homomorphism from SSA“ to Ag/l“ such that (a,j)T = a.

Then, we define ©F to be the net ((-)* 092, (1)* 0 d§: (Te,0) — AL, (ue)™).
Given a morphism (f, g): ©g — ©1, let (f,g)*:0f — ©7 be (f,(-)* o go p) where
p: Agf’“’ — Sg‘o‘” is the (_)Me —homomorphism such that p(a) = (a, 1).
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The following example shows the result of applying ()% to a decorated oc-
currence net. In all the pictures to follow, a family is represented by drawing its
elements from left to right in accordance with its ordering, and enclosing them into
an oval. Families of cardinality one are not explicitly indicated.

EXAMPLE 1.6.6

CI)aF (o) a

|
O O T

|t1|b|t2|
O O O O

A decorated occurrence net © and the net ©F

PROPOSITION 1.6.7 ((_)* is well-defined)
©% isa PT net and (f,g)" is a PT net morphism.

Proof. The first statement is completely clear. Let us show the second. Conditions ()
and (%i) are trivial while condition (v) derives directly from Proposition 1.6.3.
Observe now that, if g(a,i) = @,(®{bi} x [ki]i), by definition of g, we have
g(avj) = @l(@{bl} X [kl]J) and so g(avi)+ = @l klbl = g(avj)+‘

Therefore, g(u)™ = ((_))T ogop)(u™).

(i) (O egen)@:(®) = (9" 0g0p@b, () = (b, (1)"
= O, (HO) = 0. ().
(iv) ()T ogop)ugs) = ()" 00 p)((uey) ") = gluey) " = (ue,)" =ugs. v

PROPOSITION 1.6.8 ((_)*:DecOcc — PTNets)
()":DecOcc — PTNets is a functor.

Proof. It is completely clear that (idT@,ids@>+ = (idrg,idag). Moreover, given
(h,k) o (f,g):©0 — O1, we have that for each u € Ag’(’)“’
()T okop)o(()Togop)(u) = ((DTokop)((gop)(u)h)
= k((gop)(w)t = ()" o(kog)op) (u).
So, (<h,k‘>0<f,g>)+ = <h7k>+o<f7g>+' v
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Nets obtained via ()T from decorated occurrence nets have a structure very
similar to that of occurrence nets. We will denote by DecOcc™ the full subcategory
of PTNets consisting of (nets isomorphic to) nets of the form ©%.

PROPOSITION 1.6.9 (Structure of Decorated Occurrence Nets)
If © is a decorated occurrence net, then ©7 is a PT net such that:

i) a € Jue+] if and only if *a = @;
ii) Ya € Sg+, [*al < 1;

iii) the relation < is irreflexive and Vt € Tg+, {t' € To+ | t' < t} is finite.

Moreover, if © is (isomorphic to) an occurrence net, then O is an occurrence net
isomorphic to ©.

Proof. Obvious from the definition of (_). v

Let B range over Occ, DecOcc and DecOcc™. For any net in B, we can define
the concept of depth of an element of the net, thanks to their nicely stratified
structure.

DEFINITION 1.6.10 (Depth)
Let © be a net in B. The depth of an element in Tg U Sg is inductively defined by

e depth(z) =0 ifbe Se and *b = O;
e depth(z) = max{depth(b) | b <z} +1 ifx € Te;

e depth(z) = depth(t) ifz € Se and *z = {t}.

DEFINITION 1.6.11 (Subnets of a Net)
Given a net © in B define its subnet of depth n, ©(™, as

o Tom = {t € To | depth(t) < n};

o Sgm) ={be€ So | depth(b) <n};

e 3., and Dy, are the restrictions of 9§ and g to Tgwm);
® Ugmn) = Uo.

It is easy to see that O™ is a net in B.
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Clearly, for each n < m there is a morphism n, ,: 0 — 0™ whose com-
ponents are both set inclusions. In the following we will call such net morphisms
simply inclusions. Obviously, if (f,g):0¢ — ©; is an inclusion, then we have
ue, = ue, and, for each t € To,, 9 (t) = 04, (t), i =0,1.

Now, consider the category w = {0 — 1 — 2 — 3---} and the class of diagrams
D:w — B such that D(n — n+ 1) = in,: D(n) — D(n + 1) is an inclusion. For
such a class we have the following results. The reader is referred to [90, II1.3] (and
to Appendix A.1) for the definition of the categorical concepts involved.

PROPOSITION 1.6.12 (Colim(D) exists)
For any D € D, the colimit of D in B exists.
Proof. Consider the net © = (8%,85 (Te,0) — S&, ue) where

Te = U,Towm
Se = U, Spm
Ue = UpD(0)
() = aiD(n)(t) for n such that ¢ € Thp(y).

Clearly, © is well-defined, is a net, and belongs to B.

Now, for any n, let w,: D(n) — © be the obvious inclusion. By definition we have
ln = [int1 © iNy,. Now consider a family of morphisms 7,: D(n) — ©’, n € w, such
that 7, = Tn+1 0 iny. Define 0:© — O’ by:

o(t) = Ta(t) for n such that t € Tp(,);
o(a) = Ta(a) for n such that a € Sp(y).

o is clearly a morphism in B. Now consider o o u,: D(n) — ©'. We have that, for any
t € Tpny, 0(t) = Tn(t) and for any a € Sp(x), 0(a) = Tn(a). Therefore, since pin is an
inclusion, we have o o u, = 7, for each n € w.

Given any 0’:© — ©’, suppose that o’ o u, = 7, for each n € w. Since t € To
(a € Seo) belongs to Tp(n) (to Sp(n)) for some n, we have that o'(t) = 7. (t) = o(t)
(¢'(a) = n(a) = o(a)). Therefore, o’ = o. v

PROPOSITION 1.6.13 (© is the colimit of its subnets)
Given a net © in B, let Dg:w — B be the functor such that Dg(n) = 0™ and
Do(n —n+1) = in, ni1: 0" — 0"+, Then © = Colim(Deg).

Proof. Since Dg € D, we are in the conditions of the previous proposition. So, it is
enough to observe that the colimit construction for diagrams in D in the proof of that
proposition gives a family p,: D(n) — 0, n € w, where uy: ©™ — O is the inclusion
of 8™ in ©. v

PROPOSITION 1.6.14 ((_)" preserves the colimit of De)
If B = DecOcc, then Colim(Dg)* = Colim(Dg).
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Proof. Since the previous proposition states that each © is completely identified by the
diagram De, it is enough to observe that Dg is exactly Dg-+.
So, Colim(DYE) = Colim(Dg+) = ©1 = Colim(De)™. v

1.7 PT Net Unfoldings

In this section, we define the unfolding of PT nets in term of decorated occurrence
nets and show that it is a functor from PTNets to DecOcc which is right adjoint
to ()T,

We start by giving the object component of such a functor. To this aim, given
anet NV, we define a family of decorated occurrence nets, one for each n € w, where
the n-th net approximates the unfolding of NV up to depth n, i.e., it reflects the
behaviour of the original net up to step sequences of length at most n. Clearly,
the unfolding of N will be defined to be the colimit of an appropriate w-shaped
diagram built on the approximant nets. We will use the following notation: given
s e X1 x---x X, we denote by s | X; the projection of s on the X; component.

53]
Moreover, given S = {s; | j € J}, S| X; willbe {s; | X; | j€ J} and S | X; will
denote @, ;(s; | Xi).

DEFINITION 1.7.1 (PT Nets Unfoldings: U]]™)
Let N = (8%, 0}: (Tn,0) — S, un) be a net in PTNets.
We define the nets U[N]®) = (89,0} (Ty,,0) — S, uy), for k € w, where:

e So=U{{(2,b)} x[n] | un(b) =n};
e Ty = {0}, and the 68 with the obvious definitions;
e Uy = @ 507'

and for k > 0,

53}
Ty TleJ{(B,t) ‘ B C Sg_1, Co(B), teTn, B | SNan,(t)};

=i (U e {{(0000)} 1))

80(B,t) =@ B, and 0}(B,t)= G}{(({(B,t)},b),i) e Sk};

Up = @{((@,b),z‘) € Sk} =@ So = wo.
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Therefore, informally speaking, the net U[N](®) is obtained by exploding in fam-
ilies the initial marking of N, and U[N]("*+1) is obtained, inductively, by generating
a new transition for each possible subset of concurrent places of U[N](™) whose cor-
responding multiset of places of N constitutes the source of some transition ¢ of V;
the target of ¢ is also exploded in families which are added to U[N]*+1. As a con-
sequence, the transitions of the n-th approximant net are instances of transitions
of N, in the precise sense that each of them corresponds to a unique occurrence of
a transition of N in one of its step sequences of length at most n.

LeMMA 1.7.2 (U[N]™ is a decorated occurrence net)
For alln € w, U[N] () is a decorated occurrence net of depth n. Moreover, for each
n € w there is an inclusion in,: U[N]™) — U[N]"+1),

Proof. That U[N]"™ has depth n and that there exists an inclusion from U[N]™ to
U[N]™Y is obvious from the definition. We have to show that U[N]™ is a decorated
occurrence net. For each t € Ty, 9%(t) is a multiset where all the elements have
multiplicity one, i.e., a set. The same happens for u,,.

i) Observe that for each ((z,b),i) € Sn, *((x,b),4) = x which is the empty set or a
singleton. So |*((z,b),7)| < 1.

it) Moreover, ((z,b),7) € [un] iff z = & iff *((z,b),7) = .

i4i) By definition of U[N]™, whenever z <' y <! z we have that depth(z) =
depth(z) + 1. Since z,z € T,, or x,z € S, implies that there exists at least
one y such that z < y <' z we have that depth(z) < depth(z) and so x # z.
Therefore, < is irreflexive. This, together with (i) and (i7), implies that, in any
reachable marking, each place has multiplicity at most one. In fact, that being
true in u,, each place having only one pre-event and each transition occurring
at most once in any computation, there is no way to generate more than one
token in a place. Moreover, Vt € T, {t' € T), | t' < t} is finite, because of the
definition of Co.

iv) # is irreflexive. Recall that x # z iff 3t, ¢’ € Ty, t # t' and t #m, t’ such that
t <n x and t' <, x. So, by point (i), z cannot be a place, otherwise we would
have backward branching. This means that there exist b,b’ € [99(x)], b # b’
such that b co V', i.e., z = (B,t) and =Co(B). This is impossible.

The other conditions of decorated occurrence nets are obviously true. v
DEFINITION 1.7.3 (PT Net Unfoldings: U[_])
We define U[N] to be the colimit of the diagram D:w — DecOcc such that D(n) =

U[N]™ and D(n — n + 1) = in,. By Lemma 1.7.2 D belongs to D and so, by
Proposition 1.6.12, the colimit exists and is a decorated occurrence net.
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EXAMPLE 1.7.4
@ a
l

bF

L] [t ] [t ][]

Oc 0000
ZANVAN

A PT Net N and (part of) its unfolding U[N]

The correspondence between elements of the unfolding and elements of the

original net is formalized by the folding morphism, which will also be the counit of
the adjunction.

PROPOSITION 1.7.5 (Folding Morphism)
Consider the map ey = (fe, ge):U[N]T — N defined by

e f(B,t) =t and f.(0) = 0;
* 9:(D;(wi,4i)) = B, vi-

Then, ey is a morphism in PTNets, called the folding of U[N] into N.
Proof.  Recall that a transition in U[N]" is of the form (B,t): (@ B)" — ((t,b)")*

® 0 ¢ 1
where B C Syn), t € TN, B | Sn = 0y (t), and [(¢,0)7] | Snv = On(2).

5] 5] 53]
So, t: B | Sx — [(t,b)F] | Sn. Now, since VB C Sy}, 9:((DB)") = B | Sy, we
have that

9e (Ouuim+ (B, 1)) = Oy (fe(B,1)).
Moreover, we have that wuyy+ = @besN un(b) - (,b).
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S0 ge(uynp+) = @besN un (b) - b = un. Concerning condition (v) in Definition 1.5.1,
observe that [ge(z,a)] N [ge(y,b)] # @ implies a = b. So, if (z,a) # (y,b) we must
have (z,a) & [uyn)+] or (y,0) & [uyny+], because either x or y must be non-empty,
and *(z,a)N*(y,b) =z Ny =J. v

LEMMA 1.7.6 (Occurrence Net Morphisms preserve Concurrency)
Let ©¢ and ©; be (decorated) occurrence nets and let (f, g): ©9 — ©1 be a PT net
morphism. Then, for each ty € Te,, Co ([03,(t0)]) and Co ([9(03, (t0))])-

Proof.  Since, by definition of (decorated) occurrence nets, {t' < t} is finite, we
have —Co ([0, (to)]) iff 3b,b" € [0, (to)] such that b # b'. This would mean that
It € Tey, t # t and t #m t' such that ¢ < b and t' < b'. Thus, since t < to
and t' < to, we would have to # to which is impossible since ©¢ is a (decorated)
occurrence net. Furthermore, g(93,(to)) = 98, (f(to)), which is the pre-set of a tran-
sition of a (decorated) occurrence net and so, by the first part of this proposition,

Co([g(88, (t0))])- v
Finally, we are ready to prove that U[] is right adjoint to ()T.

THEOREM 1.7.7 ()" HU[])
The pair ((-)",U[]) : DecOcc — PTNets constitutes an adjunction.

Proof. Let N be a PT Net and U[N] its unfolding. By [90, Theorem 2, pg. 81], it
is enough to show that the folding en:U[N]t — N is universal from ()" to N, i.e.,
for any decorated occurrence net © and any morphism k: ©% — N in PTNets, there
exists a unique h: © — U[N] in DecOcc such that k = ex o h™.

EN

N U[N] UIN]T N

Vk =l s.t. ht commutes.

Cha S} Cha

Consider the diagram in DecOcc given by Dg(n) = O™ the subnet of © of depth n
and Do (n — n+1) = in,: 0m — 0+t We define a sequence of morphisms of nets
hn: O™ U[N], such that for each n, hyp = hny1 0 inyp.

Since © = Colim(De), there is a unique h: © — U[N] such that hop, = h, for each n.
At the same time, we show that

Vn € w, kouz —enoht (1.24)

and that the h, are the unique sequence of morphisms hy: em U[N] such that
equation (1.24) holds. Now, by functoriality of ()", we have that

Vnew, koul =exvohtoput.
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Therefore, since by Proposition 1.6.14 (.)* o De = Dg+, and, by Proposition 1.6.13,
O71 = Colim(Dg) = Colim((-)™ o Do), by the universal property of the colimit we
must have k = eny o h™.

To show the uniqueness of h, let k' be such that k = ex o h’T. Then we have ko ul =
enoh Toub. But hy, is the unique morphism for which this happens. Therefore, for
each n, h, = h' o p, and so, by the universal property of the colimit, h = h'.

Let us now define h,, and therefore h: © — U[N], and show that the h,, n € w are the
unique sequence of morphisms such that (1.24) holds.

depth 0. Suppose ug+ = @, nia;. So ue = @,(®{a:} x [ni]). Suppose k(a;) =
691 m{ b{. By definition of k, since k£ does not merge different places in the initial

marking and k(ug+) = un, we have uy = v ® P, n;mib], with b} ¢ [v]. Thus, in
U[N] we have the places | J,{(2, b))} x [nym]]. So, we define

holas,i) = @D (@1(2. 61} x mi:).
1
We have hi(a;)) = (ho(aj,49)T = @j m](2,b]) and
enohd(a;) = @,mbl =k(a;) =kopg ().
Observe that ho so defined, lifting its place component to a (_)M“’fhomomorphism, is

a morphism 0¥ — U[N] and that it is completely determined by k and the conditions
of decorated occurrence net morphisms.

depth n+1. Let us suppose that we have defined h,: ©™ — U[N] and that it is a
morphism. Suppose that for each m < n, h,, is the unique morphism such that
en o b, = ko tim. Let hyny1 be hy, on the elements of depth less or equal to n. Now,
we define hn41 on the elements of depth n + 1.

Let t1 € To such that depth(t1) =n + 1 and k(t1) = ¢.

Since [03(¢1)] is a set of elements of depth less or equal to n, hn(9%(t1)) is defined.
Since h., is a morphism, by Lemma 1.7.6, we have Co([hn(93(t1))])-

; + _ +
Moreover, since ex o h)l = ko 7,

OR () = K(OB(1) = en o (ha)* (08 (1)) = ex © (hn)* ((0B(12))")
= ex 0 hn (0B (1)) = [ (@8(t)] | S

Therefore to = ([[hn(ag(tl))]],t) - ([[hn+1(8?_)(t1))]],t) € Tumy-

Now, since hn41 has to make the diagram commute, hy41(t1) must be of the form (B, t)
and, since it has to be a morphism, it must be ag[N]((B,t)) =@ B = hn+1(938(t1)).
Therefore hn41(t1) = to. Observe that there is only one choice for hny1(t1), given k
and h, by inductive hypothesis.

Obviously, ex o b1 (t1) =t = k(t1) = ko pt 4 (t1).
Now, let 9+ (t1) = @, niai. So 9&(t1) = B, (B{a:} x [ni]) in ©. Suppose k(a;) =

691 m{ b{. By definition of k, since it does not merge different places in the post-set of
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a transition and k(944 (t1)) = On(k(t1)), we have 9y (k(t1)) = v & €P, n;mib], with
b} ¢ [v]. Thus in U[N] we have the places U, {({to}, b))} x [nym]]. We define

husaas,i) = @ (@] ({to}. D) } x i),

So hii(a;) = (Bnta(ag,i)™ = @, m]({to},b]) and

envohyii(a;) = @mib] =k(a;) =kop ().
Observe that hn11(aj,?) is completely determined by k and by the conditions of dec-
orated occurrence net morphisms.

Now we have to show that h,4+1 is a morphism erth) _, U[N]. But this task is really
trivial because, by its own construction, h,+1 preserves source, target and initial
marking and respects families. v

THEOREM 1.7.8 (Correspondence with Winskel’s Safe Net Unfoldings [143])

Let N be a safe net. Then U[N] is (isomorphic to) an occurrence net and therefore,
by Proposition 1.6.9, U[N|T = U[N]. Moreover, U[N] is (isomorphic to) Winskel’s
unfolding of N. Finally, whenever N is (isomorphic to) an occurrence net, the unit
of the adjunction (1)t 4U[.], ny: N — U[NT| 2 U[N], is an isomorphism.
Therefore, the adjunction {(-)T,U[]):DecOcc — PTNets restricts to Winskel’s
coreflection {(-)§..,U[]sare): Occ — Safe.

Proof. Concerning the claimed correspondence, it is enough to observe that, when N
is safe, our definition of U[N] is such that (b,1) is a place in U[N] if and only if b is
a condition in Winskel’s unfolding. So U[N]* and ey are exactly Winskel’s unfolding
and folding morphism for N. The other statements are evident. v

COMPOSITION OF DECORATED OCCURRENCE NETS

In this subsection, we give the definitions of products and coproducts in DecOcc.
Proofs are mostly omitted because they are similar to those given for the corre-
sponding constructions in PTNets. The characterizations of the behaviours of com-
posed nets in terms of those of the original nets are not discussed here, since they
obviously coincide with the correspondent characterizations given in Section 1.5
(Proposition 1.5.8 and Proposition 1.5.16), for the case of occurrence nets.

Given decorated occurrence nets ©g and ©;, we can consider them inside
PTNets, form their product ©y x ©1, and then form the decorated occurrence
net U[Op x O1]. Recall that, although ©¢ x O; is not necessarily an occurrence
net, it is of course a safe net. So, by definition of ¢[.] and by Theorem 1.7.8, places

in U[Op x O1] have the form ((z, (a,1)), 1), where (a,i) € Sg, + Se, and z is of
the form x = {(B, (to,tl))}, for (to,t1) € Te, x To, and B a subset of places
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of U[Oy x ©1]. Therefore, we can recover the structure of the families originally
present in ©g and ©; by replacing each place ((z, (a,1)), 1) by ((z, a),i).

A little care must be taken in doing such a replacement, since (names of) places
also appear as part of transitions in the sets denoted by B. We define the replace-
ment [_]® inductively on the depth on elements in U[@y x ©1] as follows:

(@ @) = (@a.i):
(5. (to,tl))R = (B".(to. 1))
((Jc, (a, 1)), 1)R ((xR,a),i);
where X% for a set X is the set {z® | x € X}. Let U[Op x ©1]% be the deco-

rated occurrence net obtained from U[Oy x 4] by applying the above described
replacement to places and transitions.

Formally, if U[Og x ©1] = (80, o' (T,0) — SM,U), then we have

UB x O1] = (8", (01 (1,0)" — (MM, B ([ul™)) .

where (ai)R(BR, (to,tl)) - @([[ai(B, (to, tl))]]R).

EXAMPLE 1.7.9

GO ¢

[(t0,0)] IIto,nT |(0,[1)|

O 9090

F

F aF (o w d

@0 @1 @0 X @1
O¢ and ©1 and their product ©g x 6

Consider the maps m2:U[0O¢ x ©1]% — O, given by

ﬁﬁ(B,(to,tl)) =t; and ﬁﬁ((x,a),j) =m(a,j),
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where 7y and m; are the projections of the product ©g x ©1. Obviously, 7ft and

7f¢ are morphisms in DecOcc.

Now, consider any decorated occurrence net ©, and hy: © — Og, h1: 0 — Oy,
morphisms in DecOcc. Define, inductively on the depth of the elements of O, the
map (ho, h1):© — U[Oy x O1]F so0 as to have:

(ho,h1)(c) = P{} x [ho(c) ® hi(c)] if depth(c) =0
(ho, i) (®) = ([(ho, h1) (OB (ho®), ha (1)) )
(ho,h1)(c) = @{(ho, h)(D*c)} x [ho(c) & hi(c)]

It can be shown that (hg,h;) is a morphism in DecOcc. Moreover, it is easy to
show, by induction on the depth, that 77 o (hg, h1) = h; and that (hg, k1) is the
unique such decorated occurrence net morphism. So we have that:

PROPOSITION 1.7.10 (Product of Decorated Occurrence Nets)
U[O0 x ©1]%, with projections 7l and wf, is the product of © and ©; in DecOcc.

To define the coproduct of ©y and ©; in DecOcc, suppose ue, = P, al” and
ue, = ; b, where [[af]| = n; and [[b}]| = m;.

Let S = (S@Of[[ue)o]])Jr(S@lfﬂuel]])Jr(Uij{(ai,bj)}x[lcm(ni,mj)]) and consider
the ()M=-homomorphisms a;: ([ue,])M> — (Uij{(ai,bj)} X [lcm(ni,mj)])Moo,

1 =0,1, defined by:

aolaik) = @j{(ai,bj)}x[wh
1Cm(ni,mj)

ar(b k) = @flaib)} x [

Consider v; = (a; ® f;): ng“’ — SMoewhere (3; are the injections already intro-
duced for coproducts in PTNets, and dg, = 7; 0 . Now, we define

60 +0; = ([5%0’5%1]a [5é07 5(191]: (Ta 0) - SM?VO(U@O) = 71(11'91)) )
where (T, 0) is the coproduct of pointed sets (Te,,0) and (Te,,0), with the obvious
injections in;: ©; — Oy + O given by k; and ; as in the case of PTNets.
The following is a simple example of coproduct in DecOcc.
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Lo | L] (o] [o]
BEi

F CF

H ©1 O + 61

©g and ©1 and their coproduct ©g + 01

PROPOSITION 1.7.12 (Coproducts of Decorated Occurrence Nets)
O¢ + ©4, with injections ing and iny, is the coproduct of ©¢ and ©1 in DecOcc.

Proof. Given any decorated occurrence net ©, and morphisms ho: ©g — O, h1: ©1 — O,
let [ho, h1]: O + ©1 — © be the map defined by:

[h(), hl](t) Z(t/) ift = ini(t') for t' € T@.
[ho, h1](c) = hi(c) if ¢ =in;(c') for ¢’ € Se, — [ue,]
(ho. mal((ac, b)) = @{{eh * | gy |, | (@0 € o@D N @)1}

where n. is the coefficient of ¢ in ug. Following a scheme similar to that used in the
case of PTNets, it is easy to show that [ho, k1] is a morphism in DecOcc and that it
is the unique such that [ho, hi1] o in; = h;. v

1.8 PT Nets, Event Structures and Domains

In this section, we show an adjunction between occurrence nets and decorated
occurrence nets. Composing this adjunction with that given in Section 1.7, we
obtain an adjunction between Occ and PTNets. Moreover, exploiting Winskel’s
coreflections in [143], we obtain adjunctions between PES and PTNets and between
Dom and PTNets, as explained in the Introduction. For the sake of completeness,
at the end of this section, we give, in an appendix-like style, the basic guidelines of
the coreflection of Occ in PES and of the equivalence of PES and Dom.

We first define a functor from decorated occurrence nets to occurrence nets. It
is simply the forgetful functor which forgets about the structure of families.
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DEFINITION 1.8.1 (F[]: from DecOcc to Occ)
Given a decorated occurrence net © define F[0O] to be the occurrence net ©. Fur-
thermore, given (f, g): ©9 — ©1, define F[(f, g)] to be (f,g).

In order to define a left adjoint for F[_], we need to identify, for any occurrence
net O, a decorated occurrence net D[O] which is, informally speaking, a “saturated”
version of ©, in the sense that it can match in a unique way the structure of any
decorated occurrence net whose transitions are “similar” to those of ©. More
precisely, the existence of an adjunction requires D[O] to be such that, for any
occurrence net ©’,

Occ[O, F[0']] = DecOcc[D[O], O]

i.e., the set of morphisms from © to F[O'] in Occ and the set of morphisms from
D[O] to ©' in DecOcc are isomorphic. It follows from this condition that each
transition of D[©] must have enough families in its post-set to “cover” those in the
post-set of any transition of ©' to which it could be mapped by an occurrence net
morphism and, at the same time, it must not have too many of them so that such
a covering is realized by a unique decorated occurrence net morphism from D[©]
to @'.

Because of the uniqueness requirement, saturating occurrence nets is a delicate
matter: we need to identify a suitable set of families which can “represent” uniquely
all the possible others. To this aim are devoted the following definition and lemma,
where the relation +— is introduced to capture the behaviour of decorated occurrence
net morphisms on families—which will be represented as strings on appropriate
alphabets—and prime strings are meant to represent—in a sense that will be clear
later—exactly the families which we must add to © in order to saturate it.

In the following, given a string s on an alphabet ¥, as usual we denote the i-th
element of s by s; and its length by |s|. Moreover, ¢, for o € ¥ and n € w, will
denote the string consisting of the symbol o repeated n times.

DEFINITION 1.8.2 (Prime Strings)
Let ¥ be an alphabet, i.e., a set of symbols. Define the binary relation — on X7,
the language of non-empty strings on X, by

ot oo ot &0 # 01 and g Ew st gy =my, i=1,... k.
Define the language of prime strings on % to be
P =5t —{ooy? ot | 0; €5, 05 # 041, ged(ng,...,ng) > 1},
where gcd is the greatest common divisor.

LEMMA 1.8.3 (Prime Strings are primes)
Given s’ € ©7F there exists a unique s € ©¥ such that s—s'.
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,my). Since h
my M) =
T

1, and since h always exists (possibly h = 1) we have that s = o™/ . .. J;n’“/h is the

Proof. Let s’ =o{" - 0., where 0; # ci41. Consider h = ged(ma,. ..
is the unique integer such that m; is divisible by h for 1 < ¢ < k and ged(

unique prime string such that s—s’. v

We start relating strings and nets by looking at sets of places as alphabets and
at families as strings on such alphabets. Given a (decorated) occurrence net © and
a transition ¢ € Te, we denote by X4y the alphabet [94(¢)]. By analogy, since the
places in the initial marking are in the post-set of no transition, ¥z will consist
of the places [ug]; following the analogy, in the rest of the section ug will also be
denoted by 9§ (2).

Since a family b of a decorated occurrence net © is nothing but an ordered
subset of the initial marking or of the post-set of a transition, it corresponds natu-
rally to a string in X} where x = *[b"], namely, the string of length |[!']| whose
i-th element is (b,4). We will write b to indicate such a string.

Now, we can define the saturated net corresponding to an occurrence net ©. It
is the net D[O] whose transitions are the transitions of ©, and whose families in
the post-set of a transition ¢ are the prime strings on the alphabet defined by ¢ in
O. Tt is immediate to see that this construction is well-defined, i.e., that D[O] is a
decorated occurrence net.

DEFINITION 1.8.4 (D[]: from Occ to DecOcc)
Let © be a net in Occ. We define the decorated occurrence net

DIO] = (5%[@],371;[@]: (Te,0) — Sg[lepup[@]) :
where
e Sple) = U{{s} X [|s|} | se ¥l and (x={t} CTe oraz = @)};
o Ope(t) = @{(Svi) € Spley | si € [[ag(t>]]},-
o Obio)(t) = B{(5,7) € Spiey | s € 051} = Dfs" | s €, }

® Uple) = @{SF | s e Eg}.

The following example shows the decorated occurrence net corresponding to a
very simple occurrence net ©. The place o5 is filled to the purpose of making the
difference between the family (o102)f and the family (o201) of D[O] graphically
suggestive. Of course, only part of D[O] is shown.
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ExXAMPLE 1.8.5
" T
[ ¢ ]

A

O @ )‘ ) O@i} ------

(0109)F  (0201)F (0209)F

() D[O]
An occurrence net © and (part of) the decorated occurrence net D[O]
We now select a candidate for the unit of the adjunction.

PROPOSITION 1.8.6 (Unit Morphism)
Given an occurrence net © consider the map ne: © — FD[O] defined by:

ne(t) = t
ne(a) = {(s,i) € Spjey | 5i = a}.

Then ne is a morphism in Occ.

Proof. The only non-trivial case is that of condition (%) in the definition of morphisms:
ne(@6(t) = @ne({alacPo®l)
= @i lsi=aandac OO} = S (®).
v

In order to illustrate the above definition, consider again the net © of Exam-
ple 1.8.5. For such a net we have that

ne(o1) = (01,1) @ (9102,1) @ (0201,2) ® (6702,1) © (0702,2) D - -
ne(o2) = (02,1) ® (0102,2) & (0201,1) ® (0702,2) & -+ .

Before showing that ng is universal, we need to develop further the relation
between nets and strings. Since a morphism maps post-sets to post-sets, it naturally
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induces a (contravariant) mapping between the languages associated to transitions
related by the morphism. To simplify the exposition, in the rest of this section,
for k a morphism of nets, k({t}) and k(@), denote, respectively, {k(¢)} and &;
moreover, 9§ ({t}) denotes 94 ().

DEFINITION 1.8.7 (S} from 3,y to 3F)

Let ©¢ and ©1 be (decorated) occurrence nets, let k = (f,g):©9 — ©;1 be a
morphism and let © = {t} C Te, or © = & and y be such that f(x) = y. Then
k induces a unique semigroup homomorphism Si from X} to ¥f defined on the

generators b € [0g, (y)] by
St(b) = a € [05,(x)] such that g(a) =b.

From the properties of safe net morphisms in Proposition 1.5.3, it is easy to see
that Sj¢ is well-defined, i.e., there exists one and only one a € [0 (x)] such that

gla) =0.

To clarify the relation between — and decorated occurrence net morphisms, ob-
serve that, in the condition of the previous definition, if © is a decorated occurrence

net and k is a decorated occurrence net morphism, then & »—>S,§(IA)F ) if and only if
k(a®) = bF.

ExXAMPLE 1.8.8
Consider the following figure, where the morphism (f, g) is such that g(o1) = s2®s3
and g(o2) = s1.

Then, for instance, we have that Sé{;}w (5152838281) = 0203 03.

Finally, we show that D[] extends to a functor which is left adjoint to F[].

THEOREM 1.8.9 (D 4 F)
The pair (D, F):Occ — DecOcc constitutes an adjunction.
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Proof. Let © be an occurrence net. By [90, Theorem 2, pg. 81] it is enough to
show that the morphism 7e:©® — FD[O] is universal from © to F, i.e., for any
decorated occurrence net ©' and any k:© — F[O'] in Occ, there exists a unique
(f,9):D[O] — ©' in DecOcc such that k = F[{f, g)] o ne.

S} D[O] C) FD[O]
vk Af, g) s.t. i F[{f,9)] commutes.
Flo'] o Fle

Given ©' and k, we define (f, g): D[O] — O’ as follows:

f(t) = k(1)
[[bF]] - [[g(sF)]] = sr—>$fj(i)F), where x = '[[sF]] and k(z) = '[[bF]]

First note that (f, g) is well-defined: if s = o7 - - - 67" +—S¢(b"") then there is one and
only one way to have [b"] C [g(s”)], namely

9(s,i) = Do} x als,

where ¢ is the unique integer such that ¢ - .. g4 = S¢(b).
Let ¢ = {to} or = &. Observe that Va € [0, (z)]

V(b,j) € [k(a)] 3!(s,%) such that (s,i) € [[811)[@] ()] and (b,7) € [g(s,4)].  (1.25)
Moreover, (s,%) is the unique place in D[O] such that s; = a and (b, j) € [g(s,9)].
In fact, given z = *a, by Lemma 1.8.3, there exists a unique s € %I such that
s—SE(bT). If (b,§) € [k(a)] then, since k is a morphism, k(z) = *[b"] and so there
exists a unique s” in 8713[9] () such that [b*] C [g(s™)], i.e., 3'(s,i) € [[811)[@] (z)] such
that (b, 7) € [g(s,9)].
Obviously s; = a, by definition of S;; and +—. Moreover if there were another such
(s',7), then s’ € L since a belongs only to X,. So by the previous lemma s’ = s and,
since g respects families, j = i.
Now, if (b, ) € [g(s,7)] then s—SE(b") and therefore, by definition of —, we have
SE(T) i—1)g41s - - SE(BF)iq = si. Thus, by definition of Sf, {b} x [¢]; C [k(s:)]. So
we have |J{[g(s,7)] | s = a} = [k(a)]. Obviously, all the [g(s,)] are disjoint and
@Dly(s, )] = g(s,1), since the families are disjoint. Therefore,

EB{g(s,i) | si = a} = k(a).

It is now easy to see that the diagram commutes. For transitions this is clear. Con-
cerning places, we have:

Flf g ene(@) = P g({s: | s = a}) = k(a),
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Now, consider any morphism h: D[®] — N which makes the diagram commute. Be-
cause of the definition of e on the transitions, h must be of the form (f, g’). We have
to show that, necessarily g = ¢'.

Let [b*] C [¢'(s™)]. So, the family of b must be {b} x [gn] for some ¢, where n = |s|.
Since (f,¢’) is a morphism, given z = *[s"] and y = *[b"], it must be f(z) = .
Since the diagram must commute and s is the unique family in 8713[9] (z) whose
C [k(si)] for ¢ = 1,...,n. Therefore, we
), which means, by definition of g, that
lg

(7)1

On the other hand, suppose [b'] C [g(s")]. Then s—S¢ (b, for some x. Necessarily,
it must exist s’ with s’ € XL such that [b"] C [¢'(s"")]. Then, by Lemma 1.8.3,
such an s’ cannot be anything but s. Therefore [g(s7)] C [¢'(s™)] and as done before
g'(s¥") = g(s¥"). Therefore, we conclude that ¢’ = g and h = (f, g).

image contains " ; it must be {b} x [g];
have SE(b") = s?---s% and so SHSk ("
[v"] C [9(s™)]. Hence, we have [¢'(s™)] C

Let us now show that (f,g) is a morphism. It is enough to verify conditions (i) and
(i) in Proposition 1.5.3.

Let x = {to} or x = & and f(z) = y. If b] C [[g((?}D[@] (2))], then by definition of
g, we have [b¥] C [9&/(y)]. So [[g(@%j[@](m))]] C [0 (y)]- Observe that this, together
with property (1.25), proves the required conditions both on the initial marking and
on 8113[@]. We still have to check that (f, g) respects sources.

Suppose f(to) = t1. Let (s,7) € [[8%[@] (to)] and (b,4) € [g(s,4)]. Then s; € [03(t0)]
and since P{g(s,1) | si = a} = k(a), we have (b 7j) € [k(s:)] C [03 (t1)], since k is a
morphism and k(to) = t1. So [[g((?%[e] (to))] C [0 (f(to))]-

Now, if (b, ) € [0/ (t1)] there exists a unique a € [03(to)] such that (b,5) € [k(a)].
Therefore, there exists a unique (s,4) such that (b,j) € [g(s,%)] and s; = a. Thus,
(s,9) € [Ope(to)]. Now, if (s',5) € [pe)(to)] is such that (b,j) € [g(s’,5)] it must
be s} = a, otherwise a would not be the unique element in [0g(to)] whose image
contains (b, ). Therefore, (s',j) = (s,1). v

The next corollary summarizes the results we have by means of the adjunction
(D[], F[]): Occ — DecOcc and by means of Winskel’s coreflections (N[, E[]):
PES — Occ and (Pr[], £[-]) : Dom — PES.

COROLLARY 1.8.10 (Extensions of Winskel’s coreflections [143])
The following are adjunctions whose right adjoints relate PT nets to, respectively,
occurrence nets, prime event structures and prime algebraic domains.

e ()" DL], FU[]) : Occ — PTNets;
o ()" DN, EFU[]): PES — PTNets;

e ()T DNPr[],LEFU]) : Dom — PTNets.
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In addition, FU[]safe = Uy[] and, therefore, EFU[|sate = EU,[] and
LEFU[ ]sate = LEU[], i.e., the semantics given to safe nets by the chain of
adjunctions presented in this work coincides with the semantics given by Winskel’s
chain of coreflections. v

OCCURRENCE NETS, EVENT STRUCTURES AND DOMAINS

This subsection contains a brief summary of Winskel’s work on the coreflection
of PES in Occ and on the equivalence of the category of prime event structures
(with binary conflict) and the category of finitary, (coherent), prime algebraic do-
mains [143] (see also [20, 148]).

Prime event structures [143] are the simplest event based model of computation.
They consist of a set of events, intended as indivisible quanta of computation, which
are related to each other by two binary relation: causality, modelled by a partial
order relation <, and conflict, modelled by an irreflexive, symmetric and hereditary
relation #.

DEFINITION 1.8.11 (Prime Event Structures and PES)
A prime event structure is a structure ES = (E, #,<) consisting of a set of events

E partially ordered by <, and a symmetric, irreflexive relation # C E x E, the
conflict relation, such that

{e/ € E | ¢’ < e} is finite for eache € E
e # e < e implies e # €” for each e,e’, e’ € E.

For an event e € F, define |e] = {e’ € E | e/ < e}.

A prime event structure morphism 0: (Eo, <o, #0) — (E1, <1,#1) is a partial func-
tion 0: Ey — FE4 such that

O(e) is defined implies |0(e)| C O(|e])
(0(e) #1 0(e') or 6(e) = 0(e')) implies (e #¢ €' ore =€)

This defines the category PES of prime event structures.

The computational intuition behind event structures is really simple: an event e
can occur when all its causes, i.e. |e], have occurred and no event which it is in
conflict with has already occurred. This is formalized by the following notion of
configuration, which gives the computations of event structures.

DEFINITION 1.8.12 (Configurations)
Given a prime event structure (E, #, <), define its configurations to be those subsets
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x C FE which are

Conflict Free: Vey,eq € x, not(ey # e2)
Left Closed: Ve € v Ve! < e, ¢’ € x

Let L(ES) denote the set of configurations of the prime event structure E.

We first recall the relationships between PES and Occ.

DEFINITION 1.8.13

Let © be an occurrence net. Then, £[O] is the event structure (To, <, #), where
< and # are the restriction to the set of transitions of © of, respectively, the flow
ordering and the conflict relation implicitly defined by ©.

Of course, for (f, g): No — N1, we define E[{f, g)] = f: E[No] — E[N1], which clearly
gives a functor £: Occ — PES.

Consider now the event structure ES = (E, <,#). As a notation, for a subset A
in E, we write #A to mean that for all a,a’ € A if a # o’ then a # a’. Similarly,
e < A means that e < ¢’ for all ¢’ € A. Then, define

NI[ES] = (8°,0": E — (M UB)®, @ M),
where
o M ={(2,A)| ACE and #A};
e B={(e,A)|e€ E, #A and e < A};
e %) =D{(c,A) | (¢c,A) € BUM and e € A};
o O'(e) = P{(e,A) | (e, A) € B}.
Then, we have the following.

ProPOSITION 1.8.14

NIES] is an occurrence net such that ENES] = ES. Moreover, the identity
function ES — EN|ES] = ES is universal from ES to £[.]. Therefore, N'|] extends
to a functor left adjoint to E[].

Finitary prime algebraic domains or dI-domains—introduced by G. Berry while
studying sequentiality of functions [8]—are particular Scott’s domains which are
distributive and in which each finite element is preceded only by a finite number of
elements of the domain.
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DEFINITION 1.8.15 (Finitary (Coherent) Prime Algebraic Domains)

Let (D,C) be a partial order. Recall that a set X C D is directed if all the pairs
x,y € X have an upper bound in X, is compatible if there exists d € D such
that x C d for all x € X and is pairwise compatible if {x,y} is compatible for all
x,y € X. We say that D is a (coherent) domain if it is pairwise complete, i.e., if for
all pairwise compatible X C D there exists the least upper bound of X, in symbols
L] X, in D.

A complete prime of D is an element p € D such that, for any compatible X C D,
if p C | | X, then there exists x € X such that p C x. We say that a domain D is
prime algebraic if for all d € D we have d = | |[{p C d | p is a complete prime}.

Moreover, an element e € D is finite if for any directed S C D, if e C | | S, then
there exists s € S such that e C s. We say that D is finitary if for all finite elements
eeD,{dCe|de D} €w.

In the following we shall refer to pairwise complete, prime algebraic and finitary
partial orders simply as domains. In order to simplify the definition of domain
morphisms, the relation of immediate precedence < is needed.

DEFINITION 1.8.16 (Immediate Precedence)
Given a domain D, let < be the binary relation on D defined by

d=<d if dCd AN (VzdCzCd =d=2z V d =2)
d<d if d<d A d#d.

DEFINITION 1.8.17 (Domain Morphisms and Dom)
Let Dy and D1 be domains. A domain morphism f: Dy — D1 is a function which
is

Additive: VX C Dy, X pairwise compatible, f(| ] X) =] f(X);
Stable: WX C Do, X # @, f(NX) =f(X);
<-preserving: Vz,y € Dy, v <y = f(z) < f(y).

The category Dom is the category whose objects are domains and whose arrows
are domain morphisms.

The categories PES and Dom are related by an adjoint equivalence, i.e., they
are equivalent categories. Now, let us recall the functors which constitute such an
equivalence.

PROPOSITION 1.8.18 (L from PES to Dom)
The mapping L[.] which maps a prime event structure ES to (L(ES), C), its set
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of configurations ordered by inclusion, and which maps a prime event structure
morphism 6: ESy — ES; to the function L[]: (L(ESy), C) — (L(ES1),C), defined
by

is a functor from PES to Dom.

Moreover, the complete primes of L[ES] are the elements |e| for e € E.

The definition on the objects of the “quasi-inverse” functor from Dom to PES
is as easy as that of L.

PROPOSITION 1.8.19 (Pr: from Dom to PES, part I)
Given a domain D, let Pp denote its set of complete primes. Then Pr(D) is the
prime event structure (Pp, #, <), where

p<p if pCyp and p#p if notIpuyp

is a prime event structure.

However, as far a morphisms is concerned, the behaviour of Pr is a bit more
complex. In order to be able to define it, we are required to look more closely to
domain morphisms.

DEFINITION 1.8.20 (Prime Intervals)
A prime interval of a domain D is a pair [d,d'] such that d < d'. Define

[e,d]1 < [d,d] if (¢=cMd)and (dUd=d),

and let ~ be the equivalence relation obtained as the transitive and symmetric
closure of (the preorder) <.

Then, the following result can be shown.

PROPOSITION 1.8.21 (~-classes are complete primes and viceversa)
Given a domain D, the map
[d, d']~ — p,

where {p} = ¢(d’) \ ¢(d), is an isomorphism of the ~—classes of prime intervals of
D and the complete primes Pp of D, whose inverse is the function

p [|_|{CEp N eFphp| -
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LEMMA 1.8.22
Let f: Dy — D1 be a morphism in Dom. Then

[e,c] ~[d,d] and f(c) < f(d) =
f(d) = f(d) and [f(c), f(')] ~ [f(d), f(d)]

It is now easy to define Pr on domain morphisms.

PROPOSITION 1.8.23 (Pr: from Dom to PES, part II)
For f: Dy — Dy in Dom define Pr(f): Pr(Dy) — Pr(D1) by

Pr(f)p)=p" if pr[d,d]. and f(d) < f(d) and [f(d), f(d)]~ — p'.

The lemma above guarantees that this definition is well given. Moreover, it makes
Pr:Dom — PES into a functor.

The functors £ and Pr are adjoints via the unit and counit of such adjunction
and established by the following.

THEOREM 1.8.24 (3, 0, ¢, 0 are isomorphisms)
Given a domain D, the function ¢: D — LPr(D), defined by

¢(d)={pCd|pe Pp},

is a domain morphism which is an isomorphism with inverse 0: LPr(D) — D, given
by 0(z) = | |z. Given a prime event structure E the map : PrL(E) — E, defined

by
U(le]) =e,

is a morphism of prime event structures which is an isomorphism whose inverse
n: E — PrL(E) is given by n(e) = |e].

THEOREM 1.8.25 (¥, 0, v, n are natural)
¢ is a natural isomorphism 1 2 LPr with inverse 0.
1 is a natural isomorphism PrL = 1 with inverse 1.

Therefore, we can conclude that
L:PES — Dom and Pr:Dom — PES
are equivalences of categories and, equivalently, that

(Pr,L,¢,): Dom — PES and (£, Pr,n,0): PES — Dom

are adjoint equivalences.
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1.9 Process versus Unfolding Semantics of Nets

The semantics obtained via the unfolding yields an explanation of the behaviour
of nets in terms of event structures, that is, in terms of domains. Domains can be
unambiguously thought as partial orderings of computations, where a computation
is represented by a configuration, which, in our context, is a “downward” closed,
conflict free set of occurrences of transitions. On the other hand, processes are
by definition left closed and conflict free (multi)sets of transition. Moreover, the
processes from a given initial marking are naturally organized in a preorder-like
fashion via a comma category construction. The question which therefore arises
spontaneously concerns the relationships between these two notions, and this is the
question addressed in this section.

It is worth noticing that in the case of safe nets the question is readily answered
exploiting Winskel’s coreflection (—,U[]): Occ — Safe. In fact, by definition an
adjunction (F,G): C — D determines an isomorphism between arrows of the kind
F(¢) — d in D and the arrows of the kind ¢ — G(d) in C. Then, in the case of safe
nets, we have a one-to-one correspondence

mO >N <+ 7:0—-U[N]

for each safe net N and each occurrence net ©. Therefore, since such correspondence
is easily seen to map processes to processes, in this special case, the correspondence
between process and unfolding semantics of IV is very tidy: they are the same notion
in the precise sense that there is an isomorphism between the processes of N and
the processes of U[N], i.e., the deterministic finite subnets of the unfolding of N,
i.e., the finite configurations of EU[N].

In our context, however, we have that the unfolding of N is strictly more con-
crete than the processes of N. For example, consider the simple net N and its
unfolding FU[N] shown in Figure 1.11. Clearly, there is a unique process of N in
which a single instance of ¢ has occurred. Nevertheless, there are two determinis-
tic subnets of FU[N] which correspond to such process, namely those obtained by
choosing respectively the left and the right instance of ¢. It is worth noticing that
such subnets are isomorphic and that this is not a fortunate case, since it is easy to
show that two finite deterministic subnets of FU[N] correspond to the same process
of N if and only if they are isomorphic via an isomorphism which sends instances
of an element of N to instances of the same element. More interestingly, the re-
sults in this paper will prove that this is the exact relationship between the two
semantics of N: the unfolding contains several copies of the same process which,
as illustrated in the preceding Sections 1.7 and 1.8 , are needed to provide a fully
causal explanation of the behaviour of N, i.e., to obtain an occurrence net whose
transitions represent exactly the instances of the transitions of IV in all the possible
causal contexts and which can therefore account for concurrent multiple instances
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6 JORNOL
(1] Lt [t]

» O O O

Figure 1.11: A net N and its unfolding FU[N]

of the same element of N, that is for autoconcurrency. More precisely, we shall see
that the finite deterministic subnets of the unfolding of N can be characterized by
appropriately decorating the processes of N, which shows directly that the differ-
ence between process and unfolding semantics of IV is due only to the replication
of data needed in the latter.

In the following, we shall also see that the difference between the concatenable
processes of N and the concatenable processes of FU[N] arises from a single axiom,
namely the part ¢; s = ¢ of axiom (¥) of Definition 1.1.16. Then, it is easy to observe
that the evident modification of P[] identifies a symmetric strict monoidal category
which gives a full account of the unfolding semantics. In other words, we introduce
a new notion of process DP[], in the style of [16], which gives a process-oriented
account of the unfolding construction, in the precise sense that, as already stated
in the introduction, for each PT net N and for each initial marking u we have

N+———>DP[N]

T

LrEFUI(N, u)] = (u| DPIN)) (1.26)

/’

(N,u)—=EFU[(N,u))

It is also worthwhile to notice that the part ¢;s = t of axiom (¥) captures
the essential difference between occurrence nets and decorated occurrence nets.
Therefore, decorated (deterministic) occurrence nets—we shall call them decorated
process nets—which at first seem to be just a convenient technical solution to
establish the adjunction from PT nets to occurrence nets, provide both the process
and the algebraic counterpart of the unfolding semantics. This also indicates that
decorated process nets and their algebraic formalization DP[.] are structures of
interest on their own, being the minimal refinement of Goltz-Reisig processes which
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guarantees the identity of all tokens. In fact, in order to achieve this it is necessary
to disambiguate both the tokens in the same place of the initial marking and the
tokens which are multiple instances of the same place, and, therefore, to introduce
the notion of families.

NOTATION. Observe that the categories Petri, and PTNets are incomparable, since Petri,
has less objects but more morphisms. However, as we already noticed in the remark in
page 65 at the beginning of Section 1.5, dropping the restriction of morphisms given by
axiom (v) in Definition 1.5.1 has no consequences on the definition of /[_] and, therefore,
on the definition of FU[]. The same of course applies to the existence of the pointed
element. Thus, in the following we shall consider U[] on MPetri®, the full subcategory
of MPetri consisting of the marked nets which belong also to PTNets, i.e., those nets N
such that 9% (t) # 0 for all ¢.

Moreover, to simplify notation, we shall use a single letter to denote net morphisms. The
context will nearly always say to which component of the morphism we are referring to.
However, when confusion is likely to arise, given f: No — Ni, we shall write use f; and f,
to indicate, respectively, the transition and the place components of f.

To the sake of readability, we recall the following simple notion from category
theory, explained in further details in Appendix A.1.

DEFINITION 1.9.1 (Comma Categories)

Let C be a category and ¢ an object of C. Then, the comma category {(c|C), also
called the category of elements under c, is the category whose objects are the arrows
fiec — ¢ of C and whose arrows h:(f:c — ') — (g:¢ — (') are commutative

diagrams
c
/ X
o
c - c

Identities and arrows composition are inherited in the obvious way from C.

We start by observing that finite configurations of EFU[N] coincide with finite
deterministic subnets of FU[N]. We extract from the theory in Section 1.5 the
following easy useful properties of morphisms between occurrence nets.

LEMMA 1.9.2
Let f:©9 — O be a morphism of marked PT nets between the occurrence nets O
and ©, which maps places to places. Then, for all x € Tg, U Se, we have
depth(f(z)) = depth(x).
Proof. By induction on the depth of x. Since marked PT net morphisms map initial
markings to initial markings, the thesis holds in the base case, i.e., if depth(z) = 0.

inductive step. Let n be the depth of x and suppose that x is a transition. Then, by
definition of depth, we have that depth(y) < n —1 for all y € *z and that there exists
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z € *z such that depth(z) = n — 1. Then, since f(*z) = ®f(x), the thesis follows
immediately by induction. If instead z is a place we have that depth(¢) = n, where ¢
is the unique element in ®z. Then, as we just proved, depth(f(¢)) = n and since
f(z) € f(t)* the proof is concluded. v

LeEmMMA 1.9.3
Let f:©9 — O1 be a morphism of marked P'T nets between the occurrence nets O
and ©; which maps places to places. Consider x € Tg, U Se, and suppose that
y < f(x) for some y € To, U Se,. Then, there exists § < « such that f(g) = y.
Proof. In order to show the thesis, it is enough to consider the following two cases.
i) Suppose that a € ¢* and f(@) = a. Since a does not belong to the initial marking
of ©1, then a cannot belong to the initial marking of ©¢. Therefore, there exists
a unique ¢ € *a and, necessarily, f(t) = t.
ii) Suppose that a € *t and that f(¢) = ¢. Then, since f(*t) = *¢ and since f maps
places to places, it must exists a € Se, such that f(a) = a. v

LEMMA 1.9.4

Let f:©9 — O be a morphism of marked PT nets between the occurrence nets O

and ©1 which maps places to places, and consider elements x and y in Te, U Se,-

Then, if f(x) = f(y) or f(z) # f(y), we have x =y or = # y.

Proof. We proceed by induction on the least of the depths of  and y.

base case. If depth(z) = depth(y) = 0, then f(z) = f(y). In fact, in this case = and y
belong to the initial marking of ©®¢ and thus, by definition of marked morphism, f(z)
and f(y) are in the initial marking of ©;. It follows that they cannot be in conflict,
since # N [ue] X [ue] = . Now, if z # y, we have f(ue,) = f(r By du) =
f@) @ fly) @ f(u) = 2f(z) ® f(u). But this is impossible, since f(ue,) = ue, and
each token in ug, has multiplicity one.
inductive step. Let n > 1 be the least of the depths of z and y. Without loss of
generality, assume depth(z) = n. First suppose that f(z) = f(y). Then, there exist
z € *x and 2’ € *y such that f(z) = f(2'). Then, if x is a transition, depth(z) < n
and therefore, by induction, f(z) = f(z') or f(z) # f(z'), whence it follows that
f(z) = f(y) or f(z) # f(y). If instead z is a place, then z is a transition at depth n
and the induction is maintained exploiting the proof given above for such a case.

Suppose instead that f(z) # f(y). By definition, this means that there exist o and ¢,
in Te, such that to #m t1, to < f(z) and t1 < f(y). Then, by Lemma 1.9.3, there
exist to < x and &1 < y in Te, such that f(fo) = to and f(t1) = t1. This concludes
the proof since, by induction, we have to # t1 which implies = # . v

Observe that the restriction to morphisms which map places to places in the
previous lemmas is not necessary to show that morphisms of occurrence nets pre-
serve the depth of elements and reflect <-chains and the conflict relation. However,
the formulations above suffices for application in the following propositions.
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ProposiTioN 1.9.5
Let N be a marked net in MPetri*. There is an isomorphism between the set of
finite configurations of EFU[N] and the set of (marked) processes m of FU[N].

Proof. Let ¢ be the function which maps a process m:© — FU[N] to the set of
transitions m(Te). Recall that 7 is a marked net morphism between occurrence nets
which maps places to places. Then, by Lemma 1.9.4, we have that m maps concurrent
transitions to concurrent transitions. Since © is a process net, and thus deterministic,
n(Te) is conflict free. Consider now t € n(Teo) and let t' € Tryny be such that
t' < t. Then, by Lemma 1.9.3, there exists z € To such that w(z) = ¢/, i.e., m(Te) is
downwards closed and, thus, a finite configuration of EFU[N].

On the contrary, let X be a finite configuration of EFU[N]. By depth of an element x
of X we mean the length of the shortest chain in X whose maximal element is z; the
depth of X is the greatest of the depths of its elements. We show by induction on
the depth of X that there exists a unique (up to isomorphism) process 7: © — FU[N]
such that 7(Te) = X.

base case. If X = &, let © be the subnet of depth zero of FU[N], i.e., the net consisting
of the minimal places of FU[N], and let © be the inclusion FU[N]®) — FU[N].
Clearly, 7 is the unique (marked) process of FU[N] such that ¢(r) = &.

inductive step. Suppose that the depth of X is n 4+ 1. Let Z be the set of elements
of X at depth m + 1. Since the elements of Z are necessarily maximal in X, the
set Y = X \ Z is a configuration of EFU[N]. Moreover, the depth of Z is n. Then, by
induction, there exists a unique 7: ©® — FU[N] such that 7(Te) =Y. Let t € Z and
consider a € 897“[1\,] (t). We show that there exists a unique place z, € Se, which in
addition is maximal, such that 7(z4) = a. The following two cases are possible.

i) *a = . Then, a belongs to the initial marking of FU[N] and thus, by definition
of marked net morphism, there exists a unique z, € ue such that w(ma) = a.
Moreover, since by Lemma 1.9.2 7 preserves the depth of elements, there is no
other z € Se such that 7(z) = a.

ii) *a = {t'}. Then, ¢ < t and thus, since X is downwards closed, there exists
x € Te such that 7(z) = t'. It follows that we can find a unique x, € z* such
that 7(z,) = a. Now, since by Lemma 1.9.4 7 maps concurrent transitions to
concurrent transitions, x is the unique transition of © mapped to t'. Therefore,
Zq is the unique place of © mapped to a.

Observe that x, must be maximal in ©. In fact, is there were z € z, there would be
m(x) € X with m(x) # ¢, which is impossible since X is a configuration.

Now, it is easy to see that 7 can be extended to a process 7’ such that ¢(7') = X
in essentially a unique way. To this purpose, consider the net ©' obtained by adding
to ©, for each t € Z, a new transition z; and a new place a for each a € G}M[N](t)
with

98 (21) = D{wa | a € gyn ()} and 96/ (z4) = D{a | a € Izyyn(H)}-

Since FU[N] is an occurrence net, we have that 5;.—14[1\7](150) N G}M[N](tl) = @, for
to # t1 in Z, and therefore, by definition, ©’ is an occurrence net. Moreover, since Z
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is a set of concurrent transitions, we also have 52:M[N](to) N 52:M[N](t1) = . Then,
considering also that each x, is maximal in ©, we conclude that ©’ is deterministic.
Therefore, 7’ defined as

m(zx) ifzeTeUSe
mx)=4 t ife=x,forte”z
a ifx:aforaea}_-uw](t) andt € Z

is a process of FU[N] such that ¢(r') = 7n'(Ter) = X. Observe that, given the
uniqueness of x,, the only possible variation in the construction of 7’ is in the choice of
“names” for the transitions and the places added to ©. Then, since 7 is by inductive
hypothesis the unique process such that 7(Te) = Y, we conclude that 7’ is (up to
isomorphism) the unique process such that 7'(Te/) = X.

Therefore, ¢ is an isomorphism. v

Our next task is to characterize the processes of FU[N] in terms of processes
of N. We shall do it by means of the following notion of decorated process.

DEFINITION 1.9.6 (Decorated Processes)
Let N € MPetri*. A decorated process of N is a triple DP = (¢, ) where

e m:© — N is a finite (marked) process of N;
o ( is a m-indexed ordering of min(©);

o 7 is a family {7(t)} indexed by the non maximal transitions t of ©, where
each 7(t) is a m-indexed ordering of the post-set of t in ©.

The decorated processes (m:© — N, ¢, 1) and (n':©" — N, 7') are isomorphic,
and then identified, if their underlying processes are isomorphic via an isomor-
phism ¢ which respects all the orderings, i.e., E;/(W(a))(cp(a)) = lr(a)(a) for all
a € min(0), and 7'(p(t))r (p(a)) (¢(a) = T(t)r(a)(a) for all non maximal t € Te
and for all a € t°.

We say that (m:© — N, {,7) < (#":©0" — N, 7') if there exists p:0© — O’
which preserves all the orderings and such that m = 7’ o ¢. Clearly, the set of
decorated processes of N is preordered by <. We shall write DP[N] to indicate
such preordering.

ProrosITION 1.9.7
DP[N] is a partial order.
Proof. Consider DP = (m:© — N,{,7) and DP’ = (':©®" — N, ¢, 7'), and suppose
that DP < DP’ and DP’ < DP. Then, by definition, there exist ©:® — ©’ and
¢©':©" — © which respect all the orderings and such that 7 = 7’ o p and 7’ = 7o ¢’

110



1.9. PROCESS VERSUS UNFOLDING SEMANTICS OF NETS

Since we identify isomorphic decorated processes, to conclude the proof it is enough to
show that ¢ is an isomorphism. Observe however that, since 7 and 7’ map places to
places and since ™ = 7’ o ¢, it follows that ¢ has to map places to places. The same of
course holds for ¢’. Then, we show the thesis by showing the following more general
fact: whenever the process nets © and ©' are linked by marked PT net morphisms
©:© — ©" and ¢': ©' — © which map places to places, then ¢ (') is an isomorphism.
Observe that, because of the aforesaid property of its place component, in order to
show that ¢ (¢’) is an isomorphism it is enough to show that it is injective and
surjective on both places and transitions.

injectivity. Since © is deterministic, it follows immediately in virtue of Lemma 1.9.2
and Lemma 1.9.4 that ¢ is injective. Of course, for the same reason, also ¢’ is injective.
surjectivity. By Lemma 1.9.2, we know that, for each n > 1 (n > 0), ¢ and ¢’ restrict to
functions between the sets of transitions (places) at depth n of © and ©’. Moreover, by
definition of process nets, we have that such sets are finite. Then, the surjectivity of ¢
follows immediately from the injectivity of ¢ and ¢’ and from the following general
fact: if f: A — B is an injective function between the finite sets A and B, and if
there is injective function g: B — A, then f (g) is surjective. We prove this claim by
induction on the cardinality of A.

base case. If A = &, then necessarily B = & and the thesis holds.

inductive step. Let |[A| =n+1 and consider z € B. We have to show that there exists
y € A such that f(z) = y. Consider y = g(z) in A and 2’ = f(y) in B. If z = 2’
we are done. Otherwise, since f and g are injective, they restrict, respectively, to
injective functions f: A\ {y} — B\ {z'} and g: B\ {z'} — A\ {y}. Then, by induction
hypothesis, there exists 3y’ € A\ {y}, i.e., ¥’ € A, such that f(y') = =. v

Consider now the marked net morphism ey: FU[N] — N given by
((x,a),i) —a and (B,t)—t.

By construction of FU[N], this is clearly a morphism in MPetri* (though not in
PTNets). Given its similarity with the folding morphism of [N] into N defined in
Proposition 1.7.5, i.e., the counit of the adjunction DecOcc — PTNets, we use the
same notation for both the morphisms. Moreover, we shall refer to en: FU[N] — N
as the folding of FU[N] into N. However, the reader is warned not to confuse the
two notions. The folding ey provides an obvious way to map a process 7m: 0 —
FUIN] to a process of N, namely ey om0 — N. Moreover, we also have the
following natural way of finding ¢ and 7 which decorate this process and make it
be a decorated process P(m) = (eom, £,7) of N.

e Let b be in min(0O) and suppose that 7(b) = ((&, a), ). Then, taking ¢,(b) = i
clearly gives a em-indexed ordering of min(©).

e Let t be a transition of ©, and consider b € t*. Since 7 is a process morphism,
its image through 7 must be a place in the post-set of 7 (t), i.e., a component
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of some family in 7 (¢)®, say 7(b) = ((w(¢),a),j). Then, taking 7(t),(b) = j
clearly gives a em-indexed ordering of ¢°.

In the opposite direction, we define a mapping F' as follows. Let (7, ¢,7) be a
decorated process of N with m:©® — N. Then, F(m, ¢,7) is f: © — FU[N] defined
inductively as follows.
depth 0. For b € min(©), consider f,(b) = ((&,a),?) with a = m(b) and i = £,(b),
while, of course, for ¢ € Te, fi(t) is ([fp(*t)], 7(t)).
depth n+1. Let t be an element of depth n+1 in Te. Again, f;(¢) is ([fp(*¢)], 7(¢)).
Consider now b € t*. If ¢ is not maximal, then f,(b) = (({f:(¢t)},7(b)),) for i =
T(t)a(b). If instead ¢ is maximal, take g(b) to be any place of FU[N] (corresponding
in U[N] to an element) in the family (7 (), 7(b))¥ in such a way that the restriction
of f, to m=1(b)Nt* is an isomorphism. It follows immediately from the definition of
U[N] and from the fact that, by definition of process, 7 maps places to places, that
this is always possible. Moreover, observe that all the different possible choices for
fp(b) give rise to isomorphic decorated processes. For this, it is enough to consider
the isomorphism of process nets p: © — © which permutes appropriately the places
in 771(b) Nt* and is the identity elsewhere.

Informally, the behaviour of P and F' may be explained by saying that P and F'
just move the information about families, respectively, in £ and 7 from 7 and back
in 7 from ¢ and 7. Of course, we have that F'P(7) = 7 and it shows clearly in the
construction of F(m, ¢,7) that PF(m,¢,7) is (up to isomorphism) again (m, ¢, 7).
Therefore, we have shown the announced correspondence.

ProposiTioN 1.9.8
The set of decorated processes of N is isomorphic to the set of (marked) processes
of FU[N] via the maps F and P given above.

The correspondence above can be easily lifted to the partial orders of decorated
processes and finite configurations of EFU[N].

ProprosiTION 1.9.9
For any N € Petri*, DP[N] is isomorphic to LrEFU[N].

Proof. We only need to show that, given the decorated processes DP = (m:© — N, £, 1)
and DP’ = (7':©" — N, ¢, 7'), we have DP < DP’ if and only if ¢F(DP) C ¢ F(DP'),
where ¢F gives the configuration corresponding to a marked decorated process as
described by Proposition 1.9.5 and Proposition 1.9.8.

If DP < DP’, then there exists »:© — ©’ which preserves the labellings and such
that m = ' o . It follows immediately that ¢ is a morphism between the process nets
underlying F(DP) and F(DP'), and therefore ¢ F(DP) C ¢F(DP’). The other impli-
cation comes along the same lines: if ¢F (DP) C ¢F(DP'), then there is a morphism ¢
from the process net underlying F'(DP), i.e., ©, to the process net underlying F'(DP’),
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i.e., ©', such that F(DP) = F(DP")oy. Clearly, ¢ is the marked net morphisms which
maps the element x of © to the unique element of ® in F(DP’)~'(F(DP)(z)). Then,
¢ is a morphism from © to ©®' which preserves the labellings ¢ and 7 and such that
m = 7’ o . Therefore, ¢ shows that DP < DP’. v

Exploiting further the idea of decorated processes, the same conceptual step
which led from non-sequential processes to concatenable processes suggests the
following definition.

DEFINITION 1.9.10 (Decorated Concatenable Processes)

A decorated concatenable process of the (unmarked) net N in Petri, is a quadruple
(w, 2,7, L) where (m,¢,L) is a concatenable process of N and 7 is a family {7(t)}
indexed by all transitions t of ©, where each 7(t) is a m-indexed ordering of the
post-set of t in O.

An isomorphism of decorated concatenable processes is an isomorphism of the un-
derlying concatenable processes which, in addition, preserves all the orderings given
by 7, i.e., T'(¢(t))r (p(a)) (0(a)) = T(t)r(ay(a) for allt € Tg and a € t°.

So, a decorated concatenable process is a concatenable process where the post-
sets of all transitions are m-indexed ordered. Observe that in the definition above
(m,¢,7) is different from a decorated process in two respects: first of all, 7 is
unmarked and secondly, and more importantly, there is a component of 7 also for
the maximal transitions. It follows that a place in max(©) has in every case a
double ordering: derived from L and ¢ if it is also minimal, and derived from L
and 7 otherwise.

Since decorated concatenable processes are concatenable processes, they can be
given a source and a target, namely those of the underlying concatenable process.
Moreover, the concatenation of concatenable processes can be lifted to an operation
on decorated concatenable processes. The concatenation of (m, £y, 70, Lo):u — v
and (m1,¢1,7,L1):v — w is the decorated concatenable process (m, ¢, 7, L):u — w
defined as follows (see also Figure 1.12, where 7(¢) is depicted by decorating the
arcs outgoing from t). In order to simplify notation, we assume that the process
nets corresponding to 7wy and 71, say Oy and ©1, are disjoint.

e Let A be the set of pairs (y,x) such that z € max(0g), y € min(0,),
mo(x) = m1(y) and (£1)r, (y)(¥) = (Lo)ro(x)(2). By the definitions of deco-
rated concatenable processes and of their sources and targets, A determines
an isomorphism A: min(©;) — max(0y). Consider S; = Se, \ min(0;), and
let in: Se, — Se, U S1 be the function which is the identity on S; and maps
y € min(O1) to A(y). Then,

0= (6%,5(1):1—'@0 UT@1 — (S@O U Sl)EB),

where
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— 03(t) =02, (t)if t € To, and 93 (t) = in®(9Q (1)) if t € To,;
— 0(t) =04, (t) if t € To,.

Then, m: © — N coincides with my on Se, UTe, and with 7 on S1 UTg,.
o [ =1/
o 7(t) =7;(t) if t € To,.
o Lo(y) = (L1)a(y) if y € S1, Lao(x) = (L1)a(A7(2)) if 2 € max(Oy).

Therefore, we can consider the category DCP[N] whose objects are the finite
multisets on Sy and whose arrows are the decorated concatenable processes.

ProrosiTiON 1.9.11

Under the above defined operation of sequential composition, DCP[N] is a category
with identities those decorated concatenable processes consisting only of places,
which therefore are both minimal and maximal, and such that ¢ = L.

Decorated concatenable processes admit also a tensor operation ® such that,
given DCPy = (7o, Lo, 70, Lo): uw — v and DCP1 = (71, 41,71, L1): v/ — v', its tensor
DCPy ® DCP; is the decorated concatenable process (7,4, 7,L):u® u' — v @ v’
given below (see also Figure 1.12), where again we suppose that ©p and ©1, the
underlying process nets, are disjoint.

e ©=(03,04:Te, UTo, — (Se, U Se,)®), where
— 0g(t) =9, (t) if t € To,;
— 95(t) = 9, (t) if t € To,.

Then, m: © — N is obviously given by 7(z) = m;(z) for z € Te, U Se,.

° Eafl:c) = (lp)a(z) if z € Se,, and £,(x) = |7r51(a) N min(O¢)| + (¢1)a(x)
otherwise.

o 7(t) =7i(t) if t € To,.

. Lah(x) = (Lo)a(z) if © € Se,, and L, (z) = |77 (a) N max(01)| + (L1)a(z)
otherwise.

It is easy to see that ® is a functor from DCP[N] x DCP[N| — DCP|[N].
Moreover, as in the case of concatenable and strong concatenable processes, we have
that the decorated concatenable processes consisting only of places play the role of
the symmetries of monoidal categories. In particular, for any u = nia; ®- - - B ngag
and v = m1b; & --- ® mypbp, the concatenable process having as many places as
elements in the multiset u @ v mapped by 7 to the corresponding places of N and
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Figure 1.12: An example of the algebra of decorated concatenable processes

such that L, (x) = v(a;) + £q, (x) and €y, (x) = Ly, (z) — u(b;) (see also Figure 1.13)
is the symmetry coherence isomorphism =, , with respect to which DCP[N] is a
symmetric monoidal category, i.e., equations (1.2)—(1.6) hold in DCP[N] for the
given family of ~, ., which, moreover, is a natural transformation. Therefore, we
have the following.

ProrosiTION 1.9.12
DCP[N] is a symmetric strict monoidal category with the symmetry isomorphism
{%ﬂ/}u,vesjﬁ given above.

Observe that, since the decorated concatenable processes consisting only of
places are just concatenable processes, in fact the subcategory Sympepny of sym-
metries of DCP[N] coincides with the corresponding one of CP[N]. Such observa-
tion will be useful later on. Observe also that the transitions ¢ of N are represented
by decorated concatenable processes with a unique transition and two layers of
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places: the minimal, in one-to-one correspondence with 9% (¢), and the maximal,
in one-to-one correspondence with 9% (¢) (see also Figure 1.13). The decoration, of
course, consists in taking 7(¢) = L.

Recalling that the concatenable processes of N correspond to the arrows of P[N],
and observing that the m-indexed orderings of the post-sets of the transitions of dec-
orated concatenable processes is manifestly linked to the ¢; s = ¢ part of axioms (¥)
in Definition 1.1.16, we are led to the following definition of the symmetric monoidal
category DP[N] which captures the algebraic essence of decorated (concatenable)
processes, and thus of the unfolding construction, simply by dropping that axiom
in the definition of P[N].

DEFINITION 1.9.13 ( The category DP[N])
Let N be a PT net in Petri. Then DP[N] is the monoidal quotient of the free
symmetric strict monoidal category on N modulo the axioms

Yap = tdegp ifa,b€ Sy anda#b
st =t ift € Ty and s Is a symmetry. (1.27)

Explicitly, the category DP[N] is the category whose objects are the elements of
Sjﬁ and whose arrows are generated by the inference rules

uGS]% u,vinS% t:u —vinTy
idy:u — u in DP[N] cyp:u®v —u®v in DP[N] t:u — v in DP[N]

a:u — v and f:v — v in DPIN] a:u — v and f:v — w in DP[N]
a®B:udu —vdv in DP[N] a; B:u — w in DP[N]

modulo the axioms expressing that DP[N] is a strict monoidal category, namely,
a;idy = =idy;a and  (a;5);0 = «;(8;9),
(a@p)i=a® (I and idy®a=a=a® idy, (1.28)
idy ® idy = idysy and (a®d');(B@ ) = (a;8) @ (/s 5),

the latter whenever the righthand term is defined, the following axioms expressing
that DP[N] is symmetric with symmetry isomorphism ¢

Cu,vdpw — (Cu,v ® Zdw), (Zdv ® Cu,w)v
Cuw;(BRa) = (@®B)jcy foraiu—wv, fiu’ — 0, (1.29)
Cuws Cou = idu@v;

and the following axioms corresponding to axioms (1.27)

Cap = idggy ifa,be Sy anda#b
(idy ® Cag @ idy)it = t ifteT. (1.30)
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Figure 1.13: A transition ¢:n - a — m - b and the symmetry vp.q,m.o in DCP[N]

It is worthwhile to remark again that in the definition above axioms (1.28)
and (1.29) define F(N), the free symmetric strict monoidal category on N. Mo-
roever, as we already know from Section 1.2, exploiting the coherence axiom, i.e.,
the first of (1.29), a symmetry in F(IN) can always be written as a composition
of symmetries of the kind (id, ® cqp ® id,) for a,b € Sy. Then, since we have
Cab = idqap if a # b, the second of (1.27) takes the particular form stated in (1.30).

The following expected result is now a simple revision of Proposition 1.1.19 and
Proposition 1.4.5. Actually, the scheme of the demonstration is the one used in
the proof of Proposition 1.4.5, which in turn matches that of the proof of Proposi-
tion 1.1.19 in [16, 17]. The differences reside of course in the use of the axioms and,
in particular, in the proof of the case depth 1 of the induction, where the differences
between the categories P[N], Q[N] and DP[N] play an evident role.

ProrosiTION 1.9.14
DCP[N] and DP[N] are isomorphic.

Proof. Let F(N) be the free symmetric strict monoidal category on N (see the remark
following Definition 1.9.13). Corresponding to the inclusion morphism N — DCP[N],
i.e., to the PT net morphism whose place component is the identity and whose tran-
sition component sends ¢ € T’y to the corresponding decorated concatenable process
(see Figure 1.13), there is a symmetric strict monoidal functor H: F(N) — DCP[N].
Observe that DCP[N] satisfies axioms (1.27), the symmetries and the transitions being
as explained before (see Figure 1.13). In fact, if a,b € Sy and a # b, by definition
of f-indexed ordering, we have 7,35 = idags. Moreover, for S a symmetry and T
a transition in DCP[N], it follows easily from the definition of _;_ that S;T is (iso-
morphic to) T. Therefore, we have H(cas) = Yap = idags when a # b € Sh,
and since any symmetric monoidal functor sends symmetries to symmetries, we have
H(s;t) = H(s); H(¢t) = S; H(¢) = H(¢), i.e., taking (1.27) as our set £ of equations, H
satisfies condition in (i3) of Proposition 1.2.2. Therefore, denoting by Q the quotient
functor from F(N) to DP[N] induced by equations (1.27), by Proposition 1.2.2, there
exists a (unique) symmetric strict monoidal functor K: DP[N] — DCP[N] such that
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the diagram below commutes.

In the following we shall prove that K is an isomorphism. Observe that, by definition,
for any u € ST, we have K(u) = K(Q(u)) = H(u) = u, i.e., K is the identity on the
objects. Moreover, we can easily conclude that it is an isomorphism on the symmetries.
In fact, as already remarked, the decorated concatenable process of depth zero, i.e., the
symmetries of DCP[N], are exactly the concatenable processes of depth zero, i.e., the
symmetries of CP[N]. Therefore, we have Sympepin) = Symepin)- Now observe that,
by Proposition 1.2.5, we know that P[N] is the monoidal quotient of DP[N] modulo the
axiom t; s = t. Then, since composing and tensoring terms containing transitions will
never yield a symmetry, this axiom does not induce any equality on the symmetries.
Therefore, we have that Symp(n; = Sympp(y). Moreover, Proposition 1.1.19 shows
that Symp;y) and Symcpy) are isomorphic via a functor whose object component is
the identity (see also Section 1.2 and [17, 121]). Now observe that, once the object
component is fixed, there can be at most one symmetric strict monoidal functor F
between two categories of symmetries. In fact, on the one hand we have that, by
definition, the symmetries of a symmetric strict monoidal category are generated by
the identities and the components of the isomorphism , while on the other hand,
it must necessarily be F(idu) = idr,) and F(yuw) = YFu),F) (see axioms (1.7)-
(1.9)). Then, since K is a symmetric strict monoidal functor whose object component
is the identity, its restriction to Sympp(y is an isomorphism Symppn) = Symp(n) =
Symepn) = SYMpep(n)-

We proceed now to show that K is full and faithful.

fullness. It is completely obvious that any decorated concatenable process DCP may
be obtained as a concatenation DCPy;...; DCP,, of decorated concatenable processes
DCP; of depth one. Now, each of these DCP; may be split into the concatenation of a
symmetry S§, the tensor of the (processes representing the) transitions which appear
in DCP; plus some identities, say idu, ® ®j K(t}), and finally another symmetry Si.
The intuition about this factorization is as follows. We take the tensor of the transitions
which appear in DCP; in any order and multiply the result by an identity concatenable
process in order to get the correct source and target. Then, in general, we need a pre-
and a post-concatenation with a symmetry in order to get the right indexing of minimal
and maximal places and of the post-sets of each K(t;) Thus, we finally have

DCP = 5§; (idu, ® @; K(1)); (S7350); - -5 (ST715.50); (idu,, ® @, K(t7)); ST

which shows that every decorated concatenable process is in the image of K.

faithfulness. The arrows of DP[N] are equivalence classes modulo the axioms stated
in Definition 1.9.13 of terms built by applying tensor and sequentialization to the
identities id., the symmetries ¢y, and the transitions ¢. We have to show that, given
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two such terms « and 3, whenever K(a) = K(3) we have o =¢ 3, where =¢ is the
equivalence induced by (1.28), (1.29) and (1.30).

First of all, observe that if K(«) is a decorated process DCP of depth n, then « can
be proved equal to a term

o = s0; (idu, ®®j t;);su coes8n=1; (idu, ® ®]. t7); sn

where, for 1 < ¢ < n, the transitions t;, for 1 < j < n,, are exactly the transi-
tions of DCP at depth ¢ and where so,...,s, are symmetries. Moreover, we can
assume that in the i-th tensor product ®j t; the transitions are indexed according
to a global ordering < of T assumed for the purpose of this proof, i.e., t& < --- <
tﬁw for 1 < ¢ < n. Let us prove our claim. It is easily shown by induction on
the structure of terms that using axioms (1.28) « can be rewritten as «ai;...;an,
where a; = ®k €l and ¢! is either a transition or a symmetry. Now, observe that
by functoriality of ®, for any o’:u/ — ', o”:u” — ¢” and s:u — u, we have
d®@s®@a” = (idy @ s® idyn); (@ @ idy, ® "), and thus, by repeated applications
of (1.28), we can prove that « is equivalent to So; @1;51 ... ; Sh—1; @n, where So, ..., 5h—1
are symmetries and each @; is a tensor ) A £ of transitions and identities. The fact
that the transitions at depth ¢ can be brought to the i-th tensor product, follows
intuitively from the facts that they are “disjointly enabled”, i.e., concurrent to each
other, and that they depend causally on some transition at depth i — 1. In particular,
the sources of the transitions of depth 1 can be target only of symmetries. Therefore,
reasoning formally as above, they can be pushed up to @; exploiting axioms (1.28).
Then, the same happens for the transitions of depth 2, which can be brought to as.
Proceeding in this way, eventually we show that « is equivalent to the composition
S0; Q1581 - - .} 8n—1; Qn; Sn Of the symmetries So, ..., S, and the products &; = ®k é;
of transitions at depth i and identities. Finally, exploiting Lemma 1.4.4, the order of
the f; can be permuted in the way required by <. This is achieved by pre- and post-
composing each product by appropriate o-interchange symmetries. More precisely,

let o be a permutation such that ®k a(k) coincides with id.; ® ®j t;~7 suppose that

E;: ul — v, for 1 <k < k; and let v, be the o-interchange symmetry guaranteed by
Lemma 1.4.4 in DP[N]. Then, since 7, is a natural transformation, we have that

=i =

u217(®k go'(k)) = (®k gk);r}/ov'{,m,vi )

ki

,,,,,,

Now, applying the same argument to [, one proves that it is equivalent to a term
B = po;Bo;p1;-..Pn—1; Pn; Pn, where po,...,pn are symmetries and 3; is the product
of the transitions at depth ¢ in K(3) and of identities. Then, since K(a) = K(3), and
since the transitions occurring in [3; are indexed in a predetermined way, we conclude
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that §; = (idu, ® @, t5), ie.,

o = sm(idul ®®j t});sl;...;snfl;(idun ®®j t?);sn
B = po;(iduy @ @, )i P13 Pn—1; (idu, @ Q;17); Pn- (1.31)

In other words, the only possible differences between o’ and 3 are the symmetries.
Observe now that the steps which led from « to o’ and from 8 to 8’ have been per-
formed by using the axioms which define DP[N] and since such axioms hold in DCP[N]
as well and K preserves them, we have that K(a') = K(a) = K(8) = K(8'). Thus, we
conclude the proof by showing that, if & and 3 are terms of the form given in (1.31)
which differ only by the intermediate symmetries and if K(a) = K(8), then a and 3
are equal in DP[N].

We proceed by induction on n. Observe that if n is zero then there is nothing to show:
since we know that K is an isomorphism on the symmetries, so and po, and thus «
and (3, must coincide. To provide a correct basis for the induction, we need to prove
the thesis also for n = 1.

depth 1. In this case, we have
a = so0;(idy ® ®]. t;); s1
B= po;(idu® @, t;)ip1.

Without loss of generality, we may assume that po and p: are identities. In fact, we
can multiply both terms by pgl on the left and by pl_1 on the right and obtain a pair
of terms whose images through K still coincide and whose equality implies the equality
in DP[N] of the original « and 3.

Let (m:©® — N,¢,7,L) be the decorated concatenable process K(id, ® ®j t;). Of
course, we can assume that K(so) and K(s1) are respectively (mo:©9 — N, ¢, &, {)
and (m1:01 — N,L, &, L"), where O is min(©), ©1 is max(©), mo and m are the
corresponding restrictions of 7, and ¢’ and L’ are m-indexed orderings respectively of
the minimal and the maximal places of ©.

Then, we have that K(so; (idw ® ®j tj);s1)is (m:©® — N, ¢, 7,L"), and by hypothesis
there is an isomorphism ¢:© — © such that m o ¢ = 7 and which respects all the
orderings, i.e., £y (,(a)) (9(a)) = Lr(ay(a) and L7 )y (¢(D)) = Lr)(b), for all a € ©g
and b € ©1, and 7((t))re(a)(@(a)) = T(t)r(a)(a) for all t € © and a € t*. Let us
write id, ® ®]. t; as ®k &k, where &, is either a transition ¢; or the identity of a place
in u. Moreover, let &;:ur — vg, for 1 < k < k;. Clearly, ¢ induces a permutation of
the symbols &, namely the permutation o such that &,x) = @(&x). Then, in order
to be a morphism of nets, ¢ must map the (places corresponding to the) pre-set,
respectively post-set, of ¢; to (the places corresponding to the) pre-set, respectively
post-set, of t,(;. Observe now that this identifies ¢ uniquely on the maximal places
of ©, which implies that K(s1) is completely determined. In fact, if a maximal place x
is also minimal, then the corresponding & is the identity id., and thus x must be
mapped to the object for which &, () is the identity. If instead z is in the post-set
of t; then x must be mapped to the post-set of t,(;) in the unique way compatible
with the family of m-indexed orderings 7. In other words, K(s1) is the component at
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(v1,...,vE,;) of the o-interchange symmetry. Then, since K is an isomorphism between
Sympp(n) and Sympep(n), S1 must necessarily be the corresponding component of the
o-interchange symmetry in DP[N].

Concerning K(so), we cannot be so precise. However, since we know that the pre-sets
of transitions are mapped by ¢ according to o, reasoning as above we can conclude that
(m0,£,2,£"), which is K(so)™", must be a symmetry obtained by post-concatenating
the component at (u1, ..., ux,) of the o-interchange symmetry to some product ®]. S
of symmetries, one for each ¢ occurring in «, whose role is to reorganize the tokens in
the pre-sets of each transitions. It follows that s¢ is m;ilw’uki; (idu®®j sj), where s;
is a symmetry on the source of ¢;.

Then, by distributing the tensor of symmetries on the transitions and using the second
of (1.30), we show that a = ’Y;ql“,m,uk. i (idu ® ®j t3); Yo v1,...,vx, » Which, by definition
of o-interchange symmetry, is (id, ® ®j t;). Thus, we have a =¢ (3 as required.

Inductive step. Suppose that n > 1 and let a = o’;’" and 8 = 3'; 8", where

o = so;(idul®®jt});31;...;sn,1 and o = (idun®®jt;~1);sn
B = po;(iduy ® @, t;)ip15. . spn—1 and B = (idu, @ Q;1])ipn

We show that there exists a symmetry s in DP[N] such that K(a';s) = K(8') and
K(s™%a”) = K(B”). Then, by the induction hypothesis, we have (o/;s) =¢ 8’ and
(s7';a”) =¢ B”. Therefore, we conclude that (o/;s;5 %) =¢ (3;6"), i.e., that
a = B in DP[N].

Let (m:© — N, ¥, 7, L) be the decorated concatenable process K(a) = K(3). Without
loss of generality we may assume that the decorated occurrence nets K(a') and K(3)
are, respectively, (7: @ — N, ¢ 7/, LO‘,) and (7":©" — N, 0,7/, Lﬁl), where @' is the
subnet of depth n — 1 of ©, ¢/ and 7’ are the appropriate restrictions of £ and 7 and
finally L% and L are m-indexed orderings of the places at depth n—1 of ©. Consider
the symmetry S = (7,4, &, L) in DCP[N], where

e O is the process nets consisting of the maximal places of ©’;

e 7:© — N is the restriction of 7 to ©;

Then, by definition, we have K(a'); S = K(8'). Let us consider now o and 3”.
Clearly, we can assume that K(a”) and K(8") are (x”:©" — N,¢*" 7 L") and
(r":©" — N, 0" L"), where ©" is the process net obtained by removing from ©
the subnet ©’, 7"/ and L” are respectively the restrictions of 7 and L to ©”, and 0" and
05" are m-indexed orderings of the places at depth n —1 of ©. Now, in our hypothesis,
it must be L = ¢*" and L?" = ¢°", which shows directly that S~ K(a") = K(8").
Then, s = K™!(S) is the required symmetry of DP[N].

Then, since K is full and faithful and is an isomorphism on the objects, it is an
isomorphism and the proof is concluded. v
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We conclude the section by getting back to diagram (1.26). We first make the
following observation on the structure of the comma category (uy|DP[N]).

ProrosiTioN 1.9.15
The category (un|DP[N]) is a preorder.

Proof. We have to show that in (ux|DP[N]) there is at most one arrow between any
pair of objects a: uy — v and o’: un — w. Exploiting the characterization of arrows of
DP[N] in terms of decorated concatenable processes established by Proposition 1.9.14,
the thesis can be reformulated as follows: for each pair of concatenable decorated

processes DCPo:un — v and DCPi:uny — w there exists at most one decorated
concatenable process DCP:v — w such that DCPo; DCP = DCP;.

In order to show the claim, suppose that there exist DCP and DCP’ from v to w such
that DCPo; DCP = DCP, = DCPy; DCP’. Let 7:© — N and 7':©' — N be the
(plain) processes underlying, respectively, DCPo; DCP and DCPi; DCP’. Without
loss of generality, we can assume that ©, respectively ©’, is formed by joining ©o,
the process net underlying DCPy, with ©, the process net underlying DCP, respec-
tively ©’, the process net underlying DCP’. Then, since DCPy; DCP = DCPy; DCP’,
there exists an isomorphism ¢: ® — @’ which respects all the orderings and such that
7 = 7' o . Since, we can assume that ¢ restricts to the identity of ©¢ (as a subnet
of © and ©'), it follows that it restricts to an isomorphism ¢': © — ©’ which shows
DCP = DCP'. v

The next proposition essentially shows that, for any (N,uy) € MPetri”*, the
canonical partial order associated to (uy]DP[N]) is DP[(N,un)].

PrRoPOSITION 1.9.16
For any marked PT net (N,uy) in MPetri*,

(un |DPIN]) = DP[(N, uy)] = LrEFU[(N, uy))]-

Proof. Consider the mapping from the objects of (uy |DP[N]) to DP[(N,un)] given by
(m,8,7,L) — (m,£,T), where T is the restriction of 7 to the non maximal transitions
of process net underlying w. Now, observe that there is a morphism from DCP =
(m:©® — N,4,7,L) to DCP' = (n":©®" — N,¢',7',L") in (un|DP[N]) if and only if
there exists a decorated concatenable process DCP” such that DCP; DCP” = DCP’
if and only if there exists ¢:©® — ©’ such that m = 7’ o ¢ and which preserves all
orderings, i.e., if and only if (7,¢,7) < («',¢,7') in DP[(N,un)]. Thus, since from
Proposition 1.9.15 we know that (un|DP[N]) is a preorder, the mapping above is
clearly a full and faithful functor. Moreover, since such a mapping is surjective on the
objects, it is an equivalence of categories.

Observe that the second equivalence is actually an isomorphism, as shown by Propo-
sition 1.9.9. v
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It is worth reminding that diagram (1.26) commutes only at the object level,
since, concerning functoriality, DP[] has the same problems as P[_]. It is an open
question whether exploiting idea similar to those used in Sections 1.3 and 1.4 yields
a functorial diagram.

Conclusions and Further Work

In this chapter we have presented the basic elements of net theory using the alge-
braic approach of [97, 16].

Moreover, we have shown that strong concatenable processes are the least ex-
tension of concatenable processes which yields functoriality, i.e., the least extension
of Goltz-Reisig processes yield an operation of concatenation and admit a functorial
treatment. Then, in order to identify an axiomatization of the category of (the cate-
gories of) net behaviours, we have introduced the category SSMC®, an appropriate
quotient of the category of the SSMC’s whose objects form free (non-commutative)
monoids, together with a forgetful functor G[_]: SSMC® — Petri that, to a certain
extent, shows the adequacy of our proposal. An interesting closing result for the
theory of strong concatenable and their algebraic/categorical/functorial counter-
part Q[.] would be to prove the existence of a right adjoint to Q[].

We also introduced an extension to the case of PT nets of Winskel’s semantics for
safe nets [143]. This extended semantics is given by a chain of adjunctions between
the categories of finitary prime algebraic domains, of prime event structures and
of occurrence nets. These results have been achieved by identifying a suitable
adjunction between the category of PT nets and the category of occurrence nets,
and by exploiting the existing adjunctions between occurrence nets, prime event
structures and prime algebraic domains.

Finally, we have proced how such unfolding semantics given can be reconciled
with a process-oriented semantics and with the algebraic paradigm. The key of
this formal achievements is the notion of decorated occurrence nets. Although
DecOcc arose from the need of factorizing the involved adjunction from PTNets
to Occ, and, thus, decorated occurrence nets might at first seem to be just a
convenient technical solution, we have shown that there in fact are some insights on
the semantics of nets given by the present unfolding construction and the associated
notion of decorated occurrence nets. In fact, decorated deterministic occurrence
nets, suitably axiomatized as arrows of the symmetric monoidal category DP[N]
provide both the process-oriented and the algebraic counterpart of the unfolding
semantics. Moreover, they can be characterized as the minimal refinement of Goltz-
Reisig processes which guarantees the identity of all tokens, i.e., as the minimal
refinement of occurrence nets which guarantees the existence of an unfolding for
PT nets.
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We conclude this chapter discussing an observation about functors U[-] and FU[]
introduced in the previous sections, namely the observation that both places and
transitions of the unfolded nets are implicitly considered labelled by elements of the
original net. Of course, this understanding is not completely implicit, since the role
of the folding morphism FU[N] — N is to provide such labelling. However, the
“labelling” is certainly forgotten when we consider morphisms between unfolded
nets. As an example, consider the unfolding © of the net consisting of the unique
transition t: @ — b with initial marking 2a, as illustrated by the picture below.

» O O O

As we have already noticed, due to the individualities of the transitions under-
lying the label ¢, there are two different endomorphisms on © which map ¢ to ¢, and
this fact has dramatic consequences on the unfolding construction, since it prevents
FUI] to be right adjoint to the inclusion functor (and to be right adjoint at all,
without the restriction we imposed on the morphisms of PTNets), i.e., to form a
coreflection. However, the point, in our opinion, is that the individualities of those
transitions should not matter at all! After all, they are just place holders put there
to mean “t has occurred”.

It appears evident therefore that an interesting framework for studying the fea-
tures of the unfolding may be found, for instance by looking at categories of labelled
occurrence nets in which the underlying events are given weaker individualities. It is
worthwhile to observe that, although categories of labelled objects have often been
considered in literature [145, 146], to the best of our knowledge, no such category
has been provided with such mechanisms. In particular, we claim that consider-
ing the labelling also at the level of morphisms, i.e., forcing some identification of
morphisms, will probaly make of FU[_] a coreflection.
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Chapter 2

Models for Concurrency

ABSTRACT. Models for concurrency can be classified with respect to three rele-
vant parameters: behaviour/system, interleaving/noninterleaving, linear/branching time.
When modelling a process, a choice concerning such parameters corresponds to choos-
ing the level of abstraction of the resulting semantics. The classifications are formalized
through the medium of category theory.

To Thales ... the primary question is not
“What do we know", but
“How do we know it".

Aristotle

Our three dimensional space
is the only true reality we know.

Maurits Cornelis Escher

The tools we use have

a profound (and devious!)

influence on our thinking abits,

and, therefore, on our thinking ability.

Edsges W. Dijkstra

This chapter is based on joint work with Mogens Nielsen and Glynn Winskel [124, 125,
126].
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Introduction

Since its beginning, many efforts in the development of the theory of concurrency
have been devoted to the study of suitable models for concurrent and distributed
processes, and to the formal understanding of their semantics.

As a result, in addition to standard models like languages, automata and tran-
sition systems [60, 113], models like Petri nets [109], process algebras [102, 47],
Hoare traces [48], Mazurkiewicz traces [94], synchronization trees [142] and event
structures [106, 143] have been introduced.

The idea common to the models above is that they are based on atomic units of
change—be they called transitions, actions, events or symbols from an alphabet—
which are indivisible and constitute the steps out of which computations are built.

The difference between the models may be expressed in terms of the parameters
according to which models are often classified. For instance, a distinction made
explicitly in the theory of Petri nets, but sensible in a wider context, is that be-
tween so-called “system” models allowing an explicit representation of the (possibly
repeating) states in a system, and “behaviour” models abstracting away from such
information, which focus instead on the behaviour in terms of patterns of occur-
rences of actions over time. Prime examples of the first type are transition systems
and Petri nets, and of the second type, trees, event structures and traces. Thus,
we can distinguish among models according to whether they are system models or
behaviour models, in this sense; whether they can faithfully take into account the
difference between concurrency and nondeterminism; and, finally, whether they can
represent the branching structure of processes, i.e., the points in which choices are
taken, or not. Therefore, relevant parameters when looking at models for concur-
rency are

Behaviour or System model;
Interleaving or Noninterleaving model;
Linear or Branching Time model.

These parameters correspond to choices of the level of abstraction at which we
examine processes and which are not necessarily fixed for a process once and for all.
It is the actual application one has in mind for the formal semantics which time by
time guides the choice of the abstraction level. It can therefore be of value to be
able to move back and forth between the representation of a process in one model
and its representation in another, if possible in a way which respects its structure.
In other words, it is relevant to study translations between models, and particularly
with respect to the three parameters above.

This chapter presents a classification of models for concurrency based on the
three parameters, which represent a further step towards the identification of sys-
tematic connections between transition based models. In particular, we study a
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Beh./Int./Lin. Hoare languages HL
Beh./Int./Bran. synchronization trees ST
Beh./Nonint. /Lin. deterministic labelled event structures dLES
Beh./Nonint./Bran. | labelled event structures LES
Sys./Int./Lin. deterministic transition systems daTs
Sys./Int./Bran. transition systems IS
Sys./Nonint./Lin. deterministic transition systems with independence dTSI
Sys./Nonint./Bran. | transition systems with independence TSI

Table 2.1: The models

representative for each of the eight classes of models obtained by varying the pa-
rameters behaviour/system, interleaving/noninterleaving and linear/branching in
all the possible ways. Intuitively, the situation can be graphically represented, as
in the picture below, by a three-dimensional frame of reference whose coordinate
axes represent the three parameters.

Beh/Sys
Lin/Bran /

Int /NonlInt
P

Our choices of models are summarized in Table 2.1. It is worth noticing that,
with the exception of the new model of transition systems with independence, each
model is well-known.

The formal relationships between models are studied in a categorical setting,
using the standard categorical tool of adjunctions. The “translations” between
models we shall consider are coreflections or reflections. These are particular kinds
of adjunctions between two categories which imply that one category is embedded,
fully and faithfully, in another.

Here we draw on the experience in recasting models for concurrency as cate-
gories, detailed, e.g., in [146]. Briefly the idea is that each model (transition systems
are one such model) will be equipped with a notion of morphism, making it into a
category in which the operations of process calculi are universal constructions. The
morphisms will preserve behaviour, at the same time respecting a choice of gran-
ularity of the atomic changes in the description of processes—the morphisms are
forms of simulations. One role of the morphisms is to relate the behaviour of a con-
struction on processes to that of its components. The reflections and coreflections
provide a way to express that one model is embedded in (is more abstract than)
another, even when the two models are expressed in very different mathematical
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terms. One adjoint will say how to embed the more abstract model in the other, the
other will abstract away from some aspect of the representation. The preservation
properties of adjoints can be used to show how a semantics in one model translates
to a semantics in another.

The picture below, in which arrows represent coreflections and the “backward”
arrows reflections (see Appendix A.1), shows the “cube” of relationships (Theo-
rem 2.7.24).

ST +———

dTSI dars

G I

C
dLES +—— HL

It is worthwhile to remember that we call an adjunction a (generalized) re-
flection of A in B, or B is said refiective in A, if the components of the counit are
isomorphisms. Dually, it is a (generalized) coreflection of B in A, or A is coreflective
in B, if the components of the unit are isomorphisms.

Generally speaking, the model chosen to represent a class is a canonical and uni-
versally accepted representative of that class. However, for the class of behavioural,
linear-time, noninterleaving models there does not, at present, seem to be an obvi-
ous choice of a corresponding canonical model. The choice of deterministic labelled
event structures is based, by analogy, on the observation that Hoare trace languages
may be viewed as deterministic synchronization trees, and that labelled event struc-
tures are a canonical generalization of synchronization trees within noninterleaving
models. The following picture is an example of such an event structure, together
with its domain of configurations

a. .A’
N
WA

IS
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Although not canonical, such a choice is certainly fair and, more important, it
is not at all compelled. In order to show this, and for the sake of completeness,
in Section 2.4, we investigate the relationship between this model and two of the
most-studied, noninterleaving generalizations of Hoare languages in the literature:
the pomsets of Pratt [114], and the traces of Mazurkiewicz [94].

Pomsets, an acronym for partial ordered multisets, are labelled partial ordered
sets. A noninterleaving representation of a system can be readily obtained by
means of pomsets simply by considering the (multiset of) labels occurring in the
run ordered by the causal dependency relation inherited from the events. The
system itself is then represented by a set of pomsets. For instance, the labelled
event structure given in the example discussed above can be represented by the
following set of pomsets.

ol

A simple but conceptually relevant observation about pomsets is that strings can
be thought of as a particular kind of pomsets, namely those pomsets which are finite
and linearly ordered. In other words, a pomset | ap <ag << ap | represents the

string ajaz - - - a,. On the other side of such correspondence, we can think of (finite)
pomsets as a generalization of the notion of word (string) obtained by relaxing the
constraint which imposes that the symbols in a word be linearly ordered. This is
why in the literature pomsets have also appeared under the name partial words [38].
The analogy between pomsets and strings can be pursued to the point of defining
languages of partial words, called partial languages, as prefix-closed—for a suitable
extension of this concept to pomsets—sets of pomsets on a given alphabet of labels.

Since our purpose is to study linear-time models, which are deterministic, we
shall consider only pomsets without autoconcurrency, i.e., pomsets such that all
the elements carrying the same label are linearly ordered. Following [131], we shall
refer to this kind of pomsets as semiwords and to the corresponding languages as
semilanguages. We shall identify a category dSL of deterministic semilanguages
equivalent to the category of deterministic labelled event structures. Although
pomsets have been studied extensively (see e.g. [114, 33, 38]), there are few previous
results about formal relationships of pomsets with other models for concurrency.

Mazurkiewicz trace languages [94] are defined on an alphabet L together with a
symmetric irreflexive binary relation I on L, called the independence relation. The
relation I induces an equivalence on the strings of L* which is generated by the
simple rule

aabf ~ abafB if alb,
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where o, 8 € L* and a,b € L. A trace language is simply a subset M of L* which
is prefix-closed and ~-closed, i.e., « € M and « ~ (§ implies 3 € M. It represents a
system by representing all its possible behaviours as the sequences of (occurrences
of) events it can perform. Since the independence relation can be taken to indicate
the events which are concurrent to each other, the relation ~ does nothing but
relate runs of the systems which differ only in the order in which independent
events occur.

However, Mazurkiewicz trace languages are too abstract to describe faithfully
labelled event structures. Consider for instance the labelled event structure shown
earlier. Clearly, any trace language with alphabet {a,b} able to describe such a
labelled event structure must be such that ab ~ ba. However, it cannot be such
that aba ~ aab. Thus, we are forced to move from the well-known model of trace
languages. We shall introduce here a new notion of generalized Mazurkiewicz trace
language, in which the independence relation is contert-dependent. For instance, the
event structure shown in the above picture will be represented by a trace language
in which a is independent from b at €, i.e., after the empty string, in symbols a I, b,
but a is not independent from b at a, i.e., after the string a has appeared, in symbols
a ¥, b. In particular, we shall present a category GTL of generalized trace languages
which is equivalent to the category dLES of deterministic labelled event structures.
We remark that a similar idea of generalizing Mazurkiewicz trace languages has
been considered also in [50].

Summing up, Section 2.4 presents the chain of equivalences

dSL = dLES = GTL

which, besides identifying models which can replace dLES in our classification, also
introduce interesting deterministic behavioural models for concurrency and formal-
izes their mutual relationships.

Some of the results presented here will appear also in [124, 125] and [146]. In
particular, we omit all the proofs concerning Section 2.4. They will appear in [125].

2.1 Preliminaries

In this section, we study the interleaving models. We start by briefly recalling some
well-known relationships between languages, trees and transition systems [146], and
then, we study how they relate to deterministic transition systems.

DEFINITION 2.1.1 (Labelled Transition Systems)

A labelled transition system is a structure T = (S,s!, L, Tran) where S is a set of
states; s' € S is the initial state, L is a set of labels, and Tran C S x L x S is the
transition relation.
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The fact that (s,a,s’) € Trang—also denoted by s — &', when no ambiguity is
possible—indicates that the system can evolve from state s to state s’ performing an
action a. The structure of transition systems immediately suggests the right notion
of morphism: initial states must be mapped to initial states, and for every action
the first system can perform in a given state, it must be possible for the second
system to perform the corresponding action—if any—from the corresponding state.
This guarantees that morphisms are simulations.

DEFINITION 2.1.2 (Labelled Transition System Morphisms)

Given the labelled transition systems Ty and Ty, a morphism h:T — T’ is a pair
(0, A), where o: S1, — Sty is a function and A\: Ly, — Ly, a partial function, such
that

i) o(sh,) = 51,

ii) (s,a,s') € Trang, implies (U(s),)\(a),a(s’)) € Trany, if Aa;

o(s) =o(s) otherwise.

It is immediate to see that labelled transition systems and labelled transition
system morphisms, when the obvious componentwise composition of morphisms is
considered, give a category, which will be referred to as TS.

Since we shall deal often with partial maps, we assume the standard conven-
tion that whenever a statement involves values yielded by partial functions, we
implicitily assume that they are defined.

A particularly interesting class of transition systems is that of synchronization
trees, i.e., the tree-shaped transition systems.

DEFINITION 2.1.3 (Synchronization Trees)
A synchronization tree is an acyclic, reachable transition system S such that

(s',a,s), (s",b,s) € Trang implies s=5s" and a=0b

We shall write ST to denote the full subcategory of TS consisting of synchronization
trees.

In a synchronization tree the information about the internal structure of systems
is lost, and only the information about their behaviour is mantained. In other
words, it is not anymore possible to discriminate between a system which reachs
again and again the same state, and a system which passes through a sequence
of states, as far as they are able to perform the same action. However, observe
that the nondeterminism present in a state can still be expressed in full generality.

IWe use f|x to mean that a partial function f is defined on argument z.
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In this sense, synchronization trees are branching time and interleaving models of
behaviour.

A natural way of studying the behaviour of a system consists of considering
its computations as a synchronization tree, or, in other words, of “unfolding” the
transition system by decorating each state with the history of the computation
which reached it.

DEFINITION 2.1.4 (Unfoldings of Transition Systems)
Let T be a transition system. A path w of T is €, the empty path, or a sequence
ty-+-tn, n > 1, where

i) t; € Tranp, i =1,...,n;
ZZ) t1 = (s%,al,sl) and t; = (si_l,ai,si), i = 2, ey

We shall write Path(T) to indicate the set of paths of T and 75 to denote a generic
path leading to state s.

Define ts.st(T') to be the synchronization tree (Path(T), e, Ly, Tran), where

((tl cetn), a, (t - ~tntn+1)) € Tran

<ty = (Sn-1,0n,8n) and tpi1 = (Sn,a, Snt+1)

This procedure amounts to abstracting away from the internal structure of a
transition system and looking at its behaviour. It is very interesting to notice that
this simple construction is functorial and, moreover, that if forms the right adjoint
to the inclusion functor of ST in TS. In other words, the category of synchronization
trees is coreflective in the category of transition systems. The counit of such ad-
junction is the morphism (@, idr,,.): ts.st(T) — T, where ¢: Path(T) — St is given
by ¢(e) = sk, and ¢<(t1 . tn)) =sift, =(¢,a,s).

While looking at the behaviour of a system, a further step of abstraction can
be achieved forgetting also the branching structure of a tree. This leads to another
well-know model of behaviour: Hoare languages.

DEFINITION 2.1.5 (Hoare Languages)
A Hoare language is a pair (H, L), where & # H C L*, and sa € H = s € H.

A partial function \: Ly — Ly is a morphism of Hoare languages from (Hy, L)
to (Hy, L) if for each s € Hy it is A(s) € Hy, where A: L§ — L3 is defined by

AMe) =€ and X(sa) = { 223/\(@ f)l:tl/zij‘jvise.

These data give the category HL of Hoare languages.
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Observe that any language (H, L) can be seen as a synchronization tree just by
considering the strings of the language as states, the empty string being the initial
state, and defining a transition relation where s —— s’ if and only if sa = s’. Let

hl .st((H ) L)) denote such a synchronization tree.

On the contrary, given a synchronization tree S, it is immediate to see that
the strings of labels on the paths of S form a Hoare language. More formally, for
any transition system T and any path 7 = (sh, a1, 1)+ (8p—1, an, 85,) in Path(T),
define Act(m) to be the string a; - - - an € L. Moreover, let Act(T") denote the set
of strings

{Act(ﬂ) ’ e Path(T)}.

Then, the language associated to S is st.hi(S) = Act(S), and simply by defining
st.hl((a, )\)) = )\, we obtain a functor st.hl: ST — HL. Again, this constitutes the
left adjoint to hl.st: HL — ST and given above. The situation is illustrated below,
where <> represents a coreflection and << a reflection.

THEOREM 2.1.6

The existence of a (co)reflection from category A to B tells us that there is a
full subcategory of B which is equivalent to A (in the formal sense of equivalences
of categories). Therefore, once we have established a (co)reflection, it is sometime
interesting to indentify such subcategories. In the case of HL and ST such a question
is answered below.

PROPOSITION 2.1.7 (Languages are deterministic Trees)
The full subcategory of ST consisting of those synchronization trees which are
deterministic, say dST, is equivalent to the category of Hoare languages.

2.2 Deterministic Transition Systems

Speaking informally behaviour/system and linear/branching are independent pa-
rameters, and we expect to be able to forget the branching structure of a transition
system without necessarily losing all the internal structure of the system. This leads
us to identify a class of models able to represent the internal structure of processes
without keeping track of their branching, i.e., the points at which the choices are
actually taken. A suitable model is given by deterministic transition systems.

DEFINITION 2.2.1 (Deterministic Transition Systems)
A transition system T is deterministic if

(s,a,s"), (s,a,s") € Trant implies s =35".
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Let dTS be the full subcategory of TS consisting of those transition systems which
are deterministic.

Consider the binary relation ~ on the state of a transition system 7" defined as
the least equivalence which is forward closed, i.e.,

s~s" and (s,a,u), (s',a,u") € Tranyp = u=x=u';

and define ts.dts(T) = (S/z, [sh]~, L, Tmn:), where S/~ are the equivalence

classes of ~ and

([s]:,a, [s']:) € Tran~ < 3(5,a,5) € Trany with 5~ s and 5 ~ s’

It is easy to see that ts.dts(T'S) is a deterministic transition system. Actually,
this construction defines a functor which is left adjoint to the inclusion dTS — TS.
In the following we briefly sketch the proof of this fact. Since confusion is never
possible, we shall not use different notations for different ~’s.

Given a transition system morphism (o, \): Ty — T4, define ts.dts ((0, )\)) to be
(3,\), where G: S, /~ — S, /=~ is such that

7 (Is)~) = lo(s))=-

PROPOSITION 2.2.2 (ts.dts: TS — dTS s a functor)
The pair (7, \): ts.dts(To) — ts.dts(T1) is a transition system morphism.

Proof. First, we show that & is well-defined.
Suppose (s,a,s’), (s,a,s”) € Trant,. Now, if Ala, then o(s’) = o(s) = o(s”). Oth-

erwise, (a(s),)\(a)7a(s/)), (0(8)7)\((1),0(3”)) € Trant,. Therefore, in both cases,

o(s') ~ o(s"). Now, since (s,a,s’) € Trang, implies (U(s))\(a),a(s')) € Trang, or
o(s) = o(s’), it easily follows that o(~) C ~. It is now easy to show that (7, ) is a
morphism. v

It follows easily from the previous proposition that ts.dts is a functor.

Clearly, for a deterministic transition system, say DT, since there are no pairs of
transitions such that (s,a,s’), (s,a,s”) € Tranpr, we have that ~ is the identity.
Thus, we can choose a candidate for the counit by considering, for any deterministic
transition system DT, the morphism (g, id): ts.dts(DT) — DT, where &([s]~) = s.
Let us show it enjoys the couniversal property.
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PROPOSITION 2.2.3 ((g,14d): ts.dts(DT) — DT is couniversal)

For any deterministic transition system DT, any transition system T and any mor-
phism (n, A): ts.dts(T') — DT, there exists a unique morphism k in TS such that
(e,id) o ts.dts(k) = (n, \).

ts.dts(DT) —="Y - pp

ts.dts(k)T
ts.dts(T)

()

Proof. The morphism k must be of the form (o, \), for some 0. We choose ¢ such that
o(s) = n([s]~). With such a definition, it is immediate that k is a transition system

morphism. Moreover, the diagram commutes: (e, id) o ts.dts ((U, )\)) = (g0d,\), and

5(5([5]:)) = g([o(s)]~) = o(s) = n([s]~). To show uniqueness of k, suppose that
there is k' which makes the diagram commute. Necessarily, k¥’ must be of the kind
(¢, \). Now, since ¢’([s]~) = [0”(s)]~, in order for the diagram to commute, it must
be ¢'(s) = n([s]~). Therefore, 0’ = o and k¥’ = k. v

THEOREM 2.2.4 (ts.dts 4 <)
The functor ts.dts is left adjoint to the inclusion functor dTS — TS. Therefore, the
adjunction is a reflection.

Proof. By standard results of Category Theory (see [90, chap. IV, pg. 81]). v

Next, we present a universal construction from Hoare languages to deterministic
transition system. In particular, we show a coreflection HL <> dTS. Let (H, L) be
a language. Define hl.dts(H,L) = (H,e¢, L, Tran), where (s,a, sa) € Tran for any
sa € H, which is trivially a deterministic transition system.

On the contrary, given a deterministic transition system DT, define the language
dts.hl(DT) = (Act(DT), Lpr). Concerning morphisms, it is immediate to realize
that if (o,A\): DTy — DT, is a transition system morphism, then the function
X Act(DTy) — Act(DT1) is a morphism of Hoare languages. Therefore, defining

dts.hl((a, )\)) = )\, we have a functor from dTS to HL.

Now, consider the language dts.hl o hl.dts(H,L). Tt contains a string a; - - - ay,
if and only if the sequence (e, a1,a1)(a1,az,a1a2) (a1 @n_1,an,a1 - ay) is
in Path (hl.dts(T)) if and only if a1 ---an is in H. It follows immediately that

id: (H,L) — dts.hlohl.dts(H, L) is a morphism of languages. We will show that id
is actually the unit of the coreflection.
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PROPOSITION 2.2.5 (id: (H, L) — dts.hl o hl.dts(H, L) is universal)

For any Hoare language (H, L), any deterministic transition system DT and any
morphism A: (H, L) — dts.hl(DT), there exists a unique morphism k in dTS such
that dts.hi(k) = A.

(H,L) ——%> dts.hl o hi.dts(H, L)
ldts.hl(k)
dts.hl(DT)

Proof. Observe that since DT is deterministic, given a string s € Act(DT), there is
exactly one state in Spp reachable from sij with a path labelled by s. We shall
use state(s) to denote such a state. Then, define k = (o, \): hl.dts(H,L) — DT,
where o (s) = state(\(s)). Since DT is deterministic and A(s) is in Act(DT), (o, \) is
well-defined and the rest of the proof follows easily. v

THEOREM 2.2.6 (hl.dts - dts.hl)
The map hl.dts extends to a functor from HL to dTS which is left adjoint to dts.hl.
Since the unit of the adjunction is an isomorphism, the adjunction is a coreflection.

Observe that the construction of the deterministic transition system associated
to a language coincides exactly with the construction of the corresponding synchro-
nization tree. However, due to the different objects in the categories, the type of
universality of the construction changes. In other words, the same construction
shows that HL is reflective in ST—a full subcategory of TS—and corefiective in
dTS—another full subcategory of TS.

Thus, we enriched the diagram at the end of the previous section and we have
a square.

THEOREM 2.2.7 (The Interleaving Surface)

ars —— IS

HL «————< ST

2.3 Noninterleaving vs. Interleaving Models

Event structures [106, 143] abstract away from the cyclic structure of the process and
consider only events (strictly speaking event occurrences), assumed to be the atomic
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computational steps, and the cause/effect relationships between them. Thus, we
can classify event structures as behavioural, branching and noninterleaving models.
Here, we are interested in labelled event structures.

DEFINITION 2.3.1 (Labelled Event Structures)
A labelled event structure is a structure ES = (E,#,<,{, L) consisting of a set of
events E partially ordered by <; a symmetric, irreflexive relation # C F x E, the
conflict relation, such that

{e' € E| e <e} is finite for each e € E,

e # e < e implies e # €" for each e,e’,e" € E;
a set of labels L and a labelling function ¢: E — L. For an event e € FE, define

le] ={e € E|e <e}. Moreover, we write W for # U { (e,e) | e € Egs}. These
data define a relation of concurrency on events: co = E%g \ (< U <71U #).

A labelled event structure morphism from ESy to ES1 is a pair of partial functions
(n,A), where n: Egs, — Fgg, and X\: Lgs, — Lgs, are such that

i) n(e)] S n(le)),
it) n(e) W n(e’) implies e W ¢/,
iti) Aolgg, = Lgs, o, L.e., the following diagram commutes.

tEs
Egpg, ———— Lgs,

l lA
Eps, —— LEgs
1 ZESI 1

This defines the category LES of labelled event structures.

The computational intuition behind event structures is simple: an event e can
occur when all its causes, i.e., |e] \ {e}, have occurred and no event which it is in
conflict with has already occurred. This is formalized by the following notion of
configuration.

DEFINITION 2.3.2 (Configurations)
Given a labelled event structure ES, define the configurations of ES to be those
subsets ¢ C Egg which are

Conflict Free: Veq,es € ¢, not e; # es
Left Closed: Ve e€cVe <e, ¢ €c
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Let L(ES) denote the set of configurations of ES.

We say that e is enabled at a configuration c, in symbols c - e,
(i) edc; (i) |e|\{e} Cc; (iii) € € Egs and ¢’ # e implies ¢’ ¢ c.
The occurrence of e at ¢ transforms ¢ in the configuration ¢’ = cU {e}.

Given a finite subset ¢ of Egg, we say that a total ordering of the elements of ¢,
say {e1 < ea < --- < en},is a securing for ¢ if and only if {eq,...,e;—1} F e;, fori =
1,...,n. Clearly, c is a finite configuration if and only if there exists a securing for
it. We shall write a securing for ¢ as a string ejes - - - e,,, where ¢ = {e1,€9,...,e,}
and e; # e; for ¢ # j, and, by abuse of notation, we shall consider such strings also
configurations. Let Sec(ES) denote the set of the securings of ES.

DEFINITION 2.3.3 (Deterministic Event Structures)

A labelled event structure ES is deterministic if and only if for any ¢ € L(ES), and
for any pair of events e,e’ € Egg, whenever c - e, ¢ - €' and {(e) = {(e’), then
e=¢'.

This defines the category dLES as a full subcategory of LES.

In [140], it is shown that synchronization trees and labelled event structures
are related by a a coreflection from ST to LES. As will be clear later, this gives
us a way to see synchronization trees as an interleaving version of labelled event
structures or, vicerversa, to consider labelled event structures as a generalization
of synchronization trees to the noninterleaving case. In the following subsection,
we give a brief account of this coreflection.

SYNCHRONIZATION TREES AND LABELLED EVENT STRUCTURES

Given a tree S, define st.les(S) = (Trang, <,#,¢, Lg), where
o < is the least partial order on Trang such that (s,a,s’) < (s',b,s");

e 7 is the least hereditary, symmetric, irreflexive relation on Trang such that

(s,a,s") # (s,b,8");
. E((s,a,s’)) =a.

Clearly, st.les(S) is a labelled event structure. Now, by defining st.les((a, /\))
to be (1, \), where

ng((s,a,s’)) = { (J(S>’>‘(a)70(5/)) if AMa

T otherwise,
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it is not difficult to see that st.les is a functor from ST to LES.
On the contrary, for a labelled event structure ES, define les.st(ES) to be
the structure (Sec(ES),e,LES, Tmn), where (s,a,se) € Tran if and only if we

have s, se € Sec(ES) and fgs(e) = a. Since a transition (s,a,s’) implies that
|s|] < |s'| (s is a string strictly shorter than s’), the transition system we obtain
is certainly acyclic. Moreover, by definition of securing, it is reachable. Finally,
if (s,a,se), (s',a,s'¢’) € Tran and se = s’¢’, then obviously s = s’ and e = €'
Therefore, les.st(ES) is a synchronization tree.

Concerning morphisms, for (n, A): ESy — ESy, define les.st((n, )\)) to be (7, A).
This makes les.st be a functor from LES to ST.

Consider now les.st o st.les(S). Observe that there is a transition
((Séa ai, 31) e (Sn—la Ap, Sn)a a, (Sga ai, 31) e (Sn—la QAp, Sn)(sna a, S))

in Tranes. stost.les(s) if and only if (sk,a1,s1) (Sn—1,an, $n)(Sn,a, s) is a path in
S. From this fact, and since S and les.st o st.les(S) are trees, it follows easily that
there is an isomorphism between the states of S and the states of les.st o st.les(S),
and that such an isomorphism is indeed a morphism of synchronization trees.

THEOREM 2.3.4 (st.les - les.st)

For any synchronization tree S, the map (n,id):S — les.st o st.les(S), where
n(sk) =€ and n(s) = (s§,a1,51) -+ (sn,a, s), the unique path leading to s in S, is
a synchronization tree isomorphism.

Moreover, (st.les,les.st): ST — LES is an adjuction whose unit is given by the
family of isomorphisms (n, id). Thus, we have a coreflection of ST into LES.

Consider now a synchronization tree S in dST, i.e., a deterministic tree. From
the definition of st.les, it follows easily that st.les(S) is a deterministic event struc-
ture; on the other hand, les.st(ES) is a deterministic tree when ES is determinis-
tic. Thus, by general reason, the coreflection ST <> LES restricts to a coreflection
dST <> dLES, whence we have the following corollary.

THEOREM 2.3.5 (HL <> dLES)
The category HL of Hoare languages is coreflective in the category dLES of deter-
ministic labelled event structures.
Proof. Tt is enough to recall that dST and HL are equivalent. Then, the result follows
by general reasons. v

To conclude this subsection, we make precise our claim of labelled event struc-
tures being a generalization of synchronization trees to the noninterleaving case.
Once the counits of the above coreflections have been calculated, it is not difficult
to prove the following results.
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COROLLARY 2.3.6 (L. Event Structures = S. Trees + Concurrency)
The full subcategory of LES consisting of the labelled event structures ES such
that cops = @ is equivalent to ST.

The full subcategory of dLES consisting of the deterministic labelled event struc-
tures ES such that cogs = & is equivalent to HL.

TRANSITION SYSTEMS WITH INDEPENDENCE

Now, on the system level we look for a way of equipping transition systems with a
notion of “concurrency” or “independence”, in the same way as LES may be seen
as adding “concurrency” to ST. Moreover, such enriched transition systems should
also represent the “system model” version of event structures. Several such models
have appeared in the literature [129, 2, 132]. Here we choose a variation of these,
the transition systems with independence.

Transition systems with independence are transition systems with an indepen-
dence relation actually carried by transitions. The novelty resides in the fact that
the notion of event becomes now a derived notion. However, four axioms are im-
posed in order to guarantee the consistency of this with the intuitive meaning of
event.

DEFINITION 2.3.7 (Transition Systems with Independence)
A transition system with independence is a structure (S, s, L, Tran,I), where the
quadruple (S,s!, L, Tran) is a transition system and I C Tran? is an irreflexive,
symmetric relation, such that

i) (s,a,8") ~ (s,a,8") = s =s";

it) (s,a,8') I (s,b,s") = Fu.(s,a,¢)I(s',b,u)and (s,b,s") I (s", a,u);

S S

iii) (s,a,8') I (s',b,u) = 37 (s,a,8) I (s,b,s") and (s,b,8") I (s",a,u);
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i) (s,a,8') ~ (8", a,u) I (w,b,w') = (s,a,8) 1 (w,bw);
where ~ is least equivalence on transitions including the relation < defined by

S

(s,a,8) < (s",a,u) & (s,a,8)1I(s,b,s") and a s
(s,a,s") I (s',b,u) and <

(Sabv S//) I (S//aa7u>' 5 \la
b
u

Morphisms of transition systems with independence are morphisms of the underly-
ing transition systems which preserve independence, i.e., such that

(s,a,s') I (5,b,5) and Ala, Alb = (J(s),)\(a),o(s’))I(J(E),A(b),o(gl)).

These data define the category TSI of transition systems with independence. More-
over, let dTSI denote the full subcategory of TSI consisting of transition systems
with independence whose underlying transition system is deterministic.

Thus, transition systems with independence are precisely standard transition
systems but with an additional relation expressing when one transition is indepen-
dent of another. The relation ~, defined as the reflexive, symmetric and transitive
closure of a relation < which simply identifies local “diamonds” of concurrency,
expresses when two transitions represent occurrences of the same event. Thus, the
equivalence classes [(s, a, s')] . of transitions (s, a, s") are the events of the transition
system with independence. In order to shorten notations, we shall indicate that
transitions (s, a,s’), (s,b,s"), (s',b,u) and (s”,a,u) form a diamond by writing
Diam((s, a,s'),(s,b,s"), (s, b,u),(s", a,u)).

Concerning the axioms, property (i) states that the occurrence of an event at
a state yields a unique state; property (iv) asserts that the independence relation
respects events. Finally, conditions () and (%) describe intuitive properties of
independence: two independent events which can occur at the same state, can do
it in any order without affecting the reached state.

Transition systems with independence admit TS as a coreflective subcategory. In
this case, the adjunction is easy. The left adjoint associates to any transition system
T the transition system with independence whose underlying transition system
is T itself and whose independence relation is empty. The right adjoint simply
forgets about the independence, mapping any transition system with independence
to its underlying transition system. From the definition of morphisms of transition
systems with independence, it follows easily that these mappings extend to functors
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which form a coreflection TS <> TSI. Moreover, such a coreflection trivially restricts
to a coreflection dTS <> dTSI.

So, we are led to the following diagram.
THEOREM 2.3.8 (Moving along the “interleaving/noninterleaving” axis)

Bl +—— IS

dlLES ¢+—— HL

2.4 Behavioural, Linear Time, Noninterleaving
Models

A labelled partial order on L is a triple (E, <,f), where E is a set, < C E? a partial
order relation; and ¢: E — L is a labelling function. We say that a labelled partial
order (E, <, /) is finite if F is so.

DEFINITION 2.4.1 (Partial Words)

A partial word on L is an isomorphism class of finite labelled partial orders, an
isomorphism of labelled partial orders being an isomorphism of the underlying
partial orders which, in addition, preserves the labelling. Given a finite labelled
partial order p we shall denote with [p] the partial word which contains p. We shall
also say that p represents the partial word [p].

A semiword is a partial word which does not exhibit autoconcurrency, i.e., such
that all its subsets consisting of elements carrying the same label are linearly or-
dered. This is a strong simplification. Indeed, given a labelled partial order p
representing a semiword on L and any label a € L, such hypothesis allows us to
talk unequivocally of the first element labelled a, of the second element labelled
a, ..., the n-th element labelled a. In other words, we can represent p unequivo-
cally as a (strict) partial order whose elements are pairs in L X w, (a, ) representing
the i-th element carrying label a. Thus, we are led to the following definition, where
for n a natural number, [n] denote the initial segment of length n of w\ {0}, i.e.,

[n] =11,...,n}.
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DEFINITION 2.4.2 (Semiwords)
A (canonical representative of a) semiword on an alphabet L is a pair x = (A, <g)
where

e A, = U ({a} X [ni]), for some n! € w, and A, is finite;
a€Ll

e <, is a transitive, irreflexive, binary relation on A, such that
(a,i) <z (a,7) ifand only if i < j,

where < is the usual (strict) ordering on natural numbers.

The semiword represented by z is [{(Az, <, E)H, where (a,4) < (b, 7) if and only

if (a,4) <z (b,j) or (a,i) = (b,7), and E((a,i)) = a. However, exploiting in full the
existence of such an easy representation, from now on, we shall make no distinction
between x and the semiword which it represents. In particular, as already stressed
in Definition 2.4.2, with abuse of language, we shall refer to x as a semiword. The
set of semiwords on L will be indicated by SW(L). The usual set of words (strings)
on L is (isomorphic to) the subset of SW(L) consisting of semiwords with total
ordering.

A standard ordering used on words is the prefix order C, which relates a and (3
if and only if « is an initial segment of 3. Such idea is easily extended to semiwords
in order to define a prefix order C C SW (L) x SW(L). Consider z and y in SW (L).
Following the intuition, for = to be a prefix of y, it is necessary that the elements of
A, are contained also in A, with the same ordering. Moreover, since new elements
can be added in A, only “on the top” of A, no element in A, \ A, may be less
than an element of A,. This is formalized by saying

zCy if and only if A, CA, and <, =<,NA2
and <, N ((Ay\ 4z) X 4;) = 2.

It is quickly realized that C is a partial order on SW(L) and that it coincides
with the usual prefix ordering on words.

EXAMPLE 2.4.3 (Prefiz Ordering)
As a few examples of the prefix ordering of semiwords, it is

c
[a] E |a bl C a/l‘), and E al‘7.

144




2.4. BEHAVIOURAL, LINEAR TIME, NONINTERLEAVING MODELS

However, it is neither the case that

|

a a b

Cc Cc

IM

nor

M

|

a b a

We shall use Pref(z) to denote the set {y € SW(L) | y C x} of proper prefizes
of z. The set of maximal elements in 2 will be denoted by Maz(z) Semiwords with
a greatest element play a key role in our development. For reasons that will be
clear later, we shall refer to them as to events.

Another important ordering is usually defined on semiwords: the “smoother
than” order, which takes into account that a semiword can be extended just by
relaxing its ordering. More precisely, x is smoother than y, in symbols x < y, if x
imposes more order contraints on the elements of y. Formally,

=y if and only if A=A, and <; 2 <,.

It is easy to see that < C SW(L) x SW(L) is a partial order. We shall use
Smooth(x) to denote the set of smoothings of z, i.e., {y € SW(L) | y < x}.

EXAMPLE 2.4.4 (Smoother than Ordering)
The following few easy situations exemplify the smoother than ordering of semi-
words.

c c
M=
ab a b < a b c
On the other hand, neither
c C C c
‘ < ‘ nor ‘ < ‘
a b a b, a b a b

SEMILANGUAGES AND EVENT STRUCTURES

Semilanguages are a straightforward generalization of Hoare languages to prefix-
closed subsets of SW(L).
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DEFINITION 2.4.5 (SemiLanguages)
A semilanguage is a pair (SW,L), where L is an alphabet and SW is a set of
semiwords on L which is

Prefix closed: y € SW and x Ty implies x € SW,
Coherent: Pref(z) C SW and |Maz(x)| > 2 implies x € SW.

Semilanguage (SW, L) is deterministic if
x,y € SW and Smooth(xz) N Smooth(y) # @ implies x =y.

In order to fully understand this definition, we need to appeal to the intended
meaning of semilanguages. A semiword in a semilanguage describes a (partial)
run of a system in terms of the observable properties (labels) of the events which
have occurred, together with the causal relationships which rule their interactions.
Thus, the prefiz closedness clause captures exactly the intuitive fact that any initial
segment of a (partial) computation is itself a (partial) computation of the system.

In this view, the coherence axiom can be interpreted as follows. Suppose that
there is a semiword x whose proper prefixes are in the language, i.e., they are
runs of the system, and suppose that |Maxz(z)| > 2. This means that, given any
pair of maximal elements in x, there is a computation of the system in which the
corresponding events have both occurred. Then, in this case, the coherence axiom
asks for x to be a possible computation of the system, as well. In other words, we
can look at coherence as to the axiom which forces a set of events to be conflict
free if it is pairwise conflict free, as in [106] for prime event structures and in [94]
for proper trace languages.

To conclude our discussion about Definition 2.4.5, let us analyze the notion
of determinism. Remembering our interpretation of semiwords as runs of a sys-
tem, it is easy to understand how the existence of distinct = and y such that
Smooth(x) N Smooth(y) # @ would imply nondeterminism. In fact, if there were
two different runs with a common linearization, then there would be two different
computations exhibiting the same observable behaviour, i.e., in other words, two
non equivalent sequences of events with the same strings of labels.

Also the notion of morphism of semilanguages can be derived smoothly as an
extension of the existing one for Hoare languages.

Any X\: Ly — L; determines a partial function A: SW(Lo) — SW (L) which
maps z to its relabelling through A, if this represents a semiword, and is undefined
otherwise. Consider now semilanguages (SWo, L) and (SW1, L1), and suppose for
x € SW that \ is defined on z. Although one could be tempted to ask that A(z)
be a semiword in SW, this would be by far too strong a requirement. In fact,
since in 5\(30) the order <, is strictly preserved, morphisms would always strictly
preserve causal dependency, and this would be out of tune with the existing notion

146



2.4. BEHAVIOURAL, LINEAR TIME, NONINTERLEAVING MODELS

of morphism for event structures, in which sequential tasks can be simulated by
“more concurrent” ones. Fortunately enough, we have an easy way to ask for the
existence of a more concurrent version of A\(x) in SW. It consists of asking that

M) be a smoothing of some semiword in SW.

DEFINITION 2.4.6 (Semilanguage Morphisms)
Given the semilanguages (SWy, Lo) and (SW 1, L1), a partial function A\: Ly — Ly
is a morphism \: (SWy, Lo) — (SW1, Ly) if

Vo e SWo Az and Az) € Smooth(SW ).

It is worth observing that, if (SW1, L) is deterministic, there can be at most

one semiword in SW, say x, such that A(z) € Smooth(zy). In this case, we can
think of A: (SWy, Lo) — (SW1, L1) as mapping x to xy.

EXAMPLE 2.4.7
Given Ly = {a,b} and L1 = {c,d}, consider the deterministic semilanguages below.

SWO: I SWyi =
o [a [1] o [d [ [cd]

Then, the function A which maps a to ¢ and b to d is a morphism from (SW, Lg)
to (SW1,L1). For instance,

o

Cc
I<.
d

Observe that the function \N': Ly — Li which sends both a and b to c is not a
morphism since A applied to | b < a | gives |c < c¢| which is not the smoothing of
any semiword in SWy, while \': L1 — Ly which sends both ¢ and d to a is not a
morphism from (SW1, Ly) to (SWo, Lo) since A is undefined on | ¢ d].

It can be shown that semilanguages and their morphisms, with composition
that of partial functions, form a category whose full subcategory consisting of de-
terministic semilanguages will be denoted by dSL. In the following, we shall define
translation functors between dLES and dSL.

Given a deterministic semilanguage (SW, L) define dsl.dles ((SW7 L)) to be the
structure (F, <,#,¢, L), where

oE:{e

e € SW, eis an event, i.e., e has a greatest element};
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°
IA
I

CNE?%

o # = {(e,e’) € E?

e and €' are incompatible wrt E};

e /(e) is the label of the greatest element of e.

THEOREM 2.4.8
dsl.dles ((SW, L)) is a deterministic labelled event structure.

Consider now a deterministic labelled event structure DES = (E,<,#,¢,L).
Define dles.dsl(DES) to be the structure (SW, L), where

SW = { [[(c, <ne, £|C)ﬂ ’ ¢ is a finite configuration of DES}_

THEOREM 2.4.9
dles.dsl(DES) is a deterministic semilanguage.

It can be shown that dsl.dles and dles.dsl extend to functors which when com-
posed with each other yield functors naturally isomorphic to identity functors. In
other words, they form an adjoint equivalence [90, chap. IIL, pg. 91], i.e., an adjunc-
tion which is both a reflection and a coreflection. It is worthwhile noticing that
this implies that the mappings dsl.dles and dles.dsl constitute a bijection between
deterministic semilanguages and isomorphism classes of deterministic labelled event
structures—isomorphism being identity up to the names of events.

THEOREM 2.4.10
The categories dSL and dLES are equivalent.

In fact, dropping the axiom of coherence in Definition 2.4.5 we get semilanguages
equivalent to labelled stable event structures [143].

TRACE LANGUAGES AND EVENT STRUCTURES

Generalized trace languages extend trace languages by considering an independence
relation which may vary while the computation is progressing. Of course, we need
a few axioms to guarantee the consistency of such an extension.

DEFINITION 2.4.11 (Generalized Trace Languages)
A generalized trace language is a triple (M, I, L), where L is an alphabet, M C L*
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is a prefix-closed and ~-closed set of strings, I: M — 2V%F is a function which
associates to each s € M a symmetric and irreflexive relation I, C L x L, such that

I is consistent: s~ s’ implies I, = Iy;
M is I-closed: a Isb implies sabe M,
I is coherent: (1) alsbandalg candcly,b implies alg ¢
(ii) alscandclsd
implies (a Is b if and only if a I, b);

where ~ is the least equivalence relation on L* such that sabu ~ sbau if a I b.

As in the case of trace languages, we have an equivalence relation ~ which
equates those strings representing the same computation. Thus, I must be con-
sistent in the sense that it must associate the same independence relation to ~-
equivalent strings. In order to understand the last two axioms, the following picture
shows in terms of computations ordered by prefix the situations which those axioms
forbid. There, the dots represent computations, the labelled edges represent the
prefix ordering, and the dotted lines represent the computations forced in M by
the axioms.

(A) (B) (@)

It is easy to see that axiom (i) rules out the situation described by just the solid
lines in (A)—impossible for stable event structures, while axiom (ii) eliminates
cases (B)—which is beyond the descriptive power of general event structures [143]
and (C)—impossible for event structures with binary conflict. They narrow down
to those orderings of computations arising from prime event structures. It is worth-
while to observe that axiom (B) corresponds in our setting to what is called “cube
aziom” in the setting of concurrent transition systems [132].

DEFINITION 2.4.12 (Generalized Trace Language Morphisms)
Given the generalized trace languages (M, I, L) and (M',I', L"), a partial function
A: L — L' is a morphism \: (M,I,L) — (M',I', L") if

A preserves words: s € M implies M\*(s) € M’;
A respects independence: a I; b and Ala, A\|b implies A(a) I} A (s) A(b);
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A (s)A(a) if Ala

where \* is defined by A*(e) = € and \*(sa) = { A (s) ot horwise

Generalized trace languages and their morphisms, under the usual composition
of partial functions, form the category GTL.

A derived notion of event in generalized trace languages can be captured by the
relation ~ defined as the least equivalence such that

als b implies sa ~ sba and s~ s implies sa~ s'a.

The events occurring in s € M, denoted by Ev(s), are the ~-classes a represen-
tative of which occurs as a non empty prefix of s, i.e.,

{[U]N ‘ u is a non empty prefix of s}

It can be shown that s ~ s’ if and only if Fv(s) = Fv(s’). Extending the notation,
we shall write Ev(M) to denote the events of (M, I, L), i.e., the ~-equivalence
classes of non empty strings in M.

Now, given a generalized trace language (M, I, L) define gtl.dles((M, I, L)) to
be the structure (Ev(M), <,#,¢, L), where

o [s]l. <[¢']~ ifandonlyif Vue M, [¢']. € Fv(u) implies [s]. € Fv(u);
o [s]. # [¢']~ ifand only if Vu € M, [s]. € Ev(u) implies [¢']~ & Ev(u);
D f([s]w) =a ifand only if s=da.

THEOREM 2.4.13
gtl.dles ((M, I, L)) is a deterministic labelled event structure.

On the other hand, in order to define a generalized trace language from a de-
terministic labelled event structure DES = (E, <,#,¢, L), consider

M:{E*(el---en) {e1,...,en} CE and {61,...,ei_1}|—ei,i:l,...,n}.

Since DES is deterministic, any s € M identifies unequivocally a string of events
Sec(s) = ey ---e, € E* such that {e1,...,e;_1} Fe;, i =1,...,n, and such that
*(e1---en) =s. Now, for any s € M, take

1, = {(a,1)

Then, define (M, I, L) to be dles.gtl(DES).

sab € M, Sec(sab) = xege; and eg co 61}.
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THEOREM 2.4.14
dles.gtl(DES) is a generalized trace language.

As in the case treated in the previous section, dles.gtl and gtl.dles extend to
functors between GTL and dLES which form an adjoint equivalence. Such an equiv-
alence restricts to an isomorphism of generalized trace languages and isomorphism
classes of deterministic labelled event structures.

THEOREM 2.4.15
Categories GTL and dLES are equivalent.

The result extends to labelled stable event structures by dropping the ‘only if’
implication in part (i7) of the coherence axiom of Definition 2.4.11. Of course, it
follows from Theorem 2.4.10 and Theorem 2.4.15 that dST and GTL are equivalent.
In [125], we also define direct translations between such categories.

2.5 Transition Systems with Independence and
Labelled Event Structures

In this section, we show that transition systems with independence are an extension
of labelled event structures to a system model, by showing that there exists a
coreflection from LES to TSI. To simplify our task, we split such a coreflection in
two parts. First, we define the unfolding of transition systems with independence.
To this aim, we introduce the category oTSI of occurrence transition systems with
independence. Later, we shall show that labelled event structures are coreflective
in 0TSI, thus obtaining

LES - > 0TS« > TSI

DEFINITION 2.5.1 (Occurrence Transition Systems with Independence)
An occurrence transition system with independence is a transition system with in-
dependence OTI = (S, s', L, Tran, I) which is reachable, acyclic and such that

(s',a,u) # (s”,b,u) € Tran implies
3s. (s,b,8") I (s,a,s") and (s,b,8") I (¢',a,u)
and (s,a,s") I (s",b,u),

or, in other words, (s',a,u) and (s”, b, u) form the bottom of a concurrency diamond
Diam((s,a,5"), (5,b,5') (5", b, ), (', a,) ).

Let oTSI denote the full subcategory of TSI whose objects are occurrence transition
systems with independence.
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Given a transition system with independence TI, define ~ C Path(TI)? to be
the least equivalence relation such that

7s(s,a,8) (s, b,u)my = 7s(s,b,8")(s", a,u)m,

if Diam((s, a,s’), (s,b,s") (s, b,u),(s", a,u)).

LEMMA 2.5.2
Given an occurrence transition system with independence OTI, let u be a state
and m,, m, paths leading to it. Then m, ~ ..
Proof. By induction on the minimum length among those of 7, and =,.
If |my| = |my,| = 0, then 7, = € = 7l,.

Suppose that 7, = m.(s',a,u), m, = 7 (s”,b,u) and suppose that |my| < |men|.
Then, necessarily, it must be

Diam (50,5, (5,,5), (s, a, ), (5, b)),

for some s € So7r.

Since OTI is reachable, there exists a path mo = ms(s,b, s’). Since the length of 7y is
n—1, we have that min{|mo|, |7s|} < n—1. So, we can apply the induction hypothesis
and conclude that 7y =~ mp. From the definition of ~, it follows that 7o has length
n — 1. Thus, 1 = ms(s,a,s”) has length n — 1 and, by induction, m ~ mw,. So,
Ty = e (8", a,u) = ws(s,b,8")(s', a,u) ~ ws(s,a,8")(s",b,u) ~ wen (s",bu) =m,. v

Such a lemma has the following corollary.

COROLLARY 2.5.3
All the paths leading to the same state of an occurrence transition system with
independence have the same length.

It is now easy to prove the following basic properties.

COROLLARY 2.5.4
Occurrence transition systems with independence do not contain infinite sequences
of transitions ending in a state.

Proof. Suppose that OTI admits an infinite chain of the kind so 2 S1 22 So A3

Since OTI is reachable, there exists a path ms, in Path(OTI). Let us suppose that

|7so] = n. Then consider the first n 4+ 1 elements of the chain so B L
Then, there exists a path 7, which when composed with s, —= - - 29, 5o gives a
path 7, whose length is greater than n. This contradicts Lemma 2.5.2. v

The same technique used in the last proof shows the following corollary.
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COROLLARY 2.5.5
Any pair of sequences of transitions leading from state s to state s’ of OTI have
the same length.

Proof. 1If there where s —% ... 2% &' and s L, o2 with n #£ m, since s is
reachable, we would have two paths leading to s” of different length. v

COROLLARY 2.5.6
Any pair of sequences leading from state s to state § of OTI contain the same
number of representatives from any ~-equivalence class.

Proof. First suppose that 5 is the initial state stI. Then the sequences are two paths
leading to the same state and therefore, by Lemma 2.5.2, they are ~-equivalent. In
the case ms(s,a,s’)(s’,b,u)msy ~ ws(s,b,5")(s”,a,u)ms , the result is immediate, since
(s,a,8") ~ (s",a,u) and (s,b,s") ~ (s',b,u). In the general case, the result follows by
applying transitively the previous argument.

!
5—35'"

Now, consider two sequences from a generic 5 to 5, say 05,5 and o If there were

a ~-class whose elements occur a different number of times in o;_,5 and o._, ./, then

§—S
/

the same would happen for the paths 7,055 and ms0;_, ./, and that would contradict

what we have just shown in the first part of this proof. v

COROLLARY 2.5.7
If (s,a,s") and (s,b,s') are transitions of OTI, then a = b.

Proof. Since 75(s,a,s’) ~ ms(s,b,s'), it must be (s,a,s’) ~ (s,b,s') and so a =b. v

Some other interesting results which do not depend directly from Lemma 2.5.2
follow.

LEMMA 2.5.8
For any (s',a,u) # (s",a,u) € Tranorr, it is (s',a,u) # (8", a,u).

Proof. Suppose that (s',a,u) ~ (s”,a,u). Since s’ # s, by definition of occurrence
transition system with independence, there exist a state s and transitions (s, a,s’) and
(s,a,s") which form a diamond. Then, (s,a,s’) ~ (s”,a,u) ~ (s',a,u) ~ (s,a,s"),
and therefore, by axiom (%) in Definition 2.3.7, s’ = s”. Absurd. v

COROLLARY 2.5.9
Given (s',a,u) # (s”,b,u) € Tranory, there exist unique s, (s,b,s’) and (s, a,s”)

such that Diam((s, b,s"), (s,a,8"), (s, a,u),(s",0, u))

Proof. Suppose that Diam((g, b,s"),(5,a,s"), (s a,u),(s",b, u)) for s # 5. Then we

have (s,a,s”) ~ (s',a,u) ~ (3,a,s"”), contradicting the previous lemma. Absurd. v
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Summing up, these results tell us that occurrence transition systems with in-
dependence are particularly well structured. In particular, they imply that in an
occurrence transition system with independence each diamond of concurrency is
not degenerate, i.e., it consists of four distinct states.

The next step is to show that in a path of an occurrence transition system with
independence at most one representative of a ~-class may appear. Given a path m

and an equivalence class [(s, a, s')]~, let N(w, [(s,a, 5’)]N) be the number of repre-

sentatives of [(s,a, s')]~ occurring in 7. Of course, we know from Corollary 2.5.6
that such a number depends on 7 only by means of the state it reaches. Therefore,

we shall write simply N(z, [(s,a, s’)]N), for x € Sorr. Moreover, let s «* s’

stand for s —% s’ or s «— s’. Then we have the following result.

LEMMA 2.5.10
Consider a sequence of states o = sg Ay gy 22 g 2y g, Then

N (sns[(s,0.80]~ ) = N (s0,[(5,0, 5]
+ ’{(Si;ai+175i+1) | (815 @it1, si41) ~ (8, a, 5/)}’
- ’{(5i+1;ai+175i) | (8i+1,@i41,8i) ~ (s, a, 5/)}’-
Proof. By induction on n, the length of o. For n = 0, o is empty and the thesis is

trivially true. Suppose then that the thesis holds for sequences of length n — 1. There
are two cases: Sp—1 —= S, OF Sp — Sp_1.

(case sp—1 — sp.)

- s Snop (Sn—1,an,8n) % (s,a,s’) then
. an
\ / . / N(sny[(s7a,3l)]~) —
. . Sn—1 ,
V A (sers (650,51 ).
and since nothing is added to or sub-

tracted from the right hand term,
the equality holds. If otherwise (sn—1, an, $n) ~ (s,a,s’), then

N(sn, [(s,a, s/)]N) :./\f(snfl7 [(s,a, s/)]N) +1,

and the equality stays since 1 is added also to the righthand term. So, the induction
hypothesis is mantained.
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(case s, — 5,_1.)

. . Sn
\ / V Again, if (sn—1,0an,sn) # (s,a,s")
the terms on both the sides of the
¢ ¢ Sn—1 equation are unchanged considering
al/( the n-th transition, and the result
S0 holds by induction. Otherwise if
(Sn—1,an,8n) ~ (s,a,s"), then /\/’(sn7 [(s7a,s/)]~) = /\/’(sn_l7 [(&a,s')]w) — 1. This
time 1 is subtracted from the right hand term, and therefore the induction hypothesis
is mantained. v

Then, we have the following important corollary.

COROLLARY 2.5.11
Given a path ™ € Path(OTI), at most one representative of any ~-equivalence class
can occur in .

Proof. Suppose that (s,a,s’) ~ (5,a,5) occur both in 7. By definition of ~, it must

exist a sequence o0 = | s = so PN S$n = § ), as shown it the following figure.
s Sk
a S1. LSk—1 a Sk41 |
=< l C sl Sit1 - J - =< { 11
/ a ~ a a T~
s _
\ a Si a / 0\ a S
e . = a L -t T A Lz
. L] L] . . L]
\ ° / \ §/
Without loss of generality, we can assume m = 7'(s,a,s’)o’(5,a,5)o”, ie., that
(s,a,s’) occurs before than (5,a,5"). Now, since (s,a,s’) appears in 7 after state
s, we have

N(s, [(s,a, s')]N) < N(E, [(s,a, s')]N).

By the previous lemma, we have that in o at least a representative of [(s, a, s")]~ must
occur “positively”, say (Sk,ak+1,Sk+1) ~ (8,a,s’). Therefore, we have a diamond

Diam((sm k41, Sk+1)5 (Sk, @5 k), (Sk+1, @, Sk+1), (Bk; Akt 1, §k+1))

where, for the properties already shown, it must be si # ;. This is absurd, because
(Sk, @kt1, Sk+1) ~ (Sk,a, 5,) breaks axiom (i) of transition systems with independence.

v
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Figure 2.1: A transition system with independence TT and tsi.otsi(TI).

UNFOLDING TRANSITION SYSTEMS WITH INDEPENDENCE

Given a transition system with independence TI = (S,s!, L, Tran,I), we define
tsi.otsi(TI) = (Hg, [€]~, L, Tmng,lg), where

e II. is the quotient of Path(TI) modulo ~;

. ([7‘(]:,&, [W/]:) € Tran~. < 3I(s,a,s’) € Tran such that 7’ ~ (s, a,s’);

o (70 7)) 1= ([ b 7))
(s, a,s’),(5,b,5) € Tran such that
(s, a,

s,a,s') I (5,b,8), ' ~7n(s,a,s), and T’ ~ 7(5,b,5).
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PROPOSITION 2.5.12
The transition system tsi.otsi(TI) is an occurrence transition system with inde-
pendence.
Proof. We show only the condition in Definition 2.5.1 of occurrence transition systems
with independence. Suppose that ([71'/]27 b, [Tf']g) # ([ﬂ'”]g, a, [Tf']g). Then, we have
m o~ (s, bu) ~ 7" (s",a,u) with 7’ # 7”'. By definition of ~, it must exist 7 such
that 7'(s’,b,u) ~ 7(s,a,s')(s’,b,u) and 7"(s"”,a,u) ~ 7(s,b,s"”)(s",a,u). Moreover,

it must be 7(s,a,s’) ~ ' and 7(s,b,s"”) ~ «”. Therefore, ([7?]2, a,[7(s,a, 8’)]2) and

([ﬁ’]g, b, [7(s, b, S”)]g) close the diamond. v

Figure 2.1 shows a simple example of unfolding of a transition system with
independence. Next, we want to show that tsi.otsi extends to a functor for TSI to
oTST which is right adjoint to the inclusion functor oTSI < TSI. As a candidate for
the counit of such an adjunction, consider the mapping (o, id): tsi.otsi(TI) — TI
where

o.(€) = sk and O’E([TFS]:) =s.

By Lemma 2.5.2, we know that o, is well-defined. Then, it is not difficult to see
that (0., id) is a morphism of transition systems with independence.

PROPOSITION 2.5.13 ((o.,id): tsi.otsi(TI) — TI is couniversal)

For any occurrence transition system with independence OTI, transition system
with independence TI and morphism (o,\): OTI — TI, there exists a unique
k: OTI — tsi.otsi(TI) in oTSI such that (o.,id) o k = (o, \).

tsi.otsi(TI) oeid) oy

oTI

Proof. Clearly, in order for the diagram to commute, k must be of the form (7, ).
Consider the map 6(s) = [oa(7s)]~, where ox: Path(OTI) — Path(TI) is given by

oxe)=¢ o (ws(m,s’)) :{ UA(WS)(U(S)vk(a),a(s’)) if Ala

ox(ms otherwise.

This definition is well-given: fixed s, let s and my be two paths leading to s. Then,
since OTI is an occurrence transition system with independence, it is s ~ 7y, and
since (o, A) is a morphism, it is o (7s) =~ o (7). In order to show this last statement,
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it is enough to prove that
ms(s,a,8")(s',b,u)my = ws(s,b,8")(s", a,u)my
> oa(m)aa((5,0,8)(',0,0) ) o (m)
~ oy (7)o ((s, b,s")(s",a, u))o—A (7).
There are four cases:
i) Ala, ATb: then oy ((s, a,s’)(s',b, u)) =e=0) ((s, b,s")(s",a, u)) and the thesis

follows easily.
1) Ala, ATb: then

o ((s, a,s")(s',b, u))

CORYORE)
- (0-(3”)7)\(a)7a'(u)) = U,\((s,b,s”)(s”,a,u))

and again the thesis follows.

i11) Ala, A|b: as for the previous point.

iv) Ala, Alb: then the thesis follows directly from the definition of morphism, since
it is Diam((s7 a,s’)(s,b,s")(s',b,u)(s",a, u)) and in this case diamonds are pre-
served.

Let us show that (7, ) is indeed a morphism of occurrence transition systems with
independence.
i) 3(sorr) = le]=-

ii) Consider (s,a,s’) € Tranorr, and suppose A|la. Since OTI is reachable, we

have 7s(s,a,s") € Path(OTI), and ox(7s) (J(s), )\(a),a(s/)) in Path(TI). Thus,

([O—A(ws)]g,x(a),[O—A(ws(s,a, s'))]g) € Tran~, ie., (6(3),>\(a),6(s'))€ Tran.~.
iii) If (s,a,8") ToTr (5,0,8), (U(s))\(a),a(s')) Ip (O’ §),)\(b),a(§'))7 and reason-
ing as before, we get (5’(8)7)\(0,)75'(8/)) I. (5(5), A b),&(?)).

In order to show that the diagram commutes, it is enough to observe that each s is
mapped to a ~-class of paths leading to o (s). Therefore, 6.05(s) = o(s). The uniquess
of (G, ) is easily obtained following the same argument. In fact, the behaviour of &
is compelled on any s: stI must be mapped to [€]~, while a generic s must mapped
to a ~-equivalence class of paths leading to o(s). But we know that there is a unique
such class. v

COROLLARY 2.5.14
The construction tsi.otsi extends to a functor from TSI to oTSI which is right
adjoint to the inclusion oTSI «— TSI.
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It will be useful later to notice that this coreflection cuts down to a coreflections
doTSI <> dTSI, where doTSI is the full subcategory of oTSI consisting of determin-
istic transition systems. In order to achieve this result, it is clearly enough to show
that tsi.otsi maps objects from dTSI to doTSI.

PROPOSITION 2.5.15
If TT is deterministic, then tsi.otsi(TI) is deterministic.

Proof. Suppose that ([7r ~,a, ] ) and ( [7]~,a, [Tf'"]g) are in Tran~. Then, it must

be ' ~ 75(s,a,s’) and "’ ~ ws(s,a,s”), for (s,a,s’), (s,a,s”) € Tran. Then we have
s’ =3s" and so ' ~ 7"\ v

OCCURRENCE TSI’S AND LABELLED EVENT STRUCTURES

In this subsection we complete the construction of the coreflections LES < TSI
and dLES < dTSI by showing the existence of coreflections LES <> oTSI and
dLES <> doTSI.

Consider a labelled event structure ES = (E, <, #,¢, L). Define les.otsi(ES) to
be the transition system with independence of the finite configurations of ES, i.e.,

les.otsi(ES) = (EF(ES),Q,L, Tmn,[),

where
o Lp(ES) is the set of finite configuration of ES;
e (c,a,c) € Tran if and only if ¢ = ¢’ \ {e} and ¢(e) = a;

e (¢c,a,c) I (¢0b,) if and only if (¢' \ ¢) co (€' \ ).

By definition, les.otsi(ES) is clearly an acyclic, reachable transition system.
Moreover, I C Tran? is symmetric and irreflexive, since co is such. In order to
show that it is an occurrence transition system with independence, it is important
the following characterization of the relation ~.

LEMMA 2.5.16
Given (c,a,c) and (¢,a,c) € Tran, we have (c,a,c') ~ (¢,a,¢) € Tran if and only
if (' \¢)= (¢ \2).
Proof. (=). It is enough to show that
Dz’am((c, a,c),(c,b,8),(c,b,&), (¢ a, é/)) implies (¢’ \¢) = (¢'\ @).
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Since (c

ya,c) I (c,b,¢), we have (¢ \ ¢) co (¢\c). Let the event in & \ ¢’ be ¢’ and the
one in & \ ¢ be

e”'. We have cU {e} U{e"} =& = cU{e”}U{e’}. Thus, it must be

"

(e=¢€"and e’ =¢') or (e=¢" and "' =¢€").

Now, since e co €', it cannot be e = ¢’ and we must discard the second hypothesis.
Therefore, e = €, i.e., (¢’ \ ¢) = (¢'\ ©) (and necessarily (¢\c) = (&' \ ¢)).

(«<). First suppose ¢ C ¢. Since then event e in (¢’ \ ¢) = (¢’ \ €) is enabled both
in ¢ and ¢, it means that for any € € (¢\ ¢) we have € co e. Moreover, we can order

the events in ¢\ ¢ in a chain & - - - €, in a such a way that cU {€o,...,&-1} F &, for
i =0,...,n. To this aim, it is enough to choose at each step i one of the maximal
events in (¢\ ¢) \ {€o,...,€—1} with respect to the <pgg order.
Now, since €; co e, for each i = 0, ..., n there exists a diamond

cU{éo,...,Ei—1}
/ \
cU{éo,...,ei—1} U{e} cU{éo,...,&}
\ /
cU{éo,...,e 1 U{e}
Then, for ¢ = 0,...,n we have
(CU{607“.,éi_l},a,cu{éow“,éi_l}u{e})
=< (cu{éow“,éi},mcu{éo,.“,éi}u{e})?

i.e., (c,a,c') ~ (&a,c). To complete the proof, consider €N c. Necessarily, it enables

e. So, we have that ((Eﬂ c),a,(€Nc)U {e}) € Tran. Since (¢Nc) C¢and (¢Nc) Ce,

we have (c,a,c’) ~ ((Eﬂ c),a,(cNc)U {e}) ~ (¢,a,c). v

It is now easy to show the following proposition.

PropoSITION 2.5.17
The transition system les.otsi(ES) is an occurrence transition system with inde-
pendence.

Proof. We verify just the property of occurrence transition systems with independence.
Suppose that (c,b,c) # (c’,a,c) € Tran. Then, we have c = ¢’ U {e'} = " U {e"}.
Since ¢’ # ¢”, it must be e’ # e”. Moreover, it is ¢’ # €”, since both events appear
in c. It cannot be €’ < €” nor ¢’ < ¢/, because otherwise either ¢’ or ¢’/ would not

be a configuration. So, it is €’ co e”. It follows that ¢ = ¢/ \ {¢'} = "\ {¢"} is a

configuration such that Diam((é, a,c), (& b,c"),(c,b,c), (", a, c)) v
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N d
NV .
N%)‘ a b

Figure 2.2: An occurrence transition system OTI and otsi.les(OTI).

Let us define the opposite transformation from oTSI to LES. For an occurrence
transition system with independence OTI = (S, s', L, Tran, I), define otsi.les(OTI)
to be the structure (Tran.,<,#,{, L), where

e Tran. is the set of the ~-equivalence classes of Tran;
o [(s,a,8)]~ <[(5,b,5)]~ if and only if
Vr(s,b,5") € Path(OTI) with (3,b,5") ~ (3,b,5),
(s, a,s’) ~ (s,a,s’) such that (s,a,s’) €,
and < is the reflexive closure of <;
o [(s,a,8)]~ # [(5,b,5)]~ if and only if
YV € Path(OTI),
V(5,b,8') ~ (5,b,§) and V(s,a,s’) ~ (s,a,s’)

(s,a,8') €= (5,a,5) &m;

. f([(s,a, s')]N) = a;

and we write (s,a,s’) € m to mean that (s, a,s’) occurs in the path w. Of course,
otsi.les(OTI) is a labelled event structure. Figure 2.2 shows an example of the
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labelled event structure associated to an occurrence transition system with inde-
pendence.

Next, we need to extend otsi.les to a functor. Given (o,A): 0TIy — OTI;,
define otsi.les ((0, )\)) = (Mo, A), where

Ua([(S,a,s')]N) :{ T[(U(S),A(a),o(s’))L if Ala

otherwise.

In the proof of Proposition 2.5.13, it has been shown implicitly that (s, a,s’) <
(8,a,8) and Ala implies (U(s),)\(a),a(s')) ~ (0(5),)\(a),0(§')). Then 7, is well-

given.

ProposiTION 2.5.18
Given a transition system with independence morphism (o,\): OTIy — OTI,,

otsi.les ((0, )\)) s otsi.les(OTIy) — otsi.les(OTI4) is a labelled event structure mor-
phism.
Proof. We show the properties of labelled event structure morphisms.

i) [ne(e)] S no(le).
Consider e = [(U(S),A((I),U(Sl))} in otsi.les(OTI1) and [(5,b,5)]~ < e. Since

OTI; is reachable there is a path m,(, (U(s),)\(a),a(s’)), where 7, (5) necessarily
contains (5,b,5") ~ (5,b,5'), and there exists a path 7s(s,a,s’) € Path(OTIo) whose
image through (o, ) is 7, (s (U(s),A(aLU(s')) Then, we must have a transition

(z,c,y) € ms such that (a(x),)\(c),a(y)) = (g,b,g/). Clearly, we have that

No ([(x, c, y)]N) = [(5,b,5")]~. Thus, we need to show that
[(z, e, )~ < (s, a,5")]~.

Consider (s”,a,s"") ~ (s,a,s’). Since Ala, it is (U(s"), )\(a),a(s'")) € Tranorr,, and
since (o, \) is a morphism, (a(s”),)\(a),a(s'”)) ~ (J(s),)\(a),a(s')). It follows that
for each path 7, (s (a(s”), A(a), a(s'”)) there exists (3”,b,5") ~ (5,b,5) occurring in
To(sy- Therefore, there exists a path m./(s”, a,s") such that there is (z',d,y") € o
and (U(m'))\(d),a(y')) = (8",b,5"") ~ (5,b,5'). Now, since by the properties of

occurrence transition systems with independence in any other path 7y it must exist
a transition ~-equivalent to (z’,d,y’), it is enough to show that

(', d,y") ~ (z,¢,9).
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First observe that, since (a(x'),)\(d),a(y')) ~ (a(x),)\(c),a(y)), no more than one

element of [(«',d,y")]~ U[(z, ¢, y)]~ can appear on the same path. In fact, since such a
path would be mapped to a path of OTI;, we would have a path of OTI; with more

than one occurrence of elements from Ka(x), A(e), U(y))}

Now suppose (z',d,y") # (z,c,y). Then we are in the situation illustrated by the

I figure. Necessarily, it must exist
s
-~ ~ el -
(@,¢,9) ~ (z,¢,y)
T x/
which occurs “backward” in the sequence
c d

"

S>> 81 > -8y > S .

rl:}lis is because the path from stIo to

s cannot contain any representative of
" [(x7 C7 y)]N

a So suppose that si+1 =T SN Y = S;.

»n —— O -«
.-b\
»n -—

Now consider a path ., ,, and consider 75, , (sit1,a,5), where (si41,a,3) ~ (s,a,s").
The situation is illustrated by the figure on the side. Since 75, ,(si+1,a,5) is a

§l path whose image ends with a element of
: the class [(U(s)7 Aa), O'(S/))i| , namely,
x % z’ (U(siJrl)7 Aa), U(?)), it follows that s, ,
¢ l lc/ { d contains a transition & — y such that
Yy = y' = / = = = —
; i ; (7@ A 0@) = E0F) ~ (:6,5)
v Y ¥ Now consider the path
S Si+1 8”
c . o
l Sl/l l Tsit1 (3¢+1,C, Si) = Tsjt1 (ZE,C, y)'
a a a
, a{ Y Clearly, its image through (o, X) contains
O "
S .. '/S S

(7@ A0@) = E0F) ~ (5.5
and, in addition, also (0(5)7)\(0)70(@)) ~ (U(l’),)\(C)70’(y)) ~ (5,b,8) ~ (5,b,5),
where (3,b,5') # (5,b,5'). This is absurd, because no such path can exist in OTI;.
It follows that (x,c,y) ~ (¢, d,y’).

i) ne(e) Wne(e)=eWe.
Observe that if 1, (e) = n-(€e’) or n.(e) # 7, (e"), then no more than one element from
e = [(s,a,8)]~ U[(5,b,5)]~ = € may occur in the same path. This is because, in
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such a case, there would be a path in OT1; in which more than one representative of
the same class or two representatives of conflicting classes would appear in the same
path. From such considerations, it follows that it can be neither e < e’ nor ¢’ < e nor
e co €. The only possible cases are, therefore, e = ¢’ or e # €’.

iii) Alorr,(e)) =Lorr, (ns(e)). Immediate. v
It is very easy now to show the following.

COROLLARY 2.5.19
The map otsi.les is a functor from oTSI to LES.

Before showing that otsi.les and les.otsi form a coreflection, we take the oppor-
tunity to show some general results about transition systems with independence,
which are more general than strictly needed. However, they will be useful later on.

LEMMA 2.5.20
Whenever [(s,a,s')]~ co[(8,b,5)]~, then (s,a,s’) I (3,b,5).
Proof. By hypothesis [(s, a, s')]~ # [(5,b,5")]~ and [(s,a,s")]~ z [(5,b,5")]~. From the
first hypothesis, it must exist a path which includes representatives of both classes, say

7s(8,a,8 )ms(5,b,8). Then, from the second condition, it must exist a path which con-
tains a representative of [(5, b, §')]~ but no representative of [(s, a, s")]~, say 75(3,b,5’).

LS Now, since no representative of [(s, a, s")]~ is in 75,
s “ * 3 by Lemma 2.5.10, there is a sequence -
s b
l Z\ 543 8] > 4> 8y > 8
a : -/ -
\4 2 . /
s Siq1eeee- . such that there exists (sit1,a,s:) ~ (s,a,s’), as
B illustrated in the figure. So,
a
\ { (87(]‘7 8,) ~ (3¢+1,CL,S¢) I (§7 bvé’) ~ (57 b7 §I)7
5 ..... > S; - -
which implies, by the property (iv) of transition
b systems with independence in Definition 2.3.7,
4 (s,a,8") I (5,b,5). v
LEMMA 2.5.21

/

§') € Path(OTI) and that, for each

Suppose that there is a path m4(s,a, s )ws(3,b,
")]~. Then there exists a transition

(z.0,y) € 5 we have [(z,a,p)]~ co [(5,b,
(s',b,8") € Tranorr such that (s',b,s")
Proof. By induction on the length of 7s. If such a length is zero, then there is nothing
to show. Otherwise, we have 7,(s,a, s')ws(5, ¢, 5)(5,b,5'), where

((3,¢,8)]~ co[(5,b,5)]~.
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So, by the previous lemma, we have (5,c, 3) I (5,b,5'), that, by the
general properties of transition systems with independence, must
be part of a diamond of concurrency, as shown in the figure. There-
fore, there exists (5,b,5) ~ (5,b,5) and thus, we have a path
ms(s,a,s")ws(3,b,5), where 73 is strictly shorter than 7s. Then, by
inductive hypothesis, there exists a transition (s’,b,s”) such that
(s',b,s") ~ (5,b,3) ~ (5,b,5"), which is the thesis.

LEMMA 2.5.22

Consider a path 75 € Path(OTI) and a class [t]~ such that
i) for each t' in ms, it is [t']~ # [t]~;
ii) for each t' in 75, we have [t']. # [t]~.

Then, there exists msmg (8, a,s") € Path(OTI) with (s',a,s"”) ~ t.
Proof. By induction on the depth of s, i.e., the length of .

If ms = ¢, the thesis is trivial, since OT1 is reachable. Then, suppose
we have ms = 7s(5,b,s). By induction hypothesis, there exists a
path wsmg (5, a,8"), with (3, a,5") ~ t. From the previous lemma,
we can assume that 7z does not contain any transition whose class
is concurrent with [¢]~. In fact, such transitions can be pushed after
the representative of [t]~. It follows that 75 contains only elements
t' such that [t']~ < [t]~.

el —

Wl -

§li/<\f§

N

Now, if the first transition of 7y is (§,b,s), we are done. Otherwise, we have the
situation shown in the picture on the side, i.e.,

5=8p
fV l ) a chain
S1
: s

s0 sy 22 g1 O s,
' _ o <

Sn—2 where so = 8, Sn—1 =8, Sn =5, an = a and

a"7 s=us;,fori=1,...,n.
. Since [(Si—1,ai, )]~ < [t]~ for i = 1,...,n,

S =8n-—1
izy and [(5,b,8)]~ # [t]~ and [(5,b, )]~ # [t].~,
5 =5, we have that [(5,b,s)]~ # [(si—1,ai,s:)]~ for
i=1,...,n.
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S1 o In other words, we have (3,b,s) I (si—1,as,8:),
K 8 fori=1,...,n. It follows that we can complete
s * 9 b Al the picture as shown in the picture and con-
e
an—1 b 51 struct a sequence of diamonds of concurrency.
l ’ So, we have a path
S =Sn—1 »
a Sn_ _ _ _
/ b Sn—2 773(37@1731)"'(Sn—lﬂln,Sn),
gn_sn - _ An_1 — — —r 1 .
Sp_qdn where (5n-1,Gn,3,) ~ (§,a,5") ~ t, ie., a
bl path 7s7my (s’ a,s"”) as required. v
an
Sn
LEMMA 2.5.23

Consider a path w5 € Path(OTI) and a class [t|.. such that
i) for each t' in 7y, it is [t']~ # [t]~ and [t'|~ # [t]~,
ii) for each [t'|. < [t]~, there exists a representative of [t'].. in 7.

Then, there exists (s,a,s") € Tranorr with (s,a,s’) ~ t.

Proof. By the previous lemma, we find 775 (5, a,5") with (§,a,5") ~ t. Now,
consider an element ¢’ € ms. We have [t']~ € [t]~, because otherwise another rep-
resentative of [t']. would be in 75 and, by Corollary 2.5.6, this is impossible. More-
over, [t]~ £ [t']~, because in the path msmg (5, a,5”) transition ¢’ occurs before than
(3',a,5"); and it is [t']~ # [t]~ because in w575 (5, a,5") both ¢’ and (5, a,5”) occur.
It follows that [t']~ co [t]~.

Therefore, by applying Lemma 2.5.21, we find (s, a,s’) ~ (5',a,5") ~ t. v

Next, we show that there is a one-to-one correspondence between the states of
OTI and the finite configurations of otsi.les(OTI), or, in other words, states of
les.otsi o otsi.les(OTI).

Consider the map C: Sor; — L (otsi.les(OTI)) given by the correspondence

s {[t]N ‘ tems, ms € Path(OTI)}. We already know that any path leading to
s contains the same equivalence classes, thus C is well-defined.

LEMMA 2.5.24
For s € Sorr, the set C(s) is a finite configuration of otsi.les(OTI).

Proof. C(s) is clearly finite. Moreover, it is conflict free, since all its elements have a
representative belonging to the same class. Finally, if [t']~ < [t]~ for some [t]~. in C(s),

there exists  ~ t in w5 and, thus, we find ¥ ~ ¢ in 7s. Thus, [t']. € C(s). v
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Let ¢ be a finite configuration of otsi.les(OTI) and let ¢ = [to]~[t1]~ -« - [tn]~
be a securing for c. Then, there is a unique path mc = (8o, a1,81) - (Sn—1,0n, Sn)
such that sh, = so, s, = s and [(si—1,ai,8:)]~ = [ti]~, for i = 1,...,n. The
existence of 7. is a consequence of the previous Lemma 2.5.23. It can be obtained
as follows.

e (s0,a1,s1) is the unique element in [fy].. whose source state is s%,,;. It exists,
by Lemma 2.5.23, since |[to]~ | = &, and it is unique because of property (iv)
of Definition 2.3.7 of transition systems with independence.

e Inductively, (s;—1,a;,s;) is the unique element in [t;].. whose source state is
si—1. Again, it exists because (sg,a1,51) - (Si—2,an, si—1) and [t;]~ satisfy
the conditions of Lemma 2.5.23 and it is unique by definition of transition
systems with independence.

It is important to observe that, although the actual path n¢ strictly depends on
¢, the final state reached does not.

LEMMA 2.5.25
Let ¢ be a finite configuration of otsi.les(OTI) and let ¢ = [to]~ - [tn]~ and
¢/ = [th]~ - [t)]~ be two securings for c¢. Then the paths m and w obtained

as illustrated above reach the same state.

Proof. Tt is enough to show that m. ~ 7. To this aim, we work by induction on the
minimal number n of “swappings” of adjacent elements in ¢’ needed to transform it
in ¢. Observe that such a number exists and is finite since ¢ and ¢’ are securing of
the same configuration, and, as such, they are just different permutations of the same
elements.

[to]~ If n = 0, then 7 = 7, since the sequences are uniquely de-

. termined by the securing. Suppose now that we need n + 1

: swappings and that we proved the thesis for the case of n swap-

M pings. Suppose that we must swap [t;]~ and [ti,;]~. So we

/ o ! +

til~ tit1]~

il NEil~ gt o = [t [toa] e [t [ [fhga) - [fh)~. Now, ob-

e < e serve that [tj,,]~ must occur in ¢ before than [t{]~, otherwise

[t;+1]~\ / [t§]~ we would have a shorter sequence of swappings to transform ¢

L]

: in ¢ just by avoiding the swapping of [t;]~ and [t; ,]~. It fol-

H lows that [t;]~ & [tiy1]~, i-e., ¢” is a securing of ¢. Moreover,

I[t/ Jo [til~ co [tiz1]~. Therefore, we have m.» ~ 7. Now, ¢ can be

M transformed in ¢ with n swappings, and therefore, by induction

hypothesis, 7. ~ 7. So, we conclude 7 ~ 7r. v

Therefore, we can define a map S: Lp(otsi.les(OTI)) — Sorr by saying that
¢ +— s, where s is the state reached by a path 7. for a securing ¢ of ¢. Now, we can
see that C is a set isomorphism with inverse S.
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LEMMA 2.5.26
S=c .

Proof. Consider C(s) = {[t]~ | t € 75} and consider the sequence ¢ = [to]~ - [tn]~
such that ms = ¢o - -tn. This is clearly a securing of C(s), whose associated path ¢
is 7 itself. This is because of the uniqueness of 7. as shown earlier. So, we have
S(C(s)) = s.

On the other hand, suppose S(c) = s. Among the paths leading to s, consider T,
where ¢ = [to]~ - [tn]~ is any securing of c¢. Then, we may use 7 to calculate

C(S(e))=A{[tl~ |t em}={[ti]~ |2=0,...,n} =c. v

It is worthwhile to observe that C and S give rise to morphisms of transition
systems which are each other’s inverse. First observe that S(@) = si,;, since the
unique path associated with the unique securing of the empty configuration, is the
empty path. Moreover, C(sh, ;) = @, since the unique path leading to s, in
OTI is the empty path. Moreover, we have the following easy lemma.

LEMMA 2.5.27
Let OTI be a transition system with independence. Then

i) If (s,a,s") is a transition of OTI, then (C(s),a,C(s')) is a transition of
les.otsi o otsi.les(OTI).

it) If (¢,a, ) is a transition of les.otsi o otsi.les(OTI), (S(c), a, S(c’)) is a tran-
sition of OTI.

This means that (C,4d) from OTI to les.otsi o otsi.les(OTI) and (S, id) from
les.otsi o otsi.les(OTI) to OTI are morphisms of transition systems. Moreover,
(S,id) = (C,id)~'. Recall that (c,a,c’) I (¢,b,&) implies, by definition of les.otsi,
that (¢ \ ¢) = [t]~ co [f]~ = (¢ \ &). From the previous Lemma 2.5.27 we therefore
have that

(] = [(S(C),Q,S(c'))} co [(5(5),b,5(a’))}~ ~ [~

and then, from Lemma 2.5.20, (S(c),a,S(c’)) I (S(E),b,S(E’)). In other words,
we have proved the following.

~

ProrosIiTION 2.5.28
(8, id) is a transition system with independence morphism.

However, (C,id) is not a morphism in TSI. It follows that (S, id), in general,
is not an isomorphism of transition systems with independence. Consider now the
property:

t1t = 3s.(s,a,8)~t and (s,b,5")~t. (E)
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PROPOSITION 2.5.29
OTI enjoys property (E) if and only if (C, id) is a morphism of transition systems
with independence.

Proof. (=). Tt is enough to show that (C,id) preserves independence. Suppose
(s,a,s") I (5,b,5'). By condition (E), there exists

(s,a,s") ~ (s,a,8") I (s,b,8") ~ (5,b,5),

and therefore, we have Diam((g7 a,s),(s,b,8"), (s, b,u),(s",a, u)) So, we have that

[(s,a,8")]~ co[(3,b,5)]~. From Lemma 2.5.27, we have C(s") = C(s) U {[(5 a,s)]~

(

and C(5') = C(5) U {[(g, b, g/)]N}. Therefore, (C( ),a,C(s )) (C( 5),b,C(5 ))
(s,a,8") I
)

(«<). Suppose that (C,id) preserves independence. Then (s,a,s’ (5,b,5") implies
(C(s),a,C(s )) 1 (C(s),b,C(s )), that is [(s,a,s’)]~ co [(5,b,5)]~. Then, by re-
peated applications of Lemma 2.5.23, we can find a path m4(s, a,s’)(s’, b, u) such that
(s,a,8,) ~ (s,a,8") I (s',b,u) ~ (5,b,5,). Then, by property (iii) of transition sys-
tem with independence, there exists s” and (s,b,s”) ~ (s',b,u) ~ (5,b,5), i.e., OTI

enjoys property (E). v

The next step is to define, for each labelled event structure ES a morphism
(n,id): ES — otsi.les o les.otsi(ES) as a candidate for the unit of the adjunction.
Let us consider n such that

n(e) = Kc, a,cU {e})}w

We have already shown in Lemma 2.5.16 that (c,a,c’) ~ (¢,a,c) if and only if
(' \¢c)= (¢ \¢). It follows immediately that 7 is well-defined and is injective.
Moreover, since any transition of les.otsi(ES), say (c,a,c’), is associated with an
event of ES, namely, ¢’\ ¢, we have that 7 is also surjective. In fact, it can be shown
that (n,4d) is an isomorphism of labelled event structures whose inverse is (7, id),
where 7: [(¢,a, )]~ — (" \ ¢).

PROPOSITION 2.5.30 ((n,1id): ES — otsi.les o les.otsi(ES) is universal)

For any labelled event structure ES, any occurrence transition system with inde-
pendence OTI and any morphism (7, \): ES — otsi.les(OTI), there exists a unique
k in oTSI such that otsi.les(k) o (n,id) = (7, \).

S — " otsides o les.otsi(ES)

lotsi.les(k)
otsi.les(OTI)

(M)
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Proof. Let us define k:les.otsi(ES) — OTI. Clearly, in order to make the diagram
commute, k must be of the form (o, \), for some o. Let us consider o:c — S(7(c)),
ie.,

(o,\) = (S,id) o (7], \): les.otsi(ES) — les.otsi(otsi.les(OTI)) — OTI.

Then, we have immediately that o is well-defined and that (o, A) is a transition system
with independence morphism.

Now, we show that the diagram commutes. We verify that n, on =nsonzon = 7.
Consider e € Egg and let a be £(e). If A\la, then 7Ta and n57a and, therefore, both
sides of the above equality are undefined. Suppose otherwise that A|a. We have

e [cacufen] ™ [(10.M@, 70 U E})]

~ ~

i [(s@e), @, s u e )]

~

- [(eton@oteuten)]

Observe that (77( ), Ma),f(c)U {ﬁ(e)}) belongs to les.otsi o otsi.les(OTI) and is asso-
ciated with the event 7j(e) of otsi.les(OTI). Then, from Lemma 2.5.27, we have that
U {n(e

| (s M) S U aen )| =ate).

The last step to prove the universality of (7, id) is to show that & is the unique transi-
tion system with independence morphism from les.otsi(ES) to OTI which makes the
diagram commute. Let us suppose that there is £’ which does so. It must necessarily
be k' = (o', \). Observe from the first part of the proof that in order for the diagram to

commute, it must be 7, ( [(c, a,cU {e})} N) = [(U'(c), Aa), o' (cU {e}))} = fi(e) =
[(a(c), Ma),o(cU {e}))} K for any e such that A|¢(e). Now, it is easy to show by

induction on the cardinality of ¢, that o' = o. v

Therefore, we have the following corollary.

COROLLARY 2.5.31 (les.otsi - otsi.les)

The map les.otsi extends to a functor from LES to oTSI which is left adjoint to
otsi.les. Since the unit of the adjunction is an isomorphism, the adjunction is a
coreflection.

Next, we show that (S, id) is the counit of this coreflection. Actually, the task
is fairly easy now: by general results in Category Theory [90, chap. IV, pg. 81], the
counit of an adjunction can be determined through the unit as the unique morphism
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e: otsi.les o les.otsi(OTI) — OTI which makes the following diagram commute.

(n,4d)

otsi.les(OTI) ————— otsi.les o les.otsi o otsi.les(OTI)

otsi.les(e)

otsi.les(OTI)

However, in the proof of Proposition 2.5.30, we have identified a general way to
find e. From it we obtain € = (S, id) o (id, id), which is (S, id).

The results we have shown earlier about (S,id) make it easy to identify the
full subcategory of oTSI and, therefore, of TSI which is equivalent to LES, i.e., the
category of those transition systems with independence which are (representations
of) labelled event structures. Such a result gives yet another characterization of
(the finite elements of) coherent, finitary, prime algebraic domains. Moreover, this
axiomatization is given only in terms of conditions on the structure of transition
systems.

By general results in Category Theory [90, chap. IV, pg. 91], an equivalence of
categories is an adjunction whose unit and counit are both isomorphisms, i.e., which
is both a reflection and a coreflection. Then, Proposition 2.5.29 gives us a candidate
for the category of occurrence transition system with independence equivalent to
LES: we consider oTSIg, the full subcategory of oTSI consisting of those occurrence
transition systems with independence satisfying condition (E). To obtain the result,
it is enough to verify that les.otsi: LES — oTSI actually lands in oTSI¢. In fact,
this guarantees that the adjunction (les.otsi, otsi.les): LES — oTSI restricts to an
adjunction LES — oTSI; whose unit and counit are again, respectively, (7, id) and
(8, id), which are isomorphisms. It follows then, that oTSI; = LES.

PROPOSITION 2.5.32
The occurrence transition system with independence les.otsi(ES) satisfies condi-
tion (E).

Proof. Suppose (c,a,c’) I (¢,b,&) and let (¢’ \ ¢) = {e} and (¢' \ ¢) = {€}. Then,
we must necessarily have e co . It follows that ¢ = (|e] \ {e}) U (le] \ {e}) is a
finite configuration of ES which enables both e and €. Then, in les.otsi(ES) we have
(c;a,c') ~(c,a,cU{e}) I (¢,b,cU{e}) ~ (¢,b,7). v

Thus we have the following.

COROLLARY 2.5.33
The categories LES and oTSI¢ are equivalent.

171



CHAPTER 2. MODELS FOR CONCURRENCY

We can interpret such a result as a demonstration of the claim that transition
systems with independence are a generalization of labelled event structures to a
model system. However, there is point a which is worth raising. The fact that
just unfolding transition systems to their occurrence version does not suffice to
get a category equivalent to LES, shows that the independence relation on tran-
sitions is not exactly a concurrency relation. As an intuitive explanation of this
phenomenon, it is very easy to think of a transition system with independence in
which independent transitions never occur in the same path, i.e., intuitively, they
are in conflict. In the light of such observation, condition (E) can be seen exactly as
the condition which guarantees that independence is concurrency. It is then that
the simple unfolding of transition systems with independence yields the category
oTSI; equivalent to LES.

Next, we briefly see that the coreflection LES <> oTSI cuts down to a coreflection
dLES <> doTSI, which composes with the coreflection given earlier in this section to
give a coreflection dLES <> dTSI. As a consequence, we have that dLES = doTSI;.
These results are shown by the following proposition.

PROPOSITION 2.5.34
If ES is deterministic, then les.otsi(ES) is deterministic. If OTI is deterministic,
then otsi.les(OTI) is deterministic.
Proof. 1f (¢,a,cU{e}) and (c,b,cU {e}) are transitions of les.otsi(ES), then c I e and
¢t é and then a # b.

If ¢ - [(s,a,8")]~ and ¢ - [(5,b,5)]~, we can clearly assume that c is finite. Then,
(c, a,c U {[(s,a, s')]N})7 (c, b,c U {[(5,b, §')]~}) are in les.otsi o otsi.les(OTI) and,

therefore, (S(c),a,S(cU {[(37(175')]~}))7 (8(0)76,8(0 U {[(5,b, §')]~})) are in OTI.
Then a # b. v

These results are summarized in the following theorem.
THEOREM 2.5.35 (Moving along the “behaviour/system” axis)

Bl +—— I3

¢
diTsI drs

dLES <—— HL
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2.6 Deterministic Transition Systems with Inde-
pendence

Now, we consider the relationship between dTSI and TSI, looking for a generalization
of the reflection dTS << TS. Of course, the question to be answered is whether a
left adjoint for the inclusion functor dTSI — TSI exists or not. This is actually a
complicated issue and for a long while we could not see the answer. However, we
can now answer it positively!

Thinking about the issue, at a first sight, one could be tempted to refine the
construction given in Section 2.2 case of transition systems by defining a suitable
independence relation on the deterministic transition system obtained in that way.
However, this simple minded approach would not work, since, in general, no inde-
pendence relation yields a transition system with independence. Let us see what
happens with the following example.

ExXAMPLE 2.6.1
Consider the transition system T in the following figure together with its deter-
ministic version ts.dts(T).

Now, suppose that T carries the structure of a transition system with indepen-
dence, i.e., an independence relation I on its transitions, and suppose further that
(s,a,s") I (s',b,u). Observe now that, in order to establish the reflection at the
level of transition systems with independence, since the unit would be a morphism
from the original transition system to the deterministic one, the independence rela-
tion must be preserved by the construction of the deterministic transition system.

Thus, whatever the independence relation on the deterministic transition sys-
tem is, it must be ([s]~,a,[s']~) I ([¢']~,b, [u]~). Then, the transition system we
obtain cannot be a transition system with independence, since axiom (iii) of Defi-
nition 2.3.7 of transition systems with independence fails. However, in the rest of
this section, we will show that it is always possible to “complete” the determin-
istic transition system obtained by ts.dts in order to make it a transition system
with independence. Moreover, such a completion will be “universal”, so that it will

give the reflection we are seeking. In the case of the transition system above, the
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resulting transition system is shown below.

[s]~
l b
a
GA
c a
b
[u]~

Observe that it may also not be possible to define I to be irreflexive. Of course,
this happens when there is a diamond of concurrency whose transitions carry the
same label. It is easy to understand that, in this case, the only way to cope with
those transitions is by eliminating them. In other words, autoconcurrency, i.e.,

concurrency between events carrying the same label, add a further level of difficulty
to the problem.

Therefore, our task is to complete a deterministic transition system DT whose
transitions carry a relation I, paying particular attention to autoconcurrency, to
construct the “minimal” deterministic transition system with independence which
contains DT and I, i.e., make DT into a deterministic transition system with
independence by adding as few new states and transitions as possible.

DEFINITION 2.6.2 (Pre-Transition Systems with Independence)
A pre-transition system with independence is a transition system together with a
binary and symmetric relation I on its transitions.

A morphism of pre-transition systems with independence is a transition system
morphism which, in addition, preserve the relation I.

Let pTSI denote the category of pre-transition systems with independence.

Given sets S and L, consider triples of the kind (X,=,I), where X C S - L* =
{sa|s € S and a € L*}, and = and I are binary relations on X. On such triples,
the following closure properties can be considered.

(Cl1) x =z and za € X implies za € X and za = zq;
(C12) x =z and za I yc implies za I yc;
(Cl8) xzab = xba and za I xb or za I xab implies

za I yc < xba I ye.

We say that (X, =, ) is suitable if = is an equivalence relation, I is a symmetric
relation and it enjoys properties (Cl1), (Cl2) and (Cl3). Suitable triples are meant
to represent deterministic (pre) transition systems with independence, the elements
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in X representing both states and transitions. Namely, xa represents the state
reached from (the state corresponding to) x with an a-labelled transition, and that
transition itself. Thus, equivalence = relate paths which lead to the same state
and relation I expresses independence of transitions. With this understanding,
(Cl1) means that from any state there is at most one a-transition, while (CI2) says
that I acts on transitions rather than on their representation. Finally, (Cl3)—
the analogous of axiom (%) of transition systems with independence—tells that
transitions on the opposite edges of a diamond behave the same with respect to I.
For x € §-L* and a € L, let z[a denote the pruning of x with respect to a.
Formally,
zla ifa=5

sla=s and (zb)la = {

(z]a)b otherwise

Of course, (z]a)b = (x[b)[a and thus it is possibile to use unambiguously x[A
for AC L. Given X C S L*, we use X [A to denote the set {x[A |z € X} and for
a binary relation R on X R[A will be {(z[A,ylA) | (z,y) € R}.

For a transition system with independence TI = (S,s!, L, Tran,I), we define
the sequence a triples (S;,=;,1I;), for i € w, inductively as follows. For i = 0,
(S0, =0, Ip) is the least (with respect to componentwise set inclusion) suitable triple
such that

SuU {sa ‘ (s,a,u) € Tmn} C Sp; {(sa,u) ‘ (s,a,u) € Tmn} C =q;

and
{(s0,5) | (s,0,0) 1 (5" ,0) } € T
and, for ¢ > 0, (S;,=;, I;) is the least suitable triple such that
(3)  Sic1lAic1 € 8i; =icalAic1 €= (Lima \ TAi-1)[Aioy C I
(D]) za, tb € S;_1[A;—1 and za (Ii—l \TAi_l)[Ai_l b
implies xab, xba € S5; and xab =; zba;
(DQ) xa, rab € SZ',1 rAi,1 and za (Iz'fl \TAifl)rAifl zab
implies b, zba € S; and xab =; xba;
where A; = {a € L | za I; za} and TA; = {(za,yb) € I, |a € A; or b € A;}.

The inductive step extends a triple towards a transition system with indepen-
dence by means of the rules (D1) and (D2), whose intuitive meaning is clearly that
of closing possibly incomplete diamonds. The process could create autoindependent
transitions which must be eliminated. This is done by (&) which drops them and
adjusts =; and I;.

A simple inspection of the rules shows that if a € A;, then it will never appear
again in the sequence. Thus, if z is removed from S;, it will not be reintroduced,
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and the same applies to the pairs in =; and I;. Then, it is easy to identify the limit
of the sequence as

(£-UNS ~-UN= £-UNs)

icwj>i icwj>i i€w j>i

PROPOSITION 2.6.3
The triple (S, =w, L,) is suitable. Moreover, 1, is irreflexive.

The following proposition gives an alternative characterization of (S,,, =, I.,)
which will be useful later on. In the following let A, denote Uiew A; and let T A,
be Uiew TAI

PRrROPOSITION 2.6.4
(8020 L) = (Usi14), UEiTA), U\ TA) 1A ).
1EW 1EW 1€W
Proof. 1f x € S., then there exists i such that z € S; for any j > 4. It follows easily that
z[A; = z for any j € w and then z = z[A, € S;[As. On the other hand, suppose
that ¢ = Z[A., with T € S;. Since Z is a (finite) string, it must exist k£ such that
a‘c[(Uj:i """ w_1Aj) = x. Then z € Sk, and for any j > k, since z[A; =z, x € Sj.
Thus, x € S..
If (z,y) € =; for any j > 4, then z,y € S; for any j > i and, reasoning as before,
z[A, =z and y[A, = y. Thus, (z,y) = (z[Av,y[As) € =i[As. If instead (z,y) =
(Z]Aw,ylAw) € =i[Aw, then there exists k such that ir(U]’:i,m,kfl Aj) = z and
gj[(Uj:i’m’k_l Aj) = y. Tt follows easily that (z,y) € Eir(Uj:i,m,k—l Aj) C =g, and
then, for any j > k, (z,y) € =5, i.e., (z,y) € =..
Finally, if (za,yb) € I; for any j > i, a,b € A, and then (za,yb) € I; \ TA.,
whence it follows (za,yb) = (zalAw,yb[As) € (Li \ TAu)[As. On the contrary, if
(za,yb) € (I; \ TAu)[ A, it must be za = TalA, and yb = bl A, with (Za,gb) € L.
Then, it can be proved as in the previous case that there exists k such that (za, yb) € I;
for any j > k. v

Proposition 2.6.4 has the following immediate corollary.

COROLLARY 2.6.5
i) x€S; implies z[A, € Su;
i) x=;y implies (2]AL)=w (Y[Au);
iii) xza I; yb and a,b¢ A, implies (xzalAy,) I, (yblA,).

In the following we shall refer to the sets obtained by applying rules (), (D1)
and (D2) to S;_1, =;—1 and I;_; as the generators of the suitable triple (S;,=;, I;).
Similarly, the sets S U {sa | (s,a,u) € Tran}, {(sa,u) | (s,a,u) € Tran} and
{(sa,s'd) | (s,a,u) I (s',b,u’)} are the generators of (So,=o,Ip). We shall occa-
sionally denote the generators of (S;,=;, I;) by +S,;5 v=; and , .. Now, we take the
occasion to show some general properties of the first step of the above construction.
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LEMMA 2.6.6
Let TI be a transition system with independence and (S;, =;, I;) the corresponding
sequence of triples. For s, s' € S, sa, s'b, sa, s'3 € Sy we have that

1) sa =g §'f if there exists u € S and two sequences of transitions leading,
respectively, from s to u with labels « and from s’ to u with labels [3;

ii) s’ =g sa if (s,a,s") € Tran.

iii) sa Iy s'b if there exist transitions (s,a,u) I (s',b,u') in T1I.

Proof. Observe that point (i) is an easy corollary of point ().

Consider X C S - L™ such that sa € X if and only if s € S and there is a sequence
of transitions (s, a0, $0) " (Sn=1,an, Sn) in DPT, where ag - - an is a. Then, consider
the relations = C X x X and I C X x X such that sa = /4 if and only if there are two
corresponding sequences of transitions leading to the same state of 71 and sa I s'3
if and only if there are two corresponding sequences whose last transitions are in the
relation I of T1I.

In order to show (i) and (iii) it suffices to show that (X,=,I) C (So, =0, o). We do
it by induction on the structure of the elements of X.

Clearly, by definition, s € X implies s € Sy and sa I s'b implies sa I s'b. Moreover,
s = s’ implies s = s’ and, therefore, s =9 s’. Now suppose that saa = s’8. Then
we have the sequences (s,ao,50) " (Sn—1,an, Sn)(Sn,a,u) with @ = ao---an, and
(s',b0,50) *+ (Shy—1,bm,u), with 8 = bg-+-by. Then, we have sna =¢ u =¢ Siy_1bm
and, by induction, since sa = s, and 8’3 = u, it is s =¢ s, and s’3 =¢ u. Then, by
(Cl1), we have saa € So and saa =¢ 8,0 =0 U =g Spy_1bm =0 8’ 3.

Finally, if saa I s'3b, we have the two sequences (s,ao,so):--(Sn,a,u) and
(s',b0,50) (8, b u’), where (sn,a,u) I (Sp,,bm,u’). Therefore, it is spa Iy sy,b,
and, by induction, sa =¢ s, and 8’8 =g s;,,. Then, since sna Iy s;,b, by (Cl2) we have
saa Iy s),b and since s’ = s;,, again by (CI2), saa Iy s'[3b. v

If TT is deterministic then there is a neat characterization of (Sy, =0, Ip).

LEMMA 2.6.7
Let TI be a deterministic transition system with independence. Then

i) sa =g 'Q if and only if there is u € S and two sequences of transitions leading
from s to u with labels o and from s’ to u with labels 3;

it) s’ = sa if and only if (s,a,s’) € Tran.
iii) sa Iy s'b if and only if there exist (s,a,u) I (s',b,u’) in TI.
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Proof. By exploiting the determinism of T, point (i) is again easily obtained from (7).

Therefore, to show the thesis, it suffices to show that (X,=,I) = (So, =0, o), where
(X,=,1) is as defined in the proof of Lemma 2.6.6. Since we know that

(+S0s v =01 10) C (X,=,1) C (S0,=0, Io)

respectively by definition and by Lemma 2.6.6, and since (So, =o, lo) is the least suit-
able triple which contains 1S, v=, and I, it is enough to show that (X,=,1) is
suitable.

Relations = and I are, respectively, an equivalence and a symmetric relation. Thus,
we need to prove that (X, =,1) is closed with respect to (Cl1), (C12) and (Ci3).

(Cl1) By definition, if sae = s’/ then there is a state u and two sequences leading,
respectively, from s to u with observation « and from s’ to u with labels 3. Moreover,
if s'Ba € X, there is a transition (u,a,u’) € Tran and therefore a sequence leading
from s to u’ with labels aa, whence saa € X and saa = s'Ba.

(Ci2) 1f s = s'B3, then, provided that they exist, sca and s’Ba represent the same
transition. Therefore, s’'Ba I yc implies saa I yc.

(C13) Consider saab = u = saba and saa I sab or saa I saab. Then, by definition
we have (3,a,s’) I (5,b,58") or (5,a,s") I (s',b,u), for 5 = sa, s’ = saa and s = sab.
In both cases we have (s”,a,u) ~ (3,a,s’) and, therefore, for any (s,c,s’), we have
(3,a,8") I (s,c,8') if and only if (s”,a,u) I (s,c,8'), ie., saa I yc if and only if
saba I yc. v

This result admits the following immediate corollary.

COROLLARY 2.6.8
If TI is deterministic, for any x € Sy there is exactly one s € S such that x =g s.

As anticipated before, (S;,=;, I;) encodes a deterministic pre transition system
with independence which contains a deterministic version of the original T1 we
started from (apart from the autoindependent transitions). Formally, for each k €
w U {w}, define

TSys, = (Sn/z,{, [SI]EN,LK, Tmnzn,lzﬁ),

o ([x]=,,a,[2']=,) € Tran=, if and only if 2’ =, xq;

K

o ([x]=,,a,[2]=,) I=, ([T]=.,b, [Z']=,) if and only if za I, Tb;

o L.=L\J A4,

I<K
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Observe that the above definitions are well given. In fact, concerning Tran=,_,
since za € S; if and only if za € S; for any z =; z, and since 2’ =; za if and
only if ' =; za for any z =;  and 2’ =; 2/, its definition is irrespective of the
representive chosen. The same holds for the definition of I=,, since xza I; 2'b if and
only if za I; 2'b for any z =; x and 2’ =; z'.

PrOPOSITION 2.6.9
TSys,, is a deterministic pre-transition system with independence.

Proof.  TSys,, is certainly a transition system and since (Sk, =, ) is suitable, I=,
a / . . A :
— [2']=. if and only if 2’ =. za, then if

K

is symmetric. Moreover, since [z]=

[z]=. —= [2"]=., we have [2"]=, = [2/]=.. Therefore, TSys, is deterministic. v

Lemma 2.6.7, its Corollary 2.6.8 and the previous proposition show the similarity
of T'Sys, with the construction of the deterministic version of a transition system
as given in Section 2.2. Actually, starting from them, it is not difficult to see that,
when applied to a transition system 7'S, i.e., a transition system with independence
whose indepencence relation is empty, T'Sys, is a deterministic transition system
isomorphic to ts.dts(T'S). This fact supports our claim that the construction we
are about to give builds on ts.dts. However, in Section 2.2 a simpler construction
was enough, because we did not need to manipulate transitions but only states.

PropoOSITION 2.6.10

The pair (in, id), where in: S — Sy/=y is the function which sends s to its equiva-
lence class [s|=, and id is the identity of L, is a morphism of pre-transition systems
with independence from TI to TSys,. Moreover, if TI is deterministic, then (in, id)
is an isomorphism.

Proof.  Since (s,a,s’) € Tran implies that s =¢ sa which in turn implies that
([s]=0s @, [8']=¢) € Tran=,, we have that (in,id) is a morphism of transition systems.
If TI is deterministic then from Corollary 2.6.8 and from Lemma 2.6.7 (i), (s,a,s’) €
Tran if and only if ([s]=,,a,[s']=,) € Tran=,, and thus (in,id) is an isomorphism of
transition systems. Moreover, since (s,a,s’) I (5,b,5’) implies sa Iy 5b, which in turn
implies ([s]=y,a, [s']=y) I= ([8]=0,b, [§']=), it follows that (in,id) is a morphism of
pre-transition systems with independence. Finally, from Lemma 2.6.7 (44i), if 7T is de-
terministic, then (s,a,s’) I (5,b,3") if and only if ([s]=,,a, [s']=,) I=, ([8]=0,b; [5]=0),
i.e., (in,id) is an isomorphism of (pre) transition systems with independence. v

For ¢ € w\ {0}, consider the pair (in;, id;), where in;: S;—1/=;—1 — S;/=; is
the function such that in;([x]=,_,) = [#[Ai-1]=, and id;: L;—y — L; is given by

id;(a) = aif a ¢ A;—1 and id;Ta otherwise. Then, we have the following.

LEMMA 2.6.11
The pair (in;,id;): TSys;_y — TSys; is a morphism of pre-transition systems with
independence.
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Proof. Observe that since x =;_1 y implies that x[A;_1 =; y[Ai_1, in; is well-defined.
i) ini([sl]fifl) = [51 [Aii]=, = [SI]E«;'
it) Consider a transition [z]

ini([z]=,_,) = [zAi—1]=,
(z[Ai-1)a, and then

im([m]zifl) = [z Ai1])=, % [(x]Aiz1)a]=, = ini([xa]zifl).

., = [za]=,_, in TSys,_,. Now, if a € A;—1, then

[zalAi—1]=, = ni([za]=,_,). Otherwise, zalA;—1 =

117,) If ([JU]EFU% [xa’]Ei—l) I=, ([y]Ei—17b7 [yb]Ei—l) and a,b & A;—1, then we have
za I—1 yb and (x[Ai—1)a L (y[Ai—1)b, ie.,

(It i), == (@Al ) I, (T Aim]=, == [@TA-)b=, ),
e, (im([x];ifl) a, im([xa];iil)) I, (im([y];ifl) L, z'm([yb];ifl)). v

It is interesting to notice that T'Sys,, is a colimit in the category pTSI.

PropoOSITION 2.6.12
TSys,, Is the colimit in pTSI of the w-diagram

D= TSysO (ini;h) TSySl (iw2) (”ﬂ?i) TSys- (iniﬂwrl)

2

Proof. For any i € w, consider the function in{: S;/=; — S, /= such that in{ ([z]=,) =
[x]Au]=,, and let idy: L; — L., denote the function such that id¥ (a) = aif a € A, and
1d¥Ta otherwise. As for Lemma 2.6.11, it is easy to see that (iny, idy’) is a morphism
of pre-transition systems with independence from T'Sys, to T'Sys,,.

Since for any i we have inj,; o in;41 = in; and idj,; o idiy1 = id;, then T'Sys, and
the morphisms {(iny,idy) | i € w} form a cocone in pTSI whose base is D. Now,
consider any cocone {(0i, A;): TSys, — PT | i € w}, for PT any pre-transition system
with independence. Then, by definition of cocone, it must be o; = 041 0in,+1 for each
i € w, ie., 0i([r]z;) = oir1([x[Ai]=,,,), whence it follows easily that for any = € S;
and y € S; such that z[A, = y[ A, it must be o;([z]=,) = 0;([y]=,). Moreover, again
by definition of cocone, it must be A; = A\it1 0 id;11. This implies that for a € L'\ A,
we have \;(a) = Ai+1(a) for any i € w, while for a € A; it must be A\;Ta for any i < j.
In fact, if a € Au, since id;y1(a) = a, it must be X;(a) = Ai+1(a). Suppose instead
that @ € A;. Then, idj+1Ta and thus A\jTa. Now, since id;(a) = a if ¢ < j, it follows
that A\;Ta for any ¢ < j.

Now, define (&, \): TSys,, — PT, where 5([z]=,,) = 0:([Z]=,) for any i and Z € S; such
that | A, = =, and take ) to be the restriction of A\g to L. Exploiting the features of
the morphisms (04, \;), it is easy to see that (o4, \;) = (7, A)o(in¥, id?) for each i, and
that (&, \) is the unique morphism which enjoys this property. Observe that, in view of
Proposition 2.6.4, & could be equivalently defined by saying that &([z]=,,) = 0i([z]=;)
for any z such that x € S;. v
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Besides enjoying a (co)universal property, TSys, has another property which
the reader would have already guessed: it is actually a deterministic transition
system with independence.

ProposiTION 2.6.13
TSys,, Is a deterministic transition system with independence.

Proof.  Proposition 2.6.9 shows that T'sys. is a deterministic pre-transition system
with independence, while it follows immediately from Proposition 2.6.3 that I= is

irreflexive. Let us check that the axioms of transition systems with independence
hold.

i) Trivial, since TSys,, is deterministic.

i1) Suppose that ([z]=,,a, [z']=,) I=., ([z]=.,b,[2"]=.). Then, za I, xb and, there-
fore, there exists an index ¢ such that xza I;—1 xb, which, in turn, implies that there
exist zab =; zba € S;. Then, by (Ci3), za I; zb implies zba I; xzb and zb I; za
implies wab I; za. Since a,b ¢ A, and z[A, = =z, then it is xab =, wxba, and
za I, zab and zb I, xba, which implies that there exists [zabl=, = [u]=, = [zba]=,
in S, /=, such that ([z]=,,a,[2']=,) I=, ([2']=.,0, [u]=,), and ([z]=,, b, [2"]=,) I=,
([¢")=u @, [u]=,).

114) Similar to the previous point.

I

1) It is enough to show that

(=, 0 [2]=0) (R U =) (2")=0, 0 u]=y) I=, (7)., b, [7]=0)
implies ([x]Ew @y [xl]Ew) [Ew ([j]Ew ) b7 [j/]Ew)‘

Suppose that the ‘<’ case holds. Then, there exists an index 4 such that 2’ =; za,
" =; b, za I; xb, zab =, u =; wba, and xba I; Tb. Then, by (Cl3), we have za I; Tb.
Then, it is xa I, Zb, whence it follows that ([x]=,,a, [z']=,) I=, ([T]=.,b, [T']=.)-

A similar proof shows the case in which ‘>~ holds. v

Thus, TSys,, is the deterministic transition system with independence we will
associate to the transition system with independence TI. Formally, define the map
dtsi from the objects of TSI to the ojects of dTSI as dtsi(TI) = TSys,,. Figure 2.3
exemplifies the construction in an easy, yet interesting, case.

Let TI = (S,s!,L, Tran,I) and TI' = (S',s'"1, L, Tran', I") together with a
morphism (o, \): TI — TI' in TSI. In the sequel, let (S, =, ;) and (S, =", 1),
Kk € wU {w}, be the sequences of suitable triples corresponding, respectively, to
TI and TI'. Moreover, we shall write A,, TA,, L., TSys,, A, TAl, L' and
TSys!. to denote the sets and the transition systems determined respectively by
the sequences (Sx, =, ) and (S.,=/,I.). In the following, we shall construct a
sequence of morphisms (&;, \;): TSys; — TSys., which will determine a morphism

(6w, Aw): TSys,, — TSys.,, i.e., dtsi((a, /\))
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TSys,, =, T,
[1]50 = {LOU«} [0‘1]50 IEO [Ob]zo
[3]50 [2]50 = {QaOb} [OU«]EO IEO [21)];0
[8l=, = {3,2b,00b}
/b
k=0
[1]=, ={1,0a} [Oa]=, I=, [0b]=,
[2]=; = {2, 00} [0a]l=, I=,
[3]=; = {3,20b,00b} [0ab]=,
[2a]=, = {2a,1b, 0ab, Oba} [00]=, I=, [0ba]=,
[1b]=, I=, [2a]=,
k=1 [0a]=; I= [20]=
[0bal=, I=, [0bb]=,
[0]52 = {0} [Oa]EQ IEQ [Ob]EQ
[1]52 = {1,0b} [Oa]EQ IEQ [1b]EQ
[2]=, = {2,0a} [0b]=, I=, [2a]=,
(3=, = {3,2a, 0aa} [1b]=, I, [2a]=,
[2b]=, = {1a,2b, Oba, Oab} [2a]=, I=, [2b]=,
[3b]=, = {3b, 2ab, 2ba, laa, [2a]=, I=, [2bD]=,
0abb, Obaa, Oaba} [2b]=, I=, [3a]=,
[2bb]=, I=, [3a]=,
K=2
a b
[0]52
[Bal=., COMMENTS. The transition system we start from
gets us to T'Sysg, where the dotted lines indicate
b e relation I. TSysq fails to a be transition system
with independence because there is no diamond for
[2a]—., < 3]= the transitions sticking out [0]=,. In T'Sysj, this
w w problem has been solved by use of (D1). However,
a now there is no diamond for the transitions leav-
K=w b b ing from [2]=;, which are independent because of
the closure (Cl3). The problem is fixed in T'Sysg
M=, = 2]=,, which is a transition system with independence
and coincides with T'Sys,,.
a /j
[0]=,,

Figure 2.3: An example of the construction of T'Sys,,.
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For i € w, let o; be the function such that

oi(x) = ox) forxzesS;
" (1)i(a)
_ oi(x)i(a) if \jla
oi(za) = { oi(x) otherwise;
where

@ = {)\(a) it Aa) ¢ U, 4]

T otherwise.

The next step is to show that o; is well-defined, i.e., it is actually a function
from S; to S}, and that it respects both =; and I;. In order to do that, we need
the following lemmas.

LEMMA 2.6.14
Ifx € Si,1 rAi,1 then O'Z(SC) = 0'1'71(1') rA;il.
Proof. We proceed by induction on the structure of x. Observe that the claim trivially
holds for the base case = € S.

(Inductive step). Consider za € S;—1[A;—1. Then, z € S;_1[A;—1 and by inductive
hypothesis o;(z) = o;—1(x)[Ai—1. Now, if \;|a then \;_1]a and A(a) € A}_,. Thus,
oi(za) = gi(z)A\(a) = (gi-1(x)[Ai_1)A(a) = (gi-1(x)A(@)[Ai_1) = gi—1(za)[A]_;.
Suppose instead that \;Ta. In case \i—1la, it is o;(za) = oi(z) = oi_1(x)[Ai_, =
oi—1(za)[A;_;. Then, suppose that A\;_1]a. This means that we have A(a) € A}_;.
Then, o;(za) = 0i(z) = oi—1(z) [Ai_1 = (dic1(x)\(@))[Aj_1 = gi—1(za) [Aj_;. v

LEMMA 2.6.15

Suppose that xa I; yb and \;|a, \;|b implies o;(xa) I! o;(yb). Then, if T|A; = x,

it is 0;(Z)[ A, = oi(x) [ AL

Proof. By induction on the structure of Z, the thesis being obvious for the base case

zesS.
(Inductive step). Consider Za. If a € A;, then (Za)[A; = Z[A; = z and then, by in-
duction, we have 0;(Z)[A] = 0;(x)[A}. Now, if \;Ta, we have 0;(Za)[A] = 0,(Z)[A; =
oi(z)[Aj. Otherwise, there are the following two cases.
1. If Ma) € Uj<i A, then again 04(Za) = 04(Z) and the induction is mantained.

2. If Aa) ¢ Uj<i A%, then 0i(Za) = 0:(Z)A(a). Since a € Aj;, there exists ya € S;
such that ya I; ya, and by hypothesis we have that o;(y)A(a) I} o;(y)A(a). Then,
we have A\(a) € Aj]. It follows again that o;(Za)[A] = 0:(Z)[A]; = oi(z) [ A;.

If otherwise a € A;, then it is # = z'a and Za[A; = (Z[A})a = z'a, with Z[a = 2.
Then, by inductive hypothesis we have o;(Z)[ A} = o;(z’) [A]. Now, if A\;Ta, the thesis
follows easily. Otherwise, if A;|a, there are again the two cases above which can be
treated analogously. v
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Now, we can prove that o; is well-defined and respects =; and I;.

LEMMA 2.6.16
For any i € w, we have that

i) x € S; implies o;(x) € S.;
i) x =; y implies o;(x) =} 0;(y);

i) xa I; yb and \;|la, \;|b implies o;(za) I} o;(yb).

Proof. We show the three points at the same time, by induction on i. The base case
for ¢ = 0 follows directly from the definition of oo and from the fact that (o, \) is a
morphism.

(Inductive step). We start by proving that the generators of (S;, =, ;) are mapped
by o; to the generators of (S;,=;,1I;). Let us start with the elements generated by
(). Let x belong to S;—1[Ai—1. Then, by Lemma 2.6.14, we have that o;(z) =
oi—1(x)[A;_;. Taken T € S;_1 such that [ A;_1 = z, we can apply Lemma 2.6.15 and
conclude that o;—1(x)[Ai_; = 0;—1(F)[A}_;. Since by inductive hypothesis o;_1(F) €
S;, it follows that o;(x) € S;[A}. Suppose now that (z,y) € =,—1[A;—1. Then
there exists (Z,7) € =i—1 such that Z[A;—1 = z and §[A;—1 = y. By induction
we have 0;-1(Z) =j_; 0i—1(¥), and then (o;—1(Z)[A;_1) =iy [Ai_1 (0i=1(§)[Ai_1).
Then, again by Lemma 2.6.14 and Lemma 2.6.15, we have o;(z) = 0,-1(Z)[A;_, and
oi(y) = gi—1(y)[A;_1. Tt follows that o;(z) =;_; [A;_; oi(y). Finally, suppose that
(za,yb) € (Li—1 \TA;—1)[Ai—1 and that \;|a and \;|b, which implies that A;—1 |a and
Ai—1]b. Reasoning as above, we can find (Za,ya) € I;—1 such that Z[A;,—1 = x and
ylAi—1 = y and 0i-1(Za) I_y oi-1(yb). Then, (di-1(za)[Ai_1) (Ii_y \ TA;_1)[Ai_,
(05—1(gb) [Ai_1), which clearly implies o;(za) (Ii_; \ TA;_1)[Aj_; o:i(yb).

Then, we have shown that o; maps S;—1[Ai—1to S;_,[A]_1, =i—1 [Ai1to=_; [A;_,
and (l;—1 \ TAi—1)[Ai—1 to (Ij_y \ TA;_1)[A;_;. Then, the induction hypothesis
ensures that (i), (ii) and (ii7) hold for elements generated by (). Now, we need to
prove the claim for the generators introduced in the i-th inductive step.

Consider z € 45,. Let us show that o;(z) € ,S5}. The following two cases are possible.

1.z is generated by (D1), i.e., x is yba for yb (I;_1 \TAi—1)[Ai—1 ya in S;_1[A;_1.
Then, if A;Ta then oi(z) = o4(yd) € S;_1[Ai_, C S,. Otherwise, if A;1b, then
oi(z) = oi(y)A(a) = oi(ya) € 4S). Finally, if X; is defined on both a and b, then
ai(y)M(a) (Ij_1 \TA;_1)[Ai_1 oi(y)A(b) and therefore o;(y)A\(b)A\(a) = oi(z) is
in .YSIZ.A

2.z is generated by (D2), i.e., x is ya or yab for yb (I;—1 \TA:—1)[Ai—1 yba in
Si—1[Ai—1. Then, the proof goes as in the previous case.

Now, suppose z 4=, y and let us show that os(z) =] oi(y). Again, there are two
cases.
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1.  ® =, y is generated by (D1), which means that x is of the kind zab and y is
zba for za (Ii—1 \ TAi—1)[Ai—1 2zbin S;—1[A;—1. Then, if X\;Ta or A\;1b, we have
that o;(z) = Ji(y) and we are done. Otherwise, if A; is defined on both @ and b,
since oi(z)A(a) (Ii_1 \ TA;_1)[Aj_1 0i(2)A(b), it is os(x) = oi(2)A(a)A(b) =,
ai(2)A(b)A(a) = oi(y)-

2.  x =; y is generated by (D2), which means that x is of the kind zab and y is
zba for za (Ii—1 \ TAi—1)[Ai—1 zab in S;—1[A;—1. This case is analogous to the
previous one.

Then, we have proved that z € S, implies 0i(z) € S}, v 4=, y implies o4(z) =]

0i(y), and za I, yb and A;|a, A;|b implies o;(za) 41} oi(yb). To conclude the proof,

now it is enough to check that the closure rules preserve points (i), (i1) and (7).

(Cl1) € (Ci2) Suppose that x* =; z and za € S;, where 0;(z) =} 0:(2) and 7;(za) € S;.
Now, if \;Ta, then o;(xa) = oi(za) € S}, and we are done. Otherwise, since
oi(z) = 0i(2) and 0;(2)\(a) € S}, we have o;(xa) = oi(z)\(a) =} 0:(2)\(a) =
oi(za) in S;, since (S}, =}, I!) is suitable.

Now suppose that za I; yc, A;la and \;lc, and assume o;(2)A\(a) I} o;(y)A(c).
Then, o;(z)A(a) = 0i(2)A(a) and, therefore, o;(za) = o;(x)A(a) I} oi(y)\(c) =
oi(yc), since (S}, =;,I;) is suitable.

(Cl3) Suppose zab =; xba and za I; xb or xza I; xab. Moreover suppose that \;|a
and A;lc. Then if o;(z)A(a)A(b) =} oi(z)A(b)A(a) and o;(z)A(a) I] oi(x)A(b) or
oi(z)A(a) I] o(z)A(a)A(b), we are in the condition of (Cl3), and we conclude that
o(za) I o(yc) if and only if o(zba) I o(yc). v

It follows immediately from Lemma 2.6.16 that for ¢ € w, 7;, defined to be the
map which sends [z]=, to [0;(x)]= is a well-defined function from S;/=; to 5j/=
Then, the following lemma follows easily.

LEMMA 2.6.17
For i € w, the map (5;, \;): TSys; — TSys; is a morphism of pre-transition systems
with independence.

For any 7 € w, consider the morphism of pre-transition systems with inde-
pendence (in}”,id") o (5;,\i): TSys; — TSys',. Recall that for z € S;, we have
oir1(zA;) = oi(x[A) A} = oy (x) [ AL, whence o1 (xA)A], = o;(z)[Al,. Then

i’ 0oi([2]z,) = in¥([oi(2)l=;) = [os(2)[A4L]=,
= [Uz+1( Ai)AL )=, = injgy ([oira (2T Ai)l=, )
= mi+1 ogit1([zlAil=,,,) = mi+1 0Git1 0 mit1([z]s,),

Le., in® 0 d; = i, 0 Giy1 0 41 for any i € w. Moreover, since a € A; implies
Aa) € AL, it is easy to see that id[” o \; = id;‘j_l o0 Ajy1014d;y1 for any i € w. Thus,
we have that

{(in’i“’,id;—“’) (G4, N\i): TSys; — TSys., iew}
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is a cocone for the w-diagram D given in Proposition 2.6.12. Then, there exists
a unique (G, \,): TSys, — TSys', induced by the colimit construction, which

is the morphism of transition systems with independence we associate to (o, \),
ie., dtsi((o, )\)) = (Ow,Aw). From Proposition 2.6.12, it is immediate to see
that o, ([z]=,) = [0:(Z)[ A} ]z, for T € S; such that Z[A, = z, or, equivalently,
0u([r]=,) = [0i(x)[A]]=, for any i such that x € S;, and that

Nola) = { Aa) if Aa) & A,

T otherwise.

The following proposition follows easily from the universal properties of colimits.

PROPOSITION 2.6.18 (‘dtsi: TSI — dTSI is a functor)
The map dtsi is a functor from TSI to dTSI.

The question we address next concerns what we get when we apply dtsi to a
deterministic transition system with independence DTI. We shall see that in this
case the inductive construction of TSys, gives a transition system which is iso-
morphic to DTI. More precisely, each =,-equivalence class of (Sprr). contains
exactly one state of the original transition system, and the transition system with
independence morphism (ing o in, idg): DTI — dtsi(DTI)—whose transition com-
ponent sends s € Sprr to [s]=,—is actually an isomorphism. Moreover, we shall
see that its inverse (g, id), where e([z]=,) is the unique s € Spr; such that s =, z,
is the counit of the adjunction.

LEMMA 2.6.19

Let DTI = (S, s’, L, Tran,I) be a deterministic transition system with indepen-
dence. Then, (S1,=1,I1) coincides with (So,=0,Io). Therefore, (ing o in,idy) is
an isomorphism whose inverse is (g, id).

Proof. We know from Proposition 2.6.10 that (in,id) is an isomorphism if DTT is

deterministic. Thus, (ing oin, id§) is an isomorphism if and only if (ing, id§): T'Sys, —
TSys,, is so, which, in turn, is a consequence of the first part of the claim.
Observe that A9 = & and, therefore, TAg = &. In fact, since DTI and TSys, are
isomorphic, if there were za Iy xa, then Ippr would not be irreflexive. Then, in order
to show that (S1,=1,11) = (So, =0, lo), it is enough to see that no new elements are
introduced by (D1) and (D2). In fact, in this case, (S1,=1,I1) would be the least
suitable triple which contains (So, =0, Io) which is clearly (So, =0, o) itself.

!

(D1) Suppose wa Iy xb. Then, by Corollary 2.6.8, there exist s, s, s’ € S such
that s =0 2, s =¢ xa and s” = zb. Therefore, by Lemma 2.6.7, we have
(s,a,s") I (s,b,s") in Tran. Since DTI is a transition system with independence,
there exists u such that

Diam((5,0,5), (5,,5"), (5 by, (5", 0, ),
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and then we have sab =g u =¢ sba and, therefore, by (Cl1), we already have
zab =q zba in (So, =o, lo).

(D2) Analogous to the previous case. v

Thus, we have proved the following corollary.

COROLLARY 2.6.20
(e,id): dtsi(DTI) — DTI is a transition system with independence isomorphism.

Before showing that (e, id) is the counit of the reflection of dTSI in TSI, we need
the following lemma which characterizes the behaviour of transition system with
independence morphisms whose target is deterministic.

LEMMA 2.6.21

Let DTI be a deterministic transition system with independence and consider a
morphism (o, A\): TI — DTI in TSI. Let TSys,, x € w U {w} be the sequence of
pre-transition systems with independence associated to TI. Consider a € Lp; and
suppose that a € A;. Then \a.

We are ready now to show that (e, id) is couniversal.

PROPOSITION 2.6.22 ((e,id): dtsi(DTI) — DTI is couniversal)

For any transition system with independence T1I, deterministic transition system
with independence DTI and morphism (p,u): dtsi(TI) — DTI, there exists a
unique k: TI — DTI such that (g,1id) o dtsi(k) = (¢, ).

(g,3d)

dtsi(DTI) ———— DTI
dtsi(k
toi )T (o)
dtsi(TI)

Proof. Let us consider k = (o, ), where o(s) = ¢([s]=,,) and X is the function which
coincides with p on (Lpy). and is undefined elsewhere. Observe that this is the only
possible choice for k. In fact, any k': TI — DTI which has to make the diagram
commute must be of the kind (¢’,\") with X (a) = p(a) = A(a) for a € (L7y)w.
Moreover, by Lemma 2.6.21, if a € A, it must be A'Ta, i.e., A’ = X. Furthermore,
o'(s) must be an 5 in Sprr such that £([s]=, ) = 5 coincides with ¢([s]=,,), i.e., o’ is
the o we have chosen.

In order to show that (o, \) is a morphism of pre-transition systems with independence,
it is enough to observe that (o, \) can be expressed as the composition of the transition
system with independence morphisms (¢, 1) o (in§ o in,idy): TI — dtsi(TI) — DTI.
This makes easy to conclude the proof. v
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COROLLARY 2.6.23 (dtsi 4«<)
Functor dtsi is left adjoint to the inclusion functor dTSI «— TSI. Therefore, the
adjunction (dtsi,«): dTST — TSI is a reflection.

The adjunction dTSI << TSI that we have so established closes another face of
the cube. In particular, we have obtained the following square, which matches the
one presented in Section 2.2.

Ll ¢—— IS

diSI ¢<— dIS

2.7 Deterministic Labelled Event Structures

In this section we prove that there exists a reflection from the category of determinis-
tic labelled event structures to labelled event structures. A reflection dLES «< LES
does exist, for it follows from the reflections we have presented in the previous sec-
tions. In fact, the results in Section 2.5 and 2.6 show that there exist adjunctions

dLES <> dTSI << TSI < LES.

Now, in order to show that there is a coreflection from dLES to LES, since dLES =2
doTSI¢ and LES = oTSIg, it is enough to show that dTSI << TSI cuts down to a
reflection doTSIy << oTSI¢. In this case, we would have an adjunction

dLES = doTSI; << oTSI; = LES,

whose right adjoint is isomorphic to the inclusion functor dLES < LES. As usual,
to establish that doTSIz << oTSIg, it is enough to show that if OTI in oTSI
satisfies axiom (E), then dtsi(OTT) is a deterministic occurrence transition system
with independence which satisfies (E).

However, since this task is rather boring, we prefer to introduce the reflection
dLES << LES as a construction given directly on labelled event structures. In
order to simplify the exposition, we factorize dLES << LES in two parts: dLES
LES; < LES, where LES; is the category of labelled event structures without
autoconcurrency, i.e., those labelled event structures in which all the concurrent
events carry distinct labels.
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LABELLED EVENT STRUCTURES WITHOUT AUTOCONCURRENCY

As already remarked in Section 2.6, the only way to cope with autoconcurrent
events is by eliminating them. However, the reader will notice that the task is now
much easier than in the case of transition systems with independence. Once again,
this is due to the difference between independence and concurrency and it gives
a “measure” of how this difference can play a role when dealing with transition
systems with independence.

Let ES = (E,#,<,{,L) be a labelled event structure. Consider the sets
A(ES) = {a € L | Je,e’ € E,e co ¢ and £(e) = a = £(e')} and TA(ES) =
{e€ E | {(e) € A(ES)}. Then define

lesi(ES) = (E 4N (ExE), <n(ExE), I, E)

where E = E\ TA(ES), L = L\ A(ES) and {: E — L is { restricted to E.

Of course lesi(ES) is a labelled event structure without autoconcurrency. As a
candidate for the unit of the adjunction, consider the map (in, id): ES — lesi(ES)
where

n(e) — e ifeeF

e = 1 otherwise;
and _

- . a ifa€el

id(a) = { 1 otherwise

It is extremely easy to verify that this definition gives a morphism in LES.

LeEmMmA 2.7.1
Let (n,\): ES — ES’ be a morphism of labelled event structures and suppose that
ES’ has no autoconcurrency. Then, nle for any e € TA(ES).

Proof. Let e € TA(ES). Then £gg(e) € A(ES) and therefore there exist €', e” € Egg
such that e’ coe” and £gg(e’) = £gs(e) = £gg(e’). Suppose now that nle’ and nle”.
Then, by general properties of event structures morphisms, it must be n(e’) co n(e”) in
ES’. But g (n(e)) = A(lgs(e)) = AM(lrs(e”)) = £gg (n(e”)), which is impossible,
since ES’ has no autoconcurrency. It follows that nTe’ or nle”’. Without loss of
generality suppose that nTe’. Then, AT4(e’) and thus AT¢(e). Therefore, it must be
nTe (and, of course, nTe”). v

It is now easy to show that lesi extends to a functor from LES to LES; which is
left adjoint to the inclusion LES; < LES.

189



CHAPTER 2. MODELS FOR CONCURRENCY

PROPOSITION 2.7.2 ((in,id): ES — lesi(ES) is universal)

For any labelled event structure ES, any labelled event structure without au-
toconcurrency ES’ and any morphism (n,\): ES — ES’, there exists a unique
(7, A\): lesi(ES) — ES’ in LES; such that (7, ) o (in,id) = (n, \).

ES _ Gned) lesi(ES)
.y l(n%)
ES’

Proof. Consider 7: Egg — Egg and \: Lgg — Lpg/ to be, respectively, n restricted
to Epg and A restricted to Lgg. Exploiting Lemma 2.7.1 it is not difficult to conclude
the proof. v

Therefore, we have the following corollary.

COROLLARY 2.7.3 (lesi 4 <)

The map lesi extends to a functor from LES to LES; which is left adjoint to the
inclusion functor LES; — LES. Therefore, the adjunction (lesi, «<):LES — LES; is
a reflection.

DETERMINISTIC LABELLED EVENT STRUCTURES

Let us now turn our attention to dLES << LES;. Given a labelled event structure
without autoconcurrency ES = (E,<,#,/, L), consider the sequence of relations
(~i, <i, #i), for i € w, where

e mo={lea|ec Bl =< #o=#

and, for i > 0,

e ~, is the least equivalence on F such that
i) ~ie1 © g
i) efi—1€, e Lire, le)=L(e)
e #, L)<, \{e'} and
e #, L€, \ €
implies e ~; €,

where [e|_ is a shorthand for {¢' € E'| ¢’ <; e} and, for 7,y C E, z # Yy
stands for Ve € z, Ve’ € y, not e #; €'.
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e e<;e ifandonly if Ve’ ~; ¢ Je ~;e. & <;_1 €
e c#; ¢ if and only if V&' ~; e/ Ve ~; e. e #;_1 €';

Observe from the previous definitions that, while ~; C ~,; 1 and #; 2 #i+1,
itis <; € <;41 and <; 2 <;41. Each triple (~;, <;, #;) represents a quotient of
the original labelled event structure in which—informally speaking—the “degree”
of non-determinism has decreased. This will be delevoped in the following.

LEmMMA 2.7.4
For any i € w, <; is a preorder on E such that

e<;e and e’ <;e ifandonlyif e~j;e'.

Proof. Reflexivity and transitivity of <; are obvious. Concernig the rest of the claim, for
i = 0 there is nothing to show, while for any ¢ the ‘<=’ implication follows immediately
by taking the & in the definition of <; to be € itself. To conclude, we show the ‘=’
implication by induction on %, the base case for i = 0 being already discussed.

Suppose e <; ¢ and e’ <; e. Then, since e <; €', there exists & ~; e such that & <;_; €,
and since ¢’ <; e, there exists & ~; e’ such that & <;_; & Thus, & <;_1 € <;_1 €.
Now, since & ~; €', we have & ~;_1 €’ and thus, exploiting the ‘<’ implication, we
also have ¢/ <;_1 &. Then we have ¢’ <,_1 & <;,_1 & <;,_1 €', whence €' <;,_1 € and
€ <;—1 €. So, by induction, & ~;_1 ¢’ and, therefore, & ~; ¢’. Finally, since € ~; e, we
conclude that e ~; €. v

LEMMA 2.7.5
For any i € w, #; is a symmetric, irreflexive relation on FE which satisfies

ed; e <; e implies e #;€".

Proof. The fact that #; is symmetric and irreflexive follows by straightforward in-
duction from the fact that #o is such. We show the other property by induction
on .

. . . . . . . . ! 1 -1 —/ !
The claim is immediate for i = 0. For a generic i, since e’ <; e’, V&’ ~; e, & ~; e

_/ _1 . _ _ .
such that & <;_; &’. Moreover, since e #; €', V& ~; e, we have € #,_1 €, i.e.,
€ #i—1 € <; €. Then, by induction hypothesis, € #;_1 €’. Summarizing, Vé ~; e,
Ve’ ~; e’ wehave e #; 1 &', ie., e#; €. Ve

Observe that a direct consequence of the previous two lemmas is that e ~; €’
implies e # e

K2
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LEMMA 2.7.6
For any i € w, for any e € E, the set {[e']wi ’ e <je, e € E} is finite.

Proof. The proof is straightforward, by induction on 4. For i = 0 the thesis is trivially
true, since ES is a labelled event structure. For a general i the existence of an infinite
set of predecessors of [e]~, for <; would imply, by definition of <; and since ~;_1 C ~y,
the existence of an infinite set of predecessors of [e]~, , for <;_i.

It follows immediately from the previous lemmas that, for any 7 € w,
Evi = (E/~i, <y FFmir by L),
where
o F/~,; is the set of ~;-classes of F;
o [e]n, <o, [€']~, if and only if e <; €;
o [e], #~, [€']~, if and only if e #; €;

o (.. ([e]~,) = te);

is a labelled event structure. Observe that Evg is (isomorphic to) the labelled event
structure ES we started from. Using the same notation as in Section 2.6, we denote
by (in,id): ES — FEuvg the isomorphism which sends e to [e],.

The interesting fact about the labelled event structures Ev; is that they have

no autoconcurrency. This fact plays a crucial role in establishing the adjunction we
are seeking. We shall prove it by means of the following lemmas.

LEmMMA 2.7.7
Suppose that Ev; has no autoconcurrency and that e ~;11 €' and e «4; ¢'. Then,
Vé € E such that £(€) = £(e) = £(e') we havee <; e < € <; €.

Proof. Since e #; € and e ~;41 €', we must have a chain

/
ezieozielz"'zien—lzienzie7

where the events adjacent to each other satisfy condition (4) of the definition of ~;y1.
Now, since Ev; has no autoconcurrency, and since all the events in the chain have the
same label, it must be

e i eo Fier #i - Hi eno1 Fien #i €.

Now suppose that € <; €’. Then, it cannot be e, <; &, otherwise we would have
e #ien <; & <; € and so € #; €', which is impossible. Moreover, it cannot be
€ #; en, otherwise, since € € |€'|<, \ {¢'} and e, € |en]<,;, € and e, would not
satisfy condition (ii), as supposed. Finally, € and e, cannot be concurrent, because
they have the same label. Then, necessarily, it is € <; e,. Therefore, repeating
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inductively the same argument for the other elements of the chain, we have & <; ¢/,

€ <iéen,...,e<;eo, €<, e, as illustrated in the following picture.
€ A €0 #y €1 - - - - en_1 #; en #H; €
e
Thus & <; e. A symmetric argument shows that if € <; e, then & <; €'. v
LEMMA 2.7.8

Suppose that e ~;y1 € and e #£; ¢'. Then, if Ev; has no autoconcurrency, we have
e £; ¢ and ¢ £, e, and therefore, since e ~;y1 € implies that {(e) = ((e'), and
since Fv; is in LESy, it follows that e #; ¢’

Proof.  Since £(e) = £(e') we are in the hypothesis of the previous lemma. Then, if it

were e <; €, it would be ¢’ <; e and so e ~; €/, which is a contradiction. The same
argument shows that it cannot be e <;e.

€2

e #i e1 #i

The above picture illustrates how, starting from the hypothesis e <; ¢’ and applying
the same argument exploited in the proof of Lemma 2.7.7, a contradiction would be
reached, since it would be e; #; e <; e1. Ve

LEMMA 2.7.9
For any i € w, Ev; is in LES;.
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Proof. Since Ewvy is (isomorphic to) ES, by hypothesis it has no autoconcurrency. Then,
in order to show the claim, it is enough to show that if Fv;_1 has no autoconcurrency,
then so does Ewv;.

Suppose that [e]~, €~, [¢/]~, and [e]~, #~, [¢/]~,, and that £(e) = £(¢’). Then, by
definition, there exist e € [e]~, and €' € [€']~, such that

Veér~;e € fz’—l Qly ie. [é]~1'71 ﬁ"’i—l [Q,]N'L—l;

Ve ~j e & fi—l e, ie. [EI]N,L;l ~i_1 [g]"“i—l‘

In particular, we have [e]~, , %~, , [¢]~,_, and [e]~, , Z~, , [€]~;_,. Then, since
{(e) = £(¢') and Ev;—1 has no autoconcurrency, it must be [e]~, ; F#~;_, [€]~iy-
Consider now any & ~; e and & ~; €. It must be either € <;,_; & or & >;_1 & or
€1 8. If e ~;—1 eand & ~;_1 € we obviously have & #,-1 €. Then, suppose
€ ~i—1eand & 7;_1 . The first hypothesis prevents € to be below &, otherwise we
would have & <;_1 & <;_; €, which is a contradiction. On the other hand, if it were
€ <;_1 &, then, by Lemma 2.7.7, it would be & <;_1 e, which again is impossible.
Therefore, it must be & #;_1 €’.

A symmetric argument shows that it must necessarily be € #;_1 & whenever é di_qe
and & ~;_; ¢'. Finally, two applications of Lemma 2.7.7 show that, if & %4;_1 e and
€ oi_1 €, once again we have & #;_1 €.

Thus, V& ~; e V& ~; € it is € #,-1 &, i.e., e #; €. Then, [e]~, #~, [/]~, and Ev; is
in LES;. v

As a consequence of the results just presented, we have that if ES has no
autoconcurrency, then all the elements in any ~; class are pairwise conflicting, i.e.,
if e 2 ¢’ and e ~; ¢’ for some i € w, then e # ¢'. In fact, if e ~; €’ and e # €,
then there exists j such that e 4, ¢/ and e ~;41 ¢’. Then, since Ev; is in LES|, by
Lemma 2.7.8, it is e # €.

Useful alternative characterizations of <; and #; are given by the following
crucial lemma.

LEMMA 2.7.10
Let (~;, <;,#i), | € w, be the sequence constructed from a labelled event structure
without autoconcurrency ES as given above. Then

i) for any i € w and for any j <i, e<;e &Vé ~; ¢ Je~e.E<;¢,;

it) for any i € w and for any j <i, e#;,¢e SVe~;eVe ~; €. e#;€.
Proof. We start by proving (i7) by induction on i — j. For j = i the statement follows
immediately from Lemmas 2.7.4 and 2.7.5. Otherwise, consider & ~; e and & ~; €.
Then, by induction hypothesis, we have e #,_1 e if and only if Vé ~;_1 € and

V& ~;_1 & it is & #; €. Then, the thesis follows immediately, since, by definition,
e #i ¢ if and only if Vé ~; e and V&' ~; ¢’ it is € #,_1 &, i.e., by induction, if and
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only if Ve ~; e and V&' ~; ¢ we have that Vé ~,_1 € and V&' ~;_1 & it is € #; &,
which, in turn, happens if and only if V& ~; e and V& ~; €’ it is & #, €.

Concerning point (%), we first show the ‘=’ implication by induction on i —j. If j = 1,
then the results follows directly from Lemma 2.7.4. Otherwise, suppose that e <; ¢’.
Then, by definition, V& ~; €', 3& ~; e such that € <,_; &. Thus, by induction
hypotesis, we have that 3& ~;_1 & such that & <; &. Clearly, we have & ~; e, whence
the thesis.

Let us show the ‘«<=” implication, again by induction on 7 — j. Observe that the base
case for j = i has already been proved. Then, suppose that V&' ~; ¢/, 3& ~; e such
that & <; . We must show that e <; ¢’. Exploiting the induction hypothesis, it is
enough to show that V&' ~; e/, 3 ~; e such that € <;1 &, i.e., such that V&' ~,41 &,
3& ~j11 € such that & <; €.

Thus, given € ~; €', consider any & ~; e such that € <; €. By hypothesis, such &

& o~y @ exists. Again by hypothesis, since ?' ~jt1 € implies ? ~i g’,
we know that 3é ~; e, and thus e ~; &, such that e <; e.
< < Then, it is enough to show that, actually, & ~;4+1 € To this
aim, suppose that € ;41 €. Then, by Lemma 2.7.8, & #;41 €.

e #ij+1 e The situation is summarized in the picture on the side.

Clearly, it must be & £, &. In fact, if it were & ~; &, it would also be, by Lemma 2.7.4,

€ <; &, and the situation would be the one indicated in the ? < @
figure on the side. Now, since € #; € <; & <; &, we have -
€ #; € and then, since €' #, € <; &, it would be & #, €, < <

which is absurd.

€ #; €

Then, we must have a chain
= / / / / _/
€H#jeotier - Hien 1 H#HienH#j€

whose elements are directly related by clause (#) of the definition of ~j4i. Since
€ ~jt1 €y ~jt1 cr ~j+1 € ~jt1 €, then, by hypothesis, we can find eo,...,e, such
that ey <; e}, for k = 0,...,n and such that & ~; eg ~; - -+ ~; en ~; &, as shown in
the following picture.

=/ / / =/
e F#; ep en F#j €

<j <j <j <j
€ ~i €0 en ~i €

Now, it must be & ~; eo, otherwise it would be & #; eo and thus |€]|<; and |eo]<; \{eo}
would not be conflict free. Then, inductively, for £k = 0,...,n — 1 it is ex ~; ert1
and finally e, ~; €. This contradicts the hypothesis that € ;41 €, and, therefore,
concludes the proof. v
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The next lemma shows that, although neither <; C <;1; nor <; 2 <41, the
“behaviour” of the sequence of preorders <;, is not so bad as it could seem. This
lemma is the last step we miss in order to see that the sequence (~;, <;, #;) admits
a limit.

LEMMA 2.7.11
Ife<;e ande €41 €, thenVi>j.e %, e.

Proof. Since e jéj.H €', there exists ¢’ ~;+1 €’ such that for any & ~;41 e it is & fj e.
Now, suppose that there exists ¢ > j such that e <; /. Then, there exists e ~; e such
that e <; €', using the characterization of <; given in Lemma 2.7.10. Since ¢ <; ¢,
e %j+1 e and, therefore, e #;41 e, we are in the following situation.

e ~jp ¢

<; <

e #ij+1 e

But, since e <; ¢, this is exactly the situation we already came across in the proof of
Lemma 2.7.10 and which led us to a contradiction. Thus, ¢ cannot exist. v

Observe that the analogous property for «; does not hold, i.e., it is possible
that e £; €/, e <j41 € and e £; € for j+1 <. This is illustrated by the following
example.

EXAMPLE 2.7.12
Consider the event structure ES in the picture.

c c c
d#|d
a # a F# b

As a convention, assume that events carrying the same label are distinguished by
numbering them starting from the left. We have that as %o c¢i1. Then, since
[as]~, = {a1,a2} and [c1]~, = {c1}, we have that as <; ¢;. However, since
[as]~, = [as)~, while [c1]~, = {c1,c2,c3}, it Is az %2 c1.

Now, consider the triple of relations (~, <., #.), where
Nw:UNi; SW:UHSZ’ #w:ﬂ#z
S 1€EW J>1 1EW
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or, equivalenty, <, is defined by

e<,€¢ ifandonlyif FkVi>k e<;e¢.

Thanks to Lemma 2.7.11, it is immediate to show that <, enjoys the following
relevant property.

LEMMA 2.7.13
ety e ifandonlyif 3Ik.Vi>k e%; €.

Proof. By definition, e €. e’ if and only if Vk 3i > k. e %; €. Then, the ‘<’
implication is obviously true. Suppose that e fu e’ and for k = 0 let ip be the first
index such that e ﬁio e’. Now, if Vi > ip it is e j{l e’ we are done. Otherwise let
ko > io be an index such that e <, e’. Then, we can find i; > ko such that e i{h e
and, from Lemma 2.7.11, we know that Vi > 41 it must be e fz e

The following characterization of <, derives easily from Lemma 2.7.10 and
Lemma 2.7.13.

LEMMA 2.7.14
Forany jew,e<,e¢ ifandonlyif Vé& ~,e Je~,ee<;ée.

Proof. Suppose that e <, ¢’. Then, there exists k such that for any i > k it is e <; €’.
Then, chosen any j and exploiting Lemma 2.7.10, Vi > max{j, k} V& ~; € J& ~;
e. & <; &, whence it immediately follows that V&' ~, ¢ J&~, e. & <; €.

In order to show the inverse implication, we start by showing that, if V&' ~, €’ 3& ~ e
such that € <; & holds for a particular j, then it holds for all j € w. It is immediately
clear from the definitions that

=/ / - - -/ . . -/ ’ - - —/
Ve ~y,e de~ye e<;e implies Ve ~,e de~ye e< €.

Therefore, it is enough to show—with a proof similar to the one of Lemma 2.7.10—that

! — — -/ . . -/ ! — — -/
Je~, e e<;€ implies Ve ~,e Je~,e €< €.

Ve ~y e
Consider & ~, & Then, we know that 3& ~, e such that & <; €. Now, for any
€ ~ji1 €, again from the hypothesis, we can find & ~, e ~, € such that & <; &’
Now, assuming that € #;4+1 € and reasoning as in the proof of Lemma 2.7.10 would
lead to a contradiction. Therefore, it must be € ~;4+1 €. Then, we have shown that
V& ~jt1 & J& ~;j_1 & such that € <; &, ie., & <j41 €, and thus we have that
Ve ~, e Je~pe < e
To conclude the proof suppose that V&' ~ e 3& ~, e such that & <; &. Then, in
particular Vj € w 3€; ~, e such that &; <; e¢’. We claim that the sequence of the

€;'s cannot be such that Vk 3j > k. éx o5 €;. In fact, if this were the case, then we
could build the following subsequence €;,,, n € w, of the €;’s.
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Let jo and ko be 0, and let j1 be the least index greater than ko such that
€, %j; €j,. Observe that ji1 exists by hypothesis. Moreover, let k1 be
the least integer (greater that j1) such that &;, ~y, €;,, which exists since
€jo ~w € ~w &)y

Inductively, €;,, is chosen to be the event in {€; | j € w} whose index j, is
the least index greater than k,_1 such that €;, +;, €;, ,. Then, k, is the
least integer (greater than j,—1) such that &;, ~g, €. _,.

It is immediate to understand that the sequence €;, , n € w, is built in such a way that

) / _ _
1) VnVm,m' <n, €im ~in €1
ZZ) Vn Vm < n, €in Pin €im-

In fact, since jn is greater than k,_1, we have that €;,_, ~j, €;,_, and thus, induc-

. ) o = _ i =
tively, Vm,m’ < n it is &;,, ~j, &;_ ,. Therefore, if it were &;, ~;
m < n, it would be €;,, ~;

€j,, for some

n

€;,,_., which is impossible by construction.

Thus, we are in the situation illustrated by the following picture.

!/ ! / ! !
e e e e e e

<js <is <ija

€o  *i € P € %is €s Pia Cy e

It is now easy to show that this situation implies that ¢’ has infinitely many pre-
events in the event structure ES or, equivalenty, in Evg. In fact, by Lemma 2.7.10,
since &;, <j, €, there exists &, ~j, &j, such that &;, < e’. (Here we are confusing <
and <o.) For the same reason, there exists &;, ~j, €;, such that &;, <e’. Of course, it
must be €;, %j, €j;,, otherwise it would be €;, ~j, €;,, which is impossible. It follows
that €, # €;,. In general, for any n € w, it must exist €j,, ~;, €;, such that €;, < ¢,
and such that, for any m < n, €, %j,._, €j., since this last condition would imply
€jn ~jn €im- We conclude that, therefore, for any m < n, €;, # €j,,.

n

It follows from the previous discussion that, if V& 35 > k. €, +; €;, then we have
that {e < e’ | e € Egs} D {€;, | n € w} is infinite. But this is absurd, since ES is an
event structure.

Thus, we can assume that 3k. Vi > k ex ~; €. But this means that Vi > k we have
€r <; & <; e'. Then, since Ik’ such that &, ~/ e, we have that Vi > max{k,k'}
e<;ep<;€, ie,e<,e€. v

The next three lemmas are the equivalent of Lemma 2.7.4, Lemma 2.7.5 and
Lemma 2.7.6 for the triple (~, <., #w)-

LEMMA 2.7.15
Relation <, is a preorder such that

e<, ¢ ande <, e ifandonlyif e~,c¢€.
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Proof. That <, is a preorder is easily shown from the definition, exploiting the fact
that, for any ¢ € w, <; is a preorder.
Now suppose that e <, ¢’ and e <, e. Then, there exists i such that e <; ¢ and
e’ <; e. Thus, by Lemma 2.7.4, e ~; ¢ whence e ~,, €’. On the contrary, if e ~, €/,
then there exists k such that Vi > k e ~; ¢’. Then, again by the same lemma, for any
i>k,e<;e and e <;e, ie,e<,e ande <, e. v

LEMMA 2.7.16
Relation #,, is symmetric, irreflexive and such that

e#, e <, e’ implies e #,e".

Proof. Since for any i € w #; is symmetric and irreflexive and since #., = ﬂiEW i,
the first part of the claim is immediate.
Suppose that e #., €’ and e’ <., €”. By definition of #.,, for any i € w we have e #; €'.
Moreover, there exists k such that Vi > k it is ¢’ <; ¢’’. Thus, Vi > k we have e #; €’
and ¢ <; €, i.e., by Lemma 2.7.5, e #; ¢’’. Then, since #; C #;_1 we have e #; "
for any i € w, i.e., e #u, €. v

LEMMA 2.7.17
For any e € E, the set {[e']ww

Proof. 1f [€/]~., <~. [e]~., then there exists & ~, €’ such that & <, e. Moreover,

e <, e €¢c E} is finite.

if [¢/]~, # [e]~., then clearly & # e. Hence, if we have infinitely many events in
e’ <o e}, which,

{[e/]Nw ‘ e <o e}, we also have infinitely many events in {[e’]N0
by Lemma 2.7.6, is impossible.
Then, we can define a labelled event structure Ev,, out of the triple (~,, <., #.)

exactly as for the Fv;’s: Ewv, is the event structure (E/~y, <., #~,,l~,,L),
where

o I/~ is the set of ~-classes of F;

]

]

o [e]., <~ [¢]~, if and only if e <, ¢;
o [e]., #~, [€']~, if and only if e #,, €/;
o (. ([e]~,) = L(e).

Similarly to the case of the sequence T'Sys,, ¢ € w, presented in Section 2.6, event
structures Ev; are related to each other by inclusion morphisms. For ¢ € w \ {0},

let in;: E/~;_1 — E/~; be the function such that ini([e]NFl) = [e]~,. Then we

have the following.
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LEMMA 2.7.18
For any i € w\ {0}, (in;,id): Ev;_1 — Ev, is a labelled event structure morphism.
Proof. Axiom (4i) of Definition 2.3.1 of labelled event structure morphisms trivially
holds for (in;,id;). Let us check axioms (i) and (i)

1) ini(“e]NFlJ< ) C {ini([e]NFl)J< , i.e., for any [€']~;, <~, [e]~, there

i—1 >4

exists [€']~; ; <~;_; [€]~;_, such that [']~, = [¢']~,. But this is immediate
because e’ <; e implies, by definition of <;, that there exists & ~; e’ such that
_r

e <i-1e.

ii) m'([e]Ni 1) % ini([e’]NFl) implies [e]~; ; W [€']~; 4, i€, [e]ln; W [€]~,
implies [e]~;, , W [e']~,_,. Clearly, by definition, [e]~, #~, [€']~, implies
(el #in [y
Now suppose that [e]~, = [¢']~, but [e]~, , # [€']~;_,. Then, we have e ~; €’ but
e #i—1 €. Then, by Lemma 2.7.8, we have e #;_1 €', i.e., [e]~;, | F~iy [€]~iy-

v

Next, we shall show that Ev, is the colimit of the w-diagram formed by the
Ev;’s. For any ¢ € w, consider the mapping iny: E/~; — FE/~, which, for any
e € E, sends [e], to [e]~,,.
LEMMA 2.7.19
For any i € w, (in¥,id): Ev; — Ev,, is a labelled event structure morphism

Proof. The proof is formally identical to that of Lemma 2.7.18. With respect to
Definition 2.3.1, property (i), i.e., mf(“e]NIJ ) - { ( )J , derives im-
<i

Sw
( ) implies
[€]~; W [€']~, derives immediately from Lemma 2.7.8; and property (iii) is trivially
true. v

mediately from Lemma 2.7.10; property (i1), i.e., mf( e N.) W inj

i

ProrosITION 2.7.20
Ewv,, is the colimit in LES; of the w-diagram

(in1,id) (in2,id) (ni—1,1d)

D = By 5 By, (neid)

Evi

Proof.  Since for any 1 < j < it is inf = iny oingo---oinji1, then {(iny, id): Bv; —
Ev, | i € w} is a cocone with base D.

Consider now any other cocone {(7:, \;): Ev; — ES | i € w} for D, ES being any object
in LES;. Since for any 4 it is (7:, As) = (it1, Ait1) © (insy1,1d), it must necessarily
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be \i = XA = )\ and m([e]Ni) = Nit1 ([e]NHl), for any i. Thus, we can define

: E/~, — Egg by ﬁ([e]Nw) =0 ([e]NU). Clearly, we have that

(16w ) =m(leh~ ) = (le)- )

i.e., for any i, n; = 7o iny’, and, moreover, 7 is clearly the unique mapping for which
that happens. Thus, to conclude the proof, we only miss to show that (7, \): Ev, — ES
is a labelled event structure morphism.

Again, axiom (%) of Definition 2.3.1 trivially holds by definition. Let us show axioms
(i) and (ii).

1) Consider € € Egg such that é < ﬁ([e]ww). Then, by definition, for each 4,

e<n ([e]wi) and, since (7;, A;) is a morphism, for any i there exists & € E such

that €; <; e and n; ([a]wi) = e. Thus, we are in the same situation we came
across while proving Lemma 2.7.14. And in fact, reasoning as in that proof, we
have that there can be only finitely many €; which are not in the relation ~,,
i.e., there must be a k such that éx <; e for any ¢ > k. Then, ex <, e and

i@~ ) = () =
i1) Suppose that ﬁ([e]ww) Y ﬁ([e']ww). Then, clearly, for any i € w we have that

m([e]Ni) W m([e']Ni). Now, if there exists i such that [e]~, = [¢]~,, then

[€]~., = [€']~,. Otherwise, [e]~; #~, [€']~; for any i € w, i.e., [e]~, #Hno [€]~w -
In both cases, [€]~, W [¢']~., and we are done.

Exploiting the characterizations of <, previously given, it is not difficult to
show the following.

LEMMA 2.7.21
FEwv,, is deterministic.
Proof. Consider a configuration ¢, of Ev, and two events [e]~,, # [¢']~. enabled at
Cw, 1.e., such that c, I [e]~, and c, I [€]~,,. We shall show that there exist 7 and a
configuration ¢; of Fu; in which [e]~, and [¢]~; are enabled. Since [e]~,,, # [¢']~

i

i+10
which follows from the fact that [e]~, # [€/]~. , and since [e]~, ZZ [€']~;, which follows
from the fact that both are enabled at c¢;, it must necessarily be

el ) =t (1) # 0 (1€01) = o (€02 ),

which shows that Ev, is deterministic.

Suppose that [€]~, <~ [€]~,. Then, there exists k such that Vj > k [e]~, <~; [e]~;-

J

Since the set Ue]wa is finite, we can find k" such that for any j > k' [e]~, <~
<uw
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[e]~,, implies [€]~, <~, [e]~,. If otherwise [e]~, L~ [e]~, and [€]~;, <~ [e]~;/,
there exists j > k such that [e]~, ﬁNj [e]~,;- Now, observe that there can be only
finitely many such [e]~, . In fact, if it were not, reasoning as done in previous proofs,
and exploiting Lemmas 2.7.10 and 2.7.13, we would easily derive a contradiction show-
ing that e has infinitely many pre-events in Evg. Then, we can find k" such that for
any j > k"

Ao S o & [Fny <oy [y

~vo Smy [€']~, if and only

In the same way, we can find &” such that for any j > k", le]
if [e]~; <~; [€']~,;. Thus, considering k = max{k”,k”} we have that for any i > k

Ao € [lehe | &l € [leln]

Sw >iq

and
e € |~ | e [é]we[[e/le_i

<
Now, consider [€]~. <j [e]~; and []., < [¢']~;. Clearly, it is still possible that

[e]~; #~; [€]~;. However, since [e]~ [€']~., it must exist k such that for any

w
~Mw

>k [e]~, # [€']~;. Then, since there can be only finitely many such pairs, we can

find an integer i (greater than k) such that the set Ue]MJ U Me']NiJ is conflict
<i <i

free (wrt. to #-~,).
It is immediate now to see that

o= (o] o) (] )

i >iq

is a configuration of Fv; which enables [e]~, and [€']~,. v

i

As it was probably clear from a while, the object component of the functor
dles: LES; — dLES is the function which maps a labelled event structure without
autoconcurrency ES to the deterministic event structure Ev,, limit of the sequence
of event structures Fv; built from it.

An example of the construction is given in Figure 2.4, in which we also show how
the construction of the deterministic transition system with independence works on
the transition system of configurations of ES. Now, the last step we miss is to show
that dles can be extended to a functor which is left adjoint to the inclusion functor
dLES «— LES;. This is done in the following proposition.

PROPOSITION 2.7.22 ((ing o in,id): ES — dles(ES) is universal)
For any labelled event structure without autoconcurrency ES, any deterministic
labelled event structure DES and any (n,A): ES — DES, there exists a unique
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0 He e (]

v |
a #c F#c dles [C]Nw
Vs T " |
a #c F#c €]~
-l |
a #cH#Hc [a]~., ]~
les.otst otsi.les

*
|
|
|
|
|

\
7N . 7\ /\
T
\ e / / / \ /

<« = — — — —

C

Figure 2.4: An event structure ES and dles(ES)

(7, A): dles(ES) — DES in dLES such that (7], A) o (in§ o in,id) = (n, A).

(ing oin,id)

BS 0 L dles(ES)

DES

Proof. Suppose for a while that we are able to show that (n,\): ES — DES gives rise
to a cocone {(n;, A): Bv; — DES | i € w} with base D such that n = no o in, (in, id)
being the isomorphism of ES and Fvg. Then, by Proposition 2.7.20, there exists a
unique (77, A): dles(ES) — DES such that, for any i, n; = fjo in{. Then, in particular,
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1o = 7o ing, and thus
(. 2) = (0 © i, A) = (7, A) o (in§ o im, id).

In other words, 77: Egs/~. — Epgs given, as in the proof of Proposition 2.7.20, by
ﬁ([e]ww)z n(e) would be such that (77, A\) makes the diagram commute.

The hypothesis above is sufficient also to show the uniqueness of (7, ). Suppose in
fact that there exists 77 such that n = 7 o (ing o in), then it is 9o = 77 o0 ing. It follows
o in?)(lel~) = @oin)(le)~, )

that, for any 1,
ne(le)~.)
o ing)(lel~o) = (o imn?)(lel-),

i.e., for any i it is 9; = ) o iny’. Then, by definition of colimit, it is 7 = 7.

Thus, we only need to show that the cocone {(n;,\): Ev; — DES | i € w} actually
exists. However, by defining for any integer i the mapping n;: Eggs/~i; — Epgs by

7 ([e]Ni) = n(e), we obviously have a cocone {(7;,A) | i € w} as required. So, we just

need to prove that (n;, A) is a well-defined labelled event structure morphism from Ev;
to DES. We shall do it by induction on 3.

For ¢ = 0 everything is fine, since (10, A) is the composition of two morphisms, namely
(n,A\) o (in"1,4d). So, assuming that (1, )\) is a well-defined morphism from Ev; to
DES, let us show that (1i+1,A): Evi41 — DES is such.

To show that 7;+1 is well-defined, it is enough to show that n(e) = n(e’) whenever e
and ¢’ are related directly from condition (i) of the definition of ~;t1. Since ~;y1 is
an equivalence generated by that unique rule starting from ~;, the other cases follow
immediately using the inductive hypothesis. Thus, it is e Zl e, £(e) = £(e') and

lel<.\{e} #i l¢']<, and [e|<, #i[€']<, \{e'}.

First observe that nle if and only if A|£(e) if and only if A[£(e’) if and only if n]e’.
Thus, 741 is defined or not on a class [e]~,,, irrespectively of the representative
chosen. Suppose then that n is defined on e. Thus #; is defined on both [e]~, and
[e']~;. By general properties of event structure morphisms,

ne( (e \tet) u (1)< \ {€))

is a configuration of DES which enables both 7; ([e]Ni) and 7; ([e']N ) Then, since

i

those two events have the same label in DES, which is deterministic, it follows that

ne(lel: ) =i (i€1-,).

Let us show now that (7,41, ) is a morphism.

) ()], (], )

—"~i+1
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Consider e < Mit1 ([e]Ni+1 Then, for any €' ~;+1 e, we have that m([e']Ni) =

Nit1 ([e]NHl). Thus, we have e < n; ([e']w) and, by induction, there exists & <; €’

such that n; ([é]wi) = e. In the following, let  denote the event identified in such a
way in correspondence of a generic event z. Observe that, since by induction (7, \)
is a morphism, for any €’ ~;41 e it is [€]~, W [€']~,. Consider now e’ ~;11 e. Then,
there exists a chain

e #ieo i HienHie,
where the elements adjacent to each other satisfies condition (ii) of the definition
of ~;11. Thus we are led to the following situation.

e H#i e i o Hi oen Hi e
< < < <
e’ W € W N W e

However, since by hypothesis it cannot be [€']~, #: [€o]~;, we must conclude that
[€']~; = [éo]~; and, inductively, that & ~; €. Summing up, there exists € such that

Ve ~ip1e3E ~p1 e & <;ée,ie., & <;y1 e, and such that n;+1 ([E]NHI) =e.

“) Ni+1 ([6]~i+1) W i1 ([6]~i+1) implies [6]~i+1 W [6]Ni+l‘

For any [e]~, C [e]~,,, and any [€']~,; C [¢/]~,,, we have

ni(1e,) = mir (e ) W (€00 ) = (),
Then, by induction, [€]~, W [€']~,. Thus, if [€]~, = [€']~, for any such & and &, it
is [e]myyy = [E]~irs L€, [€]aiyy = €]~y . Otherwise, Vé ~ip1 e VE ~iy1 € it is
€ #: €. Then, by Lemma 2.7.10, we have e #11 €. In both cases, [e]~;,; W [€]~;,;-
iii) Lpgs (m ([e]NM) ) - A(ENM ([e]wm) )
Trivial, since £pgg (n(e)) = )\(KES(e))A v

As usual, the universality of (in§ o in,id) allows us to conclude what follows.

COROLLARY 2.7.23 (dles 4 <)
The mapping dles extends to a functor which is left adjoint of the inclusion of dLES
in LES;. Then, (dles, <) is a reflection.

The coreflection dLES << LES closes the last two faces of the cube. So, our

results may be summed up in the following cube of relationships among models.
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THEOREM 2.7.24 (The Cube)

ISl +——— IS

yaaya

dLES +—— HL

Conclusions

This chapter established a complete “cube” of formal relationships between well-
known and (a few) new models for concurrency. Thus, we have a complete picture
of how to translate between these models via adjunctions along the axes of “in-
terleaving/noninterleaving”, “linear/branching” and “behaviuor/system”. Notice
also the pleasant conformity in the picture, with coreflections along the “inter-
leaving /noninterleaving” and “behaviour/system” axes, and reflections along “lin-
ear /branching”.

It should be mentioned that not all squares (surfaces) of the “cube” commute.
Of course, they do with directions along those of the embeddings.

It is worth remarking that all the adjunctions in this chapter would still hold if
we modified uniformly the morphisms of the involved categories by eliminating the
label component. However, if we considered only total morphisms, the reflections
dTSI << TSI and dLES << LES would not exist.
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Chapter 3

Infinite Computations

ABSTRACT. For any cardinal X, there exists a KZ-doctrine on the 2-category of the
locally small categories whose algebras are exactly the categories which admits all the
colimits indexed by chains of cardinality not greater than X. The chapter presents a wide
survey of this topic.

In addition, we show that this inductive completion KZ-doctrine lifts smoothly to KZ-
doctrines on (many variations of) the 2-categories of monoidal and symmetric monoidal
categories, thus yielding, in particular, a universal construction of colimits of w-chains
in those categories. Since the processes of Petri nets may be axiomatized in terms of
symmetric monoidal categories this result provides a universal construction of the algebra
of infinite processes of a Petri net.

So that we may say that the door is now opened ...
to a new method ...which in future years
will command the attention of other minds.

Galileo Galilei

Tra questa immensita s’annega il pensier mio:
e il naufragar mi & dolce in questo mare.

Giacomo Leopardi

L'infinito & drasticamente diverso
da tutte le cose finite.

Antonino Zichichi, L'infinito

This chapter is based on joint work with José Meseguer and Ugo Montanari [123].
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Introduction

The idea of completing a mathematical stucture by adding to it some desirable
limit “points” is indeed a very natural one and it arises in many different fields of
mathematics, and in particular topology and partial order theory. Since categories
are a generalization of the notion of partial orders, the issue of completing categories
for a given class of limits or colimits arose rather early in the development of the
theory (see [79] and references therein).

As far as computer science is concerned, the theory of complete partial orders
and associated completion techniques have assumed great relevance since the pio-
neering work on semantics by D. Scott [128, 133]. In the last few years, however,
many computing systems have been given a semantics through the medium of cat-
egory theory, the general pattern being to look at objects as representing states
and at arrows as representing computations. It is therefore natural to expect that
the theory of cocompletion of categories may play an interesting role in this kind
of semantics. The main purpose of this chapter is to illustrate how this theory
fits well with the issue of infinite computations and, therefore, to make it more
easily available to the computer science community. In a sense, by viewing cate-
gories as generalized posets, this view of infinite computations is very natural and
indeed generalizes to categories similar constructions for adding limits to posets.
We motivate this further in terms of processes of Petri nets in Section 3.1.

Petri nets [109] are probably the most clear examplification of the categorical se-
mantics pattern discussed above. They are unanimously considered among the most
representative models for concurrency, since they are a fairly simple and natural
model of concurrent and distributed computation. Recent works [97, 16, 121, 122]
have shown that the semantics of Petri nets can be understood in terms of symmet-
ric monoidal categories—where objects are states, arrows processes, and the tensor
product and the arrow composition model respectively the operations of parallel
and sequential composition of processes. This yields an axiomatization of the causal
behaviour of nets as an essentially algebraic theory. However, when modeling per-
petual systems, describing finite processes is not enough: we need to consider also
infinite behaviours. We remark that our interest here resides on processes of Petri
nets, i.e., on structures able to describe concurrent computations taking into ac-
count causality. More precisely, we aim at defining an algebra of net computations
which includes infinite processes as well. To the best of our knowledge, this issue
is still completely unexplored.

Although we are mainly interested in considering colimits of w-chains, we shall
present the theory of the cocompletion for filtered colimits of cardinality not greater
than X, where X is an infinite cardinal. In particular, since R-filtered cocompleteness
is equivalent to the cocompleteness by colimits taken over chains of cardinality not
greater that N, for N = w we have the w-cocompletion as instantiation of the general
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theory. More precisely, for any infinite cardinal X, we define a Kock-Zoberlain
(KZ-)doctrine Ind(-), on the 2-category of locally small categories such that the
categories admitting filtered colimits of cardinality X are the algebras [76, 149]
for the doctrine, while the Ind-homomorphisms are the functors which preserve
those colimits. This result has already appeared in several different forms in the
literature, e.g. [71, 43] and the related [76, 79, 28, 149, 150, 137, 56, 58]. However,
we aim at giving a simple and complete tutorial, which integrates the best features
of the existing approaches and explores the application of these ideas to computer
science.

Concerning the organization of this chapter, in Section 3.2 we recall that, for
any small category C, the category Set€” of all presheaves on C may be considered
the “free” cocompletion of C under all small colimits. This suggests immediately
a strategy for identifying the cocompletion of C for R-filtered colimits, i.e., to look
for an appropriate subcategory of &Qop. Moreover, this approach generalizes also
to locally small categories. This part of the theory is illustrated in Section 3.3.
Then Section 3.5 gives the functors Ind(.), bulding on the theory of KZ-doctrines,
whose definitions and basic results are given in Section 3.4.

Getting back to our starting motivations about the process semantics of Petri
nets, in Section 3.6 we study the application of the doctrine to symmetric monoidal
categories. Precisely, we show that the KZ-doctrine Ind(-)y lifts to KZ-doctrines re-
spectively on any of the 2-categories of monoidal categories appearing in Table 3.1.
This, from the technical point of view, is the main original contribution of the
chapter. Finally, in Section 3.7, we discuss how this result generalizes the algebraic
approach to the process semantics of Petri nets discussed in detail in Chapter 1 to
the case in which infinite processes and composition operations on them are con-
sidered. In particular, the infinite processes of a Petri net can in this way be given
an algebraic presentation which combines the essentially algebraic presentation of
monoidal categories with the monadic presentation of their completion in terms of
KZ-doctrines. A further link with Chapter 1, and in particular with the results of
Section 1.9 about the relationships between process, unfolding, and algebraic views
of net semantics is provided by showing that the arrows of the cocompletion of the
category of decorated concatenable processes of N coincides with the configurations
of the event structure associated to N by the unfolding semantics.

However, the correspondence between infinite net processes obtained via the
cocompletion doctrine and the algebraic theory of net processes is not as “precise”
as one would like. In fact, in addition to the symmetric monoidality, the categories
of processes of Petri nets satisfy further axioms which are, in general, not preserved
by Ind(_)y. Therefore, although the arrows of the cocomplete category correspond
precisely to infinite computations, they do not enjoy the global structural properties
of finite net processes, i.e., Ind(-), does not restrict to an endofunctor on the
category of categories of net processes. It is still an open problem whether a more
satisfactory solution to this problem can be found.
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small locally small
monoidal strict monoidal monoidal strict monoidal
non
S symmetric MonCat sMonCat MonCAT sMonCAT
T
R symmetric SMonCat SsMonCat SMonCAT SsMonCAT
I
C | strictly
T symmetric sSMonCat sSsMonCat sSMonCAT sSsMonCAT
non

S | symmetric MonCat* sMonCat* MonCAT* sMonCAT*
T
R irie | SMonCat' | SsMonCat* | SMonCAT' | SsMonCAT:
@) Y —_—
N | strictly
G | symmetric sSMonCat* sSsMonCat* sSMonCAT* sSsMonCAT*
M | non
O | symmetric MonCat** sMonCat** MonCAT** sMonCAT**
N
(I) symmetric SMonCat** SsMonCat** SMonCAT** SsMonCAT**
D .
A | strictly
L | symmetric sSMonCat** sSsMonCat** sSMonCAT** | sSsMonCAT**

LEGENDA: The data in the definition of monoidal categories and functors (see Sec-
tion A.2 for the relevant definitions) give rise to many combinations according to
whether the monoidality and the symmetry are strict or not and so on. To fix no-
tation, we propose the nomenclature above. The idea is that, since we consider the
categories with strict monoidal functors as the “normal” categories, we explicitly
indicate with simple and double superscripted x’s the categories with, respectively,
strong monoidal functors and simply monoidal functors. This is indicated by the
leftmost column in the table. Clearly, the categories of symmetric monoidal cate-
gories consists always of symmetric monoidal functors. Moreover, sS means strictly
symmetric while sMon means monoidal strict. We distinguish between categories
of locally small and of small categories by using uppercase letters in the first case.
Of course, there is an analogous table for the categories above considered as one-
dimensional categories. We use a single underline in order to distinguish the two
situations.

Table 3.1: A nomenclature for categories of monoidal categories
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3.1 Motivations from Net Theory

Building on the formalization of the processes of a net N as a monoidal category, it
looks conceptually very simple to describe the infinite computations of N. However,
in order to appreciate the discussion in this section, it is not necessary to know in
detail what Petri nets are. Indeed, the relevant facts are, as already stressed in
the introduction, that we have a category C whose objects represent the states
and whose arrows represent the finite processes of a computational device, say a
net N. To make the situation more interesting, we assume that, in addition, there
is a notion of parallel composition of transitions, expressed by the fact that C is
a monoidal category. Then, since arrows in the category C, are finite processes,
and since we understand infinite computations as “limits” of countable sequences
of finite processes, we can think of them as sequences of arrows in C, i.e., C-valued,
w-shaped diagrams
f1 fn-1 In fr+1

fo
004)01*)...4)0”*)0"4»1*)...

which are exactly the functors from the partial ordered category w = {0 < 1 <2 <
3<---}toC.

However, this is only part of the story, actually the easiest. First of all, we
are not interested in a set-theoretic treatment of infinite processes, but rather in
their categorical description. In other terms, we aim at extending our category C
to a larger category whose objects represent states and whose arrows represent the
processes of N, including the infinite ones. Secondly, but not less importantly, we
want to preserve for infinite computations the view already available for categories
of finite net computations as models of (essentially) algebraic theories.

Changing the viewpoint, one may look at an w-diagram F in C as a “formal
state”, rather than as a computation, namely the state reached by (the computation
represented by) F. Then, a tentative solution which immediately arises is provided
by C%, the category of functors from w to C and natural transformations. The
tensor product ® on C is easily lifted to C* by defining

C¥ x C¥ ® ce

(F,F') ———=®o (F, F")

(010/)l l0®0/

(G,G") ———— >0 (G,G")

where (_, ) is the pairing of functors induced by the product C x C and ® acts on
the natural transformations o and ¢’ componentwise. The tensor ® is exemplified
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in the diagram below.

fo®f f[®f; f28£5
CORCch %R —E e @ch——F ez Ry

ao®a(’)l 01®01l 02®U;l Us®0§,l
'

A ! !
do ® do o 1 @ dy S dy @ dy — o dy @ dy

However, it is easily realized that the functor category C* is quite removed from the
category we are looking for. For example, for any non-identity arrow f in C, there
are infinitely many F' € C* such that F(j < j+ 1) = f, for some j € w, while for
any ¢ # j, F(i < i+1) is an identity arrow. Although in our intended interpretation
all these functors clearly represent the same computation, viz. f, they are distinct
in C* and, even worse, they are not necessarily isomorphic to each other, which
is the very least one would desire. Of course, a way out of this problem could be
to construct a suitable quotient of C*%, or, more in the spirit of category theory,
to make some appropriate arrows be isomorphisms; otherwise said, the notion of
morphism for the category we search for is not at all self-evident.

Another conceptual approach to the issue of infinite computations which lies
fully in the categorical framework is to exploit the notion of colimit. Suppose that
we can “complete” C by adding suitable objects and arrows so that we can ensure
that every w-diagram in the completed category has a colimit. Then, in particular,

fo f1 .
for every sequence ¢y — ¢; — --- of processes of N, we have a unique (up to
isomorphism) object ¢ and a cocone

co fo 1 N1 co fa cs f3 Ca- -

where, by definition, f;; A;11 = A; for any ¢ € w. Then, it follows immediately that

the arrow Ag: cp — c¢ represents the infinite computation c¢g o, c1 S,

In the following, we shall give (some different representations of) the “free” (in a
lax sense to be explained later) completion of C by w-colimits. Moreover, Section 3.6
will clarify how the two, seemingly different, approaches discussed in this section
can be reconciled. Although we shall not achieve a representation of the category
of infinite computations of N (or equivalently a free cocompletion of C) where
“just the needed points” and “nothing else” is added, nevertheless, all the desired
infinite computations will be represented faithfully, and all the computations which
are “intuitively” the same will have isomorphic colimits in the completed category.
Also, C will be embedded (fully and faithfully) by means of a strict monoidal functor
in it. We start working by analogy with the well know case of the completion of C
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by arbitrary small colimits; the next section recalls this result, while the following
ones exploit the same techniques to our case.

REMARK. Concerning foundational issues, we assume as usual the existence of a fixed uni-
verse 31 of small sets [55, 43] upon which small and locally small categories are built [89].
A category is small if the collection of its arrows form a small set, i.e., it belongs to i;
it is locally small if the collection of arrows between any two objects of the category is a
small set (see [24, 84] for smoother choices about foundations of category theory; a brief
discussion of the topic is provided in Appendix A.2).

NoTATION. In the following, Set, Cat and CAT are, respectively, the category of small
sets and functions, the category of small categories and functors and the category of locally
small categories and functors. Concerning notation, we shall use a double underlying to
denote a 2-category. Thus, Cat and CAT are the 2-categories corresponding to Cat
and CAT. Apart from the large categories above, and unless differently specified, in
the following C stands for a generic locally small category. We denote indifferently by
juxtaposition and by - o _ the composition of functors, while the composition of arrows is
always written as _o_, except in the categories of net processes where, in order to emphasize
the fact that it represents sequentialization, we write composition as _; - and we use the
(left to right) diagrammatic order. Finally, we shall preferably denote homsets in C by
Homc (a,b). However, since this notation can easily become heavy, we shall occasionally
write Cla, b].

3.2 Presheaf Categories as Free Cocompletions

Given a locally small C, a presheaf on C is a contravariant functor P: C°" — Set.
op

The (not necessarily locally small) category SetS” is the category of all presheaves

on C.

We remind the reader that C is embedded fully and faithfully in SetS” via the
Yoneda embedding Y defined as follows. To any ¢ € C we associate the presheaf
Y(c) = Homc(_, ¢), often denoted by h.. This is the presheaf which associates to
d € C the set Hom¢(d, ¢) and to f:d’ — d in C the function (_o f):Homc(d,c) —
Homc(d', ¢), as in the diagram below.

Y(e)

C%P ———————— Set
d ———Homc(d, ¢)

] o

d’ ———Hom¢(d', ¢)

Now, Y can be extended to the arrows of C by mapping f:c — ¢’ to the (con-
stant) natural transformation (f o _):Y(c) = Y(¢'). It is very easy to see that this
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definition makes Y into a (covariant) functor from C to &gop.

cer

Set
-¢)=Y(c)

l(fO—)

Home (., ¢) = Y(¢)

(@}

f

~

Y
¢ ————Hom¢(
| E——

C

Functors of the form Y(c), i.e., those set-valued contravariant functors on C
isomorphic to Y(c) for some ¢ € C, are very important for at least two reasons.
Firstly, they represent faithfully the category C, and secondly, if C is small, they
generate via small colimits all the others presheaves in &Qop. They are called
representable functors.

LEMMA 3.2.1 (Yoneda Lemma,)
For any P € SetS” we have that Homg, cor (Y(c),P) = P(c) via the natural

isomorphism 6 which sends o:Y(c) = P to o.(id.).

In other words, there is a natural isomorphism between the natural transforma-
tions from Y(c) to P and the elements of P(c).

COROLLARY 3.2.2 (Yoneda Embedding)

The functor Y: C — SetS” is full and faithful. T hus, Y determines an equivalence
op
between C and its replete image in SetE™, i.e., between C and the full subcategory
op
of SetS”" consisting of the representable functors.

Proof. Immediate: SetS™ [Y(c), Y(c')] 2 Y(¢)(c) = Cle, €. v

There is also a contravariant version of Yoneda’s embedding Y': C? — Set<
defined as follows:

QOP Y &g

¢ ———=Hom¢(c¢,-) =Y'(¢)

f T(—Of)

¢ = Homg(c, ) = Y'(¢')

Y’ is dual to Y; in particular there is a version of Yoneda’s Lemma which says
that, for each ¢ € C and for each P € ﬁg, it is

Set&[Homc (¢, ), P] = P(c).
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It is worthwhile to recall that Y preserves limits and Y’ preserves colimits, i.e.,
for any F:J — C, if F has a limit, one has Y(lim F) = lim(YF), and if F has a colimit
one has Y/(limF) & lim(Y'F). By rewriting these formulas in terms of the explicit
definitions of Y and Y’, we have

Homc (-, lim F) = lim ; Hom¢ (-, Fj) and Homc(limF, ) = lim ; Homc (Fj, -),

which say that the functor Homc¢ (-, -): C?” x C — Set is “continuous” in the second
argument and “cocontinuous” in the first.

DEFINITION 3.2.3 (The Category of Elements of P)
Let C be a locally small category. Given P € ﬁgop, the category of elements

of P, /P, has objects the pairs (¢,p) with ¢ € C and p € P(c), and arrows
C

Y ’

w: (c,p') — (¢,p) ifu:e — ¢ in C and P(u)(p) =p'.

Since, thanks to Yoneda’s lemma, we can identify ¢ and Y(c¢), an equivalent

description of / P is obtained by taking the objects to be pairs (Y(c¢), p), where p is
C

a natural transformation from Y(c) to P, and the arrows from (Y(c'),p’) — (Y(¢), p)
to be natural transformations u:Y(¢') = Y(¢), i.e., an arrow f:¢ — ¢, such that
pou = p’. The reader will have already recognized this as being the (comma)
category of the representable functors over P in Set<”. Throughout the chapter
we shall often switch between these two descriptions. Notice that the category of
elements of P is locally small, respectively small, when C locally small, respectively
small.

Observe that the projection on the first component 7p: / P — C defined by

c
the diagram below is a functor.

(¢;p) ———"—

Let C be a small category. In the following we shall see that every presheaf
on C is a colimit of representables in a canonical way. In other words, there is
a canonical way to associate to P € SetE” a small diagram D:J — C such that
P =1lim(Y o D). In more complex, but equivalent terms, in view of Corollary 3.2.2,

one could say that C is dense in ﬁgop or that the identity on ﬁgop is the left
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Kan extension of the Y along Y itself. The proof here follows along the lines of [92].
Recall from general results in category theory (see also Appendix A.1) that functor
categories are as cocomplete (and complete) as their target categories, the colimits
being computed “pointwise”. Thus, Set€” is cocomplete, and so we can consider
the colimit of any small diagram of presheaves. Consider now a cocomplete category
&€ and suppose that there is a functor A:C — £. Then define R: € — &Qop as
follows:

I X Set€”

e ———Homg(A(L),e)

f l(fO—)

¢/ ———=Homg(A(),€)

REMARK. The restriction to a small category C is needed in order to define L properly. In
fact, colimits indexed on locally small categories, in general, do not exist in Set. Of course,
another possible way out of the problem consists of choosing a “superlarge” category of
large sets which, therefore, admits large colimits. However, we prefer to stick to the
standard definition of Set.

THEOREM 3.2.4
R has a left adjoint L:SetE™ — & which sends P to @(/ rPIsC A, §).
C

Proof. An arrow 7: P 5 R(e) is a family of arrows {7.: P(c) — £[A(c), €]} indexed by
the objects of C. The naturality condition for T says that for any u:¢’ — c in C, the
following diagram commutes

P(e) ——— EIA(0), ¢
P(u)l l(— A(u))
P() ———— EIA()

We can safely consider it a family of arrows {7.(p): A(c) — e} indexed by the object
of the category of elements of P. Then, the diagram above becomes 7.(p) o A(u) =
T (P(u)(p)). In other words, for any u:c¢’ — ¢, putting p’ = P(u)(p), we have the
commutativity of the following diagram.
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In other words, {Tc(p) | (e,p) € /

<
correspondence between natural transformations from P to R(e) and cocones for Aomp

P} is a cocone for A o wp. Since we have this

with vertex e, it follows easily from the universal property of colimits that there is a
natural bijection between natural transformations from P to R(e) and arrows from
lim(A o7p) to e, ie., Set© [P, R(e)] = E[L(P), e], which means that L - R. v

COROLLARY 3.2.5
Every presheaf is a colimit of representable functors.

Proof. Apply the previous theorem with SetS” in place of & and Y in place of A.
Observe that then we have L, R:SetS" — SetS” . Now, by definition, R(P)(c) =
Set“""[Y(c), P] and then, by Yoneda’s lemma, R(P)(c) = P(c) for any ¢ € C and any
P e &Qop. If follows that R = Idg ,cer. Now, the identity is left adjoint to itself

and since adjoints are unique up to isomorphisms and since we know that L is left
adjoint to R and, therefore, to the identity, we conclude that L 2 Idg_, cor. Therefore

PEL(P):@(/PEQL&Q’") ZQQ(YOW).
c
v

An application of this result is that the morphisms in Set€” can be character-
ized as follows:

Il

Set€”[P,Q] = set<” [lim( / P Set”), Q)
C

)

1%

: c
mcefp&

he, @] = lim  rp Q0).

We have also the following corollary that states that &Qop is “universal” up
to isomorphism and bring us back to the issue of cocompletion of categories.

COROLLARY 3.2.6

Let C be a small category. Then, for any cocomplete category & and any functor
A:C — &, there is a functor L: ﬁgop — & which preserves the colimits and such
that the following diagram commutes.

op L
et ——————= &

9]

|OC;>‘
>

Moreover, L is unique up to isomorphisms.
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Proof. Let us consider L(P) = hﬂ(/ P2 C A, §) Since L is a left adjoint, it

c
preserves colimits. Now, let us show that the diagram commutes. If P is representable,

then P 22 Y(c) for some c € C. Tt is then easy to realize that the category of elements
of P has a terminal object, namely the object (¢, id.). Thus, without loss of generality,
may assume that

L(Y(c)) = Iim(A o my(¢)) = Ay (o) (¢, ide)) = A(c),

i.e., the diagram commutes.

Now, suppose that K:Setc” — & renders the diagram commutative and preserves
colimits. Then, since for any presheaf P we have P = lim(Y o 7p), it is

L(P) = Llim(Yonp)) = lim(LoYomp)=Ilim(Aomp)
= lim(KoYonp) = K(lim(Yonp)) = K(P),

and thus K = L. v

Observe that the above construction does not give rise to an adjunction from
Cat to some “superlarge” category of large cocomplete categorles for at least two
reasons. First, there are problems of cardinality, since Set& " is not necessarily
small and thus there is no evident forgetful functor which could make it so. Equally
important, and more relevant from our point of view, is that the free construction
above is defined only up to equivalences. We shall get back to this point later.

3.3 XN-Filtered Cocompletion

In this section we apply the techniques of Section 3.2 to the case of the N-chain
cocompletion. The understanding of SetS” as the “free” completion of a small
category C by arbitrary small colimits gives a strong hint on what the completion
of C by N-chains, say CN, should be: the full subcategory of Set€” which contains
the representables and their R-chain colimits in &— . We shall see that this is
indeed the case, i.e., that Cy is closed for colimits of R-chains and it is “wniversal”
(in the weak sense above) among the N-chain cocomplete categories which extends
C. Moreover, since the definition of QN makes sense for any locally small category,
the following theory applies to any such C.

Although chains are pretty simple structures, they are rather uncomfortable
to manage, at least in our context, since, as categories, they are very strongly
restricted. For instance, one cannot form products and coproducts of chains. This
situation, however, is common to other fields of mathematics, like partial order
theory and topology, where one uses the—equivalent in many contexts—mnotion of
directed set [93, 52, 61, 133]. Thus, as a first step, we abandon R-chains and we
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broaden the class of index categories we use for the colimits, but, as we shall see,
this will not change the kind of cocompleteness Cy will have. Of course, as in many
examples in the literature, e.g. [43, 58], we use filtered categories, which are the
categorical correspondent of directed sets.

CHAINS VERSUS DIRECTED PARTIAL ORDERS

In this subsection we recall the relevant results about the equivalence of the no-
tions of chain-completeness and direct-completeness for posets. By applying to
categories, one sees that a category admits all the colimits indexed over chains if
and only if it admits all colimits indexed by directed sets. The development here
follows [52, 130, 93]. Our reference for set theory is [55].

DEFINITION 3.3.1

A non-empty subset D of a partial order P is directed if any pair of elements in D
has an upper bound in D. Equivalently, D is directed if it contains an upper bound
of any of its finite subsets. A chain is a non-empty partial order which is totally
ordered.

P is R-directed complete if P has the least upper bound of any directed subset
of cardinality not greater than X. It is directed complete if it has the least upper
bound of any directed subset. P is X-chain complete if P has the least upper bound
of any chain of cardinality not greater than N. It is chain complete if it has the
least upper bound of any chain.

Directed sets and chains are, as usual, required not to be empty. This is because
the least upper bound of an empty set, if it exists, is the least element of the poset
and in many applications—and in particular here—one desires to consider limits
without requiring the existence of such an element.

LEMMA 3.3.2
Let D be an infinite directed set. Then, there exists a transfinite sequence {Dg }q
of directed subsets of D, with a < |D|, such that

i) For any «
e [f v is finite 50 is Dg;
o If v is infinite, then |D,| = || (and therefore |D,| < |D|).
it) For any ordinals o < 8 < |D|, D, C Dg.
iti) D =, Da-
Proof. Let « be the cardinality of D. Remember that the cardinals correspond to the

least ordinal of a given cardinality. Let {zq }a<~ be a well-ordering of D and for each
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finite subset F' of D, let ur denote an upper bound of F' in D. Then consider the
countable sequence

Do = {zo};
Dit1 = Diu{yi+17uDiU{yi+1}}§

where yi41 is the least element of D\ D; (wrt. to the order {zq4}a<y). Of course, for
any ¢ € w, D; is finite of cardinality greater or equal to 4, is directed, and for any j > ¢
we have D; C D;. Let D, be Ui<w D;. Now, if v = w, we are done. In fact, D, C D
by construction, while if x € D, then x = x; for some j and therefore z € D; C D,,,
whence it follows D, = D.

Suppose instead that v > w. Consider now 8 < 7 and suppose that the sequence
{Da}a<p enjoys properties (i) and (%) above. We show that the sequence can be

extended to B. There are the following two cases.
(a) If B8 is a limit ordinal, then define Dg = Ua<ﬁ D,. Then, for any a < (it

is Do C Dg. Moreover, since |Da| = || and since 3 = J a, we have |Dg| =

a<p
Sa<plal = [B] x sup |a| = |8] x |5] = |5].
(b) B =4+ 1. Then consider the countable sequence
Dso = DsU{ys}, ys being the least element in D\ Ds;

Dgit1 = Dg;U {UF | F C Dg,, F ﬁnite};

and take Dg = J,_, Dp,i- Let S be a finite subset of Ds. Then, S C Dg,; for some i
and, therefore, ur € Dg ;y1. It follows that Dg is directed. Moreover, |Dg ;| = |Ds|,
since the set of the finite subsets of X has the same cardinality as X. Then |Dg| =
w X |Ds| = |Ds| = |6] = |6 + 1] = |8]. Finally, we of course have Ds C Dg.

Now, the thesis follows by transfinite induction. v

The relevance of the previous lemma shows in the proof of the following.

COROLLARY 3.3.3
P is N-directed complete if and only if P is R-chain complete.
Proof. One implication is obvious, since chains are directed sets. Let us show the other

implication.
Suppose that the conclusion is false, i.e., that there exists a directed D C P with
|D| < N such that sup D does not exist. Observe that D cannot be finite, since a
finite directed set always has a least upper bound: its greatest element. Clearly, we
can assume that every D’ C D with |D’| < |D| has a least upper bound. Then we are
in the hypothesis of Lemma 3.3.2. Let {Da.}, with a < |D|, be the sequence obtained
by applying it to D. Since |Dqo| < |D|, sup D, exists in P. Therefore we have a chain
{sup Da }a<|p| of cardinality |D|. Then, sup{sup Da }o<|p| exists and it is clearly the
least upper bound of D. v
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The previous proof depends heavily on the azxiom of choice, because of the
well-ordering chosen for D. Observe that Corollary 3.3.3 does not say that from
any directed set we can extract a cofinal subchain, which is in fact false. (For a
counterexample see e.g. [130].)

COROLLARY 3.3.4
P is directed complete if and only if P is chain complete.
Proof. Immediate from Corollary 3.3.3. v

Next, we apply Lemma 3.3.2 to the notion of cocompleteness in categories. Since
an ordinal number « is an ordered set, which in turn is a category, we can consider
functors F:a — C. We shall refer to such functors as chain functors, or simply
chains. We call F' a N-chain functor, or simply R-chain, if & = X, where |_| gives
the cardinality of sets. Similarly, for D a directed set, a functor F: D — C is called
directed functor. If |D| < X then F is called R-directed.

DEFINITION 3.3.5
A category C is (N-)directed cocomplete if it admits colimits of all (R-)directed
functors. It is (R-)chain cocomplete if it has colimits of all (X-)chain functors.

Of course, as in the case of posets, for N finite, the N-directed and RN-chain
cocompleteness are trivial notions, since they are enjoyed by any category.

Remarkably, the notion of colimits indexed over directed posets is a pretty
powerful one—indeed it was the original definition of colimits in category theory. In
fact, if C has all finite coproducts and colimits of directed sets, then it is cocomplete,
i.e., it has all small colimits [90, chap. IX, pp. 208].

ProposiTiON 3.3.6
C is R-directed cocomplete if and only if it is X-chain cocomplete.

Proof. Once again one implication is trivial. Let us show that when C admits colimits
of all R-chains it has colimits of all X-directed functors. If N is finite the thesis is trivial;
so suppose N infinite. Let F': D — C be a R-directed functor. If I is n-directed then
D has a greatest element, say d, and, therefore, F' has a colimit, namely F'd with the
obvious limit cocone.

Now suppose that a colimit exists for any (-directed functor with g < v < N ~
an infinite cardinal, and let |D| be v in F: D — C. Applying Lemma 3.3.2, we get a
sequence {Dq ta<y With Do C D, |Da| = || < 7, Dq directed and Ua<'y D, =D. Let
ina: Do — D denote the injection of D, in D. For any o < 7, let F: Dq e D LN C
be the restriction of F' to D, and let o,: Fo — co be a colimit for F,. Now, observe

that for any @ < 8, since Do C Dg, we have (0g)a: Fo — cg, where (0g)a is the
restriction of og to Do. Then, by definition of colimit, there exists a unique induced
arrow fo,3:ca — cg such that

fa,30(0a)a = (0p)a for any d € D,. (3.1)
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It follows, again from the universal property of colimits, that the following definition
defines a functor G:v — C.

Ga =c, for any a € 7; Gla < B) = fap-

Since G is a 7y-chain we can consider lim G in C. Let \:G = ¢ be the limit cocone.
We claim that c is lim  F'.

Next we define a cocone o: F' = ¢ for F' and we show that it is the limit cocone. Since
for any d € D there exists a such that d € Dq, the obvious choice is 04 = Ao © (04)q.
Observe that o4 is irrespective of the choice of a. In fact, suppose d € Dg and let
ol be A\g o (03)a. Without loss of generality suppose a < (3. Then, since we have
A:G 5 ¢, it is Aa = Ag o fo,3. Moreover, by construction, (63)d = fa,3© (0a)4- Then,
A3 0(08)da = A3 0 fa,30 (0a)d = Aa © (0a)a = 0q4. Thus, o is well-given. Let us see
that it is a cocone. Suppose d < e in D. Let a be large enough so that d,e € D,.
Now, since we have 4: Fo — Ca, it is (0a)d = (0a)e © Fa(d < €) and then, taking into
account also that Fi(d <e) = F(d <e), it is A\a0(0a)d = Aa©0(0a)e 0 F(d < e) which
iscq=o0ccoF(d<e).

Then, we only miss to show that o is universal. Let n: F' = ¢’ be a cocone with vertex
¢ for F. In particular, for any o € 7y, 1 restricts on Dy to ()a: Do — ¢, and thus it
exists a unique vo:co — ¢ induced by the colimit, i.e., such that vy o (0a)a = 14 for
any d € D. Let us show that the collection of the v’s form a cocone with vertex ¢ for
G. We must show that, for any o < 3, vo = v3 0 fo, g3 which comes as follows: for any
a < B, and for any d € D, we have by (3.1) that vg o fo g0 (0a)a = vg o (638)a = N4,
which is enough since v, is the unique arrow with this property. Thus, we have
shown that a cocone n: F' = ¢’ determines a unique v: G = ¢’. Then, by universality
of )\, there exists a unique k:c — ¢’ such that v, = ko A, for any a € 7, which
implies Vo 0 (0a)d = k0 Aa 0 (04)a for any a € v and for any d € D,, which implies
Na = koMXao(oa)q for any o € v and for any d € Da, which is nq = k o o4 for
any d € D. The construction itself shows that k is the unique morphism from c to ¢’
enjoying this property, and thus the proof is concluded. v

A particular case which will interest us in the following is the one where N is w.
Of course, we have the following corollary.

COROLLARY 3.3.7
C is directed cocomplete if and only if C is chain cocomplete.

Proof. TImmediate from Proposition 3.3.6. v

FILTERED CATEGORIES AND COFINAL FUNCTORS

In this subsection we broaden further the kind of index categories over which col-
imits are considered. In particular, we recall the basic facts about filtered categories
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and cofinal functors. Moreover, we state results which show that requiring the ex-
istence of colimits indexed by filtered categories is not stronger than requiring the
existence of colimits indexed by directed sets and, therefore, of chain colimits.

DEFINITION 3.3.8 (Filtered Categories)
A category J is filtered if it is not empty and

i) for all j,j' € J there exists k and u:j — k, v:j’ — k, ie., ’//_,k:.
j v

it) for all i#j in J, there exists w:j — k such that wou = wow, ie.,

L u .ow . .
) —vij — k is commutative.

A functor F:J — C is filtered if J is filtered. By filtered colimits we mean colimits
of filtered functors.

The following propositions list some of the good properties enjoyed by filtered
categories.

ProPOSITION 3.3.9
The cartesian product of filtered categories is filtered.

Proof. Immediate. v

A good point is that filtered colimits in Set are easily characterized.

ProposITION 3.3.10
Let F: J — Set be filtered and suppose that J is small. Consider the set HjeJ Fj
and the binary relation R on it defined as follows

T~ U
ini(#) Rin;(y) & 3keland —k such that F(u)(x) = F(v)(y).
.7 v

Then
i) R is an equivalence relation;
i) (L[jeJFj) /R%@JF;

iii) Given x,y € Fk, then ing(xz) R ink(y) if and only if there exists u:k — h
such that F(u)(z) = F(u)(y).
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Proof. (i). R is manifestly reflexive and symmetric. Let us show that it is symmetric.
Suppose in;i(z) R in;(y) via u:i — h and v:j — h, and suppose that in;(y) R ing(z)
via v':j — k' and w1k — h'. Using jointly the properties (i) and (ii) of filtered
categories, we find w:h — m and w’:h’ — m such that wov = w’ ov. Now we
have F(w o u)(x) = F(w)(F(u)(z)) = Fw)(Fw)()) = Fw o v)(y) = Fu' 0 v/)(y) =
F(w")(F(v")(y)) = F(w')(F(u')(2)) = F(w’ o v')(2), i.e., ini(x) R ink(z) via w and w'.

This is summarized by the following picture.

h I
\ ;

AN /
N g
m
(#i). For any j € J, let o; be the composition of the injection of Fj in HjeJ Fj with the
quotient map HjeJ Fj— (HjEJ Fj) /R. Since for any u:i — j in J, it is obviously
ini(z) R inj(F(u)(z)) via u and id;, we have o; = o; o F(u). Thus, the collection of
the o’s is a cocone o: F = (HjEJ Fj) /R which is easily shown to be universal. In

fact, if 7: F = X is another cocone, by definition it must be n;(z) = 7;(y) whenever
ini(z) R in;(y) whence the result follows at once.

(#3). Obvious from point (i) and condition (ii) of Definition 3.3.8. v

ProprosITION 3.3.11
The category of small filtered categories has all small filtered colimits.

Proof. Tt is easy to see that the characterization of indexed colimits in Set given by
Proposition 3.3.10 can be extended to Cat-valued filtered functors. Then, it is easy to
show that the category resulting as colimit of a filtered diagram of filtered categories
is itself filtered. v

Cofinal subcategories are the categorical generalization of the set-theoretic no-
tion of cofinal chains. Intuitively, a subcategory | of J is cofinal in J if the colimit
of any J-indexed diagram coincides with the colimit of the same diagram restricted
to I. Of course, there is no conceptual need to limit oneself to subcategories, and
that is why one introduces cofinal functors.

DEFINITION 3.3.12 (Cofinal Functors)
A functor ¢:1 — J is cofinal if for any functor F: J — C

lim|(Fo¢) exists = limF exists and lim(Fo¢) = lim F,
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the isomorphism being via the canonical comparison map @|(F o) — @J F
induced by the colimit.

A subcategory | of J is cofinal if the inclusion functor is cofinal.

Of course the name is inherited from the corresponding notion in set theory
and the “co” prefix has nothing to do with duality in categories. For this reason,
MacLane [90, chap. IX] and others use the term “final” to name the concept.
However, once the reader has been warned about this mismatch, we prefer to keep
using the classical terminology.

The proof of the following proposition is immediate.

ProrosiTION 3.3.13
The composition of cofinal functors is a cofinal functor.

The following key lemma gives a characterization of cofinal functors between
filtered categories.

LEmMMA 3.3.14
For a functor ¢:1 — J the following properties can be stated:

Fq: for any j € J, there exists i € | such that Hom j(j, ¢i) # @.

Fo: for any i € | and for any j—f? ¢i in J, there exists h:i — k in | such
7

that ¢ho f = ¢phog.

Then, we have the following facts:
i) if ¢ is cofinal, then ¥y holds;

i) if | is filtered, then ¢ is cofinal if and only if F{ and Fo hold and, in this
case, J is also filtered;

ii) if J is filtered and ¢ is full and faithful, then ¢ is cofinal if and only if Fq
holds, and, in this case, | is also filtered.

Proof. Let us consider the Yoneda’s embedding Y:J — &JOPA Without loss of gen-
erality, we can assume that Set is based on a universe { such that | and J are small
with respect to 4. In fact, if this were not the case we could replace Set with a larger
category and the following arguments would apply unchanged. Then, we can consider
the @l(Y o ¢), which exists by the hypothesis above. Since ¢ is cofinal, this implies
that lim | Y exists.

Now, in order to show that F{ is a necessary condition, suppose that there exists 7 € J
such that, for any i € |, Hom j(J, ¢é) = &. Then, again by cofinality of ¢, it must be

lim (Y o ¢) = lim, | Hom (-, ¢i) = lim, _jHom(-,j) = lim | Y.
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But this is impossible, since (@iel Hom (., qbi))] = lim | Hom (7, ¢i) = & by hy-

=

pothesis on 7, while (li_ijJ HomJ(_,j))j = lim Hom j(7,7) # <, since it must at

least contain an element to match id; € Hom j(7, 7).

Assume now that | be filtered. Let us see that J is filtered. Consider j,j" € J. Then,
by Fq, we can find j — ¢i and j' —— ¢i’ in J, and since | is filtered we have i —— k
, j pwou
and i’ = k in | whose image via ¢ gives ¢k . Thus, property (i) of the definition
-/ ’ /
7 Pw’ ou
of filtered categories is shown.

In order to show the other condition, we need the following lemma: for any k € | it is
lim Hom|(k,-) = {*}. Observe that this is an easy consequence of the (contravariant)
Yoneda’s Lemma: let A(S):1 — Set be the constant functor which returns the set S;
then

Set![Homy(k, ), A(S)] = S = Set[{+}, 5],

which is the required adjointness condition for colimits. Consider now j—f; 7 and
g

take 2:7 — ¢, which exists by Fq. Then, lim, | Hom((7, ¢i) = @}jeJ Hom (7, 7)

by cofinality of ¢, which is {*} by the previous argument. Then, by point (i) of

Proposition 3.3.10, since z o f,x 0 g € Hom|(7,¢7) and z o f R x o g, it must exist

h:7 — k in | such that phoz o f = phox og. Thus, phox equalizes' f and g and the

i . . . __f .
second condition of filteredness is shown. Now, if we consider j——¢ ¢7, reasoning
g

as above, we find h:7 — k such that ¢h o f = ¢h o g. Thus, the necessity of Fo is
shown.

Next, we see that F1 and Fg are sufficient to ensure that ¢ is cofinal. Let F:J — C
be a functor and suppose that ¢ = lim(F o ¢). It is possible to show that there is a
one-to-one correspondence between cocones with base F o ¢ and vertex ¢ and cocones

with base F and vertex c. Let o:Fo ¢ — c. Now, for j € J, chosen u:j — ¢1i, define
7; = 0, 0Fu. First, we have to show that 7; does not depend on the choice of u: j — ¢s.
In fact, if u':j — ¢, since | is filtered, we can find x:i — k and y:i’ — k. Moreover,
by Fo we can find h:k — 2z such that ¢h o ¢z ou = ¢pho ¢yowu'. Then

Ti=oyoFu = oroFgyoFu
0. o Foh o Fopy o Fu/
0, 0FphoFpxoFu

ok o Fozr o Fu

= ogiofu=rm;

Here and in the following the term equalizer is used in its English sense, not in the categorical
one.
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The situation is summarized by the following picture.

Thus, the 7’s are well-defined. Now consider a morphism w:j — j' in J. By F1 and
Fo, exploiting that | is filtered, we can find ¢ € |, u: j — ¢i and v: 5 — ¢i such that
u=wvow. Then, 7; = 0y 0 Fu = 0; 0 Fv o Fw = 7;s o Fw. Therefore, :F 5 c is a
cocone. Observe finally that, since | is filtered, by definition of cocone, any 7: F — ¢ is
completely determined through the construction just illustrated by the morphisms of
the form 74;. It follows that the restriction of 7 to the elements 74; is the inverse of
constructing 7 from o. Therefore, point (i) is proved.

Lastly, concerning point (i), if J is filtered and ¢ is fully faithful it is immediate to
realize that 1 implies that | is filtered. Consider now j —f> @i’ in J. By filteredness
g

of J we find h: ¢i’ — j' which equalizes f and g, and by F1 we find k: j' — ¢3”. Thus,
by hypothesis on ¢, there exists xz:7 — 4" in | such that ¢z = k o h and which,
therefore, equalizes f and g. This means that Fo follows from the hypothesis and,
exploiting the previous points, concludes the proof. v

DEFINITION 3.3.15 (Filt and Filt,)
Given a category J, by the cardinality of J, in symbols |J|, we mean, as usual, the

cardinality of the underlying set of arrows of J. If J is filtered and |J| < X, we say
that J is N-filtered.

Let Filt denote the full subcategory of Cat consisting of filtered categories and let
Filty be the full subcategory of the R-filtered categories.

The next proposition shows that requiring the existence of filtered colimits is
not more than requiring the existence of directed colimits.

PropoSITION 3.3.16
Let J be small and filtered. Then, there exists a directed set D and ¢: D — J which
is cofinal. Moreover, if || is infinite, then |J| = |D|.
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Proof. First suppose that J has no greatest object, i.e., that for any j € J it is possible to
find j' € J, 5’ # j, such that HomJ(j,j’) # &. D consists of all the finite subcategories
A of J which have a unique terminal object ordered by inclusion. Of course, one defines
@(A) to be its terminal object. Moreover, if A C B, there is a unique arrow f in B
such that f:¢(A) — ¢(B), and one defines ¢(A C B) to be such an arrow.

For A and B in D an upper bound is identified as follows. Let a and b be the terminal
objects of, respectively, A and B. Since J is filtered one can find u:a — j and v:b — j.
Then consider the category E whose objects are the union of those of A and B plus j
and whose arrows are the union of those of A and B plus v and v. Clearly, E is a finite
subcategory of J with a unique terminal object and is an upper bound for A and B.
Thus, D is directed.

In order to show that ¢ is cofinal we use point (i7) of Lemma 3.3.14. It is obvious that
F1 holds: for any j € J consider the subcategory of J consisting of the only j with its

identity arrow. Verifying that Fo holds requires a bit more of work. Let j Zf o(A)
g

be in J. Since J is filtered, we can find u: ¢(A) — j' which equalizes them. Since we
assume that J has no greatest object, we can suppose that j' is different from ¢(A). It
follows that j' cannot be an object of A and that the subcategory B obtained from A
by adding the new object j and the arrow u belongs to D. Moreover, ¢(A C B) = u
equalizes f and g as required.

We miss the case in which J has a greatest element. In this case one considers the
category w X J, which is filtered and does not have a greatest object. Then one finds
D -2 w X J, with ¢ cofinal and compose it with the projection w x J — J, which is
manifestly cofinal because of Lemma 3.3.14, point (ii7). Thus, D 7% Jis cofinal. The
statement about cardinalities follows at once, since the set of finite subcategories of J
has the same cardinality as J if this is infinite. v

Recall that we say that a functor F:J — C is filtered if J € Filt. Moreover, if
J € Filty, then F is N-filtered. A category C is N-filtered cocomplete if it admits
colimits of all N-filtered functors, and it filtered cocomplete if it has colimits of all
filtered functors.

COROLLARY 3.3.17
A category C is N-filtered cocomplete if and only if it is R-directed cocomplete, if
and only if it is ¥-chain cocomplete.

A category C is filtered cocomplete if and only if is directed cocomplete, if and only
if it is chain cocomplete.

Proof. Concerning the first claim, the second double implication is Proposition 3.3.6
and one direction of the first one is trivial. The other direction follows immediately
by Proposition 3.3.16 as follows. Let C be directed complete and consider F:J — C.
Suppose that X is infinite. Then, we can find a directed D and ¢: D — J such that
|D| = |J] and ¢ is cofinal. Then, F¢: D — C has a colimit and therefore, by cofinality,
lim F exists in C. Suppose instead that R is finite. If J has no greatest object, the
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D obtained from Proposition 3.3.16 is finite and the argument above can be applied,
since the colimits indexed by finite D’s always exist in C. Finally, if J has a greatest
object, take ¢ to be the functor which maps the singleton set to such an object. Of
course ¢ is cofinal, and thus we can apply again the argument above. (Observe that
this just proves that, as in the case of directed colimits, finite filtered colimits are a
trivial notion, since they exist in any category C.)

The second statement is proved similarly. v

Exploiting further the notion of cofinal functor, we can still broaden further the
class of index categories over which we shall consider colimits. We shall do so by
being as lax as possible with respect to cardinalities.

DEFINITION 3.3.18 (Essentially N-Filtered Categories)

A category J is essentially N-filtered if it is locally small and if there exists | € Filty
together with ¢:1 — J which is cofinal. J is essentially filtered if it is essentially
N-filtered for some cardinal N.

Let E-Filt be the full subcategory of CAT consisting of the essentially filtered
categories. £-Filty denotes the full subcategory of E-Filt consisting of the essentially
N-filtered categories.

We say that C is essentially (X-)filtered cocomplete if it admits colimits of all
functors indexed over essentially (X-)filtered categories. Then, we have the following
immediate corollary which closes this subsection and allows us in the rest of the
chapter to use the quite liberal essentially N-filtered categories in place of N-chains
without changing the kind of cocompleteness of the category involved.

COROLLARY 3.3.19

A category C is essentially (R-)filtered cocomplete if and only if it is (R-)filtered
cocomplete if and only if it is (N-)directed cocomplete if and only if it is (R-)chain
cocomplete.

Proof.  The missing step is to prove that if C is (XN-)filtered cocomplete then it is
essentially (N)-filtered cocomplete. But this follows immediately from Corollary 3.3.17
and from the definition of cofinal functor. v

Thus, although we shall preferably use the (R-)filtered alternative, the previous
corollary allows us to use the terms above interchangeably.

REMARK. We have already observed that the notion of cocompleteness coincide (trivially)
for all the finite cardinals. However, this is just a limit case of a general situation: if N
and X' are infinite cardinals having the same cofinality, then C is R-filtered cocomplete
if and only if it is N'-filtered cocomplete. Clearly, different regular cardinals give rise to
different notions of cocompleteness.
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N-IND-REPRESENTABLE FUNCTORS

We are ready now to give the results about the chain cocompletion, or equivalently
the essentially filtered cocompletion, of C.

DEFINITION 3.3.20 (R-Ind-Representable Functors)

Given a locally small category C, let QN denote the full subcategory of SetS” which
contains the representables h., ¢ € C, and lim YF for any N-chain functor F:oc — C,
Y being the Yoneda’s embedding.

Similarly, C denotes the full su bcategory of SetS” which contains the representables

h. and lim YF for any chain functor F.

The presheaves in CN are called N-ind-representable (ind standing for inductively),
those in C are called the ind-representable functors.

Observe that, in view of the development in the previous sections, C (QN) can

be equivalently defined as the full subcategory of SetS” which contains the rep-
resentables and lim(YF) for any F:J — C, where J € E-Filt (J € E-Filty). In the
following, we shall use often this equivalent description.

ProposITION 3.3.21
The categories Cy and C are locally small.
Proof. Since QR is a full subcategory of Q, it is enough to prove the result for Q Given

P and @ in C we can assume they are of the form P = lim| h., and Q = lim  h.,, for
I,J € Filt. Then,
CPQl = Set<"[PQ]

et<" [lim he,, lim ; h,]

%

IR

lim, Set<” [he,, lim j he;] (since Y’ preserves colimits)

IR

lim, (h_mJ hcj)q (by the Yoneda’s lemma)
=~ lim lim | Home (ci, ¢;).
Thus, as a lim lim construction in Set indexed by small categories, Hom/C\(P7 Q) is a

small set. v

The following is an interesting property of ind-representables.

ProrosITION 3.3.22
N-ind-representable functors preserve finite colimits.

Proof. Let | be finite and consider F:| — C such that lim F exists. Let us show that for
every P be in Cy, it is lim(P o F) = P(lim F).
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First observe that this is true for the representable functors.

h(imF) = Home(limF,c)
lim Hom¢ (F, ¢) (since Y’ preserves colimits)

lim(heoF)

1

1

Now, if P is N-ind-representable, then P = @J hc].. Therefore,

(g e, )ty F) = lim (e, (g F)) = i L (e, o )
= limy lim (he; o F)
limy (tim  he, ) F) = lim (P o F),

the key passage being because finite limits and filtered colimits commute in Set. v

We have seen in Section 3.2 that the Yoneda’s embedding Y preserves arbitrary
small limits. If we look at Y as a functor from C to the category of (R-)ind-
representable functors, we can show that Y preserves finite colimits. However, it is
false that Y preserves filtered colimits which exist in C, i.e., ¢ =lim F in C does not
imply h. = lim(YF).

PRrROPOSITION 3.3.23
Y:C — C (Y:C — C) preserves finite colimits

Proof. Let ¢ = lim| ¢;. Then, for any P € §7 supposing that P 2 limy h,, , we have

SetE"[h.,P] =~ P(c) (limy hey)e 2 limy Home (¢, k)
= limy Homg (limy ¢;, o) & limy limy Homg (¢s, 2x)
=~ lim limy Home (i, ) = lim) Set<" [he, limy e, ]
> SetC” flim .., P].
It follows that Y(lim ¢;) = lim Y(cs). v

_ Now, we see that the results about ﬁg’p in Section 3.2 can be mimicked for
Cy- The key fact is the following proposition, which gives us a canonical way to
see every N-ind-representable functor as an essentially N-filtered diagram in C.

ProposITION 3.3.24
A presheaf P on C is N-ind-representable if and only if / P is essentially R-filtered.
C

Proof. Since for any presheaf P we have P =2 @(/

Y op
P T2 C L, SetS ),one
c

implication is obvious.

Therefore, if the category of elements of P is essentially N-filtered then P is in CN
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Suppose now that P = lim, hc,, where | is essentially N-filtered and let A: he, — P be

the components of the limit cocone. Let (c,p) and (¢, p’) be objects of /P. Recall
c

that p and p’ can be thought of as morphisms p: h. -~ P and p": h., = P, and since

Set<” [he, P] = lim| Homc(c, ¢;), from the characterization of set-valued filtered col-

imits of Proposition 3.3.10, these transformations must come from morphisms f:c — ¢;

and g:¢ — ¢; in C, for i,j € |, such that p=X;0(fo_) and p’ = A\j0(go.). Thus we

have (¢, p) REAN (¢i, \i) and (¢, p") =5 (¢;, ;) in | P. Now, since | is filtered, we can

find k in | and h:c; — cx and h': ¢; — ¢ in C. Consider (ck, Ak). Of course, we have
Xi = Ago(ho_)and A\j = Ay o (k' o_) and thus we have (c,p) S, (ciys Ai) LN (Cry k)

and (c,p") —% (¢j, ) LN (ck,A\k) in | P. This is summarized by the following
<
picture.

h, L, h,, <22,

Consider now (c,p) —f> (c,p’) - Recall that by definition of morphism in the cat-
g

egory of elements of P, p’ o (fo_) = p = p’ o (go_). Reasoning as before we

get that p’ corresponds to h:¢’ — ¢; such that (c/,p’) LN (ci,Ai). Then we have
Xio(hofo_)=Xo(hogo_) By the characterization of filtered colimits in Set of
Proposition 3.3.10 this means that it must exist an arrow ¢ — j in the index category |

whose image in C, say k, equalizes ho f and hog. It follows that (he,, A;) LN (he;, Aj)

equalizes f and g in / P. This is illustrated below.
c
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Finally, we need to see that /P is essentially N-filtered. To this aim consider the full
C

subcategory J of / P consisting of objects of the form (c;, A;), which is isomorphic to
c
| and, therefore, N-filtered. Then, to conclude the proof it is enough to show that the

inclusion of J in / P is cofinal. However, reasoning as before, this follows immediately
c
from Lemma 3.3.14 (7i3). v

Of course, it follows from the proof above that P is ind-representable if and
only if its category of elements is essentially filtered. Proposition 3.3.24 allows us
to show the following.

PROPOSITION 3.3.25
The category Cy is R-filtered cocomplete.

Proof. Consider a diagram F:J — Qm where J belongs to E-Filt,. Consider T =

lim F in SetE™. Let us construct K = [ T. Now, reasoning as in the proof of
c

Proposition 3.3.24, it is not difficult to see that K is essentially N-filtered.

In the following let P; denote Fj. Consider (¢,p) € K. Then p:he — lim P; cor-
responds to an element of (limj Pj)c = lim j(Pj(c)) which by Yoneda’s lemma is
@J Hom (he, P;). Therefore, p factorizes through an object P; and the component \;
of the limit cocone for T. Then, we can proceed as in Proposition 3.3.24 to conclude
the proof. It follows that C, in R-filtered cocomplete. v

Clearly, there is the corresponding result for the ind-representables.

PROPOSITION 3.3.26
The category C is filtered cocomplete.

Finally, we have the expected 2-universal property for QN and Q

COROLLARY 3.3.27

For any R-filtered cocomplete £, any locally small C and any functor A:C — &,
there is a functor L: Cy — € which preserves R-filtered colimits and such that the
following diagram commutes.

|

<
(i )
>

Morevover, L is unique up to isomorphisms.
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o~

Proof.  Consider L(P) = lim (/P I8 C v, QN) Observe that this is just the
C
restriction to Qx of the functor used for the general case of &g}p in Corollary 3.2.6,
and that this restriction can be used because of the particular shape the category of
elements of P takes when P is N-ind-representable. It follows at once that it preserves
the colimits which exist in C, and that it renders the diagram commutative. The
uniqueness up to isomorphisms of L comes from these two facts following the same
formal development of Corollary 3.2.6. v

COROLLARY 3.3.28

For any filtered cocomplete £, any locally small C and any functor A: C — &, there
is a functor, unique up to isomorphisms, L: C — & which preserves filtered colimits
and such that LY = A.

Observe that the cardinality problem we met at the end of Section 3.2 disappears
in the case of the R-filtered cocompletion. Therefore, the construction above gives a
2-categorical (pseudo) adjunction [40]. However, it does not look very easy to define
such a construction functorially on CAT. Moreover, the fact that the universal
property holds only up to isomorphisms, brings us away from the classical world of
free constructions. Next section is devoted to a wide discussion of this fact.

3.4 KZ-Doctrines and Pseudo-Monads

Free constructions are defined up to isomorphism, which reflects the fact that the
stress is on the essential structure to be added, irrespective of the actual repre-
sentation chosen for such a structure. Correspondingly, free constructions, as left
adjoints to forgetful functors, give rise to monads [22] (see also Appendix A.1), i.e.,
to algebraic constructions.

In the formulation above, however, the freeness condition is verified only up to
isomorphism of the functors involved. Thus, the free object is identified up to equiv-
alence of categories, in the precise sense that the (infinitely many) categories which
enjoy the universal property are “only” equivalent—as opposed to isomorphic—to
each other. Correspondingly, the cocompletion functors do not give rise to co-
completion functors do not give rise to an adjunction or, equivalently, to a monad
(however see [71]). We would like to stress that, since the notion of colimit is de-
fined only up to isomorphism, it is not a strictly algebraic operation, and therefore
it would not be reasonable to expect a stronger form of universality.

Situations like this arise often in the everyday practice in mathematics, and a lot
of work has been done in order to formalize them in category theory, e.g. [5, 42, 76,
39, 40, 135, 137, 10, 149], where equality is replaced by equivalence of morphisms
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or, even weaker, by the mere existence of a 2-cell between two morphisms. Needless
to say, it is very often the case that this 2-cells have to be related by coherence iso-
morphisms themselves. So these constructions make sense in 3-categories, like Cat.
There are many natural examples of situations where the pseudo version (i.e. up to
coherent isomorphisms) or the lax version (i.e. up to coherent 2-cells) of algebraic
laws seems to be the natural requirement. Perhaps the most evident example is the
case of monoidal categories [21] where the standard notion of monoidal functor is
not required to commute with the monoidal structure “on the nose”, but only up
to isomorphisms or up to canonical 2-cells.

Of course another such example is, in our opinion, the cocompletion construc-
tion we are interested in. Thus, instead of trying to “fish out” some peculiar
representatives in order to make the colimit notion behave strictly algebraically,
we prefer to adopt a viewpoint also taken by other authors [71, 76, 149] who rec-
ognize its 2-categorical “lax” nature and formalize it as a pseudo-adjunction, or
equivalently as a pseudo-monad. However, the problem with this approach is that
the needed coherence conditions may look quite overwhelming sometimes. For in-
stance, Zoberlein’s 2-doctrines [149, 150], i.e., 2-functors on 2-categories with unit
and multiplication natural only up to isomorphism for which the laws for monads,
algebras and homomorphisms hold up to isomorphisms, must be provided with
19 coherence axioms. Fortunately enough, in the nice case of coquasi-idempotent
doctrines [149, 150], which are what is needed for the cocompletion construction,
most of them disappear. In the following we shall recall the basics of KZ-doctrines
or KZ-monads [76, 137] (KZ standing for Kock-Zoberlein), which are a simpler
representation of the cited notion. In particular, the most relevant feature of KZ-
doctrines is that all we need about coherent isomorphisms of 1-cells is contained in
a single piece of information, namely a family of 2-cells.

REMARK. In the following we shall be dealing with 2-categories (see Appendix A.3). As
a matter of notation, we shall denote by _« _ the horizontal composition (Godement [35])
and by _._ the vertical composition of 2-cells, while we stick to the classical _o _ for the
horizontal composition of 1-cells. Identity 1-cells are written as idc, or simply id, while for
the identity 2-cell of a 1-cell f we use f itself, since confusion is never possible. Moreover,
when the 1-cell involved is not relevant, we write 1 to indicate a generic identity 2-cell.
We tend to avoid parenthesis around the arguments of 2-functors.

DEFINITION 3.4.1 (KZ-Doctrines)
A KZ-doctrine on a 2-category C is a tuple (T,y,m, \), where

e T:C — C is a 2-endofunctor;

e y:Id > T and m: T? = T are 2-natural transformations;

e \ is a family of 2-cells {\¢:Tyc = yrc:TC — T?C}coec indexed by the
objects of C; B
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satisfying the following axioms.

Tg: mc o Tyc = mc o yro = idrc;

TC %120 L9 10
z‘k lm%‘dm
TC
T1: )\C * Yo = ]_,'

Tyc

yc ‘N

C——TC I xe T2 = 1

N )

Axel

Observe that Tyc o yo = y1c © yo follows by naturality of y, so the equation
between 2-cells makes sense.

To: mc *x Ao =1;

Tyc
4 e
TC A pve T2C——=TC = 1
N )
YT1cC

Observe that by Tg we have mc o Tyc = mc o yre = idtc.

T3: mcg * TTI’LC * )\TC = ]_,'

Tyrc
( Tmg meg
T°C ¥ v TC——>TC——>TC = 1
N

Yr2¢o

Here mg o Tmeg o Tyre = me o Tme oyrzc = me comes as follows. We have
Tme o Tyre = T(me o yre) = idr2c, by Tg. By naturality of y, we have
Tme oyr2c = yro ome, and thus me o Tme o yt2c = Mo oyre o me = me,
the last equality by Tq.

Thus, T, y and m play the role of the functor, unit and multiplication of an
ordinary 2-monad [10]. In particular, y and m are actual (not pseudo) 2-natural
transformations. As anticipated, the only additional 2-dimensional information
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around is A and every coherence isomorphism is obtained from it. Axiom T
corresponds to the unit law of monads, that therefore holds strictly also in KZ-
doctrines. Axioms T, To and Tg express the coherence of A with the unit and
the multiplication. Observe that there is no explicit mention of a pseudo form of the
multiplication law. However, we shall see later that this is indeed the case and, for
any C € C, there exists an isomorphism pc:me o Tme = me o myc: T3C - TC.

e —C 120

mml oy lmc

T2C me TC

PROPOSITION 3.4.2
For any C € C we have a reflection m¢ 4 yro: T?C — TC, the unit of the adjunction
being Tm¢ % Aot idr2c = yre o me.

Proof. Here and in the following, we denote by 1 and ¢ respectively the unit and counit

of a generic adjunction. Let us check that the triangular identities hold. Remember
that for a reflection the counit is the identity 2-cell.

MM vre g1 N = mexTmexro=1, byT;.
n
Pz 1 R vre = TmexAroxyrc =1, by Ty.

DEFINITION 3.4.3 (T-Algebras)
An algebra for T is an object A € C together with a structure map a:TA — A
which is a reflection left adjoint for ya: A — TA.

Thus, structures are adjoints to units [76]. Observe that, since a 4 y4 is a
reflection, we have a o y4 = id. Therefore, as in the case of the KZ-doctrine itself,
the unit law for the structure of an algebra holds strictly. Since we have m¢ = y1¢,
for any C' € C there is a “free” algebra on C, namely (TC,mc).

In order to define T-homomorphisms, we need to recall the well known concept
of 2-cells mates under adjunctions (see, e.g., [69]). It is based on the operation of
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diagram pasting [5, 69] (see also Appendix A.3). Given the adjunctions f 4 u: A —
B and f' 4u/: A — B’ whose respective units and counits are 1, € and ', ¢’ and
given the 1-cells f: A — A’ and @: B — B’, there is a bijection between the 2-cells
a: f'o f = 4o f and 3: f ou = u' o4 given by the following correspondence:

A ! A id Al
a / uN\ o RUU/
B o B P B
A id A ! A
\f\uf/ I / uN
B - B’ - B

In other words, the mate of a 2-cell is obtained by pasting the appropriate unit
and counit at its ends. Although the mate of an identity 2-cell is not necessarily
an identity, the bijection above respects composition, both horizontal and vertical.
Corresponding o and 3 are said to be mates under the adjunctions f - u and
f' A (wrt. f and ).

Using the fact that mating respects vertical composition, it is easy to show the
following easy lemma [76], which will be useful later on.

LeEmMMA 3.4.4

Let f Hu: A — B and f' 4u': A — B’ be adjunctions, and let q,q': A — A’ and
p,p': B — B’ together with 2-cells n:p’ = p and €:¢' = q such that e x f = f' *n.
Now consider the 2-cells ¢: f' op = qo f and ¢': f' op’ = ¢’ o f and let ¢ and ¢’
be the respective mates under the given adjunctions (wrt. p and q and to p’ and ¢,
respectively). Then

o (ffxm)=(xf).¢ & Y.(nxu)=(ux¢c).¢

The situation is summarized in the picture below.
/ ‘ )t / ‘

-
A A
B ¢ Z B B /
N ) N

q q

/

P

~

SW@)%J

<
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Given T-algebras (A, a) and (B,b), consider a morphism f: A — B in C. By
naturality of y, we have that Tf o y4 = yp o f. Thus, we can consider the identity
1:Tfoys = ypo f and its mate ¢:bo Tf = f o a under the adjunctions a - ya
and b 4yp wrt. f and Tf.

al %lb = i bn TyA 1 yBT R #
A—f>B TA—F5—A 7 B

We shall refer to ¢ as the canonical 2-cell associated to f.

DEFINITION 3.4.5 (T-homomorphisms)
A T-homomorphism f from the T-algebra (A, a) to the T-algebra (B,b) is a mor-
phism f: A — B whose canonical 2-cell is invertible.

Since the calculus of mates preserves composition, given the algebras (A4, a)
and (B,b), we have that if ¢; and ¢, are the canonical 2-cells of f: A — B and
g: B — C, then the canonical 2-cell ¢4.5 associated to go f is ¢4 * ¢5. Moreover,
a simple shot of pasting shows that the canonical 2-cell associated to id 4 is the
identity 2-cell. Therefore, we have the following.

PROPOSITION 3.4.6

T-algebras and T-homomorphisms form a category T-Alg which is lifted to a 2-
category T-Alg by enriching it with all the 2-cells in C.

It follows immediately from the definitions that the forgetful functor

TAlg— Y .C TAg 5 C
(Aja) ——= A4 _f, AN
and
| ; J—
(B,b) ——B o o

is faithful and locally fully faithful, i.e., T-Alg[f, g] = C[f, g].

Next, we state two important cases in which one can conclude that a morphism
is a T-homomorphism.

ProposiTION 3.4.7
Let (A, a), (B,b) be T-algebras. If f: A — B is invertible, then f is a T-homomor-
phism.
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Proof. The canonical 2-cell associated to f~' o f = id = f o f~! is the identity 2-cell,
but it is also the composition ¢;-1 * ¢ and the composition ¢5 * ¢¢—1. This means
that ¢y is invertible. v

ProPoOSITION 3.4.8
Let (A,a), (B,b) be T-algebras. If f: A — B is a left adjoint, then f is a T-
homomorphism.

Proof. Let n,e: f 4g: A — B be an adjunction. Observe that, since T is a 2-functor,

we also have an adjunction Ty, Te: Tf 4 Tg: TA — TB. Now consider the following
diagram built on the canonical 2-cells ¢y and ¢4 respectively for f and g.

id

I Tna
( - \’

TA—>T—12>Ty
al %lb %al (3.2)
A——>B—>A——B

\ {e )

id

Now, dropping from (3.2) the square corresponding to ¢y and pasting the rest of it we
obtain a 2-cell ¢: foa = boTf, which is the mate of ¢, under the adjunctions f 4 g
and Tf 4 Tg.

Now, we claim that

TA

P

e., ¥ and ¢; are each other’s inverse, which shows the proposition. In order to
show the first of the two equations, one has to show that pasting (3.2) yields the
identity 2-cell. By 2-naturality of ¥, it is Tna * ya = ya * na, which can be written as
1.(Tna*ya) = (yaxna).1.

Now, by applying Lemma 3.4.4 to the equality above, we get (na*Q)sd = ¢’ «(axTna).
But ¢ is the mate of 1, ,, which is easily seen to be an identity 2-cell, while 9’ reduces

TA— 75

I N

DA

17

-5 TB—————2B8
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to ¢g x1p¢. Therefore, we have na * @ = (¢g *1¢) « (a* Tna). Therefore, diagram (3.2)
reduces to _
TA—%—=T4

which is (e fxa). (fxnxa) = ((exf).(f*n))*a = fx*a=1, the last but one
equality being because the first subterm is a triangular identity for f - g.
Thus, the first equality is shown. The other one is obtained in an similar way working

on the diagram obtained from (3.2) by moving the part corresponding to ¢; on the
right hand side of (3.2). v

T-algebras are characterized by structure maps which are adjoint to a given mor-
phism. Therefore, the structure on a given algebra is unique up to isomorphisms.
Moreover, fixed a structure map the unit of the adjunction is uniquely determined
via A.

ProPOSITION 3.4.9
Let (A, a) be an algebra and suppose that n is the unit of a 4 y4. Then, n = TaxA4.
Moreover, a morphism a: TA — A such that a oys = id Iis a structure map if and
only if axTax g = 1.

Proof. Consider

id Tya
TA_ U1 _TA_Pa_ T2A—2—>T4
yaoa YT A

We can calculate the pasting in two different ways as follows.

(1) (Taxyta*n)«(TaxAa) which, by naturality of y, is (ya*a*n).(TaxXa) = TaxAa,
since a * 7 = 1 is one of the triangular identities.

(i) (Ta* Xa *ya * a).(Ta = Tya *n), which, by Tq, reduces to (Ta * Tya *n) =
T(aoya)*n=mn, since aoya = id by hypothesis.

Therefore, n = Ta*Xa. Take now any a: TA — A such that aoya = id. Suppose that
a 4 ya. Then, by definition of adjunction, a * n = 1, and since n = Ta * A4, we are
done. On the other hand, suppose that Ta* A4 * @ = 1. Then, choosing n = Ta * A4,
it is easy to verify that the conditions for adjointness hold: a xn = 1 because of our
choice and n*ya = Tax Aa *xya =1 by Tq. v

Since the canonical 2-cells of morphisms f: A — B are mates of an identity
2-cell under adjunctions whose units can be expressed through A and whose counits
are identities, the following result is vary natural.
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ProposITION 3.4.10
Let (A,a) and (B,b) be algebras and consider f: A — B. Then, the canonical
2-cell associated to f is gy =b*x Tf xTax 4.
Proof. The mate under a 4 ya and b 4y of 1: Tf oya = yg o f, is easily computed
as (f*ep) s (bx1xa)s(bxTfxna)=b*xTfxna=bxTfxTaxa. v

The following result, due to Street [135], is rather interesting.

PROPOSITION 3.4.11 (Recognition Lemma)
Let (A,a) and (B,b) be algebras and consider a morphism f: A — B. Then, a
2-cell p:boTf = foa is the canonical 2-cell of f if and only if p xy4 = 1.

Proof. 1f ¢ is the canonical 2-cell associated to f, then, by the previous proposition,
¢ =DbxTf+«TaxAa and thus ¢*ya = 1 by Tq. Suppose instead that ¢*ys = 1. The
mate of ¢ under the adjunctions a 4y and b Hyp is ¢ = (yp*xd*ya).(n*xys*f) =
(yB * ¢ * ya), since n being the unit of b 4 yp is annihilated by yg. Therefore, if
¢*ya = 1 then v = 1. Since the calculus of mates provides a bijection, it follows that
¢ is the mate of the appropriate identity, i.e., the canonical 2-cell of f. v

Next, we recall some properties of the multiplication m. The following proposi-
tion identifies an equation “dual” to Tg.

PROPOSITION 3.4.12
In a KZ-doctrine we have T’3: me *mtc * The = 1.

Proof. Observe that the source and the target of the 2-cell above are both mc¢. In fact,
me *m1e * TAc:mo omTe o T?yc = mc omte © Ty1o. Now, mtc o Tyte = id, by
T, and thus the target is mc. On the other hand, by naturality of m, we have that
mTc o T2yo = Tyc o me, whence, again by Ty, it follows mc o mtc o T?yc = me.
Therefore, putting ¢ = mc * mT¢ * T Ao, we have

T2 ——T2¢

G
TC ——TC

id

and then, to conclude that ¢ = 1, it is enough to see that it is the canonical 2-cell
associated to id: TC' — TC. From Proposition 3.4.11, this follows if ¢ * y1o = 1.

me *mTe * TAc xyTe = Mo * Mo * YT2c * Ac by 2-naturality of y
= mc* Ao by TO
= 1 by To,
which proves the proposition. v

The definition of KZ-doctrine implies that for any C' € C there is a reflection
me 1 yre. It follows from T'3 that mc has also a left adjoint.
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PropoSITION 3.4.13
For any C' € C there is a coreflection Tyc - mc.
Proof. We choose € = mt¢ * TAc: Tyc o me = id as a candidate for the counit. Let
us verify the triangular identities.

(i) (exTyc)« (Tyc * 1) = mye * The * Tye = mye * T(Ac * yco), which collapse to 1
because of Ty .

(i) (mc *€)« (Lxmc) =mc xe =mc *mT1c * T Ac, which, by Ty, is 1. v

We complete this recapitulation section about KZ-doctrines by stating more
precisely in what sense they are pseudo-monads. First of all, notice that the asso-
ciativity of m holds up to a canonical isomorphism. In fact, since m¢c: T2°C — TC
is left adjoint to yt¢, by Proposition 3.4.8, it is a T-homomorphism with canonical
2-cell pe:me o Tme = me omyg, ie.,

Tme

T?C

mcl ) lmc

T2C me TC

Of course, as canonical 2-cell associated to m¢, we have by Proposition 3.4.10 that
e = me * Tme * Tmre * Ar2c. Moreover, Proposition 3.4.11 provides coherence
conditions which link g with y, namely puc * yr2c = 1 and pc * Tyte = 1. While
the first equation comes directly from the recognition lemma, the second one can
be proved as follows. pc * Tyto:me o Tme o Tyte = me omte o Tyte, ie., from
Tg pe*Tyrc: me = me, which is of the form mgoTidtc = idvcomc. Then, by
Proposition 3.4.11, if uc * Tyto * y1o = 1, we have that uc * Tyt is the canonical
2-cell associated to idtc, i.e., 1. Now, uc * Tyre * yre = pc * yr2¢ * Y10, by
naturality of y, which is the identity 2-cell by Tg. Recall from Definition 3.4.1 T
that the unit law holds strictly.

The same things can be said for any algebra (A, a): since a:TA — A is a left
adjoint we have an isomorphism a:a o Ta = aomy, i.e., the associativity law for
a holds up to isomorphisms.

T2A——>TA

4
TA———F—A
Moreover, « is coherent with y in the sense that a x yt4 = 1 and a * Tya = 1,

which can be shown as in the case of . Also in this case the fact that a 4y4 is a
reflection implies that the unit law holds strictly for T-algebras.
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Finally, the fact that here the monad-theoretic definition of homomorphisms is
matched up to isomorphism is just the definition of T-homomorphism.

T

TA——1TB

|k
P S—
A 7 TC
Once more, the isomorphism ¢s:b o Tf = f o a satisfies the coherence condition

that ¢f * YA = 1.

Summing up, KZ-doctrines (T,y,m,A) can be thought as pseudo-monads
(T,y,m, ) where the unit law holds strictly and the associativity law holds up
to the family of isomorphisms 1, which satisfies the coherence conditions p * yT? =
w* TyT = 1. For such pseudo-monads one defines a pseudo-algebra to be a triple
(A4, a,«), where a: TA — A satisfies the unit law strictly and the associativity up
to the isomorphism o which satisfies the coherence axioms ax yt4 = a*x Tys = 1.
Finally, one defines the homomorphisms of pseudo-algebras to be pair (f, ¢;) where
f: A — B is a morphism which satisfies the condition bo Tf = f o a only up to the
isomorphism ¢¢. Furthermore, ¢+ is required to satisfy the coherence ¢¢ * y4 = 1.

Let us denote by Pseudo-Alg the 2-category of pseudo-algebras and their mor-
phisms, the 2-cells being those of C. Then, it is not difficult to show the following.

PROPOSITION 3.4.14
I—ﬂ = Pseudo-ﬂ

In the following section, we shall see how this notion is perfectly suited to
describe the cocompletion construction. Of course, this is not surprising since KZ-
monads arose from Kock’s work on completion of categories [71].

3.5 A KZ-Doctrine for the Ind Completion

Although the construction of Section 3.3 is perfectly satisfactory from the theoreti-
cal viewpoint, it does not lend itself easily to a functorial treatment, which is indeed
a desirable property. Moreover, in many occasions a more concrete description of
the objects of C may be useful. In particular, we think of something very close to
the description of infinite processes we have sketched in Section 3.1. Close to this
issue, there is the fact that, as already noticed at the beginning of Section 3.4, one
would often like a more algebraic description of colimits in terms of pseudo monads.
In this section we study a KZ-doctrine for the R-filtered cocompletion. In other
words, we study alternative representations for the ind-representable presheaves.
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REMARK. Since the case of R finite is trivial, in the following we implicitly assume that
N is infinite. Moreover, since everything which follows is parametric with respect to ¥,
we shall mention it explicitly only when unavoidable. However, the reader should keep in
mind that every statement below about “filtered” objects can safely be restated in terms
of “N-filtered” objects.

IND OBJECTS

The following definition of ind-object follows the same simple idea about represen-
tation of infinite computations we discussed in Section 3.1.

DEFINITION 3.5.1 (Ind-objects)

A functor X:J — C is an ind-object if J is small and filtered. If |J| < X, then X is
a N-ind-object.

We shall identify ind-objects X:| — C and Y: J — C if there exists a cofinal ¢:1 — J
whose object component is an isomorphism and such that Y o ¢ = X.

Thus, ind-objects are nothing but filtered diagrams in C. We can think of ind-
objects as “syntactic” representations of ind-representable functors. In particular,
we shall say that the ind-object X:| — C represents the ind-representable functor

L(X) = lim(I =5 € 5 €) = lim, | Homg (-, X (i)).

Observe then that the imposed equalities are perfectly harmless because they
identify objects which represent isomorphic presheaves.

In order to simplify notation, we shall often use the so-called indezred notation
for ind-objects. We write (X;),.| for X:I — C with X(i) = X;. Admittedly
this notation is rather poor but it will not be misleading, and therefore it will be
acceptable, provided one never forgets that we are not handling sequences or chains
of objects, but filtered diagrams in C. Of course, given an ind-object (X;), |, we
reserve the right to use X also in every context in which a functor is expected.

As already observed in Section 3.1, the key point is the definition of morphisms
for ind-objects. The right notion should be such that it identifies, i.e., it makes
isomorphic, ind-objects which intuitively should be the same. Moreover, it has to
make the category of ind-objects filtered cocomplete. Clearly, the theory exposed
in Section 3.3 allows us to identify such notion of morphism immediately.

DEFINITION 3.5.2
The category Ind(C) is the category whose objects are the ind-objects of C, and
whose homsets are defined by

Homng(c)(X,Y) = Homg(L(X), L(Y)).

The category Ind(C),, is the full subcategory of Ind(C) whose object are X-filtered
functors.
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This makes L into a full and faithful functor from Ind(C) to C. However, observe
that it is far from being injective on the objects. Nevertheless, we have that Ind(C)
and C are (weakly) equivalent.

PRrRoOPOSITION 3.5.3
Ind(C) = C.

Proof. Exploiting Corollary 3.3.17 and Proposition 3.3.6, it is immediate to see that L
is a weak equivalence, i.e., a full and faithful functor whose replete image is the whole
target category, i.e., such that every object P in C is isomorphic to some L(X) for X in
Ind(C). Freyd and Scedrov [26] show that the hypothesis that every weak equivalence
is a strict (classical) one is equivalent to the axiom of choice. Since in our context we
have largely used such an axiom, we can also assume that L is an equivalence. v

PROPOSITION 3.5.4
Ind(C), = Cy.

An interesting fact about Ind(C) is the following.

PROPOSITION 3.5.5

If C is small, then so are Ind(C),, and Ind(C).

Proof. There is “only” a small set of (R-)filtered diagrams in C and, therefore, the
objects of Ind(C) (Ind(C),,) form a small set. Regarding morphisms, by Proposi-
tion 3.3.21, the morphisms of Ind(C) (Ind(C),,) are a family of small sets indexed by
a small set, and therefore a small set [89)]. v

Another immediate consequence of the definition of Ind(C) is that the first
requirement we made on the morphisms is satisfied. Of course, the same holds for
Ind(C)y.

PROPOSITION 3.5.6
Consider the ind-objects (X;),| and (Y;),j and suppose that there exists a cofinal

¢:1 — J such that Y o ¢ = X. Then, (X;), | = (Yj)jeJ in Ind(C).
Proof. Since ¢ is cofinal L(X) = L(Y o ¢) 2 L(Y). v

Next, we give more explicit representations of morphisms of ind-objects. In
particular, we describe three more different ways of understanding such morphisms.

Recalling a computation we have done in the previous section, we have that
Homimaie) (Xi),ep (),c)) = Set€” [L(X),L(Y)
> Set” [lim hy,, lim  hy,]
> lim, Set<" [hy,, lim jhy;] Y preserves colimits
= lim lim | SetE " [hy,, hy,] Yoneda’s lemma
= lim, lim ) Homc(X;,Y)
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From Proposition 3.3.10, we know how to compute filtered colimits in Set. An
element x € lim j Homc (X;,Y;) is an equivalence class of arrows [f]. each repre-
sentative of which is an arrow f: X; — Y; of C for some j € J and where

7w
(f:Xi - Yj,) ~ (g:Xi - YJ) & 3 Tkinlst Y(u)of=Y(@)og,
j// v

as summarized below
X
/ \
Y ~ Y
Y& A)
Yy

Concerning limits, their calculus in Set is much simpler than that of colimits.
Let us remind it.

ProPOSITION 3.5.7
Let | be a small category and F:| — C. By (f) we denote a function f: Obj(l) —
UieObj(|) F(#) such that, for all i € Obj(l), it is f(i) € F(i). Then,

limy F = {(f) | FR)(F(0)) = (), Whsi = j in 1},

Proof. Let S denote the set indicated above. For any i € | define the projection
;0 S — F(i) such that m;((f)) = f(i). Since for any h:i — j in | it is F(h) o m;((f)) =
F(h)(f (%) = f(5) =7 ({f)), i.e., F(h) om; = p;, we have that the family {m;} is a cone
with base F and vertex S.

Suppose now that there is a cone 3: X — F. For any z € X we can consider the function
fz: Obj(1) — UiEObj(l) F(i) such that f,(i) = Bi(z) for any ¢ € |. Since 3 is a cone,
we have that f, is of the kind (f). Thus, f» € S. Therefore, a: X — S which sends x
to fz is well defined. Moreover, for any ¢ € |, it is m; 0o a(z) = mi(fz) = f=(i) = Bi(x)
for any x € X and of course « is the unique function with such a property. Therefore,
S =1limF. v

Getting back to our problem, the elements  in lim| lim | Hom¢ (X5, Y;) are there-
fore a collection of equivalence classes [f;]~ indexed by the objects of | which are
compatible in the precise sense that for any h:i — ¢/ in | it is [fi]~ = [fir o X (h)]~,
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as shown below.

X;
W)
fi Xj/
~ lf«;’
Y, Yy

We shall denote this kind of families of equivalence classes with a notation similar
to the one used for ind-objects, namely ([fi]);c|: (Xi),c| = (¥j);c), Where f; is an
arrow from X; to some Y;. The square brackets remind us that each component is
an equivalence class and the index ¢ means that f; is a representative for the i-th
class. We nearly always avoid explicit mention of ~. However it should be taken
into account that ~, and thus the elements of [f;]~, of course depends on the actual
J, while the compatibility of the various components depends also on I.

The composition of ind-morphisms from (X;), | to (Y; )jGJ and from (Y )jGJ to
(Zk),cK can be of course defined explicitly through the canonical function induced
by the limit

lim y limy Hom (Y5, Z) > limy lim y Home (X5, Y5) — limy limy Home (X5, Z3,).

However, the equivalent description in terms of families of equivalence classes above
is simpler: given

([fi])iel: (Xi>ie| - (Yj>jeJ and ([gj])je_]: (Yj>jeJ - (Zk>keK7

their composition is the I-indexed family whose i-th component is [g o f].. for
(f:Xi = Y;) € [fi]~ and (¢:Y; — Z) € [gj]~/, with the equivalence ~ being
relative to J and the equivalence ~’ to K. In other words, the i-th class of the
composition is obtained by considering the class (wrt. K) of the composition of one
representative of the i-th component of ([f:]),.| and one representative of the j;-th
component of ([gj])j cJ» where j; is determined by the chosen representative of f;.

Of course, one needs to show that this is well-defined, i.e., that the definition
does not depend on the choice of f and g above and that it gives an ind-morphism
from (Xl)zd to (Zk)kEK'

Concerning the first issue, for f;: X; — Yj, let us see that the composite does
not depend on the choice of g € [g;]~. Consider (g;:Y; — Zx) ~ (9}:Y; — Zyr). Of
course, since there exist u:k — k" and v: k" — k" such that Z(u) o g; = Z(v) o g,
we have Z(u) o gj o fi = Z(v) o gj o fi, Le., [g; 0 fi]~ = [g} © fi]~.

Now, let us verify that the composite does not depend on the choice of f € [f;]~.
To this aim, take (f;: X; — Y;) ~ (f/: X; — Yj/). By definition of ~, we have
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Y(z)ofi =Y (y)of] for x:j — j” and y: j* — j” in J. Consider (g;:Y; — Zk) € [g;]~
and (gj:Yj» — Zy») € [gj»]~. Then, again by definition of ~, there are u:k — h
and v:k” — h in K such that Z(u) o g; = Z(v) o gj» o Y (). In the same way, we
have Z(x) o gy = Z(w) o gj» oY (y), for z:k" — b’ and w:k” — L’ in K. Finally,
since K is filtered, we find t: h — A" and t’: A’ — h” such that tov =t o w. Then,
tou:k — h" and t'oz: k' — h" show that (gjo f;) ~ (gj o f!). (See the commutative
diagram below.) In fact,

Z(tou)ogjofi = Z(t)oZ(v)ogjmoY(x)o fi
= Z(')oZ(w)ogjoY(x)o f;
= Z({t')oZ(w)o gjn oY (y)o fi
= Z({t')oZ(z)ogj o fi

Z({t'oz)ogj o f;
X;
Y, vy
N
gj }/j” gjr
Z. 957 A"
Z(u) Zk” Z(z)
2(v) W)
Zh Zh/
Z(t) Z(t")
Zh”

Thus, the definition does not depend on the choice of the representatives. The
point we miss in order to conclude that ([gj])jeJ o ([fi]);e is well-defined, is to see
that it is an ind-morphism. Let h:i — ¢’ be in . We have to see that (g; o f;) ~
(gjr o fir). Of course, since ([fi]),c] is an ind-morphism, we have u:j — j” and
v:j’ — j” in J such that Y (u)o f; = Y (v) o fir o X (h). Then, the proof follows very
much on the same line as before, as shown by the following commutative diagram
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(which in fact, apart from the first level, is isomorphic to the previous one).

X#X

Y; Y
VN N
Zy, Y Zy,

gy Z(z")
Z(z)
Z(y) Z(y")

Zl’ - Z 1y — Zl//
Z(k* %’)
Z

In order to remember that in the composition ([g;]);j © ([fi]);¢| the i-th equiv-
alence class can be obtained by composing any representative of [f;]. with any
representative of an appropriate [g;,]~, we shall denote it (g; * f;), cl- Sometimes,
we shall write explicitly ([g;, o fi]),.|, meaning that j; is the index of the target
of fz

An alternative description of ind-morphisms can be obtained using equivalence
classes of families of arrows, rather than families of equivalence classes of arrows.
At a first attempt, one would say that a morphism from the ind-object <Xi)i€| to

the ind-object (Y;), ) is a pair (o, ¢) where ¢:1 — Jis a functor and oz X' = Y¢

is a natural transformatlon
[
| ———=J
=
X Y
(&

subject to the equivalence ~ defined as follows: (X == Y'¢) ~ (X =N Y¢') if and
only if 3¢:1 — Jand n: ¢ = 1, v: ¢ — ¢ such that Znoa = Zvo .
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However, although this definition can be easily proved equivalent to that of ind-
morphisms when J is a chain, we currently do not know whether this is true in gen-
eral. More precisely, every transformation a: X — Y ¢ is clearly an ind-morphism,
but it is not clear whether, given ([fi]);c|: (Xi);c| — (Yj) ¢, it is possible to choose
an element f; ;,: X; — Yj, from [f;]~ for any ¢ € | in such a way that the mapping
i ~ j; could be extended to a functor ¢:1 — J. When J is a chain, a morphism
([fi]);c) has an easy description. In fact, since for any pair of objects in j,k € J
there is exactly one morphism j — k or one morphism k — j, the equivalence
~ assumes a simpler form, namely (f:X; — Y;) ~ (¢: X; — Y3) if and only if
Y(§i<k)of=gandj<korY(k<j)og=fandk < j, which makes very easy
to define the wanted functor ¢.

Therefore, while maintaining the notation and terminology of functors and nat-
ural transformations, for the time being, we work with the following definition,
which consists merely of taking a representative for each class of an ind-morphism.

A morphism from the ind-object (X;),.| to the ind-object (Y;), ) is a pair
(o, @), where ¢: Obj(I) — Obj(J) is a function and {a;: X; — Yy)},¢) is a fam-
ily of arrows of C such that for any h:i — ¢’ in I, there exists k: ¢(i) — j and
k':¢(i") — j in J such that Y (k) o ; = Y (k') 0 oy o X (h). These transformations

are subject to the following equivalence: (X — Y¢) ~ (X 2, Y ¢') if there exists
a function t: Obj(I) — Obj(J) and two families of arrows {n;: ¢(i) — (i)}, and
{riz¢'(i) — (i) },;c) such that Ynoa = Yvo 3, the last equation meaning, as in
the case of actual natural transformations, that, for alli € I, Y (n;)oa; = Y (v;) 0 5;.
It is now immediate to see that this is nothing but an alternative description of
ind-morphisms.
Proof.  Given the ind-morphism ([fi]),|, choose any representative a; = f; j;: Xi — Yj,
from each equivalence class. Then, take ¢: Obj(l) — Obj(J) which sends i to j;.
Let o = f; ; be the transformation obtained with a different choice of the f’s in
the equivalenée classes. Of course, a; and o} are equivalent:in fact, by definition of
ind-morphism, for any i there exist (i), ni:j; — (i) and v;: j; — (4) such that
Y(m)o fij =Y wi)o fiju.
On the contrary, given a transformation «, just take ([c]),.|. Of course, this transla-
tions are inverse to each other. v

This description allows a simple formula for the composition of ind-morphisms

| ¢a J— K — % K
I 1
X Z X 7
C C

where, by (ab)using the notation of natural transformations, the i-th component of
ﬂ(ﬁ * o 18 6(25(1) O Q.
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A third description of ind morphisms can be found via a category of fractions
construction [29, 127] (see also Appendix A.4). The interest of this approach, intro-
duced in [149, 150], resides in the fact that it explains the cocompletion construction
“Just” by making invertible a class of arrows in a universal way. Moreover, such class
of arrows is as simple as possible and, therefore, the approach gives insights on the
subject by making intuitively clear how the arrows chosen similarly to Section 3.1
should be enriched in order to get cocompleteness.

Let Filt/C be the category of filtered categories over C in CAT, i.e., the comma
category (Filt | C) in CAT. The objects of this category are functors X:1 — C, for
| € Filt, i.e., they are exactly the ind-objects of Ind(C). The arrows, however, are
pretty simple: for X:1 — C and Y:J — C a functor ¢:1 — J is a arrow in Filt/C
from X to Y if it makes the following diagram commutative.

|—¢>J
C

Consider now the class of arrows ¥ = {¢ in Filt/C | ¢ is cofinal}. Let us see that
Y admits a calculus of left fractions (see Appendix A.4).

PROPOSITION 3.5.8
3 admits a calculus of left fractions.
Proof. Let us check the condition of page 340. Of course 3 contains the identities and,

by Proposition 3.3.13, is closed by composition.
Concerning point (i), given X:1 — C, Y:J — C and Z: K — C, let ¢: X — Y belong
to Filt/C and ¢: X — Z to . Then, consider the pushout of ¢:1 — J and ¥:1 — K
in Cat. Let us denote it by L together with the functors ©':J — L and ¢": K — L.
Remind that this can be described as the quotient of J + K modulo the congruence
generated by the rule

in1(p(x)) R ina(y(x)),
1’ and ¢’ being the injections in the respective equivalence classes. Then, we have
W:L — C in Filt/C defined by

W (lin1 (@)]r) = Y(2) and W ([ina(@)]x) = Z(x).

Observe that this definition is well given since Y¢ = X = Zy implies that whenever
[in1(z)]r = [in2(y)]r we have Y (z) = Z(y). This is summarized by the picture below.

e
N
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Let us see that L is filtered. Consider [ and I’ in L. If I = [in;(z)]z and I’ = [in;(y)]x,
for i € {1,2}, then we find an upper bound for [ and I’, since J and K are filtered.
Suppose instead that I = [in1(j)]= and I’ = [in2(k)]r. Let us consider k in K. Since
% is cofinal, we find k — 1(k’), and therefore an upper bound j —— 5, ¢(k') == j’
for j and ¢(k') in J. Then, we have in L the arrows [in1(v)]=: [in1(j)]r — [in1(j)]r
and [in1(w)]r o [in2(u)]r: [in2(k)]r — [in1(j")]=.

Consider now l#lﬂ Again, the only interesting case is when u = [in1(f)]r

and v = [in2(g)]r. In this hypothesis, it must necessarily be f:¢(i) — ¢(i') and
g: (i) — (i'). Now, if f is of the kind #(h) (g is of the kind (h)), we have

f
W(4) %Q/)( ") in K ((i )T(ﬁ( i) in J), and we find an equalizer for u and v

in L, since K is filtered (J is filtered). Thus, suppose that f and g are not in the image
of ¢ and 1, respectively. Since | is filtered we find h:i — " and h’:7’ — i"’. Then, by
cofinality of 1, we can find h” such that (k" oh) = ¥ (h” oh’)og. Now, by filteredness
of J, we have an equalizer = for the parallel pair ¢(h” o h) = ¢(h"” o h') o f.

(i)

¥(6) y lf
(k) 1/ !
/ l 9(") < 90

d’(hf”) ¢(ilu) in J
P(i") in K /

Then, we clearly have

[zog(h" oh)ro[flr = [zop(h” oh')o flr =[x od(h” oh)lr
= [zoy(h" oh)lr = [zoyp(h” oh')oglr
= [zoyp(h” oh)rolglr
= [zog(h" oh)ro[glr

Thus, L is filtered. Now, using Lemma 3.3.14, it is now immediate to see that 7’ is
cofinal and thus belongs to X, and thus condition (#ii) is verified.

Consider now ¢,¢’: X — Y in Filt/C and suppose that there exists ©¥: Z — X in &
which equalizes ¢ and ¢/, i.e., p 01 = ¢’ o 1). Consider the coequalizer of ¢,¢":1 — J
in Cat. This construction can be described as a quotient of J for the congruence
generated by ¢(z) R ¢'(x). Then, if the coequalizer is ¢)":J — L, W:L — C can be
defined as above and, exploiting the existence of 1, it can be proved in very much the
same way of the previous case that L is filtered and 1)’ is cofinal. v

254
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Then, we can consider the category X ~'Filt/C of left fractions of Filt/C for ¥,
i.e., the category obtained from Filt/C by making formally invertible the arrows
in 3. By standard results of the theory of the categories of fractions [29], an
arrow ¢: X — Y in ©7!Filt/C can be described as an equivalence class of pairs
(0: X — Z,¢":Y — Z) of arrows of Filt/C where ¢’ is cofinal

| ¢ ¢

\ Z/
the equivalence given by (¢: X — Z,¢"Y — Z) ~ (: X — Z' ¢"Y — Z') if
there exist Z - W and Z’ 2+ W such that a o ¢’ and B o1’ are cofinal and the

following diagram commutes.
X » 8 Y
¢l >< luﬂ
Z Z
« B
w

J

X

(@)

N A

Now, it is not difficult to show that this yields ind-morphisms.

PROPOSITION 3.5.9
B~ Filt/C = Ind(C).

Proof.  Since Ind(C) and Y 'Filt/C have the same objects, it is enough to show
that Homy-1Fi1e,c(X,Y) = Hompngo)(X,Y) = Set<” [L(X), L(Y)], where L is the
usual lim YX. Every morphism ¢: X — Y in Filt/C induces a canonical morphism
5:@(YX ) — lm(YY), namely the morphism identified by the universal property
of colimits for the cocone A¢: YX = lim(YY'), where A: YY = lim(YY) is the limit
cocone for lim(YY'). Of course, if ¢ is cofinal, then ¢ is invertible.

Now, fixed X:1 — C and Y:J — C, consider the mapping £: X7 'Filt/C[X,Y] —
Set<”” [L(X), L(Y)] which assigns to each [(¢,%)]~ the corresponding ¢! o ¢. We
shall show that £ is a set-isomorphism.

First, we see that £ is well-defined. Suppose that (¢,v) ~ (¢',9), where ¢: X — Z,
WY = Z,¢:X — Z',4':Y — Z', and consider ) " 0 ¢ and ¢’ ! 0 ¢'. By definition
of ~, we find p: Z — W and ¢': Z' — W such that po¢p = ¢’ 0¢’ and porp = ¢’ 01}/,
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the latter being cofinal. This gives us the following situation in &gop

L(2)
T
L(X) L(w) L(Y)
& T“S' v
L(Z)

where (potp) oo = (¢ oyp’) Loy 0¢’. Now, since in SetE™ the isomorphisms are
the injective and surjective (on each component) transformations, and since 1) and 1’
are invertible, it follows that ¢ and ¢’ are invertible and it is (pot)) ™' = ¢y op™" and
(¢’ o)™t =9y’ "o’ ™! and then, from the equation above, it follows ¥_10¢ = ¢~ o¢.

Next, we see that £ is surjective. Consider any morphism ¢:lim(YX) — lim(YY).
Then, consider the following functor ¢ between the categories of elements of
L(X) = lim(YX) and L(Y) = lim(YY).

/1_@YX4¢>/11_mYY
C C

(¢,p) F———>(c,0Dp)

| |

(¢,p) ———=(c.dop)

Observe that we are indentifying p with an arrow in &gop p:he = lim(YX), and so
the mapping above is well-defined on the objects. Concerning the morphisms, we have
fi(c,p) — (c'p') if f is a morphism ¢ — ¢’ in C such that p’o(fo_) = p, which implies
that pop’ o (fo.)=¢op,ie., f:édlc,p) — ¢(c,p’). It follows at once that ¢ is well-
defined and is a functor. We have already noticed in the proof of Proposition 3.3.24
that | is cofinal in the category of elements of lim(YX) via the functor F which sends
i to (Xi,04), 0i being the component at ¢ of the limit cocone for lim(YX), and which
is the identity on the arrows. In the same way, we conclude that J is cofinal in the
category of elements of lim (YY) via the analogous functor G. So we have the following
diagram, which is immediately proved commutative.

c c
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Observe further that / lim YX and / lim YY" are not necessarily filtered, since they
< <
are “only” essentially filtered. However, this is not a problem, since we can just

work with any filtered small part of them, e.g., the smallest filtered subcategory of
/ (lim YX) which contains the image of | through ¢ o F and the image of J through
C

G, which is clearly small. It is now evident that, m = ¢, while G =id. Therefore,
L([(¢oF,G)l~) =¢.

Finally, we need to show that L is injective. Consider ¢: X — Z, ¢¥:Y — Z,
¢ X — Z',¢":Y — Z' and suppose that ) "' o ¢ = ¢’ "' o ¢’. Then, L(Z) and
L(Z') are isomorphic and, in particular, @ = ¥’ o ™" L(Z) — L(Z') is an isomor-
phism such that o =" and g o ¢ = ¢'. Now, construct as above ¢:

K4F>/£L(Z)4V’>/£L(Z’)<G—K/

Ti(z) TL(zZ')
A z!
C

From the discussion above it is immediate to realize that poF and G make commutative
the diagram which shows (¢,v) ~ (¢',1)’. Lastly, observe that since @ is invertible,
then ¢ above is a isomorphism whose inverse sends (c, p) to (¢, @ * o p). Therefore, ¢
is cofinal, which concludes the proof. v

Clearly, the same description of morphisms holds in Ind(C),, for any cardinal X.

When C is a poset P, there is the following connection of Ind(C) with the theory
of complete posets.

ProprosITION 3.5.10
Let P be a small poset. Then Ind(P) is equivalent to the ideal completion of P
viewed as a category.

Proof. An ideal in P is a downward closed directed subset I C P, i.e., a set such that
1 € I and j <4 implies j € I. Observe that Homlnd(P)(X, Y) = lim lim Homp (X, Yj)
must be either a singleton or the empty set, since each Homp(X;,Y;) is such. Then
Ind(P) is a preorder. Moreover, an ideal I of P is naturally an ind-object, namely
the inclusion I — P. Conversely, an ind-object X:|1 — P can be thought as an ideal
just by taking the “downward” closure of its image in P. Since X is cofinal in the
ind-object corresponding to such a closure, this defines an equivalence. v

In the same way it can be shown that Ind(P), is equivalent to the completion
of P by all ideals of cardinality not greater than N. A general treatment of the
completion of posets in a categorical framework, namely via monads, has been
given in [95].
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Ind(.) AS A 2-ENDOFUNCTOR ON CAT

We have already seen that if C is locally small, then so is Q It follows immediately
from the definitions that the same holds for Ind(C) and Ind(C),. Therefore, it
may look plausible that Ind(.) is the object part of an endofunctor on CAT. In
this subsection we show that this is the case. In particular, we show that Ind(.)
can be extended to the 2-cells of CAT obtaining in this way a 2-functor.

Let F:C — D be a functor in CAT. We define a functor Ind(F): Ind(C) —
Ind(D). Concerning the objects, the definition is evident: we map X to the com-
position of X with F.

X c-5 .
For the morphisms the situation is slightly more difficult.

Consider X:I — C and Y:J — D. By definition, for any ¢ € | and any
j € J, F induces a function F; j: Homc(X;,Y;) — Homp (FX;, FY;) which sends
f to Ff. Therefore, by injecting Ff in its equivalence class [Ff]., we get a co-
cone Fx y:Homc(X;,Y;) — limjHomp (FX;, FY;), and thus an induced function
Fi:lim | Hom¢ (X;,Y;) — lim Homp (FX;, FY;). Now, composing each F; with the
i-th component of the limit cone for lim| lim Hom¢ (X;,Y;), we get a cone with
base | — lim j Homp (FX;, FY;), which therefore gives

Fy ylimy lim y Home (X5, Yj) — lim lim ) Homp (FXG, FYj).
By the universal properties of limits and colimits, it is easy to see that
i) Fx x(idx) = idrx;
it) F?/,Z(g) o F;(,Y(f) = F;(,Z(g o f);
i) 1dx y (f) = f;
iv) Grxry o Fxy = (Go F)ﬁc,y-
Points (i) and (ii) above make it clear that the following scheme defines a functor.

md(C) 4" 1md(D)

X H——>FoX

fl lFS’},y(f)

Y ——FoY

In terms of the representation of ind-morphisms by families of equivalence
classes, we have the following obvious situation:

(fiDier: (Xa)ier = (Y5),eg = (Ffil)jer (FXG) i) — (FYS),c g
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which can be also written in terms of equivalence classes of families as

¢

\%/ . c

X Y -
C

Observe that, of course, [Ff;]~ is not necessarily the image of [f;]~, since, intu-
itively, D could have “more” morphisms.

Thanks to points (ii7) and (iv) above, we conclude that Ind(.) is a functor
from CAT to itself. Consider now F,G:C — D. Given a natural transformation

a:F = G there is then an obvious candidate for Ind(«): Ind(F) = Ind(G), namely
the family {ax}xecma(c) where ax: (FXi)id — (GXi)id is the arrow of Ind(D)
whose i-th component is [ax,]~. In other words, Ind(«) is determined by (taking

the equivalence classes of the component arrows of) ax:FX - GX. Observe that
the condition [ax,|~ = [ax; o FX(h)]. for any h:i — j in | comes directly from the
naturality in CAT of a.

FX, — > GX,

FX(h)l \LGX(h)

FY, — - GY;
ayj

In order to show that {ax}xema(c) is natural, we have to see that, for any
f=UfiDer: (X)) — (Yj)jeJ’ the following diagram commutes.

(FXi)z'el — (GXi)iel

Ind(F)(f)l/ llnd(G)(f)

(FY)) ey ——— (GYj) ¢y
Again, this comes easily from the naturality of .

ay oInd(F)(f) = ([av;]~) ey o (Ffi)iel
= (lay; *Ffil~);c) = ([Gfi x ax,]~) e
= ([Gfi)ier © ([ax.]~)se) = A(G)(f) o ax.
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Next, we show that this definition makes Ind(.) into a 2-functor. It comes di-
rectly from the definition that the identity natural transformation is sent to the
identity and that Ind(.) respects the wertical composition of natural transforma-

tions. Consider now a: F = G and 3: H = K as in the picture below.

D SR
X | a Y s Z
N S

The horizontal composition of o and 3 is v = G o Ha. Let us fix the attention on
the X-th component of Ind(y). We have

Ind(v)xy = ([(Bex, oHax,)]~);c) = ([(Box.]~) il © (Hax, )i
= ([(Bx.]~)ie1Ind(G) o Ind(H)([ax, |~ )¢
= (Ind(8)Ind(G) o Ind(H)Ind(a))x,

which is the X-th component of the horizontal composition of Ind(a) and Ind(3).
It follows that Ind(-) respects horizontal composition. Thus, we have proved the
following.

PROPOSITION 3.5.11
Ind(.): CAT — CAT is a 2-functor.

It follows immediately from the definitions that, for any cardinal R, Ind(.)
restricts to a 2-endofunctor Ind(_),: CAT — CAT.

CONSTANT IND-OBJECTS: THE 2-NATURAL UNIT ¥y

In this section we see that the Yoneda embedding Y:C — Q has an analogous
embedding y: C — Ind(C). This shall provide us with a 2-natural transformation
for the KZ-doctrine we are building.

The category 1 consisting of a unique element and its identity arrow, i.e., the
terminal object in CAT, is a filtered category. For any ¢ € C we denote by ¢ the
ind-object ¢: 1 — C which picks up ¢. These kind of ind-objects are called constant
ind-objects and provide a full and faithful image of C in Ind(C) via the functor y
defined below.

C—">1nd(C)

c
|
d

f

10

—
——

Is®
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Observe that, by definition y(f), is [f]~. However, since the index category for d
is 1, in this case ~ is trivial, i.e., [f]~ consists of the unique element f.

Since L(c) = lim, (Y o ¢) = h., we have the following commuting diagrams.

S Set&”
Ind(C) Q nd(C), = Qu
C

Thus, y plays the role which Y played in the case of C. Of course there are
many objects in Ind(C) which can represent C and, consequently, many possible
embeddings y’s. (For instance, in Section 3.6 we shall use another y.) If we consider
a constant functor ¢:1 — C, which always takes the value ¢, we have that L(c) =
limh, = hg,ie,c and ¢ are isomorphic in Ind(C). The same happens if we consider
a ﬁnlte index category | and a functor X:1 — C which sends the greatest element
of | to ¢. The ind-objects X such that X = ¢ for some ¢ € C, or equivalently
such that L(X) 2 h,,, are called essentially constant ind-objects. Of course, y is an
equivalence of C and the full subcategory of the essentially constant ind-objects in
Ind(C).

A first connection with KZ-doctrines is the following proposition, where the
reader will recognize the similarity with the definition of algebra for a KZ-doctrine.

ProrosITION 3.5.12
A locally small category C is N-filtered cocomplete if and only if y: C — Ind(C)y
has a left adjoint.

Proof.  C has R-filtered colimits if and only if for every (X;),.| in Ind(C), and ¢ in C
there is a natural isomorphism

Hom (lim X, ¢) = C'[X, A,

where A.:l — C is the constant functor which selects c. By definition of ¢, it is

immediate to see that such cocones X - A. are in one-to-one correspondence with
ind-morphisms X — c. It follows that C has all R-filtered colimits if and only if there
is a natural isomorphism

Hom¢ (lim X, ¢) = Homnq(c), (X, 4(c)),

which is the isomorphism for the adjointness lim - y. Observe that, since y is full and
faithful, the adjunction is a reflection. v
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Of course, the above result holds also for Ind(C)

PropPoOsITION 3.5.13
A locally small category C is filtered cocomplete if and only if y: C — Ind(C) has
a left adjoint.

Now, we see that the family {yc}cecat is a 2-natural transformation Id =
Ind(.). The task is fairly easy. Concerning naturality, we have to prove that
the following diagram commutes for every C, D and F:C — D, which is really
immediate.

C———Ind(C)
Fl llnd(F)
D 75— Ind(D)

For any a: F — G in CAT, the equation for 2-naturality is Ind(o)yc = ypa, i.e.,

Ind(F) F
Yc ( \/ Y YD
C——=Ind(C) {md» IndD) = C I a D —=Ind(D)
) N )
Ind(G) G

Now, the X-th component of Ind(a) is ([ax, |~ ) ¢t (FXi),c] — (GX;),¢|, and there-
fore the c-th component of Ind(a)yc is [o]~. On the other hand, the c-th compo-
nent of ypa is yp (a.) which is again [a.]~. Thus, we can conclude this subsection
with the following propositions.

PropoSITION 3.5.14
y: Id - Ind(.) is a 2-natural transformation.

PROPOSITION 3.5.15
y: Id = Ind(-)y is a 2-natural transformation.

FILTERED COLIMITS IN Ind(C): THE 2-NATURAL MULTIPLICATION

In this subsection we show that Ind(C) (Ind(C)y) is (X-)filtered cocomplete. This
is not surprising, since we have already seen in Section 3.3 that C (QN) is the “free”
cocompletion of C by (R-)filtered colimits and we have shown that Ind(C) and C
(Ind(C)y and C,) are equivalent (Proposition 3.5.3). However, we shall see that
the calculus of colimits in Ind(C) (Ind(C),) may be expressed “naturally” in C,
i.e., that it gives rise to a 2-natural transformation on CAT.
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Consider a filtered diagram T of ind-objects, i.e., an ind-object in Ind?(C) =
Ind(Ind(C)). Suppose that T'(i) = (X;,;),c J,» and define the functor U:K — C as
follows:

e the objects of K are the pairs (i,j) where ¢ € | and j € J;;

e the arrows of K are pairs («, f): (¢,5) — (h,k) where a:i — h in | and
f:Xi; — Xnp is a representative of the j-th component of T'(c):T(i) —
T(h), ie., (Xi’j)je-]i — (Xh,k)ke_jh;

the composition in K being obviously given by (8, g) o (o, f) = (8o, go f). Now,
U is defined by

K—U>-C

(4,§) ————=Xi;

(ayf)l lf

(h, k) —m—— X1

LEMMA 3.5.16
U:K — C is a functor

Proof.  Of course U is well given. Since the identities of K are the pairs (id;, idx, ;),
U respects them. It follows immediately from the definition of composition that U
respects it. v

Moreover, we have the following.

LEMMA 3.5.17

K is filtered.

Proof. Consider (i,5) and (h,k) in K. Since | is filtered, we find an upper bound
a:t — x, B:h — x. Then we have (i,7) () (z,m) and (h,k) ®:9) (z,n) in K
and since T'(x) is filtered we have u:m — [ and v:n — [ in T'(z), which have to be
component of the identity T(x) — T'(x). Then, we have an upper bound for (%, ;) and
(h, k).

. (@.f)
(i,§) ———(z,m)



CHAPTER 3. INFINITE COMPUTATIONS

(a,f)

Consider now (4,j) ——= (i',j’) . We can equalize a and o in | via 3. Consider
(@' f")
then any arrow in the j'-th component of T'(f3), say g. Then we are in the following
situation
X 7J X / % X'l” i1

f!
Now, gof belongs to the j-th component of T'(3)oT(«) and gof’ to the j-th component
of T(B)oT (). Then, since T(Boa) = T(Boa’), we have that (go f) ~ (go f'), which
means that there exists a pair of arrows in T(i”") with common target that equalize
them. Finally, since T'(i"”) is filtered, these two arrows can be equalized themselves,
so getting a single arrow which equalizes (a, f) and (o, f') as required. v

Observe that, since we are assuming N infinite and since in this case a R-indexed
union of sets of cardinality X has cardinality X, if | and J; have cardinality not greater
than X, so does K. Therefore, the following proposition applies to Ind(C),, as well.

ProrosITION 3.5.18
U:K — C is the colimit in Ind(C) of T:1 — Ind(C).

Proof. For any i € | we can consider the functor
T — M ok
—(i,J)

\L(idyf)

—(i,J")

<
TSR

<

Of course, we have U o u; = T(i):J; — C, and therefore u; induces a morphism
Ailim(Y o T'(2)) — lim(Y o U), i.e., an ind-morphism A;: T'(i) — U.

It is easy to see that the \;’s form a cocone with vertex U. First of all, observe
that, by definition, (A;); the j-th component of A; is the class of the identity of X ;.

Then, (A;); contains any f: X;; — Xj, j» such that (4, ]) (o) (h,j") is in K. Tt is now
immediate to conclude that for any o:¢ — h in | we must have A\poT' () = A;. Consider
now another cocone {7:}, 7::T'(i) — Y. Explicitly, we have 7:: (Xi;),; o) — (¥3),c -
Then, by collecting together these arrows we have 7: (Xi;),c) ;o) — (YJ-)J.EJ7 which,
thanks to the naturality of the 7’s, is easily shown to be an ind-morphism 7:U — Y.
Of course we have 7o A\; = 7; for any ¢ € |, and that 7 is the unique ind-morphism
U — Y which enjoys this property. v

Thus, we have the following.

ProproOsITION 3.5.19
Ind(C) (Ind(C),) is (N-)filtered cocomplete.
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The following proposition matches the ones about presheaves and ind-repre-
sentable functors. It says that every ind-object is built as a colimit of the constant
ind-objects.

ProposiTION 3.5.20
For any ind-object X:1 — C, it is X = lim y(X;), the limit being in Ind(C).

Proof. Apply the construction given above. v

Observe, however, that in general it is false that y preserves the filtered colimits
which exist in C. In other words, ¢ = lim, ¢; does not imply ¢ = lim ¢;. We shall
get back to this point in a following subsection.

Our claim that y plays the role which Y plays in the case of presheaves can now
be fully justified by the following proposition which states the pseudo universal
property enjoyed by Ind(C).

ProPOSITION 3.5.21

Let C be a locally small category. For any (X-)filtered cocomplete category & and
any functor A:C — &, there is a functor F: Ind(g)(m — & which preserves the
(N-)filtered colimits and such that the following diagram commutes.

A

d

Moreover, F is unique up to isomorphism.

Proof.  Consider F which sends the (R-)ind-object (X;), | to lim;(A o X) in € and
whose behaviour on the morphisms is induced by the universal property of colimits.
Since without loss of generality we may assume that F(c) = limy(A(c)) = A(c), it
follows immediately that the diagram commutes. Moreover, by exploiting the explicit
definition of (R-)filtered colimits in Ind(C), given in Proposition 3.5.18, it is easy

Md(C) ) ——=&
C

to check directly that F preserves them.
Now, suppose that K: Ind(C) — € renders the diagram commutative and preserves
(X-)filtered colimits. Then, for any (Xi),.| in Ind(C) y,, we have:
FOX) 2 lmA(X,)
lim K(y(X:)) = K(lim(y(X:))) = K(X),

R

where the last equality follows from (X;), | = lim)(y(X;)) in Ind(C) 4, as the reader
can check directly. Thus, we have K = F. v

Our next step is to remark that the construction given above is functorial. More
precisely, since a filtered diagram in Ind(C) is an object of Ind?(C), the colimit
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construction identifies a function mc from the objects of Ind?(C) to the objects
of Ind(C). It follows by the very definition of colimits that mc can be extended
canonically to a left adjoint functor Ind?(C) — Ind(C). Moreover, by Proposi-
tion 3.5.12, the right adjoint to mc is yinqa(c)- In other words, the proof of the
functoriality of mc has been implicitly given in Proposition 3.5.18. Nevertheless,
in the following we shall make explicit the definition of m¢c on the morphisms of
Ind?(C).

Consider T:1 — Ind(C) and T":I' — Ind(C) in Ind*(C). Suppose that
T(i) = (Xivj)jeJi and T'(i') = (in/)jeJ{,- Thus, in the indexed notation, we
write ((Xi’j)jEJi)iGI for T and ((Yivj)jeJ;)z'el’
a:T — T’ in Ind*(C). By definition a = ([ai]);¢)> is a compatible family of
equivalence classes (wrt. I’) of ind-morphisms o = ([evi;]);cy,: T(i) — T7(i’) (the

for T'. Consider now a morphism

equivalence being now wrt. J,) in Ind(C), which in the indexed notation can be

written as
( [([am‘])jeJi} )iel'

Then, as it appears neatly in the proof of Proposition 3.5.18, the collection & =
([as5]) (i.7)eK of all the equivalence classes (wrt. K') of representatives ¢ ; of the
j-th class of some representative «; of the i-th component of «, is an ind-morphism
frommc(T) =U:K — Ctomc(T’) =U":K' — C, where U and U’ are the colimits
of T and 7" determined as earlier in this section. We shall take mc () to be a.

In order to show that this is well defined, we only need to verify that the
[o; ;]’s are compatible, i.e., that for any (h, f): (io,jo) — (i1,71) in K and for any
pairs of representatives of the (ig,jo)-th and of the (i1, ji)-th component of «,
Say Qig,jo* Xio,jo - }/i[’),ko and ailvjl:Xilqjl - }/i’l,klv we have [ailajl °© U(hv f)]N -
[@ig.jo]~. Recall that (h, f) is an arrow of K if h:ig — ¢; is an arrow of | and
f:Xiojo — Xiyjy 1s a representative of the jo-th class of T'(h): T (ig) — T'(i1).
Then, consider the representatives of the ig-th and the i;-th components of «, say
oo T'(i0) — T'(ip) and ay,:T(i1) — T7(i}), which a4, 4, and oy, j,, respectively,
come from. Then, since « is an ind-morphism, there exist xo: i, — 5 and x1:4] — @}
in I’ such that T"(xg) o aj, = T'(x1) o a3, o T'(h), as described in the picture below

T(h
(Xio.j)jed,, (1) (Xivg)jel,,
aiO\H/ H/Otil
(Yigaj)jeJ;, (5/;’17j)jej;,
0 1

k%

Yy e,
2
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Now, looking at the representative f of the jo-th class of T'(h), we have that
[90 ° aio,jo]’v = [gl O Qi 5, © f]N where gO:Y;BJ% - Y;'who and gl:}/;',lakl - Yvi’za}h
are, respectively, representatives of the ko-th class of T'(zo) and of the k;-th class of

T(zx1), and ~ is wrt. J, . Now, by definition of ~, we have yo: hg — ha y1:h1 — hs
2
in J;,Z such that Y;, (yo) © go © iy, jy = Vi, (y1) 0 g1 0, j, o f.

f
Xi()aj() Xi17j1
O‘iodol lo‘h W1
Yir ko Yii Ky
S e
Yir ho Yir hy
Yig ha

Finally, observe that (zo, go): (i(, ko) — (i5, ho) and (x1,g1): (¢}, k1) — (i5, h1) are
morphisms in K’, and moreover that Yy (yo) and Yj; (y1) are representatives, re-
spectively of the ho-th and the hi-th class of the identity of T7(i}). It follows
that (id, Yy (yo)): (iz, ho) — (i5, ha) and (id, Y, (y1)): (i5, h1) — (i3, h2) are mor-
phisms in K'. Therefore, we have 8y = (7o, Y (y0) © go): (ig, ko) — (i3, h2) and
B1 = (w1, Y (y1) 0 g1): (i1, k1) — (45, he) in K', such that U'(B1) o aiy j, o U(h, f) =
U'(Bo) © tig,jo, 1-€., [0, 5, 0 U(h, f)l~ = [tig jo]~, as required. It is easy to verify
that this definition coincides with the behaviour induced by the colimit construc-
tion in Proposition 3.5.18, and therefore gives a functor. Alternatively, it is easy
to check directly that mc(id) = id and mc(8 o a) = mc(f) o mc(a). Thus, we
conclude as follows.

PRrROPOSITION 3.5.22
mc:Ind?(C) — Ind(C) is a functor which is left adjoint to yrna(c)-

Let us now show that the collection mc:Ind?(C) — Ind(C) is a 2-natural
transformation Ind?(_) = Ind(.).

First, we have to show that

<

md?(C) — =~ Ind(C)
Indz(F)l ‘/Ind(F)
Ind?(C) —5—> Ind(D)
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commutes. Let T'= ((Xi;);],);¢| be in Ind?(C). Then,
| = (F o (XZJ)JEJZ)'LGV

i.e., ((FXi’j)jGJi)id' Then, mg(lndz(F)(T)) = (FXZ',]‘)
in Ind(D) for the diagram Ind(F) o T.

Ind?(F)(T) = Ind(F) o T = (Ind(F) ((Xzzj)jeJi))

i€

(i.j)cKs» Where K’ is built

On the other hand, it is mg(((XiJ)jeJi)z‘el) = (Xij) (4 j)eK> and therefore
Ind(F)(mc(T)) = Fomc(T) = (FXiJ)(i,j)eKv where K is built in Ind(C) for
the diagram T. Observe that K and K’ do not need to be isomorphic. More
precisely, the objects in K and K’ coincide, being the pairs (¢, j) for i € l and j € J;.
However, the morphisms of K’ are pairs (o, f): (4,5) — (¢/,7') for aci — ¢ in |
and f:FX; ; — FX, ; in D a representative of the j-th class of FI'(«), while in the
morphisms of K the component f is a morphism f: X; ; — X,/ j» in C, representative
of the j-th class of T'(«v). Of course, these do not need to be the same, since, as
observed earlier, [Ff]~ is not necessarily the image through F of [f]~.

However, observe that, if ¢ is the functor defined by
¢

K—K

(ayf)J/ J{(O«Ff)

(i) ——(",J")

which is clearly well defined, we have m2<1ndz(F)(T))¢ = Ind(F)(mc(T)). We
shall see next that ¢ is cofinal. Then, by Definition 3.5.1, we conclude that
mQ(Indz(F)(T)) = Ind(F)(mc(T)), since we identify such objects in Ind(D).

REMARK. It is worth noticing that the purpose of the identification of ind-objects in
Definition 3.5.1 is mainly to have the (strict) naturality of m. However, we shall see in the
next subsection that it is also important to make of mc a strict left inverse for yinq(c)-
With respect to Lemma 3.3.14, point (i), condition Fq is immediate; so, in
order to conclude ¢ is cofinal, we only need to check condition Fo. Consider
(. f)
(4,7) % (#',7") in K. This means that f,g:FX,; — FX; ; are representatives
a,g
of the j-th equivalence class of FT'(«). Then, by definition of ind-morphism, there

. x .
exist jJ'=—=J" in J; such that f o FXy(x) = g o FX;(2'). Moreover, since J;s is

filtered, we can find y such that yox = yoa’. Thus, foFX, (yox) = goF X, (yox).
It follows that (id,yox) in K is such that fo¢((id,yox)) = go¢p((id,yox)), which
means that ¢ is cofinal.
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Consider now a morphism a = ([([O‘W])jeJiD from T to T’ in Ind?(C).

Then,

iel

nd?(F)(a) = ([nd(®) (s ));e1.)]) = ([(Flewes])

K2

and thus mg(lndz(F)(a)) = ([Flas)),,
for Ind(F) o T'. Following the other edge of the diagram, we have

a K’, as before, being built in Ind(D)

Ind(F)(mc(a)) = Ind(F)(([ai,j])(i,j)eK) = ([Flei.3]) i jy ek

for K in Ind(D) built for 7. We shall show that these morphisms are the same.

Let Ky and K{ be the categories built along the two different edges of the
diagram for 77 and let ~ and ~ indicate, respectively, the equivalences wrt. Kg and
wrt. Kf. We know that Ky and K{, have the same elements and that there is a cofinal
¢: Ko — Ki. Of course, if f ~ g then f ~' g. Therefore, [F(a; )]~ C [F(ev )]~ -
Now, suppose that (F(e ;): X, ; — %0, J0) ~' (f: Xij — Xi, j1)- Then, there exist

(Bo, 90): (0, Jo) — (i2,j2) and (B1,91): (i1,41) — (i2,J2)

such that go o F(ay, ;) = g1 0 f. Since (io,jo) and (i2,j2) belong to Ko, we find
an upper bound (7o, 20): (f0,J0) — (i3,J3) and (y1,21): (i2,52) — (i3,73) in Ko.
Then, consider the pair of arrows ¢((vo,z0)) = (Y0, F(x0)): (40, J0) — (i3,73) and
d((y1, 1)) = (1, F(x1)): (42, 42) — (i, j3) in K. These arrows provide a parallel
pair of arrows in K{, namely (v1,F(z1)) o (5o, 90) and (0, F(zo)), and since ¢ is
cofinal we find (9, yo): (i3, j3) — (i5,J5) such that

#((d0,y0)) © (70, F(z0)) = ¢((d0,%0)) © (71, F(x1)) © (Bo, 90),

i.e., (0o © 70, F(yo © z0)) = (80 © 71 © Bo, F(y0 © 71) © go).

Applying the same argument above to (iz,J2) and (i1, j1), one finds the arrows
(v2,x2): (i1,71) — (i4,74) and (31,%1): (i2,7J2) — (i4,74) in Ko, and then an upper
bound (81,y1): (i4,74) — (i6,76) such that

?((61,91)) © (2, F(22)) = ¢((d1, 1)) o (1, F(Z1)) © (B1, 91),
which is (61 0 v, F(y1 0 22)) = (81 01 0 B1, F(y1 © Z1) © g1).
Finally, since Ky is filtered, we have
(527y2): (i5aj5) - (7:77].7) and (535y3): (iGajG) - (i7aj7)

such that (d2,y2) o (do,y0) © (11,21) = (d3,93) © (01, 41) © (1, T1), which means that
(62080 0v1,y20yp0x1) = (03081 0¥1,y3 0y © T1). Then, we have the following
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commutative diagram in D.

(i,4)

N
o

(7:07].0) (ilv.jl)
W) (B1.01
(v0,F(z0)) (12, j2) (v2,F(z2))
‘ _A)) (v%\_ _
(137]3) (147]4)
(00,F(y0)) (61,F(y1))
(i5,J5) (i6, J6)
(62,F(y2)) (63,F(y3))
(i7, j7)

Now, consider (62080079, y20yooxo) from (ig, jo) to (i7, j7) and (3001072, ysoyioxa)
from (i1, j1) to (i7,j7) in K. We claim that these morphisms show that F(a; ;) ~ f.
In fact,

F(y2 o yo o z0) o Flai ;) = F(y2) o F(yo) o F(zo) o Flevi ;)
= F(y2) o F(yo) o F(z1) © go o F(ewi )
= F(y2) oF(yo) oF(z1)ogiof
= F(ys)oF(y1)oF(Z1)ogiof
= F(y3) oF(y1) o F(z2) o f
(

F(ysoyi oxz) o f.

Thus, we conclude that [F(a; ;)]~ = [F(a; ;)]~. In order to complete the identifica-
tion of the two morphisms above, we should that show that the ~-classes of F(a ;),
which by definition are compatible wrt. K| i.e., for morphisms (3, 9): (¢,5) — (¢, j’)
in K, are compatible also wrt. K'. However, we omit this proof which can be done
exactly as the previous one thanks to the fact that also in this case there exists a
cofinal ¢: K — K’ which is the identity on the objects.

REMARK. We would like to stress that the result above proves the naturality of the iden-
tification of ind-objects imposed in Definition 3.5.1. In fact, it is important to notice that
the proof given above does not rely on the fact that ¢: K — K’ is the identity on the
objects, but just on the fact that it is an isomorphism. Thus, the proof above applies to
all the ind-objects identified via the cofinal ¢.
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Next, we have to show that m is 2-natural, i.e., that for any a:F = G the
following equation holds.

Ind(F)

-

Mmd?(C) —=>1Ind(C) lind@@ Ind(D) =

Ind(G)

Ind?(F)

4 R

md2(C) | ma’(e) Ind?(D) —=>Ind(D)

N )

Ind?(G)

Consider an object T = ((Xy5);c],);e| of Ind*(C), and let U: K — C be mc(T).
Then, the component at 7' of Ind(a) * mc is (Ind(a) * mc)r = Ind(o), =
([O‘Xi,j])(z‘,j)eK: (FXiaj)(z',j)eK - (GXivj)(i,j)eK'

On the other hand, Ind? (o), = (Ind(@)7))iel = ((ax, ;1) ;25,1 ie1, and thus
mp (Ind?(a);) = ([aXi,j])(i,j)er' But this is again the situation we met before
and, thus, we can conclude that the two morphisms coincide. Since the same holds
for each T in Ind?(C), it follows that Ind(a) * mc = mp * Ind?(a).

Then, we have shown the following.

PROPOSITION 3.5.23
m:Ind?(0) = Ind(.) (m:Ind?(_)y - Ind(.)y) is a 2-natural transformation.

REMARK. It is worth noticing the primary role played in establishing the naturality of m
by the fact that our index categories are filtered. There is no obvious way to achieve the
same result working with chains or directed sets.

We complete this subsection by stating the following relevant fact.

ProPOSITION 3.5.24
Let C and D be locally small categories. Then, for any F:C — D, the functor
Ind(F) preserves filtered colimits.

Proof. We have proved that mc is 2-natural. In particular the following diagram

commutes.
Ind*(C) ——— Ind(C)

Indz(F)\L ‘/Ind(F)

Ind*(C) ——5—=d(D)
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However, since m¢ is an explicit choice of colimits and the colimits of a given diagram
are isomorphic, this can be read as Ind(F) o lim. = lim oInd?(F), ie., Ind(F)
preserves filtered colimits. v

Of course, the same holds for Ind(_)y.

SOME REMARKS ON Ind(C)

This subsection states some further results which, although not central in our in-
terest, may have future applications and, therefore, be useful. We omit all the
proofs.

We have noticed earlier that y does not preserve colimits. The following is a
general statement of the properties of y with respect to preservation of limits.

PROPOSITION 3.5.25
For any C, consider the embedding y:C — Ind(C) (y:C — Ind(C),). Then, we
have the following.

i) y preserves limits.
i1) y preserves finite colimits.

iii) The following are equivalent:
(a) y preserves (N-)filtered colimits;
(b) y is an equivalence of categories;
(c¢) C has filtered colimits and y preserves them;

(d) C has filtered colimits and for any c the functor Homc(c,-) preserves
them.

One of the most interesting issue in order theory (domain theory) is that, from
a complete poset, it is often possible—by considering some special elements—to
extract a poset whose completion gives back the complete poset. Examples of this
situation are the principal ideals in a lattice, the algebraic elements of a Scott’s
domain and the prime algebraic elements in Berry’s dI-domains. There is a similar
issue also on the categorical ground which allows, in some cases, to get back from
Ind(C) a category which is equivalent to C. The following notions are studied in
great detail in e.g. [28, 64].

Let D be a R-filtered cocomplete category. An object ¢ € D is (R-)finitely pre-
sentable if the functor Y’'(c¢) = Homp (¢,-): D’ — Set preserves R-filtered colimits.
Let Dy denote the subcategory of D consisting of the finitely presentable (fp) ob-
jects. A category D is (RN-)locally finitely presentable (Ifp) if Dy contains a base
which generates D by (X-)filtered colimits. In other words, D is locally finitely
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presentable if Ind(Dp) = D (Ind(Dp)y =~ D). The following is stated for Ind(C),
but, of course, it holds also for Ind(C).

PROPOSITION 3.5.26
For any c € C, y(c) is finitely presentable in Ind(C).

If the idempotents split in C, then Ind(C) is lfp and Ind(C) - & C, since it is the
subcategory of the essentially constants ind-objects.

THE IND KZ-DOCTRINE

In this subsection we sum up the results by showing that the data Ind(_) (Ind(_)y),
y, and m determine a KZ-doctrine on CAT. We treat mainly the case of Ind(-),
but everything below can be restated for Ind(_).

We have shown in the previous subsection that Ind(.) is a 2-functor and that
y and m are 2-natural transformations. We still need to give the family of 2-cells
Ac. Recall that, by Proposition 3.5.22, we have a reflection m¢ - yrnq(c)- Let
nctidinaz(cy = Yma(c) © mc be the unit of this adjunction. Then, we take Ac to
be nc *Ind(yc). For general reasons, we know that n¢ gives the limit cocones. Let
us give it explicitly.

Given T = ((Xiﬂj)jeJi)iel’
have yinacc)(mc(T)) = ((Xivj)(i,j)eK)l’ where we use the notation (T"); for the
singleton diagram of value T'. Thus, nr is an l-indexed family of ind-morphisms
a; in Ind(C), where «; is the “inclusion” of T'(¢) in the colimit of T', which is the
Ji-indexed family of the equivalence classes (wrt. K) of the identities of X; ;. In
other words, we have nr = ([([idx, ;]);c).D) el (Xij)c),)icl = ((Xivj)(i,j)eK)l'
Thus, we can conclude the triangular identities, which in the particular case of a
reflection take the form

we have mc(T) = (Xm-)(i ek and therefore we

nC * Ymac) = 1 and mc *nc = 1.

Let us verify the KZ-doctrine axioms in Definition 3.4.1.

Tq: mc o Yyma(c) = id and mc o Ind(yc) = id.

me (ymaie) ((Xi)ier)) = me((Xi)ie1) = (X2), ek Once again, K deter-
mined from 1 and | is not isomorphic to |. In fact, its objects are pairs (x,4) and its

.\ (id, . . . .
morphisms are pairs (x, 1) (i) (%,4"), where f is a representative of the i-th class

wrt. | of the identity on (X;),.|- Thus, although every f:i — i’ in | corresponds
to (id, f) in K, the converse is not true. However, the embedding ¢:| — K, which
sends i to (x,7) and f to (id, f), is easily shown to be cofinal. Thus, the last formula
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is equal to (X;),.|. The same formal steps prove that mc oyInd(C) is the identity
also on the morphisms.

mg(lnd(yg)((Xi)id)) - mg(((xi)l)id) = (Xi);..yek- This time the objects of
K are pairs (i, *) for ¢ € | and the morphisms are pairs (o, k) where a:4 — ¢ is in |
and k is a representative of the unique equivalence class wrt. 1 of X («). However,
because of the particular form of 1 there is a unique representative in that class.
Therefore, in this case, K is isomorphic to |. Thus, the last formula is equal to
(Xi);e)- The same argument can be used for the morphisms of Ind(C) to show
mc o Ind(yc) = id, as required.

Observe now that Ind(yc): Ind(C) — Ind?(C), and thus

Ac = nc * Ind(yc): Ind(yc) = yinaz(c) ©mc o Md(Ymacc)) = YInd2(C)>

as required.

Let us proceed to show that the remaining KZ-doctrine axioms hold in our
context.

The left hand side of the equation actually is nc * Ind(yc) * yc, which by naturality
of y is nc * Yina(c) * yc. But the last two elements of this composition are one of

the triangular identities for the adjunction, and therefore the formula above is an
identity 2-cell.

To: mc *Ac =1.
The left hand side of the equation is mc * nc * Ind(yc), and using the other
triangular identity we again can show that it equals 1.

T3: mc * Ind(mg) * )\IndZ(g) =1.
Consider T' = ((Xi;) ¢ J,)el- We have Ind(yima(c))(T) = (((Xi,j) ey, )1)5e1- Thus,

the unit nnq(c) at this object is the l-indexed family a of equivalence classes [a]
whose representatives are ind-morphisms

it (Xij) e )r = ((Xig)ied) ie)eKo

where Ko is built by mnq(c) for | and 1. Each a; has a unique component which,
by definition, is the equivalence class (wrt. K) of the identity ind-morphism of
(Xivj)jeJi' Then Ind(mc)(a) is the l-indexed family § of equivalence classes [3;]
whose representatives are ind-morphisms

B (Xig) pyeH, = (Xig)jed) e ielss

where H; is built by mc for 1, and J; and L; corresponds to Ko and J;. Observe that
each component of §; is the equivalence class (wrt. L;) of the identity of X; ; in C.
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Finally, we must compute mc (/). We have the index categories K built from | and
the H;’s and K’ built from 1 and the L;’s. Thus, mc(8) is a (4, %, j) € K-indexed
family v whose components are equivalence classes (wrt. K') of the identity arrow
of X; ;. Now let K” be the index category for mc(T). Of course, K, K" and K" all
have isomorphic sets of objects and, as usual, it is not difficult to show that there
exist cofinal functors ¢: K’ — K and ¢': K’ — K. It follows that the component
at T of mc * Ind(mc) * Nrnac * INd(Yina2(c)) = mc * Ind(mc) * Aina2(c) is the
identity of mc(T'), i.e., mc * Ind(mc) * Ana2(c) = 1, as required.

Thus, we have proved the following.

ProposiTION 3.5.27
(Ind(_), Y, m, {)\g}geCAT) is a KZ-doctrine on CAT, the category of locally small

categories.

Of course, the same holds for Ind(_)y.

PropoSITION 3.5.28
Ind(-)y,y,m, {\c}ce CAT) is a KZ-doctrine on CAT, the category of locally small

categories.

Moreover, by Proposition 3.5.5, we also have the following results concerning
Cat, the category of the small categories.

ProposiTiON 3.5.29
(Ind(_), Yy, m, {/\2}26%) is a KZ-doctrine on Cat.

PRroproOsITION 3.5.30
Ind(Q)y, y, m, {/\Q}Qe@) is a KZ-doctrine on Cat.

We now turn our attention to the category Ind-Alg of Ind(.)-algebras. By

Definition 3.4.3, an algebra is a category A together with a functor a:Ind(A) —
A which is a reflection left adjoint for ya:A — Ind(A). By Proposition 3.5.12
we conclude immediately that the algebras are exactly the locally small filtered
cocomplete categories with a choice a of colimits. Recall that, by the general
theory of KZ-doctrines, the same category A gives rise to different algebras only
via isomorphic a’s, i.e., via different choices of colimits in A.

As usual, the same holds for Ind(-),, whose algebras are the locally small X-
filtered cocomplete categories with a choice of colimits.

Let us consider the Ind-homomorphisms. From the theory in Section 3.4 we
know that F: A — B is a morphism of the algebras (A, a) and (B, b) if and only if
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the 2-cell ¢ = b+ Ind(F) * Ind(a) * Aa is invertible.

Ind(F)

Ind(A) Ind(B)
a @ b
A

Consider A = (A;),| in Ind(A). Then, a(A) is (a choice of) the colimit lim , A,
and F(a(A)) is F(lim , A). On the other hand, Ind(F)(A) = (FA;),| is the transla-
tion through F of the diagram A in B and b(Ind(F)(A)) is (a choice for) its colimit
lim, FA.

In our context we have ¢ = b* Ind(F) * Ind(a) * na * Ind(ya). Moreover, the
unit of the reflection a 4 ya is given by Ind(a) * na * Ind(ya). Observe now that
the i-th component of n = (na * Ind(ya))a: ((4i)1);c] — ((Ai);c))1 is the class
of m;: (Ai)1 — (Ai),] whose unique component is the class of the identity of A;.

Then,
Ind(a)(n) = ([a(m)]);er: (Ai);e) — (al(Ai) ;)1

is the limit cocone for A. Therefore, by applying Ind(F) to Ind(a)(n), we get
([Fa(mi)]);er: (FAi),c) — (Fa((Ai);¢)))1, which is the translation in B of the co-
cone, and finally, by applying b, we get b(([Fa(n;)]),¢): b((FAi),c)) — (Fa((4i),¢)))
which is the canonical comparison morphism lim, (FA) — F(lim , ). Then, we have
that ¢ is invertible if and only if (by definition) F preserves colimits (up to isomor-
phism).

Therefore, we can conclude with the following proposition.

PRrROPOSITION 3.5.31

The 2-category of Ind(_)-algebras (Ind(-)y-algebras) on CAT (Cat) is the 2-cate-
gory of the (X-)filtered cocomplete locally small (small) categories with a choice of
colimits and of the functors which preserve them up to isomorphism.

In equivalent terms, Ind-Alg on CAT (Cat) is the category R-CAT (R-Cat) of
the R-chain cocomplete locally small (small) categories with a choice of colimits

and N-cocontinuous functors. It follows from general facts about KZ-doctrines that
Ind(-) determines a KZ-adjunction from CAT (Cat) to R-CAT (R-Cat).

REMARK. As stressed more than once, the construction we have just given could have
been carried out using just chains or, even less, just w-chains, which after all are our in-
tended application. The difficulty with this is that, although it is easy to guess a“diagonal
construction” for it, it is not evident at all how to define the multiplication m to be a
(strict) natural transformation. Of course, this is a matter that we would like to study
further in the future.
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The well developed theory of monads provides a lot of useful results about
categories of algebras. Notably, several works by Kock [72, 73, 74, 75] are devoted to
the study of conditions which give a (cartesian) closed structure to such categories.
Unfortunately, these results are not (yet) available for (KZ-)doctrines. Therefore,
we conclude this section by showing directly the following easy result.

ProPoOSITION 3.5.32
The category of small (N-)filtered cocomplete categories is cartesian closed.

Proof. Observe that the restriction to the small categories is necessary, since an expo-
nential QQ of two locally small categories is not necessarily locally small. However, this
is not a problem in our context, since we know that Ind(_) restricts to a KZ-doctrine
on Cat, the 2-category of small categories. Thus, in the following, let Filt-Cat be the
category of small filtered cocomplete categories and Filt,-Cat the category of small
R-filtered cocomplete categories. We give the proof for Filt-Cat, but of course, it
work also for Filt,-Cat.

The terminal is the singleton category 1. The cartesian product is just the product
in CAT, since C x D is cocomplete whenever C and D are. In fact, the colimits are
computed pointwise lim(F) = (lim (7o o F), lim (71 o F)).

Finally, we have to show that for each filtered cocomplete C the endofunctor C x _ on

Filt-Cat has a right adjoint [, ]. Clearly, we take [C, D] to be the category of the
functors F: C — D which preserve filtered colimits. Let us see that [C, D] is filtered
cocomplete.

Let D:1 — [C, D] be a filtered diagram. Then, D = lim D exists in Qg and it is given
by (lim D)c = lim(D(¢)(c)). In order to conclude that it belongs to [C, D] we have
to see that it is cocontinuous. To this purpose, consider a filtered diagram X:J — C
together with

I xJ ¢ D

(i,§) F——D(H)(X(H))
(a,f)l lD(i’)(xu))oD(a)Xm—D(a>xj, SI010))
(i,") —=D()(X(")

Observe that, since for any F —— G L Hin [C,D] and any = AN y -2 z in C the
following diagram in D is commutative, ¢ is a functor.

Flo) — 2 > Fy) —2 - F(z)

Gla) — - Gy) —22 > G(2)
Bml Byl/ lﬁz
H(2) — 75— H(y) ——= H()
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Thus by general results about colimits, the colimits on | and on J commute with each
other, i.e., lim lim ¢ = lim ) lim; ¢. Then we have

D(lim ) X(j)) = (limy D(i))(lim ) X (5))
= limy D) (lim j X (5))
= lim lim j D(9)(X (7))
= lim j lim) D) (X (5))

= limj(limy D(2))(X(j)) = lim ) D(X(j)).
Finally, we have to see that there is a natural isomorphism

HomEitt-cat (€ x D, E) = Homgir-cat (G, [D, E]).

But this can clearly be obtained via the usual

FFCxD — E~ Ae: C.(Md:D.F(c,d)): C — [D, E].

3.6 Ind Completion of Monoidal Categories

In this section we show that the (X)-filtered cocompletion of a monoidal category is
a monoidal category in a canonical way. Moreover, the KZ-doctrine (Ind(-), y, m, \)
lifts to KZ-doctrines on any of the 2-categories in Table 3.1 in page 211, giving in
this way their “free” cocompletion.

This fact can be proved in some equivalent ways, corresponding to the different
characterization of the category Ind(.) we have given in the previous sections. In
particular, a very elegant approach is to work on categories of fractions. For those
categories, in fact, there are recent results [65, 66, 68] extending the seminal work
by Lawvere [82, 83], which state that any finitary essentially algebraic structure on
a category—that is a structure which can defined by functors which are left Kan
adjoints to their restrictions to the category of finite sets viewed as categories, or
equivalently functors of the kind A® — A, for n € w, and by natural transformations
which enforce equations—is preserved by any “category of fractions” construction.

Since the monoidal structure (but not a closed monoidal one!) on a category
consists of a finitary functor C* — C and of three natural transformations sub-
ject to a few axioms, the theory above applies to our case. Without using such
sophisticated tools, it is easy to prove directly that a monoidal structure on a
category C can be lifted canonically to the category of fractions C[¥~!], for any
¥ which is closed for the tensor product. However, such approach would require
two steps, since we should firstly extend the monoidality of C to Filt/C and later
to ¥7IFilt/C. Therefore, here we prefer to work directly on ind-morphisms and
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their indexed representation. We shall illustrate two equivalent approaches, the
second being actually a variation of the first. As usual, we state definitions and
results preferably for Ind(C), although everything which follows can be rephrased
for Ind(C),.

For the sake of readability, we recall the definitions concerning monoidal cate-
gories, functors and transformations.

A monoidal category [3, 21, 90] is a structure (C,®,e,a, A, p), where C is a
category, ®:C x C — C is a functor, a: 1 ® (.o ® 3) — (.1 ® -2) ® _3 is “the
associativity” natural isomorphism,? \ie ® .1 — _; is “the left unit” natural
isomorphism and p: 1 ® e — _; is “the right unit” natural isomorphism, e is an
object in C, subject to the following Kelly-MacLane coherence azioms [87, 62]:

(Qay,z @ idg) © Az y@zk © (s @ Oy 2 k) = Quy,zk © Oy, 20k
idy @ Ny 0 Qg ey = pg®idy. (3.3)

A monoidal category is strict if a, A and p are the identity natural transforma-
tion, i.e., if ® is strictly monoidal. It is symmetric if it is given a symmetry natural
isomorphism v: _; ® _o = o® 4 satisfying the following axioms.

(’y:v,z ® Zdy) © am,z,y o (Zdz ® ’yy,z) = az,z,y © 'Yz®y7z © am,y,z;
Yy ©Vay = oy (3.4)
Pz ©Ve,x = Az

Given C = (C,®,e,a, A\, p,v) and (D, ®,¢,a/, N, p',v'), a monoidal functor
from C to D is a triple (F,°, ), where F:C — D is a functor, ¢%: e’ — F(e) is an

When + is the identity, C is said strictly symmetric.

arrow in D, and ¢: F(.1) ® F(.2) = F(_; ® —2) is a natural transformation, required
to satisfy

Faz,y,z O Pr,y®z © (Zde ®/ Sﬁyﬁz) = YzRy,z° (‘Pm@y ®/ 'Lsz) o OélnyFnyZ;
F)\z O Pe,x © (900 ®/ ZdFm) = %z (35)
Fpm e} So:z7e o (Zsz ®I (,00) = p;::b
Moreover, (F, 0, ) is symmetric if
FYay © Poy = Pya © Vru Fy- (3.6)

If ©° and ¢ are isomorphisms, then (F, ¢, ¢) is a strong monoidal functor, if they
are the identity, then F is a strict monoidal functor. The combination of these data
give the one-dimensional versions of the categories in Table A.3.

2We use the symbols _,, for n € w as placeholders.
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A monoidal transformation between the functors (F, ", ¢) and (F/, "0, ¢’) is a
natural transformation o: F = F' such that

/ li
Oz@y © Pzy = Pry° (02 ® 0y)

geop? = " (3.7)

By combining in a sensible way the data above, we get the 2-categories listed
in Table 3.1 in page 211.
COCOMPLETION OF MONOIDAL CATEGORIES: FIRST SOLUTION

The first issue is to extend the tensor ® to a functor ®: Ind(C) x Ind(C) — Ind(C).
Observe that by composing ® with yc we get a functor yc o ®: C x C — Ind(C).
Therefore, by the universality of Ind(.), we get a functor

®":Ind(C x C) — Ind(C)

which is the unique-up-to-isomorphism free extension of ® to the ind-objects. It is
easy to realize that a possible choice for ®' is exactly Ind(®).

nd(C x C) —4@)_ 1md(Q)
ycxc Yc
CxC—sp C

Thus, we look for a canonical way to relate Ind(C x C) and Ind(C) x Ind(C).

We observe that Ind(C x D) & Ind(C) x Ind(D), although they are not at all
isomorphic. Consider the mapping V defined below

Ind(C x D) ———Y—=Ind(C) x Ind(D)
| 5 CcxD ——— (125125 D)

i

([ﬁ]).dl ([fst(fi)])idl l([S"d(fi”%el

where fst(f,g) = f, snd{(f,g) = g and m; are the projections associated to the
cartesian product.

Given X:1 — C x D, suppose X (i) = (c;,d;). Then, the identity of X is
([(idc,,ida,)]),c), and therefore V(idx) is the pair (([idc,]);c, ([ida;]);c)) Which is
(id o x, 1dr, x ). Moreover, since fst(go f) = fst(g) o fst(f) and snd(go f) = snd(g)o
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snd(f), it is immediate to show that the definition above respects compositions.
Thus, V is a functor.

For a quasi-inverse of V, we consider the following A.

Ind(C) x Ind(D) = Ind(C x D)

15c1 5D —1xJ2 cxD
([fi])idl l([gj])jej l([fixgj])idjd
ey Xp) ——rxyY cxp

Also in this case it is immediate to see that A is a functor. In fact, the image of
the identity of the pair X and Y is the | x J-indexed family whose component (i, j)
is the class of the idx, x idy, which is idx,xy,, the identity of (X x Y); ;. Thus,
A respects the identities. Moreover, since (fo f') x (gog’) = (f x g) o (f' x ¢’), it
follows that A is a functor.

Now, given X = ((¢;,d;)),c|, we have AV(X) = mpX x mX:I x1 — CxD.
Observe that ¢x:1 — | x | which sends i to (i,4) is clearly cofinal. Moreover, the
following diagram commutes.

dx

|———1I x|

\ \LWOXXTHX

CxD

It follows that X and moX x 71X are isomorphic in Ind(C x D) via the canonical
morphism ¢x induced from ¢x by colimit, i.e., via the injection L(X) = lim YX of
Ind(C x D) in the category of presheaves over C X D. Since ¢x enjoys a universal
property, it is clear that the family {¢x } xcina(cx D) gives a natural transformation
Id - AV.

On the other hand, given the pair ((Xi),|,(¥});cj) in Ind(C) x Ind(D), we
have VA((X,Y)) = (mo(X x Y),m(X xY)), where mo(X X Y):1 x J — C and
m (X xY):IxJ— D. Of course, | x J is cofinal both in | and in J, via the functors

Il gl
(b)) ———i o (0]
(f,g)l lf (f,g)l lg
(i, 5") ———1 (', 5") Py’
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Moreover, the following diagrams commute.

Wl
|XJ XJLJ

—|
Wm\ l wm\
C D

and so we have that there exist invertible ind-morphisms z/??Xy): (X xY)—> X

(X Y)

and 1/;(1)( Yy T (X xY) — Y induced by the universal property of colimits from
7/’(OX_Y) and 1/)(1X_Y>. For general reasons, it follows that we have a natural transfor-

mation 1: VA = Id, where 1/_1(ny) = (1E(OX.,Y)’ 1;(1X,Y))' In other words we have the
following.

PROPOSITION 3.6.1
Id = AV via ¢ and VA = Id via ¢. Therefore, Ind(C x D) 2 Ind(C) x Ind(D).

It is clear from the definition that A and V are such that

Ind(C) x Ind(D Ind(C x D)
CxD

and, if C and D are (R-)filtered cocomplete, then

Ind(C) ) x Ind(D) y,

Ind(C x D)y

Le., lim D(F) (hm moF, lim 71'1F) and (hm F hm_G) = lim  Fx G.
So we are allowed to define
d(C) x Ind(C) —2— ~ Ind(C x C) 42 _ 1h4(C)
ycxc Yc
Yyc Xyc
CxC o C
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Observe that this diagram commutes, which means that the tensors of C and
Ind(C) coincide on the (essentially) constant ind-objects. We shall see that actually
the entire monoidal structure of C, and not merely the tensor, is preserved in
Ind(C). In the following we shall denote Ind(®) o A by ®. In terms of indexed
representation of ind-object we can then write

(X1>z€| (}/J>JGJ (X ®Y)(z])6|><J
([fi])i€|l & (oD, .y = \L([fi(@gj])(i,j)EIXJ
(XDl (Y))ey (Xi @Y) el xJr

In order to get acquainted with the indexed representation, we check again the
functoriality axioms directly on such representation of ind-morphisms. Consider the
ind-objects X and Y and their identities idx = ([idx,]),c| and idy = ([idy;])
It is

jed
idx @ idy = ([idx, ® Zde])(z‘,j)eli = ([idxw@Yj])(i,j)eli’
which is id xgy-. Consider now the ind-morphisms

([fi])igl: (X')iel - (Xz{)iel/’ ([f'/])lel/' (X{)lel/ - (Xz(l)iel//’ (3'8)
(D0 V)i = g (9Dsep (V) ey = (Vg (39)

We have ([fi]),¢| ® ([gj])je_] = ([fi ® g5]) G)elxJ Then,
((UFDicr @ (oiDicy) o (Dt @ (93D),0)

(fh ®gj /)o (fi®gj>])(i,j)e|><J

(f o fi) (9}5_ Ogj)])(i,j)dx.]

(f/ o fi) ® (g] 9! Ogj)])(ij)eli

= (Wit o WD) & (195D e9 @ (9315

= (
=
= (

To make explicit the remaining monoidal structure we have to identify the unit
for ®, to lift the coherence natural isomorphisms «, A, p and v to Ind(C), and to
prove that the axioms are satisfied. This task is fairly easy now. Concerning the
unit, of course we take é = yc(e) =e.

q: 1 @ (2 & -3) - (-1 & -2) & 3.
For X = (Xi)id’ Y =(Y;) Z = (Zk)keK in Ind(C), let H be | x J x K and

) jed
define & x v,z as follows

(lax; v, 2]) i j e (X @ (Y5 © Z1)) ;s iyeH — (Xa @ Y5) © Z1) ;i 1yeH-
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Observe that & can be described as Ind(a) * A * (Iding(c) x A). It follows that
@, since it is the image of a natural isomorphism through a 2-functor, is a natural
isomorphism.

5\2é®_1 ;_1.

For X = (X;),.| in Ind(C), the component at X of A is
Ax = ([/\Xi])id: (e® Xi)z'el - (Xi)iel'

This time A can be written as Ind(\) * A(é,_), which implies that it is a natural
isomorphism.
[32 -1 ® é ; -1-
Given X = (X;),.| in Ind(C), we define
px = ([px.)e)r (Xi®e) o) — (Xi)e)-
Observe that p is Ind(p) * A(_, é), and thus a natural isomorphism.

i1 ® g — 9 ® 1.

For X = (X;),| and Y = (Xj) we define

jed
xy = (xvi D el (Ki ©Y5) g el = (VG @ Xi) o egxls

which again is Ind(y) * A, and thus a natural isomorphism.

Now it is really simple to check that these definitions enjoy the Kelly-MacLane
coherence axioms [87, 62, 67] (see also Appendix A.2). Thus, we have the following.

PROPOSITION 3.6.2

For any symmetric monoidal category (C,®,e,a, A, p,v) the filtered cocomplete

category (Ind(C), ®, é, &, A, p,7) is a symmetric monoidal category.

Moreover, if C is monoidal strict, then so is Ind(C); if C is strictly symmetric so is

Ind(C).

Of course, the same holds for (Ind(C)y, ®, é, &, X5 A).

Proof. Concerning the cases where C is strict monoidal or strictly symmetric, observe

that the structure transformations &, A, p and 4 are identities when the corresponding
transformations of C are so. v

As anticipated above, the embedding yc preserves the monoidal structure of
C. Therefore, Ind(C) can be considered the “free” cocomplete monoidal category
on C.

ProrosiTiON 3.6.3
The subcategory yc(C) of Ind(C) is isomorphic to C in the monoidal sense, i.e.,
yc is a strict monoidal functor.
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Proof.  Of course, yc(c® d) = yc(c) ® yc(d), since we identify 1 and 1 x 1. For the
rest, observe that

yc(e) é;
Yc(Owyz) = Qyc(o)yc@vc()
yc(Ae) = j‘yg(wﬁ
yclpe) = Pyc);
Yc(Vzw) = Fyc@) e @)
which is enough to conclude the desired result. v

We conclude this subsection by studying the behaviour of Ind(-) on monoidal
functors and monoidal transformations. Let (F, ¢, ¢) be a monoidal functor be-
tween the monoidal categories C = (C,®,e,a, A, p,v) and (D, @, ¢, o', N, p', 7).
Consider the triple (Ind(F),yc(v),Ind(d) * A), i.e., a functor Ind(F): Ind(C) —
Ind(D), a morphism yc(¢):€¢’ — Ind(F)(é) and a natural transformation from
Ind(F)(.1) ® Ind(F)(-2) — Ind(F)(_; ® _2), whose component at the ind-objects
X:l—-CandY:J—Cis

(Ox.v;D i jyelsd: (FX) @ F(Y3)) i jyelnd = FXi @ Y5)) 5 iyeld-

It is just a matter of a few calculations to verify that the axioms (3.5) hold for
(Ind(F), yc(v), Ind(d) * A). Moreover, if (F,¢,d) is symmetric, then (3.6) also
holds, i.e., (Ind(F),yc(v), Ind(0) x A) is symmetric. Clearly, strongness and strict-
ness are also preserved. Let o:(F,¢% ¢) = (F, 9%, ¢’) be a monoidal transfor-
mation. Recall that the component of Ind(c) at the N-ind-objects X = (X;),|
is (fox,]);er (FXi),e) — (FXi),c). Therefore, it follows easily that, when o satis-
fies (3.7), Ind(o) is a monoidal transformation from (Ind(F), yc(¢°), Ind(¢)*A) to
(Ind(F'), yc(¢), Ind(¢’) x A). Therefore, we can state the following proposition.

PROPOSITION 3.6.4
The KZ-doctrine Ind(-) (Ind(.)y) on CAT (Cat) lifts to KZ-doctrines on B, for
any B appearing in Table 3.1.

Proof. Concerning the categories of locally small categories, the result follows immedi-
ately from the previous considerations about monoidal functors and transformations
and from Proposition 3.6.2. In the cases where B is a category of small categories, it
follows from the above and Proposition 3.5.29. N v

For each B appearing in Table 3.1, let w-B be the category consisting of the
(R-)chain cocomplete categories in B with a choice of colimits and of the functors
in B which preserve (X-)chain colimits up to isomorphism. Then, by general facts
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in the theory of KZ-doctrines, we have that any B in Table 3.1, Ind(-) (Ind(-)y)
determines a KZ-adjunction from B to w-B.

COCOMPLETION OF MONOIDAL CATEGORIES: SECOND SOLUTION

The extension of the monoidal structure of C to Ind(C) given in the previous subsec-
tion may look rather far from our intended interpretation motivated in Section 3.1.
For instance, the tensor of two w-chains is (represented by) a two-dimensional struc-
ture w X w. However, this is just a comfortable representation for the tensor. One
could consider another representation taking for example the “diagonal” cofinal
chain in w X w, which is isomorphic as ind-object to the “whole square”, and which
corresponds to the motivating diagram shown in Section 3.1. In this subsection,
we study an alternative description of the monoidal structure of Ind(C) which is
more intuitive and better suited for our intend applications. Since to be R-filtered
cocomplete is equivalent to be R-chain cocomplete, we could consider the subcate-
gory of Ind(C) consisting of R-chains. This choice essentially does not change the
category. However, it is not clear whether we could or not define a KZ-doctrine out
of it, because of the problem with the multiplication we have already mentioned.
In the following, we focus only on w-chains.

Let C*¥ be the full subcategory of Ind(C) consisting of the ind-objects indexed
by w. Then we have the following.

PROPOSITION 3.6.5
C¥ = Ind(C),.
Proof.  The inclusion functor C* — Ind(C) is by definition full and faithfull. We

show that is replete image is Ind(C). Then, by exploting the results of [26] as in
Proposition 3.5.3, we have the desired result.

Let X be an w-ind-object, i.e., a countable filtered diagram in C. We have to show
that it is isomorphic in Ind(C)  to an w-chain. By applying the lemma (from [43])
stated in Proposition 3.3.17, and thanks to Proposition 3.5.6, we may assume that X
is indexed over a countable directed set D. Then, using the lemma (from [93]) given
in Proposition 3.3.6, we find a countable sequence of finite directed subsets {D; }icw
such that, D; C D;41, for any ¢ € w, and D = Uiew D;. Then, we can extract from
{D;}icw a sequence of {¢; }icw, where ¢; is the greatest element of D;, which exists
since D; is directed and finite. Now, define the functors ¢:w — D and YV:w — C as
follows:

63() = ¢ and  Y(i<i+1)=c <ciyi;
Y(i)=X(c:) and  Y(i<i+1)=X(c; <ci).

Clearly, by Lemma 3.3.14 (i), we have that ¢ is cofinal, and since Y¢ = X, by
Proposition 3.5.6, we conclude that X and Y are isomorphic in Ind(C) . Since Y is
an w-chain, this concludes the proof. v
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Observe that, as immediate consequence of the proposition above, we have that
C¥ is w-chain cocomplete. Of course, working withC®, we have to redefine y. We
shall consider the obvious choice §(c) = c=w —%5 C, the constant chain. Of course,
we still have that §: C — C* is full and faithful. Moreover, the following diagram

is commutative
C(—u’
/ \

Ind(C

(@)

Restricting our attention to w makes possible expressing the commutativity of
(0¥ and _ x _ by an isomorphism.

PROPOSITION 3.6.6
There is an isomorphism (C x D)* = C* x D“, defined by A and V below.

(Q « Q)w v Cu.) % Dw

wCxDFH——(w ™ c,w X D)

([fi])iaul ([fst(fi)])iaul l([snd(fi)])ieu

xDFH—""">(w 7T(’YCwﬂD)

(S
(@}

fst and snd being as in the previous subsection.

C¥ xD¥ = (CxD)*
PRETE Y U
([fi])iEWl l([gi])i@ l [fixgi])icw
wcw D™ cxp
Proof. We have
) — (g <7"0)£>1X> C x Q)
AV(( [fz])zEw)l/ l([fSt(fi)Xsnd(fi)])iEw
- CxD) = (@ ™I C x D)
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which is a strict equality, since (moX,m1X) = X and fst(f;) x snd(f;) = fi. On the
other hand, we have

VA Cw5D) = @™ Cw ™ D)
VA(([fi])iva([gi])iEw)l/ \L(([fi])iva([gi])iEw)
VA Ce D) T (@ D)
which is of course the identity functor. v

As in the previous subsection, we have the following commutative diagrams.

C¥ x D¥
O - =~ CxD
Yc XyYo° CxD
CxD ;
E} xD
(CxD)*

the second diagram existing when C and D are w-chain cocomplete, and thus we
can define

L) cv
|yC
= C

In the following, ®“ o A will be denoted by ®. Writing the tensor in terms of the
indexed representation of ind-object and morphisms makes clear the correspondence
of this approach with the discussion in Section 3.1.

(Xi)iew (Yi)icw (X; ®Yi)icw
([fi])mwl ® l([gi])mw = l([fi@gi])i@u
(X})iew (Y)iew (X; ®Y)iew

So, given the symmetric monoidal category (C,®,e,a, A, p,y), the monoidal
structure on C¥ is (C¥, ®, €, &, \, p, ), where

® ¢ = _Q(e):g;
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e axy,z = ([ax, v, z])icw;
Ax = ([Mx,])icw:

e px = ([px.])iew;

’?Xay = ([,YXMYZ'])ieW'

Showing that these data form a symmetric monoidal category is a routine task.
Therefore, we can summarize the results in the following propositions.

ProposITION 3.6.7
For any symmetric monoidal category (C, ®, e, a, A, p,y) the w-filtered cocomplete
category (C*,®,¢é,a, \, p,7) is a symmetric monoidal category.

Moreover, if C is monoidal strict, then so is C¥; if C is strictly simmetric so is C*.

PROPOSITION 3.6.8
The subcategory yc(C) of C* is isomorphic to C in the monoidal sense, i.e., jc Is
a strict monoidal functor.

ProrosiTioN 3.6.9
C¥ is, up to equivalence, the free w-chain cocomplete monoidal category on C.
Proof. 1t follows easily from Proposition 3.6.5 and the pseudo universal property of
Ind(C),, (see, e.g., Proposition 3.5.21). v

Of course, the results above can be restated for any chain o and the correspond-
ing subcategory C* of Ind(C).

3.7 Applications to Petri Nets

The previous sections have shown how we can build the (pseudo) free (X)-filtered
cocomplete category Ind(C) over a given C. In particular, in Section 3.6 we have
proved that the construction lifts to a KZ-doctrine on SsMonCat, giving in this way
the completion of symmmetric strict monoidal categories (SSMC’s). The theories
we have formalized and the arguments we have discussed in Chapter 1 of this thesis,
and in particular in Sections 1.1, 1.2, 1.3 and 1.9 support the claim that this result
brings us close again to Petri nets. This section, which matches in style Section 3.1,
explains further these facts.

It is important to observe that Petri nets are not precisely symmetric strict
monoidal categories, since they enjoy other important axioms, the principal one
being the free monoidal structure on the objects. In order to fix the ideas, we recall
that Chapter 1 presented four relevant monoidal constructions for net computa-
tions, namely
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1)

ii)

T[N], which gives a CatPetri object, i.e., a strictly symmetric strict monoidal
category whose objects form a free commutative monoid, corresponding to
the notion of commutative processes of N (see Definition 1.1.7 and Proposi-
tion 1.1.12).

P[N], which gives the symmetric strict monoidal category obtained by quo-
tienting the free symmetric strict monoidal category on N via the axioms

Yab = idegy ifa,be€ S anda#b,
(id @ Va0 @ id);t = t ifteT and a € S,
t(id @Yo ®id) = t ifteTandacsS,

and corresponds to the concatenable processes of N. (See Definition 1.1.16,
Propositions 1.1.19, and 1.2.5 and Corollary 1.2.7.) We shall refer to the
category of small symmetric monoidal categories with the properties above
as CatProc.

DP[N], which is as above, but satisfying only the first two axioms, and cor-
responds to the decorated concatenable processes of N. (See Definition 1.9.13
and Proposition 1.9.14.) Let CatDecProc denote the category of the small
categories with the properties above.

Q[N], which gives the quotient of the free symmetric strict monoidal category
on the graph of the “linearizations” of the transitions of N modulo the axiom

!/ / / 3
Sty ;8 =ty for stu —u', s:v" — v symmetries.

and corresponds to the strong concatenable processes of N. (See Defini-
tion 1.3.8 and Proposition 1.4.5.) Proposition 1.1.19). We shall refer to the
category of small symmetric monoidal categories with the properties above
as CatStrProc.

Since we already know that the monoidal structure of such categories is pre-
served by the N-ind-completion process, the remaining question is whether the
additional structure is preserved by the (R-)ind-completion or, in other words, if
Ind(-) lifts to KZ-monads on CatPetri, CatProc, CatDecProc and CatStrProc.
Clearly, this would be the best possible result from our point of view, since it would
allow a full application of the theory of the cocompletion of monoidal categories
to the case of Petri nets, thus giving a full account of infinite behaviours of nets.
Unfortunately, this is not the case. More precisely, only the objects of CatPetri are
rather close to keep their structure under the cocompletion construction. In fact, we
know from Proposition 3.6.2 that Ind(7 [N]) is a strictly symmetric strict monoidal
category. However, Ind(7 [N]) does not belong to CatPetri since its monoid of ob-
jects is not free. The situation is worse for the other categories. Observe, in fact,
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that when C is not strictly symmetric, then the primary requirement about the
monoid of objects being commutative fails immediately. In fact, in this case, the
tensor of diagrams in general will not be commutative because of the arrows.

Thus, Ind(.) does not restrict to an endofunctor on the categories we are mainly
concerned with. A possible way out of this problem, which is currently under in-
vestigation, consists of looking for an alternative presentation of the cocompletion
doctrine, i.e., for a doctrine whose functor is isomorphic to Ind(_) but better suited
for the case of Petri nets. For the time being, however, we present some consid-
erations about the relationships between Petri nets and the cocompletion of their
categories of processes which aim at showing that, at the level of a single net,
Ind(.) behaves as expected, giving a faithful description of infinite processes. In
particular, we shall present the following considerations about the relationships be-
tween Petri nets and the cocompletion of their categories of processes. We shall
focus on decorated concatenable processes, although all the following, apart from
Proposition 3.7.4, applies also to T[], P[] and Q[.]. Consider again the diagram

DP[]

Petri SsMonCat
| S
MPetri* PreOrd (1.26)

l _an

PTNetsWDecOccﬂ_] Occ ol PES

of Section 1.9, where we have shown that for any net (N, uy) in MPetri* we have
that the decorated concatenable processes of NV leaving from u coincide with the
finite marked processes of FU[N], i.e., with the finite configurations of EFU[N].

As a simple application of the theory illustrated in this chapter, we shall extend
the result to infinite processes and infinite configurations, as shown by the diagram
below.

Cat

DP[]

Petri SsMonCat
T PeS\NCE
MPetri* PreOrd
l ol
PTNets g DecOcc 7 Occ 0 PES
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First of all, we need to show that Ind(DP[N]) can be considered the category
of infinite decorated concatenable processes of N. Consider a net N € Petri and
an w-chain

[e75) [e5) Qn
U — U] — U - Uy — Upt1 "

i.e., an ind-object U in DP[N]*. We look at this chain as a limit point for an infinite
computation (and not as the infinite computation itself!), i.e., a sort of generalized
infinite marking represented by the computation which produces it from the finite
markings. Observe that the adjective “generalized” is appropriate, since, in general,
the infinite marking above depends on the transitions which appear in the chain,
not just on their sources and targets. For instance, if we consider a net with two
transitions ¢,t':a — a, then the chains consisting respectively of a sequence of ¢
and a sequence of ¢’ represent different infinite markings.

In order to substantiate the intuition about morphisms, let us start with the
following case. Let u be the standard representative of u in Ind(DP[N]), i.e. y(u)
the diagram with value u! on the singleton filtered category 1. Given the particular
shapes of 1 and w, an arrow from w to U in Ind(DP[N]), is an equivalence class
[B):u — U of arrows B:u — wuy, in DP[N], where (8:u — uy) ~ (8":u — uy) with
n <k if and only if 8; apr1;- ;a8 = 3.

Now, recalling the characterization of arrows in DP[N] as decorated concaten-
able processes (see also Proposition 1.9.16), we conclude that an arrow from u to
U in Ind(DP|[N]) is an w-chain of decorated concatenable processes embedded into
each other, i.e., it represents a unique infinite decorated process. Before getting
to the generality of arrows between ind-objects, it is worthwhile to point out the
following particular case. Recall that each ind-object is the limit in Ind(C) of its
component constant ind-objects. Then, it follows immediately from the discussion
above that, for any n € w, the component at n of the limit cocone for U, say
An:u, — U, contains the set

{ana Q) On41y, Opy Q415 Qp 42, .. }

as a cofinal subset. Then, Ag:uy — U represents the limit of the sequence of
processes «;, as expected.

Consider now the ind-objects

U=ug % u; 25 ... and V=1 %0 25...
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and an arrow ([0;])icw: U — V. As explained above, each component [o;] repre-
sents an infinite process leaving from wu,, i.e., leaving from the i-th approximation
of the generalized marking U. Now, the “compatibility” condition on the com-
ponents of ([0])ic, means that for any n < k and for any o;:u, — v, and
ok ur — v, representatives of, respectively, the i-th and the k-th component
of the ind-morphism, assuming without loss of generality n’ < k', we must have
Qpjt e 3 Qg—1; 0k = Op; By -+ Ow—1- It follows that the infinite processes (corre-
sponding to) [o;] form a sequence of embedded processes which leave from better
and better approximations of U. Then, this chain admits a colimit process which
is the decorated infinite process corresponding to ([0;])icw. In other words, mor-
phisms from generalized infinite markings are defined via continuity from “finite”
approximation morphisms. The same, of course, happens for the composition of
decorated infinite processes.

It is now easy to translate the previous informal discussion into a formal proof
of the following.

Of course, the previous informal discussion could be easily translated into a
formal proof of the fact that P[N]* captures the usual intuitive notion of infinite
processes, thus yielding a smooth extension of the algebraic theory of Petri nets
of [97, 16] to an axiomatization in terms of monoidal categories of the infinite causal
behaviour of N. For the purpose of this section, however, we simply claim that the
following definitions are completely adequate.

DEFINITION 3.7.1
Ind(7[N]),, is, up to equivalence, the (strictly symmetric strict monoidal) category
of infinite commutative processes of N.

Ind(P[N]), is, up to equivalence, the (symmetric strict monoidal) category of
infinite concatenable processes of N.

Ind(DP[N]),, is, up to equivalence, the (symmetric strict monoidal) category of
infinite decorated concatenable processes of N.

Ind(Q[N]),, is, up to equivalence, the (symmetric strict monoidal) category of
infinite strong concatenable processes of N.

Moreover, since C¥ and Ind(C) are equivalent categories, we have also the
following proposition.

ProposiTION 3.7.2
T[N]¥ is the category of infinite commutative processes of N.

P[N]“ is the category of infinite concatenable processes of N.
DP[N]” is the category of infinite decorated concatenable processes of N.

Q[N]” is the category of infinite strong concatenable processes of N.
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In addition, by comparing Definition 1.9.6 of decorated processes and Defini-
tion 1.9.10 of decorated concatenable processes, the following proposition is easily
proved.

PROPOSITION 3.7.3

The comma category (uy | Ind(DP[N])) is the category of infinite marked processes
of (N,u)y in MPetri.

The comma category (u, |DP[N 1) is the category of infinite marked processes of
(N,uy) in MPetri.

Finally, we get back to diagram 3.10, and we conclude with the following exten-
sion of Proposition 1.9.16.

PROPOSITION 3.7.4
For any (N,u) in MPetri”,

(w | Md(DPINY)) = (u | DP[N]”) = DP[(N,u)]" = LEU'[(N,u)].

Proof. By Proposition 1.9.16, we have that (u|DP[N]) = DP[(N,u)] = LrEU'[(N,u)],
whence it follows that (u | DP[N])* = DP[(N,u)]” = LrEU'[(N,u)]”. Now, from
Proposition 3.5.10, LrEU'[(N,u)]” = LEU'[(N,u)], the domain of configurations of
EU'[N]. Finally, we are left to see that (u | DP[N])* = (u | DP[N]“). The objects
of (u | DP[N])* are commutative diagrams of the kind

u
uo Ul uz

which give rise to the ind-morphism ([8])ic.:u — U, U being the chain above. Thus,
the thesis follows. v

Conclusions and Further Work

Of course, besides the problems with the semantics of nets we have noticed in
the previous section, there are many other applications to be investigated, and
we plan to explore many of these in the near future. For example, a mainstream
in the research on infinite computations focuses on topology—more precisely on
metric spaces [13, 118, 78]. Roughly, the approach consists of defining a suitable
distance between finite computations and applying to the resulting metric space
a standard Cauchy completion, thus yielding a complete metric space where the
infinite computations are the cluster points. One of the most valuable aspects
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of this approach is that, by choosing appropriate metrics, it is possible to factor
out those infinite computations which do not enjoy certain properties, in particular
fairness properties [18]. It is indeed a very interesting question whether these results
can be recovered in the categorical framework building on the seminal paper [85].

Moreover, since by now there are several categorical approaches to the semantics
of computing systems in which objects represent states and arrows computations,
this also yields a general method to construct and manipulate infinite computations
of those systems. A notable example is given by Meseguer’s concurrent rewriting
systems [96]. This issue deserves to be fully investigated in future.
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Let us come to references to authors.

You have nothing else to do but

to look for a book that quotes them all, from A to Z.
Then you put this same alphabet in yours.

Perhaps there will be even someone silly enough

to believe that you have made use of them all

in your simple and straightforward story.

Miguel de Cervantes, Don Quixote
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Appendices

These appendices are mainly intended to fix the basic notations, even though we tried
to stick always to the standard ones. They also can serve as a quick reference to simple
categorical notions not quite diffused among the computer scientists, such as monoidal
categories, 2-categories and categories of fractions.

Se comprendere & impossibile,
conoscere & necessario.

Primo Levi, | sommersi ed i salvati

Neglect of mathematics
works injury to all knowledge,
since he who is ignorant of it

cannot know the other sciences
or the things of this world.

Roger Bacon

There is no branch of mathematics,
however abstract,

which may not some day be applied
to phenomena of the real world.

Nikolai Ivanovich Lobachevsky
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A.1. CATEGORIES

A.1 Categories

In this section, we recall the classical concepts from Category Theory that we use
in the paper. The appendix is not intended to be an introduction to the theory,
but rather to fix the notation. For a complete introduction to category theory the
reader is referred to [90, 1, 103, 127, 26, 92].

We assume, as in [90, 89], the existence of a universe 4 of small sets upon
which categories are built. In particular, l is a set, whose elements are called small
sets, which is closed under the usual set theoretic constructions. The idea is that
i is “big enough” in order for the small categories to model all the “ordinary”
mathematical objects. Therefore, a set theory which contains i is “big enough” to
construct all the “needed” categories. In order to be more precise about 4 and its
role in the foundations of category theory, the following discussion—in which some
knowledge of set theory is assumed—can be useful. The uninterested reader may
safely skip the remark below.

REMARK. The issue of foundations for category theory raised some problems for the set
theoretic approach to the foundations of mathematics, in the precise sense of providing
an example in which set theory, in the classical formulations of Zermelo-Fraenkel [147, 25]
and Godel-Bernays [7, 34] (see [55, 136] for a thorough exposition), does not fit directly
to the common practise of (naive) category theory. The need of foundations arises from
the facts that the definition of category is based on the notion of set—actually it includes
that of sets—and it is self-applicative, i.e., that the collection of all categories has itself
the structure of a category. Clearly, considering such totalities as the category of all sets,
of all groups, of all categories, and so on, leads to the usual paradoxes. But of course,
this is not new at all! Similar situations arise often and they are well-known to logicians,
as for instance in the cases of the set structure of the collection of all sets, the well-
ordering structure of well-orderings, the semigroup structure of semigroups, and so on.
This consideration, together with the fact that “being a category” can be simply viewed
as a first order property of sets, has prevented logicians to take seriously the matter for a
long while.

However, the novelty presented by categories is that category theorist intend (well, a
categorist would say “need” and a logician “want”) to consider the aforesaid illegitimate
categories very seriously. In other words, the key resides in the fact that category theory
aim at working in the “small”, i.e., at describing mathematical objects via categories,
and in the “large”, i.e., at studying the global structure of the collection of such objects.
Therefore, any foundation for category theory, in order to be useful and to reflect the very
aspiration of the theory, has to take into account this issue.

The first approaches to the foundations of category theory consisted, as directly suggested
by the discussion above, of working with the Goédel-Bernays axiomatization of set theory,
were both the notions of set and class are present. Details can be found in [86]. This
solution, however, is not satisfactory at all, since it does not allow to construct functor
categories. In fact, the collection of all class functions between two classes is not a class.
This easy observation makes it clear that the axioms of set theory have to be strengthen
if one wants to fullfil the requirements. The Grothendieck school has suggested then
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to postulate the existence of a hierarchy of universes [27, 43] by means of which all
the paradoxes are avoided: considering the collection of all sets of a universe, or similar
constructions, brings to a larger universe. Although this provides sound foundations based
on a simple intuition, it still does not allow to consider the category of all sets, while
presenting the annoying need of relating different universes. In other words, the approach
is probably more complicated than needed, especially with respect to its achievements. In
fact, as pointed out by MacLane [89], one can dispense with the hierarchy above and enrich
system ZFC with axioms which guarantee the existence of a single universe  playing the
role already mentioned. This approach has the clear advantages of abandoning classes and
being as simple as possible. Yet, the admissible collections are only those consisting of
“small objects”. Working on the same guidelines, Feferman [24] axiomatizes very smoothly
the notion of small sets, under fairly weak conditions, by enriching the language of ZFC
with a new symbol & representing the set of small sets and five axioms. Remarkably,
Feferman’s system allows to show the following relevant facts about the set of small sets
which fully justify the claim that they are “enough” to model the “ordinary” mathematical
objects.

e {lis an initial segment of the cumulative hierarchy R«, where, for any ordinal o, Ra
is obtained by iterating « times the cumulative power set operator R: z — zU p(x).

e There exists the smaller ordinal o which does not belong to &; moreover o is a limit
ordinal greater that w and & =fR,.

e If o < o then R, < o; therefore
No, Ry, Ry, Ry, Riggg
can all be proved to belong to &.

The current trends in the mathematical development clearly show the growth of the con-
viction that the relevant features of mathematical objects are those given by their abstract
stucture rather than those residing in the individuality of the elements they are made of.
This brings immediately to the consideration that such a viewpoint should be reflected,
if possible, by providing a foundation for mathematics in which membership and sets do
not play any role. It is self-evident that, if such a foundation is to exist, it must be dealt
with category theory. Therefore, instead of trying to found category theory on set the-
ory, one could try to establish an axiomatic theory of categories upon which the whole
mathematics could be based. The considerable amount of work recently devoted to topos
theory [57, 92] seems to indicate that the latter may be possible.

A very interesting attempt along the lines discussed above is Lawvere’s axiomatization
of the category of all categories [84]. Although it is somehow incomplete in the sense
that it still needs some metatheorems supporting the claim of adequacy for the proposed
axiomatization, the cited work has, at the very least, the merit of giving good insights on
the structure of the category of categories. In [6], Bénabou moves from very well motivated
and strong criticisms to the set theoretic approaches to category theory illustrating, in
particular, the misjudged relevance of enriching the language of set theory in order to make
definable the usual categorical constructions. Moreover, he proposes fibrations [42, 41, 4]
as a natural vehicle to provide foundations of category theory independently of sets. As
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for Lawvere’s paper, and for the same reason, the aforecited work is somehow incomplete.
However, it is a very instructive, almost pedagogical, paper.

Getting back to our immediate interests, in this thesis we follow the MacLane by fixing
a universe 4 of small sets. This choice is motivated by the simplicity of the approach,
besides the fact that it suffices to our aims. In the following, we shall briefly list the
relevant definitions and their most immediate consequences.

The Zermelo-Fraenkel theory of sets is a first order theory whose language £ has a symbol
of a binary relation € representing membership. The axioms of the theory ZFC can be
informally stated as follows.

Extensionality Axiom: | Vz.(z € a <> x € b) — a = b;

Sum Axiom: | for every set a there exists aset |(Ja={z |z €bea};

Power Set Axiom: | for every set a there exists a set gp(a) ={z |z C a};

Axiom of Regularity: | for every non empty set a Jz.(x €aNzNa# D)

Axiom of Infinity: | there exists a set w such that

T EwAVD (bew—bU{b} €w);

Replacement Schema: | for every formula ¢(z,y) of £

Ve.Vy.Vz. (x €ahplz,y) Np(z,2) > y=2).
.Vy. (y € b Jz. (z € a A p(x,y))) '

Axiom of Choice: | for every set a there exists a function f such that

Ve.(x Caha # D — f(x) € x);

A wuniverse i is a set with the following properties:
i) xeynhyeld—zell
it) w € il
i) z € — p(x) € L
iv) v e —Jz e U
v) If f:x — a is a surjective function and z € 4 and a C 4, then a € Ll.

Among the immediate consequences of the definition of universe in the setting of ZFC,
we have that all the natural numbers belong to U; if x and y are in i, then the cartesian
product = X y and the set of all functions from z to y are in 4. Moreover, if y is a subset
of x and z is in U then y belongs to . Finally, we have that if I €  and z; is a I-indexed
family of sets in 4, then | J,_, z; also belongs to L.

Then, the theory proposed as foundations for category theory is Zermelo-Fraenkel ZFC
plus one axiom which postulate the existence of a universe 4. To conclude, it is worthwhile
to remark that the sets we consider in the definition of categories and throughout this thesis
are not limited just to the elements of {f—which includes only the small sets, intended to
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model all the “ordinary” mathematical objects—and not even just to the subsets of U—
which in this view may be considered as playing the role classes played in the Grothedieck’s
approach—but it also includes many other things, such as p(U), p(p(L)) and so on. For
instance, we also have the set {{{}. Observe that, as far cardinality is concerned, this is a
very small set, namely a singleton, but it is not a small set in our formal sense. If fact, if
it were {{} € 4, it would be 4 € 4 which is impossible by the Regularity Axiom. This
is to remark that the term small does not refer to a set with a small cardinality, but to
members of 1.

DEFINITION A.1.1 (Graphs)

A graph is a structure (dom, cod: A — O), where A is a set of arrows, O is a set of
objects and dom and cod are functions which associate to each arrow, respectively,
a domain and a codomain.

A graph is small if its arrows form a small set, i.e., it belongs to i, it is locally
small if, for any o, o’ in O, the arrows of domain o and codomain o' form a small
set, and large otherwise.

Given a graph G, the set of its composable arrows is
Axo A={{g,f)| g,f € Aand dom(g) = cod(f)}.

A category is a graph in which the set of arrows is closed under a given associative
operation of composition o: A xp A — A, and each object has an assigned arrow,
the identity, which is a unit for such operation.

DEFINITION A.1.2 (Categories)
A category C is a graph together with two additional functions

id:0— A and o:AxpA— A,
called, respectively, identity and composition, such that
for all a € O, cod(id(a)) = a = dom(id(a)),

for all (g, f) € Axo A, cod(gof)=cod(g) and dom(gof)= dom(g).

Moreover, o is associative and for all f € A, given a = dom(f) and b = cod(f), we
have foid(a) = f=14d(b)o f.

A category is small, locally small or large, when its underlying graph is respec-
tively small, locally small or large. Usually, the arrows of a category, also called
morphisms, are denoted by f:a — b, where a = dom(f) and b = cod(f). Identities
are denoted by id,, or simply id when the object is clear from the context. The set
of arrows f:a — bin C is denoted by Homc(a, b) or equivalently Cla, b]. Moreover,
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in dealing with a category C the actual sets A and O are never mentioned: we write
c € C for objects and f in C for arrows. A subcategory B of C is a category whose
sets of objects and arrows are contained in the respective sets of C. A subcategory
B is full if for each a,b € B, Bla, b] = Cla, b].

The first examples of categories are O, the empty category, and 1, the category
consisting of a single object and its identity arrow. Categories whose only arrows are
identity arrows are called discrete. Clearly, any set S can be regarded as a discrete
category. Further natural examples of categories are provided by preordered sets.
These are particular kinds of categories C in which the homset Hom¢(a,b) is the
singleton set exactly when a is below b and it is empty otherwise. Partial orders
are preordered categories whose only isomorphisms are identities. A monoid may
be viewed as a category possessing a single object and viceversa. Clearly, the
elements of the monoid are the morphisms of the category, the operation of the
monoid is the composition of arrows and the neutral element is the identity arrow.
In [80, 81], categories with additional structure are used to model deductive systems.
Interesting examples of large categories are Set, the category of small sets and
functions between them, Mon, the category of small monoids and homomorphisms,
Grp, the category of small groups, and so on. These categories are large in the
sense that the collection of their arrows form a subset of the universe 4. Observe,
however, that they are locally small. The category Set; of finite sets and functions
between them is a full subcategory of Set.

An arrow i: a — b in C is invertible if there exists (a necessarily unique) i':b — a
in C which is left and right inverse to i, i.e., i’ 0i = id, and i0i’ = idp. An invertible
arrow is also said isomorphism, or simply iso. The set theoretic notions of injective
and surjective functions are captured by the categorical concepts of monic and epic
morphisms. An arrow m:b — c is a monomorphism, or simply monic, if for any
parallel pair of morphisms f,g:a — b in C whenever mo f = mogitis f = g.
Conversely, e:a — b is an epimorphism, or epic, if for any pair f,¢g:b0 — ¢ in C,
foe=goeimplies f =g¢g. Given f:a — band g:b — a, if go f =id,, ie.,ifgisa
(not necessarily unique) left inverse for f, then f is called section and g retraction.

Equation in category theory are expressed by imposing the commutativity of
diagrams. A diagram consist of nodes, labelled by objects, and arcs, labelled by
arrows. It commutes if for each pair of paths leaving from and leading to the same
nodes, the compositions of the actual functions which label the paths yield the same
arrow. For instance, given C, the unit law of the identities in Definition A.1.2 can
be expressed by saying that for all f:a — b in C the diagram

\‘fl \ commutes.
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Statement 1) Dual statement ¢*

fra—b fib—a

a = dom(f) a = cod(f)

i =1d(a) 1 =1d(a)

f is monic f is epic

f is right inverse to h f is left inverse to h

f is a section f is a retraction

f is invertible f is invertible

t is a terminal object t is an initial object

n:F = G is a natural transformation | : G = F is a natural transformation
(F, G, ¢) is an adjunction (G,F, 1) is an adjunction
7 is the unit of (F, G, ¢) 7 is the counit of (G, F,p~1)

Table A.2: The principle of duality

A relevant notion in category theory is that of duality principle. Given C, its
opposite category C°P is the category obtained from C by “formally” reversing its
arrows. More precisely, the objects of C° are the objects of C, its homsets are
given by the correspondence Homcor (a,b) = Homc (b, a), and the composition fog
in C°? is the arrow g o f, the latter composition being in C. Of course (C°?)°P is
again C.

Statements about categories are easily formalized in a simple first order lan-
guage that, as already mentioned, serves as the formal framework for the first steps
towards an axiomatic approach to category theory [84]. In its elementary form,
such a language is nothing but the formalization of the one we used to introduce
the notion of category. Clearly, it has variables for objects and arrows and symbols
for the functions domain, codomain, identity and composition. Thus, its atomic
statements are of the form “a = dom(f)”, “b = cod(f)”, “f = id(a)”, “h =go f”
and so on. Any statement v of the language admits a dual statement * which is
obtained simply by replacing in ¢ “dom(_)” with “cod(.)”, “cod(.)” with “dom(.)”
and “go f” with “fog”. The duals of some of the most used statements are given in
Table A.2. (The still undefined notions which appear in the table will be introduced
shortly.) Observe that the dual of the dual is again the original statement.

Now, the duality principle of category theory is expressed by the following.

METATHEOREM. Let 1 the a sentence of the language of categories,
i.e., a formula without free variables. Then, 1 is a theorem, i.e., it
holds for every category, if and only if its dual ¥* is so.

Let ¥ be any formula of the language of categories. Then, ) is true in
C for a given instantiation of its free variables if and only if ¢* is true
in C°P for the same instantiation of the free variables.
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This principle implies that it is never necessary to prove a statement and its
dual. For instance, the proof that f is monic in a category C is also a proof that
f is epic in C°?. Of course, since definitions may be dualizated as well, every
notion “X” introduced in the theory comes with a “dual” notion “coX”. Instances
of this pattern are products and coproduct, equalizers and coequalizers, limits and
colimits, and many more.

Functors are essentially morphisms of categories, in the informal sense that they
are mappings which respect the relevant structure of categories.

DEFINITION A.1.3 (Functors)
A functor F:A — B is a function which maps objects of A to objects of B and
arrows in A to arrows in B, in such a way that

i) for all f:a—bin A, F(f):F(a) — F(b) in B;
i) for all a € A, F(id,) = idF(q);

ii1) for all composable pairs (g, f), F(go f) = F(g) o F(f).

A functor F: A — B is full if, for all a,b € A, its restriction to Homa (a,b) is a
surjective function., i.e., if for any ¢g: F(a) — F(b) in B there exists f:a — b in A
such that F(f) = ¢g. Analogously, F is faithful, or an embedding, if for any parallel
pair f,g:a — bin A, if F(f) = F(g) then f = g, i.e, if F restricted to any homset
Homa (a,b) is injective. A functor F which is full and faithful is also called a full
embedding.

Since some situations of great relevance occur frequently in the categorical prac-
tise, there are some kinds of functors which are named after their characteristics,
as in the case of the aforesaid embeddings and in the case of forgetful and inclusion
functors. Given a category B whose objects are objects of A with some additional
structure and whose morphisms are the morphisms of A which in addition preserve
such structure, a functor from B to A which sends each object to its “underlying”
A-object a category and each morphism to its A-version is called a forgetful functor.
Strictly speaking, an inclusion functor is a functor from a subcategory A of B to B
whose object and arrow components are all set inclusions. However, it is easy to
realize that the key feature of such functors is that they are full and faithful, i.e.,
full embeddings, and, in addition, they are injective on the objects. Thus, with a
little abuse, one often refers to any functor with this properties as to an inclusion

A functor F: A°? — B is usually called a contravariant functor from A to B. In
fact, looking at them as “mappings” from A to B, for f:a — b in A, we have that
F(f): F(b) — F(a) and F(g o f) = F(f) o F(g), whence their name.

A composition operation for functors is easily obtained by composing their ob-
ject and arrows components as functions. It is immediate to see that this operation
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is associative and admits identities, namely the (endo)functors Ida: A — A whose
components are the identities on the sets of objects and arrows of A. Therefore,
we can define the category Cat whose objects are small categories and whose ar-
rows are functors. Analogously, we can define CAT, the category of locally small
categories and functors.

Given two functors F: A — C and G: B — C with a common target category C we
can consider the comma category (F|G).> This is a standard categorical construc-
tion which makes (a selected subset of ) the arrows of C be objects of a new category.
More precisely, (F|G) is the category whose objects are the arrows F(a) — G(b) in
C, for a € A and b € B, and whose arrows h: (z: F(a) — G(b)) — (y: F(a’) — G(¥'))
are pairs (f:a — a’,g:b — b') of arrows respectively of A and B, such that the
following diagram commutes.

Fla) — Y~ G

G(b) ———G(t)

Clearly, by varying the choice of F and G, we obtain several different “comma
constructions”. For example, if A is 1, then F reduces to select an object ¢ of C. If
moreover B = C and G = Idc, we have that (F|G), denoted in this case by (c|C),
is the category whose objects are the arrows ¢ — ¢’ of C and whose arrows from
(x:c = ) to (y:c — ") are the arrows f:¢’ — ¢” in C which make the following
diagram commute.

The category (c|C) is commonly called the category of object under ¢. Dually, in
case F = Idc, B =1 and G(x) = ¢, we obtain the comma category (C|c), called the
category of objects over c.

We can think of natural transformations as morphisms between functors: they
respect the structure of functors in the sense that they provide a uniform way to
traslate images of objects and arrows through F to images through G. They are
natural in this sense.

DEFINITION A.1.4 (Natural Transformations)
Given two functors F,G: A — B, a natural transformation 7:F = G is a family of

3The notation originally used by Lawvere in [82, 83] is (F, G), whence the name “comma”
category.
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morphisms T = {7,:F(a) — G(a)}.ca such that the following diagram commutes
for any f:a — o' in B.

Given two natural transformations 7:F = G and pu: G > H we can define their
(vertical) composition as the natural transformation o1 = {pg o 7,}: F 5 H.

The operation of vertical composition of natural transformations is associative
and has identities Idp: F = F. So, if we take the functors between two categories
A and B as objects and the natural transformations as morphisms, we obtain a
category denoted by B2 Categories as such, called functor categories, are very
relevant. Later on, we shall get back to them.

A fundamental concept in mathematics is that of universal construction. It
arises in many forms. Here are some classical universal constructions.

DEFINITION A.1.5 (Initial and Terminal Objects)

An object i € C is initial if for any object ¢ € C there exists a unique morphism
f:i— cin C. Dually, t € C is terminal if for any ¢ € C there exists a unique arrow
fie—tinC.

DEFINITION A.1.6 (Products and Coproducts)

The product in C of objects a,b € C is an object a x b € C together with two arrows
Ta:a X b — a and my:a X b — b, called projections, such that for any pair of arrows
fic— a, g:c — b there exists a unique arrow (f,g):¢ — a x b in C such that the
diagram

f
(f:9) J commutes.

a axb

Ta

Ty b

Dually, the coproduct of a,b € C isa+ b € C and two arrows in,:a — a + b and
iny:b — a + b, called injections, such that for any pair of arrows f:a — ¢, g:b — ¢
there exists a unique arrow [f,g]:a+ b — ¢ in C such that the diagram

Mg inyg

a a+b

b

1f,9] g commutes.
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DEFINITION A.1.7 (Universal Arrows)

Given a functor F: A — B and an object b € B, a universal arrow from b to F is a
pair {(a,u) consisting of an object a € A and an arrow u:b — F(a) such that for all
a €A

b a b u F(a)
Vk 3'h|  such that B F(h) commutes.
F(a’) a F(a’)

i.e., every arrow k from b to (an object in the image of) F factors uniquely through
U.

Dually, a universal arrow from F to b is a pair (a,u), where a € A and u: F(a) — b,
such that for all a’ € A

b a F(a) L b
Vk J'h such that F(h) - commutes.
F(a') a F(a')

A basic concept in Category Theory is that of adjunction, due to Kan [59]. It
provides a different formulation for the concept of universal constructions.

DEFINITION A.1.8 (Adjunction)

An adjunction from A to B is a triple (F,G,¢):A — B, where A — B and
G:B — A are functors and ¢ is a function which assigns to each pair of objects
a € A and b € B a bijection

Pa,b: HomE(F(a), b) = Homi(a, G(b)),

which is natural both in a and b, i.e., such that for all k:a’ — a and h:b — b’ the
following diagrams commute.

Homg (F(a), b) —%*— Homa (a, G(b))

_oF(k)l l_ok

Homsg (F(a’), b) — Homa (a’, G(b))

Homg (F(a), b)) —2“* > Hom (a, G(b))

ho_l lG (h)o-

Homsg (F(a), b’) — Homa (a, G())
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If (F, G, ¢): A — B is an adjunction, F is called left adjoint to G and, viceversa,
G is called right adjoint to F. This is denoted by F 4 G.

The following two theorems state the relation between universal arrows and
adjunctions.

THEOREM A.1.9 (Adjoints and Universal Arrows, part I)
Let G: B — A a functor such that

Va € A JF(a) € B and n,:a — GF(a) in A which is universal from a to G.

Then F extends to a functor F: A — B, where for each f:a — o’ € A, F(f) is defined
to be the unique morphism h:F(a) — F(a’) in B which makes

a e GF(a)
N
a G(h) commute.
Na’
GF(a')

Moreover, the pair (F,G, ¢): A — B is an adjunction, where
Pap = G(-) o 1a: Homp (F(a), b) — Homa (a, G(b)),

F G, i.e., Fis left adjoint to G and G is right adjoint to F and 1 = {na}aca is a

natural transformation Idpo — GF, called the unit of the adjunction.

THEOREM A.1.10 (Adjoints and Universal arrows, part II)
Let F: A — B a functor such that

Vb € B 3G(b) € A and €,: FG(b) — b in A which is universal from F to b.

Then G extends to a functor G:B — A, where for each f:b — b € B, G(f) is
defined to be the unique morphism h: G(b) — G(V') in A which makes

FG(V) ———=1V

e

G(h) b

e

FG(b)
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Moreover, the pair (F, G, ¢): A — B is an adjunction, where
Pab = € © F(-):Homa (a, G(b)) — Homg (F(a), b),

F G, i.e Fis left adjoint to G and G is right adjoint to F and € = {e;}1en is a

natural transformation FG — Idg, called the counit of the adjunction.

An adjunction (F,G,n,e): A — B is called (generalized) reflection of A in B,
or B is said reflective in A, if the counit is a natural isomorphism. Dually, it is a
(generalized) coreflection of B in A, or A is coreflective in B, if the unit is a natural
isomorphism.

We end this section by recalling the concept of colimit, which is a generalization
of that of coproduct. Of course, there is the dual notion of limit that we shall not
give here. However, later on we shall consider again both limits and colimits.

DEFINITION A.1.11 (Diagrams)
Given a small category J, the index, and a category C a diagram (of shape J) in C
is a functor D:J — C.

Informally speaking, a diagram selects an object ¢; € C for any object j in J
and an arrow u;: ¢; — ¢ in C for any arrow :j — k in J.

The diagonal functor A :C — QJ associates to each object ¢ the functor
AJ:J = C such that

i) A;](j) =c for any j € J;
i) Ag(h) = id, for any h:i — j in J.

and associates to each arrow f:c¢ — ¢’ the natural transformation { f;: Ag — Ag,}
where f; = f for any j € J. Intuitively, for each ¢ in C, A builds the diagram
consisting of the unique point ¢, i.e. {¢;},.j = {c} and {un}, ;, j = {idc}-

DEFINITION A.1.12 (Cocones and Colimits)

A cocone of a diagram D in QJ is a natural transformation 7: D = A‘CJ for some ¢
in C, i.e., an object ¢ in C and a family of arrows {T; }jeJ such that 7; = 13, o u; for
any u;:c; — Cg.

The colimit (or inductive or direct limit) of a diagram D is an universal cocone,
i.e., a cocone u: D A‘CJ such that for each cocone 7: D - Ag, there exists a unique
f:c— ¢ in C such that AJ(f) opu=r, that is f o pu; = 7; for each j € J.

By abuse of notation, we will call ¢ itself colimit of D and will denote it by
lim D. Moreover, when J is clear from the context, we write simply A and often we

omit A itself writing 7: D =5 ¢ for 7: D 5 A..
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THEOREM A.1.13 (Uniqueness of the Colimit)
The colimit of a diagram D, if it exists, is unique up to isomorphisms.

FuNcTOR CATEGORIES

Given categories C and D, the category QQ has objects the functors F: C — D and
has morphisms the natural transformations between them. (See also, e.g. [92, 14].)
Observe that, since the category of categories is actually a 3-category (i.e., we have
modifications p:a = B:F = G:C — D between natural transformations) QQ is a
2-category (see Appendix A.3).

There is an interesting connection between functor categories and limits and
colimits that we briefly recall. Let J be a small category. There is an obvious
embedding A J: C — € defined as follows to SetS”.

A
c—

J

(@)

c———) 5. C

ft

)5, C

f

-~

where ¢ is the constant functor with value ¢ and i is the natural transformation
with each component equal to f.

By definition, A j has a right adjoint A j +lim  if and only if C admits limits of
type J. In this case, the component at F of the counit er: A lim ) — F is the limit
cone.

Dually, A has a left adjoint lim ) 4 A if and only C admits colimits of type
J, and in this case nr: F — lim A, the component at F of the unit 7, is the limit
cocone.
Given categories C and D which admits limits of type J, and given a functor
F:C — D, consider the following diagram
J i,
_
—_—

(@
(@}

(9]
—
-
-
()

]
—
I

where GJ is the functor which sends F:J — C to GF:J — D. From the universal
property of limits, we have a “canonical” natural transformation

aJ:GOHLnC%Ii_mDOGJ
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which gives the comparison G(lim F) — lim(GF). If o is an isomorphism, we say
that G preserves limits of type J.

Dually, we can consider

and obtain the canonical comparison
. J . .
BJ.thoG HGohmg,

i.e., the comparison lim(GF) — G(limF). If 3; is an isomorphism, we say that G
preserves colimits of type J.

It is interesting to recall that limits and colimits in functor categories are com-
puted “pointwise”. It follows that, when D admits limits (colimits) of type J, then
DE admits limits (colimits) of type J. Moreover, for any ¢ € C, the evaluation
functor ().: D< — D which applies F: C — D to ¢, preserves such limits (colimits).
More precisely, let F:J — DS be a functor. For any ¢ € C, consider the functor
F.=()coF, ie,

Fe

J—Db

j ——=F()(0)

fl lF(f)c

j' —=F(")(c)

If lim F. (lim F.) exists for all ¢ € C, then lim F (lim F) exists and

(limF)e = limFe  ((lim F)e = lim Fe).
MONADS

Monads [22, 10, 72, 73, 74, 75] are a formalization of the notion of algebraic struc-
tures on sets. They are a very important and pervasive concept in category theory
and they are intimately connected to adjunctions. Formally monads are a general-
ization of the notion of monoid. Actually, a monad is a monoid in the category of
endofunctors on a given category C, as their definition shows.

DEFINITION A.1.14
A monad on a category C is a triple (T,n, u), where
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e T is a endofunctor T: C — C;
e n:Id = T is a natural transformation, called the unit of the monad;

o 11: T2 5 T is a natural transformation, called the multiplication of the monad.

such that the following two diagrams commute

T—e72< T T ——
X lu % Unit Laws MTl lu Associative law
T | a——

In order to realize how a monad is connected with algebra, one should think of
T as being the “signature”, in the precise sense of associating to each object ¢ € C
a “free algebra” Tc, should think of n as the injection of ¢ in the “free algebra” on
it, and should think of u as providing the interpretation for the operations in Te.
In this view, the following definition is self-explaining.

A first connection between monads and adjunctions is obtained by noticing that
any adjunction 7,e:F 4 G: C — D determines a “canonical” monad (GF,n, GeF) on

C.

DEFINITION A.1.15
A T-algebra is a pair (z,h), where € C and h: Tx — x is a morphism, called the
structure map, such that

Th

To———Tx Tz Tz
\ J/h Unit MJ{ J/h Associativity
(2
Tz To—————T2
commute.

In terms of the algebraic interpretation above, one could rephrase this definition
by saying that an algebra for T is an object together with a map h which interprets
the “free operations” of Tz in actual operations in x. Of course, while doing this, one
must interpret the generators of the “free algebra” in the corresponding “elements”
of x, and this is what the unit axiom says, and must “respect” the signature, which
is the associativity axiom.

Observe that the “free algebras” are algebras, i.e., for any = we have that
(Tx, pg) is a algebra.
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DEFINITION A.1.16
A morphism of T-algebras, or a T-homomorphism, f: (x,h) — (2’, ') is a morphism
f:x — 2’ in C such that the following diagram commute.

-
To— =Ty

hl l”

T > ./
7 T

Observe that the condition above just says that a morphism in C is a T-
homomorphism if it respects the algebraic structure given by T and p. As in the
case of algebra, morphisms of the kind Tf are always T-homomorphisms.

T-algebras and their morphisms define the category QT, which is related to C
by an adjunction n",e":FI 4 GT:C — C' defined as follows.

Q%T).CT

z (T2, 4

R

o = (T2, i)

o =1
e ¢! is the natural transformation whose element at (z,h) is h.

Observe that the monad (G'F',n",GTe"F") determined by the adjunction
above is again (T,n, u).

Thus, an adjunction determines a monad and a monad determines an adjunc-
tion. It is easy to see that this correspondence is not one-to-one. In fact, given an
adjunction F 4 G: C — D, consider the category Dy image of F in D. Of course, F
and the restriction of G to Dy still form an adjunction which determines exactly
the same monad on C. However, among the adjunctions which identify a given
monad, it is possible to distinguish two best choices, i.e., those which enjoys the
two kinds of universal properties. The first of these is the adjunction FT 4 GT just
given.
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THEOREM A.1.17
Let F 4 G:C — A be an adjunction which determines the monad (T,n, ). Then,
there exists a unique K: A — C" such that the following diagrams commute.

A—=XK T A—F T
FT / and G /
C C

In other words, one could say that F' - GT is terminal in the category of the
adjunctions F 4 G which determines T.

The functor K of theorem above is called comparison functor. When K is an
isomorphism, one says that F is monadic, which means that F is isomorphic to a
“category of algebras” construction.

The other canonical adjunction which identifies T is given by the Kleisli category
Cy of free algebras for T [70], which is again motivated by algebraic considerations.

A free algebra is characterized by the well-know property that each homomor-
phism from it to any other algebra is uniquely determined by its behaviour on the
generators. Thus, given the monad (T,n, u) on C, the category of “free algebras”
for T can be reasonably defined as follows:

Objects: for any ¢ € C there is a (formal) object ¢t in Cy, representing the free
algebra on c;

Arrows: for any arrow f:c¢ — T¢ there is a morphism f*:¢1 — ¢; observe that
this makes ct a free algebra.

The composition of arrow in Ct is given by the following rule

* *

J:Tf—>yTg—>zT«f> (xLTleQZﬁTZ) .
Observe that the identity on xT is 1}

As announced, there is an adjuction n1,et:Fr 4 G1: C — C;. Let us give the
relevant definitions.
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Cr—=—~¢

o ITH——1Tx
f*l l(ummf)
o = Tq/
T =1

e ¢! is the natural transformation whose element at a7 is id7,.

Of course,the monad (GtFr,n7, GrerFr) which this adjunction determines is
(T,n, 1), and we have the following theorem.

THEOREM A.1.18
Let F 4 G:C — A be an adjunction which determines the monad (T,n, u). Then,
there exists a unique L: C;+ — A such that the following diagrams commute.

A<—L ¢, —L ¢

C

which means that Fr - Gt is initial in the category of the adjunctions F 4 G which
determines T.

We conclude this section by recalling that a natural transformation o: T — T’ is
a morphisms of monads between (T,n, ) and (T', 7, u’) if the following diagrams

commute.
2

Id T2 I N T2
/ X \L l ,
H M
T————F—>T
Monad T is a submonad of T’ is ¢ is mono.

A.2 Monoidal Categories

A monoidal category [3, 21, 90] is a structure V = (V,, ®, e, a, A, p), where
e V, is the underlying category and e € V;
o ®:V,xV,—YV,is a functor;
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o a1 ®(2®3) — (11 ® o) ® _3 is “the associativity” natural isomorphism;
e \:e® 1 — _1 is “the left unit” natural isomorphism;

® pi1 ®e — 1 is “the right unit” natural isomorphism;

subject to the Kelly-MacLane coherence azioms [87, 62, 67] expressed by the com-
mutativity of the diagrams below.

QYrRy,z,k

Ry (k) —=(0y)®2) Ok

Xz ,y,2Qk

TR (YR (2z8k))

ida:®ay,z,kl/ Taz,y,z®idk

(r®(yez2) k) r@(y®2)®@k)

Az y@z,k
r®(e®y) et (z@e)®y
im %ﬁy
TRy

Such axioms are needed in order to guarantee the coherence of the structural
isomorphisms a, A and p. In fact, these are meant to express the usual laws of
monoids “up to isomorphism” by giving explicitly the isomorphism, e.g., between
e ® x and z. It is reasonable then to require that, between two given objects,
there is at most one such isomorphism, that is to say that the isomorphisms are
“well-given”.

THEOREM. Every diagram of natural transformations each arrow of
which is obtained by repeatedly applying ® to “instances” of «a, A,
p, their inverses and identities, where in turn “instances” means com-
ponents of the natural transformations at objects of V,, obtained by
repeated applications of ® to e and to “variables”, commutes.

A monoidal category is strict if o, A and p are the identity natural transfor-
mation, i.e., if ® is strictly monoidal. An interesting example of a strict monoidal
category is the category of endofunctors on a category C, the tensor product be-
ing given by the composition of functors and horizontal composition of natural
transformations.

A monoidal category is symmetric if it is given a symmetry natural isomorphism

Yia® 2 — 2@
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satisfying the axioms expressed by the commutativity of the following diagrams.

Y,y

TRY—————>YyQx eRT—" s r®e
x\ l” and \ /

TRy

AQg,y,z YRy, z

TR (Y2 —>(TQY) @2 ——> 23 (2 Q)

idm®7yyzl \Laz,m,y

TR (Y —a > (@®2)®y (z®@z)®Y

'Ym,z@idy
Observe that the first axiom says that the inverse of v is YA, where A is the

bifunctor which swaps its arguments, which is the coherence of v wih itself. The
other two axioms express the coherence of y respectively with A\, p and «.

When + is the identity, V is said strictly symmetric.
A monoidal functor (F,¢°, ¢):V — V' is given by

e a functor F:V, — V/,;;
e an arrow ¢%:¢/ — F(e) in V/y;
e a natural transformation ¢: F(.1) ® F(_2) = F(41 ® _2);

which make the following diagrams commutative

Fo) @ (F(y) © F(2)) 222 oK) 0 Fy @ 2) —22 Kz @ (y © 2))

a/Fq:,Fy,Fz lFaI’y’z

(F(z) ® Fy)) ®" F(2) oo Fz®y) ® Fz——Fo——H(zoy) ®=2)
0/ - 7,0

e/ @ F(x) _ P ®drs F(e) ® F(z) F(z) @ € _ Mdre®@e F(z) ® F(e)
‘/’e,ml %m,el
) Fle ® x) and ) Flz®e)
AFe Pra
\LF}W lex
F(x) F(z)
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A monoidal functor (F, ¢, §) is symmetric if, in addition, the following commutes.

F(z) ® F(y) ——=F(z ®y)

'Y?z,Fyl lF'Yw,y

Fly) @ Fz) —5——Fy® )

When ¢ and ¢ are isomorphisms, respectively identities, then (F, 9%, ¢) is called
strong, respectively strict, (symmetric) monoidal functor. Combining strictness
and non-strictness conditions, one obtains the category of small and locally small
monoidal categories listed in Table A.3

A monoidal transformation is a natural transformation o: F — F such that

F(z) ® F(y) —"——=Fz®y) Fle) — % F(e)
0w®/0yl ldm@y and \ 0

® ®
Fla) &' Fly) ——Flz @) ;

Clearly, all the categories B appearing in Table A.3 have a corresponding 2-
category B obtained by providing B with monoidal transformations as 2-cells. (See,
e.g., Table B.)

A.3 2-Categories

A relevant part of the work in category theory has been devoted to the study of
an interesting and conceptually relevant generalization of the notion of category,
namely the enriched categories [63]. The idea is to replace the homsets in a category
by objects of a chosen monoidal closed category V [21], giving rise to V-categories,
or categories enriched over V. This idea is supported by the observation that what
makes of sets a suitable place where the hom-objects can live is their monoidal
closed structure, whose tensor product allows the definition of arrow composition.

2-categories [69, 5] are a special case of enriched categories, namely the cate-
gories enriched over Cat. Of course this choice is a bit special, since Cat is a rather
special category which enjoys many properties and thus allows much more than a
generic monoidal category. Consequently, the theory of 2-categories has developed
on its own way.

Formally, a 2-category C consists of a collection {a,b,¢c,...} of objects, or 0-cells,
a collection {f,g,h,...} of morphisms, or 1-cells, and a collection {«, 3,7,...} of
transformations, or 2-cells. 1-cells are assigned a source and a target 0-cell, written
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small locally small
monoidal strict monoidal monoidal strict monoidal
non
S symmetric MonCat sMonCat MonCAT sMonCAT
T
R symmetric SMonCat SsMonCat SMonCAT SsMonCAT
I
C | strictly
T symmetric sSMonCat sSsMonCat sSMonCAT sSsMonCAT
non
S symmetric MoncCat* sMonCat* MonCAT* sMonCAT*
T
(}){ symmetric SMonCat* SsMonCat* SMonCAT* SsMonCAT*
N | strictly
G | symmetric sSMonCat* sSsMonCat* sSMonCAT* sSsMonCAT*
M | non
O | symmetric MonCat** sMonCat** MonCAT** sMonCAT**
N
(I) symmetric SMonCat** SsMonCat** SMonCAT** SsMonCAT**
D ;
A | strictly
L | symmetric sSMonCat** sSsMonCat** sSMonCAT** | sSsMonCAT**
Y

LEGENDA: The data in the definition of monoidal categories and functors give rise
to many combinations according to whether the monoidality and the symmetry are
strict or not and so on. To fix notation, we propose the nomenclature above. The
idea is that, since we consider the categories with strict monoidal functors as the
“normal” categories, we explicitly indicate with simple and double superscripted
*’s the categories with, respectively, strong monoidal functors and simply monoidal
functors. This is indicated by the leftmost column in the table. Clearly, the cat-
egories of symmetric monoidal categories consists always of symmetric monoidal
functors. Moreover, sS means strictly symmetric while sMon means monoidal strict.
We distinguish between categories of locally small and of small categories by using
uppercase letters in the first case. Enriching the categories above with monoidal
transformations between monoidal functors, one gets an analogous table for the
categories above considered as 2-categories.

Table A.3: A nomenclature for categories of monoidal categories
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as f:a — b, and 2-cells are assigned a source and a target 1-cell, say f and g, in
such a way that f,g:a — b, and this is indicated as a: f = g:a — b, or simply
a: f = g. Moreover, the following operations are given:

e a partial operation _o _ of horizontal composition of 1-cells, which assignes to
each pair (g:b — ¢, fia —b) a l-cell go fra — ¢;

gof

a——ph——cC

f g

e a partial operation _x _ of horizontal composition of 2-cells, which assigns to
each pair (8:h = k:b— c,a: f = gia—b) a2-cell Bxa:hof = kogia— c.

f h hof

—_—
a Jo b U8 C ~> a UB*a C
g k kog

e a partial operation _. _ of wvertical composition of 2-cells, which assignes to
each pair (8:g = h:a = b,o: f = g:a — b) a 2-cell (B.a:f = hia—b.

Moreover, to each object a there is an associated identity 1-cell «d, and to
each morphism f there is an associated 2-cell identity 1;. These data satisfy the
following axioms.

e The objects and the morphisms with the horizontal composition of 1-cells and
the identities id, form a category C, called the underlying category of C;

e For any pair of objects a and b, the morphisms of the kind f:a — b and their
2-cells form a category under the given operations of vertical composition of

2-cells with the identities 1y;

e the objects and the 2-cells form a category under the operation of horizontal
composition of 2-cells with identities 1;q4,;

o forall fia—band g:b— c, it 15%x 1y = 1(4y). Finally, for all the situations

of the kind
f u
( Yo Y Wy \v
a 3 b m c
w A w )
h w

itis (0x0).(y*xa)=(0.7)*(8.q).
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All the above is the long way to say that a 2-category C is a category “enriched
with morphisms” between the morphisms of fixed source and target, in such a way
that each homset becomes a category Homc(a,b) and, moreover, the composition
Hom¢ (b, ¢) x Hom¢ (a,b) — Homc(a, ¢) is a functor.

NOTATIONS. Very often horizontal composition is denoted just by juxtaposition. More-
over, _* _ takes precedence over _._. Identities 2-cells are almost always denoted by the
correspondent 1-cell. Therefore 14 * v * 1 is written as g * a * f, or even gof.

One of the most used techniques in the theory of 2-categories is the pasting of
diagrams of 2-cells [5, 69]. The two basic situations are

o — >

! [
\Q\U%@N = fg.ua:uf = uhg = vg

_ >

y ﬁxl}% = wva.fBf:uf = vhf = vg.
o>

The pasting of a general diagram can be obtained from these two cases by reducing
the diagram step by step. It can be shown that the result of the pasting does
not depend on the order in which it is reduced, and that is what makes of this a
powerful technique.

The notion of 2-functors and 2-natural transformations are the natural exten-
sions of the corresponding one dimensional version when 2-cells are present. Here
follow the definitions.

DEFINITION A.3.1

Given the 2-categories C and D, a 2-functor F: C — D is a function which maps ob-
jects to objects, morphisms to morphisms and 2-cells to 2-cells, preserving identities
and composition of all kinds.

DEFINITION A.3.2

Given the 2-functors F,G:C — D, a 2-natural transformation n:F = G is a C
indexed families of arrows 1.: F(c) — G(c) in D such that for any f:c — d in C, the
following diagram commutes o B

F(c) = G(c)

F(f)l J{G(f)

F(d)

)
S

Nd
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and, for any a: f — g in C,

F(H) G(f)
Flo) VW@ Fd)—">~G(d) = Fec)—2>G(c) V6 _ G(d)
F(9) G(9)

It is a general fact from the theory of enriched categories that, for any pair of V-
functors, the V-natural transformations between them form an object of V. Since in
the case of 2-categories V is Cat, we have that the 2-natural transformations F > G
are a category. In other words, the category of the small 2-categories is a 3-category.
It also follows that the category of functors between two 2-categories is still a 2-
category We state the notion of “morphism” between natural transformations.

DEFINITION A.3.3

Given the 2-natural transformations n,0:F — G, a modification p:n = o is a C
indexed family of 2-cells p.:n. = o.:F(c) — G(c) in D, such that, for any f:c — d
in C, it is

Fo S b)) T TG = Ko e 60 2L 6(a)
— oa Tc

We conclude this section by recalling the definition of adjunction in a 2-category,
which the usual definition of adjunction in Cat is a particular case of.

DEFINITION A.3.4
An adjunction n,e: f 4 uw:a — b in C is a pair of 1-cells f:a — b and uw:b — a
together with two cells

a—4 o4 a
u f
AN YA and be
b b id b

called respectively unit and counit of the adjunction, which are inverse to each
other wrt. the two possible pastings of them, i.e.,

a— g
I f _
NN =
b——g—b
/u\/
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which are called the triangular equalities of the adjunction.

Clearly, adjunctions in C can be composed and, actually, they form a category
whose identities are the adjanctions 1,1:id, 4ids:a — a. Let ny,e1: fr Huiia— b
and 19, €2: fo 7 ug:b — ¢ be adjunctions. Their composite is 7, &: fof1 T ujus:a — ¢
where 77 and € are given by the pastings of diagrams below.

N AN
A SN

id

a

A relevant notion linked to adjunction is that of 2-cells mates under adjunctions.
Given the adjunctions n,e: f Hu:a — b and n/,&’: f' 4u':a’ — V', and given the 1-
cells f:a — o/ and @:b — b/, there is a bijection between the 2-cells a: f'o f = do f
and [: f ou = u' o4 given by the following correspondence:

a f o id o
/ UX e Xll 77%
b = b - B’
a id a f o
g \lL % 45 % ¢ e\f\
b - b d b

In other words, the mate of a 2-cell is obtained by pasting the appropriate unit
and counit at its ends. The interesting fact is that the bijection above respects
composition, both horizontal and vertical. Correspondent o and [ are said to be
mates under the adjunctions f 4w and f' 4’ (wrt. f and ).

A.4 Categories of Fractions

An important technique in many fields of mathematics is “taking the quotient”,
which, generally speaking, permits to reduce an “object” by identifying some of “its
elements”. The kind of device one needs in order to be able to quotient an object
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of course depends on the structure on the object itself. For instance, in set theory
one uses equivalence relations, while an algebra is quotiented via congruences.

There is also an obvious way to quotient categories, namely, instead of consider-
ing equivalence classes of objects and/or morphisms, leave the categorical structure
do the work for you, and just rend isomorphic some objects. Observe that this is
completely in tune with category theory, where the individuality of the objects is
given by the morphisms.

Given a category C we say that a functor F:C — D makes a morphism f in
C invertible, or simply inverts f, if F(f) is invertible. If ¥ is a class of arrows
C, C[¥71], the category of fractions [29, 127] of C for ¥, is a category with a
functor Ps: C — C[¥7!] which is universal among the functors which make all the
morphisms in X invertible. In explicit terms, this means that for any F:C — D
which inverts X there is a unique functor G: C[>~!] — D which makes the following
diagram commutative.

c— .

If C is locally small then C[¥71] exists for any ¥ and it is given by the following
construction.

Let A be the disjoint union of the arrows of C and ¥, and let iny an
ing denote the respective injections. Let G be the (large) graph whose
nodes are the objects of C, whose class of arcs is A and where the source
and target relations are given as follows

fic>dinC = cim)dinG

fic>din¥ = dmi():)cinG

Then, C[¥71] is the category freely generated from G modulo the fol-
lowing equations:

ini(g) oini(f) =ini1(go f) and id. = ini(id.);
iny(f) o ina(f) = id = ina(f) o in1(f)

Now, Ps is given by
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This makes evident that Ps, inverts 3. Consider now any F: C — D which inverts
Y. Define G: C[¥71!] — D as follows

c
ml(f)t
d

which immediately gives GPs; = F. If G’ has the same property, then it coincides
with G (and with F) on the objects. Moreover, G'(in1(f)) = F(f) = G(in1(f)),
while, by definition of functor G’(in2(f)) = G'(in2(f)~1)~t = G'(in1(f))~* =
G(in1(f))~! = G(ina(f)71), ie., G' = G.

Of course, the morphisms in ¥ will not necessarily be the unique morphisms
inverted by Ps. The class of morphisms f such that Ps(f) is invertible, is called
the saturation of X.

J/F(f)1

—————>F(c)
—_— F(d)

c
J{F(f) and in2(f)t
d

—————>F(c)
F(d) —

ExaMPLE A.4.1

Consider the monoid N* of the non-zero natural numbers with the usual product,
viewed as a category, and take X to be the set of primes. Then, N*[X 1] is Q, the
group of the non-zero rational numbers, and the saturation of ¥ is N* itself.

The following is an interesting fact which relates categories of fractions, reflec-
tions and coreflections. The reader is referred to [29] for the proof.

PROPOSITION A.4.2
Let F4 G:C — D be an adjunction. Consider ¥ = {f in C | F(f) invertible} and
Ye ={f in D | G(f) invertible}. Then

i) F4 G is a reflection < H: C[Sr'] — D s.t. Ho Ps, =T is an equivalence;
i) F G is a coreflection < H:D[S'] — C s.t. Ho Py = G is an equivalence;
Although the description of C[X71] is very simple, managing its morphisms can

sometime be awkward. However, there is a particularly happy case in which such
morphisms can be characterized very smoothly.

We say that ¥ admits a calculus of left fractions if
1) All the identities of C belong to ¥;

it) If s:x — y and t:y — 2z are in X, then ¢ o s belongs to X.

i) For any s, with s € 3, there exists a commutative s |+ with¢ € ¥;
' o5y
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iv) For any x —— y—f> z,s € Yand fos = gos, there exists y—f> z y'
g g
witht€ X andto f=tog.
Suppose that ¥ admits a calculus of left fractions and for any ¢,d € C consider
the set H(c, d) of pairs of morphisms (s, f) with f:c — d' in C and s:d — d’' in X.

Then, define the binary relation ~ on H(c, d) as follows:

(s, f) ~ (t,g) if there exist d' — x d” . & such that ao f, boteXx
g s
| |
d’ d" commutes.
x

Thanks to the fact that 3 admits a calculus of left fractions, it is very easy to
see that ~ is an equivalence relation on H(c,d). Consider (s, f) € H(c,d) and
(t,9) € H(d,e). By points () and (i) above, we can push it out to an element
(t'ot, f o f) € H(c, e), as shown by the diagram below.

RN
N

and

t
/ (A.11)
t/

<~ 0 <=

8

Exploiting again the four properties of X, one can shown quite easily that a different
choice of f:d" — z and t":¢/ — z in the diagram (A.11) would give a pair ~-
equivalent to (¢’ ot, f' o f) in H(c,e). Moreover, it is again elementary to verify
that replacing (s, f) and (g, t) by ~-equivalent pairs, does not affect the equivalence
class of the resulting pair, which remains [(t' o ¢, f' o f)].. Thus, for any triple
¢,d,e € C, we have a well-defined function *: H(d,e)/~ x H(c,d)/~ — H(c,e)/~,
which, denoting with s|f the ~-equivalence class of (s, f), can be expressed in
elementary terms as t|g* s|f = (t' ot)|(f’ o f) for some f' in C and ¢’ € ¥ for which
the diagram (A.11) commutes.

It is now just a matter of a few calculations to see that _* _ is associative and
that the elements id.|id. behaves as identities. Therefore, we can consider the
category ¥ ~1C whose objects are those of C and whose homsets are the quotient
sets H(c,d)/~.
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PROPOSITION A.4.3
Suppose that ¥ admits a calculus of left fractions. Then X~1C = C[>71].
Proof. Tt is enough to see that there exists ©P: C — %7 *C which inverts 3 and enjoys

the same universal property as Q[Zfl]. To this aim, consider %P which acts as the
identity on the objects and sends f:c¢ — d in C to idq|f in ©7'C.

Then, concerning the first point, consider the following diagram, which shows that,
for any s € X, it is s|s = id|id.
c
id s

d c
d

Then, it is easy to see that s|id is the inverse of id|s. In fact, considering the appro-
priate diagrams of the kind of diagram (A.11), we obviously have s|id * id|s = s|s and

id|s x s|id = id|id.

Let now F: C — D be a functor which inverts ¥. Then, G:X7!C — D such that

G(c) = F(c) and G(s|f) = F(s)™! o F(f) is the unique functor such that G o =P = F.
v

ExXAMPLE A.4.4
Let us consider again the situation of Example A.4.1, but with ¥ = N*. Then,
we can look at the pairs (n,m) as fractions. Then n|m is the rational number

represented by (n,m). In fact, it is easy to see that (n,m) ~ (p,q) if and only if
ng = pm, i.e., if and only if n/m = p/q.
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dence, 142
f-indexed orderings, 26
faithful functor, 319
family of a, 80
filtered categories, 224
filtered colimits in Set, 224

domains, 102

algebraic, 102
coherent, 102
finitary, 102

prime algebraic, 102

finite multisets, 12

folding morphisms of nets, 87
folding of FU[N] into N, 111
forward branching, 69

foundations of categories, 214, 313
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(N-)chain functor, 222
(N-)directed functor, 222
embedding, 319
(X-)ind-representable functor, 231
forgetful functor, 319
faithful, 319
full, 319
left adjoint functor, 323
monadic adjoint functor, 329
representable functor, 215
right adjoint functor, 323
embedding, 319
full embedding, 319
generalized trace languages, 148
graph, 12
graphs, 316
horizontal composition of 1-cells, 335
horizontal composition of 2-cells, 335
ind-morphisms, 248, 251, 252
ind-objects, 246
ind-representable functors, 231
indexed notation for ind-objects, 246
infinite multise monad, 66
infinite multisets, 66
initial marking, 66, 67
initial object, 321
interchange permutation, 45
interleaving surface, 137
interleaving/noninterleaving axis, 143
invertible arrows, 317
labelled event structures, 138
configurations, 138
deterministic, 139
morphisms, 138
labelled partial orders, 143
labelled transition systems, 131
languages of prime strings, 94
left adjoint functors, 323
left unit isomorphisms, 331
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linearization of multisets, 52
lifting monad, 14
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marked petri nets, 15
marked process, 20
marked process nets, 20
mates under adjunctions, 239, 338
modification, 337, 325
monads, 326
monadic functor, 329
monic morphisms, 317
monoidal
categories, 330
functors, 332
natural isomorphisms, 52, 54
quotient categories, 33
transformations 333
monoids monad 45, 52
morphisms
of generalized trace languages, 149
of labelled event structure, 138
of labelled transition system, 132
of monads, 52, 330
of occurrence nets, 88, 107
preserve concurrency, 88
of pre-transition systems with inde-
pendence, 174
of PT nets, 67
of prime algebraic domains, 102
of prime event structures, 100
of safe nets, 68
of semilanguages 146, 147
of transition system with indepen-
dence, 142
multisets, 65
finite, 12
infinite, 66
linearization of multiset, 52
underlying a string, 50
with infinite multiplicities, 65
natural transformations, 320
nondeterministic composition of nets, 75
oTSI; and LES are equivalent, 171
objects under ¢, 107
occurrence nets, 69
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deterministic occurrence nets, 18
occurrence transition systems with inde-
pendence, 151
opposite category, 318
parallel composition of nets, 70
with synchronization, 71
partial words, 143
pasting diagram of 2-cells 336
permutation 23, 34, 45, 47, 60
operations on permutations, 45
pointed Petri nets, 15
pre-transition systems with
independence, 174
prefix order on SW (L), 144
prime algebraic domains, 101
prime event structures, 100
prime strings, 94
processes, 19
process nets, 18
product and permutation categories, 22
products 321
in DecOcc, 90, 91
in PTNets, 70, 71
pruning of a string, 175
pseudo-functor, 51, 53
reachable markings, 68
reflection, 324
reflective subcategory, 324
representable functors, 215
retractions, 317
right unit isomorphisms, 331
safe nets, 68
sections, 317
securing for a configuration, 139
semilanguages, 145
coherence axiom for semilanguages,
146
deterministic semilanguages, 145
semiwords, 144
small categories, 214
small sets, 313
“smoother than” ordering, 145
steps, 15, 68
step sequences, 16, 68
strict monoidal categories, 331
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332 operations on vperms, 23
strong concatenable processes, 57, 61
composition, 57
parallel composition, 58
subcategory, 317
cofinal subcategories, 225
coreflective subcategory, 324
full subcategory, 317
lluf subcategory, 18
reflective subcategory, 324
submonad, 330
subnets of a net, 83
suitable triples, 174
symmetric Petri category, 53
symmetric group of order n!, 23
symmetric monoidal category, 331
symmetric monoidal functors, 332
symmetric strict monoidal category, 21
symmetries, 22
in DCP[N] 114
in CQ[N], 58
symmetry isomorphisms, 332
synchronization trees, 132
terminal object, 321
transition systems with
independence, 141
transitions
in in CP[N] 29
transitions in CQO[N] 59
transitions in DCP[N] 115
transposition, 23, 34, 60
unfolding semantics, 99
unfoldings
of PT nets, 85, 86
of safe nets, 90
of transition systems 133
of transition systems with indepen-
dence, 156
units of the adjunction, 323
unit of a monadm 327
universal arrowsm 322
universe, 313, 315
universe of small sets, 214
vector of permutations, 23
vertical composition of 2-cells, 335
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