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Abstract

This thesis is part of the programme aimed at finding a mathematical theory of
well-behaved structural operational semantics. General and basic results shown
in 1997 in a seminal paper by Turi and Plotkin are extended in two directions,
ailming at greater expressivity of the framework.

The so-called bialgebraic framework of Turi and Plotkin is an abstract gener-
alization of the well-known structural operational semantics format GSOS, and
provides a theory of operational semantic rules for which bisimulation equiva-
lence is a congruence.

The first part of this thesis aims at extending that framework to cover
other operational equivalences and preorders (e.g. trace equivalence), known
collectively as the van Glabbeek spectrum. To do this, a novel coalgebraic
approach to relations on processes is desirable, since the usual approach to
coalgebraic bisimulations as spans of coalgebras does not extend easily to other
known equivalences on processes. Such an approach, based on fibrations of test
suites, is presented. Based on this, an abstract characterization of congruence
formats is given, parametrized by the relation on processes that is expected
to be compositional. This abstract characterization is then specialized to the
case of trace equivalence, completed trace equivalence and failures equivalence.
In the two latter cases, novel congruence formats are obtained, extending the
current state of the art in this area of research.

The second part of the thesis aims at extending the bialgebraic framework
to cover a general class of recursive language constructs, defined by (possibly
unguarded) recursive equations. Since unguarded equations may be a source of
divergence, the entire framework is interpreted in a suitable domain category,
instead of the category of sets and functions. It is shown that a class of recursive
equations called regular equations can be merged seamlessly with GSOS opera-
tional rules, yielding well-behaved operational semantics for languages extended
with recursive constructs.
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Chapter 1

Introduction

This thesis contributes to the mathematical theory of well-structured and well-
behaved operational semantics of process algebras and programming languages,
basing on and extending the scope of the abstract approach to process algebra
called bialgebraic semantics.

Process algebra is the area of research concerned with formal descriptions of
complex computational systems, especially those with communicating, concur-
rently executing components. Since the 1980s it has been a well-established and
intensively studied area of theoretical computer science (e.g. [10] 16} 39, [43], [60]).
Traditionally, its main goal was to develop formalisms for the specification and
verification of concurrent and networked computer systems, and to provide
semantics for concurrent programming languages. Among the best-known tra-
ditional process algebras are ACP [15], CCS [59] and CSP [20].

More recently, methods of process algebra have been applied in other areas of
computer science, in formal approaches to distributed, dynamic and mobile sys-
tems (e.g. m-calculus [28, 61], calculus of mobile ambients [21]), security of cryp-
tographic protocols (spi-calculus [1]), web services (languages like XLANG [83])
and even computational molecular biology [25] [74]. It is likely that in our world
of pervasive, distributed and mobile computer systems, specified and imple-
mented with many different languages, the need for formal, process-algebraic
techniques will steadily increase.

When describing systems and processes formally, three key aspects must
be considered: their syntax, behaviour and process (also called behavioural,
observational or operational) equivalence.

Syntax refers to the structure of processes, and reflects the fact that it
is natural and convenient to describe various systems as composed of smaller
subsystems. In the framework of process algebra, processes are represented as
terms built over some set of syntactic constructs. In simple cases, processes
are arbitrary terms over an algebraic signature. More sophisticated syntactic
phenomena include variable binding and structural congruences, where two
syntactically different terms are identified and represent the same process.

Behaviour refers to the kind of actions the processes may take. In tradi-
tional process algebras, processes are allowed to nondeterministically perform
externally observable actions (carrying no specified structure) from a prescribed
set. One also considers deterministic, probabilistic and /or timed behaviour, the
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ability to perform unobservable actions, features related to state, input and out-
put.

Process equivalence describes those processes whose behaviours should be
considered “the same”. Sometimes it is also useful to say that the behaviour
of a process can be “simulated” by another process. This leads to the notion
of process preorder. These notions clearly depend on the chosen notion of be-
haviour of processes, but even for a single kind of behaviour one might consider
many different process equivalences and preorders, suitable for different pur-
poses. These notions are of utmost importance for the formal description of
systems, since a description obtained by considering the full behaviour of a
process is often too concrete and one wants to abstract from some of its details,
to describe the intended meaning of processes adequately.

The most well-established approach to the formal presentation of process
algebras, covering all three aspects mentioned above, is that of structural op-
erational semantics. There, the behaviour of processes is modelled by means
of transition relations on processes, presented as terms over some signature.
The transition relations in turn are induced by inference rules that follow the
syntactic structure of processes. This idea was originally used to give formal
semantics to programming languages [69} [71], and has been widely used for this
purpose [40] [62]. However, the intuitive appeal of this approach and, impor-
tantly, its inherent support for modelling nondeterministic behaviour, made it
a natural framework for the formal description of process algebras (see [5]), and
indeed, the invention of structural operational semantics triggered the devel-
opment of process algebra as a field of research. Today, structural operational
semantics is considered to be the standard way to give formal semantic descrip-
tions of concurrent programs and systems.

Inference rules in operational descriptions take the form

premises
conclusion

A typical example of such a rule is

a /

X —X
. a /.
Xy — X5

meaning that if some process p can make a transition to another process p’
performing the action a, then the process p;q can make a similar transition to
the process p’;q for any process q. In general, if all premises of an inference
rule are valid under some substitution, then the conclusion is valid under the
same substitution.

Generally speaking, a set of operational inference rules induces a transi-
tion system, i.e., a set of processes together with a transition relation on it.
Depending on the form of the rules, this can be a simple labelled transition sys-
tem (LTS), an LTS with unobservable steps, a probabilistic transition system,
a timed transition system etc. Based on the structure of the transition relation,
one can define many different equivalences and preorders on processes. The
variety of possible process equivalences has been studied most intensively in



the case of LTSs, and includes bisimulation equivalence [64], simulation equiv-
alence, trace equivalence, testing equivalence and many others. It was treated
comprehensively in [36] and is now often referred to as the van Glabbeek spec-
trum. For other notions of transition system and process behaviour, the most
thoroughly studied process equivalences include weak/delay /branching bisimu-
lation equivalences (e.g. [35]), probabilistic bisimulation equivalence [54], timed
bisimulation equivalence [9] and many others.

For a notion of process equivalence to be practically useful, it must be com-
positional (or, in other words, it must be a congruence), i.e., it must be respected
by the syntactic constructs of a chosen process algebra. This is necessary for
any kind of inductive reasoning about processes, for example for specification
and verification of systems component by component, or for verification of soft-
ware refactoring [34] and optimization techniques, where replacing a subsys-
tem/subprogram with an equivalent one should guarantee that the behaviour
of the entire system/program is equivalent to the original one.

Proofs of compositionality of chosen process equivalences with respect to
particular process algebras can be quite demanding. It is therefore desirable to
show general results of this kind that hold on entire classes of process algebras.
In the framework of structural operational semantics, the search for such results
led to the development of various congruence formats. A congruence format is
a restriction on the syntactic form of structural inference rules that guarantees
a particular process equivalence compositional.

One of the most popular congruence formats is GSOS [18]. Operational
descriptions in GSOS format contain only rules of the general form

{Xiﬂyz’jIién,jﬁmi}U{XiﬂiiSn,kém}

f(x1,...,%,) — t

If all inference rules in an operational description are of this form, then bisim-
ulation equivalence on the LTS generated from these rules is guaranteed to be
compositional.

Many other congruence formats have been defined for various notions of be-
haviour and process equivalence (see [5] and references therein, but also [12,50]).
However, to define a general congruence format for a given notion of process
equivalence is often a difficult task. Given the growing variety of disparate pro-
gramming paradigms and process behaviours, it is desirable to have a general
framework for constructing congruence formats for given notions of syntax, be-
haviour and process equivalence. To provide such a framework, one needs to
employ abstract approaches to these three key aspects of process algebra.

Throughout the field of computer science, abstract approaches to various
phenomena have been developed with the use of category theorﬂ There exist
abstract, general and well-established approaches to process syntax and be-
haviour, based on categorical methods, and the framework presented in this
thesis builds upon this work. To provide a general framework for deriving con-

!The reader is assumed to have basic knowledge of concepts and methods of category
theory. For the basic terminology unexplained here, see [58].
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gruence formats, one needs to combine these approaches with a suitable abstract
approach to process equivalence.

Since the development of the initial algebra approach to semantics [37], the
standard method to model syntazx of programs and processes is based on (un-
sorted) algebraic signatures, terms and algebras. Signatures are usually repre-
sented categorically as endofunctors. More specifically, a signature > consisting
of n language constructs £y, fo, ..., f, with arities ki, ko, . .., k,, respectively, is
modelled as an endofunctor

YX = XM 4 XP2 g X

on the category of sets and functions Set. Then to equip a set X with a suitable
structure is just to provide a function (called a X-algebra)

h:¥XX - X

For any 3, all 3-algebras with a suitable notion of algebra morphism form a
category X-Alg. For X’s constructed as above, this category has an initial
object

Y ¥XT0—T0

where T0 is the set of all closed terms over the signature corresponding to 3.
The construction 1" can be itself turned into an endofunctor, called the monad
freely generated by 3.

The abstractness of this approach ensures that it can be interpreted for
many different endofunctors and in different categories.

On the other hand, the behaviour of processes has been successfully modelled
using coalgebras for suitable endofunctors [47, [78, [79]. For example, a finitely
branching labelled transition system (X, A, —) (where X is a set of processes,
A a set of actions, and — C X x A x X a transition relation) can be viewed
as a function

h:X — Pi(Ax X)

where P is the (covariant) finite powerset endofunctor on Set. In this context,
the functor Pr(A x —) is called a behaviour endofunctor, and h is a coalge-
bra for this functor. Varying the behaviour endofunctors, usually denoted B,
one can model different kinds of transition systems, including [78] unlabelled,
deterministic, with input/output, state based [38] and probabilistic [88] ones.
The generality of the coalgebraic approach allows one to use different categories
instead of Set to model transition systems with some structure imposed on the
set of processes. For example, one might insist that processes form a complete
partial order (cpo).

For any endofunctor B, all B-coalgebras with suitably defined coalgebra
morphisms form a category B-Coalg. When this category has a final object,
then every B-coalgebra has a canonical interpretation (called final semantics) in
this final coalgebra. For example, the final semantics of a finitely branching LTS
is equal to its unfolding to a labelled synchronization tree, with bisimulation
equivalent processes identified 79} [78].



Central to the coalgebraic theory of processes is an abstract notion of B-
bisimulation, based on spans of coalgebras. Given a coalgebra h : X — BX,
a (span) bisimulation on h is an object R with two morphisms pi,ps : R — X
such that for some coalgebra r : R — BR the diagram

X p1 R p2 X
o)

commutes. If the underlying category is Set, then R can be viewed as a binary
relation on X. For various functors B, this abstract definition specializes to well-
known process equivalences, and in particular to bisimulation equivalence [64]
on labelled transition systems for B = P¢(A x —).

The algebraic and coalgebraic methods were combined in the seminal work
of Plotkin and Turi [86] [84], in bialgebraic semantics (another, similar approach
to syntax and behaviour is that of transition systems with algebraic structure,
e.g. [24]). There, transition systems with syntactic structure on states (pro-
cesses) are modelled as bialgebras, i.e. pairs

yx 4. x M Bx

for some endofunctors ¥ and B. To express the fact that a bialgebra behaves
well accordingly to some operational semantics, a notion of distributive law is
used. Such distributive laws are induced by natural transformations

\:¥(Id x B) — BT

(where T is the monad freely generated by ). Every natural transformation
of this kind canonically induces a coalgebra

hy:TO — BTO

and the central result of [86], specialized to Set as the underlying category
and X, T generated from some algebraic signature, says that (under a mild
assumption on B) the largest (span) bisimulation on h) is compositional (i.e.,
it is a congruence on the initial X-algebra).

In the case of B = P¢(A x —), the natural transformations A\ correspond to
sets of inference rules in GSOS format, in the sense that the B-coalgebra h)
induced from A corresponds to the labelled transition system induced by the
rules corresponding to A. The abstract results from [86] then say that GSOS is
indeed a congruence format for bisimulation equivalence.

This result can already be seen as a framework for deriving congruence for-
mats. Indeed, it has been used for this purpose [13, 50]. However, its generality
is limited by features of the coalgebra span approach to process equivalence.
Indeed, instead of covering various process equivalences, the coalgebra span ap-
proach concentrates on a single, canonical process equivalence (the respective
(span) bisimulation equivalence) for any notion of behaviour. Therefore, look-
ing for a general framework for deriving congruence formats, one needs to seek
a more flexible abstract approach to process equivalence.
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Before we sketch the approach taken in this thesis, we briefly mention other
abstract approaches to equivalences on processes known in the literature.

Almost all known equivalences on ordinary labelled transition systems can
be described by appropriate modal logics. The general idea is to define a lan-
guage of formulae that can be interpreted in any LTS, and consider two pro-
cesses equivalent if and only if they satisfy exactly the same formulae. The most
famous logic used for this purpose is the Hennessy-Milner logic [41], which dis-
tinguishes exactly those processes that are not bisimulation equivalent. Other
process equivalences from the van Glabbeek spectrum are described by suitable
fragments of the Hennessy-Milner logic (see [36] for a comprehensive treatment).
Modal characterizations have been also provided for various process equiva-
lences on other kinds of systems, including those with unobservable actions
(see [35] and references therein) and probabilistic transition systems [27, [54].

The logical approach to process equivalence is very general, but it is not
really a consistent, abstract framework. In particular, an abstract notion of a
modal operator, applicable to various notions of behaviour, is not clearly pro-
vided. This problem was solved to large extent in coalgebraic logic [63), [65].
However, another difficulty is a missing link between modal descriptions of pro-
cesses and their syntactic structure. Modal logics have been used to deriving
congruence formats for process equivalences [I7, [33], but the formats obtained
were constructed by clever analysis of particular modal logics rather than with
use of some general meta-theorem, parametrized by a notion of process equiv-
alence.

Many well-known process equivalences can be described in the abstract cat-
egorical framework of open maps [23] 48], 27]. Despite its impressive generality,
the syntactic structure of processes has been ignored in this approach. The
relation of the open map framework to coalgebraic methods, although studied
to some extent [55], remains rather unclear.

Similarly, the abstract framework of quantales [4] lacks a systematic treat-
ment of syntactic issues or a relation to coalgebraic methods, therefore it is
difficult to use it for congruence format derivation.

Among abstract coalgebraic approaches to process equivalence, the coalge-
bra span approach described above is the most thoroughly studied. Attempts
have been made to overcome its limited generality and cover multiple notions
of process equivalence for single notions of behaviour. The idea of changing the
underlying category [79), 85] or the notion of coalgebra morphism [72] allowed
one to cover trace equivalence for ordinary LTSs. An interpretation of LTSs as
certain Moore automata allowed the authors of [I9] to cover also the testing
equivalence of [26] (equivalent to the failures equivalence in the van Glabbeek
spectrum). However, no other process equivalences have been treated so far.
Yet another modification of the definition of coalgebra morphism in [75] led to
an abstract definition of weak bisimulation for a class of behaviour endofunctors.
However, that approach is tailored to the specific needs of weak bisimulations.

Another coalgebraic approach to process equivalence is based on lifting coal-
gebras (corresponding to transition systems) to the category Rel of binary re-
lations and relation-preserving functions. Such lifting, performed in a canonical
way, allowed the authors of [42] to give an abstract definition of bisimulation



equivalence, corresponding to that based on coalgebra spans. This approach
was extended in [46], yielding an abstract definition of simulation equivalence
for any behaviour with suitable additional structure. However, no other process
equivalences have been treated so far, and in this thesis it is argued that this
approach cannot immediately cover the standard notion of trace equivalence on
LTSs, without resorting to techniques analogous to those used in the coalgebra
span approach (e.g., [45]).

In this thesis, a novel abstract coalgebraic approach to process equivalence
is presented. The approach is based on simple and general notions of tests and
test suites. Intuitively, two processes are considered equivalent if they cannot
be distinguished by any test from a given test suite. Varying the test suites
considered, one obtains different notions of process equivalence. The interesting
test suites are constructed from the coalgebraic structure imposed on processes.

A test on an object X of processes is a morphism from X to a fixed object V
of test values. For most purposes it is sufficient to work in the category Set and
let V be the two-element set of logical values {tt,ff}, denoted also 2. Then a
test on a set X can be viewed as a subset of X. A test suite on X is a set 0 of
tests on X. Every such test suite induces a specialization equivalence on X:

r=gy <= YWeb Ve=Vy

(the name is chosen by the analogy to specialization orders known from general
topology, as indeed a test suite resembles a topology, except that no closure
conditions are imposed). Sets equipped with test suites on them form a category
2-T'S, constructed similarly to the category of topological spaces: a function
f:(X,0) — (Y,¥) is a valid morphism if the inverse image of each test from ¥
along f belongs to 6.

Any functor B : Set — Set can be lifted to an endofunctor on 2-TS,
by defining its action on test suites. A particularly well-structured way of such
lifting is based on sets of test constructors, i.e., tests on the set B2, and closures,
i.e., operators that given a test suite, return another test suite obtained in a
structured manner. Any set W of test constructors, together with any closure
Cl, induces a functor BY : 2-TS — 2-TS, acting as B on underlying sets and
defined by

BY(X,0) = (BX,Clgx{wo BV |[weW,Ved}) BVf=Bf

Moreover, for any coalgebra h : X — BX there exists the least (and thus
canonical) test suite @ that lifts h, i.e., such that h : (X,0) — BW(X,0)
is a valid morphism in 2-TS. It turns out that for several choices of test
constructors, the specialization equivalences of these canonical test suites are
exactly the various well-known process equivalences.

Intuitively, the test constructors chosen for particular equivalences corre-
spond to modal operators used to describe these equivalences logically. For
example, if BX = Pr(A x X), a test constructor w, : B2 — 2 corresponding
to the well-known “diamond” modal operator (a) is defined by

Wiy =tt < (a,tt) € B
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On the other hand, closures intuitively correspond to propositional connec-
tives used in the respective modal logics. For example, to model simulation
equivalence, one needs to close a given set of tests under all intersections, re-
flecting the fact that the modal logic characterizing simulation equivalence is
closed under conjunction.

The test suite framework can be merged with the bialgebraic approach to
operational semantics. Besides behaviour endofunctors B, also the functors
Y., T representing syntax can be lifted (in a canonical way) to functors X*, T
on 2-TS. An abstract result proved in this thesis states that if a natural trans-
formation

A:¥(Id x B) — BT

(where 3 and T are functors representing the syntax of a language, and B is a
behaviour functor) lifts to a transformation

A:¥*(Id x BY) — BVT*

then the process equivalence corresponding to the functor B is a congruence
on the transition system generated by the operational rules corresponding to
A. Studying the conditions which A must satisfy for this lifting to exist, one
obtains a syntactic congruence format for the process equivalence considered.
Thus the test suite approach to process equivalence is merged with the bial-
gebraic framework, yielding a general method for deriving congruence formats,
parametrized by notions of syntax, behaviour and process equivalence.

The test suite approach is novel, but it was inspired by previous develop-
ments: most notably, by modal logics (tests play a role analogous to that of
formulae in distinguishing processes, and test constructors correspond to modal
operators), the coalgebra lifting approach to bisimulation (indeed, coalgebras
are lifted to test suite categories similarly as in [42]), categorical logic [44] (tests
do not reside in the same category as the tested entities; formally, the category
2-TS is fibred over Set), and even Chu spaces [73] (test suites are essentially
extensional Chu spaces; however, these mathematical entities seem to have not
been used in this context before and this correspondence will not be explored in
this thesis). The relations of test suites to the fibrational coalgebraic framework
of [42, 46] (essentially used also in [66] and [22], in the context of recursively
defined domains) are particularly strong. In fact, both approaches are based
on a general idea of enriching coalgebras with additional properties (relations
in [42] [46], test suites in this thesis), technically by lifting them to total cate-
gories of suitable fibrations.

It is maybe worthwhile here to mention some apparent, but misleading,
connections to some other frameworks. In spite of the same name, our tests
are not related in any obvious way to those considered in the literature on
testing equivalences [20, 26]. Indeed, there a test is a process itself, and it may
(or must) be passed. In the test suite framework, a test is simply a predicate
on processes. Also, the notion of a saturated set is often used to characterize
testing equivalence. Such sets are families of subsets of some given set, and our
test suites can be viewed as such families too. This observation is, however,
misleading. In [20, 26] saturated families of sets of actions are considered,



and test suites are families of sets of processes, and it is hard to see any real
connection between these notions.

Since the test suite framework is general, it would be reasonable to expect
that the congruence formats obtained will not be as general as other formats
known in the literature, carefully tailored to particular process equivalences.
However, the concrete results obtained so far for three well-known equivalences
on LTSs are surprisingly good. For trace equivalence, the format obtained
matches exactly the state-of-the-art de Simone format [8I]. The format for
completed trace equivalence is the first such format ever published, and in the
Handbook of Process Algebra [0] it had been even speculated that

[...] one cannot really hope to formulate a general congruence format
for completed trace equivalence.

The format for failures equivalence is incomparable with the most general for-
mats known so far.

Encouraged by this, we want to seek other applications of the test suite
approach. One possible choice (among many others: considering various process
equivalences, behaviour endofunctors, syntax with variable binding, etc.) is
to consider process languages with recursive operators, described by recursive
equations such as

loopt=t;loopt

rather than by standard operational rules. To avoid problems related to fit-
ting standard operational descriptions for such operators into the bialgebraic
framework, it is convenient to treat them as abbreviations for their infinite ex-
pansions, as suggested in [70]. This causes infinite terms to come into play,
and to allow inductive reasoning one works in a suitable category of domains
(complete partial orders, cpos) rather than in Set.

Two problems related to this are considered in this thesis. Firstly, one wants
to abstractly represent some useful notion of process equivalence on transition
systems where processes form a cpo rather than a set. The obvious candidate is
the notion of partial bisimulation equivalence considered in [2], since it is well
studied and gives elegant full abstraction results. It turns out that neither the
classical coalgebra span approach nor its ordered version 30}, [77] fully covers this
notion of process equivalence; however, the test suite approach does. This can
be seen as a further confirmation of the generality of the test suite framework.

Secondly, a method to integrate recursive equations with structural opera-
tional rules is needed, to formally capture the idea of treating recursive opera-
tors as abbreviations for their infinite expansions. To this end, one considers a
signature X (the recursion-free fragment of a language) extended to a signature
¥’ (the full language). The behaviour of recursive operators is then captured
as a natural transformation

r:T —TT

where T' and T’ are the monads freely generated by ¥ and X’ respectively.
If this transformation satisfies a natural condition called regularity, then it
can be seamlessly merged (using certain fixpoint constructions, available in



10 Chapter 1. Introduction

the underlying category of domains) with the operational semantics for the
recursion-free fragment, modelled bialgebraically as a natural transformation

A:X(Id x B) — BT
yielding a natural transformation
A\ ¥/(Id x B) — BT’

corresponding to an operational semantics for the full language. This construc-
tion was conceived as an attempt to apply the test suite approach in a new
setting, but it does not involve test suites directly and is of independent in-
terest, as a method of extending the scope of bialgebraic semantics to cover a
general class of recursive equations.

Further steps along this line of research — to provide a concrete description
of a congruence format for the transformations A", and to pull back this format
along the above construction to obtain a format for A and r — are the subject
of ongoing work and are not described in this thesis.

Organization

The structure of the thesis is as follows. Chapter 2 contains some standard
definitions and results from the literature, related to labelled transition systems,
the van Glabbeek spectrum, structural operational semantics, algebraic and
coalgebraic modelling and bialgebraic semantics.

In Chapter 3, the test suite approach to process equivalence and congruence
formats is presented. The presentation is aimed at generality, usability and
mathematical elegance, and not simply at covering the immediate applications
we have in mind. As a result, the applications of the framework presented
in the following chapters do not use it in full generality. Moreover, only the
coalgebraic aspects of the test suite approach are used in Chapters 4 and 6. In
Chapter 5, the algebraic (syntactic) aspects are used as well.

The structure of Chapter 3 reflects the similarities between our approach
and that of [42, 46]. In Section 3.1, a very general fibrational approach is
presented, which is then specialized to (a special case of) the relational approach
from [42, 146] and to the test suite approach.

In Chapter 4, the abstract test suite framework is specialized to ordinary
LTSs with Set as the underlying category, and variety of process equivalences
from the van Glabbeek spectrum are characterized by suitable test suites. These
characterizations are useful even when syntactic issues are not considered, as
they lead to novel proof principles for various process equivalences. This appli-
cation of the test suite approach is illustrated on a simple example.

Chapter 5 draws on results from Chapter 4, merged with the algebraic
aspects of the test suite framework, to present congruence formats for three
process equivalences from the van Glabbeek spectrum: trace equivalence, com-
pleted trace equivalence and failures equivalence.

Chapter 6 applies the test suite framework in the category of algebraic cpos,
covering Abramsky’s full abstraction result for coalgebras for the Plotkin pow-
erdomain [2]. To simplify matters, unlabelled transition systems are considered.
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Chapter 7 is largely independent from other chapters and does not involve
any use of the test suite framework. It describes a formal approach to merging
recursive equations with operational rules modelled in the bialgebraic frame-
work.

Published contribution

Some results presented in this thesis have been published by the author or
are accepted for publication.

e [53] B. Klin, P. Sobocinski. Syntactic formats for free: an abstract ap-
proach to process equivalence. In Proc. CONCUR 2003, volume 2671 of
Lecture Notes in Computer Science, 2003.

In this paper, a rudimentary version of the framework shown in Chap-
ter 3 was described. There, the underlying category is chosen to be Set,
with 2 as the set of test values. Also a few results (albeit simplified) from
Chapter 4 were presented. The main result was the definition of con-
gruence formats for trace equivalence, completed trace equivalence and
failures equivalence on LTSs. The same formats are shown in this the-
sis in Chapter 5, although here they are presented in a different and,
hopefully, simpler manner.

e [51] B. Klin. An abstract approach to process equivalence and a coin-
duction principle for traces. In Proc. CMCS 2004, Electronic Notes in
Theoretical Computer Science, 2004. To appear.

This paper is an extended abstract of Chapter 4.

e [52] B. Klin. Adding recursive constructs to bialgebraic semantics. Jour-
nal of Logic and Algebraic Programming, special issue on Structural Op-
erational Semantics, 2004. To appear.

This paper is included in this thesis as Chapter 7, with only minor changes.
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between his original, unpublished approach and the test suite framework are
that he considered:

e topologies of tests only, instead of arbitrary test suites,

e endofunctor liftings based on the canonical choice of all test constructors,
instead of arbitrary sets of constructors,

e no closures,

e canonical, two-element sets of test values, instead of arbitrary objects of
test values,

e the single notion of specialization preorder, instead of arbitrary special-
ization functors.

In short, Plotkin’s approach was aimed at characterizing a single, canonical
notion of process equivalence for every notion of behaviour, and the approach
presented in this thesis aims to cover many other equivalences.



Chapter 2

Preliminaries

In this chapter, we present standard notions and results related to process
algebra and categorical modelling of well-behaved operational semantics.

First, the basic notion of labelled transition system is introduced, followed
by several process preorders and equivalences, known collectively as the van
Glabbeek spectrum. After recalling the basic definitions of structural opera-
tional semantics, including the GSOS rule format, we proceed to present basic
notations and results of category theory, used to model operational rules ab-
stractly in the so-called abstract GSOS.

The definitions and results presented in this chapter are standard, taken
mostly from [5] [36], 58, [84], [86].

2.1 Labelled Transition Systems

Definition 2.1 A labelled transition system (LTS) (X, A, —) is a set X of
processes, a set A of actions, and a transition relation — C X x A x X.
Usually instead of (z,a,2’) € — one writes 2 —— .

Given an LTS (X, A, —), for any Q@ C A, one writes x 9, meaning that
z — 2/ for some a € Q, 2/ € X. Instead of z A, one writes z —, and
T — means x ﬂ Sometimes a ‘negated’ version of this notation is used. For
example, x 7& means that it is not the case that x 9, For any x € X, one
also defines the set of initials I(x) = { acA:z- }

An LTS (X, A, —) is finitely branching if for every process x € X there are
only finitely many processes 2/ € X and actions a € A such that 2 —— 2.

An LTS for which its underlying graph (obtained by ignoring all actions) is
a directed, rooted tree is called a labelled synchronization tree.

2.2 Hennessy-Milner Logic and Its Fragments

Definition 2.2 Given a set of actions A, one considers nine sets of modal
formulae Fr, Fcte, Friy Ferres Frdy FrdTrs Fs, Fras and Fps, given by the

13
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following BNF grammars:

Fr pu=T](a)o )

Fere ou=T[(a)o|A

Fr o ou=T{a)o|Q

Fam ¢u=T[{a)¢ | Q[ QA (a)¢

Fra  ¢u=T|[(a)o|Q

Frate 0 =T [{a) ¢ | Q | QA (a)¢

Fs  ¢ou=T|{a)o|oN¢

Fras ¢u=T[(a)d|QoAQ

Fes ¢u=T|L|{@)¢|lao|dnd|dVe

where a ranges over A, and @) ranges over subsets of A. The above means that,
for example, in Frq there is a constant symbol () for every Q C A.

Formulae in Fr, are called (partial, finite) traces. Formulae in Fct, \ Fr, are
called (finite) completed traces. Formulae in Fg \ Fr, are called failure pairs.
Formulae in Fgr, are called failure traces. Formulae in Frq \ Fr, are called
ready pairs. Formulae in Frqt, are called ready traces.

Definition 2.3 Given an LTS h = (X, A, —), the satisfaction relation =
between processes and modal formulae is defined inductively as follows:

xR T always

xEp L never

x =p (a) ¢ < ' k=, ¢ for some 2’ such that z —% 2/
x =y [a]é < 1’ &, ¢ for all 2’ such that z —% 2/

x E=p Q = = 7&

sEnQ = I0)=Q

rELOINPy = x| ¢ and z =y o

TR d1V ¢ = zlEnd1orz L 2

The set of formulae Fgs together with the above interpretation is called the
(finitary) Hennessy-Milner logic.

Definition 2.4 For any W € {Tr, CTr, Fl, FITr, Rd, RdTr, S, RdS, BS} one con-
siders the corresponding process preorder CwC X x X and process equivalence
2WwC X x X, defined on a given LTS h as follows:

tCwa < (VoeFw. zk=n o= 2= 0)
T2y = (Vo€ Fw. x b= 2 = 9)

The process preorders and equivalences mentioned above are called oper-
ational. Together with some others, they are known as the wvan Glabbeek
spectrum and have been extensively studied and described in the literature; for
a comprehensive treatment, see [36].

The preorders Ctv, Cc1r, CFi, CrTr, ERd, and Ergre on a given LTS are
usually called trace preorder, completed trace preorder, failures preorder, failure
trace preorder, readiness preorder and ready trace preorder, respectively. The
corresponding equivalences are named in a similar manner. The preorders Cg,
CRrds, Cas and equivalences &g, Zrqs and =gg are considered in more detail in
the next section.
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2.3 Simulations and Bisimulations

In the following definitions, a given LTS (X, A, —) is assumed.

Definition 2.5 A relation R C X x X is a simulation if x Ry implies that for
any a € A and 2/ € X, if z = 2’ then there exists ¢’ € X such that y —— ¢/
and o’ Ry'. If, moreover, xRy implies I(x) = I(y), then R is a ready simulation.

Definition 2.6 A relation R C X x X is a bisimulation if x Ry implies that for
any a € A,

o for any 2/ € X if z — 2/ then there exists 3 € X such that y — ¢’ and
'Ry,

e for any y’ € X if y — ¢/ then there exists 2/ € X such that © — 2’ and
2’ Ry’

Definition 2.7 Processes =,y € X are

e in (ready) simulation preorder if there exists a (ready) simulation R such
that =Ry,

e (ready) simulation equivalent if there exist (ready) simulations R, R’ such
that xRy and yR'x,

e bisimulation equivalent, or bisimilar, if there exists a bisimulation R such
that = Ry.

Proofs of the following well-known results can be found, e.g., in [36]:

Proposition 2.8 (Ready) simulation preorder is indeed a preorder (i.e., a re-
flexive and transitive relation) and it is the largest (ready) simulation on a given
LTS. Bisimulation equivalence is indeed an equivalence relation and it is the
largest bisimulation on a given LTS.

Proposition 2.9 In any LTS, the relation Cg is equal to the simulation pre-
order, the relation =g is equal to the simulation equivalence, the relation Crys
is equal to the ready simulation preorder, the relation =gqs is equal to the ready
simulation equivalence, and the relations Cgg and =gg are both equal to the
bisimulation equivalence.
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2.4 Structural Operational Semantics of Processes

In the context of process algebra, processes in labelled transition systems are
usually closed terms over some signature.

A signature Y is a set ¥ of language constructs, together with an arity
function ar : ¥ — N. For a given set X of variables, ©X is the set of expressions
of the form f(z1,..., %4 (s)), Where £ € ¥ and z1,. .. s Tar(s) € X.

Given a signature ¥ and a set X, the set Tx X of terms over X with vari-
ables X is the least fixed point of the operator (monotonic with respect to set

inclusion)
Y = X +3Y

where + denotes disjoint union of sets. When describing terms from 7% X, the
injections ¢1 : X — T%X and 1o : X1y X — Tx» X will be often omitted, i.e.,
we will write f(z,y) rather than to(£(¢1(z),¢1(y))). Also the subscript in 75X
will be omitted if X is irrelevant or clear from the context. Elements of T'() are
called closed terms over X.

For a term ¢t € TX and a function (substitution) o : X — Y, to will denote
the term in TY resulting from t by simultaneously replacing every z € X with
o(x).

In the following, we assume a fixed, countably infinite set of variables =,
ranged over by x1,x2,...,¥1,y2,.... 10 stress that some terms are built over
variables from =, they will be typeset t, t’ etc., as opposed to the normal
notation ¢, t’ etc.

Fix an arbitrary set of actions A. For a signature X, a positive Y-literal is
an expression t — t/, and a negative Y-literal is an expression t 4—, where
t,t' € TZ and a € A. An inference rule p over X is an expression g, where
H is a set of X-literals and « is a positive X-literal. Elements of H are then
called premises of p, and « the conclusion of p. The left side and the right side
of the conclusion of p are called the source and the target of p, respectively. If
the source of a rule p is of the form f(x1,x%a,...,%y,), one says that p is a rule
for £.

A transition system specification over X is a set of rules over X.

In the following definition assume a fixed signature 3.

Definition 2.10 (GSOS) A transition system specification A is in GSOS [18]
format if every rule p € A is of the form

{Xiﬂyi]’:ign,jgmi}U{xi%:ign,kSni}

f(x1,...,%,) — t

with f a language construct in ¥ and n = ar(£), such that x; € Z and y;; € E
are all distinct and are the only variables that occur in p. If, moreover, for
every f € X, A contains only finitely many rules with f in the source, then A is
image-finite.

Given a transition system specification A in GSOS format, one defines a
notion of a provable positive literal in a straightforward way. The set of all
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provable literals forms an LTS with closed terms over ¥ as processes, and with
positive closed literals as transitions. This is called the LTS induced by A. If,
moreover, A is image-finite, then the induced LTS is finitely branching (for
details, see [9]).

In this thesis only image-finite GSOS specifications will be considered.

2.5 Congruence Formats

Definition 2.11 Let X be any signature. A preorder R C Tx() x T0 is a pre-
congruence, if for any £ € ¥ with ar(f) = n, and for any t1, ¢}, te,th, ... t,,t, €

Tx0, whenever t;Rt, (i = 1,2,...,n) then £(t1,ta,...,tn)RE(t), th, ... t,). I,
additionally, R is an equivalence relation, then R is called a congruence.

A congruence format for a process preorder (equivalence) is a syntactic con-
dition imposed on transition system specifications that guarantees the preorder
(equivalence) to be a precongruence (resp. congruence) on the LTS induced by
any specification satisfying the format.

The following result, proved in [I8], shows that GSOS is a congruence format
for bisimulation equivalence:

Proposition 2.12 For any transition system specification A in GSOS format,
the bisimulation equivalence gg on the LTS induced by A is a congruence.

2.6 Basic Notions of Category Theory

To give an abstract account of labelled transition systems, operational preorders
and equivalences, and transition system specifications, it is useful to apply some
notions of category theory. In this section, standard categorical notions and
results used throughout this thesis are recalled.

For rudimentary categorical notions of category, functor, natural transfor-
mation etc., unexplained here, see e.g. the textbook by Mac Lane [58].

2.6.1 Algebras and Monads

A common technique to represent syntax of process languages is to represent
signatures as polynomial endofunctors. Then terms of a given language can be
represented using the notions of initial algebra and freely generated monad.

Definition 2.13 Let ¥ be an endofunctor on a category C, i.e., a functor
Y :C— C. A X-algebra (X, h) is an object X € |C| together with a morphism
h:¥XX — X in C. X is then called the carrier, and h the structure of (X, h).

As a shorthand notation, a Y-algebra (X, h) is usually denoted simply by
its structure h. This never leads to confusion, since X is determined as the
codomain of h.
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Definition 2.14 Given an endofunctor ¥ : C — C, a X-algebra morphism (or
Y -homomorphism) from a Y-algebra g : ¥X — X to a X-algebra h: XY — Y
is a morphism f: X — Y in C such that the diagram

zf
XX —%YY

commutes.

For any endofunctor ¥ on C, ¥-algebras together with >-algebra morphisms
form a category, denoted ¥-Alg.

In the context of structural operational semantics, algebras are used to
represent syntax of process languages. In particular, any signature ¥ determines
an endofunctor X on the category Set of small sets and functions, defined by

X = H Xar‘(f)
ey
Yg: X—-Y) = [l»f <:c1,...,war(f)> EXX s <gm1,...,gxar(f)> EEY]

where [ ] denotes disjoint union of sets, and ¢ : X ar(f) _, ¥, X is the coproduct
injection corresponding to f € 3.

Then a Y-algebra h : XX — X corresponds to a model for the signature %,
i.e., aset X together with a function fx : X% (f) — X for every f € X.

The functor ¥ used to represent syntactic entities as algebras is usually
called a syntactic endofunctor. This notion only reflects the context of use of
Y., and does not restrict the class of functors considered. However, in most
examples (like in the definition of ¥ based on a signature above) syntactic
endofunctors are polynomial functors, i.e., they are built only from categorical
products, coproducts, identity and constant functors.

Definition 2.15 Let X be an endofunctor. An initial Y-algebra is an initial
object in ¥-Alg, i.e., a Y-algebra a : YA — A such that for any Y-algebra
f : XX — X there exists a unique X-algebra morphism from « to f. This
unique morphism is then called the inductive extension of f.

By the well-known Lambek’s Lemma, for any endofunctor X, (structures
of) initial Y-algebras are isomorphisms.

Definition 2.16 Let X be an endofunctor on C, and X be an object of C. The
free algebra generated by ¥ on X is the initial (X + X—)-algebra.

For any syntactic endofunctor on Set determined by a signature X, there
exists a free algebra generated by ¥ on X:

[nx,wx] X +3¥XTX - TX

with the set T X of terms over Y with variables X as the carrier. In particular,
the set of all closed terms 70 over ¥ (here 0 = () is the initial object in Set),
with the obvious X¥-algebra structure, forms an initial ¥-algebra.
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The notions of precongruence and congruence from Definition [2.11] can be
generalized to arbitrary Y-algebras for endofunctors ¥ obtained from signatures.

Definition 2.17 Let ¥ be a signature and h : X — X an algebra for the
corresponding polynomial endofunctor on Set. A preorder R C X x X is
a precongruence on h if for any coproduct injection £ : X" — XX, and
for any x1,y1,22,%2,...,%n,Yn € X, whenever z;Ry; (i = 1,2,...,n) then
h(f (x1,22,...,2n))RA(£ (y1,Y2,...,yn)). If, additionally, R is an equivalence
relation, then R is called a congruence on h.

Precongruences (congruences) on the initial -algebra ¢ : ¥T0 — T0 are
exactly precongruences (resp. congruences) in the sense of Definition
Free algebras generated by functors are particular examples of monads.

Definition 2.18 A monad (T, n, 1) is an endofunctor 7" together with natural
transformations 7 : Id — T and p : TT — T such that

polIn=ponT =id
poTp=poul

The latter condition in the above definition is called associativity of p.

Let 3 be an endofunctor on C such that for any object X € |C|, free algebras
generated by ¥ on X exist. Assume moreover an arbitrary choice of such free
algebras [nx,v¥x]: X +XTX — TX for any X. For any morphism f: X — Y,
define Tf : TX — TY by initiality in (X + X—)-Alg as below:

X opx <X wrx
|
fl TfI iETf
Ny ¥ Yy
Y TY STY

Moreover, for any object X € |C|, define a morphism pyx : TTX — TX by
initiality in (7'X + ¥—)-Alg as follows:

Tx X prx X sprx

\ s . |

TX =—XTX
A proof of the following standard result can be found, e.g., in [84]:

Proposition 2.19 The triple (T, n, u) forms a monad.

In particular, n : Id — T and u : TT — T are natural transformations. The
monad (T, n, u) is called the monad freely generated by 3.

Algebras for an endofunctor ¥ are in 1-1 correspondence with those algebras
for the endofunctor 7' (obtained as a part of the monad freely generated by X),
which satisfy certain additional laws. More concretely:
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Definition 2.20 Let (T',n, x) be a monad. A (T,n, u)-algebra is a T-algebra
h:TX — X such that

e hony =1idyx, and
e houx =hoTh.

Moreover, (T, n, u)-algebra morphisms are defined to be T-algebra morphisms.

When the natural transformations 1 and p are irrelevant or clear from the
context, we will speak of T-algebras instead of (T, 7, u)-algebras. To reconcile
possible confusion, when an endofunctor T is (a part of ) a monad, by T-algebras
we will mean algebras for the monad, and not for the endofunctor, unless oth-
erwise stated.

For any monad T" on C, T-algebras together with T-algebra morphisms form
a category, denoted T-Alg.

Proposition 2.21 Let X be an endofunctor, and T be the monad freely gen-
erated by Y. The categories ¥-Alg and T-Alg are isomorphic.

Proof. A full proof of this standard proposition can be found e.g. in [84]. Here
we only note that to obtain a Y-algebra from a T-algebra f : TX — X, one
takes the algebra XX nx XTX ¥x, TX 7, X, where nx,1¥x come from the
structure of T" as the monad freely generated by X. O

In particular, if f = ux : TTX — T X, then the corresponding »-algebra is
Yx : XTX — TX, since the following diagram commutes:

>
STX X srrx Y prx
\ \LE;,LX \L#X
STX TX
Px

(the square on the right commutes by definition of px).

2.6.2 Coalgebras

In addition to syntaz, which is usually represented by algebras, processes in var-
ious languages are equipped with behaviour, which often can be represented by
the dual categorical entity, coalgebras. In this section, we recall basic definitions
and results regarding coalgebras.

Definition 2.22 Let B be an endofunctor on a category C. A B-coalgebra
(X, h) is an object X € |C| together with a morphism h: X — BX in C. X is
then called the carrier, and h the structure of (X, h).

Similarly to algebras, a B-coalgebra (X, h) is usually denoted simply by its
structure h.
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Definition 2.23 Given an endofunctor B : C — C, a B-coalgebra morphism
(or B-cohomomorphism) from a B-coalgebra g : X — BX to a B-coalgebra
h:Y — BY is a morphism f: X — Y in C such that the diagram

X Y
o| |»
BX 7f> BY

commutes.

For any endofunctor B on C, B-coalgebras together with B-coalgebra mor-
phisms form a category, denoted B-Coalg.

The use of coalgebras in process algebra has been motivated by an easy 1-1
correspondence between Pg(A x X )-coalgebras, (where A is an arbitrary set and
Pr : Set — Set is the covariant finite powerset functor) and finitely branching
labelled transition systems with A as the set of actions. Indeed, given an LTS
(X, A,—), consider a function h : X — Pg(A x X) defined by

<a,m'> chr — =1

It is easy to check that this gives a 1-1 correspondence.

In the following we will often use the above correspondence silently, identi-
fying finitely branching LTSs with their corresponding coalgebras.

Varying the endofunctor B, one obtains similar correspondences between
coalgebras and deterministic automata, labelled transition systems with state
predicates and many others [78].

The functor B used to represent transition systems as coalgebras is usually
called a behaviour endofunctor. This notion only reflects the context of use of
B, and does not restrict the class of functors considered.

The notion dual to that of initial algebra is that of final coalgebra:

Definition 2.24 Let B be an endofunctor. A final B-coalgebra is a final object
in B-Coalg, i.e., a B-coalgebra ¢ : ) — B} such that for any B-coalgebra
h : X — BX there exists a unique B-coalgebra morphism from h to ¢. This
unique morphism is then called the coinductive extension of h.

Again by Lambek’s Lemma, for any endofunctor B, (structures of) final
B-coalgebras are isomorphisms. This result implies, for example, that the full
powerset functor P : Set — Set does not admit final coalgebras. Indeed, there
exists no set 2 isomorphic to PSQ.

However, the finite powerset functor Pr admits final coalgebras (see [8, [11]).
In particular:

Proposition 2.25 For any set A, the endofunctor BX = P¢(A x X) has a
final coalgebra ¢ : Q — BQ with € the set of (possibly infinitely deep) finitely
branching labelled synchronization trees, with elements of A as actions, quo-
tiented by bisimulation equivalence.



22 Chapter 2. Preliminaries

2.7 Abstract GSOS

The cornerstone of the abstract categorical modelling of transition system spec-
ifications is the following theorem by Turi and Plotkin [86]:

Theorem 2.26 There is a correspondence between transition system specifica-
tions (over a signature X.) in the image finite GSOS format (see Definition [2.10))
and natural transformations

A Z(Id X Pf(A X —)) — Pf(A X T—)
where T is the monad freely generated by (the endofunctor) X.

Proof. A full proof of this result can be found (in a marginally different version)

n [84]. Here we only show how to construct a natural transformation A from
a set of rules A. Given a language construct £ € ¥ with arity n and a set X, a
rule p in the GSOS format

{Xi%yij L i<, jgmi}u{xﬁﬂ : ién,kéni}
f(x1,...,%,) — t

defines a map px : (X x Pg(A x X)) — Pi(A x TX) as follows: (c,t) €
px (i, Bi) i<, iff there exists a substitution o : £ — X satisfying

1. o(x1) = x4

2. Vi <nVj < my (ai,0(yi3)) € Bi
3. Vi <nVk<n;VreX (by,x)¢ b
4. to =t

Then given a set A of rules in the image finite GSOS format we can define a
function Ax : (X x Pe(A x X)) — Pr(A x TX) by defining for each £ € ¥ a
function fx : (X x Pe(A x X))" — Pr(A x TX) as follows:

fx: <xian>i§n = U PX(fEi»ﬁi>z‘§n
pEA
p a rule for £

Image finiteness of A ensures that this function is well defined, i.e. that it
returns only finite sets. Finally, Ax is determined uniquely by the fx’s since it
is a function from a coproduct. O

The above theorem inspired considerations about natural transformations
A:X(Id x B) — BT

for an arbitrary endofunctor B, and for (T, 7, 1) the monad freely generated by
an arbitrary endofunctor . In the following, transformations of this kind will
be called distributive laws. Indeed, as shown in [57], they are equivalent to the
distributive laws of the monad T over the copointed endofunctor Id x B, i.e.,
to transformations

A:T(Id x B) — BT

satisfying the laws
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e MAon(ld x B) = Bnom :Ild x B— BT
e Nopu(ldx B) =Buo T oT (Tm,A) :TT(Id x B) — BT.
A notion closely related to distributive laws is that of bialgebra.

Definition 2.27 Let A : T'(Id x B) — BT be a distributive law of a monad

T over Id x B. A A-bialgebra is a pair TX —> X %5 BX satisfying the

“pentagonal law”:
A

T(X x BX) BTX
T(id,qg) T iBh
TX ——>X —>BX

A \-bialgebra morphism from TX X 2 BX toTX M x1 2 BXY
is a morphism f : X — X’ which is simultaneously a T-algebra morphism and
a B-coalgebra morphism, i.e. A oTf = fohand g’ o f = Bf og.

For a given )\, the category of A-bialgebras and A-bialgebra morphisms is
denoted A-Bialg.

The following theorem is the main result of [84] and [86]. It provides a basis
for the fibrational framework of Chapter 3 and for congruence formats defined
in Chapter 5.

Theorem 2.28 Suppose C is a category with initial objects, final objects and
products, ¥ is an endofunctor on C which freely generates a monad T (in
particular, ¥ and 7' admit initial algebras), and B is an endofunctor on C
which admits final coalgebras. Let A : T'(Id x B) — BT be a distributive law of

T over Id x B. Then A-Bialg has an initial object TT0 +% T0 M, BTO (where
0 is the initial object in C) and a final object T2 2,02 Ba. Moreover,

1. po : TT0 — TO is the initial object in T-Alg,
2. ¢ : Q) — B} is the final object in B-Coalg,

3. hy is called the intended operational model of A\, and is defined by hy =
Ao o T!, where ! : 0 — (0 x B0) is unique by initiality,

4. 6 : T — Q is the unique B-coalgebra morphism making the diagram
T(id,
709 0 x BO) 2% Bro
!
sl B§
y
Q BQ

commute.

In particular, if C = Set, B = P¢(A x —) and ¥ is obtained from a signature,
then the intended operational model of A is the LTS generated by the image
finite GSOS rules associated to A. The proof of this was left implicit in [86],
and in [84] a slightly different version was shown. A full proof can be found
in [13].



24

Chapter 2. Preliminaries



Chapter 3

A Fibrational Approach to Relations on
Processes

In this chapter, we present a general and abstract approach to well-structured
relations on processes modelled as coalgebras. The main purpose is to introduce
the test suite approach used in the following chapters. However, in order to
illustrate connections with related work, we shall begin with a rather general
and abstract framework, based on lifting coalgebras and the abstract GSOS
construction (see Section to total categories of fibrations.

After explaining the basic notions of fibrations, total categories and lifting,
and after some general considerations (in Section on when such lifting can
be performed, we show (in Section how, given a finitely branching LTS,
i.e., a coalgebra h : X — Pr(A x X) in Set, to represent bisimulations and the
bisimulation equivalence on h as coalgebras for a suitably chosen endofunctor
on the total category Rel of a fibration of relations. This construction, a special
case of the general fibrational approach, coincides with abstract constructions
of Hermida, Jacobs and Hughes [42] [46], who also lifted coalgebras to the cat-
egory of relations. We notice, however, that e.g. the trace preorder and the
trace equivalence on finitely branching L'T'Ss cannot be represented in the same
fashion.

To overcome this problem, we propose (in Section another special case
of the general fibrational framework, based on a fibration of test suites, which
have more structure than relations. Roughly, a test on a set X of processes is a
function from X to a fixed set of test values. A test suite is simply a set of tests
with the same domain and codomain. Given a test suite on X, a relation on
X can be obtained by a construction analogous to that of specialisation order
in general topology. By choosing appropriate functors BY on the category of
test suites, various relations on carriers of B-coalgebras can be represented as
specialization relations of BW-coalgebras.

In the next chapter, it will be shown that this approach allows to charac-
terize most of the preorders and equivalences from the van Glabbeek spectrum.

25
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3.1 Fibrations

In this section, we present basic definitions of fibrations and show how to lift the
framework of abstract GSOS to the fibrational setting. For a simple example
of the constructions presented here, refer to Section

It must be stressed that the definitions and constructions presented in this
section are not fully general. In particular, the notions of fibration and bifibra-
tion shown here are only special cases of the general notions used in fibration
theory. We use the simplified definitions here, since they are general enough to
perform all constructions needed for the purposes of this thesis. For a general
account of fibrations and related topics, see [44].

Definition 3.1 (Grothendieck construction) Assume a category C (called
the base category in this context) and a functor (—)* : C? — Pos (Pos is the

category of partally ordered sets and monotonic functions). The total category
C* is defined as follows:

e objects in C* are pairs (X, 0), where X is an object in C and 6 € X*,

e morphisms f : (X,0) — (Y,9) are morphisms f : X — Y in C such that
0 < f*9.

For a total category C* obtained in this manner, the obvious forgetful func-
tor p : C* — C is called a (split) fibration, and the poset X* is called the
fibre over X. Given a morphism f : X — Y in C, the monotonic function
f*:Y* — X* is called the reindexing function along f.

Slightly abusing the terminology, we will also call functors (—)* : C? — Pos
fibrations.

Definition 3.2 A fibration (—)* : C°? — Pos is a bifibration, if for any f :
X — Y in C, the reindexing function f* : Y* — X* is a right adjoint or,
equivalently, if it has a left adjoint f; : X* — Y™, i.e., a monotonic function
such that for any # € X* and 9 € Y*, § < f*9 if and only if fifd < 9.

Simple examples of fibrations and bifibrations used throughout this thesis
are given in Definitions 3.14 and 3.20.

In the remainder of this section it is shown how to lift the framework of
abstract GSOS from the base category C to the total category C* of any bifi-
bration. The culmination of this section is Theorem 3.13 which, in Chapter 5,
will eventually lead to the definition of congruence formats for various process
equivalences.

3.1.1 Lifting Basic Universal Constructions

Theorem 3.3 Let (—)* : C°? — Pos be a bifibration. If C has a final object
1, and the fibre 1* has a top element T1, then (1, T1) is a final object in C*.

Proof. For any object (X,6) in C* take the unique morphism 1 : X — 1 in
C. Then 1: (X,6) — (1, T4) is a valid morphism in C*, since 1,§ < Ty, and
(transposing across the adjunction) 6 < 1*T. |
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Theorem 3.4 Let (—)* : C? — Pos be a bifibration. If C has binary products
X <L X x Y 22y, and each fibre has binary meets A, then C* has binary

products (X, 0) x (Y,9) = (X x Y,0 K ¢), where
ORI =m0 Ay

Proof. The projection 71 : (X x Y, K ) — (X, 0) is clearly a valid morphism
in C*, since 770 A 39 < w76. The same for mo.

To show universality, assume two morphisms (X, 0) D (Z,¢) _9. (Y, )

and take the unique morphism (f,g) : Z — X x Y in C arising from univer-
sality of X x Y. Then ¢ < f*0 = (f,g)" 70 and ¢ < g*0 = (f,g)" m30.
Transposing across the adjunction, one gets (f, g),¢ < 716 and (f, g),( < 739,
hence (f, g),¢ < 7760 A w59, Again transposing across the adjunction, one gets
¢ <A{f,9)" (770 A w309) and, as a consequence,

(f,9): {Z,¢) = (X xY,0 K )

is a valid morphism in C*. O

Theorem 3.5 Let (—)* : C°? — Pos be a fibration. If C has an initial object
0, and the fibre 0* has a bottom element L, then (0, L) is an initial object in
C*.

Proof. For any object (X,0) in C*, take the unique morphism 0 : 0 — X in
C. Then 0: (0, Ly) — (X, 6) is a valid morphism in C*. O

Theorem 3.6 Let (—)* : C? — Pos be a bifibration. If C has binary coprod-
ucts y "L x4y <2y, and each fibre has binary joins V, then C* has

binary coproducts (X, 0) 4+ (Y, V) = (X +Y,0 B ), where
OB Y = (1110 V (1210

Proof. The injection ¢; : (X,6) — (X +Y,0H ) is a valid morphism in C*,
since 6 < o (e1)f < ¢ ((L1)10 V (12)19). The same for to.

To show universality, assume two morphisms (X,0) I, (Z,¢) -7 (Y, )

and take the unique morphism [f,g] : X +Y — Z in C arising from universality
of X +Y. Then 0 < f*¢ = (i[f,g]*¢ and ¥ < ¢*¢ = 5[f, g]*¢. Transposing
across the adjunctions, one gets (1110 < [f,g]*C and (w2)1¥ < [f, g]*(, hence
(L1 )10V (21 < [f,9]*C. As a consequence,

[f,9] (X +Y,089) — (Z,()

is a valid morphism in C*. O
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3.1.2 Lifting Endofunctors

Let (—)* : C°? — Pos be a fibration, and p : C* — C the associated forgetful
functor. An endofunctor F* : C* — C* lifts an endofunctor F' : C — C if
poF*=Fop.

Endofunctors on C* lifting a given functor F' : C — C are bijectively deter-
mined by their actions, i.e., families of monotonic functions

(Fy:X* = (FX)* : X e|C]}.

If, for any f: X — Y in C, the following inequality holds:
Fr
y* —= (FY)*

A s Jer

X* = (FX)"

then F™* defined by
F*(X,0) = (FX, Fx0) F*f=Ff

is an endofunctor on C* and it lifts F'. If the above inequality holds as equality,
we say that F™* is fibred.

In the following, given an endofunctor F™* lifting some endofunctor F', we
will denote its action on an object X with F'x. This will never lead to confusion,
as F* will always be clear from the context.

Given endofunctors F* and G* on C* lifting endofunctors F' and G on C
respectively, the composed endofunctor F*G* indeed lifts the endofunctor F'G
and is defined by the action

{FGXOGX : XE’(C|}

3.1.3 Lifting Initial Algebras

Let (—)* : C°? — Pos be a bifibration. Consider an endofunctor F' on C lifted
to an endofunctor F* on C*.
For any F-algebra h: FX — X, define an operator ¥y, : X* — X* by

U0 = hFx6

It is clearly monotonic, since both hy and Fx are monotonic.

F*-algebras correspond to prefixed points of such operators: an F-algebra
h: FX — X can be lifted to an F*-algebra h : (FX, Fx0) — (X, 6) if and only
if # > W,0. In this case, one says that 6 lifts h to an F*-algebra.

Theorem 3.7 If F' has an initial algebra 1 : FA — A, and ¥, has the least
(pre)fixed point «, then ¥ : (FA, Fya) — (A, «) is an initial F*-algebra.

Proof. First, ¢ as above is well defined in C*, since ) Faa = ¥ya < a, hence
(transposing across the adjunction) Fya < ¢p*a.
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Consider any F*-algebra h : (FX, Fx0) — (X,0) and let k : A — X be
the inductive extension of h : FX — X in C. It is enough to show that
k: (A o) — (X,0) is a valid morphism in C, i.e., that a < k*#. To this end,
one shows that £ is a prefixed point of Wy,.

Indeed, ¥*k*0 = (Fk)*h*0 > (Fk)*Fx0 > Fak*0 (the first inequality holds
since h is an F*-algebra, and the second since F* is a functor, see Section 3.1.2).
Transposing across the adjunction, one gets k*0 > Y Fak*0 = W, k*6. O

Reindexing along F-algebra morphisms in the base category C preserves
well-definedeness of F'*-algebras in the total category C*:

Theorem 3.8 Consider an F-algebra morphism in C:

FX -2* py

h)l( ll/g

and suppose that F' lifts to F* on C*. Then for any lifting of g to an F™*-algebra
g: (FY,Fy0) — (Y, 60), the morphism

h:(FX,Fxk*0) — (X,k"0)
is a valid F*-algebra in C*.
Proof. Calculate
Fx(k*0) < (Fk)*"Fy0 < (Fk)*g*0 = h*k*6

(the first inequality holds since F™* is a functor, see Section 3.1.2). O

3.1.4 Lifting Freely Generated Monads

Let (—)* : C? — Pos be a bifibration and assume that the assumptions of
Theorems [3.6|and 3.7/ hold so that, in particular, coproducts and initial algebras
in C lift to C*.

Theorem 3.9 Consider an endofunctor ¥ : C — C which freely generates a
monad 7' : C — C and lifts to an endofunctor ¥* : C* — C*. Then ¥* freely
generates a monad T™ and T lifts 7.

Proof. For any object (X, ) in C*, the functor (X, #) + ¥*— lifts the functor
X + X—, hence it admits initial algebras lifting the initial (X 4 X—)-algebras.
By Theorem 3.7, if [nx,¢¥x]| : X + ¥TX — TX is an initial (X + ¥—)-algebra,
then

[nx, Ipx] : <X +XTX,0H ETXTX9> — <TX, TX0>

is an initial ((X,6) + X*—)-algebra, where Tx6 is the least fixed point of the
operator

\Il[ﬁx,wx}ﬁ = [77X> %{]!(0 B Yrxd)



30 Chapter 3. A Fibrational Approach to Relations on Processes

This, as shown in Section [2.6.1] gives a functor 7* : C* — C*, which is the
monad freely generated by X*. O

When T is the monad freely generated by >*, the categories of T*-algebras
and X*-algebras are isomorphic by Proposition Moreover, the isomor-
phism is the same as that between T-algebras and Y-algebras:

Theorem 3.10 Under the assumptions of Theorem for any T*-algebra
h:(TX,Tx0) — (X,0), the morphism

g:(3X,¥x0) — (X,0)

is a well-defined >*-algebra in C*, where g : ¥ X — X is the algebra corre-
sponding to h : T'X — X along the isomorphism between T-Alg and -Alg.

Proof. By Proposition one has g = hotxoXnx, where x : XTX — TX
and nx : X — TX come from the structure of the monad 7. From the proof
of Theorem it is clear that morphisms

nx : (X, 0) — (TX, Tx6)
Yx  (BTX, YrxTx0) — (TX,Tx0)

are well-defined in C*, therefore g : (¥X,¥x0) — (X, ), being a composition
of three well-defined morphisms, is also well-defined. O

3.1.5 Lifting Final Coalgebras

Let (—)* : C°? — Pos be a bifibration. Consider an endofunctor F' on C lifted
to an endofunctor F* on C*.
For any F-coalgebra h: X — F X, define an operator ®; : X* — X* by

$,0 = h*Fx0

It is clearly monotonic, since both h* and Fx are monotonic.
F*-coalgebras correspond to postfixed points of such operators: an F-
coalgebra h : X — FX can be lifted to an F*-coalgebra h : (X,0) — (F X, Fx0)

if and only if § < W6. In this case, one says that 6 lifts h to an F*-coalgebra.

Theorem 3.11 If I has a final coalgebra ¢ : Q2 — F(2, and ®4 has the greatest
(post)fixed point w, then ¢ : (2, w) — (FQ, Fow) is the final F*-coalgebra.

Proof. First, ¢ as above is well defined in C, since w < ®yw = ¢* Fow.

Consider any F*-coalgebra h : (X,0) — (FX, Fx0) and let k : X — Q be
the coinductive extension of h : X — FX in C. It is enough to show that
k:(X,0) — (Q,w) is a valid morphism in C, i.e., that § < k*w, or equivalently,
that k0 < w. To this end, one shows that ki is a postfixed point of ®4, or
equivalently, that k*®4k0 > 6.

Indeed, k*®ykif = k*¢*Fokid = h*(Fk)*Foki0 > h*Fxk*k6 > h*Fx6 > 0
(the first inequality holds since F™* is a functor, the second due to the adjunction
ky 4 k*, and the third since h is an F*-coalgebra). O
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Final F*-coalgebras in C* are particularly important when F* is fibred, as
they allow to construct, for any F-coalgebra h : X — F X, the greatest element
0 € X* that lifts h to an F™*-coalgebra:

Theorem 3.12 Under the assumptions of Theorem [3.11] suppose moreover
that F™* is fibred. Then for any coalgebra h : X — F X, the greatest (post)fixed
point of ®; (or, equivalently, the greatest element of X™* that lifts h to an
F*-coalgebra) exists and is equal to k*w, where k : X — Q is the coinductive
extension of h.

Proof. To show that k*w is a postfixed point of ®;, calculate
kFw<Ek*¢*Fow = h*(Fk)" Fow = h*Fxk*w = ®pk*w

(the inequality hold since w is a postfixed point of ®4, and the second equality
holds since F* is fibred).

Consider another postfixed point 6 for ®, i.e., an F*-coalgebra h : (X, 6) —
(FX, Fx0). By finality, k : (X,0) — (Q,w) is a valid morphism in C*, hence
0 < k*w. O

In many examples (see Section Chapters 4, 6), the elements k*w will
correspond to well-known process relations on carriers of coalgebras.
3.1.6 Lifting Abstract GSOS

Assume a bifibration where initial objects, products, coproducts, initial algebras
and final coalgebras lift. Consider a functor ¥ : C — C that freely generates
a monad T and lifts to a functor ¥* : C* — C*. Assume moreover a functor
B : C — C that has a final coalgebra ¢ : 2 — B} and lifts to a fibred functor
B* : C* — C*. Assume also a natural transformation

A:X(Id x B) — BT
in C.
If X lifts to a natural transformation in C*, then the entire abstract GSOS

construction (see Section can be repeated in C*. For our purposes, the
most important result will be the following:

Theorem 3.13 Under the above notation, if A lifts to a natural transformation
A:¥*(Id x B*) — B*T*
in C* (where T* is the monad freely generated by ¥*, see Theorem then
Y (XT0, Xrok*w) — (T0, k*w)
is a valid X*-algebra, where ¢ : ¥T0 — T0 is the initial X-algebra, w comes

from the final B*-coalgebra ¢ : (Q,w) — (B, Bow) and k : T0 — Q is the
coinductive extension of the coalgebraic part of the initial A-bialgebra.
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Proof. By Theorem k is the unique morphism from the initial to the final
A-bialgebra in C:

TT0 -~ T0 —> BT0
\
Tkl kI lBk
¥
T ——>Q p BQ
and 9§ is the unique B-coalgebra morphism making the diagram
T(id,
709 70 x BO) % Bro
\
Sl BS
¥
Q 3 BQ

commute. Since products and the natural transformation A in C lift to C*, both
morphisms

T <id, ¢> : <TQ,TQw> — <T(Q X BQ),Tgxgg(w X BQw)>
)\Q : <T(Q X BQ), TQXBQ(W X BQw)> — (BTQ, BTQTQ(U>

are well defined in C*, hence Aq o T'(id, ¢) : (TQ, Tow) — (BT, BroTow)
is a valid B*-coalgebra. By finality of ¢ both in C and C*, § is the unique
B*-coalgebra morphism as shown below:

AqoT (id,p)

(TQ, Tow) (BTQ, BroTow)
|
sl lBa
Y
(Q,w) 5 (BQ, Bg,w)

hence § : (TQ,Tow) — (Q,w) is a well defined T*-algebra. By Theorem [3.8
applied to this T*-algebra and to the T-algebra morphism k, the T*-algebra

Mo - <TTO,TTO]€*LU> — <TO, k*w>
is well defined in C*. From this it is easy to infer that also
Y (XT0, Xrok*w) — (T0, k*w)

is a valid X*-algebra. Indeed, by the remark made after Proposition the
T-coalgebra g : TT0 — T0 is mapped to ¢ : XT0 — T0 by the isomorphism
between T-Alg and X-Alg. Then it is enough to apply Theorem [3.10] O

Note that for a natural transformation A in C to lift to C* as above, it is
enough to ensure that each component of A is a well-defined morphism between
the lifted objects in C*. Naturality then comes for free, since composition in
C* is inherited from C. This observation will be of use in Chapter 5.

3.2 Fibration of Relations

As an example of a bifibration and an application of Theorems [3.11 we
show the fibration of relations on the base category Set. In Section we
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show how to represent bisimulations and bisimulation equivalences on finitely
branching LTSs as coalgebras in this framework. This construction is a special
case of the abstract approach by Hermida, Jacobs and Hughes [42] [46]. A
similar construction was also used by Cattani, Fiore and Winskel [22], and
earlier by Pitts [66] in the context of recursively defined domains. There, even
a counterpart of the operator ®; was defined.

In Section we show limitations of the relational approach by proving
that trace equivalence cannot be easily represented in the same fashion.

Definition 3.14 Consider a functor (—)* : Set”” — Pos defined as follows:
e X*=({RCX x X},Q),
o FR={(z,2") e X x X : (fr)R(f2')} for f: X - Y, ReY™.

To check functoriality, calculate for any f: X —Y,¢g:Y — Z and R € Z*:

(go /YR = {<x,x/> e X xX: (gf:c)R(gfx/)}
= { <x,x/> e X xX: (fx)(g*R)(fx/) }

Monotonicity and preservation of identities is immediate.

In the total category Set*, a morphism f : (X, R) — (Y,S) is valid if and
only if xRy implies (fx)S(fy). Therefore Set* is the category Rel of binary
relations and relation-preserving functions.

Theorem 3.15 The functor (—)* defined as above is a bifibration.

Proof. Given a function f: X — Y, consider a function fi : X* — Y™ defined
by

f'R:{<f$7fy> : $,yEX, I'Ry}

For any f: X — Y, fi is a left adjoint to f*, since

RC f*S

RC{(z,y) : v,y € X, (f2)S(fy)}
Va,y € X.xRy = (fz)S(fy)

{{(fz, fy) + z,ye X, zRy} C S
fRCS

111

a

Since Set has initial and final objects, products and coproducts, and all
fibres of (—)* have all joins and meets, also the total category Rel has initial
and final objects, products and coproducts as defined in Theorems [3.3
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3.2.1 Bisimulations as Coalgebras in Rel

For a given set A, consider the functor B = P¢(A x —) on Set, where P
denotes the (covariant) finite powerset functor. As was shown in Section [2.6.2]
B-coalgebras in Set correspond to finitely branching LTSs edge-labelled with
elements of A.

B can be lifted to the total category Rel, using the action Bx : X* —
(BX)* defined by:

BxR=A{(8,7) : V(a,z) € 8. I(a,y) € 7. xRy
and V(a,y) € v. 3(a,x) € B. xRy}

Indeed,
Theorem 3.16 The above action lifts B to a fibred endofunctor B* on Rel.

Proof. To show that for every f : X — Y, and any relation R € Y*, the
equality Bx f*R = (Bf)*By R holds, calculate
(Bf)*'ByR = (Bf){(B,7):¥(a,z) € f. 3{a,y) € 7. xRy
and V (a,y) € 7. 3(a,z) € 8. xRy}
= {(8,7) :V{a,z) € (Bf)B. I(a,y) € (Bf)y- xRy
and V (a,y) € (Bf)y. 3(a,z) € (Bf)B. xRy}

) €
(
= {(8,7) :¥{a,z) € 8. I(a,y) €. (fr)R(fy)
and ¥ (a,y) € 7. 3(6%33) B. (fx)R(fy)}
= {{8,7) :¥(a,z) € . I(a,y) €. w(f R)y
and V (a,y) € v. I(a,x) € 6. x(f*R)y}

= Bxf'R
O

The following theorem [42, [46] gives a correspondence between B*-coalgebras
and bisimulations, and hints that the fibrational approach can be used to de-
scribe various relations on processes modelled as coalgebras.

Theorem 3.17 Given a B-coalgebra (a finitely branching LTS) h: X — BX,
a binary relation R on X is a bisimulation on h if and only if

h:(X,R) — (BX, BxR)
is a valid B*-coalgebra.
Proof. Calculate
h*BxR = h*{{(B,7):V{(a,x) € 5. I(a,y) € y. xRy
and Y (a,y) € v. 3(a,x) € B. xRy}
= {(z,y):V{(a,2") € ha. I(a,y’) € hy. 'Ry
and V(a,y") € hy. 3(a,2’) € hx. 2'Ry'}
= {{z,y):Vz 52/ Sy 2'Ry
and Vy - ¢/, 3z % 2/, 2’ Ry}
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Therefore h : (X, R) — (BX, BxR) is well defined in Rel if and only if
RC { (z,y) : Vo -2’ Fy % o/ 2'Ry and Vy -5 /. 3z % 2’ 2’ Ry }
which is just the definition of a bisimulation (Definition 2.6). O

Having characterized bisimulations as coalgebras, it is easy to characterize
bisimulation equivalence:

Corollary 3.18 Given an LTS h : X — BX, the largest relation on X that
lifts h to a B*-coalgebra exists and is equal to the bisimulation equivalence =g
on h.

Proof. Immediate from Theorem [3.17 and Proposition O

3.2.2 Limited Expressive Power of Rel

Corollary hints that it might be possible to develop an abstract theory
of process equivalences in the fibrational setting. However, as the following
simple counterexample shows, it is not possible to represent trace equivalence
in exactly the same way as bisimulation equivalence in the fibration Rel.

Counterexample 3.19 There exists no functor B* : Rel — Rel lifting BX =
Pi(A x X) : Set — Set such that for any coalgebra h : X — BX, the trace
equivalence =, on h is the greatest relation that lifts h to a B*-coalgebra.

Proof. Assume that such a functor B* exists and consider a set of processes
X = {x1,x9, 23,24, 75,76} and a relation R = {(r1,22)} U=x on X. Fix an
arbitrary element a € A and consider two cases.

Case 1: ({(a,z3)},{(a,z4),(a,z5)}) ¢ BxR. Then consider h: X — BX
defined by the following LTS:

I Ty <a— xI9
Vb b
b

T3 6~ Ts
Here R is the trace equivalence on h, but (x1,x2) € h*Bx R, hence R does not
lift h to a B*-coalgebra.

Case 2: ({(a,z3)},{(a,z4),{a,z5)}) € BxR. Then consider h: X — BX

defined by the following LT'S:

I Ty <a— xI9
r3 —— T <~ Is

Here =x is the trace equivalence on h, but R C h*Bx R, hence =x is not the
largest relation that lifts h to a B*-coalgebra. O

This counterexample hints that to characterize trace equivalence in the re-
lational framework, one probably needs to resort to techniques analogous to
those used in the coalgebra span framework [72], as was recently done in [45].
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3.3 Fibration of Test Suites

Counterexample [3.19| suggests that the fibration of relations is not structured
enough to represent all relations in the van Glabbeek spectrum. In this section,
another fibration is proposed, based on the notion of tests and test suites.
Intuitively, any test suite on some set X induces some relation on X, depending
on the distinguishing power of this test suite. As it turns out, however, test
suites carry significantly more structure than relations, and using them one can
represent a wide spectrum of relations on processes.

Definition 3.20 Fix any object V (called the object of test values) in a cate-
gory C and consider a functor 7y, : C°? — Pos defined as follows:

i TVX: <PC(X7 V)72>
o (Tyfld={Vof|Veblforf:X—-Y 0Ty

where P denotes the powerset construction. A morphism from X to V' in C is
called a V-test on X, and a set of such tests is called a V-test suite on X. Then
Ty X is a set of all V-test suites on X, ordered by reverse inclusion. To say that
0 is a V-test suite on X (i.e., 0 € 7y X), we will write 6 : X = V.

To check that the above indeed defines a functor, calculate

(Tv(ge ) ={Volgof) [V et} ={(Vog)of|Veb}=(Tvf)(Tvg)d

forany f: X =Y, g:Y — Z and 6 : Z = V. Monotonicity and preservation
of identities is immediate.

In the following, if ¥V will be clear from the context or irrelevant, we will
speak just of tests and test suites instead of V-tests and V-test suites. To keep
the notation from Section 3.1, if V is irrelevant or clear from the context, and
if no other fibration is around, we will often write f* instead of 7y, f to denote
reindexing functions. The omission of V in this notation will never lead to
confusion since the definition of 7y, f looks the same independently of V.

The total category arising from the above fibration along the lines of Defi-
nition 3.1 will be denoted V-TS.

Theorem 3.21 For any object V, the functor 7y, is a bifibration.
Proof. Given a morphism f : X — Y in C, consider the monotonic function
fi: TyX — 7Y defined by
0={V:Y -V :Vofeb}

Then f is a left adjoint to f*, since for any #: X =V and ¢ :Y =V,

02 f*0 —=

02{Vof|Verv —

YWed. Vofed =

fi0 20

O

To prove existence of initial algebras and final algebras of endofunctors on
V-TSS, the following lemma will be useful.
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Lemma 3.22 All fibres 7 X in V-TS are complete lattices with joins () and
meets | J, and for any f : X — Y, the reindexing function f* and its left adjoint
fi are continuous with respect to the complete lattice structure.

Proof. f*, being a right adjoint, preserves arbitrary meets. From this, by
general properties of complete lattices, it follows that f* preserves also arbitrary
joins. Similarly for fi. O

Remark 3.23 In the context of test suite fibrations, the discussion presented in
Sections [3.1.3H3.1.5| may be a little confusing, since the ordering in the fibres is
the reverse of the intuitive inclusion order on test suites. For example, the least
fixed points (with respect to the ordering in fibres) of certain operators discussed
in Section [3.1.3] are the greatest fixed points of the same operators with respect
to inclusion. To avoid confusion, we will always clearly mark whether the least
(greatest) fixed points considered are with respect to the fibre ordering or the
set-theoretic inclusion ordering. (The latter, more intuitive interpretation will
be normally used).

3.3.1 Specialization Functors

Fix a test suite fibration 7y, over a category C, and consider another bifibration
(=)* : C — Pos with total category C*. Assume that all fibres in C* have
arbitrary meets.

Definition 3.24 Any object (V, R) € |C*| gives rise to a specialization functor
Specp : V-T'S — C*, defined as follows:

e Specr (X, 0) = (X,Spgrb), where Spr 0 = Ay V'R
® Specg f = f

To check functoriality, the only thing to show is that for any morphism
f:(X,0) — (Y,¥) in V-TS,

f:(X,Sprb) — (Y,Sppv)

is a valid morphism in C*. To this end, assume 6 2 (T, f)¥ ={V o f |V € ¥}
and calculate

Sprb= \NV'R< \N(Vof)'R= )\ f*'V'R=f* \ V'R=f*Spp¥
Veo Ve Vey Vey

(the last but one equality holds since f*, being a right adjoint, preserves meets).

Example 3.25 Consider C = Set, C* = Rel and V = 2 = {tt,ff}. Then a 2-
test V on a set X corresponds to a subset of X defined by {x € X | Vo = tt}.
Similarly, a 2-test suite on X corresponds to a family of subsets of X. For
example, every topology with carrier X can be seen as a 2-test suite on X.
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Now consider the equality relation =2 on 2, and the linear order relation
<o= {(ff, tt)}U =2. Then for any 6 : X =2 2,

Sp_,0 = {{z.y) € X x X |VV €. Va =Vy}
Sp, 0 = {{z,y) e X x X |[VW e Ve=tt=Vy=tt}

In the following, the relations Sp_, 6 and Sp, 6 will be denoted by =4 and <y,
and called the specialization equivalence and the specialization preorder of 6,
respectively.

For example, if a 2-test suite # on X is a Ty-topology, then <y is the well-
known specialization order of 6.

Example 3.26 Consider any test suite category V-TS over the base category
C, and take C* = W-TS for some object W € |C|. For any 6 : V = W, the
specialization functor Specy : V-TS — W-T'S acts on objects as follows:

Specg (X,9) = (X,Spy¥), where

Spe = [\ V'O
Ved
= Ywov|weon
Ved
= {WoV |WebV e}

3.3.2 Comparing Test Suites

It is sometimes possible to compare the values of a specialization functor (e.g.,
specialization relations) for two given test suites simply by looking at the test
suites. In simple cases, the following obvious result is useful, saying that spe-
cialization functors are (reverse) monotonic:

Proposition 3.27 Consider a specialization functor Specp : V-TS — C* for
an object (V, R) in C*. For any V-test suites 6, ¢ on the same object X, if
6 C ¥ then Spr 0 > Spr V.

Proof. Immediate by the definition of Spp. O

However, often it is possible to compare test suites based on different test
values.

Indeed, consider two objects (V, R) and (W, S) in the total category C*
of some bifibration where all fibres have arbitrary meets. Along the lines of
Definition these objects give rise to two specialization functors Specp :
V-TS — C* and Specg : W-TS — C*, respectively. Assume also a test suite
¢ :V = W, which gives rise to a specialization functor Spec, : V-TS — W-TS,
as shown in Example Furthermore, consider any object X € |C| and two
test suites 0: X =V, J: X = W.

The following result allows to compare results of different specialization
functors on 6 and 9:



3.8. Fibration of Test Suites 39

Theorem 3.28 Under the above notation,
e if R <Spg(and ¥ C Sp. 6, then Spp 6 < Spg 9,
e if R=Spg( and ¥ = Sp. 0, then Spyp 6 = Spg I,
e if R>Spg( and ¥ 2 Sp. 6, then Spp 6 > Spg I,

Proof. To prove the first statement, calculate

Sprt = AVR< AV*Spg¢= AV \ W=

Veb Veo Veo wec
= ANvws= A US< \US=Spg
Veo U€Sp, 0 Ued
wec
(for the second equality in the second line, cf. Example [3.26]). Proofs of the
remaining statements are entirely analogous. u

Proposition|3.27|is an easy corollary from Theorem Indeed, it is enough
to consider V = W, R = S and ( = {idy}. However, Theorem has also

other implications.

Example 3.29 Consider C = Set, C* =Rel, V=W =2, R==cand S = <y
as in Example 3.25, and let ( = {id2} contain just the identity function on 2.
It is then immediate that R < S = Spg (. The first statement of Theorem
implies that for any 6,9 : X = 2, if ¥ C 0 then =y C <y (see Example [3.25)).

3.3.3 Lifting Functors with Test Constructors

Any functor B : C — C may be lifted to a fibred endofunctor on the total
category of test suites V-TS in possibly many ways. However, for the purpose
of describing operational relations on processes (coalgebras), one particular way
is especially useful. This well-structured method of lifting endofunctors is based
on notions of test constructors and closures.

Definition 3.30 Let B be an endofunctor on C, and V an object in C. Mor-
phisms from BY to V (i.e., V-tests on BYV) are called (B, V)-test constructors.

Where B and V are clear from the context, we will sometimes speak simply
of test constructors.

Definition 3.31 Let V be an object in C. A V-closure (or simply closure, if V
is clear from the context) on test suites is a family (indexed by objects X € |C|)
of monotonic functions

Clx : PC(X,V) — PC(X, V)

such that for any morphism f : X — Y in C, and for any 6 : Y == V), the
equality
Cly f*0 = f*Cly 0

holds.
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A V-closure can be viewed as an action that lifts the identity functor on C
to a fibred functor on V-T'S (cf. Section [3.1.2)).

Theorem 3.32 Let B be an endofunctor on C and V an object in C. Any set
W : BY =2V of (B, V)-test constructors with any V-closure Cl induce a lifting
of B to a fibred endofunctor BV on V-TS, defined by the action

B¥W0 = Clgx{wo BV |weW,V €6}
Proof. To check that the mapping BW defined by
BY((X,8)) = <BX, B}’<V0> BYf=Bf

is a fibred endofunctor on V-TS, calculate, for any f : X — Y in C and for any
0:Y =V,

Bxf = Clgx{woBV |weW,V € [0}
= Clgx{woBVoBf|weW,V €}
= Clgx(Bf)"{wo BV |w e W,V € 0}
= (Bf)*Clgy{wo BV |w e W,V € 0}
_ (BB

a

Recall from Theorem that if B has a final coalgebra ¢ : Q@ — B, then
BW has a final coalgebra ¢ : (Q,w) — (BQ, BYw), where w is the least (with
respect to set inclusion, see Remark [3.23|) (pre)fixed point of the operator ®.
It is easy to see that the actions BY from Theorem are monotonic with
respect to set inclusion. As closures are monotonic by definition, also operators
4 are monotonic and, as monotonic functions on complete lattices, they have
the least (pre)fixed points.

Moreover, by Theorem (since BW is fibred), for any coalgebra h : X —
BX, the test suite k*w (where k : X — Q is the coinductive extension of h) is
the least (pre)fixed point of the operator ®; and the least test suite that lifts h
to a BW-coalgebra in V-TS.

Note that every action B}/(V as in Theorem in fact preserves unions of
increasing chains of sets if the corresponding closure preserves them. If this
happens, then the least (pre)fixed point of the operator ®;, is characterized by

Erw = U ol

neN

3.3.4 Comparing Test Constructors

Often it is possible to relate two endofunctors generated by different sets of test
constructors, even if they involve different test set values. More specifically,
given any coalgebra for one endofunctor one might try to construct a related
coalgebra for another one, provided some kind of correspondence between the
two endofunctors.
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Formally, consider a functor B : C — C and two objects V,V’ € C. Assume
sets of test constructors W : BY = V and W' : BY' = V'. Fix also a V-closure
Cl and a V'-closure C1. As shown in Section W together with Cl induce
a fibred endofunctor BY on V-TS. Similarly, W' together with Cl' induce a
fibred endofunctor BY on V'-TS.

Furthermore, assume a test suite ¢ : V = V', which gives rise to a specializa-
tion functor Spec, : V-TS — V'-TS, as shown in Example The following

theorem shows how one may relate coalgebras for BY and BWY using the test
suite (.

Theorem 3.33 Under the above notation, assume that

e for any test suite 6 : X =V,

Cly Sp, 6 C Sp,(Clx 6)

e for every w' € W' and 2/ € ( there are w € W and z € ( such that
zow = w o BZ.

Then for any BW-coalgebra
h:(X,0) — <BX, B)V(\—’9>

the morphism
hi(X,Spc0) — <BX, BY Sp. 9>

is a well-defined BV -coalgebra in V'-TS.

Proof. Calculate

WBY Spd = wBYW {ZoV:Ze(Ved}
= W' Clgy{w'oBzoBV : w' e W, 2 €(,Veb}
= Cl’Xh*{w'oBz/oBV:w'EW’,z'GC,VGG}
= Cly{w'oBZoBVoh:weW, 2 e(,Veb}
Cly{zowoBVoh:zel,weW,Veb}
Cly Sp;{woBVoh:weW,Veb}

N

C Sp;Clx{woBVoh:weW,Vecf}
= Spch*BY0
C Spco

a

Theorem 3.33 allows one to compare, similarly as in Section the val-
ues of specialization functors (e.g., specialization relations) on two test suites
induced as final coalgebras from two different sets of test constructors, simply
by looking at the test constructors.
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Under the notation introduced before Theorem 3.33, consider two objects
(V,R) and (V',S) in a total category C* of some bifibration where all fibres
have arbitrary meets. Along the lines of Definition these objects give rise
to two specialization functors Specp : V-TS — C* and Specg : V'-TS — C*,
respectively.

For a given B-coalgebra h : X — BX, let k*w : X = V denote the least
test suite such that h : (X,k*w) — (BX, B}/(Vk‘*w> is a valid BW-coalgebra.
Similarly, let k*w’ : X = V' denote the least test suite such that h : (X, k*w') —

<BX ) B}’(V/k*w’ > is a valid BW -coalgebra. Both k*w and k*w’ are assumed to

exist and be characterized by Theorem [3.12]

Corollary 3.34 Under the above notation, assume that the conditions of The-
orem hold. If, moreover,
R < 5ps¢

then
SpR k*w < Sps k*w’

Proof. As known from Theorem [3.33
h: <X, Sp¢ k*w> — <BX, B}/(V/ Sp¢ k*w>
is a well-defined BW,—Coalgebra, hence
k*w' C Spe k*w
The corollary now follows from Theorem [3.28 O
A useful special case of Theorem 3.33 and Corollary 3.34 is

Corollary 3.35 For any functor B : C — C, an object V € C, two sets of test
constructors W,W’ : BY = V and corresponding V-closures Cl, Cl', if W' C W,
and if for any 6 : X =V, Cl'y @ C Clx 0, then for any BW-coalgebra

h:(X,0) — <BX, B}’(V9>

the morphism
h:(X,0) — <BX, BX’9>

is a BV -coalgebra. If, moreover, R < S, then
Spp k*w < Spg k*w’
where k*w and k*w’ are defined as before Corollary 3.34.

Proof. Apply Theorem 3.33 and Corollary 3.34 with V =V’ and ¢ = {idy}. O

Several simple applications of Theorem 3.33 and Corollaries 3.34-3.35 are
shown in Sections 4.5 and 4.6.



Chapter 4

Van Glabbeek Spectrum Described by Test
Suites

In this chapter, we specialize the general test suite framework described in
Chapter 3 to describe various notions of process equivalences and preorders
from the van Glabbeek spectrum (see Chapter 2).

For this purpose, fix the category C = Set, and the behaviour functor
BX = Pi(A x X) for a fixed set A.

In most of this chapter, we will only consider the test value set V = 2 =
{tt, £} together with the test suite category 2-T'S and its associated fibration.
We will also consider two specialization functors: Spec_,,Spec., : 2-TS —
Rel. Recall from Example 3.25 that for any 2-test suite 0, the relations Sp_, 6
and Sp, 0 are denoted =y and <y, respectively.

As mentioned in Example 3.25, every 2-test on X can be identified with a
subset of X. However, to avoid confusion, we introduce special notation for
this correspondence.

Notation 4.1 Given a 2-test V: X — 2 on X, the set {z € X | Vo = tt} will
— —
be denoted V. Similarly, given a set Y C X, the test Y : X — 2 is defined by

N
Y

v tt fzeY
| £ff otherwise

We will also speak of unions and intersections of 2-tests, denoted and defined
as follows:

e
uv’

e

VvV’
VAV = VnV/

<l

This notation extends in the obvious way to unions and intersections of arbitrary
families of 2-tests.

In the following sections, various liftings BW of B to 2-TS will be pro-
posed, based on different choices of W : B2 = 2. For various choices of W,
BW_coalgebras will be related, by means of specialization functors, to process
equivalences and preorders described in Definition 2.4.

43
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4.1 (B,2)-Test Suite Constructors

We begin by defining some (B, 2)-test constructors, useful to represent most of
relations from the van Glabbeek spectrum.

Definition 4.2 For any a € A, Q C A, define functions
w<a>,w[a],’lj}Q,7ﬂaQ,ﬁJQ,waQ :B2—2

as follows:

tt if (a,tt) €3

ff otherwise

£f if (a,ff) €

tt otherwise

tt ifAN(Qx2)=0

{
{
Wl = {ff otherwise
{
{

tt if wef = tt and w0 = tt

Wa = ff otherwise

tt if {acA: (a,tt) €Bor (a,ff) €B}=Q

WP = ff otherwise

. tt if woB = tt and w,) B = tt
a0 { Qb (a3

ff otherwise

The following sets of test constructors will be useful:
Definition 4.3 Define

Tr = {w<a>:a€A}

CTr = Tru{wa}

Fl = Tru{dg: QCA}

FITr = FlU{We : a€ A,QC A}
Rd = Tru{wg: CA}
RdTr = RdU{waq :a€ A,QC A}
BS = TrU{w[a]:aEA}

We will also consider three different 2-closures:
Definition 4.4 2-closures C1', C1" and CI"" are defined by
T —
Cly0 = 0uU{X}

Cly 0 = {/\V,-:neN,We&}

=1
e = ¢V AV :nmeNV;ed
i=1j=1
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To check that C1T, CI" and CI"* indeed are closures (cf. Definition 3.31),
take any function f: X — Y and any test suite 8 : Y =2 2, observe that

}—/)of = X
VinVa)of = (Vief)A(Vaof)
VivWa)of = (Viof)v(Vaof)

for any Vi, V5 : Y — 2, and calculate

CILf*0 = {Vof:Veflu{Yoft=fClo
Cly f*0 (N (Viof):neN,Vief} =

{(Nie Vi)of :neN,V;e0} = f*Cly 0
C1p /4 = \/:L:l/\;nzl(vijof):n,méN,V;ng}:

= LV AL Vi) o f s nom eN Vi €0} = fr O

Note that for any test suite # on X, one has 6) = \/?:1 V e CIM' 0. Also
ClT 9 C C1"0 C CI" 0, and CI™ is simply the closure under finite unions and
intersections of tests.

Finally, sets of (B, 2)-test constructors from Definition 4.3, together with
suitably chosen closures, induce liftings of B to fibred endofunctors on 2-TS
along the lines of Theorem 3.32:

Definition 4.5 For W € {Tr, CTr, Fl, FITr,Rd, RdTr}, the endofunctor on 2-T'S
induced by the set of (B, 2)-test constructors W and by the 2-closure C1" is de-
noted BW. The endofunctors on 2-T'S induced by sets of (B, 2)-test constructors
Tr and Rd and by the 2-closure C1" are denoted B and BRI, respectively. The
endofunctor on 2-TS induced by the set of (B,2)-test constructors BS and by
the 2-closure CI" is denoted BBS.

Given a B-coalgebra h : X — BX, the operator on 73X corresponding
to BW as defined in Section 3.1.5 is denoted @XV. Note that the closures
C17,C1", CIY preserve unions of increasing chains of test suites, therefore the
least fixed points of the operators <I>\,’LV can be characterized as remarked in
Section 3.3.3.

4.1.1 Relation to Modal Logics

It is not difficult to notice that test constructors shown in Definitions 4.2 and 4.3
are related to syntactic constructors for the BNF grammars shown in Defini-
tion 2.2. This is not a coincidence, and indeed modal logics defined in Sec-
tion 2.2 inspired Definition 4.3. This subsection is devoted to give a formal
correspondence between the two definitions.

Definition 4.6 For any W € {Tr,CTr,FI,FITr,Rd,RdTr,S,RdS, BS}, and any
B-coalgebra h : X — BX, define a function [-], : Fw — (X — 2) inductively
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as follows:
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[, = X
[ = 0
[(a) dln = w0 Blglhoh
[la]¢ln. = wigoBlglnoh
[Q]h = wgoB[Tlhoh
[Q]h = wgoB[Tlhoh
[p1 Aol = [p1]n A [d2ln
[p1V @2l = [P1]n V [P2]n

The correspondence between modal formulae and 2-tests is given in:

Theorem 4.7 Let W € {Tr, CTr,FI, FITr,Rd,RdTr,S,RdS,BS} and let h : X —
BX be a B-coalgebra. For any formula ¢ € Fw and any = € X,

|[¢]|hx:tt <~ T 'Zh 10)

Proof. By straightforward structural induction on modal formulae. Indeed,

[Tlhe = tt
[L]px = tt

[(a) ¢lpz = tt

[[a]plpx = ££
[Qlnz = tt
[Qlnx = tt

[¢1 AN gf)z]lha? =tt

[(251 V ¢2]Ih$ =tt

MMHHMMMHMM

x =, T (both sides hold for all z)
x =5, L (both sides hold for no z)
Wiy (Bl (he) = 0 = (a,58) € Blglu(he) <=
J(a,2’) € ha. [¢]pa’ = tt <
Fa, 2"y e hw. 2’ |Ep ¢ <= z = (a) ¢
wi (BI(ha)) = 15 <= {a,15) € Bl (hz) <=
F{a,2') € hz. [¢lpa’ = £f =
F{a,2') € hz. ' ep ¢ = x By, [a]@

Wo(B[Tlh(hz)) =tt <= B[T|p(hx)N(Q x2) =10
I(z)NQ =0 <
z f=n Q
B[T]n(hz)) = tt <—
{a€ A : (a,tt) € B[T|p(hx) or (a,ff) € B[T]n(hx)}

I(2)=Q <= 21 Q
[p1]nz = tt and [po]pr = tt <—

T Ep ¢1and =y 01 = T =R 1 A B2

[p1]nz = tt or [po]px = tt <—

T ¢ror =y o1 <= x = 01V oo

a

The above correspondence maps modal logics to the least test suites lifting
coalgebras to endofunctors BYW:

=Q
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Theorem 4.8 Let h: X — BX be a B-coalgebra and k : X —  the coinduc-
tive extension of h (see Proposition 2.25). For W € {Tr, CTr, Fl, FITr, Rd, RdTr,
S, RdS, BS},

{@h - ¢ € Fw} =k

where w" is taken from the final BW-coalgebra ¢ : <Q, wW> — <BQ, Bgvszw>.

Note that until now we have been a little sloppy with the use of the symbol
W. In Definition 2.4, it ranged over a fixed set of notions of process equivalence,
and in Definition 4.5 it ranged over sets of test constructors. This theorem, and
its Corollary 4.9, mean that this cannot really lead to any confusion.
Proof. We prove the theorem for W = Tr, the other cases are similar. By
Theorem 3.11, k*w T is the least (with respect to set inclusion, see Remark 3.23)
(pre)fixed point of the operator

o0 =h'BYg={woBVoh|weTr,VeolUX
First, {[¢]n : ¢ € Fr, } is a prefixed point of ® Y, since by Definition 4.6
—
X =[Th
and for any ¢ € Fry, a € A,
wq) © B[] o h = [(a) dln

To prove that any prefixed point of ® contains {[#]s : ¢ € Fr, }, proceed by
straightforward structural induction on Fy. O

Theorem 4.8 allows one to describe operational preorders and equivalences
on a given coalgebra h : X — BX as specialization relations of the least
test suites which lift A to coalgebras of various endofunctors on 2-TS, as the
following easy corollary shows.

Corollary 4.9 Let h : X — BX be a B-coalgebra and k : X — ) the coin-
ductive extension of h. For W € {Tr, CTr, FI, FITr,Rd, RdTr, S, RdS, BS},

Cw = <prpw and EW = =g W

W

where w"’ is as in Theorem 4.8.

Proof. Compare Definition 2.4 with Example 3.25 and use Theorems 4.8 and
4.7. O

This important corollary gives a coalgebraic characterization of preorders
and equivalences from the van Glabbeek spectrum. It is also a basis for the
search of congruence formats for those preorders and equivalences, as will be
shown in Chapter 5. However, an even stronger correspondence between BW-
coalgebras and process relations can be shown, providing a full characterization
of BW-coalgebras. In Sections 4.2-4.3 we present this correspondence, followed
by an application of it to deriving coinductive proof principles in Section 4.4.
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4.2 Simulation and Bisimulation Semantics

We begin by characterizing the operational preorders and equivalences for B>,
BRdS and BBS-coalgebras. The remaining functors BY from Definition 4.5 are
treated in the next section.

The following two theorems show that the specialization preorders of BS-
coalgebras are exactly reflexive and transitive simulations (see Definition 2.5).

Theorem 4.10 For any BS-coalgebra h : (X, 60) — <BX, B§(9>, the specializa-
tion preorder <y is a reflexive, transitive simulation on h : X — BX.

Proof. To show that <y is a simulation on h, assume any a € A, z,2',y € X
such that © — 2/ and 2/ £y v/ for all ¥/ € X such that y — 3/. This means
that for every such y’ there exists a test Vy € 6 such that V2’ = tt but
Vyy' = £f.
Consider a test
V= w oB(/\Vy/) oh
Y

where the intersection occurs over all 3/ € X such that y — 1/. Since 6 lifts

h to a B>-coalgebra, and h is finitely branching, V € §. However, it is easy to

check that Vz = tt and Vy = ££, hence = £y y and <y is a simulation.
Reflexivity and transitivity of <y is immediate by definition. O

Theorem 4.11 For any coalgebra h : X — BX in Set, and any reflexive,
transitive simulation R on h, there exists a test suite g : X == 2 such that
<pp= R and h: (X,0g) — <BX, B§(93> is a valid BS3-coalgebra.

Proof. Assume any reflexive, transitive simulation R on h : X — BX and
consider the 2-test suite on X:

QRz{V:XHQ:VisR—upper}

where V is R-upper means that for any z,y € X, if tRyandx € V theny € V.

To show that R C <4, assume any z,y € X such that Ry and take any
V € O such that Vo = tt. Since V is R-upper, also Vy = tt. Since V was
chosen arbitrarily, z <g, .

To show that R O <j,,, assume any x,y € X such that Ry and consider
the test V. ={z € X : xRz }. It is easy to check (using transitivity of R) that
V is R-upper, hence V € 0. However, Vy = £f and (by reflexivity of R)
Vo = tt, hence x £, .

To prove that 0 lifts k to a BS-coalgebra, one has to show that

_
e X € QR,
e for any V' € O, also wy,) o BV oh € g,

o for any Vi,...,V, € Op, also A\, V; € Op.
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The first condition holds obviously, since X is R-upper for any relation R.

For the second condition, assume any V € 0g, z,y € X such that zRy
and (w<a> o BV o h)x = tt. The latter assumption means that there exists an
z’ € X such that © —— 2/ and V2’ = tt. Since R is a simulation, there exists
ay € X such that y — %/ and 2/Ry/, hence Vi = tt. This means that
(wqy o BV o h)y = tt, and wy,y o BV o h is R-upper.

For the third condition, it is easily checked that for any relation R, inter-
section of any family of R-upper sets is again R-upper. O

Corollary 4.12 Specialization preorders <y for BS-coalgebras h : (X,6) —
<BX ) B§(9> are exactly reflexive, transitive simulations on h : X — BX. The
simulation preorder Cg is the largest such relation.

Proof. Immediate from Theorems 4.10 and 4.11, and from Proposition 2.8. O

Corollary 4.13 Specialization equivalences =¢ for B>-coalgebras h : (X, 6) —
<BX , B)S(9> are exactly the equivalence relations RNR~! associated to reflexive,
transitive simulations R on h : X — BX. The simulation equivalence g is the
largest such relation.

Proof. See Example 3.25 and Definition 2.4 to see that =y = <y m(gg)*l and
>~ = Cs N(Es) ™ O

We proceed to give a similar characterization of BR4S_coalgebras.

Theorem 4.14 For any BR%_coalgebra h : (X,0) — <BX, B§d59>, the spe-
cialization relation <y is a reflexive, transitive ready simulationon h : X — BX.

Proof. By Theorem 4.10, <y is a reflexive, transitive simulation, since if 0 lifts
h to a BRIS_coalgebra then it also lifts h to a BS-coalgebra, by Corollary 3.35.
Thus it is enough to assume any x,y € X and prove that x <y y implies

I(z) = I(y).

To this end, assume I(z) # I(y) and consider a test
—
V:ﬁ)[(z) OB(X) oh
Since 6 lifts h to a BR9S-coalgebra, V € 6. However, it is easy to check that

Vz =tt and Vy = ££f, hence x £y y and <y is a ready simulation. O

Theorem 4.15 For any coalgebra h : X — BX in Set, and any reflexive,
transitive ready simulation R on h, there exists a test suite p : X = 2 such
that <p,= R and h: (X,0p) — <BX, B§d593> is a valid BR9S_coalgebra.

Proof. Assume any reflexive, transitive ready simulation R on h : X — BX
and consider the 2-test suite on X:

GR:{V:X—>2:ViSR—upper}

For a proof that <y,= R, see the proof of Theorem 4.11.
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To prove that O lifts k to a BR4S_coalgebra, one has to show that
e O lifts h to a BS-coalgebra,
o for any Q C A, V € 0g, also wg o BV o h € 0.

The first condition holds by Theorem 4.11, since R, being a ready simulation,
is also a simulation.

For the second condition, assume any Q C A, V € 0, x,y € X such
that Ry and (wg o BV o h)x = tt. The latter assumption means I(z) = Q.
Since R is a ready simulation, also I(y) = @, hence (wg o BV o h)y = tt and
wg o BV o h is R-upper. O

Corollary 4.16 Specialization preorders <g for BR4S-coalgebras h : (X, 60) —
<BX , B§d59> are exactly reflexive, transitive ready simulationson h : X — BX.
The ready simulation preorder Crys is the largest such relation.

Proof. Immediate from Theorems 4.14 and 4.15, and from Proposition 2.8. O

Corollary 4.17 Specialization equivalences =4 for BR%-coalgebras h : (X, ) —
<BX , B§d59> are exactly the equivalence relations RN R~! associated to reflex-
ive, transitive ready simulations R on h : X — BX. The ready simulation
equivalence Zgys is the largest such relation.

Proof. See Example 3.25 and Definition 2.4 to see that =g = <y N(<y) ! and
pds = <rds N(<ras) . =

Finally, we give a characterization of BBS-coalgebras.

Theorem 4.18 For any BBS-coalgebra h : (X, 60) — <BX, B§(59>, the special-
ization relation <y is a reflexive, transitive bisimulation on h : X — BX.

Proof. Reflexivity, transitivity and the first condition in the definition of bisim-
ulation (Definition 2.6) hold for <y by Theorem 4.10, since if 6 lifts h to a
BBS_coalgebra then it also lifts h to a BS-coalgebra, by Corollary 3.35.

To show the second condition, assume any a € A, x,y,y € X such that
y —— o and 2/ £ ¢/ for all 2/ € X such that # —— /. This means that for
every such 2’ there exists a test Vy € § such that V2’ = tt but Vg = ££.

Consider a test

V= ’LU[a] o B(\/ Vz/) oh

m/

where the union occurs over all 2/ € X such that 2 — 2. Since 6 lifts h to a
BBS_coalgebra, and h is finitely branching, V € 6. However, it is easy to check
that Vax = tt and Vy = £f, hence x £y y and <y is a bisimulation. O

Theorem 4.19 For any coalgebra h : X — BX in Set, and any reflexive,
transitive bisimulation R on h, there exists a test suite 0 : X = 2 such that
<pp= R and h: (X,0g) — <BX, B)B(SHR> is a valid BBS-coalgebra.
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Proof. Assume any reflexive, transitive bisimulation R on h : X — BX and
consider the 2-test suite on X:

GR:{V:XHQ:ViSR—upper}

For a proof that <y,= R, see the proof of Theorem 4.11.
To prove that 0 lifts h to a BBS-coalgebra, one has to show that

e O lifts h to a BS-coalgebra,
—
o () €0p,
e for any V € O, also wjg o BV o h € O,
o for any Vi,...,V, € Op, also \/;_, V; € Op.

The first condition holds by Theorem 4.11, since R, being a bisimulation, is
also a simulation.

The second condition holds obviously, since () is R-upper for any relation R.

For the third condition, assume any V € 0g, z,y € X such that zRy and
(wigoBVoh)y = ££. The latter assumption means that there exists y' € X such

that y — g’ and Vy/ = ££. Since R is a bisimulation, there exists #’ € X such
that © % 2/ and 2’ Ry/, hence V2’ = £f. This means that (wgoBVoh)x = £f
and wy, o BV o I is R-upper.

For the fourth condition, it is easily checked that for any relation R, union
of any family of R-upper sets is again R-upper. O

Corollary 4.20 Specialization preorders <g for BBS-coalgebras h : (X,6) —
<BX , B§59> are exactly reflexive, transitive bisimulations on h : X — BX.
The bisimulation preorder Cpgg is the largest such relation.

Proof. Immediate from Theorems 4.18 and 4.19, and by Proposition 2.8. O

Corollary 4.21 Specialization equivalences =g for BB>-coalgebras h : (X, 6) —
<BX ) B)B(50> are exactly the equivalence relations RN R~! associated to reflex-
ive, transitive bisimulations R on h : X — BX. The bisimulation equivalence
pg is the largest such relation.

Proof. See Example 3.25 and Definition 2.4 to see that =g = <y N(<y) ™! and
>ps = <ps N(<ps) ' O

Recall from Proposition 2.8 that bisimulation preorder (hence, by Proposi-
tion 2.9, also bisimulation equivalence) is characterized as the largest bisimula-
tion. This gives rise to the so-called coinduction proof principle used to show
that certain operations behave well with respect to bisimulation equivalence.
Indeed, to show that two processes in an LTS are bisimulation equivalent, it is
enough to show any bisimulation that relates them. Many examples of proofs
using this principle are shown, e.g., in [78, Section 12]. Similar characteriza-
tions of simulation and ready simulation preorders are given in Proposition 2.8,
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but the remaining preorders from the van Glabbeek spectrum have not been
characterized in this fashion.

As is shown in Corollary 4.9, bisimulation preorder on a finitely branching
LTS h: X — BX is the specialization preorder of the least test suite on X that
lifts h to a BW-coalgebra. More generally however, specialization preorders on
BW_coalgebras are bisimulations on the underlying B-coalgebras. Therefore,
the characterization of bisimulation equivalence by bisimulations corresponds
to the characterization of the corresponding BW-coalgebra as the least BW-
coalgebra lifting the underlying B-coalgebra.

This, together with the characterization of various preorders given in Corol-
lary 4.9, hints that a characterization of specialization preorders of BW-co-
algebras for various W might lead to proof principles for other equivalences in
the van Glabbeek spectrum. Such a characterization is presented in the next
section, and an example of the resulting proof principle is shown in Section 4.4.

4.3 Decorated Trace Semantics

In this section, we characterize operational preorders and equivalences of BW-
coalgebras for W € {Tr,CTr,FI,FITr,Rd,RdTr}. This fragment of the van
Glabbeek spectrum is called collectively decorated trace semantics.

To give a full characterization of (the specialization relations <y and =y of)
BW-_coalgebras, we first need a few technical definitions and results.

Definition 4.22 A relation S C X x PX is called a quasi-preorder on X if
e for any z € X, xS{z} and 250,

o forany z,y € X, §,x C X, if 2S¢, y € £ and ySx then zS((£\ {y}) Ux).

Definition 4.23 Let S be a quasi-preorder on X. A set V C X is called quasi-
S-upper, if for any z € V, £ C X such that xS¢, the intersection V N & is not
empty.

Lemma 4.24 Let S be a quasi-preorder on X, and fix arbitrary elements z,y €
X. If for every quasi-S-upper set Y C X, x € Y implies y € Y, then 2S{y}.

Proof. Assume y € Y for every quasi-S-upper Y such that x € Y. Define
yl={z¢€ X : 2z8{y} }, and consider

Yo=X\yl

To show that Y[ is quasi-S-upper, take any z € Yy, £ C X such that zS¢.
Assume that £ C y|. Since S is a quasi-preorder, this implies that z € y |,
which contradicts the assumption that z € Yy. Therefore £ Z y | and one may
consider an element v € £ such that v € y |, hence Yy is quasi-S-upper.
Since S is a quasi-preorder, yS{y}, hence y ¢ Y and (by the assumption,
since Y} is quasi-S-upper) x ¢ Y. As a consequence, zS{y}. O
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Now we proceed to define various kinds of trace-aware relations, that are
well-structured with respect to decorated trace semantics. They are based on
auxiliary relations called one-by-many simulations.

Definition 4.25 Consider a finitely branching LTS h: X — BX. A relation
S C X x PX is called a one-by-many simulation on h if for any a € A, if xS¢
and £ - 2/, then 2/S{y’ € X : Jy € £&. y % ¢/}, A relation R C X x X is
called trace-aware on h if there exists a one-by-many simulation S on h such
that xRy <= xS{y}. If, moreover, S is a quasi-preorder, then R is called a
trace-aware preorder.

Note that any trace-aware preorder is indeed a preorder. Reflexivity and
transitivity immediately follow from Definition 4.22.

Definition 4.26 Consider a finitely branching LTS h: X — BX. A relation
S C X x PX is called a one-by-many completed simulation on h if

e S is a one-by-many simulation on A, and
o if 5S¢ and x /—, then for some y € £, y /—.

A relation R C X x X is called completed trace-aware on h if there exists
a one-by-many completed simulation S on h such that xRy <= xS{y}.
If, moreover, S is a quasi-preorder, then R is called a completed trace-aware
preorder.

Definition 4.27 Consider a finitely branching LTS h: X — BX. A relation
S C X xPX is called a one-by-many failure simulation on h if

e S is a one-by-many simulation on h, and

e for any Q C A, if x5¢ and x 7&, then for some y € £, y 7&>

A relation R C X x X is called failures-aware on h if there exists a one-by-
many failure simulation S on h such that xRy <= xS{y}. If, moreover, S is
a quasi-preorder, then R is called a failures-aware preorder.

Definition 4.28 Consider a finitely branching LTS h : X — BX. A relation
S C X xPX is called a one-by-many failure trace simulation on h if

e S is a one-by-many failure simulation on A, and

o forany a € A, Q C A, if 2S¢, v - 2’ and:z7&,
thenx’S{y’ cX :Jyek yLy’,yﬂ}.
A relation R C X x X is called failure trace-aware on h if there exists a one-by-

many failure trace simulation S on h such that xRy <= xS{y}. If, moreover,
S is a quasi-preorder, then R is called a failure trace-aware preorder.
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Definition 4.29 Consider a finitely branching LTS h: X — BX. A relation
S C X xPX is called a one-by-many ready simulation on h if

e S is a one-by-many simulation on h, and
e if 5S¢ then for some y € £, I(y) = I(x).

A relation R C X x X is called readiness-aware on h if there exists a one-by-
many ready simulation S on h such that Ry <= xzS{y}. If, moreover, S is
a quasi-preorder, then R is called a readiness-aware preorder.

Definition 4.30 Consider a finitely branching LTS h: X — BX. A relation
S C X x PX is called a one-by-many ready trace simulation on h if

e S is a one-by-many readiness simulation on h, and

e for any a € A, if 2S¢ and v —— 2/,
thenx’S{y’EX : EIyES.yi»y’,I(y):I(x)}.

A relation R C X x X is called ready trace-aware on h if there exists a one-by-
many ready trace simulation S on h such that xRy <= zS{y}. If, moreover,
S is a quasi-preorder, then R is called a ready trace-aware preorder.

The following series of theorems and corollaries characterize the special-
ization preorders of BW-coalgebras (where W € {Tr, CTr, FI, FITr,Rd,RdTr}) as
corresponding trace-aware preorders.

Theorem 4.31 For any B'"-coalgebra h : (X,0) — <BX, B}'0>, the special-
ization relation <y is a trace-aware preorder on h : X — BX.

Proof. First, recall that saying that h : (X,0) — <BX, B)T(r0> is a BT'-coalgebra
is equivalent to saying that 6 2 h*B}rH. Equivalently, X € # and for any V € 6
and a € A, also (a) o BV oh € 6.

Define S C X x PX as follows:

cSEMEVV €. Ve=tt=dyec& Vy=tt

Obviously x <y y if and only if zS{y}, hence it is enough to show that S is
a quasi-preorder and a one-by-many simulation.

To check that S is a quasi-preorder, consider the conditions in Definition 4.22
in turn.

e Assume zS€. Since X cfand Xz = tt, by definition of S, £ # (). The
fact that zS{z} is immediate by definition of S.

e Assume xS¢, y € £ and ySy. Consider any test V : X — 2 such that
Vax = tt. Then, by definition of S, there exists an element z € £ such
that Vz = tt.

If z # y then z € ((£\ {y}) Ux). On the other hand, if z = y, then (since
ySx) there exists an element u € x such that Vu = tt, and obviously

ue ((€\{y}) Ux)-
As a result, since V' was chosen arbitrarily, zS((£\ {y}) U x).
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To show that S is a one-by-many simulation, consider any z € X, £ C X.
Assume z —% 2/ and 2/§{y € X | Iy € £. y - o/} By definition of S, there
exists a test V' € 6 such that

e Vi’ =tt, and
o Vy =ffforallycé, y—y.

Consider a test V' = wy o BV o h. Obviously V'z = tt, but for every
ye& Vy=£f. Since V €0, also V' € 6, hence xf¢. O

Theorem 4.32 For any coalgebra h : X — BX in Set, and any trace-aware
preorder R on h, there exists a test suite g : X = 2 such that <y,= R and
h:(X,0r) — <BX, B}r93> is a valid BT"-coalgebra.

Proof. Assume a quasi-preorder and one-by-many simulation S on h such that
xRy if and only if S{y}. Define

Or = {V X —2:Vis quasi—S—upper}

To check that R C <y,,, assume xRy, or equivalently, zS{y}. Consider any
V € O such that V2 = tt. Since V is quasi-S-upper, also Vy = tt.

To check that <y, C R, assume that for every V : X — 2 such that V is
quasi-S-upper, if V = tt then Vy = tt. By Lemma 4.24, 2S{y}, hence zRy.

To check that h : (X,0) — (BX,B{0g) is a valid B"-coalgebra, it is
enough to check that

N
e X €0p, and
e for any V' € 0O, also wi, o BV oh € 0p.

The first condition is easy, since X is quasi-S-upper for any quasi-preorder
S on X.

For the second condition, assume any V € 6 and denote V'’ = wigyoBVoh.
Take any x € X, £ C X such that 2S¢ and V'z = tt. The latter assumption
means that there exists an 2’ € X such that £ — 2’ and Va/ = tt.

Since S is a one-by-many simulation, this means that

x’S{y’eX : Hyef.yLy'}

and there exist y,3/ € X such that y € &, y —— 3/ and Vy/ = tt. Then
V'y = tt. Since xS¢ were chosen arbitrarily, V'’ is quasi-S-upper. O

Corollary 4.33 Specialization preorders <, for B''-coalgebras h : (X,0) —
<BX , B}'9> are exactly trace-aware preorders on h: X — BX.
The trace preorder Cv, on h is the largest trace-aware relation on h.
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Proof. The first statement follows immediately from Theorems 4.27 and 4.28.
For the second statement, use Corollary 4.9, Theorem 3.12 and Proposition 3.27
to notice that C, is the largest trace-aware preorder on h. Then observe that
the reflexive and transitive closure of any trace-aware relation is again trace-
aware. O

Corollary 4.34 Specialization equivalences = for B™"-coalgebras h : (X, 6) —
<BX , B}'9> are exactly the equivalence relations R N R~! associated to trace-
aware preorders Ron h: X — BX.

The trace equivalence =, on h is the largest such relation on h.

Proof. See Example 3.25 and Definition 2.4 to see that =g = <y N(<y) ™! and
=1 = <T1r ﬁ(STr)_l- U

We proceed to consider the case of B¢T-coalgebras, extending Theorems
and Corollaries 4.31-4.34.

Theorem 4.35 For any B“T-coalgebra h : (X,0) — <BX7 B)C(Tr9>, the spe-
cialization relation <y is a completed trace-aware preorder on h : X — BX.

Proof. First, observe that h: (X, 0) — <BX , B%Tr9> is a valid B¢T"-coalgebra
if and only if h : (X,0) — <BX, B}'9> is a valid B"-coalgebra and for any
V ef, alsowgoBVoheb.

To check that <y is a completed trace-aware preorder, consider S C X xPX
defined as in the proof of Theorem 4.31:

eSEMVV €. Ve=tt=dyec& Vy=tt

It is enough to check that S is a one-by-many completed simulation and a quasi-
preorder. Since 6 lifts h to a B''-algebra, by Theorem 4.31 S is a one-by-many
simulation and a quasi-preorder, hence it is enough to assume arbitrary x € X,
¢ C X such that 2S¢ and hx = () and prove that hy = () for some y € €.

To this end, take V = wy4 o BX o h € 0. Since hx = (), one has Vx = tt,
hence (by definition of S) for some y € &, Vy = tt and hy = 0. O

Theorem 4.36 For any coalgebra h : X — BX in Set, and any completed
trace-aware preorder R on h, there exists a test suite O : X = 2 such that
<g¢p,=R and h: (X,0p) — <BX7 B)C(Tr93> is a valid B¢™"-coalgebra.

Proof. Assume a quasi-preorder and one-by-many completed simulation S on
h such that xRy if and only if 2S{y}. Define, as in the proof of Theorem 4.32,

Or = {V X —2:Vis quasi—S—upper}

Since R is completed trace-aware, it is also trace-aware and by Theorem 4.32,
<g¢p=Rand h: (X,0r) — <BX7 B;r{03> is a valid BT"-coalgebra. It is therefore
enough to assume arbitrary V € g and prove that w4 o BV o h € 0p.
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To this end, denote V' = w40 BV oh and take any z € X, £ C X such that
2S¢ and V'z = tt. The latter assumption means that z +—.

Since S is a one-by-many completed simulation, this means that y /— for
some y € &. Then V'y = tt. Since 2.5¢ were chosen arbitrarily, V' is quasi-S-
upper. a

Corollary 4.37 Specialization preorders <y for B¢™-coalgebras h : (X, 0) —
<BX , B)C(Tr0> are exactly completed trace-aware preorders on h : X — BX.

The completed trace preorder CcT, on h is the largest completed trace-aware
relation on h.

Specialization equivalences =¢ for B¢T"-coalgebras h : (X, 6) — <BX , B%Tr9>
are exactly the equivalence relations R N R~! associated to completed trace-
aware preorders Ron h: X — BX.

The completed trace equivalence =, on h is the largest such relation on h.

Proof. Analogous to Corollaries 4.33-4.34, using Theorems 4.35-4.36. O

We proceed to consider the case of BF'-coalgebras.

Theorem 4.38 For any B'-coalgebra h : (X,0) — <BX7 B)F('9>, the special-
ization relation <y is a failures-aware preorder on h : X — BX.

Proof. First, observe that h : (X,0) — <BX, B)F('9> is a valid Bf'-coalgebra
if and only if h : (X,0) — <BX, B}'9> is a valid B"-coalgebra and for any
QC A Veb, alsowgoBVohcl.

To check that <j is a failures-aware preorder, consider S C X x PX defined
as in the proof of Theorem 4.31:

cSEMTVV €0. Ve=tt=dye& Vy=tt

It is enough to check that S is a quasi-preorder and a one-by-many failure
simulation. Since @ lifts h to a BT -algebra, by Theorem 4.31 S is a quasi-
preorder and a one-by-many simulation, hence it is enough to assume arbitrary
QCA ze X, £C X such that 5S¢ and = 7& and prove that y 7& for some
yek
—

To this end, take V = wg o BX oh € . Since x 7&, one has Vz = tt,

hence (by definition of S) for some y € &, Vy = tt and x 7& O

Theorem 4.39 For any coalgebra h : X — BX in Set, and any failures-aware
preorder R on h, there exists a test suite 0 : X =% 2 such that <p,= R and
h:{(X,0p) — <BX, B)F('GR> is a valid BF'-coalgebra.

Proof. Assume a quasi-preorder and one-by-many failure simulation S on h
such that zRy if and only if 25{y}. Define, as in the proof of Theorem 4.32,

Or = {V X —2:Vis quasi—S—upper}
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Since R is failures-aware, it is also trace-aware and by Theorem 4.32, <g,= R
and h : (X,0g) — (BX,BY0R) is a valid B™"-coalgebra. It is therefore enough
to assume arbitrary Q € A, V € 0r and prove that wg o BV o h € 0.

To this end, denote V' = wg o BV oh and take any x € X, £ C X such that

xS¢ and V'x = tt. The latter assumption means that x 7&

Since S is a one-by-many failure simulation, this means that y 7& for some
y € & Then V'y = tt. Since xS¢ were chosen arbitrarily, V'’ is quasi-S-upper.
Od

Corollary 4.40 Specialization preorders <, for Bf-coalgebras h : (X,0) —
<BX , BE('9> are exactly failures-aware preorders on h: X — BX.

The failures preorder Ty on h is the largest failures-aware relation on h.

Specialization equivalences =y for BF'-coalgebras h : (X,0) — (BX, B{6)
are exactly the equivalence relations R N R™! associated to failures-aware pre-
orders Ron h: X — BX.

The failures equivalence =f; on h is the largest such relation on h.

Proof. Analogous to Corollaries 4.33-4.34, using Theorems 4.38-4.39. O

We proceed to consider the case of BF'T"-coalgebras.

Theorem 4.41 For any BM'T-coalgebra h : (X,6) — <BX, B'):('Tr0>, the spe-
cialization relation <y is a failure trace-aware preorder on h : X — BX.

Proof. First, observe that h: (X, 60) — <BX, B'):('Tr0> is a valid B "-coalgebra
if and only if h : (X,0) — (BX,BY0) is a valid B-coalgebra and for any
QCA acA Vel alsow,goBVohelb.

To check that <y is a failure trace-aware preorder, consider S C X x PX
defined as in the proof of Theorem 4.31:

cSEMEVV €0. Ve=tt=dye& Vy=tt

It is enough to check that S is a quasi-preorder and a one-by-many failure trace
simulation. Since 6 lifts h to a BFl-algebra, by Theorem 4.38 S is a quasi-
preorder and a one-by-many failure simulation, hence it is enough to assume

arbitrary Q C A, a € A, z,2' € X, £ C X such that  —— 2/ and z 7& and
prove that if 25¢ then m’S{y’ eX et y—Syy 7& }

To this end, assume the opposite z'§ {y/ eX et ySyy 7& }
By definition of S, there exists a test V' € 6 such that

e V2 =tt, and

o Vy =ffforallycé, y -9 suchthat y 7&

Consider three tests
V' =490 BV oh

V" =wgoBVoh
V" =wy oBVoh
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Since x 7&, one has V”z = tt. Also V&’ = tt and z —— 2/, hence
V" = tt. This, by definition of e, means that V'z = tt.

On the other hand, by properties of V, for each y € £ such that V"y = tt
one has V""'y = ££f, hence V'y = £f.

Since V € 0, also V' € 6, hence z§¢. 0

Theorem 4.42 For any coalgebra h: X — BX in Set, and any failure trace-
aware preorder R on h, there exists a test suite 0r : X = 2 such that <g,= R
and h: (X,0r) — (BX, BYT0g) is a valid BF'T"-coalgebra.

Proof. Assume a quasi-preorder and one-by-many failure trace simulation S
on h such that xRy if and only if 2S{y}. Define, as in the proof of Theorem
4.32,

Or = {V X —2:Vis quasi—S—upper}

Since R is failure trace-aware, it is also failures-aware and by Theorem 4.39,
<gp=Rand h: (X,0r) — (BX, B{0R) is a valid B7-coalgebra. It is therefore
enough to assume arbitrary Q C A, a € A,V € 0 and prove that w,goBV oh €
Or.

To this end, denote V/ = w,q o BV o h and take any x € X, £ C X such
that 5S¢ and V'z = tt. By definition of g, the latter assumption means

that x 7& and x —— 2/ for some ' € X such that Va' = tt.
Since S is a one-by-many failure trace simulation, this means that

x’S{y’eX : Hyeé.yiw',:tn&}

and there exist y,y’ € X such that y € £, y %y’, y 7& and Vy' = tt. Then
V'y = tt. Since x5¢ were chosen arbitrarily, V’ is quasi-S-upper. O

Corollary 4.43 Specialization preorders <g for BF'T"-coalgebras h : (X, 0) —
<BX , BE('T'9> are exactly failure trace-aware preorders on h: X — BX.

The failure trace preorder T, on h is the largest failure trace-aware rela-
tion on h.

Specialization equivalences =¢ for BF'T"-coalgebras h : (X,0) — <BX , B?Tr9>
are exactly the equivalence relations R N R™! associated to failure trace-aware
preorders Ron h: X — BX.

The failure trace equivalence =) on h is the largest such relation on h.

Proof. Analogous to Corollaries 4.33-4.34, using Theorems 4.41-4.42. O

We proceed to consider the case of BR9-coalgebras.

Theorem 4.44 For any BRd-coalgebra h : (X, 0) — <BX7 B§d9>, the special-
ization relation <y is a readiness-aware preorder on h : X — BX.
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Proof. First, observe that h : (X,0) — (BX, BR0) is a valid BR%-coalgebra
if and only if h : (X,0) — <BX, B}'9> is a valid B"-coalgebra and for any
QC A Veb, alsowgoBVohcl.

To check that <y is a readiness-aware preorder, consider S C X x PX
defined as in the proof of Theorem 4.31:

cSEMVV €. Ve=tt=Jyec& Vy=tt

It is enough to check that S is a quasi-preorder and a one-by-many ready
simulation. Since @ lifts h to a BT -algebra, by Theorem 4.31 S is a quasi-
preorder and a one-by-many simulation and it is enough to assume arbitrary
x € X, £ C X such that xS¢ and prove that I(y) = I(z) for some y € &.

To this end, take V' = () o BX oh € 6. By definition of wy,) one has
Vx = tt, hence (by definition of ) for some y € &, Vy = tt and I(y) = I(x).
O

Theorem 4.45 For any coalgebra h : X — BX in Set, and any readiness-
aware preorder R on h, there exists a test suite 0r : X = 2 such that <g,= R
and h: (X,0gr) — (BX, BY0R) is a valid BR9-coalgebra.

Proof. Assume a quasi-preorder and one-by-many ready simulation S on h
such that Ry if and only if 25{y}. Define, as in the proof of Theorem 4.32,

Op = {V X —2:Vis quasi—S—upper}

Since R is readiness-aware, it is also trace-aware and by Theorem 4.32, <y, = R
and h: (X,0g) — (BX, BY0R) is a valid BT"-coalgebra. It is therefore enough
to assume arbitrary @ C A, V € 0r and prove that wg o BV o h € 0.

To this end, denote V' = wg o BV oh and take any x € X, £ C X such that
xS¢ and V'x = tt. The latter assumption means that I(z) = Q.

Since S is a one-by-many ready simulation, this means that I(y) = @ for

some y € £&. Then V'y = tt. Since xS¢ were chosen arbitrarily, V' is quasi-S-
upper. O

Corollary 4.46 Specialization preorders <g for BRd-coalgebras h : (X,0) —
<BX , B§d0> are exactly readiness-aware preorders on h: X — BX.

The readiness preorder Crq on h is the largest readiness-aware relation on
h.

Specialization equivalences =4 for BR9-coalgebras h : (X,6) — <BX , B§d0>
are exactly the equivalence relations RN R~! associated to readiness preorders
Ronh: X — BX.

The readiness equivalence =gq on h is the largest such relation on h.

Proof. Analogous to Corollaries 4.33-4.34, using Theorems 4.44-4.45. a

Finally, we consider the case of BR4T"_coalgebras.
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Theorem 4.47 For any BRT"-coalgebra h : (X,0) — (BX, B%T0), the spe-
cialization relation <y is a ready trace-aware preorder on h: X — BX.

Proof. First, observe that h : (X,6) — (BX, B;}dT'0> is a valid BRIT"_coalgebra
if and only if h : (X,0) — <BX, B§d0> is a valid BR9-coalgebra and for any
QCAacA Veb alsow,goBVohelb.

To check that <y is a ready trace-aware preorder, consider S C X x PX
defined as in the proof of Theorem 4.31:

cSEMEVV €. Ve=tt=dye& Vy=tt

It is enough to check that S is a quasi-preorder and a one-by-many ready trace
simulation. Since 6 lifts h to a BRd-algebra, by Theorem 4.44 S is a quasi-
preorder and a one-by-many readiness simulation and it is enough to assume
arbitrary a € A, z,2’ € X, £ C X such that  —— 2/ and prove that if 2S¢
then

vs{yex yecy-Sy 1) =1}
To this end, assume the opposite
'f {y’ eX ety —y, 1y =I(w)}
By definition of S, there exists a test V' € 6 such that
e Vi’ =tt, and
o Vi =ff forally € £, y - 4/ such that I(y) = I(x).

Consider three tests

By definition of wy(;), one has V"z = tt. Also Va2’ = tt and N
hence V"x = tt. This, by definition of w,j(,), means that V'z = tt.

On the other hand, by properties of V, for each y € £ such that V"y = tt
one has V"'y = ££, hence V'y = £f.

Since V € 6, also V' € 6, hence x5 ¢. O

Theorem 4.48 For any coalgebra h : X — BX in Set, and any ready trace-
aware preorder R on h, there exists a test suite 0r : X = 2 such that <g,= R
and h: (X,0g) — (BX, BYT0R) is a valid BR4T"-coalgebra.

Proof. Assume a one-by-many ready trace simulation S on h such that xRy
if and only if £S{y}. Define, as in the proof of Theorem 4.32,

Or = {V X —-2:Vis quasi—S—upper}

Since R is ready trace-aware, it is also readiness-aware and by Theorem 4.45,
<p, = R and h : (X,0g) — <BX, B§d93> is a valid BRd-coalgebra. It is
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therefore enough to assume arbitrary Q@ C A, a € A, V € 0r and prove that
Weg © BV oh € OR.

To this end, denote V’ = w,g o BV o h and take any z € X, £ C X such
that 5S¢ and V'z = tt. By definition of W, the latter assumption means
that I(z) = Q and z —% 2’ for some 2z’ € X such that V' = tt.

Since S is a one-by-many simulation, this means that

x'S{y/EX : EIyEf-yi’va(y):I(?/)}

and there exist y,7 € X such that y € £, y — y’,L(y) = I(z) and Vy' = tt.
Then V'y = tt. Since xS¢ were chosen arbitrarily, V’ is quasi-S-upper. a

Corollary 4.49 Specialization preorders <y for BRT"-coalgebras h : (X, 0) —
<BX , B§dTr9> are exactly ready trace-aware preorders on h: X — BX.

The ready trace preorder CrqT, On h is the largest ready trace-aware relation
on h.

Specialization equivalences = for BRYT"-coalgebras h : (X, 6) — <BX , Bgz(dTr9>
are exactly the equivalence relations R N R~! associated to ready trace-aware
preorders R on h : X — BX.

The ready trace equivalence =g, on h is the largest such relation on h.

Proof. Analogous to Corollaries 4.33-4.34, using Theorems 4.46-4.47. O

4.4 Coinduction Principle for Traces

One of the most useful applications of coalgebraic semantics of processes is the
coinduction proof principle, based on the fact that the bisimulation equivalence
on any LTS is the largest bisimulation on it (Proposition 2.8). Therefore to
prove that two processes are bisimulation equivalent, it is enough to provide
any bisimulation that relates them. The rich structure of bisimulation relations
allows to use this proof principle in a very convenient fashion. Many examples
of its use can be found e.g. in [78, Section 12].

Results shown in Section 4.3 allow to apply similar reasoning to other equiva-
lences from the van Glabbeek spectrum. Corollaries 4.33, 4.34, 4.37, 4.40, 4.43,
4.46 and 4.49 characterize decorated trace preorders and equivalences as the
largest trace-aware relations of a suitable kind. As it turns out, the trace-aware
relations have enough structure to play a similar role in reasoning about deco-
rated trace equivalences to that of bisimulations in reasoning about bisimulation
equivalence.

We show an example of use of such a “coinduction principle for traces” for
the case of trace equivalence.

Example 4.50 Consider a final B-coalgebra ¢ : Q@ — BQ (recall Proposi-
tion 2.25). On the set €2, define the associative, idempotent and commutative
binary operation + by

p+a=0¢""(¢pUdq)
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Now define a function glue : 2 — € as the coinductive extension of the
B-coalgebra «a : Q — Bf) defined by

ap = { <a, H<a7p,>€¢pp’> ca€l(p) }

where [ [ denotes the obvious extension of + to finite subsets of .
Using the “operational rule” notation for coinductive definitions as intro-
duced in [78, Section 11], one may write alternatively

P1,...,pa(n > 0) are exactly the processes for which p —% p;

glue(p) —— glue(py + -+ + pn)

for any a € A.
For example, if € is the set of all finitely branching labelled synchronisation
trees quotiented by bisimulation equivalence, one has

b

a a b
a C

Theorem 4.51 The operation glue preserves and respects traces. In other
words, for any process p € ), p and glue(p) are trace equivalent.

Proof. A standard way of proving this theorem is to use induction on the
length of traces. Instead, we use the coinduction proof principle for traces, as
expressed in Corollaries 4.33 and 4.34, and saying that the trace preorder is the
largest trace-aware relation on any finitely branching LTS.

First, we show that the relation { (glue(p),p) : p € Q} is a trace-aware
relation. Consider S C Q x PQ defined by

pS{q1,...,qn} < glue (Hielqi) = p for some I C {1,...,n}.

To show that S is a one-by-many simulation, consider any a € A, p,p’ € Q,
¢ € Q such that pS¢ and p - p’. By definition of S, p = glue (Hie[ qi) for
some index set I such that ¢; € £ for every i € I. By definitions of glue and
1, there is

p/ = glue (HiEI,qii*qé q;)
hence

p'S{q'EQ : EIqG{.qu’}

This concludes the first part of the proof.
Next, we show that the relation { (p,glue(p)) : p € Q} is contained in a
trace-aware relation. Consider S C € x P defined by

pSE <= glue(p + q) € £ for some g € Q.

To show that S is a one-by-many simulation, consider any a € A, p,p’ € Q,
£ € Q such that pS¢ and p —— p’. This means that also p + ¢ — p’, where
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glue(p + q) € €. Then, by definition of glue, glue(p + q) — glue(p’ +¢') for
some ¢’ € Q. From this it follows that

glue(p'+q’)6{7“’€§2 : E|’I“E£.’I“L>’I",}

hence
p’S{r'GQ : Hreﬁ.riw”’}

and S is a one-by-many simulation, which concludes the proof.

4.5 Comparison of Process Preorders and Equiva-
lences

This section contains some applications of results from Section 3.3.4, allowing
one to compare specialization preorders and equivalences induced from different
liftings of the same behaviour endofunctor.

It must be stressed that the results presented here are not novel. In fact,
they were all proved in e.g. [36]. The purpose of this section is to show that
Theorem 3.33 and its corollaries are powerful enough to prove many simple
comparisons between process preorders and equivalences, even though they in-
volve only test constructors, and not any more explicit representation of these
preorders and equivalences. On the other hand, as is shown below, these results
have some limitations: they do not allow one to prove all known containment
relations between process preorders in the van Glabbeek spectrum.

Theorem 4.52 For W € {Tr,CTr, Fl,FITr,Rd, RdTr, S, RdS, BS}, for any A :
X — BX,
=w € Lw

Proof. A simple consequence of Corollary 3.35 (see also Example 3.29 and
Corollary 4.9). O

Theorem 4.53 The following relations hold for any coalgebra h : X — BX:
elrpmr & Lp & L & LB

¢ Lrar € Lrd € LCcmy

e =pr & =p & = & =T

¢ SRdr € =rd © =i

Proof. For the former two statements, consider Corollary 3.35 with V = 2,
S=R=<,5,Cl=Cl'=Cl" and ¢ = {idy}. In all cases mentioned above the
condition W' C W holds (see Definitions 4.3, 4.5). In particular, for the case
CRd € CcTy, Observe that wy = wy.

For the latter two statements, proceed analogously with S = R ==,. 0O
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Theorem 4.54 For any coalgebra h : X — BX, one has Cg C Cy, and
gS C .

Proof. Recall Definition 4.5 and consider Corollary 3.35 with V = 2, § =
R =<y,=9, ( = {ids}, W =W =Tr, Cl = CI", CI' = C1". Tt is easy to check
that all conditions in Corollary 3.35 hold. O

Theorem 4.55 For any coalgebra h : X — BX, one has Cgs C LCg and
=gs C =s.

Proof. Recall Definition 4.5 and consider Corollary 3.35 with V = V' = 2,
S =R =<5,=9, ( = {ida}, W =BS, W = Tr, Cl = CI"", Cl' = C1". It is easy
to check that all conditions in Corollary 3.35 hold. O

Note that we have not proved all known relations between operational pre-
orders and equivalences from the van Glabbeek spectrum. In particular, from
Theorem 3.33 one cannot easily conclude that =rq C =, which is a well known
result [36].

It is likely possible to extend Theorem 3.33 to an abstract result which,
when specialized to the special case considered in this chapter, would allow to
prove this and other missing relations. It is not our purpose, however, since it
is highly unlikely that such an abstract result would lead to novel corollaries,
impossible or difficult to obtain by syntactic manipulations on modal formulae.
The purpose of this section is rather to hint at the usage and the scope of
Theorem 3.33, for potential use in other settings.

4.6 Nested Semantics

In previous sections, not all preorders and equivalences from the van Glabbeek
spectrum as described in [36] were treated. The equivalences left aside are 2-
nested simulation equivalence, possible futures equivalence, and possible worlds
equivalence. Indeed, it turns out that these three equivalences (and correspond-
ing preorders) cannot be easily described in the test suite framework as shown
in this chapter so far, with the test value set V = 2.

Intuitively, this is related to the fact that the modal formulae used to char-
acterize the three equivalences cannot be described by BNF grammars with
single nonterminal symbols. Indeed, if one insists that the (B, 2)-test construc-
tors chosen to lift the endofunctor B to 2-T'S correspond to the modal operators
in the corresponding modal logic (as we indeed insisted in Definition 4.3), then
the tests constructed by means of these constructors correspond to completely
arbitrary formulae built of the modal operators. However, BNF grammars with
multiple nonterminal symbols can impose syntactic restrictions on the formulae
considered, not reflected in the set of tests induced by test constructors.

A general solution to this problem would be to extend the framework pre-
sented in Chapter 3, allowing tests to be described syntactically as terms over
some multi-sorted algebraic signature, as used in theory of algebraic specifi-
cations (e.g. [80]), and only then mapped to proper tests (i.e., functions to a
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set of test values) by means of some semantic function. This, however, would
complicate the entire framework considerably.

Fortunately, the lack of syntactic restrictions on tests can be circumvented
even in the simple framework shown in Chapter 3, by choosing a different set
of test values rather that 2. Roughly, instead of the simple set of logical values
{tt,ff}, one considers a set containing multiple copies of the logical values,
corresponding to different ‘sorts’ of tests. This way, information about the
‘sort’ of a given test is stored in its values when applied to processes, and it
can be used by the test constructors to recognize the ‘syntactically ill-formed’
tests. Technically, one also needs a special ‘error’ test value, to represent the
ill-formed tests. An appropriate notion of specialization relation then ensures
that the ill-formed tests, i.e. those that take the ‘error’ test value when applied
to a process, are not given any distinguishing power.

In this section this approach is illustrated on the example of 2-nested simula-
tion semantics. The other two problematic examples can be treated in analogous
fashion.

Definition 4.56 Given a set of actions A, the set of modal formulae Fyg is
defined by the BNF grammar (with the starting nonterminal symbol ¢)

¢ = T|(a)¢|oNe| O
¢~ == L|lag- |-V ¢

For convenience, the set of formulae generated by the nonterminal symbol
¢ is also considered, and denoted F_g.

Given a finitely branching LTS h = (X, A, —) (equivalently, a B-coalgebra
h : X — BX), the satisfaction relation =, C (Fos U F_s) x X is defined
inductively as in Definition 2.3, with the additional clause

TR QY = z ¢

Clearly the operator & does not contribute much to the semantics of formulae.
It is introduced here to clarify the presentation by making a clear syntactic
distinction between formulae in F,g and F—s.

As in Definition 2.4, one considers a preorder C,g and an equivalence =g,
defined on a given LTS h as follows:

2’ = (Vo€ Fos. xlh o= 12" =4 0)
xSt = (Vo€ Fus. x b= 2 Ep )

Assuming a given finitely branching LTS (X, A, —), the relations Cpg and pg
are characterized by a notion of 2-nested simulation, similar to those of simu-
lation and bisimulation (Definitions 2.5-2.7):

Definition 4.57 A relation R C X x X is a 2-nested simulation if it is a
simulation contained in the simulation equivalence =g. Processes =,y € X are

e in 2-nested simulation preorder if there exists a 2-nested simulation R
such that =Ry,
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o 2-nested simulation equivalent if there exist 2-nested simulations R, R’
such that xRy and yR'x.

As shown in [36], formulae from F,g characterize 2-nested simulation pre-
order and equivalence:

Proposition 4.58 In any finitely branching LTS, the relation Cyg is equal to 2-
nested simulation preorder, and the relation Z»g is equal to 2-nested simulation
equivalence.

To describe the 2-nested simulation semantics coalgebraically, we specialize
the framework described in Chapter 3 with the category C = Set and the
behaviour functor BX = Pi(A x X) for a fixed set A, as before in this chapter.
However, instead of V = 2, we choose

V =5={tt,ff,tt., ff err}

Note that 5-tests on X cannot be identified with subsets of X, hence the con-
venient Notation 4.1 does not apply here.
On the set 5, define a binary relation R by

TRy <= (v =tt = y =tt)

The pair (5, R) is an object in the category Rel and induces a specialization
functor Specg : 5-TS — Rel along the lines of Definition 3.24. For any test
suite 0 : X =2 5, the relation Spr# C X x X can be described by

z(Sprb)y <= VV € 0.(Vx =tt = Vy = tt)

Note that Spp 0 is always a preorder.
To lift the endofunctor B to the category 5-TS, we define an appropriate
set of (B, 5)-test constructors.

Definition 4.59 For any a € A, define functions
U(qy; Uq) : B5S — 5
as follows (compare Definition 4.2):
tt  if (a,tt) €

weyB = err otherwise, if for some a € A,v € {err,tt_,ff }, (a,v) €
ff otherwise
£f_ if (a,ff.) € 3

ul = err otherwise, if for some a € A,v € {err,tt,ff}, (a,v) €
tt- otherwise

We also define a test suite closure, based (for a given set X') on the following
two test constants:

Tr = tt
Fr = ff_
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the unary test operator

tt i Vo =tt,
@V)r =< ff if Vo=1=£f,
err otherwise

and two binary test operators

tt if Vz=+ttand V'z =tt
Vnvhz = ff  otherwise, if Vo, V'a € {tt, ff}

err otherwise

ff_ if Vo =ff_ and V' = ff_,
(Vuvhz = tt- otherwise, if Vz,V'z € {tt_,ff }

err otherwise

Definition 4.60 Let 6 : X = 5 be a test suite. The test suite C1% 6 is the
smallest test suite ¥ that contains @ and such that

o T Fed
e if V € 9 then &V € ¢,
e if V.V € then VUV VIV €.

It is straightforward to check that the operations C13® for all sets X form a
test suite closure (henceforth denoted Clzs) according to Definition 3.31. The
proof is entirely analogous to that for closures C1", C1"* in Section 4.1.

Definition 4.61 The endofunctor on 5-TS induced by the set of (B, 5)-test
suite constructors

{u<a> : aEA}U{u[a] : aEA}

together with the closure C1?°, is denoted B?S. Given a B-coalgebra h :
X — BX, the operator corresponding to B2 as defined in Section 3.1.5 is
denoted <I>,2ZS.

Analogously to Definition 4.6, one inductively defines a function [—];, : (FasU
F-s) — (X — 5) as follows:

[T = T
[L]. = F
[(a) dln = wugyo Blglhoh
[[a]dln = w0 Blglnoh
[l = Clgln
[p1 A daln = [pa]n M [d2]n
[p1V daln = [pa]n M [d2]n

All 5-tests obtained this way are particularly well-behaved. Indeed,
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Lemma 4.62 For any formula ¢ € F_g, and for any = € X, there is [¢]px €
{tt-,ff-}. For any formula ¢ € Fps, and for any = € X, there is [p]pz €
{tt,ff}.

Proof. Straightforward induction on formulae. O

Then, analogously to Theorem 4.7, one obtains a correspondence between
formulae and 5-tests.

Theorem 4.63 Let h : X — BX be a coalgebra. For any formula ¢ € F_g
and any « € X,

[Flhz = tt- <= x=h ¢

For any formula ¢ € F,s and any z € X,

|[¢]hx:tt = l:h ¢

Proof. Again, straightforward induction on formulae, much the same as in the
proof of Theorem 4.7, using Lemma 4.62. O

The last missing item in the coalgebraic characterization of the 2-nested
simulation preorder is a counterpart of Theorem 4.8. Technical reasons force
us to restrict attention only to LT'Ss with no stuck processes:

Theorem 4.64 Let h : X — BX be a coalgebra with hx # () for all z € X.
The test suite

Oas = {[¢ln : ¢ € Fos }U{[Bn : ¢ € F-s } U{E}

(where E is the test constantly equal err) is the least fixed point of the operator
P25,
h

Proof. To show that 0,5 is a prefixed point of @%5, one needs to check that
it is closed under all operations mentioned in Definitions 4.59-4.60. The only
problematic cases are those of uy, and ufg. For any test V : X — 5, assume
V € bps and denote V' = uyy 0o BV o h. If V = [¢], for some ¢ € Fos, then
V' =[(a) ¢Jn. f V =E or V =g, for some ¢ € F_g, then it is straightforward
to check, by definition of wyy and by Lemma 4.62, that V' = E (here the
assumption that always hz # () is used). The proof for uy, is entirely analogous.

To check that 6 is the least fixed point of ®2°, proceed by straightforward
structural induction on formulae. O

Finally, analogously to Corollary 4.9,

Corollary 4.65 Let h : X — BX be a B-coalgebra where hx # () forallz € X,
and let k : X — Q be the coinductive extension of h. Consider k*w?® : X =2 5,
the least 5-test suite lifting h to a B®>-coalgebra. Then

Cos= Spr(k*w?)
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Proof. By Theorem 3.12, k*w?® is equal to 6»g from Theorem 4.64. Now use
Lemma 4.62, compare the definition of Spp with the definition of Cys and use
Theorem 4.63. u

The required restriction to LTSs with no stuck processes admittedly gives
the entire construction shown in this section a rather unnatural feeling. Nev-
ertheless, the construction characterizes 2-nested simulation preorder coalge-
braically, and shows that test suites based on test value sets different from 2
can be of use.

A full characterization of B2?3-coalgebras analogous to those given in Sec-
tions 4.3 and 4.4 is missing, but it is worthwhile to prove a partial result, as it
is an example of the use of Theorem 3.33 in its full generality, unlike the simple
examples from Section 4.5.

Theorem 4.66 For every B*S-coalgebra
h:(X,0) — <BX, B§§9>
the relation Spp 6 is a reflexive, transitive simulation on h : X — BX.

Proof. Instead of characterizing Spy 0 directly, we use Theorem 3.33 with V =
5,V =2, W=25 W =Tr, Cl = CI>®, and Cl' = C1". To this end, consider
the function z : 5 — 2 defined by

z(x) =tt <= = =tt
and let ¢ : 5 =2 2 be {z}.

Two conditions from the statement of Theorem 3.33 must be checked. First,
consider any test suite 6 : X = 5. Elements of Cl% Sp 6 are of the form

V=(FoVI)AN...AN(z0V}): X —2
where V1, ...,V € 0. Given such a test V, consider the test V' : X — 2 defined
by
Vi=zo(ViM...MV)
and check that Vo = tt if and only if V'z = tt, i.e., V. = V’'. Therefore,
Cl% Sp, 0 C Sp, CI 0.
For the second condition, take any w, € Tr. It is straightforward to check

that
z O u<a> = w<a> o Bz

This, by Theorem 3.33, means that
h (X, Sp,6) — <BX, BS Sp, 9>

is a valid BS-coalgebra (see Definition 4.5), therefore, by Theorem 4.10 <Sp 0
is a reflexive, transitive simulation on h : X — BX.

On the other hand, it is easy to check that for the relation R C 5 x 5
defined before, one has R = <, = Sp, (, hence, by the second statement of
Theorem 3.28,

Spr 6 = Sp<, Spe 0 =<sp, 0
which concludes the proof. O



Chapter 5

From Test Suites to Congruence Formats

In Chapter 4, it was described how to represent various known process pre-
orders and equivalences using coalgebras for suitably chosen endofunctors on
the test suite category 2-TS. To achieve that, only the coalgebraic aspects of
the framework presented in Chapter 3 were used.

In this chapter, solutions presented in Chapter 4 are combined with the
algebraic aspects of the fibrational framework to obtain syntactic formats for
GSOS specifications that guarantee various preorders and equivalences to be
(pre)congruences. The main tool used for this purpose is Theorem 3.13.

In Section 5.1, we show how to lift polynomial syntactic endofunctors to the
category 2-TS in a structured way. This, together with a given lifting of the
behaviour endofunctor, allows to lift the entire GSOS framework along the lines
of Section 3.1.6. In Section 5.2, Theorem 3.13 is rephrased for the special case
of specialization preorders and equivalences for coalgebras in 2-T'S, showing a
way to define syntactic formats for various notions of equivalence of processes.
Finally, in Sections 5.3-5.5, this technique is used to derive congruence formats
for the trace, completed trace and failures preorders and equivalences.

5.1 Lifting Syntax to Test Suites

To lift the bialgebraic abstract GSOS framework to the total category 2-TS
along the lines presented in Section 3.1.6, one needs a way to lift the syntactic
and the behaviour endofunctors ¥ and B together with the natural transfor-
mation A. Various ways to lift the behaviour BX = P¢(A x X) were shown
in Chapter 4, now we proceed to show a lifting of polynomial endofunctors,
usually used to model syntax of processes.

We begin by giving concrete descriptions of products and coproducts in
2-TS (see Theorems 3.4 and 3.6).

Lemma 5.1 For any test suites 0: X =2, ¢:Y = 2,

oBY = {[V,\V]:VegV ev}
IRV = {Vom :Vebl}tu{Viom:V ed}

71
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Proof. Calculate

IRV = mumd={Vom :Vebtu{Vom:V e}
0BI = ()N ={V:X+Y -2:Voy €l Vowned}=
= {(V\V]:VegVed}

|

In the following, it will also be useful to consider another construction on
test suites:

Definition 5.2 Consider any test suites 8 : X = 2, 9 : Y = 2. The test suite
ONXY: X xY =22 is defined by

OXI={Ao(VxV):VehV e}
where A : 2 x 2 — 2 is the logical-and operator.

It is easy to see that X is associative, therefore we will omit parentheses
around its use when appropriate.

Intuitively, given test suites 0 : X = 2 and ¥ : Y == 2, §HJ is the test suite
on X +Y obtained by taking (disjoint) unions of tests from 6 on X and ¥ on
Y, 6 K ¢ contains the tests on X x Y which consist of either a test from 6 on
X ora test from 6 on Y finally, 8 X 9 is the test suite on X X Y consisting of
tests built by performing a test from # on X and simultaneously performing a
test from ¥ on Y and accepting when both tests accept.

Now we show a structured way of lifting polynomial syntactic endofunctors
to 2-TS.

Definition 5.3 Given a polynomial endofunctor ¥ on Set:
YX=X"M4... 4 X"

define an endofunctor ¥* on 2-TS by the following action Xx : 7o X — T1hX X
for any set X (see Section 3.1.2):

Sx0 = Clhx (0% 8 - - B %)

where C1Y is the closure under all unions of tests (compare Definition 4.4) and
—
6™ denotes @ X 6 X --- X §; in particular ™0 = Set(1,2) = {T, 0}.
—_—

n; times

It is easy to check that C1¥ is indeed a closure according to Definition 3.31.
To check functoriality of X* (see Section 3.1.2), since C1¥ is a closure and H
the action of the categorical coproduct on 2-TS, it is enough to check that the
action (—)"2 induces an endofunctor, i.e., that for any f : X — Y in Set, and
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any 2-test suite 6 on Y, one has (f*0) X (f*0) D (f x f)*(6 X ). Indeed,
calculate

(fx O™ = (fx ) {Ac(VxV): V.V €} =
= {/\o(VXV’)o(fxf) : V,V'E@}:
= {Ao(Vof)yx(Viof):V,V eb} =
= {Ao(VxV):V,V' efo}=
= ([T X (f70)
The following theorem is a crucial property of ¥* defined above, and it will
allow to define various congruence formats in later sections. Indeed, varying

the definition of ¥* in our framework would lead to the definition of various
formats, but only as long as the following property holds.

Theorem 5.4 For any Y*-algebra h : (XX, X x6) — (X, 0), the specialization
preorder <y is a precongruence, and the specialization equivalence =y a con-
gruence on h : XX — X (see Definition 2.17).

Proof. To prove the first statement, let £ : X™ — > X be one of the coproduct
injections to XX, and consider elements z1,¥y1,...,Tn,yn € X such that there
isx; <gy; fori=1,...,n. This means that

(1, ooy ) <gen (Y1y.e .y Yn)

Observe that the closure operator C1V does not change specialization pre-
orders: for any test suite 6, one has <qvy=<y. Hence

f<.’1,’1,...,.an> Szx9f<y17”'7yn>

Now since h is a morphism 2-TS, we know that h*6 C X x0, hence

f(x1,. ) <po £ Y1, Yn)

and
h(f(z1,...,2n)) <o (£ (Y1,---,Un))

To prove the second statement, proceed identically, replacing < by = through-
out. d

Note that by Theorem 3.9, the monad T freely generated by X lifts to a
monad T™ freely generated by >*.

5.2 Abstract Congruence Formats

The following corollary, based on several results shown previously in this thesis,
expresses abstract conditions on GSOS specifications that guarantee various
operational preorders and equivalences from the van Glabbeek spectrum to be
precongruences (resp. congruences).
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Corollary 5.5 Let W € {Tr,CTr, FI,FITr,Rd, RdTr,S,RdS, BS} as in Defini-
tion 4.5. Let A be an image finite GSOS specification and A : ¥(Id x B) — BT
(where B = P¢(A x —)) the natural transformation corresponding to A along
the lines of Theorem 2.25. If A lifts to a well-defined natural transformation

A:2*(1d x BY) — BWT*

then the operational preorder Cyy (the operational equivalence =) on the LTS
generated by A is a precongruence (resp. congruence, see Definition 2.11).

Proof. By Theorem 3.13,
Wb : <ETO, zTok*wW> N <To,k*wW>

is a valid ¥*-algebra, where ¢ : XT0 — T0 is the initial 3-algebra, k: T0 — Q
is the coinductive extension of the coalgebraic part of the initial A-bialgebra
(i.e., by Theorem 2.28, the LTS generated by A), and w" is taken from the
final BW-coalgebra

¢ <Q,WW> N <BQ,B§V2V(UW>

As a consequence, by Theorem 5.4, the specialization preorder <. w (the
specialization equivalence =;. w) is a precongruence (resp. congruence) on
1 : 3T0 — T0 (see Definition 2.17). The theorem follows from Corollary 4.9.
O

This result expresses congruence formats for relations from the van Glabbeek
spectrum in an abstract fashion. In the following sections, we provide concrete
syntactic restrictions on GSOS specifications that ensure these abstract require-
ments for W = {Tr, CTr, FI}.

5.3 Trace Semantics

In this section, based on Corollary 5.5 specialized to the case of W = Tr, we
show a congruence format for trace preorder and equivalence.

Format 5.6 (Tr-format) An image finite set of GSOS rules A is in Tr-format,
if for each p € A:

e all premises of p are positive,

e 1o variable occurs more than once in the left-hand sides of premises and
in the target.

It is easy to see that this format coincides with the well-known de Simone
format [8I]. The fact that this syntactic format ensures the trace preorder to
be a precongruence was first proved in [87].

The following standard example, on which all examples in the following
sections will be based, is taken from [5].
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Example 5.7 Assuming a finite set A of actions, the syntax 3 of the basic
process algebra BPA is defined by the BNF grammar

t==0]at|t+t
and the transition system specification BPA over X is a collection of rules

o ! o /
X —X y—Yy

ax % x X4y — x/ x+y-y

where o ranges over A. When presenting terms over the above syntax, the
trailing 0’s are omitted. It is easy to see that BPA is in the image finite GSOS
format and in the Tr-format.

The following theorem, together with Corollary 5.5, shows that Tr-format
is a precongruence format for trace preorder and a congruence format for trace
equivalence.

Theorem 5.8 Let A be an image finite GSOS specification and A : ¥(Idx B) —
BT the corresponding natural transformation. If A is in Tr-format, then

A:X*(Id x B™) — BT'T*
is a natural transformation in 2-T'S.

Proof. It is enough to ensure that given an object (X, 6) in 2-TS,
Ax - 2F((X,0) x BT (X,0)) - BT"T* (X,6)

is a morphism in 2-T'S; in other words, that for every test V € B}rXTXH, the
test V o Ax is an element of the test suite Xx«px (0 X B}VH).

To do this, it will be useful to understand the nature of tests in X x @, Tx60
and B} Tx0, for a given (X, 6).

Definition 5.9 For a polynomial endofunctor X, a set X and a test suite 6 :
X = 2, a basic flat -check on XX is a term

v e Xo

A term ¢t € XX passes a basic flat 6-check ~, if ¢t can be obtained from v by
replacing every V € 0 by some z € V.

The test v(y) : X — 2 corresponding to a basic flat #-check ~ is defined
by
tt if ¢ passes y
ff otherwise

v ={
Tests of this kind will be called basic flat 0-tests on X.X.

Lemma 5.10 For any 3, (X, 0), tests from X x6 are exactly all unions of basic
flat O-tests on X.X.
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Proof. Recall Definition 5.3 and take any test
Vegm™m@. . mem

By Lemma 5.1, V = [Vq,---, V4], where V; € 0™, Then for every 1 <i <k,

Vi=Ao(Up x -+ x Upy,) where U; € 0
Note that v; = £; (Uy,...,U,,) is a basic flat 7-check, and

v(v) = [6}, 6), o Vi, E] (V; on the i-th place)
where f; : X™ — ¥ X is the i-th coproduct injection into ¥X. Then
V=[W,Vo,.... Vil =v(m) Vou(ye) V- Volw)

which completes the presentation of V' as a union of basic flat 6-tests.
Also any union of basic flat -tests belongs to X x6. Indeed, for any basic
flat O-check v = £, (Uy,...,Uy,) one has

— — —
v(y)=1[0,0,.... A0 (U1 X+ xUp,),..., 0] € Xx0
and closure under unions is guaranteed by the definition of ¥ x6. O

Definition 5.11 For a polynomial endofunctor ¥ with the freely generated
monad 7', a set X and a test suite 0 : X = 2, a basic term 6-check on TX is a
term

yeTo

A term t € TX passes a basic term 6-check ~, if ¢ can be obtained from ~ by
replacing every V € 0 by some z € V.

The 2-test v(y) on T'X corresponding to a basic term -check v is defined
by
tt if ¢ passes
ff otherwise

v ={
Tests of this kind will be called basic term 6-tests on XX.

Lemma 5.12 For any X, (X, 6), every test in Tx6 is a union of basic term
f-tests on T'X.

Proof. Recall from Theorem 3.9 that T'x6 is the greatest (with respect to set
inclusion, see Remark 3.23) fixed point of the operator W:

Vv = [Yx,nx ) (Erxv BO)

where ¥x : XTX — TX and nx : X — TX arise from the free monad structure
of T.
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Note that in general, the closure C1V in the definition of X* does not pre-
serve intersections of decreasing w-chains of test suites. Therefore, it is not
immediately clear whether Tx8 can be characterized as

Tx0 = (] ¥"(Set(TX,2))
neN

However, this characterization is not needed here. For our purposes, it is enough
to observe that
Tx0 C () U"(Set(TX,2))
neN

and this is a general property of the greatest fixed points of monotonic functions
on complete lattices.

The proof proceeds by constructing for all n € N and for any test V €
U™ (Set(7'X,2)), a family I',,(V) of basic term 6-checks from 7,6 such that

VAT,X = \/ v(7)
YELR (V)

where T,, X denotes the set of ¥-terms of depth at most n.
Given this construction, for any test V € Tx0 C [, o ¥"(Set(7X,2)) one

has
v=va(\VTX) =V vATX)=\ \ v

neN neN neN~el', (V)

which will complete the proof.
The families I';, (V') are constructed by induction on n. For the base case,
take T'o(V) = 0 for any V. Indeed,

VAI?(IV/\E)Z 0 :\/v(v)
~ed

For the induction step, take a test V € U"(Set(7'X,2)). By definition of ¥
and [T/JX,TIX]M

Vox,nx] € Srx¥" 1 (Set(TX,2)) B0

therefore, by definition of B, one has Vonx € 6 and Voyx € Lprx U™ 1(Set(T X, 2)).
Note that n9(V onx) € T0 is a basic term 6-check on X, and that

v(ng(Vonx)) = [6), Vonx]

By Lemma 5.10, for some indexing set I,

Votyyx = \/U(5i)

el
where each d; is a basic flat ¥"~!(Set(TX,2))-check on ©TX, i.e.

5 € L(T"1(Set(TX,2)))
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For every i € I, assume without any loss of generality that §; = £ (Uy,...,Up,)
for some £ : X™ — %X, m € N and U; € V" !(Set(TX,2)) for j =1,...,

By the inductive assumption, for each U; there exist a family I, (UJ -
T, —10 of basic term 6-checks such that

v(Uj) /\T X = \/ v(u)
uEanl(Uj)

forj=1,....m
Consider the family of basic term 6-checks

@i:{f(ul,...,um> ceTo : Uj an,l(Uj) forjzl,...,m}ngﬁ
and calculate

U U(v):{f<t1,...,tm>ET0 cforj=1,...,m,

Y€O
tj € v(u;) for some u; € Fn,l(Uj)}
= f(t1,...,tm) €TO : for j=1,...,m, t;e€ U v(u)
uEFn71(Uj)
:{f Hoeostm) €T0 : for j=1,...,m, tjev(Uj)an_lx}
{f (ty .. tm) €T : for j=1,...,m, tjev(Uj)}anX
= [v(d;), ﬂT X
Now take

Ln(V) =i U {ne(V onx)}
i€l
and check that
— —
VANT,X =[Votyx,Vonx] AT, X
— — —
=([Votox, D] ANT,X)V [0,V onx]

V106, T AT X) v olm(V o nx))

This completes the induction step, and the proof of Lemma 5.12. O

Definition 5.13 For a test suite 6 : X = 2, a positive 0-check on BX is an
expression of the form —29 V, where a € A and V € 6. A set 3 € BX passes
such a check, if there is some (a,x) € 3 such that x € V. As in Definition 5.9,
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the 2-test on BX associated to a positive #-check c is denoted v(c) and is called
a positive 0-test.

Similarly, for a given test suite 6 on X, a positive term 6-check on BT X is
an expression of the form —29 ~, where a € A and v is a basic term #-check
on T'X. The definition of passing and of the positive term 6-test v(—= ) is
as above.

P y—
Lemma 5.14 A test in B}rXTXH is either the always true test BT X, or a union
of positive term 6-tests.

Proof. By Definition of B'", if a test V & BFXTXH is not equal to BT X, then
V=wgoBV' ={peBTX : (at) € for some t € V'}

for some a € A and V' € Tx6. But then, by Lemma 5.12, V"’ is a union of basic
term O-tests:
V' =\ v(v)
el

hence

V:U{BGBTX : (a,t) eﬂ,tem}zum
il il
O

We are now ready to prove Theorem 5.8. By Lemmas 5.14 and 5.10, it is
enough to show that for any set X and test suite 6 : X = 2, and for any positive
term 6-check 9 v on BT X, there exists a family {d; : ¢ € I } of basic flat
(6 X BYr0)-checks such that

v(-2> y) o Ax = \/ v(6;)
i€l

To achieve this, fix a positive term #-check — ~. As shown in the proof
of Theorem 2.26, A\x is obtained from functions fx : (X x BX)" — BTX
corresponding to coproduct injections f : X™ — XX. A function fx for a given
f is in turn obtained from functions px : (X x BX)"™ — BTX induced from
rules p € A for £.

For any f € ¥, and for any rule p € A with the conclusion of the form

f(x1,...%,) — t

(where ¢ € A, t € TE and n is the arity of ), we will construct a family of
basic flat (8 X BI6)-checks §; such that

V(-2 )0 [D,9,...,px,...,9] = \/U((Si)
el
where @ denotes the function to BT X constantly equal (). By construction of

Ax from Theorem 2.26, this will complete the proof of Theorem 5.8.
Consider two cases:
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¢ # a or t cannot be obtained from ~ by replacing each V' € 0 with some
x € Z. This means that the set

PX(<<$1,ﬁ1> Yy <xn7/6n>>)

does not pass the check -2 ¢ for any arguments z1,...,z, € X and
Bi,...,3, € BX. Therefore it is enough to take I = () and the empty
family of checks.

¢ = a and t can be obtained from « by replacing each V € 6 with some
x € =. Since by definition of Tr-format no variable occurs in t more than
once, this gives a function ¢ : © — 6 such that v = t¢. Without loss of
generality, assume that ¢(x) = X if x does not ocecur in t.

Now for each 1 < ¢ < n construct a test V; € § X Bx0 as follows:

— If x; does not occur in any premise of p, then take V; = ¢(x;) o 7.

— If x; occurs on the left side of a positive premise x; b Vi, then take
b;
Vi = v(=><(yi)) o ma.
Note that the syntactic restrictions of the Tr-format ensure that the above
definition is complete and unambiguous.

Having defined the tests V;, consider a basic flat # K Bx6-check
dp=1(V1,..., Vo)
We will show that
v(-2> )0 [D,9,...,px,...,8] =v(d,)
To this end, take any
r={((z1,01),. -, (Tn, Bn)) € (X x BX)"

and check that the following are equivalent:

v(d,)(fr) = tt

— Vi(x;,B)=ttforalll <i<n

<= For each 1 < ¢ < n, either x; does not occur in any premise and

x; € ¢(x;), or x; occurs in a premise x; N yi; and (b;,y;) € 0; for

some y; € s(y;)

<= The function o : Z — X mapping each x; to z;, and y; to y; (note that
this definition is unambiguous, due to syntactic restrictions of GSOS
format) satisfies the first three of the four conditions described in the
proof of Theorem 2.26 (in particular, due to syntactic restrictions of
Tr-format, all n; = 0 and all m; € {0,1}). Moreover, o(x) € ¢(x) for
all x € Z.

< (a,to) € pxr. Moreover, v(y)(to) = tt.

— v(—=» v)(pxr) = tt.

This completes the proof of Theorem 5.8. O
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5.4 Completed Trace Semantics

In this section, based on Corollary 5.5 specialized to the case of W = CTr, we
show a congruence format for trace preorder and equivalence. Most proofs are
extended versions of analogous proofs from Section 5.3.

First, some useful technical definitions.

Definition 5.15 Let A be a set of GSOS rules with the same source. A minimal
blocking set for A is a set of literals obtained by choosing a single premise from
each rule in A.

Note that if some rules in A have no premises then A has no minimal blocking
sets.

Definition 5.16 A set B of literals is a CTr-blocking set if either:
e for some x,y € Z, a € A, both x - y and x £~ belong to B, or
e both conditions below hold:

— for every x,y € E, a € A, if x — y € B then for every b € A there
is some y’ € Z such that x b, y € B, and

— for every x € Z, a € A, if x A~ € B then for every b € A different
from a, x 7ZL> ¢ B.

If the first of the above conditions does not hold, the blocking set is called
satisfiable.

In the remainder of this chapter, As denotes the set of all rules from A
(A will be always understood from context) for the construct £, with possibly
renamed variables so that they all have the same source. Similarly, for a set
Q C A, by A¢g we denote those rules in A¢ which have an element of @) as the
action in the rule conclusion. Obviously A4 = As.

Format 5.17 A set of image finite GSOS rules A is in CTr-format, if:

1. For each rule p € A:

e if p has a negative premise x /=, then for every label b € A, p has
also the negative premise x 7bL>,
e no variable occurs more than once in the target of p,

e no variable occurs simultaneously in the left-hand side of a premise
and in the target of p,

e no variable occurs simultaneously in the left-hand side of a positive
premise and in the left-hand side of any other premise of p.

2. For each construct f of the language, every minimal blocking set for Ag
is a CTr-blocking set.
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Proposition 5.18 BPA (see Example 5.7) is in CTr-format.

Proof. It is clear that all rules of BPA satisfy condition 1 of CTr-format. For
condition 2, consider a language construct a— corresponding to a € A. Since
the only rule for a—:

ax - x
has no premises, it does not have any minimal blocking set. For the binary
construct +, the only minimal blocking set for A is

{XLX/ : aEA}U{yLy/ : aeA}
and it is a CTr-blocking set. O
The following example is taken from [5].

Example 5.19 Assume A = {a, b}, and extend BPA with an operational rule
for the encapsulation operator Ogy:

a
X—y

Ay (x) —— Oy (y)

It is easy to check that the above extension of BPA does not respect com-
pleted traces. Indeed, aa + ab =ct, a(a + b) but that dy)(aa + ab) Lcte
Oy (ala + b)), since (a) A is a completed trace of Oy (aa + ab), but not of
8{b} (a(a +b)).

Proposition 5.20 The semantics for the encapsulation operator 9 is not in
CTr-format.

Proof. The rule for the encapsulation operator fails to satisfy condition 2 of
CTr-format. Indeed, the set {x %= y} is a minimal blocking set for Ag,,,, but
it is not a CTr-blocking set. O

Another example of simple GSOS rules that do not respect completed traces
was described in [87]. Together with Example 5.19, it led the authors of [5] to
speculate that one cannot hope for a general syntactic congruence format for
completed trace equivalence:

Example 5.21 Assume A = {a,b}, and extend BPA with a collection of rules
for binary synchronous composition X:

o / o /
X — X y—Y

@ / /
XXy —XxX Xy

where « ranges over A.

Here it is easy to see that aa X (aa + ab) Zct, aa X a(a + b), since (a) A is
a completed trace of aa x (aa + ab), but not of aa x (a(a + b)).
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Proposition 5.22 The semantics for the synchronous composition is not in
CTr-format.

Proof. The rules for synchronous composition fail to satisfy condition 2 of

CTr-format. Indeed, the set {x —— %',y LN y'} is a minimal blocking set for
A, but it is not a CTr-blocking set. O

A non-trivial example of a transition system specification in CTr-format is
that of sequential composition.

Example 5.23 Extend BPA with a collection of rules for binary sequential
composition ;:

x — x/ x /A forallae A y -5y

. o . g
Xy — Xy Xy y
where « ranges over A.

Proposition 5.24 BPA extended with sequential composition is in CTr-format.

Proof. Condition 1 of CTr-format is checked easily. For condition 2, by Propo-
sition 5.18, it is enough to check it for the sequential composition operator.
First, observe that for any minimal blocking set B for A. one has

{XLX/iaEA}gB

Then realize that the only minimal blocking set B that does not contain x /—
for any a € A (and if it does, it is necessarily CTr-blocking) is

{XLX/ : aEA}U{yLy/ : aEA}
which is also CTr-blocking. O

CTr-format cannot be compared with any other congruence format for com-
pleted trace equivalence, since it is, to the author’s best knowledge, the first
such format published. Note, however, that there are natural examples of
GSOS specifications that behave well with respect to completed trace seman-
tics, but are not in CTr-format, as the following example (pointed out by Rob
van Glabbeek) shows.

Example 5.25 Extend Example 5.23 with a collection of rules for binary
Kleene star *:

@ ! @ /
X — X y—Y
Xky — x5 (xxy) Xky — y/

It is straightforward to check that completed trace equivalence is a congru-
ence for the above rules. However,

Proposition 5.26 BPA extended with the Kleene star is not in CTr-format.



84 Chapter 5. From Test Suites to Congruence Formats

Proof. The first rule in Example 5.25 does not satisfy the third part of condi-
tion 1 of CTr-format. Indeed, the variable x occurs both on the left side of the
premise and in the target of the rule. O

The following theorem, together with Corollary 5.5, shows that CTr-format
is a precongruence format for completed trace preorder and a congruence format
for completed trace equivalence.

Theorem 5.27 Let A be a GSOS specification and A : ¥(Id x B) — BT the
corresponding natural transformation. If A is in CTr-format, then

A:Y*(Id x B¢ — BCTrp*
is a natural transformation in 2-T'S.

Proof. Similarly as in the proof of Theorem 5.8, we show that for any 2-test
suite 0 on a set X, for every test V € B%}(VTXH there exists a test V' € Xy (0 X
B§{T0) such that Vo Ax = V.

To this end, recall the characterization of tests in Xx6 and Tx6 given in
Lemmas 5.10 and 5.12.

Definition 5.28 For any set () C A, the Q-failure check is denoted %/—k
Instead of #b, we will often write —A. For any set X, a set § € BX passes
the Q-failure check if

BNn{{a,z):aeQreX}=0

For any X, the test on BX associated to the Q-failure check will be denoted
v(La), and will be called the Q-failure test.

Lemma 5.29 A test V € B%}{TXG is either the always true test BT X, or the
A-failure test v(—A), or a union of positive term 6-tests.

Proof. By definition of BCT" (see Definition 4.5), if a test V' € B$YTx 6 is not
equal to BT—>X, then either V' = w g 0 BV’ for some V' € Tx0, or V. = w0 BV’
for some V' € Tx60. In the former case, V is a union of positive term 6-tests,
as shown in Lemma 5.14. In the latter case,

Wao BV = [0} = v(—A)
Od

To prove Theorem 5.27, it is enough to consider single positive term 6-tests
on BT X, and the A-failure test on BT X. For the positive term tests, proceed
as in the proof of Theorem 5.8, except that when constructing the tests V; in
case b) consider one additional case:

e If x; occurs in p in a negative premise x; /— (and hence, it occurs in a
premise x; 7bL> for any b € A), then take V; = v(—4) o mo.
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The syntactic restrictions of condition 1 of CTr-format ensure that the def-
inition of V;’s extended this way is complete and unambiguous.
The final reasoning following the definition of the V;’s is changed accord-

ingly:
v(d,)(fr) = tt

— Vi(z;,B) =ttforalll <i<n

<= For each 1 < i < n, either x; does not occur in any premise and z; € ¢(x;),
. . b;

or x; occurs in a premise x; — y; and (b;, y;) € 3; for some y; € ¢(y;), or

X; occurs in negative premises x; 7& foralla € A and 5; =0

<= The function o : Z — X mapping each x; to x;, and y; to y; (note that
this definition is unambiguous, due to syntactic restrictions of the GSOS
format) satisfies the first three of the four conditions described in the
proof of Theorem 2.26 (in particular, due to syntactic restrictions of CTr-
format, all n; € {0,|A|} and all m; € {0,1}). Moreover, o(x) € ¢(x) for
all x € Z.

<= (a,to) € pxr. Moreover, v(v)(to) = tt.
— v(—=» v)(pxr) = tt.

The rest of the argument remains as in the case of Tr-format.

For the A-failure test v(—A) on BT X, for any language construct f(x1,...,%y)
take any minimal blocking set B for A¢. By condition 2 of the CTr-format, B is
a CTr-blocking set. Assume that B is satisfiable. For each i = 1,...,n, define
atest V; € KX B)C(TVH as follows:

o If for no a € A, x; — y nor x; /— belong to B, then take V; = BX o .

o If, for all a € A, x; %>y € B, and if for all b € A, x; /¢ B, then take
Vi = v(—A) o ma.

o If, for all a € A, x; — y ¢ B, and if for some b € A, x; 7&»6 B, then
—
take V; = v(—2p X) o my.
Note that the definition of a CTr-blocking set ensures that the above definition

is complete and unambiguous.
Now consider the basic flat 0 X B)C(Trﬂ—check

orp = £ (Vi,..., Vi)

Recall the definition of the function fx in the proof of Theorem We will
now show that

\/ v(0er) = v(—A) o fx

B

where the union occurs over all satisfiable minimal blocking sets for As.
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To this end, consider any r € £(X x BX) of the form

r=1{z1,01),. ., (T, Bn))
and check that
v(—) fxr =tt
— fxr=10
<= There is no substitution ¢ : & — X such that for some rule p € Ag,

OX; = X5
Vi < nVj < my.(aij, 0(yi;)) € Bi

where m;, n;, a;j, bij, yij are taken from p.

<= There exists a minimal blocking set B for As for which there is no substi-
tution o : E — X such that

ox; = x;, and either
for some x; —y € B, (a,0(y)) € 5, or
for some x; /A~ € B, V€ X.(a,z) & f3;

Note that such B is necessarily satisfiable.

<= There exists a satisfiable minimal blocking set B for A¢ such that for each
i=1,...,n there is V;(z;, ;) = tt.

<= There exists a satisfiable minimal blocking set B for A¢ such that v(dep) =
tt.

From this, by definition of A\ as in the proof of Theorem 2.25,

V Vvldsi) = v(—A) 0 Ax

fex B

where the inner unions occur over all satisfiable minimal blocking sets for As.
This completes the proof of Theorem 5.25. a

5.5 Failures Semantics

In this section, based on Corollary 5.5 specialized to the case of W = FI, we
show a congruence format for failures preorder and equivalence. Most proofs
are extended versions of analogous proofs from Sections 5.3 and 5.4.

First, we modify Definition 5.16.

Definition 5.30 A set B of literals is an Fl-blocking set if either

e for some x,y € £, a € A, both x LN y and x /4 belong to B, or
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o for every x € Z, a € A, if x /5 € B then no other literal with x on the
left side belongs to B.

If the first of the above conditions does not hold, the blocking set is called
satisfiable.

It is straightforward to check that every CTr-blocking set is an Fl-blocking
set.

Format 5.31 An image finite set of GSOS rules A is in Fl-format, if
1. For each rule p € A:

e 1o variable occurs more than once in the target of p,

e no variable occurs simultaneously in the left-hand side of a premise
and in the target of p,

e no variable occurs simultaneously in the left-hand side of a positive
premise and in the left-hand side of any other premise of p.

2. For each construct £ of the language and for every set Q C A, every
minimal blocking set for A¢g is an Fl-blocking set.

Proposition 5.32 BPA is in Fl-format.

Proof. Again, clearly all rules of BPA (see Example 5.7) satisfy condition 1
of Fl-format. For condition 2, consider a language construct a— corresponding
toa € A. For any Q C A, if a € @ then take A,_g has no minimal blocking
set. If a ¢ @, then A, = 0 and it has the unique empty minimal blocking
set, which is an Fl-blocking set. For the binary construct +, for any Q C A,
the only minimal blocking set for A ¢ is

{XLX/ : aEQ}U{yLyl : aEQ}
and it is a Fl-blocking set. O

The similar structure of CTr-format and Fl-format might be misleading. In
fact, these formats are quite different, as the following two propositions show
(compare Propositions 5.22 and 5.24).

Proposition 5.33 For A = {a,b}, the semantics for synchronous composition
(see Example 5.21) is in Fl-format.

Proof. Condition 1 of FI-format is obviously satisfied, and it is enough to check
Condition 2 for the synchronous composition operator x. Simple analysis of all
minimal blocking sets for any A g shows that they are all FI-blocking sets. For
example, if @ = {a} then there are two minimal blocking sets: {x % x’} and
{y =% y'}, both Fl-blocking. 0

In [I7] it was shown that the failures preorder is not a precongruence for
BPA extended with sequential composition (Example 5.23).
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Proposition 5.34 If A contains at least two different labels a,b, then BPA
extended with sequential composition is not in Fl-format.

Proof. Condition 2 of Fl-format fails for the sequential composition operator.
Indeed, take @ = {a}. Then A.p contains two rules and one of its minimal
blocking sets:

{x 4% x 7&}
is not Fl-blocking. O
The Fl-format excludes many examples of transition system specifications
that behave well with respect to the failures preorder. Many of these examples
are covered by the ‘failure trace format’ introduced in [I7]. However, the latter

format excludes also some examples covered by Fl-format. Indeed, assume
a,b € A and extend BPA with two unary constructs g,h and operational rules

x 5 %/ X /=
b

g(x) = h(x)  nx) -5 o0

where « ranges over A.
Proposition 5.35 BPA extended with g and h as above, is in Fl-format.

Proof. Condition 1 of FI-format is obviously satisfied, and it is enough to check
condition 2 for constructs g and h only.
For g, for any @ C A the only minimal blocking set for Agqg is the set

{X L% aeQ }, which is an Fl-blocking set. For h, for any Q C A, if

b € Q then the only minimal blocking set for Ang is {x /—}, which is an
Fl-blocking set. If b ¢ @, then Ayg is empty and its unique empty minimal
blocking set is Fl-blocking. O

This means that Fl-format is incomparable with the ‘failure trace format’
shown in [17].

The following theorem, together with Corollary 5.5, shows that Fl-format
is a precongruence format for failures preorder and a congruence format for
failures equivalence.

Theorem 5.36 Let A be a GSOS specification and A : ¥(Id x B) — BT the
corresponding natural transformation. If A is in Fl-format, then

A:X*(Id x By — BFIT*
is a natural transformation in 2-T'S.

Proof. As in Theorems 5.8 and 5.25, we show that for any 2-test suite 6 on a
set X, for every test V € B\ Tx0 there exists a test V' € Xx (6 X BY) such
that Vo =V".

As before, we begin with a characterisation of tests in BZFJXTXH:
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Lemma 5.37 A test V € BQFJXTXG is either the always true test BT X, or the
Q-failure test v(%‘») for some Q C A, or a union of positive term 6-tests.

Proof. As in the proof of Lemma 5.27. O

The proof proceeds much the same as in Theorem 5.25. For the positive
term tests V on BT X, we proceed as in the proof of Theorem 5.8, except that
when constructing the tests V; we consider one additional case:

e If x; occurs in p in some negative premises, then take V; = v(&/») o o,
where Q; = {a € A: x /> is a premise in p}.

Again, the syntactic restrictions of condition 1 of Fl-format ensure that the
definition of V;’s extended this way is complete and unambiguous.
The rest of the argument remains as in the case of Tr-format.

For the Q-failure test v(%éb) for some @@ C A, we proceed as in the proof
of Theorem 5.25, except that we construct the tests V; in a slightly different
manner:

a —
e If fornoa € A x; — y nor x; 7&» belong to B, then take V; = BX o ms.

o If, for some a € A, x; - y € B, and if for all b € A, x; 7&@ B, then
take%zv(%l»)om,whereQi:{aeA :dye = xiLyGB}.

o If for all a € A, x; — y ¢ B, and if for some b € A, x; 7bL>€ B, then
—
take V; = U(Lb X) oms.

(note that the first and the third case are as in the case of CTr-format).

The definition of Fl-blocking set ensures that the above definition is complete
and unambiguous.

The rest of the argument remains the same as in the proof of Theorem 5.25,
except that A¢ is replaced with A¢g throughout. O
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Chapter 6

Test Suites for Bisimulations on CPOs

In this chapter, the test suite approach is realized in a category of complete
partial orders (cpos) to give a coalgebraic characterization of a version of bisim-
ulation. The use of cpos instead of sets is motivated by semantic considerations
involving recursive operators in process algebras and programming languages.
To give a formal operational description of recursive operators, a simple and
natural idea [70] is not to add them to the language syntax formally, but rather
consider them as abbreviations for their infinite expansions. For example, in
presence of the sequential composition operator ; in the language, the term
loop a might be considered as an abbreviation for the infinite term a;a;a;...
This simplifies the semantic description of the language in question, since one
does not need to give any other semantics to the construct loop besides its
definition in terms of the sequential composition operator. However, this comes
for a price: infinite syntactic terms must be considered, and to allow any kind of
inductive reasoning on terms (for example, any kind of denotational semantics),
one needs to consider them as elements of a cpo rather than of a set.

In Chapter 7, we shall investigate how recursive operators can be formally
defined by recursive equations and combined with bialgebraic semantics for the
recursion-free fragment of a language to obtain bialgebraic semantics for the
full language. In this chapter, we focus on applying the test suite approach to
transition systems based on cpos, in order to obtain a coalgebraic character-
ization of a canonical notion of process equivalence. To simplify matters, we
consider unlabelled transition systems.

More specifically, we consider coalgebras for the functor (P°—); on the
category Acpo, of algebraic, pointed cpos, where P is the Plotkin powerdo-
main with empty set. The final coalgebra S for this endofunctor is a simplified
(with labels removed) version of Abramsky’s “domain for bisimulation”. In [2],
Abramsky showed how to interpret any transition system with divergence in S.
He also defined a notion of partial bisimulation and showed that the interpre-
tation in S is fully abstract with respect to the largest partial bisimulation,
i.e. that for any transition system with divergence h with set of processes X,
two processes x,y € X are related by a partial bisimulation if and only if they
have the same interpretation in S. (PY—) -coalgebras are a particular case
of transition systems with divergence, and Abramsky’s interpretation of them
coincides with their coinductive extensions. Therefore, Abramsky’s notion of
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partial bisimulation provides full abstraction for the final semantics of them.

In this chapter, we shall show that the test suite approach is expressive
enough to abstractly represent the full abstraction result. More specifically, in
Section 6.3 we shall show a lifting of the endofunctor (P°—), to an endofunctor
PBS on an appropriate test suite category O-T'S, such that for any coalgebra h :
D — (P°D)_, processes z,y € D are related by an appropriate specialization
preorder of the least test suite lifting h to a PBS-coalgebra if and only if k(z) <
k(y), where k : D — S is the coinductive extension of h.

This full abstraction result confirms the expressivity of the test suite frame-
work, and in Section 6.2, we argue that the most popular abstract approach
to coalgebraic bisimulation, the coalgebra span approach, fails to cover full
abstraction for (P°—) | -coalgebras.

Encouraged by this, in Sections 6.4-6.6 we show a relational characteriza-
tion of specialization preorders for PBS-coalgebras as cpo-bisimulations. The
characterization is partial, i.e. it does not work for all PBS-coalgebras, but the
full abstraction result can be phrased in terms of this characterization provided
the underlying (P°—) -coalgebra is compact.

6.1 Preliminaries

In this section, we recall some standard notions related to complete partial
orders (cpos) and transition systems with divergence, taken mostly from [2} [68].

Definition 6.1 An (w-)complete partial order (cpo) is a partial order (D, <)
(often denoted just D) where all increasing w-chains z¢p < z1 < x9 < --- have
least upper bounds (lubs), denoted | |,y (the subscript is omitted where D
is understood). A continuous function between cpos is a monotonic function
that preserves lubs. A cpo with a least element (denoted L) is called pointed.
A continuous function is called strict if it preserves the least element, and very
strict if it preserves and reflects the least element.

Alternative definition of cpo requires lubs of all directed sets, and not only
w-chains, to exist (e.g. [3]). In the case of countable partial orders, the two
definitions coincide. In the following, we will only consider countable, pointed
Cpos.

Definition 6.2 Let D be a cpo. The Scott topology op contains, as open sets,
subsets X C D such that

o forany x,y € D, if x € X and = < y then y € X, and
e for any w-chain zqy < z9 <---,if | |2, € X then z,, € X for some n € N.

A simpler topology can be defined on any preordered set:

Definition 6.3 Let (D, <) be a preorder. The Alezandrov topology A< con-
tains, as open sets, subsets X C D such that for any x,y € D, if x € X and
x <ythenye X. Aset X CD is called <-upper if it is open in A<.
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It is easy to check that both of the above indeed define topologies.

Definition 6.4 Let D be a cpo. An element a € D is called finite if for any
increasing chain z; < z9 < .-+, if a < | |z, then a < x, for some n € N. The
cpo D is algebraic if every element x € D is a lub of some increasing chain of
finite elements.

The set of all finite elements of a cpo D is denoted K (D).

Proposition 6.5 Algebraic, pointed cpos together with continuous, strict func-
tions form a category, in the following denoted Acpo| .

Algebraic cpos are closed under many useful constructions [68]. For the
purposes of this chapter, however, it is enough to consider lifting and the Plotkin
powerdomain with empty set [67) 2].

Definition 6.6 Let D be a cpo. The cpo D is the set {up(d) : d € D }U{L}
with the ordering

<y <= (r=1L)or (FJu,veD.u<vAzx=up(u) ANy =up(v))

It is easy to see how this definition extends to a functor (—); : Acpo, —
Acpo, .

We now define the Plotkin powerdomain [67], which is a counterpart of the
powerset construction on sets.

First, for any algebraic cpo D, define a closure operation (—)* on subsets of
D:

X'={yeD: (FTreX <y AVae KD).a<y=—3JzxeX.a<z)}

Subsets of D can be ordered by a modified version of the Egli-Milner ordering
as follows: X <gy Y if and only if

Vee X.Vae K(D). (a<z=3JyeY. a<y) and
VyeY. dJre Xz <y

Note that the empty set is not related to anything except itself by the ordering
relation <gup.
Finally, we define the Plotkin powerdomain with empty set [2]:

Definition 6.7 Let D be an algebraic cpo. The cpo P%(D) has as elements all
subsets X C D compact in the Scott topology op and such that X* = X, with
the ordering relation

X <Y «— X:{J_}OI"XSEMY

In, e.g., [68] it is proved that P°(D) is indeed an algebraic and pointed cpo
(in particular, { L} is the least element). It can also be extended to a functor
PY: Acpo, — Acpo, by putting, for a strict, continuous f : D — E,

(PPAIX) ={f() : ze X}
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When speaking about elements of cpos of the form (P°D) |, to simplify the
notation, we will skip the constructor up coming from the lifting functor. This
will not lead to any confusion, as all elements of P°D are presented as sets and
thus are different from 1.

From general properties of Acpo; (more specifically, from the fact that
Acpo | is Cppo | -enriched and Cpo-algebraically compact (see [29]), from the
limit /colimit coincidence theorem [82], and from local continuity of P [68]) it
follows that the endofunctor (P°—), admits a final coalgebra ¢ : S — (PYS)_,
which is the initial solution to the “domain equation” X ~ (P°X), in the
spirit of [2]. As follows from [68, Chapter 5], the finite elements of S can be
characterized inductively as follows (see also [2, Proposition 3.10]):

Proposition 6.8 The set K (9) of finite elements of the final (P°—) | -coalgebra
#: S — (PYS), is defined inductively by

e L =¢"1(1)e K(S)
e o 1(0) € K(5)
e ifay,...,a, € K(S) then ¢~ ({ay,...,a,}*) € K(S)

In the following, we will consider very strict coalgebras for the endofunctor
(P°—) . Such coalgebras are special instances of the following general notion:

Definition 6.9 A transition system with divergence (X,—,1) is a set X of
processes, a transition relation — C X x X and a divergence predicate T C X.
If for a process x € X it is not the case that = € | (denoted x 1), we write x |.

Any very strict coalgebra h : D — (PYD), in Acpo, can be viewed as a
transition system with divergence, by taking D \ {_L} as the set of processes
(with ordering on D ignored), the transition relation defined by

xr—y <= ye<h(x),y#Ll
and the divergence predicate
r] <= L1 eh(z)

Along the lines of [2], every transition system with divergence can be canoni-
cally interpreted in the final coalgebra ¢ : S — (P°S) . For a transition system
obtained from a (PY—) | -coalgebra h as above, this interpretation coincides with
the coinductive extension of h. In [2], Abramsky showed a general full abstrac-
tion result, based on the notion of partial bisimulation.

Definition 6.10 A partial bisimulation on a transition system with divergence
(X,—, 1) is arelation R C X x X such that for every z,y € X, xRy implies:

o Vo — /. Jy — /. 'Ry, and

ez |=—y|AVy —. Jz— 2. 2'Ry.
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The full abstraction theorem proved in [2] says essentially

Proposition 6.11 Take h : D — (P°D), as a transition system with diver-
gence. If h is finitary, then for any z,y € D, kx < ky (where k : D — S is the
coinductive extension of h) if and only if xRy for some partial bisimulation R
on h.

This characterization works only under the mild condition of finitarity,
which concerns satisfaction of certain axioms in a modal logic, and which we
leave unexplained here. Without this assumption (and not all coalgebras for the
Plotkin powerdomain satisfy it), the characterization is a bit more complicated
(see [2] for details).

The remainder of this chapter attempts to cover this full abstraction result
by a few abstract approaches to bisimulation.

6.2 Coalgebra Spans and Their Limitations

The coalgebra span framework [8] [78] and its ordered version [30] [77] are the
classical abstract coalgebraic approaches to bisimulation. It is therefore tempt-
ing to give an abstract account of the full abstraction result by Abramsky by
analysis of this abstract approach. In this section we briefly recall the coalgebra
span approach (for a comprehensive treatment, see [78), [30]) and observe that
it is not entirely appropriate for our purposes.

Definition 6.12 Let F' be any endofunctor on a category C, and let h: X —
FX be a coalgebra. A (span) bisimulation on h is an object R together with
two morphisms p,q : R — X such that there exists a coalgebra structure

r: R — F'R that makes p and ¢ into coalgebra morphisms:
P q

X R X
P

With the assumption that F' admits final coalgebras, general results about
(span) bisimulations say that the final semantics (the coinductive extension)
is always sound with respect to the above notion of bisimulation. Speaking
more concretely, in the case of C = Acpo |, bisimulations R on a coalgebra
h: X — BX can be seen as binary relations on X, with p, ¢ being projections
on X. The soundness result then means that if two elements x,y € X are
related by any bisimulation, then kx = ky, where k : X —  is the coinductive
extension of h.

If, moreover, C has kernel pairs (which is the case for C = Acpo ) and if
weak kernel pairs are preserved by F', then the kernel pair of k is a bisimulation
and the final semantics is fully abstract. For C = Acpo |, this means that for
any z,y € X, if kz = ky then x and y are related by some (span) bisimulation
(indeed, by the kernel pair of k).
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Unfortunately, it turns out that endofunctors P°,(P°—), : Acpo, —
Acpo, do not preserve weak kernel pairs due to convexity phenomena. In-
deed, as was probably discovered by Plotkin,

Counterexample 6.13 There exists a coalgebra h : X — (PYX), such that
the kernel pair of the coinductive extension £ : X — S of h is not a span
bisimulation.

Proof. To simplify the notation, define the following (finite) elements of S:

x1=¢ H({L})
xg = ¢~ ({x1})
x3 = ¢ ({z2})

z = Qb_l({l‘l, x2, 133}*)

Note that 1 < x9 < 3 in S, hence {x1,x3}* = {x1, 2, v3}*.
Now define a cpo D as the set

{J—) a, b) ai,az,as, bly b3}

with the ordering
r<ly <= zx=1lVe=y
(i.e., D is flat).
Consider the (very strict) coalgebra structure h : D — (P°D), defined by

1l - L
a +— {ay,az,a3}
b — {b1,b3}

ar — {l}

az +— Har}

az — {az}

by — {Ll}

by — {az}

Let k : D — S be the coinductive extension of h. It is easy to check that
k(a1) = k(b)) = x1, k(ag) = k(bs) = x3 and k(a2) = z2. Also k(a) =
¢ ({k(a1), k(az), k(az)}*) = z and k(b) = ¢~ ({k(b1), k(b3)}*) = 2 (note how
convexity comes into play here).

Consider the kernel relation R of k£ and assume a coalgebra structure r :
R — (P°R), such that makes the projections 7y, 7 : R — D into coalgebra

morphisms:
1

R D S

k
I
‘. I |
(POm1) 1

P°R), —= (P°D), —— (P°S
( )J_(’Poﬂ'z)J_( )L o (PS)L

Note that (a,b) € R and

(Pm1) 17 (a,b)
(POm) 17 (a,b)

h(m1 {(a,b)) = {a1,a2,a3}
h(m2 (a,b)) = {b1,b3}
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This implies that (ag,b1) € 7 (a,b) or (as,bs) € r(a,b). On the other hand,
r{a,b) € (P°R) ., hence r (a,b) C R. This means that (ag,b;) € R or {az,b3) €
R, which gives a contradiction, since k(ag) # k(b1), k(b3). O

This counterexample shows that the original coalgebra span approach does
not lead to the full abstraction result for the final semantics of (P°—) | -coalgebras.

In the ordered setting, another version of the coalgebra span approach has
been considered, based on the notion of ordered bisimulation [79, 30, [77]. There,
one works in a Pos-enriched category, i.e., a category where all homsets carry
a partial order structure and where composition is monotonic (for a general
treatment of enriched category theory, see [49]). Obviously Acpo, is such a
category.

In Pos-enriched categories, the standard notion of kernel pair can be gen-
eralized to the notion of ordered kernel pair. We define this notion after [30]:

Definition 6.14 In a Pos-enriched category C, an object C' with two mor-
phisms p,q : C — D is a ordered kernel pair of a morphism k£ : D — FE if
kop < kogqand if for any p/, ¢ : C' — D such that ko p’ < k o g there exists
a unique r : C’ — C such that p or > p and ¢ or = ¢. If the uniqueness
condition is dropped, then C, p, q is a weak ordered kernel pair of k.

In Acpo, all ordered kernel pairs exist, and the ordered kernel pair of a
continuous k : D — FE is the set of pairs (z,y) € D x D such that kz < ky in
E, ordered by the componentwise order inherited from D.

The notion of span bisimulation from Definition 6.12 can be generalized, in
the ordered setting, to

Definition 6.15 Let F' be a locally monotonic (i.e., monotonic on homsets)
endofunctor on a category C, and let h: X — F'X be a coalgebra. An ordered
bistimulation on h is an object R together with two morphisms p,q : R — X such
that there exists a coalgebra structure r : R — F'R that makes the following
diagram commute:

X R X
I
FX~<—FR—F—>FX

An abstract theorem from [77] states that if C has ordered kernel pairs and
if F' preserves weak ordered kernel pairs, then the ordered kernel pair of the
inductive extension k of any F-coalgebra h : D — F'D is an ordered bisimulation
on h. For C = Acpo, this means that for any x,y € D, kx < ky if and only if
x and y are related by some ordered bisimulation.

This result seems quite similar to the Abramsky’s full abstraction theorem
(Proposition 6.11). Unfortunately, contrary to what was speculated in [77], the
Plotkin powerdomain functor does not preserve weak ordered kernel pairs due
to a limiting phenomenon, and indeed:
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Counterexample 6.16 There exists a coalgebra h : X — (PYX), such that
the ordered kernel pair of the coinductive extension k : X — S of h is not an

ordered bisimulation.

Proof. To simplify the notation, define the following infinite sequence of ele-

.of S:

ments x1, 2,3, ..

These elements form an increasing chain: 7 < z9 < 3 < ---

denote
T, =

Note that {L,x1,x9,x3, ..

L1
L2
r3

Jr={L, 2, 20,23, ..

¢ ({L})
¢~ ({z1})
¢~ ({x2})

Moreover,

unGN Tn
= ¢_1({J—7x17$27$3> ..

STy }Y)

N

Now define a cpo D as the set

{—L7a7 b7 C1,C2,C3, ...

with the ordering

o}

r<y <= zrz=1LVzr=y

(i.e., D is again flat).

Consider the (very strict) coalgebra structure h : D — (P°D), defined by

1
a
b

C1

Cn,
Cw

1T 1T 111

L

{L,c1,¢2,c3,...}
{L,c1,c2,¢3,...,¢u}
{L}
{en—1}
{cw}

forn>1

Let k: D — S be the coinductive extension of h, and let R denote the relation
on D corresponding to the ordered kernel pair of k (i.e., xRy iff k(x) < k(y).)
As observed in [30], ordered bisimulations on P°-coalgebras with flat carriers
are partial bisimulations on the respective transition systems with divergence.
However, here R is not a partial bisimulation. Indeed, it is easy to see that:

=+
—~
o

n
Cw

(a
(b

k

—

>~
— — — ~—

= g, forneN
= {Ew
= z

z

In particular, bRa. However, ¢, € h(b) and there is no element = € h(a) such
that zRc,, therefore the first condition in Definition 6.10 fails for R.

As a side remark, this means that the above coalgebra h is not finitary in
the sense of [2], since the simple characterization from Proposition 6.11 does

not work for it.

a
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This counterexample shows that the ordered coalgebra span approach does
not lead to a full abstraction result for the final semantics of (PY—) | -coalgebras
either. Note that the counterexample does not contradict the abstract charac-
terizations given by Pitts in [66], as they only concern the “internal full ab-
straction” of the final coalgebra, with no regard to the final semantics of other
coalgebras.

In the remainder of this chapter, we show how the test suite approach
described in Chapter 3 can be used for the abstract treatment of bisimulations
on cpos.

6.3 Test Suite Approach

To define an appropriate notion of bisimulation on cpos abstractly, we use the
test suite framework described in Chapter 3, specialized to the case C = Acpo| .
We let the test value object V be the Sierpinski space O, defined by

O = {£f, tt} with the ordering ff < tt

This gives rise to the category of O-test suites O-TS, along the lines of Defini-
tion 3.1.

For a specialization functor construction, consider the partial order R on O
equal to the ordering relation of @. When considered as an object of a suitable
relation category, this yields a specialization preorder construction along the
lines of Theorem 3.24. In elementary terms, the specialization preorder <y for
a test suite 6 : D = O is defined by

r<pgy <= VW eb Ve=tt = Vy=tt

(compare Example 3.25).

To lift the endofunctor (P°—), to the category Q-TS we provide a set of
((PY—) 1, Q)-test constructors (i.e. continuous, strict functions from (P°0) to
0) and a closure, as described in Section 3.3.3.

First, recall that (PY0), is the cpo

{te}

|

{ff,tt}

N,

|

1
For any pointed cpo D, O-tests on D correspond to Scott-open subsets of the
(not necessarily pointed) cpo D \ {L} (note that strictness of O-tests prevents
the entire cpo D from being identified with any test). As in Notation 4.1, we
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introduce a special notation for this correspondence:

V = {zeD:Vx=tt} forV:D — O strict
- {tt ifxeX
Xz =

£f  otherwise for X & D Scott-open

We will be, however, more sloppy when speaking about entire test suites, and we
will not distinguish between test suites and families of the corresponding sets.
In particular, we will sometimes say that a set (rather than the corresponding
test) belongs to a test suite. This should not lead to any confusion.

Consider the following test constructors, i.e. strict functions from (P°0)
to O:

wo = {0,{tt}}

we = {{ff,tt}, {tt}}

Since O-tests on D correspond to Scott-open subsets of D\ {_L}, it is valid
to consider for any D the closure operator Cl},, that given an O-test suite 6 on
D, returns the smallest topology on D\ { L} that contains 6. Since elements of
6 are guaranteed to be Scott-open, the topology Cl%, 6 is always a subtopology
of the Scott topology op\(1}-

It is easy to verify that the operators Cl%, form a test suite closure CI in
the sense of Definition 3.31. Indeed, the proof proceeds exactly as in the case of
CI" on sets, in Section 4.1. Now we are ready to lift the endofunctor (P°—)
to the category O-T'S:

Definition 6.17 The endofunctor on O-T'S induced by the set of ((P'—) |, Q)-
test constructors {wpn, we} and by the closure CI* is denoted PBS.

This particular lifting of (P°—), to O-TS might seem a bit arbitrary, but is
well motivated by the following results. From Theorem 3.11 it follows that the
final (P°—)-coalgebra ¢ : S — (P%S), can be lifted to a final PB3-coalgebra
¢ : (S,w) — ((P°S) 1, PSw), where w is the least (with respect to inclusion)
fixed point of the operator ®40 = (15*735850.

Theorem 6.18 Under the above notation, w = og\(1}.

Proof. The inclusion w C og\(1y is trivial. For the other inclusion use the
fact that w is a topology and that sets of the form al={z € S : a <z} for
a € K(S) form a basis for the Scott topology og. It is therefore enough to show
that all such sets (except S itself) are contained in w. To this end, we proceed
by structural induction on finite elements of S, using Proposition 6.8.

For a = ¢~1((), consider the test

W =wso(P°0), 0

Note that (woo(PO0) )z = tt if and only if z = 0, hence ¢~ (0)) = W. Clearly
W e w.
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Fora = ¢ {1, ay,...,a,}*, assume tests V1, ..., V, € wsuch that V; = a;]
for : =1,...,n and consider the test

n
W= \(wo o (PVi)L 0 ¢)

i=1
Observe that Wax = tt if and only if for every ¢ = 1,...,n there is some
x' € ¢(x) such that a; < /. Since all a;’s are finite, this amounts exactly to
saying that {1, a1,...,a,}* < ¢(z) in (PYS),.

For a = ¢~ *{ay,...,a,}*, where a; # L, Vi,...,V, € w such that V; = a;]

for ¢ =1,...,n and consider the test

W= (/\(W> o (PUVi)Locb)) A (wu o (P*\/ Vi)L o¢>

i=1 =1
Here, Wx = tt if and only if
e for every i = 1,...,n there is some 2’ € ¢(x) such that a; < 2/, and
e for every 2’ € ¢(z) there is some i = 1,...,n such that a; < 2’.

Again, this is equivalent to saying that {ai,...,a,}* < ¢(z) in (P°S) . This
concludes the inductive step. O

Note how the constructions used in this proof resemble the logical construc-
tions used in the Definability Theorem 4.9 in [2].

Recall from Theorem 3.12 that for any coalgebra h : D — (PYD) | with the
coinductive extension k : D — S, the test suite k*w is the least test suite that
lifts h to a PBS-coalgebra. On the other hand,

Lemma 6.19 For any elements @,y € D, & <o (,, ¥ if and only if k(z) <
k(y).

Proof. It is routine to show that for (any) cpo S, the specialization preorder
<o is equal to the ordering relation on S. Since S # {1}, this also applies to

SUS\{L}. Now

T Skrosy(uy Y

VW ekog (). Ve=tt = Vy=tt

VW' e og\ 1y V(k(r)) = tt = V(k(y)) = tt
k(.%') SJS\U_} k(y)

k(y) < k(y)

1117

a

Theorem 6.18 and Lemma 6.19 show that final semantics is indeed fully
abstract with respect to the abstract notion of “bisimulation” defined as the
specialization preorder of a PBS-coalgebra.

This chapter might well end here; it has been shown that the test suite ap-
proach is expressive enough to cover a canonical (i.e. leading to full abstraction
of the final semantics) process equivalence on transition systems based on cpos.
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However, for a better understanding of our abstract notion of process equiv-
alence we look for a concrete, relational description of PBS-coalgebras. The
remainder of this chapter is devoted to finding such a characterization.

6.4 Preorders and Topologies on CPOs

We begin with a general characterization of those relations on cpos that are
specialization preorders of subtopologies of Scott topologies.

We will consider preorders R on D, where (D, <) is an algebraic cpo. We
will always assume that < C R. This will not cause any loss of generality, since
specialization preorders of subtopologies of Scott topologies are neccessarily
coarser than the ordering relations of the underlying cpos.

Some basic notation will be useful:

21" = {yeD|zRy}
zlp = {ye€ D|yRx}

In the following definition always z,y € D and a,b € K(D).
Definition 6.20 A preorder R is called finitary, if
Va,y.(Va.aRx = aRy) = xRy
It is called strongly finitary, if
Vz,y.(Va < z.aRy) = xRy

It is called weakly algebraic, if

Va,y.aRy = 3b < y.aRb
It is called algebraic, if

Va,y.(xRy <= Va < z.3b < y.aRb)

Lemma 6.21 The properties of finitarity (F), strong finitarity (SF), weak al-
gebraicity (WA) and algebraicity (A) are related by the following implications:

F«<=SF<«<= (FAWA) <A

Proof. The implication SF = F is obvious, since < C R. To show that
FAWA = SF, fix x,y € D and assume that for all finite a < x we have aRy.
Take any finite b such that bRx. By weak algebraicity, there is a finite a < x
such that bRa, hence by the above assumption and by transitivity of R, bRy.
This works for arbitrary finite b such that bRx, hence by finitarity, zRy.

For the equivalence F A WA <= A, note that by the previous implications,
in presence of weak algebraicity, finitarity is equivalent to strong finitarity. It
therefore enough to prove that SF A WA < A.
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For the right-to-left implication, assume R algebraic. It is then obviously
weakly algebraic (take z = a in the definition of algebraicity). To prove strong
finitarity, assume Va < z.aRy. Applying algebraicity for every finite a < x, one
gets

Va < z.3b < y.aRb

hence by algebraicity, x Ry.
For the left-to-right implication, assume R strongly finitary and weakly
algebraic, and for all z,y € D show both directions of

2Ry < Va < x.3b < y.aRD)

=: Assume xRy. Take any a < z. Since < C R, by transitivity aRy. By
weak algebraicity there exists b < y such that aRb.
<: Assume Va < z.3b < y.aRb. Since < C R, by transitivity of R there is

Va < z.aRy

which, by strong finitarity, gives zRy. O

Any preorder R on D can be canonically extended to the least strongly
finitary preorder that contains R, as follows from

Lemma 6.22 For any family {R;};c; of strongly finitary preorders on D, the

relation
R=(R
iel

is a strongly finitary preorder.

Proof. Reflexivity and transitivity of R is straightforward. So is strong fini-
tarity:

Va € K(D).(a <z = aRy) =

Vie IVa € K(D).(a <z = aR;y) = (R; strongly finitary)
Vi€ l.xRyy =

TRy

a

From this it easily follows that for any preorder R on D, the intersection of
all strongly finitary preorders R’ such that R C R’ is the least strongly finitary
extension of R.

We proceed to characterize those preorders on cpos that are specialization
preorders of subtopologies of the Scott topology, as strongly finitary preorders.
Also for any preorder R on a cpo D, we find a topology 0r for which the
specialization preorder is somehow related to R (more precisely, it is the least
strongly finitary extension of R).

In the following, by a topology we mean a subtopology of the Scott topology
on a given algebraic cpo.
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Lemma 6.23 For any topology 6 on D, the specialization preorder <y is
strongly finitary.

Proof. Take any z,y € D and assume for all finite a < z, a <y y. Take any
V € 6 such that = € V. Since V is Scott-open (and D is algebraic), it contains
some finite a < x, so by the assumption it also contains y. O

Definition 6.24 For any preorder R on D, let 0 denote the intersection of
the Scott topology on D\ {1} and the Alexandrov topology of R.

Obviously 6 is a topology in our sense, i.e., a subtopology of the Scott
topology on D.

Lemma 6.25 If R on D is strongly finitary then <y,= R.

Proof. O: Assume xRy and take any V € 0 such that x € V. Since V is
by definition R-upper, also y € V. Note that strong finitarity of R is not used
here.

C: First note that strong finitarity of R amounts to saying that for any
y € D, the set y|r is Scott-closed.

Now take xz,y € D such that zRy. It is enough to exhibit a Scott-open,
R-upper set V such that z € V and y ¢ V. Take V. = D\ y|g. It is Scott-open,
because y|r is Scott-closed. It is also obviously R-upper, and y € V. Since
xRy, also x € V, hence x £y, y. O

Lemmas 6.23 and 6.25 give a correspondence between topologies on D and
strongly finitary preorders on D. This correspondence is in fact even stronger:

Theorem 6.26 For any preorder R on D, <y, is the least strongly finitary
extension of R.

Proof. First, note that the construction of fr from 6 is reverse monotonic, i.e.,
if R C R’ then 0r 2 0. (It is enough to observe that if R C R’ then every
R’-upper set is R-upper.) Also the construction of specialization preorder <y
from a topology 6 is reverse monotonic, as is easily checked. As a conclusion,
the construction of <y, from R is monotonic.

Now for any R, the preorder <y, is strongly finitary by Lemma 6.23 and
extends R (see the first half of the proof of Lemma 6.25). Now let S be the
least strongly finitary extension of R (it exists by Lemma 6.22). Obviously
S C<p,- On the other hand, since R C S, by the above monotonicity observa-
tions <p,C<p,= S (the last equality holds by Lemma 6.25). O

If R is weakly algebraic, <g, can be characterized without explicit use of
topologies:

Theorem 6.27 For any weakly algebraic preorder R on D, the preorder RY
defined by
¢RIy < (Va € K(D). aRx = aRy)

is the least strongly finitary extension of R and is algebraic.
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Proof. Reflexivity and transitivity of R is obvious. To show that R C RF,
check
zRy = (Ya € K(D). aRz = aRy) < xRy

To show that RY is algebraic (and strongly finitary), check that it is finitary
and weakly algebraic and use Lemma 6.21. For finitarity, consider any x,y € D
and assume that aRz = aRfy for all a € K(D). Then if bRz for some
b € K(D), also bRFz (see above) and, by the assumption, bR"y. Now let
z = a = b in the definition of R¥ to see that bRy. This works for arbitrary
b € K(D), hence by definition, zR"y and RY is finitary.

For weak algebraicity of R, consider any a € K(D) and y € D such that
aR"y. In particular, as a is finite, one has aRy (take z = a in the definition
of RF). Since R is weakly algebraic, there exists a finite b < y such that aRb,
and since R C RY , also aRF'b.

It remains to be checked RF is the least strongly finitary extension of R.
To this end, consider any strongly finitary preorder S such that R C S and
calculate, for any z,y € D,

tRYy < (Ya.aRz = aRy) = (Va.a < z = aSy) = =Sy

using the assumption that < C R C S. O

6.5 Compact Coalgebras

In the previous section, we obtained a characterization of those preorders on
algebraic cpos that are specialization preorders of subtopologies of the Scott
topology. This is the first step of a characterization of the specialization pre-
orders of test suites taken from PBS-coalgebras (these test suites are necessarily
subtopologies of the Scott topology).

When looking for such a characterization in the next section, we will decide
to restrict our attention only to those topologies for which the specialization
preorders are weakly algebraic, leaving other topologies not treated. This leads
to an important question: what conditions should be imposed on a coalgebra h
that would guarantee the specialization preorder of the topology k*og (where
S is the final coalgebra and k is the coinductive extension of h) to be weakly
algebraic? This question must be tackled, as the topology k*og is the source of
full abstraction for the final semantics (see Lemma 6.19). To this end, we give
some simple definitions.

Definition 6.28 A coalgebra h : D — (P°D), is compact if the coinductive
extension k of h preserves finite elements.

The name compact was borrowed from the study [6] on cpo models for GSOS
languages.

Definition 6.29 A topology 6 on an algebraic cpo D is closed under finitary
intersections, if for any finite a € D, we have a]<¢¢€ 6.
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Note that, by definition, a1<¢ is the intersection of all V' € 6 such that
a € V. This justifies the name “closed under finitary intersections”. The two
notions defined above are linked by

Lemma 6.30 If h : D — (P°D), is compact then k*o is closed under fini-
tary intersections, where o is the Scott topology on S and k : D — S is the
coinductive extension of h.

Proof. Recall that £*c can be viewed as an O-test suite on D. Now

alSve = {zeD|a<p, )
= {z€D|VV ek'oV(a) < V(z)}
= {zeD |V €oaV'(k(a) < V'(k(z))}
= {zeD|k)<k(x)}
= {zeD|k) € k()}

—
= k(a)lok
Since k preserves finite elements, k(a) is finite, hence

k(a)t€e o
w okeko
d

The following easy lemmas show that topologies closed under finitary inter-
sections correspond to weakly algebraic preorders:

Lemma 6.31 If a topology 6 on D is closed under finitary intersections then
the specialization preorder <y is weakly algebraic.

Proof. Assume 6 closed under finitary intersections. In particular, for any
finite @ € D, the set a1<¢ is Scott-open. Weak algebraicity of <g is now
straightforward. O

Lemma 6.32 If a preorder R on D is weakly algebraic, then for every a €
K(D), z € D,
a<g, r < aRx

Proof. Assume R weakly algebraic.

<=: see proof of Lemma 6.25.

= Assume a <g, =. It means that for any V € 0g, if a € V then z € V.
Consider the set alff. It is obviously R-upper, and by weak algebraicity of R,
also Scott-open, so it belongs to g, hence z € alf and aRx. O

Lemma 6.33 If a preorder R on D is weakly algebraic then the topology 0r
is closed under finitary intersections.
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Proof. We need to show that for any finite a € D, the set a]=r is Scott-open
and R-upper. Since R is weakly algebraic, by Lemma 6.32 there is

al<n= af "

The set on the right hand side is clearly R-upper, and its Scott-openness is
straightforward by weak algebraicity of R. O

6.6 CPO-Bisimulations

Now we proceed to give a relational characterization of those topologies 8 on D
which lift a given coalgebra h : D — (P°D) to a PBS-coalgebras on Q-TS. To
simplify matters, we restrict attention only to topologies closed under finitary
intersections. This restriction, by Lemma 6.30, does not prevent the topology
k*o from being characterized if h is a compact coalgebra.

Definition 6.34 A preorder R on D is a cpo-bisimulation on a very strict
coalgebra h : D — (P°D), if < C R and if for all z,y € D if 2Ry then

o Vo' € haVa € K(D).(a <2’ = 3y’ € hy.aRy')
e if | & hx then

- L&hy
— Yy € hy. 32" € hx.x' Ry

Lemma 6.35 If R is a cpo-bisimulation on h : D — (P°D) | then the topology
O lifts h to a PBS-coalgebra.

Proof. Assume R a cpo-bisimulation and take any O-test V € 0. By defini-
tion of PBS, it is enough to check that wno(POV) | oh € O and weo(POV)  oh €
Or.

First consider the test W = wg o (POV) 1 o h. By definition it is strict and
continuous, hence W is Scott-open on D\ { L} and it is enough to check that
it is R-upper. Take z,y € D such that Wpx = tt and zRy. By definition of
Wha, for all 2’ € ha there is Va = tt. In particular, L ¢ hz. Since R is a
cpo-bisimulation, this means that | & hy and for every y' € hy there exists
2’ € hz such that 2’Ry’. Now V is R-upper and Vz' = tt for any 2’ € hz, so
also Vy' = tt for any y' € hy, hence Wny = tt.

Now consider the test We = we o (P°V) | o h. Again, it is enough to show
that W is R-upper. Take z,y € D such that Wex = tt and 2 Ry. By definition
of We, there exists an 2’ € ha such that Va’ = tt. Since V is Scott-open, there
is an @ < 2’ such that Va = tt. Now R is a cpo-bisimulation, so there is a
y' € hy such that aRy’. But V is R-upper, hence Vi’ = tt and Woy = tt. O

Lemma 6.36 Consider a very strict coalgebra h : D — (PYD),. For any
topology 6 on D\ {_L}, if 6 is closed under finitary intersections and if 6 lifts h
to a PBS_coalgebra, then <y is a cpo-bisimulation.
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Proof. Assume 6 lifts h to a PBS-coalgebra and that 6 is closed under finitary
intersections. To prove that <y is a cpo-bisimulation, assume any = <y ¥y
consider three cases:

1. Assume that there is 2’ € hx and a finite a < 2’ such that for all ¢’ € hy
there is a £g vy'. Since 6 is closed under finitary intersections, one has
alS?e 6. Consider the test

Wo = wo o (P(al=)) o h

The coalgebra h lifts to 6, hence We € 6. Now for any 4 € hy one has
v & a1=%, hence Wey = £f. On the other hand, obviously a € a1,
hence ' € a]<¢ and W = tt. As a result, z £y ¥.

2. Assume L ¢ hx and L € hy. Consider the test
0
W =wgo (PY(D\{L}))Loh

Since @ is a topology on D \ {L} and lifts h to a PBS-coalgebra, one has
W € 6. Moreover, Wx = tt and Wy = ££f, hence x £y y.

3. Assume | ¢ hx and that there is ¢y’ € hy such that for all 2’ € hx there
is 2’ £¢ y'. This means that for every 2/ € hz there exists a test V, € 0
such that V2’ = tt and V9 = £f. Consider the test

Wo =wno (P(\/ Va))Loh

/e

The coalgebra h lifts to 6, hence Wn € 6 (in particular, note that 6 is
closed under arbitrary unions). Obviously Wpx = tt but Wpy = £f,
hence = £y y.

We are now ready to give a characterization of PBS-coalgebras:

Theorem 6.37 For a very strict coalgebra h : D — (P°D),, specializa-
tion preorders of those topologies closed under finitary intersections that lift
h to a PBS_coalgebra are exactly the preorders RY for weakly algebraic cpo-
bisimulations R on h.

Proof.
= Let 6 be closed under finitary intersections and assume that it lifts h
to a PBS-coalgebra. Then

e <y is a cpo-bisimulation, by Lemma 6.35,
o <y is weakly algebraic, by Lemma 6.31,

e <y is finitary, by Lemmas 6.21 and 6.23, hence (as is easily checked)
<r'=<
> —20-
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+=: Take R a weakly algebraic cpo-bisimulation on A. Then
e Op is closed under finitary intersections, by Lemma 6.33,
e h lifts to O, by Lemma 6.36,

e <p.= R by Theorems 6.26 and 6.27.

Theorem 6.37 gives a characterization of those PBS-coalgebras
hi(D,0) — ((P°D)., PES)

for which 6 is a topology closed under finitary intersections. This leaves some
PBS_coalgebras not characterized, but if & : D — (P°D), is compact, then
the least @ lifting h to a PBS-coalgebra is indeed characterized and the full
abstraction result can be stated in terms of this characterization:

Corollary 6.38 Let h: D — (P'D), be compact, and let k : D — S be the
coinductive extension of h. For any z,y € D,

k(z) < k(y) <= xRy
where R is the largest weakly algebraic cpo-bisimulation on h.

Proof. By Theorems 6.37, 6.18 and Lemma 6.19. O

Remark 6.39 When coalgebras with flat carriers are considered, the state-
ment of Theorem 6.37 can be simplified. Indeed, then K (D) = D, all preorders
are weakly algebraic and finitary, and the definition of cpo-bisimulation (Defi-
nition 6.34) simplifies to the definition of partial bisimulation (Definition 6.10)
on the transition system with divergence corresponding to the coalgebra in
question.

Two problems remain open. Firstly, the author is not able to find any cpo-
bisimulation on a compact coalgebra that would not be weakly algebraic. If all
such cpo-bisimulations are weakly algebraic, Theorem 6.37 and Corollary 6.38
can be simplified, by replacing weakly algebraic cpo-bisimulations by simply
cpo-bisimulations. Secondly, a relational characterization of all PBS-coalgebras
is presently missing. The results of Abramsky [2], who obtained a relational
characterization of the full abstraction result for all transition systems with
divergence, suggest that a satisfactory characterization may indeed exist.
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Chapter 7

Adding Recursive Constructs to Bialgebraic
Semantics

In Chapter 6, the interpretation of processes and transition systems in a cat-
egory of cpos was briefly motivated by issues related to recursive operators in
process languages. It was also mentioned that one can conveniently describe the
behaviour of such operators treating them as syntactic abbreviations of their
infinite expansions.

In this chapter, we elaborate on this issue, considering problems related
to the interpretation of recursive operators in the framework of bialgebraic
semantics. More specifically, we show how to merge systems of (possibly un-
guarded) recursive equations, modelled as certain natural transformations, with
structural operational rules modelled as distributive laws, as in the bialgebraic
framework of abstract GSOS.

This chapter is not directly related to the test suite framework developed
in Chapters 3-6, and can be read largely independently, except for occasional
references to Chapter 2 and to preliminaries in Chapter 6.

The elegant framework of abstract GSOS (see Section 2.7) covers many
interesting examples of simple languages [86] 85 13, [50]. However, it is not
immediately clear how to extend it to cover variable binding and/or recursive
constructs. The problem with variable binding shows already on the syntactic
level: signatures with variable binding constructs are not as easily expressed
as endofunctors as are ordinary basic constructs of process languages. As was
shown in [32] and [31], this can be remedied by interpreting operational rules
in a suitable presheaf category. At the expense of making the framework con-
siderably more complex, the authors were able to formalize the operational
semantics for name-passing and value-passing constructs.

The problem with recursive constructs is of somewhat different nature. Even
when variable binding is not around, it is not clear how to interpret such con-
structs in the bialgebraic framework. As an example, consider an unary lan-
guage construct loop designed to repeat some computation infinitely. Tradi-
tionally, there are two ways of writing operational rules for this construct. One
possibility is to write (in the presence of a sequential composition operator *;’
in the language)

loopt — t;loop t

111
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This rule is structural and accurately describes the intended meaning of the
looping construct. However in certain situations, e.g., where the intended op-
erational model of the language should be a labelled transition system, and not
an unlabelled one, this rule is a source of problems. To merge this rule with
other rules that generate a labelled transition system, one has to change the
behaviour functor of the intended operational model. More importantly, the
coinductive extension of the derived model does not ignore the ‘silent’ transi-
tions associated with the above rule. As a result, programs like loop a and
a;loop a are mapped differently by the final coalgebra semantics, which con-
tradicts the intended meaning of the looping construct.

To remedy this problem on an abstract level, a general coalgebraic theory of
weak bisimulation is needed. Some work in this direction has been done [75} [76],
but no satisfactorily abstract results have been obtained yet. This means that
the above rule is hard to fit into the bialgebraic framework so far.

Another option to describe the looping construct is to give the rule

t;loop t — t/
loop t — t/

This rule does not introduce any unwelcome silent transitions. However, it is
not structural: to compute the intended operational model for a language with
this rule, one uses a fixpoint construction rather than induction. This makes it
impossible to fit this rule directly into the bialgebraic framework.

Here we consider another approach. Following general guidelines from [70],
recursive constructs are treated separately from the recursion-free ones, and de-
scribed not with operational rules, but with recursive equations. The equations
are then merged with the bialgebraic models obtained for the recursion-free
fragment of the language.

This general approach was first used in [85] for the case of guarded recursion.
However, unguarded equations like

loopt =t;loopt

have not been treated so far.

In this chapter, the approach introduced in [85] is modified and extended
to deal with a wide range of recursive equations, including many unguarded
ones. However, to keep things simple only constructs without variable binding
are considered, to avoid moving to a sophisticated presheaf category.

Since unguarded recursive equations may be a source of partiality (diver-
gence), it is convenient to interpret the operational rules and the recursive
equations in a suitable category of domains rather than in the category of sets.
The examples aimed to explain the constructions introduced in the paper use
the category Cppo | of pointed cpos and continuous, strict functions. However,
all the constructions used can be interpreted in any Cppo | -enriched category
equipped with the usual structure needed to interpret the bialgebraic framework
of [86].

The structure of the chapter is as follows. Section 7.1 introduces some cat-
egorical preliminaries together with certain fixpoint constructions used in the
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following. In Section 7.2, two motivating examples are shown, and the develop-
ments of the remaining sections is introduced on informal level. The examples
shown use Cppo | as the underlying category. One of the examples deals with
a looping construct loop, and another one with a more sophisticated construct
unfolding, which corresponds roughly to the general recursive construct p re-
stricted to a single recursive variable.

In Section 7.3 recursive equations are formalized abstractly as unfolding
rules, and in Sections 7.4-7.6 it is shown how to merge unfolding rules with the
bialgebraic framework.

In the developments presented in Sections 7.4-7.6 it repeatedly appears
that the recursive equation for the construct unfolding considered in one of
the examples is far less structured than the one for the construct loop. This
motivates the definition of a regular unfolding rule in Section 7.7, which is
satisfied by the latter but not by the former. Regular unfolding rules have
some useful properties: in particular, they allow to construct a distributive law
(abstract operational rules) for the full language from a distributive law for the
recursion-free fragment.

7.1 Preliminaries

This section contains standard definitions and results used in this chapter. The
reader is also advised to refer to Chapter 2 for definitions related to the bialge-
braic framework, and to Section 6.1 for basic definitions concerning cpos.

A pointed endofunctor (T,n) on a category C is an endofunctor 7' on C
together with a natural transformation 7 : Id — T. For every monad (T, n, )
(see Definition 2.18), the pair (T, 7n) is obviously a pointed endofunctor. We
often omit the names of the above natural transformations and speak of a
pointed endofunctor 7', or of a monad 7.

An algebra for a pointed endofunctor T is an algebra h : TX — X for the
endofunctor 1" such that honx = idx.

If T'is a (part of a) monad (a pointed endofunctor) then by a T-algebra we
will mean an algebra for the monad (the pointed endofunctor), unless otherwise
stated.

A monad morphism between monads (T,n,u) and (T',n, ') is a natural
transformation ¢t : T — T’ such that

n'=ton
tou=p otT'oTt=p oT'totT

A copointed endofunctor (H, ) is an endofunctor H together with a natural
transformation 7 : H — Id.

A coalgebra for a copointed endofunctor (H, ) is a coalgebra k: X — HX
for the endofunctor H such that mx o k = idx.

Any endofunctor B on a category with binary products cofreely generates a
copointed endofunctor H = Id x B with m = ;. Obviously then H-coalgebras
are in one-to-one correspondence with B-coalgebras.
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A distributive law of a pointed endofunctor T over a copointed endofunctor
H is a natural transformation A : TH — HT such that

AonH = Hny
Tr=nTo\

If, moreover, T' is a monad and
AopuH =HpoANT'oTA

then A is called a distributive law of the monad T over the copointed endofunctor
H.

If H = Id x B is the copointed endofunctor cofreely generated by an
endofunctor B, then distributive laws of the pointed endofunctor (monad) T'
over H are equivalent to natural transformations A : TH — BT such that
AonH = Bnom (and respectively, A o uH = Bpuo AT o T(Tm,A)). With
a slight abuse of language, such natural transformations will also be called
distributive laws of the copointed endofunctor (monad) 1" over H.

For a distributive law X\ : TTH — BT of the pointed endofunctor 1" over the

copointed endofunctor H, a A-model with carrier X is a pair T' X Iox koBx
of a T-algebra and B-coalgebra, satisfying the pentagonal law:

koh = BhoAx oT(id, k)

If, additionally, T is a monad and A is a distributive law of the monad over H,
then the A-model is called a A-bialgebra (see Definition 2.27).

A category is called Cppo | -enriched, if its homsets are pointed cpos (see
Definition 6.1) and if composition is continuous and strict in each argument.
Since composition is strict, the collection of bottom elements of homsets may
be viewed as a natural transformation L between any two given endofunctors.

In the following sections many morphisms in a Cppo -enriched category
will be defined as fixpoints of certain continuous functions on homsets. In many
applications the least fixpoints are the ones of most interest. However, for our
purposes it will be more useful to consider only fixpoints that satisfy certain
conditions (for example, that factorize through some given morphism) and then
take the least fixpoint from this class. This section presents some techniques
aimed at defining and reasoning about such morphisms.

First, a straightforward generalization of Tarski’s Fixpoint Theorem:

Theorem 7.1 (Tarski) Consider a cppo V' and a continuous function & :
V — V. For every f € V such that ®f > f, there exists the least fixpoint of ®
greater or equal to f, denoted by ®*(f). Moreover,

o (f) = | | o"f
neN
Note that for any continuous ® : V' — V| the set Vg of those elements f € V
for which @ f > f, is a sub-cppo of V, i.e., it contains the bottom element | and
it is closed under lubs. It is easy to observe that ®* : Vg — V is a continuous
operation (hence the notation).
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In the following sections we shall prove many properties of morphisms de-
fined as fixpoints. Most of these properties have a form of the commuting
diagram involving two such morphisms. In particular, this pattern appears
when proving naturality of families of morphisms defined as fixpoints. To prove
such properties the following two lemmas will be used.

Lemma 7.2 Consider the following shape in a Cppo | -enriched category C:

_—

2
and two continuous functions

01 : C(Y1,Y]) = C(Y1,Y{)  @2:C(Y2,Y3) — C(Y2,Y3)
such that ®1(f1) > f1 and ®o(f2) > fo. If
o liofiok =lso faoks
e [joxok) =ly0yokyimplies Iy o ®1(x) o kg = Iy 0 Po(y) o ks
then I o B%(f1) o ki = Iy 0 B5(fa) o ka.

Proof. First show by induction that for any n, l; 0 ®7(f1) ok = lao ®5( f2) o ka.
Then use continuity of composition. O

In other cases, another proof principle will be more useful:

Lemma 7.3 In the setting like in Lemma [7.2] if
o [jofiok; <lpo®i(fa)oke
e [joxok; <lyoyokyimplies lj o ®1(z) o0 ky < ly o0 Py(y) o ko
o [1o®i(f1)oks > 120 faoke
e [joxok) >ly0yokyimplies Iy o ®y(x) ok > Iy 0 Po(y) o ko
then Iy o ®%(f1) 0 ky = Iy 0 B5(f2) o ko.

Proof. To prove [1 o ®j(f1) o k1 <y 0 ®3(f2) o ka2, show by induction from the
first two assumptions that for any n, iy o ®(f1) o k1 < lg o ®5(f2) o ka. Then
use continuity of composition.

The proof of I3 o ®1(f1) o k1 > la o P3(f2) o ko proceeds analogously using
the last two assumptions. O

The above lemmas can be used to prove naturality of families of morphisms
defined as fixpoints, by taking both k1 and ls to be identities. This method of
proving naturality will be called square commutation by fixpoint induction.

Finally, a special class of monomorphisms will be considered in any Cppo -
enriched category:
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Definition 7.4 A morphism f : A — B in a Cppo | -enriched category is an
upper section, if there exists a morphism g : B — A (called left inverse to f)
such that

go f=1ida and fog<idp

To prove various properties involving upper sections, the following easy
lemma will be used:

Lemma 7.5 Assume f : A — B is an upper section with left inverse g. For
any h: B—C,k:A— C,ifkogof < hof (or, equivalently, k < ho f), then
kog<h.

Proof. kog=ko(gof)og<hofog<h O

For our purposes, especially interesting examples of upper sections will be
units of some monads:

Definition 7.6 A variable classifier for a monad (7', 7, 1) on a Cppo | -enriched
category C is a natural transformation v : T' — Id such that

e all nx are upper sections with vx left inverses,

e all vy are algebras for the monad 7.

In particular, if 7" is freely generated by some endofunctor ¥ (see Sec-
tion 2.6.1), then T can be equipped with a variable classifier:

v=lid, L]os
where ¢ : T — Id + X7 is the isomorphism given by the structure of freely
generated monad, and | : X7 — T is the natural transformation composed of
the least elements of the respective homsets.
7.2 Motivating Examples
Consider a language with the following simple syntax:
t==0]altt]|t+t

(where a ranges over some fixed set of actions A), equipped with the following
standard small-step operational semantics:

X — % X/A— y—=y
a0  xy-——xiy Xy ——y'
a / a /
X — X y—Yy
x+y-—x  x+y-—y

In [85] it was shown how such simple languages can be interpreted in the
bialgebraic framework in an arbitrary category with enough structure. For the
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purposes of the example here, the category Cppo | of pointed cpos and strict
continuous functions will be used.

The syntax of the simple language mentioned above corresponds to an endo-
functor ¥ on Cppo:

YX=1,0A 00X, 3X)e (X, X )=14+A+XxX+XxX),

where @ and ® are the coalesced sum and the smash product of pointed cpos
(see [68]), + and x are the disjoint sum and the Cartesian product of cpos, and
(_)1 is the lifting operation on cpos. This functor freely generates a monad T
on Cppo, . Elements of TX are (possibly infinite) terms built over (a pointed
cpo of)) variables X, with some sub-terms replaced by the bottom element L,
and with the ordering induced from the ordering on X, with the remark that
1 is smaller than any other term.

One possible behaviour endofunctor B for interpreting the operational rules
shown above is

BX =P(A, ®X,)=P°((Ax X))

where PV is the Plotkin powerdomain with the empty set adjoined (see Chapter
6). As it turns out, the above operational semantics corresponds to a natural
transformation

Y(Id x B) — BT

defined by cases as follows:

px (1 (0
px(12(a

px (t3(x1, b1, 2, B2

0
= {(a,0)}
{ {(a,l,g(.%'ll,.%'g)) ‘ (a, 'rll) € /81} if /81 7é (Z)

(9 otherwise

)
)
)
) = PLUBe

px (ta(xy, b1, z2, B2

where X is a pointed cpo (of variables), x and 3 range over X and BX respec-
tively, and the ¢; are the coproduct injections to X X. It is easy to see that px
is continuous and, when suitably extended to act on bottom elements, it is also
strict. Obviously, p is also natural in X.

In [57] it was shown that a natural transformation p of the type as above is
equivalent to a distributive law \ : TTH — BT of the monad T freely generated
by ¥ over the copointed endofunctor H cofreely generated by B. As shown
n [84, R6], p also induces a lifting T of the monad T to the category of B-
coalgebras, i.e., an endofunctor on the category of B-coalgebras such that for

every B-coalgebra k : X — BX the following diagram commutes:
nx KX

X TX TrXx
kl Txki iT)\T)\k‘
BX ?77; BTX <B7,ux BTTX

Moreover, for any B-coalgebra k : X — BX, we have

Tyk = Ax o T(id, k)
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When used in diagrams as above, in certain situations the notation T)k
might lead to some confusion. One way to read it is to silently convert a
morphism k € C(X, BX) to an object in the category of B-coalgebras, apply
the object part of the functor T) to it and silently convert the result back to
a morphism in C. Another way might be to treat £ as a morphism between
some B-coalgebras and apply the morphism part of the functor T to it. In this
chapter, only the former interpretation is used.

Let us extend the example shown above in two independent ways, adding
some simple recursive constructs to it.

Example A: The unary looping construct loop. This is done by extending
the syntax as follows:

t:=...|loopt

with the intended meaning captured by the recursive equation
loopt=t;loopt

Example B: The unary construct unfolding, inspired by a similar con-
struct from Mosses’s action semantics [56]. This is a version of the general
recursive construct pu, restricted to only one fixed recursive variable, which is
hence treated as a constant (we use the constant 0 for this purpose). The
appropriate syntax extension is

t::=...|unfolding ¢
with the intended meaning captured by the recursive equation
unfolding ¢t = t[0 — unfolding ¢]

where t[r +— s] is the standard notation for substitution on terms.

The reuse of the constant 0 for the semantics of unfolding makes this
recursive construct rather useless in practice. However, this does not formally
change its semantic features, and makes further developments a bit simpler to
present, since now the syntactic extensions in both examples correspond to the
same extension of the endofunctor ¥ to a new signature endofunctor X'

YX =NX@X,

The syntactic monad freely generated by ¥’ will be called T".

Note that neither of the recursive equations mentioned here are guarded,
and any of the above constructs is a potential source of divergence. Indeed,
both terms loop 0 and unfolding O are immediately diverging. This explains
the decision to interpret the language in a category of cpos, rather than in the
category of sets.

The remainder of this section is devoted to an informal presentation of the
technical developments of the following sections. This is to provide the reader
with some intuition about the results presented in this chapter.

In both examples above, the recursive equation given might be seen as a
natural transformation

r:T —TT
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which, given a term in 7”X, performs one step of syntactic unfolding so that
some recursion-free constructs appear on top of it, and splits the resulting term
in two ‘layers’. For instance, in example A,

loop a~ (_;_)[a, loop a]

where ~» describes the action of r on terms. The notation (¢)[t1,...,t,] (where
t is recursion-free and may contain some place-holders) is to represent a term
split in two ‘layers’, i.e., an element of 77" X.

In example B, one can have for instance

unfolding(a;0) ~ (_;-)[a,unfolding(a;0)]
unfolding a~ (a)[]
unfolding 0~ (_)[unfolding O]

In a sense, natural transformations r : 7/ — T'T” may be viewed as recur-
sive specifications in the sense of, e.g., [7] or [14], that is, as sets of recursive
equations with terms from 7"X playing the role of recursion variables.

A question arises how r should act on constructs from the recursion-free
fragment of the language. Several options are available here. Until the end of
Section [7.6] it will not be specified if, for example

aj(b;c) ~ (5 -)[a, bicl, or
a;(b; c) ~ (a;(b;_))[c], or even
a;(b; ¢) ~ (a;(b; ¢))]]

It will only be required (in the definition of a decomposition structure in Sec-
tion that after repeating many steps of such ‘unfolding’ of a recursion-free
term, eventually the entire term will appear in the top ‘layer’. In other words,
the option a;(b;c) ~ (_)[a;(b; c)] will be excluded.

In Section when considering regular unfolding rules, the first of the
above options (as small a portion of syntax is unfolded as possible) will be
specifically required.

However, all the above options have something in common: all recursion-free
constructs are left unchanged when unfolded. This will be properly formalized
in the definition of an unfolding rule in Section (7.3

It is reasonable to expect that if a term is built of some variables, then
‘unfolding’ a variable leaves it intact.

Given an ‘unfolding rule’ r, one can repeat its action many times. In the
limit, all recursive constructs are wiped out from a given term. This construc-
tion is formalized as a natural transformation 7 : 77 — T in Section [Z.4l This
transformation replaces recursive constructs with their infinite expansions, and
leaves the remaining constructs unchanged.

Given operational rules for the recursion-free fragment of the language
(formalized as a distributive law A\ : TH — BT), and an unfolding rule
r:T" — TT’, one can define operational rules for the full language (formalized
as a distributive law A" : T"H — BT’ in Section [7.5). Somewhat informally
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speaking, the new operational rules are defined by the following fixpoint con-
struction: if t ~ (s)[s1,..., sp] and if

I ry
3125’1 sna—>ns;l
r
a
/
S[S1,.. 8] >t

(where I', T'; are some sets of premises) is a correct derivation (where the vertical
dots represent a derivation using only the rules for the recursion-free fragment),

then
ruryu---urly,

tS

is a valid rule.

Note the difference between this approach (formalized in Section and
the second traditional approach shown in the introduction to this chapter. Here
the burden of a fixpoint construction is shifted to the definition of operational
rules, but the rules themselves are structural, and the intended operational
model can be derived from them inductively. This will allow to merge recursive
equations with the bialgebraic framework.

The intended operational model is derived from T%,, the lifting of the
pointed endofunctor 7" to B-algebras which is associated with the distribu-
tive law A". Intuitively, the operational model unfolds a given term according
to the rule r, until the resulting term exhibits some behaviour according to the
rules A. For instance, in the example A above, the intended operational model
T3,(0) maps a term loop(a;b) to a term b; loop(a;b) together with the action
a.

In the remainder of this chapter the constructions hinted above are defined
formally.

7.3 Unfolding Rules

The ideas presented in the preceding section can be formalized in an arbitrary
Cppo | -enriched category C with products and freely generated monads of
syntactic endofunctors.

From now on assume that all endofunctors on C introduced here are locally
continuous (i.e., continuous as functions on homsets).

Assume we are given bialgebraic operational semantics for (the recursion-
free fragment of)) a language, in the sense of [80], i.e.,

e A monad (T,n,u) on C,

e A behaviour endofunctor B : C — C, with the copointed endofunctor
H =1d x B cofreely generated by it,

e A set of abstract GSOS rules, i.e., a distributive law of the monad T' over
the copointed endofunctor H:

AN:TH — BT
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To introduce recursive equations, consider additionally

e A monad (T', 7/, 1/} (the full language),

e A monad morphism ¢ : T — T".

Assume moreover, that monads 7' and 7" come with variable classifiers v
and v’ respectively, and that v/ ot = v.

For any morphism vx : TX — TTX, one can define a function between
cppos @x : C(TX, TX) — C(TX, TX) as follows:

~ TX4f>TX

B
Y TX o TTX - TTX - TX

It is easy to see that ®x is continuous on the cppo C(TX,TX), since T is
locally continuous and C is Cppo-enriched.

Assume moreover that yx onx = Tnx onx, and define éx = nx ovx. It is
easily checked that éxonx = @X(ex)onx, hence, by Lemma ex < @X(ex)
and an ‘infinite decomposition’ map yx : TX — T X can be defined as follows:

Ix = @k (éx)

Definition 7.7 A decomposition structure on 7' is a natural transformation
~v: T — TT such that

e yonp=Tnon
o povy=r1id
e yx = idrx for any object X

The last requirement in the above definition says intuitively that after re-
peating many steps of decomposition, eventually entire decomposed term will
appear in the top ‘layer’ of the decomposition. This requirement, in particular,
prevents the natural transformation 7T : T' — TT" from being a decomposition
structure in the examples considered.

Examples ctd. A decomposition structure v : T — TT for the simple
syntax T shown in Section can be derived from a natural transformation

0% — TT, defined by cases as follows:

7% (0) = (0)]

x(a) = (a)f
Vx(xwz) = (5)[z1, 22
Ve (z1ta2) = ()|, w2

Then ~ : T — TT defined as

vx = [Tnx onx, Tux 0¥y o ¥x
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(where ¢x : TX — X + ¥XTX is the isomorphism arising from the free monad
structure of T') is a decomposition structure for 7.

As the informal discussion in Section suggests, an ‘unfolding rule’ from
the ‘full’ language T’ to its ‘recursion-free fragment’ 7' might be viewed as a
natural transformation r : 7" — TT’. This is formalized as follows.

Definition 7.8 An unfolding rule from 7”7 to T (based on a decomposition
structure v on 7) is a natural transformation

r:T =TT

such that the following diagram commutes:

T’ T

17— 77 s 7 s 7T
tT’ TtT’
T TT'T'
W Ty

T . T
n Tn'

Id T

n

Intuitively, the bottom part of the above diagram means that variables are
unfolded trivially. The top part means that the action of r on parts of terms
built from syntax T is defined by ~. In particular, the following result holds:

Lemma 7.9 For any unfolding rule r : 77 — TT' based on v : T — T'T,
rot=Ttory

Proof. Everything in the following diagram commutes:
id

4 N
T —>TT ——T TT ——
Tn' TTn'i lT’q’ TTn'
! ! /! /
TT 5> TTT' o TT' — TTT
t tT’ TtT’ Tt
7T’ TT'T
' T
\ T/ - TT/ j

|

Example A ctd. To define an unfolding rule r : 7" — TT’, one only
needs to define its action on terms where the top construct is not present in the
recursion-free syntax T'. The action on other terms can be defined canonically,
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using the decomposition structure v on 7. Having defined v from ~° as above,
this is particularly easy: take rx(t2(t)) = Ty o v x(t), where 1o : ST'X —
T'X. For other terms, one can take e.g.,

rx(Loop ) = (5 )[t, Loop 4

Example B ctd. As before, one only has to define r on terms with new
constructs at the top. Here take e.g.,

rx(unfolding t) = (-)[t[0 — unfolding t||

7.4 Infinite Unfolding

Given an unfolding rule 7 : 7" — T'T" one can translate any term built over the
monad 7" to a term over the monad T using a certain fixpoint construction,
which intuitively corresponds to performing infinitely many unfolding steps.

Formally, given r, for any fixed object X in C, one can define a function
Oy :C(T"X, TX) — C(T'"X,TX) acting as follows:

o X - TX
X
T'X —= TT'X = TTX >~ TX

It is easy to see that ®x is continuous on the cppo C(T"X,TX), since T is
locally continuous and C is Cppo | -enriched.

Given an object X, the ‘infinite unfolding’ map 7x : 7'X — TX is defined
as follows:

rx = ®x(ex)
where ex = nx o Vly.

Intuitively speaking, this map unfolds a term from 77X performing infinitely
many steps of unfolding as defined by r, and leaving the variables from X
unchanged.

Note that 7x is properly defined, since ®x(ex) > ex. This follows from
Lemma since it is easily checked that ®x(ex)ony = ex ony.

Example A ctd. With definition of r as shown at the end of Section
one has for example

To(loop a) = ajajaj;a;ja;...
To(loop 0) = L

Example B ctd. With definition of r as shown at the end of Section
here one has

To(unfolding a) = a
To(unfolding(a;0)) = ajajaja;a;...
7o(unfolding 0) = L

The maps 7x are in fact natural in X:



124 Chapter 7. Adding Recursive Constructs to Bialgebraic Semantics

Lemma 7.10 The family (Fx : 7"X — TX)xec derived from r : T/ — TT'
forms a natural transformation 7 : T/ — T.

Proof. Using square commutation by fixpoint induction.
Base case: The family (ex : 7"X — TX)xec is a natural transformation.
Induction step: Assume that the family (fx : T'X — TX)xec is a
natural transformation. Then everything in the definition of ®x(fx) is natural
in X, so the family (®x(fx) : T"X — TX)xec is also a natural transformation.
The lemma follows by square commutation by fixpoint induction (Lemma.
O

Lemma 7.11 For any natural transformation r : 7" — TT’, F o/ = 1.

Proof. Componentwise by fixpoint induction on ®x.

Base case: Obvious by definition of ex.

Induction step: Assume that for some f : T'X — TX, fony, =nx. Then
also ®x(f) ony = nx, since everything in the following diagram commutes.

nx TX

X

T'X = TT'X — = TTX S~ TX

Remark 7.12 The latter result shows that 7 satisfies one of the axioms of a
monad morphism from 7" to T'. However, in general 7 is not a monad morphism:
it is not the case that

Fou =poTrorT’

Indeed, recall the example B presented in Section (with definition of r given
in Section and consider a term

s = (unfolding )[a;0] € T"T"0

Then o (T7o(710(s))) = a; 0, but 7o(p((s)) is the infinite term a;a;a;.. ..
This problem will be addressed in Section

For any unfolding rule r, the unfolding transformation 7 : 77 — T is a left
inverse to ¢t : T — T":

Lemma 7.13 For any unfolding rule r, ¥ o t = id.

Proof. (componentwise) Recall that 7 is based on some decomposition struc-
ture v on 7', and that id = yx = ®% (éx).
To prove that ®%(ex) o tx = ®%(éx), proceed by simultaneous fixpoint

induction on ®x and Px.
Base case: ey oty =nxovyyotx =nxovx =éx
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Induction step: Assume fotx =g forsome f:T'X - TX,g:TX —
TX. Then

Ox(f)otx =pxoTforxoty = (Lemmal7.9)
pux ol foTtx on
pxoTgoyx = Px(g)

The lemma follows from Lemma [T.2 O

In the following sections, the following technical lemma will be often used:

Lemma 7.14 For any unfolding rule r, the diagram

T 7T
ml
T/T/ o
v|
T’ T

commutes.

Proof. Proceed componentwise using Lemma
Base case 1: To see that ex o py o t7vx < px o T'Fx, chase the following
diagram:
Trx
4 ™

<

TT'X TX TTX

Tv'y Tnx
lrrx tx \L \

T'T’XWT/X Jux < |px

% US(J/ /

X ———~X TX

o nx

In particular, the lower left square commutes since vy is a T"-algebra, and
the upper region by definition of 7.

Base case 2: Note that locally continuous functors preserve upper sections
and their left inverses. This means that Ty is an upper section, and to check
that 7x o p'y otyvx > px o Tex, by Lemma it is enough to check that
TxopyotpxoTny =puxoTex o Tn’X To see this, chase the diagram

TT'X TTX
L /
lprx
TT'X
e l %
X - TX

X
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In particular, the lower right square commutes by Lemma [7.13
Induction step 1: Consider two morphisms f : T'X — TX, g: T'X —
TX such that fop'y otynx < pux oTg. Then the following diagram commutes:

T T T
TT'X — TTT'X —> TTTX 4> TTX

Bt x HTX
Tg
lprx TT'X TTX id
Y1’ x X i
T'T'X TTT'X 5= TTTX - TTX
TtT’X
Wy TT'T'X < Tpx KX
Tu'y
T'X " TT'X T TrX X TX

(the upper right square commutes only when postcomposed with px).
Induction step 2: Proceed like in Induction step 1, changing all < to >.
The lemma follows from Lemma [7.3] O

7.5 Merging Unfolding Rules with Distributive Laws

Operational semantics formalized as a distributive law A : TH — BT of a
monad T over a copointed endofunctor H gives rise to an operational inter-
pretation of the language T. Given an unfolding rule r : 77 — TT’, one can
extend \ to a distributive law A" : T"H — BT’, thus providing an operational
interpretation of terms built from syntax 7”.

More formally, for a given distributive law A : TH — BT and an unfold-
ing rule r : T/ — TT’, one defines the function ¥x : C(T"HX,BT'X) —
C(I"HX,BT'X) as follows:

i
\1/ T'"HX — BT'X
X
/ - / - Y o Yy o Y s /
T'HX g TT'HX —p = THT'X 5> BTT'X 3= BT'T'X > BT'X

It is easy to see that U x is continuous, since T" and B are locally continuous,
and C is Cppo-enriched.
Based on this function, the morphism N : T"HX — BT'X is defined as
follows:
x = ¥x(dx)
where dx = Bny om0 vl
Note that this map is well defined, because
Ux(dx) > dx

This follows from Lemma since (as is easily checked) Wx(dx) o nlyy =
dx o Ny x-
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Example A ctd. The map A, given a term (together with the behaviour
of all variables from X), unfolds it using rule r until the resulting term can
show some behaviour according to the distributive law A\. With the definition
of r as shown at the end of Section [7.3] one has for example

Ap(loop a) = {(a,loop a)}
Ao(loop(a+Db)) = {(a,loop(a+Db)),(b,loop(a+Db))}
Ap(loop 0) = L

(note that no variables appear here).

Example B ctd. With definition of r as shown at the end of Section
here one has

Ap(unfolding(a;a)) = {
Ap(unfolding(a;0)) = {
Ap(unfolding 0) = L

(a,a)}
(

a,unfolding(a;0))}

Lemma 7.15 The family (X : T’"HX — BT'X)xec is a natural transfor-
mation from T"H to BT’. Moreover, it is a distributive law of the pointed
endofunctor 7" over the copointed endofunctor H.

Proof. Naturality is shown using square commutation by fixpoint induction
(Lemmal[7.2). For the base case, d is a natural transformation. For the induction
step, assume a family (fx : T"HX — BT'X)xec to be natural in X. Then
everything in the definition of ¥x(f) is natural in X, so the family (¥ x(f) :
T'"HX — BT'X)xec is also natural in X.

The distributive law axiom
Ny oy = Brlx om

is shown by ordinary fixpoint induction on Wx. The base case follows directly
from definition of dx. For the induction step, take a morphism f : T"HX —
BT'X, such that

fonux =By om

Then everything in the diagram
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/

n

HX
T HX T HX —
T]HX\L THX
T /
THX —X 1 x
T(m1,m2) T(T'm1,f)
!
THX *)TH%(THT X
o Ax Aprx Uy (f)
!/
BTX 4>BTT)'X BTT'X
BtT’X
Bnx BT'T'X
Bu'y
N BX—— BT X~
BnX
commutes. O

Remark 7.16 In general \" is not a distributive law of the monad 71" over the
copointed endofunctor H (for a counterexample, see Remark [7.12)).

The natural transformation A" induces a mapping 73, on B-coalgebras. For
a B-coalgebra k : X — BX, define

Tir (k) = Ny o T'(id, k)

Lemma 7.17 T3, is an endofunctor lifting the pointed endofunctor 7" to B-
coalgebras.

Proof. Functoriality follows easily from naturality of A". The structure of
pointed endofunctor follows from Lemma [7.15 O

The functor T}, may be also defined independently. For any object X,
define the function Yy : C(T'X, BT'X) — C(T'X, BT'X) as follows:

T’X*f>BT’X

Tx
'Y —— 'Y — 'Y — > Yy > /
"X —=TT'X N BTT'X Bty BTTXB”,)( BT'X

It is easy to see that Yx is continuous on the cppo C(7"X, BT'X), since T
acts as a continuous function on C(7"X, BT'X) and C is Cppo-enriched.
For a given H-coalgebra k : X — BX, define k! : T'X — BT'X

k' =dx o T'(id, k)

The following result gives an independent characterization of T%,:
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Theorem 7.18 For any B-coalgebra k: X — BX,
T3 (k) = Tk (k)

Proof. By simultaneous fixpoint induction on ¥x and Y x. For the base case,

one has to show that
dy o T'(id, k) = k'

which is just the definition of k!.
For the induction step, consider two maps f : TH'X — BT'X, g: T'X —
BT'X such that f oT'(id, k) = g. Then the following diagram commutes:
T (id,k)
STX = T'HX ——

X THX
TT' (id,k)
TT'X TT'HX
T(’Ld,f) T(T ﬂ-lyg)
THT'X
Tx(9) Aprx Vx(f)
\ Tyf ,
BTT'X
Btrrx
BT'T'X
Bu'y

a

Intuitively, for a given B-coalgebra k : X — BX, the coalgebra 7).k :
T'X — BT'X unfolds a given term from 7’X according to the unfolding map
r, until the resulting term exhibits some behaviour according to the distributive
law A, assuming that variables in the terms show behaviour as defined by k.

Remark 7.19 From Remark it follows that in general T3, does not lift
the monad T” to the category of B-coalgebras: it is not always the case that
the diagram

/

TTX X - rx
T, T kl iT)’\T k
BT'T'X - BT'X
Hx

commutes. This problem will be addressed in Section

7.6 From Unfolding Rules to Models

In the preceding sections it was shown how, given a distributive law A\ of a
monad T over a copointed endofunctor H, a translation ¢t : T — T”, and an
unfolding rule r : 77 — TT’, one can derive the infinite unfolding 7 : 7/ — T
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and the distributive law A" of the pointed endofunctor 7" over the copointed

endofunctor H. This section shows how the two latter notions are related, and

how they allow to construct A"-models from A-bialgebras and vice versa.
First, two theorems showing how A, A", ¢ and 7 relate:

Theorem 7.20 The diagram

commutes.

Proof. First, prove that Bry o Ay, < Ax o ryx by fixpoint induction on V.
Base case: Brxy odx < Ax o Tgx follows from definition of dx and from
Lemma since (as is easily checked) Bix odx o Ny = Ax 0 Trx o Ny -
Induction step: Assume Brxof < Axorgyy forsome f : T"HX — BT'X.
Then the same inequality holds with f replaced by Wx(f), since the following
diagram commutes:

THX
ﬁT’HX %THXﬁ

THX HPHX

-
TT'HX —XTTHX

T(T'm1,f) < T(Tm1,Ax)

THT'X TH4FX> THTX

Yx(f) Aprx ArTx Ax

BTT’XFF;BTTX

Btrrx

BT'T'X Bux

/

Bu'y

N > BT'X BTX ~—

(The four regions in the middle of the diagram commute, counting from the
top: by definition of 7x, by the inductive assumption, by naturality of A and
by Lemma The region to the right commutes since \ is a distributive law
of the monad T over H.)

Then proceed to prove that By o N > Ay o7y x by fixpoint induction on
(bHX.

Base case: Brx o My > Ax oepx follows from definition of ex and from
Lemma since (as is easily checked) Bix o N oy > Ax oenx oy

Induction step: Assume BFy o Ay > Ax o f for some f: T'X — TX.
Then the same inequality holds with f replaced by ®rx(f). To prove this,
consider the diagram
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Qhx(f)

4 THX Tf X
T"HX ——TT'HX —=TTHX —THX

T(idak&)i > lT(id)\X)
Ay BT'T'X THT'X TTX) THTX Ax

Bulxi k i)‘T’X l)\TX

X BTFX B/.LX

BT'X BTT'X —= BTTX — BTX
_ N
Brx

Here everything commutes (in particular, the large region to the left commutes
by definition of A", and the bottom region commutes by Lemma [7.14]).
This completes the proof of Theorem O

Theorem 7.21 The diagram
TH—~ BT

o |

TH > BT’

commutes.

Proof. To prove this, it is convenient to represent A\x : HI'X — BTX as a
fixpoint of a certain function, resembling the function ¥x used to define N’y in
Sec‘monn The appropriate function Wy : C(THX, BTX) — C(THX, BTX)
acts as follows:

f

\il THX — BTX
THXWTTHXWTHTXWBTTXWBTX

It is easy to see that Uy is continuous, since T is locally continuous, and C
is Cppo-enriched.
Having defined dx = Bnx o m o vy, the following lemma holds:

Lemma 7.22 V% (dx) = \y.

Proof. First, prove that U (dX) < Ax by fixpoint induction on Ty,

Base case: dX < Ax follows from definition of dX and from Lemma |7 .,
since (as is easily checked) dx o NHX = AX ONHX-

Induction step: Assume f < Ax for some f: THX — BTX. Then also
U x(f) < Ax. To prove this, chase the diagram

THX

S

HHX

TTHX —THX

/
T(Tr1,f) ﬁ T(Tm Ax) K

THTX ~— BTTX 5— BTX
TX Hnx
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To prove that U* (dX) > Ax, recall from Section that o* Y(€x) = idrx
for any object X and prove W% (dx) > Ax o (IDHX(eHX) by snnultaneous induc-
tion on \IIX and <I>HX

Base case: Immediate by definition of égx and d X

Induction step: Take two morphisms f : THX — BTX, g: THX —
THX such that f > Ax og. Without any loss of generality, assume that
g < @3 (émx) =idrux. Then chase the diagram

T
THX —>TTHX Y s rrHX P THX

YHX \
> \LT(TWL)\X) x

THTX —— BITX 5, —> BTX
TX 1224

T(Tm,f)

The show the middle triangle commutes use the fact that g < idrgx, hence
Tmiog<Tm.

The lemma follows from Lemma O
The proof of Theorem proceeds componentwise by induction on V2%
and Uy.

Base case: See definitions of dy and d x, and chase the diagram

THX BTX
tg HX LIS BX
o \
T HX BT'X

Induction step: Take two morphisms f : THX — BTX, g: T'THX —
BT'X such that gotgx = Btx o f. Then the following diagram commutes:

B
THX 2" X D g x 25 prrx X BTX

tHXl TtHXl THtXi lBTtX lBtX

T’HXTX>TT’HXT(T, ;“HT’XHBTT’XHBT’T’XHBT’X

>‘TX

In particular, the leftmost square commutes by Lemma

This, by Lemma completes the proof of Theorem [7.21 O

From Theorems [7.20] and a few important corollaries can be drawn:

Corollary 7.23 For any B-coalgebra k : X — BX, the following diagram
commutes:
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TTX —2 71X 2% 77X
trix

px T'T'X i
Wy

TX — 7 x X >Tx

Tk T//\rk Tk

BTX ——> BT'X —;— BTX

Proof. The bottom left square commutes by Theorem the bottom right
square by Theorem the top right region by Lemma and the top left
region since t is a monad morphism. O

The coalgebraic part of Corollary means that interpreting a term from
T’ X by unfolding it infinitely with 7y, and then by any A-bialgebra morphism
from T'X, is adequate with respect to the operational model T}, k, which unfolds
a given term only until it exhibits some behaviour. The algebraic part of the
corollary means that the map 7x is compositional with respect to syntax T (it
is a T-algebra morphism).

Remark 7.24 Note that 7x is not fully compositional in general (for a coun-
terexample, see Remark [7.12)). This problem will be addressed in Section

Remark 7.25 The structure
lprx W T3k
TT'X —T'T'X —T'X —= BT'X
is not a A-bialgebra in general. Therefore Corollary cannot be read as
showing that tx and 7x are A-bialgebra morphisms.

Corollary 7.26 For any A\"-model v x " _x_*_px,

X > pix L x —E- px
is a A-bialgebra.

Proof. The diagram

X —*>7x "> x > px
T(id,k)l \LT’(id,k) TBh
THX ——=THX - BT'X
t HX Ay
. )
BTX Bix
commutes by Theorem and by naturality of ¢. O

Corollary 7.27 For any A-bialgebra px " . v *_py,

X Xs7x s x—EsBx
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is a A"-model. (It is not a A"-bialgebra, since A" is not a distributive law of the
monad 7).

Proof. The diagram

TX h k

T'X TX X BX
T/ (id, k) J{ lT(id,k) TBh
T'HX ——THX BTX
HX Ax
{ Al J
BT'X Brx
commutes by Theorem and by naturality of 7. 0

Corollaries and mean that any bialgebraic model of the recursion-
free fragment of a language can be used to interpret the full language, and vice
versa, along syntactic translations of 7 and ¢ respectively.

The fact that A" is not a distributive law of the monad 7" over H is the
only reason that prevents ¢t and 7 from being morphisms of distributive laws in
the sense of [89].

7.7 Regular Unfolding Rules

In the preceding sections, recursive constructs were added to languages by
means of unfolding rules r : 77 — T'T’. This notion is quite general, cover-
ing rather strange examples, e.g., the unfolding construct. This generality
also led to some technical problems:

e M : T"H — BT' is not a distributive law of the monad 7" over the
copointed endofunctor H,

e 7:T" — T is not a monad morphism,

e the maps 7x are not compositional.

In this section these problems will be remedied by considering a special class
of regular unfolding rules. These exclude the example B shown throughout this
chapter, but still cover many examples of recursive equations, including many
unguarded ones (in particular, the example A).

For this purpose, the general framework described so far is specialized with
the following additional assumptions:

e T is the monad freely generated by an endofunctor ¥,
e T’ is the monad freely generated by an endofunctor X/,

e t: T — T is the monad morphism generated by a natural transformation
t:Y — Y,
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o r: T — TT' is freely induced from a natural transformation
0y T

such that
Mot ="Tno¢

where ¢ : ¥ — T is the inclusion arising from the free monad structure of
T.

Given such 70, the transformation r is derived according to the formula
r= [T on), (T orT")] o/

where o/ : T" — Id + X/T” is the isomorphism arising from the free monad
structure of T".

It is easy to check that r defined this way satisfies the definition of an
unfolding rule, presented in Section [7.3] and is based on the decomposition
structure v : T — T'T defined as

vy=[nTon,¢T|or

Unfolding rules r derived as above will be called regular.
Note that since T is freely generated by Y/, its unit 7’ is an upper section
and it can be canonically equipped with a left inverse v’ : T" — Id:

v =[id, L] o/

The same holds for 7.

Example A ctd.: Definition of an appropriate 7° is immediately derived
from definitions of 4° and r given in Example A in Section

Example B ctd.: Note that the intended recursive equation for the con-
struct unfolding cannot be captured as a regular unfolding rule. Indeed, con-
sider two terms t1,t2. If an unfolding rule r is derived from a natural trans-
formation 7 : ¥/ — TT’ as above, then the term r(unfolding t5) should be
obtained from r(unfolding ¢1) just by replacing every copy of ¢; with to. This
is, however, not the intended behaviour of unfolding: as a counterexample,
consider t; = a;0, to = a;a, where r(unfolding ¢;) = aj;unfolding ¢; and
r(unfolding t9) = to.

To remedy the technical problems encountered in previous sections, some
technical lemmas are needed:

Lemma 7.28 The following diagram commutes:

O/
E/T/ T;T> TT/T/
Wl lT“'
T ——TT

where ¢ : ¥'T" — T’ is the inclusion arising from the free monad structure of
T.
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Proof. Immediate by definition of r from 7°. O

Lemma 7.29 For a regular r, the square as in the following diagram is made
commute by the map 'T":

st Y prpr T e

/| |

T T

T

Proof. Everything in the following diagram commutes.

7 ™ 7T
% (\YalZeall %
E,T/T, g TTIT/TI
u/ Zull \LTT/,LLI Tul
s ald Usald
%f;//zzj o

T - T’
The top and the bottom squares commute by Lemma the middle square
by naturality of %, and the left square by the inductive definition of ;i in the
freely generated monad T". O

Theorem 7.30 For a regular r, the transformation 7 is a monad morphism
from T" to T.

Proof. One of the laws for the monad morphism for 7 was proved to hold in
Lemma The remaining law is

T/T/ LT/> TT/
lTT
Iy T
lu
T ——>T

To prove this, proceed componentwise using square commutation by fixpoint
induction (Lemma [7.2)).
For the base case, it must be shown that that the diagram

7T X % T X
lzvx

i TTX
\LMX

T'X TX

ex
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commutes. Given that T" is freely generated by X', it is enough to show
that the diagram commutes when precomposed with 77, : T'X — T'T'X
or with ¥/ : ¥'T'T'X — T'"T"X. Both cases are checked easily (in the latter
case, both sides of the diagram are equal to the bottom element of the homset
CXT'T'X, TX)).

For the induction step, take two morphisms f : T'"T'X — TT'X, g : T'X —
TX and assume that the diagram

T'T'X i> TT'X
lTTX
W TTX
l#x
T'X TX

g
commutes. Then the diagram

rrx X pppx e M

lTTTX \LTT‘X
by Tyl TTTX ———=TTX

lT,ux J/NX
T'X — ™ TT'X Tq ITX ——TX

commutes when precomposed with 7/, : T'X — T'T'X or with ¢/}, :
YT'T'X — T'"T'X. In particular, the left square commutes when precomposed
with ¢,y : X'T"T'X — T'T'X by Lemma

This completes the proof of Theorem [7.30} O

Theorem 7.31 For a regular 7, \" is a distributive law of the monad T” over
the copointed endofunctor H.

Proof. One of the laws for the distributive law for A" was proved to hold in
Lemma |7.15] The remaining law is
T'(T'm1,A") ATTY
TT'"H —T'HT' — BT'T’

u’Hl lBu’

T'H G BT’
To prove this, proceed componentwise by induction on ¥ x and ¥x using
Lemma [T.2]

Base case: It is enough to show that the following diagram commutes:

(T 71, N\ ) dopr
TTHX — T HT'X % BT'T' X
“}{Xi J{Bu’x
T'HX - BT'X
X

As in Theorem [7.30] it is enough to show that this diagram commutes when
precomposed with 77, or with ¢/, . Both cases are checked easily, by
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definition of d.
Induction step: Take two morphisms f : T"HX — BT X and g : T"HT'X —
BT'T'X such that fo )y = Bu'y ogoT'(T"m, Ny). Then chase the diagram

sl T’(T’m,MX) / / ' '
TT'"THX ——> THTX4>TTHT
\TT/ WM iT(T/WLQ
TT'HX
Hrrx TT'T'"HX THT’T'X — BTT'T'X
Aprprx
T,LL'HX\L THuXi \LBT“X
T"HX T TT’HXmTHT’X Nk BTT'X

precomposing it with 0/, : T"HX — T'"T"HX and with ¢/, : S'T'T'"HX —
T'T'"HX. In particular, the bottom left square precomposed with 9/ com-
mutes by Lemma [7.29] The middle pentagon commutes by the inductive as-
sumption, and the upper square — by naturality of r.

This, by Lemma, completes the proof. O

Theorems and allow to rephrase many results from previous sec-
tions in a more structured fashion, provided the unfolding rule r is regular.
Theorems and say now that ¢ and 7 are morphisms of distributive
laws in the sense of [89]. In Corollaries and one can replace A"-models
with A"-bialgebras. Also the functor T3, lifts the monad structure of 7" to the
category of B-coalgebras, as an easy corollary from Theorem [7.31

Moreover, for regular r the map 7 is fully compositional:

Corollary 7.32 If r is regular, then for any B-coalgebra k : X — BX, the
map Tx is a A"-bialgebra morphism as shown in the diagram:
e Ty k

T'T'X T'X BT'X
T’TXJ( rxl iBFX
T'TX T TTX X TX ™ BTX

Proof. The algebraic part follows from Theorem and the coalgebraic part
from Corollary O

7.8 Concluding Remarks

We have seen how to fit a rather general class of recursive constructs into the
bialgebraic semantic framework developed by Turi and Plotkin. The behaviour
of recursive constructs is not modelled with operational rules, but with separate
recursive equations, formalised as certain natural transformations called unfold-
ing rules. These equations are then merged, using certain fixpoint constructions,
with natural transformations corresponding to the operational semantics of the
recursion-free fragment of the language in question. The result is particularly
well-structured if the original unfolding rules satisfy an additional property,
called regularity. Regular unfolding rules, when merged with distributive laws
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emerging from operational rules, yield new distributive laws, giving bialgebraic
semantics to the language extended with recursive constructs.

The framework presented here is quite general and covers many examples of
recursive equations, including many unguarded ones. As such equations can be
a source of partiality (divergence), it is convenient to interpret them in a suitable
Cppo | -enriched category. This allows to perform the fixpoint constructions
needed to merge the equations with recursion-free operational rules.

Working in enriched categories makes dealing with recursive constructs sim-
pler, but there is a valid question whether and to what extent a similar frame-
work can be realized in the category of sets and functions, without imposing
any additional structure on the programs considered. A particularly interest-
ing option is to interpret recursive equations using completely iterative monads
generated by syntactic functors [7], rather than usual freely generated monads.
In this framework, one can find solutions to recursive equations, under the mild
assumption that the equations are ideal. This makes it rather straightforward,
given an ideal recursive equation formalized as an unfolding rule r : 77 — T'T",
to construct the infinite unfolding map 7 using universal properties of final coal-
gebras rather than existence of fixpoints. Therefore it seems that the framework
presented in Section [7.4]can be realized in the category of sets, using completely
iterative monads.

However, it is much less clear how to apply the same idea to the develop-
ments presented in Sections and [7.6] This is due to divergence that may
arise from unguarded recursive equations. Indeed, consider a rather unusual
looping construct loop2 with the intended behaviour captured by the (ideal)
recursive equation

loop2 t = (loop2 t); ¢

formalised as an appropriate unfolding rule r. Using properties of iterative
monads, one can then define the infinite unfolding map 7 and, e.g.,

To(loop2 a) = (((...;a);a);a); a)

However, it is much harder to define the action of the distributive law A on the
term loop2 a, since this term can never show any real behaviour. It is an open
problem whether this drawback can be avoided and whether all developments
presented in this paper can be realized without resorting to enriched categories.
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N

left adjoint to f*, 26
Fw

modal formulae, 13, 66

intended operational model, 23
I(x)

set of initials, 13
K(D)

set of finite elements, 93
k*w

test suite, 40

the least lifting, 31
O

Sierpinski space, 99
P

powerset functor, 21
7)0

Plotkin powerdomain with empty

set, 93

Py

finite powerset functor, 21
Pf(A X —)

behaviour functor, 21
Pos

category of posets, 26
Q
~ modal operator, 14
Q

modal operator, 14
RF

finitary preorder, 104
Rel

category of relations, 33

=3

infinite unfolding, 123

unfolding rule, 122
Set
category of sets, 18

SPr
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specialization functor action, 37

Specg

specialization functor, 37
=X

set of terms, 16
T

lifting of a monad, 117
Tr, CTr, FI, FITr, Rd, RdTr, BS

test constructor sets, 44
T-Alg

category of algebras, 20
tt, ff

test values, 37, 43, 99
tt, ff,tt,ff  err

test values, 67
(T, )

monad, 19
t

monad morphism, 121
Ty

functor, 36
U(a)s U[a]

9-test constructors, 67
V-TS

category of test suites, 36
v, W

sets of test values, 36
%

set from a test, 43, 100
w

set of test constructors, 40

symbol, 14
wao, Wo

O-test constructors, 100
W(a); W] WQs Wa@, WQ, WaQ

2-test constructors, 44

X*
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X*
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X
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